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Abstract
Background

Idiopathic pulmonary fibrosis (IPF) is a devastating and progressive interstitial lung disease
characterized by aberrant myofibroblast activation, cellular senescence, and excessive extracellular
matrix (ECM) deposition. However, the precise molecular switches governing these pathogenic
processes in lung fibroblasts remain incompletely understood. Although the transcription factor c-Myc
has been implicated in various organ fibroses, its specific role and underlying mechanisms in pulmonary
fibrosis remain largely unexplored. Here, we investigated the pathogenic role of c-Myc in IPF fibroblasts
and bleomycin (BLM)-induced pulmonary fibrosis.

Methods

Single-cell RNA sequencing (scRNA-seq) datasets and clinical human lung tissues from IPF patients and
healthy donors were analyzed to evaluate c-Myc expression patterns. In vivo, C57BL/6 mice were
intratracheally administered an adeno-associated virus serotype 9 (AAV9) vector to overexpress c-Myc
prior to BLM injury. Lung damage was evaluated using Micro-CT and histopathological analysis. In vitro,
primary human IPF fibroblasts were transduced with lentiviral vectors for c-Myc overexpression or short
hairpin RNA (shRNA)-mediated knockdown. Fibroblast activation, proliferation, migration, and
senescence were assessed using RT-gPCR, Western blotting, EdU incorporation, wound-healing,
transwell assays, and SA-B-gal staining. Transcriptomic alterations following c-Myc depletion were
further evaluated via RNA-seq.

Results

scRNA-seq analysis and clinical validations revealed that c-Myc is substantially upregulated in IPF lungs
and predominantly enriched in the fibroblast population. In vitro, lentiviral overexpression of c-Myc
exacerbated TGF-B1-induced myofibroblast activation, hyperproliferation, migration, and ECM
production. Conversely, targeted c-Myc knockdown effectively abolished these profibrotic behaviors and
profoundly suppressed the cellular senescence phenotype, characterized by decreased expression of
p16, p21, and p53. Mechanistically, c-Myc deficiency blocked the canonical TGF-81/Smad2/3 signaling
cascade, and RNA-seq profiling confirmed the systemic blunting of proliferation, senescence, and ECM-
producing gene networks. In vivo, AAV9-mediated c-Myc overexpression significantly aggravated BLM-
induced lung consolidation and structural distortion in mice.

Conclusions
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c-Myc is significantly upregulated in IPF and functions as a critical pathogenic driver that orchestrates
myofibroblast activation and cellular senescence through the TGF-B1/Smad signaling pathway. Targeted
inhibition of c-Myc effectively uncouples these profibrotic responses, suggesting that the c-Myc
signaling axis represents a promising translational therapeutic target for idiopathic pulmonary fibrosis.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive fibrosing interstitial lung disease of unknown
cause and is defined by a usual interstitial pneumonia pattern in the appropriate clinical context [1, 2].
Each year around 40,000 new cases of IPF are diagnosed in Europe alone [3]. The disease is associated
with progressive loss of lung function, respiratory failure and a median survival of only 3-5 years after
diagnosis [4, 5]. With the population aging worldwide, the incidence and economic burden of IPF are
expected to steadily increase in the future [4]. Approved anti-fibrotic drugs (pirfenidone, nintedanib and
the recently approved nerandomilast) can slow decline in lung function and reduce the risk of acute
respiratory deteriorations; however, they do not offer a cure and are also associated with tolerability
issues [6, 7]. Thus, novel therapeutic approaches are urgently needed.

Pathologically, IPF is sustained by repeated alveolar epithelial injury and aberrant repair, which promote
the recruitment, expansion and activation of fibroblasts [8]. Ample evidence demonstrates that a defining
feature of IPF is the activation and unremitting presence of myofibroblasts in “fibroblastic foci” (the
leading edge of active fibrosis) of the IPF lungs [9, 10]. Myofibroblasts are characterized by de novo
expression of a-smooth muscle actin (a-SMA), formation of stress fibers, and increased capacity to
migrate, contract, and synthesize the extracellular matrix (ECM), which results in distortion of normal
lung structures and loss of respiratory function [11-13]. In this process, transforming growth factor-p1
(TGF-B1) acts as the key pro-fibrotic cytokine that induces fibroblast recruitment, proliferation and
differentiation into myofibroblasts [14]. TGF-B1 first binds to TGF-B receptor type Il (TBRII), which then
recruits, heterodimerizes with and phosphorylates TGF-B receptor type | (TBRI) to form an active ligand—
receptor complex. This TGF-B—TRRII/I complex initiates pro-fibrotic responses by inducing fibroblast
activation and differentiation through both canonical and non-canonical signaling pathways [8]. Hence,
targeting TGF-B1 signaling represents a potential therapeutic strategy in the treatment of IPF.

Cellular senescence, an evolutionarily conserved state of stable cell cycle arrest, is increasingly
recognized as a critical driving mechanism in the pathogenesis of IPF [15, 16]. Emerging evidence has
demonstrated that fibroblasts within IPF lungs exhibit a prominent senescent phenotype. This state is
characterized by elevated reactive oxygen species (ROS) production, persistent DNA damage, high
activity of senescence-associated B-galactosidase (SA-B-gal), and the upregulation of key cell cycle
repressors, including p53, p21, and p16 [17-20]. Rather than being a passive endpoint, fibroblast
senescence can reinforce myofibroblast differentiation and ECM deposition [17-19]. Furthermore,
senescent cells often acquire a senescence-associated secretory phenotype (SASP), releasing a myriad
of pro-fibrotic cytokines that amplify tissue remodeling and propagate a vicious cycle of persistent
fibrosis [16, 21]. Indeed, the targeted elimination of senescent cells—either genetically or
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pharmacologically—has been shown to effectively alleviate pulmonary fibrosis and improve lung function
in experimental models [22-24]. These observations suggest that the regulatory nodes connecting
profibrotic signaling, fibroblast senescence and matrix remodeling may represent important disease-
modifying targets.

c-Myc, encoded by proto-oncogene MYC, is a pleiotropic transcription factor that regulates cell growth,
proliferation, metabolism, differentiation, senescence and apoptosis [25, 26]. Although MYC
dysregulation is best known in cancer [27, 28]. c-Myc also participates in tissue remodeling and fibrosis
in a context-dependent manner [29-31]. Recently, c-Myc has been found to be involved in the
pathogenesis of fibrosis in multiple organs. For instance, c-Myc promotes renal fibrosis by inducing
integrin av-mediated TGF-B1 signaling [32]. In the liver, overexpression of c-Myc in hepatocytes promotes
activation, proliferation and myofibroblast differentiation of hepatic stellate cells and facilitates the
onset of liver fibrosis [33]. Moreover, pharmacological inhibition of MYC by 10058-F4 in the intestine
improved high-fat, high-cholesterol and high-fructose diet (HFCFD)-induced liver fibrosis [34]. Conversely,
endothelial c-Myc deletion exacerbates high-fat diet-induced liver inflammation and fibrosis [35].
However, despite these findings in other tissues, the specific role and underlying mechanisms of c-Myc
in pulmonary fibrosis remain largely unexplored.

In the present study, we investigated whether c-Myc is altered in IPF and whether it functionally regulates
profibrotic fibroblast behavior. We also explored whether and how c-Myc contributes to lung fibrosis
through its pathogenic activity in lung fibroblasts. Gain- and loss-of-function experiments showed that c-
Myc promoted fibroblast activation, proliferation, migration, ECM production and cellular senescence, at
least in part through regulation of TGF-B1/Smad signaling. In vivo, we further demonstrated that adeno-
associated virus serotype 9 (AAV9)-mediated c-Myc overexpression aggravated bleomycin (BLM)-
induced pulmonary fibrosis and cellular senescence in mice. Finally, we showed that short hairpin RNA
(shRNA)-mediated knockdown of c-Myc effectively alleviated the pro-fibrotic and senescent phenotypes
in primary lung fibroblasts from patients with IPF. Collectively, our findings provide a proof-of-principle
that c-Myc may serve as a viable therapeutic target against lung fibrosis.

2. Materials and Methods
2.1 Human lung tissue samples

Human lung tissue samples were collected from patients diagnosed with IPF (n = 22) and healthy donors
(n =26) at the First Affiliated Hospital of Guangzhou Medical University. For the healthy control group,
morphologically and histologically normal lung tissues were obtained from the adjacent regions of
surgically resected benign lung nodules. The diagnosis of IPF was established based on comprehensive
physical examinations and chest high-resolution computed tomography (HRCT) findings, strictly
adhering to the official American Thoracic Society (ATS)/European Respiratory Society (ERS) consensus
diagnostic criteria [2]. Written informed consent was obtained from all participants prior to tissue
collection. The study was approved by the Ethics Committee of the First Affiliated Hospital of
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Guangzhou Medical University (Approval No.: 2021G-29). The baseline demographic and clinical
characteristics of the study population are summarized in Table S1.

2.2 Single-cell RNA sequencing (scRNA-seq) and data
analysis

Fresh human lung tissues from IPF patients and healthy donors were mechanically minced and digested
with a mixture of Collagenase D (4 mg/mL) and DNase | (0.4 mg/mL) at 37°C for 45 min with gentle
rotation. The digested cell suspensions were filtered through a 70-um cell strainer, and red blood cells
were removed using ACK lysis buffer. Cell viability was confirmed to be >98%. The single-cell
suspensions were then cryopreserved and subjected to scRNA-seq profiling performed by Beijing Bio-
tech Co., Ltd. For data analysis, gene symbols were standardized according to the NCBI database.

2.3 Reagents and antibodies.

BLM was purchased from Hisun Pfizer Pharmaceuticals Co., Ltd. (Hangzhou, China), and recombinant
TGF-B1 was purchased from Novoprotein (Shanghai, China). anti-c-Myc (ab32072, abcam), anti-FN
(ab2413, abcam), anti-Col1 (ab260043, abcam; GB11022-3, Servicebio), anti-a-SMA (4904, Sigma-
Aldrich; 19245, CST), anti-p53 (abs130506, absin), anti-p21 (abs149756, absin), anti-p16 (abs131586,
absin), anti-Ki67 (abs130135, absin), anti-PCNA (AF0261, Beyotime Biotechnology), anti-p-Smad2
(18338, Cell Signaling), anti-Smad2 (5339, Cell Signaling), anti-p-Smad3 (9520, Cell Signaling), anti-
Smad3 (9523, Cell Signaling), anti-GAPDH (5174, CST), and anti-Rabbit/Mouse IgG (H + L) (4904 and
4904, yeasen). All other reagents were purchased from GBCBIO Technologies Inc. (Guangzhou, China),
unless otherwise stated.

2.4 Animal experimental protocols

C57BL/6 mice (8 weeks old) were obtained from Hunan SJA Laboratory Animal Co., Ltd (Changsha,
Hunan, China), and were housed in a temperature-controlled specific pathogen-free barrier facility with a
12-hour light/dark cycle. All experimental protocols were approved by the Animal Care Committee of
Guangzhou Medical University, China. Mice were anesthetized by 1.2% Avertin solution (20g/350ul) and
received an intratracheal instillation of c-Myc-expressing AAV9 viral genome particles (AAV9-c-Myc OE,
2x10"" vg/mouse, PackGene Biotech, Guangzhou, China) or control AAV9-NC vectors. Fourteen days
after AAV9 administration, BLM was administered intratracheally at a dose of 1.8 mg/kg body weight (or
saline as controls) to induce pulmonary fibrosis. Mouse lungs were harvested on day 21 following the
BLM challenge for subsequent analysis.

2.5 Micro-CT analysis.

Mice were anesthetized by isoflurane and transferred into an apparatus to scan the lungs. High-
resolution scans (50 pm voxel size) were acquired using the Super Nova CT (PINGSENG Healthcare Inc.,
SNC-100, Kunshan, Jiangsu, China) according to the manufacturer’s instructions and analyzed with the
algorithms of three-dimensional (3D) finite element (AVATAR 1.5.0, PINGSENG Healthcare Inc., China).
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2.6 Histopathology analysis.

Mouse left lungs were fixed in 4% neutral buffered formalin for 24 h, dehydrated, embedded in paraffin
and sectioned at 5 ym. Histopathological analysis of paraffin-embedded lungs was performed in lung
sections stained with hematoxylin and eosin (H&E) staining using standard procedures. Whereafter, the
whole slide images (WSI) of pathology slides were scanned by the Aperio CS2 whole slides scanner
(Leica, Germany). These digital images were converted to panoramic images by Aperio Image Scope
(Version 12.3.2.5030, Leica Biosystems). Measurement of fibrotic area was quantified using an Orbit
Image Analysis software (Actelion Pharmaceuticals Ltd, Allschwil, Switzerland) as previously reported.

2.7 Primary lung fibroblast cultures.

Primary lung fibroblasts were isolated from the human IPF lungs by combining trypsin digestion and
tissue adherent methods, according to previously described methods. Briefly, the lung tissues from IPF
patients were cut into small pieces and washed with phosphate-buffered saline (PBS) until the liquid was
clear. Trypsin (2.5 mg/ml) was added to digest the tissue for 15 min. Lung tissue was moved into the
culture flask, immersed in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) containing 10% fetal
bovine serum (FBS), and placed flasks overnight in CO, incubator at 37°C. On the second day, the tissue
blocks were washed with DMEM for 3 times, and the liquid was sucked away. The tissue block was
placed evenly in the bottle. DMEM medium supplemented with 10% FBS was then added into the bottle,
and the culture bottle was placed vertically in the cell incubator. After 3 hours, the bottle was gently laid
down and maintained in the incubator.

2.8 Lentivirus packaging and transduction

Lentiviral vectors for c-Myc overexpression or shRNA-mediated knockdown were packaged in 293T cells.
Briefly, 293T cells were cultured in 10-cm dishes until they reached approximately 80% confluence. The
cells were then transfected with a mixture of the core transfer plasmid (6 pg), psPAX2 packaging
plasmid (4 pg), and pMD2.G envelope plasmid (2 pg) using Lipofectamine 2000 (Thermo Fisher
Scientific, USA) in serum-free DMEM. After 6 h of incubation, the transfection medium was replaced with
fresh complete DMEM containing 10% FBS. Viral supernatants were collected at 24, 48,72, and 96 h
post-transfection and pooled together. The combined supernatant was centrifuged at 500 x g for 5 min
at 4°C and filtered through a 0.22-um filter to remove cell debris. The viral particles were then
concentrated using a 100-kDa molecular weight cut-off (MWCO) centrifugal filter unit (Millipore, USA).
The concentrated lentivirus was aliquoted and stored at -80°C. For viral transduction, primary lung
fibroblasts were seeded in culture plates. When the cells reached 30-40% confluence, the concentrated
lentivirus was added directly to the culture medium. The medium was replaced with fresh complete
medium 24 h after transduction. Transduction efficiency was evaluated 48 h later by observing green
fluorescent protein (GFP) expression under a fluorescence microscope (DM6B, Leica, Germany). The
specific shRNA sequences targeting human c-Myc are listed in Table S2.

2.9 Immunofluorescence staining
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Primary lung fibroblasts were seeded on glass slides in 12-well plates and incubated as indicated for 48
h. The slides were washed 3 times with PBS, fixed in 4% paraformaldehyde for 10 min, and then
permeabilized with 0.1% Triton X-100 for 20 min. Cells were then blocked with 3% BSA at room
temperature for 1 h followed by incubation with anti-Col1 (1:200 dilutions) at 4°C overnight. Slices were
washed 3 times with PBS and incubated with a goat anti-mouse Cy3-conjugated IgG (1:300 dilution,
Beyotime Institute of Biotechnology) for 1 h, and then labeled with DAPI for 5 min. Finally, slices were
washed four times with PBS, mounted in antifade mounting medium, and visualized and photographed
under a fluorescence microscope (DM6B, Leica, Germany).

2.10 EdU incorporation assay

Cell proliferation was evaluated using the BeyoClick™ EdU-555 Cell Proliferation Kit (Beyotime
Biotechnology, China) according to the manufacturer's instructions. Briefly, primary IPF fibroblasts were
seeded in 6-well plates and grown to approximately 80% confluence. Cells were incubated with 10 uM
EdU working solution for 2 h at 37°C. Following incubation, cells were fixed with 4% paraformaldehyde
for 15 min and permeabilized with 0.3% Triton X-100 for 10 min at room temperature. The cells were then
incubated with the Click reaction cocktail for 30 min in the dark. Nuclei were subsequently
counterstained with DAPI for 10 min. Images were captured using a fluorescence microscope, and the
percentage of EdU-positive cells was quantified.

2.11 SA-B-Gal staining

SA-B-Gal staining was performed using PLFs grown on 12-well plates according to the manufacturer’s
instructions (Beyotime Biotechnology, Jiangsu, China).

2.12 Wound healing assay.

Primary lung fibroblasts (transduced with c-Myc overexpression, c-Myc shRNA, or their respective
control vectors) were seeded in 6-well plates. On attaining 100% confluence, a scratch was made using a
sterile 200 pL micropipette tip. Then, the cells were washed with PBS, and the medium was changed to
serum-free DMEM in the presence or absence of TGF-B1 (10 ng/mL) for 48 h. Images from six randomly
selected fields along the scratched line in each well were obtained and analyzed by Image J software.

2.13 Transwell assay.

Primary lung fibroblasts (transduced with c-Myc overexpression, c-Myc shRNA, or their respective
control vectors) were suspended in serum-free DMEM in the presence or absence of TGF-1 (10 ng/mL)
and seeded into the upper chamber of Transwell inserts (8 um pore size). Meanwhile, 500 pl of DMEM
containing 10% FBS was added to the lower chamber as a chemoattractant. After 48 h of incubation at
37°C, the cells remaining on the upper surface of the membrane were gently removed. The cells that
migrated to the bottom surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal
violet for 10 min at room temperature. Images were obtained with a microscope (Leica, Germany) and
counted using Image J software.
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2.14 RNA extraction and reverse transcription quantitative
real-time PCR (RT-qPCR)

Total RNA was extracted from tissues or cultured cells using QIAzol (Qiagen) and the miRNeasyMini Kit
(Qiagen) in accordance with the manufacturer’s protocol. For mRNA expression by RT-qPCR analysis,
complementary DNA (cDNA) was prepared using a Color Reverse Transcription Kit (EZBioscience, USA),
in which each reaction contained 1 pg of total RNA, according to the manufacturer’s instructions. RT-
gPCR was subsequently performed with cDNA using gPCR SYBR Green Master Mix (Yeasen, Shanghai,
China). The data were collected and analysed using an iCyler iQ Real-time PCR Detection System (Bio-
Rad Laboratories Inc., USA). All mRNA quantification data from cultured cells were normalized to the
expression of 18s. All PCR primers were purchased from Thermo Fisher Scientific and are listed in Table
S3

2.15 Protein extraction and western blot analysis.

Proteins from lung tissues or primary lung fibroblasts were homogenized in RIPA lysis buffer with
protease and phosphatase inhibitors (Roche) followed by centrifugation (4°C, 12000 rpm, 30 min) to
clear the lysate. Lysate total protein concentration was measured using BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Equal amounts (20 ug) of protein were loaded onto 10% SDS-
polyacrylamide gels, transferred to polyvinylidene fluoride membranes (Millipore, MA, USA) and
incubated with primary antibodies overnight at 4°C. After reacting with horseradish peroxidase (HRP)-
labeled secondary antibodies (Yeasen, China), the immunoreactive bands were visualized using an ECL
chemiluminescent kit (Yeason) and then scanned with Tanon-5200 (Tanon Science & Technology Co.,
Ltd., Shanghai, China).

2.16 Analysis of RNA-seq

Total RNA was extracted from primary IPF fibroblasts transduced with control (GFPTG) or c-Myc shRNA
in the presence of TGF-B1. cDNA libraries were constructed using a KAPA RNA HyperPrep kit (Kapa
Biosystems, Wilmington, MA, USA) following the manufacturer’s protocol. The cDNA libraries were
sequenced using an lllumina HiSeq X Ten system (lllumina, USA). The transcriptome data were analyzed
by kallisto and Deseq?2.

2.17 Statistical analysis

Data from at least three independent experiments are shown as the mean * standard error of the mean
(SEM). Statistical analyses were applied using Student’s t-test and one-way analysis of variance to
determine statistical significance. Analyses were performed with GraphPad Prism software (Version
6.07, USA). P < 0.05 was considered statistically significant in all experiments.

3. Results
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3.1 c-Myc is substantially upregulated in the lung tissues
and fibroblasts of IPF patients

To investigate the clinical relevance and potential pathogenic role of c-Myc in IPF, we first analyzed
scRNA-seq datasets of lung tissues from healthy donors and IPF patients. Global clustering successfully
identified distinct cellular populations within the lung microenvironment (Fig. 1A). Notably,
dimensionality reduction plots revealed that c-Myc expression was selectively upregulated in IPF lungs
(Fig. 1B). Further subpopulation analysis using violin plots confirmed that this upregulation was
predominantly concentrated in fibroblasts in patients with IPF (Fig. 1C).

To substantiate these transcriptomic findings, we assessed the expression of c-Myc and classical ECM
markers in clinical lung tissue cohorts. The basic demographic metadata of the healthy donors and IPF
cohorts are presented in Table S1. RT-qPCR revealed a significant upregulation of c-Myc mRNA in IPF
lungs relative to donor controls, which paralleled the increased transcription of fibrotic markers including
Fibronectin, Collagen |, and a-SMA (Fig. 1D). Consistently, western blot analysis confirmed a striking
accumulation of c-Myc protein in IPF tissues, accompanied by the excessive deposition of Fibronectin
and Collagen | proteins (Fig. 1, E and F). To corroborate our tissue-level findings at the cellular level, we
isolated and cultured primary lung fibroblasts from healthy donors and IPF patients. Consistent with the
in vivo profiles, primary IPF fibroblasts exhibited an intrinsically activated basal phenotype, characterized
by significantly elevated protein and mRNA levels of c-Myc, which was accompanied by the robust
accumulation of Collagen | and Fibronectin (Fig. 1, G and H). Together, these data demonstrate that c-
Myc is aberrantly overexpressed in IPF—particularly within the fibroblast population—both at the tissue
level and in isolated primary cells, and its dysregulation strongly correlates with the profibrotic
phenotype and ECM accumulation characteristic of the disease.

3.2 c-Myc promotes myofibroblast activation, proliferation,
and migration in primary IPF fibroblasts

Given that TGF-B1 serves as the master regulator of myofibroblast differentiation, we first investigated
its relationship with c-Myc expression. Stimulation of primary IPF fibroblasts with TGF-81 (0—10 ng/mL)
induced a marked, dose-dependent increase in c-Myc protein expression alongside the expected
excessive ECM production (Fig. 2A), suggesting that c-Myc is actively recruited and upregulated by
canonical profibrotic signaling. To directly evaluate the functional consequence of c-Myc upregulation,
we established a gain-of-function model using a lentiviral c-Myc overexpression (c-Myc OE) system.
Following the successful validation of the lentiviral vector in 293T cells, which exhibited high infection
efficiency and robust induction of c-Myc and Flag at both mRNA and protein levels (Fig. S1, A and B), we
transduced primary IPF fibroblasts (Fig. S1C). Strikingly, targeted overexpression of c-Myc alone was
sufficient to profoundly upregulate the molecular markers of myofibroblast activation. Compared to
control cells, c-Myc OE fibroblasts displayed a significant transcriptomic upregulation of myofibroblast
activation and ECM markers, including Fibronectin, Collagen |, and a-SMA (Fig. 2B). These findings were
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firmly supported at the translational level, where c-Myc OE drove a substantial accumulation of
Fibronectin, Collagen |, and a-SMA proteins (Fig. 2, C and D).

Having established that c-Myc upregulates the molecular markers of myofibroblast activation, we next
sought to determine whether this molecular shift translates into functional phenotypic alterations.
Aberrant proliferation and enhanced motility are hallmark pathogenic behaviors of activated
myofibroblasts during fibrogenesis. To assess the impact of c-Myc on cell growth, we performed an EdU
incorporation assay. Fluorescence imaging revealed a significant increase in the number of actively
synthesizing DNA (EdU-positive) cells following c-Myc OE compared to control cells (Fig. 2, E and F).
This accelerated proliferative capacity was further corroborated by a marked upregulation of the cell
proliferation marker Ki-67 at the protein level (Fig. 2G). In addition to hyperproliferation, we evaluated the
migratory capacity of these fibroblasts. A wound-healing scratch assay demonstrated that c-Myc OE
fibroblasts exhibited significantly faster wound closure rates, migrating more rapidly into the scratched
area at 24 and 36 hours post-injury (Fig. 2, H and J). To rigorously validate this migratory advantage, we
performed transwell migration assays across primary fibroblast lines derived from three independent IPF
patients. Consistently, overexpression of c-Myc led to a significant increase in the number of migrating
cells across all patient-derived lines (Fig. 2, | and K). Collectively, these in vitro results reveal that c-Myc
functions as an active regulator that exacerbates the pathogenic behaviors of IPF fibroblasts by directly
driving their activation, hyperproliferation, and migration.

3.3 c-Myc is upregulated in BLM-induced murine lungs,
and its in vivo overexpression exacerbates pulmonary
fibrosis

To determine the role of c-Myc in vivo, we first examined its expression in a BLM-induced mouse model
of pulmonary fibrosis. Compared to control mice, BLM-treated mice showed a significant increase in c-
Myc mRNA levels, which was consistent with the increased expression of the fibrotic markers Collagen |
and Fibronectin (Fig. 3A). Western blot analysis also confirmed that the protein levels of c-Myc, Collagen
I, and Fibronectin were substantially higher in the lung tissues of BLM-treated mice (Fig. 3B). These data
indicate that c-Myc is upregulated during pulmonary fibrosis in vivo.

We next investigated whether c-Myc overexpression promotes lung fibrosis in animals. We packaged an
AAV9 vector to overexpress c-Myc (AAV9-c-Myc OE) and confirmed its expression efficiency in mouse
fibroblasts (Fig. 3C). Mice received an intratracheal instillation of the AAV9-c-Myc OE or a control vector
(AAV9-NC) 14 days before BLM treatment, and lung tissues were collected 21 days after the BLM injury
(Fig. 3D). We used Micro-CT imaging to evaluate the structural changes in the lungs. The 3D airway
modeling and cross-sectional images (axial and coronal) showed that BLM treatment caused clear lung
consolidation and structural distortion. Notably, mice pre-treated with AAV9-c-Myc OE showed more
severe lung damage and a further decrease in total lung volume compared to the AAV9-NC + BLM group
(Fig. 3, E and F). Consistently, histological examination of H&E-stained lung sections (Fig. 3H) confirmed
that c-Myc overexpression significantly increased the percentage of the fibrotic area in the lungs
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(Fig. 3G). Together, these in vivo results demonstrate that c-Myc promotes the progression of pulmonary
fibrosis.

3.4 c-Myc knockdown abolishes TGF-B1-induced
myofibroblast activation and ECM production

Having established that c-Myc overexpression exacerbates fibrogenesis, we next performed loss-of-
function experiments to further substantiate its obligatory role in IPF fibroblast activation using a
lentivirus-mediated shRNA silencing approach. We first evaluated three distinct shRNA sequences
targeting human c-Myc in 293T cells (Fig. 4A). Among them, c-Myc shRNA 2 demonstrated the most
robust knockdown efficiency at both the transcriptional and translational levels (Fig. 4, B and C), and was
thus selected for all subsequent silencing experiments.

Next, we transduced primary IPF fibroblasts with the optimized c-Myc shRNA or a control lentivirus,
followed by stimulation with or without TGF-B1. As expected, TGF-B1 stimulation potently induced the
expression of myofibroblast activation and ECM markers, including Fibronectin, Collagen |, and a-SMA, in
the control fibroblasts. Importantly, targeted depletion of c-Myc effectively blocked this profibrotic
response. The c-Myc-silenced fibroblasts failed to upregulate the mRNA and protein levels of these
fibrotic markers, even under robust TGF-B1 stimulation (Fig. 4, D and E). This significant blockade of
myofibroblast transformation was further corroborated by immunofluorescence staining. While TGF-31
treatment induced robust Collagen | production in the control cells, c-Myc knockdown significantly
suppressed this Collagen | deposition, maintaining the fibroblasts in a quiescent-like state (Fig. 4, F and
G). Together, these data firmly establish that c-Myc is an indispensable downstream effector required for
TGF-B1-driven myofibroblast activation and ECM accumulation.

3.5 c-Myc is essential for TGF-B1-induced
hyperproliferation and migration in IPF fibroblasts

Having demonstrated that c-Myc knockdown prevents myofibroblast differentiation and ECM production
at the molecular level, we next evaluated its impact on the functional phenotypes of IPF fibroblasts. In
control fibroblasts, TGF-B1 stimulation significantly increased the percentage of EdU-positive cells;
however, this proliferative response was almost entirely abolished following c-Myc knockdown (Fig. 5, A
and B). Consistently, while TGF-B1 treatment upregulated the expression of PCNA and Ki-67 in control
cells, c-Myc-depleted fibroblasts remained in a low-proliferative state, failing to upregulate these markers
even under TGF-B1 stimulation (Fig. 5C). We next investigated the impact of c-Myc deficiency on
migratory capacity. In the wound-healing assay, control fibroblasts successfully closed the scratch area
within 48 hours in response to TGF-B1, whereas c-Myc knockdown cells showed significantly delayed
wound closure (Fig. 5, D and E). Consistently, transwell assays using primary fibroblasts from three
different IPF patients showed similar reductions in cell migration. Across all patient-derived lines, the
TGF-B1-induced enhancement in migration was significantly blocked following c-Myc knockdown (Fig. 5,
F and G). Collectively, these findings indicate that c-Myc is indispensable for the TGF-B1-induced
hyperproliferative and migratory programs in IPF fibroblasts.
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3.6 c-Myc promotes cellular senescence and regulates
TGF-B1/Smad signaling in IPF fibroblasts

Cellular senescence is a key feature of IPF that contributes to disease progression. We first assessed
the expression of classic senescence markers. The mRNA levels of p53, p21, and p16 were significantly
increased in primary IPF fibroblasts compared to healthy donor controls (Fig. 6A). Consistently,
overexpression of c-Myc in IPF fibroblasts further increased the protein levels of these senescence
markers (Fig. 6B). We confirmed this functional change using SA-B-gal staining across primary
fibroblasts from three different IPF patients. The results showed that c-Myc overexpression significantly
increased the percentage of senescent cells (Fig. 6C). We next evaluated whether c-Myc knockdown
could inhibit this senescent phenotype. While TGF-B1 treatment increased the protein levels of p21 and
p16 in control cells, c-Myc silencing effectively prevented this upregulation (Fig. 6D). Similarly, RT-qPCR
analysis showed that the TGF-B1-induced increases in p53, p21, and Collagen | mRNA expression were
significantly blocked following c-Myc knockdown (Fig. 6E). To explore the underlying molecular
mechanisms, we examined the canonical TGF-B1/Smad signaling pathway. Western blot analysis
revealed that c-Myc knockdown strongly reduced the phosphorylation of Smad2 and Smad3 induced by
TGF-B1, indicating an impaired cellular response to profibrotic signaling (Fig. 6F).

To evaluate the broader impact of c-Myc depletion, we performed RNA sequencing (RNA-seq) on control
and c-Myc shRNA fibroblasts treated with TGF-B1. Consistent with our functional assays, Gene Ontology
(GO) and KEGG enrichment analyses revealed that c-Myc knockdown broadly suppressed profibrotic and
pathogenic gene networks. Specifically, pathways related to ECM organization and ECM-receptor
interactions were significantly downregulated, which directly supports our earlier observations of
reduced collagen deposition (Fig. S2). Moreover, c-Myc depletion markedly inhibited networks
associated with the cell cycle, cellular senescence, and the MAPK signaling cascade (Fig. 6, G and H).
These transcriptomic profiles confirm that removing c-Myc systemically blunts the proliferative,
senescent, and matrix-producing programs induced by TGF-B1. Together, these data demonstrate that c-
Myc promotes cellular senescence and is required for the activation of the profibrotic TGF-B1/Smad
signaling pathway in IPF fibroblasts.

4. Discussion

In this study, we identify c-Myc as a fibroblast-associated regulator of profibrotic activation and cellular
senescence in IPF [36]. It is characterized by aberrant proliferation of activated myofibroblasts and
pathological remodeling of the ECM, which causes the scarring and destruction of normal lung
architecture and function [37]. Recent studies indicate that c-Myc is significantly activated after
fibrogenic injury in multiple organs, implying that this protein might be implicated in the development of
organ fibrosis [32—-34]. Here, we provide evidence showing that: (i) c-Myc is substantially increased in the
lungs of patients with IPF and is prominently located in IPF fibroblasts; (ii) c-Myc participates in TGF-B1-
induced fibroblast activation, migration, and ECM production; (iii) c-Myc mediates the cellular
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senescence of fibroblasts during IPF pathogenesis; and most importantly, (iv) AAV9-mediated c-Myc
overexpression aggravates pulmonary fibrosis in vivo, while c-Myc downregulation can reduce the pro-
fibrotic and senescent phenotypes in primary IPF fibroblasts. Together, these data support a model in
which c-Myc amplifies fibroblast activation, senescence and matrix remodeling during pulmonary
fibrosis.

Our findings extend previous observations that c-Myc participates in fibrogenesis in other organs [38].
Overexpression of c-Myc can induce cell cycle progression and cell proliferation [39]. Previous studies
identified c-Myc+ fibroblasts in mouse obstructed kidneys, where c-Myc overexpression induced the
differentiation of fibroblasts into myofibroblasts via the activation of TGF-B1 signaling [32], suggesting
that c-Myc promotes pro-fibrotic responses. In the present study, we found that c-Myc levels were
markedly increased in the lung fibroblasts of IPF patients and BLM-treated mice, driving collagen
deposition and ultimately lung fibrosis, which is consistent with these previous observations. Although c-
Myc has been reported to modulate phenotypic transitions in other cell types within pulmonary or
vascular disorders—such as driving pulmonary arterial smooth muscle cell proliferation in pulmonary
arterial hypertension (PAH) [40]—our current study selectively focused on its explicit role in lung
fibroblasts during IPF progression.

While the pathogenic involvement of c-Myc in pulmonary fibrosis is increasingly recognized, its specific
regulatory networks are only beginning to be elucidated. For example, a recent notable study
demonstrated that c-Myc induces idiopathic pulmonary fibrosis via the modulation of the miR-9-5p-
mediated TBPL1 axis, highlighting its crucial role in fibroblast proliferation and differentiation [41]. Other
investigations have similarly linked the c-Myc signaling axis to aerobic glycolysis or epithelial-
mesenchymal transition in fibrotic lungs [42, 43]. Despite these important advances, previous research
has predominantly relied on murine models or immortalized human cell lines (e.g., HFL-1 and MRC-5)
[41], which may not fully recapitulate the complex, disease-specific microenvironment of human IPF.
Furthermore, these studies often restrict their mechanistic focus to specific non-coding RNAs or isolated
downstream targets. Our study addresses these critical limitations by utilizing scCRNA-seq to directly
map c-Myc upregulation to human IPF fibroblast subpopulations and by employing patient-derived
primary IPF fibroblasts for rigorous functional assays. Moving beyond specific miRNA pathways, our
findings bridge a key mechanistic gap by showing that c-Myc simultaneously drives two core features of
IPF: the hyperactivation of TGF-1/Smad signaling and cellular senescence.

The TGF-B1/Smad2/3 signaling pathway plays a central role in fibroblast activation and differentiation,
serving as a fundamental driver in the development of pulmonary fibrosis [44]. For instance, enhanced p-
Smad?2/3 levels have been consistently observed in the lung fibroblasts of IPF patients, implying that
elevated TGF-B activity dictates the fibrotic progression of IPF [8]. In the present study, we demonstrated
that c-Myc knockdown effectively suppressed the hyperactivation of the canonical TGF-f1/Smad2/3
signaling pathway. Consequently, the blockade of this signaling cascade significantly attenuated TGF-31-
induced myofibroblast differentiation, migration, and excessive ECM production. These findings suggest
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that c-Myc is not only induced by TGF-B1 but may also help maintain or amplify cellular responsiveness
to TGF-B1/Smad signaling.

Cellular senescence, a state of permanent cell cycle arrest, contributes significantly to the age-related
decline in tissue regenerative capacity and the pathophysiology of aging-related diseases, including IPF
[45, 46]. Multiple cell types, including alveolar epithelial cells, endothelial cells, macrophages, and
fibroblasts, have been shown to undergo senescence in IPF lungs [47]. Crucially, cellular senescence in
fibroblasts directly facilitates myofibroblast differentiation and persistent fibrogenesis [22]. In our in vitro
models, TGF-B1 stimulation robustly induced cellular senescence in primary IPF lung fibroblasts,
consistent with previous reports [18, 48]. c-Myc overexpression enhanced these senescent phenotypes,
whereas c-Myc knockdown attenuated SA-B-gal activity and reduced senescence-marker expression.
Furthermore, senescent cells characteristically develop a SASP, releasing a myriad of pro-inflammatory
cytokines and chemokines [49]. Although we observed changes in senescence markers and SA-B-gal
activity, the full SASP program and its functional contribution were not comprehensively tested.
Interestingly, the pro-senescent role of c-Myc in IPF fibroblasts parallels the well-documented
phenomenon of oncogene-induced senescence (0IS) observed in various malignancies, such as
osteosarcoma and lymphoma, where aberrant c-Myc hyperactivation triggers a senescent response [31].
In vivo, our data further corroborated this axis, revealing that AAV9-mediated c-Myc overexpression
markedly exacerbated cellular senescence and senescence-associated marker expression in the lungs
of BLM-injured mice. Given that canonical Smad2/3 signaling is a critical driver of cellular senescence in
IPF [50], the anti-senescent effects achieved via c-Myc knockdown can likely be attributed to the
concurrent uncoupling of the TGF-31/Smad2/3 cascade.

In summary, our study demonstrated that c-Myc is significantly upregulated in the lungs and primary
fibroblasts of IPF patients, as well as in BLM-injured mice. Mechanistically, targeted c-Myc inhibition
effectively suppressed the activation and differentiation of IPF fibroblasts into myofibroblasts while
mitigating cellular senescence in vitro, whereas AAV9-mediated c-Myc overexpression exacerbated these
fibrotic and senescent phenotypes in vivo. However, we acknowledge certain limitations in the present
study. Notably, while our data definitively establish c-Myc as a critical disease driver, we have not yet
evaluated the efficacy of targeted in vivo therapeutic interventions, such as the post-injury administration
of pharmacological c-Myc inhibitors or fibroblast-specific conditional knockout in animal models.
Addressing these therapeutic windows and evaluating the safety profile of systemic c-Myc inhibition will
be the primary focus of our future investigations to bridge the bench-to-bedside gap. Nonetheless, our
findings provide compelling proof-of-concept that targeting the c-Myc signaling axis represents a
promising translational strategy for the treatment of pulmonary fibrosis in clinical settings.

5. Conclusions

c-Myc is substantially upregulated in idiopathic pulmonary fibrosis and functions as a critical driver that
promotes myofibroblast activation, extracellular matrix production, and cellular senescence via the
canonical TGF-B1/Smad signaling pathway. While in vivo c-Myc overexpression exacerbates bleomycin-
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induced lung injury, targeted knockdown of c-Myc effectively uncouples these profibrotic responses and
mitigates the senescent phenotype. These findings highlight c-Myc as an indispensable amplifier of the
fibrogenic network and identify it as a promising therapeutic target for preventing or attenuating
pulmonary fibrosis.
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Expression patterns of c-Myc and fibrotic markers in clinical IPF cohorts and patient-derived primary
fibroblasts. (A)Cell type annotation and clustering of scRNA-seq data from human lung tissues
visualized by t-SNE plot. (B) t-SNE feature plots comparing c-Myc expression patterns in healthy donors
(left) versus IPF patients (right). (C)Violin plots illustrating the expression levels of c-Myc across diverse
cell types in donor (red) versus IPF (blue) lung tissues. (D) RT-qPCR analysis of c-Myc, Fibronectin,
Collagen |, and a-SMA mRNA expression in lung tissues from healthy donors and IPF patients. (E)
Representative western blot images of c-Myc, Collagen |, and Fibronectin protein levels in lung tissue
homogenates from donors and IPF patients. GAPDH was used as the loading control. (F) Densitometric
quantification of c-Myc, Fibronectin, and Collagen | protein levels normalized to GAPDH. (G)
Representative western blot images of c-Myc, Collagen |, and Fibronectin protein expression in primary
lung fibroblasts isolated from healthy donors and IPF patients. (H)RT-gPCR analysis of c-Myc, Collagen |,
and Fibronectin mRNA expression in primary lung fibroblasts isolated from healthy donors and IPF
patients. Data are presented as mean + SEM. Statistical significance was determined using Student’s t-
test (*p < 0.05, p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant).
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Figure 2

Functional impact of c-Myc overexpression on the activation, proliferation, and migratory capacities of
primary IPF fibroblasts. (A)Western blot analysis of c-Myc, Collagen |, and Fibronectin protein
expression in primary IPF fibroblasts treated with the indicated concentrations of TGF-B1 (0, 2, 5,and 10
ng/mL) for 48 h. (B) RT-gPCR analysis of c-Myc, Fibronectin, Collagen I, and a-SMA mRNA levels in
primary IPF fibroblasts following transduction with control (Con) or lentiviral c-Myc overexpression (c-
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Myc OE) vectors. (C and D) Representative western blot images (C)and corresponding densitometric
quantification (D) of c-Myc, Collagen |, Fibronectin, and a-SMA protein expression in Con and c-Myc OE
IPF fibroblasts. GAPDH was used as the loading control. (E and F) Representative fluorescence images
of the EdU incorporation assay (E) and quantitative analysis of EdU-positive cells per field (F) in Con and
c-Myc OE IPF fibroblasts. (G) Western blot analysis of the proliferation marker Ki-67 in Con and c-Myc OE
IPF fibroblasts. (H and J) Representative brightfield images of the wound-healing assay captured at 0,
24, and 36 hours post-scratch (H), alongside the quantification of the wound healing percentage (J). (I
and K) Representative images of the transwell migration assay utilizing primary fibroblasts derived from
three independent IPF patients (Patient 1, Patient 2, and Patient 3) (l), and the corresponding
quantification of migrating cells per field (K). Data are presented as mean + SEM. Statistical significance
was determined using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 3

Expression of c-Myc in BLM-treated mice and the effect of its overexpression on pulmonary fibrosis.
(A)RT-gPCR analysis of c-Myc, Collagen I, and Fibronectin mRNA expression in the lung tissues of control
(Con) and BLM-treated mice. (B) Western blot analysis of c-Myc, Collagen I, and Fibronectin protein
levels in the indicated mouse lung tissues. GAPDH served as the loading control. (C) Western blot
validation of c-Myc overexpression in mouse fibroblasts transduced with different doses of AAV9-c-Myc
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OE or a control vector (AAV9-NC). (D)Schematic diagram of the animal experimental design. Mice
received an intratracheal instillation of AAV9 vectors 14 days prior to BLM injury, and lung tissues were
evaluated at day 21 post-BLM. (E) Representative Micro-CT images, including airway 3D modeling, axial,
and coronal views, of mouse lungs from the Sham, AAV9-NC+BLM, and AAV9-c-Myc OE+BLM groups.
(F)Quantitative analysis of the total lung volume in the indicated groups. (G)Quantitative analysis of the
percentage of fibrosis area in the indicated groups. (H) Representative H&E staining of whole lung
sections (top row; scale bar: 1000 pm) and magnified views (middle row; scale bar: 50 pm), alongside
the corresponding automated histological analysis images (bottom row; scale bar: 1000 pm) evaluating
the damaged areas (green: normal lung tissue; blue: fibrotic lesions). Data are presented as mean +
SEM. Statistical significance was determined using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001,
***+%p < 0.0001, ns = not significant).
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Figure 4

Impact of targeted c-Myc knockdown on TGF-B1-induced myofibroblast activation and ECM production
in primary IPF fibroblasts. (A)Representative brightfield and fluorescence images demonstrating the
transduction efficiency of three different lentiviral c-Myc shRNA constructs (shRNA 1, 2, and 3) in 293T
cells. Scale bar: 250 pm. (B and C) RT-qPCR (B) and western blot analysis (C) evaluating the knockdown
efficiency of the three c-Myc shRNA sequences in 293T cells. GAPDH served as the loading control. (D)

IPF fibroblast
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RT-gPCR analysis of c-Myc, Fibronectin, Collagen |, and a-SMA mRNA expression in primary IPF
fibroblasts transduced with control (Con) or c-Myc shRNA, followed by treatment with or without TGF-B1
(10 ng/mL) for 48 h. (E)Representative western blot images showing the protein levels of c-Myc,
Fibronectin, Collagen I, and a-SMA in the indicated experimental groups. (F)Representative
immunofluorescence images of Collagen | (red) in primary IPF fibroblasts. GFP indicates successfully
transduced cells, and nuclei were counterstained with DAPI (blue). Scale bar: 100 pm. (G)Quantitative
analysis of Collagen I-positive cells per field. Data are presented as mean + SEM. Statistical significance
was determined using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not
significant).
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Figure 5

Impact of c-Myc knockdown on TGF-B1-induced proliferation and migration in primary IPF fibroblasts.
(A)Representative fluorescence images of the EdU incorporation assay (EdU: red; DAPI: blue) in primary
IPF fibroblasts transduced with control (Con) or c-Myc shRNA, in the presence or absence of TGF-1 (10
ng/mL). Scale bar: 100 um. (B)Quantitative analysis of EdU-positive cells per field. (C) Western blot
analysis of cell proliferation markers PCNA and Ki-67 in the indicated experimental groups. GAPDH
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served as the loading control. (D and E)Representative brightfield images of the wound-healing assay
captured at 0, 12, and 48 h post-scratch (D), and corresponding quantification of the wound healing
percentage at 48 h (E). Scale bar: 150 um. (F and G)Representative images of transwell migration assays
utilizing primary fibroblasts from three different IPF patients (Patient 1, Patient 2, and Patient 3) (F), and
the corresponding quantification of migrating cells per field (G). Scale bar: 150 um. Data are presented
as mean + SEM. Statistical significance was determined using Student’s t-test (*p < 0.05, **p< 0.01, ***p

< 0.001, ****p < 0.0001).
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Figure 6

c-Myc promotes cellular senescence and regulates TGF-B1/Smad signaling in IPF fibroblasts. (A) RT-
gPCR analysis of senescence markers p53, p21, and p16 in primary fibroblasts from healthy donors and
IPF patients. (B) Western blot analysis of p53, p21, and p16 protein levels in control (Con) and c-Myc
overexpressing (c-Myc OE) IPF fibroblasts. GAPDH served as the loading control. (C) Representative
images and quantification of SA-B-gal staining in primary fibroblasts from three different IPF patients
(Patient 1, Patient 2, and Patient 3) with or without c-Myc overexpression. (D) Western blot analysis of
p21 and p16 in control and c-Myc shRNA-transduced IPF fibroblasts treated with or without TGF-B1 (10
ng/mL). (E) RT-gPCR analysis of p53, p21, and Collagen | mRNA expression in the indicated groups. (F)
Western blot analysis of c-Myc, p-Smad2, Smad2, p-Smad3, and Smad3 in control and c-Myc knockdown
IPF fibroblasts treated with or without TGF-B1. (G and H) Gene Ontology (GO) biological process (G) and
KEGG pathway (H) enrichment analysis showing downregulated pathways in c-Myc shRNA fibroblasts
compared to control fibroblasts under TGF-B1 treatment. Data are presented as mean + SEM. Statistical
significance was determined using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns
= not significant).
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