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1  | INTRODUC TION

Acute lung injury (ALI) is a life- threatening respiratory disorder with 
high morbidity and mortality rates for which there is a notable lack 

of US Food and Drug Administration (FDA)- approved drug ther-
apies.1,2 Lipopolysaccharides (LPS) are cell wall components of 
Gram- negative bacteria that induce apoptosis in alveolar epithelial 
cells (ECs), such as A549 or bronchial epithelium transformed with 
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Abstract
Long non- coding ribonucleic acids (lncRNAs) play critical roles in acute lung injury 
(ALI). We aimed to explore the involvement of lncRNA HOX transcript antisense 
intergenic ribonucleic acid (HOTAIR) in regulating autophagy in lipopolysaccharide 
(LPS)- induced ALI. We obtained 1289 differentially expressed lncRNAs or messenger 
RNAs (mRNAs) via microarray analysis. HOTAIR was significantly upregulated in the 
LPS stimulation experimental group. HOTAIR knockdown (si- HOTAIR) promoted cell 
proliferation in LPS- stimulated A549 and BEAS- 2B cells, suppressing the protein ex-
pression of autophagy marker light chain 3B and Beclin- 1. Inhibition of HOTAIR sup-
pressed LPS- induced cell autophagy, apoptosis and arrested cells in the G0/G1 phase 
prior to S phase entry. Further, si- HOTAIR alleviated LPS- induced lung injury in vivo. 
We predicted the micro- ribonucleic acid miR- 17- 5p to target HOTAIR and confirmed 
this via RNA pull- down and dual luciferase reporter assays. miR- 17- 5p inhibitor treat-
ment reversed the HOTAIR- mediated effects on autophagy, apoptosis, cell prolifera-
tion and cell cycle. Finally, we predicted autophagy- related genes (ATGs) ATG2, ATG7 
and ATG16 as targets of miR- 17- 5p, which reversed their HOTAIR- mediated protein 
upregulation in LPS- stimulated A549 and BEAS- 2B cells. Taken together, our results 
indicate that HOTAIR regulated apoptosis, the cell cycle, proliferation and autophagy 
through the miR- 17- 5p/ATG2/ATG7/ATG16 axis, thus driving LPS- induced ALI.
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Ad12- SV40 2B (BEAS- 2B) cells. Therefore, LPS- stimulated A549 and 
BEAS- 2B cells have emerged as clinically relevant models of ALI.3,4

Autophagy is an evolutionarily conserved degradation pathway 
responsible for delivering cytoplasmic components to the lysosome in 
vesicles called autophagosomes.5 Autophagosome formation depends 
on several autophagy- related genes (ATGs), including light chain 3B 
(LC3B) and Beclin- 1.6 Autophagy inhibition is known to ameliorate LPS- 
induced ALI. For instance, Fu et al7 found that hydrogen- rich saline in-
hibited both LPS- induced ALI and endothelial dysfunction by regulating 
autophagy. Likewise, Chen et al8 reported that miR- 100 from microves-
icles enhanced autophagy and ameliorated ALI. These studies indicate 
that autophagy is a potential therapeutic target in ALI, warranting fur-
ther investigation.

Micro- ribonucleic acids (miRNAs) are a class of small non- coding 
RNAs (ncRNAs) that are ~22 nucleotides (nt) long and regulate mes-
senger (mRNA) as well as long non- coding RNA (lncRNA) expression 
at the post- transcriptional level via miRNA binding sites.9,10 MiRNAs, 
the study of which has become a research hotspot within molecular 
biology, are reported to play important regulatory roles in ALI patho-
genesis, progression and treatment.11,12 For instance, Neudecker 
et al13 found that the transfer of miR- 223 from neutrophils to lung 
ECs dampens ALI in mice. Jansing et al12 reported that miR- 21- KO 
alleviates alveolar structure remodelling and inflammatory signalling 
in ALI. These studies suggest that miRNAs may serve as promising 
targets for the prevention and treatment of ALI. Even though miR-
NAs have been studied for decades, those involved in autophagy 
regulation have only recently received attention. Zhou et al14 ob-
served that mesenchymal stem cells could alleviate LPS- induced 
ALI in mice via miR- 142a- 5p- regulated pulmonary EC autophagy. 
Therefore, our current study aimed to explore novel miRNAs that 
induce autophagy in ALI.

LncRNAs are defined as transcripts of >200 nt in length without 
protein- coding potential. Further, these can alter miRNA expres-
sion by acting as competing endogenous RNAs and can interact with 
translation machinery by targeting mRNA.15,16 Different researchers 
have reported lncRNAs to have a variable influence on ALI over the 
past few years. Wang et al17 found that lncRNAs were significantly 
altered in LPS- induced ALI and that targeting lncRNA could suppress 
the LPS- induced inflammatory response. Liao et al18 found that lncRNA 
maternally expressed gene 3 (MEG3) could adsorb miRNA- 7B to regu-
late nucleotide- binding oligomerization domain as well as leucine rich 
repeat and pyrin domain- containing 3, thus suppressing LPS- induced 
ALI. Studies have shown that lncRNAs can inhibit downstream- related 
signal transduction through the miRNA/mRNA axis, reduce cell auto-
phagy and alleviate ALI.19,20 However, the exact mechanism through 
which lncRNAs regulate autophagy to induce ALI via the adsorption of 
miRNAs remains unknown.

In this study, we assessed the biological function of lncRNA 
HOTAIR and miR- 17- 5p as well as their effects on cell proliferation 
and apoptosis. Furthermore, we explored the regulatory network in-
volving HOTAIR, miR- 17- 5p and autophagy to open new avenues for 
the treatment and diagnosis of ALI.

2  | MATERIAL S AND METHODS

2.1 | Microarray analysis of differentially expressed 
miRNAs

We downloaded raw gene expression data from the US National Center 
for Biotechnology Information (NCBI) Gene Expression Omnibus 
(GEO; https://www.ncbi.nlm.nih.gov/geo/). The samples (filename 
GSE40885_RAW.tar) were divided into two groups: seven alveolar 
macrophages from lung subsegments treated with LPS (GSM1004102, 
GSM1004104, GSM1004106, GSM1004108, GSM1004110, 
GSM1004112 and GSM1004114) and seven alveolar macrophages 
from lung subsegments instilled with saline solution (GSM1004101, 
GSM1004103, GSM1004105, GSM1004107, GSM1004109, 
GSM1004111 and GSM1004113). We analysed the Affymetrix Human 
Genome U133 Plus Version 2.0 Array (GPL570) using the Affymetrix 
Transcriptome Analysis Console (both from Affymetrix). Differentially 
expressed lncRNAs/mRNAs were identified as having P < .05 and |fold 
change (FC)| > 2. We drew a heatmap and a volcano plot using the re-
sults of differentially expressed mRNA analysis.

2.2 | Pathway enrichment analysis

We performed pathway enrichment analysis on the differentially 
expressed mRNAs using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and the R software package clusterProfiler ver-
sion 3.10.1 (https://guang chuan gyu.github.io/softw are/clust erPro 
filer/).

2.3 | Animals

All animal experiments were approved by the Animal Care and Use 
Committee of the First People’s Hospital of Guangzhou City, China, 
and conducted according to US National Institutes of Health (NIH) 
guidelines. The characteristics of experimental mice used in this 
study were as follows: genotype, C57BL/6; phenotype, specific- 
pathogen- free (SPF); body weight, 20- 30 g; sex, male; license, No. 
SCXK (Guangdong) 2016- 0041.

2.4 | ALI mouse model

We randomly divided 24 C57BL/6 mice into four groups: a sham op-
eration group, a model group, a lentivirus (LV)- control group and a 
LV- si- HOTAIR group (n = 6 per group). To establish the ALI model, 
we anaesthetized mice with intraperitoneal injections of 1% pento-
barbital sodium (50 mg/kg). Mice were endotracheally intubated with 
an indwelling needle. Using a 1- mL syringe, we pushed 10 μg LPS in 
50 μL phosphate- buffered saline (PBS) into the tube. The sham group 
received an equal volume of PBS.4 We injected control and si- HOTAIR 
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lentiviruses (2 × 108 TU/mL; Hanbio) through the tail vein 30 minutes 
before LPS stimulation. After 6 hours of stimulation, mice were killed, 
and lung tissues were removed and stored at −80°C.

2.5 | Haematoxylin and eosin (H&E) staining

We placed lung tissue in 10% formalin overnight, dehydrated it and 
embedded it in paraffin. The tissue was sliced into 5- mm thick sec-
tions, fixed on a glass slide, dried and then dyed using HE staining so-
lution (Solarbio) as per the manufacturer’s instructions. We soaked 
the slices in xylene, in gradient- concentration ethanol and then in 
haematoxylin before sealing them with resin. After drying, we ob-
served changes to the alveolae and alveolar interstitial structure in 
lung tissue sections, photographing them under a light microscope.

2.6 | RNA pull- down assay

Biotinylated HOTAIR (Bio- HOTAIR), miR- 17- 5p (Bio- miR- 17- 5p), 
HOTAIR Mut (Bio- HOTAIR- Mut), miR- 17- 5p Mut (Bio- miR- 17- 5p- 
Mut) and their negative control (Bio- NC or Bio- miR- NC) (Sangon 
Biotech Co., Ltd.) were transfected into the A549 and BEAS- 2B 
cells. Following incubation for 24 hours, the transfected cells were 
lysed, collected and incubated with Dynabeads M- 280 Streptavidin 
(Invitrogen; Thermo Fisher Scientific, Inc) for 10 minutes in 4°C. The 
bound RNAs were then subjected to RT- qPCR for quantification and 
analysis as described above.

2.7 | Cell culture

We purchased A549 (Cat. No. CCL- 185), BEAS- 2B (Cat. No. CRL- 
9609) and 293T (Cat. No. CRL- 11268) cells as authenticated stocks 
from the American Type Culture Collection (ATCC). Both cell lines 
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% foetal bovine serum (FBS) at 37°C and 5% CO2. 
Cells were tested for mycoplasma contamination approximately 
once a month using a MycoAlert Mycoplasma Detection Kit (Cat. 
No. LT07- 218; Lonza Cologne GmBH).

2.8 | Transmission electron microscopy

We observed autophagy in A549 and BEAS- 2B cells under a trans-
mission electron microscope. Cells from each experimental group 
were collected, digested with 2.5 g/L trypsin, centrifuged at 1000 
g, washed with PBS, and collected in microcentrifuge tubes. We 
then fixed the cells with 25 g/L glutaraldehyde plus 10 g/L citric 
acid. After dehydration with graded ethanol and infiltration, cells 
were embedded in epoxy resin. We sliced the resin using an ultrami-
crotome, stained the cells with uranyl acetate as well as lead citrate 
and observed them via transmission electron microscopy (TEM).

2.9 | Real- time quantitative reverse transcription 
polymerase chain reaction (RT- qPCR)

We extracted total RNA using TRIzol reagent (Invitrogen). The ex-
tracted RNA was reverse- transcribed into complementary deoxyrib-
onucleic acid (cDNA) using a PrimeScript RT Reagent Kit (TaKaRa) as 
per the manufacturer’s instructions. We performed RT- qPCR using 
an ABI 7500 system (Applied Biosystems) and a SYBR Premix ExTaq 
II kit (TaKaRa). The primers for HOTAIR, glyceraldehyde 3- phosphate 
dehydrogenase (GAPDH), miR- 17- 5p, and U6 were as follows: 
HOTAIR: forward, 5′- CAGTGGGGAACTCTGACTCG- 3′, reverse, 
5′- GTGCCTGGTGCTCTCTTACC- 3′; GAPDH: forward, 5′- GCTCAT
TTGCAGGGGGGAG- 3′, reverse, 5′- GTTGGTGGTGCAGGAGGCA- 3′; 
miR- 17- 5p: forward, 5′- ACACTCCAGCTGGGCAAAGTGCTTACAG
TGC- 3′, reverse, 5′- CTCAACTGGTGTCGTGGA- 3′; and U6: 
forward, 5′- CTCGCTTCGGCAGCACA- 3′, reverse, 5′- AACGCTTCAC
GAATTTGCGT- 3′. Relative HOTAIR and miR- 17- 5p expression lev-
els were calculated via the 2−ΔΔCt method. We performed PCR ex-
periments for each sample in triplicate and repeated all experiments 
three times.

2.10 | Prediction of HOTAIR target miRNAs and 
miR- 17- 5p target genes

We used the starBase database (http://starb ase.sysu.edu.cn/starb 
ase2/brows eNcRNA.php), version 2.0, to identify miRNAs targeted by 
HOTAIR; and the TargetScanHuman database (http://www.targe tscan.
org/vert_72/) to predict miR- 17- 5p binding sites on the target genes.

2.11 | Transient transfection and dual luciferase 
reporter assay

Cells were seeded into 96- well plates 1 day before transfection. We 
amplified the HOTAIR fragment and then integrated it into the pGL3 
promoter carrier (Promega Corp.) to construct the report carrier 
wild- type (WT)- HOTAIR. Meanwhile, mutated fragments related to 
mutated (Mut) HOTAIR were cloned, and the reporting vector Mut- 
HOTAIR was constructed. A total of 293T cells were transfected with 
100 ng WT- HOTAIR or Mut- HOTAIR and 10 nmol/L miR- 17- 5p mimic/
inhibitor using Lipofectamine 2000. After 48 hours of transfection, we 
performed an luciferase reporter assay (LRA) using a Dual- Luciferase 
Reporter Assay System (Promega) as per the manufacturer’s instruc-
tions. All assays were independently performed in triplicate.

2.12 | Western blot

Cells were harvested and lysed using ice- cold lysis buffer (Beyotime 
Institute of Biotechnology), and protein concentration was deter-
mined using a bicinchoninic acid protein assay kit (Keygentec). We 
separated denatured proteins (20 μg) by sodium dodecyl sulphate 
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polyacrylamide gel electrophoresis and transferred them onto poly-
vinylidene fluoride membranes (MilliporeSigma). After blocking, we 
incubated membranes at 4°C overnight with the following primary 
antibodies, all of which were purchased from Abcam: LC3B (1:2000; 
Cat. No. 192890), Beclin- 1 (1:1000; Cat. No. ab210498), ATG2 (1 µg/
mL; Cat. No. ab189934), ATG7 (1:50,000; Cat. No. ab52472), and 
ATG16 (1:1000; Cat. No. ab187671). Subsequently, we incubated the 
membranes with a secondary antibody (goat anti- rabbit; 1:10,000, 
Cat. No. ab205718; Abcam) for 2 hours at 25°C, visualized bound 
proteins via enhanced chemiluminescence (Thermo Fisher Scientific, 
Inc), and recorded them on an imaging system (DNR Bio- Imaging 
Systems Ltd., Mahale HaHamisha). GAPDH (1:10 000, Cat. No. 
ab181602; Abcam) was used as the loading control.

2.13 | Cell proliferation assay

We prepared single- cell suspensions via trypsinization and seeded 
the indicated cell lines into six- well plates at a density of 500 cells/
well. After 2 weeks of culture, the cells were digested with trypsin. 
The 10- μL cell suspension was mixed well with 10 μL Phenol Blue 
and added to the counting plate. After leaving the mixture at room 
temperature for 3 minutes, we observed and counted cells under 
an inverted microscope. The remaining cells were then inoculated in 
96- well plates at a density of 3 × 103 and cultured for 24- 72 hours. 
We detected the optical density at 450 nm every 24 hours using a 
CCK- 8 kit as per the manufacturer's instructions. Each experiment 
was repeated three times.

2.14 | Cell apoptosis assay

We performed this assay using an Annexin V- Fluorescein 
Isothiocyanate (FITC) Apoptosis Detection Kit (Keygentec) as per 
the manufacturer’s instructions. Cells (106 cells/mL) were harvested, 
washed twice with cold PBS and resuspended in 500 μL binding 
buffer. Subsequently, we incubated them with 5 μL Annexin V- FITC 
and 5 μL propidium iodide (PI) in the dark for 15 minutes at 25°C. Cell 
apoptosis was assessed via flow cytometry (FCM; BD Biosciences). 
Each experiment was repeated three times.

2.15 | Cell cycle assay

Cell cycle analysis was performed using the Cell Cycle Detection 
Kit (Keygentec). A549 and BESA2B cells (1 × 106) were harvested, 
washed with PBS twice and fixed in 500 μL 70% ice- cold ethanol 
for 2 hours at 25°C. The cells were then washed twice with cold 
PBS and incubated in PI (400 μL) and RNase (100 μL) for 30 min-
utes at 37°C in the dark. The PI signal was detected via FCM (BD 
Biosciences). The percentages of cells in the G1, S and G2 phase 
were determined and compared. Each experiment was repeated 
three times.

2.16 | Statistical analysis

All data are expressed as the mean ± standard deviation (SD) and 
were analysed using SPSS software version 19.0 (IBM Corp.). We 
performed statistical analysis using one- way analysis of variance 
(ANOVA) and Dunnett’s post hoc test. For independent two- group 
analyses, Student’s t tests were used.

3  | RESULTS

3.1 | Discovery of ALI- associated lncRNAs via 
microarray analysis

We investigated the differential expression of lncRNAs/mRNAs 
in alveolar macrophages from lung subsegments instilled with LPS 
using raw microarray data obtained from the NCBI GEO database 
(GSE40885). Of the 1289 lncRNAs/mRNAs detected via micro-
array analysis, 1011 were upregulated in alveolar macrophages 
from LPS- instilled lung subsegments compared to controls when 
using the criteria of mean |FC| > 2 and P <.05 (Figure 1B,C). 
HOTAIR, LINC01093, LINC01215, LINC01268 and LINC00189 
were among the significantly upregulated ncRNAs in alveolar 
macrophages from LPS- instilled lung subsegments (Figure 1A). 
Among them, lncRNA HOTAIR as an oncogene has been con-
firmed by numerous studies and plays a key role in tumour de-
velopment.21,22 However, the role and molecular mechanism of 
lncRNA HOTAIR in ALI have not been reported yet. Therefore, 
we chose HOTAIR gene as the target lncRNA of this study for 
further discussion.

In addition, we identified the top 23 pathways associated with 
these differentially expressed lncRNAs via KEGG pathway analysis. 
Of these 23, the most significantly enriched and relevant were the 
interleukin- 18 (IL- 18) signalling pathway as well as the senescence 
and autophagy in cancer signalling pathway, with the latter corre-
sponding to 14 upregulated genes.

3.2 | HOTAIR regulated the proliferation, apoptosis, 
cell cycle progression and autophagy of LPS- induced 
A549 and BEAS- 2B cells

Using RT- qPCR, we confirmed HOTAIR upregulation in LPS- 
induced A549 and BEAS- 2B cells (Figure 2A). The expression 
pattern of HOTAIR in these cells was consistent with data ob-
tained via microarray transcriptome analysis. HOTAIR was then 
subjected to further analysis. Our observations were consist-
ent with those of previous studies reporting that LPS- induced 
A549 and BEAS- 2B cells can be used as ALI cell models.3,4 LPS 
increased apoptosis (Figure 2B,C) and decreased proliferation 
(Figure 2D), arresting cells in the G0/G1 phase (Figure 2E,F). 
Therefore, we next explored the effects of HOTAIR in these ALI 
cell models.
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RT- qPCR confirmed that si- NC and si- HOTAIR were efficiently 
transfected into LPS- stimulated A549 and BEAS- 2B cells. LPS en-
hanced HOTAIR expression, but this was reversed by si- HOTAIR 
transfection (Figure 2G). CCK- 8 results indicated that LPS reduced 
A549 and BEAS- 2B cell proliferation, which was also reversed via 

si- HOTAIR (Figure 2H,I). Western blot (WB) revealed that LPS induced 
the expression of the autophagy marker proteins LC3B and Beclin- 1, 
but si- HOTAIR suppressed this effect as well (Figure 2J,K). FCM re-
sults indicated that LPS increased the apoptosis (Figure 3A,B) and 
G0/G1 phase arrest (Figure 3C,D) of A549 as well as BEAS- 2B cells, 

F I G U R E  1   Identification of differentially expressed lncRNAs in alveolar macrophages from mouse lung subsegments instilled with LPS. A, 
Hierarchical- clustering heatmap of differentially expressed lncRNAs/mRNAs in seven alveolar macrophage samples from lung subsegments 
instilled with LPS and seven control samples. Rows represent lncRNAs or mRNAs identified using the Affymetrix Transcriptome Analysis 
Console; columns represent cell specimens. Blue indicates low expression of lncRNAs/mRNAs; red indicates high expression. B, Pathway 
enrichment analysis of differentially expressed lncRNAs/mRNAs. The green bar indicates the number of downregulated genes; the red 
bar indicates the number of upregulated genes; the yellow bar indicates statistical significance. C, Volcano plot of differentially expressed 
lncRNAs and mRNAs. The x- axis indicates fold change in lncRNA/mRNA expression between different samples; the y- axis indicates 
statistical significance. Significantly regulated lncRNAs/mRNAs were filtered (|FC| > 2; P < .05) and marked by green or red dots. D, Scatter 
plots of differentially expressed lncRNAs and mRNAs. Significantly upregulated and downregulated lncRNAs/mRNAs are identified by green 
and red dots, respectively
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F I G U R E  2   The lncRNA HOTAIR regulated autophagy, apoptosis, cell cycle progression, and the proliferation of LPS- stimulated A549 
and BEAS- 2B cells. A, Results of qRT- PCR analysis. The black bar represents HOTAIR expression in the PBS treatment group; the grey 
bar represents HOTAIR expression in the LPS treatment group; error bars show 95% confidence intervals. B, Representative FCM images 
indicate that LPS- stimulated A549 and BEAS- 2B cells underwent increased apoptosis. C, The quantitative column figure represents the 
percentage of apoptotic cells (mean ± SD) from three independent experiments. D, Cell proliferation was determined via CCK- 8 assays at 
24, 48 and 72 hours. A549 and BEAS- 2B cells treated with PBS proliferated faster than those treated with LPS. E, Representative FCM 
images indicated that LPS- treated A549 and BEAS- 2B cells underwent G0/G1 phase arrest. F, The quantitative column figure represents 
the percentage of cell per cell cycle stage (mean ± SD) from three independent experiments. G, The effects of NC, LPS, si- NC and si- 
HOTAIR on HOTAIR expression were assessed in A549 and BEAS- 2B cells via qRT- PCR. H,I, The effects of NC, LPS, si- NC and si- HOTAIR 
on cell proliferation were assessed in A549 and BEAS- 2B cells via CCK- 8 assays. J,K, The effects of NC, LPS, si- NC and si- HOTAIR on the 
expression of autophagy marker proteins LC3B and Beclin- 1 in A549 and BEAS- 2B cells were assessed via WB. *P < .05
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F I G U R E  3   HOTAIR regulated the cell cycle, apoptosis and autophagy of A549 and BEAS- 2B cells. A, FCM analysis indicated apoptosis in 
the NC, LPS, si- NC and si- HOTAIR groups. B, The quantitative column figure represents the percentage of apoptotic cells (mean ± SD) from 
three independent experiments. C, FCM was used to determine cell cycle progression in the NC, LPS, si- NC and si- HOTAIR groups. D, The 
quantitative column figure represents the percentage of cells in each cycle stage (mean ± SD) from three independent experiments. E, The 
effects of NC, LPS, si- NC, and si- HOTAIR on autophagosome formation were assessed in A549 and BEAS- 2B cells via TEM. *P < .05
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which was also reversed via si- HOTAIR transfection. TEM revealed 
that LPS increased autophagic vacuoles. Once again, si- HOTAIR re-
versed this phenomenon in both A549 and BEAS- 2B cells (Figure 3E). 

Taken together, these results suggested that inhibition of HOTAIR 
suppressed LPS- induced A549 and BEAS- 2B cell autophagy, apopto-
sis and cycle arrest.

F I G U R E  4   MiR- 17- 5p reversed HOTAIR- mediated LPS- induced changes in A549 and BEAS- 2B cell function. A, LncRNA HOTAIR- miR- 
17- 5p binding sites predicted using the starBase database. B, A dual LRA was employed to validate the binding of miR- 17- 5p/HOTAIR. 
C, D, RNA pull- down validated the binding of lncRNA HOTAIR and miR- 17- 5p. E, Effects of NC, LPS, si- NC and si- HOTAIR on miR- 17- 5p 
expression were assessed in A549 and BEAS- 2B cells via qRT- PCR. F, The effects of co- transfection with si- HOTAIR/NC inhibitor or si- 
HOTAIR/miR- 17- 5p were assessed in A549 and BEAS- 2B cells via qRT- PCR. G, FCM was used to detect apoptosis in the si- HOTAIR +NC 
inhibitor group and the si- HOTAIR +miR- 17- 5p inhibitor group. H, The quantitative column figure represents the percentage of apoptotic 
cells (mean ± SD) from three independent experiments. I, FCM was used to detect cell cycle in the si- HOTAIR +NC inhibitor group and the 
si- HOTAIR +miR- 17- 5p inhibitor group. J, The quantitative column figure represents the cells in each cycle stage (mean ± SD) from three 
independent experiments. K, The effect of co- transfection on cell proliferation was assessed in A549 and BEAS- 2B cells via CCK- 8 assays. 
*P < .05
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3.3 | MiR- 17- 5p inhibition 
reversed the effects of si- HOTAIR on cell autophagy, 
proliferation and apoptosis

Using the starBase online database, we found that miR- 17- 5p was a 
potential target of HOTAIR (Figure 4A). Dual LRA results confirmed 
that miR- 17- 5p directly interacted with HOTAIR (Figure 4B). In order 
to verify the miR- 17- 5p- HOTAIR interaction, RNA pull- down was 
employed. The results indicated that HOTAIR and miR- 17- 5p RNA 
level were significantly higher in A549 and BEAS- 2B cells com-
pared to control and Mut groups (Figure 4C,D). Furthermore, RT- 
qPCR results confirmed that LPS reduced miR- 17- 5p expression and 
that si- HOTAIR reversed this reduction in A549 and BEAS- 2B cells 
(Figure 4E).

Subsequently, we performed co- transfection experiments with 
si- HOTAIR/NC inhibitor or si- HOTAIR/miR- 17- 5p inhibitor to deter-
mine the effect on miR- 17- 5p expression in A549 and BEAS- 2B cells. 
RT- qPCR further confirmed LRA results (Figure 4F). FCM indicated 
that miR- 17- 5p inhibition increased apoptosis (Figure 4G,H) and ar-
rested LPS- induced A549 and BEAS- 2B cells in the G0/G1 phase 
prior to their entry into S phase (Figure 4I,J) after co- transfection 
with si- HOTAIR compared to the NC inhibitor. Further, the si- 
HOTAIR- mediated increase in cell proliferation was reversed in the 
miR- 17- 5p inhibitor group compared with the NC inhibitor group 
(Figure 4K). The protein expression of autophagy markers LC3B 
and Beclin- 1 was increased after co- transfection with si- HOTAIR 
and miR- 17- 5p inhibitor compared with the NC inhibitor group 
(Figure 5A,B). Similarly, less LPS- induced autophagy vacuoles were 

observed under NC co- transfection, whereas miR- 17- 5p inhibitor 
co- transfection had the opposite effect (Figure 5C). Altogether, miR- 
17- 5p inhibition counteracted the si- HOTAIR- mediated suppression 
of autophagy, apoptosis, cell cycle progression and proliferation of 
A549 and BEAS- 2B cells.

3.4 | MiR- 17- 5p inhibition reversed the si- HOTAIR- 
mediated reduction in ATG expression

Using the TargetScanHuman online database, we found that 
ATGs ATG2, ATG7 and ATG16 were potential targets of miR- 
17- 5p (Figure 6A), which was confirmed by dual LRA (Figure 6B). 
Subsequently, WB indicated that their protein expression was en-
hanced by LPS, whereas si- HOTAIR transfection reversed this effect. 
Meanwhile, co- transfection of si- HOTAIR and NC inhibitor sup-
pressed ATG2, ATG7, ATG16 protein levels, whereas co- transfection 
with miR- 17- 5p inhibitor led to the opposite outcome (Figure 6C,D).

3.5 | Si- HOTAIR significantly reversed LPS- induced 
ALI in vivo

Lung tissue reflects the severity of LPS- induced ALI in mice. After 
H&E staining, we observed that the lung tissue of mice in the sham 
group exhibited normal structure, intact alveolar walls, no obvious 
oedema in the alveolae and lung interstitium, as well as no inflam-
matory cell infiltration. Compared with sham group mice, those 
in the model and LV- control groups had significant pulmonary 

F I G U R E  5   MiR- 17- 5p inhibitor 
reversed HOTAIR- mediated autophagy in 
A549 and BEAS- 2B cells. A, B, The effect 
of co- transfection on the expression of 
autophagy marker proteins LC3B and 
Beclin- 1 was assessed in A549 and BEAS- 
2B cells via WB. C, TEM observation of 
autophagy vacuoles in A549 and BEAS- 2B 
cells of the si- HOTAIR +NC inhibitor and 
si- HOTAIR +miR- 17- 5p inhibitor groups. 
*P < .05
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oedema, tissue damage and alveolar septal thickening. Further, 
when compared to mice of the LV- Control group, the alveolar septa 
of LV- si- HOTAIR mice were significantly thinner without obvious 
oedema and tissue damage as well as reduced inflammatory cell in-
filtration (Figure 6E). HOTAIR expression was significantly lower in 
the LV- si- HOTAIR group compared to the LV- control group. These 
results suggested that inhibition of HOTAIR alleviated LPS- induced 
ALI in mice.

4  | DISCUSSION

HOTAIR, a cell cycle- associated lncRNA, is linked to a range of major 
diseases, including cancer.23,24 Studies have shown that lncRNA is 
closely related to cellular functions such as proliferation and apop-
tosis as well as cancer cell migration and invasion.25- 27 However, the 

underlying mechanisms of HOTAIR in ALI remain poorly understood. 
A key aspect of the current study is that we provided a compre-
hensive functional and mechanistic characterization of HOTAIR in 
LPS- induced ALI. We identified HOTAIR via microarray data mining, 
confirming its upregulation in LPS- induced ALI cell models. In A549 
and BEAS- 2B cells, HOTAIR inhibition suppressed LPS- induced ap-
optosis, whereas cell proliferation, S phase entry and DNA synthesis 
were promoted. Similarly, si- HOTAIR reversed the LPS- induced ALI 
effects in vivo, which contrasted with the role of lncRNA NEAT1 in 
ALI.20 These findings highlight the potential of HOTAIR as a thera-
peutic target in ALI. We also observed an association between 
HOTAIR and autophagy. In order to improve the reliability of our re-
sults, we employed two validation standards for autophagy, namely 
the number of autophagosomes observed via TEM and the expres-
sion of the autophagy marker proteins LC3B and Beclin- 1. Further, 
HOTAIR mediated the upregulation in ATG2, ATG7 and ATG16 

F I G U R E  6   MiR- 17- 5p reversed 
the HOTAIR- mediated increase in the 
expression of autophagy- related proteins 
ATG2, ATG7 and ATG16 in LPS- induced 
A549 and BEAS- 2B cells. A, Binding sites 
of miR- 17- 5p and ATG2/ATG7/ATG16 
were predicted. B, Dual LRA was used 
to validate the binding of miR- 17- 5p/
ATG2/ATG7/ATG16. C, D, The effects of 
NC, LPS, si- NC, si- HOTAIR, si- HOTAIR/
NC inhibitor and si- HOTAIR/miR- 17- 5p 
inhibitor on the expression of ATG2, ATG7 
and ATG16 in A549 and BEAS- 2B cells 
were assessed via WB. E, Inhibition of 
HOTAIR reduced ALI in vivo. Morphology 
of lung tissues from C57/6 mice was 
assessed via H&E staining, whereas 
expression of HOTAIR in these tissues 
was determined via qRT- PCR. Groups 
included the sham operation group, ALI 
model group, LV- Control group and LV- si- 
HOTAIR group. *P < .05
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expression in LPS- stimulated A549 and BEAS- 2B cells, highlighting 
the need for further research into HOTAIR- regulated autophagy in 
the context of ALI.

MiR- 17- 5p, a key regulator of the G1/S cell cycle transition, 
is implicated in various diseases.28,29 Chen et al30 reported that 
downregulation of miR- 17- 5p aggravated brain damage, whereas 
Zhao et al31 found that miR- 17- 5p contributes to tumour growth 
and metastasis in gastric cancer. In the current study, we observed 
that miR- 17- 5p induced the proliferation of LPS- stimulated A549 
and BEAS- 2B cells, playing a similar role in ALI. Furthermore, miR- 
17- 5p was previously reported to target HOTAIR, thus promoting 
osteoarthritis progression,32 and provides a reliable basis for us to 
study the interaction of HOTAIR/miR- 17- 5p. Using the starBase da-
tabase, we predicted that miR- 17- 5p targeted HOTAIR, which we 
subsequently confirmed via dual LRA, RNA pull- down RT- qPCR, cell 
function assays. Thus, miR- 17- 5p was suggested as a novel thera-
peutic target in ALI worthy of further investigation. Interestingly, 
previous studies reported that miR- 17- 5p regulates autophagy in 
several diseases.33,34 Bobbili et al35 described miR- 17- 5p as an es-
sential regulator of autophagy and an ‘alarm signal’ in cancer. We ob-
served a negative association between miR- 17- 5p and autophagy, as 
si- HOTAIR suppressed autophagosome formation in LPS- stimulated 
A549 and BEAS- 2B cells, whereas miR- 17- 5p inhibition upregulated 
ATG2, ATG7, and ATG16 protein expression. Taken together, these 
findings indicated that HOTAIR induces autophagy in ALI by adsorb-
ing miR- 17- 5p.

Acute lung injury is a severe respiratory disorder associated 
with acute as well as persistent lung inflammation.36 The role of au-
tophagy in ALI has attracted increasing attention among research-
ers.37,38 For instance, Hu et al39 found that complement component 
5a (C5a) aggravated ALI via the autophagy- mediated apoptosis of 
alveolar macrophages. In the current study, we found that autoph-
agy was regulated to affect the pathological progression of ALI as 
well as ATG2, ATG7 and ATG16 expression. Filfan et al40 reported 
that the autophagy- related proteins Beclin- 1, LC3, ATG5 and ATG7 
are associated with ALI. In our study, the upregulation of ATG2, 
ATG7 and ATG16 occurred in parallel to the inhibition of LPS- 
stimulated A549 and BEAS- 2B cell proliferation. These findings 
highlighted the therapeutic potential of afore- mentioned ATGs as 
drug targets.

In conclusion, our findings elucidate the molecular mecha-
nisms of HOTAIR underlying ALI. We confirmed the upregulation 
of HOTAIR in LPS- induced ALI cell models. Further, functional ex-
periments indicated that HOTAIR affected autophagy, apoptosis, 
the cell cycle and proliferation by regulating miR- 17- 5p, highlight-
ing the therapeutic relevance of this signalling axis in LPS- induced 
ALI.
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