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Abstract
Background  Idiopathic pulmonary fibrosis (IPF) is a fatal and progressive respiratory disease characterized by 
aberrant epithelial remodeling, excessive extracellular matrix (ECM) deposition, and fibroblast activation. Although 
LKB1-AMPK signaling axis is known to suppress epithelial-to-mesenchymal transition (EMT) and lung fibrosis, the 
upstream regulatory mechanisms governing this pathway remain unclear. General control non-depressible 5 (GCN5) 
is a lysine acetyltransferase that modulates protein function and cellular pathways via acetylation, but its contribution 
to lung fibrosis has not been investigated.

Methods  To investigate the role of GCN5 in pulmonary fibrosis, we analyzed publicly available transcriptomic 
datasets from IPF patients. GCN5 expression was validated in lung tissues from IPF patients and mouse fibrosis 
models (lung-specific TGF-β1 transgenic and bleomycin-treated mice) using immunohistochemistry. Protein-protein 
interactions between GCN5 and LKB1 were assessed by co-immunofluorescence in mouse tissues and in vitro 
translation followed by immunoprecipitation. LKB1 acetylation sites were identified using in silico docking system and 
functionally validated by site-directed mutagenesis. GCN5 knockdown and overexpression were performed in lung 
epithelial cells to examine downstream signaling. To evaluate therapeutic potential, GCN5-expressing adenovirus was 
delivered intratracheally to bleomycin-treated mice.

Results  Here, we revealed a significantly reduced expression of GCN5 in lung tissues from both patients with IPF 
and lung fibrosis mouse models. Notably, GCN5 directly bound to liver kinase B1 (LKB1), a master regulator of AMP-
activated protein kinase (AMPK), and acetylated LKB1 lysine residues at its C-terminal region. In particular, GCN5-
mediated LKB1 acetylation at lysine 431 (K431) enhanced LKB1 kinase activity. GCN5 knockdown in lung epithelial 
cells reduced LKB1 acetylation at K431, leading to decreased AMPK phosphorylation and subsequent promotion of 
EMT. Conversely, GCN5 overexpression reversed transforming growth factor-beta–induced profibrotic phenotype. 
Furthermore, adenovirus-mediated overexpression of GCN5 alleviated fibrosis in bleomycin-treated mice.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic intersti-
tial lung disease characterized by an unknown etiology 
and poor clinical outcome. Patients with IPF commonly 
experience dyspnea, dry cough, and reduced exercise tol-
erance, which significantly affect their quality of life [1, 
2]. Current research paradigms indicate that repetitive 
lung epithelium injury triggers a pathogenic cascade that 
culminates in differentiation into matrix-producing myo-
fibroblasts. Excessive extracellular matrix (ECM) deposi-
tion causes irreversible lung tissue scarring and impairs 
respiratory function [3, 4]. Despite ongoing research, a 
comprehensive understanding of the biological mecha-
nisms driving IPF remains incomplete, highlighting the 
urgent need for further studies to identify the key regula-
tory factors involved in fibrosis progression.

The pathogenesis of IPF involves multiple cellular and 
molecular processes. The key mechanisms implicated in 
the development of IPF include epithelial-to-mesenchy-
mal transition (EMT), chronic inflammation, and fibro-
cyte recruitment [5–7]. Among these, EMT is a biological 
process in which epithelial cells lose their polarity and 
cell–cell adhesion properties. Subsequently, they acquire 

mesenchymal characteristics, including enhanced migra-
tory capacity and increased ECM production [8]. In the 
context of IPF pathogenesis, persistent lung epithelial 
injury is considered a primary initiating factor for EMT, 
wherein damaged lung epithelial cells downregulate epi-
thelial markers, such as E-cadherin and ZO-1, while 
upregulating mesenchymal markers, including N-cad-
herin, Vimentin, and ZEB1 [9–11]. Bronchial and alveo-
lar epithelial cells have been reported to undergo EMT 
and adopt fibroblast-like characteristics in response to 
transforming growth factor-beta (TGF-β) stimulation 
[12–14]. EMT-derived cells do not fully transdifferenti-
ate into fibroblasts; however, they actively support the 
formation of a pro-fibrotic microenvironment through 
paracrine signaling [15]. They secrete various cytokines 
and growth factors that stimulate resident fibroblasts and 
increase ECM remodeling. This epithelial–mesenchymal 
crosstalk creates a self-perpetuating loop that reinforces 
fibrotic responses in the affected tissue [16]. Further-
more, epithelial cells that undergo EMT exhibit increased 
expression of fibrosis markers such as collagen and con-
nective tissue growth factor [17].

Conclusions  Our findings identify GCN5 as a novel upstream regulator of the LKB1–AMPK signaling in lung epithelial 
cells. GCN5 deficiency in fibrotic conditions reduces LKB1 acetylation and disrupts epithelial homeostasis, facilitating 
EMT and fibrosis progression. Restoring GCN5 expression rescues this signaling axis and mitigates fibrosis, highlighting 
its potential as a therapeutic target of IPF.
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Several pathophysiological processes are implicated 
in the regulation of EMT and fibrosis, including the 
AMP-activated protein kinase (AMPK), Notch, PI3K/
Akt, and TGF-β signaling pathway [18, 19]. Among 
these, AMPK activation has been associated with the 
suppression of fibrotic responses. For instance, AMPK 
activation inhibits TGF-β–induced fibroblast activation, 
thereby reducing collagen accumulation [20–23]. Liver 
kinase B1 (LKB1 or STK11) is a major upstream activa-
tor of AMPK [24] and is essential for maintaining cellular 
energy balance and regulating cell proliferation [25–27]. 
LKB1 dysregulation has been implicated in fibrosis and 
tumorigenesis [28–30], with its inactivation promot-
ing EMT through ZEB1 upregulation, thus facilitating 
invasion and metastasis in lung cancer [29]. In addition, 
LKB1 downregulation in alveolar epithelial cells impairs 
autophagy and induces EMT [28].

The activity of LKB1 is intricately controlled by various 
post-translational modifications [31–34]. Although LKB1 
phosphorylation has been extensively investigated in var-
ious diseases [35, 36], LKB1 acetylation and its biological 
significance remain elusive. Considering the crucial role 
of LKB1 in AMPK activation and fibrosis suppression, 
identifying the regulatory mechanisms of its acetylation 
may provide novel insights into the pathogenesis of pul-
monary fibrosis.

General control non-depressible 5 (GCN5 or KAT2A) 
is a core member of the GCN5-related N-acetyltransfer-
ase (GNAT) family and functions as the catalytic com-
ponent of the Spt-Ada-GCN5 acetyltransferase complex, 
which is essential for transcriptional regulation via chro-
matin remodeling [37, 38]. GCN5 exhibits both histone 
acetyltransferase (HAT) and lysine acetyltransferase 
(KAT) activity. As an acetylation regulator, GCN5 plays 
crucial roles in cancer, metabolic disorders, and inflam-
matory diseases by contributing to a wide range of bio-
logical processes [39–41]. While the pathological role of 
other HATs, such as p300 and CBP, has been extensively 
documented in pulmonary fibrosis [42–46], the specific 
function of GCN5 remains unknown. Therefore, eluci-
dating the pathophysiological role of GCN5 is crucial for 
uncovering molecular mechanisms underlying pulmo-
nary fibrosis.

In this study, we demonstrated the antifibrotic role of 
GCN5 and its regulatory effect on LKB1 acetylation in 
pulmonary fibrosis. We observed that GCN5 expression 
was significantly downregulated in fibrotic lungs. GCN5 
downregulation reduces LKB1 acetylation, thereby 
decreasing AMPK phosphorylation and increasing EMT, 
contributing to fibrosis progression. In contrast, GCN5 
overexpression attenuated pulmonary fibrosis in both 
in vitro and in vivo models. These findings suggest that 
GCN5 is a novel regulator of pulmonary fibrosis and 
highlight its potential as a therapeutic target for IPF.

Methods
Human samples
Human lung samples were obtained from the tissue bank 
at Severance Hospital (Seoul, Korea). Tissues from the 
normal lung portions of patients with lung cancer were 
used as control samples in this study. Patients with IPF 
fulfilled the diagnostic criteria established by the Ameri-
can Thoracic Society and the European Respiratory Soci-
ety, and the diagnosis of IPF was supported by history, 
physical examination, pulmonary function studies, and 
chest high-resolution computed tomography.

Mouse models
All animal experiments were approved by the Yonsei 
University College of Medicine Institutional Animal Care 
and Use Committee (IACUC No. 2023-0025). Eight-
week-old C57BL/6 male mice (Orient Bio, Korea) were 
used as lung injury models. The mice were anesthetized 
intraperitoneally with Zoletil (50  mg/mL) and Rompun 
(23.32 mg/mL), followed by an intratracheal injection of 
2  mg/kg of bleomycin (BLM; sc-200134  A; Santa Cruz 
Biotechnology, USA) with a 30-gauge needle. The con-
trol group received the same volume of saline. Lung tis-
sue samples were collected 14 days after BLM instillation. 
To induce TGF-β1 overexpression, 8-week-old TGF-β1 
transgenic mice (Ccsp-rtTA-tTs-TGF-β1) and littermate 
controls were randomized to normal or 0.5  mg/mL of 
doxycycline (DOX)-containing water [47]. DOX admin-
istration was maintained for 4 weeks, and the mice were 
then sacrificed. To induce GCN5 overexpression in mice, 
Ad5-GCN5-HA (2.0 × 1011 VP) was administered via 
intratracheal injection. Lung tissues and bronchoalveolar 
lavage (BAL) fluid were collected 8 days post injection. 
In vivo viral infection was confirmed by the expression 
of green fluorescence in the lung tissue. The mice were 
housed in a specific pathogen-free condition and 12-h 
light/dark cycle conditions.

Cell culture and reagents
The human bronchial epithelial cell line BEAS-2B (CRL-
3588; ATCC, USA) was maintained in RPMI1640 (10-
040-CV; Corning Inc., USA) medium supplemented with 
10% fetal bovine serum (FBS) (35-015-CV; Corning Inc., 
USA) and 1% antibiotic–antimycotic solution at 37℃ 
under 5% CO2. The mouse bronchial epithelial cell line 
C22 (Sigma-Aldrich, USA) was maintained in permis-
sive conditions (Dulbecco’s Modified Eagle’s Medium 
[DMEM; 10-013-CV; Corning, USA] supplemented with 
2% FBS, penicillin [100 U/mL], streptomycin [100  µg/
mL], endothelin-1 [0.25  µg/mL], insulin [10  µg/mL], 
transferrin [5  µg/mL], endothelial cell growth supple-
ment [7.5  µg/mL], epidermal growth factor [0.025  µg/
mL], hydrocortisone [0.36 µg/mL], and T3 [0.02 µg/mL] 
at 33℃ under 5% CO2). RLE-6TN, HEK293FT cells were 
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cultured in DMEM. Cells were transferred to the serum-
free medium and subjected to starvation for 2 h. Subse-
quently, 20 ng/mL of TGF-β1 (CYT-716; ProSpec, Israel) 
was added, and the cells were collected 24 h later.

Immunoprecipitation (IP) and western blotting
The cells were washed with ice-cold phosphate-buffered 
saline (PBS) and collected. Cell pellets were lysed in lysis 
buffer (50 mM Tris-HCl, 150 mM NaCl, 0.2% Triton 
X-100, 1.5% MgCl2, 0.3% NP-40, 1 mM ethylene glycol 
tetraacetic acid, and 1 mM ethylenediaminetetraacetic 
acid [EDTA]) supplemented with a protease inhibitor 
cocktail (P3100-020; GenDEPOT, USA) and phosphatase 
inhibitors (200 mM Na3VO4 and 200 mM NaF) on ice 
for 30 min. The lysates were cleared by centrifugation at 
13,000 rpm for 15 min at 4℃. Protein concentration was 
determined using a 660-nm protein assay reagent (22660; 
Thermo Fisher Scientific, USA).

For immunoprecipitation, lysates were precleared by 
incubation with protein A/G beads at 4℃ for 1  h with 
gentle rotation. The beads were removed by centrifuga-
tion at 3,500 rpm for 3 min. The precleared lysates were 
incubated with the primary antibody at 4℃ for 2 h. Pro-
tein A/G beads were prewashed three times with lysis 
buffer before being added to the lysate–antibody mixture. 
After overnight incubation at 4℃, the beads were washed 
five times with lysis buffer to remove unbound proteins. 
The immunoprecipitated complexes were eluted by boil-
ing with sodium dodecyl sulfate sample buffer at 95℃ for 
5 min. For negative controls, mouse IgG was used under 
identical immunoprecipitation conditions.

Equal amounts of whole-cell extract and immunopre-
cipitated eluates were separated with polyacrylamide 
gel electrophoresis and transferred to polyvinylidene 
difluoride membranes (IPVH00010; Merck, Germany). 
The membranes were blocked with 5% nonfat milk in 
PBS containing Tween-20 (PBST) at room tempera-
ture for 2  h and then probed with primary antibodies. 
The following antibodies were used: anti-GCN5 (3305; 
Cell signaling, USA), anti-LKB1 (sc-32245; Santa Cruz 
Biotechnology, USA), anti-phospho-LKB1 (sc-271924; 
Santa Cruz Biotechnology, USA), anti-Flag M2 (F3165, 
Sigma-Aldrich, USA), anti-Myc (2278; Cell signaling, 
USA), anti-HA (3724; Cell signaling, USA), anti-β-actin 
(A5441; Sigma-Aldrich, USA), anti-phospho-AMPKα 
T172 (2535; Cell signaling, USA), anti-Acetylated-Lysine 
(9441; Cell signaling, USA), anti-E-cadherin (3195; Cell 
signaling, USA), anti-ZO-1 (61-7300; Invitrogen, USA), 
anti-N-cadherin (13116; Cell signaling, USA), anti-
Vimentin (sc-32322; Santa Cruz Biotechnology, USA), 
anti-α-SMA (ab5694; Abcam, UK), anti-Col1a1 (72026; 
Cell signaling, USA), and anti-Acetylated-LKB1 K431 
(Abfrontier, USA). After three washes with PBST, the 
membranes were incubated with horseradish peroxidase 

(HRP)-conjugated secondary anti-rabbit or anti-mouse 
antibody at 25℃ for 1  h. Chemiluminescence signals 
were detected and visualized using the LAS-3000 system 
(Fujifilm, Stanford, CT, USA).

Molecular docking of GCN5 with LKB1
Using the primary sequence of the protein, the three-
dimensional (3D) structure was generated with Alpha-
Fold 3 (https://alphafoldserver.com) [48]. ​K​n​o​w​l​e​d​g​e​-​b​
a​s​e​d protein–protein docking of GCN5 with LKB1 was 
performed with the Easy interface of the HADDOCK 2.2 
(High Ambiguity-Driven biomolecular DOCKing) web-
server [49]. HADDOCK ​(​​​h​t​t​p​s​:​/​/​w​e​n​m​r​.​s​c​i​e​n​c​e​.​u​u​.​n​l​​​​​) 
considers experimental data to drive the molecular dock-
ing process, unlike ab initio docking protocols that use 
only the coordinates of structures [50]. The docking strat-
egy followed by HADDOCK involves three steps: (1) ran-
domization of molecular orientations followed by energy 
minimization to remove steric clashes, (2) torsion angle 
dynamics using torsion angles as degrees of freedom, 
and (3) refinement in an explicit solvent using Cartesian 
space. A total of 200 clusters obtained from HADDOCK 
were assessed for interactions between GCN5 and LKB1 
using PyMOL. The protein–protein interactions were 
analyzed on PDBePISA, which was employed to identify 
interacting interfaces, hydrogen bonds, Gibbs free energy 
(ΔGint, kcal/mol), salt bridges, non-bonded contacts, 
tunnels, and pores of the complex. Finally, binding affin-
ity was calculated from the PRODIGY online server (​h​t​t​
p​​s​:​/​​/​w​e​n​​m​r​​.​s​c​​i​e​n​​c​e​.​u​​u​.​​n​l​/​p​r​o​d​i​g​y​/) [51], and the binding 
affinity scores are ​p​r​o​v​i​d​e​d in Supplementary Table 2. 

Immunostaining
For immunohistochemistry (IHC), lung sections were 
deparaffinized and rehydrated through gradient etha-
nol. Antigen retrieval was performed using citrate-based 
antigen-unmasking solution (H3300-250; Vector Labora-
tories, USA) at 95℃ for 10 min and blocked with block-
ing buffer (S2023; Dako, USA) at room temperature. 
After blocking, the slides were incubated with the fol-
lowing primary antibodies: anti-GCN5 (sc-365321; Santa 
Cruz Biotechnology, USA) and anti-α-SMA (ab5694; 
Abcam, UK). The expression level was identified using 
the HRP-conjugated secondary antibody (K5007; Dako, 
USA) for 1 h at room temperature, followed by 1 min of 
3,3’-Diaminobenzidine (DAB) solution (SK-4100; Vector-
lab, USA) and hematoxylin counterstaining.

Sample preparation for immunofluorescence (IF) was 
identical to that of IHC until the application of the pri-
mary antibodies. The primary antibodies used included 
anti-GCN5 (sc-365321; Santa Cruz Biotechnology, USA), 
anti-LKB1 (NBP1-87817; Novus Biologicals, USA), anti-
N-cadherin (13116; Cell Signaling, USA), anti-N-cad-
herin (33-3900; Invitrogen, USA), anti-Col1a1 (72026; 

https://alphafoldserver.com
https://wenmr.science.uu.nl
https://wenmr.science.uu.nl/prodigy/
https://wenmr.science.uu.nl/prodigy/
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Cell Signaling, USA), anti-SPC (sc-518029; Santa Cruz 
Biotechnology, USA), anti-CCSP (sc-9773; Santa Cruz 
Biotechnology, USA), and anti-ZO-1 (61-7300; Invi-
trogen, USA). The secondary antibodies used were 
DyLight 488 anti-mouse (DI-2488; Vectorlab, USA) 
and DyLight 549 (DI-1549). The slides were mounted 
with 4′,6-diamidino-2-phenylindole (DAPI)-containing 
mounting medium (ab104139; Abcam, UK) and stored at 
4℃ in the dark. A Zeiss LSM780 confocal laser-scanning 
microscope was used for obtaining and analyzing the 
images.

For immunocytochemistry (ICC), BEAS-2B cells were 
fixed with 4% paraformaldehyde for 20 min at room tem-
perature and washed three times with PBS. The cells were 
then permeabilized using 0.3% Triton X-100 for 15 min 
and blocked with 3% bovine serum albumin for 30 min. 
After overnight incubation with primary antibodies at 
4℃, the cells were washed with PBS and incubated with a 
solution containing secondary antibodies for 1 h at room 
temperature.

In vitro acetylation assay
GST-fused LKB1 proteins were purified from 
Escherichia coli BL21 (DE3) transformed with 
pGEX-4T1. E. coli were induced with 0.5 mM isopropyl-
β-D-thiogalactopyranoside (I6758; Sigma-Aldrich, USA) 
for 20 h at 16℃. The cells were lysed by sonication in lysis 
buffer (40 mM HEPES, 100 mM KCl, 0.2 mM EDTA, 5 
mM MgCl2, 0.1% Nonidet P-40, 10% glycerol, 1.5 mM 
dithiothreitol, and protease inhibitor cocktail). The 
GST-tagged recombinant proteins were purified using 
glutathione-agarose resin (Peptron, Korea). The purified 
proteins were incubated with in vitro translated GCN5 
using a TNT T7 Quick Coupled Transcription/Transla-
tion kit (L1170; Promega, UK) at 4℃. The bound proteins 
were eluted and subjected to immunoblotting analysis 
with anti-Acetylated-Lysine antibody (9441; Cell Signal-
ing, USA).

RNA extraction and quantitative reverse transcription–
polymerization chain reaction (qRT-PCR)
RNAiso Plus (9109; Takara, Japan) was used to isolate 
total RNA from mouse lung tissue and cells, following the 
manufacturer’s protocol. A NanoDrop 2000 spectrom-
eter (Thermo Fisher Scientific) was used to measure RNA 
concentration and purity, while the CellScript reverse 
transcription kit (CDS-400; Cellsafe, Korea) was used 
to synthesize cDNA from total RNA. qPCR amplifica-
tion was detected using FastStart Universal SYBR Green 
Master reagent (04913914001; Roche, Switzerland) on a 
real-time PCR system. Gene expression levels were nor-
malized to ACTB, and all samples were analyzed in trip-
licate. Supplementary Table 1 lists the primer sequences 
used in this study.

Site-directed mutagenesis and transfection
Site-directed mutagenesis of FLAG-LKB1 was con-
ducted using the Phusion Flash High-Fidelity PCR 
master mix (F-548; Thermo Fisher Scientific, USA), fol-
lowing the manufacturer’s instructions. TransIT-X2 
(MIR6000; Mirus Bio, USA) was used to perform tran-
sient transfection.

In vitro translation
In vitro synthesis of protein complexes was performed 
using the TNT Quick Coupled Transcription/Translation 
System (L1170; Promega, UK), following the manufac-
turer’s protocol. In brief, plasmid DNA constructs encod-
ing human GCN5 and LKB1 under the control of the T7 
promoter were used as templates for protein production. 
Each reaction contained 1.5 µg of plasmid DNA, 15 µL of 
TNT T7 Quick Master Mix, 1 µL of 1 mM Methionine, 
and 7.5 µL of nuclease-free water. Each reaction mix was 
incubated for 90 min at 30℃, and 20 µL of each reaction 
mixture was incubated with Flag M2 beads for the immu-
noprecipitation assay.

Small interfering RNAs (siRNAs)
All siRNAs were produced by GENOLUTION and trans-
fected using RNAiMAX (13778150; Thermo Fisher Sci-
entific, USA). The following siRNA sequences were used 
for GCN5 knockdown: for siGCN5 #1, sense 5′-​G​C​C​U​
C​C​A​U​U​U​G​A​G​A​A​A​C​C​U​A​A​U​A-3′ and antisense 5′-​U​A​
U​U​A​G​G​U​U​U​C​U​C​A​A​U​G​G​A​G​G​G​C-3′; for siGCN5 #2, 
sense 5′-​G​A​G​A​U​C​U​A​U​G​G​G​G​C​A​A​A​C​U​C​U​C​C-3′ and 
antisense 5′-​G​G​A​G​A​G​U​U​U​G​C​C​C​C​A​U​A​G​A​U​C​U​C-3′; 
for negative control, sense 5′-​C​C​U​C​G​U​G​C​C​G​U​U​C​C​A​U​
C​A​G​G​U​A​G​U​U-3′ and antisense 5′- ​C​U​A​C​C​U​G​A​U​G​G​A​
A​C​G​G​C​A​C​G​A​G​G​U​U-3′.

Transwell migration assay
Cell migration was evaluated using Transwell chambers 
with 8  μm pore size polycarbonate membranes (37824, 
SPL, Korea), precoated with Matrigel. 24  h after trans-
fection, 4 × 104 cells in 200 µL serum-free medium were 
seeded into the upper chamber. The lower chambers 
were filled with 800 µL serum-free medium with or with-
out 20 ng/mL TGF-β to serve as a chemoattractant. After 
incubation at 37℃ for 24 h, cells that had migrated to the 
lower chamber were fixed with 4% paraformaldehyde for 
5  min, permeabilized with 100% methanol for 20  min, 
and stained with 0.1% crystal violet for 30 min at room 
temperature. Non-migrating cells on the upper surface 
of the membrane were carefully removed with a cotton 
swab. Migrated cells were counted under a light micro-
scope at ×200 magnification. The migration assay was 
performed in triplicate.
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Wound healing assay
BEAS-2B cells were seeded into 6-well plates at a den-
sity of 2 × 105 cells/well and allowed to attach overnight. 
The cells were then transfected, and after 24  h, a linear 
scratch was created across the cell layer using a sterile 
10 µL pipette tip. Detached cells were removed by gen-
tly washing with PBS, and the cells were subsequently 
cultured in complete medium with or without 20 ng/mL 
TGF-β for 24  h. Cell migration was quantified by mea-
suring the distance migrated into the wound area using 
ImageJ software.

Hydroxyproline assay
Hydroxyproline content was quantified in mouse lung 
tissue (10  mg) using the hydroxyproline assay kit (BM-
HYP-100; BIOMAX, Korea) following the manufacturer’s 
protocol. Briefly, samples were homogenized, acid-hydro-
lyzed, neutralized, and then processed through the oxi-
dation and chromogenic development steps of the kit. 
Absorbance was measured at 560 nm, and concentrations 
were calculated from a hydroxyproline standard curve.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism version 10 (GraphPad Software, USA). Data are 
presented as the mean ± standard deviation from at least 
three independent biological replicates. Comparisons 
between the two experimental groups were conducted 
using the Mann–Whitney test. One-way analysis of vari-
ance followed by Tukey’s post hoc test was used for mul-
tiple comparisons. Statistical significance was denoted as 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. A P-value 
of < 0.05 was considered statistically significant.

Results
Expression of GCN5 is reduced in pulmonary fibrosis
To explore whether GCN5 expression is dysregulated 
in IPF, we first analyzed the publicly available transcrip-
tomic dataset from the lung tissues of patients with IPF 
and healthy controls [52]. We revealed a significantly 
downregulated GCN5 in patients with IPF compared 
with the controls (Fig. 1A). Consistently, single-cell RNA 
sequencing data analysis from the integrated Human 
Lung Cell Atlas [53] further confirmed diminished GCN5 
expression in the epithelial cells of IPF lungs (Fig. 1B).

To assess the clinical and pathophysiological rele-
vance of GCN5 in IPF, we then investigated the expres-
sion levels of GCN5 in lung tissues from patients with 
IPF and two distinct pulmonary fibrosis mouse mod-
els. IHC analysis revealed a significantly reduced GCN5 
protein level in the IPF lungs compared with the con-
trol samples (Fig.  1C). To further validate our observa-
tions in human samples, we assessed the expression 
levels of GCN5 in an inducible transgenic mouse model 

(Ccsp-rtTA-tTs-TGF-β1), in which lung cell–specific 
DOX-induced TGF-β overexpression drives lung fibrosis 
(Figs.  1D and E), and in the lungs of BLM-treated mice 
(Figs.  1F and G). Both lung fibrosis models exhibited a 
significant decrease in GCN5 expression in fibrotic lung 
tissue.

We next examined the regional distribution of GCN5 
by performing co-immunofluorescence (co-IF) staining 
using club cell secretory protein (CCSP) and surfactant 
protein C (SPC) as markers for bronchial and alveolar 
epithelial cells, respectively. In PBS-treated control lungs, 
GCN5 was preferentially expressed in the bronchial epi-
thelium compared to the alveolar region. Following BLM 
administration, while GCN5 levels decreased in both 
compartments, the reduction was markedly more pro-
found in CCSP-positive bronchial epithelial cells (Supple-
mentary Fig. 1).

Consistent with these in vivo findings showing promi-
nent downregulation in the bronchial epithelium, a 
reduction of GCN5 in lung epithelial cell lines, such as 
RLE-6TN (rat alveolar type II cells), C22 (mouse bron-
chial epithelial cells), and BEAS-2B (human bronchial 
epithelial cells), was also observed after treatment with 
the profibrotic mediator TGF-β (Supplementary Fig. 2A). 
Taken together, these findings indicate the downregu-
lated GCN5 expression in pulmonary fibrosis and the 
potential role of GCN5 in fibrosis progression.

GCN5 suppresses EMT by promoting AMPK 
phosphorylation in lung epithelial cells
The EMT has been identified as a key pathological mech-
anism contributing to pulmonary fibrosis progression 
[11]. To investigate the role of GCN5 in regulating EMT 
in the context of lung fibrosis, we examined the expres-
sion of EMT markers in a lung fibrosis mouse model. 
Protein levels of GCN5 were significantly reduced in 
DOX-induced fibrotic lungs, along with a decrease in 
epithelial markers, such as E-cadherin and ZO-1, and an 
increase in mesenchymal markers, including N-cadherin 
and Vimentin (Fig.  2A). In agreement with previous 
studies indicating the anti-fibrotic role of phosphory-
lated AMPK [20, 21, 23], we observed a reduced AMPKα 
phosphorylation at threonine 172 (T172) in fibrotic 
lung tissues (Fig.  2A). To further validate these find-
ings in vitro, bronchial epithelial cells were stimulated 
with TGF-β to induce EMT. Both GCN5 expression and 
AMPKα phosphorylation progressively decreased after 
TGF-β administration in C22 and BEAS-2B cells. (Fig. 2B 
and Supplementary Fig. 2B, respectively). 

To identify the functional role of GCN5 in regulat-
ing EMT, we performed siRNA-mediated knockdown 
of GCN5 in BEAS-2B human bronchial epithelial cells. 
GCN5 silencing enhanced mesenchymal marker expres-
sion and significantly upregulated α-SMA, indicating a 
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Fig. 1  GCN5 is downregulated in the fibrotic lungs of patients with IPF and mouse models. A mRNA levels of GCN5 (KAT2A) analyzed in patients with IPF 
(n = 22) and normal controls (n = 11) using the GSE110147 dataset. B Dot plot showing the mRNA expression of GCN5 (Ensembl ID: ENSG00000108773) in 
lung epithelial cells from patients with IPF and normal controls using single-cell RNA sequencing data from the integrated Human Lung Cell Atlas (HLCA). 
Only epithelial cells were selected for analysis based on cell-type annotations in the HLCA dataset [53]. C Representative images of GCN5 immunohisto-
chemistry (IHC) in lung tissue sections from controls (n = 9) and patients with IPF (n = 11). Black arrows denote GCN5 expression in the bronchial epithelial 
region. Scale bars: 100 μm. The graph represents the GCN5 intensity normalized to hematoxylin from patients with IPF and controls. D Representative 
IHC images showing GCN5 expression in the lung samples from doxycycline (DOX)-treated Ccsp-rtTA-tTs-TGF-β1 transgenic and untreated control mice 
(n = 6 per group). Black arrows denote GCN5 expression in the bronchial epithelium. Scale bars: 50 μm. The graph illustrates the GCN5 intensity normal-
ized to hematoxylin from control and transforming growth factor-beta (TGF-β)-overexpressed mice. E Immunoblotting analysis performed using the 
indicated antibodies in lung tissues from the transgenic mice. F Representative IHC images of GCN5 expression in lung tissues from mice intratracheally 
injected with 2 mg/kg of bleomycin (BLM) or phosphate-buffered saline (PBS) (n = 5 per group). Black arrows denote GCN5 localization in the bronchial 
epithelial area. Scale bars: 50 μm. The graph represents the GCN5 intensity/hematoxylin ratio from PBS- and BLM-treated mice. G Immunoblotting analysis 
performed using the indicated antibodies in the lung tissues from the control and BLM-treated mice. Data are presented as mean ± SEM, *P < 0.05, **P < 
0.01, and ****P < 0.0001 by two-tailed Mann–Whitney test for two groups
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phenotypic shift toward fibroblast-like characteristics 
(Figs.  2C and D). We observed that GCN5 knockdown 
in BEAS-2B cells induced a morphological transition 
toward a more elongated, spindle-shaped phenotype, 

indicating mesenchymal characteristics (Supplementary 
Fig. 3A). Further, the increase in N-cadherin expression 
observed upon GCN5 knockdown was attenuated with 
AMPK activator Metformin treatment, as shown by 

Fig. 2  GCN5 suppresses EMT by maintaining AMPK signaling in bronchial epithelial cells. A Western blot analysis showing the protein levels of GCN5, 
phospho-AMPKα, and epithelial-to-mesenchymal transition (EMT)-related markers in lung tissues from DOX-untreated control and DOX-treated TGF-
β–overexpressing transgenic mice (n = 3 per group). B Western blot analysis representing time-dependent changes in GCN5, phospho-AMPKα, and EMT-
related proteins in C22 bronchial epithelial cells. Cells were treated with 20 ng/mL TGF-β and harvested at the indicated time points. C, D (C) Western blot 
analysis of protein expression and (D) qRT-PCR analysis of mRNA levels for GCN5 and EMT-related markers in BEAS-2B cells after GCN5 knockdown. The 
cells were transfected with 20 nM of GCN5-specific siRNAs or control siRNA. After 48 h, cells were collected for analysis. E, F (E) Immunoblot analysis of 
protein expression and (F) qRT-PCR analysis of mRNA levels for GCN5 and EMT-associated markers in BEAS-2B cells after GCN5 overexpression with TGF-β 
treatment. Cells were transfected with 2 µg of either empty vector or FLAG-tagged GCN5 plasmid. After 24 h, the cells were treated with 20 ng/mL of TGF-
β for an additional 24 h. G Representative immunocytochemistry (ICC) images showing N-cadherin expression in BEAS-2B cells after a 20 ng/mL TGF-β 
treatment for 24 h, with GCN5 overexpression or knockdown. Scale bars: 10 μm. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 by ordinary one-way analysis of variance (ANOVA) for multiple groups
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ICC (Supplementary Fig.  3B). Consistently, Metformin 
administration restored E-cadherin expression in GCN5-
silenced cells (Supplementary Fig. 3C).

Conversely, GCN5 overexpression restored AMPK 
phosphorylation and epithelial markers, such as CDH1 
(E-cadherin) and TJP1 (ZO-1), while suppressing mesen-
chymal and fibrotic markers including VIM (Vimentin), 
ACTA2 (α-SMA), and FN (Fibronectin) (Figs. 2E and F), 
supporting the hypothesis that GCN5 modulates EMT 
through AMPK signaling. Consistent with these find-
ings, ectopic expression of GCN5 suppressed N-cadherin 
and Col1a1 induction in response to TGF-β stimulation, 
whereas GCN5 knockdown further increased mesenchy-
mal marker gene expression (Fig. 2G and Supplementary 
Fig. 3D). Consequently, we confirmed that these molecu-
lar alterations led to phenotypic changes. Wound healing 
and Transwell assays revealed that GCN5 overexpression 
effectively attenuated TGF-β-induced cell motility and 
migration, whereas GCN5 knockdown exacerbated these 
migratory phenotypes (Supplementary Fig. 4).

In contrast to the findings in epithelial cells, we 
observed distinct responses in lung fibroblasts. We per-
formed parallel loss- and gain-of-function studies in 
human lung fibroblasts (MRC-5) to address cell type 
specificity. GCN5 knockdown in fibroblasts did not 
alter AMPK phosphorylation or the expression of fibro-
blast activation markers including Col1a1, α-SMA, and 
FN. Furthermore, GCN5 overexpression failed to rescue 
AMPK phosphorylation or suppress the TGF-β-induced 
upregulation of profibrotic markers (Supplementary 
Fig. 5).

These results indicate that GCN5 suppresses the EMT 
of lung epithelial cells by maintaining AMPK activation.

GCN5 directly binds to LKB1, and the interaction is 
disrupted in pulmonary fibrosis
AMPK phosphorylation is mediated by LKB1, a well-
established upstream kinase of AMPK, and LKB1 is 
known to regulate EMT and pulmonary fibrosis [28, 29]. 
Although N-terminal deacetylation at lysine 48 (K48) of 
LKB1 by SIRT1 has been previously reported [34, 54], 
the specific lysine acetyltransferase (KAT) responsible 
for LKB1 acetylation remains unknown in the context 
of fibrosis. Based on this evidence, we hypothesized that 
GCN5 regulates AMPK phosphorylation through LKB1.

To assess the interaction between GCN5 and LKB1, we 
use an in silico molecular docking and visualization sys-
tem. The structure of the chimeric protein was generated 
using homology modeling. The FASTA sequence was 
submitted to AlphaFold 3, an online server for 3D pro-
tein structure prediction, to obtain the most accurate and 
stable configuration of the fusion construct. AlphaFold 

3 predicts the 3D protein structure based only on the 
primary amino acid sequence with high accuracy of the 
side chains. Among the predicted models, the top-ranked 
AlphaFold 3 structure was selected and proceeded for 
further analysis. To identify the mechanism of the inter-
action between GCN5 (uniprot: Q92830) and LKB1 (uni-
prot: Q15831), HADDOCK protein–protein docking was 
performed. The top structure based on the score, electro-
static energies, and Van der Waals attraction was selected 
for interaction studies. Among protein–protein dock-
ing, the major interactions are electrostatic and Van der 
Waals, which mutually find accurate results along with 
promising levels as a scoring function. The HADDOCK 
server clustered 200 structures, and the analysis revealed 
that K403, K416, K423, and K431 residues of LKB1 were 
involved in complex formation with GCN5 (Fig.  3A, 
middle panel). Lysine residues are known to partici-
pate in various posttranslational modifications, includ-
ing acetylation, ubiquitination, and methylation [55, 56]. 
Considering the role of GCN5 as a KAT [57, 58], it is 
plausible that this interaction could lead to the acetyla-
tion of LKB1, or that the interaction itself is regulated by 
the acetylation status of these lysine residues. Red dashed 
lines within the right panel represent hydrogen bonds, 
indicating that specific residue-level contacts contribute 
to the stability of the GCN5-LKB1 complex (right panel).

To confirm the direct binding of GCN5 and LKB1, we 
performed immunoprecipitation using in vitro trans-
lated proteins. We observed a direct interaction between 
GCN5 and LKB1, indicating the possibility that GCN5 
directly acetylates LKB1 (Fig.  3B). We then tested the 
changes in this association in TGF-β–treated BEAS-2B 
cells and fibrotic tissues. Immunoprecipitation analysis 
revealed a decreased GCN5 expression and a reduced 
binding of GCN5 and LKB1 upon TGF-β treatment 
(Fig. 3C). To further confirm this interaction, we exam-
ined the intracellular distribution of GCN5 and LKB1 in 
BEAS-2B cells and observed clear co-localization of both 
proteins within the cytoplasm (Supplementary Fig.  6). 
This finding provides evidence that GCN5 is spatially 
positioned to regulate LKB1 in the cytosolic compart-
ment, where AMPK signaling is predominantly active.

We next examined the relevance of the GCN5–LKB1 
interaction using two lung fibrosis mouse models. Com-
pared with the control tissues, both the BLM-induced 
mouse model and the TGF-β–overexpressing trans-
genic model demonstrated reduced GCN5 and LKB1 
expression, along with decreased co-localization of the 
two proteins (Figs.  3D and E). These findings indicate 
the interaction between GCN5 and LKB1 under normal 
physiological conditions, but this interaction is disrupted 
in the fibrotic lung microenvironment.
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GCN5 regulates LKB1–AMPK signaling via LKB1 acetylation 
at K431
GCN5 is a well-characterized KAT that regulates the 
function of its substrates by changing their acetylation 
status [41, 59]. We aimed to systematically determine the 
lysine residues targeted by GCN5, because the acetylation 
sites on LKB1 regulated by GCN5 have not been studied. 

In silico docking analysis revealed that GCN5 is likely to 
bind the C-terminal lysine residues of LKB1 (K403, K416, 
K423, and K431). Based on this prediction, we reviewed 
a previous study that identified acetylation sites on LKB1 
using MALDI-TOF and LC-MS/MS [34]. Mass spectro-
metric profiling identified at least nine acetylated lysines, 
including the C-terminal residues K416, K423, and K431, 

Fig. 3  GCN5 directly binds to LKB1, and their interaction is reduced under fibrotic conditions. A Structural basis of the LKB1–GCN5 interaction. (Left) 
Surface representation of the LKB1 (palegreen) and GCN5 (slate) complex, demonstrating their direct physical association. The black box denotes the 
region magnified in the middle panel (middle). Magnified view highlighting key lysine residues (LKB1: K403, K416, K423, and K431) shown in green sur-
face representation. (Right) Detailed atomic view of the interface, emphasizing specific residue-level interactions. Red dashed lines indicate potential 
hydrogen bonds mediating the stability of the complex. B In vitro binding assay of FLAG-tagged GCN5 and Myc-tagged LKB1. FLAG-GCN5 and Myc-LKB1 
were translated in vitro and immunoprecipitated using Flag M2 beads. Co-precipitated LKB1 was detected using anti-Myc immunoblotting. C Co-im-
munoprecipitation of endogenous GCN5 with LKB1 in BEAS-2B cells treated with 20 ng/mL of TGF-β for 24 h. Cell lysates were immunoprecipitated with 
an anti-LKB1 antibody or control IgG, followed by immunoblotting for GCN5 and LKB1. D, E Representative immunofluorescence (IF) images showing 
the downregulated protein expression of GCN5 and LKB1 as well as decreased co-localization in (D) BLM-treated or (E) TGF-β-transgenic mice (n = 5 per 
group). White arrowheads denote the co-localization of GCN5 and LKB1. Scale bars: 20 μm. The scatter plots illustrate the correlation between GCN5 and 
LKB1 fluorescence intensity, as analyzed using the Coloc 2 plugin in ImageJ. Pearson’s correlation coefficient was calculated to quantitatively assess the 
degree of colocalization. Data are presented as mean ± SEM, **P < 0.01 using a two-tailed Mann–Whitney test for two groups
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which are evolutionarily conserved across humans, mice, 
and rats (Fig.  4A). Moreover, GCN5-mediated LKB1 
acetylation was validated by an in vitro acetylation assay 
(Fig. 4B).

To investigate the role of GCN5-mediated acetylation 
in regulating LKB1 function, we performed site-directed 
mutagenesis by substituting K403, K416, K423, and K431 
with glutamine residues (K403Q, K416Q, K423Q, and 
K431Q). Glutamine substitution mimics acetylated lysine 

by providing a polar, uncharged residue. LKB1 phosphor-
ylation at Ser428 (a human ortholog of mouse Ser431) 
is considered a functional marker of LKB1 activation 
[60]. To assess the association of these acetyl-mimetic 
replacements with LKB1 activity, LKB1 was co-expressed 
with its cofactors STRAD and MO25 [61] in BEAS-2B 
cells. Among the single mutants, K431Q significantly 
improved LKB1 phosphorylation (Fig.  4C). In parallel 
with these results, we observed an increase in AMPK 

Fig. 4  GCN5 acetylates LKB1 at multiple lysine residues, with K431 as a key regulatory site. A Alignment of the C-terminal amino acid sequences of LKB1 
from human (residues 400–433), mouse (402–436), rat (404–438), with conserved lysine residues (K403, K416, K423, and K431 in human) highlighted in 
red. The structural modeling of the LKB1–GCN5 complex indicates the involvement of these residues in complex formation. B In vitro acetylation of LKB1 
by GCN5. (Right) Purified GST or GST–LKB1 was incubated with recombinant human GCN5 and analyzed by immunoblotting for anti-Acetylated-Lysine 
(Ac-K). The black arrow indicates acetylated LKB1. (Left) Coomassie Brilliant Blue (CBB) staining confirms equal loading of the GST fusion proteins. C 
BEAS-2B cells were co-transfected with GCN5 and LKB1 acetyl-mimetic single mutants (K403Q, K416Q, K423Q, and K431Q), or the deacetylation-mimetic 
mutant K431R in the presence of STRAD/MO25. After 48 h, the cell lysates were analyzed by immunoblotting with the indicated antibodies. D LKB1 
immunoprecipitation in BEAS-2B cells transfected with either WT or K431R mutant. Acetylation at K431 was detected using an acetylation site–specific 
antibody. The cells were collected and analyzed by western blotting using the indicated antibodies 48 h post-transfection. E Immunoprecipitation of 
endogenous LKB1 in BEAS-2B cells with GCN5 knockdown. Cells were treated with 20 nM of siRNAs for 48 h. Acetylation was analyzed using a pan-acetyl-
lysine antibody and a specific antibody recognizing LKB1 acetylation at K431
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phosphorylation. These data confirmed that acetylation 
at LKB1 K431 plays a crucial role in regulating LKB1 
activity.

To further examine the functional significance of K431 
acetylation, we generated a K431 mutant in which lysine 
was substituted with arginine (K431R). This substitu-
tion mimics the unacetylated state while preserving the 
positive charge. Importantly, we developed an anti-
body specifically recognizing acetylated LKB1 at lysine 
431 (Ac-LKB1 K431) to assess K431 mutation–induced 
acetylation changes. BEAS-2B cells were co-transfected 
with GCN5 and either LKB1 wild-type (WT) or the 
K431R mutant. Immunoprecipitation analysis revealed 
the reduced GCN5-mediated acetylation at K431 in the 
K431R mutant, along with decreased AMPK phosphory-
lation (Fig. 4D), thereby validating the functional role of 
GCN5-mediated K431 acetylation on LKB1 function. 
Finally, we investigated whether endogenous GCN5 reg-
ulates LKB1 acetylation and its functional activity. GCN5 
knockdown using siRNA reduced the total LKB1 acetyla-
tion, accompanied by decreased K431-specific acetylation 
and AMPK phosphorylation (Fig.  4E). To confirm the 
clinical relevance of these findings, we further examined 
the relationship between GCN5 and LKB1 acetylation in 
human lung tissues. Using the specific antibody against 
acetylated LKB1 at K431, we performed co-IF staining on 
lung sections from control donors and patients with IPF. 
Consistent with our in vitro data, LKB1 K431 acetylation 
and GCN5 signals were both significantly reduced in the 
fibrotic lesions of IPF lungs. (Supplementary Fig. 7).

Taken together, these results reveal that the GCN5-
mediated LKB1 acetylation increases LKB1 activity and 
subsequent AMPK pathway activation, and substantiates 
the clinical relevance of this signaling axis in IPF.

GCN5 overexpression attenuates lung fibrosis in the BLM-
induced mouse model
Considering our results indicating that GCN5 suppresses 
key fibrotic processes in the lung, we then explored 
whether GCN5 overexpression could alleviate fibrosis 
progression in vivo. To achieve targeted expression of 
GCN5 in the lung, we generated a serotype 5 adenoviral 
vector encoding HA-tagged GCN5 (Ad5-GCN5-HA). 
HA-tagged GCN5 overexpression after adenoviral infec-
tion was confirmed in BEAS-2B cells using fluorescence 
microscopy and western blotting (Supplementary Fig. 8).

Eight-week-old male mice received intratracheal 
instillation of either BLM or saline (PBS) in combina-
tion with Ad5-GCN5-HA. The mice were sacrificed at 
8 days post administration, and the lung tissue samples 
were collected for histological and molecular analyses 
(Fig.  5A). Masson’s trichrome staining and hydroxypro-
line assay demonstrated that GCN5 overexpression sig-
nificantly suppressed fibrosis progression, as evidenced 

by a reduction in collagen deposition. IHC analysis fur-
ther confirmed the decreased α-SMA expression in the 
GCN5-overexpressing group treated with BLM (Figs. 5B-
D). BAL fluid cell counts reflect immune cell infiltration 
in response to lung injury. GCN5 overexpression signifi-
cantly reduced total BAL cell counts in BLM-treated mice 
compared with those receiving the empty Ad5 vector 
(Supplementary Fig.  9A). Adenovirus-mediated GCN5 
expression decreased fibrotic marker expression, such 
as Col1a1 and Tenascin C (TNC), indicating reduced 
myofibroblast activation. Conversely, the reduction of 
E-cadherin, AMPK phosphorylation, and LKB1 acety-
lation at K431 induced by BLM treatment was reversed 
by GCN5 overexpression (Fig. 5E). Furthermore, GCN5 
overexpression suppressed fibrotic and EMT-associated 
gene expression in the BLM-induced model (Fig. 5F). To 
specifically assess EMT in the airway epithelium, we per-
formed co-IF staining for N-cadherin and the bronchial 
epithelial marker CCSP. The BLM-induced upregulation 
of N-cadherin within CCSP-positive bronchial epithelial 
cells was significantly attenuated by GCN5 overexpres-
sion (Fig. 5G). Consistently, IF staining of Col1a1 revealed 
that GCN5 overexpression alleviated BLM-induced 
fibrosis. Furthermore, ZO-1 expression, which was mark-
edly decreased after BLM treatment, was restored upon 
GCN5 overexpression (Supplementary Figs.  9B and C). 
Collectively, these findings indicate that GCN5 negatively 
regulates pulmonary fibrosis by suppressing myofibro-
blast activation, restoring epithelial characteristics, and 
inhibiting EMT through LKB1 acetylation at K431.

Discussion
The exact pathogenesis of pulmonary fibrosis remains 
unclear due to the complex factors that contribute to 
lung tissue remodeling despite extensive research on the 
molecular mechanisms underlying pulmonary fibrosis, 
including IPF. Repeated microinjuries to the aged lung 
epithelium, dysregulated wound healing, and excessive 
ECM deposition play a crucial role in IPF pathogenesis. 
Excessive accumulation of ECM components, including 
hyaluronic acid, fibronectin, proteoglycans, and intersti-
tial collagens, contributes to fibrogenesis by promoting 
uncontrolled wound healing in myofibroblasts [62]. The 
origin of myofibroblasts that drive IPF remains unclear 
and is still widely discussed. However, several mecha-
nisms underlying IPF pathogenesis have been suggested, 
including the proliferation and differentiation of resident 
lung fibroblasts, the transition of bone marrow–derived 
fibrocytes or circulating progenitors into fibroblasts, 
and EMT [63]. Although the precise role of EMT in IPF 
remains controversial, increasing evidence suggests that 
it may contribute to the abnormal epithelial-fibroblast 
crosstalk that promotes fibrosis [64]. Progressive fibrotic 
remodeling in IPF is increasingly understood to arise 



Page 13 of 17Byun et al. Cell Communication and Signaling          (2026) 24:327 

from EMT-like reprogramming of genetically vulner-
able bronchoalveolar epithelium, which promotes bron-
chiolization, aberrant epithelial-mesenchymal crosstalk, 
and sustained fibrotic progression rather than effective 

alveolar regeneration [65]. In this study, we revealed 
a novel regulatory mechanism by which GCN5 main-
tains LKB1 acetylation and downstream AMPK activa-
tion, thereby suppressing EMT and fibrotic progression 

Fig. 5  Overexpression of GCN5 attenuates fibrosis in the BLM-induced mouse model. A Schematic representation illustrating the experimental design. 
C57BL/6 mice were intratracheally injected with 2 mg/kg BLM or PBS together with adenovirus (2.0 × 1011 VP) carrying either GCN5 or an empty control. 
The mice were sacrificed 8 days after injection. The numbers per group are: PBS + Ad5-Empty (n = 3), PBS + Ad5-GCN5-HA (n = 3), BLM + Ad5-Empty (n = 5), 
and BLM + Ad5-GCN5-HA (n = 5). B Representative images of Masson’s trichrome staining (MTS) and IHC analysis of α-SMA in lung sections from mice 
treated with PBS or BLM with or without GCN5 overexpression. Scale bars: 50 μm. C Quantification of the fibrotic area (MTS) (left) and α-SMA-positive 
DAB area normalized to hematoxylin (right). D Total cell counts in BAL fluid were determined after BLM or PBS instillation in adenovirus-instilled mice. 
E, F (E) Protein expression and (F) mRNA levels of fibrosis and EMT markers in lung tissues of PBS- or BLM-treated mice transduced with Ad5-Empty or 
Ad5-GCN5-HA (n = 3 per group). G Representative IF images showing N-cadherin expression within CCSP-positive bronchial epithelium in lung sections 
from each group. Scale bars: 20 μm. The graph represents the quantification of the N-cadherin signal intensity normalized to DAPI. Data are presented as 
mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by ordinary one-way ANOVA for multiple groups
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of epithelial cells. Although the reduction of GCN5 is 
most prominent in airway epithelial regions, its loss may 
nonetheless contribute indirectly to fibrotic remodel-
ing by promoting epithelial plasticity, bronchiolization, 
and metaplasia, thereby amplifying maladaptive epithe-
lial-mesenchymal crosstalk. Collectively, our findings 
establish GCN5 as a critical regulator of lung epithelial 
homeostasis and highlight disruption of the GCN5–
LKB1–AMPK axis as a key contributor to the pathogen-
esis of pulmonary fibrosis.

A recent study demonstrated that LKB1 inactivation 
in alveolar type II (ATII) epithelial cells inhibits autoph-
agy and induces EMT [28]. LKB1 depletion promotes 
fibrotic progression through the loss of CAB39L, a regu-
latory subunit of MO25, which is crucial for LKB1 acti-
vation. EMT induction in fibrosis has been associated 
with autophagy inhibition through the p62/SQSTM1-
NFκB-Snail2 signaling pathway [11, 66]. LKB1 is a serine/
threonine kinase that functions as an upstream activa-
tor of AMPK, which is a key regulator of cellular energy 
homeostasis, growth, and metabolism. LKB1 exhibits a 
protective role in fibrosis by inhibiting myofibroblast dif-
ferentiation. LKB1–AMPK pathway disruption is impli-
cated in various fibrotic diseases, including liver, kidney, 
and lung fibrosis [28, 67, 68]. Dysregulation of the LKB1–
AMPK signaling pathway contributes to ECM accumu-
lation by impairing autophagy and disrupting cellular 
energy metabolism. Several therapeutic strategies that 
target the LKB1–AMPK pathway have been proposed for 
fibrotic diseases [69, 70], although the regulatory mech-
anisms underlying this pathway in fibrosis have yet to 
be fully elucidated. LKB1 itself is a constitutively active 
kinase, but its activity is regulated through phosphoryla-
tion at multiple sites, including Ser31/307/325/428 and 
Thr185/189/336/366 [60]. The phosphorylation status 
of LKB1 influences its interaction with STRAD/MO25 
and affects downstream signaling pathways. A study on 
LKB1 deacetylation by SIRT1 at K48 in HEK293 cells 
[34] revealed that the deacetylation modulates its intra-
cellular localization and AMPK activation; however, its 
association with disease progression remains unclear. In 
this study, we identified K431 acetylation by GCN5 as a 
key regulatory mechanism of LKB1 in pulmonary fibro-
sis. We observed that GCN5 overexpression reversed 
the reduction of LKB1 acetylation and phosphoryla-
tion by BLM-induced lung fibrosis, which consequently 
increased AMPK phosphorylation and suppressed EMT. 
Further studies using lung epithelial cell–specific GCN5 
knockout mice could clarify the anti-pulmonary fibrotic 
function of GCN5, which mediates LKB1 acetylation and 
AMPK phosphorylation.

Dysregulation of epigenetic control causes imbal-
ances in cellular homeostasis, resulting in various dis-
eases. HATs, which are representative enzyme proteins 

of epigenetic regulation, have also been associated with 
the induction of fibrotic diseases. We recently reported 
that increased p300 protein stability in ATII cells, medi-
ated by the deubiquitinase UCHL3, promotes lung fibro-
sis [46]. In addition, we demonstrated that increased 
p300 expression in proximal tubular epithelial cells 
improves renal fibrosis through partial endothelial-to-
mesenchymal transition [71]. Furthermore, the liver 
stiffness–induced stabilization of p300 promotes the dif-
ferentiation of hepatic stellate cells into myofibroblasts 
[72]. In contrast, loss of PCAF in proximal tubular cells 
induces renal fibrosis, regulating adherens junction-
related genes [73]. Emerging evidence has implicated 
GCN5 in the pathogenesis of various diseases, including 
cancer, cardiovascular disease, and metabolic dysfunc-
tion [40]. It has been regulated by both the lysosomal 
degradation pathway in vascular smooth muscle cell 
migration [74] and the ubiquitin–proteasome system via 
the Cul4a-Dbd1 E3 ligase complex in mouse embryonic 
fibroblasts [75]. Notably, in this study, GCN5 protein lev-
els were markedly reduced in TGF-β–treated epithelial 
cells as well as in fibrotic mouse lung tissues, indicating 
a potential association between GCN5 downregulation 
and fibrotic remodeling. The specific upstream regulators 
that mediate GCN5 degradation or suppression under 
fibrotic conditions remain unknown; nevertheless, these 
findings raise the possibility that post-translational reg-
ulation of GCN5 is a key node in fibrogenic signaling. 
Future studies are recommended to focus on identifying 
the molecular pathways responsible for GCN5 turnover 
and determining whether modulating GCN5 stability or 
activity can reverse fibrotic phenotypes in vivo.

Furthermore, considering the transient expression 
profile of the adenoviral vector used in this study, our in 
vivo assessment was confined to early phases of fibrotic 
progression/EMT. While these findings confirm the pro-
tective effect of GCN5 during the initiation of fibrosis, 
evaluating its efficacy in established fibrosis necessitates 
sustained expression. Future work will therefore employ 
Adeno-associated virus (AAV) vectors to test the long-
term durability of GCN5 restoration. In addition, uti-
lizing AAV vectors with airway epithelial cell-specific 
promoters will enable precise compartment-targeted 
expression, thereby validating the therapeutic potential of 
targeting the GCN5-LKB1 axis in specific lung lineages.

Overall, we identify GCN5 as a novel anti-fibrotic 
regulator that preserves lung epithelial homeostasis by 
acetylating LKB1 at K431 to activate AMPK and sup-
press EMT. Together, our findings reveal the GCN5–
LKB1–AMPK axis as a key molecular pathway disrupted 
in IPF and a promising therapeutic target for attenuating 
fibrotic progression.
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Conclusions
Taken together, this study provides new insights into 
the regulatory role of GCN5 in pulmonary fibrosis. We 
revealed that the loss of GCN5 modulates pulmonary 
fibrosis by suppressing LKB1–AMPK signaling, which 
subsequently induces EMT. Therefore, we propose that 
GCN5 may serve as a novel therapeutic target for the 
diagnosis and treatment of pulmonary fibrosis.
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