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Abstract. Arrested alveolar development is the main patho-
logical characteristic of neonatal bronchopulmonary dysplasia 
(BPD); however, a number of studies aiming to improve 
alveolarization have focused on alveolar epithelial cell damage 
and impairment. Previously, the authors reported that the Wnt 
signaling plays a key role in alveolar injury and repair by 
regulating alveolar epithelial type II cell (AECII) proliferation 
and differentiation. In the present study, the authors wished 
to investigate whether Yes‑associated protein (YAP), a tran-
scriptional coactivator in the Hippo signaling pathway, affects 
AECII proliferation and differentiation via the Wnt/β‑catenin 
pathway in BPD. It was found that YAP regulated AECII 
proliferation and differentiation. A decreased expression of 
YAP, Wnt3a and nuclear β‑catenin was observed in lung tissues 
affected by BPD. In vitro, YAP and Wnt3a overexpression in 
BPD promoted AECII proliferation and differentiation into 
AECIs by increasing the nuclear transfer of β‑catenin and vice 
versa. The effects of a decreased Wnt3a expression in primary 
AECIIs in BPD were compensated by YAP overexpression, as 
were the effects of Wnt3a knockdown in primary AECIIs. On 
the whole, the findings of the present study demonstrate that 
YAP and Wnt3a independently promote AECII proliferation 
and differentiation in experimental BPD by increasing the 
nuclear β‑catenin levels. Therefore, Wnt3a or YAP may be 
candidate regulatory targets for improving the outcomes of 
BPD.

Introduction

Bronchopulmonary dysplasia (BPD), a severe lung dysfunc-
tion, is common in premature infants born at a gestational 
age of <29 weeks, when lungs are in the cystic development 

stage (1). The incidence of BPD can be as high as 40%, particu-
larly in infants that weigh <1,500 g (2). Moreover, BPD affects 
the survival and quality of life of premature infants (3). The 
majority of these infants require long‑term oxygen therapy 
to maintain lung function (4). Alveoli are gas‑exchange sacs 
lined by cuboidal shaped squamous alveolar epithelial type I 
cells (AECIs) and alveolar epithelial type II cells (AECIIs), 
which secrete active substances on their surface (5). AECIIs 
are widely referred to as ‘alveolar stem cells’ and contribute 
toward lung repair and regeneration (5). Indeed, studies have 
demonstrated that the proliferation and differentiation of 
AECIIs into AECIs plays a key role in the repair of damaged 
alveoli (6,7). Since arrested alveolar development is the main 
pathological feature of neonatal BPD, a number of studies 
have investigated alveolar epithelial cell damage and repair to 
improve alveolarization (8‑10) and enhance the understanding 
of the mechanisms of alveolar epithelial cell regeneration in 
order to develop treatment methods for BPD.

Yes‑associated protein (YAP) is a key downstream effector 
of the Hippo pathway (11,12), and recent studies have demon-
strated that YAP exerts regulatory effects on a number of stem 
cells (13‑15). However, the role of YAP in the proliferation 
and differentiation of AECIIs into AECIs remains controver-
sial (16‑19). For instance, Sun et al reported that although YAP 
is not involved in these processes, TAZ plays a critical role 
in AECIIs to AECIs differentiation and maintaining alveolar 
integrity following injury (20); however, Seo et al found that 
YAP/TAZ contributed towards alveolar epithelial regenera-
tion (21). Thus, the regulatory role of YAP in the proliferation 
and differentiation of AECIIs is likely complex and requires 
further investigation.

Previously, the authors reported that Wnt signaling plays 
key roles in alveolar injury and repair by regulating the 
proliferation and differentiation of AECIIs (22,23). The Wnt 
signaling pathway consists of both canonical and nonca-
nonical pathways (24) involving Wnt proteins, receptors and 
regulatory factors that control numerous biological processes, 
including cell proliferation, development and differentia-
tion (25,26). Wnt3a signals via the canonical pathway and is 
expressed in bronchial and alveolar epithelial cells; however, 
it exhibits an increased expression in fibrotic regions and 
the hypertrophic alveolar epithelium  (27). Several studies 
have reported conflicting associations between YAP and the 
Wnt/β‑catenin signaling pathway (19‑21,28,29). For instance, 
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Imajo et al reported that the Hippo pathway effectors, YAP 
and TAZ, bound to β‑catenin and retained it in the cytoplasm 
to suppress Wnt/β‑catenin signaling from 293T cells  (29), 
whereas Jia et al found that YAP promoted the osteogenic 
differentiation of human periodontal ligament stem cells 
in vitro and inhibited adipogenic differentiation via low‑density 
lipoprotein receptor‑related protein 6 (LRP6) and dishevelled 
segment polarity protein 3 (DVL3)‑mediated Wnt/β‑catenin 
signaling (28). Therefore, it remains unclear whether YAP 
affects the proliferation and differentiation of AECIIs via the 
Wnt/β‑catenin pathway in BPD.

The present study thus aimed to determine the role of 
YAP in the proliferation and differentiation of AECIIs and the 
involvement of the Wnt/β‑catenin pathway in this process in 
BPD. It was demonstrated that YAP expression was decreased 
in experimental BPD and played a key role in promoting the 
proliferation and differentiation of AECIIs, consistent with a 
previous study by the authors on Wnt3a (23). In addition, it 
was found that Wnt3a overexpression could compensate for 
YAP depletion and vice versa; however, neither altered the 
expression of the other. Moreover, neither YAP nor Wnt3a 
overexpression increased total β‑catenin expression in AECIIs 
in vitro, but both increased nuclear β‑catenin levels in these 
cells. Thus, a functional association was identified between 
YAP and Wnt/β‑catenin signaling. This indicates that Wnt3a 
and YAP cooperatively regulate the proliferation and differen-
tiation of AECIIs in experimental BPD.

Materials and methods 

Animal models. All animal experiments were examined and 
approved by the Experimental Animal Ethics Committee of 
China Medical University (2017PS086K). The BPD model 
in the present study has been previously described (22,30). 
In brief, 20 adult Sprague‑Dawley (SD) rats were purchased 
from Liaoning Changsheng Biotechnology, and females and 
males were mated at a ratio of 4:1. Feeding was carried out 
in a temperature‑controlled room during a 12‑h light/dark 
cycle, with a temperature of 23±2˚C and a relative humidity 
of 40‑60%. Each pregnant rat was fed independently until 
natural delivery on days 21‑23. Within 12 h of delivery, the 
neonatal and maternal rats were randomly divided into the 
BPD model or control groups that were exposed to 80‑85% 
oxygen in a sealed plexiglas tank for 1‑21 days or room 
air (21% oxygen), respectively. The number of rats in each 
animal model preparation was assigned as follows: In total, 
3 cages (1 maternal and 12‑13 newborn rats in each cage) 
were placed in an oxygen chamber as the BPD model group, 
and another 3 cages (1 maternal and 12‑13 newborn rats in 
each cage) were placed in the room with normal air as the 
control group. The oxygen concentration was monitored 
continuously using an oxygen meter. The box was opened 
regularly for 30  min each day and maternal rats were 
switched between the model and control groups every 24 h 
to prevent oxygen toxicity.

Lung tissue specimens and lung histology. On postnatal days 1, 
3, 7, 14 and 21, 10 neonatal rats from each group were randomly 
selected and all rats were anesthetized by an intraperitoneal 
injection of 1% pentobarbital sodium (35 mg/kg). Under aseptic 

conditions, the left auricle was reduced, the right ventricle was 
per‑fused with PBS and lung tissues were collected. The lower 
lobe of the right lung was fixed in 4% para‑formaldehyde 
(PFA) and 3‑µm‑thick sections were prepared for hematoxylin 
and eosin (H&E), immunohistochemical (IHC) and immu-
nofluorescence (IF) staining. The remaining lung lobes were 
preserved at ‑80˚C for use in subsequent analyses. Lung tissue 
sections (3‑µm‑thick) were deparaffinized in xylene for 20 min 
and rehydrated in 100, 95, 85 and 70% alcohol for 10 min 
before H&E staining was performed. Briefly, specimens were 
stained with hematoxylin for 2 min at 37˚C, rinsed, and blued 
for nuclear staining under running water for 15 min. Sections 
were then stained with eosin for 1 min at 37˚C, dehydrated 
using 70, 95 and 100% alcohol, made transparent using xylene, 
and embedded in neutral resin. Under a microscope (Nikon 
Corporation), by drawing a perpendicular line from the center 
of the most peripheral bronchiole to the pleura or the nearest 
interlobular septum, the number of alveoli transected by this 
line was defined as the radial alveolar count (RAC), an impor-
tant index used to evaluate the stage of lung development (31). 
Image J software version 1.51 was used to measure alveolar 
wall thickness.

Isolation of AECIIs. AECIIs from the neonatal rats were 
isolated, purified and cultured as previously described (22). 
Following cardiopulmonary lavage, the cut lung tissue 
was digested in 0.25% trypsin‑EDTA (25200056, Gibco; 
Thermo Fisher Scientific, Inc.) for 30 min and then diges-
tion was terminated using the same volume of DMEM/F12 
medium (SH30023.01B, Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% fetal bovine serum (10099141, Gibco; 
Thermo Fisher Scientific, Inc.). The disassociated cells were 
filtered through a 200‑mesh cell strainer, centrifuged (4˚C, 
5 min and 200 x g) and the cells were then digested using 
0.1% type I collagenase (MB2686, Meilunbio) for 20 min. 
The cells were harvested by centrifugation (4˚C, 5 min and 
200 x g), resuspended in DMEM/F12 medium containing 
1% penicillin streptomycin double antibody (Gibco; Thermo 
Fisher Scientific, Inc.) and 10% fetal bovine serum, and 
incubated in a 5% CO2 incubator at  37˚C. Fibroblasts 
were removed using the differential attachment procedure 
(repeated 3 times, 1 h each) and purified. Following 24 h of 
culture, the activity (>95%) and purity (>90%) of AECIIs 
were measured using trypan blue staining for 3 min at 37˚C 
(C0011‑1, Beyotime Institute of Biotechnology, Inc.) and 
AECII‑specific labeling of surfactant protein C (SPC) 
immunostaining, respectively.

IHC staining. Prior to IHC staining, the sections were 
deparaffinized, microwave‑heated (98‑100˚C), and treated 
sequentially with 3% H2O2 for 20 min and goat serum for 1 h 
at 37˚C. The sections were then incubated with the following 
primary antibodies diluted in PBS at  4˚C overnight: 
Anti‑YAP (#14074, 1:400, Cell Signaling Technology, Inc.) 
and anti‑β‑catenin (WL0962a, 1:100, Wanleibio, Co., Ltd.). 
The sections were then incubated with secondary antibodies 
(goat anti‑rabbit/mouse, kit9710, MXB Biotechnologies) 
at 37˚C and streptavidin‑horseradish peroxidase for 20 min 
at 37˚C, developed with 3,3'‑diaminobenzidine, and coun-
terstained with hematoxylin for 2 min at 37˚C. Finally, the 
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sections were observed under a light microscope (Nikon 
Corporation), where 6 fields of view were randomly selected 
for each sample.

IF staining. Prior to IF staining, the cells were fixed with 4% 
PFA for 15 min. After blocking with 10% goat serum (SL038, 
Beijing Solarbio Science & Technology Co., Ltd.) at 37˚C 
for 15 min and incubated with 4 combinations of 2 primary 
antibodies overnight at 4˚C as follows: i) Rabbit polyclonal 
anti‑SPC (PA5‑71680, 1:40, Thermo Fisher Scientific, Inc.) and 
mouse monoclonal anti‑YAP (66900‑1‑lg, 1:50, Proteintech 
Group, Inc.); ii)  Rabbit polyclonal anti‑SPC and mouse 
monoclonal anti‑β‑catenin (610154, 1:100, BD Biosciences); 
iii)  Rabbit polyclonal anti‑aquaporin 5 (AQP5; ab78486, 
1:200, Abcam) and mouse monoclonal anti‑YAP; iv) Rabbit 
polyclonal anti‑AQP5 (ab78486, 1:200, Abcam) and mouse 
monoclonal anti‑β‑catenin. The sections were then incubated 
with goat anti‑rabbit IgG (SA00007‑2, 1:200, Proteintech 
Group, Inc.) and goat anti‑mouse IgG (SA00003‑1, 1:200, 
Proteintech Group, Inc.) secondary antibodies coupled to 
fluorescein isothiocyanate in the dark for 4 h at 37˚C, followed 
by 4',6‑diamidino‑2‑phenylindole (DAPI, D820010, Beijing 
Solarbio Science & Technology Co., Ltd.) to nuclear staining 
for 5 min at 37˚C. Double IF images were acquired using a 
confocal laser‑scanning microscope (Nikon Corporation) and 
6 fields of view were randomly selected for each sample.

Cell transfection. Primary cells obtained from BPD and 
control rats were inoculated in 6‑well plates (a total of 
200,000 cells were seeded into each well of the 6‑well) and 
cultured to a cell density of approximately 60‑70%. While the 
cells in the control group were left untreated, the cells in the 
BPD group were transfected with either small interfering RNA 
(siRNA)‑negative control (NC, GenePharma), siRNA‑YAP 
(GenePharma), siRNA‑Wnt3a (GenePharma), overexpression 
plasmid YAP (OEYAP, Genechem), overexpression plasmid 
Wnt3a (OEWnt3a, Genechem), or overexpression plasmid NC 
(OENC, Genechem). The siRNA sequences were as follows: 
siYAP sense, 5'‑GAU​UGA​AAC​AGC​AGG​AGU​UTT‑3' and 
antisense, 5'‑AAC​UCC​UGC​UGU​UUC​AAU​CTT‑3'; siWnt3a 
sense, 5'‑GGU​GGU​CGC​AGC​CUG​ACU​UTT‑3' and antisense, 
5'‑AAG​UCA​GGC​UGC​GAC​CAC​CTT‑3'; NC sense, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 5'‑ACG​UGA​
CAC​GUU​CGG​AGA​ATT‑3'. At transfection in the 6‑well 
plate, the amount of siRNA and plasmid was 7.5 and 2 µg 
respectively, and the amount in the control group was the 
same. Transfection was performed using Lipofectamine 3000 
(L3000015, Thermo Fisher Scientific, Inc.), according to the 
manufacturer's instructions and was confirmed by PCR and 
western blot analysis. After 48‑72 h, cells were collected for 
further analysis.

Western blot analysis. Total proteins from the lung tissues and 
AECIIs were lysed using radio immunoprecipitation assay 
(RIPA) buffer (P0013B, Beyotime Institute of Biotechnology, 
Inc.) with 1% phenylmethanesulfonyl f luoride (PMSF; 
ST506, Beyotime Institute of Biotechnology, Inc.). Nuclear 
and cytoplasmic proteins were extracted using a Nuclear 
and Cytoplasmic Protein Extraction kit (20126ES50, 
Beyotime Institute of Biotechnology, Inc.) according to the 

manufacturer's instructions. The protein concentration was 
determined by the bicinchoninic acid (BCA; p0010, Beyotime 
Institute of Biotechnology, Inc.) method. An equal amount 
of protein (40 µg) of each sample was used for western blot-
ting. Proteins were then separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS‑PAGE) and 
transferred onto polyvinylidene fluoride (PVDF) membranes. 
After blocking with 5% non‑fat milk for 1 h at 37˚C, the 
membranes were incubated with the following primary anti-
bodies diluted in PBS overnight at 4˚C: Anti‑YAP (66900‑1‑lg, 
1:500, Proteintech Group, Inc., 65 kDa), anti‑Wnt3a (DF6113, 
1:1,000, Affinity, 39 kDa), anti‑SPC (PA5‑71680, 1:2,000, 
Thermo Fisher Scientific, Inc., 21 kDa), anti‑AQP5 (ab78486, 
1:5,000, Abcam, 24 kDa), anti‑β‑catenin (610154, 1:2,000, 
BD Biosciences, 92 kDa), anti‑GAPDH (10494‑1‑AP, 1:5,000, 
Proteintech Group, Inc., 36 kDa) and anti‑LaminA (1:1,000, 
ab26300, Abcam, 74 kDa). Following incubation with goat 
anti‑mouse IgG secondary antibodies (SA00001‑1, 1:5,000, 
Proteintech Group, Inc.) or goat anti‑rabbit IgG secondary 
antibodies (SA00001‑2, 1:5,000, Proteintech Group, Inc.) 
at 37˚C for 2 h, signals were detected by enhanced chemi-
luminescence (34577, Thermo Fisher Scientific, Inc.). The 
gray values of the protein bands were analyzed using Image J 
software version 1.51.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the lung tissues or AECIIs using 
TRIzol reagent (9108, Takara Bio, Inc.) and the samples were 
all treated with RNA DNase before the reverse transcription 
process according to the official instruction, and 1 µg per 
sample was then reverse transcribed into cDNA using the 
PrimeScriptRT reagent kit with gDNA Eraser (RR047A, Takara 
Bio, Inc.). Each targeted cDNA (2 µl) was amplified using the 
TB Green PCR Core kit (RR820A, Takara Bio, Inc.) via the ABI 
7500 system, and the following primers: SPC forward, 5'‑GTG​
GTT​GTG​GTG​GTA​GTC​CTT​GTC‑3' and reverse, 5'‑CGA​
TGC​CAG​TGG​AGC​CAA​TAG​AG‑3'; AQP5 forward, 5'‑CAA​
CAA​CAC​AAC​GCC​TGG​CAA​G‑3' and reverse, 5'‑AGA​GTC​
GGT​GGA​GGA​GAA​GAT​GC‑3'; YAP forward, 5'‑GCC​ATG​
AAC​CAG​AGG​ATC​ACT​CAG‑3' and reverse, 5'‑AGC​CTC​
TCC​TTC​TCC​ATC​TGT​AGC‑3'; β‑catenin forward, 5'‑GTT​
GCT​CCA​CTC​CAG​GAA​TGA​AGG‑3' and reverse, 5'‑GCA​
CCA​ATG​TCC​AGT​CCG​AGA​TC‑3'; Wnt3a forward, 5'‑TGG​
TGG​TGG​TGG​TGG​CAG​AG‑3' and reverse, 5'‑CAC​AGC​
CAA​GGA​CCA​GAG​AAG​AAC‑3'; GAPDH forward, 5'‑GAC​
ATG​CCG​CCT​GGA​GAA​AC‑3' and reverse, 5'‑AGC​CCA​
GGA​TGC​CCT​TTA​GT‑3'. The following cycling conditions 
were used: 95˚C for 30 sec; 40 cycles of 95˚C for 5 sec and 
60˚C for 34 sec; 95˚C for 15 sec; 60˚C for 1 min; and 95˚C for 
15 sec. To determine relative gene expression, target mRNA 
expression was calculated relative to GAPDH using the 2‑ΔΔCq 
method (32).

Statistical analysis. Graphpad prism 5 was used for statis-
tical analysis. All experiments involved at least 6  rats and 
were performed in triplicate. Results were expressed as the 
means ± standard deviation (SD). All raw data were analyzed by 
one‑way or two‑way analysis of variance (ANOVA) followed by 
the Bonferroni test for post hoc comparisons. P‑values of <0.05 
were considered to indicate statistically significant differences.
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Results

Experimental BPD is established by the induction of hyperoxia 
in neonatal rats. The results of H&E staining revealed that 
the alveolar space was thick and there were fewer alveoli at 
1‑3 days following incubation with 21% oxygen in the control 
group rats; however, the alveolar space was thinner after 7 days 
and after 14‑21 days, the alveolar space became uniform, the 
pulmonary space was thinner, a spinous process appeared 
and the number of alveoli increased. Conversely, the hyper-
oxia‑exposed neonatal rats displayed enlarged alveoli from 
7 days and after 14‑21 days, the number of alveoli significantly 
decreased, the alveolar septum thickened and the alveolar 
structure was simplified. In the control group, the thickness of 
the alveolar septum became thinner, while in the model group 
the alveolar septum became thicker, which was clearly different 
on days 7, 14 and 21 (Fig. 1A). The RAC was determined to 

evaluate the stage of lung development (Fig. S1A); the model 
group exhibited a significantly lower number of alveoli than 
the control group, beginning from 7 days following exposure 
to hyperoxia (P<0.05. In addition, the thickness of the alveolar 
wall was measured by morphometry (Fig. S1B); the alveolar 
septa significantly increased at 7 days following exposure to 
hyperoxia in the model group (P<0.05).

Differentiation of AECIIs into AECIs is inhibited in rats 
with BPD. To investigate the differentiation of AECIIs into 
AECIs in the alveoli of rats with BPD, SPC (AECIIs marker) 
and AQP5 (AECIs marker) expression levels were detected 
by RT‑qPCR and western blot analysis in the lung tissues 
of neonatal rats after 1, 3, 7, 14 and 21 days of exposure to 
hyperoxia or normal air. The upregulation of SPC mRNA 
expression was first detected on day 7 in the hyperoxic lung 
tissues compared to the normoxic group (Fig. 1B), followed 

Figure 1. Hyperoxia exposure inhibits the differentiation of AECIIs to AECIs in vivo. (A) Hyperoxia exposure induces alveolar damage in premature rats. 
(B‑D) Hyperoxia increased (B) SPC mRNA and (D) protein expression at days 7, 14 and 21, and decreased (C) AQP5 mRNA and (D) protein expression at 
days 7, 14 and 21. Data are expressed as the means ± SD (n=6). *P<0.05. Scale bar, 40 µm. N, normoxia‑exposed rats; H, hyperoxia‑exposed rats; AECIIs and 
AECIs, alveolar epithelial type II and I cells; SPC, surfactant protein C; AQP5, aquaporin 5.
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by an increased expression over the subsequent days. In addi-
tion, AQP5 expression was markedly diminished compared 
to that in the control rats (Fig.  1C  and D ). Western blot 
analysis and RT‑qPCR yielded similar results (Fig.  1D), 
indicating that differentiation was inhibited in the lungs of 
hyperoxia‑exposed rats.

Expression of YAP, Wnt3a and nuclear β‑catenin expres‑
sion decreases in lungs affected by BPD. To determine 
whether YAP expression is affected in lungs of rats exposed 
to hyperoxia, YAP expression was verified in lung tissue 
at 1, 3, 7, 14 and 21 days in the experimental and control 
group neonatal rats by RT‑qPCR, western blot analysis 

Figure 2. YAP, Wnt3a and β‑catenin expression is decreased in lung tissue affected by BPD. (A) YAP mRNA and (C) protein expression in the lungs. (B) Wnt3a 
mRNA and (C) protein expression in the lungs. (D) β‑catenin protein expression in lung nucleoli. Data are expressed as the means ± SD (n=6). *P<0.05, **P<0.01. 
(E) YAP and (F) β‑catenin expression in IHC‑stained lung sections. Scale bar, 40 µm. Expression of (G) SPC and (G) YAP, as well as (H) AQP5 and YAP 
detected by double IF staining. Scale bar, 40 µm. (I and J) Expression of (I) SPC and β‑catenin, as well as (J) AQP5 and β‑catenin detected by double IF staining. 
Scale bar, 40 µm. N, normoxia‑exposed rats; H, hyperoxia‑exposed rats; SPC, surfactant protein C; AQP5, aquaporin 5; BPD, bronchopulmonary dysplasia.
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and IHC. The YAP mRNA levels began to decline on 
day  7 following exposure to hyperoxia compared with 
the normoxic group and continued to decrease thereafter 
(Fig. 2A), with western blot analysis, IHC and RT‑qPCR 
yielding similar results (Fig. 2C and E). In addition, Wnt3a 
expression (Fig. 2B and C) and nuclear β‑catenin accu-
mulation (Fig. 2D and F) were consistent with the results 
obtained for YAP expression.

To determine whether YAP and β‑catenin are expressed 
on AECIIs or AECIs, double IF staining was performed for 
YAP/β‑catenin and SPC (AECII marker) or AQP5 (AECI 
marker). Although both YAP and β‑catenin were expressed 
in the AECIIs and AECIs, their expression decreased in the 

AECIIs and AECIs exposed to hyperoxia (Figs. 2G‑J and S2). 
Therefore, YAP and β‑catenin may be involved in the differ-
entiation of AECIIs into AECIs.

Effects of YAP on the proliferation of AECIIs. The expres-
sion of SPC was detected in primary cultured AECIIs by IF 
(Fig. S3A), indicating successful cell isolation. Subsequently, 
YAP was overexpressed and knocked down (KD) in these 
cells using OEYAP plasmids and siRNAs, respectively. YAP 
mRNA and protein expression levels were higher in the 
OEYAP group than in the OENC group (Fig. S3B and D), 
and were significantly lower in the KDYAP group than in the 
KDNC group (Fig. S3C and D).

Figure 3. Effects of YAP on the proliferation and differentiation of AECIIs into AECIs. (A and B) SPC and AQP5 expression in OEYAP, KDYAP and corre-
sponding control (OENC, KDNC) AECIIs detected by western blot analysis. Data are expressed as the means ± SD (n=3). *P<0.05, **P<0.01. (C and D) Double 
IF staining for (C) SPC and YAP or (D) AQP5 and YAP in OEYAP, KDYAP and corresponding control (OENC, KDNC) AECIIs. Scale bar, 40 µm. N, 
normoxia‑exposed rats; H, hyperoxia‑exposed rats; AECIIs and AECIs, alveolar epithelial type II and I cells; SPC, surfactant protein C; AQP5, aquaporin 5; 
OE, overexpression; NC, negative control; KD, knockdown.
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YAP overexpression upregulated SPC expression in the 
OEYAP group compared with the OENC group (Fig. 3A), 
with stronger double IF staining observed for SPC and YAP 
in the OEYAP group (Fig. 3C). Therefore, YAP overexpres-
sion significantly promoted the proliferative capacity of the 
AECIIs.

Conversely, YAP knockdown (KDYAP) decreased SPC 
expression compared to that in the KDNC group (Fig. 3B), 
with weaker double IF staining observed for SPC and YAP 
in the KDYAP group (Fig. 3C). Thus, the genetic inhibition 
of YAP with siRNA appeared to significantly suppress the 
proliferation of AECIIs.

Effects of YAP on the differentiation of AECIIs into AECIs. 
YAP overexpression increased AQP5 protein expression 
compared to that in the OENC group (Fig. 3A) and produced 
stronger double IF staining for AQP5 and YAP (Fig. 3D), indi-
cating that YAP overexpression promoted the differentiation of 
AECIIs into AECIs. Consistently, YAP knockdown decreased 
AQP5 protein expression compared to that in the KDNC group 
(Fig. 3B) and produced weaker double IF staining signals 
for AQP5 and YAP (Fig. 3D). Thus, YAP knockdown using 
siRNA against YAP may inhibit the differentiation of AECIIs 
into AECIs.

YAP affects the Wnt/β‑catenin signaling pathway via 
β‑catenin, but not via Wnt3a in AECIIs. To investigate the 
mechanisms through which YAP affects the Wnt/β‑catenin 
signaling pathway, β‑catenin expression was detected in 

AECIIs in which YAP was overexpressed or knocked down. 
Total β‑catenin expression differed slightly between the 
different groups (Fig. 4A and B), with higher nuclear β‑catenin 
levels detected in the OEYAP group than in the OENC group 
(Fig. 4A), and lower β‑catenin levels detected in the nuclei of 
the KDYAP group than in the KDNC group (Fig. 4B). However, 
YAP overexpression or knockdown did not significantly alter 
the Wnt3a levels, although it did activate nuclear β‑catenin in 
the Wnt/β‑catenin signaling pathway (Fig. 4A and B). Taken 
together, these data indicate that YAP positively regulates 
Wnt/β‑catenin signaling by increasing the nuclear transfer of 
β‑catenin without affecting Wnt3a expression in AECIIs.

Wnt3a affects the Wnt/β‑catenin signaling pathway via 
β‑catenin, but not YAP in AECIIs. Wnt3a protein expression 
was markedly elevated in OEWnt3a AECIIs compared to 
that in the control AECIIs (Fig. S4A), while Wnt3a knock-
down using siRNA decreased the Wnt3a mRNA and protein 
levels considerably compared to those in the KDNC group 
(Fig. S4B and C). Wnt3a overexpression increased SPC and 
AQP5 expression in the AECIIs compared with the OENC 
group (Fig. 5C), whereas Wnt3a knockdown decreased SPC 
and AQP5 expression (Fig. 5B). These results suggest that 
Wnt3a promotes the proliferation and differentiation of 
AECIIs into AECIs.

To confirm the mechanisms through which Wnt3a 
overexpression or knockdown affect nuclear β‑catenin 
expression, β‑catenin expression was detected in the nucleus. 
Wnt3a overexpression increased nuclear β‑catenin levels 

Figure 4. YAP overexpression and knockdown affects nuclear β‑catenin, but not Wnt3a expression. (A and B) Expression of total and nuclear β‑catenin in 
OEYAP, KDYAP and corresponding control (OENC, KDNC) AECIIs from rats exposed to hyperoxia for 1, 7 and 14 days, as determined by western blot 
analysis. Wnt3a expression in OEYAP, KDYAP and corresponding control (OENC, KDNC) AECIIs exposed to hyperoxia for 1, 7 and 14 days, as determined 
by western blot analysis. Data are expressed as the means ± SD (n=3). *P<0.05, **P<0.01. N, normoxia‑exposed rats; H, hyperoxia‑exposed rats; AECIIs and 
AECIs, alveolar epithelial type II and I cells; OE, overexpression; NC, negative control; KD, knockdown.
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compared to those in the OENC group (Fig. 5C), whereas 
Wnt3a knockdown decreased the β‑catenin levels in the 
nucleus compared to those in the KDNC group (Fig. 5B). 

However, Wnt3a overexpression or knockdown did not affect 
YAP expression (Fig. 5A), suggesting that Wnt3a positively 
regulates Wnt/β‑catenin signaling by increasing the nuclear 

Figure 5. Continued.
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transfer of β‑catenin without affecting YAP expression in 
AECIIs.

Wnt3a overexpression and knockdown reverse the effects of 
YAP on the proliferation and differentiation of AECIIs. Since 
significant differences were observed following YAP overex-
pression or knockdown in the proliferation and differentiation 
of AECIIs extracted from rats exposed to hyperoxia for 7 and 
14 days, these two time points for were selected subsequent 
functional experiments.

It was found that nuclear β‑catenin expression was lower 
in the AECIIs in which YAP was overexpressed and Wnt3a 
was knocked down than in the OEYAP group (Fig. 5B), but 
was increased in AECIIs in which YAP was knocked down 
and Wnt3a was overexpressed compared with the KDYAP 
group (Fig. 5C). Thus, Wnt3a knockdown appears to reverse 
the effect of YAP overexpression on nuclear β‑catenin, while 
Wnt3a overexpression reverses the suppressive effect of YAP 
knockdown on nuclear β‑catenin.

Subsequently, functional experiments were performed 
to determine whether YAP regulates the proliferation and 
differentiation of AECIIs via Wnt/β‑catenin signaling. It 
was found that SPC and nuclear β‑catenin expression and 
double IF staining were lower in the YAP‑overexpressing 
AECIIs subjected to Wnt3a knockdown than in the OEYAP 
group (Fig. 5B and D). Moreover, SPC and nuclear β‑catenin 
expression were higher in the AECIIs in which YAP was 
knocked down and in which Wnt3a was overexpressed than 
in the KDYAP group (Fig. 5C and F). The differentiation 
assay revealed that AQP5 and β‑catenin expression and 
double IF staining were lower in the YAP‑overexpressing 
AECIIs subjected to Wnt3a knockdown than in the OEYAP 

group (Fig.  5B  and  E), whereas AQP5 expression was 
higher in the AECIIs in which YAP was knocked down and 
subjected to Wnt3a overexpression than in the KDYAP group 
(Fig. 5C and G). Taken together, these results indicate that the 
effects of YAP overexpression or knockdown on the prolifera-
tion or differentiation of AECIIs can be partially reversed by 
inhibiting or activating the Wnt/β‑catenin signaling pathway.

Discussion

Recently, increasing attention has been paid to the regulation of 
stem cell biology by the Hippo‑YAP/TAZ pathway; however, 
the effects of YAP on stem cell differentiation have not yet 
been fully defined (33‑35). In the present study, it was found 
that YAP overexpression enhanced the number of AECIIs 
and AECIs, whereas its knockdown suppressed this process. 
Moreover, it was found that YAP regulated AECII prolifera-
tion and differentiation into AECIs in experimental BPD. It is 
generally believed that following lung injury, AECIIs can divide 
and restore the epithelium by differentiating into AECIs and 
replenishing the AECIIs population (36,37). Previous research 
has suggested that YAP regulates the proliferation of alveolar 
epithelial progenitors after acute lung injury (38); therefore, 
it was hypothesized that YAP may be a potential regulatory 
target in AECIIs and that its overexpression can facilitate lung 
regeneration or alveolar repair following hyperoxia‑induced 
injury. Thus, inducing AECII proliferation and differentiation 
may serve as a novel therapeutic strategy for alveolar repair 
in BPD.

The in vitro and in vivo experiments performed in the 
present study demonstrated that the decreased YAP expres-
sion in hyperoxia‑exposed lungs upregulated SPC and 

Figure 5. Wnt3a overexpression and knockdown reversed the effects of YAP on AECIIs proliferation and differentiation. (A) YAP expression in OEWnt3a, 
KDWnt3a and corresponding control (OENC, KDNC) AECIIs determined by western blot analysis. Data are expressed as the means ± SD (n=3). 
(B, D and E) SPC, AQP5 and nuclear β‑catenin expression detected by (B) western blot analysis and double IF staining for (D) SPC and β‑catenin or (E) AQP5 
and β‑catenin in OEYAP, KDWnt3a, OEYAP + KDWnt3a, and corresponding control (OENC, KDNC) AECIIs extracted from hyperoxia‑exposed rats after 
14 days. Data are expressed as the means ± SD (n=3). *P<0.05, **P<0.01. Scale bar, 40 µm. (C, F and G) SPC, AQP5 and nuclear β‑catenin expression detected 
by (C) western blot analysis and double IF staining for (F) SPC and β‑catenin or (G) AQP5 and β‑catenin in KDYAP, OEWnt3a, KDYAP + OEWnt3a and 
corresponding control (OENC, KDNC) AECIIs extracted from hyperoxia‑exposed rats after 14 days. Data are expressed as the means ± SD (n=3). *P<0.05. 
Scale bar, 40 µm. N, normoxia‑exposed rats; H, hyperoxia‑exposed rats; AECIIs and AECIs, alveolar epithelial type II and I cells; OE, overexpression; NC, 
negative control; KD, knockdown; SPC, surfactant protein C; AQP5, aquaporin 5.
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downregulated AQP5 expression; however, the number of 
AECIs decreased alongside the increase in AECIIs. This 
phenomenon may be explained by two factors: Firstly, other 
regulatory mechanisms may be involved in enhancing AECIIs 
proliferation; and secondly, the decreased differentiation of 
AECIIs into AECIs may lead to their accumulation in vivo 
and inhibit epithelial repair. Hou et al reported that the trans-
differentiation of AECs was not suppressed, but rather was 
increased following exposure to hyperoxia by compensation; 
however, such repair during injury cannot offset pulmonary 
epithelial air exchange and barrier dysfunction caused by 
structural damage to AECs (39). In a word, the present study 
aimed to elucidate the pathological process of BPD from 
different perspectives and the possibility of different molec-
ular expressions under different conditions. Depending on the 
cellular environment and stimuli, AECs respond to injury by 
undergoing different pathways. Different perspectives may 
lead to different outcomes, providing different insights for the 
treatment of BPD. In addition, it was also observed that the 
hyperoxia‑induced inhibition of AECIIs differentiation into 
AECIs in vivo was accompanied by the downregulation of YAP 
expression; however, YAP overexpression contributed toward 
the proliferation and differentiation of AECIIs into AECIs 
in vitro. The different mechanisms employed by YAP in vivo 
and in vitro are likely due to alternative pathways that enhance 
the proliferation of AECIIs and inhibit YAP expression or 
involve decreased AP expression inhibiting the differentiation 
of AECIIs to AECIs, resulting in AECIIs aggregation in vivo.

YAP has also been shown to promote the proliferation 
of AECIIs in other models and induce their complete differ-
entiation into AECIs (40). Moreover, previous studies have 
demonstrated that YAP is critical for the proliferation of 
AECIIs and differentiation into AECIs in response to mechan-
ical tension in the adult lung following pneumonectomy (16). 
Another study reported that Hippo/YAP signaling regulates 
Ajuba in respiratory epithelial cells and controls progenitor 
cell proliferation and differentiation in developing and mature 
lungs (17). Furthermore, recent research has demonstrated 
that YAP adjusts AECII activities, including their prolifera-
tion, differentiation into AECIs, and inflammatory responses 
to balance both homeostasis and lung regeneration following 
lung injury induced by bacterial pneumonia (19). Conversely, 
some studies have suggested that LAS or MST deactivation 
leads to nuclear YAP accumulation, promotes the state of 
progenitor cells, and inhibits differentiation (41‑45). Similarly, 
others have indicated that TAZ is necessary for the prolifera-
tion and differentiation of AECIIs into AECIs in vivo during 
alveolar repair after bleomycin injury; however, YAP is not 
involved in this process (20). The present study suggested that 
YAP contributed toward the proliferation and differentiation 
of AECIIs following hyperoxic lung injury. The inconsistent 
conclusions of these studies may be the result of factors, such 
as different stem cell sources, culture conditions, and YAP 
intervention models; however, they also suggest that the role 
of YAP in stem cell regulation is complicated and requires 
further research to be fully characterized.

The Wnt protein family controls a variety of developmental 
processes, including cell fate specification, proliferation, and 
migration. Therefore, Wnt signaling disorders during embry-
onic development can result in developmental defects (46). 

Wnt signaling involves both a canonical and noncanonical 
pathway, which are known to be involved in lung development 
and diseases (25). In the present study, it was demonstrated 
that Wnt3a expression was downregulated in the lungs of 
rats exposed to hyperoxia and that Wnt3a overexpression 
and knockdown promoted and suppressed both SPC and 
AQP5 expression, respectively. In addition, it was found that 
Wnt3a regulated AECIIs proliferation and differentiation into 
AECIs in hyperoxia‑induced BPD. Similarly, Wnt/β‑catenin 
has previously been reported to promote the differentiation of 
AECIIs into AECIs and an increased Wnt3a expression may 
contribute toward the secretion of pro‑inflammatory factors in 
epithelial cells via the Wnt/β‑catenin pathway (47). However, 
the regulatory mechanisms of Wnt3a in AECIIs warrant 
further investigation.

Of note, the present study found that YAP overexpression 
or knockdown had no significant effect on total β‑catenin and 
Wnt3a expression in vitro, but did affect nuclear β‑catenin 
protein levels. To investigate the regulatory mechanisms 
of YAP in AECIIs, the present study examined the associa-
tion between YAP and the Wnt/β‑catenin signaling pathway, 
finding that nuclear β‑catenin levels, such as YAP expression, 
were lower in the lungs of rats exposed to hyperoxia. Therefore, 
it was hypothesized that the mechanism of β‑catenin in AECIIs 
was similar to that of YAP. It was also found that YAP posi-
tively regulated the nuclear transfer of β‑catenin, which was 
unaffected by Wnt3a in AECIIs, suggesting that YAP and Wnt 
signaling play essential roles in alveolar regeneration in AECIIs 
by mediating the switch to an AECIs fate after proliferation. 
Thus, the fine tuning of these two signaling pathways may help 
AECIIs to proliferate and differentiate sequentially, ultimately 
restoring the complex tissue architecture of the alveolar epithe-
lium. The results are consistent with those of other research, 
in which YAP was reported to facilitate the nuclear translo-
cation of β‑catenin by promoting GSK‑3b phosphorylation or 
reducing endogenous Dkk1 expression (48). Moreover, nuclear 
YAP/TAZ has been suggested to promote β‑catenin nuclear 
translocation by mediating T cytokine‑dependent transcrip-
tion (49,50). However, other studies have demonstrated that 
YAP inhibits Wnt signaling by inducing the endogenous expres-
sion of Dkk1, an inhibitory ligand of the Wnt pathway, thereby 
blocking Wnt/β‑catenin signaling (21). In addition, cytoplasmic 
YAP/TAZ can limit Wnt signaling activity by interacting with 
disheveled (DVL) or β‑catenin (14,29,51). In the absence of 
Wnt signaling, β‑catenin remains phosphorylated, resulting in 
its degradation and the transcriptional inhibition of Wnt target 
genes  (52). Therefore, nuclear YAP/TAZ can enhance Wnt 
signal transduction, whereas cytoplasmic YAP/TAZ inhibits 
Wnt signal transduction by activating the Hippo pathway (53). 
Although these studies were based on different cell models, 
their inconsistent conclusions suggest that YAP may regulate 
β‑catenin via a variety of mechanisms.

To confirm whether Wnt3a regulates the proliferation 
and differentiation of AECIIs via YAP, Wnt3a interference 
assays were conducted. Wnt3a overexpression or knock-
down reversed the effects of YAP on the proliferation and 
differentiation of AECIIs without affecting YAP expression, 
supporting the hypothesis that YAP promotes the prolifera-
tion and differentiation of AECIIs via nuclear β‑catenin and 
not Wnt3a. Based on the effect of YAP on Wnt/β‑catenin 
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signaling, it was confirmed that YAP partially regulated the 
proliferation and differentiation of AECIIs by activating the 
Wnt/β‑catenin signaling pathway; however, YAP must also be 
able to regulate this process via other pathways, which should 
be investigated in future studies. For instance, a recent study in 
a Pseudomonas aeruginosa acute infection model suggested 
that Dlk‑1 downregulated Notch signaling to promote 
AECII‑AECI differentiation  (54). Thus, multiple develop-
mental pathways, including Wnt, Hippo and Notch, likely work 
together to mediate tissue repair following alveolar injury. In 
particular, it has been suggested that alveolar epithelial cells 
from humans with pulmonary fibrosis display increased 
YAP activity and crosstalk with the mTOR/PI3K/AKT 
pathways (55). The current observations, as well as those of 
other mechanistic analyses (56), suggest that proper balance, 
sequencing, and cell‑type specificity between the activity of 
the Wnt and Hippo pathways may be necessary to promote 
appropriate alveolar epithelial regeneration. YAP/TAZ is a 
transcriptional co‑activating factor within and downstream of 
the Hippo signaling pathway that regulates multidirectional 
stem cell differentiation not only via Hippo signaling, but in 
coordination with a variety of pathways related to differen-
tiation that form an interactive signaling network that jointly 
regulates the biological functions of stem cells. However, it 
remains unclear whether these reported mechanisms of YAP 
control the proliferation and differentiation of AECIIs since 
the role of YAP differs among organisms, making its regula-
tory mechanisms even more complex.

In conclusion, the present study demonstrated that both 
Wnt3a and YAP promote the proliferation and differentiation 
of AECIIs into AECIs during the pathogenesis of experi-
mental BPD by activating the nuclear transfer of β‑catenin. 
In addition, it was found that Wnt3a and YAP act indepen-
dently without interacting with each other, Wnt3a knockdown 
appears to reverse the effect of YAP overexpression on nuclear 
β‑catenin, while Wnt3a overexpression reverses the suppres-
sive effect of YAP knockdown on nuclear β‑catenin, and may 
play different roles in cell fate under different situations. Thus, 
further studies are required to elucidate their association in 
more detail. Taken together, the findings of the present study 
indicate that Wnt3a or YAP may serve as regulatory targets for 
improving the outcomes of BPD.
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