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Cardiac ischemia/reperfusion (I/R) injury is one of the most
deleterious cardiovascular condition and a leading cause of
mortality worldwide. The deprivation of oxygen and nutrient
supply, due to blockage of coronary arteries, causes an
oxidative stress on the myocardium leading to an irreversible
loss of cardiomyocytes and impaired cardiac output. Timely
reperfusion of coronary flow is necessary to reduce the
oxidative stress and to limit myocardial injury. However,
the process of reperfusion can itself induce cardiomyocyte
death, known as myocardial reperfusion injury. Recently, a
series of studies have implicated Hippo signaling pathway
in cardiomyocyte proliferation and survival during and after
myocardial I/R injury (Figure 1) (1-4). However, the upstream
modulators of Hippo-Yap pathway during myocardial I/R
injury have not been identified.

The Hippo signaling pathway, an evolutionarily
conserved pathway, was first described in Drosophila
melanogaster as a major regulator of tissue growth and organ
size. The Hippo signaling pathway controls organ size by
regulating cell proliferation, cell survival, and stem cell
self-renewal (5). The core components of Hippo pathway
consists of a serine/threonine kinase cascade, transcriptional
coactivators and transcription factors. Activation of
upstream kinases such as mammalian sterile 20-like protein
kinase (Mstl/2), large tumor suppressor (Lats1/2) and
adaptor protein Salvador (Salv) promotes phosphorylation
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of major downstream transcriptional regulators Yap and
Taz, resulting in its cytoplasmic retention. In contrast,
when upstream kinases are inactivated, unphosphorylated
Yap and Taz can translocate into the nucleus and binds to
various transcription factors including Tead1-4 to regulate
transcriptional activity of genes involved in cell proliferation
and survival (Figure 1) (2,5).

Genetic studies in mice have implicated Hippo signaling
pathway in cardiovascular development as well as in cardiac
repair and regeneration after myocardial I/R injury (1,3,6-8).
Cardiomyocyte specific genetic deletion of upstream
kinases Mst1/2, Lats2 or Salv leads to cardiac hyperplasia
due to increase in cell proliferation (7). In contrast,
deletion of Yap leads to cardiac hypoplasia due to impaired
cell proliferation (4,8). Interestingly, the Hippo pathway
restrains cardiomyocyte proliferation during embryonic
development by modulating Yap interaction with insulin-
like growth factor (IGF) and Wnt signaling pathways (7,8).
Deregulation of hippo pathway in adult heart has been
associated with numerous cardiac abnormalities including
cardiac failures and ischemic cardiac disease. Yap and
Taz are required in a dose dependent manner for cardiac
regeneration (3). Cardiomyocyte-specific overexpression of
a constitutively active Yap promotes cardiac regeneration
after myocardial injury in part by stimulating IGF and
Akt signaling (3). In consistent with this, activation of
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Figure 1 Canonical and non-canonical hippo pathway in ischemic heart disease.

endogenous Yap (in hippo kinase Salv, Latsl and Lats2-
deficient hearts) also promotes cardiac regeneration and
protect against myocardial injury (1). Mstl is activated in
cardiac myocytes in response to oxidative stress after 1/
R injury (9). Mstl activation after I/R injury is not only
associated with increased myocyte death but also decreased
autophagy (Figure 1) (9-11). Cardiomyocyte-specific Mstl
overexpression resulted in cardiac dysfunction (9). However
inhibition of endogenous Mstl, using a dominant negative
Mstl, prevented cardiomyocytes death and improved cardiac
function after myocardial injury (9,12). The canonical/
non-canonical regulation of upstream and downstream
components of hippo pathway might lead to alternative
cellular outcomes during heart regeneration/injury,
especially with respect to the cardiomyocytes. For instance,
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stress induced activation of Mstl leads to phosphorylation
of Lats2, which form the canonical hippo pathway together
with Yap, and regulate cardiomyocyte proliferation during
embryonic development and regeneration (Figure 1) (1,3,8).
Importantly, activated Mstl also phosphorylate substrates
outside of canonical hippo pathway, such as Bcl-xL proteins
in the mitochondria and promote cardiomyocytes death
(9,12). Mstl also phosphorylates Beclinl in the endoplasmic
reticulum and suppresses autophagy during I/R injury
(Figure 1) (11). Thus, identifying upstream regulators
of hippo signaling that could precisely activate different
components of hippo pathway in the cardiomyocytes, for
alternative cellular outcomes, will help to design strategies
to target it pharmacologically and to improve cardiac
function after I/R injury.
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Several signals have been identified that can activate/
regulate the hippo-pathway such as oxidative stress,
mechanical stress and pathological stress such as cancer. In
mammals, most members of the hippo signaling pathway
including Mstl1/2 and Lats1/2 kinases, and the Salv
protein are considered to act as tumor suppressors because
mutations in these components result in an overgrowth
phenotype. Neurofibromin 2 (NF2), also called merlin,
has been implicated as one of the upstream regulator of
the hippo signaling pathway in cancers. Recent studies
have demonstrated that liver-specific inactivation of NF2
induces hepatocellular carcinoma and such effect can be
suppressed by the deletion of Yap, suggesting an important
link between NF2 and the hippo-pathway effector molecule
(13,14). In another study, authors demonstrated that NF2
mediated inhibition of Yap and Taz is required for neural
progenitor expansion during brain development (15). NF2
is a member of neurofibromin family (NF1 and NF2), a
GTPase-activating protein that regulates RAS signaling
pathway and thereby plays a role in intra and extra-cellular
signal transduction necessary for cell proliferation and
differentiation in tumor pathology. Besides cancer, the
loss of NF1 has been shown to trigger the RAS signaling
pathway in several cardiovascular diseases including
cardiac hypertrophy, cardiomyopathy, and cardiac
fibrosis (16-18). In contrast to NF1, role of NF2 in the
cardiovascular system is poorly understood.

In a recent study, Matsuda er 4/. identified NF2 as a
regulator of hippo signaling pathway in cardiomyocyte after
I/R injury (19). Authors demonstrated that NF?2 is activated
in cardiomyocytes/myocardium in response to oxidative
stress and exacerbate I/R injury by promoting Mstl-
mediated cardiomyocyte apoptosis. Myosin phosphatase
target subunit 1 (MYPT-1), a component of protein
phosphatase is activated after oxidative stress caused by I/R
injury, leading to dephosphorylation (activation) of NF2 in
cardiomyocytes (Figure I). Activated NEF2 promote nuclear
localization of Mstl in cardiomyocytes. Further experiments
suggested that activated NF2 physically interact with Mstl
and Lats2 in heart subjected to I/R injury and regulate
cardiomyocyte apoptosis. Knockdown of either MYPT-1 or
NEF2 using siRNA decreased Mstl-mediated cardiomyocyte
apoptosis in vitro (Figure 1).

Furthermore, the authors took a genetic approach
to demonstrate the cardioprotective effects of NF2
after I/R injury. Authors genetically deleted NF2 using
a cardiomyocyte-specific aMHC-Cre transgenic mice
(Cre™; NF2™"%) and subjected to I/R injury ex vivo and
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in vivo. In both conditions, cardiomyocyte-specific NF2
knockouts showed protection, as the infarcted myocardial
region was significantly smaller than controls and improved
cardiac function after I/R injury. Mechanistically, the
cardioprotective effect of NF2 deletion was explained by
activation of Yap and its target genes such as ctgf, cyr61,
fgf2 and bircS. Finally, using a genetic approach this study
further linked the importance of Yap activation in NF2
deficient heart after I/R injury. For example, genetic
inhibition of Yap in a NF2 knockout background (Cre*""";
Yap ", NF2""7%) abolished cardioprotection observed
in NF2 knockout hearts (Cre"¢; NF2™""")  evident by
increased apoptosis and infract size. Together, this study
demonstrates the critical role of NF2 in aggravating
I/R injury by activating Mstl and inhibiting Yap in
cardiomyocyte (Figure I).

Many studies have implicated Hippo signaling in cardiac
development, neonatal and adult cardiomyocyte cell
proliferation and regenerative response after cardiac injury
(1-8). Inhibiting upstream kinases or activation of Yap have
shown to have beneficial outcomes in cardiac injury. Several
reports on ischemic myocardial injury have demonstrated a
YAP-mediated survival and proliferation of cardiomyocytes,
a process that seems to be dependent on the AKT
activation, which eventually confers protection against
myocardial injury in response to stress. In contrast, a recent
study on ischemic acute kidney injury has demonstrated that
a continuous activation of YAP might facilitate pro-fibrotic
outcomes that ultimately results in interstitial fibrosis (20).
Therefore, understanding a tissue specific regulation of the
hippo pathway might help to design potential therapies to
treat ischemic tissue injury.
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