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Abstract. Hypertrophic cardiomyopathy (HCM) is a heterogeneous myocardial disease character-
ized by myocardial hypertrophy, myocardial mechanical and electrical activity obstacles. This study
aimed to explore the relationship between YAP2 (Yes-associated protein 2) and HCM and clarify
a signaling path about the pathogenesis of HCM. Our study confirms that YAP2 can promote myo-
cardial cell hypertrophy at the molecular level (myocardial lineage cell H9C2), organ level (clinical
specimens of human HCM), and an animal model (a mouse model of HCM with cardiac-specific
transgenic and knockout YAP2). The detailed molecular mechanisms linking YAP2 to cardiomyocyte
hypertrophy and HCM were investigated. This study proved that YAP2, as the final reaction factor
in Hippo pathways, influences Aktl activity to affect the downstream genes, which participate in
the formation of HCM by promoting myocardial cell proliferation and cardiac hypertrophy.
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Introduction

Cardiovascular disease has become the leading cause of death
in humans, accounting for one-third of worldwide deaths
(Wongetal. 2019). A prospective study on the cause of death
of ordinary adults over 40 in China shows that heart disease
has become the leading cause of death for residents (He et
al. 2005). As a severe cardiovascular disease, hypertrophic
cardiomyopathy (HCM) is getting attention, and its aetiol-
ogy and related molecular mechanisms have also become
the focus of current research.

HCM is heterogeneous cardiomyopathy characterized
by myocardial hypertrophy, which can arise from various
causes (such as genetic et al.). This disease is accompanied
by myocardial mechanical and/or cardiac electrical activity
disorders and often manifests as inappropriate ventricular
hypertrophy, which can lead to cardiac insufficiency or
cardiovascular death in patients. HCM can be confined to
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the heart itself, or it can be part of systemic disease. Also, it
can lead to impaired blood supply to the myocardium and
peripheral blood vessels in patients, and death can occur
in severe cases. In the literature, the mechanism of HCM
formation has been reported with various hypotheses of
signal transduction pathways. However, many of the mo-
lecular mechanisms related to HCM are not fully understood
(Gangadharan et al. 2017).

Current research shows that the formation mechanism of
HCM is diversified, involving mutations of multiple genes.
Molecular genetic studies have identified mutations in genes
encoding structural proteins of muscle groups as the under-
lying cause of HCM, and a mutation in one of the regulatory
genes can lead to the development of the disease. There are
increasing studies dealing with the signal pathways causing
cell volume increase and apoptosis. The researched signal
pathways include MAPK, Hippo, PI3K/Akt, and other signal
pathways (Gangadharan et al. 2017). Yes-associated protein
(YAP) is located at 11q22 in the genome (Overholtzer et al.
2006). The function initially discovered by YAP is its use as
a transcription factor cofactor. The most crucial transcrip-
tion factor associated with it is the TEAD family. As the final
response factor of the signal transduction pathway MST1-
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LATS-TEAD/YAP, YAP determines the size of organ forma-
tion (Azad etal. 2019). There are a large number of reports on
the Hippo pathway. These studies have found that the Hippo
pathway plays an essential role in human liver cancer, breast
cancer, and cervical cancer (Pan 2007; Steinhardt et al. 2008;
Zhao et al. 2008, 2010; Hall et al. 2010; Liu et al. 2010; Wang
etal. 2010; Avruch et al. 2011; Zhang et al. 2011). Currently,
no studies on the Hippo pathway and its downstream genes
in human heart tissue have been reported.

The Hippo-Lats-Yorkie pathway is a conserved pathway
from Drosophila to mammals, and the study of the func-
tion and mechanism of this pathway has always been a hot
spot. As a member of the MST pathway, Lats can regulate
the size of organs (Jiang et al. 2009). In heart tissue, the
main Lats is Lats2. In DN-Lats2 transgenic mice with
functional inactivation but inhibiting endogenous Lats
function, the volume of myocardial cells in a single mouse
can be increased, leading to ventricular hypertrophy in
mice and some pathological changes in function (Matsui et
al. 2008; Zhang et al. 2008). The current literature reports
have not involved the study of YAP2 and the formation of
heart size, and the molecular signaling mechanism related
to pathogenicity.

In this study, we constructed a mouse model of HCM
with cardiac-specific transgenic and knockout YAP2, and
studied and analyzed clinical specimens of human HCM.
In this way, the detailed molecular mechanisms linking
YAP2 to cardiomyocyte hypertrophy and HCM were
investigated to clarify the role of YAP2 in myocardial
hypertrophy, reveal the molecular signal transduction
mechanism of YAP2 to promote cardiomyocyte hypertro-
phy and elucidate the molecular mechanism of HCM. It
can provide a theoretical basis for diagnosing and treating
clinical HCM and finding the target of drug treatment from
the molecular level.

Material and Methods

Research objectives

In the study, 15 cases of interventricular septal tissue and
3 healthy left ventricular tissue cases from March 2009 to
March 2011 were collected. The tissue of patients with hy-
pertrophic myocardium is derived from the interventricular
septum in the surgical treatment of HCM, and the normal
control tissues are derived from the donor heart tissue during
heart transplantation. All patients underwent 12-lead ECG,
body surface echocardiography, esophageal echocardiogra-
phy, chest radiography, and other examinations before the
operation and signed informed consent. This study was ap-
proved by the Ethics Committee of Beijing Anzhen Hospital,
Capital Medical University.

Preservation and processing of myocardial tissue samples:
after obtain the myocardial tissues of HCM, it was washed
with PBS solution, divided into two parts, wrapped in foil,
and placed in a cryotube —160°C and stored under liquid
nitrogen. A portion of the tissue was used to extract total
RNA and perform PCR experiments, and another portion
was used to obtain proteins for Western blot.

Preparation and detection of mRNA

The TRIZO was purchased from Invitrogen Corporation,
and DEPC (diethylpyrocarbonate) was purchased from
Biodee Diagnostic Corporation. The RNase-free small cen-
trifuge tubes and Tips were purchased from BYK Chemie.

Total RNA extraction

(1) Specimen homogenization. The tissues were ground on
ice with a tissue homogenizer to no more visible large pieces
of tissue, and the homogenized sample was centrifuged at
4°C and 12000 rpm for 15 min. After centrifugation, the
supernatant was transferred to a new small centrifuge tube
and incubated at 15-30°C for 5 min to completely decom-
pose the ribosome. (2) Separation. For every 1 ml of Trizol,
0.2 ml of chloroform was added; the sample tube was caped
tightly and shaken vigorously for 15 s, then incubated at
30°C for 3 min and centrifuged at 12,000 rpm at 2-8°C for
15 min. After centrifugation, the mixture was divided into
lower, middle, and upper layers. RNA was present in the
water sample layer. (3) RNA precipitation. The aqueous
layer was transferred to a clean test tube and mixed with
isopropyl alcohol to precipitate RNA. Isopropanol was
added in proportion to 0.5 ml of isopropanol per 1 ml of
Trizol during initial homogenization. The mixed samples
were incubated at 15-30°C for 10 min and centrifuged at
2-8°C at 12,000 rpm for 10 min. After centrifugation, the
RNA pellet was visible, formed a gel-like pellet attached to
the wall and bottom of the tube. (4) RNA elution. The upper
suspension was removed and the RNA pellet was washed
with ethanol in the proportion of 0.5 ml 75% ethanol per
1ml Trizol during the initial homogenization. The samples
were mixed by vortexing and centrifuged at a high speed of
not more than 7,500 x g for 5 min at 2-8°C, the steps were
repeated. (5) RNA redissolution. The RNA pellet was simply
dry and dissolved in 50-80 pl of RNase-free sterile water. (6)
Agarose gel electrophoresis was used to test the integrity of
RNA samples. UV spectrophotometer was used to test the
concentration and purity of RNA samples.

c¢DNA preparation

Reverse transcriptase (M-MLV RT) and 5xreaction buffer
were purchased from Promega; Oligo dT and dNTP were
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purchased from Takara. The specific steps were: (1) The
following reaction mixture was added to a small centrifuge
tube in an ice bath: total template RNA 2 pg and Oligo(dT)18
(0.5 pg/pl) 1 pl, and diluted to 15 pl with RNase-free ddH20.
(2) After gently mixing and after 70 min at 70°C water bath,
it was placed in the ice bath for 30 s. (3) The test tube was
put on an ice bath and the following components were
added separately: 5 pl of 5xreaction buffer, 1 ul of M-MLV
RT (200 U/pl) and 1 ul of ANTP Mix (10 mmol/l), mixed
gently and centrifuged 3-5 s, diluted to 25 pl with RNase-
free deionized water. (4) The reaction mixture was bathed at
37°C for 70 min. (5) The reaction was completed by heating
at 70°C for 10 min.

PCR detection

The rTaq polymerase, 5x reaction buffer, ANTP were
purchased from TaKaRa Company, and the primers were
synthesized by Shanghai Shengong Biological Co., Ltd.
DL2000DAN molecular weight maker was purchased
from Biomed. The PCR reaction parameters were: pre-
denaturation at 94°C for 5 min, denaturation at 94°C for
30 s, anneal at 55°C or 60°C for 30 s, extension at 72°C
for 40 s, supplemental extension at 72°C for 10 min, and
28-35 cycles.

Preparation of plasmids containing fragments of interest

The gel recovery kit and plasmid small extraction kit were
purchased from Transgene; the pMD™ 19-T Vector and liga-
tion kit were purchased from TaKaRa. The amplified frag-
ments obtained by conventional PCR were electrophoresed
in 2.0% agarose gel, and TAE electrophoresis buffer was used
for recovery electrophoresis, and the voltage was limited
to 15 V/m. After the electrophoresis is completed, cut the
desired target band under the UV lamp and then recover
the target fragment according to the instructions of the gel
recovery Kkit. After retrieved the target fragment, correct
detection by agarose gel electrophoresis, the target fragment
was ligated into the T vector. A 10 pl reaction system was
used for the ligation reaction. In the ligation reaction, the
moles of the insert should be 3-10 times the moles of the
carrier (depend on the length of the insert). The resultant
reaction mixture was added to the small centrifuge tube:
1 pl pMD19-T vector, 1 pl Fragment, 3 ul water, and 5 ul
2xligation mix. The reaction was at 16°C for 30 min. Note
(1) The connection reaction can generally be performed
at room temperature (25°C), but the reaction efficiency
is slightly reduced. (2) The connection reaction can be
performed generally in 5 min, but the reaction efficiency
is slightly reduced. The total amount (10 pl) was added
to 100 ul JM109 competent cells and placed on ice for 30
min. After being heated at 42°C for 90 s, it was placed on

ice for another minute. Add 890 pl Luria-Bertani (LB) me-
dium and incubated at 37°C for 60 min with shaking. The
bacterial solution was spread on an L-agar plate medium
containing X-Gal, IPTG, Amp, and cultured overnight to
form single colonies; count white and blue colonies; pick
white colonies and use PCR to confirm the length of the
insert in the vector. The positive clones were inoculated in
5-10 ml of Amp-resistant LB liquid medium and cultured
overnight at 37°C. The next day, the plasmid was recovered
according to the small plasmid kit, PCR was positive, and
the plasmid concentration was determined by ultraviolet
spectrophotometer.

Target gene protein level detection

Extraction of total tissue protein and determination of
protein concentration

Tissue lysate strong RIPA was purchased from Biyuntian.
Spectral protease inhibitor PMSF was purchased from Jin-
gmei Company and was stored in a 10 mg/ml stock solution
prepared with isopropanol, protected from light at —20°C.
The tissue homogenizer was purchased from the supply of
consumables for biophysics. The bicinchoninic acid (BCA)
protein concentration determination kit was purchased
from Pulilai. The multi-wavelength microplate reader was
purchased from PE Company.

Western blotting detection

The membrane transfer tank was purchased from Beijing
Liuyi Instrument Factory, the HRP-labeled secondary an-
tibody was purchased from Beijing Zhongshan Company,
and the ECL luminescent substrate and PVDF membrane
were purchased from Millipore Company. The primary an-
tibody was purchased from a different company, which has
been stated in the text. X-ray film and exposure clips were
purchased from New Huizeo.

Expression of YAP2 and identification of cardiomyocyte
hypertrophy

Cellular level

Primary cardiomyocytes: We use embryonic rats of E14.5
days, take out cardiomyocytes and co-culture with YAP2
virus or U6-YAP2 RNAI virus, and get preliminary results
from preliminary experiments. YAP2 overexpression can
make primary cultured myocardium. There was a significant
increase in the effect of the cell, and YAP2 gene knockdown
can inhibit drug-induced myocardial hyperplasia. In the rats,
myocardial lineage cell HIC2: after virus treatment, some
genes related to myocardial hypertrophy are identified at
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the mRNA and protein levels, and specific enzyme activities
are changed.

Histological level

Normal mouse traverse aortic constriction (TAC) by liga-
tion of the transverse thoracic aorta: Changes in protein
levels of YAP2 and activity as transcription factors after
stimulation under physiological conditions and changes
in mRNA and protein levels and some enzyme activities
related to genes related to cardiac hypertrophy change
were identified. Clinical specimens: Using excised cardiac
specimens from patients with myocardial hypertrophy
was verified whether the activity of YAP2 has changed
and whether the genes regulated by YAP2 have changed
at the mRNA and protein levels. There are currently ten
specimens obtained.

Construction of animal models

Using the existing cardiomyocyte-specific transgenic
mouse technology to obtain YAP2 cardiomyocyte-specific
transgenic mouse (provided by Professor Yang Zhongzhou,
Nanjing University Model Animal Center), for aortic
ligation (TAC) and isoproterenol (ISO) administration
the treatment method obtained an obvious myocardial
hypertrophy phenotype (there are currently 10 cases of
ISO treatment). At the same time, the YAP2 heart-specific
knockout rats that we are about to do will also be pro-
cessed in the same way to verify. Thirty Sprague-Dawley
rats were randomly divided into blank control group,
sham operation group, abdominal aortic constriction
myocardial hypertrophy model group (TAC), and 10
rats in each group. Establishment of the rat model of
myocardial hypertrophy. 20 rats in the TAC group were
anaesthetized by intraperitoneal injection of 4% chloric
acid hydrate solution (60 mg/kg). The rats were fixed in
the supine position. A 2-3 cm longitudinal incision was
made under the mid-abdominal xiphoid process, and
the hook was pulled after entering the abdominal cavity.
After opening the abdomen of the rats, the surgical field
is exposed and the abdominal aorta is located. A small
segment of the abdominal aorta is isolated about 3 mm
above the branch point where the abdominal aorta sends
out the right renal artery. Then, a 24-gauge needle with
a diameter of 0.8 mm and the abdominal aorta is inserted.
The arteries were ligated together with sutures, and the
needle was quickly withdrawn, causing the internal diam-
eter of the abdominal aorta to narrow at the ligation point.
Finally, the abdominal organs were returned in turn, and
the abdominal wall was sutured layer by layer to complete
the operation. Rats in the sham group received all proce-
dures except for aortic constriction. After the operation,

the rats in the TAC group and the sham-operated group
were treated with penicillin for 3 days.

Modeling of rat cardiomyocyte culture and hypertrophy

Sprague-Dawley rats, 1-3 days old, were selected, and
their hearts were removed under aseptic conditions, the
atria were incised, and the ventricles were cleaned with
D-hanks solution. The myocardium was cut into small
pieces of 1 mm?® tissue using ophthalmic forceps, and
the myocardial cells were collected after digestion with
trypsin, and the number of cells was counted. Serum-
containing DMEM culture medium was routinely cultured
for 2 days, cultured with serum-free for 24 h, and then
given phenylephrine (PE) intervention for 48 h to induce
cell hypertrophy.

Cardiac hypertrophy cell model detection

The myocardial hypertrophic cells in the control group’s
model group were stained with a-actinin antibodies and
tested with a laser confocal microscope. 100 cells were ran-
domly selected from each group for analysis.

Statistical methods

The data obtained from the experiment were processed with
Microsoft Excel and IBM SPSS Statistics 17.0 software pack-
age. The statistical value of the data is expressed as mean +
SEM. The statistical method adopts the T-test. When the
p-value is less than 0.05, the data are considered to be sig-
nificantly different.

Results

YAP2 can promote cardiomyocyte hypertrophy

Cell detection

The volume of primary cardiomyocytes infected with YAP2
virus knockdown was different from that of the control
group (Fig. 1A). The volume of primary cardiomyocytes
infected with the YAP2 virus for 3 days and 4 days was
significantly different from that of GFP (control group)
transfected primary cardiomyocytes (Fig. 1B). The results
of co-cultivation of primary myocardium and virus show
that YAP2 can make myocardial cells larger. At the cellular
level, YAP2 was shown to promote cardiomyocyte hypertro-
phy. The volume of cardiomyocytes treated with PE in the
control group increased significantly. In contrast to YAP2
knockdown cardiomyocytes and the control group with PE
treatment simultaneously, the volume of YAP2 knockdown
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Figure 1. YAP2 promotes cardiomyocyte hypertrophy at the cellular level. A. Compared with the control group (a), the cardiomyocytes
overexpressing YAP2 (b) are significantly larger. B. Statistic graph of the volume of cardiomyocytes overexpressing YAP2 and the con-
trol group cultured for 3 days and 4 days respectively. C. Cardiomyocytes knocking down YAP2 can effectively inhibit cardiomyocyte
hypertrophy caused by external stimulation. Ad, adenovirus; GFP, Green fluorescent protein; YAP, Yes-associated protein; U6, promoter;

RNAI, RNA interference; PE, phenylephrine.* p < 0.05; ** p < 0.001.

cardiomyocytes was significantly higher than that of the
control group. The cardiomyocytes knocking down YAP2
can effectively suppress the hypertrophy of cardiomyocytes
caused by external stimulation (Fig. 1C).

Histological analysis

The model samples of mouse myocardial hypertrophy found
that the content of YAP2 in myocardial samples of TAC
rats was significantly higher than that of the control group
(Fig. 2A). The samples of patients with HCM found that the
content of YAP2 was higher than that of the control group
(Fig. 2B).

Animal model

After seven days of ISO treatment, the hearts of normal rats
and transgenic rats were collected and pathologically sliced
to obtain the results shown in Fig. 3A. YAP2 was shown to
promote cardiac hypertrophy at the animal model level (Fig.
3B). The weight of the heart of wild-type and transgenic rats
was significantly different (p < 0.05) (Fig. 3C).

Molecular mechanism of YAP2 promoting cardiomyocyte
hypertrophy
Cell detection

Cytological experiments showed that knocking down YAP2
reduces the activity of AKT, and overexpression of YAP2 can

upregulate AKT activity (Fig. 4A). As shown in the figure, in
passaged H9C2 cardiomyocytes, YAP2 affects AKT activity.
It is suggested that YAP2 can affect the downstream genes
by regulating the activity of Aktl to promote cardiomyocyte
hypertrophy (Fig. 4B).
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Figure 2. YAP2 promotes cardiomyocyte hypertrophy at the histo-
logical level. A. The model sample of mouse myocardial hypertro-
phy found that the content of YAP2 in myocardial samples of TAC
was significantly higher than that of the sham group. B. Samples
of patients with HCM found that the content of YAP2 was higher
than that of the control group. SHAM, sham operation group; TAC,
thoracic aorta ligation group; n1-n3, normal control group; h1-h3,
cardiomyocyte hypertrophy group; LV, left ventricle; TAC, thoracic
aorta ligation; six weeks, the myocardial hypertrophy time; p-AKT,
Akt signaling pathway.
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Histological analysis

A model sample of mouse cardiac hypertrophy showed
that YAP2 could upregulate the activity of AKT1 (Fig. 5A).
The sample of patients with HCM showed that YAP2 could
upregulate the activity of AKT1 (Fig. 5B).

Discussion

The MST signaling pathway is very conserved in lower to
higher animals, and the principal members include MST1/2,
WW45, LATS1/2, and Mob1 (Zhou 2014; Zheng et al. 2015;
Yang et al. 2018), and homologous proteins, including Hippo,
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Figure 4. Overexpression of YAP2 upregulate the activity of AKT,
and knocking down YAP2 reduces the activity of AKT. A. Expres-
sion of YAP2 and AKT in cells treated with cells containing YAP2
adenovirus. B. Relative to wild primitive cardiomyocytes, when
using RNAi knockdown of YAP2 resulted in reduced expression of
active AKT1. LUC, H9C2 cells labelled with luciferase fluorescein.

(TG). *p <0.05.

Sav, Wts, and Mats. Studies have found that in the Drosophila
Hippo signaling pathway regulating organ size and develop-
ment, MST1 has the same function as Hippo in mammals
(Misra and Irvine 2018).

As a member of the MST pathway, Lats can regulate the
size of organs (Mo 2017). The leading presence in heart
tissue is Lats2. In DN-Lats2 transgenic mice that inhibit
endogenous Lats function, an increase in the size of indi-
vidual cardiomyocytes, hypertrophy of the ventricles, and
pathological changes in cardiac function, such as a marked
decrease in tolerance to hypertension are observed (Ikeda
etal. 2019).

YAP protein is the main target of the MST pathway
(Yamauchi and Moroishi 2019). The YAP gene first attracted
people’s attention in fruit fly experiments. The YAP gene in
fruit flies, also known as Yorkie (Yki), encodes a protein
that belongs to a transcription factor. Studies have shown
that YAP can be involved in cell proliferation and cell cycle
regulation at the transcription level. The transcription of the
gene promotes cell division and cell survival. Any protein
mutation in the Hippo pathway or overexpression of the
Yki gene will cause excessive growth of Drosophila eye or
wing cells.

As a downstream effector molecule of the MST pathway;,
the mammalian YAP gene can be phosphorylated by Lats,
migrating from the nucleus to the cytoplasm and losing its
activity. YAP2 is mainly found in mammalian heart tissue.
Therefore, the effect of Lats2 on cardiomyocytes may be due
to the regulation of YAP2 (Xiao et al. 2018). Related studies
and our preliminary pre-experiments suggest that YAP2
can act as a transcription factor in the nucleus to regulate
cardiomyocyte size. When YAP2 is phosphorylated, it mi-
grates out of the nucleus and becomes an inactive protein,
thus losing its regulatory function on decidual myocyte size.
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Thus, our experimental results confirm that the activity of
YAP?2 is increased in the HCM mouse model.

It was found that there was a change in YAP2 activity in
human cardiac muscle tissue (Talman and Ruskoaho 2016).
We performed immunohistochemistry to detect the location
of YAP2 expression in myocardial tissues of hypertrophic
cardiomyopathy and normal humans. The results of inter-
group comparisons revealed the presence of variation in
YAP?2 activity in human myocardial tissues.

We used overexpressed YAP2 virus and GFP control to
infect rat cardiac primary cells at the cellular level. As a re-
sult, it was shown that overexpression of YAP2 could cause
changes in primary cardiomyocyte size and that YAP2 could
affect the expression activity of Aktl. Therefore, we suggest
that overexpression of YAP2 can cause the enlargement of
cardiomyocytes.

In in vitro animal experiments, we compared YAP2 expres-
sion, phosphorylation levels of the YAP2-S127 locus, protein
levels of YAP2-related genes, and their activity levels in myo-
cardial specimens from a mouse model of TAC and normal
control rats. The results revealed that at the animal model level,
the protein level and activity of YAP2 were increased in the
heart tissue of the mouse model of ascending aortic ligation
and that YAP2 could promote cardiomyocyte hypertrophy,
upregulating the activity of related genes. Our study of YAP2
and YAP2-S127 phosphorylation levels in human HCM tissue
versus normal myocardial specimens showed that YAP2 pro-
tein amounts and activity were increased in HCM specimens.

At the animal level, we plan to use the heart of YAP2
cardiomyocyte-specific transgenic rats and knockout rats to
analyze the difference of the Microarray gene to obtain the
differential gene expression profiles of normal and transgenic
or knockout rats. At the same time, we further detect the

activity of YAP2 and the level of Akt phosphorylation and
protein expression, and screen and identify the proteins and
molecular mechanisms that regulate Akt phosphorylation
on the regulatory genes of YAP2.

The verification of clinical specimens will also use a simi-
lar method to determine the specific molecular mechanism
between YAP2 and HCM, provide a theoretical basis for
YAP?2 as a target for intervention and treatment of this dis-
ease. For the study of myocardial hypertrophy, the function
and molecular mechanism of genes lay the foundation.

Conclusions

YAP2 promotes cardiomyocyte hypertrophy in HCM, prov-
ing that YAP2 is a new critical factor in the formation of
HCM. The final effector YAP2 in the Hippo pathway can
affect the activity of downstream related genes by regulating
the activity of Aktl, thereby promoting the proliferation and
hypertrophy of human cardiomyocytes.
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