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Purpose: Chronic obstructive pulmonary disease (COPD) is characterized by irreversible airflow limitation, largely driven by airway 
remodeling. Epithelial-mesenchymal transition (EMT) is a key mechanism underlying this process. Laminin subunit gamma-2 
(LAMC2) is implicated in fibrosis and EMT, but its role in COPD-associated airway remodeling remains unclear.
Methods: Differential expression analysis was performed using airway epithelial cell datasets from COPD patients and TGF- 
β1-induced EMT models. Findings were validated in COPD patient lung tissues, smoke-exposed mice, and in vitro experiments. In 
vivo, chronic smoke-exposed mice were pre-treated intratracheally with adeno-associated virus (AAV)-shLAMC2. Functional assays 
involved siRNA knockdown or plasmid overexpression of LAMC2 in bronchial epithelial cells. RNA sequencing and pathway 
analyses were conducted to explore underlying mechanisms.
Results: LAMC2 was significantly upregulated in COPD patient and murine airway epithelia. AAV-shLAMC2 administration 
alleviated airway remodeling and restored epithelial E-cadherin while reducing mesenchymal markers (N-cadherin, fibronectin), 
indicating attenuation of EMT. In vitro, LAMC2 was upregulated in TGF-β1-stimulated epithelial cells, and its modulation signifi
cantly influenced EMT progression. Transcriptomic analysis suggested that AKT signaling as a potential downstream of LAMC2, 
supported by functional assays.
Conclusion: LAMC2 is upregulated in COPD airway epithelium and promotes airway remodeling by regulating EMT, potentially 
through AKT signaling. These findings suggest that targeting LAMC2 may represent a potential strategy for mitigating COPD- 
associated airway remodeling.
Keywords: COPD, airway remodeling, EMT, LAMC2

Introduction
Chronic obstructive pulmonary disease (COPD) is the fifth most prevalent disease worldwide, affecting nearly 
300 million people, and ranks as the third leading cause of death globally, posing a significant burden on healthcare 
system.1–3 Persistent and irreversible airflow limitation and dyspnea are hallmarks of COPD,4 with progressively 
worsening airway remodeling serving as a central driver of its pathogenesis and progression.5,6 Current maintenance 
therapies for stable COPD–primarily inhaled bronchodilators,7 corticosteroids,8 and emerging biologics9,10 –can alleviate 
symptoms and reduce inflammation, but have limited efficacy in reversing established airway remodeling. Elucidating 
the mechanisms driving airway remodeling in COPD may provide a theoretical foundation for the development of novel 
therapeutic strategies aimed at improving impaired lung function, slowing disease progression, and potentially reversing 
the disease.

Mounting studies have demonstrated that epithelial–mesenchymal transition (EMT)—a process by which adherent 
epithelial cells acquire mesenchymal characteristics and migratory capacity–is a key pathological mechanism involved in 
airway remodeling during the progression of COPD.11–15 Airway epithelium from COPD patients exhibits persistent 
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EMT activation, characterized by the downregulation of epithelial markers such as E-cadherin and the upregulation of 
mesenchymal markers including N-cadherin and fibronectin.16,17 Among various mediators, transforming growth factor- 
beta 1 (TGF-β1) has been consistently shown to be overexpressed in the airway epithelium of COPD patients and has 
emerged as a principal regulator of EMT in bronchial epithelial cells.18–20 However, the precise molecular mechanisms 
by which TGF-β1 regulates EMT during airway remodeling in COPD remain to be fully elucidated.

Laminin γ2 (LAMC2), an essential structural component of the heterotrimeric laminin-332 glycoprotein composed of 
α3, β3, and γ2 chains, plays critical roles in fundamental biological processes including cell proliferation, adhesion, 
migration, and EMT.21,22 Previous studies have established its essential involvement in both tissue repair mechanisms 
and fibrotic progression.23,24 Additionally, LAMC2 expression demonstrates marked upregulation within airway epithe
lial cells—with pronounced expression in regenerating epithelial populations—in fibrotic pulmonary disorders including 
idiopathic pulmonary fibrosis (IPF) and cryptogenic organizing pneumonia (COP),25 raising the possibility that it may be 
involved in fibrotic remodeling processes in the lung. Nevertheless, the role of LAMC2 in COPD, especially in the 
context of airway remodeling, remains largely unexplored.

In this study, we found that LAMC2 expression is significantly upregulated in airway epithelial cells of COPD 
patients and experimental models. In vitro assays demonstrated that TGF-β1 induces LAMC2 expression, and that 
silencing or overexpressing LAMC2 respectively suppresses or promotes the EMT process. Mechanistically, LAMC2 
was shown to regulate EMT through activation of the AKT signaling pathway. In vivo, administration of AAV-shLAMC2 
significantly mitigated airway epithelial EMT and airway remodeling in a COPD mouse model compared with the control 
group (AAV-shNC). Collectively, our findings highlight a pivotal role for LAMC2 in the pathogenesis of COPD. The 
aberrant upregulation of LAMC2 in airway epithelial cells drives airway remodeling through an AKT-dependent EMT 
mechanism, offering novel mechanistic insights and a potential therapeutic target for COPD.

Materials and Methods
Data Acquisition
The publicly available transcriptomic datasets GSE87292 (30 air-control and 34 COPD-model mouse lung tissues), 
GSE5058 (12 non-smokers, 12 smokers, and 6 COPD human small airway epithelial samples), GSE104908, and 
GSE40374 (each with 3 TGFβ1-treated and 3 control bronchial epithelial cell samples) were obtained from the Gene 
Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). These datasets were generated using the 
following platforms: GPL6885 (Illumina MouseRef-8 v2.0 microarray), GPL570 (Affymetrix Human Genome U133 
Plus 2.0 array), GPL6480 (Agilent Whole Human Genome Microarray 4x44K), and GPL16791 (Illumina HiSeq 2500 
RNA-Seq). Raw data were preprocessed in R using appropriate packages: affy for Affymetrix arrays, limma for Illumina 
arrays and Agilent arrays, and standard RNA-Seq pipelines for sequencing data. Preprocessing included background 
correction, normalization, and log2 transformation where applicable. For genes represented by multiple probes, the mean 
probe expression was used to represent the gene-level expression.

Subjects and Specimen Sampling
Lung tissue samples from non-smokers, smokers, and individuals with COPD were obtained from patients undergoing 
surgical resection for solitary pulmonary tumors at Peking University Third Hospital. To minimize tumor-associated 
alterations, samples were collected from areas of macroscopically normal lung parenchyma located at the greatest 
distance from the tumor, as assessed by a pathologist. Non-smokers were defined as individuals with no history of 
tobacco use and a post-bronchodilator FEV1/FVC ratio ≥ 0.7. Smokers were defined as those with a smoking history of 
≥10 pack-years and preserved lung function (post-bronchodilator FEV1/FVC ≥ 0.7). COPD patients were identified 
based on a smoking history of ≥10 pack-years and a post-bronchodilator FEV1/FVC ratio < 0.7, in accordance with the 
GOLD diagnostic criteria. All procedures involving human participants were approved by the Ethics Committee of 
Peking University Third Hospital (approval number: S2018193), and written informed consent was obtained from all 
participants prior to sample collection. Detailed clinical characteristics of the subjects are provided in Table S1.
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Animal Model and Administration of Adenovirus
Six-week-old male C57BL/6J mice (specific pathogen-free, SPF) were purchased from Cyagen Biosciences Inc. 
(Santa Clara, CA, USA) and housed in individually ventilated cages under controlled conditions (12-h light/dark 
cycle, 24 ± 2 °C, 50 ± 10% humidity) at the Department of Laboratory Animal Science, Peking University Health 
Science Center. To establish the cigarette smoke (CS)-induced COPD model, mice were exposed to CS generated from 
20 Marlboro cigarettes (tar: 10 mg, nicotine: 0.8 mg, CO: 11 mg per cigarette) twice daily (2 h/session, 4 h apart), 6 
days/week for 12 weeks using a whole-body exposure system. Control mice were exposed to filtered air under the 
same conditions.

The adeno-associated virus (AAV) 6-shCtrl and AAV6-shLAMC2 were synthesized by WZ Biosciences Inc. 
(Shandong, China). Mice were randomly divided into four groups: Air + AAV-shCtrl, Air + AAV-shLAMC2, CS + AAV- 
shCtrl, and CS + AAV-shLAMC2. Mice were injected via intratracheal instillation with 5 × 1012 V.G/mouse. Prior to CS 
exposure, mice were intranasally administered the respective AAV vectors.

All animal experiments were approved by the Institutional Animal Care and Use Committee of Peking University 
Health Science Center. All procedures involving animals, including anesthesia and euthanasia, were performed in 
accordance with the AVMA Guidelines for the Euthanasia of Animals (2020). Mice were anesthetized with isoflurane 
inhalation (3–4% for induction and 1–2% for maintenance) prior to intratracheal instillation and other experimental 
procedures. At the end of the study, mice were euthanized under deep isoflurane anesthesia followed by cervical 
dislocation to ensure death.

Cell Culture and Treatment
The 16HBE cells were obtained from Bai Ye Biotechnology Center (Shanghai, China) and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Hyclone, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum 
(Procell, China) and 1% penicillin-streptomycin (Gibco, USA). All cells were maintained at 37 °C in a humidified 
atmosphere containing 5% CO2. The human TGF-β1 protein (Abbkine, Wuhan, China) was used to stimulate 16HBE 
cells at various concentrations for 24 hours. To investigate the function and underlying mechanism of LAMC2, 16HBE 
cells were transfected with either a control vector or a LAMC2 overexpression vector (LST Bio-tech ShanDong co, Ltd), 
or with a small interfering RNA (siRNA) negative control or LAMC2-targeting siRNA (Generalbiol, Chuzhou, China), 
using Lipofectamine 3000 (Lipo3000; Livning, China) following the manufacturer’s protocol. The LAMC2 siRNAs 
sequences are as follows:

siRNA-1: 5’-GCUCACCAAGACUUACACAUU-3’;
siRNA-2: 5’-GCCCUGCAAUUGUAACUCCAA-3’.

Western Blot
Total protein was extracted using RIPA buffer (APPLYGEN, China) supplemented with phosphatase and protease 
inhibitors (APPLYGEN, China). Equal amounts of protein (20–50 µg) were separated by SDS-PAGE and transferred 
onto PVDF membranes (Millipore, MA, USA). The membranes were blocked with 5% bovine serum albumin for 1 hour 
at room temperature and then incubated overnight at 4°C with the following primary antibodies: GAPDH (1:5000; Cell 
Signaling Technology, Danvers, MA, USA), LAMC2 (1:1000; Proteintech, China), E-Cadherin (1:1000; Cell Signaling 
Technology), N-Cadherin (1:1000; Cell Signaling Technology), Fibronectin (1:1000; HUABIO, China), AKT (1:1000; 
Cell Signaling Technology), and phospho-AKT (p-AKT, 1:1000; Cell Signaling Technology). After washing with Tris- 
buffered saline containing 0.1% Tween-20 (TBST), the membranes were incubated with HRP-conjugated goat anti-rabbit 
IgG (H+L) secondary antibody (1:5000; Abcam, USA) for 1.5 hours at room temperature. Finally, the membranes were 
washed again with TBST and visualized using an enhanced chemiluminescence (ECL) detection system (Millipore, 
MA, USA).
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Quantitative Real-time-polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted using the RNA Fast 200 Extraction Kit (Fastagen Biotech, China). RNA purity and 
concentration were assessed using a spectrophotometer, and 1 µg of RNA was used for reverse transcription. 
Complementary DNA (cDNA) was synthesized using a reverse transcription kit (Vazyme, Nanjing, China). 
Quantitative real-time PCR (qRT-PCR) was performed using the ChamQ Universal SYBR qPCR Master Mix 
(Vazyme, China) on a Bio-Rad CFX96 Real-Time PCR Detection System to assess mRNA expression levels. The 
specific primer sequences used are provided in Table S2.

Wound Healing Assay
16HBE cells subjected to different treatments were seeded into 6-well plates and cultured until they reached approxi
mately 95% confluence. A vertical scratch was carefully made across the cell monolayer using a 200 μL pipette tip. 
Following the scratch, the cells were gently washed with PBS to remove detached cells and debris, and then maintained 
in serum-free medium. Images of the scratch area were captured at 0 h and 24 h, and the wound width was measured to 
evaluate cell migration.

Transwell Assay
Migration assays were conducted using transwell chambers with 8 μm pore filters (Corning, USA). 16HBE cells 
subjected to different treatments were harvested, washed, and resuspended in serum-free DMEM. A cell suspension 
containing 5 × 105 cells per well was seeded into the upper chamber, while the lower chamber was filled with DMEM 
supplemented with 10% fetal bovine serum (FBS) as a chemoattractant. The chambers were incubated at 37 °C for 
48 hours to allow cell migration through the membrane. After incubation, the cells that had migrated to the lower surface 
of the membrane were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and counted under 
a microscope.

RNA Sequencing and Data Analysis
Total RNA from 16HBE cells in the TGFβ1 + siRNA-NC and TGFβ1 + siRNA-LAMC2 groups was extracted and 
immediately submitted to Metware Biotechnology (Wuhan, China) for RNA sequencing. Differentially expressed 
genes (DEGs) were identified and retrieved from Metware’s cloud-based analysis platform (https://cloud.metware.cn). 
Subsequent enrichment analyses of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways were conducted using the DAVID database (https://david.ncifcrf.gov/home.jsp).

Histopathological Evaluation and Immunohistochemistry
Lung tissues were carefully excised and immediately fixed in 4% paraformaldehyde for 24 hours. Following fixation, 
the tissues were embedded in paraffin and sectioned into 5-μm-thick slices for various staining procedures. For 
instance, Masson’s trichrome staining was performed to evaluate the degree of airway remodeling, while immuno
histochemistry (IHC) staining was conducted to examine the expression of markers related to EMT. Specifically, after 
deparaffinization and rehydration, the lung tissue sections underwent antigen retrieval using citrate unmasking 
solution. Endogenous peroxidase activity was then quenched by incubating the sections with 3% hydrogen peroxide. 
To minimize non-specific binding, the sections were blocked with goat serum for 1 hour at room temperature. 
Subsequently, the sections were incubated overnight at 4°C with primary antibodies, including anti-LAMC2 (1:200, 
Proteintech), anti-E-cadherin (1:400, Cell Signaling Technology), anti-N-cadherin (1:100, Cell Signaling 
Technology), and anti-Fibronectin (1:100, HUABIO). On the following day, the sections were incubated with 
biotinylated anti-rabbit IgG secondary antibody to bind the primary antibodies. Finally, the chromogenic substrate 
was applied (ZSGB BIO, China), and color development was monitored to assess staining intensity. For histological 
scoring, slides were randomly selected and coded so that the investigator performing the scoring was blinded to the 
experimental groups.
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Immunofluorescence (IF) Staining
For both lung tissue sections and cultured cells, samples were incubated with anti-phospho-AKT (p-AKT) primary 
antibody (1:200, CST) overnight at 4°C. Prior to antibody incubation, tissue sections underwent deparaffinization, 
antigen retrieval, and blocking, while cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton 
X-100, and blocked with 5% goat serum. The next day, samples were incubated with a corresponding fluorophore- 
conjugated secondary antibody (1:400, Jackson ImmunoResearch, USA) for 1 hour at room temperature, followed by 
nuclear staining with DAPI (1:200) for 5 minutes.

Statistical Analysis
Data following a normal distribution are presented as mean ± standard deviation (SD), while non-normally distributed 
data are expressed as median with interquartile range (IQR). Comparisons between two groups were conducted using 
Student’s t-test for normally distributed variables or the Mann–Whitney U-test for non-normally distributed variables. 
For comparisons involving three or more groups, normally distributed data were analyzed using one-way analysis of 
variance (ANOVA) followed by Tukey-Kramer multiple comparison correction, while non-normally distributed data 
were analyzed using the Kruskal–Wallis test followed by Dunn’s multiple comparison test. All statistical analyses were 
conducted using GraphPad Prism version 8.0 and SPSS version 25.0. A two-tailed P value < 0.05 was considered 
statistically significant.

Results
Airway Remodeling and LAMC2 Upregulation are Observed in Both COPD Patients 
and Mouse Models
Masson’s trichrome staining demonstrated significantly increased collagen deposition surrounding the airways in both 
clinical and experimental contexts: (i) COPD patients exhibited more pronounced collagen deposition relative to both 
smoking and non-smoking control subjects (Figure 1A and B), and (ii) COPD model mice displayed substantially greater 
collagen accumulation compared to air-exposed control animals (Figure 1C and D), collectively indicating the presence 
of significant airway remodeling characteristic of COPD pathogenesis. To investigate LAMC2 expression in the airway 
epithelium of COPD patients, we analyzed the GSE5058 dataset, which demonstrated significantly elevated LAMC2 
levels in COPD patients compared to both smokers and non-smokers (Figure 1E). These findings were further validated 
by IHC staining (Figure 1F and G). Similarly, transcriptomic analysis of mice lung tissues using the GSE87292 dataset 
revealed upregulated LAMC2 expression in COPD model mice (Figure 1H), which was corroborated by Western blotting 
(Figure 1I and J). Furthermore, IHC staining specifically targeting airway epithelium confirmed increased LAMC2 
expression in the bronchial epithelial cells of COPD model mice (Figure 1K and L).

Knockdown of LAMC2 Could Attenuate Airway Remodeling and EMT in a COPD 
Model
EMT is a key pathological mechanism underlying airway remodeling in COPD.11,12 To investigate whether LAMC2 
contributes to airway remodeling in COPD and regulates the EMT process, six-week-old mice were first administered 
intratracheal instillations of AAV-shCtrl or AAV-shLAMC2, as illustrated in Figure 2A, and Multiple analyses of lung 
tissues demonstrated that AAV-shLAMC2 effectively reduced LAMC2 expression in the lungs both before and after 
modeling, indicating that AAV-shLAMC2 can exert a sustained effect in mouse lung tissue (Figure S1A–E). Masson’s 
trichrome staining revealed that collagen deposition around the airways was significantly reduced in the CS-AAV- 
shLAMC2 group compared to the CS-AAV-shCtrl group, suggesting that LAMC2 influences extracellular matrix 
remodeling–such as collagen accumulation–and thereby contributes to airway remodeling (Figure 2B and C). 
Furthermore, IHC analysis of lung tissues showed that, compared to air control mice, COPD model mice exhibited 
decreased E-cadherin expression and increased Fibronectin and N-cadherin levels in the airway epithelium. However, 
following prior intervention with AAV-shLAMC2, these EMT-related markers were significantly altered, with elevated 
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Figure 1 Airway remodeling and LAMC2 upregulation are observed in both COPD patients and mouse models. (A) Representative Masson’s trichrome-stained lung 
sections from non-smokers (n=5), smokers without COPD (n=5), and COPD patients (n=5). Scale bar: 250μm. (B) Quantitative staining of Masson content in non-smoker 
(n=5), smoker (n=5), and COPD (n=5). (C) Representative Masson’s trichrome staining of lung sections from air-exposed control mice (n=5) and COPD model mice (n=5). 
Scale bar: 100μm. (D) Quantitative staining of Masson content in air-control (n=5) and COPD model mice (n=5). (E) LAMC2 expression levels in airway epithelial cells from 
non-smokers (n=12), smokers (n=12), and COPD patients (n=6) based on the GSE5058 dataset. (F) Representative airway LAMC2 immunohistochemical staining on lung 
sections of non-smoker (n=5), smoker (n=5), and COPD (n=5). Scale bar: 50μm. (G) Quantitative staining of LAMC2 intensity on airway epithelium of non-smoker (n=5), 
smoker (n=5), and COPD (n=5). (H) LAMC2 expression levels in lung tissues from air-control (n=30) and COPD model mice (n=34) based on the GSE87292 dataset. (I) 
Western blot and (J) quantitative analysis of LAMC2 protein expression in the lung tissue from mice from different groups (n=3 mice/group). (K) Representative airway 
LAMC2 immunohistochemical staining on lung sections of air-control (n=5) and COPD model mice (n=5).Scale bar: 100μm. (L) Quantitative staining of LAMC2 intensity on 
airway epithelium of air-control (n=5) and COPD model mice (n=5). Data presented as the means ± SD. *P < 0.05, **P < 0.01.
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Figure 2 Knockdown of LAMC2 attenuates airway remodeling and EMT in a COPD model. (A) Schematic overview of the animal experimental design and grouping. (B) Representative 
Masson staining on mice lung sections from different groups (n = 5 per group). (C) Quantitative staining of Masson content in different groups (n = 5 per group). (D) Representative 
airway Fibronectin immunohistochemical staining and (E) quantitative staining of Fibronectin intensity on lung sections of different groups (n = 5 per group). (F) Representative airway 
N-cadherin immunohistochemical staining and (G) quantitative staining of N-cadherin intensity on lung sections of different groups (n=5 per group). (H) Representative airway 
E-cadherin immunohistochemical staining and (I) quantitative staining of E-cadherin intensity on lung sections of different groups (n=5 per group). (J–M) Western blot analysis and 
quantification of EMT-related proteins (Fibronectin, N-cadherin, and E-cadherin) in lung tissues from the different treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars: 100μm.
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E-cadherin expression and reduced levels of Fibronectin and N-cadherin compared to the COPD control model group 
(Figure 2D–K). These results were further confirmed by protein analysis of lung tissues (Figure 2J–M).

LAMC2 Expression is Upregulated in Bronchial Epithelial Cells Following TGF-β1 
Stimulation
TGF-β1 is markedly elevated in the lung tissue of patients with COPD and serves as a key inducer of EMT, a central 
process in airway remodeling during COPD progression.12,14,26–28 To explore whether LAMC2 expression is modulated 
by TGF-β1 in airway epithelial cells, we first analyzed transcriptomic data from the GSE104908 and GSE40374 datasets, 
which contain sequencing data comparing airway epithelial cells treated with TGF-β1 to untreated controls. The results 
demonstrated that TGF-β1 stimulation significantly upregulates LAMC2 gene expression (Figure 3A and B). 
Subsequently, we validated these findings using qPCR and Western blot analyses. To investigate the effects of TGF-β1 
on EMT in 16HBE and to determine the optimal stimulating concentration, cells were treated with TGF-β1 at doses of 5, 
10, and 20 ng/mL for 24 hours. Compared with the control group, TGF-β1 treatment markedly promoted EMT in airway 
epithelial cells, as evidenced by significant suppression of the epithelial marker E-cadherin concomitant with pronounced 
upregulation of the mesenchymal marker N-cadherin and extracellular matrix component fibronectin. Importantly, TGF- 
β1-mediated signaling robustly enhanced LAMC2 expression, with overall parallel upregulation observed at both mRNA 
and protein levels (Figure 3C–H).

LAMC2 Modulates 16HBE Cell Migration and the Expression of EMT Markers in 
Response to TGF-β1 Stimulation
To investigate the role of LAMC2 in EMT, we first knocked down its expression in 16HBE cells using siRNA. Among 
the siRNA constructs tested, si-LAMC2-1 showed the most efficient silencing and was selected for subsequent experi
ments (Figure 4A). Based on the comprehensive analysis of TGF-β1 concentration-response results, 10 ng/mL with 24- 
hour stimulation was chosen as it elicited the most pronounced changes in EMT marker expression, and was therefore 
used for subsequent experiments. In the presence of TGF-β1, LAMC2 knockdown significantly attenuated the EMT 
process, as indicated by the upregulation of the epithelial marker E-cadherin and the downregulation of mesenchymal and 
remodeling markers N-cadherin and fibronectin (Figure 4B–F). Since EMT also confers migratory properties to epithelial 
cells, we further assessed the impact of LAMC2 knockdown on cell migration. Both wound healing and transwell assays 
demonstrated that silencing LAMC2 significantly impaired the migratory capacity of 16HBE cells (Figure 4G–I). To 
further validate the role of LAMC2 in EMT, we overexpressed LAMC2 using a plasmid vector. LAMC2 overexpression 
markedly increased its expression in 16HBE cells (Figure 5A), and when combined with TGF-β1 stimulation, it further 
enhanced EMT progression (Figure 5B–F) and significantly promoted cell migration (Figure 5G–I). Collectively, these 
findings suggest that LAMC2 plays a critical role in regulating TGF-β1–induced EMT and cell motility in bronchial 
epithelial cells.

LAMC2 Facilitates EMT in 16HBE Cells Through Activation of the AKT Signaling 
Pathway
To elucidate the precise molecular mechanism by which LAMC2 facilitates EMT in 16HBE cells, we conducted RNA 
sequencing analysis following TGF-β1 stimulation in cells transfected with either control siRNA (siRNA-NC) or 
siLAMC2. DEGs showing significant downregulation (fold change ≥ 1.5) upon LAMC2 knockdown were selected for 
further enrichment analyses. GO enrichment analysis revealed that these differentially expressed genes were predomi
nantly involved in extracellular matrix (ECM) organization and remodeling (Figure 6A). Considering the well- 
established link between EMT progression and airway remodeling, these results suggest that LAMC2 may contribute 
to airway remodeling by modulating ECM composition through EMT. Moreover, KEGG pathway analysis identified the 
PI3K-AKT signaling pathway as the most significantly enriched pathway among all differentially expressed genes, 
indicating that LAMC2 likely exerts its biological effects via activation of the PI3K-AKT axis (Figure 6B). To validate 
this, we performed both LAMC2 knockdown and overexpression in 16HBE cells, followed by TGF-β1 stimulation. 
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Corresponding changes in phosphorylated AKT (p-AKT) levels were observed, providing direct evidence that LAMC2 
regulates EMT through modulation of the AKT signaling pathway (Figure 6C–L). In addition, in vivo experiments also 
demonstrated that LAMC2 knockdown reduced pulmonary p-AKT levels in the COPD mouse model (Figure S1F and G).

Figure 3 LAMC2 expression is upregulated in bronchial epithelial cells following TGF-β1 stimulation. (A and B) Volcano plots illustrating DEGs from (A) GSE104908 and 
(B) GSE40374 datasets, with corresponding LAMC2 expression levels. Significantly upregulated genes (red) and downregulated genes (blue) are indicated (fold change >1.5, 
adjusted P < 0.05). (C) The mRNA levels of Fibronectin, N-cadherin, E-cadherin, and LAMC2 after treatment with different concentrations of TGF-β1 for 24 hours. (D) 
Western blot and (E–H) the relative protein level of Fibronectin, N-cadherin, E-cadherin, and LAMC2 after treatment with different concentrations of TGF-β1 for 24 hours. 
The data are the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 Knockdown of LAMC2 reverses TGF-β1-induced EMT marker expression and inhibits 16HBE cell migration. (A) LAMC2 mRNA expression levels following 
transfection with different siLAMC2 constructs. (B) mRNA expression of Fibronectin, N-cadherin, and E-cadherin after siLAMC2 transfection and subsequent TGF-β1 
treatment. (C) Western blot and (D–F) the relative protein level of Fibronectin, N-cadherin, E-cadherin, and LAMC2 after siLAMC2 transfection and TGF-β1 treatment. (G) 
Representative images of wound healing and transwell migration assays under different treatment conditions. Scale bar: 20 μm. (H) Quantification of migration rate (%) from 
wound healing assay and (I) Cell migration numbers counted from transwell assays. The data are the mean ± SD. **P < 0.01, ***P < 0.001.
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Figure 5 Overexpression of LAMC2 promotes TGF-β1-induced EMT and enhances 16HBE cell migration. (A) LAMC2 mRNA expression levels following transfection with 
LAMC2 plasmid and TGF-β1treatment. (B) mRNA expression of Fibronectin, N-cadherin, and E-cadherin after LAMC2 plasmid vector transfection and subsequent TGF-β1 
treatment. (C) Western blot and (D–F) the relative protein level of Fibronectin, N-cadherin, E-cadherin, and LAMC2 after LAMC2 plasmid vector transfection and TGF-β1 
treatment. (G) Representative images of wound healing and transwell migration assays under different treatment conditions. Scale bar: 20 μm. (H) Quantification of 
migration rate (%) from wound healing assay and (I) Cell migration numbers counted from transwell assays. The data are the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 LAMC2 facilitates EMT in 16HBE cells through activation of the AKT signaling pathway. (A) GO enrichment analysis of down-regulated DEGs from RNA-seq data, 
showing the top three most significantly enriched terms in each category: Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) (adjusted P < 
0.05). Terms are ranked by gene count. (B) KEGG pathway analysis of down-regulated DEGs. Statistically significant pathways (adjusted P < 0.05) are visualized in a dot plot. 
(C) Western Blot and (D) Immunofluorescence detection, and (E–G) the relative protein level of AKT and p-AKT after si-NC/LAMC2 transfection and TGF-β1 treatment. 
(H) Western Blot and (I) Immunofluorescence detection, and (J–L) the relative protein level of AKT and p-AKT after LAMC2 plasmid vector transfection and TGF-β1 
treatment. Scale bar: 50 μm. The data are the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion
COPD imposes a significant global health burden due to its high morbidity, mortality, and multiple comorbidities.29–33 

Irreversible airflow limitation is a hallmark of COPD, with airway remodeling recognized as a key contributor to this 
pathological feature.34,35 Among the various mechanisms underlying airway remodeling, EMT—a process whereby 
airway epithelial cells acquire mesenchymal characteristics—plays a pivotal role by driving extracellular matrix (ECM) 
remodeling and tissue structural changes.36,37 TGF-β1 is a well-established inducer of EMT in bronchial epithelial cells 
and is known to be upregulated in the airway epithelium of COPD patients.20,38 However, the precise molecular 
mechanisms through which TGF-β1 promotes EMT in COPD remain incompletely understood.

In this study, we employed transcriptomic analysis to compare gene expression profiles in airway epithelial cells from 
COPD patients and healthy controls. Our results revealed a significant upregulation of LAMC2 in both COPD patient 
samples and experimental models. Meanwhile, LAMC2 expression was markedly increased in response to TGF-β1 
stimulation. These bioinformatic findings were validated by a series of in vitro and in vivo experiments. Functionally, 
silencing of LAMC2 expression attenuated TGF-β1-induced EMT, while overexpression of LAMC2 enhanced this 
process. These effects were evidenced by changes in epithelial and mesenchymal markers, as well as alterations in 
cellular migration ability. Collectively, our findings demonstrate that LAMC2 mediates TGF-β1-induced EMT in airway 
epithelial cells and may serve as a potential therapeutic target for inhibiting airway remodeling in COPD.

LAMC2 is an essential component of the heterotrimeric glycoprotein laminin-332, composed of α3, β3, and γ2 
chains. Although no studies have yet specifically investigated the role of LAMC2 in COPD, previous research has 
demonstrated that its expression is significantly elevated in the airway epithelium of patients with two fibrotic diseases— 
COP and IPF—particularly in regenerating epithelial cells, compared to healthy controls.25 This suggests that LAMC2 
may contribute to the progression of fibrosis through multiple mechanisms during the process of airway epithelial repair. 
Prior studies have indicated that LAMC2 plays a pivotal role in the EMT. For instance, LAMC2 induces EMT in lung 
adenocarcinoma cell, thereby promoting cell migration, invasion, and traction force, ultimately leading to distant 
metastasis.39 Moreover, in pancreatic cancer, LAMC2 also regulates EMT, influencing not only tumor cell migration 
and invasion but also modulating sensitivity to chemotherapeutic agents.40 EMT is likewise recognized as a key 
mechanism in COPD-associated airway remodeling, facilitating the transformation of epithelial cells into fibroblast- 
like cells, which leads to ECM deposition and subsequent airway remodeling.12,14,15 Our study further confirms the 
functional significance of LAMC2 in a TGF-β1-induced EMT model of airway epithelial cells. Knockdown or over
expression of LAMC2 significantly alters the expression levels of EMT-related markers and affects cell migratory 
capacity, both of which are closely associated with airway remodeling. Furthermore, we employed AAV-mediated 
knockdown of LAMC2 in the lungs of mice, which effectively reduced peribronchial collagen deposition and the 
expression of EMT markers in a COPD mouse model, thereby alleviating airway remodeling. These findings suggest 
that LAMC2 may play a critical regulatory role in the pathogenesis of airway remodeling in COPD.

Previous studies have demonstrated that LAMC2 contributes to the development and metastasis of pancreatic cancer 
via the AKT signaling pathway,41 and regulates macrophage apoptosis by modulating p-AKT expression.42 To further 
investigate the specific mechanism by which LAMC2 participates in EMT in airway epithelial cells, we performed 
enrichment analysis based on transcriptomic data. Upon TGF-β1 stimulation of 16HBE cells, knockdown of LAMC2 
resulted in the downregulation of multiple genes predominantly enriched in the PI3K-AKT signaling pathway, suggesting 
that LAMC2 may regulate the EMT process through this pathway. In vitro experiments further confirmed that both 
silencing and overexpression of LAMC2 altered the p-AKT. Notably, inhibition of the AKT pathway in the context of 
LAMC2 overexpression significantly attenuated the EMT phenotype. These findings indicate that LAMC2 may promote 
airway remodeling by modulating EMT through the AKT signaling axis. Despite these findings, several challenges 
remain for the potential clinical translation of targeting LAMC2 in COPD. Achieving cell-type–specific targeting of 
LAMC2 in airway epithelial cells in humans remains technically challenging. However, emerging therapeutic strategies, 
including inhaled RNA-based therapeutics, targeted nanoparticle delivery systems, and airway-directed gene therapy 
approaches, may provide feasible platforms for selectively modulating gene expression in airway epithelial cells. Further 
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studies are warranted to explore the safety, efficacy, and delivery strategies required to translate LAMC2-targeted 
interventions into clinical applications.

This study has several limitations that should be noted. First, the experiments were conducted using commercially 
available cell lines, and future studies should incorporate primary human cells for more robust validation. Second, the 
current investigation into the mechanistic role of LAMC2 in COPD remains preliminary, and more in-depth research is 
required to elucidate its precise molecular mechanisms.

Conclusions
LAMC2 is significantly upregulated in the airway epithelium of COPD and may contribute to airway remodeling by 
regulating EMT via the AKT pathway. This mechanistic insight identifies LAMC2 as a novel molecule involved in 
COPD airway remodeling. Targeting LAMC2-mediated EMT may therefore offer a therapeutic strategy to attenuate 
airway remodeling and slow COPD progression.
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