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Abstract

The pathogenesis of pulmonary fibrosis (PF) was mediated by the progressive deposi-
tion of excessive extracellular matrix, but little is known about the regulatory mecha-
nisms of fibrogenesis by lung pericytes. The mouse PF model was established by
treatment with bleomycin, followed by isolation of exosomes from mouse broncho-
alveolar lavage fluids by the centrifuge method. Relative mRNA/microRNA levels and
protein expression were assessed by gRT-PCR and Western blotting, respectively.
The binding of let-7d with gene promoter was validated by dual-luciferase reporter
assay. Protein interactions were verified via GST pull-down and co-immunoprecipi-
tation. Nuclear retention of Smad3 was analysed by extraction of cytoplasmic and
nuclear fraction of pericytes followed by Western blotting. Association of FoxM1
with gene promoter was detected by EMSA and ChIP-PCR methods. FoxM1 expres-
sion is significantly elevated in human lung fibroblasts of PF patients and mouse PF
model. The expression of let-7d is repressed in exosomes derived from broncho-alve-
olar lavage fluids of PF mice. Let-7d or FoxM1 knockdown suppressed the expression
of FoxM1, Smad3, B-catenin, Col1A and a-SMA expression in mouse lung pericytes
under TGF-p1 treatment. FoxM1 overexpression elevated above gene expression in
mouse lung pericytes under TGF-B1 treatment. Let-7d directly targets TGFpBRI to reg-
ulate FoxM1 and downstream gene expression in mouse lung pericytes. FoxM1 di-
rectly interacts with Smad3 proteins to promote Smad3 nuclear retention and binds
with p-catenin promoter sequence to promote fibrogenesis. Exosomes with low let-
7d from pulmonary vascular endothelial cells drive lung pericyte fibrosis through ac-
tivating the TGFBRI/FoxM1/Smad/B-catenin signalling pathway.
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1 | INTRODUCTION

Pulmonary fibrosis (PF) is one severe interstitial lung disease fea-
tured by progressive deposition of excessive extracellular matrix
(ECM) and lung tissue destruction with poor prognosis.® Based on
ethology, PF could be categorized into the most common idiopathic
pulmonary fibrosis (IPF) with no known causes and other subtypes
caused by other disorders such as rheumatoid arthritis and sclero-
derma, genetic mutations or exposure to radiation and hazardous
chemicals.?* The initiation and progression of PF have been known
to be mediated by the alveolar epithelial cell activation, release of
fibrogenic growth factors such as cytokines and growth factors,
myofibroblast proliferation and activation, which resulted in abnor-
mal ECM deposition and alterations.? Nevertheless, the pathogenic
mechanisms driving PF development are still far from being fully elu-
cidated, which greatly hindered developing new therapeutic drugs
for PF patients.

Pulmonary microvascular pericytes are responsible for gener-
ating collagen to maintain vascular stability in pulmonary vascular
tissues by interacting with the epithelial cells under normal condi-
tions.> However, pulmonary microvascular pericytes could migrate
to the pulmonary interstitium and transform into myofibroblasts
expressing collagen, which has substantially contributed to the
pathogenesis of PF.°” Recent investigations have demonstrated that
TGF-B1 (transforming growth factor f1) and its receptor TGF-BRI
(TGF-p receptor 1) promoted the transformation of pericytes into
myofibroblasts during PF pathogenesis, mediated by the activation
of Smad2/3 (Sma and Mad homologue 2/3) signalling pathway.” In
addition, the B-catenin expression could also be up-regulated by
TGF-p1 during the differentiation of lung pericytes into myofibro-
blasts.® The activated Smad3 interacts with p-catenin to promote the
expression of fibrosis iconic proteins including a-SMA, vimentin and
collagen | (Col-1) during pericytes-to-myofibroblast transition and PF
development.” However, the mechanisms regulating the TGF-p1/
Smad3/B-catenin axis in PF pathogenesis remain poorly understood.

FoxM1 (Forkhead box M1) was originally characterized as a
transcription factor regulating the expression of multiple functional
genes associated with cell cycle progression.’®! Subsequent in-
vestigations revealed that FoxM1 served as a critical modulator
of multiple other cellular processes such as cell proliferation and
differentiation, apoptosis and DNA damage repair, thus promot-
ing pathogenesis of human cancers and other disorders.'®'? For
instance, FoxM1 was identified as one downstream player of the
Whnt/p-catenin signalling which directly binds with p-catenin to pro-
mote its nuclear localization and enhances the transcription factor
activity of B-catenin during glioma development.*®* Also, FoxM1
could directly promote the transcription of p-catenin to activate
the re-annealing of endothelial adherent junctions during the repair
of the injured vascular intima.’® In breast cancer cells, TIF1y (tran-
scriptional intermediary factor 1) is an E3 ubiquitin-protein ligase
responsible for the ubiquitination-mediated degradation of Smad3/
Smad4 protein complex, and FoxM1 protein could directly interact
with the Smad3 proteins in the nucleus to inhibit the TIF1y-mediated

Smad4 protein degradation and maintain the sustained activation
of the Smad3/Smad4 complex.! Importantly, recent report showed
that the elevated FoxM1 was required for the differentiation of peri-
cytes into myofibroblasts in TGF-p1-elicited PF.” However, little is
known about the roles of FoxM1 and its interaction with the TGF-
$1/Smad3/B-catenin signalling in pulmonary microvascular pericytes
during PF pathogenesis.

Exosomes are a large group of critical membrane vesicles with
a common diameter of 40 to 100 nanometres, which could be se-
creted by various cell types such as cancer cells and epithelial
cells.*®? Biochemically, exosomes are usually composed of multi-
ple components including proteins, lipids, RNAs and small metab-
olites. 1820 Although being originally considered as unwanted cell
components, research in recent decades revealed that exosomes
act as essential mediators of cellular signalling and intercellular com-
munication because of their capability of carrying various bioactive
macromolecules such as non-coding RNAs, which was substantially
involved in pleiotropic biological and pathogenic processes.zl’22 For
instance, the miR-10b, which was highly expressed in breast cancer
cells, could be secreted into extracellular region in exosomes to en-
hance the metastasis capacity of cancer cells.?® The let-7 microRNA
(miRNA) family was recently found to repress the pathogenesis of
IPF associated with sex steroid hormones.?* Also, let-7d is one mem-
ber of the let-7 miRNA family and could inhibit the TGF-p1-induced
epithelial-to-mesenchymal transition (EMT) during renal fibrogen-
esis by modulating the expression of signalling components down-
stream of TGF.2° However, the roles of let-7d as well as its secretion
in exosomes during PF development remain unclear.

In the present study, we aimed to test our hypothesis that exo-
somes carrying let-7d secreted by pulmonary vascular endothelial
cells might improve pulmonary pericyte fibrosis, as well as the pos-
sible mechanism mediated by the TGFpRI/FoxM1/Smad3/p-catenin
signalling cascade. These results would characterize new biomarkers
associated with PF pathogenesis and provide a basis for developing

new anti-pulmonary fibrosis drugs.

2 | MATERIALS AND METHODS
2.1 | Clinical tissues and animal model

Human lung tissues were surgically collected from seven IPF pa-
tients registered to the Third Affiliated Hospital of Guangzhou
Medical University (Guangzhou, China) and Hunan Cancer Hospital
(Changsha, China) between December 2017 and March 2018. Lung
tissues collected from seven healthy volunteers were used as nega-
tive control. The research was approved by the Medical Ethics
Committee of the Third Affiliated Hospital of Guangzhou Medical
University, and written consents were assigned by each participant
before the surgery. The mouse pulmonary fibrosis model was estab-
lished as previously introduced.? Briefly, male C57/BL6é mice aged
8 weeks were purchased from Hunan SJA laboratory animal CO., LTD

(Changsha, China) and sustained at 24 + 2°C in autoclaved mouse
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cages with a 12-h light/dark cycle. Following anaesthetization with
ketamine (25 mg/kg) dissolved in xylazine, mice were intratracheally
injected with bleomycin sulphate solution (1.5 U/kg bodyweight) and
killed for lung tissue collection and other assays 21 days later. Mice
injected with the same volume of normal saline were used as the
control group. The animal model establishment was approved by the
Experimental Animal Care and Use Committee of the Third Affiliated
Hospital of Guangzhou Medical University.

2.2 | Cellisolation and culture

The mouse lung microvascular epithelial line and mouse lung pericyte
cell line were purchased from PriCells (Wuhan, China) and cultured
in DMEM (Dulbecco's modified Eagle's medium) with supplementa-
tion of 10% foetal bovine serum (FBS) at 37°C in a humidified culture
chamber with 5% CO,. The mouse lung fibroblasts and human lung
fibroblasts were isolated from the lung tissues collected from model
mice or IPF patients, respectively, as previously described.® Briefly,
the lung tissues collected from C57/BL6 mice after designated treat-
ment or IPF patients were immersed in Hank's balanced salt solution
followed by removal of vessel tissues and made into 1-mm pieces.
Tissue pieces were then digested with 0.25% trypsin (Sigma-Aldrich)
for 40 minutes, and the obtained cell suspension was filtered and
centrifuged at 1000 rpm for 5 minutes. The precipitates were then
resuspended in DMEM and centrifuged at 800 rpm for 5 minutes,
and the resultant supernatant was centrifuged at 1000 rpm for an-
other 5 minutes. Finally, the fibroblasts in the precipitate were col-
lected and cultured in DMEM containing 10% FBS.

2.3 | Cell transfection and treatment

For induction of fibrogenesis, mouse pulmonary microvascular
pericytes were treated with TGF-1 (5 ng/mL; Sigma-Aldrich) for
30 minutes at 37°C. To inhibit TGFfRI, cultured cells were treated
with 3 pmol/L SB431542 (Sigma-Aldrich) for 4 hours at 37°C. The
shRNA targeting FoxM1, the let-7d mimic, the let-7d inhibitor, siRNA
targeting Smad3 (siSmad3) and shp-catenin were synthesized by
the GenePharma Company (Shanghai, China). For overexpression
of FoxM1, the FoxM1 sequences amplified by RT-PCR were ligated
with the pcDNA3.0 plasmids to establish the pcDNA3.0-FoxM1 re-
combinant plasmids. The above-mentioned plasmids and sequences
were transfected into cells using the Lipofectamine 3000 reagent

(Thermo Fisher Scientific) following manufacturer's instructions.

2.4 | Quantitative RT-PCR

The relative expression of mMRNA and microRNAs was detected
by the quantitative RT-PCR (qRT-PCR) method using total RNA
samples isolated from cells, exosomes or tissues with the TRIzol

solution (#R0016; Beyotime, Beijing, China), following the

manufacturer's instructions. Subsequently, the cDNA library
was established from 2 pg RNA samples using the miScript Il RT
Kit (Cat. No. 218160; Qiagen) according to the manufacturer's
instructions. The Talent Fluorescence Quantitative Detection
Kit (SYBR Green) (#FP209; Tiangen Biotech, Beijing, China) was
instructed by the manufacturer. The GAPDH was used as the
internal standard, and relative expressional levels were finally
calculated through the standard 2°ALC method based on at least

three biological replicates.

2.5 | Western blotting

Total protein samples were first exacted from cultured cells, ex-
osomes or lung tissues using the RIPA Lysis and Extraction Buffer
(#89900; Thermo Fisher Scientific) following the manufacturer's in-
structions. The protein concentration was determined by the BCA
method. The separate purification of nuclear and cytosol proteins
was accomplished using the Nuclear/Cytosol Fractionation Kit
(#K266-25; BioVision, USA) according to the manufacturer's in-
structions. Subsequently, 25 pg proteins of each group were boiled
at 100°C for 5 minutes in protein loading buffer (#P0015; Beyotime,
Beijing, China), separated by 10% or 12% SDS-PAGE and transferred
onto PVDF membrane (Millipore). The PVDF with proteins was then
blocked with 5% BSA solution (Sangon Biotech, Shanghai, China),
followed by incubation with primary antibodies and HRP-conjugated
secondary antibodies diluted in TBST. Finally, the expression of
proteins was detected by developing with the enhanced chemilu-
minescence (ECL) reagents (#32106; Thermo Fisher Scientific), with
GAPDH or p-actin as the internal standard. Primary antibodies ap-
plied in this study include anti-FoxM1 (#5436, human; CST), anti-
FoxM1 (ab180710, mouse; Abcam), anti-TGF-BRI (ab31013; Abcam),
anti-Smad3 (ab40854; Abcam), anti-B-catenin (#8480; CST), anti-
Col1A (ab34710; Abcam), anti-a-SMA (ab32575; Abcam), anti-p-
Smad3 (#9520; CST), anti-lamin B (ab16048; Abcam), anti-Smad4
(#46535; CST), anti-Flag (#14793; CST), anti-Myc-Tag (#2276; CST),
anti-TIF1ly (ab70560; Abcam), anti-GAPDH (ab181602; Abcam) and
anti-p-actin (ab8226; Abcam).

2.6 | Histological evaluations

The immunohistochemistry (IHC) combined with haematoxylin
and eosin (H&E) was performed to detect histological alteration
and FoxM1 expression in lung tissues as previously introduced.’
Briefly, the lung tissues were fixed with 4% neutral phosphate-
buffered formalin for 2 hours at room temperature, embedded in
paraffin and made into 5-um slides. Subsequently, tissues slides
were blocked with 5% BSA solution (Beyotime, Beijing, China), incu-
bated with diluted primary antibodies targeting FoxM1 (ab180710;
Abcam; 1:500) for 1 hour at room temperature, incubated with
HRP-conjugated secondary antibodies and developed with the DAB
Substrate Kit (ab64238; Abcam), followed by staining with H&E. The
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histological alterations and protein expression in tissues were finally
observed under microscopy. At least three biological repeats were

accomplished.

2.7 | Exosome isolation and characterization

Following the establishment of the mouse pulmonary fibrosis model,
the broncho-alveolar lavage fluids were collected from mice in the
model group as well as the control group. The exosomes in broncho-
alveolar lavage fluids were isolated as introduced previously.?® The
diameters of exosomes isolated from mouse broncho-alveolar lav-
age fluids were then observed by electron microscopy (EM) method.
Briefly, exosomes were fixed with 2% paraformaldehyde for 30 min-
utes at room temperature, loaded onto one copper-formvar/carbon-
coated grids, followed by contrasting with 2% uranyl acetate, and
finally observed by transmission electron microscope (JEOL 1010;
80 kV).

2.8 | Dual-luciferase reporter assay

To validate the direct binding of let-7d with TGFBRI gene promoter
region, the dual-luciferase reporter assay was carried out using the
pmirGLO Dual-Luciferase miRNA Target Expression Vector System
(Promega). The recombinant pmirGLO-WT (wild-type) TGFBRI and
pmirGLO-Mut (mutant) TGFBRI plasmids were established sepa-
rately following the manufacturer's instructions, which were then
transfected into the mouse lung microvessel pericytes using the
Lipofectamine 3000 reagent (Thermo Fisher Scientific) as instructed
by the manufacturer. Subsequently, cells transfected with different
recombinant plasmids were transfected with the let-7d mimic using
the Lipofectamine 3000 reagent as well, followed by the detection
of the luciferase activities using a GloMax® 20/20 Luminometer

(Promega).

2.9 | Pull-down and Co-immunoprecipitation (Co-I1P)

For pull-down assay, the coding sequences of the Smad3 gene
were amplified by RT-PCR and ligated with the pGEX-4T-1 vec-
tor, which was transferred into the E. coli expression strain, BL 21
(DE3). The recombinant GST-Smad3 proteins were then isolated
from BL 21 lysates using the glutathione Sepharose beads (#6555-
10; BioVision, USA) following the manufacturer's instructions.
The 6X His-tagged FoxM1 proteins were also expressed in BL 21
strain and purified using the Ni-NTA agarose resin (Cat No. 30210;
Qiagen) according to the manufacturer's instructions. The GST-
Smad3 proteins were incubated with His-FoxM1, followed by pull-
down assay using the Pierce™ GST Protein Interaction Pull-Down
Kit (#21516; Thermo Fisher Scientific) as instructed by the manu-
facturer. After being washed with PBS, the collected resins were

boiled in protein loading buffer and subjected to Western blotting

using antibodies targeting FoxM1. The in vivo interaction between
proteins was validated using the Pierce™ Co-Immunoprecipitation
Kit (#26149; Thermo Fisher Scientific) following the protocol pro-

vided by the manufacturer.

2.10 | Electrophoretic mobility shift assay (EMSA)

The direct binding of FoxM1 protein with the promoter sequences
of the B-catenin gene was confirmed in vitro by EMSA using the
LightShift™ Chemiluminescent EMSA Kit (#20148; Thermo Fisher
Scientific) following the manufacturer's instructions. Briefly, the
DNA target sequences of the p-catenin gene used as the native
probe, as well as the mutant probe, were biotinylated using the
Biotin 3' End DNA Labeling Kit (#89818; Thermo Fisher Scientific)
according to the manufacturer's instructions. Subsequently, the
native probe was incubated with the FoxM1 proteins or in combi-
nation with anti-FoxM1 antibodies, followed by Western blotting
using primary antibodies targeting biotin. Also, the mutant probe
incubated with the FoxM1 proteins was applied as the negative
control.

2.11 | Chromatin Immunoprecipitation (ChIP)

The validation of FoxM1 protein binding with -catenin gene pro-
moter region in mouse lung pericytes by ChlIP was finished using
the ChIP Kit (#ab500; Abcam) following protocol provided by the
manufacturer. Briefly, the cultured lung pericytes were first fixed
with the mixture of formaldehyde, 1 x Buffer A and PBS for 12 min-
utes at room temperature, followed by incubation with the Buffer B
for 15 minutes at room temperature, incubation with Buffer C for
12 minutes at room temperature and incubation with the mixture
of Buffer D and PI for 15 minutes at room temperature. The optimal
DNA fragmentation was induced by appropriate sonication of the
above cell mixture, which was subjected to centrifuge at 14 000 g for
10 minutes at 4°C. The resultant supernatant containing DNA frag-
ments was immunoprecipitated with the antibodies targeting the
FoxM1 proteins, and the bound DNAs were subsequently purified
using the DNA purifying slurry. Finally, the existence of -catenin
gene promoter sequences of interest was detected by the PCR
method. DNA fragments precipitated with anti-lgG antibodies were
used as the negative control.

2.12 | Statistical analysis

The SPSS 22.0 software was used to test the significance of quan-
titative data presented as mean + SD (standard deviation) based on
at least three biological replicates. The differences between two or
more groups were analysed by the Student's t test and the ANOVA
(analysis of variance) methods, respectively. The significant differ-

ences were defined by P < .05.
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3 | RESULTS

3.1 | Elevated FoxM1 expression in IPF patients and
mouse models

To investigate the potential involvement of FoxM1 during IPF
pathogenesis, we first isolated the lung fibroblasts from clinical tis-
sues collected from eight patients diagnosed with IPF, and fibro-
blasts from healthy volunteers were used as the negative group.
Through qRT-PCR, we showed that the FoxM1 mRNA levels in lung
fibroblasts from IPF patients were significantly higher than those
of the normal group (Figure 1A). Also, the increased expression of
FoxM1 in lung fibroblasts isolated from IPF patients was further
confirmed by our following Western blotting assay (Figure 1B).

Moreover, we analysed the histological alterations of lung tissues

in IPF patients and observed significant fibrosis and disordered
structure in the lung tissues of IPF patients, in comparison with
those of the normal group (Figure 1C). In consistence, we found
by IHC analysis that the expression of FoxM1 proteins in the lung
tissues of IPF patients was also greatly higher than that in those of
the normal group (Figure 1C). Next, we established the mouse pul-
monary fibrosis model by treatment with bleomycin as introduced
in the Material and Methods section. Through gRT-PCR, Western
blotting and IHC methods, we showed that the FoxM1 expression
in the lung tissues of mouse model was remarkably elevated com-
pared with the control group (treated with saline; Figure 1D-F).
Significant tissue fibrosis was also observed in the lung tissues of
the mouse model, but not in the control group (Figure 1F). These
results showed the significantly increased FoxM1 expression in

lung tissues during PF pathogenesis.
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FIGURE 1 Significant increase in FoxM1 gene expression associated with pulmonary fibrosis. A and B, The expression of FoxM1 in

lung fibroblasts isolated from lung tissues of IPF patients. FoxM1 mRNA and protein levels in fibroblasts were detected by gRT-PCR (A)

and Western blotting (B). C, Histological evaluations of lung tissues collected from IPF patients. The histological alteration of lung tissues
was observed following H&E staining, and FoxM1 protein abundances in lung tissues were analysed by IHC assay. D and E, The increased
expression level of FoxM1 in lung tissues from mouse pulmonary fibrosis model. The mice were treated with bleomycin sulphate solution
(1.5 U/kg bodyweight) or the same volume of normal saline by intratracheal injection. FoxM1 mRNA and protein levels in mouse lung
tissues were measured by qRT-PCR (D) and Western blotting (E). F, Histological features and FoxM1 protein expression in the lung tissues
of pulmonary fibrosis model mice. Lung tissues from mice were analysed by H&E and IHC assays. IPF: idiopathic pulmonary fibrosis; FoxM1:
Forkhead box M1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *P < .05; **P < .01
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FIGURE 2 Decreased let-7d in exosomes and increased FoxM1 expression from mouse PF model. A, Isolation of exosomes from
broncho-alveolar lavage fluids of the pulmonary fibrosis model mice. The PF model was established by intratracheal injection of bleomycin
sulphate solution (1.5 U/kg bodyweight). Mice treated with the same volume of normal saline were used as the control. The morphology and
diameters of isolated exosomes were observed by the transmission electron microscopy. B, The expression of let-7d in exosomes isolated
from broncho-alveolar lavage fluids of pulmonary fibrosis model mice. RT-gPCR method was performed to analyse let-7d expression in
exosomes. C, Changes of FoxM1, signalling components and fibrosis-related genes in lung pericytes treated with exosomes from pulmonary
fibrosis model. FoxM1, Smad3, p-catenin, Col1A and a-SMA protein levels were measured by Western blotting. FoxM1: Forkhead box M1;
Smad3: Sma and Mad homologue 3; Col1A: collagen lo; a-SMA: a-smooth muscle actin; *P < .05; **P < .01

3.2 | Decreased let-7d in exosomes and increased
FoxM1 expression from mouse PF model

For analysis of the roles of exosomes in pathogenesis of PF, we then
isolated the exosomes from broncho-alveolar lavage fluids of the
mouse PF model as well as the normal control group, as described
in the Material and Methods section. Our following TEM analysis
showed that exosomes from mouse broncho-alveolar lavage fluids
had a diameter of 30-100 nm, which was consistent with previous
reports (Figure 2A). Also, we observed the expression of let-7d in
exosomes isolated from both the control group and PF model, and
significant decrease of let-7d expression in the model group com-
pared with the control group (Figure 2B). On the contrary, our fol-
lowing Western blotting assay also showed that FoxM1 protein
expression in mouse lung pericytes treated with exosomes from PF
mice was markedly higher than that of the control group (Figure 2C).

Furthermore, we also found that the expression of key signalling
components and fibrosis-related genes in mouse lung pericytes
was greatly increased by exosomes from model mice compared
with those treated with exosomes from the control group, includ-
ing Smad3, p-catenin, Col1A and a-SMA (Figure 2C). These results
indicated the roles of exosomes with low let-7d and pericytes with

high FoxM1 expression in regulating PF pathogenesis.

3.3 | Let-7d mitigated FoxM1-promoted
expression of Smadg3, pf-catenin and fibrosis-
related genes in mouse lung pericytes under
TGF-p1 treatment

To further investigate the effects of FoxM1 and let-7d in regulating

PF development, we then analysed the expression of FoxM1 and

FIGURE 3 Let-7d mitigated FoxM1-promoted expression of Smad3, -catenin and fibrosis-related genes in mouse lung pericytes under
TGF-B1 treatment. A, Mouse lung pericytes were treated with TGF-B1 (5 ng/mL) for 1 h, in combination with FoxM1-overexpressing
plasmids or shFoxM1, and the abundances of FoxM1, Smad3, 3-catenin, Col1A and a-SMA proteins in mouse pericytes under designated
treatments were then detected by Western blotting. B, Mouse lung pericytes were treated with TGF-81 (5 ng/mL) for 1 h, in combination
with FoxM1-overexpressing plasmids, shFoxM1 or exosomes from control or model group (Ctrl-exos or Model-exos). The abundances of
FoxM1, Smad3, p-catenin, Col1A and a-SMA proteins in mouse pericytes under designated treatments were then detected by Western
blotting. TGF-p1: transforming growth factor p1; FoxM1: Forkhead box M1; shFoxM1: shRNA targeting FoxM1; NC: negative control;
Smad3: Sma and Mad homologue 3; Col1A: collagen la; a-SMA: a-smooth muscle actin; *P < .05; **P < .01; ***P < .001
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FIGURE 4 Let-7d directly targets TGFpRI promoter to repress FoxM1 and fibrosis gene expression in mouse lung pericytes. A, The

direct binding of let-7d with the promoter regionuntranlational region of the TGFBRI shown by bioinformatic analysis. B, Relative expression
level of let-7d and TGFBRI in mouse lung pericytes treated with let-7d mimic or inhibitor. Mouse lung pericytes were transfected with let-7d
mimic, inhibitor or their corresponding negative control sequences for 24 h. The relative mRNA levels were detected by qRT-PCR method. C,
Direct binding of let-7d with the promoter region of the TGFBRI in mouse lung pericytes. The dual-luciferase reporter assay was performed
to test the association of let-7d with TGFBRI 3'UTR sequences. D, The abundances of TGFBRI, FoxM1, Smad3, -catenin, Col1A and a-SMA
proteins in mouse lung pericytes treated with let-7d mimic or inhibitor. Twenty-four hours after the transfection with let-7d mimic, inhibitor
or their corresponding negative control sequences, protein levels in mouse lung pericytes were quantified by Western blotting. TGFBRI:
transforming growth factor beta receptor |; 3'UTR: 3' untranslated region; NC: negative control; WT: wild-type; MUT: mutant; FoxM1:
Forkhead box M1; Smad3: Sma and Mad homologue 3; Col1A: collagen la; a-SMA: a-smooth muscle actin; *P < .05; **P < .01

downstream signalling and fibrosis-related genes in mouse peri- mouse pericytes were all significantly increased by TGF-f1 treat-
cytes treated with TGF-p1 by Western blotting. We found that the ment compared with the control group (Figure 3A). Under TGF-p1
TGF-p1treatmentsignificantly elevated the protein levels of FoxM1 treatment, the overexpression of FoxM1 caused much more sig-
in mouse pericytes compared with the control group (Figure 3A). nificant increase of FoxM1 expression in mouse pericytes in com-

Also, the protein levels of Smad3, p-catenin, Col1A and a-SMA in parison with the control group, as well as remarkable increases of
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FoxM1 in mouse lung pericytes. A, The direct binding of

recombinant 6X His-FoxM1 proteins with recombinant GST-Smad3 proteins confirmed by in vitro GST pull-down assay. B, The in vivo
association of endogenous FoxM1 proteins with Smad3 proteins in mouse lung pericytes treated with TGF-p1. Lung pericytes were treated
with TGF-p1 (5 ng/mL) for 1 h and followed by the validation of protein interaction by Co-IP assay. C, Relative Smad3 protein abundances

in the cytoplasmic and nuclear fractions of FoxM1-overexpressing mouse lung pericytes under treatments with TGF-$1 and SB431542.
Mouse lung pericytes were treated with 5 ng/mL TGF-f1 for 1 h combined with 3 pmol/L SB431542 for 0.5 to 4 h as designated. Protein
levels in cytoplasmic or nuclear factions were detected by Western blotting, using GAPDH as the internal standard and lamin B as the
nuclear fraction marker. D, Effects of shFoxM1 on the nuclear retention of Smad3 and phosphorylated Smad3 proteins in mouse lung
pericytes under TGF-p1 treatment (5 ng/mL; 1 h). GST: glutathione S-transferase; Smad3: Sma and Mad homologue 3; FoxM1: Forkhead box

M1; TGF-p1: transforming growth factor betal; IP: immunoprecipitation;

IB: immunoblotting; p-Smad3: phosphorylated Smad3; shFoxM1:

shRNA targeting FoxM1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *P < .05; **P < .01

Smad3, p-catenin, Col1lA and a-SMA expression (Figure 3A). On
the contrary, the knockdown of FoxM1 expression with specific
shRNA targeting FoxM1 (shFoxM1) effectively suppressed the in-
creases of FoxM1, Smad3, #-catenin, Col1A and a-SMA expression
in mouse pericytes induced by TGF-p1 treatment (Figure 3A). To
assess the effect of exosomes derived from normal or PF model
(Ctrl-exos or Model-exos) on FoxM1, Smad3, p-catenin, Col1A and
a-SMA expression in pericytes, the primary cultured pericytes
were treated with exosomes for 48 hours, and we found that the
treatment with Model-exos including low let-7d remarkably up-
regulated the expression of FoxM1, Smad3, #-catenin, Col1A and
a-SMA proteins in mouse pericytes under TGF-p1 treatment or
combined with FoxM1 overexpression or knockdown (Figure 3B).
These results showed that the elevation of FoxM1 and down-
stream signalling component expression in mouse lung pericytes

could be repressed by let-7d.

3.4 | Let-7d targets TGFBRI to suppress FoxM1 and
downstream gene expression in mouse lung pericytes

For more insights into the downstream target of let-7d in lung per-

icytes during PF development, we then performed a bioinformatic

analysis and showed that let-7d might directly bind with the pro-
moter region of the TGFBRI (Figure 4A). Moreover, we found that
treatment with let-7d mimic significantly elevated let-7d expres-
sion but suppressed TGFBRI expression in mouse pericytes com-
pared with the negative control (NC) group (Figure 4B). Contrarily,
the treatment with let-7d inhibitor effectively repressed let-7d
expression in mouse pericytes, which caused greatly elevated
expression of TGFBRI in mouse lung pericytes compared with
the negative control group (Figure 4B). Through dual-luciferase
reporter assay, we showed that the let-7d induced significant de-
crease of luciferase activity in mouse lung pericytes expressing
the wild-type TGFBRI 3' un-translated region (3'UTR) sequences,
but not in the pericytes expressing the mutant TGFpRI 3'UTR se-
quences, showing the direct binding of let-7d with the 3'UTR of
TGFBRI (Figure 4C). Subsequently, we showed that let-7d mimic
FoxM1,
Smad3, Col1A and a-SMA in mouse lung pericytes compared with
the NC group (Figure 4D). On the contrary, the let-7d inhibitor
caused significant increase of these genes in mouse lung peri-

remarkably down-regulated the expression of TGFpRI,

cytes in comparison with the NC group (Figure 4D). These results
showed that let-7d could suppress the expression of FoxM1 and
downstream signalling and fibrosis-related genes in lung peri-

cytes by directly targeting TGFBRI.
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3.5 | FoxM1 interacts with Smad3 protein to
promote nuclear retention of Smad3 proteins in
lung pericytes

To study the molecular mechanisms of FoxM1 functioning in PF, we
first test the possibility of direct interaction between FoxM1 and

Smad3. Through pull-down assay, we showed that FoxM1 protein
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could be effectively pulled down together with GST (glutathione
S-transferase)-tagged Smad3 proteins, showing the direct interac-
tion of FoxM1 proteins with the Smad3 proteins in vitro (Figure 5A).
Our following Co-IP assay also showed that endogenous FoxM1
protein could directly associate with Smad3 proteins in mouse lung
pericytes (Figure 5B). Also, the treatment of TGF-p1 effectively en-

hanced the association of endogenous FoxM1 proteins with Smad3
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FIGURE 6 Suppression of TIF1ly-induced Smad4 protein ubiquitination and deactivation of TGF-p1 signalling by FoxM1 overexpression in
lung pericytes. A, FoxM1 attenuated the inhibitory effect of TIF1ly on Smad3-activated gene transcription. Pericytes with FoxM1 and TIFly
overexpression were treated with TGF-B1 (5 ng/mL) for 20 h following measurement of the luciferase assay. B, Abrogation of the TIF1y-
induced inhibition of the formation of the Smad3/Smad4 complex in lung mouse pericytes by FoxM1 overexpression. Pericytes transfected
with FoxM1- and TIF1y-expressing plasmids as indicated were harvested 48 h after TGF-B1 treatment (5 ng/mL) for 2 h. The formation of
the Smad3/4 protein complex was evaluated by co-immunoprecipitation. C, Suppression of the exogenous association of Smad4 with TIF1ly
in mouse lung pericytes by FoxM1 overexpression. Pericytes transfected with indicated plasmids were treated with TGF-p1 (5 ng/mL) for

16 h, which were harvested for co-immunoprecipitation. D, The inhibition of TIF1y-mediated Smad4 protein mono-ubiquitination by FoxM1
overexpression in mouse lung pericytes. Following transfection with indicated plasmids, cells were treated with TGF-p1 (5 ng/mL) for 16 h. E,
Effects of Smad3 knockdown on the interaction between TIF1y and Smad4 proteins in mouse lung pericytes. Cells transfected with Smad3
siRNAs or negative control were subjected to TGF-B1 (5 ng/mL) treatment for 2 h and harvested 48 h later. F, Inhibition of the association of
Smad3 with TIF1y by FoxM1 overexpression in mouse lung pericytes. Cells transfected with the indicated plasmids were treated with 5 ng/
mL TGF-p1 for 2 h. TGF-p1: transforming growth factor betal; FoxM1: Forkhead box M1; TIF1y: transcriptional intermediary factor 1 vy; IP:

immunoprecipitation; IB: immunoblotting; Smad3/4: Sma and Mad homologue 3/4; *P < .05; **P < .01

proteins in mouse lung pericytes, as well as the interaction of FoxM1
proteins with phosphorylated Smad3 proteins (Figure 5B). Through
separate purification of the cytosol and nuclear fractions of mouse
lung pericytes combined with Western blotting, we showed that
TGF-p1 treatment significantly increased the Smad3 protein lev-
els in the nuclear fractions of mouse lung pericytes, together with
decrease of Smad3 in cytoplasmic fractions of mouse lung peri-
cytes treated with TGF-p1 (Figure 5C). Moreover, we found that
the Smad3 protein levels in nuclear fractions of mouse lung peri-
cytes under TGF-B1 treatment could be further elevated by over-
expression of FoxM1 (Figure 5C). The nuclear Smad3 protein levels
in mouse lung pericytes under TGF-f1 treatment were also shown
to be reduced by the treatment with TGFfRI inhibitor SB431542
in a concentration-dependent manner (Figure 5C). Furthermore,
we showed that the knockdown of FoxM1 with shFoxM1 signifi-
cantly reduced the nuclear FoxM1 levels in mouse lung pericytes
(Figure 5D). In addition, the increased nuclear Smad3 protein level
in mouse lung pericytes under TGF-f1 treatment was also greatly
down-regulated by shFoxM1 transfection (Figure 5D). These results
showed that FoxM1 could directly associate with Smad3 proteins to
promote the TGF-p1-induced nuclear retention of Smad3 proteins in

mouse lung pericytes.

3.6 | FoxM1 attenuates TIFly-mediated Smad4
protein ubiquitination and TGF-#1 signalling inhibition
in mouse lung pericytes

To further investigate the molecular events downstream of FoxM1
in PF pathogenesis, we then analysed the involvement of TIFly-
induced inhibition of Smad3/4 functions as transcription factor.
Using the Smad4-responsive SBE4-Luc reporter gene, we found that
TGF-B1 treatment enhanced the luciferase activity of the SBE4-Luc
reporter gene in mouse lung pericyte, which could be significantly
inhibited by the overexpression of the TIFly, showing the inhibition
of TIFly on the Smad3/4-mediated downstream gene transcription
(Figure 6A). However, the inhibition of Smad3/4-mediated transcrip-
tion by TIF1y in mouse lung pericytes under TGF-f1 treatment could
be partially attenuated by FoxM1 overexpression (Figure 6A). Also,

the formation of Smad3/4 protein complex in lung pericytes caused

by TGF-p1 treatment could be inhibited by TIF1y overexpression, but
FoxM1 overexpression significantly relieved the inhibition of forma-
tion of Smad3/4 protein complex by TIFly (Figure 6B). Moreover,
we observed that the interaction of TIF1ly with Smad4 as well as the
mono-ubiquitination of Smad4 protein in mouse lung pericytes under
TGF-p1 treatment was also remarkably suppressed by FoxM1 overex-
pression (Figure 6C and D). Furthermore, the interaction of TIF1ly and
Smad4 in mouse lung pericytes was greatly repressed by the knock-
down of Smad3 expression using siRNAs targeting Smad3 (Figure 6E).
In addition, our co-immunoprecipitation also confirmed that FoxM1
overexpression repressed the direct binding of Smad3 with TIF1y in
moue lung pericytes (Figure 6F). Together, these results showed that
FoxM1 promoted the expression of TGF-p1 signalling through attenu-
ating the TIF1y-induced Smad4 protein ubiquitination.

3.7 | Smad3 interacts with B-catenin, and FoxM1
binds with -catenin promoter to enhance fibrosis
gene expression in mouse lung pericytes

For more insights into the regulation of fibrosis by FoxM1 and
Smad3, we finally tested the potential roles of FoxM1 and Smad3
in regulating B-catenin gene expression as transcription factor. We
showed that transfection with shRNAs targeting f-catenin signifi-
cantly repressed the expression of Col1A and «-SMA in mouse lung
pericytes under treatments with TGF-p1 and let-7d (Figure 7A). Also,
the expression of Col1A and a-SMA in mouse lung pericytes treated
with TGF-B1 and let-7d was remarkably repressed by the treatment
with SB431542 (Figure 7B). The knockdown of FoxM1 by shFoxM1
induced significant decrease of B-catenin expression in mouse lung
pericytes (Figure 7C). Our following EMSA assay showed that FoxM1
protein could directly bind with the promoter region of the p-catenin
(Figure 7D). Through ChIP assay combined with PCR, we showed
that the association of FoxM1 protein with the promoter region of
the B-catenin was significantly repressed by the transfection with
shFoxM1 in mouse lung pericytes (Figure 7E). These results showed
that Smad3 interacts with p-catenin to regulate the expression of
downstream genes involved in lung fibrosis, and FoxM1 could bind
with the promoter of B-catenin to modulate fibrosis-related gene ex-

pression in mouse lung pericytes.
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FIGURE 7 Smad3 interacts with p-catenin and FoxM1 binds with -catenin promoter to enhance fibrosis gene expression in mouse lung
pericytes. A and B, The expression of 3-catenin, Col1A and a-SMA in mouse lung pericytes treated with TGF-f1, SB431542 and shf-catenin.
Pericytes transfected with the indicated sequences were treated with TGF-1 (5 ng/mL) and SB431542 (3 pumol/L) for 2 h. Fibrosis-related
gene expression was evaluated by Western blotting, using p-actin as the internal standard. C, The abundances of FoxM1 and f-catenin
proteins in mouse lung pericytes transfected with shFoxM1. Protein levels were measured by Western blotting. D, The direct binding of

FoxM1 proteins with the promoter regions of the B-catenin gene. Association of FoxM1 with p-catenin promoter was validated by the EMSA
method. E, Influence of the FoxM1 knockdown on the association of FoxM1 protein with the promoter regions of p-catenin. The association
of FoxM1 protein with promoter sequences was measured by the ChIP method followed by PCR. TGF-p1: transforming growth factor betal;

NC: negative control; shp-catenin: shRNAs targeting p-catenin; Col1A: collagen la; a-SMA: a-smooth muscle actin; FoxM1: Forkhead box
M1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *P < .05; **P < .01

4 | DISCUSSION

The pathogenesis of pulmonary fibrosis (PF) has long been known to
closely linked with the differentiation of pulmonary microvascular
pericytes into myofibroblasts and abnormal deposition of extracel-
lular matrix, which was mediated by the alterations of the TGF-p1/
Smad3/p-catenin signalling cascade®”; however, the regulatory mech-
anisms of this signalling axis during pericyte transformation and fibro-
sis remain poorly understood. In the present study, we showed that
FoxM1 protein, one transcription factor previously known to substan-

tially regulate cell proliferation and cell cycle, was highly expressed

in lung fibroblasts during PF pathogenesis. On the contrary, the ex-
pression of one microRNA let-7a was greatly down-regulated in ex-
osomes from broncho-alveolar lavage fluid of mouse PF model. Our
following assays proved that FoxM1 overexpression could promote
the expression of Smad3, p-catenin, Col1A and a-SMA genes in moue
lung pericytes, whereas overexpression of let-7d then significantly
repressed the expression of these genes in mouse lung pericytes.
Moreover, we subsequently revealed that let-7d performed its roles
of regulating fibrosis-related signalling pathways and gene expres-
sion in lung pericytes by directly targeting and suppressing TGF@RI.

Meanwhile, FoxM1 was found in this study to enhance the nuclear
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retention of Smad3 proteins and prevent the TIF1y-mediated mono-
ubiquitination and degradation of Smad3 proteins through directly
binding with Smad4 proteins. Furthermore, FoxM1 could also associ-
ate with the promoter region of the -catenin to regulate expression of
fibrosis-related genes in lung pericytes. These results disclosed a new
TGF-pRI/FoxM1/Smad/p-catenin axis in lung pericytes, which could
be negatively regulated by let-7d in exosomes from pulmonary vascu-
lar endothelial cells, in mediating PF pathogenesis.

Non-coding RNAs such as microRNAs (miRNAs), circular RNAs (cir-
cRNAs) and long non-coding RNAs (IncRNAs) have been established as
essential mediators of human diseases in the past decades.?”?® Among
them, microRNAs serve as potent regulator of gene expression via di-
rectly binding with the 3’ UTR region of functional genes, thus being re-
ported to be widely involved in pathogenic processes of various human
diseases including idiopathic pulmonary fibrosis (IPF).2*? On the other
hand, microRNAs have also been characterized as one major group of
cargos that could be transferred by exosomes to exert physiological and
pathogenic functions in tissues away from its original sites.?2% However,
litter is recently known about the roles of microRNAs encapsulated in
exosomes secreted by pulmonary vascular endothelial cells in regulating
lung pericyte fibrosis. In this study, we found that the expression of let-7d,
a microRNA previously known to suppress TGF-p1-induced renal fibro-
genesis,?> was significantly reduced in exosomes from mouse PF model.
Importantly, the expression of Smad3 and p-catenin in mouse lung peri-
cytes, as well as Col1A and a-SMA involved in fibrosis, was significantly
repressed by overexpression of let-7d, but elevated by treatment with
these low let-7d isolated from model mice compared with exosomes from
normal mice. More importantly, we proved here that let-7d could directly
target the TGFBRI in mouse pericytes, which indicated that the modula-
tion of TGFpBRI expression by non-coding RNAs might serve as a promis-
ing strategy to prevent PF pathogenesis.

FoxM1 (Forkhead box M1) was previously reported as an essential
regulator of the Wnt/p-catenin signalling pathway through directly
binding with B-catenin protein to retain p-catenin in nucleus and pro-
moting the B-catenin transcription.*>> Also, FoxM1 could enhance
the TGF-$1/Smad3 signalling in cancer cells by stabilizing Smad3/
Smad4 complex and inhibiting Smad4 protein degradation induced by
TIF1y.X Here, in the present study, we showed that FoxM1 expres-
sion was highly elevated in the lung fibroblasts in mouse model and
human tissues with PF. Moreover, the expression of FoxM1 gene in
mouse lung pericytes could be enhanced by TGF-p1 treatment and
let-7d inhibitor, but effectively down-regulated by let-7d mimics. Of
significance, we showed here that FoxM1 overexpression in mouse
lung pericytes significantly elevated the expression of Smad3, $-cat-
enin, CollA and a-SMA, whose expression could also be repressed
by FoxM1 knockdown in mouse lung pericytes under TGF-p1 treat-
ment. These results convincingly supported the roles of FoxM1 as a
key positive mediator of TGF-f1-induced lung pericyte fibrosis during
PF pathogenesis, which is consistent with previous report showing
the association of FoxM1 with transformation of lung pericytes into
myofibroblasts.17 In terms of molecular mechanisms, we showed in
this study that the FoxM1 could directly associate with the Smad3

protein, which resulted in greatly increased Smad3 nuclear retention
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and promoted expression of downstream genes. Furthermore, we
also showed that the mono-ubiquitination and degradation of Smad4,
which was induced by TIF1y, could be inhibited by the binding of
FoxM1 protein with Smad3 protein. Together, our above-mentioned
findings in this study indicated that the regulation of Smad3/4 protein
complex stability and Smad3 nuclear retention might be a prevalent
molecular mechanism of FoxM1 functioning in distinct physiological
and pathogenic contexts.

As introduced above, the regulation of p-catenin transcription
and nuclear distribution by FoxM1 protein was critically associated
with the TGF-B1 signalling cascade. >’ Previous report proved that
fB-catenin serves as one important co-factor of the TCF (T-cell factor)
transcription factors, which could mediate various biological pro-
cesses by promoting the expression of a multitude of downstream
functional genes such as cyclin-D1, c-myc and survivin.>® The activa-
tion of B-catenin signalling has been suggested as a common feature
of lung fibrosis, because of its potent roles of promoting pulmonary
fibroblast proliferation and migration.33'34 In this study, we showed
the expression of -catenin in mouse lung pericytes was significantly
increased by TGF-p1 treatment, let-7d inhibitor and FoxM1 overex-
pression, but greatly repressed by let-7d mimic, TGFBRI inhibitor and
FoxM1 knockdown. Also, $-catenin knockdown with shRNAs caused
significant decreases of Col1A and a-SMA expression in mouse lung
pericytes under TGF-p1 treatment. Importantly, we finally showed
that FoxM1 proteins could be directly associated with promoter re-
gion of the p-catenin in mouse lung pericytes by both EMSA and
ChIP-PCR assays, which validated the roles of p-catenin in PF devel-
opment, as well as the diversity of molecular mechanisms underlying

FoxM1 and B-catenin-mediated lung pericyte fibrosis.

5 | CONCLUSIONS

In summary, we unveiled in this study that the microRNA let-7d,
whose expression was suppressed in exosomes derived from pulmo-
nary vascular endothelial cells, could target and repress the TGFpRI
to modulate the downstream FoxM1/Smad/p-catenin signalling axis
and lung pericyte fibrosis. FoxM1 protein could enhance the nuclear
retention of Smad3 protein and stabilize Smad3/4 protein complex to
promote the expression of fibrotic gene expression in lung pericytes
by directly binding with Smad3 protein. These results provided novel
insights into the pathogenesis of PF mediated by the TGF-p1/Smad
and Wnt/p-catenin signalling cascades, which might serve as a basis
for developing new drugs preventing PF development.
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