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LncRNA XIST knockdown alleviates LPS‑induced acute lung injury 
by inactivation of XIST/miR‑132‑3p/MAPK14 pathway

XIST promotes ALI via miR‑132‑3p/MAPK14 axis
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Abstract
Acute lung injury (ALI) is a fatal inflammatory response syndrome. LncRNA XIST (XIST) is a lung cancer-related gene and 
participates in pneumonia. However, whether XIST participates in lipopolysaccharides (LPS)-induced ALI remains unclear. 
LPS-induced inflammation model was constructed in vitro, then cell viability, cytokines, cell apoptosis, protein, and mRNA 
expressions were individually detected by cell counting kit-8, enzyme-linked immunosorbent assay and flow cytometry, 
Western blot, and qRT-PCR. A dual-luciferase reporter assay confirmed the relationships among XIST, miR-132-3p, and 
MAPK14. Furthermore, inflammation and conditions after knockdown of XIST were assessed by hematoxylin and eosin 
staining, lung wet-to-dry weight ratio,  PaO2/FiO2 ratio, and malondialdehyde (MDA) contents using LPS-induced in vivo 
model. Our findings indicated that the LPS challenge decreased cell viability, increased cell apoptosis, and caused secretions 
of pro-inflammatory cytokines. Noticeably, LPS significantly upregulated XIST, MAPK14, and downregulated miR-132-3p. 
Mechanistically, XIST acted as a molecular sponge to suppress miR-132-3p, and MAPK14 was identified as a target of miR-
132-3p. Functional analyses demonstrated that XIST silencing remarkably increased cell survival and alleviated cell death 
and lung injury through decreasing TNF-α, IL-1β, IL-6, accumulation of inflammatory cells, alveolar hemorrhage, MDA 
release, and increased  PaO2/FiO2 ratio, as well as upregulating Bcl-2, and downregulating Bax, MAPK14, and p-extracellular 
signal-regulated kinases ½. In contrast, inhibition of the miR-132-3p antagonized the effects of XIST silencing. In conclu-
sion, inhibition of XIST exhibited a protective role in LPS-induced ALI through modulating the miR-132-3p/MAPK14 axis.
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LncRNAs  Long Noncoding RNAs
XIST  X-Inactive Specific Transcript
miRNAs  MicroRNAs
ALI  Acute Lung Injury
MAPK14  Mitogen-Activated Protein Kinase 14
ERK1/2  Extracellular Signal-Regulated Kinases ½

LPS  Lipopolysaccharides
LBP  Lipopolysaccharide Binding Protein
ELISA  Enzyme-Linked Immunosorbent Assay
ARDS  Acute Respiratory Distress Syndrome
3ʹ-UTRs  3ʹ-Untranslated Regions
CCK-8  Cell Counting Kit-8
H&E  Hematoxylin and Eosin
qRT-PCR  Quantitative Real-Time Polymerase Chain 

Reaction

Introduction

Acute lung injury (ALI) is an urgent respiratory dysfunc-
tion characterized by pulmonary infiltration, acute severe 
hypoxia, and edema. Both ALI and its related acute res-
piratory distress syndrome (ARDS) are devastating clinical 

 * Qi Wu 
 qqwwwui1223@163.com

1 Department of Respiratory and Critical Care Medicine, 
Tianjin Medical University General Hospital, No. 
154, Anshan Road, Heping District, Tianjin 300052, 
People’s Republic of China

2 Department of Respiratory and Critical Care 
Medicine, The First Affiliated Hospital of Hebei North 
University, Zhangjiakou 075000, Hebei Province, 
People’s Republic of China

http://orcid.org/0000-0002-7626-6089
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-021-04234-x&domain=pdf


4218 Molecular and Cellular Biochemistry (2021) 476:4217–4229

1 3

conditions that lead to high mortality rates at 30–40% [1]. 
ALI is a multifactorial disease directly related to some con-
ditions such as pneumonia, pulmonary contusion, post lung 
transplantation, or closely related to some situations such as 
sepsis and multiple trauma [2]. Lipopolysaccharide (LPS) 
is an endotoxin derived from the outer membrane of Gram-
negative bacteria. It can bind to the extracellular binding 
proteins lipopolysaccharide-binding protein (LBP), CD14, 
and MD-2, then further interacts with toll-like receptor 4, 
and triggers inflammation by activating extracellular sig-
nal-regulated kinases (ERK) ½ and p38 mitogen-activated 
protein kinase (p38 MAPK) pathways. After activation of 
these kinases, the expression of pro-inflammatory genes is 
significantly enhanced. Meanwhile, the LPS challenge also 
enhanced neutrophil infiltration into the lung [3]. Hence, 
LPS is a critical factor in the pathophysiology of ALI, but 
the definite mechanisms remain elusive. Up to date, there is 
still a lack of effective specific drug therapy for ALI. There-
fore, acute inflammation is a good topic responsible for ALI.

Human Genome Project had confirmed that only a tiny 
portion of the mammalian genome is transcribed into pro-
tein-coding RNA, and about 80% is noncoding RNAs [4]. 
Long noncoding RNAs (LncRNAs) comprise more than 200 
nucleotides that do not encode proteins. LncRNAs can fold 
into complex structures and interact with proteins, DNA, and 
other RNA and participate in many genetic modifications 
[5]. LncRNA X-inactive specific transcript (XIST) is a non-
coding RNA on the X-chromosome of placental mammals. It 
contains two long stem-loop structures that each comprised 
four repeats. As the master regulator, XIST plays a critical 
role in X-chromosome inactivation[6]. Previous literature 
pointed out that XIST performed biological activities via 
acting as macromolecular scaffolding for protein recruit-
ment to adopt discrete 3D-folding, as molecular sponges 
for sequestering regulatory ncRNAs or proteins, and as a 
genomic 3D organizer cis/trans-regulatory elements regulat-
ing transcription and RNA splicing [7]. XIST is transcribed 
from the future inactive X-chromosome. Functional analysis 
revealed that XIST could interact directly with PRC com-
plex PRC2 or SHARP to silence genes [8]. Recently, sev-
eral studies showed that dysregulations of XIST played vital 
roles in many diseases, such as non-small-cell lung cancer 
[9, 10], coronary artery disease [11], Parkinson’s disease 
[12], Alzheimer’s diseases [13], and Hodgkin’s disease [14]. 
Recently, the increasing evidence showed that XIST was a 
critical regulator during the pathological progress of acute 
injuries, such as acute pneumonia [15], acute kidney injury 
[16], myocardial injury [17], and liver injury [18]. However, 
the exact roles of XIST in ALI still were largely unknown.

MicroRNAs (miRNAs) contain about 18–24 nucleo-
tides. Like LncRNAs, miRNAs also can bind to mRNA 
3ʹ-untranslated regions (3ʹ-UTRs) to promote their degra-
dation or inhibit their translation. Importantly, miR-132-3p 

could activate multiple signaling pathways and is involved 
in many diseases such as tumorigenesis [19], myocardial 
injury [20], and brain ischemic injury [21]. Recently, some 
experiments showed that miRNAs such as miR-34b-5p [22], 
miR-33 [23], miR-223 [24], and miR-128-3p [25], as well as 
miR-132-3p [26] could regulate the process of the inflam-
matory process. However, there is still no report about how 
miR-132-3p participates in the pathophysiology of ALI and 
what molecular pathogenesis mechanisms are involved.

In mammals, the family of MAPKs is composed of ERK, 
p38, and c-Jun NH2-terminal kinase (JNK). Each MAPK 
signaling axis consists of at least three components: a MAP-
KKK kinase (MAP3K), a MAPKK kinase (MAP2K), and a 
MAPK. MAPKs could actively participate in cell survival, 
apoptosis, and differentiation [27]. In humans, p38 MAPKs 
encoded by the MAPK14 gene is ubiquitously expressed in 
many cell types. p38 MAPKs signaling pathway is essential 
for the modulation of neutrophil activation, especially for 
endotoxin stimulus. Hence, MAPK14 might play a key role 
in lung inflammatory response. However, we still did not 
know how MAPK14 regulates the pathological process of 
ALI.

Here, we investigated the expressions of XIST and miR-
132-3p in LPS-induced ALI models and confirmed XIST 
as a ceRNA that directly targeted the miR-132-3p and miR-
132-3p directly interacted with MAPK14 by binding to its 
3ʹ-UTR. Further experiments showed that knockdown of 
XIST might alleviate LPS-induced ALI by modulating the 
miR-132-3p/MAPK14 pathway, which provided us new evi-
dence to treat ALI.

Materials and methods

Cell culture

MLE-12 cells (mouse lung epithelial cells) were purchased 
from the American Type Culture Collection (CRL-2110, 
Manassas, VA, USA) and cultured in HITES medium sup-
plemented with 2% fetal bovine serum (ATCC, 30-2020). 
Cells were maintained in a humidified 5%  CO2 at 37 °C. 
Subsequent experiments were implemented when cells 
reached 80% confluence. LPS (L4391) was bought from 
Sigma (St. Louis, MO, USA). For ALI in vitro cell model, 
LPS (1 μg/mL) was used to treat MEL-12 for 24 h.

Plasmid constructions and cell transfection

Wide typed or mutant pcDNA3.1 targeting XIST overex-
pression vector (XIST-wt, XIST-mut), MAPK14 overex-
pression vector (MAPK14-wt, MAPK14-mut), and negative 
control (NC) were all designed, amplified, and subcloned 
into pcDNA3.1 vector by Genepharma (Shanghai, China). 
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si-XIST, siRNA negative control (si-NC), mimic negative 
control (mimic NC), miR-132-3p mimic, inhibitor negative 
control (inhibitor NC), miR-132-3p inhibitor were purchased 
by Genepharma (Shanghai, China). The lentivirus vectors to 
inhibit XIST was bought by Genepharma (Shanghai, China). 
The lentiviruses were packaged in HEK293T cells, which 
were named lenti-si-XIST and lenti-si-NC, respectively. 
Lipofectamine 2000 (Invitrogen, USA) was applied for cell 
transfection following the manufacturer’s instructions.

Cell counting kit (CCK)‑8

MLE-12 cells were seeded into 96-well plates. After 24 h, 
1 µg/mL LPS was added to fresh medium for further 24 h 
incubation, then cell viability was detected. For the assess-
ment of the role of XIST, MLE-12 cells were transfected 
with si-NC or si-XIST and stimulated by LPS (1 µg/mL). 
Subsequently, CCK-8 reagent (A311-01, Vazyme, Nanjing, 
China) was added to each well, followed by a further 2 h 
incubation. The OD values were detected at 450 nm using 
an ELISA plate reader (Thermo Fisher Scientific, Inc.). Indi-
vidual experiment repeated three times.

Enzyme‑linked immunosorbent assay (ELISA)

MLE-12 cells were transfected with si-NC and si-XIST, then 
treated by LPS (1 µg/mL) for 24 h. The supernatant was 
collected to measure TNF-α, IL-1β, and IL-6 using their 
corresponding ELISA kits TNF-α, IL-1β, and IL-6 accord-
ing to the instructions. All the ELISA kits were bought from 
Cusabio Technology LLC (Houston, TX, USA).

Flow cytometry

Cells after twice washes with cold 1 × phosphate saline 
(PBS) were labeled with Annexin V/PI double-staining 
kit (BD Biosciences, MA, USA). The apoptotic cells were 
detected and analyzed by flow cytometry (FACSCalibur, 
BD, San Jose, CA).

RNA extraction and quantitative real‑time PCR 
(qRT‑PCR)

Total RNA and miRNA were extracted by RNeasy Mini Kit 
(Qiagen, Valencia, CA, USA) or mirVana miRNA isola-
tion kit (Ambion, Austin, TX, USA). The concentrations 
and purity were analyzed by NanoDrop ND-2000 (Thermo 
Fisher, Wilmington, DE, USA). RNA was reversely tran-
scribed by mRNA Reverse Transcription Kit (Thermo 
Fisher) or Taqman™ miRNA. The SYBR Premix Ex Taq 
(TaKaRa, Dalian, China) was used to assess XIST and 
MAPK14. β-actin was the internal control. miR-132-3p 
expression was detected using TaqMan MicroRNA Assay 

(Applied Biosystems, Foster City, USA). U6 was the inter-
nal control. qRT-PCR was run on the Applied Biosystems 
7500 Real-Time PCR System. The CT values were analyzed 
using the  2−ΔΔCT method. The primers used in this study 
were used: XIST sense AGG GTG TGT GTG CAT ATG 
GA and antisense CCG CCA TCT TTT CCT GTA CG; miR-
132-3p sense GGA CGG TAG CAA GCA AAG AGT GTG 
and antisense GGG ATT CTG GAA GAT GAT GAT GAC; 
MAPK14 sense TGA CCC TTA TGA CCA GTC CTT T 
and antisense GTC AGG CTC TTC CAC TCA TCT AT; 
β-actin sense GTG ACG TTG ACA TCC GTA AAG A and 
antisense GCC GGA CTC ATC GTA CTC C and U6 sense 
CTC GCT TCG GCA GCA CAT A and antisense AAC GAT 
TCA CGA ATT TGC GT.

Western blot

Total proteins were extracted using RIPA lysis buffer 
(Thermo Scientific™) supplemented by 0.1 mM PMSF. 
After pre-cleared, protein concentrations were determined 
using a BCA protein assay kit (Pierce). Then, an equal 
amount of protein was applied to SDS-PAGE and then 
transferred to PVDF membranes (Millipore, Billerica, MA, 
USA). After blocking using 5% non-fat milk in 1 × PBST, 
the primary antibodies were incubated overnight at 4 °C. 
The secondary antibodies were incubated for 2 h at room 
temperature. The membranes were visualized using an 
ECL chemiluminescence kit (Fude, Hangzhou, China). The 
images were taken and analyzed by Image Lab 6.0. β-actin 
was the reference control. All the primary and secondary 
antibodies, including anti-Bcl-2 (sc-7382; 1:1000), anti-Bax 
(sc-7480; 1:1000), anti-MAPK14 (p38α MAPK, sc-81621; 
1:1000), anti-ERK1(sc-271269; 1:1000), anti-ERK2 (sc-
81457; 1:1000), anti-p-ERK1/2 antibody (Thr 202/Tyr 204) 
(sc-16982; 1:1000), anti-β-actin (sc-47778; 1:1000) and 
mouse anti-goat IgG-HRP secondary antibody (sc-2354, 
1:11000) were purchased from Santa Cruz Biotechnology, 
Inc.

Dual‑luciferase reporter assay

The potential binding sites among XIST, miR-132-3p, 
and MAPK14 were obtained from bioinformatics soft-
ware StarBase V2.0. Site-Directed Mutagenesis Kit was 
used to mutate the potential binding sites in XIST and 
MAPK14 (SBS Genetech, Beijing, China). Then, the XIST 
or MAPK14 3ʹ-UTR with the predicted binding site was 
amplified and subcloned into a pGL4.10 luciferase reporter 
vector (Promega, Madison, WI, USA) as XIST-wt, XIST-
mut, MAPK14-wt or MAPK14-mut, respectively. MEL-12 
cells were co-transfected with miR-132-3p mimic/mimic NC 
and either XIST-wt/mut or MAPK14-wt/mut using Lipo-
fectamine 2000. The luciferase activity was determined after 
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48 h of post-transfection by a luciferase reporter assay kit 
(Promega, USA).

Mice models of LPS‑induced ALI

40 male BALB/c mice were purchased from Liaoning 
Changsheng Technology Industrial Co., LTD (Certificate 
SCXK2010-0001; Liaoning, China). Mice were housed 
in a humidity-controlled environment with a light/dark 
cycle of 12 h/12 h and fed with food and water ad libitum. 
This study was approved by the Ethics Committee of the 
Tianjin Medical University, and all experiments were per-
formed following the National Institutes of Health guide-
lines. Mice were randomly divided into four groups (n = 10 
per group): Control group (saline), Model group (0.5 mg/
kg LPS, dissolved in saline), Model + si-NC group, and 
Model + si-XIST group. To induce in vivo ALI, LPS was 
administered to induce lung injury as previous reports with 
slight modifications [28]. Briefly, mice were anesthetized 
with pentobarbital sodium (30 mg/kg), followed by 10 µg 
LPS in 50 µL sterile saline with intratracheal injection (i.n.) 
with a 3-gauge needle. The same procedure gave the mice of 
the control group sterile saline. Then, the mice were placed 
in a vertical position and rotated for 1 min to distribute the 
installation in the lungs. For inhibition of XIST, mice had 
immediately received a tail vein injection of si-XIST (lenti-
si-XIST, 100 µL, virus titer 2 ×  107 transduction unit [TU]/
mL). The control mice received 100 µL lenti-si-NC by tail 
vein injections. After 24 h, mice were euthanized by  CO2 
asphyxiation. Subsequently, lung tissues were removed for 
other assays.

Hematoxylin and eosin (H&E) staining

The left lungs were removed and fixed in 4% paraformalde-
hyde at 4 °C for 48 h, then dehydrated by a series of graded 
ethanol and xylene, embedded and sectioned by cryostat 
(Leica CM1520). The sections were stained with H&E and 
examined under a light microscope.

Lung wet/dry (W/D) weight ratio

Lung samples were collected 24 h after the LPS challenge. 
Each lung was blotted dry, weighed immediately as wet 
weight. Then the lungs were subjected to an oven at 80 °C 
for 72 h for the dry weight. The ratio of the wet lung weight 
to the dry lung weight was calculated to evaluate tissue 
edema.

Assessment of  PaO2/FiO2 ratio

After 24 h administration by PBS or LPS with lenti-si-
XIST/lenti-si-NC, all the animals were given endotracheal 

intubation after anesthesia. Subsequently, pure oxygen 
(7 mL/kg) was given later by mechanical ventilation. After 
ventilation for 15 min,  PaO2 analysis was measured on the 
blood samples obtained from the carotid artery using a GEM 
Premier 3000 gas analyzer (Instrumentation Laboratory, 
Italy). The oxygenation index was expressed as  PaO2/FiO2.

MDA assay

The right lungs were collected and homogenized after the 
LPS challenge, and levels of MDA were determined using 
an MDA assay kit (A003-1, Jiancheng, Jiangsu, China). Pro-
cedures were according to the manufacturer’s kit protocol.

Statistical analysis

All results are presented as means ± SD. Data within differ-
ent groups were compared using student’s t-tests or one-way 
ANOVA analysis (ANOVA) using GraphPad Prism 7 (Graph 
Pad Software Co., San Diego, CA, USA). P < 0.05 was con-
sidered statistically significant.

Results

XIST, miR‑132‑3p, and MAPK14 were altered 
in LPS‑induced MEL‑12 cells damage

To explore the potential roles of XIST, miR-132-3p, and 
MAPK14, their expression levels were measured in LPS-
induced MEL-12 cells. As shown in Fig. 1A, cell viability 
by CCK-8 assay was significantly decreased after the LPS 
challenge. We found that the releases of TNF-α, IL-1β, and 
IL-6 were remarkably elevated (Fig. 1B–D). Cell apoptosis 
was also obviously increased after LPS treatment (Fig. 1E). 
By western blotting assay, it was shown that the level of 
Bcl-2 had notably decreased and Bax had increased after 
LPS stimulus (Fig. 1F). Meanwhile, we also found that 
MAPK14 and its related signaling molecules p-ERK1 and 
p-ERK2 were also highly upregulated (Fig. 1G). Additional 
experiments by qRT-PCR indicated that the LPS challenge 
increased XIST and decreased miR-132-3p (Fig. 1H and I). 
Taken together, XIST, miR-132-3p, and MAPK14 might be 
associated with the process of LPS-induced MEL-12 cell 
injuries.

XIST knockdown promoted cell viability, alleviated 
LPS‑induced injuries in MEL‑12 cells

To investigate the function of XIST during LPS-induced 
inflammatory injury, we transfected si-XIST to knockdown 
XIST in MEL-12, followed by LPS stimuli. qRT-PCR results 
showed that the XIST level was significantly inhibited after 
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the knockdown of XIST (Fig. 2A). CCK-8 assay indicated 
knockdown of XIST alleviated LPS-induced cell death 
(Fig. 2B). Meanwhile, the releases of TNF-α, IL-1β, and 
IL-6 were attenuated due to XIST inhibition (Fig. 2C–E). 
Furthermore, LPS-induced cell apoptosis was also dimin-
ished because of the silence of the XIST gene (Fig. 2F). 
Also, the level of Bcl-2 had notably increased, and Bax 
had decreased after the LPS stimulus when the XIST gene 
was silenced (Fig. 2G). The activations of MAPK14 and its 
related molecules p-ERK1 and p-ERK2 by LPS stimulus 

were also remarkably diminished (Fig. 2H). The above 
results indicated that knockdown of XIST had a protective 
role in LPS-induced MEL-12 cells damage.

MiR‑132‑3p expression was negatively regulated 
by XIST

To elucidate the mechanism of XIST in ALI, the poten-
tial binding site between XIST and miR-132-3p was pre-
dicted (Fig. 3A). Dual-luciferase reporter assay showed a 

Fig. 1  XIST, miR-132-3p, and MAPK14 were altered in LPS-induced 
MEL-12 cells damage. A Cell viabilities were detected by CCK-8 
assay. B–D ELISA assays measured TNF-α, IL-1β, and IL-6. E Cell 

apoptosis was assessed by flow cytometry. F, G The protein expres-
sions were detected using Western blotting. H, I Expressions of XIST 
and miR-132-3p were measured by qRT-PCR. *p < 0.05, **p < 0.01
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significant decline of luciferase activity was found when 
XIST-wt co-transfected with miR-132-3p than co-transfected 
with mimic NC, but there was no change between XIST-
mut co-transfected with mimic NC and XIST-mut co-trans-
fected with miR-132-3p (Fig. 3B). Besides, the miR-132-3p 

expression level was upregulated after XIST knockdown 
(Fig. 3C). Further experiments indicated miR-132-3p level 
was significantly decreased when XIST was overexpressed 
(Fig. 3C). The above data suggested that XIST could directly 
target miR-132-3p in MEL-12 cells.

Fig. 2  XIST knockdown promoted cell viability and alleviated 
LPS-induced in MEL-12 cells damage. A Expression of XIST was 
checked after XIST knockdown by qRT-PCR. B Cell viabilities were 
detected in different groups by CCK-8 assay. C–E The concentra-

tion of cytokines was measured in different groups by ELISA. F Cell 
apoptosis was assayed in different groups by flow cytometry. G, H 
Protein levels of Bcl-2, Bax, MAPK14, ERK1/2, and p-ERK1/2 were 
detected by Western blotting. *p < 0.05, **p < 0.01
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Fig. 3  XIST directly targeted on miR-132-3p. A The potential bind-
ing sites between XIST and miR-132-3p were predicted by StarBase. 
B Luciferase reporter assay was used to examine the relative lucif-
erase activity of XIST-wt/mut after co-transfection with miR-132-3p 

mimic or mimic NC. C Expressions of miR-132-3p and XIST were 
detected after transfection with si-XIST/si-NC or transfection with 
pcDNA 3.1 and pc-XIST by qRT-PCR. *p < 0.05; **p < 0.01

Fig. 4  MiR-132-3p directly targeted on MAPK14. A The potential 
binding sites of miR-132-3p and MAPK14 were predicted by Star-
Base. B Luciferase reporter assay was used to examine the relative 
luciferase activity after co-transfection of MAPK14-wt/mut luciferase 
vector with miR-132-3p mimic or mimic NC. C MAPK14 expres-

sion was detected after transfection with miRNA inhibitor control and 
miR-132-3p inhibitor or mimic NC and miR-132-3p mimic. D Protein 
level of MAPK14 was detected after transfection with miRNA inhibi-
tor control and miR-132-3p inhibitor or mimic NC and miR-132-3p 
mimic. *p < 0.05; **p < 0.01
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MiR‑132‑3p directly binds to 3ʹ‑UTR of MAPK14 
to suppress its expression

The target of miR-132-3p was predicted by the bioinfor-
matics software of StarBase (Fig. 4A). We found that the 
luciferase activity in the MAPK14-wt 3ʹ-UTR group was 
distinctively inhibited by miR-132-3p mimic (Fig. 4B). 
After transfection of miR-132-3p mimic, both MAPK14 
mRNA (Fig. 4C) and protein levels (Fig. 4D) were sig-
nificantly downregulated. In contrast, miR-132-3p inhibi-
tor transfections showed the opposite effect on MAPK14 
mRNA and protein expression (Fig. 4C and D). Based on the 
above results, we confirmed miR-132-3p directly targeted 
MAPK14 in MEL-12 cells.

XIST knockdown attenuated LPS‑induced injury 
via miR‑132‑3p/MAPK14 axis in MEL‑12 cells

We found there were potential interactions among XIST, 
miR-132-3p, and MAPK14. Therefore, MEL-12 cells were 
transfected with si-XIST or si-NC alone or together with 
miR-132-3p inhibitor or NC negative control and subse-
quently subjected to LPS for 24 h. Then, MAPK14 levels 
were detected. As shown in Fig. 5A and B, MAPK14 was 
significantly downregulated for both mRNA and protein 
levels after XIST knockdown, and the miR-132-3p inhibi-
tor partially antagonized this effect. This result indicated 
that XIST could regulate MAPK14 through miR-132-3p. 
Further experiments were carried out to investigate whether 
knockdown of XIST participated in the inflammatory 
response. The ELISA data showed that TNF-α, IL-1β, and 
IL-6 were obviously inhibited by XIST knockdown but 
partially reversed by a miR-132-3p inhibitor (Fig. 5C–E). 
Meanwhile, cell apoptosis was also decreased when XIST 
silencing but was counteracted by a miR-132-3p inhibitor 
(Fig. 5F). Besides, both Bax and p-ERK1/2 were dramati-
cally downregulated, and the high expression of Bcl-2 by 
XIST knockdown was reversed by the miR-132-3p inhibi-
tor (Fig. 5G and H). Totally, we found inhibition of XIST 

attenuated LPS-induced injuries by regulating the miR-
132-3p/MAPK14 axis.

XIST knockdown mitigated LPS‑induced ALI in mice 
through miR‑132‑3p/MAPK14 axis

Based on the above data, we further wanted to explore 
whether knockdown of XIST could mitigate LPS-induced 
ALI in mice. After LPS stimulus in XIST knockdown mice, 
H&E staining showed LPS treatment significantly increased 
the accumulation of inflammatory cells and abundant alveo-
lar hemorrhage. XIST knockdown alleviated these patholog-
ical changes and decreased the score (Fig. 6A). Meanwhile, 
XIST knockdown distinctly reduced the lung wet/dry weight 
ratio, MDA, and cytokine secretions and increase the  PaO2/
FiO2 in mice, indicating that inhibition of XIST alleviated 
LPS-induced ALI in mice (Fig. 6B–E). To confirm the lev-
els of XIST in LPS-injured mice after delivering si-NC or 
si-XIST, we extracted RNAs from the isolated lung tissues 
and performed the qRT-PCR. Our results revealed that LPS 
stimulation could significantly increase the levels of XIST, 
but administration of si-XIST remarkably downregulated the 
XIST expression compared with that of the si-NC group. 
qRT-PCR (Fig. 6F) and western blot assays (Fig. 6G–H) 
also showed that inhibition of XIST upregulated miR-132-3p 
and diminished the activities of MAPK14, p-ERK1, and 
p-ERK2. Taken together, XIST knockdown protected LPS-
induced ALI in vivo via miR-132-3p/MAPK14 axis.

Discussion

XIST and miR-132-3p can participate in inflammatory 
response through post-transcriptional control of gene expres-
sion. However, there are no reports about whether XIST and 
miR-132-3p participate in LPS-induced lung injury. In the 
present study, we confirmed that LPS-induced significant 
cell death and increased cytokine secretion. LPS stimuli also 
activated the MAPK signal and upregulated XIST level, but 
the miR-132-3p level was remarkably downregulated. All 
the data indicated that XIST, miR-132-3p, and MAPK14 
were involved in LPS-induced ALI. Here, we first provided 
evidence that XIST knockdown prevented inflammatory 
response from LPS challenge by targeting the miR-132-3p/
MAPK14 pathway.

Neurotrophic recruitment to the lung and the alveolar 
and systematic release of pro-inflammatory cytokines are 
the main event responsible for the pulmonary inflamma-
tion in ALI and ARDS. A previous study showed ALI is 
typical in hospitalization pneumonia patients with positive 
microbiologic diagnosis [29]. Bacteria such as Pseudomonas 
aeruginosa and Acinetobacter baumannii were identified as 

Fig. 5  XIST knockdown attenuated LPS-induced injury via miR-
132-3p/MAPK14 axis in MEL-12 cells. A MAPK14 expression was 
detected after transfection of si-NC or si-XIST together with miRNA 
inhibitor control or miR-132-3p inhibitor, followed by LPS treatment. 
B Protein level of MAPK14 was detected after transfection of si-NC 
or si-XIST together with miRNA inhibitor control or miR-132-3p 
inhibitor, followed by LPS treatment. C–E TNF-α, IL-1β, and IL-6 
levels were detected after transfection of si-NC or si-XIST together 
with miRNA inhibitor control or miR-132-3p inhibitor, followed by 
LPS treatment. F Cell apoptosis was detected after transfection of 
si-NC or si-XIST together with miRNA inhibitor control or miR-
132-3p inhibitor, followed by LPS treatment. G, H Protein levels of 
Bcl-2, Bax, ERK1/2, and p-ERK1/2 were detected after transfection 
of si-NC or si-XIST with miRNA inhibitor control or miR-132-3p 
inhibitor, followed by LPS treatment. *p < 0.05; **p < 0.01

◂
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Fig. 6  XIST knockdown mitigated LPS-induced ALI in mice through 
miR-132-3p/MAPK14 axis. A The inflammatory conditions were 
assessed by H&E staining in mice lung tissues. B Wet-to-dry weight 
ratio was measured in mice lung tissues. C  PaO2/FiO2 was assessed 
in mice lung tissue. D MDA contents were measured in mice lung 

tissue. E TNF-α, IL-1β, and IL-6 were analyzed in mice serum by 
ELISA. F XIST, miR-132-3p, and MAPK14 levels were detected 
in mice lung tissue by qRT-PCR. G, H Protein levels of MAPK14, 
ERK1/2, and p-ERK1/2 were detected in mice lung tissue. *p < 0.05; 
**p < 0.01
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significant pathogens, leading to pneumonia [29]. When 
LPS is released from those Gram-negative bacteria into 
the circulation, it can be recognized by inflammatory cells 
and subsequently triggers the pro-inflammatory response, 
which further causes multiple organ dysfunction. Although 
LPS was believed as an essential inducer for lung injury, the 
definite mechanisms remain unclear. Our experiments found 
that LPS significantly influenced cell viability, secretion 
of cytokines, and cell apoptosis. LPS stimuli also altered 
MAPK14, XIST, and miR-132-3p levels. All the data indi-
cated that XIST, miR-132-3p, and MAPK14 were involved 
in LPS-induced ALI.

Previous studies pointed out that XIST was an oncogenic 
factor in multiple cancers [14, 19]. Recently, several stud-
ies had revealed that LncRNAs were identified as a pivotal 
modulator in the inflammatory process [30, 31]. For exam-
ple, LncRNA TUG1 could attenuate sepsis-induced acute 
inflammatory response and cell apoptosis via targeting miR-
33b-5p and GAB1 [30]. Knockdown of XIST had been iden-
tified as the primary modulator to alleviate the inflammatory 
response in spinal cord injury [32]. The MAPK pathway 
regulators include p38, JNK, and ERK1/2, which were con-
sidered a critical modulator of the inflammatory response in 
the lung [33]. Increased activity of MAPK, particularly p38 
MAPK, could enhance the synthesis of inflammation media-
tors at the transcription and translation levels, which meant 
p38 MAPK might be a potential target to develop chemicals 
to inhibit inflammatory activity [34]. Recent studies showed 
that the suppression of the MAPK signaling pathway could 
attenuate LPS-induced pathological injuries and decreased 
expression of cytokines in ALI [35]. In our experiments, 
knockdown of XIST could increase cell viability, Bcl-2 and 
decrease the release of IL-1β, IL-6 and TNF-α. Noticeably, 
knockdown of XIST inhibited the activation of MAPK14 as 
well as p-ERK1/2, which meant MAPK14 was involved in 
the inflammatory response regulated by XIST.

A series of studies had confirmed that miRNAs actively 
participated in the regulations of the pathogenesis of lung 
diseases such as pulmonary hypertension [36], lung cancer 
[37], pulmonary fibrosis [38], and chronic obstructive pul-
monary disease [39]. Expression profiling assay of miRNAs 
in LPS-induced ALI suggested that the dysregulated miR-
NAs were essential for explaining the mechanism for ALI 
[40], but the definite mechanism is still under investigation. 
LncRNAs were identified to regulate the coding mRNAs that 
harbor the same miRNA target sequence by binding with 
the shared inhibitory miRNAs [41]. Hence, the crosstalk 
among LncRNAs, miRNAs might regulate the physiologi-
cal and pathological processes through inhibiting targeting 
mRNA translation or promoting mRNA degradation [41]. 
Our data revealed that XIST silencing decreased cell apop-
tosis and secretions of pro-inflammatory cytokines. Addi-
tionally, knockdown of XIST enhanced Bcl-2 and inhibited 

Bax and MAPK14 expressions. Totally, we evidenced that 
XIST knockdown suppressed inflammatory response in ALI.

Many studies have shown that XIST could interact with 
miRNAs [30, 31]. For example, XIST was reported to dete-
riorate cervical cancer through regulating miR-124, miR-
889-3p [42], suppress glioma progression by the upregula-
tion of miR-204-5p [43], and accelerate the Primary graft 
dysfunction by binding to miR-21 [44]. However, the under-
lying molecular mechanism of XIST and miRNA in ALI 
has not been elucidated. We found that inhibition of XIST 
expression could directly upregulate miR-132-3p in MEL-
12. We believed that the interaction between XIST and miR-
132-3p had a regulatory role in ALI from the above results.

MAPK family includes ERK, c-Jun, and p38 MAPK sub-
families. After binding and activating cell surface receptors, 
LPS induces activation of MAP3K, MAP2K, and MAPK. 
Accumulated studies had confirmed that MAPK could be 
regulated by XIST [45] or miR-132 [46]. Using bioinfor-
matics analysis, we found MAPK14 contained a potential 
binding site for miR-132-3p. So, we proposed that the cross 
interactions of XIST and miR-132-3p participated in the 
pathophysiological process of ALI via the MAPK14 sign-
aling pathway. Here, we observed that miR-132-3p directly 
targeted MAPK14 to inhibit its expression. XIST knock-
down significantly inactivated p-ERK1 and p-ERK2, which 
led to decreased cytokine releases and a protective role in 
cell survival, while miR-132-3p inhibition exerted a pro-
inflammatory effect. In LPS-induced murine lung tissues, 
miR-132-3p was upregulated when XIST was inhibited, 
whereas MAPK14 expression was downregulated. So, miR-
132-3p was downregulated by XIST. In contrast, XIST was 
positively correlated with MAPK14.

In conclusion, this study firstly validated that XIST was 
significantly upregulated and miR-132-3p was markedly 
downregulated in LPS-induced MLE-12 cells and LPS-
treated mice. Downregulation of XIST alleviated LPS-
induced apoptosis and inflammatory injuries in MLE-12 
cells and mice through regulating the miR-132-3p/MAPK14 
axis. This work may provide us a novel understanding of the 
function of XIST in the pathological progression of ALI and 
will provide us a new therapeutic strategy to cure bacterial 
infection-induced lung injury.
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