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Abstract 

Purpose: To investigate the role of Hippo pathway in lung development in congenital diaphragmatic 
hernia (CDH).  
Methods: One oral dose of nitrofen was maternally administered for induction of CDH on embryonic 
day 9.5 (E 9.5). Sildenafil was administered intragastrically at a dose of 100 mg/kg on E 11.5. Three rat 
groups were used: control, CDH, and CDH + sildenafil. Cesarean section was used for fetal delivery on 
E 21.5. Fetuses with left diaphragmatic hernia (except in control rats) were chosen for investigations. 
Fetal body weight and weight of lung tissue were recorded, and lung histological evaluation, western 
blot and PCR were carried out after lung processing.  
Results: There was markedly higher expression of YAP in CDH rats than in control rats was unaffected 
by antenatal sildenafil administration (p < 0.05). However, prenatal sildenafil intervention significantly 
increased LATS1 expression in the lung of CDH fetuses (p < 0.05).  
Conclusion: These results indicate that increased pulmonary YAP expression in CDH rat model might 
contribute to pulmonary vascular remodeling and suppression of lung development. Thus, antenatal 
sildenafil administration not only mitigates abnormal vascular remodeling but also promotes lung 
development, most likely via increased expression of LATS1.   
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INTRODUCTION 
 
Congenital diaphragmatic hernia (CDH) is a 
disease caused by abnormal embryonic 
development [1,2]. Studies have shown that 
mortality caused by CDH is still as high as 40 – 
60 % [3,4]. At present, it is believed that the 
primary basis of high death rate in CDH children 

involves lack of effective treatment for pulmonary 
hypoplasia (PH) and persistent pulmonary 
hypertension (PPH) [2].  
 
Sildenafil relieves pulmonary hypertension [5] 
and positively affects pulmonary vascular 
remodeling associated with pulmonary 
hypertension [6]. Therefore, sildenafil is applied 
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clinically in the management of clinical treatment 
of pulmonary hypertension [7]. Recently, 
researchers have used sildenafil as a prenatal 
intervention in animal model of CDH, and found 
that it had positive therapeutic value in relieving 
PH, improving pulmonary vascular remodeling 
[8], and promoting lung development.  
 
The YAP, TAZ and LATS1 are the major 
components of the Hippo pathway [9]. The Hippo 
signaling pathway plays an important role in lung 
development [10]. An abnormality in this pathway 
is not only related to the abnormal development 
of bronchus and alveoli, but is also closely 
related to pulmonary hypertension [11,12]. In 
addition, other researchers have reported that 
the PDE/cGMP/PKG signaling pathway plays an 
important role in maintaining the properties of 
prostate cancer stem cells by regulating the 
Hippo/TAZ pathway [13]. Therefore, it is 
important to find out whether the effect of 
antenatal sildenafil intervention on lung 
development in a rat model of experimental CDH 
is related to the Hippo pathway. 
 
EXPERIMENTAL 
 
Animal model and study design  
 
The rats are provided by the Institute of 
Laboratory Animals of Sichuan Academy of 
Medical Sciences (Chengdu, China). Fifteen 
adult female Sprague-Dawley rats weighing 
between 210 and 250 g (mean weight = 237 g) 
were used. The rats were mated overnight, and 
the presence of sperm in vaginal smear was 
confirmed as embryonic day 0.5 (E 0.5). A total 
of 14 pregnant rats were randomly divided into 
control, CDH and CDH + sildenafil groups, each 
with five rats. Congenital diaphragmatic hernia 
(CDH) was induced by a single, oral maternal 
administration of nitrofen (125 mg in 2 mL olive 
oil, on E 9.5. Control rats were given an 
equivalent amount of oil in place of nitrofen. 
Starting from E 11.5, the rats in the CDH + 
sildenafil group were given sildenafil daily via 
gavage at a dose of 100mg/ kg dissolved in 2 ml 
saline, while rats in the CDH group were given 
an equivalent volume of saline only. This 
research was approved by the Animal Ethical 
Committee of Sichuan Provincial People’s 
Hospital (approval no. 20193192), and was 
carried out in line with NIH publication on care of 
laboratory animals [14]. At D 21.5 (term: 22 
days), all pregnant rats were given cesarean 
delivery under pentobarbital sodium anesthesia, 
and the fetal rats were sacrificed immediately 
after weighing. The fetal lungs were removed 
under anatomic stereoscopic microscopy, and 
the bilateral diaphragm integrity was carefully 

checked. The lungs were separated from the 
bronchi bifurcation into left and right lungs, and 
the lung weights (LW) were recorded. 
 
Lung preparation 
 
The lungs were placed in 10% neutral 
formaldehyde, fixed at 4oC for 48 hours, and then 
embedded in paraffin for histological analysis. 
The paraffin-embedded fetal lungs were 
transversely cut into 5-μm sections with a 
microtome. The sections were stained with 
hematoxylin and eosin (H & E), and elastin 
histochemical stain. Lung samples to be used for 
western blot analysis and PCR were kept at -
80oC. 
 
Lung morphometry 
 
Processed lung sections were stained with H&E 
and Verhoeff-Van Gieson (VVG) [15]. The 
sections were then observed under the Olympus 
BX51 optical microscope. Images were taken 
with BA200 Digital tri camera microscope camera 
system, and the following developmental 
indicators of lung parenchyma and blood vessels 
were determined with image-pro Plus 6.0: 
alveolar septum and % of pulmonary alveolar 
area (%AA) per unit area, both of which were 
calculated through image analysis. Another 
indicator was percentage of the medial wall 
thickness (MWT): the thickness values of the 
walls of small pulmonary arteries (20-60μm) 
were measured with image analysis software. 
External diameter (ED), diameter of outer elastic 
layer, and internal diameter (ID), and diameter of 
inner elastic layer, were measured, and MWT 
was calculated as shown in Eq 1. 
 
MWT (%) = {(ED – ID)/ED}100 …….. (1) 
 
Immunohistochemistry  
 
Deparaffinized sections were put in a dyeing tank 
with 3 % H2O2 at room temperature for 10 min. 
After rinsing with PBS, the sections were placed 
in 0.01 M citrate buffer (ZSGB-BIO, Beijing, 
China), and heated in a microwave oven to 
boiling point. Then the microwave was switched 
off. After 5 min, the heating was repeated. After 
cooling, the sections were rinsed with PBS and 
sealed with goat serum sealant at room 
temperature for 20min. Then, they were 
incubated overnight at 4 oC with the following 
primary antibodies: rabbit anti-YAP antibody 
(1:500, CST), rabbit anti-TAZ antibody (1:200, 
Abcam), and rabbit anti-LATs1 antibody (1:300, 
Proteintech Group). Then, they were rinsed in 
PBS and incubated with biotinylated 2o antibody 
(ZSGB-BIO, Beijing, China) at 37oC for 30 min. 
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After rinsing with PBS, the sections were stained 
using a DAB chromogenic kit (ZSGB-BIO, 
Beijing, China), with hematoxylin as a 
counterstain. After dehydration, the sections 
were affixed to glass coverslips with neutral 
balsam and evaluated under a BA200 Digital 
triocular microcamera system (Motic China 
Group Co. Ltd). All antibodies used in this study 
were diluted in phosphate buffered saline (PBS). 
 
Immunoblotting 
 
Fetal rat lungs were homogenized in RIPA buffer 
supplemented with Complete Protease Inhibitor 
Cocktail tablets (Roche) and phosSTOP 
Phosphatase Inhibitor Cocktail tablets (Roche). 
The protein concentrations were measured using 
BCA Protein Quantitation Kits (Beyotime, China). 
For gel electrophoresis, equal amount of total 
protein was denatured in loading buffer 
(Biosntech), and subjected to 10 % SDS 
polyacrylamide gel electrophoresis (Abcam). 
Following transfer of the proteins to PVDF 
membranes (Hybond, USA), the membranes 
were blocked in 5 % BSA for 2 h before 
incubation overnight at 4 oC with the primary 
antibodies against YAP (1:500, CST), TAZ 
(1:200, Abcam), LATs1 (1:300, Proteintech), p-
YAP (1:1000, CST) and β-actin (1:5000, Abcam. 
After TBST rinsing, incubation with secondary 
antibody (1:5000, Abcam) was done at room 
temperature for 2 - 3 h, followed again by rinsing 
with TBST. Detection was performed with 
Enhanced Chemiluminescence kit (Thermo, 
USA). The gel image analysis imaging system 
(Tanon, China) was used for scanning analysis 
and the results were expressed as relative 
expression of the target protein (Eq 2). 
 
RPE = ITP/IIR ………(2) 
 
where RPE is relative protein expression, ITP is 
integrated optical density value of target protein 

and IIR is integrated optical density value of 
internal reference. 
 
Real-time PCR 
 
Quantitative real-time PCR was performed as 
previously described Error! Reference source 
not found.. Total RNA was extracted with 
Animal Total RNA lsolation Kit (Foregene Co. 
Ltd.) and reverse-transcribed using RT EasyTM II 
(Foregene Co. Ltd). The PCR reactions were 
performed using Real Time PCR EasyTM 
(Foregene Co. Ltd), and samples were analyzed 
on a Step-One Plus instrument (Applied 
Biosystems). The sequences of primers (Sangon 
Biotech) used are shown in Table 1. 
 
Statistical analysis 
 
Data are presented as mean ± SD. Statistical 
analysis was done using SPSS version 17.0. 
One-way ANOVA was used for the comparison 
of multiple means, while LSD test was used for 
homogeneity of variance. Tamhane's T2 test was 
used for heterogeneity of variance. Values of p < 
0.05 were considered statistically significant. 
 
RESULTS 
 
Incidence of CDH, BW, LW and LW/BW 
 
The incidence of CHD was determined in the 
three groups. None of the 68 fetuses in the 
control group presented with CDH; 49 out of 72 
fetuses (68.1%) presented with CDH in CDH 
group, while 47 out of 77 fetuses presented with 
CDH in the CDH + sildenafil group. Incidents of 
CHD between CHD and CHD + sildenafil rats 
were comparable. Moreover, body weights were 
comparable among all groups. Fetuses in CDH 
group had significant decreases in LW/BW, when 
compared to the control. Sildenafil did not 
increase the LW/BW of fetuses with CDH. These 
results are shown in Table 2. 

 
Table 1: Primer and base sequences 
 
Primer Forward Reverse 
β-actin GAAGATCAAGATCATTGCTCCT TACTCCTGCTTGCTGATCCA 
LAts1 TCGGCAACCACCACCACCATATCCT CTGTTCCTGTTCGGCACCATCATCGT 
TAZ AACTCCGCCACATCTGGAACCTGAAG TGACACTCAGCAATCAGCCGTCCAAT 
YAP CGACTCCTTCTTCAAGCCGCCTGAG AGCCTGCTGGCAATGGTACATCATCA 
 
Table 2: BW, LW and LW/BW of rats in the 4 groups 
 
Group n BW (g, mean±SD) LW (mg, mean±SD) LW/BW (g/g)
Control 68 5.38 ± 0.31 150.82 ± 15.35 0.0281 ± 0.0029
CDH 72 5.01 ± 0.98* 82.77 ± 13.77# 0.0196 ± 0.0038& 
CDH + sildenafil 77 5.09 ± 0.71** 87.28 ± 17.03## 0.0214 ± 0.0049&& 
*P > 0.05, CDH vs control; **p > 0.05, CDH + sildenafil vs CDH; #p < 0.01 CDH vs control; ##p > 0.05, CDH + 
sildenafil vs CDH; p < 0.01 CDH vs control; &&p > 0.05, CDH + sildenafil vs CDH 
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Lung morphometric analysis 
 
Rat ED was comparable among the groups. 
Fetuses in CDH group had significantly 
increased values of % MWT and alveolar 
septum, and decreased value of AA%, when 
compared to the controls. However, treatment 
with sildenafil significantly improved fetal lung 
development in the CDH rat model, but the 
development still lagged behind that in control 
rats. These data are shown in Fugre 1 and Table 
3. 
 

 
 
Figure 1: Lungs from CDH rats (1B) with 
characteristic features of fetal canalicular stage, 
relative to lungs of control rats (1A) with normal 
features. The MWT of pulmonary artery was high in 
CDH rats (1E), relative to control (1D). Striking 
occurred in CDH + sildenafil group, with increases in 
air saccule size, thin septal walls, and maturation of 
the pulmonary interstitium (1C), and decreased MWT 
(1F), relative to CDH rats (1B, 1E) (H & E: 1A - 1C; 
VVG: 1D - 1F, original magnification: ×400, bar = 10 
μm) 
 
Immunohistochemical expressions of YAP, 
TAZ and LATS1  
 
The main sites that stain positive for YAP, TAZ, 
and LATS1 are bronchiolar and alveolar 
epithelial tissues in fetal lungs. YAP and LATSI 
proteins were positively stained in parts of lung 

mesenchymal and vascular smooth muscle cells 
(Figure 2). 
 

 
 
Figure 2: Results of immunohistochemical staining of 
YAP (2A - 2C), TAZ (2D - 2F), and LATS1 (2G - 2I) in 
pulmonary sections of control rats (2A, 2D, and 2G); 
CDH group (2B, 2E, and 2H), and CDH + sildenafil 
rats (2C, 2F, and 2I). The predominant sites of YAP, 
TAZ, and LATS1 staining were the bronchiolar and 
alveolar epithelial tissues in fetal lungs. Positive 
staining of YAP and LATS1 was also detected in parts 
of mesenchymal and lung vascular smooth muscle 
cells. Immunoreactivity of YAP was stronger in the 
CDH and CDH + sildenafil groups than in the control 
group. The LATS1 immunostaining in the CDH + 
sildenafil group was stronger than that in the control 
and CDH groups (bar = 100 μm) 
 
Expressions of YAP, TAZ, LATS1, and p-YAP 
 
Compared to the control group, an increased 
YAP expression was seen in the CDH group. 
The expressions of TAZ, LATS1, and p-YAP in 
the CDH group were not significantly different 
from those in the control group. Compared to 
CDH group, an upregulation of LATS1 was 
shown in CDH + sildenafil rats, but the 
expressions of YAP, TAZ and p-YAP were not 
altered. Equal loading of electrophoresis gels 
was confirmed by β-actin staining of the stripped 
membranes (Figure 3). 
 

 
Table 3: Lung morphometric analysis 
 

Group n 
Alveolar septum 

(μm)
AA% (%) ED (μm) %MWT (%) 

Control 68 13.51 ± 3.11 63.22 ± 8.91 27.33±8.82 11.86 ± 3.18
CDH 34 22.39 ± 5.89* 40.63 ± 6.53# 30.39±11.23§ 33.85 ± 6.94※ 
CDH + sildenafil 39 15.70 ± 3.89** 55.19 ± 5.17## 26.78±7.77§§ 15.56±4.77※※ 
*P < 0.01, CDH vs control; **p < 0.01, CDH + sildenafil vs CDH; #p < 0.01, CDH vs Control; ##p < 0.01, p < 0.05, 
CDH vs control; &&p < 0.05, CDH + sildenafil vs CDH; §p > 0.05, CDH vs control; §§p > 0.05, CDH + sildenafil vs 
CDH; ※p < 0.01, CDH vs Control; ※※p < 0.01, CDH + sildenafil vs CDH 
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Figure 3: Western blot results showing increased 
expression of YAP in CDH group, when compared to 
control lungs. *P < 0.01, expression of LATS1 in CDH 
+ sildenafil group vs CDH rats 
 
Relative mRNA expression levels of YAP, 
TAZ, and LATS1 
 

 
 
Figure 4: Effect of sildenafil on the relative mRNA 
expressions of YAP, TAZ, and LATS1 in CDH rats. 
The relative mRNA expressions of YAP were markedly 
upregulated in lungs of CDH rats, relative to control rat 
lungs (#p < 0.05). Compared to CDH group, sildenafil 
treatment did not alter YAP mRNA expression in lungs 
of the CDH + sildenafil group. There were no 
significant differences in relative mRNA expression 
levels of TAZ and LATS1 between the CDH and 
control groups. Sildenafil treatment significantly 
increased LATS1 mRNA expression in the CDH + 
sildenafil group, when compared to CDH group (##p < 
0.05) 
 
The relative mRNA expression level of YAP in 
lungs was markedly upregulated in CDH rats, 

relative to control. However, the relative mRNA 
expression levels of LATS1 and TAZ in CDH 
group did not change, relative to control group. 
Compared to CDH group, LATS1 mRNA 
expression levels were significantly increased in 
CDH + sildenafil group. However, YAP and TAZ 
mRNA expression levels in CDH + sildenafil did 
not differ significantly from their corresponding 
expressions in the CDH group. These data are 
shown in Figure 4. 
 
DISCUSSION 
 
Consistent with previous studies, the present 
investigation has shown that lung pathology in 
CDH rats is similar to that in humans. The study 
also showed that antenatal sildenafil therapy can 
significantly improve lung development in CDH 
rats. It was found that upregulated YAP 
expression in CDH rats was associated with 
increased pulmonary vascular resistance. In 
mammals, YAP is the key functional effector of 
Hippo route. On activation, YAP/TAZ undergoes 
phosphorylation by LATS1/2, resulting in its 
removal from the nucleus, formation of ubiquitin 
derivative and proteolysis [16].  
 
This signaling is involved in cardiovascular 
development, vascular homeostasis and vascular 
remodeling [17,18]. In the studies on pulmonary 
hypertension, researchers also found that YAP is 
regulates proliferation and viability of lung arterial 
vascular smooth muscle cells VSMCs) and 
pulmonary vascular remodeling [19]. Therefore, it 
was speculated that pulmonary vessel 
remodeling and pulmonary hypertension in CDH 
were partly due to an increase of YAP 
expression. 
 
It is known that YAP controls the expressions of 
factors involved cell proliferation and negative 
controllers of cell death. Thus, when the Hippo 
pathway is impaired, organ enlargement results, 
which is a phenotypical feature of Hippo signal 
activation [20]. However, in this study, it was 
found that increased YAP expression in CDH 
lungs did not result in increased lung size, but led 
to a decrease in lung size and a significant halt in 
development. A recent study suggested that 
early inactivation of the Hippo pathway during the 
early stages of lung formation resulted in a sharp 
decline instead of anticipated increment in 
pulmonary size [21,22]. In the study, the 
researchers discovered that in spite of the 
epithelial location of nuclear YAP, Shhcre; Lats 
mutant rats had impaired lung size. Similar 
phenotypes have also been reported in renal 
tissues and saliva of transgenic animals over-
expressing YAP or mutants with a LATS1/2 
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deletion [23]. Thus, the Hippo pathway plays a 
major role in maintaining normal epithelial tissue 
which is critical to organ size [22]. Moreover, 
increased YAP activity could lead to impaired 
differentiation and maturation of lung epithelial 
cells and decreased surfactant proteins, which 
are in accordance with many disease 
manifestations of CDH [24]. These findings 
suggest that increase in YAP expression may be 
vital for lung pulmonary growth in CDH rat model, 
leading to PH. 
 
In the present study, it was also found that 
antenatal administration of sildenafil was 
beneficial for improving PH and PPH, as 
evidenced by the alveolar septal thickness, 
%MWT, and %AA in the CDH + sildenafil group, 
relative to the CDH group. Surprisingly, YAP 
expression and phosphorylation in lung of rats in 
CDH + sildenafil group were not affected. 
Interestingly, it was found that antenatal 
administration of sildenafil significantly increased 
LATS1 expression, when compared with CDH 
group. These results suggest that the increased 
expression level of LATS1 in CDH + sildenafil 
group could be related to the improvement of 
lung development, but the underlying mechanism 
remains unclear. 
 
The involvement of Hippo pathway in organ size 
regulation is well known. With intensive research, 
more and more genes have been found to be 
involved in the Hippo pathway, and the function 
of the pathway is being unraveled step by step. It 
has been found that except for the classical 
pathway, the Hippo pathway has a very wide 
range of connections with other signaling 
pathways at different levels. In this study, the role 
of Hippo pathway in lung development was 
investigated in a rat model of CDH by comparing 
the expressions of YAP, TAZ and LATS1 in lung 
tissues of rats in control, CDH and CDH + 
sildenafil groups. 
 
Limitations of the study 
 
The study has limitations with respect to 
elucidation of the relationship between the Hippo 
pathway and the development of lungs in rats 
with CDH. These limitations need to be 
addressed in future studies. 
 
CONCLUSION 
 
Increased YAP expression in the lungs of CDH 
rat model might contribute to pulmonary vascular 
remodeling and suppression of lung 
development. Antenatal sildenafil administration 
not only mitigates abnormal vascular remodeling 

but also promotes lung development, most likely 
via increased expression of LATS1. 
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