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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease (ILD) with unknown etiology,
characterized by sustained damage repair of epithelial cells and abnormal activation of fibroblasts.
However, the underlying mechanism of the disease remains elusive. This study was designed to evaluate
the role of Tuftelin1 (TUFT1) in IPF and elucidate its molecular mechanism. We investigated the level of
TUFT1 in the IPF and bleomycin-induced mouse models and explored the influence of TUFT1 deficiency
on pulmonary fibrosis. Additionally, we explored the effect of TUFT1 on cytoskeleton and illustrated the
relationship between stress fiber and pulmonary fibrosis. Our results demonstrated a significant
upregulation of TUFT1 in IPF and the bleomycin-induced fibrosis model. Disruption of TUFT1 exerted
inhibitory effects on pulmonary fibrosis in both in vivo and in vitro settings. Moreover, TUFT1 facilitated
the assembly of microfilaments in A549 and MRC-5 cells, with a pronounced association between TUFT1
and N-WASP observed during microfilament formation. Meanwhile TUFT1 can promote the
phosphorylation of tyrosine residue 256 (Y256) of the Neuronal Wiskott-Aldrich syndrome protein
(pY2°N-WASP). Furthermore, TUFT1 promoted TGF-B1 induced fibroblast activation by increasing
nuclear translocation of pY2°6N-WASP in fibroblasts, while wiskostatin, a N-WASP inhibitor, suppressed
these processes. Our findings suggested TUFT1 plays an important role in pulmonary fibrosis via its
influence on stress fiber, and blockade of TUFT1 effectively reduces pro-fibrotic phenotypes.
Pharmacological targeting of the TUFT1-N-WASP axis may represent a promising therapeutic approach
for pulmonary fibrosis.

1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive, chronic, and ultimately fatal interstitial lung disease
characterized by enhanced extracellular matrix deposition, repetitive alveolar epithelial injury,
dysregulated wound repair and fibroblasts activation[1, 2]. The median survival of IPF patients without
transplant is estimated to be only 2—-4 years [3, 4]. Currently, therapeutic choices for IPF remain
constrained, with only FDA approved drugs pirfenidone and nintedanib demonstrating the capacity to
modestly decelerate disease progression [5, 6]. Hence, the pursuit of novel preventative and therapeutic
modalities stands as a pressing priority in addressing this ailment.

IPF was thought to a result of multiple genetic and environmental risk factors [7-9]. Identifying the
molecular mechanisms underlying the disease and potential prognostic biomarkers is critical for
developing effective treatments. In a previous study, a hybrid feature selection method was employed to
extract informative genes, with TUFT1 identified as a candidate gene for IPF, while its role in IPF was still
unclear [10].

TUFT1 was an acidic protein mainly synthesized by ameloblasts, and it plays an essential role in
developing and mineralizing tooth tissues [11, 12]. However, it is also expressed in non-mineralizing
tissues and has been shown to promote cell proliferation and migration in renal cell carcinoma and
metastasis in triple-negative breast cancer and pancreatic cancer [13—15]. Moreover, TUFT1 is regulated

Page 3/25



by hypoxia and the Hedgehog signaling pathway and is involved in multiple diseases. In NCI-H441 lung
adenocarcinoma cells, TUFT1 was shown to be a novel target of TGF-81 and exhibited a pivotal
involvement in the orchestration of microfilament formation within A549 cells [16].

IPF is characterized by the remodeling of the actin cytoskeleton of epithelial cells, fibroblasts and
endothelial cells[17]. The actin cytoskeleton is a complex, dynamic biopolymer network that performs
essential functions in cell migration, cell interaction with the environment, and mechanical properties of
the cell surface [18—22]. N-WASP is an actin nucleation factor that promotes polymerization of branched
actin filaments [23]. The activation of N-WASP is regulated by the phosphorylation of tyrosine residue
256 (Y256), which is mediated by TGF-31[24].

Here, we investigated the role of TUFT1 in IPF. Our results showed TUFT1 is increased in IPF and
bleomycin-induced pulmonary fibrosis. Suppressing TUFT1 inhibits bleomycin-induced mouse pulmonary
fibrosis. Mechanistically, suppressing TUFT1 inhibited pro-fibrotic phenotypes in vitro by down-regulating
the expression of pY2°°N-WASP and impeding the formation of stress fiber, while TUFT1 overexpression
promoted the assembling of the actin filaments. Furthermore, we found that TUFT1 attracted pY2°6N-
WASP around the nucleus, and this phenomenon could be suppressed by wiskostatin, an N-WASP
inhibitor. These finding implicated that TUFT1 plays an important role in the activation of N-WASP and in

the formation of cytoskeleton, and it may represent a promising therapeutic target for IPF.

2 Materials and methods
2.1 Reagents and antibodies

Recombinant human TGF-81 was obtained from R&D systems (Minneapolis, MN, USA). Bleomycin
sulfate was obtained from Hisun Pharm (Taizhou, China). Sodium orthovanadate was obtained from
Sigma-Aldrich (Shanghai, China). Wiskostatin was obtained from Abcam (Shanghai, China). N-WASP
was obtained from Proteintech (Wuhan, China). Goat anti-rabbit IgG of B-actin, a-SMA, pY2°°N-WASP and
GAPDH, were purchased from Affinity Biosciences (Changzhou, China). Goat anti-mouse IgG of Vimentin
and E-cadherin were purchased from Cell Signaling Technology (Shanghai, China), Goat anti-rabbit IgG of
N-cadherin, Fibronectin and Collagen | were purchased from Cell Signaling Technology (Shanghai, China),
TUFT1 was purchased from Thermo Fisher (Suzhou, China).

2.2 Human Lung tissues and the mouse lung fibrosis model
induced by bleomycin

Human lung tissues were obtained by surgical lung biopsy (SLB) from patients in Xinxiang central
hospital. Wild-type male C57BL/6N mice (9—10 weeks, 19-24 g) were obtained from the Charles River
(Beijing, China). Mice were raised in a controlled environment with a cycle of 12-hour light/dark, auto-
regulated temperature and humidity, and access to food and water unrestricted. To knock down the Tuft1

gene in vivo, Tuft1/shRNA-AAV(5 x 10'2 Vg/mL) (HANBIO, Shanghai, China) was administered via
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intratracheal injection of adenoviral particles 7 days before the experiment. The control group received
vector adenoviral particles (shNC). On day 0, the mice were anesthetized by isoflurane and bleomycin (1.5
U/kg.bw, i.t.) or 0.9% saline (50 pL) was instilled into the trachea. The mice were euthanized and lung
samples were collected on day 14.

2.3 Cell culture

The human lung adenocarcinoma cell line A549 (ATCC ® CCL-185™, ATCC, Manassas, VA), negatively
tested for mycoplasma, was cultured in DMEM/F12 medium with 10% fetal bovine serum and antibiotics
(100 units/mL penicillin and 100 pg/mL streptomycin). The human lung normal fibroblast cell line (MRC-
5) was purchased from Procell Life Science &Technology Co., Ltd. (Wuhan, China). MRC-5 was cultured in
MEM medium (containing NEAA) (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., ZQ-300) with
10% fetal bovine serum and antibiotics (100units/ml penicillin and 100 pg/ml streptomycin) in an
atmosphere of 5% CO, and humidified at 37°C.

2.4 Small interfering RNA (siRNA) transfection

TUFT1/siRNA-1(5-GGAGTCCCATGATGGACAT-3'), TUFT1/siRNA-2(5-GCAGAGGCUGUGUGACAAATT-3),
TUFT1/siRNA-3(5-GAGGAACTTCGGAGCAACA-3') were purchased from RIBOBIO (Guangzhou, China). To
transfect siRNA into A549 and MRC-5 cells, the cells were cultured on 6-wellplates at 50—70% coverage
before transfection. Lipofectamine RNAi MAX (RIBOBIO, Guangzhou, China), Opti-MEM (Thermo Fisher)
and Individual siRNA (50 nM) were mixed completely and incubated for 5-10 min at room temperature.
The efficiency of transfection was testified by western blot in 48 h after transfection.

2.5 Adenovirus generation and infection

The specific shRNA of Tuft1 was obtained from HANBIO (Shanghai, China). Adenovirus generation and
subsequent infection were conducted following previously described protocols[25]. Briefly, HEK293T cells
were transfected with lipofectamine 3000 (Thermo Fisher Scientific, Shanghai, China) and plasmids to
generate adenovirus. The adenovirus-containing medium was collected 48 hours post-transfection and
add fresh medium immediately. After another 24 hours, collected the medium again and the adenovirus-
containing medium was centrifugated immediately (25,000 rpm, 4°C, 2 hours; Beckman Ti70 rotor). The
supernatant was divided into aliquots after aseptic filtration and frozen at -80°C for later use.

2.6 Hydroxyproline assay

Ahydroxyproline assay kit (MAK008, Sigma, St. Louis, MO, USA) was used to detect the content of
hydroxyproline in mice right lung [26]. Briefly, the fresh lung tissue was homogenized in water (100 pL
water of every 10 mg lung tissue). Hydrolyzed the samples for 3 hours at 120°C. Next, the samples were
centrifuged (12,000rpm, 4°C, 3 mins; Beckman Microfuge 20R) and extracted 10 pL supernatant of every
sample, the samples were transferred to a 96-well plate and dry them at 56°C. The samples in the plate
were incubated for 5 minutes at 20°C after added 100 pL chloramine T reagent into each well. Afterward,
the samples were incubated for 90 min at 56°C after mixed with 100 yL p-dimethylaminobenzaldehyde
reagent. Absorbance of samples was measured by BioTek ELx800 plate reader at A = 560 nm (Winooski,
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VT, USA). The hydroxyproline content of samples was calculated by a standard rat tail collagen (Sigma,
St. Louis, MO, USA).

2.7 Histological and morphometric analysis

The lungs of mice were collected and fixed with 4% paraformaldehyde. The lung tissues were embedded
in paraffin, and the lung tissues would be cut into 3 pm sections for further study on slides. The sections
were stained with Masson's trichrome (Beyotime) and H&E (Beyotime) to assess the collagen content and
evaluate the morphometric changes. The acquisition of images was performed using a BioTek Cytation
C10 Confocal Imaging Reader. Images were analyzed by Image Pro Plus software (version 6.0, Media
Cybernetics).

2.8 Immunohistochemical staining

The lung slides were prepared following previously described protocols [27]. The lung sections were
incubated with the primary antibodies overnight at 4°C, then the secondary antibody biotinylated anti-
rabbit IgG (1:100, Beyotime) was incubated for 60 min at 37°C. Followed by incubating with SABC (1:100,
Beyotime), and then visualized by DAB stain (Beyotime).

2.9 Wound-healing assay

SiRNA control or TUFT1 siRNA was transfected into A549 and MRC-5 cells. After 24 hours, the cells were
placed in a 6-well plate using a culture medium containing 1% FBS. Upon reaching confluence, a pipette
tip was utilized to create a direct scratch across the cell monolayer. Pictures were taken at the
predetermined time intervals to document the progression of wound healing. Wound healing is calculated
as follows: [1-(Width of the wound at a given time/width of the wound at t=0)] x 100%.

2.10 Transwell assay

Cell migration assay was performed using a transwell chamber. A549 cells that transfected with SiRNA
control or TUFT1 siRNA were seeded into transwell plates with serum-free medium, then medium
containing 10% FBS was added to the bottom of the chamber. After 24 hours, Migration cells were fixed
and stained with 1% crystal violet and counted in three random fields under an optical microscope.

2.11 Collagen gel contraction assay

Collagen gel contraction assay was performed using a cell contraction assay kit (CBA-201, Cell Biolabs,
Inc. (San Diego, CA)). MRC-5 cells were suspended in bovine type 1 collagen solution (chilled on ice) at
the concentration of 1.85 mg/mL and seeded at a density of 1 x 10° cells/well in a Costar low
attachment surface polystyrene 24-well plate (Corning; Kennebunk, ME). The plate was then placed in a
37°Cincubator for 1 h to allow for collagen gel polymerization, and 1 mL of culture medium was added
on top of the gel lattice, and cells were incubated overnight. Then cells were pre-incubated with Sodium
orthovanadate (20 uM) for 24 hours or Wiskostatin (10 uM) for 1 h. Once the contraction agonists were
added, the gels were meticulously detached from the sidewalls of each well by a sterile scalpel.
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Photographs were captured after 24 hours, and the analysis of gel disc area was conducted using Image
J software for quantification.

2.12 Immunofluorescence staining

The 4% paraformaldehyde was used to fix the lung sections and cell slides and 0.3% Triton X-100 was
used to elevate the permeable ability of cells. Then, the sections were block by 10% goat serum for 0.5 h
at 37°Cand incubated with primary antibodies overnight at 4°C. Corresponding secondary antibodies
were incubated for 1 h at 37°C. F-actin was stained with Phalloidin-iFluor 594 Reagent (ab176757,
Abcam, USA) and nuclei were stained with DAPI. The images were captured by a fluorescence
microscope (Zeiss LSM780, Carl Zeiss).

2.13 Western blotting

The steps of Western blot analyses were described as previously [28]. Initially, lung homogenates or cell
lysates were prepared by RIPA lysis buffer (AR0102, Boster, Wuhan, China). The protein concentrations
were detected by BCA kit (Solarbio, Beijing, China). The protein was loaded onto SDS-PAGE as equal
amounts and electrotransferred onto PVDF membranes completely. The membranes were incubated with
primary antibodies overnight at 4°C and incubated with corresponding secondary antibodies for 1 hour at
room temperature. The images were captured by Odyssey Imaging System (LI-COR Biosciences, Lincoln,
NE, USA). The densitometry band quantification was measured by the Image Studio software (LI-COR
Biosciences, Lincoln, NE, USA).

2.14 Co-Immunoprecipitation (co-IP)

HEK293T cells were lysed in co-immunoprecipitation buffer (AR0107, Boster, Wuhan, China) and
incubated for 30 min on ice. The lysate was then centrifuged at 10,000 x g for 10 min and the
supernatant was collected. The supernatant was incubated with anti-HA beads (Bimake, B26202,
Shanghai, China) or anti-Flag beads (B26102, Bimake, Shanghai, China) at 4°C overnight. The beads were
washed three times with immunoprecipitation wash buffer (50 mM Tris, 150 mM NaCl, 0.5% Tween 20,
pH 7.5) and subjected to further analysis.

2.15 Statistical Analysis

The statistical analysis involved using a two-tailed Student’s t-test for comparing two experimental
groups. One-way or two-way analysis of variance was used for multi-group comparisons, followed by
Tukey’s multiple comparison test. Differences were considered statistically significant in all cases when
P<0.05.

3 Results

3.1 The expression of TUFT1 was increased in IPF and
bleomycin induced pulmonary fibrosis
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IHC showed that TUFT1 was increased significantly in IPF lung tissues, and TUFT1 was mainly located in
myofibroblasts in the fibroblast foci of the IPF lung (Fig. 1A). Meanwhile we detected the expression of
TUFT1 in bleomycin induced fibrotic mouse lung tissues, and found that TUFT1 was increased
significantly in BLM-induced fibrotic mouse lungs compared to the control (Fig. 1B-1D). These above data
suggested that TUFT1 was associated with pulmonary fibrosis in vivo.

To further establish the association between TUFT1 and pulmonary fibrosis in an in vitro context, A549
and MRC-5 cells were exposed to TGF-1 (5 ng/mL) for a duration of 24 hours. This treatment resulted in
a marked reduction in the epithelial marker E-cadherin, coupled with a pronounced elevation in the
mesenchymal markers N-cadherin and Vimentin. Furthermore, the protein levels of TUFT1 were notably
upregulated in TGF-B1-induced A549 cells (Fig. 1E). Similarly the ECM protein collagen and
myofibroblasts marker a-SMA increased in TGF-B1-treated human lung fibroblasts (MRC-5 cells), and the
protein levels of TUFT1 were increased in TGF-B1-induced MRC-5 cells (Fig. 1F, G). These results sustain
the idea that TUFT1 acts an important role not only in bleomycin-induced fibrosis mice model but also in
TGF-B1-treated pulmonary cells.

3.2 Loss of TUFT1 alleviated bleomycin-induced mouse
pulmonary fibrosis

To investigate the role of TUFT1 in pulmonary fibrosis, we examined fibrotic responses after the silenced
TUFT1 expression by using Adeno-associated virus knockdown of TUFT1 (Tuft7/short hairpin RNA
(shRNA)) in bleomycin-induced mouse pulmonary fibrosis model. The schematic diagram illustrated the
time and course of the experiments in Fig. 2A. Briefly, the mice were divided in four groups randomly, first,
by intratracheal administration AAV shRNA NC/Tuft1 at the beginning, 7 days later, generated the mouse
pulmonary fibrosis by bleomycin and labeled this time as the 0 day, and finally sacrificed the mice in 14th
day. Interestingly the mice pulmonary imaging changes were presented in 14th day, the bleomycin
treatment cause obvious pulmonary fibrosis change, and the Tuft7/shRNA alleviated the fibrotic intensity
as detected by the Micro-CT scan (Fig. 2B). Moreover, mice treated with Tuft7/shRNA adenovirus showed
normal lung tissues structure compared with the bleomycin group as detected by H&E staining in the first
line of Fig. 2C. Meanwhile, the Masson'’s trichrome staining showed that the collagen deposition
increased obviously in bleomycin groups, whereas this phenomenon could be rectified by disruption of
TUFT1 in the second line of Fig. 2C, furthermore, silencing the Tuft1 reduced the expression of a-SMA as
indicated by immunohistochemistry staining in the third line of Fig. 2C. According to Fig. 2C and
Supplementary Fig. 1, bleomycin treated group increased the Ashcroft histopathological grading score,
while silencing the Tuft1 decreased the Ashcroft histopathological grading score significantly in Fig. 2D.
As expected, the bleomycin treatment enhanced the level of Hydroxyproline significantly, and the
Tuft1/shRNA alleviated this phenomenon (Fig. 2E). Meanwhile the levels of Fibronectin and Collagen |
were decreased by Tuft7/shRNA in pulmonary fibrosis process (Fig. 2F-1). In summary, these findings
provide compelling evidence of the significant contribution of TUFT1 to the progression of pulmonary
fibrosis. Moreover, the inhibition of TUFT1 has been demonstrated to alleviate bleomycin-induced lung
fibrosis in vivo. Interestingly, the Phalloidin staining revealed a marked abundance of F-actin within the
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fibrotic tissues of the bleomycin-induced lung fibrosis model, whereas the downregulation of Tuft1 via
shRNA led to a reduction in F-actin formation within bleomycin-exposed lung tissues (Supplementary Fig.
2).

3.3 Blockade of TUFT1 inhibited fibrotic phenotype of
epithelial cells and fibroblasts in vitro

Next, we intend to explore the influence of TUFT1 on the fibrotic phenotype of epithelial cells and
fibroblasts in vitro. First of all, we evaluated the impact of si-TUFT1 on A549 cells as shown in Fig. 3A.
Interestingly phalloidin staining revealed that the silencing of TUFT1 influence the microfilaments
morphology of the A549 cells (Fig. 3B). Moreover, silencing TUFT1 slowed down the migration of the
A549 as shown in Fig. 3C,D. Meanwhile, the knockdown of TUFT1 also reduce invasion of the A549
detected by transwell (Fig. 3E,F). In parallel, we also found that the silencing of TUFT1 influence the
microfilaments morphology of the MRC-5 cells detected by phalloidin staining (Fig. 3G). As expected,
knockdown of TUFT1 could decrease the expression of Fibronectin, Collagen , a-SMA and N-cadherin in
MRC-5 cells (Fig. 3H). Also, silencing TUFT1 could slow down the migration progression of the MRC-5 as
expected (Fig. 31,J). Finally, we found that knocking down TUFT1 could decrease the gap of matrigel
contraction in MRC-5 cells (Fig. 3K,L). These data implicated that disruption of TUFT1 suppresses the
activation of both epithelial cells and fibroblasts in vitro.

3.4 N-WASP is indispensable in TUFT1 mediated pro-
fibrotic phenotype

As silencing of the TUFT1 distorted the shape of microfilaments, in order to illustrate the mechanism of
TUFT1 influence the microfilaments, we exam the expression level of N-WASP and pY2°°N-WASP which
influenced the assembly of cell microfilaments. Interestingly, the pY2°°N-WASP was decreased
significantly by silencing TUFT1 in A549 cells (Fig. 4AB.C). N-WASP and p"2°°N-WASP were showed a
high expression as indicated by immunohistochemistry staining in IPF compare with the control (Fig. 4D,
AE). At the same time, N-WASP and pY2°®N-WASP were increased significantly in bleomycin induced
fibrosis mice model compare with the control (Fig. 4F,G).

In order to ascertain whether the pY2°°N-WASP plays an important role in the progress of TUFT1 hamper
the expression of fibrosis markers in MRC-5 cells, we used Sodium orthovanadate (SOV, 20uM), a

phosphorylase inhibitor of Tyrosine, to interfere the expression level of pY2°6N-WASP after the silenced of
TUFT1 for 48 hours, the result indicated that silencing the TUFT1 in MRC-5 cells could slow down
matrigel contraction compare to the control, and Sodium orthovanadate reversed this phenomenon (Fig.
4H,)). In parallel, silenced the TUFT1 could decrease the expression of pY2°°N-WASP in TGF-p treated
MRC-5 cells, meanwhile the fibrosis marker a-SMA was reduced, and the Sodium orthovanadate could
relieve the decrease of the pY2°°N-WASP and the a-SMA (Fig. 4J-M).
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3.5 TUFT1 interacted with N-WASP and mediated the
phosphorylation of N-WASP

To explore the relationship between TUFT1 and N-WASP in epithelial cells, we constructed a vector of N-
WASP. Over-expressed N-WASP led to a substantial increase in TUFT1 fluorescence intensity within A549
cells, and the N-WASP and TUFT1 expressed a perfect co-localization (Fig. 5A). Furthermore, we found
that exogenously expressed N-WASP and TUFT1 co-immunoprecipitated in HEK293T cells (Fig. 5B), and
exogenously TUFT1 and N-WASP also co-immunoprecipitated in HEK293T cells (Fig. 5C). Interestingly,

we upregulate the TUFT1 in A549 cells, the expression of pY2°6N-WASP was increased obviously (Fig.
5D). Meanwhile, the disperse phenomena of pY2°6N-WASP were appeared in the TGF- (5 nM) induced
cells model. We examine the location of pY2°6N-WASP in the TGF-B induced A549 cells, and confirmed
that silencing the TUFT1 rendered the pY2°°N-WASP keep away from the nucleus compare to the control

detected by immunofluorescent staining (Fig. 6E), the distance of pY2°®N-WASP to the core of the nucleus
were measured (Fig. 6F), and this phenomenon attribute to the microfilament destruction in A549 cells.
Collectively, these above results show that TUFT1 interacts with N-WASP and influence the level and

location of pY2°°N-WASP

3.6 TUFT1 mediates the formation of stress fiber in a pY2°°
N-WASP dependent manner

As is known that N-WASP play a critical role in regulating the formation of a-SMA-containing cytoplasmic
filaments during myofibroblast differentiation and in myofibroblast contractility, pY2°°N-WASP is the
active form of the N-WASP, which can active the ARP2/3 complex [24]. To explore the mechanism of
TUFT1 regulate pY2°°N-WASP in the progress of fibrosis, we found bleomycin could induce a high
expression of p"2°6N-Wasp, whereas silencing the Tuft1 could decrease the expression of p'2°°N-Wasp
and collagen in mice model (Fig. 6A,B). In parallel, the bleomycin could induce a high expression of
pY2°6N-WASP and silencing the Tuft1 could decrease the expression of pY2°°N-Wasp in mice model as
detected by immunohistochemistry staining, meanwhile, we found silencing the Tuft1 could disperse the
pY256N-Wasp in the fibrosis foci cells (Supplementary Fig. 3).

TUFT1 was engaged in the formation of microfilaments and silence the TUFT1 could decrease the
percentage of cells with actin cores in A549 cells, which is similar to the effect of wiskostatin, a selective
N-WASP inhibitor which can bind the GTPase binding domain stabilizing the autoinhibited conformation
(Fig. 6C,D).

Next, we selected the Wiskostatin (50 uM) to prevent the activation of Arp2/3 complex in the actin
cytoskeleton. Interestingly, over-expressed TUFT1 could make the pY2°°N-WASP distributed more closely
to the core of the nucleus in MRC-5 cells, whereas the Wiskostatin could reverse this phenomenon
completely (Supplementary Fig. 4). Meanwhile, over-expressed the TUFT1 in MRC-5 cells could accelerate
the matrigel contraction, and Wiskostatin could delay it (Fig. 6E,F). Interestingly in MRC-5 cells, over-
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expressed TUFT1 can induce a high expression of pY2°°N-WASP and more fibrosis marker FN, collagen
and a-SMA, while N-WASP inhibitor wiskostatin could reverse this phenomenon detected by western-blot
(Fig. 6G-K).

These above data illustrated that TUFT1 facilitates lung fibrosis in a pY2°®N-WASP-dependent manner.

4 Discussion

IPF is a complex and chronic disease influenced by multiple factors, including genetic and environmental
risks [29]. One crucial aspect of the pathogenic process is the dysfunction of lung epithelium, which
triggers a cascade of events involving growth factors, cytokines, and extracellular matrix signaling. These
pathways activate various repair processes that lead to inflammatory cell recruitment, fibroblast
proliferation, and extracellular matrix expansion, ultimately resulting in tissue fibrosis [30, 31]. However,
the specific mechanisms underlying pulmonary fibrosis remain unclear.

Bleomycin administration is the most commonly used method to induce pulmonary fibrosis in animal
models [32, 33]. TUFT1 has been implicated in several physiological and pathological processes, such as
adaptation to hypoxia, promotion of tumor growth and metastasis[13, 15, 34], and involvement in
neurotrophin-mediated neuronal differentiation [35]. In our present investigation, a marked elevation of
TUFT1 was observed in both models of pulmonary fibrosis and in the context of pulmonary
transformation induced by TGF-B1. These findings collectively imply a potential implication of TUFT1 in
the development of this disease.

TGF-B1 is a pro-fibrotic factor which capable of eliciting epithelial-mesenchymal transformation and
fibroblast activation, resulting in abnormal ECM accumulation and poor compliance of lung tissue [36—
38]. In this study, we found TUFT1 is induced by TGF-B1 in both epithelial cells and fibroblasts. The
attenuation of pro-fibrotic characteristics in both cell types upon TUFT1 loss suggests its involvement in
mediating the TGF-B1-induced phenotypic transition of cells.

In previous studies, TUFT1 was found to influence the assembly of microfilaments in A549 cells [16],
while N-WASP was identified as an important regulator of the cytoskeleton that stimulates Arp2/3-
mediated actin nucleation [39]. Further investigations revealed that the N-WASP-Arp2/3 pathway was
activated in both mice pulmonary fibrosis models induced by bleomycin and specimens from the lung of
IPF patients [40]. N-WASP is critical for the formation of a-SMA filaments during the differentiation of
myofibroblasts, and TGF-B1 is necessary for the activation of N-WASP [24]. It was also reported that TGF-
B1 induces stress fiber formation in vascular smooth muscle cells [41]. In addition, repeated lung injury
can lead to the accumulation of ECM and stress fiber formation, which reduces the plasticity of lung
tissue and increases the stress of fibrosis tissue. Based on these findings, we hypothesize that N-WASP-
induced stress fiber may be a factor promoting fibrosis. This study illustrated that the level of pY2°6N-
WASP was increased significantly in TGF-81 treated fibroblasts and that TUFT1 interacted with N-WASP
in 293T cells as evidenced by Co-IP. Moreover, silencing TUFT1 hampered TGF-B1-induced
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phosphorylation of N-WASP at tyrosine residue 256 (Y256) both in vitro and in vivo, and pY2°°N-WASP
was markedly upregulated in the TUFT1 over-expression group compared to the control, which could
activate the Arp2/3 complex, and this activation could be inhibited by wiskostatin [16]. Our findings
suggest that TUFT1 mediates the mechanical stress in pulmonary fibrosis via N-WASP activation. This
positive feedback results in tighter stress fibers in the cells engaged in the pathological process of IPF,
and the mechanism provides a novel explanation of IPF, which progressively deteriorates continuously.

5 Conclusions

In conclusion, our data suggested that TUFT1 exerts pro-fibrotic effects by influencing stress fiber
formation through promoting the phosphorylation of N-WASP in both epithelial and fibroblast cells

(Fig. 7). Given these findings, TUFT1 represents a promising therapeutic target for the attenuation of
pulmonary fibrosis. Future research aimed at developing interventions targeting TUFT1 may hold the key
to more effective treatments for this devastating lung condition.
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Figure 1

TUFT1 was increased in IPF and pulmonary fibrosis models. (A) Representative immunohistochemistry
staining of TUFT1 in the lung sections from the Donor and IPF patient, TUFT1 was mainly expressed in
epithelial and fibroblast cells in the fibrosis foci of IPF lung sections, scale bars:100 pm. (B) TUFT1 was
high expressed in bleomycin induced fibrosis model, and mainly expressed in epithelial and fibroblast
cells compare to the control, scale bars:100 um. (C) TUFT1 was increased in pulmonary fibrosis models
in vivo detected by Western blot. (D) Densitometry analysis of fig C (mean + SD). (E) TUFT1 was
increased significantly in TGF-B1-induced A549 cells in vitro detected by Western blot. (F) TUFT1,
collagen | and a-SMA were increased obviously in TGF-B1-induced MRC-5 cells detected By Western blot.
(G) Densitometry analysis of fig f (mean % SD). * P< 0.05, ** P< 0.01, *** P<0.001, and **** P< 0.0001.
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Figure 2

TUFT1 disruption inhibited bleomycin-induced mouse pulmonary fibrosis in vivo. (A) Schematic diagram
illustrated the time and course of the experiments(B) The pulmonary images of mice detected by Micro-
CT scan in 14t day. (C) Representative images of H&E staining, Masson's trichrome staining of the lung
section and Immunohistochemical staining images of a—SMA, scale bars: 200 pm. (D) Ashcroft score
(mean % SD). (E) Quantitative hydroxyproline assay of the right lung (mean + SD, n = 8 mice per group).
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(F) Western blotting assay of FN, collagen | and Tuft1 in the lung homogenate; B-actin used as the
loading control. (G-l) Corresponding optical densitometry analysis of (F) (mean * SD). * P< 0.05, ** P<
0.01, *** P<0.001, and **** P< 0.0001.
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Blockade of TUFT1 inhibited TGF-B1-induced fibrosis in vitro. (A) Interference efficiency of TUFT1 in the
A549 cells detected by Western blotting. (B) The microfilaments morphology of the A549 cells were
revealed by the phalloidin staining in si-TUFT1 groups and control, scale bars: 10 ym. F-actin was
quantified by the percentage of the cells with the actin cores. (C,D) The wound healing progression of
A549 cells in si-TUFT1 groups and control. (E,F) The migration ability of A549 cells in si-TUFT1 groups
and control, scale bars: 1 mm. (G) The microfilaments morphology of the MRC-5 cells was revealed by
the phalloidin staining in si-TUFT1 groups and control, scale bars: 100 pm. F-actin was quantified by the
percentage of the cells with the actin cores. (H) Knockdown of TUFT1 could decrease the expression of
FN, Collagen E, a-SMA and N-cadherin in TGF-B1-induced MRC-5 cells. (I,J) The wound healing
progression of MRC-5 cells in si-TUFT1 groups and control. (K,L) The extent of matrigel contraction in
MRC-5 cells in si-TUFT1 groups and control. * P< 0.05, ** P< 0.01, *** P<0.001, and **** P< 0.0001.
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Figure 4

N-WASP played an important role in the progress of TUFT1 interfering with fibrosis. (A-C) Knockdown of
TUFT1 can inhibited the phosphorylation level of N-WASP in A549 cells. (D) Immunohistochemical
staining of N-WASP in IPF lung tissue compare to the donor. (E) Immunohistochemical staining of

pY2°N-WASP in IPF lung tissue compare to the donor. (F) Immunohistochemical stain images of N-Wasp
in bleomycin induced fibrosis lung tissue compare to the control. (G) Immunohistochemical stain images

Page 20/25



of pY¥2%6N-Wasp in bleomycin induced fibrosis lung tissue compare to the control, scale bars: 50 pm. (H,)
Silence the TUFT1 in MRC-5 cells could slow down the matrigel contraction compare to the control, and
the Sodium orthovanadate could reverse this phenomenon. (J) Silence the TUFT1 could decrease the
expression of pY¥2°°N-WASP and a-SMA, the Sodium orthovanadate could relieve the decrease level of
pY2°N-WASP and a-SMA. (K-M) Corresponding optical densitometry analysis of J (mean % SD). * P<
0.05, ** P< 0.01, and *** P<0.001.
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Figure 5

TUFT1 interacted with N-WASP and affected the expression of pY2°6N-WASP. (A) N-WASP and TUFT1
appeared a perfect co-localization in A549 cells detected by immunofluorescent staining, scale bars: 10
pm. (B) Exogenously expressed N-WASP and TUFT1 co-immunoprecipitated in HEK293T cells. (C)
Exogenously TUFT1 and N-WASP have fine co-immunoprecipitated inHEK293T cells. (D) TUFT1 can
induce a highly expression of pY2°N-WASP in A549 cells. (E) Silencing the TUFT1 could make the
pY256N-WASP keep away from the nucleus compare to the control detected by immunofluorescent
staining, scale bars: 20 pm. (F) The distance of pY2°°N-WASP to the core of the nucleus was quantified.
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Figure 6

TUFT1 mediated lung fibrosis in pY2°6N-WASP dependent manner. (A) Western blotting assay of pY2°6N-
WASP, N-WASP and collagen | in the lung homogenate; B-actin used as the loading control. (B) The
relative expression of pY256N-WASP/N-WASP. (C) The expression of F-actin in si-TUFT1 group, wiskostatin
group and control detected by Phalloidin staining in A549 cells, scale bars: 200 pm. (D) The percentage
of cells with actin cores in A549 according to (c). (E,F) Over-expressed the TUFT1 in MRC-5 cells could
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accelerate the matrigel contraction, and Wiskostatin could delay this phenomenon. (G) Over-expressed
TUFT1 induced expression of pY29°N-WASP and fibrosis marker FN, collagen X and a-SMA, while
wiskostatin could reverse this phenomenon detected by westem-blot. (H-K) Corresponding optical
densitometry analysis of (G) (mean £ SD). * P< 0.05, ** P< 0.01, *** P<0.001, and **** P< 0.0001.
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Schematic Representation of TUFT1 Involvement in the Pathophysiological Processes of Pulmonary
Fibrosis. Our study has unveiled a schematic model elucidating the role of TUFT1 in the
pathophysiological processes underlying pulmonary fibrosis. Specifically, our data demonstrate that
TUFT1 orchestrates the translocation of pY256N-WASP into the cell nucleus, which facilitates the
assembly of actin filaments, culminating in the enhanced formation of stress fibers. This heightened
TUFT1-induced stress fiber formation appears to drive the cellular phenotypic transition towards a pro-
fibrotic state.
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