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YAP is up-regulated in the bronchial airway smooth 
muscle of the chronic asthma mouse model
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Abstract: Asthma is characterized by leukocytic infiltration and tissue remodeling with structural changes includ-
ing subepithelial fibrosis and ASM cells proliferation. The Hippo pathway is a key regulatory point involved in cell 
proliferation, fibroblasts, and smooth muscle cell differentiation. In order to disclose the relation between asthma 
and the Hippo pathway, expression of the Yes-associated protein (YAP), a key gene in the Hippo pathway, in the 
bronchial smooth muscle of chronic asthma model (CAM) was studied. 40 mice were randomly divided into control 
(wide type) and experimental group to construct CAM using chicken ovalbumin (OVA). Pathological changes of the 
lung tissues were observed in the CAM mice compared with the control using HE staining method. Immunohisto-
chemistry (IHC) was used to detect if YAP protein is expressed in the lung tissues. The pathological changes of the 
CAM group showed that a large number of inflammatory cells infiltration including mainly lymphocytes and a small 
amount of eosinophilic, with the presence of certain airway smooth muscle hyperplasia, was observed in compari-
son with the control. IHC results showed that the YAP protein was significantly increased compared with the control 
groups (P < 0.01). This result was further confirmed by quantitative real-time PCR (qPCR) assay which detected the 
up-regulation of the YAP gene (P < 0.01) and Western blot. In conclusion, the YAP protein was significantly expressed 
in the bronchial airway tissues of the CAM mice, and could be used as an indicator for asthma.

Keywords: Yes-assoeiated protein (YAP), airway smooth muscle (ASM), chronic asthma model (CAM), the Hippo 
pathway, immunohistochemistry (IHC), quantitative real-time PCR (qPCR)

Introduction

Asthma is a chronic inflammatory disease of 
the lung characterized by episodic and some-
times persistent airflow obstruction, which 
causes substantial morbidity and occasional 
mortality among its sufferers [1]. Over the past 
40 years, almost 30 million Americans have 
asthma. It is the most common cause of missed 
school days by children. Annually, costs related 
to asthma care or to lost wages and productiv-
ity in the United States exceed $16 billion [1].

Asthma is a complex disorder which involves a 
combination of genetic and environmental fac-
tors [2]. Pathologic manifestations of asthma 
are associated with tissue remodeling with 
structural changes including subepithelial fibro-
sis, epithelial desquamation and smooth mus-
cle hypertrophy/hyperplasia, which often re- 
sults in infiltration of TH2 lymphocytes, mast 

cells and eosinophils into asthmatic airways 
with downstream mediator release and disor-
dered airway function [3-5]. It is well known that 
airway smooth muscle (ASM) plays a critical 
role in asthma. Carroll et al. showed that the 
thickness of the ASM layer in people with clini-
cally mild or moderately severe asthma was 
less than that in patients who died of asthma 
and who had clinically severe disease [6]. 
Furthermore, Johnson et al. showed that ASM 
cell proliferation was increased in asthma with-
in the bronchial wall of asthmatic patients [7]. 
These evidences indicate a relationship be- 
tween asthma severity and ASM area. Since 
asthma is commonly characterized by eosino-
philic infiltration of the airways, eosinophilic dis-
ease is a strong predictor of corticosteroid 
responsiveness in asthmatic patients [8-10]. 
And eosinophilic infiltration in asthma is typi-
cally characterized by the expression of eosino-
phil-associated TGF-β1 mRNA [11]. Therefore, 
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ASM cell proliferation, increase in eosinophils, 
and eosinophil-associated TGF-β1 expression 
are often used as the main indicators for asth-
ma model construction in asthma study.

The Hippo pathway is a key player regulating 
organ size through its role in the control of cell 
growth and cell proliferation [12]. Yes-as- 
sociated protein (YAP) is a downstream target 
of the Hippo pathway, the nomination of which 
is according to its interaction with the Src fam-
ily tyrosine kinase Yes [13]. The Hippo pathway 
controls cell number by inhibiting cell prolifera-
tion and promoting apoptosis through phos-
phorylation of the transcriptional co-activator 
YAP in mammal [14]. YAP is the mammalian 
ortholog of Drosophila Yorkie (Yki), which is 
negatively regulated in the Hippo signaling 
pathway, and functions as a transcriptional 
coactivator to control gene expression involved 
in the regulation of cell growth, proliferation, 
and apoptosis [15]. Recent studies found that 
YAP is involved in the generation and mainte-
nance of cancer-associated fibroblasts [16] 
vascular smooth muscle cell differentiation 
[17], Itch-mediated substrate degradation ch- 
ronic lymphocytic leukemia cells [18]. Robust 
and persistent acute inflammation was caused 
by TiO2 particles in pregnant mice, accompa-
nied with differential gene expression including 
the YAP gene in pregnant lungs exposed to TiO2, 
which led to increased susceptibility to asthma 
in their offspring [19]. These clues implying the 
involvement of YAP in asthma.

Though recent studies found that YAP was 
involved in asthma, no direct clue that the 
expression of YAP was related to the progres-
sion of asthma. Therefore, in this study we 
attempted to identify the role of YAP in chronic 
asthma. We used 40 mice to construct mouse 
chronic asthma model. This model was first 
assessed by several indicators of chronic asth-
ma including the numbers of eosinophils, 
serum IgE and OVA-specific IgE content. Fur- 
thermore, Hematoxylin and eosin (HE) staining 
was conducted to eventually confirm the mouse 

smooth muscle of the chronic asthma mouse 
model.

Materials and methods

Chronic asthma model (CAM) construction

40 Mice were randomly divided into the control 
(wide type mice) and experimental groups. The 
animals were injected intravenously with 20 µg 
chicken ovalbumin (OVA) and 2 mg aluminium 
hydroxide gel. The induced method was accord-
ing to Matsuoka et al [20]. Twenty-four hours 
after the last OVA inhalation, mice were anes-
thetized with sodium pentobarbital, and 10% 
(v/v) formalin in PBS was infused into the lung 
for fixation. The lung was then sectioned and 
stained either with hematoxylin and eosin or 
with periodic acid-Schiff reagent.

Cell number counting

Cells were collected by centrifuging the bron-
choalveolar lavage fluid (BALF) at 1500 r/min 
for 10 min. Cells were then precipitated by 1mL 
PBS (0.1 mol/L). Cell numbers were counted by 
conventional method using a hematocyto- 
meter.

IgE content measurement

BALF was collected from wild-type and CAM 
mice 8 hours after the last inhalation of OVA, 
and the concentrations of IgE in the fluid were 
determined by enzyme-linked immunosorbent 
assay.

Hematoxylin and eosin (HE) staining

Biopsies were fixed in 10% formaldehyde (pH 
7.2) and embedded in paraffin blocks. Six 
micrometer tissue sections were affixed to 
microscope slides with Le Page’s glue and after 
deparaffination and rehydration the slides were 
ready for histology and immunohistochemistry. 
Hematoxylin and eosin staining (HE) staining 
was then carried out as previously described 
[21]. The thickness of the basement membrane 

Table 1. The numbers of eosnophils in BALF (n = 20, × 105/
mL) and OVA-specific IgE content (µg/mL)
Group Total cells Eosnophils Total IgE OVA-specific IgE
CAM 15.45 ± 3.52 10.82 ± 2.46 45.89 ± 3.50 25.24 ± 1.54
Control 2.45 ± 0.57 0 ± 0 5.05 ± 0.81 1.92 ± 0.02

chronic asthma. Using this mouse 
chronic asthma, the expression of 
YAP was detected by Immunohisto- 
chemistry (IHC) assay, Quantitative 
real-time PCR (qPCR) assay and 
Western blot. We found that YAP is 
up-regulated in the bronchial airway 
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was measured on biopsies stained by HE. The 
thickness of the basement membrane was 
determined as the average of 6 measurements 
in sections where the epithelium was properly 
oriented in order to avoid artefacts in measure-
ment. The shedding was characterized as the 
percentage of length of basal cells uncovered 
by columnar cells [22, 23]. Toluidine blue stain-
ing was carried out using the method report by 
Pesci and coworkers [24].

Immunohistochemistry (IHC) assay

An immunohistochemical procedure was ap- 
plied with minor modifications [25]. The frozen 
sections were thawed, and the tissue was fixed 
in 3.7% buffered formaldehyde (5 min) followed 
by acetone (50, 100, and 50%; 2 min each). 
Then, sections were rehydrated in 0.1 M PBS 
for 5 min, and unspecific binding was blocked 
with 1% BSA. Incubation with the primary anti-
body was performed overnight at 48°C. The 
sections were washed twice in 0.1 M PBS and 

incubated with the biotinylated secondary anti-
body (Dianova) at room temperature for 1 h. 
After washing, the tissue was incubated with 
the streptavidin biotin peroxidase complex 
(Zymed Laboratories, Inc., San Francisco, CA) 
at room temperature for 1 h, washed again, 
and incubated in 0.03% wt/vol 3-39 diamino-
benzidine (DAB) (Sigma Chemical Co.) with 
0.003% vol/vol hydrogen peroxide until a brown 
reaction product could be seen. To suppress 
any remaining peroxidase, the slides were incu-
bated in 3% hydrogen peroxide for 30 min. After 
washing three times, the sections were incu-
bated with the second incubation series con-
sisting of primary and secondary antibodies 
and streptavidin biotin peroxidase complex 
exactly as described above. Sections were 
washed extensively and preincubated for 10 
min in 0.01% benzidine dihydrochloride (BDHC) 
(Sigma) with 0.03% sodium nitroprusside (Si- 
gma). This was followed by incubation in the 
reaction medium (0.01% BDHC, 0.005% hydro-
gen peroxide, 0.03% sodium nitroprusside) for 

Figure 1. HE staining confirmed CAM construction. A and B. The control (100 × and 200 ×, respectively). C and D. 
CAM (100 × and 200 ×, respectively).
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the second staining. The formation of the dark 
blue, granular reaction product was monitored 
under the light microscope. Afterwards, the 
sections were dehydrated and mounted in 
DePex (Fluka, Buchs, Germany).

Quantitative real-time PCR assay

Quantitative real-time PCR was performed wi- 
th a 7500 Real-Time PCR System (Applied 
Biosystems, USA) using PrimeScript® RT re- 
agent Kit With gDNA Eraser (which supplies 
RNase-free DNase I to remove any co-isolated 
genomic DNA) and SYBR Green PCR Kit (prod-
uct code: DRR041A and DRR047A, respective-
ly; TaKaRa, China). Primers used for quantita-
tive analysis of YAP expression were YapF 
(5’-CCCTCACCCTCCCTGAAATCTACAA-3’) and Ya- 
pR (5’-AGCATTCCACAGGTCCAAGGCAGA-3’), β- 
actin was amplified using primers ActF (5’- 
ACCTCACATCCATTCCGCTTTCA-3’) and ActR (5’- 

ATGCTGTAATTGCCAGACCTCCG-3’) as internal 
reference. The reaction mix contained 4 μL 
cDNA, 0.5 μL forward and reverse primer mix 
(20 μM each), 1 μL of 50 × ROX Reference Dye 
II and 25 μL 2 × TaKaRa SYBR Green PCR mix 
in a final volume of 50 μL. All reactions were 
setup in triplicate and every sample was repli-
cated in parallel three times to ensure statisti-
cal relevance. The following standard thermal 
conditions were used for all PCR reactions: 30 
s at 95°C, 40 cycles of 30 s at 95°C and 34 s 
at 60°C. Primer specificity was confirmed by 
RT-PCR amplification before quantitative real-
time PCR reaction, which produced single 
amplicons of the expected size for each primer 
set, these amplicons were sequenced to finally 
validate their specific amplification. Specificity 
of quantitative real-time PCR reaction was 
monitored by the presence of dissociation 
curves with single peaks and sequencing of its 
products with unique bands of the expected 

Figure 2. IHC staining of lung tissue sections. No clear YAP expression was detected in the control (A) (100 ×), (B) 
(200 ×), and (D) (400 ×). While clear IHC staining in the airway smooth muscle (ASM) indicated expression of YAP 
(C) (400 ×).
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size. Amplicon dissociation curves were ob- 
tained after cycle 40 with default settings sug-
gested by the instrument. Data were analyzed 
using the SDS software (Applied Biosystems, 
USA). All quantifications were normalized to the 
amount of β-actin, the relative abundance of 
which was determined under salt stress, as 
internal control.

Western blot analysis

Cell lysates were prepared in RIPA buffer (50 
mmol/l Tris-HCl buffer, pH 7.4, 150 mmol/l 
NaCl, 1% Triton X-100, 1% sodium deoxycho-
late, and 0.1% sodium dodecyl sulfate) supple-
mented with 1 × Halt protease inhibitor cocktail 
and 1 × Halt phosphatase inhibitor cocktail 
(Pierce, Rockford, IL). A Bio-Rad protein as- 
say (Bio-Rad) was used to determine protein 
concentrations. Proteins were separated on 
10-12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to PVDF 
membranes (Whatman, Boston, MA). Membr- 
anes were first hybridized with specific primary 
antibodies and then with HRP-conjugated sec-
ondary antibodies (Cell Signaling Technology). 
Protein bands were visualized using a com- 
mercial Immobilon Western Chemiluminescent 
HRP Substrate detection reagent (Millipore, 
Billerica, MA). The chemiluminescence of pro-
teins transferred to PVDF membranes was 
detected with ECL Plus (GE Healthcare Amer- 
sham, Piscataway, NJ). Relative protein expres-
sion values were quantitatively determined via 
densitometry with ImageJ software.

Statistical analysis

All findings were analyzed with statistical soft-
ware package SPSS 16.0 and Graphpad Prism 
5. The results were expressed as means ± SD. 
The mean was compared by t test or by analysis 
of variance. The statistical significance of the 
studies was determined by the parametric 
unpaired Student’s t test. Differences with P < 
0.05 are considered significant. For quantita-
tive real-time PCR analysis, all quantifications 
were normalized to the amount of β-actin by 
2-ΔΔCT method using SDS software.

Results

Eosinophils numbers and OVA-specific IgE in 
BALF

As Table 1 shown, the numbers of total cells in 
BALF in the control were 2.45 ± 0.57, while 
those in CAM significantly (P < 0.01) increased 
to 15.45 ± 3.52; these were also followed by a 
significant (P < 0.01) increase of 10.82 ± 2.46 
in eosinophils in CAM compared with the con-
trol. These results indicated that cell prolifera-
tion and inflammation were probably occurred 
in CAM mice. Along with the increased total cell 
numbers was the significant increase (P < 0.01) 
in the content of serum total IgE and OVA-
specific IgE in CAM when compared with the 
control (Table 1). Since asthma is associated 
with serum IgE and OVA is typically used to 
induce asthma model [20, 26], combining the 
results of cell numbers and IgE content, we 
speculated that asthma might occurred in the 

Figure 3. The expression of YAP identified by qPCR and Western blot. **, highly significant (P < 0.01).
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experimental mice, i.e. the CAM construction 
was probably successful.

Histopathological changes

HE staining showed that lots of inflammatory 
cells infiltrate the bronchus and blood vessel, 
eosinophils, lymphocyte and ASM hyperplasia 
could be clearly observed in CAM compared 
with the control (Figure 1). The appearance of 
eosinophils and lymphocyte is an indicator of 
inflammation [27], while ASM hyperplasia typi-
cally occurred in asthma [28], therefore, we 
concluded that the CAM was successfully con-
structed finally.

Induced expression of YAP in airway smooth 
muscle (ASM)

Immunohistochemical staining showed that no 
clear staining was observed in  the control indi-
cating that neither proliferation of ASM nor 
expression of YAP was detected (Figure 2A, 2B 
and 2D); while clear YAP staining was observed 
in the CAM (Figure 2C). These results were fur-
ther confirmed by qPCR and Western bolt 
assay. Approximately 1.931 fold of YAP tran-
script was quantitated by qPCR compared with 
the control (Figure 3A); and the band of the 
CAM was clearly brighter than that of the con-
trol by Western blot assay (Figure 3B). Ad- 
ditionally, the increase in YAP expression was 
accompanied by the proliferation of ASM 
(Figure 2C). Therefore, we concluded that YAP 
is up-regulated in the bronchial ASM of the CAM 
mouse.

Discussion

Asthma is an inflammatory disorder of the lungs 
associated with airway wall remodeling [29]. It 
is characterized by airway hyperresponsive-
ness (AHR) to a variety of specific and nonspe-
cific stimuli, infiltration of both T lymphocytes 
and eosinophilic leukocytes, elevated serum 
IgE and OVA-specific IgE, and excessive airway 
mucus production [30]. Therefore, increased 
numbers of eosinophils and IgE content (P < 
0.01) indicated inflammation occurred in CAM 
in comparison with the control (Table 1). 
Through the HE staining, clear changes of 
eosinophils, lymphocyte and ASM hyperplasia 
were observed (Figure 1). Therefore, CAM was 
constructed successfully, and thus was suit-
able for further assays for YAP expression.

Inflammation of the lower airways is central in 
the pathogenesis of asthma, which generally 
shows histologically leukocytic infiltrates con-
sisting of eosinophils, lymphocytes, neutro-
phils, monocytes, and other cells [31]. Along 
with this leukocytic infiltration is the tissue 
remodeling with structural changes including 
subepithelial fibrosis, smooth muscle hypertro-
phy, and ASM cells proliferation [6, 7]. The 
Hippo pathway is a key regulatory point respon-
sible for organ size control, and survival and 
apoptosis of immune cells [12]. It is involved in 
cell proliferation, fibroblasts, and vascular 
smooth muscle cell differentiation [16, 17]. 
Therefore, the Hippo pathway might play a role 
in asthma. As a downstream target, YAP is to be 
one of the key genes in the Hippo pathway. 
Recently, using TiO2 particles to treat pregnant 
mice led to changes in YAP expression and 
increased the susceptibility to asthma in their 
offspring [19]. Furthermore, seven genes in- 
cluding the YAP1 in the Hippo pathway were 
found to be significantly different between 
asthmatics and non-asthmatics [32]. These 
evidences strongly implied that YAP1 as a novel 
gene in the Hippo pathway to play a role in asth-
ma susceptibility.

Our study found that the expression of YAP was 
up-regulated in CAM using IHC staining (Figure 
2), qPCR and Western blot (Figure 3), which 
was accompanied by inflammation as numbers 
of eosinophils and IgE content increased in 
CAM compared to the control (Table 1). These 
is the direct clue that YAP gene expression 
increases in mouse asthmatic model. There- 
fore, the Hippo-YAP pathway plays a key role in 
asthmatic progress. Additionally, since YAP 
mRNA level was significant differences (P < 
0.01) between the control and the CAM, YAP 
up-regulation may be used an indicator for 
asthma.

Conclusion

In this study we firstly constructed mice asthma 
model (CAM) using chicken ovalbumin (OVA). 
The construction of CAM was confirmed by sev-
eral indicators of asthma numbers of total cells 
and eosinophilic, serum IgE and OVA-specific 
IgE content, and HE staining. Immunohisto- 
chemistry (IHC) assay found up-regulation of 
YAP protein in the lung tissues of CAM. The 
pathological changes of the CAM group showed 
that a large number of inflammatory cells infil-
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tration including mainly lymphocytes and a 
small amount of eosinophilic, with the pres-
ence of certain airway smooth muscle hyper-
plasia, was observed. YAP protein was signifi-
cantly increased compared with the control 
groups (P < 0.01). This result was further con-
firmed by quantitative real-time PCR (qPCR) 
assay which detected the up-regulation of the 
YAP gene. Consequently, YAP protein was sig-
nificantly expressed in the bronchial airway tis-
sues of the CAM mice, and relevant with the 
thickness of airway smooth muscle. YAP might 
be used as an indicator for asthma.
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