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Highlights

What are the main findings?

• EPDR1 is significantly upregulated in IPF lung fibroblasts, tissues, BALF, and serum,
and it is associated with poor prognosis.

• EPDR1 knockdown restores lysosomal acidification, improves autophagic flux, and
reduces cellular senescence in IPF fibroblasts.

What is the implication of the main finding?

• EPDR1 contributes to lysosomal dysfunction and fibroblast senescence, which are key
pathogenic features of IPF.

• EPDR1 may serve as a novel biomarker and potential therapeutic target in idiopathic
pulmonary fibrosis.

Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease characterized by aber-
rant fibroblast activation, lysosomal dysfunction, and cellular senescence. Transcriptomic
analyses have identified ependymin-related 1 (EPDR1) as a fibroblast-enriched gene in
IPF, but its biological function remains unclear. EPDR1 expression was assessed in lung
fibroblasts, lung tissues, bronchoalveolar lavage fluid (BALF), and serum from IPF patients
and controls using qPCR, Western blotting, ELISA, and immunohistochemistry. Lysosomal
function, autophagic flux, and senescence markers were analyzed in primary fibroblasts
following siRNA-mediated EPDR1 knockdown. EPDR1 was significantly upregulated in
IPF-derived fibroblasts and localized to fibrotic regions enriched with α-SMA+, COL1A1+,
and FN1+ myofibroblasts of IPF-derived lung tissues. EPDR1 levels were markedly el-
evated in the BALF and serum of IPF patients and correlated with increased mortality.
IPF fibroblasts exhibited reduced lysosomal acidification and impaired autophagic flux,
indicated by p62 and LC3B accumulation. EPDR1 knockdown restored lysosomal function;
enhanced autophagic degradation; and reduced senescence markers, including p21, p16,
and SA-β-gal activity. EPDR1 drives lysosomal dysfunction and fibroblast senescence in
IPF. Its elevated expression in lung tissue and biological fluids, together with its association
with prognosis, highlights EPDR1 as a potential biomarker and therapeutic target in IPF.
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1. Introduction
Idiopathic pulmonary fibrosis (IPF) is initiated by alveolar epithelial cell damage and

hyperplasia followed by the development of a profibrotic environment in which collagen-
producing myofibroblasts accumulate through epithelial-to-mesenchymal transition (EMT)
and fibroblast-to-myofibroblast transition (FMT) [1]. The typical histological finding is the
presence of fibroblast foci: collections of fibroblasts and myofibroblasts actively producing
the extracellular matrix (ECM). Thus, the dysregulation of fibroblasts is one of the main
mechanisms behind the rapid progression of fibrosis with intractable course [2]. Fibroblasts
from IPF lungs exhibit several differences in phenotypes compared with those isolated
from non-fibrotic lungs: resistance to apoptosis, enhanced myofibroblastic differentiation,
and accelerated cellular senescence [1]. Thus, mesenchymal cells in IPF contribute to
disease pathogenesis through early acquisition of the fibrogenic phenotype during the
differentiation process.

To define genes responsible for these proporties, several transcriptome studies over
the whole genome have been conducted, revealing additional candidate genes related
with the dysregulated fibroblasts [3–6]. Recently, we identified 15 genes differentially
expressed more than 10 times by IPF lung tissue—derived fibroblasts compared with
control fibroblasts [7]. Among them, mRNA expression of the ependymin-related protein
1 (EPDR1) gene was more than twofold higher in those of IPF than the control lungs. At
the single-cell level using single-cell RNA-sequencing (scRNA-seq), mesenchymal cells
obtained from IPF expressed high levels of EPDR1 when comparing those from control
lungs [8]. Despite the ubiquitous presence of EPDR1 in multiple organs, the molecular
functions have remained unknown, except the pathophysiological functions of EPDR1 in
myofibroblast contractility of Dupuytren’s disease [9].

EPDR1 (ependymin-related protein 1) is a lysosomal/endosomal protein that plays
a role in intracellular trafficking and ECM regulation. Subcellular fractionation studies
in mammalian brain tissue have demonstrated that EPDR1 co-fractionates with classi-
cal lysosomal markers, supporting its localization within lysosomal compartments [10].
In vitro imaging further confirms that EPDR1 tagged with mCherry co-localizes with GFP-
tagged lysosomal markers, indicating robust lysosomal enrichment [11]. In addition to
its intracellular localization, EPDR1 is secreted into the extracellular milieu and can be
re-internalized via endocytic pathways, subsequently trafficking back to lysosomes [11].
Although fibroblasts are known to form phagolysosomes by endocytosing extracellular
debris, EPDR1 localization within lung fibroblast-derived phagolysosomes has not yet been
directly visualized.

EPDR1 is secreted by senescent fibroblasts and has been identified as a senescence-
associated secretory factor. In skin fibroblasts, age-related upregulation of EPDR1 promotes
paracrine suppression of collagen type I (COL1A1) synthesis and upregulation of matrix-
degrading enzymes such as MMP1 and MMP3 in neighboring cells, indicating a potential
role in negatively regulating ECM deposition [12]. Moreover, EPDR1 has been associated
with fibroblast contractility, such as in a genetic study in Dupuytren’s disease (a localized
fibrotic disorder) that identified EPDR1 as a susceptibility gene modulating myofibrob-
last contractile activity [9]. At the molecular level, EPDR1 binds anionic lipids such as
bis-monoacylglycerol-phosphate (BMP) and ganglioside GM1 in an acidic environment,
suggesting a possible function as a lysosomal lipid transporter or activator, similar to
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saposin-like proteins [13,14]. These findings collectively suggest that EPDR1 may regulate
fibrotic remodeling by modulating fibroblast matrix secretion and degradation, as well
as lysosomal lipid homeostasis. However, its functional role in lung fibroblasts and IPF
pathogenesis remains to be elucidated.

This prompted us to reveal the relation of EPDR1 with fibrogenesis of IPF. In the
present study, we compared the expression of the EPDR1 protein and mRNA levels by
lung-derived fibroblasts between IPF and controls, as well as its localization in lung tissues
obtained from IPF patients and controls. In addition, we measured EPDR1 protein levels
in bronchoalveolar lavage fluid (BALF) and serum between IPF and controls to relate
with clinical impacts. Furthermore, we compared intracellular lysosomal acidification in
lung-derived fibroblasts between IPF patients and controls and examined the effect of
EPDR1 knockdown on phagolysosomal function.

2. Materials and Methods
2.1. Study Subjects

Chest X-rays and high-resolution chest computed tomography (HRCT) were per-
formed for all subjects, along with pulmonary function testing focused on forced vital
capacity (FVC) and diffusing capacity of the lung for carbon monoxide (DLco) values.
BALF, serum, and lung tissue samples were obtained from the biobank of Soonchunhyang
University Hospital in Bucheon, Republic of Korea, with approval from the Institutional
Review Board (IRB) of Soonchunhyang University (SCH 2025-02-006). Control BALF
samples were obtained from medical students and hospital staff with the approval of the
hospital Ethics Committee (IRB No: SCHBC 2015–08–025–005). Informed written consent
to participate was obtained from each subject. IPF was diagnosed by identifying usual
interstitial pneumonia patterns in histopathological samples or through multidisciplinary
discussion without the need for a lung biopsy, as outlined in the 2011 and 2018 guide-
lines [15,16]. None of the patients diagnosed with IPF exhibited any signs of underlying
collagen vascular diseases, as confirmed by laboratory tests and clinical symptoms. Con-
trols did not show any respiratory symptoms, as confirmed by a screening questionnaire,
and had forced expiratory volume in 1 s (FEV1) and FVC levels above 80%, along with
normal chest radiographs.

2.2. Culture of Primary Human Fibroblasts Obtained from Biopsy Specimens

Primary lung fibroblasts were isolated from surgical lung tissues obtained from 10 pa-
tients diagnosed with IPF and 10 control individuals who had undergone resection for
stage I or II lung cancer, as performed previously [7]. Detailed clinical data are available
in Table S1. In brief, lung tissue samples were mechanically minced and cultured in 150
cm2 flasks using tissue culture medium (TCM) composed of Dulbecco’s modified Eagle’s
medium (DMEM; Lonza, Walkersville, MD, USA), supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Rockford, IL, USA), 2 mM L-glutamine, and 1%
penicillin–streptomycin–amphotericin solution (Lonza). Cultures were maintained at 37
◦C with 5% CO2 until adherent fibroblast populations were established. Subculturing con-
tinued until passage 4 to ensure fibroblast purity, after which cells were cryopreserved at
−170 ◦C. For experimental use, fibroblasts at passage 5 (4 × 105 cells per 10 mL TCM) were
seeded into 100 cm2 culture dishes. Once cultures reached approximately 90% confluency,
cells were rinsed twice with phosphate-buffered saline (PBS; Thermo Fisher Scientific) and
harvested for RNA and protein extraction. Total RNA was isolated using TRI Reagent
(Ambion, Carlsbad, CA, USA), while protein lysates were prepared in RIPA buffer. Pro-
tein concentrations were determined via BCA assay (Thermo Fisher Scientific). To verify
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the identity and purity of the cultured fibroblasts, immunoblotting was performed using
cell-type-specific markers (Figure S1).

2.3. Silencing of EPDR1 via Electroporation of siRNA

In order to knock down EPDR1, 100 nM negative control (SCR) (SN-1003, Bioneer, Dae-
jeon, Republic of Korea) and siRNA (sense strand sequence: 5′-GGAUCUUCCUCUCAACA
UU-3′; 54749-3, Bioneer, Republic of Korea) were transfected into human primary lung
fibroblasts via electroporation using the Lonza 4D-Nucleofector with the SE Cell Line 4D-
Nucleofector™ X Kit (V4XC-1024, Lonza, Cologne, Germany), following the manufacturer’s
protocol. The cells were incubated for 24 h prior to each experiment.

2.4. Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted using TRIzol reagent following the manufacturer’s protocol
(Invitrogen, Carlsbad, CA, USA). For cDNA synthesis, 3 µg of RNA was suspended in
DEPC-treated water and incubated at 65 ◦C for 5 min with 0.5 µg of oligo (dT) primers
and 10 mM dNTPs. The mixture was then rapidly cooled on ice. PCR amplification was
conducted for 30 cycles, comprising an initial denaturation at 94 ◦C for 5 min, followed by
repeated steps of 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. A final extension step was
carried out at 72 ◦C for 7 min. The primer sequences used in this study are listed in Table
S2. qPCR was conducted on the StepOne™ Real-Time PCR platform (Applied Biosystems,
Foster City, CA, USA). Each 20 µL reaction included 1 µg of cDNA, 1 µL of 10 pmol forward
and reverse primers, and 10 µL of 2× SYBR Green PCR Master Mix (Applied Biosystems,
Foster city, CA, USA). The reaction was carried out in a two-step procedure: denaturation
at 95 ◦C for 15 s and 60 ◦C for 1 min, and melting at 95 ◦C for 15 s, 60 ◦C for 1 min, and
95 ◦C for 15 s. Data were analyzed using the 2−∆∆CT method [17] and presented as the
relative fold change with normalization to β-actin.

2.5. Western Blot Analyses

Protein extracts (30 µg per sample) prepared using RIPA buffer were resolved on a
12.5% SDS-PAGE gel and subsequently transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA, USA). Membranes were then blocked for 1 h at room
temperature in Tris-buffered saline with 0.1% Tween 20 (TBST) containing 5% skim milk
(BD Biosciences, Sparks, MD, USA). Following blocking, the membranes were incubated
with primary antibodies: rabbit polyclonal anti-EPDR1 (1:1000; Abcam, Cambridge, UK),
mouse monoclonal anti-LC3B (1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), mouse
monoclonal anti-human p62 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit polyclonal anti-human p21 (1:1000; Abcam, Cambridge, UK), rabbit monoclonal anti-
human p16 (1:1000; Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-
human α-smooth muscle actin (α-SMA) (1:2000; Abcam, Cambridge, UK), rabbit polyclonal
anti-human COL1A1 (1:1000; Abcam, Cambridge, UK), rabbit polyclonal anti-human
fibronectin (FN1) (1:2000; Abcam, Cambridge, UK), and mouse monoclonal anti-human
β-actin (1:50,000; Sigma-Aldrich). Following multiple washes with TBST, membranes were
treated with horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG
secondary antibodies (GenDEPOT, Baker, TX, USA). Signal detection was performed using
chemiluminescent substrates (Thermo Fisher Scientific and Bio-Rad, Berkeley, CA, USA)
and visualized on the ChemiDoc™ Touch Imaging System (Bio-Rad). Band intensities were
quantified, normalized against β-actin, and reported as arbitrary units (AU).

2.6. Measurement of EPDR1 Protein in BALF

BAL was carried out at the time of enrollment, targeting the most affected lung seg-
ments identified on HRCT in patients, or the right middle lobe in healthy controls, following
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established protocols [18]. Total cell numbers were determined using a hemocytometer.
Supernatants were separated using centrifugation and were stored at −80 ◦C. Differential
count of 500 cells was performed on slides of BALF cells prepared by cytocentrifugation
(500 G, 5 min) and stained with Diff-Quik solution. Levels of EPDR1 protein in BALF
and serum were quantified using a commercially available ELISA kit (MyBioSource, San
Diego, CA, USA), following the supplier’s instructions. The assay’s detection threshold
was 1 ng/mL, and any measurements below this limit were recorded as 0 ng/mL.

2.7. Immunofluorescence (IF) Double Stain of EPDR1 with α-SMA, COL1A1, and FN1

Formalin-fixed, paraffin-embedded lung tissues from IPF patients and controls were
sectioned at a thickness of 4 µm, followed by deparaffinization, rehydration, and staining
with hematoxylin and eosin (H&E). The sections were incubated in a Fc receptor blocking
agent (FC blocker, InnovexBiosciences, Richmond, CA, USA) for 30 min, treated with 5%
BSA in TBS for 1 h to block non-specific binding, and then incubated with polyclonal
rabbit anti-human EPDR1 antibody (1:100, Abcam, Cambridge, MA, USA), monoclonal
mouse anti-human α-SMA antibody (1:100, Santa Cruz Biotechnology), monoclonal mouse
anti-human COL1A1 (1:100, BIOSS, Boston, MA, USA), and monoclonal mouse anti-human
FN1 (1:100, Abcam) in 5% BSA overnight at 4 ◦C. Following washes with 1× TBS, tissue sec-
tions were treated with fluorescently labeled secondary antibodies—FITC-conjugated goat
anti-rabbit (1:1000, Abcam) or PE-conjugated goat anti-mouse (1:1000, Abcam). Nuclear
counterstaining was performed using DAPI (Invitrogen, Carlsbad, CA, USA). Fluorescent
images were acquired with a confocal laser scanning microscope (Leica, Wetzlar, Germany),
and images were acquired using a Leica system. Image processing and editing were
performed using ZEN 2009 (Light Edition, Zeiss, Oberkochen, Germany).

2.8. Analysis of Lysosomal Acidity and EPDR1 Colocalization Using LysoTracker

Primary lung fibroblasts (8 × 104 cells) were seeded onto 18 × 18 mm glass coverslips
and cultured for 24 h. Rapamycin (S553210; Sigma-Aldrich, St. Louis, MO, USA) was
applied to the cells, followed by staining with LysoTracker Red DND-99 (L7528; Thermo
Fisher Scientific, Waltham, MA, USA), as previously described [19,20]. Specifically, cells
were stained with 1 µg/mL Hoechst 33342 (H3570; Thermo Fisher Scientific, Waltham, MA,
USA) for 1 h at 37 ◦C, followed by incubation with 100 nM LysoTracker Red DND-99 in
DMEM for 1 h at 37 ◦C. After washing, confocal imaging was performed using a Leica
Microsystems microscope (Wetzlar, Germany) at 100× magnification. All images were
acquired under identical settings: pinhole set to 3, gain adjusted to 800, and fluorescence
signals from LysoTracker Red DND-99 (excitation 577 nm, emission 590 nm) and Hoechst
33342 (excitation 350 nm, emission 461 nm) were detected. Twenty fields were captured
per sample to ensure representative sampling. LysoTracker fluorescence intensity was
measured using ImageJ software (NIH, Bethesda, MD, USA; version 1.54p). To correct for
inter-experimental variability, a rapamycin dose–response curve (0–10 µM) was generated
in MRC5 cells and used as a normalization reference, such that fluorescence intensities
from experimental samples were expressed as rapamycin-equivalent doses.

To assess the subcellular localization of EPDR1, immunofluorescence staining was
additionally performed in LysoTracker-labeled fibroblasts using a FITC-conjugated anti-
EPDR1 antibody. Colocalization between EPDR1 and lysosomes was analyzed using
the Coloc2 plugin in Fiji (https://fiji.sc/, accessed on 21 September 2025), following the
methodology described by Shakhov et al. (2022) [21]. Confocal images were processed
using ZEN 2009 (Light Edition, Zeiss, Oberkochen, Germany). After uniform background
subtraction, cytoplasmic regions of interest (ROIs) were manually selected to minimize
background interference. Manders’ coefficients M1 and M2 were calculated to quantify

https://fiji.sc/
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fluorescence overlap, ranging from 0 (no colocalization) to 1 (complete colocalization). Six
images were analyzed per group.

2.9. Senescence-Associated β-Galactosidase (SA-β-Gal) Activity

Primary lung fibroblasts (8 × 104 cells) were seeded in 12-well plates and cultured
for 24 h prior to staining. SA-β-gal staining was conducted using the Cellular Senescence
Assay Kit (CBA-230; Cell Biolabs Inc., San Diego, CA, USA) following the manufacturer’s
instructions. For each sample, six random fields were imaged under a light microscope at
100× magnification, as previously described [22].

2.10. Statistical Analysis

All statistical analyses were conducted utilizing SPSS software (version 22; SPSS Inc.,
Chicago, IL, USA). The normality of the data distribution was assessed via the Shapiro–
Wilk test. Based on the distribution characteristics, continuous variables were analyzed
using either Student’s t-test or the Mann–Whitney U test. Categorical variables were
examined employing the chi-square test or Fisher’s exact test. Associations between EPDR1
levels and clinical parameters were evaluated by Spearman’s correlation analysis. Receiver
operating characteristic (ROC) curve analysis was performed to determine cut-off values of
EPDR1 concentrations. One cut-off was derived to distinguish IPF patients from controls,
based on the point with the highest sensitivity and specificity. In addition, the optimal
cut-off value for survival analysis was determined using Youden’s index. The survival
cut-off was subsequently applied for Kaplan–Meier analysis and Cox proportional hazards
regression. Comparisons of the area under the curve values were conducted using Z-tests
in MedCalc software (version 12.2.1.0; MedCalc Software, Ostend, Belgium) [23]. Kaplan–
Meier analysis with the log-rank test was used to evaluate differences in survival between
groups. To identify independent prognostic factors, Cox proportional hazards regression
with backward stepwise selection was applied. To adjust for age differences between groups
when comparing senescence markers, a nonparametric analysis of covariance (Quade’s
ANCOVA) was applied using age as a covariate. Skewed data are presented as median
value with the 25th and 75th percentile, and normally distributed data are expressed as
mean ± standard error of the mean. p-values < 0.05 were considered significant.

3. Results
3.1. Clinical Characteristics of the Study Groups

Since elevated EPDR1 mRNA levels were identified in a prior transcriptomic study
of IPF fibroblasts (n = 8) compared with controls (n = 4) [9], we validated this finding by
measuring EPDR1 mRNA (qPCR) and protein (Western blot) levels in an expanded cohort
of fibroblasts (10 IPF and 10 controls). The clinical characteristics of the 20 subjects are
presented in Table S1. There was no difference of age, sex, and smoking status between the
two groups except lower FVC and DLCO in IPF. BALF and serum samples were obtained
from patients with IPF and controls, and their clinical characteristics are summarized in
Table 1. In the BALF, IPF patients (n = 131) showed significantly higher total cell counts
and elevated proportions of macrophages, neutrophils, eosinophils, and lymphocytes
compared with controls (n = 52) (p < 0.05). Pulmonary function, including FVC and DLCO

(% predicted), was also significantly reduced in the IPF group (p < 0.05). Among the study
subjects, serum samples were obtained from 114 IPF patients and 45 controls.
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Table 1. Clinical characteristics of the study subjects who underwent bronchoalveolar lavage.

Clinical Parameters Control IPF

No. 52 131
Age (year) 52 (44–62) 65 (59–72)

Sex (male/female) 34/18 86/45
Smoke (CS/ES/NS) 28/11/13 58/45/28

Survival/death ND 79/52
Follow up duration (years) ND 4.77 (1.64–7.46)

FVC (% pred.) 87.26 ± 10.26 73.6 ± 16.77 *#
DLCO (% pred.) 88.4 ± 19.75 70.11 ± 20.98 *#

BAL total cell count (×105) 0.81 ± 0.8 5.63 ± 5.92 *
Macrophages (%) 94.49 ± 3.53 63.77 ± 25.17 *
Neutrophils (%) 2.55 ± 2.58 28.05 ± 25.19 *
Eosinophils (%) 0.42 ± 0.82 3.2 ± 6.94 *

Lymphocytes (%) 2.54 ± 2 4.98 ± 5.18 *
Serum EPDR1 levels were measured in 45 of 52 controls and 114 of 131 IPF patients. IPF: idiopathic pulmonary
fibrosis, CS/ES/NS: current-smokers/ex-smokers/never-smokers, ND: not determined, FVC: forced vital capacity,
DLCO: diffusing capacity of the lung for carbon monoxide. Values are presented as median (interquartile range)
or mean ± standard error of the mean. Statistical significance: * p < 0.05 vs. control in BALF; # p < 0.05 vs. control
in serum.

3.2. Comparison of EPDR1 Expression in Lung-Tissue-Derived Fibroblasts from IPF Patients
and Controls

EPDR1 expression was examined in primary lung fibroblasts isolated from control
and IPF patients using both protein and mRNA analyses. Western blot analysis revealed
that EPDR1 protein levels were markedly higher in IPF lung fibroblasts compared to
controls [0.45 (0.38–0.64) vs. 0.20 (0.01–0.42) AU, p = 0.034; Figure 1A,B]. In line with
this finding, qPCR analysis showed significantly elevated EPDR1 mRNA expression in
IPF fibroblasts relative to controls [3.95 (1.47–28.93) 2−(∆∆CT) vs. 1.01 (0.19–4.80) 2−(∆∆CT),
p = 0.028; Figure 1C]. A positive trend was observed between EPDR1 mRNA and protein
levels, but the correlation was not statistically significant (r = 0.263, p = 0.262; Figure 1D).

Figure 1. EPDR1 gene and protein expression in lung fibroblasts from IPF patients and controls.
(A) Western blot analysis was performed on fibroblasts derived from the lung tissue of 10 IPF patients
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and 10 controls. (B) Densitometric quantification of EPDR1 band intensity normalized to β-actin.
(C) EPDR1 mRNA expression in the same samples was assessed by qPCR, normalized to β-actin,
and analyzed using the 2−∆∆CT method. (D) Correlation between EPDR1 expression measured
by Western blot (AU) and qPCR (2−∆∆CT). Data were log10(x + 1)-transformed prior to Spearman
analysis to minimize skew and avoid negative values. Data are presented as median values with
interquartile ranges (25th–75th percentile).

3.3. IF Localization of EPDR1 Protein in Lung Tissues

To localize EPDR1 expression in lung tissues and compare its distribution between IPF
and control lungs, IF double staining of EPDR1 with α-SMA, COL1A1, and FN1 proteins
was performed. In control lung tissues, α-SMA and EPDR1 staining were barely detectable
on the alveolar walls and interstitial areas, indicating low basal expression (Figure 2A). In
contrast, in IPF lung tissues, EPDR1 was strongly expressed and co-localized with α-SMA–
positive cells in the fibrotic interstitial regions. Similarly, EPDR1 protein co-localized with
COL1A1 and FN1 proteins in areas with fibroblast accumulation and collagen deposition,
as confirmed by H&E staining (Figure 2B,C).

3.4. Comparison of EPDR1 Protein Levels in BALF and Serum Between IPF Patients and Controls,
and Their Association with Survival in IPF

EPDR1 protein was detected in BALF from 24 of 52 controls and from 108 of 131 IPF.
The levels were significantly higher in the IPF [938.6 (113.4–1302.2) ng/mL] compared with
those in the control [0 (0–288.5) ng/mL, p < 0.001] (Figure 3A). An ROC curve of the EPDR1
protein concentrations demonstrated a clear distinction between the IPF and control with
an area under the curve (AUC) of 0.767 (p < 0.001), and the cut-off value of 293.3 ng/mL
showed 77.3% specificity and 67.9% sensitivity (Figure 3B). Using Youden’s index, the
optimal cut-off value of EPDR1 in BALF was determined to be 1190.2 ng/mL, which yielded
the highest discriminatory performance (C-index = 0.653, p = 0.0015). The univariate
analysis revealed that patients with EPDR1 levels ≥ 1190.2 ng/mL had a significantly
increased risk of mortality compared to those with lower levels [hazard ratio (HR) = 2.19;
95% confidence interval (CI): 1.08–4.43; p = 0.029] (Table 2). In the multivariable analysis,
which included FVC and DLCO as covariates, high levels of EPDR1 remained independently
associated with a higher risk of mortality (HR = 2.21; 95% CI: 1.04–4.67; p = 0.038). Kaplan–
Meier analysis of 120 subjects followed for up to 5 years revealed significantly lower
survival in those with EPDR1 levels > 1190.2 ng/mL compared to those with lower levels
via the log-rank test (p = 0.0015, Figure 3C).

EPDR1 was detected in serum from 40/45 controls and 97/114 IPF patients and was
significantly elevated in IPF compared with controls ([40.2 (13.6–144.1) ng/mL] vs. [20.2
(5.0–59.7) ng/mL], p = 0.017) (Figure 3D). Serum EPDR1 modestly distinguished IPF from
controls (AUC = 0.621, p = 0.01), with an optimal cut-off of 12.02 ng/mL yielding 78.9%
specificity and 48.9% sensitivity (Figure 3E). Serum EPDR1 was not a statistically significant
predictor of mortality (C-Index = 0.588, p = 0.199); however, a provisional threshold of
240.5 ng/mL was identified on the basis of data-driven stratification: patients with serum
EPDR1 ≥ 240.5 ng/mL had significantly worse survival in univariate analysis (HR = 2.65;
95% CI: 1.29–5.45; p = 0.008), and the association remained significant after adjusting for
FVC and DLCO in multivariable analysis (HR = 2.61; 95% CI: 1.13–5.95; p = 0.034) (Table 2).
Kaplan–Meier survival analysis further confirmed that patients above this threshold had
significantly poorer outcomes compared to those below it (log-rank p = 0.0095, Figure 3F).



Cells 2025, 14, 1515 9 of 18

Figure 2. Representative IF images of lung tissues from IPF patients and controls. Sections were
stained for EPDR1 with (A) α-smooth muscle actin (α-SMA), (B) type I collagen (COL1A1), or (C) fi-
bronectin (FN1); nuclei were counterstained with DAPI. Images were acquired at ×400 magnification.
Scale bar = 200 µm.
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Table 2. Cox proportional hazards model of risk factors for mortality in IPF.

Parameter HR 95% CI p-Value

Univariate analysis

Age (year) 1.01 0.97–1.04 0.605
Sex (male vs. female) 0.71 0.35–1.43 0.343
Smoke (yes vs. none) 1.69 0.83–3.41 0.143

BMI, kg/m2 1.01 0.89–1.15 0.849
FVC (% pred) 0.96 0.94–0.98 0.001

DLCO (% pred) 0.97 0.95–0.99 0.006
BALF EPDR1 ≥ 1190.2 ng/mL 2.19 1.08–4.43 0.029
Serum EPDR1 ≥ 240.5 ng/mL 2.65 1.29–5.45 0.008

Multivariate analysis

BALF EPDR1 ≥ 1190.2 ng/mL 2.21 1.04–4.67 0.038
Serum EPDR1 ≥ 240.5 ng/mL 2.61 1.13–5.95 0.034

HR, hazard ratio; 95% CI, 95% confidence interval; BMI, body mass index; FVC, forced vital capacity; DLCO,
diffusing capacity for carbon monoxide.

Figure 3. EPDR1 protein concentrations in BALF and serum: comparisons, diagnostic perfor-
mance, and survival analysis. (A) EPDR1 levels in BALF from controls (n = 52) and IPF patients
(n = 131). (B) ROC curve analysis of BALF EPDR1 concentrations for discriminating IPF from controls.
(C) Kaplan–Meier survival analysis stratified by BALF EPDR1 levels (dotted line: >1190.2 ng/mL,
solid line: ≤1190.2 ng/mL). (D) EPDR1 levels in serum from controls (n = 45) and IPF patients
(n = 114). (E) ROC curve analysis of serum EPDR1 concentrations for discriminating IPF from controls.
(F) Kaplan–Meier survival analysis stratified by serum EPDR1 levels (dotted line: ≥240.5 ng/mL, solid
line: <240.5 ng/mL). Data are shown as medians with interquartile ranges (25th–75th percentiles).

3.5. Lysosomal Localization and Activity Changes Associated with EPDR1 in IPF Fibroblasts

To assess whether lysosomal function is altered in IPF fibroblasts, we first conducted
LysoTracker staining. Lysosomal involvement was further examined through IF analysis,
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which revealed partial co-localization of EPDR1 with LysoTracker-positive compartments
in both control and IPF fibroblasts (Figure 4A). Quantitative colocalization analysis using
Manders’ coefficients (Figure 4B) showed that the fraction of lysosomal signal overlapping
with EPDR1 (M1) was significantly higher in IPF fibroblasts (0.72 ± 0.07) compared to
controls (0.34 ± 0.13), indicating enhanced EPDR1 association with lysosomes in IPF.
M2 values, representing the fraction of EPDR1 signal overlapping with lysosomes, were
0.81 ± 0.06 in controls and 0.76 ± 0.10 in IPF fibroblasts. EPDR1 signal intensity was
markedly higher in IPF fibroblasts, supporting its lysosomal localization. Lysosomal
function was subsequently inferred by quantifying LysoTracker fluorescence intensity and
applying a calibration curve generated using MRC-5 treated with defined concentrations
of rapamycin. This analysis revealed a significantly higher rapamycin-equivalent dose in
control fibroblasts [n = 10, 6.31 (3.13–12.32) nM] than in IPF fibroblasts [n = 10, 5.35 (0.77–
6.29) nM, p = 0.032], indicating reduced lysosomal activity in the IPF group (Figure 4C).
To evaluate the role of EPDR1 in lysosomal function, siRNA-mediated knockdown of
EPDR1 was performed in fibroblasts. Lysosomal activity was significantly increased in
EPDR1-silenced cells [n = 6, 12.04 (11.02–13.31) nM] compared to SCR-treated controls
[n = 6, 9.31 (8.03–10.32), p = 0.004], suggesting a regulatory role for EPDR1 (Figure 4D).

3.6. Increased Expression of Autophagy and Senescence Markers in IPF Lung Fibroblasts

Primary lung fibroblasts derived from IPF patients exhibited significantly higher
levels of LC3B, p62, p21, and p16 compared to controls, as confirmed by Western blot
analysis (Figure 5A). Quantification of the normalized protein expression levels further
demonstrated these significant differences (Figure 5B), with p-values adjusted for age using
a nonparametric ANCOVA, indicating that the observed changes are independent of age.
In contrast, the expression of LAMP1, a marker of lysosomal membranes, showed no
significant difference between the groups, suggesting that lysosomal abundance remains
largely unchanged in IPF fibroblasts. To evaluate whether lysosome-related gene expression
was altered at the mRNA level, qPCR analysis was performed in fibroblasts from controls
(n = 10) and IPF patients (n = 10). The analyzed gene panel included lysosomal acidification
machinery (ATP6V1A, ATP6V1B2, ATP6V0C, ATP6V0D1), lysosomal proteases (CTSB,
CTSD), and the transcriptional regulator TFEB. No significant differences in transcript
levels were detected between IPF and control fibroblasts (Figure S2).

3.7. EPDR1 Knockdown Attenuated Autophagy and Senescence Marker Expression in
IPF Fibroblasts

Silencing of EPDR1 in IPF lung fibroblasts using siRNA resulted in a marked decrease
in SA-β-gal staining, a well-established marker of cellular senescence (Figure 6A). Western
blot analysis demonstrated that knockdown of EPDR1 led to a significant reduction in the
expression levels of LC3B [1.25 (1.19–2.00) vs. 0.74 (0.61–0.97) AU], p62 [0.84 (0.0.48–1.20) vs.
0.37 (0.14–0.48) AU], p21 [1.11 (0.89–1.76) vs. 0.64 (0.36–0.99) AU], and p16 [1.31 (0.98–1.43)
vs. 0.62 (0.43–0.66) AU] compared to cells treated with SCR. In contrast, LAMP1 expression
remained largely unchanged [1.17 (0.92–1.71) vs. 1.30 (0.94–1.79) AU], indicating that
EPDR1 suppression did not affect overall lysosomal content (Figure 6B,C).
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Figure 4. IF staining of EPDR1 and lysosomes, as well as the assessment of lysosomal activity in
fibroblasts derived from IPF and control lungs. Primary lung fibroblasts (8 × 104 cells) were seeded
on glass coverslips, stained with Hoechst 33342 (nuclei, blue), LysoTracker Red DND-99 (lysosomes,
red), and anti-EPDR1 antibody (green), and imaged by confocal microscopy at ×400 magnification,
Scale bar = 50 µm. (A) Representative IF images of control and IPF fibroblasts. (B) Quantification
of EPDR1 colocalization with lysosomes. Fluorescence images were analyzed using the Coloc2
plugin in Fiji. Manders’ coefficient M1 represents the fraction of lysosomal signal overlapping with
EPDR1, and M2 represents the fraction of EPDR1 signal overlapping with lysosomes. Six images
were analyzed per group. Data are presented as mean ± SEM. (C) Lysosomal acidity quantified
as rapamycin-equivalent dose (nM) based on LysoTracker fluorescence in fibroblasts from controls
(n = 10) and IPF patients (n = 10). (D) Lysosomal activity in six fibroblasts transfected with negative
control siRNA (SCR, n = 6) or EPDR1-targeting siRNA (n = 6). Data are shown as medians with
interquartile ranges.
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Figure 5. Expression of autophagy and senescence markers in fibroblasts derived from IPF and
control lungs. (A) Western blot analysis of EPDR1, lysosomal marker (LAMP1), autophagy markers
(LC3B, p62), and senescence markers (p21, p16) in primary lung fibroblasts from controls (n = 10) and
IPF patients (n = 10). (B) Quantification of protein levels normalized to β-actin. Group comparisons
were analyzed using Quade’s ANCOVA with age as a covariate. Data are presented as mean ± SEM.

Figure 6. Effect of EPDR1 knockdown on autophagy and senescence marker expression in fibroblasts
derived from IPF lungs. Primary lung fibroblasts were transfected with scramble (SCR) or EPDR1
siRNA. (A) Representative images of SA-β-gal staining in fibroblasts transfected with SCR or EPDR1
siRNA. (B) Quantification of SA-β-gal staining in fibroblasts transfected with SCR or EPDR1 siRNA.
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Quantification was performed using primary fibroblasts from three different patients. For each
sample, six randomly selected fields were imaged under a light microscope at 100× magnifica-
tion. (C) Western blot analysis of EPDR1, lysosomal marker (LAMP1), autophagy markers (LC3B,
p62), and senescence markers (p21, p16) in six fibroblasts transfected with SCR or EPDR1 siRNA.
(D) Densitometric quantification normalized to β-actin from six independent experiments.

4. Discussion
In this study, we identified EPDR1 as a novel regulator enriched in IPF fibroblasts and

fibrotic lung tissues. EPDR1 levels in BALF and serum were associated with disease severity
and poor prognosis, highlighting its potential as a biomarker. Mechanistically, EPDR1
localized to lysosomes, where it impaired autophagic flux and lysosomal acidification. Sup-
pression of EPDR1 alleviated fibroblast senescence and restored proteostasis, supporting
its role as a driver of fibrotic remodeling through disruption of lysosomal homeostasis.

Consistent with this concept, EPDR1 was markedly upregulated in IPF fibroblasts and
within fibrotic lesions, where it co-localized with myofibroblast markers (α-SMA, COL1A1).
Its parallel elevation in BALF and serum suggests that EPDR1 dysregulation extends
beyond fibrotic foci and reflects a systemic signature of fibroblast dysfunction. This dual
significance underscores EPDR1 as both a mechanistic contributor to fibrosis and a clinically
measurable biomarker. The cellular origin of extracellular EPDR1 remains to be clarified.
While not directly assessed in our study, the strong expression of EPDR1 in fibroblasts
within fibrotic lesions suggests a mesenchymal contribution to EPDR1 accumulation in
local (lung) and systemic compartments. Supporting this interpretation, multiple single-cell
transcriptomic datasets consistently demonstrate increased EPDR1 expression in fibroblasts
and myofibroblasts from IPF lungs [24–27]. Furthermore, elevated EPDR1 expression
in alveolar type I epithelial cells [24,26] indicates that both mesenchymal and epithelial
compartments may contribute to EPDR1 upregulation in fibrotic lungs. From a clinical
perspective, soluble biomarkers that reflect fibrotic activity and predict outcomes are
increasingly important in IPF management [28,29]. Here, we demonstrate that BALF EPDR1
not only discriminates IPF diagnosis but also predicts survival. The higher sensitivity of
BALF compared with serum likely reflects its direct representation of the local fibrotic
microenvironment in the lung, whereas systemic dilution and clearance may attenuate
the sensitivity of serum measurements despite comparable specificity. Serum EPDR1 also
carried prognostic significance, though to a lesser extent. These findings suggest that
EPDR1 levels in accessible fluids mirror fibrotic burden and may provide a noninvasive
tool for disease monitoring.

The pathological relevance of EPDR1 is not confined to pulmonary fibrosis. Elevated
EPDR1 has been implicated in multiple cancers, where it correlates with advanced stage,
metastasis, and poor survival [30–32]. Mechanistically, cancer studies suggest that EPDR1
promotes adhesion, migration, and epithelial–mesenchymal transition in malignant ep-
ithelial cells, while stromal and immune cells also contribute to its expression [31,33].
Taken together, these observations suggest that EPDR1 functions as a conserved marker of
aggressive pathology across both fibrotic and malignant contexts.

Autophagy and senescence are central to fibroblast dysfunction in IPF [34–36]. Im-
paired autophagy limits clearance of damaged organelles, while senescent fibroblasts
drive persistent ECM deposition and profibrotic signaling [34,36,37]. EPDR1, a lysosome-
associated type II transmembrane glycoprotein structurally related to protocadherins and
ependymins [38], appears to converge on these maladaptive processes. We observed
reduced LysoTracker intensity in IPF fibroblasts, consistent with defective lysosomal acidi-
fication. EPDR1 expression correlated with accumulation of autophagy- and senescence-
associated markers (p62, p21, p16), while EPDR1 knockdown restored lysosomal acidifi-
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cation, enhanced autophagic flux, and reduced senescence. The concomitant increase in
LC3B and p62 is consistent with impaired autophagy flux rather than enhanced autophagy
activity, as both proteins are normally degraded via lysosomal processing under intact
flux [39]. This interpretation aligns with studies in IPF lung fibroblasts and tissues [34,40],
senescence models showing flux blockade with LC3/p62 accumulation [41], and pathologi-
cal analyses supporting marker-based flux interpretation [42], and is further supported by
a recent review in IPF [43]. These findings suggest that EPDR1 may act as a negative regu-
lator of lysosomal acidification, thereby contributing to impaired autophagy and fibroblast
senescence in IPF (Figure 7). However, the precise molecular mechanism remains to be fully
elucidated, and additional studies, such as co-immunoprecipitation or lipid-binding assays,
will be required to define how EPDR1 regulates lysosomal activity. Collectively, these
data position EPDR1 as a nodal effector within maladaptive mesenchymal reprogramming,
linking lysosomal dysfunction, cellular senescence, and progressive fibrosis. Our results
align with accumulating evidence that lysosomal impairment constitutes a central driver of
fibrosis, providing a broader biological framework for EPDR1-mediated pathogenicity.

Figure 7. Schematic model of EPDR1-mediated regulation of autophagy in IPF lung fibroblasts.
EPDR1 functions as a negative regulator of lysosomal acidification, leading to impaired autophagic
flux and enhanced fibroblast senescence in IPF. Silencing of EPDR1 restores lysosomal activity
and autophagy, thereby reducing cellular senescence and proteostasis stress. This EPDR1-driven
lysosomal–autophagic dysfunction provides a mechanistic link between aberrant fibroblast activation
and fibrotic progression, positioning EPDR1 as a critical mediator of maladaptive mesenchymal
reprogramming in IPF.
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This study has several limitations. First, the effects of EPDR1 on non-fibroblast popu-
lations, including epithelial and immune cells, remain to be investigated. Second, although
we identified significant associations between EPDR1 levels and clinical outcomes, vali-
dation in independent cohorts is needed. Third, mechanistic experiments were restricted
to patient-derived primary fibroblasts, and in vivo studies employing genetic or pharma-
cologic EPDR1 modulation in animal models will be necessary to confirm its pathogenic
role. Fourth, expression analyses of autophagy- and senescence-related markers (LAMP1,
LC3B, p62, p21, and p16) were limited to Western blotting of primary fibroblasts due to
the limited availability of lung tissue samples. In situ validation using tissue specimens
will be necessary in future studies. Finally, although EPDR1 knockdown was shown
to improve lysosomal function and reduce senescence markers, the direct mechanism
underlying these effects remains unclear. Additional mechanistic experiments, such as
co-immunoprecipitation or lipid-binding assays, will be required to delineate how EPDR1
regulates lysosomal activity.

5. Conclusions
Our findings identify EPDR1 as a novel regulator of fibroblast dysfunction in IPF,

acting through lysosomal impairment and promotion of cellular senescence. Elevated
EPDR1 expression in fibrotic lungs and biological fluids, together with its association with
disease severity and prognosis, underscores its translational relevance as both a mechanistic
driver and a potential biomarker. Targeting EPDR1 may offer a new therapeutic avenue
to restore cellular homeostasis and mitigate fibrotic remodeling in progressive interstitial
lung diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells14191515/s1, Figure S1: Western blot validation of cell-
type-specific markers in cultured primary lung fibroblasts. Cell lysates were analyzed by western
blotting for fibroblast purity using the following cell-type-specific markers: E-cadherin (epithelial),
CD31 (endothelial), CD45 (hematopoietic), and vimentin (fibroblast). β-actin was used as a loading
control. The primary antibodies used were: anti-E-cadherin (Invitrogen, 33-4000, 1:1000), anti-CD31
(Santa Cruz, sc-376764, 1:1000), anti-CD45 (Santa Cruz, sc-1178, 1:1000), anti-vimentin (Santa Cruz,
sc-6260, 1:2000), and anti-β-actin (Sigma-Aldrich, A1978, 1:50,000); Figure S2: mRNA expression of
lyso-some-related genes in primary lung fibroblasts from controls and IPF patients. Quantitative
PCR was performed in fibroblasts from controls (n = 10) and IPF patients (n = 10). The analyzed
gene panel included markers of lysosomal acidification machinery (ATP6V1A, ATP6V1B2, ATP6V0C,
ATP6V0D1) and lysosomal proteases (CTSB, CTSD). Data from six independent experiments are
presented as box-and-whisker plots. Statistical significance was assessed using the Mann–Whitney U
test. Table S1: Clinical characteristics of the study subjects who underwent fibroblasts culture; Table
S2: List of primer sequences.
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