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Exosomal miR-17-5p derived from epithelial cells is involved
in aberrant epithelium-fibroblast crosstalk and induces the
development of oral submucosal fibrosis
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Qianming Chen and Yongguang Tao

Oral submucous fibrosis (OSF) is a chronic and inflammatory mucosal disease caused by betel quid chewing, which belongs to oral
potentially malignant disorders. Abnormal fibroblast differentiation leading to disordered collagen metabolism is the core process
underlying OSF development. The epithelium, which is the first line of defense against the external environment, can convert
external signals into pathological signals and participate in the remodeling of the fibrotic microenvironment. However, the specific
mechanisms by which the epithelium drives fibroblast differentiation remain unclear. In this study, we found that Arecoline-
exposed epithelium communicated with the fibrotic microenvironment by secreting exosomes. MiR-17-5p was encapsulated in
epithelial cell-derived exosomes and absorbed by fibroblasts, where it promoted cell secretion, contraction, migration and
fibrogenic marker (a-SMA and collagen type |) expression. The underlying molecular mechanism involved miR-17-5p targeting
Smad7 and suppressing the degradation of TGF-f receptor 1 (TGFBR1) through the E3 ubiquitination ligase WWP1, thus facilitating
downstream TGF-B pathway signaling. Treatment of fibroblasts with an inhibitor of miR-17-5p reversed the contraction and
migration phenotypes induced by epithelial-derived exosomes. Exosomal miR-17-5p was confirmed to function as a key regulator
of the phenotypic transformation of fibroblasts. In conclusion, we demonstrated that Arecoline triggers aberrant epithelium-
fibroblast crosstalk and identified that epithelial cell-derived miR-17-5p mediates fibroblast differentiation through the classical

TGF-B fibrotic pathway, which provided a new perspective and strategy for the diagnosis and treatment of OSF.
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INTRODUCTION

Oral submucous fibrosis (OSF) is a connective tissue disease
characterized by disordered epithelial structure, inflammation,
vascular abnormalities and extracellular matrix accumulation.'™
Numerous studies have indicated that chewing betel quid-related
products is the main etiology of OSF.*"® There was a high degree
of overlap between OSF patients and betel quid chewing patients,
mainly in Southeast Asian countries. Alarmingly, as an oral
potential malignant disorder, approximately 1.5% to 10% of
patients with OSF are at risk of malignant transformation.”?
Although great progress has been made in determining the
molecular mechanisms underlying disease pathogenesis in recent
decades, no specific disease-modifying treatments are currently
available.

Fibroblasts are a heterogeneous group of cells with multi-
differentiation potential that maintain tissue homeostasis.”'°
Under pathological conditions, resting fibroblasts can differentiate
into myofibroblasts with an anabolic phenotype due to contin-
uous induction and chemotaxis by inflammatory factors.'"'?

; https://doi.org/10.1038/541368-024-00302-2

Myofibroblasts exhibit characteristics of both smooth muscle cells
(high expression of a-SMA and collagen type 1) and fibroblasts,
which endows these cells with a highly contractile and secretory
phenotype.”*'® Given their strong ability to remodel the
extracellular matrix, myofibroblasts participate in oxidative stress,
energy metabolism, autophagy, senescence and other pathologi-
cal changes in the fibrotic microenvironment, providing an
essential “hotbed” for the development of fibrosis.'®™'® Therefore,
revealing the key molecules that regulate myofibroblast differ-
entiation and related signaling pathways is an important strategy
for the prevention and treatment of OSF.

The epithelium is the physical and physiological barrier of the
oral cavity.'”?® When exposed to injury, the subsequent cascade
of inflammatory factors participates in shaping the fibrotic
microenvironment.?'?? Exosomes, which are vesicles with a
phospholipid bilayer, have been identified as novel modulators
of cell-to-cell communication.®> Exosomes can deliver “cargo”
such as liposomes, proteins, RNA and DNA, which absorbed by
recipient cells to participate regulating the gene expression,
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differentiation and function of recipient cells.**?® Importantly,
exposure to stimuli can modify exosomes components to affect
tissue remodeling via cell-to-cell communication.?” However, the
cell types that are related to exosomes-mediated crosstalk and
their paracrine effects on OSF development are unclear. There is
increasing evidence that exosomal miRNAs can mediate pheno-
typic changes in fibroblasts, thereby participating in the progres-
sion of pulmonary fibrosis, liver fibrosis, kidney fibrosis, and skin
fibrosis. In this study, we initially reported the role of epithelium-
derived exosomal miRNAs in the development of OSF, and we
explored the biological function of miR-17-5p in regulating
fibroblast differentiation as well as the underlying mechanism.

In the present study, we hypothesized that exosomes derived
from epithelial cells by exposure to Arecoline disrupt the
epithelium-fibroblast crosstalk and promote myofibroblast differ-
entiation. First, we demonstrated that Arecoline could induced the
release of exosomes from epithelial cells, which could promote
collagen contraction, secretion and migration after being
absorbed by fibroblasts. Moreover, we revealed that miR-17-5p
was highly expressed in exosomes from Arecoline-treated
epithelial cells and OSF tissues. Mechanistically, it was demon-
strated that miR-17-5p could target Smad7 and maintain TGF-3
receptor 1 (TGFBR1) expression by inhibiting its E3 ubiquitination
ligase WWP1. In summary, we evaluated the expression of miR-17-
5p in exosomes derived from epithelial cells that were exposed to
Arecoline and investigated the mechanism by which exosomal
miR-17-5p contributes to fibrogenesis.

RESULTS

Arecoline induces the release of exosomes from epithelial cells
Exosomes mediate cell-cell communication through the transfer of
their cargo and are involved in extracellular matrix homeostasis.?®
Thus, we predicted that Arecoline (20 pg/mL, 48 h) can induce the
release of exosomes from epithelial cells and affect the functional
phenotype of fibroblasts. Exosomes were isolated from PBS- and
arecoline-treated epithelial cell media via differential centrifuga-
tion, and then, these exosomes were characterized and quantified
via TEM, NTA and Immunoblotting (Fig. S1a—c). TEM revealed
nanovesicles that were round and had bilayered membranes; these
findings are consistent with the characteristic shape and size range
of exosomes. NTA revealed that the vesicles that were secreted by
PBS- and Arecoline-treated epithelial cells were mainly 139 nm and
140 nm, respectively. Immunoblotting of lysates from purified
nanovesicles revealed that exosomal markers, including CD9,
CD63, CD81 (tetraspanins), TSG101 (ESCRT-I complex subunit),
and Hsp70, were highly expressed in exosomes isolated from PBS-
and Arecoline-treated epithelial cells. Calnexin (endoplasmic
reticulum membrane) and GAPDH were barely expressed in the
exosomes. Moreover, treatment of epithelial cells with GW4869,
which is an inhibitor of exosome biosynthesis, inhibited Arecoline-
induced exosome release from epithelial cells (Fig. S1d). These
results indicated that the nanovesicles that were isolated from PBS-
and Arecoline-treated epithelial cells presented characteristics that
were typical of exosomes.

Epithelial cell-derived exosomes are responsible for the
myofibroblast differentiation phenotype

Therefore, we hypothesized that Arecoline-induced epithelial cell-
derived exosomes might participate in fibroblast differentiation. To
visualize exosomes transfer, we first incubated fibroblasts with
epithelial cell-derived exosomes that had been labeled with the Dil
stain for 24h, and then, we evaluated exosomes uptake by
measuring the intensity of the red signal in fibroblasts (Fig. 1a). The
results showed robust exosomes signals in the cytoplasm of
fibroblasts that were incubated with Dil-labeled exosomes,
suggesting that the exosomes were successfully taken up by the
fibroblasts. The levels of collagen type | and a-SMA were increased
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in fibroblasts that were incubated with exosomes derived from
Arecoline-treated epithelial cells (Fig. 1b, c), and these expression
levels increased in a dose-dependent manner with increasing
exosomes concentration (Fig. S2a—c). Moreover, we verified that
the protein content of collagen type | and a-SMA was equivalent in
the exosomes derived from PBS-, Arecoline- and GW4869-treated
epithelial cells, excluding the possibility of protein level regulation
in exosomes (Fig. S2d). In addition, we collected supernatants of
fibroblast cultures and found that the total collagen content was
significantly increased in the group that was incubated with
Arecoline-treated epithelial cell-derived exosomes (Fig. 1d). The
migration (Fig. 1e, f) and contraction abilities of fibroblasts were
also significantly increased by treatment with epithelial cell-derived
exosomes (Fig. 1g, h). Consistent with these results, GW4869
inhibited collagen type | and a-SMA expression, collagen secretion,
and contraction and migration of fibroblasts after treatment with
epithelial cell-derived exosomes (Fig. 1a-h). These data suggested
that exosomes secreted by Arecoline-treated epithelial cells could
modulate the phenotypic transformation of fibroblasts.

miR-17-5p is enriched in OSF epithelial cells-derived exosomes
Next, we compared the differences in miRNA expression between
exosomes derived from PBS- and Arecoline (20 ug/mL, 48 h)-treated
epithelial cells by RNA-seq. We further analyzed the expression of
the top 8 upregulated miRNAs in both groups (Fig. 2a, b). By
gRT-PCR, we found that miR-17-5p was the most differentially
expressed miRNA in exosomes (Fig. 2c). Moreover, the expression of
miR-17-5p was upregulated in a dose-dependent manner in
arecoline-treated epithelial cells (Fig. 2d) and in exosomes in the
corresponding supernatants (Fig. 2e). Interestingly, treatment with
GWA4869 resulted in the accumulation of miR-17-5p in epithelial cells
(Fig. 2f). On the other hand, incubation with Arecoline-induced
exosomes similarly upregulated miR-17-5p expression in fibroblasts,
and this effect was blocked by GW4869 (Fig. 2g). To determine
whether miR-17-5p is associated with the progression of fibrosis,
miR-17-5p expression levels in OSF tissues were analyzed (Fig. 2h).
We further analyzed miR-17-5p expression in tissues from patients
with cardiac fibrosis and diabetic nephropathy kidney fibrosis using
GEO datasets (Fig. 2i, j). On average, the expression of miR-17-5p
was higher in fibrotic tissues than in normal tissues.

We then assessed the miR-17-5p levels in a mouse model of
OSF. After 6 weeks of exposure to Bleomycin (Fig. S3a), the mice
developed a connective tissue remodeling phenotype. Scanning
electron microscopy (SEM) revealed that, compared with that in
the PBS group, the structure of collagen fiber accumulation was
apparent and collagen fiber arrangement was disordered in the
Bleomycin group (Fig. S3b). HE, Masson’s trichrome and Sirius Red
staining confirmed that collagen deposition and thickening as well
as blood vessel formation were reduced in the lamina propria of
the oral mucosa (Fig. S3c, d). A hydroxyproline experiment
showed that the collagen content in the local tissues of the oral
mucosa was significantly increased (Fig. S3e). Immunoblotting
revealed that the protein levels of collagen type I, Fibronectin and
a-SMA were increased in the mucosa of mice exposed to
Bleomycin (Fig. S3k). These results indicated that Bleomycin
successfully induced OSF in mice, which was consistent with
previous research. qRT-PCR analysis demonstrated that miR-17-5p
was upregulated in blood-derived exosomes (Fig. S3I) and oral
mucosal tissues (Fig. S3m) from Bleomycin-treated mice compared
that in samples from control mice. Interestingly, these results were
also confirmed in a mouse skin fibrosis model (Fig. S3f-0). These
results indicated that the upregulation of miR-17-5p may be
involved in the progression of fibrosis.

Exosomal miR-17-5p is required for the myofibroblast
differentiation phenotype

To determine whether miR-17-5p is involved in the dysfunctional
crosstalk between epithelial cells and fibroblasts, a coculture cell
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Epithelial cell-derived exosomes are transported to the primary fibroblasts, which promotes the myofibroblast differentiation

phenotype. PBS-Exo (exosomes derived from epithelial cells treated with PBS), Arecoline-Exo (exosomes derived from epithelial cells treated
with Arecoline), Arecoline+GW4869-Exo (exosomes derived from epithelial cells treated with Arecoline and GW4869). a Fibroblasts was
incubated with Dil-labeled (red) exosomes from epithelial cells (50 pg) for 30 min and fixed for fluorescence staining. Nuclei were stained with
DAPI (blue). Scale bars, 100 pm. b Immunostaining for fibrotic markers collagen type | and a-SMA in primary fibroblast with PBS-, Arecoline-
and Arecoline+GW4869-Exo was evaluated by microscopy. DAPI (blue) was used for nuclear staining. Scale bar, 100 pm. ¢ Immunoblotting of
collagen type | and a-SMA by PBS-, Arecoline- and Arecoline+GW4869-Exo in primary fibroblasts. Sirius Red total collagen assay (d), collagen
contraction assay (e, f) and transwell migration assay (g, h) were determined for fibroblast. n = 3-5 technical replicates, representative of two

or three assays. Scale bars, 100 pm. Statistics: mean + SEM, unpaired, one-way ANOVA (d, f, h), ***P < 0.001, ****P < 0.000 1

model was established. Briefly, we plated epithelial cells that were
transfected with the Cy3-miR-17-5p mimic in the upper chamber,
and we plated fibroblasts in the lower chamber (Fig. 3a). The
coculture system was separated by a membrane with 0.4-pm
pores, which allowed the transmission of microparticles, such as
exosomes, but inhibited direct contact between the cells. After
36 h, we observed strong red fluorescence in fibroblasts, and this
red fluorescence was lower when GW4869 was added to the
coculture system (Fig. 3b). This phenomenon proved that miR-17-
5p might be transferred from the epithelium to fibroblasts via
exosomes. When epithelial cells were transfected with miR-17-5p
(mimic) or anti-miR-17-5p (inhibitor) and cocultured with fibro-
blasts, the miR-17-5p levels were increased in the epithelium (Fig.
S4a) and fibroblasts in the miR-17-5p group but decreased the
anti-miR-17-5p group (Fig. 3c). Similarly, the levels of collagen type
I and a-SMA were increased in fibroblasts that were cocultured
with miR-17-5p-transfected epithelial cells but decreased in those
cocultured with anti-miR-17-5p-transfected cells (Fig. S4b, c). Then,
we investigated the role of epithelium-derived miR-17-5p in the
differentiation phenotype of myofibroblasts. The levels of collagen
type | and a-SMA were higher in fibroblasts in the miR-17-5p
group (Fig. 3d, e). Moreover, collagen secretion (Fig. 3f),
contraction (Fig. 3g, h) and migration (Figs. 3i, j) of fibroblasts
were increased or decreased, respectively, when fibroblasts were
cocultured with epithelial cells that were transfected with miR-17-

International Journal of Oral Science (2024)16:48

5p or anti-miR-17-5p. This phenomenon proved that epithelial
cell-derived exosomal miR-17-5p might participate in epithelium-
fibroblast communication and induce the phenotypic transforma-
tion of fibroblasts.

Exosomes-mediated transfer of the miR-17-5p target Smad7
directly promotes the myofibroblast differentiation phenotype
To further explore the mechanism by which exosomes and miR-
17-5p induce myofibroblast differentiation, we investigated the
target genes that are involved in mediating the effect of miR-17-
5p by using TargetScan (www.targetscan.org), MiRDB
(www.mirdb.org) and MiRBase (www.mirbase.org). We found that
the 3’ untranslated region (UTR) of Smad7 contained a binding
site for miR-17-5p (Fig. 4a). Luciferase reporter assays were
conducted using plasmids carrying Smad7 3'UTRs with wild-type
or mutant miR-17-5p binding sites. HEK293T cells were cotrans-
fected with a plasmid carrying the wild-type or mutant Smad7
3'UTR and the miR-17-5p mimic or control (NC). There was a
significant reduction in luciferase activity when miR-17-5p and the
wild-type Smad7 3'UTR were cotransfected into HEK293T cells.
However, the luciferase activity was not affected when the
binding site was mutated (Fig. 4b). Consistently, exosomes derived
from Arecoline-treated epithelial cells also decreased the lucifer-
ase activity of the Smad7 3’UTR, but this effect was not observed
in the PBS and exosomes inhibition groups (Fig. 4c). Then, we
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Fig.2 Arecoline induced the expression of miR-17-5p in epithelial cell exosomes. PBS-Exo (exosomes derived from epithelial cells treated with
PBS), Arecoline-Exo (exosomes derived from epithelial cells treated with Arecoline), Arecoline+GW4869-Exo (exosomes derived from epithelial
cells treated with Arecoline and GW4869), U6 was used as an internal control for qRT-PCR. The exosomes RNA-seq (a) and volcano plot (b)
identified top 8 up-regulated miRNAs (change 1.5-fold) of 177 expressed differential genes in PBS-Exo and Arecoline-Exo. ¢ gRT-PCR validation
of exosomes MiRNAs from PBS-Exo and Arecoline-Exo. The levels of miR-17-5p in epithelial cells (d) and exosomes (e) from its cell culture
medium treated with PBS and Arecoline were determined by qRT-PCR. f The levels of miR-17-5p in epithelial cells treated with PBS, Arecoline
and Arecoline+GW4869 were determined by qRT-PCR. g The levels of miR-17-5p in fibroblast after 48 h co-culturing with PBS-Exo, Arecoline-
Exo and Arecoline+GW4869-Exo. h The levels of miR-17-5p in normal (n = 12) or OSF (n = 17) tissues. i miR-17-5p expression in normal (n = 3)
and cardiac fibrosis patients (n = 3) from a public dataset (GSE196421). j miR-17 expression in normal (n = 4) and diabetic nephropathy kidney
fibrosis patients (n = 12) from a public dataset (GSE51674). Statistics: mean + SEM, unpaired, two-tailed Student’s t test (c, h, i, j) or one-way

ANOVA (d-g), *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.000 1

cocultured miR-17-5p-transfected epithelial cells with fibroblasts
and found that miR-17-5p and its target Smad7 colocalized in
fibroblasts (Fig. 4d). Notably, the expression of Smad7 was
downregulated (Fig. S5a) and inversely correlated with the
expression of miR-17-5p in tissues from clinical patients (Fig.
4e, f) and mice tissues (Fig. S5b, c). Furthermore, after fibroblasts
were transfected with miR-17-5p for 48 h, Smad7 levels decreased,
whereas inhibition of miR-17-5p reversed this effect and increases
in TGFBR1 and p-Smad2 levels were evident (Fig. 4g). In addition,
we observed that miR-17-5p increased the expression of
Fibronectin, collagen type | and a-SMA in fibroblasts.

To determine whether Arecoline-treated epithelial cell-derived
exosomal miR-17-5p promotes fibroblast differentiation by
regulating Smad?7, control, anti-miR-17-5p-transduced or Smad7
siRNA-transduced fibroblasts were exposed to exosomes derived
from Arecoline-treated epithelium. The phenotype of the
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fibroblasts and the protein levels of collagen type | and a-SMA
were determined. The results showed that downregulation of miR-
17-5p blocked changes in fibrosis marker expression (Fig. 5a, b)
and prevented the collagen contraction (Fig. 5¢, d), secretion
(Fig. 5e) and migration (Fig. 5f, g) of fibroblasts caused by
exosomes derived from Arecoline-treated epithelial cells; however,
silencing Smad7 attenuated the effect of the miR-17-5p inhibitor.

miR-17-5p reverses the ubiquitination-mediated degradation of
TGFBR1 mediated by the E3 ligase WWP1

Smad7 has been identified as a negative regulator that
ameliorates TGF-B-mediated fibrogenesis. However, whether
miR-17-5p interferes with Smad7-mediated TGF-B signaling is
unclear. To this end, we transfected HEK293T cells with Smad7
and monitored the half-life of the TGFBR1 protein after treatment
with 100 ug/mL cycloheximide (CHX, which is a protein synthesis
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Fig. 3 Exosomes derived from epithelial cells transfer miR-17-5p to ﬁbroblast, which promotes myofibroblast differentiation. Control
(epithelial cells transfected negative control), miR-17-5p (epithelial cells transfected mimic), Anti-miR-17-5p (epithelial cells transfected
inhibitor), U6 or GAPDH was used as an internal control for gqRT-PCR. a A transwell co-culture cell model with transfected epithelial cells (top
well) and fibroblasts (bottom well). A 0.4-um porous membrane is between the 2 wells, allowing the transmission of exosomes, but inhibiting
direct contact between cells. b A co-culture assay to study the miRNA cargo from epithelial cells to fibroblasts. The epithelial cells were
transfected with a Cy3-labeled miR-17-5p (red) and then treated with PBS or GW4869. Nuclei were counterstained with DAPI (blue). Scale bar:
50 pm. ¢ The expression level of miR-17-5p in fibroblasts after 48 h co-culturing with epithelial cells transfected with miR-17-5p or anti-miR-17-
5p. Immunostaining (d) and (e) Immunoblotting detection of collagen type | and a-SMA expression in fibroblast after 48 h co-culturing with
epithelial cells. Scale bars, 100 pm. Sirius Red total collagen assay (f), collagen contraction assay (g, h) and transwell migration assay (i, j) were
determined for fibroblast. n = 3-5 technical replicates, representative of two or three assays. Scale bars, 100 pm. Statistics: mean + SEM, one-
way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.000 1

inhibitor). Cell lysates were then collected within a specified while the inhibition of miR-17-5p had the opposite effect (Fig. 6b).
period and analyzed by Immunoblotting. Compared to that in the However, qRT-PCR showed that the transcription of TGFBR1 was
control group, the protein level of TGFBR1 in the Smad7- not affected by miR-17-5p (Fig. 6¢). These results suggest that miR-
transfected group decreased at each time point after CHX 17-5p may maintain the stability of TGFBR1 by inhibiting
treatment (Fig. S6a, b). To further evaluate the effect of miR-17- ubiquitination-dependent modifications and affecting the TGF-f
5p on the expression of Smad7 and TGFBR1, we overexpressed pathway. To this end, we predicted TGFBR1-specific E3 ubiquitin

miR-17-5p or Smad7 in HEK293T cells and fibroblasts and ligases based on UbiBrowser 2.0 to determine the mechanism
measured the expression of these proteins. Compared with those underlying miR-17-5p-mediated TGFBR1 ubiquitination (Fig. 6d).
in the control group, miR-17-5p reduced the expression of Smad7 We used gqRT-PCR to measure the expression levels of the top

and increased the expression of TGFBR1, whereas overexpression six E3 ubiquitination ligases (NEDD4L, SMURF1, SMURF2, TRAF6,
of Smad7 had the opposite effects (Fig. S6¢). Finally, we performed VHL, and WWP1) in fibroblast after transfection with miR-17-5p
a Co-IP assay to further explore whether miR-17-5p acts as a (Fig. 6e). The results showed that only the WWP1 transcription
scaffold to influence the binding of Smad7 to TGFBR1. We found levels were significantly inhibited (Fig. 6f). Next, we transfected
that the association between Smad7 and TGFBR1 in HEK293T cells miR-17-5p into fibroblasts for 48 h, after which the cells were
and fibroblasts was influenced by miR-17-5p overexpression or treated with CHX. The cell lysates were then collected within a
inhibition (Fig. S6d, e). specified period and analyzed by Immunoblotting. Compared to

Numerous studies have confirmed that Smad7 inhibits TGF-$ the control group, miR-17-5p overexpression promoted WWP1
signaling by recruiting E3 ligases to TGFBR1, leading to the protein degradation but stabilized the protein expression of
ubiquitination and degradation of the receptor.® Therefore, we TGFBR1 (Fig. 7a). We also treated the cells with 10 uM MG132 (a
transfected miR-17-5p and anti-miR-17-5p into fibroblasts (Fig. 6a) specific inhibitor of a ubiquitin-binding protein) to explore the
and then analyzed the mRNA and protein expression of TGFBR1. effect of miR-17-5p on TGFBR1 protein degradation. We observed
Immunoblotting revealed that the overexpression of miR-17-5p increased TGFBR1 protein expression in cells that were treated
significantly increased the expression of TGFBR1 in fibroblasts, with MG132 (Fig. 7b). Immunofluorescence revealed that WWP1
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and TGFBR1 colocalized in the cytoplasm and nucleus (Fig. 7c).
Exogenous and endogenous Co-IP experiments confirmed the
interaction between WWP1 and TGFBR1 (Figs. 7d, e and S7a, b).
Subsequently, HEK293T cells were cotransfected with Flag-WWP1
and HA-Ub plasmids, and TGFBR1 ubiquitination was detected by
Immunoprecipitation and Immunoblotting. The results showed
that WWP1 overexpression promoted TGFBR1 ubiquitination,
while miR-17-5p reversed the WWP1-mediated ubiquitination
and degradation of TGFBR1 (Fig. 7f). To further evaluate the effect
of miR-17-5p on WWP1 expression, we overexpressed and
inhibited miR-17-5p in fibroblasts and measured the protein
expression levels of WWP1 and TGFBR1. The overexpression of
miR-17-5p significantly decreased WWP1 protein expression and
increased TGFBR1 protein expression compared with those in the
control group, while the inhibition of miR-17-5p had the opposite
effects (Fig. 7g). In addition, we confirmed that silencing WWP1
led to TGRBR1 protein accumulation in fibroblasts with inhibited
miR-17-5p (Fig. 7h). These results suggest that the overexpression
of miR-17-5p can inhibit the expression of the E3 ubiquitination
ligase WWP1 and stabilize the expression of its substrate TGFBR1.

WWP1 is involved in miR-17-5p-mediated myofibroblast
differentiation

Additionally, we investigated whether WWP1 is involved in the
phenotypic transformation of fibroblast. We transfected
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fibroblasts with miR-17-5p mimic or inhibitor and WWP1 siRNA,
and then investigated the effects on the biological functions of
the cells. The phenotype of fibroblast and protein levels of
collagen type | and a-SMA were determined. Immunostaining
and Immunoblotting showed that silencing WWP1 reversed the
changes in fibrosis marker expression (Fig. 8a, b) and promoted
the collagen contraction (Fig. 8¢, d), secretion (Fig. 8e) and
migration (Fig. 8f, g) of fibroblasts with inhibited miR-17-5p
expression.

Upregulation of miR-17-5p promotes OSF progression in mice

To confirm the role of miR-17-5p in Bleomycin-induced OSF in
mice, a miR-17-5p agomir was locally injected into the oral
mucosa, and in another group, SB525334 (a TGF-f receptor
inhibitor) was intraperitoneally injected simultaneously with
Bleomycin (Fig. 9a). The results of histopathological section
staining (Fig. 9b, ¢) and hydroxyproline (Fig. 9d) assays showed
that mice that received the miR-17-5p agomir exhibited increased
tissue collagen accumulation and volume. However, SB525334
effectively reversed the miR-17-5p-induced amplification of
fibrosis. Immunoblotting revealed that in miR-17-5p agomir-
treated mice, upregulated miR-17-5p induced the expression of
fibronectin, collagen type | and a-SMA and activated the TGF-f
pathway (Fig. 9e). Similarly, there higher expression of exosomal
miR-17-5p was observed in the serum of the miR-17-5p agomir
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group than in that of the other groups (Fig. 9f). Moreover, the
expression of Smad7 was decreased in mice that were treated
with the miR-17-5p agomir, whereas SB525334 reversed this
change in Smad7 expression. These experimental results were also
validated in a mouse skin fibrosis model (Fig. S8). These data
support our hypothesis that miR-17-5p can promote the devel-
opment of fibrosis through the TGF-B pathway both in vitro and
in vivo.

DISCUSSION

Our present study revealed a mechanism of exosome-mediated
intercellular communication between epithelial cells and fibro-
blasts that promotes the development of OSF. Notably, we
elucidated that this novel mechanism underlying myofibroblast
differentiation is attributed to the regulation of TGF-3 signaling by
Arecoline-induced epithelial cells-derived exosomal miR-17-5p
(Fig. 10).

OSF is mainly caused by chewing betel quid, and it is
characterized by abnormal activation of epithelial cells that
release saliva and various cytokines that promote immune cell
activation, causing changes in the interaction between epithelial
and mesenchymal cell types.>*® Chewing betel quid results in the
release of a variety of harmful toxic components and metabolic
derivatives (Arecoline, Nitrosamine and reactive oxygen species,
etc.), which drive the phenotypic alterations, including dysregu-
lated expression of DNA, RNA and protein in epithelial cells, and
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may be involved in the regulation of fibrotic gene expression as a
part of the pathogenesis of OSF2*' The differentiation of
fibroblasts into myofibroblasts and the accumulation of extra-
cellular matrix are defining features of tissue remodeling during
OSF.*? Recent studies have shown that DNA methyltransferase 3 A
(DNMT3A) can increase the viability, invasion and migration of oral
fibroblasts by promoting methylation of the VHL promoter.*®
Arecoline induces persistent activation of fibroblast by promoting
the expression of the transcription factor Snail. Moreover, Snail
forms a positive feedback loop with downstream IL-6 to regulate
the areca nut-associated myofibroblast differentiation.>* On the
other hand, arecoline can promote the IGF-1R-dependent binding
of ZEB1 and Slug to the E-box region of a-SMA and collagen type |,
respectively, which promote the differentiation of myofibro-
blasts.>> Our previous study revealed that Arecoline can activate
the BRAF/MEK1 signaling pathway in epithelial cells, which
ultimately promotes epithelial-mesenchymal transition.>® How-
ever, how epithelial cells drive the differentiation of fibroblasts to
participate in the development of fibrosis is unclear.

In recent years, exosomes have been used as potential natural
carriers to transport active molecules to recipient cells and play a
biological role in fibrosis.>” For example, cigarette smoke triggers
the modification of exosomes components in bronchial epithelial
cells and mediates myofibroblast differentiation via pVHL/HIF-1a
signaling.®® Moreover, ischemia perfusion injury can induce the
release of exosomes from tubular epithelium cells that negatively
regulate the expression of suppressor of cytokine signaling 1 to
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promote renal fibrosis.>® Here, we found that Arecoline induces
the release of exosomes from epithelial cells and that these
exosomes promote myofibroblast differentiation after they are
taken up by fibroblasts. These observations suggest that stimula-
tion during areca chewing disrupts the epithelial barrier and alters
the composition of exosomes, which in turn disrupts the balance
between epithelial cells and fibroblasts, thereby inducing tissue
remodeling.

Among many bioactive molecules, miRNAs are of tremendous
interest in the field of exosome research because of their powerful
ability to regulate gene expression.*® MiRNAs can be encapsulated
in these phospholipid bilayer vesicles to prevent their degrada-
tion, then modify the expression of target genes and regulate
signal transduction and biological processes.*' Indeed, there are
some reports that miRNAs are involved in the development of
OSF. For example, miR-424 is aberrantly overexpressed in OSF
tissues, and the suppression of miR-424 markedly reduces
collagen contractility, migration ability and downregulates the
expression of fibrosis markers via directly binding to TGIF2.*> The
profibrotic molecule miR-155 is involved in the pathogenesis of
oxidative stress-associated OSF through the regulation of RPTOR.
In addition, some mMiRNAs possess the function of inhibiting
fibrogenesis.** The Arecoline-induced myofibroblast activities are
abolished by the overexpression of miR-200b/c in fibroblasts,
which demonstrates that the miR-200b-mediated decrease in
ZEB1/2 leads to the downregulation of a-SMA and vimentin.**
Finally, overexpressed miR-29b binds directly to the 3'UTR of
collagen type | and subsequently ameliorates myofibroblast
phenotypes. However, these studies are not sufficient to explain
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the source of these fibrosis-related miRNAs and the specific
mechanisms by which they perform their functions.

In this study, miRNA sequencing revealed that miR-17-5p was
more highly expressed in arecoline-induced epithelial cell-derived
exosomes than in PBS-induced epithelial cell-derived exosomes.
The miR-17-5p was shown to be a “long-lived miR” in an animal
model, which extended the lifespan of transgenic miR-17-5p
overexpressing mice.”® In addition, the overexpression of miR-17-
5p in mouse cardiac fibroblasts enhances cell survival under
oxidative stress conditions and increases proliferation by targeting
tissue inhibitors of metalloproteinases, leading to matrix remodel-
ing after infarction.*® Our results showed that arecoline-induced
epithelial cell-derived exosomal miR-17-5p facilitated myofibro-
blast differentiation and upregulated the expression of hallmarks
of fibrosis. However, transfection of anti-miR-17-5p into epithelial
cells partially blocked the profibrotic effect of exosomes. These
results indicated that the delivery of miR-17-5p was depended on
exosomes. Mechanistically, exosomal miR-17-5p drive myofibro-
blast differentiation by targeting the downstream TGF-$ pathway
of Smad7 inactivation and enhancing the expression of fibrosis
hallmarks.

TGF-B1 is considered the main pathogenic factor or “master
regulator” that drives organ fibrosis.*” TGF-B1 acts as a typical
signaling pathway involving the phosphorylation and activation of
Smad2/3 by the TGF-{ receptor, which is involved in physiological
processes such as cell differentiation and the immune response.*
Smad?7 is a negative feedback inhibitor of canonical TGF-/Smad
signaling. Previous studies have shown that Smad7 knockout mice
exhibit increased susceptibility to renal fibrosis, whereas
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overexpression of Smad7 through gene transfer ameliorates renal
fibrosis.*® In the present study, we demonstrated that exosomal
miR-17-5p promotes the expression of genes downstream of TGF-
B by targeting the 3'UTR of Smad7. Moreover, we verified that
Smad7 is expressed at low levels in tissues from OSF patients and
mouse models. Mechanistically, Smad7 serves as a scaffold to
recruit the E3 ubiquitin ligase to the TGF-f receptor or Smad
complex to facilitate receptor polyubiquitination and complex
degradation.>®>" Furthermore, Smad?7 itself can also be degraded
through the ubiquitination pathway or regulated by deubiquiti-
nating enzymes to maintain protein stability.>> However, the role
of miR-17-5p in the regulation of Smad7-mediated TGFBR1
ubiquitination remains unclear. Previous studies reported that
miR-769-5p facilitates cisplatin resistance and progression in
cancer cells by targeting CASP9 and promoting the
ubiquitination-mediated degradation of p53.>® Our results proved
that miR-17-5p exerts a regulatory effect that results in an
imbalance between the downregulation of Smad7 and the
activation of TGFBR1. In addition, we also proved that miR-17-5p
plays an important role in TGFBR1 protein ubiquitination by
degrading the E3 ubiquitin ligase WWP1, thereby revealing a
novel MiRNA- mechanism underlying the ubiquitination of the
TGRBRT1 protein.

Under normal cellular physiological conditions, exosomes
secretion can be understood as a process by which cells maintain
homeostasis, as exosome secretion can remove harmful compo-
nents in response to stimuli from the external environment.>
During the betel quid chewing, we hypothesize that epithelial cell
exposure to stressors can modify the composition of exosomes to
remodel the microenvironment to promote self-protection
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mechanisms and to target the differentiation of fibroblasts
through cell-to-cell communication. On the other hand, circulating
exosomes are potentially useful as disease biomarkers for they
carry specific proteins and nucleic acids.>® Indeed, here we
determined the role of miR-17-5p in a Bleomycin-induced mouse
model of OSF. Consistent with the cell culture results, miR-17-5p
expression was upregulated in oral mucosal tissues and serum
exosomes of Bleomycin-treated mice, and in these mice, Smad7
was significantly downregulated and TGF-B signaling was
significantly activated. In mice, inhibition of the TGF-f3 receptor
attenuated miR-17-5p induced collagen accumulation and tissue
remodeling. Although we focused primarily on the composition of
miRNAs in exosomes, this approach is equally important for
analyzing the details of other exosomes components, such as
fibrosis-related proteins, and long or circular noncoding RNAs, that
may influence the cellular phenotype of and epigenetic changes
in fibroblasts. In any event, our present study showed that miRNAs
or exosomal miRNAs have the potential to be biomarkers of OSF,
although technical and scientific problems must be overcome
before their clinical application.

In summary, our data reveal a novel mechanism by which
tissue remodeling is regulated by epithelium-derived exosomal
miR-17-5p in response to Arecoline exposure. After the uptake of
exosomes by fibroblasts, miR-17-5p can target Smad7 and
activate the TGF- pathway as well as inhibit the expression of
the TGFBR1-specific E3 ubiquitination ligase WWP1, which
promotes the expression of hallmarks of fibrosis, inducing the
myofibroblast differentiation phenotype. These findings suggest
that chewing betel quid alters exosomal compositions and
identify epithelial cell-derived miR-17-5p as a paracrine mediator
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of myofibroblast differentiation that has potential to be a target
for treating OSF.

MATERIALS AND METHODS

Tissue samples and clinical specimens

This study collected oral mucosa tissues from 15 healthy
individuals and 17 OSF patients who underwent oral outpatient
surgery at Xiangya Stomatological Hospital, Central South
University, Hunan, China. OSF tissue samples were derived from
the patient’s first visit with no history of treatment and had
definitely pathological diagnosis by two experienced pathologists.
Written informed consent was obtained from all patients and the
study was approved by the Protection of Human Subjects
Committee of Xiangya Stomatological Hospital, Central South
University (No. 20220102).

Cell culture and treatment

Primary buccal oral mucosa fibroblast was obtained from healthy
individuals who did not have areca quid chewing habits, which
were isolated and cultivated by tissue adherence method. The
primary fibroblast, HaCat cell lines and HEK293T cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
Grand Island, NY, USA) containing 10% bovine calf serum (Sigma-
Aldrich, MO, USA) under at 37°C with 5% CO,. Plasmid
transfection using Lipo8000™ transfection reagent was carried
out following the manufacturer’s instructions (Beyotime, Shanghai,
China). After reaching 70%-80% confluence, HaCat cells were
washed with PBS and then grown in DMEM without FBS and
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exposed to Arecoline (Sigma-Aldrich, MO, USA) for 24 h. In a co-
culture model, PBS or Arecoline-treated HaCat cells were plated on
0.4-um pore, hanging cell culture chambers (Millipore, MA, USA),
and fibroblast cells were seeded on 12- or 6-well plates.

Exosome isolation and characterization

Exosomes were isolated from the exosomes-free culture medium
of PBS or Arecoline-treated HaCat cells by differential centrifuga-
tion. The culture medium was first centrifuged at 300 xg for
100 min and then at 2 000 X g for 20 min at 4 °C. The supernatant
was then through a 0.22-pm filter (Millipore, MA, USA) to remove
cell debris and other larger vesicles. Finally, the supernatant was
centrifuged at 100 000 x g for 90 min. The collected exosomes
were resuspended in PBS and subjected to the next experiments.
Meanwhile, the isolated exosomes from the culture medium and
blood serum were collected by exosome isolation reagent (Ecotop
Scientific, Guangzhou, China). The size distribution and concen-
tration of exosomes were analyzed by nanoparticle tracking
analysis (NTA) (ZetaView, Particle Metrix, Germany). The expres-
sion of the exosomal markers CD9, CD63 and CD81 (exosome
panel, ab275018, Abcam) was assessed by Immunoblotting
analysis.

Dil staining for exosomes

Exosomes derived from epithelial cells were labeled with Dil cell
membrane red fluorescent probe (Beyotime, Shanghai, China)
according to the manufacturer’s protocol with minor modifica-
tions. Briefly, exosomes were suspended in PBS and mixed with
diluted Dil (10 pmol/L, for labeling of cell membranes) and
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Fig. 9 miR-17-5p induces collagen accumulation and promotes the progression of OSF by TGF-p in vivo. a Schematic overview of mouse
experimental design. Mice were injected with 30 pL PBS or Bleomycin into the bilaterally buccal mucosa every other day for six weeks. Then,
mice were simultaneously treated with miR-NC (Ctrl), miR-17-5p agomir and SB525334 for another two weeks. b HE, Masson and Sirius red
staining of mice oral mucosa tissues. Scale bar, 200 pm. Quantification of Masson staining for collagen fraction. Scale bar, 200 pm.
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incubated at room temperature. After 30 min, the labeled
exosomes were finally washed with PBS, and they were
resuspended for uptake experiments.

RNA extraction and real-time PCR

Total RNA from cultured cells and tissues of mice was isolated by
use of Trizol reagent (Invitrogen, CA, USA) according to the
manufacturer's recommendations. Extraction of miRNA from
exosomes was accomplished using a commercial RNAeasy small
RNA isolation Kit (Beyotime, Shanghai, China). The purified RNA
was eluted with RNase-free water and stored at -80°C until
analysis. MiRNA qRT-PCR synthesis and primer sets kits (Sangon
Biotech, Shanghai, China) specific for miR-17-5p and U6 snRNA
were used to measure the levels of miRNAs. The U6 snRNA and
GAPDH were used as endogenous controls. Real-time PCR was
performed by use of SYBR Green (Vazyme, Jiangsu, China) with the
Applied Biosystems QuantStudio 5 (Thermo Fisher, MA, USA). To
analyze the qRT-PCR results for experiments, the 272" method
was used. The PCR primers are shown in Supplementary Table 1.
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Immunoprecipitation, Immunoblotting and Immunostaining

Cell or tissue samples were lysed on ice by RIPA buffer mixed with
protease and phosphatase inhibitor cocktails (Beyotime, Shang-
hai, China). The proteins were then quantitatively analyzed by a
BCA Protein Assay Kit (23225, Thermo Fisher, MA, USA). The
proteins were then separated by 8%-10% SDS-PAGE gel and
transferred to PVDF membranes. Membranes were then
incubated overnight at 4 °C with a primary antibody for COL1A1
(1:2 000, 67288, Proteintech), a-SMA (1:2 000, 14395, Proteintech),
Smad7 (1:2 000, 25840, Proteintech), TGFBR1 (1:2 000, A0708,
ABclonal), WWP1 (1:1 000, sc-390897, Santa Cruz Biotechnology),
Fibronectin (1:2 000, 66042, Proteintech), Phospho-Smad2
(Ser465/Ser467) (1:2 000, #18338, Cell Signaling Technology),
GAPDH (1:2 000, 5174S, Cell Signaling Technology). The
membranes were then incubated with a 1:5 000 dilution of
horseradish peroxidase-conjugated goat anti-rabbit and anti-
mouse antibodies (Cell Signaling Technology) for 1h at room
temperature and images were visualized using a chemilumines-
cent imaging system (BIO-RAD, USA).
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Fig. 10 Working model showing that the Arecoline induces epithelial cells to release mir-17-5p enveloped exosomes, which could promote
collagen contraction, secretion and migration after being absorbed by fibroblast. Mechanistically, it was demonstrated that miR-17-5p targets
Smad7 and maintains TGFBR1 expression by inhibiting its E3 ubiquitination ligase WWP1, which promotes the expression of fibrosis hallmark

genes

The interaction between proteins was verified by immunopre-
cipitation. In brief, cell lysates were incubated with indicated
antibodies and Protein A/G Agarose (Beyotime, Shanghai, China)
at 4 °C overnight. The immunocomplex was washed 5 times, and
boiled in 2x SDS loading buffer for 10 min. The coprecipitation
was performed on SDS-PAGE gel and blotted with the specific
antibody.

For immunofluorescence staining, cells were cultured on cover-
slips washed 3 times with PBS, and fixed with 4% paraformalde-
hyde for 30 min. The glass coverslips permeabilized with 0.5%
Triton X-100 at room temperature for 20 min, then blocked with
3% BSA in PBS for 1h at room temperature and incubated with
primary antibody at 4 °C overnight. The coverslips were washed 3
times with PBS and incubated with the corresponding fluorescent
secondary antibody conjugated with fluorochrome for 1 h at 37 °C.
The cell nuclei were stained with DAPI. Finally, cell images were
observed and captured with fluorescence microscopy (Leica,
Wetzlar, Germany).

Sirius red collagen detection

Collagen content in cell supernatant was detected using the Sirius
Red Total Collagen Detection Kit (#9062, Chondrex, WA, USA)
according to the manufacturer’s instructions. Briefly, the fibroblast
culture medium was incubated with concentrating solution
(#90626, Chondrex, WA, USA) at 4 °C overnight. After centrifuga-
tion at 10 000 r/min for 3 min, the precipitate was collected and
dissolved in 0.05 mol/L acetic acid. Then the blank, standard and
sample solutions were incubated with Sirius Red Solution. Finally,
removed the supernatant and dissolved in the extraction buffer.
Read the optical density values at 510-550 nm and the collagen
concentration (ug/mL) in test samples was calculated using
regression analysis.

Three-dimensional collagen gels

The treated fibroblast resuspended in 5x DMEM were mixed with
3 mg/mL rat tail type | collagen (Cellmatrix, Nitta Gelatin, Japan) at
a ratio of 2:1. The mixture was seeded in 24-well plates at a cell
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density of 5 x 10*per well. After collagen coagulation for 30 min at
37 °C, the edges of the gel separated from the wall of the well, and
0.5 mL culture medium was added. The gels were photographed
by 48 h and the gel area was measured using Imagel software
(NIH, Bethesda, MD, USA).

Animal studies

Male BALB/c mice at 4 weeks of age were purchased from Hunan
SJA Laboratory Animal Co. Ltd. (China) and housed in animal
facilities at the Department of Laboratory Animals of Central South
University. Animals were treated humanely and with regard for
alleviation of suffering according to a protocol approved by the
Institutional Animal Care and Use Committee of the School of
Basic Medicine Science, Central South University (2022-KT66). To
verify the expression of miR-17-5p in tissues, mice were exposed
to PBS or Bleomycin 1mg/mL (Yeasen, Shanghai, China) as
described previously. Briefly, twelve mice were randomly divided
into two groups. Every other day, we used a 29-gauge insulin
syringe (Ultra-Fine, BD) to inject drug treatment into the bilateral
buccal mucosa (30 uL) and back skin (50 uL) of the mouse for
6 weeks. For inhibition of miR-17-5p profibrotic effects, twenty-
four mice were divided into four groups (PBS, Bleomycin -+
control, Bleomycin + miR-17-5p agomir, Bleomycin + miR-17-5p
agomir + SB525334). After 6 weeks of Bleomycin treatment, miR-
17-5p and TGF-f inhibitor SB525334 were administered concur-
rently for 2 weeks, respectively. Mice in the miR-17-5p agomir and
control groups (5nmol, RiBoBio, China) were dosed with buccal
mucosa injection 3 times a week for 2 weeks. SB525334
compound was dosed with intraperitoneal injection (10 mg/kg,
SB525334, Selleck) daily for 2 weeks, After the mice were
sacrificed, the buccal mucosa, back skin and blood sample
obtained for the subsequent experiments.

Dual-luciferase reporter assay

TargetScan was used to predict the binding sites for miR-17-5p in
Smad?7. The 3'UTR sequence of Smad7, which was predicted to
harbor the miR-17-5p seed region, or a mutant sequence, was
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inserted into the Sacl and Xbal sites of the pmirGLO luciferase 3. Henderson, N. C,, Rieder, F. & Wynn, T. A. Fibrosis: From mechanisms to medi-
vector (Sangon Biotech, Shanghai, China). HEK293T cells were cines. Nature 587, 555-566 (2020).
seeded in 24-well p|ate5 and co-transfected by DNA transfection 4. Yuwanati, M. et al. Prevalence of oral submucous fibrosis among areca nut
reagent (Neofect biotech, Beijing, China) with pmirGLO vectors chewers: A systematic review and meta-analysis. Oral Dis. 29, 1920-1926
(2023).

containing wild-type or mutant 3'-UTR of Smad7 and miR-17-5p

- . - ) - L 5. Qin, X. et al. Oral sub fibrosis: Etiological hanism, malignant
mimics or miR-17-5p mimic-NC to examine the miRNA binding Qin, X. et al. Oral submucous fibrosis: Etiological mechanism, malignan

transformation, therapeutic approaches and targets. Int. J. Mol. Sci. 24, 4992

ability. About 48 h later, the cells were washed and lysed with the (2023)

lysis bUffe': from the Dual.-Lua.ferase Rep(?rter Gene Assay Kit 6. Ray, J. G, Chatterjee, R. & Chaudhuri, K. Oral submucous fibrosis: A global chal-
(Sangon Biotech, Shanghai, China) according to the manufac- lenge. Rising incidence, risk factors, management, and research priorities. Peri-
turer’s instructions. Finally, the luciferase and renilla activity was odontol 2000 80, 200-212 (2019).

detected by a chemiluminescence instrument (Promega, USA). 7. Sharma, M. et al. Loss of oral mucosal stem cell markers in oral submucous fibrosis
Re'ative |uciferase activity was norma“zed W|th reni“a |uciferase and their reactivation in malignant transformation. Int. J. Oral Sci. 12, 23 (2020).
activity and then compared with those of the respective control. 8. Ko, A. M. S, Tu, H. P. & Ko, Y. C. Systematic review of roles of arecoline and

arecoline N-oxide in oral cancer and strategies to block carcinogenesis. Cells 12,
1208 (2023).

Path0|oglca| tissue staining 9. Plikus, M. V. et al. Fibroblasts: Origins, definitions, and functions in health and

The obtained buccal mucosa and skin tissue of the mouse was disease. Cell 184, 3852-3872 (2021).

fixed (4% paraformaldehyde), dehydrated, and embedded in 10. Lynch, M. D. & Watt, F. M. Fibroblast heterogeneity: Implications for human
paraffin and sectioned for staining with HE, Masson'’s trichrome disease. J. Clin. Invest. 128, 26-35 (2018).

(NJJCBIO, Nanjing, China) and Sirius red (Solarbio, Beijing, China) 11. Wei, K, Nguyen, H. N. & Brenner, M. B. Fibroblast pathology in inflammatory
to assess the degree of fibrosis. The experimental procedures of diseases. J. Clin. Invest. 131, 149538 (2021).

tissue section Staining were according to the reagent instructions. 12. Buechler, M. B, Fu, W. & TurIey, S. ). Fibroblast—macrophage reciprocal interac-
The collagen volume fraction area was read by Image) software. tions in health, fibrosis, and cancer. Immunity 54, 903-915 (2021).

13. Lendahl, U., Muhl, L. & Betsholtz, C. Identification, discrimination and hetero-
geneity of fibroblasts. Nat. Commun 13, 3409 (2022).
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STATISTICAL ANALYSIS 15. Ogawa, M., LaRue, A. C. & Drake, C. J. Hematopoietic origin of fibroblasts/myo-
Data are expressed as the mean *standard error of the mean fibroblasts: Its pathophysiologic implications. Blood 108, 2893-2896 (2006).
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ANOVA was performed to evaluate the statistical differences chondrial and metabolic control of cellular differentiation. Circ. Res. 127, 427-447
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fibrotic diseases. Nat. Rev. Rheumatol 16, 11-31 (2020).
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Biomolecules 11, 1165 (2021).
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¥**¥P < 0.001, ****P < 0.000 1).
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