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LCMRI deficiency exacerbates LPS-induced lung
injury in lung-on-a-chip and mouse models
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Abstract. The oncogene lung cancer metastasis-related
protein 1 (LCMRI) is associated with neoplastic diseases and
LCMRI conditional knockout affects cell homeostasis. In
the present study, the role of LCMRI in lipopolysaccharide
(LPS)-induced acute lung injury (ALI) was investigated.
Firstly, wild-type C57BL/6 mice were used to establish an
LPS-induced ALI model via intratracheal injection of LPS, and
the expression of LCMR1 was examined at 24,48,72 and 96 h
after injury. The LPS-induced lung injury model was subse-
quently constructed in mice with conditional knockout
of LCMRI in type II alveolar epithelial cells (AEC-II).
Subsequently, histopathological analysis, lung wet/dry weight
ratio comparisons and lung function tests were performed;
survival rates after LPS challenge of the conditional knockout
mice were measured; bronchoalveolar lavage fluid (BALF)
was collected, and the concentrations of protein and inflam-
matory cytokines in BALF were measured; and transmission
electron microscopy of lung tissue was conducted to evaluate
the degree of lung injury. To further investigate the mechanism,
a lung-on-a-chip model with overexpression or knockdown of
LCMRI was constructed to simulate the alveolar environment
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under LPS treatment. The expression levels of E-cadherin and
pro-pulmonary surfactant C precursor (proSP-C) in the chips
were determined by immunofluorescence, and the integrity
of the air-blood barrier was analyzed using a permeability
assay. In the mouse model, LCMRI1 expression was down-
regulated in wild-type mice with LPS-induced lung injury.
LCMRI conditional knockout in AEC-II caused increased
mortality, impaired lung function, aggravated pathological
damage and increased the inflammatory response in mice with
LPS-induced ALI. Furthermore, in the lung-on-a-chip model,
LCMRI knockdown reduced the expression of E-cadherin and
proSP-C, and impaired the air-blood barrier function, whereas
LCMRI overexpression attenuated these effects, which may be
related to cell differentiation dysfunction and enhanced apop-
tosis. In conclusion, the present study revealed that LCMRI
deficiency may exacerbate LPS-induced ALI and could be
considered a novel target for intervention in ALI.

Introduction

Acute lung injury (ALI), also known as acute respiratory
distress syndrome (ARDS), is a complex pathophysiological
process characterized by damage to alveolar epithelial cells and
vascular endothelial cells resulting from various causes, such
as infections, inhalation of toxic chemicals and drowning. This
leads to disruption of the pulmonary air-blood barrier func-
tion, causing inflammatory cell exudation, pulmonary edema
and ultimately respiratory failure (1). The estimated incidence
of ARDS can reach 78.9/100000 person-years, and the inci-
dence of hospital admission ranges between 1.3 and 19%
worldwide (2). In addition, the in-hospital mortality rate for
patients with severe ALI can reach 46.1% (3). Under physi-
ological conditions, endothelial and epithelial cells maintain
an air-blood barrier that constitutes the alveoli, preventing the
accumulation of fluid or the infiltration of inflammatory cells,
such as neutrophils and lymphocytes, into the alveoli, which is
also fundamental for maintaining effective gas exchange (4).
In the presence of diverse pathological states, such as hypoxia,
mechanical strain and bacterial infections, epithelial cells are
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damaged. This damage results in the buildup of protein-rich
fluid and inflammatory cells within the alveolar spaces (1).
Consequently, there is an increase in oxidative stress and
the release of inflammatory cytokines, along with impaired
gas exchange; this ultimately results in the development of
ALI (3-5). Various mechanisms and pathways are involved
in the process of ALI, including apoptosis, autophagy, senes-
cence and ferroptosis (6), implicating multiple genes; however,
the complexity of this pathophysiological process necessitates
further research to elucidate the exact mechanisms.

Previous studies on lung injury have focused on cell and
animal models (7-9); however, research at the cellular level
cannot reflect the influence of the microenvironment and
three-dimensional structure of alveoli (10). Furthermore,
studies on animal models typically require the collection
of animal specimens for research after modeling, making it
impossible to visualize the pathophysiological processes,
and animal modeling is time-consuming and expensive (11).
Notably, organ-on-a-chip, a new type of in vitro model, has
attracted attention in recent years; this model integrates tissue
engineering and microfluidic technology, which can partially
simulate specific tissue microstructures and facilitate the anal-
ysis and observation (12). Organ-on-a-chip technology first
uses nano-processing methods to fabricate micro-scale chip
structures on different substrate materials [such as polydimeth-
ylsiloxane (PDMS), polymethyl methacrylate, polypropylene,
glass, silicon and paper], and then implants different types of
cells or cell clusters wrapped in different materials into the
chip microstructure to construct models with different func-
tions. A lung-on-a-chip model approximating an air-blood
barrier can be constructed by co-culturing alveolar epithelial
cells and vascular endothelial cells on both sides of a porous
polymer membrane, which is a suitable model for research on
ALI (13). Some researchers have used lung-on-a-chip models
to study viral lung infections and drug screening. Notably,
there have been reports of simulating rhinovirus, influenza or
COVID-19 infections on lung-on-a-chip models, and testing
the effects of corresponding drugs; these studies have also
identified unique pathways and mechanisms (14-16). However,
these studies were all conducted on chips based on regular
cell lines, whereas constructing lung-on-a-chip models using
gene-edited cell lines and investigating the function of specific
genes in disease is a promising direction.

Lung cancer metastasis-related protein 1 (LCMRI) is a gene
that we previously reported to be highly expressed in non-small
cell lung cancer (NSCLC); notably, its expression is highly
associated with the stage of NSCLC (17). To further investigate
the function of LCMRI, a complete LCMRI knockout mouse
model was generated utilizing CRISPR/Cas9 technology. Our
findings indicated that the complete knockout mouse model
resulted in homozygous lethality, suggesting that LCMR] is
indispensable in normal embryonic growth and development
(unpublished data). We then established mice with condi-
tional knockout of LCMRI in type II alveolar epithelial cells
(AEC-II). The results revealed that after AEC-II conditional
knockout of the LCMRI gene, the mice gradually developed
diffuse inflammatory cell infiltration in lung tissue, alveolar
hemorrhage, alveolar septal thickening and alveolar edema,
which eventually led to respiratory failure and death (18).
Previously, research on LCMR1 mainly focused on the field

of cancer (19-21); however, based on our previous results, it
was hypothesized that the LCMRI gene may contribute to the
pathogenesis of ALI. To the best of our knowledge, the present
study is the first to investigate the role of LCMRI in the
pathogenesis of ALI on a mouse model of lipopolysaccharide
(LPS)-induced ALI. In addition, the underlying mechanism
was explored using lung-on-a-chip technology.

Materials and methods

Mouse models. The animal experiments in the present study
were approved by the Animal Ethics Committee of Chinese
PLA General Hospital (approval no. SQ2023672; Beijing,
China) and were carried out in accordance with the ARRIVE
2.0 guidelines (22). All mice were maintained in a specific
pathogen-free animal facility with free access to clean food
and water at the Laboratory Animal Center of the PLA
General Hospital. Mice status was observed every 12 h after
LPS administration and assessed according to a murine sepsis
score (23), and mice with a score >21 were euthanized and all
biological samples were collected for subsequent analyses.

Wild-type male C57BL/6 mice [n=36; age, 8 weeks,
weight, 22-24 g, housed under a 12/12 h light/dark cycle in
a room with a controlled temperature (23°C) and humidity
(50%)] provided by the Laboratory Animal Center of the PLA
General Hospital were used to analyze LCMRI1 expression
after LPS challenge. The mice were randomly assigned to
the LPS group or control group. Anesthesia was induced with
5% isoflurane inhalation and maintained with 2% isoflurane
inhalation. Following anesthesia, the mice in the LPS group
were intratracheally injected with LPS (10 mg/kg, dissolved
in saline, to reach a final concentration of 5 mg/ml LPS;
Sigma-Aldrich, cat. no. L2630) to generate an LPS-induced
lung injury model, whereas those in the control group were
intratracheally injected with saline. After injection, the mice
were placed on a vertical operating table and slowly shaken
for 1 min to ensure uniform distribution of LPS or saline in
the lungs, after which the mice were returned to the animal
facility. The lung tissue samples of mice from both groups were
collected at 0,24, 48,72 and 96 h after LPS/saline injection for
histopathological analysis, reverse transcription-quantitative
PCR (RT-qPCR) and western blot analysis (n=6 mice/group
at 0,24, 48,72 and 96 h). Notably, the mice were euthanized by
cervical dislocation under anesthesia as aforementioned prior
to lung tissue harvest.

Male mice with LCMR]I conditional knockout in AEC-II
were generated based on our previous study (18). Briefly, mice
with insertion of the Cre recombinase genes at the pulmonary
surfactant protein C (Sfipc) locus (Sfipc“ERT™? mice) based on
C57BL/6 mice (Purchased from Cyagen Biosciences, Inc.) and
mice carrying the floxed LCMRI allele (LCMR1"¥* mice,
Purchased from Cyagen Biosciences, Inc.) were used. The
Sftpc©FRT2 mice have a tamoxifen-inducible Cre recombinase
controlled by the Sftpc promoter that specifically mediates the
knockout of target sequences located between LoxP sites in
AEC-IL. SfipcERT2, LCMR 1™/ (LCMR1-CKO) mice were
generated by crossing Sftpc“ T2 mice with LCMR Jfox/flox
mice, and the LCMRI%¥/1°x ]ittermates were used as controls
(LCMRI-C). A total of 6 Sftpc®™E*T? and 6 LCMR1"%* mice
(weight, 23-25 g) were use as breeding pairs and housed under
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a 12/12 h light/dark cycle in a room with a controlled tempera-
ture (23°C) and humidity (50%) provided by the Laboratory
Animal Center of the PLA General Hospital.

To induce AEC-II specific deletion of LCMRI, tamoxifen
(50 mg/kg; Sigma-Aldrich) was dissolved in corn oil
(Shanghai Aladdin Biochemical Technology Co., Ltd.) and
injected intraperitoneally into mice for 5 consecutive days.
Following tamoxifen injection, both the LCMRI-C group and
the LCMRI-CKO group were intratracheally administered
LPS (10 mg/kg) to generate an LPS-induced lung injury
model, or with sterile saline to serve as a control group. A
total of 48 h after LPS/saline administration, the mice
(age, 8-10 weeks) were anesthetized as aforementioned and
subjected to pulmonary function testing, after which the mice
were euthanized by cervical dislocation. The right lung of the
mice was harvested and frozen in liquid nitrogen, before being
maintained at -80°C for further biochemical measurements.
The left lungs were harvested and stored in 4% paraformal-
dehyde (PFA) for 24 h at 4°C, for subsequent histological
analysis. Each group contained 30 mice, among them, 6 were
used for survival analysis after LPS stimulation, 12 were used
for pulmonary function testing followed with histological
analysis, lung wet/dry weight ratio analysis and transmission
electron microscopy (6 with LPS administration and 6 with
saline administration), and 12 were used for bronchoalveolar
lavage fluid (BALF) analysis (6 with LPS administration
and 6 with saline administration). All mice were housed in a
specific pathogen-free animal facility with free access to clean
food and water at the Laboratory Animal Center of the PLA
General Hospital.

Survival analysis. The mice inthe LCMRI-C and LCMRI-CKO
groups (n=6/group) were used to analyze the effect of LCMR]
knockout on the survival of the mice after LPS stimulation. The
number of deaths was counted every 24 h and the percentage
of survival was calculated. At 120 h, the remaining mice were
euthanized under anesthesia by cervical dislocation.

Genotyping. To genotype LCMRI-C and LCMRI-CKO mice,
the mouse tails were snipped between 9 and 14 days of age,
after which the mice were housed until 8-10 weeks of age for
subsequent experiments. The genomic DNA was extracted
from the tails of mice utilizing the Mouse Quick Genotyping
Kit (YangGuangBio, cat. no. C190801). The genotype was
determined by PCR employing the primers listed in Table SI.
PCR amplification was carried out using Premix Taq (Takara,
cat. no. RR902A) on the T100™ thermocycler (Bio-Rad
Laboratories, Inc.; Table SII. The resultant PCR products
were analyzed via agarose gel (1.5%) electrophoresis. For
visualization, the ChemiDoc XR imaging system (Bio-Rad
Laboratories, Inc.) and Image Lab version 3.0 (Bio-Rad) was
utilized.

Lung function testing. Lung function assessment was conducted
utilizing the AniRes2005 lung function testing apparatus (Best
Lab International, Inc.). Briefly, the process involved anesthe-
tizing the mice, performing a tracheotomy for cannulation
and subsequently placing them into a sealed plethysmograph
chamber. The mice were then linked to a ventilator through
the tracheal cannula. The indices used to evaluate the lung
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function of mice included forced vital capacity (FVC), propor-
tion of FVC expired in the first second, static lung compliance
and lung resistance (24,25). Each mouse was measured five
times and the mean value of these indices was recorded.

Histopathological analysis. Lung tissues from mice were
preserved in 4% paraformaldehyde (PFA) for 24 h at 4°C for
fixation. After fixation, the tissue samples were dehydrated
and embed in wax and then sliced to a thickness of 4 ym. The
tissue sections were stained with hematoxylin solution for
3-5 min at room temperature and then stained with Eosin dye
for 15 sec at room temperature. The stained tissue sections were
analyzed using a NanoZoomer system (Hamamatsu Photonics
K.K.). The assessment of lung injury severity was performed
by two pathologists, who were unaware of the specifics of the
study, employing a previously established scoring system (26).

Lung wet/dry weight ratio. The right lung of the mice was
excised and weighed to ascertain the wet weight. Subsequently,
the samples underwent desiccation in an oven maintained
at 65°C for 120 h, after which they were weighed again to
acquire the dry weight data. Subsequently, the wet/dry weight
ratio of the lungs was computed.

Bronchoalveolar lavage fluid (BALF) analysis. Following
anesthesia, the mice underwent intubation, and the BALF was
collected by three consecutive infusions and withdrawal of
1-mI PBS into the tracheal cannula. The BALF was centrifuged
at 1,500 x g) for 10 min at 4°C. The resultant supernatant was
utilized to quantify total protein concentrations employing the
BCA Protein Assay kit (YangGuangBio), whereas inflamma-
tory cytokine levels were assessed utilizing the LEGENDplex
Mouse Inflammation Panel (cat. no. 740446; BioLegend, Inc.)
according to the manufacturer's protocol.

Transmission electron microscopy. Harvested mouse lung
tissues were cut into tissue blocks with a size of no more than
1 mm?®. The tissue blocks were then fixed in 2.5% glutaral-
dehyde at 4°C overnight. The specimens were subsequently
fixed in a 1% OsO, solution within 0.1 M PBS (pH 7.4) for
2 h at room temperature. Following fixation, the samples
underwent dehydration through a sequential ethanol concen-
tration and were ultimately embedded in epoxy resin at room
temperature for 3 h. Ultrathin sections, measuring 70 nm, were
then prepared utilizing an Ultracut E ultramicrotome (Leica
Microsystems GmbH) and were stained with a saturated
alcoholic solution of 2% uranium acetate for 8 min at room
temperature. The prepared sections were later analyzed using
an HT7800 transmission electron microscope (Hitachi, Ltd.).

Cell culture and chip fabrication. The human alveolar
lung-on-a-chip device was kindly provided by Professor
Jianhua Qin (Division of Biotechnology, Chinese Academy of
Science Key Laboratory of separation science for analytical
chemistry, Dalian Institute of Chemical Physics, Chinese
Academy of Sciences, Dalian, China). This device mainly
consists of two channels made by casting a PDMS prepolymer
on a mold fabricated by a conventional soft lithography
process (27). The device was sterilized in an autoclave, and
transferred to an ultraclean table under UV light overnight.
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Both sides of the porous part of the device were covered with
200 pug/ml type I rat tail collagen (diluted at a 1:100 ratio with
glacial acetic acid; Corning, Inc.) for 48 h at room temperature
before cell seeding.

The human AEC-II line (HPAEpiC; passage 4) and the
vascular endothelial cell line (Hulec-5A) derived from human
alveolar epithelial cells were also provided by Professor
Jianhua Qin. The HPAEpic cell line was maintained in RPMI
1640 medium (cat. no. 12633020) supplemented with 10% FBS
(cat. no. A5256701; both Gibco, Thermo Fisher Scientific, Inc.).
Hulec-5A cell line was maintained in dedicated growth medium
(cat. no. CM-0565; Procell Life Science & Technology Co.,
Ltd.). All cells were cultured at 37°C with 5% CO,. To construct
the lung-on-a-chip model, Hulec-5A and HPAEpiC cells
(~1x10° cells) were seeded on the bottom and upper channel of
the aforementioned chip device, respectively. After cell attach-
ment, a constant flow of medium (50 p1/h) was applied to both
layers via a peristaltic pump. The cells were cultured for 3 days
until they reached 100% confluence, and the chips were main-
tained in an incubator at 37°C with 5% CO,.

The LCMRI-knockdown (LCMRI-KD) HPAEpic cell
lines were established by lentiviral vector transfection. The
vector was generated in cooperation with Vigen Biotechnology
Co., Ltd. The short hairpin RNA (shRNA) sequences of the
LCMRI protein and negative control (NC) were designed and
synthesized by Vigen Inc. The shRNA sequence and informa-
tion regarding the lentiviral vector are detailed in Table SIII
and Fig. S1. The lentivirus was generated using 2nd generation
lentivirus packaging plasmids by co-transfection of psPAX2
(3 ug), pMD2G (1 pg) and pLKO.1 (Addgene Inc.)-shRNA
4 pg) or pLKO.1-shNC (4 pg) into HEK-293T cells (Vigen
Biotechnology Co., Ltd, Zhenjiang, China). The 293T cells
were further cultured at 37°C for 48 h. Then, the superna-
tants of HEK-293T cells were collected and concentrated
by pEGit (Vigen Biotechnology Co., Ltd, Zhenjiang, China).
The LCMRI-overexpressing (LCMRI-OE) HPAEpiC cells
were established by lentiviral vector transfection. Lentivirus
was generated by co-transfection of psPAX2 (3 ug), pMD2G
(1 ug) and pCDH-CMV-LCMRI1(h)-EFla-Puro (5 pg) or
pCDH-MCS-EF1a-Puro (served as NC) into HEK-293T cells
(Vigen Biotechnology Co., Ltd, Zhenjiang, China). The 293T
cells were further cultured at 37°C for 48 h. Then, the super-
natants of HEK-293T cells were collected and concentrated
by pEGit (Vigen Biotechnology Co., Ltd.). The information
regarding the lentiviral vector was detailed in Table SIV
and Fig. S2.

To generate the LCMR1-KD and LCMRI-OE HPAEpic cell
lines, the HPAEpic cells were placed in 6-well plate, cultivated
until reaching a 70-80% density, and exposed to the corre-
sponding lentivirus with 8 pg/ml polybrene (Sigma-Aldrich)
with a multiplicity of infection (MOI) of 20 for 48 h at 37°C.
Stably transfected cell lines were selected using puromycin.
The concentration of selection was 2.5 ug/ml and maintenance
concentration were 0.4 ug/ml. After 10 days of puromycin
selection, the cells were used for subsequent experimentation.
The overexpression and knockdown efficiency of the target
protein was evaluated by western blotting, and cell prolifera-
tion rate after transfection was detected using the Cell Counting
Kit (CCK)8 assay (cat. no. C0038; Beyotime Biotechnology)
according to the manufacturer's instruction.

To simulate ALI, LPS (1 pg/ml) was added for 72 h at 37°C.
After which, the media in the alveolar channel were collected
from each chip. The concentrations of IL-6 and TNF-a were
measured using the LEGENDplex Human Inflammation Panel
1 (Biolegend, USA) according to the manufacturer's instruc-
tions.

Immunofluorescence. For immunofluorescence imaging of the
chips, the cells were rinsed with PBS through the upper and
lower channels, and fixed with 4% PFA at room temperature for
20 min. The cells were then infiltrated with 0.2% Triton X-100
in PBS (PBST) buffer for 5 min and blocked with PBST buffer
containing 5% goat serum (cat. no. 16210064, Gibco, Thermo
Fisher Scientific, Inc.) for 30 min at room temperature. They were
subsequently stained with the corresponding primary antibody
overnight at 4°C and then with the secondary antibody for 1 h
at room temperature. After secondary antibody staining, DAPI
was used to stain the cell nucleus for 5 min at room temperature.
Imaging was carried out using a confocal fluorescence micro-
scope system (LSM880; Carl Zeiss AG), and image analysis
was conducted employing Imaris software (Oxford Instruments,
version 10.2.0) along with ImageJ (National Institutes of Health,
version 1.54 g).

The primary antibodies used were as follows:
Anti-E-cadherin (cat. no. 60335-1-Ig; Proteintech Group, Inc.
1:100), anti-VE-cadherin (cat. no. 14-1449-82; Invitrogen;
Thermo Fisher Scientific, Inc. 1:100) and anti-pro-pulmo-
nary surfactant C precursor (proSP-C; cat. no. AB3786;
MilliporeSigma 1:100). The secondary antibodies were goat
anti-mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647 (cat. no. AB_2535804, Invitrogen; Thermo
Fisher Scientific, Inc.; 1:1,000), goat anti-mouse IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
(cat.no. AB_25340609, Invitrogen; Thermo Fisher Scientific, Inc.
1:1,000) and goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ Plus 647 (cat. no. A32733,
Invitrogen; Thermo Fisher Scientific, Inc. 1:1,000).

Permeability assay. Culture medium containing FITC-dextran
(1 mg/ml; MilliporeSigma) was added to the bottom channel
of the lung-on-a-chip model after LPS stimulation for 72 h.
Subsequently, media were collected from the bottom and upper
channels at different time points (0, 1 and 2 h). The fluorescence
intensity of the media collected from the upper and bottom
channels was measured with a microplate system (Spark®,
Tecan Inc.), and the permeability of the air-blood barrier of the
chips was evaluated based on their fluorescence intensity ratio.

RT-qPCR. Total RNA was extracted from cells or mouse
tissue samples using the Total RNA Kit (cat. no. DP451;
Tiangen Biotech Co., Ltd.) according to the manufacturer's
instructions. The RNA was then reverse-transcribed to cDNA
using the PrimeScript RT reagent Kit with a gDNA Eraser
(cat. no. RRO47A, Takara) according to the manufacturer's
instructions. QPCR was performed using KAPA SYBR
FAST Universal (cat. no. KK4601; KAPA Biosystems; Roche
Diagnostics). Primer sequences are detailed in Table SI. The ther-
mocycling conditions are listed in Table SV. The standard 244
assay was applied to calculate the mRNA expression levels
relative to 5-actin (28).
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Figure 1. Decreased expression of LCMRI1 in wild-type mice with LPS-induced lung injury. (A) Representative pathological images of the left lung of C57BL/6
mice at different time points after LPS challenge (stained with hematoxylin and eosin; scale bar, 1 mm. Arrow indicates changes after LPS stimulation).
(B) Reverse transcription-quantitative PCR analysis of LCMRI mRNA expression at different times after LPS injection, normalized to $-actin (n=6/group
at 24,48, 72 and 96 h after LPS administration). (C) Western blot image of the LCMRI protein in wild-type C57BL/6 mice at different time points after
intratracheal injection of LPS or saline (n=6/group at 0, 24, 48, 72 and 96 h after LPS administration). (D) Gray-scale analysis of western blotting results.
(B) Data were analyzed using one-way analysis of variance followed by Tukey's post hoc test. “P<0.05. LCMRI, lung cancer metastasis-related protein 1;

LPS, lipopolysaccharide.

Western blotting. Protein was extracted from mouse lung tissue
or cells using RIPA) lysis buffer supplemented with protease
and phosphatase inhibitor cocktails (cat. no. C1055, Applygen
Technologies Inc.). Protein concentration was determined with
a bicinchoninic acid protein assay kit and was then separated
by gel (12%) electrophoresis with 50 pg protein loaded per lane
and transferred to a 0.2-ym nitrocellulose membrane (Cytiva).
The membranes were blocked with Tris-buffered saline-0.05%
Tween-20 and 5% bovine serum albumin (cat. no. A8020,
Solarbio) for 2 h at room temperature and then probed with
primary antibodies overnight at 4°C. The membranes were
then probed with a horseradish peroxidase-labeled secondary
antibody for 60 min at room temperature. Protein bands were
visualized using an automated chemiluminescence imaging
system (Tanon Science and Technology Co., Ltd.). The gray
values of the bands were then semi-quantified using ImagelJ
software (version 1.54g). The primary antibodies used were as
follows: Anti-tubulin (1:5,000; cat.no. 11224-1-AP; Proteintech
Group, Inc.) used as loading control, anti-LCMRI1 (1:1,000;
cat. no. PA5-44383; Invitrogen; Thermo Fisher Scientific, Inc.),
aquaporin 5 (AQPS5; 1:1,000; cat. no. 20334-1-AP; Proteintech
Group, Inc.), anti-Bcl-2 (1:3,000; cat. no. 12789-1-AP;
Proteintech Group, Inc.), anti-Bax (1:3,000; cat. no. ab32503;
Abcam) and cleaved caspase-3 (1:5,000; cat. no. ab214430;
Abcam). The secondary antibody was HRP-Goat Anti-Rabbit
IgG (H&L; 1:3,000; cat. no. C081802; YangGuangBio).

Statistical analysis. No specific statistical test was used
to predetermine the sample size. For group comparisons,
GraphPad Prism 8 software (Dotmatics) was utilized. The
data that conformed to a normal distribution are presented
as the mean + SD. One-way analysis of variance followed by
Tukey's post hoc test, or two-way analysis of variance followed
by Sidak's post hoc test was applied for statistical comparisons
among three or more groups. Unpaired Student's t-test was
applied for statistical comparisons between two groups. Data
that did not conform to normal distribution are presented as the
median (range), and were compared using the Kruskal-Wallis
test followed by Dunn's post hoc test. Kaplan-Meier analysis
followed by Mantel-Cox test was used for survival analysis.
Two-sided P<0.05 was considered to indicate a statistically
significant difference.

Results

LCMRI expression is downregulated in wild-type mice with
LPS-induced lung injury. To investigate whether LCMRI
was associated with LPS-induced ALI in animal models, the
protein and mRNA expression levels of LCMR1 were assessed
in lung tissues from LPS (10 mg/kg)-treated mice at different
time points. Briefly, 8-week-old male wild-type C57BL/6
mice were intratracheally administered LPS (10 mg/kg) to
generate an LPS-induced lung injury model. The lung tissue
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samples were collected at 24, 48, 72 and 96 h after LPS injury
for histopathological, RT-qPCR and western blot analysis.
The pathological results showed that there was obvious fluid
exudation, inflammatory cell infiltration, alveolar hemor-
rhage and consolidation in the lungs within 48-96 h of LPS
stimulation (Fig. 1A). Notably, the mRNA expression levels
of LCMRI at 24-96 h after LPS stimulation were down-
regulated compared with those in the control group, and the
protein expression levels of LCMR1 were downregulated 48 h
post-LPS stimulation (Fig. 1B-D). The expression of LCMR1
reached its lowest point at ~48 h after LPS challenge; there-
fore, the intervention time of LPS was set to 48 h in subsequent
experiments.

LCMRI conditional knockout in AEC-II exacerbates
LPS-induced ALI in mice. The method used to generate
tamoxifen-induced LCMRI conditional knockout in AEC-II of
mice was described in our previous study (18). The modeling
pattern is shown in Fig. 2A. Subsequently, the LCMRI-CKO
and LCMRI-C mice were genotyped; LCMRI-CKO mice
were carrying the Sftpc-CreERT?2 transgene (210bp; Fig. 2B.
After 5 consecutive days of intraperitoneal injection with
tamoxifen to induce gene knockout in LCMRI-CKO mice,
western blot analysis revealed that LCMRI1 protein expression
was significantly lower in the LCMRI-CKO group than that
in the LCMRI-C group (Fig. 2D). These results indicated the
successful knockout of LCMRI in AEC-II.

After 5 consecutive days of intraperitoneal injection with
tamoxifen, the mice were administered LPS (10 mg/kg) intra-
tracheally. Survival analysis showed that the mortality rate
of LCMRI-CKO mice was significantly increased after LPS
stimulation compared with that in LCMRI-C mice (Fig. 2E).
Lung function tests revealed that LCMRI-CKO mice had
decreased FVC, decreased lung compliance and increased
lung resistance after LPS-induced lung injury compared with
the LCMRI-C mice (Fig. 2F-I).

A total of 48 h after LPS stimulation, the mice lungs were
harvested. The LCMRI-CKO mice showed a more severe
lung injury after LPS challenge; macroscopically, the lung of
LCMRI-CKO mice showed obvious exudation and an overall
dark red color (Fig. 2C). The lung pathology revealed that the
LCMRI-CKO mice presented more severe lung injury mani-
festations, such as hemorrhage and exudation, than LCMRI-C
mice after LPS stimulation, whereas LCMRI-CKO mice
administered with saline also developed localized lesions
similar to LCMRI-C mice challenged with LPS (Fig. 2J).
These findings were confirmed by subsequent lung injury score
analysis based on the pathology images (Figs. 2J and 3B).
Furthermore, the LCMRI-CKO mice had increased wet/dry
weight ratios (Fig. 3A) and increased levels of inflammatory
cytokines in the BALF (Fig. 3C-F) compared with LCMRI-C
mice following LPS stimulation. Among the inflammatory
cytokines, IL-1f, IL-6 and TNF-a were significantly increased
in LCMRI-CKO mice comparing to LCMRI-C mice, and the
protein content in the BALF of LCMRI-CKO mice was also
increased comparing to LCMRI-C mice. Western blot analysis
revealed that LCMRI knockout significantly increased
the Bax/Bcl-2 protein ratio (Fig. 3G and H) and cleaved
caspase-3/caspase-3 protein ratio (Fig. 3I and J) comparing to
LCMRI-C mice, indicating enhanced apoptosis.

The present study further examined the alveolar micro-
structure using transmission electron microscopy (Fig. 4).
After LCMRI conditional knockout, the AEC-II cells of
LCMRI-CKO mice were swollen and the number of lamellar
bodies was reduced. After LPS stimulation, compared with
the LCMRI-C mice, the AEC-II cells of LCMRI1-CKO mice
shrank, and the lamellar bodies disappeared indicating a
lack of lung alveolar surfactant. The air-blood barrier of was
structurally disordered, and the barrier becomes thinner after
LPS-induced lung injury.

Generation of lung-on-a-chip model. To further investigate
the mechanism by which LCMRI deficiency aggravates
lung injury, lung-on-a-chip technology was used to simulate
the alveolar environment under LPS-induced ALI. First,
LCMRI-OE and LCMRI-KD cells, based on the HPAEpiC
cell line, were generated. The expression of LCMR1 was
upregulated in LCMRI-OE cells comparing to negative
controls and was downregulated in LCMRI-KD cells
comparing to negative controls, verified by RT-qPCR and
western blotting (Fig. SA and B). In addition, the prolif-
eration rate of the gene-edited cells was examined using the
CCKS assay, and the results revealed that the proliferation
rate of the LCMRI-OE cells increased, whereas that of the
LCMRI-KD cells decreased comparing to the wild-type
HPAEDic cells. (Fig. 5C).

The lung-on-a-chip model used in the present study
was constructed according to the method described by
Zhang et al (27). Immunofluorescence demonstrated that
epithelial cells were capable of establishing adhesion junc-
tions characterized by the presence of E-cadherin, whereas
endothelial cells were shown to form junctions identified by
VE-cadherin. These two types of cells successfully formed
an air-blood barrier on the chip device (Fig. 5SD-F).

Knockdown of LCMRI impairs the structure and function of the
air-blood barrier. By adding LPS (1 pg/ml) to the flow medium,
the microenviroument of alveoli under LPS-induced lung injury
was mimicked, and the results revealed that E-cadherin expres-
sion was attenuated in LCMRI-KD chips after 72 h compared
with HPAEpic chips; however, the E-cadherin expression of
LCMRI-OE group was significantly upregelated comparing
to the HPAEpic chips. (Fig. 6A and C). In addition, proSP-C,
an important synthetic substance of AEC-II to maintain the
homeostasis of the alveolar microenvironment, was detected.
The results showed that knockdown of LCMRI reduced
proSP-C synthesis comparing to LCMRI-OE group after LPS
stimulation while the LCMRI-OE group showed no significant
difference in proSP-C synthesis with the HPAEpic group after
LPS stimulation (Fig. 6B and D). These findings suggested that
LCMRI knockdown impaired the epithelial barrier function.
Therefore, FITC-glucan was administered to the bottom channal
of vascular cells to assess the integrity of the air-blood barrier
by comparing the fluorescence intensity of the two channels.
The results revealed increased permeability in the LCMRI-KD
comparing to the HPAEpic group, suggesting impaired barrier
integrity (Fig. 6E), while the fluorescence intensity ratio of
LCMRI-OE group showed no significant change comparing
to the HPAEpic group (Fig. 6E). The current study also exam-
ined the inflammatory cytokines in the supernatant from the
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Figure 2. LCMRI deficiency in type II alveolar epithelial cells exacerbates LPS-induced lung injury in mice. (A) Schematic diagram of mouse model construc-
tion. (B) Genotyping of mice by PCR for the presence of the Sftpc***"* transgene. (C) Lung tissue harvested 48 h after LPS stimulation. (D) Western
blot analysis of LCMRI1 protein in lung tissue after tamoxifen administration (n=3/group) (E) Kaplan-Meier survival curve of mice after LPS stimulation.
(F-I) Lung function test results, including (F) forced vital capacity, (G) proportion of forced expiratory volume in 1 sec in forced vital capacity, (H) static
lung compliance and (I) lung resistance (n=6/group). (J) Representative hematoxylin and eosin staining of the left lung of LCMRI-C and LCMRI-CKO mice.
scale bar on the overall view: 1 mm, scale bar on the magnified view: 100 ym. “P<0.05, “P<0.001. C, control; CKO, conditional knockout; CST, static lung
compliance; FEV1, forced expiratory volume in 1 sec; FVC, forced vital capacity; LCMR1, lung cancer metastasis-related protein 1; LPS, lipopolysaccharide;
WT, wild-type.
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Figure 3. LCMRI-CKO mice present with more severe pathological damage, inflammatory response and enhanced apoptosis after LPS-induced lung injury.
(A) Mouse right lungs were collected for measurement of wet/dry weight ratio. (B) Lung pathological damage severity was accessed using lung injury
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(I) Western blot images of cleaved caspase-3 and caspase-3 protein in murine lung tissues, and (J) statistical results of cleaved caspase-3/caspase-3 ratio
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Figure 4. Representative transmission electron microscopy images of lung sections. Red arrows indicate lamellar bodies in type II alveolar epithelial cells;
yellow arrows indicate the air-blood barrier. Scale bars: Left panels (2 ym, x4,000), right panels (500 nm, x20,000), middle panels (2 #m, x8,000). C, control;
CKO, conditional knockout; LCMR1, lung cancer metastasis-related protein 1; LPS, lipopolysaccharide; NU, nucleus.

epithelial channal of the chips, but the results showed no statis-
tical differences between the groups (Fig. 6G-J).

To further clarify the mechanism of air-blood barrier
dysfunction caused by LCMRI deficiency, the possible molecular
mechanisms involved were examined. The protein expression
levels of apoptosis and differentiation-related molecules were

examined in samples extracted from lung-on-a-chip models.
The expression of AQPS5, a marker of AEC-II differentiation into
type I alveolar epithelial cells (AEC-I), was analyzed. After LPS
stimulation, AQPS expression was upregulated in LCMRI-OE
chips compared with in LPS-induced HPAEpic chips,
suggesting enhenced differentiation (Fig. 7A and B). However,


https://www.spandidos-publications.com/10.3892/mmr.2025.13554

10

A . B

= 1.5
3 NC LCMR1-KD
o
'*02: 5 Tubulin Eq 55 kDa
T ® 0.5 .
o §
T35

3 0.0

NC LCMRI1-KD
*

— 50

g NC LCMR1-OE
£3 40
£3 T LCMR1 | e SN | 29 kDa
€% 30 .
£520 Tupuiin [ S — 55 kD2
59
&£ £ 10

30 ' :

NC LCMR1-OE

MO et al: LCMR1 DEFICIENCY EXACERBATES LPS-INDUCED ALI IN LUNG-ON-A-CHIP AND MOUSE MODELS

e - -+ HPAEpic
107 o 107 omAiKD
2 0.8
= 0.8- o
o = 0.6 .
|:_> 0.6 g Y ) ®
T 041 S g 041 ¥
§ 0.2 0.2 ,3/_”55 ew
0.0- 0.0 A T 1
NC LCMR1-KD 0 SOT ' (h;oo 150
Ime
1.51 *kk
z 1.0 - HPAEpic
5 L. | = LcmR1-OE
=) 0.8
R 1.0 ° P
2 2 0.61 L e
= : :
€ 051 g 047 Hox
9 0.2 g "
g
00—+ 0.0 amane : .
NC LCMR1-OE 0 50 100 150

Figure 5. Generation of lung-on-a-chip model. (A) LCMRI mRNA expression in LCMRI-OE and LCMRI-KD cells, normalized to S-actin. (B) Western
blot analysis of LCMRI1 protein in LCMRI-OE cells and LCMRI-KD cells, ““P<0.0001 as determined by unpaired Student's t-test. (C) Proliferation rate
of LCMRI-OE and LCMRI-KD cells. "P<0.05, ""P<0.01 vs. HPAEpic. (D) 2D planar view of the lung-on-a-chip by confocal fluorescence microscopy.
(E) Representative 3D reconstructed confocal image of the lung-on-a-chip; The epithelium was marked by E-cadherin, stained in red; the endothelium was
marked by VE-cadherin, stained in green. (F) Image of the lung-on-a-chip from side view; the epithelium and endothelium formed a clear barrier. LCMRI,
lung cancer metastasis-related protein 1; LCMRI-KD, LCMR I-knockdown; LCMRI-OE, LCMRI-overexpressing; NC, negative control.

compared with that in the HPAEpic chips, the protein expres-
sion levels of AQPS5 in the LCMRI-KD chips were decreased
after LPS stimulation, suggesting dysfunctional differentiation
(Fig. 7A and C). Markers of apoptosis were also examined, and
increased Bax/Bcl-2 and cleaved caspase-3/caspse-3 protein
ratios were detected in the LCMRI-KD chips compared with
HPAEpic chips, with or without LPS, suggesting increased
apoptosis. The LCMRI-OE chips, however, showed no signifi-
cant changes in Bax/Bcl-2 and cleaved caspase-3/caspse-3
protein ratios comparing to the HPAEpic chips (Fig. 7D-I).

Discussion

Since the discovery of the LCMRI gene in lung cancer,
research on LCMRI has mainly focused on cancer; notably,

a number of reports have shown that LCMRI serves an
important role not only in lung cancer, but also in a variety
of other types of cancer. Through large-scale RNA interfer-
ence screening, Agaésse et al (29) identified LCMRI as a
key regulator of melanoma invasion, and Wang ef al (20)
reported that LCMRI could promote the metastasis of
advanced metastatic prostate cancer. However, the role
of this gene in other diseases, particularly inflammatory
diseases, has yet to be investigated. The present study, to the
best of our knowledge, is the first to examine the role of this
gene in noncancerous diseases.

In experiments using wild-type mice to construct an
LPS-induced ALI model, 14) of mice died within 72 h after
LPS injection, and the results presented in the current study
are from mice that were still alive at each time point. Although
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Figure 6. Knockdown of LCMRI impairs the structure and function of the air-blood barrier. (A) Immunofluorescence of E-cadherin in the epithelial cell
layer of the lung-on-a-chip under different conditions. Red: E-cadherin; blue: DAPI. (B) Immunofluorescence of proSP-C in the epithelial cell layer of
the chips under different conditions. Green: proSP-C; blue: DAPI. Comparison of the quantified immunofluorescence intensities of (C) E-cadherin and
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e

(n=3/group).

P<0.0001. (F) Permeability rate of the LCMRI-OE chips comparing to HPAEpic chips calculated by comparing the fluorescence intensity of

the epithelial channel and the vascular channel (n=3/group). (G and H) Concentration of TNF-a in the supernatant of chips (n=3/group). (I and J) Concentration
of IL-6 in supernatant of chips (n=3/group). LCMRI, lung cancer metastasis-related protein 1; LPS, lipopolysaccharide; proSP-C, pro-pulmonary surfactant C.

these mice survived for >72 h, it does not mean that the lungs
of these mice have returned to normal, and there may still
be inflammatory infiltration and edema; a previous study
reported that the inflammatory response peaked at ~2 days and
returned to baseline at ~10 days after intratracheal LPS injec-
tion (30). The present study assessed the expression of LCMR1
from O to 96 h after LPS injection to clarify the change in
LCMRI expression after LPS-induced ALI. From the findings
of LPS-induced ALI in wild-type mice, it was revealed that the
expression of LCMRI was significantly decreased during the
acute phase of LPS-induced lung injury (within 48 h after LPS
challenge). However, the expression of LCMRI rebounded
after 48 h (the acute phase). These results suggested that
LCMRI may be involved in the repair of lung injury and could
serve a protective role in the course of lung injury.

To further demonstrate the protective role of LCMRI in ALI,
LCMRI-CKO mice were used to generate an LPS-induced ALI
model. The results revealed that mice with conditional knockout
of LCMRI in AEC-II presented with more severe lung function
decline, lung inflammation and pathological damage after LPS
challenge than the LCMRI-C mice and LCMRI-CKO mice
without LPS administration. This finding is consistent with our
previous study, which showed that mice developed lung injury
at ~15 days after knockout (18). However, in the present study,
LPS injection was performed 24 h after tamoxifen induction,
and lungs were harvested 48 h after LPS administration (72 h
after induced knockout). The timepoint is earlier than the time
of phenotypic changes detected in mice in the previous study.
At this timepoint, the results showed that the LCMRI-CKO
mice given saline did not show significant pathological and
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Figure 7. Air-blood barrier impairment after LCMR1 knockdown may be associated with impaired differentiation and enhanced apoptosis. (A) Representative
western blot image of AQPS5 protein in LCMRI-OE and LCMRI1-KD chips before and after LPS stimulation. (B) Gray value analysis of AQPS5 protein expres-
sion of the LCMRI-OE chips comparing to the HPAEpic chips. (C) Gray value analysis of AQPS protein expression of the LCMRI-KD chips comparing to
the HPAEpic chips (n=3/group). "P<0.05, as determined by two-way analysis of variance followed by Sidak's post hoc test. (D) Representative western blot
image of Bcl-2, Bax, cleaved caspase-3 and caspase-3 proteins in LCMRI-KD chips before and after LPS stimulation. (E) Gray-scale analysis of Bax/Bcl-2
ratio in LCMRI-KD chips (n=3). (F) Gray-scale analysis of cleaved caspase-3/caspase-3 ratio in LCMRI-KD chips (n=3). (G) Representative western blot
image of Bcl-2, Bax, cleaved caspase-3 and caspase-3 protein in LCMRI-OE chips before and after LPS stimulation. (H) Gray-scale analysis of Bax/Bcl-2
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functional changes, whereas the LCMRI-CKO mice given LPS
suffered significant lung injury, which suggested that LCMRI
knockout aggravated the course of LPS-induced lung injury.
Destruction of AEC-II and damage to the air-blood
barrier were observed by transmission electron microscopy,
suggesting LCMRI may affect the homeostasis of the air-blood
barrier. In order to clarify the effect of LCMRI on the alveolar
air-blood barrier, organ-on-a-chip technology was applied.
Organ-on-a-chip technology is an emerging method that
combines bioengineering and material technology, and can

reconstruct the microenvironment and microstructure of lung
cells in vitro. Some studies have used organ-on-a-chip models
to mimic lung diseases. Zhang et al used an alveolar-chip
model to simulate the infection process of SARS-CoV-2,
which greatly reduced the difficulty and cost of studying this
pathogen (27). Dasgupta et al (31) constructed a lung-on-a-chip
model of radiation-induced ALI; compared with the preclinical
animal model, the radiation dose sensitivity observed on the
chip was more similar to that of the human lung, and the effect
of therapeutic drugs on radiation-induced ALI was intuitively
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evaluated using this model. These findings indicated that
lung-on-a-chip is an intuitive, visual and easy-to-control model,
which can be used to simulate the microenvironment of various
lung diseases. The current study used this model to more intui-
tively and conveniently reflect the effect of the LCMRI gene
on lung injury. The present study revealed that knockdown of
LCMRI resulted in impaired tight junctions in the alveolar
epithelium and reduced expression of E-cadherin, indicating
impaired air-blood barrier function and impaired barrier
tightness as reflected by leakage of fluorescent substances.
In addition, knockdown of LCMRI resulted in decrease in
proSP-C in epithelial cells after LPS stimulation suggests a
disorder of cellular synthetic function. As the proSP-C is a
crucial alveolar surfactant which maintain alveolar pressure
and preventing alveolar collapse (32), its reduction similarly
affects air-blood barrier function. Notably, in the current study,
LPS stimulation time on lung-on-a-chip model was 72 h, which
is longer than previous cell-based studies. In cell-based studies,
the duration of LPS stimulation has generally been reported to
be <24 h (33,34). This may be similar to the in vivo environ-
ment, as the continuous flow of medium supplemented with
LPS mimicking the real in vivo injury stimulus.

The LCMRI gene encodes a subunit of the cellular tran-
scription mediator complex and is also known as MEDI9 (35).
Mediator complexes are crucial in the proliferation and
metastasis of malignant tumors as they modulate various
signal transduction pathways associated with cell growth,
differentiation, the cell cycle and apoptosis (35). After the
expression of the LCMRI1 gene was altered by lentiviral infec-
tion in HPAEpiC cells, the proliferation rate of cells with
overexpression of LCMRI accelerated, whereas the prolif-
eration rate of cells with knockdown of LCMRI decreased,
indicating that LCMRI may affect the proliferation of cells.
This observation is consistent with the clinical manifestation
that tumors with high expression of LCMR1 are more prone
to metastasis (36,37). By contrast, the present results from the
lung-on-a-chip model revealed that knockdown of the onco-
gene LCMRI increased the susceptibility of normal alveolar
epithelial cells to lung injury. The decreased expression of
E-cadherin suggested damage to epithelial tight junctions,
whereas the decrease in proSP-C suggested a decrease in
cell synthesis, all of which indicated that cell dysfunction
may occur after knockdown of LCMRI. Different protein
isoforms of LCMR1 have been reported to have different
effects on gene expression (38). It could be hypothesized that
LCMRI1, which promotes metastasis in cancer, is a different
isoform than LCMRI1 that maintains cell homeostasis, and
further studies are needed to clarify the specific mechanism
of LCMRI isoforms.

The mechanism of LPS-induced ALI also includes an
increased inflammatory response. In the present study, mice
with LCMR]I conditional knockout in AEC-II exhibited a more
severe inflammatory response, manifested by increased protein
and inflammatory cytokine levels in the BALF. However,
there was no significant change in inflammatory cytokine
levels in the lung-on-a-chip model. It could be hypothesized
that this may be due to the absence of immune cells in the
lung-on-a-chip model. In a study of SARS-CoV-2 infection
on a lung-on-a-chip model, more severe epithelial damage
and elevated inflammatory cytokines were observed after the
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addition of circulating immune cells (27). A similar result has
been observed in a lung-on-a-chip model of radiation-induced
ALLI the presence of peripheral blood mononuclear cells at the
time of radiation exposure was shown to lead to a persistent
and progressive inflammatory response in the chips (31). The
different results between the in vivo and lung-on-a-chip models
in the present study may be related to this. The enhanced
inflammatory response in vivo may be a secondary result of
the infiltration of inflammatory cells after the impairment of
the lung air-blood barrier caused by LCMRI knockdown.

The present study demonstrated that the knockdown of
LCMRI could potentially disrupt cellular differentiation
processes. Following induction with LPS, the expression
levels of AQPS in the LCMRI-KD chips were diminished in
comparison with the control and LCMRI-OE chips. AQPS5 is
a marker of AEC-I. AEC-II serve a stem cell-like role in the
lung and can differentiate into AEC-I during lung injury to
have a role in repair (39). The present results suggested that
knockdown of LCMRI may lead to impaired differentiation
and impaired epithelial repair, which in turn aggravates injury.
A similar phenomenon has been reported in a P53 gene study;
the p53 protein was shown to promote alveolar regeneration
following ALI by boosting the self-renewal of AEC-II and
facilitating their differentiation into mature AEC-I (40). Taken
together, these results suggested the potential protective role
of oncogenes in inflammatory diseases such as ALI, and may
provide new targets for the prevention and treatment of these
diseases.

Knockoutof LCMR1 may also aggravate lung injury through
enhanced apoptosis. In the present study, both lung-on-a-chip
and animal models showed an increase in the expression
ratio of Bax/Bcl-2 after knockdown or knockout of LCMRI,
suggesting enhanced apoptosis. This is similar to the results
of some previous studies on tumors. Xu et al (41) reported that
the interaction between LCMRI1 and DEK can synergistically
inhibit the apoptosis of lung cancer cells, and this effect may
be related to the induction of the myeloid leukemia protein cell
differentiation protein 1 pathway. Zhang et al (42) reported
that miroRNA-4778-3p can specifically bind to LCMR1 and
negatively regulate its expression, which eventually leads to
the downregulation of the expression of the apoptosis-related
molecules caspase-3, caspase-8 and caspase-9. Notably, in the
LCMRI-OE chip findings in the present study, there was no
significant difference in apoptotic proteins compared with the
control group. It could be hypothesized that overexpression
of LCMRI inhibited apoptosis to a certain extent, so that the
apoptosis protein level was not significantly increased even
in the presence of LPS. Future studies should investigate the
relationship between LCMR1 and apoptosis, particularly the
relevant mechanism in the case of LCMRI overexpression.

In conclusion, the present study indicated that LCMR1
deficiency aggravated LPS-induced ALI in an animal model
and a lung-on-a-chip model. To the best of our knowledge, the
present study is the first regarding the function of this oncogene
in diseases other than cancer, which suggested that LCMR]
may serve a phylactic role in ALI by affecting the apoptosis
and differentiation of AEC-II. LCMRI could contribute to
the process of inflammatory diseases such as ALI and may
therefore be considered a new therapeutic target. The present
study also demonstrated the possibility of using organ-on-chip
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technology for gene editing research, which may make it more
convenient, intuitive and economical to study the function of
specific genes in the future.

The present study has some limitations. First, due to the
reduced lifespan of LCMRI-CKO mice, long-term observa-
tion data were not acquired. Second, the specific pathways and
mechanism of LCMR]I have not been well studied. In future
studies, we aim to further clarify the in-depth mechanism
based on transcriptome sequencing data from LCMRI-OE and
LCMRI-KD lung-on-a-chip samples.
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