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Abstract 

Background: Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease for which novel therapeutic approaches are urgently 
needed. Transforming Growth Factor-β (TGF-β) plays a central role in IPF pathogenesis by activating lung fibroblasts. Inhibitor of 
DNA binding (ID) proteins are regulated by TGF-β; however, their role in IPF remains poorly understood. We aimed to evaluate 
the regulation of ID proteins in IPF and to determine their functional role in human lung fibroblasts (HLF) in vitro and pulmonary 
fibrosis in vivo. 
Methods: ID protein expression was assessed in lungs and lung fibroblasts from mice and patients with pulmonary fibrosis. In vitro, 
the effects of ID1/ID3 inhibition and overexpression on HLF proliferation, migration and differentiation into myofibroblasts were 
evaluated. Genetic and pharmacological approaches were used in vivo to determine the role of ID1/ID3 in pulmonary fibrosis. 
Results: ID1/ID3 levels were elevated in lungs and lung fibroblasts from mice and patients with pulmonary fibrosis, as well as in 
HLFs treated with TGF-β. ID1/ID3 knockdown reduced proliferation, migration and differentiation of healthy and IPF-derived 
HLFs. Bleomycin-exposed ID1/ID3 double KO mice exhibited improved lung function and reduced fibrosis compared with WT 
mice. Pharmacological inhibition of ID1/ID3 decreased HLF proliferation, migration and differentiation in vitro and attenuated 
pulmonary fibrosis in vivo. Lung-specific inhibition of ID1/ID3 using adeno-associated viruses expressing short hairpins targeting ID1 
and ID3 also reversed pulmonary fibrosis in mice. Mechanistically, ID1/ID3 inhibition reduced fibroblast proliferation through 
regulation of cell cycle genes and attenuated fibroblast differentiation via the MEK/ERK pathway. 
Conclusions: Simultaneous inhibition of ID1 and ID3 attenuates pulmonary fibrosis. Targeting ID1/ID3 represents a potential 
novel therapeutic strategy for IPF. 
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Introduction 
Idiopathic pulmonary fibrosis (IPF) is an 

irreversible, chronic, progressive fibrosing lung 
disease of unknown cause with a median survival 

time of 3-5 years post-diagnosis [1, 2]. IPF affects older 
adults and is characterized by a gradual decline in 
lung function and worsening dyspnea, resulting in a 
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poor prognosis [3-6]. The exact causes and 
mechanisms of IPF remain incompletely understood; 
however, the disease is characterized by excessive 
deposition of extracellular matrix (ECM), largely 
driven by the activation of fibroblasts [7-9]. Under 
normal conditions, fibroblasts remain in a quiescent 
state; however, in response to tissue injury, they 
become activated and differentiate into 
myofibroblasts, which are responsible for ECM 
production and tissue remodeling [10-12]. Cytokines, 
particularly transforming growth factor-β (TGF-β), 
have been identified as key mediators of fibroblast 
activation[13]. As currently approved therapies only 
slow disease progression, a substantial unmet medical 
need remains in the treatment of IPF [14, 15]. A 
primary therapeutic goal is to reduce tissue fibrosis, 
which may be achieved by enhancing pathways that 
counteract fibrotic processes and/or inhibiting 
profibrotic signals and mediators.  

Inhibitors of DNA Binding (ID1-4) proteins are a 
subgroup of the helix-loop-helix (HLH) transcription 
factor family, that play a crucial role in regulating cell 
fate [16-18]. However, unlike other HLH members, 
they lack a DNA-binding motif [17, 19]. ID proteins 
function as dominant negative regulators of other 
HLH proteins by inhibiting their DNA binding and 
transcriptional activity [17]. These proteins are critical 
during development, where they regulate cell-cycle 
progression, cell proliferation, differentiation, cell fate 
determination, hematopoiesis, angiogenesis, and the 
metabolic adaptation of cancer cells [20-23]. ID gene 
expression is regulated by a wide range of growth 
factor and cytokine signaling cascades including 
TGF-β [24]. However, the role of ID proteins in IPF 
pathogenesis remain poorly understood. Addressing 
these knowledge gaps by elucidating the role of ID 
proteins in IPF pathogenesis and progression could 
reveal novel therapeutic avenues, directly responding 
to the urgent need for more effective IPF treatments.  

Building on these observations, the present 
study aimed to investigate the regulation and role of 
ID proteins in pulmonary fibrosis using a 
combination of genetic and pharmacological 
approaches. We used human lung fibroblasts (HLF) 
isolated from the lungs of healthy donors and patients 
with IPF to assess ID protein expression and 
investigate their functional effects in vitro. Our data 
show that ID1 and ID3 levels are upregulated in lung 
fibroblasts from mice and humans with IPF, and in 
lung fibroblasts treated with TGF-β. We subsequently 
used a pharmacological inhibitor of ID1/ID3 and 
generated ID1/ID3 double KO mice to determine the 
role of ID1 and ID3 in pulmonary fibrosis. Our study 
demonstrates that simultaneous inhibition of ID1 and 
ID3 attenuates the proliferation, migration, and 

differentiation of human lung fibroblasts in vitro, and 
pulmonary fibrosis in vivo in mice. 

Materials and Methods  
Human lung samples 

Lung tissues from patients with IPF were 
obtained from explanted lungs at the time of 
transplantation. All patients provided written 
informed consent, and the study was approved by the 
University of Michigan Institutional Review Board 
(Ann Arbor, MI; HUM00105694). The diagnosis of IPF 
was established based on clinical and pathological 
criteria. Normal control lung tissues were obtained 
from deceased donors whose lungs were deemed 
unsuitable for transplantation and were provided by 
Gift of Life Michigan with family consent for research 
use. No compensation was provided to patients or 
donor families for tissue procurement. Sex and/or 
gender were not considered as variables in the study 
design. Both sexes were included and randomly 
distributed across experimental groups, and no 
sex-dependent differences were observed. Due to the 
limited sample size, statistical analyses stratified by 
sex or gender were not performed. The patients’ 
characteristics are shown in Table S1. 

Human lung fibroblasts 
Normal (healthy) human lung fibroblasts 

(Lonza; cat #CC-2512) isolated from 6 healthy donors, 
and IPF-diseased human lung fibroblasts (Lonza; 
cat#CC-7231) isolated from 6 patients with IPF were 
purchased from Lonza and cultured according to the 
recommended guidelines. The cells were passed upon 
reaching confluency and were used at passages 2 to 7. 
Primary human lung fibroblasts were cultured in 
fibroblast growth medium (FGM; Lonza, Cat# 
CC-3132) consisting of basal medium supplemented 
with fetal bovine serum (FBS), insulin, human 
fibroblast growth factor (hFGF), gentamicin/ 
amphotericin-B, and additional fibroblast growth 
supplements, according to the manufacturer’s 
instructions. Cells were maintained at 37 °C in a 
humidified incubator with 5% CO₂ and passaged at 
80-90% confluence before being treated with 
adenoviral vectors at a multiplicity of infection (MOI) 
of 30. The vectors included Ad-LacZ, Ad-ID1, Ad-ID3, 
Ad-Cdk1, Ad-Egr1, and Ad-MEK1, all sourced from 
Vector Biolabs. Following a 48h incubation, 
Adenovirus-treated cells were then harvested for 
RNA and protein extraction. All cells used in this 
study were tested by Lonza to confirm the absence of 
HIV-1, HBV, HCV, mycoplasma, bacteria, yeast and 
fungi. 
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Reagents 
AGX51 (MedChem Express) was used at a final 

concentration of 20 µM. For the in vivo studies, AGX51 
was administered intraperitoneally to mice at a dose 
of 50 mg/kg, twice daily, three days per week. AAV1- 
GFP-U6-mID1-shRNA (shAAV-261835), AAV1-GFP- 
U6-mID3-shRNA (shAAV-261838), Ad-h-ID1 
(ADV211761), Ad-h-ID3 (ADV-211764), Ad-MEK1 
(ADV-214913), Ad-Egr1 (ADV-207671), and Ad-Cdk1 
(1764) were purchased from Vector Biosystem. 
Recombinant human Transforming growth factor-β1 
(TGF-β1, Peprotech) aliquoted and kept at -20 °C until 
use. TGF-β1 was used at concentration of 5 ng/ml. 
MEK1 inhibitor (Selumetinib, 10µM, MedChem 
Express) was aliquoted and kept at -80 °C until use.  

AAV delivery 
Mice were anesthetized by IP injection of 

xylazine and ketamine and were secured to a tray in 
the supine position. Subsequently, using a 20 G 
angiocath, animals were intubated. The board was 
tilted at 45 degrees and the IA-1C Micro sprayer tip 
(PennCentury) was inserted through the lumen of the 
angiocath. AAV1-shRNA-ID1/ID3 (Vector Biolabs) 
and AAV1-Luciferase (AAV-Ctrl) were administered 
via IT delivery (3x1011 genome copies per mouse). The 
animals were then extubated and returned to their 
cages. 

Generation and use of ID1/ID3 knock-out mice 
ID1/ID3 double knock-out mice were generated 

by crossing mice carrying a ubiquitous deletion of ID3 
with mice carrying a fibroblast specific deletion of ID1 
(by crossing ID1fl/fl mice with Col1a2-CreER mice 
(JAX stock #029567)). Genotyping of these mice was 
performed by PCR. Mice were administered daily 
intraperitoneal (i.p.) injections of tamoxifen (TAM, 
40 mg/Kg; Sigma) for five consecutive days. All 
animal procedures were conducted according to the 
Institutional Animal Experimentation Guidelines. The 
mice were housed in a pathogen-free facility, and all 
animal experiments were approved by the Animal 
Care and Use Committees of Virginia Tech. 

Quantitative RT-PCR 
Real-time qPCR was conducted using the 

PerfeCTa SYBRTM Green PCR Fast Mix Kit (VWR) 
following the manufacturer’s protocol. A melting 
curve analysis was performed to verify primer 
specificity. Gene expression levels were normalized to 
the housekeeping gene GAPDH, and relative 
expression was calculated using the ΔΔCt method by 
comparing Ct values of the experimental groups to 
controls. The primers sequences are listed in Table S2. 

Bulk RNA sequencing and data analysis 
HLFs were seeded in 6-well plates at a density of 

1 × 10⁵ cells per well. The following day, cells were 
treated with media containing 0.1% FBS, 5%FBS, or 
5%FBS+AGX51 (20 µM) for 48 h. Cells were then 
washed twice with ice-cold PBS, and total RNA was 
extracted using TRIzol reagent (ThermoFisher) 
according to the manufacturer’s instructions. Briefly, 
cells were homogenized in TRIzol, and following 
phase separation, the aqueous phase containing RNA 
was collected. RNA was precipitated with 
isopropanol, washed with 75% ethanol, and 
resuspended in RNase-free water. Samples were 
treated with DNase I (Thermo Scientific) to remove 
genomic DNA contamination. RNA concentration 
and purity were determined using a NanoDrop One 
spectrophotometer (ThermoFisher), and samples 
were stored at -80 °C until further processing. 

RNA integrity analysis, library preparation, 
sequencing, and raw read count generation were 
performed commercially by Novogene (Sacremento, 
CA, USA) using their Human mRNA Sequencing 
pipeline. Full parameters, protocols, and quality 
control reports are available on request, but are 
explained briefly below:  

RNA integrity was assessed using the 5400 
Fragment Analyzer System (Agilent Technologies, 
CA, USA). mRNA library preparation was performed 
with poly A enrichment and library quality was 
verified using Qubit assay for quantification, Agilent 
Bioanalyzer for size distribution, and qPCR for 
molarity using adaptor-specific primers. Sequencing 
was performed on the NovaSeq X Plus (Illumina, 
USA) platform with 150 bp paired-end reads and a 
minimum of 6 G raw data. Raw sequencing data in 
FASTQ format were cleaned using fastp. Reads were 
then aligned to the human genome (hg38) using 
‘HISAT2’ (v2.0.5). Raw read counts were generated 
using ‘featureCounts’ (v1.5.0). Raw count 
normalization was performed using ‘DESeq2’ 
(v1.46.0) [25] in the R statistical analysis program 
(v4.4.3). To exclude low count genes prior to ‘DESeq2’ 
normalization, only genes with at least 10 counts in 
one sample were kept. Gene symbols were extracted 
based on provided Ensembl ID using ‘clusterProfiler’ 
(v4.14.6) [26] and ‘org.Hs.eg.db’ (v3.20.0). ‘DESeq2’ 
normalized counts were log2 transformed to ensure a 
normal distribution, and euclidean distances were 
calculated for principal component analysis (PCA). 

Differential gene expression analysis was 
performed using ‘DESeq2’ with Benjamini-Hochberg 
multiple comparison adjustment and ‘apeglm’ 
(v1.28.0)[27] fold change (FC) shrinkage. An adjusted 
p-value (padj) < 0.05 and an |log2(FC)| > 0 was set as 
the threshold for differentially expressed genes 
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(DEGs). Applying a |log2FC| > 0.1 threshold instead 
of |log2FC| > 0 would have a negligible impact on 
the results, excluding only one gene per comparison. 
Volcano plots displaying log10(padj) and log2(FC) of 
DEGs were generated in R.  

Pathway enrichment analysis was performed on 
DEGs with a padj < 0.05 with ‘clusterProfiler’ in R 
using the Gene Ontology (GO) database. The list of 
detected genes in all samples after low gene count 
exclusion was used as the background gene set. The 
GO terms with a padj < 0.05 following Benjamini- 
Hochberg multiple comparison adjustment were 
considered statistically significantly enriched. 
Separate pathway enrichment analysis was 
performed for upregulated DEGs (log2(FC) > 0) and 
downregulated DEGs (log2(FC) < 0). 

Transcription factor inference was estimated 
using the univariate linear model method in 
‘decoupleR’ (v2.12.0) [28] ‘DESeq2’ gene-level Wald 
statistics were used as the gene input and ‘DoRothEA’ 
(v1.18.0) [29] regulatory network was used as the 
transcription factor-gene target database. Only 
transcription factors with at least five target genes 
present in the dataset were considered. P-values were 
then corrected using Benjamini-Hochberg multiple 
comparison adjustment. 

Single-cell RNA sequencing and data analysis 
Processed feature and barcode matrices from a 

publicly available human scRNA-seq dataset from 
Tsukui et al. (GSE132771) [30] were imported and 
analyzed using BioTuring BrowserX Pro (https:// 
academic.bioturing.com/bbrowserx/). The reanalysis 
of GSE132771 was performed using the same methods 
and strategy as described in the original publication. 
Unsupervised dimensionality reduction was 
performed using Uniform Manifold Approximation 
and Projection (UMAP) with canonical correlation 
analysis (CCA) subspace alignment, followed by 
unsupervised graph-based clustering. Analysis of 
representative marker genes was used to identify 
clusters corresponding to endothelial, epithelial, 
mesenchymal, and hematopoietic cell populations. 
The indicated cell populations were then selected and 
further re-clustered for downstream analyses. 
Cell-type annotations were based on those reported 
by Tsukui et al. Both normal and IPF cells were 
included in the analysis. Differentially expressed 
genes were identified using the following criteria: 
log2 fold change ≤ -0.1 or ≥ 0.1 and 
Benjamini-Hochberg adjusted P value ≤ 0.05.  

Immunoblot analysis 
To analyze the protein content, cell lysates were 

prepared using RIPA lysis buffer (Sigma-Aldrich) 

supplemented with a protease and a phosphatase 
inhibitor cocktail (Sigma-Aldrich). After 
centrifugation at 12,000 × g for 20 min at 4 °C, 
supernatants were collected, and protein 
concentrations were determined using the BCA 
Protein Assay Kit (Pierce, ThermoFisher). Samples 
were stored at –80 °C until analysis. The proteins were 
then separated using SDS-polyacrylamide gel 
electrophoresis (PAGE) and transferred onto 
nitrocellulose membranes. The membranes were 
blocked with 5% bovine serum albumin (BSA) for 1 
hour. The membranes were then incubated overnight 
with the primary antibodies (1:1000 dilution) listed in 
Table S3. After washing three times for 10 minutes in 
Tris-buffered saline with 0.1% Tween 20 (TBST; 
Boston BioProducts), the membranes were incubated 
with appropriate horseradish peroxidase 
(HRP)-conjugated secondary antibodies (1:2000 
dilution, Cell Signaling) for 1h at RT. After three 
further washes, Protein bands were detected using the 
Bio-Rad ChemiDoc Touch Imaging System with 
SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate (Thermo Scientific). Densitometric analysis 
of the bands was performed using Image Lab 
software (Bio-Rad), and relative protein expression 
was normalized to control protein levels for each 
sample. 

Lung function 
Anesthetized mice were intubated with a sterile 

blunt 19G cannula, which was then connected to a 
flexiVent respirator (SCIREQ). The 19G catheters were 
selected because they did not cause any injury to the 
trachea during intubation. Prior to each experiment, 
the flexiVent system was calibrated to account for the 
mechanical properties of both the system and the 
tracheal cannula, ensuring accurate calculations of 
lung mechanical properties. Ventilation was set with a 
tidal volume of 10 ml/kg body weight, a respiratory 
rate of 150 breaths per minute, and a positive 
end-expiratory pressure (PEEP) of 3 cm H2O. Two 
recruitment maneuvers (deep lung inflation at 30 cm 
H2O) and three pressure-controlled quasi-static 
pressure–volume (PV) loops were applied. The 
inspiratory capacity (IC), which indicates the amount 
of air that can be inhaled following a normal 
expiration, was calculated during deep inflation. This 
maneuver helps open closed lung areas, restore 
airway patency, and normalize lung volume. Tissue 
elastance, which reflects lung resistance to distension 
under mechanical load, was calculated by fitting the 
constant-phase model to impedance spectra obtained 
during FOT. Quasi-static compliance (Cst), which 
represents lung distensibility, was determined as the 
mean of the three PV loop values using the 
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Salazar-Knowles equation.  

Immunostaining 
Formalin-fixed paraffin-embedded (FFPE) 

human lungs were cut in serial sections (5 μm). Slides 
were subsequently deparaffinized in xylene and 
rehydrated through a graded ethanol series. Antigen 
retrieval was performed using Universal Epitope 
Retrieval Buffer (Electron Microscopy Sciences) for 
40 min in a Retriever 2100 pressure cooker. After 
cooling, sections were blocked for 2 h in 1× PBS 
containing 0.1% Triton X-100 and 5% goat serum to 
reduce nonspecific binding. The sections were then 
incubated overnight at 4 °C with primary antibodies 
against ID1 (sc-133103, Santa Cruz), ID3 (2B11, 
Invitrogen), and fibronectin (15613-1-AP, 
Proteintech). Following primary antibody incubation, 
slides were washed and incubated with species- 
appropriate fluorophore-conjugated secondary 
antibodies (Cell Signaling). Nuclei were 
counterstained with DAPI, and slides were mounted 
using an antifade mounting medium (Thermofisher). 
Fluorescence images were acquired using a Keyence 
fluorescence microscope under identical acquisition 
settings for all samples to allow direct comparison 
between control and IPF groups.  

Statistical analyses 
All quantitative data are reported as 

means ± SEM. Statistical analysis was performed with 
the Prism software package (GraphPad Version 11). 
Data distribution was assessed by D’Agostino- 
Pearson omnibus test, Shapiro-Wilk test, and 
Kolmogorov-Smirnov test for normality. Depending 
on the distribution of data, unpaired t-test or 
Mann-Whitney test was used to determine statistical 
significance. Differences among multiple means were 
assessed by one-way or two-way ANOVA followed 
by Bonferroni correction or followed by Holm-Sidak’s 
test analysis as appropriate. Ashcroft scores were 
analyzed using the Kruskal-Wallis test followed by 
Dunn’s multiple-comparison test. P-values <0.05 were 
considered significant (corresponding symbols in 
figures are *for P < 0.05, **for P < 0.01, and ***for 
P < 0.001). 

Additional experimental materials and methods 
are provided in the Supplementary Information. 

Results 
ID1 and ID3 are upregulated in pulmonary 
fibrosis 

To investigate the regulation of ID family 
members in pulmonary fibrosis, we first examined 
ID1 and ID3 expression in the lungs of patients with 

IPF and matched healthy donors. We found that ID1 
and ID3 expression was significantly increased in the 
IPF lungs (Figure 1A). To identify the cell types in 
which ID1 and ID3 expression is increased in IPF, we 
next analyzed a publicly available single-cell RNA 
sequencing dataset from healthy and IPF lungs 
(GSE132771) [30]. ID1 and ID3 levels were 
significantly elevated in fibroblasts from IPF patients 
(Figure 1A and Figure S1A). ID1 and ID3 expression 
was specifically increased in alveolar fibroblasts, 
adventitial fibroblasts, fibrotic fibroblasts (ID1), and 
peribronchial fibroblasts (ID3) from IPF patients 
(Figure S1B). Although ID1 and ID3 are also 
expressed in epithelial, endothelial, and immune cells, 
their expression was reduced in these cell types in IPF 
(Figure S1C), indicating that the overall increase in 
ID1 and ID3 expression in IPF lungs is predominantly 
attributable to lung fibroblasts.  

We next quantified ID1 and ID3 mRNA levels in 
human lung fibroblasts (HLF) isolated from healthy 
donors and from patients with IPF. The PCR analyses 
revealed a significant increase in ID1 and ID3 mRNA 
levels in IPF-derived fibroblasts (Figure 1C). Western 
blot analyses of protein extracts from HLFs isolated 
from healthy donors and from patients with IPF 
revealed a marked upregulation of ID1 and ID3 in 
IPF-derived lung fibroblasts (Figure 1D). HLFs were 
then treated with TGF-β, the primary driver of 
pulmonary fibrosis [31], and ID1 and ID3 levels were 
determined by qPCR and Western blot. Our analyses 
revealed a prominent increase of ID1 and ID3 mRNA 
and protein levels in TGF-β-treated fibroblasts (Figure 
1E-F). Next, we explored ID1/ID3 mRNA expression 
profiles in an in vivo animal model of lung fibrosis, 
bleomycin (BLM)-induced pulmonary fibrosis in 
mice. qPCR analyses revealed a significant increase in 
pulmonary ID1 and ID3 mRNA levels in diseased 
mice (Figure 1G). Consistent with the qPCR results, 
ID1 and ID3 protein levels were also increased in the 
lungs of mice three weeks after BLM administration 
(Figure 1H). Additionally, we examined the mRNA 
expression profiles of ID1 and ID3 in fibroblasts 
isolated from the lungs of mice with pulmonary 
fibrosis. qPCR and Western blot analyses revealed a 
significant increase in ID1 and ID3 mRNA and protein 
levels in fibroblasts isolated from diseased lungs 
(Figure 1I-J). Importantly, no significant changes in 
ID2 and ID4 levels were observed in lung fibroblasts 
from IPF patients, in healthy lung fibroblasts treated 
with TGF-β, or in the lungs of mice with pulmonary 
fibrosis (Figure S2A-C). These results indicate that ID1 
and ID3 levels are increased in lung fibroblasts from 
mice and humans with pulmonary fibrosis, 
suggesting a contribution of these proteins to disease 
progression. 
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Figure 1. Increased ID1 and ID3 expression in pulmonary fibrosis. (A) (Left) Representative immunofluorescence images of lung sections from healthy donors and IPF patients 
showing ID1/ID3 (green) and Fibronectin (red) co-staining. Nuclei were counterstained with DAPI (blue). Scale bar: 100 µm. (Right) Quantification of the data. n = 6 patients per 
group. (B) (Left) UMAP plots showing the distribution of COL1A1⁺ fibroblasts in healthy and IPF samples, along with PDGFRA and PDGFRB expression. (Right) Violin plots 
showing the expression levels of Col1a1, ID1, and ID3 in fibroblasts from healthy and IPF lungs. (C-D) ID1 and ID3 mRNA (C) and protein (D) levels determined by real time 
qPCR and Western blot analyses in lung fibroblasts isolated from healthy donors and patients with IPF (n = 6/group). (E) ID1 and ID3 mRNA levels in healthy human lung 
fibroblasts treated with TGF-β1 (5 ng/ml) for 48 hours. n = 6-7 experiments performed in triplicate. (F) ID1 and ID3 protein levels in healthy human lung fibroblasts treated with 
TGF-β1 (5 ng/ml) for 48 hours. n = 4. (G) ID1 and ID3 mRNA levels in lungs of mice with pulmonary fibrosis (n = 6-8 mice/group). (H) ID1 and ID3 protein levels in lung 
homogenates 10 and 21 days after PBS or BLM injection (n = 3 mice/group). (I) ID1 and ID3 mRNA levels in lung fibroblasts isolated from the lungs of PBS or BLM-treated mice 
(n = 4 mice/group). (J) ID1 and ID3 protein levels in lung fibroblasts from control and BLM-treated mice (n = 4 mice/group). * P < 0.05, ** P < 0.01, by t-test for all panels, except 
for (H), which was analyzed using one-way-ANOVA. 

 
Silencing of ID1 and ID3 attenuates human 
lung fibroblast proliferation, migration and 
differentiation into myofibroblast 

Given that lung fibroblasts contribute to injury 

responses through rapid migration, proliferation, and 
differentiation into myofibroblasts, we assessed 
whether ID1/ID3 inhibition affects these processes in 
HLFs. Knockdown of ID1 using a specific siRNA 
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induced compensatory upregulation of ID3, and 
conversely, increased ID1 levels compensated for ID3 
knockdown (Figure 2A-B), indicating that a 
simultaneous inhibition of ID1 and ID3 is necessary to 
accurately characterize their roles in pulmonary 
fibrosis. Combined knockdown of ID1/ID3 
significantly reduced serum-induced proliferation in 
both healthy and IPF-derived HLFs (Figure 2C). We 
next examined whether ID1/ID3 inhibition affects 
HLF migration. Serum treatment increased migration 
in healthy and IPF-derived lung fibroblasts, whereas 
ID1/ID3 knockdown significantly attenuated this 
effect (Figure 2D-E). Because fibroblasts differentiate 
into myofibroblasts to enhance collagen production 
and promote fibrosis, we then investigated whether 
ID1/ID3 inhibition influences this process. Healthy 
HLFs were treated with TGF-β1 in the presence or 
absence of ID1 and ID3 specific siRNAs. As markers 
of fibroblasts differentiation, TGF-β1 increased alpha 
smooth muscle actin (Acta2) mRNA level, as well as 
Collagen 1a1 (Col1a1) mRNA levels (Figure 2F). 
Importantly, ID1/ID3 knockdown prevented these 
changes (Figure 2F), indicating that ID1/ID3 
inhibition impairs lung fibroblast differentiation. 
Consistently, ID1/ID3 knockdown also reduced 
TGFβ-induced Acta2 and Collagen1 protein 
expression (Figure 2G). Similar effects were observed 
in IPF-derived HLFs (Figure 2H-I). Together, these 
results demonstrate that ID1/ID3 knockdown 
decreases lung fibroblast proliferation, migration and 
differentiation into myofibroblast.  

We next investigated the effects of ID1/ID3 
overexpression on HLF proliferation, migration and 
differentiation into myofibroblast. HLFs isolated from 
healthy human donors were transduced with 
adenoviruses encoding ID1 and ID3 (Ad-ID1+Ad- 
ID3) or with an adenovirus encoding luciferase 
(Ad-Ctrl) as a control. A significant increase in ID1 
and ID3 mRNA levels, but not ID2 or ID4, was 
observed in Ad-ID1/ID3-treated HLFs (Figure S3A). 
Consistently, transduction with Ad-ID1/ID3 induced 
a marked increase in ID1 and ID3 protein levels 
(Figure S3B), confirming the efficiency of the 
adenoviral constructs. ID1/ID3 overexpression did 
not affect proliferation of healthy HLF but 
significantly increased fibroblast migration (Figure 
S3C-D). Importantly, ID1/ID3 overexpression 
induced Acta2, Col1a1 and Ctgf mRNA levels (Figure 
S3E) to levels comparable to those observed following 
TGF-β1 treatment (Figure 2). Together, these results 
suggest that ID1/ID3 overexpression is sufficient to 
enhance lung fibroblast migration, promote 
differentiation into myofibroblasts, and increase 
collagen production. 

Genetic deletion of ID1/ID3 protects mice 
from BLM-induced pulmonary fibrosis 

To evaluate the in vivo effect of ID1/ID3 deletion 
on pathological remodeling in lung fibrosis, we 
generated ID1/ID3 double knockout mice. Because 
constitutive ID1/ID3 double knockout mice die at 
mid-gestation, we generated a fibroblast-specific 
conditional knockout model. Specifically, we globally 
ablated ID3 and conditionally deleted ID1 in 
fibroblasts using Col1a2-CreER mice. Mice received 
daily intraperitoneal (IP) injections of tamoxifen for 
five consecutive days (Figure 3A). Mice were then 
administered a single intratracheal dose of BLM 
(2U/kg) or saline and were sacrificed four weeks after 
BLM delivery (Figure 3A). As expected, BLM 
treatment in WT mice resulted in a marked increase in 
ID1 and ID3 expression, whereas ID1/ID3 KO mice 
exhibited significantly reduced pulmonary ID1 and 
ID3 mRNA levels (Figure 3B). Importantly, no 
significant changes in ID2 or ID4 expression were 
observed in the lungs of the ID1/ID3 KO mice (Figure 
S4A-B). Because disease progression in patients with 
IPF is commonly assessed by imaging and lung 
function analyses [32], and therapeutic efficacy is 
largely determined by improvements in lung 
function, we performed pulmonary function testing in 
these mice. BLM-exposed ID1/ID3 KO mice showed 
significant improvement in all parameters that were 
impaired in BLM-treated WT mice, including 
increased inspiratory capacity and static compliance, 
and decreased respiratory elastance (Figure 3C). 
Immunoblot analyses of lung homogenates revealed 
increased Collagen-I and α-SMA protein levels in 
BLM-treated WT mice, whereas ID1/ID3 KO mice 
displayed significantly reduced expression of these 
proteins (Figure 3D). Similarly, Col3a1 and Ctgf 
mRNA levels were elevated in response to BLM in 
WT mice but were significantly reduced in the lungs 
of ID1/ID3 KO mice (Figure S4C-D). Histological 
examination using Sirius Red/Fast Green staining 
demonstrated marked fibrosis in BLM-treated WT 
mice, whereas ID1/ID3 KO mice exhibited 
substantially reduced fibrotic remodeling (Figure 3E 
and S5A). Consistently, ID1/ID3 KO mice had 
significantly lower Ashcroft scores compared with 
WT mice (Figure 3E). Masson’s trichrome staining 
further confirmed reduced fibrosis and lower 
Ashcroft scores in ID1/ID3 KO mice (Figure S6A). 
Finally, hydroxyproline content was significantly 
decreased in ID1/ID3 KO mice compared with 
BLM-treated WT mice (Figure 3F). Taken together, 
these findings indicate that deletion of ID1/ID3 prior 
to BLM exposure protects mice from the development 
of lung fibrosis.  
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Figure 2. Knockdown of ID1/ID3 reduces human lung fibroblast proliferation, migration, and differentiation into myofibroblasts. (A) ID1 and ID3 mRNA levels in healthy human 
lung fibroblasts transfected with siRNA-Ctrl, siRNA-ID1 or siRNA-ID3 (5nM each) for 48 hours. n = 4-5 experiments performed in triplicate. (B) (Left) Representative 
immunoblots showing ID1, ID3 and GAPDH protein levels in healthy human lung fibroblasts transfected with siRNA-Ctrl, siRNA-ID1 or siRNA-ID3 (5nM each) for 48 hours. 
(Right) Quantification of the data. n = 4. (C) Proliferation of healthy and IPF-diseased human lung fibroblasts in the presence of the indicated treatments. n = 6 experiments 
performed in triplicate. (D-E) Migration of healthy (D) and IPF-derived (E) human lung fibroblasts in the presence of the indicated treatments. n = 4-6 experiments performed in 
duplicate. Scale bar: 100 µm. (F) qPCR assessment of Acta2 and Col1a1 mRNA levels in healthy HLF treated with siRNA-Ctrl or siRNA-ID1ID3 in the absence or presence of 
TGF-β1 (5 ng/ml). n = 3 experiments performed in triplicate. (G) (Left) Representative immunoblots showing Collagen1, α-SMA and GAPDH protein levels in healthy human lung 
fibroblasts transfected with siRNA-Ctrl or siRNA-ID1ID3 in the absence or presence of TGF-β1 (5 ng/ml). (Right) Quantification of the data. n = 4. (H) qPCR assessment of Acta2 
and Col1a1 mRNA levels in IPF-derived HLF treated with siRNA-Ctrl or siRNA-ID1ID3 in the absence or presence of TGF-β1 (5 ng/ml). n = 3 experiments performed in 
triplicate. (G) (Left) Representative immunoblots showing Collagen1, α-SMA and GAPDH protein levels in IPF-derived HLFs transfected with siRNA-Ctrl or siRNA-ID1ID3 in 
the absence or presence of TGF-β1 (5 ng/ml). (Right) Quantification of the data. n = 4. * P < 0.05, ** P < 0.01, *** P < 0.001 by one-way ANOVA (A and B) or two-way ANOVA 
(C-I). 
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Figure 3. Genetic deletion of ID1 and ID3 reduces bleomycin-induced lung fibrosis. (A) Design of the study. (B) PCR analysis of ID1 and ID3 mRNA levels in lungs of the indicated 
groups. n=6-7 mice/group. (C) Lung function parameters, including inspiratory capacity, compliance and single frequency elastance. n=7 mice/group. (D) Lung protein expression 
of Collagen1 and α-SMA in lungs from the indicated groups. n=4-6 mice/group. (E) (Left) Representative images from Fast Green/Sirius-Red-stained lungs of the indicated groups. 
n=7 mice/group. Scale bars: 200 μm. (Middle) Quantitative analysis of fibrosis. (Right) Ashcroft scores representing the extent of fibrosis. n= 6-7 mice/group. (F) Hydroxyproline 
content in lungs from the indicated groups. n = 7 mice/group. * P < 0.05; ** P < 0.01. *** P < 0.001 by two-way ANOVA for all panels, except for the Ashcroft score, which was 
analyzed using the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. 

 

Pharmacological inhibition of ID1/ID3 protects 
mice from pulmonary fibrosis 

We next assessed whether a pharmacological 
inhibitor of ID1 and ID3 (AGX51) affects HLFs 
proliferation, migration and differentiation into 
myofibroblasts. This small molecule promotes 
ubiquitin-mediated degradation of ID1 and ID3 in 
both healthy and IPF-derived HLFs, as demonstrated 
by reduced ID1 and ID3 expression in AGX51-treated 
cells (Figure 4A-B). Consistent with the results 
obtained using ID1- and ID3-specific siRNAs, AGX51 
inhibited serum-induced proliferation of both healthy 

and IPF-derived HLFs (Figure 4C-D). Similarly, 
AGX51 treatment significantly reduced migration of 
healthy and IPF-derived HLFs (Figure 4E-F). In 
addition, AGX51 attenuated the differentiation of 
both healthy and IPF-derived HLFs, as assessed by 
qPCR and immunoblot analyses of fibrotic markers 
(Figure 4G-H and S7). Importantly, AGX51 treatment 
did not exert additional effects in cells in which ID1 
and ID3 were already silenced (Figure S8), indicating 
that the biological effects of AGX51 are mediated 
specifically through ID1/ID3 inhibition. 



Theranostics 2026, Vol. 16, Issue 11 
 

 
https://www.thno.org 

6090 

 
Figure 4. Pharmacological inhibition of ID1/ID3 reduces lung fibroblast proliferation, migration, and differentiation into myofibroblast. (A-B) (Left) Representative immunoblots 
showing ID1, ID3 and GAPDH protein levels in healthy (A) and IPF-derived (B) human lung fibroblasts treated with 0.1%FBS or 5%FBS in the presence or absence of an ID1/ID3 
pharmacological inhibitor (AGX51, 20µM). (Right) Quantification of the data. n = 4. (C-D) Proliferation of healthy (C) and IPF-derived (D) human lung fibroblasts in the presence 
or absence of AGX51 (20µM). n = 5-6 experiments performed in triplicate. (E-F) Migration of healthy (E) and IPF-derived (F) human lung fibroblasts in the presence or absence 
of AGX51 (20µM). n = 5-6 experiments performed in triplicate. Scale bar: 100 µm. (G-H) qPCR assessment of Acta2, Col1a1 and Ctgf mRNA levels 48h after healthy (G) and 
IPF-derived (H) human lung fibroblasts treatment with TGF-β1 (5 ng/ml) and AGX51 (20 µM). n = 4-5 experiments performed in triplicate. * P < 0.05; ** P < 0.01. *** P < 0.001 
by two-way ANOVA. 

 
Next, to assess the potential involvement of 

ID1/ID3 in epithelial-mesenchymal transition (EMT), 
primary human alveolar epithelial cells (hAEpiCs) 
were treated with TGF-β in the presence or absence of 

AGX51. Pharmacological inhibition of ID1/ID3 
attenuated TGF-β-induced upregulation of 
mesenchymal and fibrotic markers, including 
Vimentin, Fibronectin, Col3A1, and Snail1 (Figure S9). 
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Conversely, overexpression of ID1/ID3 enhanced 
TGF-β-induced expression of these markers (Figure 
S9). These results suggest that ID1/ID3 modulate 
epithelial plasticity and EMT-related responses under 
profibrotic conditions. 

To assess the in vivo effects of AGX51 on 
pulmonary fibrosis, WT mice were intratracheally 
administered BLM (2U/kg) or saline, followed by two 
weeks of AGX51 treatment (50 mg/kg, twice daily, 
three days per week) starting on day 14 from BLM 
administration (Figure 5A). BLM induced a marked 
increase in ID1 and ID3 expression levels, which was 
significantly reduced by AGX51 treatment (Figure 
5B). AGX51 treatment alone had no effect in 
non-fibrotic mice (Figure 5C-G). AGX51 treatment 
improved lung function in BLM-treated mice, as 
evidenced by increased respiratory capacity and static 
compliance, and reduced respiratory elastance (Figure 
5C). The mRNA expression levels of Col1a1, Col3a1, 
and fibronectin (Fn1) were significantly reduced in 
the lungs of BLM-challenged mice treated with 
AGX51 (Figure 5D). Immunoblot analysis of lung 
homogenates further demonstrated a marked 
decrease in collagen I and collagen III protein levels 
following AGX51 treatment (Figure 5E). Histological 
examination using Sirius Red/Fast Green staining 
revealed extensive fibrosis in BLM-treated mice, 
whereas AGX51 administration markedly attenuated 
fibrotic remodeling (Figure 5F and S5B). Consistently, 
AGX51-treated mice exhibited significantly lower 
Ashcroft scores compared with PBS-treated controls 
(Figure 5F and S6B). In addition, hydroxyproline 
content was significantly reduced in AGX51-treated 
mice (Figure 5G). Taken together, these findings 
indicate that pharmacological inhibition of ID1 and 
ID3 attenuates the development of BLM-induced lung 
fibrosis in mice. 

We next compared the effects of ID1/ID3 
inhibition with those of currently approved 
antifibrotic therapies. Mice were administered 
bleomycin and, two weeks later, treated with AGX51, 
pirfenidone, or nintedanib for an additional two 
weeks (Figure S10A). AGX51 reduced collagen 
deposition and histological fibrosis scores to a degree 
comparable to pirfenidone and nintedanib (Figure 
S10B-C, S5D, and S6D). Importantly, AGX51 
produced statistically significant improvements in 
selected lung function parameters compared not only 
with vehicle-treated mice, but also with pirfenidone- 
and nintedanib-treated groups (Figure S10D). These 
findings suggest that, in this experimental model, 
AGX51 may confer greater functional benefit than 
currently approved antifibrotic therapies. 

Because fibroblast senescence has been 
implicated in IPF pathogenesis and ID1 has been 
described as a regulator of this process, we next 
determined whether modulation of ID1/ID3 affects 
cellular senescence in the context of pulmonary 
fibrosis. Senescence-associated β-galactosidase 
(SA-β-gal) staining was significantly increased in the 
lungs of BLM-treated WT mice, consistent with 
enhanced cellular senescence during pulmonary 
fibrosis (Figure S11A). Importantly, genetic deletion 
of ID1/ID3 significantly attenuated the BLM-induced 
increase in SA-β-gal activity (Figure S11A). Similarly, 
pharmacological inhibition of ID1/ID3 significantly 
reduced BLM-induced SA-β-gal staining (Figure 
S11B). These findings indicate that inhibition of 
ID1/ID3 suppresses fibrosis-associated cellular 
senescence in vivo. 

Targeted inhibition of ID1/ID3 in the lung 
attenuates BLM-induced pulmonary fibrosis 

To selectively modulate ID1 and ID3 expression 
in the lung, we generated adeno-associated viruses 1 
(AAV1) expressing short hairpins targeting ID1 and 
ID3 (shID1 and shID3) and delivered them via 
intratracheal injection to mice two weeks after BLM 
administration (Figure 6A). BLM induced a significant 
increase in ID1 and ID3 mRNA levels in AAV1-Ctrl- 
treated mice, whereas AAV1-shID1/ID3 treatment 
markedly reduced pulmonary ID1 and ID3 mRNA 
expression (Figure 6B). Intratracheal delivery of 
AAV-shID1/ID3 did not significantly alter ID1 and 
ID3 mRNA levels in the heart, liver, or kidney (Figure 
S12), indicating lung-restricted effects. Under basal 
conditions, intratracheal administration of AAV1- 
shID1/ID3 did not produce detectable phenotypic 
changes (Figure 6C-F). In BLM-treated mice, however, 
AAV1-shID1/ID3 delivery improved lung function, 
as evidenced by increased inspiratory capacity and 
static compliance, and decreased respiratory elastance 
(Figure 6C). AAV1-shID1/ID3-treated mice exhibited 
significantly reduced Col1a1, Col3a1, and Fn1 mRNA 
levels (Figure 6D). In addition, lung hydroxyproline 
content was significantly decreased (Figure 6E). 
Histological analysis using Sirius Red/Fast Green 
staining revealed marked fibrosis in AAV1-Ctrl- 
treated mice, whereas AAV1-shID1/ID3 
administration significantly attenuated fibrotic 
remodeling (Figure 6F and S5C). Consistently, 
AAV1-shID1/ID3-treated mice displayed lower 
Ashcroft score compared with AAV1-Ctrl-treated 
mice (Figure 6F and S6C). Together, these findings 
show that lung-specific inhibition of ID1 and ID3 
attenuates BLM-induced pulmonary fibrosis.  
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Figure 5. Pharmacological inhibition of ID1/ID3 confers protection against pulmonary fibrosis in mice. (A) Design of the study. (B) (Left) Representative immunoblots showing 
ID1, ID3 and GAPDH protein levels in lung homogenates from PBS- or BLM-challenged mice treated or not with AGX51. (Right) Quantification of the data. n = 4 mice/group. 
(C) Lung function parameters, including inspiratory capacity, compliance, and single frequency elastance. n=5 mice/group. (D) PCR analysis of Col1a1, Col3a1 and Fn1 mRNA 
levels in lungs of the indicated groups. n=5-6 mice/group. (E) Lung protein expression of Collagen-I and Collagen-III in lungs from the indicated groups. n=5-6 mice/group. (F) 
(Left) Representative images from Fast Green/Sirius-Red-stained lungs of the indicated groups. n=5-9 mice/group. Scale bars: 200μm. (Middle) Quantitative analysis of fibrosis. 
(Right) Ashcroft scores representing the extent of fibrosis. n = 5-7 mice/group. (G) Hydroxyproline content in lungs from the indicated groups. n = 5-7 mice/group. * P < 0.05; 
** P < 0.01. *** P < 0.001 by one-way ANOVA (B and E), two-way ANOVA (C, D, F, and G), and by Kruskal-Wallis test followed by Dunn’s multiple-comparison test for the 
Ashcroft score. 

 
Transcriptional regulation of ID1 and ID3 by 
Egr-1 and hypoxia in lung fibroblasts 

By analyzing transcription factor binding sites 

within the promoter regions of ID1 and ID3 using the 
PROMO v3.0.2 database [33], we identified Egr-1 as a 
predicted regulator of both genes. Egr-1 expression 
has been reported to be increased in IPF [34] and 
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implicated in pulmonary fibrosis [35]. Overexpression 
of Egr1 significantly increased ID1 and ID3 mRNA 
(Figure S13A) and protein (Figure S13B) levels. Given 
that hypoxia has been implicated in the pathogenesis 
of fibrotic diseases and linked to the development of 
IPF [36, 37], we next investigated whether hypoxia 
and hypoxia-inducible factor 1α (HIF-1α) regulate ID1 
and ID3 expression. HLFs were transfected with 
HIF-1α-specific siRNA or control siRNA and 
subsequently exposed to normoxic (21% O₂) or 
hypoxic (1% O₂) conditions. Hypoxia induced a 
significant upregulation of ID1 and ID3 expression, an 
effect that was abolished by HIF-1α knockdown 
(Figure S13C). 

ID and ID3 regulate cell cycle-related genes 
and signal through the MEK/ERK pathway 

To elucidate the functional roles of ID1 and ID3 
in pulmonary fibrosis, it is critical to identify their 
mechanism(s) of action. To this end, we performed 
RNA sequencing analysis on RNA extracted from 
human lung fibroblasts treated with the ID1 and ID3 
inhibitor (AGX51) or PBS (control) in the presence of 
serum (5% FBS), using three biological replicates per 
group. Principal component analysis (PCA) of 
normalized read counts revealed clear separation 
between treatment groups (Figure S14A). Samples 
clustered distinctly according to treatment condition, 
with AGX51-treated cells clearly segregated from 
untreated cells (Figure S14A). Differential expression 
analysis identified multiple mRNAs and signaling 
pathways regulated by AGX51 (Figure S14B-C and 
Table S4), and transcription factor activity analysis 
predicted altered activity of several transcription 
factors in response to ID1/ID3 inhibition (Figure S15). 
Pathway enrichment analysis revealed that the 
majority of enriched pathways derived from 
upregulated genes in serum-treated HLFs were 
associated with cell cycle processes (Figure S14D-E). 
Notably, there was a consistent downregulation of the 
genes within these pathways with AGX51 treatment 
(Figure 7A). Among the differentially expressed genes 
were cyclin A2 (Ccna2), cyclin B2 (Ccnb2), and 
cyclin-dependent kinase 1 (Cdk1) (Figure 7A). To 
validate the RNA sequencing results, mRNA was 
isolated from AGX51-treated HLFs and analyzed by 
qPCR. AGX51 significantly reduced Ccna2, Ccnb2, 
and Cdk1 mRNA levels (Figure 7B). In vivo, BLM 
treatment induced marked upregulation of 
pulmonary Ccna2, Ccnb2, and Cdk1 mRNA 
expression, which was significantly reversed by 
pharmacological inhibition of ID1/ID3 (Figure 7C). 
Immunoblot analysis in serum-stimulated HLFs and 
lungs of BLM-treated mice confirmed increased 
protein levels of cyclin A2, cyclin B2, and CDK1, 

whereas ID1/ID3 inhibition reduced their expression 
(Figure 7D-E). These findings were further validated 
following genetic inhibition of ID1/ID3. Transfection 
of HLFs with ID1/ID3-specific siRNAs markedly 
reduced Ccna2, Ccnb2, and Cdk1 mRNA and protein 
levels (Figure S16A-B), and AAV-shID1/ID3 
administration attenuated BLM-induced upregulation 
of these cell cycle proteins in vivo (Figure S16C-D).  

We next performed a rescue experiment to 
validate the functional relevance of the cell cycle gene 
pathway in mediating the effects of ID1/ID3. HLFs 
were treated with AGX51 in the presence of an 
adenovirus encoding Cdk1 (Ad-Cdk1) or a control 
adenovirus. Transduction with Ad-Cdk1 significantly 
increased Cdk1 mRNA and protein levels (Figure 
S17A-B), confirming the efficiency of the adenoviral 
construct. Although ID1/ID3 inhibition reduced HLF 
proliferation, Cdk1 overexpression largely abrogated 
the anti-proliferative effect of AGX51 (Figure 7F).  

Because ID1 and ID3 have been reported to 
regulate the MEK/ERK pathway in cancer [21] and 
MEK signaling is known to promote lung fibroblast 
differentiation into myofibroblast [38], we next 
assessed the effect of ID1/ID3 inhibition on MEK1 
phosphorylation in HLFs. Western blot analysis 
revealed that ID1/ID3 inhibition decreased MEK1 
phosphorylation in TGFβ1-treated HLFs (Figure 7G), 
whereas ID1/ID3 overexpression increased p-MEK1 
levels (Figure 7H). Consistently, ID1/ID3 inhibition 
reduced ERK1/2 phosphorylation in TGFβ1-treated 
HLFs (Figure S18A), while ID1/ID3 overexpression 
increased phosphorylated ERK1/2 levels (Figure 
S18B). Elevated ID1/ID3 expression promoted 
fibroblasts differentiation into myofibroblasts, as 
indicated by increased Acta2, Col1a1 and Ctgf mRNA 
levels; however, MEK1 inhibition abrogated these 
effects (Figure 7I). Conversely, adenoviral 
overexpression of MEK1 in HLFs (Figure S17C) 
significantly attenuated the inhibitory effect of 
ID1/ID3 knockdown on fibroblast differentiation 
(Figure 7J).  

Together, these findings indicate that ID1/ID3 
regulate lung fibroblast proliferation through the 
Cyclin A2/Cyclin B2/CDK1 axis and promote 
fibroblast differentiation into myofibroblasts via 
activation of the MEK/ERK pathway. 

Discussion 
Ongoing research aims to better understand the 

pathophysiology of IPF and to define new therapeutic 
strategies for this devastating disease. Because 
currently approved therapies do not fully halt disease 
progression, there remains a significant unmet 
medical need. In this study, we investigated the role 
of ID proteins in pulmonary fibrosis and evaluated 
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their potential as therapeutic targets. ID proteins are 
highly conserved transcriptional regulators that play 
pivotal roles during developmental [39] and are 
typically low in adult tissues, although they are 
re-expressed in several cancers [40-44].  

Although ID1 has been reported to be increased 
in the lungs of BLM-treated mice [45, 46], its 
regulation in human IPF and the expression of ID3 in 
pulmonary fibrosis had not been comprehensively 

examined. Here, we demonstrate that ID1 and ID3 
mRNA levels are significantly elevated in lungs and 
lung fibroblasts from patients with IPF and from mice 
with pulmonary fibrosis. ID1 and ID3 were also 
upregulated in human lung fibroblasts following 
TGF-β1 treatment, a key profibrotic cytokine. These 
findings establish the clinical and experimental 
relevance of ID1/ID3 in IPF. 

 

 
Figure 6. Lung-specific inhibition of ID1 and ID3 attenuates bleomycin-induced lung fibrosis. (A) Schematic representation of the study design. (B) qPCR analysis of ID1 and ID3 
mRNA levels in lungs of the indicated groups. n = 4 mice/group. (C) Lung function parameters, including inspiratory capacity, static compliance, and single-frequency elastance. 
n = 5-8 mice/group. (D) Relative mRNA expression of Col1a1, Col3a1, and Fn1 in lungs from the indicated groups. n=5 mice/group. (E) Hydroxyproline content in lungs from the 
indicated groups. n=5-6 mice/group. (F) (Left) Representative Fast Green/Sirius-Red-stained lung sections of the indicated groups. n=5-mice/group. Scale bar: 200μm. (Middle) 
Quantitative analysis of fibrosis. (Right) Ashcroft scores reflecting the extent of fibrosis. n = 5 mice/group. * P < 0.05; ** P < 0.01. *** P < 0.001 by two-way ANOVA for all panels, 
except for the Ashcroft score, which was analyzed using the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. 
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Figure 7. ID1/ID3 act through modulation of cell cycle-associated genes and activation of the MEK signaling pathway. (A) Heat map of differentially expressed cell cycle-related 
genes from the Gene Ontology Biological Process pathway ‘cell cycle G2/M phase transition’ (GO:0044839) in PBS-treated versus AGX51-treated HLFs cultured in the presence 
of 0.1% FBS or 5% FBS. (B) PCR analysis of Ccna2, Ccnb2 and Cdk1 mRNA levels in HLF treated with PBS or AGX51 in the presence of Serum (5% FBS). n = 3-4 per group. (C) 
Pulmonary Ccna2, Ccnb2 and Cdk1 mRNA levels in lungs from the indicated groups. n = 5-6 per group. (D) (Left) Representative immunoblots showing CCNA2, CCNB2 and 
CDK1 protein levels in HLFs treated with 5%FBS in the presence or absence of AGX51. (Right) Quantification of protein expression. n = 4-6 per group. (E) (Left) Representative 
immunoblots showing CCNA2, CCNB2 and CDK1 protein levels in lung homogenates from the indicated groups. (Right) Quantification of protein expression. n = 4-6 per group. 
(F) Proliferation of human lung fibroblasts under the indicated treatment conditions. n = 5 experiments performed in triplicate. (G) Representative immunoblots showing 
phosphorylated MEK1 (p-MEK1) and total MEK1 protein levels in HLF treated with 5%FBS in the presence or absence of AGX51. (Right) Quantification of the data. n = 4 per 
group. (H) Representative immunoblots showing phosphorylated MEK1 and total MEK1 protein levels in HLF treated with Adenovirus control (Ad-Ctrl) or Adenoviruses 
ID1+ID3 (Ad-ID1/ID3). (Right) Quantification of the data. n = 3-4 per group. (I) qPCR analysis of Acta2, Col1a1, and Ctgf mRNA levels 48h after HLF treatment with Ad-ID1/ID3 
or Ad-Ctrl in the presence or absence of the MEK1 inhibitor Selumetinib (10 µM). n = 4 experiments performed in duplicate. (J) qPCR analysis of Acta2, Col1a1, and Ctgf mRNA 
levels 48h after HLF treatment with Ad-MEK1 or Ad-Ctrl in the presence or absence of AGX51 (20 µM). n = 4 experiments performed in duplicate. * P < 0.05; ** P < 0.01. *** 
P < 0.001 by one-way ANOVA for all panel, expect for (H) which was analyzed using a t-test. 
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Mechanistically, we show that ID1/ID3 regulate 
key pathways involved in fibroblast proliferation, 
migration and differentiation into myofibroblast. 
Simultaneous inhibition of ID1/ID3 reduced cyclin 
A2, cyclin B2 and CDK1 expression, and CDK1 
overexpression rescued the anti-proliferative effect of 
ID1/ID3 inhibition. In addition, ID1/ID3 
overexpression enhanced MEK1 and ERK1/2 
phosphorylation, whereas MEK1 inhibition abrogated 
ID1/ID3-induced fibroblast differentiation. Thus, 
ID1/ID3 promote fibroblast activation through 
regulation of cell cycle machinery and MEK/ERK 
signaling. 

The role of MEK/ERK signaling in fibroblast 
biology is complex and context-dependent. While 
several studies demonstrate that MEK/ERK 
activation promotes lung fibroblast differentiation 
and extracellular matrix production in fibrotic settings 
[43, 47-49], other work shows that FGF2 can induce 
dedifferentiation of established myofibroblasts 
through MEK/ERK signaling [50]. These differences 
likely reflect variation in upstream ligands, signal 
duration and magnitude, and fibroblast activation 
state. Our findings support a context-dependent 
model in which MEK/ERK contributes to profibrotic 
remodeling under TGF-β-driven conditions. 

Previous studies have reported findings that 
appear to contrast with ours. For example, ID1 
deletion promoted lung collagen accumulation [45, 
46], ID3 overexpression has been associated with 
antifibrotic effects in fibroblasts [51] and ID1 or ID3 
overexpression separately in skin fibroblasts reduced 
α-SMA and COL1A1 expression [52]. These 
observations suggest that ID proteins may exert 
antifibrotic functions in certain contexts. However, 
several factors may account for these discrepancies. 
First, fibroblasts exhibit marked tissue-specific 
heterogeneity, and the functional role of ID1/ID3 may 
differ between skin and lung fibroblasts. Second, 
many prior studies relied on overexpression systems, 
which may induce supraphysiologic protein levels 
and non-physiological transcriptional programs, 
whereas our study interrogates the role of 
endogenous ID1/ID3 using genetic and 
pharmacologic inhibition. Third, ID1 and ID3 have 
overlapping and compensatory functions [53-56] and 
Figure 2A-B; therefore, single-gene manipulation may 
yield outcomes distinct from simultaneous inhibition. 
By targeting ID1 and ID3 concurrently in vivo, our 
study reveals a cooperative profibrotic role in the lung 
that may not be apparent in single-gene or gain-of- 
function systems. Together, these considerations 
support a context-dependent model in which the 
function of ID proteins is influenced by tissue type, 
cellular microenvironment, disease stage, and the 

mode of experimental manipulation. 
Because complete germline deletion of both ID1 

and ID3 results in embryonic lethality at 
mid-gestation [57], we generated mice carrying a 
ubiquitous deletion of ID3 combined with a 
fibroblast-specific deletion of ID1. This approach 
enabled effective ablation of ID signaling in 
fibroblasts while preserving viability and allowed us 
to demonstrate that simultaneous inhibition of ID1 
and ID3 protects against the development of 
pulmonary fibrosis. Although we cannot fully exclude 
subtle systemic effects resulting from global ID3 
deficiency, our in vitro fibroblast-specific loss- and 
gain-of-function studies strongly support a 
predominantly fibroblast-autonomous mechanism. In 
addition, we found that both genetic deletion and 
pharmacological inhibition of ID1/ID3 significantly 
attenuated the bleomycin-induced increase in cellular 
senescence. Whether this reduction in senescence 
reflects a direct effect of ID1/ID3 inhibition on 
senescence pathways or occurs secondary to the 
overall attenuation of pulmonary fibrosis remains to 
be determined. 

Therapeutically, we demonstrate that both 
preventive and post-injury interventions targeting 
ID1/ID3 are effective. The genetic deletion of ID1/ID3 
represents a preventive model in which gene 
inactivation precedes bleomycin exposure, thereby 
demonstrating that ID1/ID3 are required for the 
initiation and progression of fibrogenesis. In contrast, 
the pharmacologic (AGX51) and AAV-shRNA 
approaches were administered after fibrosis had been 
established, modeling a therapeutic setting. These 
post-injury interventions therefore address whether 
inhibition of ID1/ID3 can attenuate ongoing fibrotic 
remodeling and partially reverse established disease. 
Together, these complementary approaches support 
both a necessary role for ID1/ID3 in fibrosis 
development and their potential as therapeutic targets 
in established pulmonary fibrosis. 

AGX51, a small-molecule pan-ID antagonist 
[58-60], phenocopied genetic ID1/ID3 loss, reversed 
profibrotic phenotypes in vitro, improved lung 
function, and reduced fibrosis in vivo. The selected 
dosing regimen was based on prior reports of good 
tolerability [61] and we observed no overt toxicity in 
treated animals. These findings support the feasibility 
of pharmacologic ID1/ID3 targeting. To further 
enhance translational relevance and reduce potential 
off-target effects, we developed intratracheal 
AAV1-shID1/ID3 delivery, which significantly 
improved lung function and reduced fibrosis. Future 
studies using fibroblast-specific promoters may 
further refine lung-targeted ID1/ID3 inhibition. 
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In summary, we propose a model in which ID1 
and ID3 are upregulated in pulmonary fibrosis by key 
profibrotic stimuli, including TGF-β, hypoxia, and 
Egr-1, thereby integrating inflammatory and stress- 
related signaling pathways. Increased ID1/ID3 
expression promotes fibroblast proliferation and 
differentiation through regulation of cell cycle genes 
and MEK/ERK signaling. Simultaneous inhibition of 
ID1/ID3 attenuates fibroblast activation and reduces 
pulmonary fibrosis in vivo, supporting ID1/ID3 as 
promising therapeutic targets in IPF. 
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