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SULF1 expression is increased and promotes @

fibrosis through the TGF-31/SMAD pathway
in idiopathic pulmonary fibrosis

Meng Tu'?, Chunya Lu'?, Hongxia Jia', Shanshan Chen'? Yan Wang', Jing Li', Jiuling Cheng’,
Ming Yang®* and Guojun Zhang'*"

Abstract

Background Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive interstitial lung disease of unknown
etiology. Despite the increasing global incidence and poor prognosis, the exact pathogenic mechanisms remain
elusive. Currently, effective therapeutic targets and treatment methods for this disease are still lacking. This study tried
to explore the pathogenic mechanisms of IPF. We found elevated expression of SULF1 in lung tissues of IPF patients
compared to normal control lung tissues. SULF1 is an enzyme that modifies heparan sulfate chains of heparan sulfate
proteoglycans, playing a critical role in biological regulation. However, the effect of SULF1 in pulmonary fibrosis
remains incompletely understood. Our study aimed to investigate the impact and mechanisms of SULF1 in fibrosis.

Methods We collected lung specimens from IPF patients for transcriptome sequencing. Validation of SULF1 expres-
sion in IPF patients was performed using Western blotting and RT-gPCR on lung tissues. ELISA experiments were
employed to detect SULF1 concentrations in IPF patient plasma and TGF-B31 levels in cell culture supernatants. We
used lentiviral delivery of SULF1 shRNA to knock down SULF1 in HFLT cells, evaluating its effects on fibroblast secre-
tion, activation, proliferation, migration, and invasion capabilities. Furthermore, we employed Co-Immunoprecipita-
tion (Co-IP) to investigate the regulatory mechanisms involved.

Results Through bioinformatic analysis of IPF transcriptomic sequencing data (HTIPF) and datasets GSE24206,

and GSE53845, we identified SULF1 may potentially play a crucial role in IPF. Subsequently, we verified that SULF1
was upregulated in IPF and predominantly increased in fibroblasts. Furthermore, SULF1 expression was induced

in HFL1 cells following exposure to TGF-B1. Knockdown of SULF1 suppressed fibroblast secretion, activation, prolif-
eration, migration, and invasion under both TGF-B1-driven and non-TGF-31-driven conditions. We found that SULF1
catalyzes the release of TGF-31 bound to TGFBRII, thereby activating the TGF-31/SMAD pathway to promote fibrosis.
Additionally, TGF-31 induces SULF1 expression through the TGF-31/SMAD pathway, suggesting a potential positive
feedback loop between SULF1 and the TGF-31/SMAD pathway.

Conclusions Our findings reveal that SULF1 promotes fibrosis through the TGF-31/SMAD pathway in pulmonary
fibrosis. Targeting SULF1 may offer a promising therapeutic strategy against IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and
progressive interstitial lung disease (ILD) of unknown
etiology characterized by excessive differentiation and
proliferation of myofibroblasts, progressive deposition of
extracellular matrix (ECM), and histological and radio-
logical features consistent with usual interstitial pneu-
monia (UIP). It is associated with worsening respiratory
symptoms, declining lung function, and ultimately fatal
outcomes [1, 2]. IPF tends to occur in middle-aged and
elderly people, with a global incidence estimated at 0.09—
1.30 per 10,000 individuals, increasing annually. Adjusted
rates in the Asia—Pacific region range from 0.35 to 1.30
per 10,000, with prevalence estimates ranging from 0.57
to 4.51 per 10,000 and showing an upward trend [3, 4].
The prognosis of IPF is poor, with 1, 2, and 5-year sur-
vival rates of 61%, 52%, and 39%, respectively [5].

The pathogenesis of IPF is believed to involve com-
plex interactions among various cell types and signaling
pathways, although specific mechanisms remain unclear
[6—8]. Currently, two anti-fibrotic drugs, pirfenidone and
nintedanib, are approved for IPF treatment, aimed at
reducing the decline in lung function [9, 10]. Non-phar-
macological approaches such as pulmonary rehabilita-
tion, palliative care, management of comorbidities, and
acute exacerbations have also been explored to improve
symptom control and quality of life. Lung transplantation
remains the only effective therapeutic option for end-
stage IPF. Unfortunately, to date, effective therapeutic
targets and curative internal medicine methods for IPF
are still lacking [11]. As a fatal pulmonary disease, the
survival rate of IPF is poorer compared to many malig-
nant tumors affecting similar demographic groups [12].

In this study, we collected IPF lung tissue specimens for
transcriptome sequencing and integrated publicly avail-
able IPF lung tissue transcriptomic data from the GEO
database. We identified elevated expression of Sulfatase
1(SULF1) gene in IPF patients. SULF1 gene, located on
8q13.2-q13.3, encodes an extracellular heparan sulfate
endosulfatase, which selectively removes 6-O-sulfate
groups from the heparan sulfate chains of heparan sul-
fate proteoglycans (HSPGs), a crucial process in biologi-
cal regulation [13, 14]. HSPG can bind to various protein
ligands, including growth factors, growth factor recep-
tors, formatin, cytokines, chemokines, proteases, and
esterases [15]. Analysis of single-cell sequencing data
from IPF patients further revealed high SULF1 expres-
sion in fibroblasts. Fibroblast foci are a hallmark of IPF
pathology, comprising abnormally activated fibroblasts
and myofibroblasts. These cells, when stimulated under
various pro-fibrotic conditions, play a critical role in
driving ECM deposition. Furthermore, sustained myofi-
broblast phenotypes contribute to impaired lung repair,
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tissue scarring, distortion of alveolar structures, and irre-
versible decline in lung function [16, 17]. Hence, SULF1
may play a crucial role in the initiation and progression
of IPE.

Materials and methods

Lung tissue and blood

This study enrolled 8 patients with IPF who underwent
lung transplantation surgery at the First Affiliated Hospi-
tal of Zhengzhou University from August 2021 to August
2023, along with adjacent normal lung tissues from 8
patients undergoing surgery for benign lung nodules, all
stored in liquid nitrogen. Additionally, peripheral venous
blood samples (3 ml) were collected from 20 IPF patients
and 20 healthy individuals undergoing routine health
check-ups during the same period.

RNA sequencing

RNA sequencing analysis was performed on 8 samples
of IPF lung specimens and 4 adjacent healthy lung tis-
sues from benign pulmonary nodules surgery (Human
Tissue-IPF dataset, HTIPF), with sufficient sample sizes
collected. TRIzol (Invitrogen, USA) was utilized for the
extraction of total RNA from lung tissue samples of IPF
patients. RNA integrity was assessed using the RNA
Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA). Total RNA underwent
library preparation, beginning with mRNA purification
and fragmentation. The resulting fragments were used
to synthesize first and second-strand cDNA, with blunt
ends generated afterward. Adapters were then ligated
to facilitate hybridization, and fragments of 370-420 bp
were selectively purified. PCR amplification was con-
ducted, and the resulting products were assessed for
quality. Subsequently, clustering of samples was carried
out using the TruSeq PE Cluster Kit v3-cBot-HS (Illu-
mia) on a cBot Cluster Generation System, followed by
sequencing on an Illumina Novaseq platform to generate
150 bp paired-end reads.

GEO data collection

The datasets GSE24206, GSE53845, GSE110147, and
GSE122960 were downloaded from the Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) data-
base. GSE24206 includes 23 lung tissue samples from 6
healthy subjects and 11 patients with IPE. Among the IPF
patients, 5 donated single samples, while 6 individuals
contributed paired samples from both upper and lower
lung lobes. GSE53845 includes 48 lung tissue samples
from 40 IPF patients and 8 healthy controls. GSE110147
includes 48 lung tissue samples from 22 IPF, 10 NSIP and
5 mixed IPF-NSIP, and 11 healthy patients. GSE122960
includes Single-cell RNA sequencing (scRNA-seq) data
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of lung tissues from 8 donors and 9 patients with diverse
forms of pulmonary fibrosis. We selected data from 4 IPF
patients and 8 healthy donors for analysis.

Identification of differentially expressed genes (DEGs)

The data was standardized and corrected through the
limma package of R (4.3.3). Differential analysis between
IPF and Control groups was performed separately on the
GSE24206 and GSE53845 datasets using the limma pack-
age. The criteria of DEGs was |log2 fold change (FC)|> 1.5
and adjusted P <0.05. After this, according to the positive
and negative value of FC, genes were divided into up- and
down-regulated genes, Venn diagrams were generated
using package ggplot 2(3.3.6) and VennDiagram (1.7.3)
to identify genes commonly altered between the two
datasets.

Construction of PPl network and module analysis

The Search Tool for the Retrieval of Interacting Genes
(STRING) is an online tool that assesses protein—protein
interaction (PPI) network information. STRING (version
12.0) was used to evaluate the potential PPI relation-
ships among those DEGs. Only experimentally validated
interactions with a combined score > 0.4 were selected as
significance. The PPI network was constructed and visu-
alized using Cytoscape software (3.9.1). The molecular
complex detection (MCODE) plug-in in Cytoscape was
used to screen the modules of the PPI network. Subse-
quently, 12 sets of top 10 genes were generated from 12
topological analysis methods (BottleNeck, Closeness,
Degree, DMNC, EcCentricity, EPC, MCC, MNC, Radial-
ity, Betweenness, Stress, ClusteringCoefficient) of Cyto-
Hubba, The UpSet plot was generated using package
ggplot 2 (3.3.6) to elucidate the distribution patterns of
the 12 sets of top 10 genes.

scRNA-seq data analysis

Using R (version 4.3.3) and the Seurat package, the data-
set GSE122960 was processed and analyzed. Following
data preprocessing and quality control, the following
detailed steps were undertaken: (1) Standardization of
samples using the SCTransform function; (2) Principal
Component Analysis (PCA) using the RunPCA function;
(3) Calculation of cell similarity using the FindNeighbors
function with mutual nearest neighbor (MNN) algo-
rithm; (4) Spatial clustering of cells based on the nearest
neighbor distance matrix using the FindClusters func-
tion; (5) Visualization of data in two-dimensional space
using the RunUMAP function; (6) Annotation of cell
types by marking the expression of various cell marker
genes using the FeaturePlot function. UMARP plots, vio-
lin plots, and bubble plots were generated using Seurat
package. The SplitObject function was used to partition
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Seurat objects into multiple subsets by samples. For
each subset, gene expression data was extracted using
the GetAssayData function, and the correlation between
the expression levels of TGFBR3 and SULF1 was calcu-
lated. Statistical testing was performed using the Wil-
coxon rank-sum test, with P <0.05 considered statistically
significant.

Cell culture and treatments

The human fetal lung fibroblast cell lines MRC-5 and
HFL1 were obtained from Wuhan Procell Life Science
and Technology Co. Ltd. (Wuhan, China).

MRC-5 was cultured in MEM medium supplemented
with 10% fetal bovine serum and 1% penicillin—strepto-
mycin. HFL1 cells are cultured in Ham’s F-12K medium
supplemented with 10% fetal bovine serum and 1%
penicillin—streptomycin. All cell lines were grown in
a 5% CO2 condition at 37 °C. Treatment with recombi-
nant human TGF-B1 (10 ng/ml, PeproTech, USA) for
48 h in a medium containing 1% FBS was employed to
induce the activation and transformation of fibroblasts
into myofibroblasts. SIS3 is a selective Smad3 inhibitor,
that can attenuate TGF-B1-dependent Smad3 phospho-
rylation. Treatment of cells with SIS3 dissolved in DMSO
(Solarbio, China) at a concentration of 10 uM, along with
10 ng/ml concentration of TGF-B1, was conducted for
48 h. The control group received an equivalent volume of
DMSO.

Enzyme-linked immunosorbent assay (Elisa)

The concentration of SULF1 in plasma was measured
according to the manufacturer’s protocol in the Human
Extracellular Sulfatase Sulfl (SULF1) ELISA kit (Cusa-
bio, China). To eliminate the influence of TGF-p1 in fetal
bovine serum, HFL1 cells were cultured in serum-free
basal medium. Cell culture supernatants were collected
at 0 h, 24 h, and 48 h, centrifuged at 500¢ for 5 min to
remove debris, and stored at —80 °C. The TGF-B1 con-
tent in the cell culture supernatant was measured follow-
ing the manufacturer’s protocol in the Human TGF-betal
ELISA kit (Proteintech, China).

RNA extraction and Real-time quantitative reverse
transcription PCR (RT-gPCR)

Total RNA was extracted using Trizol (15596026, Invit-
rogen, USA) according to the manufacturer’s instruc-
tions. The total RNA was reverse transcribed into cDNA
using the RevertAid First Strand ¢cDNA Synthesis Kit
(K1622, Thermo, USA). Subsequently, RT-qPCR was per-
formed following the manufacturer’s protocol of Maxima
SYBR Green qPCR Master Mix (2x) (K0251, Thermo,
USA). The RT-qPCR was carried out on a PCR device
(Applied Biosystems: 7500, Thermo Fisher Scientific).
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The expression levels of the target genes were normal-
ized using GAPDH as a reference. Relative gene expres-
sion was determined using the 2722t method, and all
results are presented as the mean of three replicates. The
primer sequences are shown in Table S1 of Supplemen-
tary Material.

Western blotting

Total protein from cells and tissues was extracted using
RIPA lysis buffer (Servicebio, Wuhan, China) sup-
plemented with a 100:1 ratio of phosphatase inhibi-
tor (Servicebio, Wuhan, China) and PMSF (Servicebio,
Wuhan, China). The protein concentration was deter-
mined using the Omni-Easy Instant BCA Protein Assay
Kit (EpiZyme, Shanghai, China). Subsequently, the total
protein was diluted with 5xXSDS-PAGE loading buffer
(Servicebio, Wuhan, China) in a 4:1 ratio and boiled at
100 °C for 5 min. The proteins were separated by SDS-
PAGE Gel electrophoresis and transferred onto a PVDF
membrane. The membrane was blocked with blocking
buffer (EpiZyme, Shanghai, China) and then incubated
with primary antibodies against SULF1 (1:1000, A13797,
ABclonal), SMAD2 (1:1000,#5339, CST), Phospho-
SMAD2 (1:1000,#18338, CST), SMAD3 (1:1000,#9523,
CST), Phospho-SMAD3 (1:1000, #9520, CST), COL1A1
(1:1000, #72026, CST), a-SMA (1:1000, #19245, CST),
FN1 (1:1000, ab2413, Abcam), DESMIN (1:1000,
ab32362, Abcam), and B-ACTIN (1:1000, GB15003,
Servicebio, China), as well as TGF-B1 (1:1000, Bioss,
bsm-33287M). After incubation overnight at 4 °C, the
membrane was further incubated with HRP Goat Anti-
Rabbit IgG (1:10,000, H6162, UElandy) or HRP Goat
Anti-Mouse IgG (1:10,000, H6161, UElandy), at room
temperature for 1 h. Finally, the PVDF membrane was
covered with enhanced chemiluminescence reagents
(SQ201, EpiZyme) and the image was captured using the
GE Amersham Imager 680 image analysis equipment.
The grayscale intensities of the bands were evaluated
using Image ] version 1.53.

Cell transfection

The lentiviruses carrying SULF1 shRNA (sh-SULF1: GCA
CCAAATATGGATAAACAC) and control sequences
(sh-NC: TTCTCCGAACGTGTCACGT) were obtained
from Jikai Gene Technology (Shanghai, China). To estab-
lish stable transfected cell lines, HFL1 cells were seeded
at a density of 3.0x 10° cells/well in 6-well plates. When
the cell growth density reached 30%, they were trans-
fected with an MOI of 10 for 10 h and then the medium
was replaced with fresh culture medium. Transfected
cells were cultured in puromycin (2 pg/ml, Servicebio,
China) for 7 days to establish a stable transfected cell line.
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Wound-healing assay

The cells were seeded at a density of 5.0x 10° cells/well
in 6-well plates. When the cell growth density reached
100%, a 200 pl pipette tip was used to create a scratch
perpendicular to the bottom of the 6-well plate, followed
by washing three times with phosphate-buffered saline
(Servicebio, Wuhan, China). Serum-free culture medium
was added to continue cultivation. Cell conditions were
observed and photographed every 12 h. The migration
area (%) was evaluated using the formula: The migration
area (%)=(A0—An)/A0x100, where AO represents the
initial scratch area and An represents the scratch area at
the termination of observation. The area of the scratch
was measured using Image J version 1.53.

Cell counting kit-8 (CCK-8) assay

Cells were seeded in 96-well plates at a density of 6000
cells/well. At 0, 24, 48, and 72 h post-seeding, 10 pl of
CCK-8 solution (Dojindo, Tokyo, Japan) was added to
each well. Following a 2-h incubation at 37 °C, the optical
density (OD) value was measured at 450 nm wavelength
using a microplate reader (SpectraMax i3x, Molecular
Devices, USA). GraphPad Prism (Version 9.3.1) was uti-
lized for plotting the proliferation curves.

5-Ethynyl-2'-deoxyuridine (EdU) assay

The EdU assay was conducted using the BeyoClick™ EdU
Cell Proliferation Kit with Alexa Fluor 594 (Beyotime,
Shanghai, China). Briefly, cells were seeded in 96-well
plates at a density of 2.5x10* cells/well and cultured
overnight. Then, cells were washed with PBS and incu-
bated with fresh culture medium containing 10 uM EdU
for an additional 2 h at 37 °C. Subsequently, cells were
fixed with 4% paraformaldehyde and stained with Hoe-
chst 33342 solution to visualize cell nuclei. Images were
acquired using a fluorescence microscope (Olympus
IX73). The proportion of EdU-positive cells was quanti-
fied using Image J version 1.53.

Transwell invasion assay

For the transwell invasion assay, Matrigel (356234, BD
Biosciences, USA) was diluted to 300 pg/ml in basal cul-
ture medium and applied to the upper surface of Tran-
swell chamber (Corning Costar, USA) membranes. The
coated chambers were then incubated at 37 °C for 3 h.
In the lower chamber, 700 pl of cell culture medium
containing 20% serum was added. A total of 100 ul of
serum-free Ham’s F-12K medium containing 5x 10* cells
was placed in the upper chamber of a 24-well Transwell
plate. After 48 h of incubation at 37 °C with 5% CO2,
the invaded cells were fixed with 4% paraformaldehyde
(Leagene Biotechnology, China) and stained with 0.1%
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crystal violet (Leagene Biotechnology, China), while non-
invaded cells were removed using a cotton swab. The
number of invaded cells was manually counted in three
randomly selected areas under a fluorescence microscope
(Olympus I1X73).

Co-immunoprecipitation (Co-IP)

HFL1 cells were treated with TGF-P1 for 48 h, followed
by lysis using Co-IP lysis buffer (87787, Thermo Scien-
tific). Co-IP was performed using anti-TGFBRIII anti-
body (#5544, CST) and Protein A/G magnetic beads
(B23201, Bimake) according to the manufacturer’s proto-
col. The immunoprecipitated samples were subjected to
Western blotting analysis using antibodies against SULF1
and TGF-p1.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (Version 9.3.1). The data were presented as the
mean with the standard error of the mean (SEM) from
at least three independent experiments. Student’s t-tests
were employed to compare differences between two
groups, while one-way ANOVA was utilized for compari-
sons involving more than two groups. Two-way ANOVA
was utilized for the analysis of variance with 2 factors. All
statistical tests were two-sided and P <0.05 was consid-
ered to be statistically significant.

Result

SULF1 was upregulated in IPF

We integrated our self-test transcriptome sequencing
dataset HTIPF with datasets GSE24206 and GSE53845 to
compare DEGs between lung tissues of IPF patients and
healthy controls. A total of 23 upregulated and 6 down-
regulated genes were identified across the three datasets
(Fig. 1A). Using Cytoscape software with the MCODE
plugin, we identified 17 hub genes and applied Cyto-
Hubba plugin with 12 topological methods to analyze the
distribution of the top 10 genes. Ultimately, we selected
5 core genes: COL1A1, COL15A1, COL10A1, SULF1,
and CTHRC1 (Fig. 1B, C). Further validation in the
GSE110147 dataset confirmed higher expression of these
5 genes in IPF compared to normal controls (P <0.001).
Validation experiments showed that SULF1 expression in
IPF patient lung tissues was significantly higher than in
normal controls at both mRNA and protein levels (n=8,
P <0.001; Fig. 1E, F). Additionally, plasma levels of SULF1
were elevated in IPF patients compared to healthy indi-
viduals (n=20, P <0.001; Fig. 1G). These findings indicate
elevated expression of SULF1 in both lung tissues and
plasma of IPF patients compared to healthy controls.
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SULF1 was upregulated in human lung fibroblasts
Single-cell transcriptomic dataset GSE122960 from IPF
lung tissues was utilized to analyze the expression pat-
tern of SULF1 in various lung cell types. Figure 2A pro-
vides cell type annotations, while Fig. 2B illustrates the
distribution of cells from IPF and healthy control patients
in different cell clusters. Subsequent analysis of SULF1
expression levels across individual cell populations
revealed higher expression in IPF patients compared to
healthy controls, with fibroblasts from IPF patients show-
ing the highest expression (Fig. 2C). Given the impor-
tant role of fibroblasts in the pathogenesis of pulmonary
fibrosis, human lung fibroblasts were selected for further
investigation.

SULF1 expression was induced in human pulmonary
fibroblasts after exposure to TGF-f1

We selected human lung fibroblast cell lines HFL1 and
MRC-5 for cellular experiments. Upon stimulation with
TGEF-B1, mRNA levels of SULF1 gradually increased
over time in both HFL1 and MRC-5 cells, with signifi-
cant elevations observed at 48 h compared to the Blank
group (all P<0.05, Fig. 3A, B). Activation markers of
fibroblasts, including ACTA2 and DESMIN, as well as
mRNA levels of ECM components such as COL1A1l
and FN1, also showed a similar increasing trend over
time and were significantly higher at 48 h stimulated by
TGF-B1 (all P<0.05, Fig. 3A, B). Western blotting analy-
sis further confirmed elevated protein levels of SULF1,
COL1Al, FN1, a-SMA, and DESMIN following 48 h
of TGF-B1 stimulation compared to the control group
(Fig. 3C,P<0.05). These findings indicate that human
lung fibroblasts undergo increased expression of SULF1
during TGF-Bl-induced myofibroblast differentiation,
with HFL1 cells exhibiting higher levels of upregulation
compared to MRC-5, thereby HFL1 was used for subse-
quent experiments.

SULF1 knockdown suppressed the activation and secretory
capacity of lung fibroblasts

To investigate the impact of SULF1 on fibroblast acti-
vation and secretion capacity, we established a stably
transfected cell line of HFL1 cells with SULF1 knock-
down (sh-SULF1) and control cells (sh-NC) using
lentiviral vectors. RT-qPCR analysis revealed that in
both TGF-B1 stimulated and unstimulated conditions,
expression levels of ACTA2, DESMIN, COL1A1, and
EN1 were significantly lower in the sh-SULF1 group
compared to the Blank or sh-NC group (P<0.05)
(Fig. 4A, B). Similarly, at the protein level, a-SMA,
DESMIN, COL1A1, and FN1 were markedly reduced
in the sh-SULF1 group under both TGF-B1 stimulated
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Fig. 1 SULF1 was upregulated in IPF. A The up-regulated genes of 3 datasets (HIPF, GSE24206, and GSE53845) showed an overlap of 23 differentially
expressed genes (DEGs). The down-regulated genes of 3 datasets showed an overlap of 6 DEGs. B 17 genes were identified as hub genes

by the MCODE plugin of Cytoscape. C The UpSet plot revealed an overlap of 5 hub genes among the top 10 genes identified by 12 topological
methods (BottleNeck, Closeness, Degree, DMNC, EcCentricity, EPC, MCC, MNC, Radiality, Betweenness, Stress, ClusteringCoefficient) in CytoHubba
plugin of Cytoscape. D Validate the elevated expression of the 5 hub genes in lung tissues of IPF patients (n=22) compared to normal controls
(n=11) in GSE110147. E mRNA levels of SULF1 in lung tissue of IPF patients (n=8) and normal control patients (n=8) were determined by RT-gPCR,
and 3-ACTIN was used as an internal reference control. F Protein levels of SULF1 in lung tissue of IPF patients (n=8) and normal control patients
(n=8) were determined by Western blotting, 3-ACTIN was used as loading control. G The concentration of SULF1 in the plasma of IPF patients
(n=20) and normal control patients (n=20) were determined by ELISA. Statistical analysis was conducted using Student’s t-tests (*P <0.05,

P <0.01,***P <0.001)

and unstimulated conditions compared to the Blank or
sh-NC group (P <0.05) (Fig. 4C, D) as well. These find-
ings indicate that SULF1 knockdown suppresses the
activation and secretion capacity of lung fibroblasts,

whether driven by TGF-B1 or not.

SULF1 knockdown suppressed the proliferation, migration,
and invasion capability of lung fibroblasts

We further investigated the impact of SULF1 on the
biological behaviors of lung fibroblasts. The CCK-8
assay demonstrated that, without TGF-p1 stimulation,
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of SULF1 across different cell clusters

the proliferation rate significantly decreased in the
sh-SULF1 group compared to the Blank or sh-NC
groups (Fig. 5A, P<0.001). Under TGF-B1 stimula-
tion, both Blank + TGF-B1 and sh-NC + TGF-B1 groups
showed a marked increase in proliferation compared
to the Blank group (Fig. 5A, P<0.001), whereas the
sh-SULF1+TGF-p1 group exhibited a significant

decrease in proliferation compared to the Blank + TGEF-
Bl or sh-NC+TGF-B1 group (Fig. 5A, P<0.001).
Additionally, compared to the Blank group, the sh-
SULF1+ TGE-P1 group also displayed a notable reduc-
tion in proliferation (Fig. 5A, P<0.001). EdU assay
results indicated a significant reduction in EdU-pos-
itive (EAU+) cells in the sh-SULF1 group compared
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for 12, 24, and 48 h, with 3-ACTIN used as an internal reference control. B mRNA levels of SULF1, ACTA2, COL1AT1, DESMIN, and FN1 in MRC-5

cells were determined by RT-qPCR after stimulation by TGF-31 at 12, 24, and 48 h, 3-ACTIN was used as internal reference control. C Protein levels
of SULF1, a-SMA, COL1AT, DESMIN, and FN1 in HFLT and MRC-5 cells were determined by Western blotting after stimulation with TGF-31 for 48 h,
and B-ACTIN was used as the loading control. Statistics for RT-qPCR were calculated using one-way ANOVA (*P <0.05, **P <0.01, ***P <0.001).
Statistics for Western blotting were calculated using Student’s t-tests (*P < 0.05, **P < 0.01, ***P <0.001)

to the Blank or sh-NC group (Fig. 5B, P<0.001).
Under TGF-B1 stimulation, both Blank+TGF-B1 and
sh-NC + TGEF-B1 groups showed a substantial increase
in EAU™T cells compared to the Blank group (Fig. 5B,
P <0.001), whereas the sh-SULF1+TGEF-1 group dis-
played a significant decrease in EQU* cells compared to
the Blank+ TGF-p1 or sh-NC+ TGF-p1 group (Fig. 5B,

P <0.001). Moreover, compared to the Blank group,
the sh-SULF1 + TGF-B1 group also exhibited a notable
decrease in EAU™ cells (Fig. 5B, P <0.05). These results
indicate that knockdown of SULF1 inhibits the prolif-
erative capacity of lung fibroblasts driven by TGF-f1
or not. Wound-healing assay revealed that, without
TGEF-B1 stimulation, the sh-SULF1 group exhibited
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Fig. 4 SULF1 knockdown suppressed the proliferation, migration, and invasive capability of lung fibroblasts. A mRNA levels of SULF1, ACTA2,
COL1AT, DESMIN, and FNT1 in Blank, sh-NC, and sh-SULF1 HFL1 cells were determined by RT-gPCR, with B-ACTIN used as an internal reference
control. B mRNA levels of SULF1, ACTA2, COL1A1, DESMIN, and FN1 in Blank HFL1 cells and Blank, sh-NC, and sh-SULF1 HFL1 cells were determined
by RT-gPCR after stimulation by TGF-B1 at 48 h, with 3-ACTIN used as an internal reference control. C Protein levels of SULF1, a-SMA, COL1AT,

DESMIN, and FN1 in Blank, sh-NC, and sh-SULF1 HFL1 cells were determined by western blotting, B-ACTIN was used as the loading control.
D Protein levels of SULF1, a-SMA, COLTA1, DESMIN, and FN1 in Blank HFL1 cells and Blank, sh-NC, and sh-SULF1 HFL1 cells were determined

by western blotting after stimulation with TGF-31 for 48 h, 3-ACTIN was used as the loading control. Statistics were calculated using one-way
ANOVA (*P <0.05, **P <0.01, ***P <0.001)

a significant decrease in wound closure rate com-
pared to the Blank or sh-NC group (Fig. 5C, P<0.001).
Under TGF-B1 stimulation, both Blank+TGF-B1 and
sh-NC+ TGEF-B1 groups showed a marked increase
in wound healing rate compared to the Blank group
(Fig. 5C, P<0.001), whereas the sh-SULF1+ TGF-f1

group displayed a significant decrease in wound
healing rate compared to both Blank+TGF-B1 and
sh-NC+TGF-p1 groups (Fig. 5C, P<0.001). Fur-
thermore, compared to the Blank group, the sh-
SULF1 + TGF-B1 group also showed a notable decrease
in wound healing rate (Fig. 5C, P<0.001). These
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findings suggest that knockdown of SULF1 suppresses
the migratory ability of lung fibroblasts driven by TGF-
Bl or in its absence. Results from the transwell inva-
sion assay indicated that, without TGF-B1 stimulation,
the sh-SULF1 group displayed a significant reduction
in the number of invaded cells compared to the Blank

or sh-NC groups (Fig. 5D, P<0.001). Under TGF-f1
stimulation, both Blank+TGF-B1 and sh-NC+ TGE-
Bl groups showed a notable increase in the num-
ber of invaded cells compared to the Blank group
(Fig. 5D, P<0.001), whereas the sh-SULF1+ TGF-fB1
group exhibited a significant decrease in the number
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of invaded cells compared to both Blank+ TGF-
B1 and sh-NC+TGF-B1 groups (Fig. 5D, P<0.001).
Additionally, compared to the Blank group, the sh-
SULF1+TGF-p1 group also demonstrated a marked
decrease in the number of invaded cells (Fig. 5D,
P<0.001). Taken together, these results indicate that
knockdown of SULF1 can inhibit the proliferation,
migration, and invasion abilities of lung fibroblasts
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under both TGEF-Bl-driven and non-TGF-B1-driven
conditions.

Mutual modulation of SULF1 and the TGF-$1/SMAD
pathway

Under TGF-P1 stimulation, SULF1 expression in HFL1
cells was significantly reduced in the sh-SULF1+ TGEF-
Bl group compared to both the Blank+TGF-B1 and
sh-NC+ TGF-B1 groups (Fig. 6A, P<0.001). Additionally,

N
(G?&'\ «G\?g,’\ \x‘C’? 154
X

x <
oo s‘\x\o g\'c“’\)\’

p-SMAD2 l e — q

(=)
1

* %k B
N 06 ns %k k
< X ——
R g <F
\(\X'KC’?O*'(C’? 0\,(* 8 g
N\ 2 o.
& g& o i 04
s
5
SULF1 |~ — | 2 oz

SMAD2 '---|

p-SMAD2/SMAD2
SMAD2/B-ACTIN

o
o
1

B-ACTIN |--|

——
R =

L R
PO &K K&
AR A
& 20 & 2 o
B &
c N R (‘;S"Q> 1.5 0.8
<CF © (G‘? Mt *k - .
N * $c’x \)\g ,—,ns ,—|** ns *%
R XY 6\(\5 064 o
g 1.0 z
p-SMAD3 |- — | z %‘,‘04_
a &
Smaps |- —— o5 g
- - 0.2
B-ACTIN |-—-|
0.0 0.0-
L L R
KR R RS
L O © x«é X«C’Q x/\é(
& O & NS N
& g\ﬁ & Q\'b‘\ éﬁ 60\(5
& &
)
o A
AR S\S
N0 O
o
«{GF © <CF ®
* %
1.5 1.5 - | —| 0.84
SULF1 L“ 0 s
LSIL kK - 084 0.6
1%} 6]
% 1.0+ p-SMAD3 8 1.0 z E
s % S 06+ S
2 = £ a 0.4
: SMAD3 " S T o4 g
© 0.5+ ®» 0.5 =)
] N 4 &) B,
s 0.2 :
& B-ACTIN
0.0 0.0- 0.0 0.0
X N X X X X N SN
3 W G Ca G Cd Ca Ca
$ L & & &L & & &
N x& 2 © S N
O o O e} O e} O o
%’\ @% Q\ @"9 Qz'\ @% %’\ @‘b
4 S % S % S & S
& X 9 X © X O >
A Q\ A Q\ A %'\ A Q;\
S % S 8
<@ <& <& <&

Fig. 6 A Protein levels of SULF1 in different groups were determined by western blotting after stimulation with TGF-31 for 48 h, 3-ACTIN was used

as the loading control. B Protein levels of p-SMAD2, and SMAD?2 in different

groups were determined by western blotting after stimulation

with TGF-31 for 48 h, B-ACTIN was used as the loading control. C Protein levels of p-SMAD3, and SMAD3 in different groups were determined
by western blotting after stimulation with TGF-B1 for 48 h, 3-ACTIN was used as the loading control. D mRNA levels of SULF1 in different groups

were determined by RT-qPCR after stimulation by TGF-1 and SIS3 or TGF-31

and DMSO at 48 h, with B-ACTIN used as an internal reference control.

E Protein levels of SULF1, p-SMAD3, and SMAD3 in different groups were determined by western blotting after stimulation by TGF-31 and SIS3
or TGF-31 and DMSO at 48 h, B-ACTIN was used as the loading control. Statistics for western blotting were calculated using one-way ANOVA
(*P<0.05, **P <0.01, ***P <0.001). Statistics for RT-qPCR analysis were conducted using Student’s t-tests (*P <0.05, **P < 0.01, ***P <0.001)
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the levels of p-SMAD2/SMAD2 and p-SMAD3/SMAD3
were markedly decreased in the sh-SULF1+TGEF-f1
group compared to the Blank+ TGF-B1 or sh-NC+ TGEF-
B1 group (Fig. 6B, P<0.01). Moreover, the expression
levels of SMAD2 and SMAD3 were also significantly
decreased in the sh-SULF1 +TGEF-f1 group compared to
the Blank+ TGF-B1 or sh-NC+TGEF-B1 groups (Fig. 6B,
C, P<0.01). These findings indicate that knockdown of
SULF1 suppresses the TGF-$1/SMAD signaling pathway
in HFL1 cells. Treatment of HFL1 cells with the SMAD3
phosphorylation inhibitor SIS3, we found that the ratio of
pSMAD3 to total SMAD3 significantly decreased com-
pared to the control group (P <0.01, Fig. 6E). SIS3-treated
HLF1 cells exhibited markedly reduced expression of
SULF1 at both mRNA and protein levels compared to the
control group (P <0.01, Fig. 6D, E). Moreover, there was
no significant difference in SMAD3 expression between
the two groups (P >0.05, Fig. 6E). These findings indicate
that SIS3 suppresses activation of the TGF-f1/SMAD
pathway and inhibits SULF1 expression. These results
indicate that SULF1 and the TGFP1/SMAD pathway
mutually regulate each other. Furthermore, our experi-
ments revealed that stimulation by TGFP1 increases
SULF1 expression, suggesting a potential positive feed-
back loop between SULF1 and the TGEP1/SMAD
pathway.

SULF1 promotes the release of TGF-$1 from TGF@RIII
TGEBRIII contains abundant heparan sulfate chains,
which can bind and seal with TGF-B1. SULF1 selectively
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removes 6-O-sulfate groups from the heparan sulfate
chains of TGFBRII], releasing bound TGF-B1 and thereby
activating downstream pathways potentially releasing
bound TGEF-B1. In this study, serum-free culture super-
natants were collected over time, revealing an increasing
concentration of TGF-B1 (Fig. 7A). sh-SULF1 HFL1 cells
showed significantly reduced levels of TGF-p1 in the cul-
ture supernatant compared to both the Blank and sh-NC
groups (Fig. 7A, P<0.001). Co-IP experiments using an
anti-TGFBRIII antibody demonstrated that TGFBRIII
interacts with SULF1 and TGF-B1 (Fig. 7B). These find-
ings suggest that SULF1 may catalyze the removal of
6-O-sulfate groups from the heparan sulfate chains of
TGEPRIII, thereby releasing bound TGF-p1 and activat-
ing the downstream TGF-B1/SMAD signaling pathway.

Discussion

IPF is a chronic progressive lung disease with unclear
pathogenesis, which hampers diagnostic and therapeu-
tic research progress [18]. We conducted transcriptome
sequencing on diseased lung tissues from IPF patients
who underwent lung transplantation surgery and inte-
grated our data with IPF lung tissue transcriptome data-
sets available in the GEO database. We aimed to elucidate
potential pathogenic mechanisms underlying IPF. Ulti-
mately, we found elevated expression of SULF1 in lung
tissues of IPF patients compared to normal control lung
tissues. We validated the elevated expression of SULF1
at both the transcriptional and protein levels in lung tis-
sues from IPF patients. Moreover, previous studies have

B

IP: TGFBRII
Input 1gG SULF1
SULF1 ' —
TGEE1 | M -—
—

Fig. 7 A The concentration of TGF-B1 in the serum-free culture supernatants was determined by ELISA. Statistical analysis was conducted using
Student’s t-tests (*P < 0.05, **P <0.01, ***P <0.001). B The Co-IP with anti-TGFBRIIl was performed and the precipitates were analyzed by western
blotting with anti-SULF1 or anti-TGF-B1. IgG Co-IP was used as a negative control
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demonstrated high expression of SULF1 in cardiac tis-
sues of heart failure patients, where it plays a critical role
in cardiac fibrosis [19]. These findings collectively sup-
port the notion that SULF1 may play a crucial role in the
pathogenesis and progression of IPFE.

Currently, IPF diagnosis relies on high-resolution CT
and pathological recognition of UIP patterns, necessitat-
ing exclusion of other interstitial lung diseases or overlap-
ping diseases [20]. Currently, the commonly used drugs
pirfenidone and nintedanib have been shown to slow the
decline in lung function and extend survival in patients
with IPF [21, 22]. Early detection and accurate diagnosis
of IPF are crucial for effective treatment [23]. However,
early diagnosis of IPF still poses challenges at present.
There are researches indicate that symptoms in patients
with IPF often persist for over 5 years before a definitive
diagnosis is established. Even when physicians detect
Velcro crackles or clubbed fingers upon initial evaluation,
fewer than 5% of patients receive a confirmed diagnosis
within 1 year [24, 25]. Our study further revealed upregu-
lated SULF1 concentration in plasma from IPF patients,
proposing SULF1 as a potential peripheral blood bio-
marker for screening and diagnosis of IPE.

Through analysis of single-cell transcriptomic sequenc-
ing data from IPF lung tissues, we identified that SULF1
is predominantly expressed in lung fibroblasts. Fibro-
blasts are critical effector cells in the process of pulmo-
nary fibrosis. When lung epithelial cells are damaged,
fibroblasts become activated and can differentiate into
myofibroblasts in an inflammatory environment. These
cells contribute to ECM, collagen deposition, and secre-
tion of pro-fibrotic factors, participating in the formation
of pulmonary fibrosis [26]. Therefore, we chose pulmo-
nary fibroblasts for subsequent experiments.

We demonstrate that TGF-B1, a key cytokine in fibro-
sis, induces SULF1 expression in human pulmonary
fibroblasts, consistent with previous research [27]. Sub-
sequently, we knocked down SULF1 in fibroblasts to
investigate whether it could inhibit its various biological
behaviors for fibrosis. We observed that downregulated
SULF1 suppressed the activation and secretion capabili-
ties of lung fibroblasts. This finding suggests that SULF1
plays a crucial role not only in regulating fibroblast acti-
vation but also potentially in modulating the fibrotic
microenvironment in IPF.

Moreover, we found that SULF1 knockdown signifi-
cantly reduces the proliferation, migration, and invasive
capabilities of fibroblasts. These processes are fibro-
blast behaviors essential for fibrosis progression [6, 28].
It should be noted that even upon supplementation
with recombinant human TGF-B1 during the culture of
lung fibroblasts, the activation, secretion, proliferation,
migration, and invasion of SULF1 knockdown cells were
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suppressed even compared to untreated normal control
fibroblasts. It suggested SULF1 may modulate these pro-
cesses via the TGF-B1/SMAD pathway.

Further investigation revealed that SULF1 knockdown
reduces both the phosphorylation percentage and abso-
lute levels of SMAD2 and SMAD3 in the downstream
pathway of TGF-P1, indicating that SULF1 may play a
critical regulatory role in the TGF-f1/SMAD pathway.
In the TGEF-P signaling pathway, SMAD2 and SMAD3
are known as receptor-regulated SMADs. This pathway
also includes various other regulatory molecules, such
as SMAD4, SMAD6, SMAD7, and SKI. SMAD4 can
bind to the SMAD2/3 complex and subsequently trans-
locate into the nucleus, where it directly or in conjunc-
tion with other regulators modulates the transcription of
target genes [29, 30]. SMAD6 and SMAD?7 act as inhibi-
tory SMADs that prevent the activation of SMAD2 and
SMAD3 and block the interaction between SMAD4 and
the SMAD2/3 complex, thus providing negative regula-
tion of the TGF-P pathway [29, 30]. SKI is a critical nega-
tive regulator of TGF-P signaling. It binds to SMAD2,
SMAD3, and SMAD4, inhibiting SMAD proteins and
ultimately suppressing TGF-f signal transduction [31]. In
our current research, the impact of SULF1 on the expres-
sion of these factors has not yet been explored. SULF1
may regulate these molecules either directly or indirectly,
influencing the expression of various fibrosis-related
genes and thereby affecting the development of pulmo-
nary fibrosis. Future studies will focus on investigat-
ing these molecules. Then, treatment with the SMAD3
phosphorylation inhibitor SIS3 suppresses the TGF-f1/
SMAD pathway, resulting in a corresponding downregu-
lation of SULF1 expression. This finding suggests a poten-
tial mutual regulation between SULF1 and the TGF-1/
SMAD pathway. TGF-B1 exerts its effects through three
receptors: TGFBRI, TGEFPRIIL, and TGEFPRIIL. Among
these, TGFBRIII is uniquely an HSPG and a substrate
for SULF1, but it does not activate downstream path-
ways, instead, it only sequesters TGF-B1 [32, 33]. There
is a study that demonstrated that SULF1 catalyzes the
release of TGF-B1 bound to TGFBRIII, activating down-
stream pathways to promote epithelial-mesenchymal
transition in hepatocellular carcinoma cells, enhancing
cancer cell migration and invasion [34]. Further experi-
ments revealed a significant decrease in the concentra-
tion of TGF-B1 in the supernatant of sh-SULF1 group
cultures compared to the sh-NC group. Co-IP experi-
ment further confirmed the binding interaction between
SULF1 and TGFPRIIL These findings collectively support
that in lung fibroblasts, SULF1 can promote the release
of TGF-f1 from TGF-BRIII and activate downstream
pathways, thereby promoting fibrosis. Furthermore, our
study indicates that fibroblasts exhibit increased SULF1
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expression under stimulation by TGF-B1. Thus, this sug-
gests a potential positive feedback loop between SULF1
and the TGF-f1/SMAD pathway, wherein SULF1 pro-
motes the release of TGF-f1, and TGF-B1 subsequently
further enhances SULF1 expression (Fig. 8).

Our study suggests that SULF1 may play a signifi-
cant role in the pathogenesis of IPF, potentially pav-
ing the way for novel therapeutic approaches for IPF
treatment. Inhibiting SULF1 may represent a novel
intervention and therapeutic strategy for the pre-
vention, treatment, and potential reversal of pulmo-
nary fibrosis. Additionally, SULF1 holds promise as a
peripheral blood biomarker for screening and diagno-
sis of IPF. Although our study has obtained important
results, there are limitations we have to acknowledge.
Firstly, our experiments still require validation in vivo
to assess the impact of SULF1 on pulmonary fibro-
sis. Moving forward, we plan to develop SULF1 gene
knockout mouse models and establish a murine pul-
monary fibrosis model to address this issue. Secondly,
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while we have identified elevated SULF1 expression
in lung tissues and blood of IPF patients, we have not
investigated its relationship with disease progression
and prognosis in these patients. Therefore, a prospec-
tive study may be necessary to examine the correlation
between plasma SULF1 levels and disease progression
and survival in IPF patients. Thirdly, given that SULF1
is upregulated in IPF patients and blocking SULF1
could potentially offer a new direction for IPF therapy,
we have only performed knockdown experiments of the
SULF1 gene in fibroblasts and have not yet conducted
overexpression studies. Therefore, further research
should involve overexpressing SULF1 in fibroblasts to
observe its impact on the fibrotic process. Fourthly, our
preliminary findings indicate that TGF-f1 may increase
SULF1 expression in fibroblasts through the TGF-B1/
SMAD pathway. However, the specific molecules and
mechanisms involved require further investigation for
clarification.
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Fig. 8 Schema depicting proposed pro-fibrotic mechanisms of SULF1 in pulmonary fibrosis. SULF1 catalyzes the release of TGF-1 bound
to TGFRIII, thereby activating the TGF-1/SMAD pathway to promote fibrosis. Additionally, TGF-B1 induces SULF1 expression through the TGF-31/
SMAD pathway. There may be a potential positive feedback loop between SULF1 and the TGF-31/SMAD pathway
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Conclusions

In summary, our study reveals elevated SULF1 expres-
sion in lung tissues and plasma of IPF patients com-
pared to the control. SULF1 can catalyze the release of
TGE-B1 from TGEPRIIL, thereby activating the TGE-
B1/SMAD pathway to promote the progression of
pulmonary fibrosis. Targeting SULF1 may offer a prom-
ising therapeutic strategy against IPF.
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