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Cardiovascular disease (CVD) remains the leading cause of
death globally, and heart failure is a major component of CVD-
related morbidity and mortality. The development of cardiac
hypertrophy in response to hemodynamic overload is initially
considered to be beneficial; however, this adaptive response is
limited and, in the presence of prolonged stress, will transition
to heart failure. Yes-associated protein (YAP), the central down-
stream effector of the Hippo signaling pathway, regulates
proliferation and survival in mammalian cells. Our previous
work demonstrated that cardiac-specific loss of YAP leads to
increased cardiomyocyte (CM) apoptosis and impaired CM
hypertrophy during chronic myocardial infarction (MI) in the
mouse heart. Because of its documented cardioprotective
effects, we sought to determine the importance of YAP in
response to acute pressure overload (PO). Our results indicate
that endogenous YAP is activated in the heart during acute PO.
YAP activation that depended upon RhoA was also observed in
CMs subjected to cyclic stretch. To examine the function of
endogenous YAP during acute PO, Yap*/1°%;Cre® ¢ (YAP-
CHKO) and Yap*/%* mice were subjected to transverse aortic
constriction (TAC). We found that YAP-CHKO mice had atten-
uated cardiac hypertrophy and significant increases in CM apo-
ptosis and fibrosis that correlated with worsened cardiac func-
tion after 1 week of TAC. Loss of CM YAP also impaired
activation of the cardioprotective kinase Akt, which may under-
lie the YAP-CHKO phenotype. Together, these data indicate a
prohypertrophic, prosurvival function of endogenous YAP and
suggest a critical role for CM YAP in the adaptive response to
acute PO.
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Cardiovascular disease (CVD)® remains the leading cause of
death globally, and heart failure is a major component of CVD-
related morbidity and mortality (1). The development of car-
diac hypertrophy in response to hemodynamic overload is
considered initially beneficial, as it augments the number of
contractile units and normalizes ventricular wall stress accord-
ing to the Law of Laplace. Decreases in wall stress not only
reduce oxygen consumption but also inhibit cell death (2).
However, these adaptive responses have a limited capacity for
protection and, in the presence of prolonged stress, will transi-
tion to heart failure (3). The heart also initiates additional
adaptive mechanisms, including up-regulation of anti-oxidants
and mitophagy, to cope with energetic stress, increased oxida-
tive stress, and mitochondrial dysfunction (4). Yes-associated
protein (YAP), a transcription cofactor and downstream effec-
tor of the Hippo pathway, regulates proliferation and survival in
multiple cell types, including cardiomyocytes (CMs). We have
shown that cardiac-specific loss of YAP in mice leads to
increased CM apoptosis and a lethal dilated cardiomyopathy by
12 weeks of age. Heterozygous YAP depletion impaired hyper-
trophy and led to worsened heart function in response to vol-
ume overload imposed by chronic myocardial infarction (MI)
in the mouse heart (5). However, the role of YAP in response to
pressure overload (PO), another form of hemodynamic stress,
has yet to be examined.

The etiologies of heart failure are divergent and include
PO, ischemia, valvular disease, cardiomyopathy, and congenital
heart disease (1). Among these, PO-related pathological cardiac
hypertrophy is one of the most common causes of heart failure
(6). Pathophysiologically, cardiac hypertrophy is an increase in
the heart muscle mass resulting from increases in CM size
together with proliferation of fibroblasts and increased deposi-
tion of extracellular matrix (7). Cardiac hypertrophy can
initially be an adaptive response, serving to maintain cardiac
function through reduction in wall stress and energy expendi-
ture (8). However, insufficient accompanying growth/prolifer-

3 The abbreviations used are: CVD, cardiovascular disease; YAP, Yes-associ-
ated protein; CM, cardiomyocyte; MI, myocardial infarction; PO, pressure
overload; TAC, transverse aortic constriction; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; ANOVA, analysis of variance; DAPI, 4',6-di-
amidino-2-phenylindole; TUNEL, terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling; LVW, left ventricular weight; TL, tibia
length; lung W, lung weight; PI3K, phosphatidylinositol 3-kinase; LV, left
ventricular; ANF, atrial natriuretic factor; FS, fractional shortening.
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YAP mediates cardiac hypertrophy

ation of microvasculature leads to an inability to maintain an
efficient blood supply in response to CM enlargement. The
resulting supply of nutrients is inadequate and promotes met-
abolic dysfunction and, eventually, heart failure.

PO stress increases ventricular strain. Interestingly, the
Hippo pathway is regulated by mechanical stress (9). Previous
work demonstrated that increased force causes up-regulation
of YAP activity (10, 11). The small G-protein RhoA is a critical
modulator of the actin cytoskeleton and plays a key role in both
actin stress fiber formation and focal adhesion complex assem-
bly in many cell types (12). In addition, RhoA has been shown to
promote the activation of YAP in HEK293 cells through a
mechanism dependent upon cytoskeletal integrity (13, 14).
Prior studies have shown that RhoA affords cardioprotection
in vivo and acts as a mediator of protein kinase D and
Akt activation (15, 16). However, it remains unknown
whether RhoA modulates Hippo-YAP in CMs or whether
this potential mechanism influences the adaptive hyper-
trophic response to PO.

To elucidate the role of YAP in CMs during acute PO, we
subjected control and CM-specific heterozygous YAP knock-
out mice (YAP-CHKO) to PO or sham operation. Our data
demonstrate that, in response to PO, YAP is activated in the
myocardium through a RhoA-dependent mechanism. Haplo-
insufficiency of YAP in CMs led to attenuated hypertrophy, but
increased fibrosis and apoptosis, and decreased cardiac func-
tion during PO. These findings suggest that activation of
endogenous YAP during PO mediates adaptive hypertrophy
and protects the heart against PO-induced cardiac dysfunction.

Results
YAP is activated in response to PO

To examine whether YAP is activated in the heart in
response to PO, wildtype (WT) mice were subjected to trans-
verse aortic constriction (TAC) or sham operation and sacri-
ficed at time points ranging from 6 h to 7 days. Under our
experimental conditions, TAC significantly increased left ven-
tricular (LV) weight/tibia length (LVW/TL), an index of cardiac
hypertrophy, at 7 days in WT mice. Although TAC transiently
increased lung weight/tibia length (lung W/TL), an index of
lung congestion, 1 h after TAC, the index returned to baseline
thereafter up to 7 days (Fig. S1). Immunoblot analyses of LV
homogenates showed a significant increase in YAP protein 7
days after TAC compared with sham operation (Fig. 14). YAP
mRNA expression, as evaluated by quantitative PCR, was not
significantly altered after TAC (Fig. 1B), suggesting that YAP
protein up-regulation is due to increased translation or stabili-
zation. Phosphorylation of YAP at Ser-127 promotes its cyto-
solic retention and subsequent degradation (17). The ratio of
Ser-127-phosphorylated YAP to total YAP was decreased after
TAC in a time-dependent manner compared with sham (Fig.
1C). Decreased YAP phosphorylation can favor YAP retention
in the nucleus. Phosphorylation of YAP at Ser-397 promotes its
proteolytic degradation (18). The ratio of Ser-397 phosphory-
lated YAP to total YAP also decreased 7 days after TAC (Fig.
1D), suggesting that YAP is stabilized. Although the level of
Lats2, the kinase responsible for YAP phosphorylation at Ser-
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127, was increased in a time-dependent manner after TAC,
phosphorylated Lats2/total Lats2 did not change significantly
(Fig. 1E). This suggests that YAP regulation during acute PO
may be independent of Lats2.

Nuclear localization of YAP, as evaluated by immunofluores-
cence, was increased 7 days after TAC compared with sham
operation (Fig. 1F). In addition, subcellular fractionation was
conducted to separate cytosolic and nucleus-enriched frac-
tions. The level of YAP in both cytosolic and nuclear fractions
was increased significantly after TAC, compared with sham
(Fig. 1, G and H).

To test whether TAC-induced up-regulation and nuclear
accumulation of YAP take place in CMs, CMs were isolated
from mouse hearts subjected to 1 week of TAC or sham oper-
ation. Immunofluorescent staining showed that the number of
CMs with nuclear YAP staining was significantly greater in
hearts subjected to 1 week of TAC than in those subjected to
sham operation (Fig. S2, A and B). Immunoblot analyses of CM
lysates showed that phospho-YAP/total YAP was significantly
smaller and total YAP was greater in myocytes isolated from
mouse hearts subjected to TAC than in those isolated from
sham-operated hearts. Taken together, these results indicate
that total YAP protein and its nuclear localization in CMs are
increased 1 week after TAC (Fig. S2, C, D, and E). In a recent
study (19), we found that YAP is inactivated during the decom-
pensated phase of cardiac hypertrophy. Thus, we sought to
determine the functional significance of cardiac YAP activation
during the compensated phase of PO.

TAC-induced activation of YAP was attenuated in
heterozygous cardiac-specific YAP knockout (KO) mice

To investigate the functional significance of YAP activation
during the compensated phase of PO, we used heterozygous
CM-specific YAP KO mice (Yap ™ "*;Cre®M*C, referred to as
YAP-CHKO) (5). We used heterozygous KO mice because
homozygous CM-specific YAP KO mice rapidly develop heart
failure at baseline, even when a tamoxifen-inducible system is
used. We subjected WT mice (Yap™*”"**) and YAP-CHKO mice
to either TAC for 7 days or sham operation. The level of YAP in
the heart was significantly lower in YAP-CHKO mice than in
WT mice subjected to either sham operation or TAC (Fig. 2, A
and B). Ctgf (connective tissue growth factor), an established
YAP target gene (20), was increased in W'T mouse hearts 7 days
after TAC, and this up-regulation was attenuated in YAP-
CHKO mouse hearts (Fig. 2C). Similar results were obtained for
Ankrdl (ankyrin repeat domain-containing protein), another
YAP target gene (Fig. 2D) (21). These results suggest that YAP-
CHKO mice are a useful model for evaluating the function of
endogenous YAP in the heart after TAC.

Down-regulation of YAP attenuated PO-induced cardiac
hypertrophy

We asked whether down-regulation of endogenous YAP
affects the initial TAC-induced hypertrophic response. At 7
days after TAC, postmortem measurements revealed that
LVW/TL was significantly increased in both WT and YAP-
CHKO TAC groups compared with sham. However, we
observed a significant attenuation of LVW/TL in YAP-CHKO
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Figure 1. YAP is activated after acute PO. Wildtype (WT) mice were subjected to TAC. The hearts were harvested at indicated time points (6 h to 7 days (d)).
A, immunoblot analyses were performed to determine the phosphorylation status of YAP and Last2 in ventricular lysates. n = 5. B, mRNA expression of YAP in
the mouse heart was measured by quantitative real-time PCR assays. n = 3. C, quantification of Ser-127-phosphorylated YAP and total YAP. D, immunoblot
analyses of Ser-397-phosphorylated YAP and total YAP. E, quantification of phosphorylated Lats2 and total Lats2. F, immunostaining for YAP 7 days after TAC
in the WT mouse heart. DAPI was used for nuclear staining. n = 4. G, subcellular localization of endogenous YAP in mouse ventricular extracts 7 days after TAC.
Rho-GDla and lamin A/C served as markers of cytosol- and nucleus-enriched fractions, respectively. n = 4. H, quantification of the data shown in G. The data are
expressed as ratios relative to the mean value of the sham group. Data in graphs represent mean = S.D.; *, p < 0.05; **,p < 0.01, compared with Sham. Statistical
analyses were conducted with ANOVA or Student’s t test. Post hoc analysis was conducted with Tukey's test.

versus WT in response to TAC (Fig. 34). Lung W/TL was sig-
nificantly increased in both WT and YAP-CHKO TAC groups
compared with sham, and there was no significant difference in
lung W/TL between YAP-CHKO versus WT in response to
TAC (Fig. 3B). To determine whether the blunted hypertrophy
was accompanied by a reduction in individual CM size, we per-
formed a histological analysis. Measurement of CM cross-sec-
tional area revealed a significant attenuation in YAP-CHKO
hearts compared with WT mice 7 days after TAC (Fig. 3C).
mRNA expression of atrial natriuretic factor (ANF) was
increased significantly after TAC in both WT and YAP-CHKO
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mice compared with respective sham-operated mice (Fig. 3D).
Interestingly, however, YAP-CHKO mice exhibited a greater
increase in ANF mRNA after TAC than WT mice, consistent
with the observation that YAP-CHKO mice exhibit greater LV
wall stress than WT mice (see below). Down-regulation of YAP
also inhibited increases in CM cell size induced by isoprotere-
nol, a B-adrenergic receptor agonist, suggesting that endoge-
nous YAP is essential in mediating hypertrophy in CMs (Fig.
S3).

To evaluate how down-regulation of YAP affects cardiac
function during acute PO, echocardiography was performed 7

J. Biol. Chem. (2019) 294(10) 3603-3617 3605
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Figure 2. PO-induced up-regulation of YAP was inhibited in YAP-CHKO mice. TAC or sham operation was applied to WT or YAP-CHKO mice for 7 days. Aand
B, whole-heart lysates were subjected to immunoblotting with anti-YAP antibody. GAPDH antibody was used as loading control. Data are expressed as a ratio
compared with the mean value of the WT-sham group. n = 6 per group. Cand D, total RNA was extracted from the heart and subjected to quantitative RT-PCR
analyses. Relative mRNA expression of Ctgf (C) and Ankrd (D) is shown. n = 5-6. The data are expressed as ratios relative to the mean value of the WT-sham
group. Datain graphs represent mean = S.D.; **, p < 0.01; ***, p < 0.005 compared with Shams; $, p < 0.05 in comparison with WT-sham and YAP-CHKO-Sham;
#,p < 0.05; ##, p < 0.01, in comparison with WT-TAC and YAP-CHKO-TAC. Statistical analyses were conducted with ANOVA. Post hoc analysis was conducted

with Tukey'’s test.

days after TAC (Table 1). YAP-CHKO and WT mice exhibited
similar baseline LV systolic function. In response to 7 days of
TAC, WT mice exhibited preserved systolic function, whereas
YAP-CHKO mice exhibited significantly decreased LV func-
tion, as evaluated by fractional shortening (%FS) (Fig. 4, A and
B). LV end-diastolic diameter after TAC was significantly
greater in YAP-CHKO than in WT mice (Fig. 4C), whereas
wall thickness was similar between YAP-CHKO and WT
mice (Table 1). Laplace’s Law states that the wall stress (WS)
of the ventricle is proportional to the ventricular pressure (P)
and its diameter (R) and is inversely proportional to the ven-
tricular wall thickness (7), given by the formula WS = P-R/
2T. Echocardiographic and hemodynamic measurements
indicated that LV wall stress was significantly elevated in
YAP-CHKO hearts compared with WT hearts 7 days after
TAC (Fig. 4D).

Invasive hemodynamic analyses indicated that LV end-dia-
stolic pressure (LVEDP) was significantly elevated in WT mice
7 days after TAC and was further elevated in YAP-CHKO mice
(Fig. 4E and Table 2). These data suggest that YAP in CMs is
required for the maintenance of cardiac function and that
decreased levels of YAP result in rapid chamber dilation and
transition to heart failure during acute PO.

3606 J. Biol. Chem. (2019) 294(10) 3603-3617

YAP down-regulation augmented apoptosis and fibrosis in
response to PO

Myocardial apoptosis and fibrosis were evaluated by TUNEL
and Masson’s Trichrome staining, respectively (Fig. 5). PO for 7
days was not sufficient to induce a significant increase in either
myocardial apoptosis or fibrosis in WT mice. However, we
observed significant increases in both apoptosis and fibrosis in
YAP-CHKO hearts following 7 days of TAC compared with
WT mouse hearts (Fig. 5). These results suggest that endoge-
nous YAP in CMs protects the heart against apoptosis and
fibrosis during the acute phase of PO.

Heterozygous down-regulation of YAP inhibited cell cycle
re-entry in response to PO in CMs

YAP promotes cell cycle progression and/or cell prolifera-
tion in noncardiac cell types, as well as in CMs in the embryonic
heart (22, 23). Although the adult heart has a limited capacity
for regeneration, a small population of CMs can re-enter the
cell cycle in response to injury and may confer a regenerative
benefit to the heart (24). Therefore, we investigated the
effect of YAP deletion on CM proliferation under acute PO
stress. We stained heart sections for Ki-67 and the CM
marker troponin-T. Quantitative analyses revealed that

SASBMB
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Figure 3. Heterozygous down-regulation of YAP significantly attenuates PO-induced cardiac hypertrophy. TAC was applied to WT or YAP-CHKO mice
for 1 week. A, LVW/TL. n = 12-14. B, lung W/TL. n = 12-14. C, cardiomyocyte cross-sectional area (CSA) was evaluated with wheat germ agglutinin staining.
Values are relative to the WT-sham group. Representative images from each group are shown in the upper panel. Scale bars, 200 um. n = 5 per group. D, mRNA
expression of Anf was evaluated with quantitative RT-PCR. n = 6. Values are mean = S.D. relative to the WT-sham group. ¥, p < 0.05; ***, p < 0.001; **** p <
0.0001; versus shams. #, p < 0.05; ###, p < 0.001 in comparison with WT-TAC and YAP-CHKO-TAC. Statistical analyses were conducted with ANOVA. Post hoc
analysis was conducted with Tukey'’s test.
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Table 1

Echocardiographic analyses of WT and YAP-CHKO mice 7 days after TAC

Data are presented as mean * S.D. The following abbreviations are used: DSEP WT, diastolic septal wall thickness; LVEDD, left ventricular end diastolic dimension; DPWT,
diastolic posterior wall thickness; LVESD left ventricular end systolic dimension; LVEF, left ventricular ejection fraction; %FS, fractional shortening.

wT YAP-CHKO

Sham TAC Sham TAC
n 12 14 12 14
DSEP WT (mm) 0.79 £ 0.05 0.81 £0.10 0.77 = 0.09 0.83 = 0.09
LVEDD (mm) 3.44 = 0.30 3.35 + 0.24 3.58 +0.28 3.89 + 0.29%
DPWT (mm) 0.67 £ 0.07 0.72 £0.11 0.73 = 0.06 0.73 £ 0.12
LVESD (mm) 2.30 £ 0.35 2.26 £ 0.35 2.57 = 0.44 3.18 = 0.37
EF (%) 68.4 = 13.1 66.5 = 15.4 62.1 = 12.1 44.2 + 14.0%°
%FS (%) 33.12 = 9.53 32.18 = 11.23 28.45 + 7.97 18.27 + 7.18**

“ p < 0.05 versus WT-TAC is shown.

? p < 0.05 versus YAP-CHKO-SHAM is shown. Statistical analyses were conducted with ANOVA. Post hoc analysis was conducted with Tukey’s test.
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Figure 4. TAC-induced cardiac dysfunction was exacerbated in YAP-CHKO mice. WT and YAP-CHKO mice were subjected to either TAC or sham operation
for 7 days. Echocardiography and hemodynamic analyses were performed before euthanasia 7 days after TAC or sham operation. A, representative images of
M mode echocardiography. B, % fractional shortening. C, left ventricular end-diastolic diameter (LVEDd, mm). D, wall stress calculated using the data set
obtained by echocardiography and hemodynamic measurement. E, left ventricular end-diastolic pressure (LVEDP, mm Hg) evaluated with a Millar catheter.n =
12-14 per group. B-E, values are mean = S.D. **, p < 0.01; ***, p < 0.001 versus shams; #, p < 0.05 in comparison with WT-TAC and YAP-CHKO-TAC. Values are
means £ S.D. Statistical analyses were conducted with ANOVA. Post hoc analysis was conducted with Tukey's test.

there was a small population of Ki-67—positive CMs in WT
hearts in response to PO (Fig. 6, A and B). However, we
observed no significant increase in the number of Ki-67-
positive CMs in YAP-CHKO mouse hearts after TAC com-
pared with sham. These data suggest that YAP deficiency in
CMs results in repressed CM cell cycle re-entry in response
to short-term PO.

Stretch-induced YAP activation in CMs is mediated by RhoA

Although the level of Ser-127-phosphorylated YAP/total
YAP was decreased 7 days after TAC, the level of phosphory-

3608 J. Biol. Chem. (2019) 294(10) 3603-3617

lated Lats2/total Lats2, the predominant YAP kinase, did not
change significantly. The small GTPase RhoA is associated with
CM hypertrophy and the protective signaling mechanism
within the myocardium in vivo (12, 15, 25). To elucidate the
underlying mechanism of YAP activation in response to PO, we
investigated the involvement of RhoA signaling and mechanical
stress. To this end, we applied cyclic stretch to CMs to induce
hypertrophy (26). CMs were subjected to 1 h of cyclic stretch,
and subcellular fractions were prepared from cell lysates. We
found that YAP was increased in the nuclear fraction after
stretch compared with the control unstretched CMs. Pretreat-

SASBMB
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Table 2
Hemodynamic measurements of WT and YAP-CHKO mice 7 days after TAC

Data are presented as mean = S.D. The following abbreviations are used: LVEDP, left ventricular end diastolic pressure; +dP/dt and —dP/d¢, change in pressure over time;
PG, pressure gradient.

wWT YAP-CHKO
Sham TAC Sham TAC
n 10 14 10 14
+dP/dt (mm Hg/s) 7750 = 1327 5839 + 1403“ 5625 + 1579° 4964 * 1397¢
—dP/dt (mm Hg/s) 7520 = 1079 6339 = 1950 5125 *= 1165 4732 + 1908
LVEDP (mm Hg) 5.58 = 1.56 12.29 =+ 3.29¢ 7.8 £4.5 16.57 + 5.80%¢
PG (mm Hg) NA 72.86 = 24.1 NA 53.14 £ 22.1

“ p < 0.05 versus WT-Sham mice.
b p < 0.01 versus WT-Sham mice.
¢ p < 0.001 versus WT-TAC mice.
4 p < 0.001 versus WT-TAC mice.
¢ p < 0.05 versus YAP-CHKO-Sham. Statistical analyses were conducted with ANOVA. Post hoc analysis was conducted with Tukey’s test.

A TAC

YAP-CHKO H#

Sham
YAP-CHKO

WT

WT

*%

TUNEL-positive nuclei (%)

Sham TAC Sham TAC

WT YAP-CHKO

ikt

*kkk

YAP-CHKO |

Sham TAC Sham TAC

WT YAP-CHKO

Figure 5. TAC-induced apoptosis and fibrosis were significantly increased in YAP-CHKO mice. WT and YAP-CHKO mice were subjected to
either TAC or sham operation for 7 days. A, left, representative images of TUNEL staining and DAPI staining from each group. TUNEL-positive CMs are
indicated by white arrows. Scale bars, 100 um. A, right, number of TUNEL-positive CMs/the total number of nuclei. Values are mean = S.D.n = 5. B,
left, Masson’s trichrome staining showing interstitial fibrosis. Representative images from each group are shown. Scale bars, 100 um (right).
The quantitative analysis of the fibrotic areas. n = 6. Values are the means = S.D. **¥*, p < 0.0005; ****, p < 0.0001 versus shams. ##, p < 0.01; ###, p <
0.0005 in comparison with WT-TAC and YAP-CHKO-TAC. Statistical analyses were conducted with ANOVA. Post hoc analysis was conducted with
Tukey's test.

ment of CMs with C3 exoenzyme, a selective inhibitor of
RhoA activation, abolished the nuclear accumulation of YAP
(Fig. 7A). Importantly, RhoA was activated 1 day and 7 days
after TAC, time points at which YAP was up-regulated (Fig.
7B). To determine whether RhoA activation is sufficient to
promote YAP nuclear localization, CMs were transduced
with adenovirus harboring either constitutively active RhoA
(RhoA (Q63L)) or GFP. YAP protein was more abundant in
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the nucleus of CMs with constitutively active RhoA than in
CMs with GFP (Fig. 7, C and D). We also found that sphin-
gosine 1-phosphate, a potent activator of RhoA in CMs,
increased nuclear YAP, an effect that was blocked by con-
comitant C3 treatment (Fig. S4). These data suggest that
RhoA activation is sufficient to induce YAP activation and is
necessary for stretch- and agonist-induced YAP nuclear
localization in CMs.
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Figure 8. Heterozygous down-regulation of YAP inhibits Akt phosphorylation after 1 week of TAC. WT and YAP-CHKO mice were subjected to either TAC
or sham operation for 7 days. A, whole-heart lysates were subjected to immunoblotting for Thr-308 -phosphorylated and total Akt or Ser-9-phosphorylated
and total GSK-3B antibody. GAPDH antibody was used as loading control. Representative immunoblots are shown. B, quantification of relative pAkt/Akt shown
in A. C, quantification of relative pGSK-38/GSK-38 shown in A. Band C, data are normalized by the mean value in the WT-sham group. Values are mean * S.D.
n = 6animals per group.*,p < 0.05; **,p < 0.01 versus sham; ##, p < 0.01; ###, p < 0.0005, compared with WT-TAC and YAP-CHKO-TAC. Statistical analyses were

conducted with ANOVA. Post hoc analysis was conducted with Tukey's test.

YAP-CHKO mice showed a dampened Akt response during PO

We next investigated the molecular mechanism through
which YAP mediates cardiac hypertrophy during the acute
phase of PO. Akt signaling has been shown to modulate cardiac
hypertrophy, and our previous work demonstrated a link
between YAP and Akt in CMs (27-29). We therefore examined
whether Akt activation was altered in YAP-CHKO hearts fol-
lowing PO stress. First, we confirmed that Akt phosphorylation
at Ser-473 was increased at 7 days post-TAC in WT mouse
hearts (Fig. 8, A and B). Interestingly, we observed that the
increase in p-Akt was significantly diminished in YAP-CHKO
hearts compared with WT hearts after TAC; however, we saw
no difference in Akt phosphorylation in YAP-CHKO hearts at
baseline (Fig. 8, A and B). We observed a similar trend in phos-
phorylation of GSK-3f3, an established substrate of active Akt
(Fig. 8, A and C). These data indicate impaired Akt activation in
response to acute PO in hearts deficient for YAP and suggest
that YAP mediates Akt signaling in this setting.
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YAP is a negative regulator of PTEN

Second, we sought to determine how YAP regulates Akt in
this context. The PI3K/Akt pathway is negatively regulated by
the lipid phosphatase, PTEN. PTEN dephosphorylates phos-
phatidylinositol 3,4,5-trisphosphate to phosphatidylinositol
4,5-bisphosphate, thereby antagonizing the PI3K signaling cas-
cade (30). Recently, it was reported that PTEN is a critical
mediator of YAP function (31). To investigate a potential
link between YAP and PTEN in the heart, we first evaluated
PTEN expression. Hearts were harvested from 8-week-old
control (Yap/"**/°*), heterozygous (YAP" /°%;Cre®™*), and
homozygous (YAP"*70%Cre®MHC) YAP KO mice. We
observed that down-regulation of YAP dose-dependently
increased PTEN expression in the mouse heart (Fig. 94). As
acomplementary approach, we transduced neonatal rat CMs
with YAP adenovirus or LacZ control. We found that PTEN
expression was significantly decreased in response to YAP
overexpression (Fig. 9B). These results suggest that YAP
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with LacZ control (Ad-LacZ) or YAP adenovirus (Ad-YAP). Cell lysates were subjected to immunoblotting for PTEN and B-actinin. The data are normalized by the
mean value of the LacZ-transduced CMs. The experiments were repeated four times. Values are mean = S.D. *, p < 0.05 versus the LacZ-transduced CMs.
Statistical analyses were conducted with ANOVA or Student’s t test. Post hoc analysis was conducted with Tukey’s test.

stimulates Akt activation through down-regulation of PTEN
in CMs.

Discussion

Our results show that endogenous YAP is activated in the
heart during the acute phase of PO. Haploinsufficiency of YAP
suppresses cardiac hypertrophy in response to PO and worsens
cardiac dilation and dysfunction. Thus, activation of endoge-
nous YAP plays an essential role in mediating cardiac hypertro-
phy and survival of CMs during the acute phase of PO.
Although previous studies suggested that YAP primarily con-
trols proliferation of CMs or CM progenitors (22, 32), our
results suggest that endogenous YAP also mediates cardiac
hypertrophy in a context-dependent manner.

Does YAP mediate CM proliferation or hypertrophy?

The Hippo pathway negatively affects organ size by promot-
ing apoptosis and inhibiting proliferation (33). Because growth
of the adult heart in mammals occurs primarily through hyper-
trophy of CMs (34), whether or not the Hippo pathway also
controls cardiac hypertrophy, namely cell enlargement without
proliferation, is an intriguing question. Our previous work
demonstrated that transgenic mice with cardiac-specific
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overexpression of Mstl develop dilated cardiomyopathy with
increased CM apoptosis. CM size in these mice was smaller
than in nontransgenic controls despite dilation of the heart and
increased wall stress (35). Lats2, a negative regulator of YAP,
also inhibits hypertrophy of CMs during PO (36). Although
these studies show that the major upstream components of the
Hippo pathway negatively affect cardiac hypertrophy when
they are overexpressed, whether or not endogenous Mstl or
Lats2 is involved in the regulation of cardiac hypertrophy dur-
ing cardiac stress remains to be elucidated.

Experimentally, YAP gain-of-function that is induced by
either overexpression of constitutively active YAP or by loss of
Hippo pathway function (down-regulation of WW45) pro-
motes myocardial regeneration by stimulating proliferation of
either CMs or CM progenitors without evidence of CM hyper-
trophy (23, 32, 37). Overexpression of YAP in mouse embryonic
hearts increases heart size by promoting CM proliferation
without significantly changing CM size (22). These results lend
support to the hypothesis that YAP does not promote CM
hypertrophy. However, it should be noted that gain-of-function
experiments may not necessarily reflect the function of endog-
enous YAP.
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Using a loss-of-function mouse model, we show here that
endogenous YAP plays an essential role in mediating cardiac
hypertrophy during the early phase. Based on our current find-
ings, together with our previous study demonstrating that
endogenous YAP mediates cardiac hypertrophy after MI (5), we
propose that endogenous YAP can control cardiac hypertrophy
in a manner that is context-dependent. We have shown previ-
ously that YAP is activated in a small population of CMs located
in the border zone of MI where CM cell cycle re-entry is stim-
ulated (5). However, YAP is phosphorylated and inactivated in
the majority of CMs located in the remote area even in that
context (5). Interestingly, down-regulation of YAP in the whole
heart prevents overall cardiac hypertrophy, and the mean
diameter of individual CMs in YAP-CHKO mice was smaller
than in control mice in the presence of either volume overload
(4) or PO (this study). We speculate that although activation of
YAP can stimulate CM cell cycle re-entry or proliferation under
some conditions, such as in the post-MI border zone, at base-
line or when modestly activated YAP also controls cardiac
hypertrophy.

As reported previously (24, 39), we confirm here that a mod-
est population of CMs shows signs of cell cycle re-entry during
the acute phase of PO. Because the number of Ki-67—positive
CMs was significantly decreased in YAP-CHKO mice, endoge-
nous YAP may play an important role in CM cell cycle re-entry
or proliferation. However, because we observed both smaller
CMs and less CM cell cycle re-entry in YAP-deficient hearts, we
cannot distinguish which is responsible for the attenuated
LVW/TL in YAP-CHKO mice after TAC. Both may contribute
to the overall cardiac hypertrophy induced during the acute
phase of PO, and further experimentation is needed to eluci-
date the mechanism driving this adaptive response.

YAP CHKO mice that we generated with aMHC-Cre mice
exhibit similar cardiac phenotype as W'T mice in terms of the
number and cell size of CMs, CM apoptosis, and fibrosis (5).
LVW/TL, left ventricular ejection fraction, or %FS also did not
differ significantly between heterozygous KO and WT mice at 8
weeks (5). Thus, it is likely that the depressed cardiac function
observed in YAP-CHKO after TAC occurs due to the insuffi-
cient level of YAP during PO. However, it would be difficult to
completely rule out that postnatal development with depressed
YAP activity leads to subtle alterations in CM phenotype that
could contribute to the increased pathological susceptibility
following TAC challenge.

Role of YAP in adaptive CM hypertrophy

Cardiac hypertrophy increases the number of contractile
units and wall thickness, thereby reducing ventricular wall
stress in the presence of hemodynamic stress and providing a
benefit to the heart. Eventually, however, this response ceases
to be adaptive, and heart failure develops (3). An important
question is whether the hypertrophy mediated by YAP is indeed
adaptive. Down-regulation of YAP blunted the extent of car-
diac hypertrophy during PO, while augmenting LV wall stress,
CM apoptosis, and cardiac dysfunction. This suggests that
endogenous YAP plays an important role in mediating adaptive
hypertrophy and protecting the heart against PO. Why, then, is
YAP-mediated cardiac hypertrophy adaptive? We have shown
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previously that homozygous deletion of cardiac YAP resultsin a
rapidly developing dilated cardiomyopathy, heart failure, and
death by 12 weeks of age (5). Furthermore, disruption of endog-
enous cardiac YAP led to impaired CM survival during chronic
MI and ischemia/reperfusion (5, 40). YAP is highly protective
against CM death in the adult mammalian heart (17). In addi-
tion, the effect of YAP upon glycolysis (41) and angiogenesis
(42) may confer an adaptive quality to YAP-induced CM
growth.

How does YAP promote compensatory cardiac hypertrophy?

YAP acts as a transcription cofactor and both positively and
negatively affects the function of downstream transcription fac-
tors (33). The most well characterized of these are the TEAD
family transcription factors, which play a major role in mediat-
ing YAP-induced cell proliferation (20). An important question
is whether TEADs are involved in YAP-induced compensatory
hypertrophy during the acute phase of PO. It has been shown
that cardiac-specific overexpression of TEAD1 induced CM
proliferation with decreases in CM size and cardiac function
(43). In that study, the authors found that stimulation of CM
proliferation inhibits signaling mechanisms of cardiac hyper-
trophy (43). Thus, it is unlikely that the YAP-TEAD pathway
mediates cardiac hypertrophy during the acute phase of PO.
Further investigation, including TEAD loss-of-function studies
and identification of YAP targets through ChIP sequencing
during the acute phase of PO, is necessary to address this issue.

To date, several mechanisms by which YAP promotes cell
survival have been identified. YAP enhances expression of anti-
oxidant genes, including MnSOD and catalase, through activa-
tion of the FoxO family of transcription factors (40). YAP also
promotes expression of Nrf2 through Pitx2 (44). We have
shown previously that YAP-mediated up-regulation of miR-
206 mediates hypertrophy, proliferation, and survival of CMs
by down-regulating FoxP1 (45). In addition, YAP also controls
the expression of Akt in CMs (5). In this study, we show that
YAP regulates the activity of Akt, potentially through the
down-regulation of PTEN, a negative regulator of PI3K/Akt
signaling. Because Akt promotes cardiac hypertrophy (27), it is
possible that Akt mediates YAP-induced compensatory hyper-
trophy during PO (Fig. S5).

YAP acts as a mechanosensor to mediate cardiac hypertrophy

Our results clearly show that the development of cardiac
hypertrophy in response to PO is YAP-dependent. Mechanical
stress occurs during pathological conditions such as volume
and/or pressure overload, resulting in remodeling and altered
geometry of the heart (46, 47). There is increasing evidence to
suggest that the activity of YAP is regulated by mechanical
forces and the actin cytoskeleton (9, 10, 48, 49). In addition, a
recent study demonstrated that YAP activity is modulated by
the dystrophin glycoprotein complex in CMs (50). These find-
ings suggest that YAP may act as a mechanosensor in CMs.
RhoA acts as a transducer of mechanical stress in CMs through
its interaction with focal adhesions and the actin cytoskeleton
and mediates downstream signaling that controls gene expres-
sion (12). We now show that RhoA is activated in the heart in
response to PO and that RhoA is necessary and sufficient for
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stretch- and agonist-induced activation of YAP in CMs (Fig. 7).
Thus, it is likely that YAP activation during the early phase of
TAC is RhoA-dependent, although the precise mechanism
remains to be elucidated. Interestingly, the nuclear accumula-
tion and stabilization of YAP after 1 week of TAC are accom-
panied by decreases in Ser-127 and Ser-397 phosphorylation
despite the absence of change in Lats2 activation. Because
RhoA regulates the activity of both kinases and phosphatases,
including Rho kinase and myosin light chain phosphatase, it
will be interesting to examine the potential role of the RhoA-
associated kinases/phosphatases in the regulation of YAP phos-
phorylation during PO.

In summary, we demonstrate that endogenous YAP is acti-
vated in the heart during the acute phase of PO, as well as in
CMs through a RhoA-dependent mechanism. Heterozygous
deletion of CM YAP resulted in blunted cardiac hypertrophy
with increased LV dilation, apoptosis, fibrosis, and dysfunction
after TAC. These results indicate that endogenous YAP medi-
ates an adaptive hypertrophic response during acute PO that
serves to alleviate wall stress, protect CMs, and slow the transi-
tion to heart failure. This study highlights the beneficial role of
CM YAP during acute PO and points to YAP as a potential
therapeutic target for hypertension.

Experimental procedures
Animals

Generation of transgenic mice harboring a floxed Yapl
allele (C57BL/6 background) and a-MHC Cre recombinase
transgenic mice (C57BL/6 background) has been previously
reported (51). All animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of Rutgers New Jer-
sey Medical School.

TAC

The methods used to impose PO in mice have been described
(39). Mice were anesthetized with a mixture of ketamine (0.065
mg/g), xylazine (0.013 mg/g), and acepromazine (0.002 mg/g)
and mechanically ventilated. The left side of the chest was
opened at the second intercostal space. Aortic constriction was
performed by ligation of the transverse thoracic aorta between
the innominate artery and the left common carotid artery with
a 28-gauge needle using a 7-0 braided polyester suture. Sham
operation was performed without constricting the aorta. To
measure arterial pressure gradients, high-fidelity microma-
nometer catheters (1.4 French; Millar Instruments Inc.) were
used.

Echocardiography

Mice were anesthetized using 12 ul/g body weight of 2.5%
Avertin (Sigma), and echocardiography was performed using
ultrasonography (Acuson Sequoia C256; Siemens Medical

Solutions). A 13 MHz linear ultrasound transducer was used
(39).

Primary CM isolation and culture

Ventricular CMs were prepared from 1-day-old Crl:(W1) BR
Wistar rats (Charles River Laboratories). A CM-rich fraction
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was obtained by centrifugation through a discontinuous Percoll
gradient. Cells were cultured in a complete medium containing
Dulbecco’s modified Eagle’s medium/F-12 supplemented with
5% horse serum, 4 pg/ml transferrin, 0.7 ng/ml sodium selenite
(Invitrogen), 2 g/liter BSA (fraction V), 3 mMm pyruvic acid, 15
mMm HEPES, 100 uMm ascorbic acid, 100 ug/ml ampicillin, 5
pg/ml linoleic acid, and 100 um 5-bromo-2'-deoxyuridine
(Sigma). C3 toxin was purchased from Cytoskeleton, Inc.
Sphingosine 1-phosphate was purchased from Avanti Polar
Lipids.

Isolation and culture of adult mouse CMs

Isolation and culture of adult mouse CMs were conducted
according to the protocol described in Ackers-Johnson et al.
(52). This method utilizes direct needle perfusion of LV ex vivo,
which allows isolation, separation, and culture of adult mouse
CMs. These myocytes were used for immunostaining and
immunoblotting with or without culture. Some myocytes were
subjected to transduction with adenovirus vectors, and experi-
ments were conducted 48 h after transduction.

Adenoviral constructs

Activated L63RhoA adenovirus and LacZ control adenovirus
were generated as described previously (38).

Application of mechanical stretching

CMs were stretched using the Flexercell-4000 system (Flex-
cell International Corporation), using a modification of the sys-
tem. Plates were pre-coated with collagen. Cyclical stretching
of 1 Hz and 15% elongation was applied for 1 h. Control CMs
were cultured on identical Flexerwell plates and maintained
without mechanical stretch. Following the stretch periods, the
cells were washed twice with PBS and used for cellular fraction
protein analysis.

Immunoblotting

Heart homogenates or CM lysates were prepared in RIPA
lysis buffer containing 50 mwm Tris (pH 7.5), 150 mm NaCl, 1%
IGEPAL CA-630 (Sigma), 0.1% SDS, 0.5% deoxycholic acid, 10
mMm Na,P,0O., 5mm EDTA, 0.1 mm Na;VO,, 1 mm NaF, 0.5 mm
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 0.5
pg/ml aprotinin, and 0.5 pg/ml leupeptin. Equal amounts of
protein (5-10 pg, BCA quantification) were subjected to
10-15% SDS-PAGE. After proteins were transferred to a poly-
vinylidene difluoride membrane, immunoblots were probed
with the indicated antibodies.

RhoA activation assay

GTP-bound RhoA in ventricular lysate was measured by
pulldown according to manufacturer’s instructions (Millipore
Sigma).

Antibodies

Antibodies used for immunoblots were purchased from the
indicated companies: p-Akt (Thr-308) (1:2,000 dilution, no.
9275), Akt (1:2,000 dilution, no. 9272), GAPDH (1:5,000 dilu-
tion, no. 2118), histone H3 (1:500 dilution, no. 9715), lamin A/C
(1:5,000 dilution, no.4777), p-Mst1 (Thr-183) (1:1,000 dilution,
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no. 3681), p-YAP (Ser-127) (1:1,000 dilution, no. 4911), p-YAP
(Ser-397) (1:1,000 dilution, no. 13619), YAP (1:2,000 dilution,
no. 14074), and p-Lats2 (Ser-909 and Thr-1079) (1:1,000 dilu-
tion, nos. 9157 and 8654) (Cell Signaling Technology); a-tubu-
lin (1:10,000 dilution, no. T6074) (Sigma); Mst1 (1:2,000 dilu-
tion, no. 611052) (BD Biosciences); Lats2 (1:1,000 dilution, nos.
ab54073 and A300-479A) (Abcam and Bethyl Laboratories,
respectively); Ki-67 (1:500 dilution, no. 9129) (Cell Signaling
Technology); RhoA (1:1,000 dilution, no. ARH03-A) (Cytoskel-
eton); RhoGDI (1:5,000 dilution, no. 2564), GSK-3 (1:1,000
dilution, no. 5676), p-GSK-3 (Ser-21/9) (1:1,000 dilution, no.
9327), PTEN (1:1,000, no. 9188), and B-actinin (1:5,000, no.
8457) (Cell Signaling Technology).

Subcellular fractionation

The nuclear and cytosolic fractions were prepared with
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce).
After isolating cytosolic and nuclear fractions, immunoblotting
was conducted.

Quantitative RT-PCR

RNA was isolated from the mouse hearts; cDNA was gener-
ated, and quantitative RT-PCR was performed as described
previously (36). Primers used were as follows: Anf, sense (5'-
ATACAGTGCGGTGTCCAACA-3’) and antisense (5'-CGA-
GAGCACCTCCATCTCTC-3'); Yap, sense (5'-AGGAGA-
GACTGCGGTTGAAA-3") and antisense (5'-CCTGA-
GACATCCAGGAGAA-3"); Ctgf, sense (5'-CAAAGCAGCT-
GCAAATACCA-3') and antisense (5'-GGCCAAATGTGTC-
TTCCAGT-3'); Ankrd1 sense (5'-TTGTGAAGGAGCCAGA-
ACCT-3") and antisense (5'-CGCCAAGTGTCCTTCT-
AAGC-3').

Immunostaining

Neonatal rat CMs grown on chamber slides (Lab-Tek) were
washed three times with PBS. The cells were fixed with 4%
paraformaldehyde and washed four times with PBS containing
0.1% Triton X-100. The cells were boiled for 10 min with a
pressure cooker to allow better exposure of the antigen to the
antibody. The cells were then blocked with PBS containing 5%
normal goat serum for 60 min and stained with antibodies as
indicated.

Histological analyses

The LV accompanied by the septum was cut into base, mid-
dle portion, and apex, fixed with 10% formalin, embedded in
paraffin, and sectioned at 6-um thickness. The sections were
incubated in 3% H,O, in PBS to prevent endogenous peroxida-
tion and blocked with 5% BSA in PBS. CM cross-sectional area
was measured from images captured of sections stained with
anti-wheat germ agglutinin antibody as described previously
(39). The outlines of 200 CMs were traced in each section.
Interstitial fibrosis was evaluated by Masson’s Trichrome stain-
ing. Heart sections were stained with anti-YAP1 rabbit poly-
clonal antibody (Cell Signaling), anti-troponin-T mouse mAb
(Neomarkers), Alexa Fluor 488 —conjugated goat anti-rabbit
IgG (Invitrogen), Alexa Fluor 594 — conjugated goat anti-mouse
IgG (Invitrogen), and Vectashield mounting medium with
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DAPI (Vector Laboratories). Analyses were performed using
fluorescence microscopy (Ti, Nikon).

Apoptosis assays

TUNEL staining was conducted as described (35). Deparaf-
finized sections were incubated with proteinase K, and DNA
fragments were labeled with fluorescein-conjugated dUTP
using terminal deoxynucleotidyltransferase (Roche Applied
Science). Nuclear density was determined by manual counting
of DAPI-stained nuclei in 7-10 fields for each animal using a
X20 objective.

Statistics

All values are expressed as the mean = S.D. Statistical anal-
yses were performed by either ¢ test or analysis of variance and
the Tukey post-test procedure, with p < 0.05 considered
significant.
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