
Abstract. Background/Aim: The prevalence of idiopathic
pulmonary fibrosis (IPF) increases with age and is
associated with senescence of alveolar epithelial cells
(AECs). AEC senescence in pulmonary cells mediates IPF.
We herein aimed to determine if YAP1 gene knockdown, a
member of the Hippo/YAP signal pathway, in the bleomycin
(BLM)-induced mouse model of IPF, inhibits onset of
senescence of AECs and alleviates IPF. Materials and
Methods: Adeno-associated viruses (AAVs) expressing Yes-
associated protein 1 (YAP1) short hairpin RNA (shRNA)
were delivered into the lung of BLM-induced IPF mice via
intratracheal injection, to knockdown the YAP1 gene in
AECs. The mice were assigned to 4 groups: G1: control
(normal mice); G2: IPF mice; G3: IPF + AAV/YAP1; G4:
IPF + AAV/scramble. After 28 days, AECs were examined
for senescence using H&E staining, Masson's trichrome
Staining, senescence-associated ß-galactosidase (SA-β-gal)
staining, western blotting and co-immunofluorescence
staining, to determine the expression of YAP1, Smad-3 and
p21, in order to determine the induction of senescence of
ACEs. Results: The severity of IPF determined by H&E
staining, Masson’s staining and immunofluorescence (IF)
staining was positively correlated with the senescence of
AECs. Down-regulation of YAP1 expression of the Hippo-

signaling pathway, determined by western blotting in AECs,
alleviated pulmonary fibrosis as determined by Masson’s
staining. Down regulation of YAP1 expression reduced the
senescence of AECs as determined by ß-galactosidase (SA-
β-gal) staining, which alleviated the clinical symptoms of
IPF mice, as determined by body weight and lung index.
Conclusion: Down-regulation of YAP1 expression in AECs
inhibited AEC senescence which is thought to be the cause
of IPF. Therefore, future studies can focus on inhibiting
YAP1 to effectively treat IPF.  

Idiopathic pulmonary fibrosis (IPF) is a progressive,
irreversible and fatal lung disease with multiple causal
factors (1), with a median survival of only 2-3 years after
diagnosis (2, 3). The pathogenesis of IPF is poorly
understood but increases with age (4, 5), which is an
independent risk factor. IPF is predominantly a disease of
older adults (6). In patients >65 years, the estimated
prevalence may be as high as 400 cases per 100,000 persons
(7). Currently only two drugs, nintedanib and pirfenidone are
approved for IPF. These drugs only slow the rate of lung
function decline, but do not extend survival (8). Patients with
IPF exhibit a greater risk for lung cancer development (9,
10). Lung tumors in patients with IPF develop preferentially
in the periphery, immediately adjacent to fibrotic areas. This
phenomenon is referred as “scar-cinoma”(11, 12). IPF is an
independent, prognostic indicator of lung cancer (13).
Cellular senescence of alveolar epithelial cells (AECs) in
aged people comprises irreversible replicative arrest,
apoptosis resistance, and acquisition of a senescence-
associated secretory phenotype (SASP), which is regulated
by a variety of cellular signal transduction pathways (14).  
Senescence has recently been shown to mediate IPF (15). In
the present study, we knocked-down the Yes-associated
protein 1 (YAP1) gene, a member of the HIPPO signaling
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pathway (16), with YAP1/shRNA adeno-associated virus
(AAV2/9) to inhibit senescence of AECs in a mouse model
of bleomycin (BLM)-induced IPF. 

Materials and Methods
Animals. A total of 32 C57BL/6 male mice, 20±2 g body weight, 5-
6 weeks old, purchased from GemPharmatech Inc. (Nanjing, PR
China) were used in the present study. All animals were bred at the
Medical College of the Southeast University (Nanjing). All animals
were maintained in a HEPA-filtered environment at a constant
temperature of 25˚C and humidity of 60%. Cages, food, water and
bedding were autoclaved.

AAV-YEP1 short hairpin RNA (shRNA)vector preparation. The AAV2/9
vector was purchased from Tran-medic BioTech (Nangjing, PR China).
The 1.4 kb Cre.YAP1 shRNA (GCAUGAGCAGGUACAGCAUTT)
or scrambled shRNA (TTCTCCGAACGTGTCACGT) was PCR-
amplified from mouse genomic DNA, and cloned into the pAAV
packaging plasmid together with the luciferase gene fragment to
generate the pAAV-CMV-Luc-WPRE-U6-shRNA (YEP1-mus-1369) or
pAAV-CMV-Luc-WPRE-U6-shRNA (scrambled) construct. The
AAV2/9 -YEP vector and AAV2/9 scramble vectors were then
produced by Tran-medic BioTech. 

Establishment of the bleomycin (BLM)-induced IPF mouse model.
Animals were anesthetized with continuous inhalation of 2.5%
isoflurane. An approximately 1 cm longitudinal incision was made

in the middle of the neck. The muscle was separated and the trachea
was exposed. Ten μl (2.5 mg/kg) bleomycin (BLM) hydrochloride
(Hanhui Pharmaceuticals Co., Zhejiang, PR China) was injected into
the trachea using a 30 G insulin syringe (BD, Franklin, NJ, USA).
When injecting BLM, the mice were kept in a vertical position and
rotated several times to distribute BLM homogeneously. The
incision was closed using a 5-0 nylon surgical sutures. 

Grouping and treatment. Mice were randomly assigned to 4 groups
with 8 mice in each group. G1: control (normal mice); G2: IPF
mice; G3: IPF + AAV/YAP1 shRNA (2×1011 granular virus (GV)
per mouse, endotracheal ×1); G4: IPF + AAV/scramble shRNA
(2×1011 GV per mouse, endotracheal ×1). AAV treatment was
started one week after BLM induction. Body weight of the mice was
weighted twice per week using an electronic scale. After 6 weeks
of initial treatment, 100 μl (1 mg) of D-luciferin potassium salt
(Biovision, Milpitas, CA, USA) was injected intraperitoneally in
each mouse. The luciferase signal was detected and captured using
an IVIS® Spectrum (PerkinElmer, Waltham, MA, USA). At the end
of experiment, all mice were euthanized and lungs were weight.
Lung index [lung weight (g)/body weight (kg) ×100%] was
calculated (17) and lung tissues were collected for histopathological
analysis (please see below).

Histopathological analysis. Fresh lung samples were fixed in 10%
formalin and embedded in paraffin before sectioning and staining.
Tissue sections (4 μm) were deparaffinized in xylene and rehydrated
in an ethanol series. Hematoxylin and eosin (H&E) staining was
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Figure 1. Establishment of adeno-associated virus (AAV) delivery of either AAV/YAP1 shRNA OR YAP/scrambled shRNA, both linked to luciferase.
Luciferin signal at the area of lung (red squares) was detected 4 weeks after delivery of the AAV. 



used to determine the inflammatory changes in the YAP-knockdown
and control lung tissue sections and Masson's trichrome staining
was performed to determine the severity of pulmonary fibrosis. All
images were captured using a CX31 microscope (Olympus Corp.,
Tokyo, Japan) with its software.

Western blotting. The level of YAP, p21 and Smad-3 in pulmonary
tissues were measured using Western blotting. Tissue lysates were
prepared using RIPA buffer with protease and phosphatase inhibiters
(Beyotime, Shanghai, PR China). Protein was measured using a
microplate reader (SPECTRA max Plus 384, Molecular Devices
LLC., San Jose, CA, USA). Samples were run in a NOVEX 10–20%

TRIS-glycine gel (Bio-Rad, Hercules, CA, USA). A Mini-Proten
Tetra system (Bio-Rad) was used for dry transfer onto PVDF
membranes (IPVH00010, MilliporeSigma, Burlington, MA, USA).
Membranes were blocked using 5% bovine serum albumin (BSA) in
TRIS-buffered saline, 0.1% tween 20 (TBST). Primary antibodies
were diluted in 0.5% BSA/TBST. Western blots were quantified using
ChemiDoc XRS+ System (Bio Rad) with its software, and normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Senescence assay. Senescence was quantified with colorimetric
detection of senescence-associated ß-galactosidase (SA-β-gal) using
a senescence detection kit (KeyGEN Biotech, Nangjing, PR China)
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Figure 2. Effect of YAP1 knockdown on pulmonary histology of IPF mice. (a) Typical images of H&E stained lung sections in each group; (b)
Quantitation of relative alveolar area in each group; (c) Quantitation of inflammatory cells in each group. Data are represented as the mean±SD.
*p<0.05, **p<0.01.



according to the manufacturer’s instructions. Tissue sections were
prepared as described above. Slides were immersed in SA-β-gal
solution (pH 6.0) overnight at 37˚C in the dark and were then fixed
in 4% paraformaldehyde for 10 min followed by three washes in
PBS, counterstained with nuclear fast red for 20-30 s and rinsed in
running water for 2 min. Slides were then dehydrated in 95%
ethanol and 100% ethanol followed by three treatments of xylene
and mounted using mounting media. Images were captured using a
CX31 microscope (Olympus Corp.) with its software. 

Immunofluorescence (IF). To determine the expression of surfactant
protein-C (SP-C), YAP, drosophila mothers against decapentaplegic
-3 (Smad-3) and p21, immunofluorescence microscopy was
performed using paraffin-embedded samples sectioned at 4-μm
thickness. Slides were paraffinized with xylene and rehydrated using
series of ethanol. After washing with phosphate buffer solution

(PBS) 3 times for 5 min each time, TRIS- EDTA (pH 9.0) was used
for antigen retrieval and washed with PBS 3 times for 5 min, each
time. Samples were blocked with bovine serum albumin (BSA) for
20 min, BSA was removed and 50 μl diluted primary antibody was
added and incubated at 4˚C overnight. After washing with PBS, 50
– 100 μl secondary antibody (1:200) and DAPI (1 μg/ml) were
added and incubated for 2 hours in dark. Slides were washed with
PBS and blocked using glycerin. Images were captured using an
TE2000 inverted microscope (Nikon, Japan).

Primary antibodies specification: SP-C (ab90716, Abcam,
Cambridge, UK); Smad-3 (sc-101154, Santa Cruz Biotech, Dallas,
TX, USA); p21 (ab109199, Abcam); YEP1 (sc-101199, Santa Cruz
Biotech) were used. 

Statistical analysis. GraphPad Prism 9 software (GraphPad Inc., La
Jolla, CA, USA) was used for data analysis. One-way variance
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Figure 3. Effect of YAP1 knockdown on AEC senescence (a) Masson’s trichrome staining (blue) to identify fibrotic areas in H&E sections for all
group; (b) The average optical density (AOD) of the fibrotic area was quantified in each group. Data are represented as the mean±SD. *p<0.05. 



(ANOVA), followed by Turkey correction, were used to compare
the significant-differences between the experimental groups. A p-
value ≤0.05 was considered statistically significantly different.

Results
Knock-down of YAP1 inhibits IPF. Four weeks after treatment
with luciferase-expressing AAV containing YAP1 shRNA,
fluorescence signals were detected in both AAV/YAP1 and
AAV/scramble-control treated mice (Figure 1), indicating that
AAV successfully infected the lung in IPF mice.  

H&E staining showed a significant increase of alveolar
space in the AAV/YAP1 shRNA treated mice compared to
control mice (p=0.033) and AAV/scrambled shRNA-treated
mice (p=0.005). The amount of infiltrated inflammatory cells
significantly decreased in the AAV/YAP1 shRNA-treated
mice compared to untreated-control mice (p=0.010) and
AAV/scrambled shRNA-treated mice (p=0.029) (Figure 2).  

Masson’s trichrome staining showed that mice treated with
AAV/YAP1 shRNA had decreased collagen deposition
compared to untreated mice (p=0.049) and AAV/scrambled
shRNA treated mice (p=0.019) (Figure 3), indicating that
YAP1 knockdown decreased fibrosis. 

Knock-down of YAP1 inhibited the expression of YAP1,
Smad-3 and p21 in IPF mice. The YAP1 protein expression
was significantly decreased compared to the AAV/scramble

(p=0.040) by AAV shRNA, indicating effective knockdown
of the YAP1 gene.  

The effects of YAP1 gene knockdown on pulmonary fibrosis
marker (Smad-3) and senescence marker (p21) were
determined. Both Smad-3 (p=0.046) and p21 (p=0.009) protein
were significantly decreased by AAV shYAP1 compared to the
AAV/scrambled shRNA (Figure 4). Thus, YAP1 knock down
decreased senescence biomarkers in AECs in IPF mice.  

Knock-down of YAP1 inhibited pulmonary cell senescence in
IPF mice. To directly determine whether YAP1 knockdown
inhibits AEC senescence in IPF mice,β-galactosidase
staining was performed. Untreated IPF mice had
significantly higher β-galactosidase expression in AECs
compared with normal mice (p<0.01), indicating a positive
correlation between AEC senescence and IPF (Figure 5).
AAV/YAP1 shRNA significantly inhibited AECs senescence
compared to the untreated mice (p=0.030) and
AAV/scrambled shRNA-treated mice (p=0.033) (Figure 5). 

Direct measurement of alveolar-epithelial cell (AEC)
senescence in IPF mice. The expression of YAP, Smad-3 and
p21 were significantly increased in AECs of IPF mice
compared to normal mice. After knockdown of YAP1 by
AAV/YAP1 shRNA, the expression of senescence biomarkers
Smad-3 and p21 decreased in the ACEs (Figure 6). 
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Figure 4. Effect of YAP1 knockdown on biomarkers of fibrosis and senescence. (a) Western blotting analysis on the expression of YAP1, Smad-3
and p21 in each group. G1: Normal mice; G2: untreated IPF mice; G3: AAV/YAP1 shRNA treated IPF mice; G4: AAV/scrambled shRNA treated
IPF mice. (b) Quantitative analysis of YAP1, Smad-3 and p21 expression in each group. Data are represented by the mean±SD. *p<0.05, **p<0.01.



Effect of YAP1 knockdown on body weight and lung index in
IPF mice. BLM caused significant body weight loss by the
end of the study in all IPF model groups compared to normal
mice (p<0.05). AAV/shYAP1-treated mice (G3) had
increased body weight compared to untreated mice (G2)
(p=0.043) and AAV/scrambled shRNA-treated mice
(p=0.017) (Figure 7a). 

Untreated IPF mice had a significantly increased lung
index compared to normal mice (p<0.05). AAV/YAP1
shRNA (G3) significantly improved the lung index compared
to untreated IPF mice (G2) (p=0.001) and AAV/scrambled
shRNA-treated mice (G4) (p=0.001) (Figure 7b). 

Discussion

IPF is a recalcitrant fatal disease, causing patients to suffocate
to death. The two approved drugs for IPF appear only to be
palliative (18). It has been suggested that senescence of AEC

is causal to IPF of AEC: the elevated abundance of senescence
biomarkers in IPF lung, and their expression level is positively
correlated with disease severity (15). The present result
implicates the YAP1 gene of the Hippo/YAP signaling
pathway as a causal gene for AEC senescence. 

The present report has shown that knockdown of YAP1
decreased the expression of Smad-3 in AECs of IPF mice. It
has been previously reported that the development of IPF is
a Smad-3-dependent process which can increase collagen
deposition in AEC (19) resulting in the onset of IPF. The
expression of p21, a cellular senescence marker, was
significantly increased in the AECs of IPF and decreased
after YAP1 knockdown. After AAV/YAP1 knockdown
treatment, senescent AECs decreased. Thus down-regulation
of YAP1 expression of the Hippo signaling pathway in AECs
inhibits AEC senescence and alleviates IPF.  

In future experiments, we will establish an animal model
of lung cancer combined with IPF to investigate the effect
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Figure 5. Effect of YAP1 knockdown on AEC senescence. (a) Senescence increase β-galactosidase activity (blue staining). (b) Quantitative analysis
of senescence by average optical density (AOD) in each group. Data are represented as the mean±SD. *p<0.05, **p<0.01. 



of the Hippo signal pathway in IPF-induced scar-cinoma and
subsequent lung cancer. 
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