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Abstract
Background  Chronic obstructive pulmonary disease (COPD) is gaining increasing attention, with different subtypes 
being distinguished for separate research and treatment. The emphysema subtype is characterized by widespread 
alveolar destruction, which may be associated with aggravated alveolar damage and abnormal repair. Type II alveolar 
epithelial cells (AEC2s), known for their stem cell potential, have recently emerged as a promising target for COPD 
treatment. However, to date, few studies have elucidated the specific mechanisms by which AEC2s induce alveolar 
regeneration.

Methods  Lung tissue samples from COPD patients were collected, and bioinformatics analysis was used to identify 
expression profiles affecting the emphysema phenotype and target genes regulating AEC2 proliferation. In vitro 
models of smoke-induced injury and viral transfection were established to clarify the role of the target gene PARD6B 
in regulating AEC2s proliferation and transdifferentiation potential. Co-immunoprecipitation and mass spectrometry 
were employed to elucidate the specific regulatory mechanisms. Primary mouse AEC2s were isolated for 3D spheroid 
formation experiments to further validate the role of the target gene.

Results  We observed impaired self-proliferation and enhanced transdifferentiation of AEC2s into AEC1s in lung 
tissues from COPD patients with emphysema subtype, which was associated with reduced expression of PARD6B. 
Interestingly, PARD6B primarily functioned as part of a complex in AEC2s. Mechanistically, we found that reduced 
levels of the PAR3-PARD6B-PRKCI complex could arrest the cell cycle of AEC2s in the G0-G1 phase, thereby impairing 
their self-proliferation.

Conclusions  Our findings reveal a novel regulatory mechanism for alveolar regeneration, highlighting a potential 
therapeutic target for managing the emphysema subtype of COPD.
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Background
Chronic Obstructive Pulmonary Disease (COPD) is a 
progressive lung disease characterized by restricted air-
flow. With the exacerbation of the global aging popula-
tion, the medical and social burden caused by COPD is 
increasing. In 2019 alone, COPD resulted in 3.23  mil-
lion deaths [1]. Currently, COPD is classified into two 
subtypes: chronic bronchitis and emphysema. In recent 
years, as COPD has gained increasing attention, drugs 
targeting the chronic bronchitis subtype have been devel-
oped, such as bronchodilators or anti-inflammatory 
agents [2, 3]. However, for the emphysema subtype, effec-
tive therapeutic strategies for controlling symptoms and 
preventing deterioration are limited. The emphysema 
subtype, in addition to airflow restriction, involves the 
destruction of bronchial walls and alveoli [4], leading to 
excessive inflation of lung tissues and decreased elasticity. 
To date, there is still no treatment that can successfully 
induce lung regeneration in the emphysema subtype.

Recent studies suggest that Type II alveolar epithelial 
cells (AEC2s), which possess stem cell potential, can pro-
liferate through mitosis to replenish their own numbers 
after lung injury and differentiate into Type I alveolar 
epithelial cells (AEC1s) to repair the alveolar epithelial 
barrier, playing a crucial role in maintaining alveolar epi-
thelial homeostasis [5, 6]. The extensive destruction of 
alveoli in the emphysema subtype of COPD (ECOPD) is 
associated with impaired AEC2s which lead to abnormal 
repair. Therefore, understanding the potential mecha-
nisms that regulate the proliferation, division and differ-
entiation of AEC2s could provide valuable insights into 
lung regeneration and potentially offer breakthroughs in 
the treatment of ECOPD.

Symmetric and asymmetric cell division play a cru-
cial role in the dynamic balance and regeneration of 
tissues [7, 8]. The proliferation and division of AEC2s 
ensure a balance between self-renewal and differentia-
tion of alveoli, contributing to lung tissue regeneration 
in the ECOPD. Recent research suggests that the assem-
bly of apical domain structures in epithelial cells can 
autonomously inhibit the local accumulation of cyto-
plasmic division components [9], playing a positive role 
in epithelial cell division [10]. Partitioning defective 6 
homolog beta (PARD6B), as a member of the PAR pro-
tein family, is closely associated with the apical domain 
structures in epithelial cells and is widely present in vari-
ous eukaryotes. It plays a crucial role in the symmetric 
and asymmetric division of epithelial cells, as well as in 
maintaining morphology and development [11]. How-
ever, the impact of PARD6B on the proliferative division 
function of AEC2s is currently unclear. Furthermore, 
research on the caenorhabditis elegans has revealed that 
PAR6 can form a ternary complex with protein kinase C 
iota type (PRKCI) and proteinase-activated receptor 3 

(PAR3) through its PDZ domain. Abnormal expression 
of this complex may affect the direction of cell symmet-
ric and asymmetric division and cell fate [12, 13]. In this 
study, we collected human lung tissue samples to identify 
potential genes that regulate AEC2s proliferation and 
transdifferentiation. We further investigated the path-
ways affecting these genes by extracting primary mouse 
alveolar epithelial cells and conducting mass spectrom-
etry analysis. These findings may reveal a novel pathway 
for lung tissue regeneration, which could potentially con-
tribute to advancements in the treatment of ECOPD.

Methods
Subjects and sample preparation
The inclusion criteria for participants were as follows: 
(1) age between 40 and 80 years; (2) a smoking history 
of at least 10 pack-years; (3) post-bronchodilator FEV1/
FVC < 0.7; (4) evident respiratory symptoms, such as 
chronic cough with sputum production and/or dyspnea; 
(5) high-resolution chest computed tomography per-
formed within the last 4 weeks; (6) elective thoracic sur-
gery; (7) signed informed consent. Exclusion criteria for 
participants were as follows: (1) presence of other respi-
ratory diseases (such as bronchial asthma, bronchiecta-
sis, or active pulmonary tuberculosis) or other chronic 
and autoimmune diseases; (2) occurrence of infectious 
diseases within the last 4 weeks (including pulmonary 
and/or systemic infections).

Lung tissue specimens were obtained from surgically 
resected lung tissues based on the aforementioned cri-
teria during thoracic surgery. Normal lung tissue was 
collected from locations as far away from the tumor as 
possible (linear distance of at least 5 cm), avoiding small 
airways during collection, and ensuring each lung tissue 
sample contained an equal amount of lung parenchyma, 
small airways, and pulmonary blood vessels to ensure 
sample homogeneity.

Isolation of primary cells and cell culturing
The mouse alveolar epithelial cell line (MLE12 cell line) 
and primary mouse AEC2s were cultured in DMEM/F12 
medium supplemented with 10% fetal bovine serum, 1% 
penicillin and streptomycin, in a 5% CO2, 37℃ cell incu-
bator. The MLE12 cell line was purchased from Sunncell 
Company (SNL-414, Wuhan, China) [14]. Primary 
mouse AEC2s were extracted using fluorescence-acti-
vated cell sorting (FACS). Specifically, the 6-8-week-old 
C57BL/6 mice were anesthetized by being placed in an 
anesthesia chamber containing 2.5% isoflurane (RWD, 
Shenzhen, China) and then were quickly euthanized by 
cervical dislocation. And their lung tissue was subse-
quently collected and minced. Then the lung tissue was 
digested with 0.25% trypsin for 30 min, followed by 0.1% 
collagenase digestion for 20  min. After centrifugation 
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at 1000  rpm for 5  min, the cell pellet was resuspended 
in serum-free DMEM/F12 medium. FITC anti-mouse 
CD326 antibody (1:200, Biolegend, CA, USA) and APC 
anti-mouse CD140a antibody (1:40, eBioscience, CA, 
USA) were used for cell staining, incubated at 4℃ for 
30 min. After centrifugation at 800 rpm for 5 min, cells 
were washed twice with PBS. Finally, cells were resus-
pended in serum-free DMEM/F12 medium and sorted 
using FACS Vantage SE. FACS Diva (BD Biosciences, CA, 
USA) was used for data analysis, and CD140a− CD326+ 
cells were identified as AEC2s.

Viral transfection and cell model construction
Prior to transfection, MLE12s and AEC2s were seeded in 
a 24-well cell culture plate and allowed to reach 30–50% 
confluence (approximately 1.5 × 105 cells/well). PARD6B 
overexpression (oePARD6B) lentivirus, PARD6B knock-
down (kdPARD6B) lentivirus, and control lentivirus were 
respectively transfected into cells using polybrene (Han-
bio, Shanghai, China). The lentivirus titer was maintained 
at 4 × 108 TU/ml, and diluted lentivirus was added at an 
MOI value of 20. Puromycin was used for selecting suc-
cessfully transfected cells. Cells were further cultured to 
obtain stable oePARD6B or kdPARD6B cells.

One cigarette (containing 1.2  mg nicotine, 15  mg tar) 
was completely dissolved in 10 ml of complete medium 
to obtain a 100% concentration of cigarette smoke extract 
(CSE). Cells were treated with 6% CSE for 24 h, and then 
passaged every two days at a 1:3 ratio. The passaged 
cells were treated with 6% CSE (≥ 3 times) to establish a 
cell model of chronic cigarette smoke injury. Cells were 
treated with 0.1mmol/L sodium aurothiomalate (ATM) 
(Yuanye Bio-Technology, Shanghai, China), an inhibitor 
of the PB1 domain [15], for 96  h to disrupt the PAR3-
PAR6B-PRKCI complex.

qRT-PCR experiments and western blot analysis
RNAiso Plus (TaKaRa, Beijing, China) was used to extract 
total RNA from each sample. PrimeScript™ RT reagent 
Kit with gDNA Eraser (TaKaRa, Beijing, China) and TB 
Green® Premix Ex Taq™ (Tli RNaseH Plus) (TaKaRa, Bei-
jing, China) was used to perform reverse transcription. 
Primer sequences for each gene are shown in Table S1.

RIPA lysis buffer was used to extract total proteins, 
and the BCA protein concentration assay kit (Solarbio, 
Beijing, China) was used to quantifify the concentra-
tion of proteins. Equal amounts of denatured proteins 
were loaded in sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to a polyvinylidene 
flfluoride membrane. The membrane was blocked with 
5% skim milk, and incubated overnight with the pri-
mary antibody. The following antibodies were used: anti-
GAPDH, anti-PARD6B, anti-PAR3 and anti-PRKCI from 
Proteintech (IL, United States). Detailed information on 

antibodies is shown in Table S2. On the following day, the 
membranes were incubated with secondary antibodies 
for 1.5 h. The membranes were visualized using enhanced 
chemiluminescence reagent. ImageJ V1.54 was used for 
analyzing final images.

Immunohistochemistry and immunofluorescence
Previously embedded patient lung tissue wax blocks 
were sectioned into paraffin slices. Paraffin slices were 
deparaffinized sequentially in a series of xylene, anhy-
drous ethanol, and PBS, followed by heat-induced anti-
gen retrieval in citric acid-sodium citrate buffer. On the 
other hand, cells intended for observation were prepared 
as cell smears treated with 4% paraformaldehyde. Both 
paraffin slices and cell smears were incubated in 10% goat 
serum at room temperature for 2 h and overnight at 4℃ 
for primary antibody incubation. In addition to the anti-
bodies used in Western blotting, anti-Sftpc (Surfactant 
protein C) (Proteintech, IL, USA) and anti-Pdpn (Podo-
planin) (Santa Cruz Biotechnology, CA, USA) were also 
employed. The next day, slices were incubated for 4 h in 
secondary antibodies. Paraffin slices used for immuno-
histochemistry underwent DAB staining, followed by 
uniform tissue staining with hematoxylin for 4 min, rins-
ing in running water for 30 min. Subsequently, the slices 
were dehydrated and transparentized in a series of alco-
hols and xylene, and mounted using neutral gum. Paraf-
fin slices and cell smears for immunofluorescence were 
counterstained with DAPI for 5 min and mounted using 
anti-quenching mounting medium. Observation and 
image acquisition were performed under a microscope.

The hematoxylin and eosin (H&E) staining
The H&E staining was conducted in 2.5-µm thick paraf-
fin slices used above. The slices after deparaffinized were 
stained for 4 min with hematoxylin (Beyotime, Shanghai, 
China), rinsed in running tap water for 30s–1 min.Then 
eosin (Beyotime, Shanghai, China) was used to stain for 
2 min to visualize under light microscope.

Immunoprecipitation combined with mass spectrometry 
analysis
The Dynabead Protein G Immunoprecipitation Kit was 
used for immunoprecipitation of CSE-treated MLE12 
cells. Specifically, total protein was extracted using NP40 
lysis buffer. Magnetic beads, primary antibodies, and Ab 
Binding & Washing Buffer were mixed in a DNA mixer 
and incubated at room temperature for 10  min. After 
removal of nonspecific binding with Ab Binding & Wash-
ing Buffer, total protein was added and incubated at 
room temperature for 10  min, ensuring sufficient bind-
ing between the primary antibody and the target protein. 
Washing Buffer was used again to remove nonspecific 
binding. Elution Buffer and Loading buffer were added, 



Page 4 of 14Wang et al. Stem Cell Research & Therapy           (2025) 16:97 

and the protein mixture was heated at 70℃ for 10 min. 
The resulting supernatant represented the denatured 
protein solution. The denatured protein solution under-
went vertical electrophoresis, followed by mass spec-
trometry analysis.

Cell proliferation assay and sphere formation assay
Cell Counting Kit-8 (CCK-8, MCE, NJ, USA) were uti-
lized to assess MLE12 cells proliferation ability. CSE-
treated or ATM-treated cells, as well as transfected cells, 
were seeded onto a 96-well cell culture plate at a density 
of 2000 cells/well and incubated at 37℃. Subsequently, 
serum-free medium containing CCK-8 solution was 
added to each well and incubated for 1 h at 37℃. Finally, 
absorbance was measured at a wavelength of 450  nm 
using a spectrophotometer (Bio-Rad, CA, USA).

The sphere formation assay was employed to evaluate 
AEC2s proliferation and differentiation. Extracted pri-
mary AEC2s were resuspended in serum-free DMEM/
F12 medium. 250 cells/well were seeded into a 96-well 
plate and cultured for 7 days. The medium was changed 
every 2 days. Imaging of five randomly selected regions 
from each group was performed using a microscope 
(Leica, Wetzlar, Germany). The sphere percentage was 
calculated as the number of spheres/250 [16].

Cell cycle analysis
For cell cycle phase analysis, cells were plated in a 6-well 
plate at a density of 1 × 105 cells/well. After treated with 
CSE, ATM or transfected with lentivirus, cells were fixed 
in 70% cold ethanol overnight at − 20℃. The fixed cells 
were then washed in PBS and incubated with the Cell 
Cycle Staining Kit (Abbkine, Wuhan, China) in the dark 
for 30 min at 37℃. The stained cells were subsequently 
analyzed using a FACScalibur Flow Cytometer (BD, 
NYC, USA).

Bioinformatics analysis and statistical analysis
Datasets GSE27597, GSE1650, and GSE119040, per-
tinent to lung tissues of ECOPD, were selected and 
downloaded from the public Gene Expression Omnibus 
(GEO) database [17] (see detailed information in Table 
S3). Differential analysis of gene expression levels in the 
aforementioned datasets was conducted using GEO2R, 
and the intersection was taken to identify differentially 
expressed genes associated with the COPD emphysema 
phenotype. Pathway and process enrichment analyses 
were executed using Metascape [18] to identify genes 
closely related to alveolar regeneration. STRING [19] was 
used to construct protein interaction network. Continu-
ous variables underwent assessment through the T-test, 
and categorical variables were appraised using the χ2 test 
or Fisher’s exact test. Statistical significance was deter-
mined by a p-value less than 0.05. Genes exhibiting │fold 

change│≥1.5 (│FC│≥1.5) and p < 0.05 were designated as 
differentially expressed genes (DEGs). The work has been 
reported in line with the ARRIVE guidelines 2.0.

Result
The proliferation ability of AEC2s is reduced and may be 
regulated by PARD6B
From April 2017 to September 2021, a total of 26 lung 
tissue samples were collected from COPD patients 
undergoing thoracic surgery, including 13 samples from 
patients with emphysema subtype of COPD (ECOPD) 
and 13 samples from non-emphysema subtype of COPD 
(NECOPD). Both groups exhibited no significant differ-
ences in gender, age, smoking history, degree of airflow 
limitation, and pathological tumor type and differentia-
tion. Specific demographic characteristics are presented 
in Table 1. Immunofluorescence staining was performed 
on paraffin sections of COPD patient lung tissues. The 
results revealed the presence of intermediate cells under-
going transition from AEC2s to AEC1s within the dam-
aged lung tissue (indicated by white arrows in Fig.  1a). 
This suggests that AEC2s possess certain stem cell-like 
functions, and injured AEC1s are replenished by the 
proliferation and transdifferentiation of AEC2s. Count-
ing AEC2s, AEC1s, and cells undergoing transdifferen-
tiation from AEC2s to AEC1s, we observed a significant 
decrease in the proportion of AEC2s and a significant 
increase in the proportion of cells undergoing transdif-
ferentiation to AEC1s in the ECOPD group compared to 
the NECOPD group (Fig. 1b). This indicates a diminished 
regenerative capacity and an enhanced transdifferentia-
tion ability of AEC2s in the emphysema subtype.

Differential analyses were performed on three datas-
ets from the GEO database (GSE1650, GSE27597, and 
GSE119040). 1493, 840, and 579 DEGs (p < 0.05,|FC| ≥ 
1.5) were found respectively. The intersection of DEGs 
from the three datasets yielded eight common DEGs 
exhibiting significant transcriptional differences across 
all datasets (Fig. 1c). Additionally, functional enrichment 
analyses were conducted on DEGs from all three datas-
ets. Multiple pathways related to epithelial cell prolifera-
tion and differentiation were identified in the enrichment 
results (Fig.  1d). Notably, among the eight common 
DEGs, PARD6B was the only gene associated with cell 
division, proliferation, and differentiation.

Next, we detected the expression level of PARD6B 
in the lung tissues of COPD patients and the MLE12 
cells. The results showed a decreasing trend of PARD6B 
expression at the mRNA level in lung tissues of ECOPD 
patients, while there was a significant decrease at the 
protein level (p < 0.0001, Fig. 1e). Moreover, in the smoke-
induced injury model of MLE12 cells, we observed a sig-
nificant decrease in Pard6b expression at the protein level 
(p < 0.0001, Fig. 1f ). Furthermore, immunohistochemistry 
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was performed to determine the main cell types and 
subcellular localization of PARD6B expression in lung 
tissues. The results revealed widespread expression of 
PARD6B in AEC1s and AEC2s cells, primarily localized 
to the cell membrane, with minimal expression in the 
nucleus and cytoplasm. Additionally, the expression of 
PARD6B was higher in lung tissues of ECOPD patients 
compared to NECOPD patients (Fig. 1g).

PARD6B promotes the proliferation of AEC2s
Lentivirus was used to knock down and overexpress 
Pard6b in AEC2s cells. To avoid off-target effects of 
knockdown RNA, we simultaneously used three different 
knockdown RNA sequences targeting Pard6b and vali-
dated the mRNA (Fig.  2a) and protein levels of Pard6b 
(Fig. 2b). We selected the sequence with the best knock-
down efficiency for subsequent experiments. Addition-
ally, we induced cigarette smoke extract (CSE) injury in 
a 6% CSE-induced smoke injury model and assessed cell 
proliferation capacity through CCK8 assays. The results 
showed that knockdown of Pard6b and treatment with 
CSE reduced the proliferation capacity of cells, while 
overexpression of Pard6b increased cell proliferation. 
Moreover, overexpression of Pard6b partially restored the 
proliferation capacity of cells after knockdown (Fig. 2c).

Furthermore, flow cytometry experiment was per-
formed to detect the distribution of cells in different 
phases of the cell cycle. We found that the percentage 
of cells in the G0-G1 phase significantly increased in the 

CSE-treated group and the Pard6b knockdown group, 
indicating that knockdown of Pard6b and CSE-induced 
smoke injury resulted in cells being arrested at the inter-
phase and unable to enter the mitotic phase (Fig. 2d, e). 
Besides confirming that Pard6b affects the proliferation 
of the MLE12 cell line, we also evaluated the prolifera-
tion capacity of primary mouse AEC2s (pAEC2s, CD326+ 
CD140a−) (Supplementary Fig.  1). Using lentivirus with 
the aforementioned sequences, we knocked down Pard6b 
in pAEC2s and observed the sphere formation ability of 
pAEC2s in the knockdown group and the control group. 
The results showed that the sphere-forming abilit was 
significantly reduced in kdPard6b group (Fig. 2f, g). Inter-
estingly, we found that PARD6B, as an adapter protein, 
is probably involved in the formation of epithelial tight 
junctions [20, 21]. To avoid the influence to spheroid data 
by cell sticking via junctional molecules, immunoprecipi-
tation experiments was conducted targeting RAC1 and 
CDC42, which can interact with PAR6 through its PDZ 
domain. We found this interaction is closely linked to 
tight junction assembly and the polarization of epithelial 
cells in Drosophila [22, 23]. The result showed that no 
direct interaction between RAC1, CDC42, and PARD6B 
(Supplementary Fig. 2).

PARD6B influences the transdifferentiation of AEC2s
The expression levels of AEC2s markers (Sftpc) and 
AEC1s markers (Pdpn) over time were detected in 
pAEC2s. The expression levels of Sftpc and Pdpn in 

Table 1  Demographic characteristics and lung function indicators of the subjects
ECOPD (n=13) NECOPD (n=13) p Value

Age, years 63.08±7.262 64.15±5.210 0.668
Gender 1.000
Male, n(%) 12(92.3) 12(92.3)
Female, n(%) 1(7.7) 1(7.7)
Exposure of injurious agents 1.000
Tobacco history, n(%) 11(84.6) 10(76.9)
Non-tobacco history, n(%) 2(15.4) 3(23.1)
Living place 1.000
Living in rural place, n(%) 3(23.1) 2(15.4)
Living in urban place, n(%) 10(76.9) 11(84.6)
Pulmonary function test before bronchodilator (ECOPD n=13, NECOPD n=13)
FVC 3.400±0.881 3.455±0.908 0.878
FVC% 85.946±18.296 88.892±20.494 0.702
FEV1 2.176±0.771 2.232±0.781 0.857
FEV1% 69.308±22.160 72.908±23.136 0.689
FEV1/FVC% 62.234±8.485 63.283±8.581 0.757
Pulmonary function test after bronchodilator (ECOPD n=10, NECOPD n=11)
FVC 3.453±0.663 3.612±0.705 0.601
FVC% 88.390±12.178 94.245±16.370 0.362
FEV1 2.128±0.594 2.226±0.623 0.715
FEV1% 69.420±16.721 74.636±19.275 0.515
FEV1/FVC% 61.213±7.926 61.052±8.777 0.965
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pAEC2s after knockdown of Pard6b showed little varia-
tion over time (Fig.  3a, c), while the rate of decrease in 
Sftpc expression and the rate of increase in Pdpn expres-
sion over time were slowed down in Pard6b overex-
pression group compared to that in the control group 
(Fig. 3b, d). This suggests that Pard6b may have an inhibi-
tory effect on the transdifferentiation ability of AEC2s.

PARD6B forms a complex with PAR3 and PRKCI in AEC2s
Immunoprecipitation of proteins interacting with Pard6b 
was performed in the CSE-induced smoke injury model. 

The results showed protein aggregations at 140kd, 75kd, 
55kd, 50kd, and 25kd (Fig. 4a). Through mass spectrom-
etry analysis of the obtained proteins, we identified 225 
proteins (Table S4) and found four proteins directly asso-
ciated with Pard6b through PPI network: Llgl1, Llgl2, 
Prkci, and Par3 (Fig.  4b). Based on literature review 
and functional enrichment results, we speculated that 
PAR3 and PRKCI might be binding proteins of PARD6B 
involved in proliferation functions. Furthermore, we 
found that PARD6B co-localizes with PAR3 and PRKCI. 
Most PARD6B proteins binding to PAR3 and PRKCI 

Fig. 1  The proliferation ability of AEC2s is reduced and the transdifferentiation ability is enhanced in emphysema, which may be regulated by PARD6B. 
a-bImmunofluorescence staining of COPD lung tissue. AEC2s are stained green, AEC1s are stained red. Intermediate cells from AEC2s to AEC1s are stained 
both green and red, which are showed with white arrow. Quantitative results are presented in (b). c H&E stain of COPD lung tissue. d Volcano plot and 
venn diagram display intersection of DEGs in GEO datasets between emphysema phenotype and non-emphysema phenotype. e Functional enrichment 
analysis of DEGs, revealing functions related to proliferation and differentiation. f-g The mRNA and protein levels of PARD6B in lung tissue from COPD 
patients (f) and MLE12 cells (g). Full-length blots are presented in Supplementary Fig. 3. h The main cell types and subcellular localization of PARD6B in 
lung tissues with COPD. The values are the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 2  The proliferation of AEC2s was regulated by PARD6B. a-b Validation of Pard6b knockdown and overexpression efficiency in MLE12 cells both at 
mRNA levels (a) and protein levels (b). Full-length blots are presented in Supplementary Fig. 4. c The proliferation of MLE12 cells can be affected by CSE-
induced injury and Pard6b. d-e The cell cycle of MLE12 cells can be affected by Pard6b, with quantitative results presented in (e). f-g The proliferation of 
pAEC2s can be affected by Pard6b, with quantitative results presented in (g)
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which indicates that the complex is the primary form 
of PARD6B present in AEC2s. Additionally, the com-
plex level is lower in the ECOPD group compared to the 
NECOPD group (Fig. 4c-e). Next, we performed immu-
noprecipitation of proteins interacting with Pard6b in 
both kdPard6b and oePard6b cell models. The results 
showed that the expression levels of Par3 and Prkci bind-
ing to Pard6b decreased after Pard6b knockdown, while 
they increased after Pard6b overexpression (Fig. 4f ). This 
demonstrated that the expression level of PARD6B can 
affect the level of the PAR3-PARD6B-PRKCI complex. 
Interestingly, we examined the expression levels of single 
protein in the above complex. The results showed that 
the expression level of PARD6B significantly decreased 
in the lung tissues of ECOPD patients and CSE-treated 
AEC2s (p < 0.0001), while the expression levels of PAR3 
and PRKCI showed no significant difference (Fig. 4g, h).

The PAR3-PARD6B-PRKCI complex affects the proliferation 
of AEC2s
We treated MLE12 cells with a compound called ATM, as 
it has been reported to bind to the PB1 domain on Prkci, 
thereby inhibiting the binding of Par3, Pard6b, and Prkci 
[15, 24]. Subsequently, co-immunoprecipitation experi-
ment was performed to verify whether ATM could inhibit 
the formation of the complex. The results showed that 

the levels of Par3 and Prkci binding to Pard6b decreased 
in the ATM-treated group, indicating that ATM could 
inhibit the formation of the Par3-Pard6b-Prkci complex 
(Fig.  5a). Furthermore, CCK8 assay was performed to 
detect cell proliferation ability. The results showed that 
the proliferation ability of the cells decreased after ATM 
treatment, and overexpression of Pard6b rescued the 
proliferation ability of the ATM-treated cells (Fig.  5b, 
c). Additionally, we assessed the proliferation ability of 
pAEC2s using the sphere-forming assay. The results 
indicated that the sphere-forming ability of pAEC2s 
decreased significantly after ATM treatment (Fig. 5d, e). 
Moreover, we found that compared to the control group, 
the percentage of cells in the G0-G1 phase significantly 
increased in the ATM-treated group (Fig. 5f, g).

Discussion
Our study demonstrates that the formation of the PAR3-
PARD6B-PRKCI complex is crucial for the prolifera-
tion of alveolar stem cells, namely AEC2s. Although the 
impact of this complex on drosophila neuroblasts and 
adult intestinal stem cells has been reported [25, 26], its 
conserved role in human lung tissue remains understud-
ied. This research is particularly relevant for ECOPD, 
as the proliferation of AEC2s may promote partial 

Fig. 3  The transdifferentiation of AEC2s was regulated by PARD6B. a-b Immunofluorescence staining of pAEC2s knocking down Pard6b (a) and over-
expression Pard6b (b) at different cell culture time. Green represented Pdpn which was the marker of pAEC1, and red represented Sptfc which was the 
marker of pAEC2. c-d The temporal trends in the mRNA levels of Sptfc and Pdpn in pAEC2s knocking down Pard6b (c) and overexpression Pard6b (d)
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Fig. 4 (See legend on next page.)
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regeneration of lung damage, potentially offering a break-
through in the treatment of ECOPD patients.

The distal gas exchange region of the lungs is crucial in 
chronic lung diseases such as COPD or idiopathic pulmo-
nary fibrosis, consisting of millions of alveoli [27]. Each 
alveolus contains cuboidal AEC2s that express surfac-
tant protein C (SFTPC) and AEC1s, which are thin and 
adjacent to capillaries. These two cell types have diverse 
and critical functions. As early as 1969, it was discovered 
that SFTPC+ AEC2s serve as progenitor cells in alveolar 
regions of primates and other mammals [28]. Subsequent 
studies in mice have identified SFTPC+ AEC2s as an epi-
thelial progenitor cell population that generates AEC1s 
under homeostatic conditions and responds more rap-
idly to bleomycin-induced lung injury [29]. Furthermore, 
cell cultures in vitro have shown that AEC2s self-renew 
and differentiate into intermediate form cells that express 
both mature AEC2 markers and AEC1 markers, which 
can form alveolar-like structures (i.e., ‘alveolar spheres’) 
in vitro [5]. In this study, we also found similar interme-
diate form cells in the lung tissues of COPD patients, 
with a significantly higher proportion of these cells in the 
emphysema group. This may be due to severe lung tis-
sue damage and AEC2s destruction in the emphysema 
phenotype, causing the remaining AEC2s to transdiffer-
entiate into AEC1s to compensate for lung damage. This 
observation is consistent with previous findings in mouse 
models [29].

In this study, CSE was used to establish the lung injury 
model. Tobacco smoke is, in fact, one of the most well-
established risk factors for emphysema and COPD [30]. 
Smoking more than 20 packs of cigarettes per year dou-
bles the incidence of COPD in China [31]. During smok-
ing, inflammation, damage, and remodeling are highly 
activated, and the release of proteases further damages 
and remodels the lungs through the loss of elastic fibers, 
leading to the enlargement of alveolar spaces and the 
development of emphysema [32]. Additionally, other 
inhaled harmful substances, such as marijuana smoke, 
can also cause emphysema. In fact, marijuana is the sec-
ond most commonly smoked substance in society after 
tobacco. Both substances contain similar harmful and 
carcinogenic compounds, including phenols, aldehydes, 
acrolein, benzpyrene, and benzanthracene. Studies show 
that individuals who smoke marijuana are significantly 
more likely to experience chronic bronchitis symptoms, 
such as coughing, sputum production, and wheezing 

[33]. Furthermore, marijuana and tobacco have cumu-
lative effects in the body. Individuals who smoke both 
substances are more likely to develop chronic respiratory 
symptoms than those who smoke only one [34]. In animal 
models, one study found that mice exposed to marijuana 
smoke for one week developed severe bronchial hyperre-
activity. After one month, they exhibited apical emphy-
sema, and after four months, severe emphysema and 
bronchial obstruction were observed. Tobacco smoke, in 
contrast, induced high airway reactivity after two months 
of exposure in mice but only caused mild emphysema 
thereafter [35]. This suggests that using marijuana smoke 
to model emphysema may be a feasible and potentially 
faster approach. Employing multiple models to explore 
the pathogenesis of emphysema is meaningful, and this is 
one of our future research directions.

In fact, most studies on the PAR3-PARD6B-PRKCI 
complex primarily focus on its role in asymmetric divi-
sion. Research suggests that this asymmetric division 
affects the differentiation of AEC2s into AEC1s, which 
is crucial for lung alveolar repair [36–38]. In our study, 
we found that in ECOPD patients, there is a simultane-
ous decrease in the proliferation capacity and an increase 
in the transdifferentiation capacity of AEC2s. Therefore, 
we evaluated the effect of PARD6B on both the prolif-
eration and transdifferentiation of AEC2s. Our results 
showed significant changes in the proliferation capacity 
of AEC2s after both knocking down and overexpressing 
PARD6B, whether in primary cells or cell lines. How-
ever, only overexpression of PARD6B led to a downward 
trend in the transdifferentiation capacity of AEC2s, while 
knocking down PARD6B showed no significant change. 
This suggests that PARD6B may have some influence on 
the transdifferentiation capacity of AEC2s, but compared 
to its effect on proliferation, the evidence for the effect on 
transdifferentiation is less conclusive. Therefore, we fur-
ther explored the function of the PAR3-PARD6B-PRKCI 
complex in the proliferation.

Unlike other studies, we propose that in the lung tis-
sues of ECOPD patients, PARD6B, rather than PAR3 or 
PRKCI, plays a crucial role in the formation of the PAR3-
PARD6B-PRKCI complex. In human lung tissues and 
the CSE-induced cell injury model, we found a decrease 
in the expression levels of PARD6B, while the expression 
levels of PAR3 and PRKCI showed no significant differ-
ence. This is probably because PARD6B relies heavily on 
apical recycling rather than basolateral recycling [39]. 

(See figure on previous page.)
Fig. 4  PARD6B formed a complex with PAR3 and PRKCI in AEC2s. a-b.The results from gel staining and mass spectrometry analysis revealed proteins 
interacting with Pard6b (a) and facilitated the construction of a PPI network map (b). c-e Immunofluorescence staining of COPD lung tissue (c) and 
MLE12 cells overexpression Pard6b (d) and knocking down Pard6b (e) revealed PARD6B co-localized with PAR3 and PRKCI. f The quantity of the Par3/
Pard6b/Prkci complex was affected by the expression level of Pard6b. Input: positive control. IgG: negative control. IP: immunoprecipitation (purified 
target protein). g-h Expression levels of PARD6B, PAR3, and PRKCI in lung tissues of COPD patients (g) and MLE12 cells (h). Full-length blots are presented 
in Supplementary Fig. 5
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Apical recycling is an important aspect of epithelial cell 
autonomous host defense. Recent studies have found 
that certain viruses and bacterial toxins enter epithelial 
cells through the apical membrane and further infect the 
host through endocytosis in the apical endosome. The 
decrease of PARD6B leads to depletion of apical endo-
some function, making epithelial cells more resistant to 
further infection from the surface [40]. This may explain 
why ECOPD patients are more susceptible to viral infec-
tions and more prone to acute exacerbations.

Regarding the stability of the PAR3-PARD6B-PRKCI 
complex in lung tissue, we observed expression of PAR3, 
PARD6B, and PRKCI in AEC2s on human lung tissue 
slices, with clear co-localization. However, results from 
cell immunofluorescence staining suggested that while 
PARD6B and PRKCI showed good co-localization, PAR3 
expression in the cytoplasm appeared more diffuse, and 

some PAR3 punctate fluorescence signals did not co-
localize with PARD6B and PRKCI. This may be due to 
increasing evidence indicating the dynamic nature of 
PAR3-PARD6B-PRKCI complex formation [41, 42]. In 
fact, PARD6 initially forms a stable complex with PRKCI. 
And PAR3 mainly interacts with the PRKCI-PARD6 com-
plex through PRKCI, inducing the formation of the tri-
partite complex [21, 43]. Some studies suggest that Rho 
kinase can disrupt the interaction between PAR3 and 
the PRKCI-PARD6 complex by phosphorylating PAR3 
at Thr883, thereby inhibiting complex formation [44]. 
Hence, the interaction between PAR3 and PRKCI may 
be one of the main targets for regulating the activity and 
localization of the PAR3-PARD6B-PRKCI complex, fur-
ther explaining why PAR3 and PRKCI-PARD6 complexes 
do not always co-localize in AEC2s.

Fig. 5  PAR3-PARD6B-PRKCI complex was involved in regulating the proliferation of AEC2s. a The formation of Par3-Pard6b-Prkci complex was inhibited 
by ATM. Input: positive control. IgG: negative control. IP: immunoprecipitation (purified target protein). Full-length blots are presented in Supplementary 
Fig. 6. b-c The proliferation of AEC2s was affected by the quality of Par3-Pard6b-Prkci complex.The proliferation of MLE12 cells were decreased after ATM 
treatment (b). Overexpression of PARD6B partially rescued the proliferation of MLE12 cells. OD value: absorbance (c). d-e The sphere-forming ability of 
pAEC2s decreased significantly after ATM treatment, with quantitative results presented in (d). f-g The cell cycle of MLE12 cells can be affected by the 
quality of Par3-Pard6b-Prkci complex, with quantitative results presented in (g)
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Furthermore, to confirm the impact of the PAR3-
PARD6B-PRKCI complex on AEC2s cell division and 
proliferation, we treated the cells with sodium aurothio-
malate (ATM). ATM, known for its anti-inflammatory 
effects, can reduce serum immunoglobulin levels and 
was used clinically to alleviate symptoms of rheumatoid 
arthritis. Studies have shown that ATM induces a dose-
dependent loss of the PB1 domain [35], the connecting 
structure between PRKCI and the downstream effector 
PARD6. Our experimental results confirmed this find-
ing. We found that after treatment with ATM, the prolif-
eration ability of AEC2s decreased. Interestingly, we also 
found that overexpression of PARD6B partially restored 
the decreased the proliferation induced by ATM. We 
beleive that this may be because the binding of ATM 
to the PB1 domain competitively inhibits the binding 
between PARD6B and PRKCI. When the concentration 
of ATM is high, PRKCI cannot bind to PARD6B to form 
the complex, leading to a decrease in the proliferation 
of AEC2s. However, when the expression of PARD6B is 
increased, its competitive binding with PRKCI increases, 
resulting in an increase in the complex. And the prolif-
eration of AEC2s restored, which is consistent with the 
findings of Melody et al. [45]. As reported in the study 
by Melody et al., ATG, an ATM-related compound, was 
found to block PRKCI-dependent signaling and inhibit 
the transformed growth of lung cancer cells.

To further elucidate at which stage the PAR3-PARD6B-
PRKCI complex specifically affects the proliferation of 
AEC2s, we conducted cell cycle experiments. We found 
that after ATM treatment or PARD6B knockdown, the 
cell cycle was arrested at the G0-G1 phase, preventing 
entry into the division phase. Investigating the cause of 
this cell cycle arrest is intriguing. Recent studies have 
suggested that the PAR3-PARD6B-PRKCI complex can 
control the orientation of the mitotic spindle in polarized 
epithelial cells [46] and promote the formation of non-
centrosomal microtubules [47]. These mechanisms could 
potentially inhibit the proliferation of AEC2s, leading to 
cell cycle arrest.

Despite the substantial evidence obtained from human 
tissue and cell studies, this research still has limitations. 
Firstly, there is currently no in vivo validation regarding 
the regulation of the PAR3-PARD6B-PRKCI complex 
on the proliferation of AEC2s. Next, we plan to further 
construct transgenic mice to verify the complex’s in vivo 
effects and its specific regulatory mechanisms on centro-
somes, spindle bodies, and nucleoli. Additionally, the cell 
model induced by CSE does not completely mimic the 
emphysema phenotype of COPD, although it has been 
widely used in many studies [48, 49]. There is no standard 
confirmation because the diagnosis criteria for emphy-
sema phenotype are based on tissue damage rather than 
cellular changes. However, CSE-induced cell damage 

partially represents the cellular state in the emphysema 
phenotype. We will explore better modeling methods 
to more accurately reproduce the cellular state of the 
emphysema phenotype.

Conclusion
In summary, we have provided compelling evidence 
demonstrating that the PAR3-PARD6B-PRKCI complex 
affects the cell cycle progression, thereby regulating the 
division and proliferation of AEC2s. This may represent 
a novel pathway for lung regeneration, ushering in new 
breakthroughs in the treatment of ECOPD.
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