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Senescent lung-resident mesenchymal stem (&

cells drive pulmonary fibrogenesis through
FGF-4/FOXM1 axis

Yuxin Liu"", Jie Ji"*T, Shudan Zheng'“, Ai Wei', Dongmei Li'*# Bin Shi*", Xiaodong Han'#¢" and Xiang Chen'?*"

Abstract

Background Idiopathic pulmonary fibrosis (IPF) is an age-related disease featured with abnormal fibrotic response
and compromised lung function. Cellular senescence is now considered as an essential driving mechanism for IPF.
Given the poor knowledge of the mechanisms underpinning IPF progression, understanding the cellular processes
and molecular pathways is critical for developing effective therapies of IPF.

Methods Lung fibrosis was induced using bleomycin in C57BL/6 mice. Cellular senescence was measured by
immunofluorescence. The effects of FGF-4 on fibroblast activation markers and signaling molecules were assessed
with western blot and gPCR.

Results We demonstrated elevated abundance of senescent mesenchymal stem cells (MSCs) in IPF lung tissues,
which was tightly correlated with the severity of pulmonary fibrosis in vivo. In addition, senescent MSCs could
effectively induce the phenotype of pulmonary fibrosis both in vitro and in vivo. To further confirm how senescent
MSCs regulate IPF progression, we demonstrate that FGF-4 is significantly elevated in senescent MSCs, which can
induce the activation of pulmonary fibroblasts. In vitro, FGF-4 can activate Wnt signaling in a FOXM1-dependent
manner. Inhibition of FOXM1 via thiostrepton effectively impairs FGF-4-induced activation of pulmonary fibroblast
and dramatically suppresses the development of pulmonary fibrosis.

Conclusion These findings reveal that FGF-4 plays a crucial role in senescent MSCs-mediated pulmonary
fibrogenesis, and suggests that strategies aimed at deletion of senescent MSCs or blocking the FGF-4/FOXM1 axis
could be effective in the therapy of IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a is a quintessential
disease of aging with median diagnosis at 66 years, char-
acterized by diffuse alveolitis, alveolar structural disor-
der, and eventually pulmonary interstitial fibrosis [1]. The
clinical progress of IPF is usually complicated by acute
episodes of respiratory function deterioration and no
effective treatments are available in preventing the acute
exacerbation of IPF [2]. Given the mechanisms involved
in the pathogenesis of IPF remain elusive, investigation
on the cellular process and molecular pathways involved
are critical for devising effective IPF therapies. Recently,
it was reported that cellular senescence has been increas-
ingly recognized as a key contributor to aging and aging-
related diseases, including IPE. Thus, better defining
the mechanisms of how senescent cells regulating the
pathogenesis of IPF may provide a novel strategy for IPF
treatment.

Cellular senescence is a state of permanent growth
arrest accompany with stereotyped phenotypic changes
[3]. Senescent cells could secrete various factors, includ-
ing proinflammatory cytokines, chemokines and extra-
cellular matrix proteases, which collectively constitute
the senescence-associated secretory phenotype (SASP)
[4]. Through secreting SASP, senescent cells contribute
cell proliferation and tissue deterioration via paracrine
mechanism [5]. Therapeutic interventions that amelio-
rate the burden of senescent cells effectively suppress the
progression of pulmonary fibrosis [6]. In our work, we
found a large amount of senescent mesenchymal stem
cells (MSCs) in fibrotic lung tissues. MSCs are multipo-
tent cells able to self-renew and differentiate into other
cell types. MSCs are endogenous MSCs in lungs, which
are responsible for maintenance of lung homeostasis.
Previous studies showed that MSCs would differentiate
into a variety of cell types to promote tissue regeneration
[7]. In addition, the paracrine capacity of MSCs could
also function in the normal tissue and the pathological
state [8, 9]. Recently, increasing evidence has shown that
senescent MSCs play a degenerative role in many dis-
eases, especially age-associated diseases [10, 11]. Under-
standing the negative roles of senescent MSCs in tissue
repair and regeneration will benefit the future research to
develop therapeutic applications for intervention.

FGF-4 is a member of fibroblast growth factor (FGF)
family comprised 18 structurally-related polypeptides.
Accumulating evidence suggest that FGF signaling is
implicated in the development of IPF [12]. FGF signaling
regulates a variety of biological processes via controlling
proliferation, differentiation, migration, and metabolism
of target cells [13]. In our study, we found FGF-4 was
dramatically upregulated in senescent MSCs, which
could induce the activation of pulmonary fibroblasts.
Aberrantly activated fibroblasts were the main source

Page 2 of 15

of increased extracellular matrix in the progression of
pulmonary fibrosis [14]. Recent studies have identified
potential targets for therapeutic interventions [15], which
likely involves the reversion of activated fibroblasts to a
quiescent phenotype [16—18]. Failure of fibroblasts to
reverse to a quiescent phenotype promotes excessive pro-
duction and remodeling of extracellular matrix (ECM)
which characterizes the development of fibrotic disease
[19-21] and impulses disease progression to end-organ
failure and death [22].

To further uncover the underlying mechanism of how
FGF-4 induce pulmonary fibroblast activation, we found
that FGF-4 could elevate Forkhead Box M1 (FOXM1)
expression which could bind with p-catenin and further
induce the activation of Wnt signaling. FOXM1, as a
member of the Forkhead Box transcription factor fam-
ily that commonly overexpressed in most human tumors,
plays important roles in mammal development, DNA
repair, monocyte/macrophage recruitment, and human
tumorigenesis [23-26]. Recently, FOXM1 was reported
to be a novel component of Wnt signaling [27], which
was elevated in biopsy samples from human patients with
interstitial pulmonary fibrosis [28]. In our study, we dem-
onstrated that FOXM1 was significantly elevated in pul-
monary fibroblasts of fibrotic lung tissues. Inhibition of
FOXM1 through thiostrepton could effectively suppress
FGF-4-induced activation of pulmonary fibroblasts, and
impaired the development of pulmonary fibrosis. Taken
together, our work provides a novel potent mediator of
fibrotic event, supporting a potential strategy of regulat-
ing FGF-4-mediated fibroblast activation for the treat-
ment of pulmonary fibrosis.

Materials and methods

Ethics statement

The animal experiments were performed according to the
Guide for the Care and Use of Laboratory Animals (The
Ministry of Science and Technology of China, 2006), and
all experimental protocols were approved under the ani-
mal protocol number IACUC-2,003,135 by the Animal
Care and Use Committee of Nanjing University. The lung
tissues of IPF patients (=6, male, over 60 years old) were
obtained from the Department of Lung Transplantation,
Wuxi People’s Hospital, Wuxi, China. Our study was
officially approved by the Ethics Committee of Nanjing
Drum Tower Hospital, The Affiliated Hospital of Nanjing
University Medical School.

Cellisolation and cell culture

Male C57BL/6 mice aged 4—6 weeks were sacrificed by
cervical dislocation. The lung tissues from the mice were
cut into pieces and digested in mixture of 0.2% collage-
nase I (SCR103, Sigma-Aldrich, St. louis, MO) and 0.2%
dispase (D4693, Sigma) for 1 h at 37°C with shaking. The
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suspension was filtered through 100- and 40-pm filters
and RBC lysis buffer (sc-296258, Santa Cruz, CA, USA)
was added to remove red blood cells after centrifuging.
Cells were resuspended in MACS buffer (Miltenyi Bio-
tec, Germany) and sorted by AutoMACS cell separator
system (Miltenyi Biotec) using CD45 and Sca-1 mag-
netic beads antibodies. MSCs were cultured in DMEM
containing 20% MSC fetal bovine serum (Gibco, Grand
Island, NY) in incubator at 37 °C and 5% CO,. Mean-
while, the sedimentary tissue was rinsed with PBS for
three times and cultured in DMEM (WISENT, Nanjing,
China) containing 10% fetal bovine serum (Gibco). The
cells were detached with Trypsin-EDTA (Gibco) and
split in new medium when reaching approximately 90%
confluence.

To investigated the effects of senescent MSCs on the
activation of pulmonary fibroblasts, cell culture inserts
(0.4 um PET, 4.5 cm?, Millipore) were used to establish
an indirect co-culture system. MSCs were pre-treated
with bleomycin (BLM) accompanied with or without DQ
treatment for 24 h in the upper chamber. Then, pulmo-
nary fibroblasts were plated in the lower chamber to co-
culture with MSCs for another 2 days. The inserts were
removed and pulmonary fibroblasts were harvested for
further study.

Senescent cell-induced pulmonary fibrosis

MSCs were treated with 5 pug/ml BLM for 24 h and
labelled with Dil by staining for 12 min at 37 °C using
Cell Plasma Membrane Staining Kit with Dil (C1991S,
Beyotime, Shanghai, China). The labelled MSCs were
digested and resuspended at 1x10° cells/ml with 50 pl
PBS for each mouse. Male C57BL/6 mice were main-
tained under standard conditions with free access to
water and laboratory rodent food for a week and then
administered labelled senescent MSCs intratracheally.
Control group was injected with normal MSCs. The mice
were sacrificed at day 14 after MSCs administration, and
lung tissues were collected for further analysis.

Induction and treatment of pulmonary fibrosis

Male C57BL/6 mice (n=6 each group) were acclimated
to the environment for 1 week followed by intratracheally
injection of 5 mg/kg BLM dissolved in 50 ul of saline. The
control group was injected with 50 ul saline only. 5 mg/
kg Dasatinib plus 50 mg/kg Quercetin (DQ, Solarbio,
Beijing, China) or vehicle was injected intraperitoneally
every two days from day 5 for 2 weeks. Mice were sacri-
ficed at day 19, and lung tissues were collected for further
analysis. To explore the role of FOXM1 in pulmonary
fibrosis, mice were treated with thiostrepton (HY-B0990,
MedChem Express, San Diego, CA), which was known
as an inhibitor of FOXM1 [29]. Thiostrepton (30 mg/kg)
or vehicle was injected intraperitoneally every other day
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from 2 weeks. Then, Mice were sacrificed and lung tis-
sues were collected for further analysis.

Histology

Lower right lung lobes were fixed in 4% neutral phos-
phate-buffered paraformaldehyde overnight, dehydrated,
transparentized and embedded in paraffin before sec-
tioning into 5 pm-thick slices. The lung sections were
stained with haematoxylin and eosin (H&E) for observa-
tion of structure or used for detection of collagen depo-
sition by Masson’s trichrome staining. Tissue area was
measured using Image J. Collagen deposition was quanti-
fied using the ratio between collagen area and total area.
Results were normalized using control group.

Immunofluorescence

The immunofluorescence analysis of lung tissues or cells
were performed as described previously. Briefly, samples
were permeabilized with 0.3% Triton X-100 and further
blocked with goat serum for 1 h. Then, each sample was
incubated with primary antibody overnight at 4 °C. The
detail information of primary antibodies was listed in
Table S2. After washing 3 times, samples were further
incubated with fluorophore-labeled secondary antibody
(Invitrogen) for 1 h at 37 °C. Nuclei were stained with
DAPI (Sigma). The images were captured using a confo-
cal fluorescence microscope (Olympus, Tokyo, Japan).
Fluorescence intensity was quantified using Integrated
Density (IntDen). Results were normalized using control
group. And the colocalization levels was quantified using
Manders’ overlap coefficient (MOC).

Immunohistochemistry

Paraffin-embedded 5 um slides were deparaffinized with
xylene before rehydration using an ethanol gradient, fol-
lowed by antigen retrieval. Next, quenching of endoge-
nous peroxidase activity was achieved by incubation with
3% H,O, for 10 min. Tissue sections were blocked with
goat serum and further incubated with indicated anti-
bodies overnight at 4 °C. After washing 3 times, the lung
sections were incubated with the horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temper-
ature for 1 h (BOSTER, Wuhan, China). Then, the DAB
Substrate System (AiFang biological) was used to reveal
the immunohistochemical staining. The images were
captured by using Eclipse Ni-U microscope (Nikon).
DAB intensity was quantified using Integrated Density
(IntDen). Results were normalized using control group.

Western blot

Proteins were extracted from either cells or lung tissues
using RIPA buffer added with protease inhibitor cocktail
and phosphatase inhibitor cocktail. Western blot analy-
sis was performed as previous described. Proteins were



Liu et al. Stem Cell Research & Therapy (2024) 15:309

separated by SDS-polyacrylamide gel electrophoresis and
electrophoretically transferred to polyvinylidene fluoride
(PVDF) membranes. Then, the membranes were further
incubated with indicated primary antibodies overnight
at 4 °C. Species-matched horseradish peroxidase-con-
jugated IgG was used as secondary antibody. The chro-
mogenic signal intensity was detected using an Odyssey
Scanning System (LI-COR, Lincoln, NE). Expression lev-
els of the proteins were quantified by densitometry using
Image] and normalized to the expression of GAPDH.

Quantitative real-time polymerase chain reaction (Q-PCR)
Total RNA was extracted from cells or lung tissues using
RNA-easy isolation reagent (Vazyme, Nanjing, China)
according to the manufacturer’s instructions and then
subjected to reverse transcription polymerase chain reac-
tion (RT-PCR) using the Easyscript first-strand ¢cDNA
synthesis super mix kit (Vazyme). Q-PCR was performed
using ChamQ SYBR qPCR Master Mix (Vazyme) on a
ViiA 7 Q-PCR system (Applied Biosystems, Waltham,
MA). Each sample was run in triplicate and the rela-
tive quantification of the expression of the target genes
was measured using glyseraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA as an internal control. The
sequences of primer pairs used in this assay are listed in
Table S1.

Co-immunoprecipitation (Co-IP) and protein analysis
Co-IP was performed using the Thermo Scientific Pierce
Co-IP kit following the manufacture’s protocol. Briefly,
the FOXM1 antibody was first immobilized for 2 h
using AminoLink Plus Coupling Resin. The resin was
then washed and incubated with the lysate of lung tis-
sues overnight. A negative control that was provided
with the IP kit to assess nonspecific binding received the
same treatment as the Co-IP samples. Inmunocomplexes
were washed five times with washing buffer before being
resolved by SDS—-PAGE and immunoblotted with the
indicated antibodies [30].

Statistical analysis

Results are presented as the mean+SD. Statistical signifi-
cances were calculated with Student’s t-test for compari-
sons between 2 groups and ANOVA for multiple group
comparisons as showed in figure legends. P values were
considered significant at *<0.05, **P<0.01.

Results

Senescent MSCs is tightly correlated with the progression
of pulmonary fibrosis

IPF is an age-associated disease, and cellular senescence
is reported to be a key mechanism that drive the progres-
sion of IPF [31]. Hence, we first determined the senes-
cent circumstance in lungs of IPF patients. As compared
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with normal lung tissue, p16™ % and p21%afl/cipl 4g
typical markers of cellular senescence, were profoundly
increased in fibrotic lung tissues (Fig. 1A, B). Meanwhile,
we further demonstrated that the expression of p16™ 4
was positive correlated with the levels of COL1A1 in the
fibrotic lung tissues of BLM-treated mice (Fig. 1E). To
date, growing evidences have demonstrated that mesen-
chymal stem cells (MSCs) could exert multiple protective
effects on pulmonary fibrosis including suppressing col-
lagen deposition and differentiating into local cell types
[32]. Interestingly, we found an elevated accumulation of
MSCs (Sca-1 positive cells) in fibrotic lung tissues (Fig.
S1), which was largely senescent in the progression of
pulmonary fibrosis (Fig. 1C, D). In addition, the aggra-
vated pulmonary fibrosis that indicated by Ashcroft score
were also tightly correlated with enhanced MSCs senes-
cence in vivo (Fig. 1F). These results indicated that the
number of senescent MSCs (Sn-MSCs) was positively
correlated with the severity of pulmonary fibrosis.

Clearance of senescent MSCs could effectively suppress the
development of pulmonary fibrosis

As increased Sn-MSCs were tightly correlated with the
severity of pulmonary fibrosis, we further investigated
whether elimination of Sn-MSCs could effectively impair
the development of pulmonary fibrosis in vivo. Here,
dasatinib plus quercetin (DQ) as a widely reported seno-
lytic drug cocktail was intragastrically administrated to
BLM-induced pulmonary fibrosis mice. In vitro, treat-
ment with DQ robustly retarded BLM-induced MSCs
senescence, as demonstrated by decreased numbers of
SA-pB-gal positive MSCs (Fig. 2A) and diminished levels
of p16™K4 and p21Waf/CP1 (Fig, 2B and C). In vivo, body
weight monitoring showed that the weight of DQ-treated
mice was heavier than single BLM-treated mice when
sacrificed (Fig. S2). In addition, DQ treatment could
effectively mitigate pulmonary fibrosis as displayed with
decreased collagen deposition and a well-preserved lung
structure (Fig. 2D). In comparison with BLM-treated
mice, immunofluorescence results showed DQ adminis-
tration obviously decreased the numbers of Sn-MSCs in
fibrotic lungs (Fig. 2E and S3A). In addition, the protein
levels of fibrotic markers and cellular senescence mark-
ers were also dramatically reduced as compared with
that in the lung tissues of BLM-treated mice (Fig. 2D, F
and S3B). The results indicated that DQ could remove
Sn-MSCs, and subsequently attenuate the progression of
pulmonary fibrosis.

Senescent MSCs could induce pulmonary fibrosis via
inducing the activation of pulmonary fibroblasts

In order to confirm the pro-fibrotic role of Sn-MSCs in
vivo, mice were intratracheally injected with Sn-MSCs.
In vivo, we observed an accumulation of exogenous
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Fig. 1 MSCs senescence is tightly correlated with the progression of pulmonary fibrosis. (A, B) Repentative images and quantification of immunostain-
ing for p16™2 (A) and p21f/PT (B) in the lung tissues from patients with IPF. n=5, **£ <0.01. (C) Representative images and quantification of coim-
munostaining of Sca-1 and p16™“? in lung tissues from patients with IPF. n=5, **P<0.01. (D) Representative images of coimmunostaining of Sca-1 and
p21%el1/ePl in Jung tissues from patients with IPF. n=5, **P<0.01. (E) Correlation curves between relative mRNA expression of p16™4@ and COL1A1 in the
lung tissues derived from mice treated with bleomycin. R?=0.91396. (F) Correlation curves between senescent MSCs and Ashcroft Score, R2=0.94471.
Senescent MSCs was represented by Manders' overlap coefficient (MOC) of p16™¢4@ and Sca-1
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(See figure on previous page.)

Fig.2 Clearance of senescent MSCs could effectively suppress the development of pulmonary fibrosis. (A) The representative images of SA-B-gal staining
for bleomycin (BLM)-treated MSCs accompany with or without DQ (200nM Dasatinib +50uM Quercetin) treatment. (B) Western blot analysis of p16N<4
and pZ1W"”WC‘m expression in BLM-treated MSCs followed with or without DQ treatment. n=3, *P<0.05, **P<0.01. (C) Immunofluorescence analysis of
p16™N“2 and p21Wafl/9PT expression in BLM-treated MSCs followed with or without DQ treatment. n=5, **P<0.01. (D-F) Mice (n=6 in each group) were
intraperitoneally injected with vehicle (corn oil) or DQ (5 mg/kg Dasatinib+50 mg/kg Quercetin) every two days starting 5 days after administration of
bleomycin (BLM, 5 mg/kg). (D) Haematoxylin and eosin (H&E) staining, Masson's trichrome staining and p16™K? immumohistochemical staining of rep-
resentative lung sections from mice injected with or without DQ. n=5, **P<0.01. (E) The representative images of double fluorescent immunostaining
for Sca-1 and p16™? in the lung tissues from mice injected with or without DQ. n=5, **P < 0.01. (F) Western blot analysis of COL1A1, a-SMA, p16N*2 and

p21"2f/9PTin Jungs of mice injected with or without DQ. n=3, *P<0.05, **P <0.01

senescent MSCs (Sn-MSCs) that labeled with Dil in the
fibrotic regions (Fig. 3A), along with an increased extent
of lung damage and collagen deposition in the lung tis-
sues of mice injected with Sn-MSCs (Fig. 3C). In addi-
tion, Sn-MSCs injection dramatically enhanced the
levels of fibrotic markers, including a-SMA, COL1A1
(Fig. 3B) and hydroxyproline (Fig. S4), which confirmed
the profibrotic role of senescent MSCs in the progression
of pulmonary fibrosis. To further investigate how Sn-
MSCs promote the development of pulmonary fibrosis,
pulmonary fibroblasts were co-cultured with Sn-MSCs
pretreated with or without DQ in vitro (Fig. 3D). In the
co-culture system, Sn-MSCs could induce the expres-
sion of Collagen I and a-SMA (Fig. 3E, F), accompany
with enhanced migration ability of pulmonary fibroblasts
(Fig. 3G). Oppositely, elimination of senescent MSCs by
DQ could profoundly prevent pulmonary fibroblasts acti-
vation in the co-culture system (Fig. 3D-G). Our results
indicated that eliminating Sn-MSCs could suppress the
activation of pulmonary fibroblasts in vitro.

FGF4 was significantly elevated in Sn-MSCs

It was documented that the secretome called senescence-
associated secretory phenotype (SASP) mediated many
pathophysiological effects associated with senescent
cells. To confirm how Sn-MSCs induce the activation of
pulmonary fibroblasts in the development of pulmonary
fibrosis, we analyzed the mRNA levels of SASP related
genes. Among the 13 genes, FGF-4, IL-4, IL-1B were
especially overexpressed in Sn-MSCs (Fig. 4A). In addi-
tion, we measured the expression of FGF-4, IL-4 and
IL-1B in the supernatant of Sn-MSCs treated with or
without DQ in vitro. Our results showed that the concen-
tration of FGF-4 was dramatically increased in the super-
natant of Sn-MSCs, and the FGF-4 secretion ability of
Sn-MSCs was effectively suppressed with the treatment
of DQ (Fig. 4B). In vivo, we also demonstrated that the
bronchoalveolar fluid (BALF) derived from BLM-treated
mice contained higher concentration of FGF-4 (Fig. S5).
The colocalization results showed that FGF-4 was highly
expressed in Sca-1 positive cells in both BLM-induced
and Sn-MSCs-induced pulmonary fibrosis models
(Fig. 4C, E), as compared with in a-SMA or SPC positive
cells (Fig. 4D, F, S6). Moreover, we also found that in the
lungs of IPF patients, FGF-4 expression was significantly

increased and co-localized with fibroblasts (Fig S7).
These results indicated that FGF-4 was highly expressed
in the MSCs from fibrotic lung tissues.

Inhibiting FGF-4 could attenuate Sn-MSCs-induced
activation of pulmonary fibroblasts

The FGF family was mainly characterized by the abil-
ity of its members to promote fibroblast proliferation
[33], which has been reported to be implicated in the
pathogenesis of IPF [34]. To further confirm the role of
FGF-4 in Sn-MSCs-induced pulmonary fibroblast acti-
vation, MSCs were transfected with the siRNA of FGF-4
(si-FGF-4) accompany with or without the treatment of
BLM (Fig. 5A). Interestingly, knockdown of FGF-4 sig-
nificantly impaired Sn-MSCs-induced activation of pul-
monary fibroblasts, as evidenced by decreased expression
of myofibroblast markers (Collagen I and a-SMA) in
the co-culture system (Fig. 5B-D). In addition, we fur-
ther proved that dampening the expression of FGF-4 in
Sn-MSCs could effectively suppress the migration abil-
ity of pulmonary fibroblasts that promoted by Sn-MSCs
(Fig. 5E). These results indicated that FGF-4 was required
for Sn-MSCs-induced activation of pulmonary fibroblast
in vitro.

FGF-4 could induce the activation of pulmonary fibroblasts
via FOXM1/B -catenin axis

Given that Wnt signaling played a pivotal role in fibro-
blast activation, we next investigated the effect of FGF-4
on pulmonary fibroblasts activation. FGF-4 could
increase the mRNA levels of a-SMA, COL1A1 (Fig. 6A)
and ECM related genes (Fig. 6B), along with elevated lev-
els of Wnt target genes, including cyclin D1, B-catenin
and Axin2 (Fig. 6A, C, D). FGF-4 also promoted the
nuclear translocation of p-catenin in pulmonary fibro-
blasts as determined by immunofluorescence analysis
(Fig. 6E). These results indicated that FGF-4 may pro-
mote the myofibroblast differentiation of fibroblasts via
activating Wnt signaling. To further confirm the role of
Wnt signaling in FGF-4-induced activation of pulmonary
fibroblasts, Wnt signaling was silenced by ICG-001 which
could bind cAMP-responsive element binding (CREB)-
binding protein (CBP) to disrupt its interaction with
B-catenin [35]. Our results demonstrated that impairing
Wnt signaling could remarkably suppress FGF-4-induced
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Fig. 3 Senescent MSCs could induce pulmonary fibrosis in vivo. (A-C) Mice (n=6 in each group) were intraperitoneally injected with senescent MSCs
(Sn-MSCs injection) or normal MSCs (Con-MSCs injection). (A) Representative Dil fluorescence images for the detection of exogenous MSCs in lung
tissues. (B) Western blot analysis for the protein expression of COLTA1 and a-SMA in lungs of mice injected with Sn-MSCs or Con-MSCs. n=3. *P<0.05.
(C€) Haematoxylin and eosin (H&E) staining and Masson’s trichrome staining of representative lung sections from mice injected with Sn-MSCs or Con-
MSCs. n=5,**P<0.01. (D) Schematic diagram of the pre-treated-MSCs and fibroblasts co-culture system. (E) Western blot analysis of COL1A1 and a-SMA
in pulmonary fibroblasts co-cultured with MSCs after indicated treatment. n=3, *P<0.05, **P<0.01. (F) Immunofluorescence analysis of COL1A1 and
a-SMA in pulmonary fibroblasts co-cultured with MSCs after indicated treatment. n=5, **P<0.01. (G) Migration ability analysis of pulmonary fibroblasts

co-cultured with MSCs after indicated treatment. n=3, **P < 0.01

myofibroblast differentiation and migration ability of
pulmonary fibroblasts (Fig. 6C-F), which suggested that
FGF-4 could activate pulmonary fibroblasts through acti-
vating Wnt signaling.

To elucidate the molecular pathway involved in FGE-
4-induced Wnt signaling activation, we focused on
FOXM1 that was reported to be critical for p-catenin
nuclear localization and transcriptional function [36].
Here, we performed co-staining on lung sections of
donors and IPF patients, and found that FOXM1 expres-
sion was elevated in fibroblasts as demonstrated by colo-
calization with a-SMA, a marker of fibroblasts (Fig. 7A,
Fig. S8A), which was further confirmed in BLM-induced
mouse pulmonary fibrosis models (Fig. 7B, C, Fig. S8B,
Q). In vitro, FGF-4 could profoundly increase the expres-
sion of FOXM1 (Fig. 7D), resulting the nuclear trans-
location of FOXM1 (Fig. 7F, Fig. S8D, E) and enhanced
binding ability of FOXM1 with (-catenin (Fig. 7E). Oppo-
sitely, inhibition of FOXM1 by thiostrepton could effec-
tively suppress the activation of pulmonary fibroblasts,
as confirmed by decreased expression of a-SMA and
COL1A1 (Fig. 7D, G, Fig. S8F), and impaired migration
ability (Fig. 7H). In vivo, we investigated whether silenc-
ing FOXM1 could block the development of pulmonary
fibrosis. Compared with BLM-treated mice, thiostrepton
evidently decreased the extent of lung lesions and attenu-
ated collagen deposition (Fig. 71, Fig. S8G, H). Immuno-
labeling also showed that FOXM1 inhibition profoundly
attenuated the expression of fibrotic markers a-SMA and
collagen I (Fig. 7], K, Fig. S8I, J), along with the inhibition
of Wnt/B-catenin signaling as shown by reduced expres-
sion of -catenin (Fig. 7], Fig. S8I). In addition, thiostrep-
ton treatment effectively decreased FOXM1 expression
in pulmonary fibroblasts of BLM-induced fibrotic mice
(Fig. 7L, Fig. S8K). These results demonstrated that inhi-
bition of FOXM1 with thiostrepton could protect mice
from BLM-induced pulmonary fibrosis.

Discussion

Pulmonary fibrosis is a refractory and fatal disease that
carries a high mortality rate currently. Existing treat-
ments for pulmonary fibrosis could not improve the sur-
vival significantly, resulting an urgent requirement for
new approaches in clinical therapy [37]. Recently, cellu-
lar senescence has been demonstrated to be essential in
contributing fibrotic lung diseases and can be targeted

to improve pulmonary function [6]. Here, we show that
senescence effectors and molecular markers significantly
increase in MSCs of individuals with IPF, which could
be efficiently killed by a senolytic cocktail treatment.
To define the underlying mechanisms of how senescent
MSCs contribute to the initiation and progression of IPF,
we screened the expression of SASP components, and
found FGF-4 was dramatically increased in senescent
MSCs. In addition, we confirmed that senescent MSCs-
secreted FGF-4 could induce fibroblast activation, par-
tially clarifying the interaction between senescent MSCs
and fibroblasts.

Pulmonary fibrosis was characterized by the persis-
tence of activated fibroblasts which contribute to the
deposition of ECM and profound tissue remodeling
[38]. In the process of fibrotic lung remodeling, differ-
ent cellular origins of fibroblasts contribute to fibrotic
lesions, including proliferation of resident lung fibro-
blasts, differentiation of epithelial cells into fibroblasts
and recruitment of circulating progenitor fibrocytes from
bone marrow [39-41]. To date, great efforts have been
made to uncover the underlying mechanisms utilized
by fibroblasts for survival, proliferation and persistent
activation. Recently, there were evidence that epithelial
cells differentiated into FOXM1 positive fibroblasts in
the progression of pulmonary fibrosis [28]. In addition,
FOXM1 could promote fibroblasts differentiate into pro-
fibrotic a-SMA* myofibroblasts [42, 43]. Fully activated
fibroblasts were highly contractile cells that remodel
surrounding ECM [44]. So, whether FOXM1 played an
essential role in FGF-4-induced activation of fibroblasts
and the progression of pulmonary fibrosis? In the present
study, we investigated the role of FOXM1 in pulmonary
fibrosis and the effects of its modulation on the develop-
ment of pulmonary fibrosis. We detected an extensive
increase of FOXM1 expression in human pulmonary
fibrosis samples compared with donors. Similarly, the
level of FOXM1 was increased during BLM-induced
pulmonary fibrosis. Stimulation of mouse pulmonary
fibroblasts with FGF-4 dramatically enhanced FOXM1
expression, with the activation of Wnt/B-catenin signal-
ing, elevated proliferation and strengthened migration.
Whereas, targeted inhibiting the activity of FOXM1
evoked antifibrotic responses in vitro on mouse pulmo-
nary fibroblasts. These findings provided the foundation
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for the exploitation of new therapeutic approaches based  regeneration via promoting cell cycle progression [45].
on the inhibition of FOXM1. During cell cycle, FoxM1 is expressed at late G1 and

FOXM1 belongs to the forkhead box transcription early S phase, sustained throughout G2 phase and mito-
factor family, which plays an important role in regulat-  sis, and its activity is regulated via phosphorylation
ing embryonic development, carcinogenesis and organ  [46—48]. Expression of FoxM1 protein is low in quiescent



Liu et al. Stem Cell Research & Therapy

(2024) 15:309

>

FoxM1/a-SMA

Page 13 of 15

Pulmonary fibroblasts
Con BLM

— m‘m|122kDa

FoxM1 |.f e

| GAPDH |— — e o> —| 38 kDa

FGF-4 [ Con
D o T b e E P:  1gG FOXM1
3 3 . : g
COL1A1 . g e [130kDa § [ FOF4THI —————
8 % FOXM1| - - - |11o kDa
FOXM1 v @ e 110 kDa %4 e & %
T
@ S— 2
3 = 2z = p-catenin - — | 92 kDa
a-SMA - % 42kDa ¥, ( -
— g |~ j " Con FGF-4 FGF-4
GAPDH | quumme @s ‘g | 38 kDa l H. sl ] < +Thi
- COL1A1 FOXM1 a-SMA
F Con FGF-4 FGF-4+Thi G Con FGF-4 FGF-4 + Thi
P>
= 3
s
2
2 =
- 3
o
H Con FGF-4 FGF-4 + Thi 3007 1 Con
™ FGF-4
B FGF- 4+Thi
200
wk _K¥

Con BLM BLM +

H&E

Masson

a-SMA/COL1A1

100

Cell number of migration

Thi
BLM
Thi

+

0-SMA umn - D e 42 kDa
B-catenin — e 86 kDa

FOXM1 ’7—— —— "“'—} 84 kDa

GAPDH ‘ ” -‘ 38 kDa

FOXM1/a-SMA

Fig. 7 FOXM1 plays an essential role in FGF-4-induced pulmonary fibroblasts activation and pulmonary fibrogenesis. (A) Representative images of coim-

munostaining of FOXM1 and a-SMA in lung tissues from patients with IPF.

(B) Representative images of coimmunostaining of FOXM1 and a-SMA in lung
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F-4-treated pulmonary fibroblasts followed with the treatment of Thiostrepton

(Thi, 10 uM). (E) Co-IP analysis of B-catenin-FOXM1 interaction in pulmonary fibroblasts treated as in D. (F, G) Immunofluorescence analysis the expression
of FOXM1 (F), a-SMA and COL1AT1 (G) in pulmonary fibroblasts treated as in D. (H) The migration ability assay of pulmonary fibroblasts treated as in D.n=3,
**P<0.01. (I) Haematoxylin and eosin (H&E) staining, Masson's trichrome staining of representative lung sections (n=6) from BLM-treated mice injected
with or without Thi (30 mg/kg). J) Western blot analysis of a-SMA, 3-catenin and FOXM1 expression in the lung tissues from mice treated as in I. (K) Rep-
resentative images of coimmunostaining of a-SMA and COL1ATin lung tissues from mice treated as in I. (L) Representative images of coimmunostaining

of FOXM1 and a-SMA in lung tissues from mice treated as in |

cells. Aberrantly overexpressed of FOXM1 have been
implicated in several lung diseases [49, 50]. Conditional
knockouting the FOXM1 gene or suppressing the activity
of FOXM1 protein in bronchiolar progenitor cells could

protect mice from allergic responses, resulting reduced
mucus hyperplasia and lung inflammation [51]. Thio-
strepton was ever reported to be a proteasomal inhibi-
tor that prevents FOXM1 from binding and activating
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its own promoter [52]. We demonstrated that dimin-
ished nuclear localization of FOXM1 could be a reason
of decreased Wnt/B-catenin signaling, as the expres-
sion of B-catenin that bind with FOXM1 was extensively
impaired. In vivo, thiostrepton effectively counteracted
BLM-induced pulmonary fibrosis through inhibition of
FOXM1 nuclear localization. Although, pirfenidone and
nintedanib are currently clinically approved and avail-
able for IPF treatment, there are some limitations in side
effects and effectiveness [53]. Therefore, exploring new
strategies to address the unmet therapeutic need of lung
fibrosis is necessary, and the development and clinical
application of novel FOXM1-targeted inhibitors will pro-
vide a promising future for overcoming IPF.

Conclusions

In conclusion, our work implicated the critical role of
senescent MSCs in pulmonary fibrogenesis, and revealed
that senescent MSCs regulate pulmonary fibroblast acti-
vation in FGF-4-dependent manner. In addition, we
demonstrated that FGF-4 could promote the expres-
sion of FOXM1 which further induce the activation of
Wnt signaling via binding with B-catenin. Suppression
of FOXM1 by thiostrepton could effectively impair FGF-
4-induced activation of pulmonary fibroblasts (Fig. 8).
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