Material and Methods
Detailed descriptions of experimental methodologies are provided in the Supplementary Materials. This includes comprehensive protocols for cellular culture maintenance, histopathological evaluation, immunoblotting procedures, quantitative real-time polymerase chain reaction (qPCR) analysis, and statistical evaluation criteria. All experimental protocols were implemented in accordance with established quality control measures to ensure methodological rigor and reproducibility.
[bookmark: OLE_LINK2]Human tissue and cell samples
Fibrotic lung tissues were obtained via diagnostic surgical lung biopsies from patients with idiopathic pulmonary fibrosis (IPF). Control lung tissues were collected from non-fibrotic regions of surgical lung resections performed for lung cancer treatment. Primary cells were isolated from IPF patients using diagnostic bronchoscopy. Control cells were obtained from bronchoscopic samples of patients with benign pulmonary nodules. All samples were procured from the First Affiliated Hospital of Guangzhou Medical University. The study protocol was approved by the hospital’s Ethics Committee (Approval No.ES2024-K05-01), and all participants provided written informed consent for research use of their samples. All procedures complied with institutional ethical guidelines and regulatory standards.
[bookmark: OLE_LINK3]Mouse models
All animal studies were conducted in the Guide for the Care and Use of Laboratory Animals of the Guangzhou Medical University and approved by the appropriate institutional ethics committee(Approval No.20230620)）. Male and female C57BL/6 mice (8 weeks old, sourced from Zhuhai BesTest Bio-Tech Co., Ltd.) were utilized for this investigation. Bleomycin (ThermoFisher Scientific) was dissolved in sterile saline and administered via intratracheal instillation at a dosage of 0.08 U/kg body weight. The total volume (50 μL) was delivered in two sequential 25 μL aliquots to ensure uniform distribution within the pulmonary tract. Age- and weight-matched control animals received an equivalent volume of sterile saline using an identical administration protocol. 
RCN3-AAV or Ctl- AAV were purchased from Shanghai Genechem Co., Ltd.On day 7 post-bleomycin administration, mice received intratracheal delivery of RCN3-AAV (adeno-associated virus expressing RCN3) or control AAV (Ctl-AAV). Lung tissues were harvested at day 21 for histopathological evaluation of collagen deposition and Ashcroft scoring.
Supplemental material and methods
Histopathological and Immunohistochemical Analysis​
Lung specimens were fixed in 4% paraformaldehyde (PFA), paraffin-embedded, and sectioned at 5 µm thickness for histomorphological evaluation. Hematoxylin and eosin (H&E) staining was employed for general tissue architecture assessment, while Masson’s trichrome staining was utilized to quantify collagen deposition. Fibrotic progression was graded using the Ashcroft scale through systematic evaluation of 10 randomly selected, non-overlapping fields per Masson’s trichrome-stained section by two blinded investigators.
For immunohistochemical analysis, antigen retrieval was performed on deparaffinized sections followed by blocking with 3% hydrogen peroxide. Tissue sections were incubated overnight at 4°C with primary antibodies targeting Keratin 5 (KRT5; 1:1000 dilution, ab52635) and Reticulocalbin-3 (RCN3; 1:1000 dilution, Sigma-Aldrich, HPA050402). Isotype-matched IgG served as negative control. Signal detection was achieved using polymer-horseradish peroxidase secondary antibodies (Dako) with 3,3′-diaminobenzidine chromogen development. Quantitative analysis of staining intensity was performed via ImageJ software (v1.53) with normalization to background signal.
[bookmark: OLE_LINK1]The isolation of lung KRT5+ cells 
Bronchial brushing specimens from donor 3rd-5th bronchial generations were processed to isolate basal progenitor cells. Following mucus removal, tissue fragments underwent enzymatic digestion in DMEM/F12 (Gibco) supplemented with 1 mg/mL protease (Sigma), 0.005% trypsin (Gibco), and 10 ng/mL DNase I (Sigma) at 37°C for 1 h under gentle agitation. For murine airway tissues, lung-derived specimens were minced and digested in identical buffer overnight at room temperature.Cell suspensions were filtered through 70 μm nylon mesh (Falcon), washed twice with cold F12 medium, and viability assessed via trypan blue exclusion. Cells were seeded in DMEM/F12 containing 10% fetal bovine serum (FBS; HyClone), penicillin-streptomycin, amphotericin B, and growth factor cocktail. Emerging basal progenitor cell clones were passaged every 5-7 days using trypsin/TrypLE.Passage 3-4 cultures were fixed and immunostained with antibodies against KRT5 (1:1000, ab52635 ) to confirm basal cell identity. (doi: 10.1038/s41467-025-56501-w. )
siRNA Transfection in KRT5+ Cells​
KRT5+ cells were seeded at 4 × 105 cells/well in 6-well plates and cultured overnight in DMEM/F12 medium supplemented with 10% fetal bovine serum under standard conditions (37°C, 5% CO2). siRNA-mediated RCN3 knockdown was performed using Lipofectamine 3000 (Invitrogen, #L3000015) according to manufacturer guidelines. Briefly, 50 μM siRNA targeting human RCN3 (sequence provided in below) or scramble control siRNA was diluted in Opti-MEM Reduced-Serum Medium (Gibco, #51985034) and complexed with Lipofectamine 3000 reagent . Transfection mixtures were applied to cells for 24 hr, followed by medium replacement with fresh complete medium. Functional assays were initiated 24 hr post-transfection to assess knockdown efficacy.
	[bookmark: OLE_LINK91]siRNA
	
	

	human
	RNA oligo sequences 21nt guide
	UUCAGCAAUCACGAUGUCCCG

	
	21nt passenger
	GGACAUCGUGAUUGCUGAAAC


Subcellular Protein Fractionation
Cellular fractionation was performed using a commercial protein extraction kit (Beyotime, P0027) to isolate cytoplasmic and nuclear protein components. Briefly, cells were resuspended in ice-cold Pre-Lysis Buffer (1:10 dilution) and incubated at 4°C for 15 min with intermittent agitation. Following centrifugation at 12,000 × g for 5 min, supernatants containing cytoplasmic fractions were collected. The remaining pellets were homogenized in Lysis Buffer supplemented with protease inhibitors and incubated on ice for 30 min. Nuclear enriched supernatants were obtained after subsequent centrifugation (12,000 × g, 10 min, 4°C). All fractions were aliquoted and stored at −80°C until downstream analysis.
Quantitative Real-Time PCR Analysis​
RNA was isolated from cells using RNA Extraction Kit (TransGen Biotech, ER501-01-V2) following the manufacturer’s protocol. RNA purity and concentration were quantified via spectrophotometry (NanoDrop 2000, Thermo Fisher Scientific). Reverse transcription was performed with 1 μg total RNA using PrimeScript RT Master Mix (Yesson, 11141ES60) under the following conditions: 37°C for 15 min (reverse transcription), 85°C for 5 sec (enzyme inactivation).Quantitative PCR was carried out in 20 μL reactions containing 10 μL TB Green Premix Ex Taq II (Yeason, 11198ES08), 2 μL diluted cDNA, and 0.4 μM gene-specific primers (sequences provided in Supplementary Table 1). Amplification cycles on a QuantStudio 6 Pro Real-Time PCR System (Applied Biosystems) included: 95°C for 30 sec (initial denaturation), 40 cycles of 95°C for 5 sec, and 60°C for 30 sec. Melting curve analysis (60–95°C) confirmed primer specificity.Gene expression was normalized to the reference genes RPL19 (mouse) or GAPDH (human) and calculated using the 2−ΔΔCt method (Livak & Schmittgen, 2001). All experiments included no-template controls and were repeated in three biological replicates with technical triplicates.
	Primers for human genes

	hGAPDH-F
	GAAGGTGAAGGTCGGAGTC

	hGAPDH-R
	GAAGATGGTGATGGGATTTC

	hCollagenI α1 F
	GAGGGCCAAGACGAAGACATC

	hCollagenI α1 R
	CAGATCACGTCATCGCACAAC

	hCollagenI α2 F
	GTTGCTGCTTGCAGTAACCTT

	hCollagenI α2 R
	AGGGCCAAGTCCAACTCCTT

	hRCN3-F
	CATGCGGGACATCGTGATTG

	hRCN3-R
	CTCGGCTGAGTACAGATCCG

	hCTGF F
	CAGCATGGACGTTCGTCTG

	hCTGF R
	AACCACGGTTTGGTCCTTGG	

	Primers for mouse genes

	Col1a1 F
	CCAAGAAGACATCCCTGAAGTCA

	Col1a1 R
	TGCACGTCATCGCACACA

	Col1a2 F
	AGCTTTGTGGATACGCGGACT

	Col1a2 R
	TCGTACTGATCCCGATTGCA

	RCN3 F
	GGGAATTTCCAGTACGACCA

	RCN3 R
	AAGATCCATGCGGTCTACGA

	RPL19 F
	ATGAGTATGCTCAGGCTACAGA

	RPL19 R
	GCATTGGCGATTTCATTGGTC

	CTGF F
	GGCCTCTTCTGCGATTTCG	

	CTGF R
	GCAGCTTGACCCTTCTCGG


Immunoblotting Analysis​
Protein lysates (30–50 μg) quantified via bicinchoninic acid (BCA) assay were denatured in Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue) containing 5% β-mercaptoethanol at 95°C for 10 min. Denatured samples were resolved on 8–12% SDS-polyacrylamide gels (Bio-Rad) and electrophoretically transferred to 0.2 μm polyvinylidene difluoride (PVDF) membranes (Millipore) using a wet transfer system (300 A, 4°C,70 min).Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1.5 h at 25°C, followed by incubation with primary antibodies as recommended overnight at 4°C. After three 10-min TBST washes, membranes were probed with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at 25°C. Protein bands were visualized by enhanced chemiluminescence (Tanon, 180-5001) and quantified via densitometry using ImageJ v1.53 (NIH) with normalization to β-tubulin or GAPDH loading controls.
The antibodies were listed in the following table:
	[bookmark: OLE_LINK6]Antibody
	Brand
	Catalog N.O.

	RCN3
	Sigma
	HPA050402

	collagen I
	Abcam 
	ab260043/ab21286

	α-SMA
	Abcam
	ab7817

	GAPDH
	Yeasen
	30201ES60

	β-tublin
	Yeasen
	30301ES60

	β-catenin
	Abcam
	ab32572

	DVL1
	Abcam
	ab124941

	DVL2
	Abcam
	ab137528

	DVL3
	CST
	3218T

	Phosphor-GSK-3β
	CST
	5558T

	CTGF
	CST
	86641S

	vimentin
	Santa Cruz
	Sc6260

	KRT5
	Abcam
	ab52635/ab321868

	Histone 3
	CST
	4499T

	MUC5ac
	Abcam
	ab198294

	Ac-tubulin
	Sigma
	T6793

	DAPI
	Servicebio
	G1012

	GSK-3β
	CST
	12456


Cell Proliferation Analysis​
CCK-8 Assay​
Twenty-four hours post-transfection, siRNA-treated cells were seeded into 96-well plates at 5 × 10³ cells/well and cultured for 24 hr in complete medium. Following 12 hr serum starvation, cellular proliferation was assessed using a CCK-8 kit (Yeasen, #40203ES76). Briefly, 10 μL CCK-8 reagent was added per well, and plates were incubated at 37°C for 2 hr. Absorbance at 450 nm was measured using a microplate reader (Varioskan Flash), with background subtraction at 650 nm. Proliferation rates were normalized to scramble siRNA-treated controls.
EdU/Ki67 Immunofluorescence Assay​
Proliferating cells were dual-labeled using the EdU Cell Proliferation Kit (Beyotime, #C0071S) and Ki67 immunostaining. Serum-starved cells were pulsed with 10 μM EdU working solution for 2 hr at 37°C, fixed in 4% paraformaldehyde (15 min, RT), and permeabilized with 0.3% Triton X-100 in PBS (20 min, RT). EdU detection was performed via click reaction (30 min, RT) using Alexa Fluor 488-azide. For Ki67 co-staining, fixed cells were incubated with anti-Ki67 antibody (1:200, ab15580) overnight at 4°C, followed by secondary antibody for 1 hr. Nuclei were counterstained with Hoechst 33342 (1 μg/mL, 10 min).Fluorescence images were acquired using a Leica DMi8 inverted microscope (20× objective) under consistent exposure settings. Proliferation indices were quantified as (EdU+/Ki67+ cells)/(total Hoechst+ cells) × 100% using ImageJ software (v1.53, NIH) with threshold-based object detection.
Cycloheximide Chase Assay​
To evaluate β-catenin, DVL3, and GSK-3β protein turnover, control and RCN3-knockdown KRT5+ cells were treated with 100 μg/mL cycloheximide (MedChemExpress, #HY-12320) to inhibit de novo protein synthesis. Cells were harvested at 0 and 6-hr post-treatment, and lysates were prepared as described in the Immunoblotting section.Protein abundance was quantified via densitometric analysis using ImageJ software (v1.53), with β-tubulin serving as a loading control. Target protein levels were normalized to β-tubulin and expressed as percentage retention relative to baseline (0 hr). 
Immunofluorescence Staining(IF)​
KRT5+ cells were cultured in 6-well plates and fixed with 4% paraformaldehyde. Fixed cells were incubated with primary antibodies against RCN3 (1:100, Sigma-Aldrich, HPA050402), KRT5 (abcam, ab52635/ab321868), MUC5ac (abcam, ab198294), and acetylated tubulin (Sigma, T6793). Specific secondary antibodies conjugated to fluorophores were applied for signal detection, respectively. Fluorescence imaging was performed using a Inversed Fluorescent Microscope DMi8/DM6.
Proteomicse sequencing and data analyses
Total protein lysates from KRT5+ cells transfected with RCN3-siRNA or control siRNA for 24 h (n = 4 per group) were subjected to protein sequencing by Gene Denovo Co., Ltd. (Guangzhou, China). In brief, cell lysates were prepared using 7 M urea, 2% SDS, 0.1% PMSF, and 65 mM DTT, followed by sonication, centrifugation (14,000 rpm, 30 min, 4°C), and BCA protein quantification. Proteins (50 μg) were reduced with 1 M DTT (55°C, 1 h), alkylated with 1 M iodoacetamide (RT, 1 h, dark), acetone-precipitated, and digested with trypsin. Peptides were fractionated via XBridge C18 column (pH 10.0, 5–45% B gradient over 40 min; Ultimate 3000), dried, and resuspended in 0.1% formic acid. LC-MS/MS analysis (EASY-nLC 1200/Orbitrap Lumos) utilized a PepMap C18 column (120-min gradient, 5–35% B; 200 nL/min) with MS parameters: full scan (m/z 350–1500, 120,000 resolution, AGC 4e5) and HCD-MS/MS (30,000 resolution, AGC 1e6, NCE 32). Data were processed via Spectronaut X (UniProt database, 1% FDR, carbamidomethyl/oxidation modifications), with differential proteins (t-test, FDR <0.05) subjected to GO enrichment analysis using hypergeometric testing.
3D Cell Culture and Bronchial Organoid Differentiation
KRT5+ cells were enzymatically dissociated, filtered through 40-µm strainers, and resuspended (4 × 10⁴ cells/ml) ,then mixed 1:1 with Matrigel on ice.Cell suspension was seeded into Transwell upper chambers,lower chamber received Bronchial Cell Growth Medium (BCGM)，and maintained at 37°C in a humidified 5% CO₂ atmosphere for three days.BCGM was replaced with Air-Liquid Interface (ALI) differentiation medium at day four,which was subsequently refreshed every 2-3 days.
Culture was terminated when bronchosphere diameter plateaued and a characteristic central lumen formation was observed under microscopic examination. Organoids were fixed, paraffin-embedded, and sectioned for analysis.
Air-Liquid Interface (ALI) Culture of KRT5+ Cells​​
KRT5+ cells were dissociated into single-cell suspension and ajusted to 5 × 10⁵ viable cells/ml. Approximately 5 ×10⁴ viable cells were seeded in the apical chambers of Transwell inserts,Basolateral chambers received Bronchial Cell Growth Medium (BCGM),maintained at 37°C/5% CO₂ for 3 days.On day 4, basolateral BCGM was replaced with specific ALI differentiation medium and subsequently changed every 2–3 days for 21 days. Cultures were terminated and fixed in 4% paraformaldehyde for downstream analysis.
