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The inability of the adult human heart to regenerate in response to injury, disease and aging
stands as a central challenge in cardiovascular medicine. Following myocardial infarction
(M1), billions of cardiomyocytes are lost and replaced with an avascular fibrotic scar. While
various medical interventions have augmented survival rates following Ml, the fibrotic
myocardium mitigates cardiac contractility, leading to a poor long-term prognosis in these
patients. Thus, there is an immense need for innovative approaches to repopulate lost
cardiomyocytes following cardiac injury.

In principle, several biological approaches to heart regeneration can be envisioned, including
stem cell therapies, reprogramming of cardiac fibroblasts into cardiomyocytes, activation of
cardiomyocyte proliferation, and suppression of fibrosis. However, each of these approaches
faces uncertainties and challenges that have yet to be overcome. For example, while
harnessing the potential of ostensible cardiac stem cells (CSCs) represents an attractive
approach to repopulate lost cardiomyocytes, the process has proven to be, thus far,
inefficient and tenuous due to the inability of stem cells to fully adopt a contractile
phenotype, incomplete electro-physical integration into the myocardium and inefficient
long-term retention of transplanted cells=3. What is irrefutable is that the level of turnover
of cardiomyocytes in adult mammals is inadequate to account for significant regeneration or
functional restoration of the heart following severe injury.

Another approach, in principle, to replenish myocytes following injury would be to convert
resident cardiac fibroblasts directly into cardiomyocytes. Recently, it has been demonstrated
that fibroblasts can be converted into cardiomyocytes in vitro with the viral addition of a
cocktail of cardiac transcription factors®. In related studies, forced expression of only three
or four cardiac transcription factors was shown to be sufficient to induce cardiac gene
expression in cardiac fibroblasts in vivo, which enhanced cardiac function and attenuated
ventricular remodeling following M1 6, Targeting fibroblasts for cellular reprogramming
would potentially circumvent some of the obstacles usually associated with transplantation
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techniques, although different challenges will be faced with such a reprogramming
approach, such as the quantity of myocytes needed to restore cardiac function and the
necessity to generate mature, adult myocytes that integrate seamlessly with the injured
myocardium.

In contrast to the resistance of the adult mammalian heart to regeneration, the neonatal heart
displays remarkable regenerative potential. Regeneration of the neonatal mouse heart in
response to apical amputation or MI appears to occur primarily through proliferation of
cardiomyocytes rather than activation of a stem cell population’. Similar conclusions have
been reached in studies of zebrafish heart regeneration® 9. Thus, enhancing cardiomyocyte
proliferation by exploiting the young heart’s innate ability to regenerate during later stages
of adulthood seems particularly attractive as an approach for cardiac repair.

Multiple signaling molecules have been shown to positively regulate cardiomyocyte
proliferation, including neuregulin, fibroblast growth factor, IGF1, and periostin19-13. More
recently, the Hippo-Yap signaling pathway has been shown to exert powerful growth
regulatory activity in cardiomyocytes!# 15, Highly conserved between mammals and
Drosophila melanogaster, the Hippo kinase cascade restrains cell proliferation in response
to extracellular cues8. This pathway consists of a series of adapter proteins and kinases,
which culminate in the phosphorylation and inactivation of YES-associated protein (YAP)
and the related protein TAZ, preventing their nuclear translocation (see Figure).

The mammalian STE20-like protein kinase 1 (MST1) sits atop the Hippo pathway and
interacts with Salvador (SAV), which phosphorylates and activates large tumor suppressor
homologue 1 (LATS1). LATS1 then phosphorylates YAP, creating a binding site for the
14-3-3 chaperone protein, which prevents nuclear accumulation of YAP. In the absence of
phosphorylation, YAP (or TAZ) enter the nucleus where they interact with TEAD
transcription factors to activate genes involved in cell proliferation and organ growth.

The Hippo pathway is activated in response to cell-cell signaling. At low cell density, YAP
becomes released from repression and dephosphorylated, enabling its entry into the nucleus
and activation of growth-promoting genes. Conversely, at high cell density, Yap is retained
in the cytoplasm and its growth-stimulatory activity is suppressed. Yap activity is highly
sensitive to perturbation of the actin cytoskeleton and is regulated by association with a-
catenin and members of the angiomotin family, which form a complex with phosphorylated
Yap and 14-3-3 to restrain cell proliferationl”: 18, It has been shown that Yap activity is
enhanced through G-protein coupled receptor stimulation by lysophosphatidic acid and
sphingosine-1 phosphate, which involves a Rho-GTPase signaling pathway and actin
cytoskeleton organization®.

Manipulation of the upstream effectors of Hippo-Yap signaling dramatically perturbs
cardiac growth. When Mst1 or its cofactor Sav is disrupted in the embryonic mouse heart,
Yap phosphorylation is abolished and heart size increases 2.5 fold, a phenotype due to
cardiomyocyte proliferation rather than hypertrophy!® 20, Moreover, manipulation of Hippo
signaling in the adult heart through inactivation of Sav or Lats1/2 increases cardiomyocyte
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proliferation and survival and promotes myocardial regeneration in different models of
cardiac injury.

Cardiac deletion of Yap during mouse embryogenesis results in cardiac hypoplasia and death
at embryonic day 10.5, whereas deletion during the post-natal period causes impaired
neonatal cardiac regeneration and death by 20 weeks of age due to loss of

cardiomyocytesl# 21, Cardiac deletion of Taz does not evoke an obvious cardiac phenotype,
but Yap and Taz exert dosage-sensitive effects on cardiac growth such that combined
deletion of Yap with heterozygous deletion of Taz accelerates the onset of lethality from 20
weeks, as seen with Yap deletion, to 10 days. These findings likely reflect essential and
redundant roles in maintaining cardiomyocyte proliferation and survival.

Overexpressing a phosphorylation-resistant, activated form of Yap (YapS112A) in the
embryonic heart leads to an increased number of cardiomyocytes and larger hearts, and is
sufficient to induce proliferation and cytokinesis in postnatal cardiomyocytes in vitrol4: 20,
Moreover, expression of YapS112A in adult mice under the control of the Myh6 promoter
not only increases heart size in 4-month-old mice, but also enhances the regenerative
response in adults following MI.

These findings also highlighted Yap as an integrator of IGF and PI13K-Akt signaling,
pathways previously known for their roles in cardiac proliferation and embryonic
growth!4 15 YapS112A-expressing cardiomyocytes display enhanced IGF signaling and
phosphorylated GSK-3b, resulting in stabilization of 3-catenin. It was further demonstrated
that increased B-catenin is necessary for the pro-proliferative effects of YapS112A on
cardiomyocytes.

In the current issue of Circulation Research, Lin et al generated mice that express the
activated form of human YAP specifically in cardiomyocytes (YAPCSOF) under the control
of doxycycline (DOX)22. Consistent with previous studies, DOX treatment from 4-8 weeks
of age resulted in increased numbers of cardiomyocytes in YAPSOF mice. However, while
Xin et al observed larger hearts in Myh6-YapS112A mice at 4 months of age?1, heart size
was not apparently altered in DOX-treated YAPGOF mice at a 4.5-month time point. This
could be due to the fact that the promoter elements of Myh6 express Yap much earlier and at
a higher level than with DOX treatment at 4 weeks of age in the YAPCSOF mice, and Yap
might exert greater pro-growth effect in the embryonic and neonatal heart than the adult.
Alternatively, the murine YapS112A that Xin et al used may have a greater stimulatory
effect in mice than the human YAPGOF,

While markers for cytokinesis were not used, Lin et al assessed cardiomyocyte numbers
following collagenase-perfusion of hearts. An in vivo clonal analysis of cardiomyocyte
proliferation was also performed by expressing the human activated YAP in a fraction of
cardiomyocytes while simultaneously labeling them with red fluorescent protein (RFP). In
mice expressing the YAP transgene, there were significantly more clusters of RFP labeled
cardiomyocytes, suggesting that individually labeled cardiomyocytes divided. The authors
noted that the chance of independent Cre recombination events giving rise to a background
of clusters could not be ruled out. Therefore, the authors turned to a multi-color clonal
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analysis, where each Cre recombination event triggers one of four reporters. The mice
expressing the YAP transgene had significantly more monochromatic clusters, suggesting
that Y AP stimulated cardiomyocyte proliferation.

In response to M1, YAPCGOF mice showed preservation of cardiac function and reduced
infarct size, as seen in prior studies by Xin et al. However, it is noteworthy that Lin et al
induced MI before activating the expression of YAP with DOX, while previous studies
induced M1 after Yap expression. That Lin et al saw enhanced cardiac regeneration
following M1 suggests that Y AP expression is sufficient for cardiac repair, which may have
significant clinical implications.

As a potential prelude to therapeutic applications, the authors tested the effects of adeno-
associated virus (AAV9) delivery of activated human YAP, injected into three sites along
the margin of the ischemic area, immediately following MI. Four weeks after Ml,
AAV9:hYAP injected mice displayed improved systolic function relative to control mice
injected with AAV9:luciferase. At 23 weeks post-MI, AAV9:hY AP injected mice also
showed improved survival, however, systolic function was not different between these mice
and controls. The authors ascribe the latter findings to a survival bias in which the mice in
the two groups with the lowest cardiac function may have died during the course of the
study, thereby diminishing differences between the groups.

Consistent with previous reports of cardiac regeneration23: 24, microarray analysis revealed
enrichment in expression of genes associated with the cell cycle and inflammation and
reduced expression of genes involved in energy metabolism in AAV9:hY AP injected hearts.
The gene expression profile of the latter hearts suggests the induction of an immature
cardiac phenotype that is more proliferative. Given the importance of inflammatory
responses in cardiac repair23, it will be of interest to identify specific inflammatory
mediators of Yap activity and to define their contributions to the regenerative process
downstream of Yap.

While the above studies suggest new opportunities for enhancing heart regeneration through
regulation of Hippo-Yap signaling, numerous questions and technical challenges remain to
be addressed before potential clinical application of this approach. For example, it will be of
interest to determine what extracelluar signal(s) stimulates the Hippo pathway, how this is
regulated pre- and postnatally and what receptors are involved. It will also be important to
elucidate the precise Yap and p-catenin effector genes, which will likely provide further
insight into the mechanisms of cardiomyocyte cell cycle control. It is also conceivable that a
combinatorial approach using both Hippo kinase inhibitors and Yap stimulation, or other
recently reported approaches to cardiac repair® ¢ 25, will yield a more robust effect in
replacing damaged myocardium. The long-term consequences of YAP activation in the heart
also remain to be determined. This would seem particularly important, given the immature
cardiomyocyte phenotype observed in response to AAV9:hY AP expression. Moreover, YAP
is a potent oncogene, so its possible expression in the heart would likely require tight control
over the timing of expression to avoid possible oncogenicity in other cell types. Thus, much
remains to be learned about potential delivery methods of Yap, the titration of therapeutic
positive and negative regulators of the Hippo pathway for optimum outcome following MI,
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avoiding oncogenicity, and determining the cardiac-specific Yap effector genes. Finally, we
should be mindful of the fact that a cardiac infarct in a mouse is relatively miniscule
compared to that of a human heart, which can involve the loss of billions of cardiomyocytes.
Thus, there will be unavoidable challenges of scale in translating these experimental
observations into clinical practice. Nevertheless, these are exciting times in the field in
which discoveries of fundamental biological regulatory mechanisms, often with key roles in
developmental biology, are being brought to bear in a hypothesis-driven manner to solve
some of the longstanding mysteries of the heart.
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Figure. Signaling by the Hippo-Yap pathway in cardiac repair

Inhibition of upstream targets in the Hippo pathway!®: 26 or stimulation of Y AP14. 21, 22
have proven to be an effective means to stimulate cardiomyocyte proliferation and enhance
cardiac regeneration. Therefore, selective inhibitors of MST1/LATS1 or YAP agonists could
be considered as therapeutics for cardiac repair.
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