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transition process by Forkhead Box C2
in the repair of airway epithelium after injury
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Abstract

Background Epithelial-mesenchymal transition (EMT) is regarded as a key process in repair of airway epithelium
after injury. Forkhead Box C2 (FOXC2) is a transcription factor involved in EMT process, whether it is involved in repair
of bronchial epithelium remains unknown.

Methods C57BL/6 mice were subjected to intraperitoneal injection with naphthalene (NAPH; 200 mg/kg) to induce
airway injury model. gPCR, immunoblot and FOXC2 immunohistochemistry assays were conducted to detect

the expression of FOXC2 in bronchial epithelium. To explore the function of FOXC2 in NAPH-induced airway injury,
the mice were given intratracheal administration of sShFOXC2- or shNC-lentivirus particles, followed by NAPH treat-
ment. Hematoxylin-and-eosin staining was used to assess the histopathology of the bronchial epithelium. Immuno-
fluorescence analysis of CCSP, a club cell marker confirmed the CCSP expression in bronchial epithelium. Immunoblot
and immunofluorescence assays determined the expression of E-cadherin, vimentin, and N-cadherin. In mouse
primary bronchial epithelial cells (PBECs), we overexpressed and silenced FOXC2 by lentivirus particles, respectively.
Cell migration was analyzed using wound healing assay. Immunoblot assays determined the E-cadherin, vimentin,
FN-EDA expression in TGF-B1-induced PBECs. mRNA sequencing (mRNA-seq) and FOXC2 ChlIP sequencing (ChIP-
seq) to reveal the downstream genes of FOXC2 in TGF-B1-induced PBECs. Luciferase assay, ChIP-PCR and functional
rescue experiments were performed to confirm the interaction of FOXC2/formin binding protein 1 (FNBP1) in TGF-B1-
induced PBECs.

Results FOXC2 expression was up-regulated in the lung tissues of mice at 2, 3 and 6 days post-NAPH. FOXC2 knock-
down in bronchial epithelium of mice delayed CCSP* club cell regeneration and normal repair of the airway epithe-
lium within 14 days after injury. Knockdown of FOXC2 increased E-cadherin but decreased vimentin and N-cadherin,
EMT markers during early phase after injury. In vitro, knockdown of endogenous FOXC2 repressed the migration

of cells and increased TGF-31-induced E-cadherin but decreased vimentin, N-cadherin and FN-EDA. Exogenous
FOXC2 addition exerted opposite effects. Furthermore, mRNA-seq and FOXC2 ChiP-seq revealed that FNBP1 might be
a downstream target of FOXC2. Overexpression of FNBP1 reversed the inhibitory role of FOXC2 knockdown in EMT.

Conclusions These data highlight the important function of FOXC2 as a regulator in repair of bronchial epithelium
after injury.
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Introduction

Airway epithelium plays pivotal roles in the defense
against allergens, pathogens and pollutants in the air.
Airway remodeling characterized by structural changes
is produced by epithelial injury and repair in chronic
lung diseases including pulmonary fibrosis, asthma and
emphysema [1, 2]. Exploring the molecular mechanism
of defective epithelium repair in airway remodeling is of
tremendous importance for the prevention or treatment
of chronic lung diseases.

Naphthalene (NAPH) is an acute toxicant, which
causes airway damage during a short period of time [3].
Club cells are a secretory epithelial cell type that located
in the bronchial epithelium. In chronic lung diseases,
club cells contribute to the repair after epithelium injury
by self-renewal and differentiation [4]. In NAPH-induced
injury in mice, the vacuolar club cells are immediately
dead and exfoliated at 24 h. Surviving cells have a major
responsibility of the airway repair. Cell migration is obvi-
ously increased at 2—3 days after injury due to a morpho-
logical Epithelial-mesenchymal transition (EMT). Cell
differentiation occurs at 6-7 days post-NAPH. By 14 days
post-injury, the injury is largely complete [3, 5]. However,
the molecular mechanisms of bronchial epithelium repair
have not been elaborated.

Forkhead Box C2 (FOXC2) is a member of the FOX
transcription factor family, which is involved in multi-
ple biological processes, including cell migration and

tissue regeneration. In human diseases, FOXC2 con-
trols the development of the disease process through
several mechanisms, including EMT and cell migration
[6—8]. There is also evidence that deletion of FOXC2
aggravates ischemia/reperfusion-induced intestinal
damage [9]. FOXC2 in the injured tubular cells has
been found to active EMT process [10]. In the develop-
ment of the lung, FOXC2 knockout causes the aberrant
differentiation of alveolar epithelial cells [11]. How-
ever, the function of FOXC2 in bronchial epithelium in
response to NAPH-induced injury remains unknown.

In the current study, we found that FOXC2 is highly
expressed in bronchial epithelium of mice with NAPH
exposure. Knockdown of FOXC2 causes defective
repair of bronchial epithelium in vivo. In vitro stud-
ies suggest that FOXC2 enhances epithelial wound
responses using mouse primary bronchial epithelial
cells (PBECs). mRNA sequencing (mRNA-seq) and
ChIP sequencing (ChIP-seq) and the related functional
assays reveal that formin binding protein 1 (FNBP1)
may be a downstream target of FOXC2. FNBP1, a mem-
ber of the F-Bar protein family, has been documented
to influence cell survival, EMT and migration [12-14].
A down-regulated expression of FNBP1 in response to
FOXC2 indicated that FOXC2 via FNBP1 might play
a key role in bronchial epithelial wound repair. Our
data highlight that FOXC2 is a key transcription factor
involved in bronchial epithelial wound repair by regu-
lating FNBP1 transcription.
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Materials and methods

Plasmids and shRNA constructs

The cDNA encoding Mus FNBP1 (NM_001177648), or
c¢DNA encoding Mus FOXC2 (NM_013519), or FOXC2
SshRNA™ (5"-CCTACAACATGTTCGAGAATG-3'),
or FOXC2 shRNA™? (5'-CCTTCTACCGCGAGAACA
AGC-3") was amplified and then inserted into the pLVX-
IRES-puro vector or pLVX-shRNA1 vector (Fenghui
Shengwu, Changsha, China). For lentivirus production,
the vector along with lentiviral packaging pSPAX2 vector
and envelope pMD2.G vector (Fenghui Shengwu, Chang-
sha, China) were co-transfected into HEK293T cells
(Cellverse, Shanghai, China) using Lipofectamine 3000
transfection reagent (Invitrogen, CA, USA). Lentivirus
was harvested 48 h and 72 h following transfection.

Airway epithelial injury induction and treatment

A total of 120 eight-week-old female C57BL/6 mice were
kept in suitable mouse cages with free access to food and
water for 1 week before experiment. Animal experimen-
tal protocol was approved by the Shengjing Hospital of
China Medical University Institute Animal Care and Use
Committee (approval number: 2024PS116K).

NAPH (CAS number 91-20-3) was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd
(Shanghai, China). NAPH-induced airway epithelial
injury in C57BL/6 mice was conducted according to the
method of Gorissen et al. [5]. The mice in NAPH group
were subjected to intraperitoneal injection of 200 mg/kg
NAPH in corn oil. Control mice were injected with corn
oil. At 1, 2, 3, 6, and 14 days after NAPH injection, lung
tissues were harvested for analysis. For in vivo experi-
ments, experiments were accomplished with n=6 rand-
omized animals per group.

To explore the role of FOXC2 in airway injury repair,
mouse trachea was exposed by making a cervical incision
under anesthesia, the mice were intratracheally infected
of lentiviral particles (3x10° TU) 3 days before NAPH
treatment. At 3, 6, and 14 days after NAPH treatment,
lung tissues were collected for subsequent assays.

Histopathology of lung tissues

The lung tissue samples were fixed in 4% paraformalde-
hyde overnight at 4 °C. The tissues were embedded in
paraffin, sectioned into 5 pum thick sections and stained
with hematoxylin (Solarbio, Beijing, China) and eosin
(Sangon, Shanghai, China). The staining results were
observed with an Olympus DP73 microscopy (Olympus,
Tokyo, Japan; magnification, x 200).

Immunohistochemistry
FOXC2 expression in lung tissues was detected by
standard immunohistochemistry assay. The antigen
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repair solution was put into a heat-resistant container
and heated in the microwave oven until boiling. Then,
the prepared samples were placed in the antigen repair
solution and heated for 10 min for antigen repair. After
antigen retrieval, 3% H,O, incubation and 1% BSA incu-
bation, the sections were immunostained with mouse
FOXC2 antibody (1:100; Bioss, Beijing, China) overnight
at 4 °C. Incubation of the secondary antibody (HRP-
labeled goat anti-rabbit IgG; 1:200; Sangon, Shanghai,
China) were performed for 1 h at room temperature.
The color was developed using Diaminobenzidine (DAB;
Solarbio, Beijing, China) chromogen and nuclei coun-
terstain was achieved with hematoxylin. The staining
images were captured by an Olympus DP73 microscopy
(magnification, X 400).

Immunofluorescence

For single immunofluorescence staining of lung tissues,
the lung sections were incubated overnight with club
cell secretory protein (CCSP) primary antibody (1:50;
Santa Cruz, CA, USA) at 4 °C. The lung sections were
then incubated with anti-mouse IgG secondary anti-
body (1:200; CST, MA, USA) for 1 h. For single immu-
nofluorescence staining of PBECs, the cells were seeded
on glass slides in a cell culture plate, and the fixed cells
with 4% paraformaldehyde were incubated overnight
with vimentin primary antibody (1:100; Affinity, Chang-
zhou, China) at 4 °C. The cell slices were then incubated
with anti-rabbit IgG secondary antibody (1:200; CST,
MA, USA) for 1 h. For double immunofluorescence
staining, the lung sections were incubated with primary
antibodies anti-CCSP (1:50; Santa Cruz, CA, USA) and
anti-vimentin (1:100; Affinity, Changzhou, China) or
anti-N-cadherin (1:100; Affinity, Changzhou, China). The
secondary antibodies anti-rabbit IgG and anti-mouse IgG
(1:200; CST, MA, USA) was used and the incubation time
was 1.5 h. DAPI (Aladdin, Shanghai, China) was used for
counterstain. All slides were mounted on microscopy and
staining results were analyzed with the Olympus DP73
microscopy (magnification, X 400).

Cell culture and treatment

Mouse PBECs was purchased from Cellverse Biosci-
ence Technology Co., Ltd (Shanghai, China). Cell culture
was conducted according to the manufactures instruc-
tions (in a 37 °C, 5% CO, incubator). Air-liquid inter-
face (ALI) culture of PBECs was performed as described
previously [15]. In this study, PBECs were grown in ALI
culture system (Cellverse, Shanghai, China) for 21 days
for cell differentiation. For exploring the role of FOXC2
in vitro, PBECs were infected with the indicated lentivi-
rus particles at a multiplicity of infection (MOI) of 20,
including lv-shFOXC2, Iv-shNC, Iv-FOXC2oe (lentivirus
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overexpressing FOXC2), or lv-Vector (empty Vec-
tor). After 72 h of infection, some cells were subjected
to wound healing assay. Other cells were treated with
recombinant TGF-B1 (SinoBiological, Beijing, China;
10 ng/ml) for 24 h. In addition, PBECs were infected with
lv-shFOXC2 and lv-FNBPloe (lentivirus overexpressing
FOXC2) for 72 h, followed by TGF-f1 treatment.

Luciferase assay

Human 293 T cells were kept in DMEM (Servicebio,
Wuhan, China) including 10% FBS (Bioshrap, Anhui,
China). Cells were transfected with FOXC2 overexpres-
sion plasmid (FOXC2o0e) or the control (pcDNA-3.1)
and FNBP1 promoter luciferase reporter vectors using
the Lipofectamine 3000 (Invitrogen, CA, USA). At 48 h
after transfection, luciferase activity was measured using
a dual luciferase reporter assay kit (KeyGen, Nanjing,
China) following the manufacturer’s protocols.

Wound healing assay

Cell migratory ability was tested with a wound heal-
ing assay. The infected cells were cultured in serum-free
medium and scratched using a 200 ul pipette tip. At 0 h
and 24 h after scratching, the wounded areas were cap-
tured under the Olympus DP73 microscopy (magnifi-
cation, X 100) and the percentage of wound closure was
calculated.

Quantitative PCR assay

The expression of FOXC2 and FNBP1 mRNA in lung
tissues or PBECs was determined by quantitative PCR
(qPCR). Total RNA was extracted with TRIpure lysis
buffer (Bioteke, Beijing, China). The first-strand cDNA
was synthesized with All-in-One First-Strand Super-
Mix (Magen, Guangzhou, China) following the manu-
facturer’s instructions. qPCR assay was performed with
SYBR Green (Solarbio, Beijing, China) in accordance
with the manufacturer’s protocols. The primers utilized
were as follows: FOXC2 forward, 5'-GAACAGCAT
CCGCCACA-3" and reverse, 5-CCGCTCCTCCTT
GTCCTT-3; FNBP1 forward, 5'-AGTGCCTGGACG
GGATA-3 and reverse, 5'-GCGTTTCATTGGCTGTG-
3’; and B-actin forward, 5 -CATCCGTAAAGACCTCTA
TGCC-3" and reverse, 5'-ATGGAGCCACCGATCCAC
A-3'.

Chromatin immunoprecipitation and PCR assay

ChIP assay was performed using a ChIP assay kit (Beyo-
time, Shanghai, China) as per the manufacturer’s instruc-
tions. Protein-DNA complexes were overnight incubated
with anti-FOXC2 antibody or IgG. Whole cell lysate was
used as Input control. After washing, the effectiveness
of ChIP was evaluated by PCR assay. The primers used
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were: ENBP1 forward, 5 -ACATTCCCGAGTTCTTTC
C-3’ and reverse, 5'-TCGCCATCTGCCTTCTAC-3".

Immunoblot assay

Total protein was extracted using cell lysis buffer (Beyo-
time, Shanghai, China) and BCA kit (Beyotime, Shang-
hai, China) was used for quantification of protein
concentration. Proteins were separated using 10% SDS-
PAGE and then transferred onto PVDF membranes
(Abcam, Cambridge, UK) for 30 min. After blocking for
1 h with blocking solution (Beyotime, Shanghai, China),
the membranes were overnight incubated at 4 °C with
anti-FOXC2 antibody (1:100; Santa Cruz, CA, USA),
anti-E-cadherin, anti-vimentin, anti-N-cadherin anti-
body (1:1000; Affinity, Changzhou, China), or anti-cellu-
lar fibronectin (FN-EDA) antibody (1:2000; Proteintech,
Wuhan, China). The secondary antibodies (goat anti-
mouse or anti-rabbit IgG-HRP; 1:1000; Beyotime, Shang-
hai, China) were applied for an incubation of 45 min.
The blots were observed using ECL solution (Beyotime,
Shanghai, China).

mRNA sequencing and ChIP sequencing

mRNA-seq and ChIP-seq analyses were performed
according to the previous description [16]. For gene
expression profile, the RNA was extracted from PBECs
and cDNA libraries were prepared. An illumina sequenc-
ing platform was used for mRNA-seq. R language pack-
age DESeq2 was used to determine the differential gene
expression. For ChIP-seq of FOXC2, PBECs were incu-
bated with anti-FOXC2 antibody or IgG. The precipitated
DNA was extracted and purified for Illumina sequencing.

Bioinformatics analysis

The GSE17693 dataset was obtained from the Gene
Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/). The criterion of |Log,FC|>1 and
p<0.05 was used to screen the differentially expressed
genes (DEGs). EMT-related genes were screened using
GeneCards database (https://www.genecards.org).

Statistical analysis

Values are presented as mean + standard deviation (SD).
Statistical analysis was conducted by GraphPad Prism
8.0 software. Differences were evaluated using Student’s
t-test or analysis of variance (ANOVA). P<0.05 was
regarded as statistically significant.

Results

FOXC2 is highly expressed in the lungs of NAPH-treated
mice

Based on the GSE17693, a dataset related with repair
of airway epithelium after injury, we obtained gene
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expression profiles of the lung samples from the mice with
NAPH treatment (6 days post-NAPH) and healthy con-
trol. According to the screening criterion of |Log,FC|>1
and p<0.05, we identified 2585 up-regulated DEGs and
1341 down-regulated DEGs (Fig. 1A and B). Transcrip-
tion factors (TFs) are the key regulators involved in tran-
scriptional regulation and plays crucial roles in multiple
biological processes, including EMT. The members of
FOX transcription factor family are mostly important in
the modulation of cell migration and EMT [17-19]. Thus,
we specifically focused on the forkhead box family in this
study. Figure 1C displayed the DEGs belong to FOX tran-
scription factor family depicted as a Heat-map. Of these
11 DEGs, FOXL1 has been reported to play a primary
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role in lung fibroblasts [20], and FOX]J1 has been found to
modulate the repair of airway epithelium [17]. The third
DEG, FOXC2, was selected in this study. GO enrichment
analysis revealed that FOXC2 might be involved in the
regulation of cell differentiation, migration and tissue
remodeling (Fig. 1D). Further analysis of the GSE17693
dataset found that the expression of FOXC2 was up-
regulated in response to NAPH-induced airway epithe-
lium injury at various time points (Fig. 1E), implying
the importance of FOXC2 in injury repair. To confirm
the above findings, airway injury in mice was induced
by NAPH intraperitoneal injection (Fig. 2A). qPCR and
immunoblot results demonstrated that FOXC2 expres-
sion was up-regulated to varying degrees in the lungs of
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Fig. 1 Online database analysis of FOXC2 expression in the NAPH model of airway injury. A Differentially expressed genes (DEGs) in GSE17693
were shown with a volcano map using |Log2FC|> 1 and p <0.05 as the screening criterion. Red indicates down-regulated DEGs, and dark grey
indicates up-regulated DEGs. B Pie chart showed the number and percentage of up- and down-regulated DEGs in naphthalene (NAPH)-treated
lung tissues compared with the control group. C Heat-map analysis of FOX (Forkhead Box) transcription factor family. D Gene Ontology (GO)
functional annotation analysis of FOXC2. E FOXC2 expression value in the lung tissues of control mice and NAPH-treated mice. Data are presented

as mean+SD. **p<0.01
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tissues. C Immunoblots were carried out for FOXC2. D Representative FOXC2 immunohistochemistry of lung tissues. Black arrows indicate
FOXC2-positive staining. Scale bar: 50 um. E The lung tissues were stained with hematoxylin & eosin for morphological observation. Black arrows
indicate injured cells. Scale bar: 100 um. Data are presented as mean £ SD. **p <0.01

NAPH-treated mice compared with the control, and was
significantly up-regulated on days 2, 3, and 6 post-NAPH
(Fig. 2B and C). FOXC2 immunohistochemistry results
verified the qPCR and immunoblot findings, and showed
that FOXC2 was expressed in the bronchial epithelium
(Fig. 2D). Hematoxylin-and-eosin staining uncovered
that there were injured and exfoliated cells in bronchial
epithelium on day 2 post-NAPH. By days 6 and 14 post-
NAPH, there was gradual regeneration of epithelial cells
(Fig. 2E).

FOXC2 affects airway epithelial regeneration

in NAPH-treated mice

To determine the function of FOXC2 in bronchial
epithelium repair in vivo, the lentivirus-mediated

knockdown of FOXC2 in the bronchial epithelium
was administrated in NAPH model of airway injury
(Fig. 3A). qPCR and immunoblot analysis showed
obvious suppression of FOXC2 mRNA and protein
by lentivirus-mediated shFOXC2 (Fig. 3B and C).
An analysis of immunohistochemistry revealed the
decreased FOXC2 protein in the bronchial epithelium
after Iv-shFOXC2 administration at 3 days post-NAPH
(Fig. 3D). By day 14, NAPH-induced cell injury gradu-
ally repaired and the airway changes reversed back to
the basal level, while knockdown of FOXC2 caused
delayed epithelial regeneration, demonstrated by exfoli-
ated epithelial cells, as described in Fig. 3E. Immunoflu-
orescence analysis of CCSP, a club cell marker showed
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that at 3 days post-NAPH, CCSP™* club cells were lost, cell number induced by NAPH at 3 days post-NAPH,

while returned to normal levels at 14 days post-NAPH. but delayed the differentiation of club cells at 6 days

FOXC2 knockdown had no significant effect on club  post-NAPH, causing the delay of repair within 14 days
after injury (Fig. 3F).
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FOXC2 knockdown regulates the expression of EMT
markers in response to NAPH-induced airway epithelial
injury

EMT is a key process for tissue regeneration [21].
Immunoblot assays were performed to determine the
expression of EMT markers E-cadherin, vimentin,
and N-cadherin in the lung tissues. We found an obvi-
ous reduction in E-cadherin and increase in vimentin

A NAPH

lv-shFOXC2

lv-shNC
&
-3

NAPH

159 4

120

| || v-shFoxC2-

=
5]
O
E-cadherin| s
P

B-actin -— —42

kDa
o 53

Vimentin

B-actin | s s m— —— 42

kDa
~100

N-cadherin

Page 8 of 15

and N-cadherin in the lungs of NAPH-treated mice. In
response to FOXC2 knockdown, there were increased
E-cadherin and decreased vimentin and N-cadherin
in the lungs (Fig. 4A). Immunofluorescence results of
vimentin and N-cadherin indicated the reduced vimen-
tin and N-cadherin expression in the bronchial epithe-
lium of NAPH-treated mice with FOXC2 knockdown
(Fig. 4B and C).

* % * ¥ * % * ¥

o

B-actin

Relative protein level of E-cadherin

0.5+ ﬁ
0.0 T
mem e emew ewas e }—42 2

1 2 3 4 5
Total lung lysates

B

Vimentin

YND

NAPH

Iv-shNC

NAPH

lv-shFOXC2? 1v-shFOXC2"!

Relative protein level of Vimentin
o
Relative protein level of N-cadherin

W -

1 2 3 45 1 2 3 45

DAPI

N-cadherif

lv-shNC

lv-shFOXC2? 1v-shFOXC2!

Fig. 4 Knockdown of FOXC2 suppresses EMT in NAPH-treated mice. A Immunoblots were performed in the lung tissues for the indicated proteins.
B The lung tissues were stained with anti-vimentin and anti-CCSP antibodies, and representative images of dual staining were shown. Yellow arrows
indicate vimentin- and CCSP-positive cells. Scale bar: 50 um. C Representative images of dual immunofluorescence staining of N-cadherin and CCSP
in the lung tissues. Yellow arrows indicate N-cadherin- and CCSP-positive cells. Scale bar: 50 um. Data are presented as mean+SD. **p <0.01
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of FOXC2 knockdown and overexpression in mouse primary bronchial epithelial cells was verified using gPCR and immunoblot assays. D
Representative images of scratch experiment and percentage of cell scratch healing. Data are presented as mean +SD. **p <0.01

FOXC2 mediates migration of bronchial epithelial cells

Mouse PBECs were cultured in ALI for 21 days for differ-
entiation, and we evaluated the role of FOXC2 in PBEC
migration (Fig. 5A). Infection of PBECs with lv-shFOXC2
significantly down-regulated endogenous FOXC2 mRNA
and protein expression levels, while PBECs infected with
lv-FOXC2o0e exhibited up-regulated FOXC2 expression
(Fig. 5B and C). Under normal conditions, knockdown
of FOXC2 in PBEC:s significantly suppressed cell migra-
tion, and cell migration was increased by overexpression
of FOXC2, as shown by the scratch experiment (Fig. 5D).

FOXC2 mediates EMT in mouse PBECs

Under TGF-Pl-induced conditions, FOXC2 expres-
sion was up-regulated in mouse PBECs. The expres-
sion of FOXC2 in TGF-p1-induced mouse PBECs was
obviously decreased by Iv-shFOXC2 infection but
was increased by lv-FOXC2oe. Meanwhile, knock-
down of FOXC2 increased E-cadherin expression and
reduced vimentin, N-cadherin and FN-EDA levels in
TGEF-B1-treated PBECs. Overexpression of FOXC2
exerted opposite roles in EMT markers (Fig. 6A).
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Fig. 6 Knockdown of FOXC2 inhibits EMT. A Immunoblot assays were performed to detect the expression of the indicated proteins in mouse
primary bronchial epithelial cells. B Vimentin immunofluorescence staining in cells. Scale bar: 50 um. Data are presented as mean +SD. **p < 0.01
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Immunofluorescence analysis of vimentin was consist-
ent with the result of immunoblot (Fig. 6B).

FOXC2-mediated gene expression profile

in TGF-B1-induced mouse PBECs

RNA-seq analysis was conducted in TGF-Bl-induced
mouse PBECs to search for transcriptional targets of
FOXC2. The experimental diagram was presented in
Fig. 7A. As the PCA plot displayed, the segregation of
two groups was evident (Fig. 7B). The data of mRNA-
seq were presented using volcano map and heat-map.
We identified 2490 DEGs based on the criterion of
|Log,FC|>1 and p<0.05 (Fig. 7C and D). The DEGs were
summarized and presented in Table S1. GO enrichment

results of DEGs were shown in Fig. 7E. We screened 10
GO entries, including extracellular matrix organization,
connective tissue development, fat cell differentiation,
ameboidal-type cell migration, epithelial cell migration,
epithelium migration, tissue migration, regulation of epi-
thelial cell proliferation, cell-matrix adhesion, and regu-
lation of developmental growth.

ChlIP-seq analysis of genomic binding sites for FOXC2

To reveal how FOXC2 controls gene expression in
TGF-B1-induced mouse PBECs, ChIP-seq analysis was
performed (Fig. 8A). Figure 8B showed the form and dis-
tribution of elements binding to FOXC2, including pro-
moter, 5’UTR, 3’'UTR, exon, intron, downstream region,



Wang and Liu Respiratory Research (2025) 26:96 Page 12 of 15
A N
Experimental Diagram g
o
5 5
I'GF-pl-treated Immunoprecipitate gt I_‘_"_' Release and ChIP
MPBECs FOXC2 :__._: :_~_-‘_; — purify DNA === Sequencing
1P
Input FOXC2
B C 30 — genes | | D
25 | mRNA-seq ChIP-seq
(Downregulated DEGs) (Promoter)
20+
154 .
30 TSS 3.0-3.0 TSS 3.0 kb
A
0 NI/
O Promoter (< 1kb): 5.56%
@ Promoter (1-2kb): 1.52% L 60
OPromoter (2—3kb): 1.68%
®5' UTR: 6.52% 8 o
D3' UTR: 4.08% S o eneCards N
®1st Exon: 6.88% L 40 (Epithelial-mesenchymal transition)
O Other Exon: 13.49%
@1st Intron: 10.84%
O Other Intron: 23.41% PLCD1
B Downstream (<=300): 0.16% 20 FNBP1
O Distal Intergenic: 25.85% BHLHE40
T . Lo
-3.0 TSS 3.0-3.0 TSS 3.0 kb

gene distance (bp) gene distance (bp)
Fig. 8 FNBP1 may be a target of FOXC2 in TGF-31-treated mouse primary bronchial epithelial cells. A Experimental diagram of FOXC2 ChIP

sequencing (ChiIP-seq). B Pie chart showing the distribution of FOXC2 ChIP-seq peaks on the functional elements. C Heat-map of the enrichment
of reads near the TSS. D Venn diagram of mRNA-seq, ChIP-seq, and EMT-related genes from the GeneCards database

and distal intergenic sites. There was about 9% of the
ChIP peaks enriched in the promoter region of target
genes. The heat-map in Fig. 8C revealed that the strongest
FOXC2 ChIP-seq signals were around the transcription
start site (TSS). As shown in Fig. 8D, the down-regulated
target DEGs related to EMT that interacted with FOXC2
were identified in PBECs. The overlapped genes in Venn
diagram were FNBP1, PLCDI1, and BHLHE40, and
ENBP1 was highlighted for its role in EMT.

FNBP1 mediates the role of FOXC2 in EMT

The promotion of EMT process by FNBP1 has been
reported in tumor cells [14], but FOXC2/FNBP1 regula-
tory mechanism in PBECs is not clear. Result of gPCR
suggested that FOXC2 knockdown resulted in a reduc-
tion in FNBP1 mRNA level in TGF-B1-induced mouse
PBECs (Fig. 9A). Dual-luciferase activity assay verified
that FOXC2 overexpression increased the luciferase
activity of FNBP1 promoter (Fig. 9B). In TGF-p1-induced

mouse PBECs, FOXC2 could bind to FNBP1 displayed
by ChIP-PCR assay (Fig. 9C). In TGF-p1-treated PBECs,
ENBP1 overexpression promoted the expression of
vimentin and N-cadherin inhibited by FOXC2 knock-
down, as detected by immunoblot and immunofluores-
cence assays (Fig. 9D and E).

Discussion

In this study, we found during airway injury repair the
up-regulation of FOXC2 expression to varying extents in
the bronchial epithelium in response to NAPH challenge.
Knockdown of FOXC2 delays epithelial regeneration
after NAPH treatment in vivo. Using a mouse PBECs,
we found that FOXC2 knockdown suppresses the migra-
tion and EMT, and FOXC2 overexpression exerts oppo-
site functions in vitro. nRNA-seq and ChIP-seq analysis
uncover FNBP1 as a potential target of the transcription
factor FOXC2 in bronchial epithelial cells. These findings
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show that FOXC2 may be a critical regulator of airway
repair through regulating FNBP1 transcription.

Exposure of mice to NAPH induces acute tracheal
injury, a common injury model [5]. After injury, bron-
chial epithelial cells in the lungs, the first line of defense,
are dead and gradually exfoliated. The surviving club
cells act as primary progenitor cells that are responsible
for restoration of the bronchiolar epithelium [22, 23]. At
the early phase of injury repair, at days 2 and 3, resist-
ant populations of club cells are activated and have the
ability to migrate to denuded injury areas. By days 6 and
14, the repair phase, cell differentiation and epithelial
regeneration are obvious. The bronchiolar epithelium
changes are almost restored to normal at day 14 [3, 5].
Our experiments revealed the FOXC2 expression within
the bronchiolar epithelium, and whether FOXC2 is impli-
cated in the epithelium repair after injury is unclarified.
The transcription factor FOXC2 has been reported to

control tissue remodeling, such as vascular remodeling in
adipose tissue [24] and intestinal regeneration [9]. In the
present study, the down-regulated expression of FOXC2
was associated with reduced CCSP-positive club cells
following exposure out to 6 days, which indicates the
promoting effect of FOXC2 on cell regeneration after epi-
thelium injury repair. Moreover, by 14 days after NAPH
injury, epithelial FOXC2 knockdown delayed epithelial
repair and resulted in the impairment of airway integrity.
Our findings indicated that FOXC2 may be a good bio-
marker for airway damage in response to toxic pollutants.

Injured epithelial cells typically undergo mesenchy-
mal transformation, accompanied by the cytoskeletal
reorganization, thereby facilitating cell migration and
injury repair [25]. An increasing number of researches
supports that the epithelial cells after injury exhibit a
dynamic variation in EMT, and EMT is a protective cel-
lular response to injury for epithelial cells [25-27]. In
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NAPH-induced injury model, EMT appears at days 2
and 3 post-NAPH [5, 28]. Previous studies have shown
that FOXC2 can mediate EMT process to activate cell
response after injury [10]. FOXC2 up-regulation in can-
cer cells enhances migration and invasion [7]. In vivo
study demonstrated that FOXC2 knockdown increased
epithelial marker E-cadherin and reduced mesenchymal
markers vimentin and N-cadherin levels in the bronchi-
olar epithelium. Experimentally, EMT can be promoted
by the cytokine TGF-f1 [21]. We demonstrated that
FOXC2 knockdown inhibited the EMT induced by TGF-
B1 using mouse primary epithelial cells. EMT in epithe-
lium enhances the migratory ability of cells [29]. FOXC2
has been found to promote cell migration through EMT
in tumors and injured kidney [7, 10]. The role of FOXC2
in epithelial cell migration in our study was consistent
with the previous studies. These findings highlight the
critical role of FOXC2 in epithelial repair after injury via
EMT.

The potential mechanisms by which FOXC2 controls
EMT progression during NAPH-induced injury of airway
epithelium are incompletely understood. In our study, a
combination of mRNA-seq with ChIP-seq was applied
in TGF-P1l-induced PBECs. The results revealed that
FOXC2-regulated genes might be involved in epithelial
cell migration. Comprehensive analysis of mRNA-seq,
ChIP-seq and GeneCards, the FNBP1 was given more
focus, which was down-regulated in TGF-f1-induced
PBECs. FOXC2 can function as an activator of tran-
scription to regulate the expression of downstream tar-
get genes [30, 31]. A recent study found that FNBP1 is
required for regulating vertebrate gastrulation, involving
in the modulation of cell migration [13]. Previous study
has shown that FNBP1 expression was positively asso-
ciated with EMT in cancer [14]. We found that FOXC2
could interact with FNBP1 and transcriptionally activate
ENBP1 mRNA in mouse PBECs. Importantly, we dem-
onstrated that increased expression of FNBP1 rescued
the EMT inhibited by FOXC2 knockdown. Our results
indicated the function of FOXC2 in EMT process by
regulating the expression of the target FNBPL. It should
be noted that we did not investigate the role of FOXC2
in human injury models, which is indeed a limitation,
requiring further extended studies in the near future.

Conclusions

To conclude, the present study demonstrated that FOXC2
is a key transcription factor during NAPH-induced injury
repair. FOXC2 knockdown delays the process of epithe-
lial repair, which is closely linked to inhibited EMT and
cell migration. Our study provides novel insight into epi-
thelial cell repair after injury, and FOXC2 potentially via
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FNBP1 is required for epithelial cell regeneration after
airway damage.
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