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Cardiac remodeling describes the heart’s multimodal response to a myriad of external or
intrinsic stimuli and stressors most of which are probably only incompletely elucidated
to date. Over many years the signaling molecules involved in these remodeling
processes have been dichotomized according to a classic antagonistic view of black
and white, i.e., attributed either a solely maladaptive or entirely beneficial character. By
dissecting controversies, recent developments and shifts in perspective surrounding the
three major cardiac signaling molecules calcineurin (Cn), protein kinase A (PKA) and
calcium/calmodulin-dependent kinase Il (CaMKIl), this review challenges this dualistic
view and advocates the nature and dignity of each of these key mediators of cardiac
remodeling as a multilayered, highly context-sensitive and sophisticated continuum that
can be markedly swayed and influenced by a multitude of environmental factors and
crosstalk mechanisms. Furthermore this review delineates the importance and essential
contributions of degradation and proteolysis to cardiac plasticity and homeostasis and
finally aims to integrate the various aspects of protein synthesis and turnover into a
comprehensive picture.
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Introduction

Heart failure is the leading cause of death in industrialized countries (Nichols et al., 2014).
It is generally preceded by remodeling processes to adapt to alterations in wall tension in
the myocardium or stress by external (hormonal) stimuli. In this regard, cardiac remodeling
describes the heart’s fascinating capability to respond and adapt to various stimuli. The
mechanisms of cardiac plasticity, i.e., the potential of the heart to shrink or grow, are tremendous
as the dynamic growth range of the myocardium exceeds 100% (Hill and Olson, 2008).
Successful adaption to and adequate reduction of increased wall tension are ultimate goals
of cardiac remodeling and facilitating preservation or even augmentation of cardiac pump

Abbreviations: AKT, Protein kinase B (PKB); ANE atrial natriuretic factor; BAR, beta-adrenergic receptor; BNP,
brain natriuretic peptide; CaMKII, Calcium/Calmodulin-dependent Kinase II; CnA, Calcineurin A; CnB, Calcineurin
B; Cn, Calcineurin; cAMP, Cyclic adenosine monophosphate; DCM, Dilated Cardiomyopathy; DRM, Desmin-Related
Cardiomyopathy; ERK, extracellular-signal-regulated kinases; Fbxl22, F-box and leucine-rich repeat protein 22; HCM,
Hypertrophic Cardiomyopathy; HDAC, Histone Deacytelase; MEF-2, myocyte enhancer factor-2; MEM, Myofribrillar
Myopathy; MuRE, Muscle Ring Finger Protein; NFAT, nuclear factor of activated T cells; PKA, Protein Kinase A; PKC, Protein
Kinase C; RCAN, regulator of calcineurin; ROS, Reactive Oxygen Species; UPS, Ubiquitin Proteasome System.
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function (Frey and Olson, 2003; Hill and Olson, 2008).
The multifaceted mechanisms of cardiac remodeling and
plasticity have traditionally been divided into beneficial (or
“physiological”) or maladaptive (or “pathological”) hypertrophic
remodeling of the heart on the one hand and cardiac atrophy on
the other hand.

While cardiac growth during maturation (“postnatal
hypertrophy”), maternal cardiac growth during pregnancy
and exercise-induced cardiac hypertrophy are all considered
physiological entities of hypertrophy, pathological hypertrophic
responses are observed upon sustained neurohumoral activation
and abnormal mechanical stretch of the myocardium as common
findings of various cardiac disease entities. These include but
are not limited to ischemic events (myocardial infarction),
pressure overload conditions such as arterial hypertension and
aortic valve stenosis, genetic disorders due to alterations in key
sarcomeric or metabolic proteins as well as infectious and toxic
triggers (Hill and Olson, 2008; Kehat and Molkentin, 2010;
van Berlo et al,, 2013; Tham et al., 2015). Atrophic remodeling
is generally observed in patients with protracted bed rest and
ventricular unloading as well as malignant disease (Hill and
Olson, 2008; Cosper and Leinwand, 2011; Springer et al,
2014).

Physiological hypertrophy of the heart—as it is observed
in postnatal growth as well as in response to pregnancy and
exercise—is characterized by a fine-tuned and orchestrated
process of beneficial adaptations. These modulations result
in decreased cardiac wall stress, augmentation of pumping
performance and improvements of vascularization, while
maladaptive effects of the increased workload that lead to
hypertrophic remodeling are countered and kept at bay. Various
signaling molecules and pathways have been shown to take
part in these adaptive processes and several excellent reviews
have summarized our present knowledge on this physiological
aspect of cardiac remodeling (Hill and Olson, 2008; Maillet et al.,
2013). Generally considered as beneficial, these pathways are
triggered by endocrine mediators or mechanosensors governing
a number of adaptive intracellular signaling cascades. Ligands
that result in physiological downstream signaling include
vascular endothelial growth factor B (VEGF-B), insulin, growth
hormone (GH) and insulin-like growth factor (IGF1) as well
as the thyroid hormone triiodothyronine (T3) (Yoshida et al.,
2010; Maillet et al., 2013; Tham et al., 2015). Via their respective
receptors, these stimuli converge on downstream pathways
controlling the induction of adaptive gene programs and protein
synthesis, and direct cellular metabolism and energy production.
Well-characterized cascades and pathways regulating these
homeostatic mechanisms comprise phosphoinositide 3 kinase
(PI3K)/AKT, mTOR complex 1 (mTORC1), ERK1/2 and
AMP-activated protein kinase (AMPK) (Baker et al., 1993; Liu
et al,, 1993; McMullen et al., 2003; Seth et al., 2009; Bostrom
et al., 2010; Zhang et al, 2010). Translating stretch-stimuli
to downstream signaling, the mechanosensing apparatus is
controlled by transient receptor potential (TRP) channels,
integrins and various z-disc associated proteins such as muscle
LIM protein (MLP), actinin-associated LIM protein (ALP) and
Nebulette (NEB) as well as the sarcomere-spanning protein titin

(Linke, 2008; Seth et al., 2009; Frank and Frey, 2011; Luedde
et al, 2011; Hamdani et al., 2013; Maillet et al., 2013). While
the notion of (these) mediators as the “good guys” in cardiac
remodeling seems very appealing and is founded on robust
scientific work(s), a note of caution seems advisable not to fall
for a false dichotomy bearing in mind what Paracelsus postulated
about 500 years ago: “Dosis sola venenum facit” (Shiojima et al.,
2005; Hill and Olson, 2008; Tham et al., 2015).

Pathological hypertrophic remodeling on the other hand—
while initially compensatory by reduction of ventricular wall
stress and temporal preservation of cardiac pump function—
eventually evolves into a devastating spiral of maladaptive
alterations culminating in heart failure and death (Hill and
Olson, 2008; Kehat and Molkentin, 2010; Burchfield et al., 2013;
Molkentin, 2013; Tham et al., 2015). In this regard, pathological
hypertrophic remodeling is characterized by multiple facets of
ultimately maladaptive mechanisms such as altered calcium
handling, changes in metabolic patterns and gene expression,
affection of individual cell fate and survival as well as
modifications of the extracellular environment by fibrosis.
Cardiac stress by increased neurohumoral activation (mainly
endothelin 1, angiotensin II and catecholamines) and abnormal
mechanical stretch converge on a number of sensors (mostly G-
proteins and strain-sensitive cellular elements) which translate
these stimuli into respective stress response pathways (Hill
and Olson, 2008; Kehat and Molkentin, 2010; Burchfield
et al., 2013; Molkentin, 2013; Tham et al., 2015). Key second
messengers that were suggested in this regard include calcium,
phospholipase C, guanylyl, and adenylyl cyclases. Downstream
kinases, phosphatases and other enzymes with critical roles
in pathologic remodeling comprise calcineurin, protein kinase
A (PKA) and C (PKC), cGMP-dependent protein kinases
(PKG) calcium-calmodulin-dependent kinase II (CaMKII) and
mitogen-activated protein kinases (MAPKs) with their respective
downstream components—to name but a few (Benovic et al.,
1986; Molkentin et al., 1998; Allen and Leinwand, 2002; Backs
et al,, 2006, 2009; Casey et al., 2010; Kehat and Molkentin, 2010;
Burchfield et al., 2013; van Berlo et al.,, 2013; Kreusser et al., 2014;
Tham et al., 2015).

Several outstanding reviews have been written in recent
years dissecting details of these mediators and pathways integral
to maladaptive/pathological remodeling processes (Kehat and
Molkentin, 2010; Burchfield et al., 2013; van Berlo et al., 2013;
Bisping et al., 2014; Tham et al., 2015). Therefore this review will
focus on a very limited number of crucial effectors highlighting
new aspects and shifts in perspective that might challenge long-
standing dogmas.

Notably, RNA-based signaling pathways and mediators as well
as epigenetic and other posttranslational modifiers are currently
evolving as further crucial contributors to cardiac remodeling.
However, elaborations on these developments would transcend
the scope of this review. Furthermore they have extensively been
covered in recent publications and reviews that focused on each
of the above issues individually (Papait et al., 2013; Lehmann
etal,, 2014; Liu et al., 2015; Gillette and Hill, 2015; Philippen et al.,
2015; Piccoli et al., 2015; Thum and Condorelli, 2015; Uchida and
Dimmeler, 2015).
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Allegory: Cardiac Remodeling as Tuning of
a Machine

Allegorically, cardiac plasticity could be referred to as the
maintenance and adjustment of a machine subjected to heavy
and undulating workload. The machine (heart) can be optimized
(remodeled) by technicians (key mediators) to perform according
to the present demand by employing different fuel (metabolic),
spare parts and logistics (structural and functional alterations).
These remodeling efforts can either be construed as long-
lasting, sustainable and deliberate optimizations (as it is generally
observed in physiological hypertrophy), or endeavors can be
targeted at drastic, short-term improvements which will not be
sustainable for a longer period of time but provide immediate
and powerful responses to increased demands (as observed
in many aspects of pathological hypertrophy). Furthermore, it
appears crucial whether the demand will have to be fulfilled
infinitely (analogous to many pathological stress models) or
whether periods exist when the machine can (temporarily)
cool down and reduce its output (as in exercise-related
hypertrophy).

Atrophy on the other hand could be seen as dismantling of a
machine and its appendices in response to reduced demand. This
dismantling process can be achieved by a multitude of different
ways depending on focus and technique of involved technicians
and parties.

Finalizing this allegorical approach, the technicians (key
mediators and signaling molecules) driving these changes of
the machine may be similar or even the same in various
aspects of remodeling. However, their intentions, perspectives
and approaches may be different depending on a vast number of
environmental, extrinsic and intrinsic factors.

Translating this simile to cardiac pathophysiology, it is
our opinion that key protagonists in cardiac plasticity may
not as easily be characterized as “good” or “bad,” beneficial
or maladaptive. To our minds, these essential mediators may
exert different functions and adaptations depending on timing,
duration and dosage of respective stimuli as well as crosstalk
with other crucial protagonists that are simultaneously activated
leading to numerous distinct posttranslational modifications.

For instance, the phosphatase calcineurin and its role in
cardiac remodeling have been studied for almost two decades
now (Molkentin et al., 1998; Molkentin, 2013). While it was
initially described and for a long time considered only as key
mediator of pathological hypertrophy and remodeling, evidence
has been accumulating in recent years that calcineurin might
also play an important role in physiological cardiac growth
(Heineke et al., 2010a; Felkin et al., 2011; Chung et al., 2013;
Hudson and Price, 2013; Molkentin, 2013; Kreusser et al.,
2014; Mattiazzi and Kranias, 2014). The resulting scientific
discussion whether calcineurin is the “bad guy” in cardiac growth
nicely illustrates how complex cardiac remodeling actually is: it
raises the question, whether the sophisticated means of cardiac
hypertrophy and remodeling can simply be broken down into
bad or good, black or white, or whether we should not consider
the multifaceted and finely tuned cardiac response mechanisms
as a continuum (of shades of gray) (Figure 1).

FIGURE 1 | lllustration of good and evil as an optical illusion/ambigram.
This illustration of the words good and evil in the context of an optical illusion is
implemented to emphasize two things: 1. Expectations drive our perception
and may therefore create a bias, i.e., if we are looking for something positive,
we will probably recognize the word good first. If negative expectations prevail,
the word evil will most likely be seen first. In this regard, we would like to
emphasize that research efforts are prone to hold to the same pattern and this
bias has to be mindfully dealt with and kept in mind. 2. The idiomatic phrase of
“two sides to every coin” is reflected in the concomitant depiction of good and
evil serving as a simile that key mediators of cardiac remodeling processes
cannot be dichotomized in solely good or bad protagonists as the nature and
dignity of their signaling will range a context-sensitive continuum with positive
(9ood) and negative (evil) results. Good-Evil Ambigram designed by and
courtesy of Punya Mishra (punyamishra.com).

To our minds, future research should therefore concentrate
on elucidating the myriad of crosstalk mechanisms between the
currently identified main pathways and key protagonists. This
will enable us to meticulously modulate the major signaling
pathways and molecules by augmenting those sidetracks that are
desirable in response to a given stressor, while repressing those
that perturb or prohibit adequate cardiac homeostasis.

While there is broad consensus on the fact that hypertrophy
and atrophy can be either beneficial or maladaptive, the exact
triggers, mediators and pathways leading to these distinct entities
are under constant debate. In this regard, several mediators that
had been classified as maladaptive have been rehabilitated over
the years, whereas seemingly benign players have been attributed
potential “dark sides” (Heineke et al., 2010a; Peng et al., 2010;
Felkin et al., 2011; Chung et al., 2013; Zhang et al., 2013; Kreusser
et al., 2014; Li et al., 2014; Mattiazzi and Kranias, 2014; Tham
et al., 2015).

As cardiac remodeling mechanisms involve a myriad of
different protagonists and interactions, this review will focus on
ongoing controversies and current developments surrounding
adaptive vs. maladaptive signaling in cardiac remodeling
(Calcineurin, PKA, CaMKII) as well as shifts in perspective in
terms of relative importance of select mechanisms in cardiac
remodeling (namely proteasomal/degradation mechanisms).

Calcineurin-Signaling

Calcineurin (Cn), one of the hearts most intensively studied
enzymes, is a calcium-dependent serine/threonine phosphatase
controlling key functions and processes in response to a wide
range of stress stimuli. Calcineurin is composed as a heterodimer
of catalytic (CnA) and smaller regulatory subunits (CnB) with
CnA-alpha and CnA-beta as well as CnBl constituting the
relevant myocardial isoforms (Taigen et al., 2000; Bueno et al.,
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2002). Generally activated by calcium (or to a lesser extent
calpain-cleavage), calcineurin dephosphorylates nuclear factor
of activated T cells (NFAT) as its major downstream target
(Molkentin et al., 1998; Hogan et al, 2003; Wilkins et al.,
2004). Upon dephosphorylation, NFAT in turn translocates to
the nucleus where it orchestrates the re-activation of fetal genes
such as atrial natriuretic factor (ANF), brain natriuretic peptide
(BNP) and skeletal actin (SA) as part of the prototypical cardiac
stress response (Molkentin et al., 1998; Hogan et al., 2003; Frey
et al., 2004; Wilkins et al., 2004; Frank et al., 2007). While it is
important to note that this activation of the fetal gene program
principally constitutes adaptive efforts to cope with the increased
cardiac stress, it is still generally perceived as an epiphenomenon
and utilized as a marker of unresolved and (therefore in the long
run) pathological stress.

Almost two decades ago, Molkentin and Olson—in a very
elegant study—first described calcineurin as a key mediator
of pathologic cardiac hypertrophy and consecutive progression
to heart failure (Molkentin et al,, 1998). In the following,
numerous studies elaborated on the role of calcineurin in cardiac
hypertrophy and remodeling as well as heart failure. These
well conducted studies provided overwhelming evidence that
calcineurin is indeed at the center of cardiac hypertrophy and
remodeling (Zou et al., 2001; Hill et al., 2002; Wilkins et al.,
2004; Molkentin, 2013; van Berlo et al.,, 2013). In this regard,
loss of function models by either targeting calcineurin directly
(Zou et al., 2001; Bueno et al., 2002) or one of its modulators
such as regulator of calcineurin (RCAN), AKAP-79 or Cabin-1
(De Windt et al., 2001; Rothermel et al., 2001; Hill et al., 2002)
established beyond doubt that downregulation of calcineurin
prevented cardiac hypertrophy.

Moreover, data from most experiments on pharmacological
inhibition of calcineurin fortified this notion (Sussman et al,,
1998; Burchfield et al., 2013; Molkentin, 2013). Consequently,
overexpression studies with either activated calcineurin
(Molkentin et al., 1998) or knockdown of its negative modulators
(Frey et al, 2004) provided the complimentary picture of
increased susceptibility to heart failure in the wake of exaggerated
(pathological) hypertrophy (Molkentin, 2013).

Therefore, the vast majority of experiments led to the general
opinion that calcineurin is the “bad guy” in cardiac remodeling,
following the classical black-and-white dualism of attributing
either solely “pathological” or “physiological” qualities and
functions to a given cellular component or signaling pathway.
In recent years, this (false) dichotomy has evolved into a
more sophisticated view of calcineurin in particular and cardiac
remodeling in general (Heineke et al., 2010a; Felkin et al., 2011;
Heineke and Ritter, 2012; Chung et al., 2013; Molkentin, 2013;
Seto et al., 2013; Kreusser et al., 2014). In this regard, the entirely
black (-and-white) picture has evolved as several shades of gray
have been elucidated in calcineurin’s role.

Although robust scientific evidence demonstrates the
maladaptive nature of many pathways on which calcineurin
has a major impact, a number of studies on protective aspects
of calcineurin-mediated signaling have accumulated over the
past decade. Furthermore, one pitfall from studies on regulators
of calcineurin, that deserves mentioning, concerns the notion

that these regulators of calcineurin may not only or primarily
target calcineurin, but may very well also affect other important
signaling mediators.

While first evidence of protective aspects of calcineurin
signaling was already observed in terms of anti-apoptotic
properties by De Windt et al. (2000), a number of studies in
the years to follow fortified the notion that calcineurin may
indeed provide beneficial signaling under special circumstances
and should not be reduced to the maladaptive and destructive
culprit (Bueno et al., 2004; Frey et al, 2008; Heineke et al.,
2010a; Chung et al., 2013; Kreusser et al., 2014). These studies
rather served as a warning against demonizing calcineurin in
the wake of compelling data on maladaptive aspects of excessive
calcineurin activity.

Consistent with this notion of a context-sensitive dignity
of calcineurin signaling, a knock-out study of calsarcin-2, a
negative modifier of calcineurin activity in skeletal muscle, even
demonstrated enhanced exercise performance in absence of
a myopathic phenotype (Frey et al., 2008), while deletion of
calsarcin-1, the cardiac-enriched isoform repressing calcineurin
activity, resulted in accelerated cardiomyopathy and heart failure
due to exaggerated calcineurin signaling (Frey et al., 2000, 2004,
2008). These exciting observations hinted at multiple layers of
calcineurin signaling with physiological facets.

Intriguingly, Leinwand and colleagues published data on the
importance of calcineurin in regard to cardiac hypertrophy
during pregnancy, another classical prototype of physiological
cardiac remodeling (Chung et al, 2013). In particular, they
show calcineurin to be upregulated in pregnant mice as part
of physiological cardiac remodeling during early pregnancy.
Their observation of biphasic regulation of calcineurin during
pregnancy supports the idea that timing and intensity of a
stimulus and its responsive signaling cascades might be more
important than the individual effectors themselves in terms of
long-term consequences of the respective stimuli (Chung et al.,
2013). Furthermore, their observations strengthen the notion
that no single mediator, but crosstalk between signaling cascades
(specifically calcineurin, ERK and Akt as well as hormonal
balances) constitutes the paramount principle governing cardiac
response mechanisms to the physiologic remodeling stimuli
induced by pregnancy. Therefore, context and duration of
calcineurin activation may be the key determinants whether
calcineurin exerts its predominantly negative effects on cardiac
remodeling pathways or whether it contributes to adaptive and
beneficial signaling cascades in response to stressors (Chung
et al., 2013).

Insight on regulation of the nature of calcineurin signaling has
also been provided by Kreufler et al,, illustrating calcineurin as a
key contributor to various entities of hypertrophy, but CaMKII
as a major mediator in conducting maladaptive stimuli (Kreusser
et al,, 2014). Indeed, calcineurin appears to be (co-)regulated by
CaMKII. While co-activation during pathological stress results in
significant impairment of cardiac function in the wake of cardiac
remodeling, deletion of the two cardiac CaMKII genes § and y
in this setting is sufficient to generate a cardiac phenotype that
resembles a more physiological nature (calcineurin-dependent
cardiac hypertrophy without significant systolic dysfunction).
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This observation provides evidence for the conclusion that
calcineurin—while contributing to hypertrophic remodeling—
may confer beneficial changes in a context-dependent response
to external stressors (Kreusser et al., 2014).

Observations from studies by Lara-Pezzi’s group add another
layer of complexity, as they show induction of a splicing
variant of calcineurin (CnAf1) to be protective after myocardial
infarction (Felkin et al., 2011). These findings hint at intricate
and sophisticated switching mechanisms in response to cellular
stressors emphasizing that no single pathway, but the interactions
of multiple cascades may determine remodeling to be adaptive or
maladaptive.

In an interesting review, Heineke and Ritter elaborate on
the concept of compartment/subdomain-specific modification
of calcineurin activity. This would allow for context-dependent
physiological or pathological means of remodeling (Heineke
and Ritter, 2012). Work on the calcium and integrin-binding-
protein-1 (CIB1) exemplarily illustrate how differential binding
and translocation of important cellular signaling mediators (in
this case calcineurin) affect the nature of downstream effects and
course of remodeling by compartmentalization (Heineke et al.,
2010). It is still unclear to what degree this concept of “fishing for
calcium” by different mediators of stress signals can unravel the
mysteries of the diverse characters of cardiac remodeling.

Looking further downstream at possible modifiers of
calcineurin signaling that may sway the dignity of a stimulus,
interactions with other transcription factors (such as MEF2,
AP-1, GATA4) as effectors of multiple upstream cascades
modify NFAT-dependent DNA-interaction and integrate various
pathways into meticulously tuned stress responses (Hogan et al.,
2003; Heineke et al., 2010; Heineke and Ritter, 2012).

Taken together, it is well established that calcineurin is
at the center of cardiac hypertrophy. However, evidence is
accumulating that calcineurin’s role may very well be part
of a continuum of (fifty or more) shades of gray in cardiac
remodeling rather than confined to the black-and-white dualism
that dominated the last decades of research in the field of cardiac
remodeling.

Protein Kinase A—Signaling in Cardiac
Remodeling

Protein kinase A or cyclic AMP-dependent Kinase (PKA)
constitutes the canonical downstream effector of the f-
adrenergic cascade in myocardial signaling. Activation of
the beta-adrenergic receptor (BAR), perhaps the heart’s most
crucial subclass of G-protein coupled receptor (GPCR), by
catecholamines primarily elicits an increase in cellular cAMP
via induction of cytosolic adenylyl cyclase (Benovic et al,
1986; Xie et al, 2013; van Berlo et al, 2013; Tham et al,
2015). Consequently, a number of critical signaling chains
and downstream effectors are activated, contributing greatly
to the immediate cardiac stress response (“fight or flight”
concept) by boosting myocyte inotropy, chronotropy, and
lusitropy. Mechanistically, elevation of cAMP predominantly
results in activation of PKA. Activated PKA in turn rules over

numerous critical downstream pathways by phosphorylating
pivotal calcium-handling proteins and crucial parts of the
myocytes contractile apparatus targeted at optimization of
cardiac contractility and (augmented) function. In this regard,
PKA is at the heart of the myocytes signaling pathways
which integrate stimuli and stressors into orchestrated cascades
that enhance cardiac remodeling and therefore ensure short-
and long-term homeostasis and integrity of cellular functions
(Benovic et al., 1986; Backs et al., 2011; Burchfield et al.,
2013; Xie et al., 2013; van Berlo et al.,, 2013; Tham et al.,
2015). As tremendous efforts in PKA research have elucidated
and meticulously characterized a myriad of aspects of PKA
signaling, this review can only highlight some recent frontiers,
controversies and shifts in perspective. It aims to pick up on
the notion that—with increasing knowledge—simplified models
might have to make room for concepts of multi-layered and
meticulously tuned processes, since key players themselves and
associated cellular pathways prove even more complex than
initially perceived.

Therefore, this review will focus on the following aspects of
cardiac remodeling as far as PKA is concerned: importance of
duration and alternate means of PKA stimulation/activation, and
(in the following section) crosstalk of PKA with CaMKII, perhaps
the most intricately intertwined protagonists and pathways of
myocyte remodeling.

The (erratic) viewpoint of PKA as a detrimental player in
cardiac remodeling and heart failure was significantly stimulated
by the adverse cardiac phenotype observed in a transgenic mouse
model overexpressing constitutively active PKA (Antos et al,
2001). In the years to follow, a more sophisticated picture of
the role of PKA in the myocyte’s stress response and remodeling
processes emerged as the significance of dosage, time dependency
and hierarchic crosstalk with other mediators such as CaMKII
became apparent. In this regard, it became clear that PKA elicits
protective effects upon immediate B-adrenergic stimulation,
e.g., by phosphorylation of sarcomeric structures such as titin,
while transgression to heart failure was actually found to be
associated with decreased phosphorylation of PKA dependent
targets. These findings fortified the idea that PKA might have
a more pronounced role in early remodeling as opposed to
chronic stress (Yamasaki et al., 2002; Kruger and Linke, 2006;
Grimm and Brown, 2010; Backs et al., 2011; Fischer et al.,
2013a).

In line with these observations, short-term stimulation of the
B-adrenergic cascade confers a number of protective effects and
mediates essential “fight or flight” responses. Chronic stimuli
cause the remodeling processes to turn into a detrimental spiral
of beta-receptor desensitization and pathologic hypertrophy
with subsequent development of heart failure. Long-term f-
adrenergic stimulation leads to negative modulation of the
respective receptors as well as downstream effectors and targets
by a number of key regulators, but the exact mechanisms of
this duration-dependent switch in effects of beta-adrenergic
stimulation and stress are incompletely understood (Engelhardt
et al., 1999; Bristow, 2000; Hill and Olson, 2008; Zhang et al.,
2013; van Berlo et al., 2013). However, it is widely accepted
that GPCR receptor kinases (GRKSs) constitute a pivotal class of
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enzymes which restrict the dynamic range of BAR-function by
phosphorylation of the receptors themselves and by modification
of beta-arrestin signaling, a side-track of the p-cascade which
is crucial for protective downstream effects (Strulovici et al.,
1984; Benovic et al., 1986). Targeting of these duration-
dependent negative regulators offers a promising approach to
take advantage of PKA-mediated increases in cardiac contractility
while repressing those intermediates and modulators in the PKA-
cascade that lead to detrimental remodeling and subsequent heart
failure (van Berlo et al,, 2013). For instance, blocking GRK2
interaction with the GPCR alleviates pathologic remodeling,
whereas amplified contractility is still observed (Casey et al,
2010).

The second aspect of PKA that we would like to zero in on
in this review is the means by which PKA gets activated, as this
seems to play a critical role in downstream effects. Furthermore,
it illustrates that various environmental stimuli may divergently
modify the character and dignity of remodeling and therefore
induce distinctly different phenotypes, although they employ one
and the same kinase. The above depicted B-adrenergic cascade
serves as the predominant extracellular means to activate PKA.
However, a number of alternate mechanisms have been proposed
with reactive oxygen species (ROS) as the most intriguing elicitor
(Brennan et al., 2006; Sag et al., 2013; van Berlo et al., 2013;
Wagner et al., 2014; Tham et al., 2015).

Reactive oxygen species (ROS) and respective sensors and
counterparts are integral parts of (sub)cellular signaling in
many compartments of each cell. They contribute greatly to the
myocyte’s stress response and remodeling efforts (Burgoyne et al.,
2013; Sag et al,, 2013; Wagner et al.,, 2014; Tham et al., 2015).
In this regard, ROS can either directly affect target structures by
oxidation or trigger a number of enzymes to modify downstream
effectors leading to altered calcium signaling and contractility,
gating of ion channels as well as differential regulation of
homeostatic mechanisms concerned with trophy, metabolism
and cell survival (Burgoyne et al., 2013; Sag et al., 2013; Wagner
et al., 2014; Tham et al., 2015).

Therefore, amongst others a publication from Phil Eaton’s
group deserves special attention. In multiple well-conducted
experiments they demonstrate dose-dependent activation of
PKA by dimerization of its regulatory subunit and consecutive
compartmentalized modification of respective PKA targets.
Notably, this activation of PKA by H202 was independent
of cAMP levels, the mediator of PAR-induced PKA activation
(Brennan et al., 2006). Interestingly, the study provides evidence
that the postulated targets of oxidant-induced PKA are at
least in part congruent with those phosphorylated upon
classic beta-adrenergic activation of PKA. While many of
the mechanistic details of this alternate pathway of PKA
activation remain elusive, it has become evident that oxidant-
induced activation confers a means of targeting PKA to its
subcellular compartments and inducing its kinase activity in
these select environments. Furthermore, these findings imply
that the effects of PKA may be dependent on and vary
with multiple environmental factors (B-adrenergic stimulation,
ROS, intracellular calcium, etc.) whose crosstalk and relative
contributions may determine PKAs quintessential role in any

given situation. For instance, ROS-induced activation of PKA—
similarly to beta-adrenoreceptor-mediated induction of PKA—
results in an increase of cardiac contractility. However, the
degree, dosage and duration of ROS stress appear to strongly
influence these remodeling mechanisms as strong and long-
lasting ROS stimuli seem to reverse the aforementioned pro-
inotropic effects (Goldhaber and Liu, 1994; Yao et al., 2003).
Suggesting another regulatory principle compatible to the
previously described differential effects of different isoforms in
calcineurin signaling, Brennan and colleagues also speculate on
the possibility that redox-sensitivity applies mainly for type I
PKA, while the type II entity may be more prone to B-adrenergic
signaling (Brennan et al., 2006; Felkin et al., 2011).

Therefore this example of differential activation of PKA by
ROS (as well as the regulatory mechanisms in terms of stability
and degradation touched upon later in this review) may serve as
another illustration of the complexity of cardiomyocyte signaling
and remodeling mechanisms.

CaMKII-Signaling in Cardiac Remodeling

Calcium-Calmodulin-dependent Kinase II (CaMKII) is at the
center of multiple cardiac signaling cascades and modulates
the heart’s response to various extrinsic and intrinsic stimuli
(Anderson et al., 2011; van Berlo et al., 2013; Grandi et al., 2014;
Kreusser et al.,, 2014; Kreusser and Backs, 2014; Mattiazzi and
Kranias, 2014; Weinreuter et al., 2014; Tham et al., 2015). The
main cardiac isoforms of CaMKII, gamma and delta, have been
studied in depth in terms of their role in cardiac remodeling
processes. As several excellent reviews (Anderson et al., 2011;
Maier, 2012; Fischer et al., 2013b; Herren et al.,, 2013) and
a very comprehensive topic series on CaMKII (synopsis in
Grandi et al, 2014) have extensively covered the spectrum of
CaMKII in cardiac physiology and pathology only very recently,
the scope of this review will limit its attention to interactions
and crosstalk with the aforementioned protagonists of cardiac
signaling, calcineurin and PKA, as well as emerging twists and
desiderata of CaMKII research.

In regard to the latter, CaMKII activation requires calcium
and calmodulin to dissolve the autoinhibitory conformation
of CaMKII, thereby exposing both the regulatory and catalytic
domain of the molecule. In the wake of prolonged activation,
autophosphorylation at T287 occurs as a major posttranslational
mechanism to stabilize CaMKII in its activated form (Meyer
et al, 1992; Erickson, 2014). In recent years, a number of
studies have uncovered multiple alternate posttranslational
modifications of CaMKII (especially of the regulatory domain
and mainly activating in nature) offering a new conundrum
as to the contributions and interdependency of these various
regulatory mechanisms (Erickson, 2014). Select principles of this
divergent activation of CaMK include oxidation, glycosylation
and nitrosylation as well as interactions with intracellular
proteins (such as alpha-actinin or the NMDA receptor in the
brain) (Jalan-Sakrikar et al., 2012; Burgoyne et al., 2013; Erickson
et al,, 2013; Sag et al., 2013; Coultrap and Bayer, 2014; Erickson,
2014).
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As with calcium, the previously mentioned activation of
CaMKII via ROS seems especially intriguing as it parallels the
induction of PKA by ROS. This parallelism construes another
enigma in terms of the hierarchical, spatial and temporal patterns
and regulatory mechanisms that determine which of the two
kinases is preferentially targeted and therefore supreme in
its effects at any given time. Furthermore, this ROS/oxidant-
dependent co-induction of CaMKII and PKA is especially
enthralling, as both kinases do not only share a great number of
binding partners and downstream effectors such as sarcomeric
proteins (e.g., cMyBPC, actinin), calcium handling proteins
(RyR, PLN) as well as various calcium and sodium channels (e.g.,
NaV1.5), but sometimes even phosphorylate a protein at the exact
same amino acid position (Faul et al., 2007; Anderson et al., 2011;
Herren et al., 2013; Sag et al., 2013; Dobrev and Wehrens, 2014;
Mattiazzi and Kranias, 2014; Wagner et al., 2014).

In some instances, this mystery of multiplicity, redundancy
or even competition of PKA and CaMKII has been partially
unraveled, as PKA was demonstrated to regulate histone
deacetylase 4 (HDAC4) by inducing proteolysis, thereby
selectively repressing myocyte enhancer factor-2 (MEF2) activity
and shutting out CaMKII signaling tracks (Backs et al., 2011).
Interestingly, this modulation of HDAC4 confers a switch toward
a more protective cascade by favoring SRF over MEF2 as
HDAC4-NT’s primary target structure. In this way it serves as
a gateway disrupting sidetracks that would cause the nature of
cardiac remodeling to take a maladaptive direction (Backs et al.,
2011).

A second example of progress in this area refers to the
relative importance of the key signaling mediators calcineurin
and CaMKII in regard to their roles in (maladaptive) cardiac
remodeling. As previously delineated both signaling pathways
(CaMKII and calcineurin) critically contribute to the pressure
overload-induced phenotype of adverse remodeling, but
knockout of both cardiac CaMKII genes demonstrates the
supremacy of CaMKII for the maladaptive nature of remodeling
in this setting, while calcineurin—when isolated from CaMKII
crosstalk and interdependency—also seems to trigger beneficial
processes in terms of a more physiological remodeling phenotype
(Kreusser et al., 2014).

However, passing the buck to CaMKII and thereby advocating
it as the black sheep in terms of cardiac remodeling does
not seem justified since experimental evidence points at more
intricate and multi-layered regulatory mechanisms. For instance,
the isoform or subtype dependent variances in downstream
signaling described for CaN and PKA have also been proposed for
CaMKII and may significantly complicate and impede simplified
explanations following a dualistic projection (Peng et al., 2010;
Mishra et al., 2011; Gray and Heller Brown, 2014).

To further elaborate on the enigma of multiplicity,
redundancy or even competition, the multi-adaptor z-disc
protein myopodin has not only been shown to be phosphorylated
by both PKA and CaMKII (both resulting in nuclear import
of myopodin), but has been shown to be dephosphorylated by
calcineurin, the third pivotal mediator of cardiac remodeling
covered in this review (Faul et al., 2007; Linnemann et al,,
2010). Similar data in terms of unresolved redundancy and/or

multiplicity exists in regard to calcium or sodium handling
proteins such as the RyR or the NaV1.5 channel (Camors and
Valdivia, 2014; Dobrev and Wehrens, 2014; Grandi and Herren,
2014). While most of the biological implications and functions
of these tantalizing observations remain elusive so far, these
findings are nevertheless illustrative of the concept that key
players in cardiomyocyte signaling significantly intertwine
with their intermediates and downstream effectors so that
dichotomizing protagonists in dualistic cascades may not always
be as helpful as initially thought.

Deciphering crosstalk of CaMKII and PKA as two of the major
signaling kinases in the heart has intrigued scientists for years
and led to elucidation of various intermediates which constitute
indirect signaling loops and pathways that integrate signals from
one of these cascades into the other and modulate the response
of one kinase depending on the other’s signaling.

Exemplarily, recent works from Mika and colleagues
demonstrate a feedback loop in which CaMKII phosphorylates
PDE4D, which in turn leads to downregulation of cytosolic
cAMP levels and consequent inactivation of PKA (Mika et al.,
2015). Interestingly, although both kinases show this variety of
identical interaction partners and targets, direct interaction and
modulation of one of the kinases by the other has never been
demonstrated to date.

In summary, there is broad consensus in the scientific
community that factors like duration, intensity and
environmental setting of extrinsic and intrinsic stimuli are most
crucial for the downstream mediation of cardiac remodeling.
In this regard, the realization of signaling pathways and single
effectors integrating into a myriad of complex interactions
and crosstalk-dependent downstream effects have led to the
belief that these mechanisms of fine-tuning are paramount for
our understanding of how the heart construes various stimuli,
incorporates and orchestrates these into signaling cascades and
alters gene expression to adapt to these stimuli. Modulation of
interactions and crosstalk between cellular effectors, downstream
targets in regard to gene expression as well as modification
of the perception of stressors may therefore hold promise
for future therapeutic approaches rather than aiming for the
intermediates in signaling themselves—in reminiscence of the
Greek philosopher Sophocles who postulated: “Do not kill the
messenger!”

Protein Maintenance and Turnover as
Critical Setscrews of Remodeling

Growing Tired (?)—Get a Shrink Before Burn-Out!
As mentioned above cardiac plasticity covers a wide and dynamic
range, which allows for distinct and impressive adaptations
to altered hemodynamics and demands. Key determinants of
cardiac homeostasis in this regard include mechanisms which
govern the dynamics of protein synthesis and degradation,
thereby creating an adequate equilibrium suitable for any given
situation. Over the past decades, research has mainly focused
on protein synthesis with its respective appendices, adaptations,
modulations and control mechanisms in an effort to elucidate
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therapeutic potential of modifications of key mediators in these
signaling pathways. In recent years, accumulating experimental
evidence has led to a gradual shift in perspective (Hill and
Olson, 2008; Portbury et al., 2011; Willis et al., 2014). While
modes of protein synthesis and their modulation have remained
as critical pillars in cardiac remodeling research, interest in
mechanisms of degradation and atrophy has steadily grown (Hill
and Olson, 2008; Portbury et al., 2012; Lavandero et al., 2013,
2015; Willis and Patterson, 2013; Willis et al., 2014). This is based
on the notion that protein synthesis and degradation—while
seemingly at opposing poles of cellular regulatory mechanisms—
are in reality closely associated and hugely intertwined balancing
mechanisms that guarantee adequate cellular responses and
homeostasis (Willis and Patterson, 2013).

Therefore, the second part of our review will focus on this shift
in perspective and the essential contributions of degradation and
proteolysis to cardiac plasticity and homeostasis.

The cell is in dire need of tools which ensure adequate removal
of misfolded or no longer-needed proteins as well as mechanisms
that allow for well-controlled and regulated conversion and
remodeling of its structural and functional units in response to
intrinsic and extrinsic stimuli (Willis and Patterson, 2013). This
deserves special emphasis in regard to the heart, more specifically
cardiomyocytes, as these cells are terminally differentiated and
characterized by a very limited regenerative potential (Willis and
Patterson, 2013). Therefore, cardiomyocyte homeostasis, health
and survival rely heavily on maintenance of protein quality
control as well as critical balancing of synthesis, folding and
turnover of proteins (Willis et al., 2009a). Cellular mechanisms
to achieve this equilibrium include molecular chaperones and
folding enzymes (nicely reviewed in Hartl et al., 2011; Christians
et al., 2014 and therefore only briefly touched upon here) and
coordinated systems for degradation and proteolysis, mainly
autophagy and the ubiquitin-proteasome system (UPS) (Willis
and Patterson, 2013; Willis et al, 2014; Lavandero et al.,
2015)—elaborated on below. Only briefly mentioned here, but
nevertheless very interestingly, SUMOylation has emerged as
another important factor in regard to modification of protein
turnover and homeostasis (Gupta et al., 2014).

Initially coined by Belgian biochemist Christian de Duve,
the term “autophagy” describes the basic cellular approach to
degrade and recycle dysfunctional or unnecessary components by
lysosomal digestion (Blobel, 2013; Ohsumi, 2014). In this process,
target structures are segregated into autophagosomes, double-
membrane vesicles, which are then amalgamated to lysosomes.
Consequently, lysosomal hydrolases mediate the breakdown
and recycling of target structures resulting in cellular clearance
(Lavandero et al., 2013, 2015; Ohsumi, 2014).

The Ubiquitin-Proteasome System is the second main effector
of cellular degradation (Willis and Patterson, 2013; Willis et al.,
2014; Drews and Taegtmeyer, 2014). While autophagy generally
tackles (larger) aggregates, fractions or whole organelles, the
UPS functions as a highly specific and meticulously tuned
machinery by targeting single molecules that need to be degraded
(Willis et al., 2014). Upon canonical labeling of lysine residues
with ubiquitin chains, dispensable proteins are recognized and
subsequently degraded by the 26S proteasome, a ubiquitous

protease, marking the catalytic destination of the UPS pathway.
Substrate-specificity of UPS-mediated degradation is achieved by
a myriad of different ubiquitin ligases, which exhibit idiosyncratic
binding sites tailored to their individual targets. Interestingly,
downregulation of CSN (COP9 signalosome) confers a general
reduction of F-box proteins, an important group of ubiquitin
ligases, resulting in cardiac hypertrophy and severe heart failure
(Su et al,, 2011). This observation nicely depicts the homeostatic
role of ubiquitin ligases in cardiac remodeling.

Adding another layer of complexity, various deubiquitinating
enzymes may modify or even counteract the action of E3
ubiquitin ligases (Bosch-Comas et al., 2006; Bernardi et al., 2013).

There is  significant  crosstalk, cooperation and
interdependency between the two basic mechanisms of cardiac
proteolysis. In this regard, overload of and impairments in the
UPS lead to compensatory upregulation of autophagy as an
emergency solution or bypass to cope with the overflow. Yet, if
both major systems are overwhelmed and failing (hypertrophic)
remodeling accelerates and cardiac function declines (Tannous
et al., 2008a,b; Su et al., 2011; Willis and Patterson, 2013).

Substrate-specific recognition by E3-ligases and subsequent
degradation not only allow for the disposal of misfolded,
damaged or no longer necessary proteins but offer a finely tuned
and orchestrated means to direct cellular signaling. The cardiac
sarcomere deserves special emphasis in this regard, as it serves
as a pivotal node of signaling integrating stretch-responsive
messages originating from the cell membrane, calcium-derived
mechanisms of excitation-contraction (EC) coupling as well as
multiple other cellular pathways which modulate the hearts
quintessential function: force-generation for contraction of blood
to supply the body with oxygen (Frank and Frey, 2011; Knoll
et al,, 2011; Portbury et al., 2011; van Berlo et al., 2013).

lustrating this notion, most of the cardiac ubiquitin ligases
identified to date target key sarcomeric proteins or molecules
entangled with its associated network of signal effectors. For
instance, the muscle-specific E3-ubiquitin ligase atrogin has
been shown to ubiquitinate and thus to facilitate degradation
of calcineurin (Li et al., 2004) which—as detailed above—
represents one of the crucial enzymes in mediation of cardiac
remodeling. Moreover, atrogin may exert its signaling effects
in regard to hypertrophic remodeling by inducing the FoxO-
transcription factor through non-canonical K63-ubiquitination
(Li et al., 2007). FoxO in turn may induce atrogin (Sandri et al.,
2004), while evidence suggests that at least in skeletal muscle
both of the aforementioned (FoxO and atrogin) are additionally
regulated by HDACs (Potthoff et al., 2007; Moresi et al., 2010).
This may serve as a beautiful illustration of the complex crosstalk
and interdependency of the UPS and key signaling elements of
the cell.

Furthermore, the cardiac muscle-RING finger proteins
(MuRFs) target parts of the contractile apparatus such as
troponin I (MuRF-1) and myosin heavy chain (MuRF-1 and —3).
In congruence, MuRFs (especially MuRF-1) have been shown
as essential modulators of the hypertrophic remodeling process
(Willis et al., 2007, 2009a,b, 2014; Fielitz et al., 2007a,b; Portbury
et al., 2011; Willis and Patterson, 2013). Of note, the classic
pathological vs. physiological dichotomy observed in research on
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other key players of myocardial remodeling is not commonly
attributed in UPS research, where seemingly contradictive or
at least multi-layered data have created the picture of gradual
continua of context- and stimulus-specific rather than ligase-
specific reactions and pathways. This complex nature of UPS-
mediated reactions to cardiac stress is marvelously illustrated by
contrasting works from Willis and colleagues: on the one hand
transgenic overexpression of MuRF-1 mediates cardioprotective
effects in models of ischemia, on the other hand MuRF-
1 transgenic mice demonstrate progressive decline in cardiac
function as well as increased susceptibility to TAC-induced heart
failure (Willis et al., 2007, 2009b). Additionally, studies by Fielitz
et al. show a loss of MuRF-3 to be detrimental as this deficiency
renders the heart more prone to rupturing after myocardial
infarction (Fielitz et al., 2007b). Furthermore, these mice deficient
of MuRF-1 and MuRF-3 show increased susceptibility for adverse
hypertrophic remodeling along with findings of storage and
aggregate myopathies (Fielitz et al., 2007a). The high redundancy
of E3 ligases in regard to their respective targets as well as the
critical involvement of the UPS in terms of metabolism add even
more layers of complexity (Adams et al., 2008; Witt et al., 2008;
Willis et al., 2014). Intriguingly, further downstream proteasome
modification itself can also contribute to or even sway the nature
of cardiac remodeling processes (Drews et al., 2010).

A second example of the absence of a black-and-white dualism
can be derived from data on atrogin in settings of myocardial
remodeling:

While the observation that atrogin-transgenic mice are
protected from TAC-induced pathologic cardiac hypertrophy is
promising, it is remarkable that the very same mice are still
prone to TAC-mediated deterioration of cardiac function on the
other hand (Li et al., 2004; Portbury et al., 2012). Furthermore,
atrogin-knockout mice exhibit both protection from pathologic
hypertrophic remodeling and resistance to pressure-overload
induced cardiac dysfunction (Usui et al., 2011).

These observations offer a conundrum that clearly opposes the
classic partition into solely “good” or “bad” players that has been
used in regard to other mediators of cardiac remodeling in the
past.

Myofibrillar myopathies (MFM)/desmin-related myopathies
(DRM), generally clustered as a subgroup of the heterogeneous
group of dilated cardiomyopathies (DCM), also highlight the
critical implications of the UPS for remodeling research. They
prove beyond doubt that loss of degradation capacities—
which is generally due to mutations in sarcomeric proteins,
that render these mutated proteins less stable in the constant
wear and tear, or even cause them to be misfolded from the
beginning—is indeed causative and crucial for the development
of hypertrophic remodeling and deterioration of cardiac function
in its wake (Kley et al., 2013; Willis et al., 2014; Willis and
Patterson, 2013; Schlossarek et al.,, 2014a). Desminopathy and
filaminopathy are the best described representatives of these
MFMs/DCMs. For the group of desminopathies, mutations in
either desmin or its molecular chaperone (CryAB) have been
shown to be associated with impaired autosomal degradation
of the respective aggregates. Identification of mechanisms to
enhance UPS- and autophagy-mediated elimination of these

devastating aggregates of misfolded proteins appears paramount
to counter adverse remodeling and consequent heart failure
(Willis and Patterson, 2013; Willis et al., 2014; Schlossarek et al.,
2014a). An exploratory study by Cohen and colleagues who
analyzed filament composition and breakdown in atrophying
muscle upon fasting suggests involvement of Trim32 in desmin
ubiquitylation and degradation (Cohen et al., 2012). It nicely
illustrates the need for further comprehensive in vivo studies
to delineate the roles of Trim32 and other ubiquitin ligases as
suitable catalysts for degradation of WT and mutant desmin and
its appendices as the prototypical proteins of DCM/DRM.

Filaminopathies deriving from mutated filamin entities may
also be promising objectives in UPS research, as two cardiac
ubiquitin ligases, MuRF-3 and fbxI22, have so far been identified
to target filamin C for proteasomal degradation and upregulation
of these E3 ligases may therefore offer great therapeutic potential
in this disease (Fielitz et al., 2007b; Spaich et al., 2012; Kley et al.,
2013; Willis et al., 2014).

Much the same applies for other types of cardiomyopathies
that derive from mutated sarcomeric proteins. For instance,
numerous studies demonstrate that mutations in cardiac
myosin binding protein C (cMyBPC) lead to hypertrophic
cardiomyopathy (HCM) associated with impairment of the
UPS, establishing cMyBPC as the paradigm of HCM-studies
(Schlossarek et al., 2014a,b). Conversely and illustrative of
the complexity of achieving homeostasis in regard to protein
turnover and maintenance, proteasomal inhibition appears to
ameliorate the decline in cardiac function in a hypertrophic
cardiomyopathy model of mutated cMyBPC (Schlossarek et al.,
2014b). While MuRF-1 has been shown to reduce cMyBPC levels,
this occurs independent of its ubiquitin ligase activity and is
likely due to indirect effects (Mearini et al., 2010). Furthermore,
promising observations from in vitro studies demonstrate atrogin
to be involved in degradation of mutated cMyBPC. On the
downside, atrogin fails to target WT cMyBPC—potentially due to
divergent localization of mutant cMyBPC (Mearini et al., 2010).
These findings underscore that the underlying mechanisms
and their therapeutic potential remain largely elusive and
should be targeted by future research, along with intensive
efforts to identify further E3 ligases involved in cMyBPC
degradation.

The vast field of cardiomyopathies has seen significant
advances in identification of causative gene mutations along with
respective phenotyping. However, in many cases the implications
of these mutations in regard to the UPS have not been
understood yet and are far from utilization of the therapeutic
potential which a distinct mapping of culprits and mutated
target genes to respective ubiquitin ligases would harbor (Willis
et al, 2014; Drews and Taegtmeyer, 2014; Schlossarek et al.,
2014a). For instance, alpha-actinin, a key sarcomeric protein in
terms of structure and signaling, has repeatedly been implicated
in cardiac remodeling and disease development (DCM) but
so far only in vitro data exists on its mode of degradation
(Spaich et al, 2012). While the observation that the cardiac
E3 ligase fbxI22 facilitates the degradation of alpha-actinin is
auspicious, it plainly exemplifies and advocates, yet again, the
need for future remodeling research to shift in perspective
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from solely analyzing the side of protein synthesis to minutely
identifying and characterizing how each and every cardiac
protein is regulated in terms of its homeostatic equilibrium
and turnover.

Taken together this exemplary but to no end comprehensive
presentation of autophagy- and UPS-related cardiac disease
entities and mechanisms is supposed to reflect the multifaceted
involvement and key roles of the degradation machinery in
cardiac remodeling and disease development.

Conclusion and Future Perspective

Finally, to integrate both parts of our review we will provide
two examples that nicely illustrate and thus emphasize the
intertwining character of cardiac remodeling with its complexity
and diverse crosstalk mechanisms:

The first part of our review detailed evolving controversies on
major cardiac signaling pathways and their key protagonists—
namely calcineurin, PKA and CaMKII—while the second part
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focused on the idea that not only protein synthesis but also
protein turnover and degradation are paramount for cellular
homeostasis. Despite huge efforts in both fields of research to
enhance our understanding how cardiac remodeling processes
are governed, it seems surprising that at least for two of the
formerly mentioned pivotal mediators of cardiac remodeling,
PKA and CaMKI]J, knowledge in regard to the regulation of their
turnover and degradation remains very scarce. To the best of our
minds, no ubiquitin ligase has yet been identified and proven as
a critical regulator of CaMKII. In terms of PKA ubiquitylation
and degradation, only the ubiquitin ligase Praja2 has so far
been shown to associate with and ubiquitinate the regulatory
subunit of PKA in specific compartments (Lignitto et al., 2011).
Furthermore, with atrogin and MuRF-1 only two ubiquitin
ligases have been validated to perform E3 ligase activity upon
calcineurin thereby targeting it for proteasomal degradation (Li
et al., 2004; Maejima et al., 2014; Schlossarek et al., 2014a).

In light of the multiplicity and redundancy seen for other key
cellular proteins (p53 is targeted by at least 10 different ubiquitin
ligases, proteasomal degradation of c-Jun has been shown to
be conferred by at least 4 different E3 ligases), it appears very
likely that a number of ubiquitin ligases targeting PKA, CaMKII
and CnA are still unidentified and may be very important for a
comprehensive picture of the mechanisms that control cardiac
remodeling (Portbury et al., 2012; Willis et al., 2014; Maejima
etal., 2014).

The second interesting notion highlighting the integrative
and highly complex mechanisms that govern cardiac plasticity
and remodeling concerns the observation that exercise,
therefore physiologic hypertrophic stimuli, may alleviate
myofibrillar myopathies and proteotoxicity in the wake of
UPS impairments and dysfunction (pathological cardiac
remodeling) or lead to improvement of UPS function itself
(Maloyan et al., 2007; Willis and Patterson, 2013; de Andrade
et al, 2015). This intriguing interdependency demands for
further clarification of the underlying crosstalk to enhance our
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may provide tools for renewal of cellular homeostasis in failing
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In any case, this observation underscores the concept
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signaling (exercise on the one hand, the UPS on the other hand)
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impulses on emerging or ongoing controversies and shifts in
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Therefore the two key messages are:
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to put it in other words: “Growing tired (?)—get a shrink
before burn-out!”

Acknowledgments

We very much appreciate the generosity of Punya Mishra
(www.punyamishra.com) whose “Good-Evil Ambigram” design
is featured in our article by his courtesy.

Backs, J., Song, K., Bezprozvannaya, S., Chang, S., and Olson, E. N. (2006). CaM
kinase II selectively signals to histone deacetylase 4 during cardiomyocyte
hypertrophy. J. Clin. Invest. 116, 1853-1864. doi: 10.1172/JCI27438

Backs, J., Worst, B. C., Lehmann, L. H., Patrick, D. M., Jebessa, Z., Kreusser,
M. M., et al. (2011). Selective repression of MEF2 activity by PKA-
dependent proteolysis of HDACA4. J. Cell Biol. 195, 403-415. doi: 10.1083/jcb.
201105063

Baker, J., Liu, J. P., Robertson, E. J., and Efstratiadis, A. (1993). Role of insulin-
like growth factors in embryonic and postnatal growth. Cell 75, 73-82. doi:
10.1016/S0092-8674(05)80085-6

Benovic, J. L., Strasser, R. H., Caron, M. G., and Lefkowitz, R. J. (1986).
Beta-adrenergic receptor kinase: identification of a novel protein kinase that
phosphorylates the agonist-occupied form of the receptor. Proc. Natl. Acad. Sci.
U.S.A. 83,2797-2801. doi: 10.1073/pnas.83.9.2797

Bernardi, K. M., Williams, J. M., Inoue, T., Schultz, A., and Tsai, B.
(2013). A deubiquitinase negatively regulates retro-translocation of
nonubiquitinated substrates. Mol. Biol. Cell 24, 3545-3556. doi: 10.1091/mbc.
E13-06-0332

Bisping, E., Wakula, P., Poteser, M., and Heinzel, F. R. (2014). Targeting cardiac
hypertrophy: toward a causal heart failure therapy. J. Cardiovasc. Pharmacol.
64, 293-305. doi: 10.1097/FJC.0000000000000126

Frontiers in Physiology | www.frontiersin.org

11

July 2015 | Volume 6 | Article 202


http://www.punyamishra.com
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Spaich et al.

Ongoing controversies surrounding cardiac remodeling

Blobel, G. (2013). Christian de Duve (1917-2013). Nature 498, 300. doi:
10.1038/498300a

Bosch-Comas, A., Lindsten, K., Gonzalez-Duarte, R., Masucci, M. G., and
Marfany, G. (2006). The ubiquitin-specific protease USP25 interacts with three
sarcomeric proteins. Cell. Mol. Life Sci. 63, 723-734. doi: 10.1007/s00018-005-
5533-1

Bostrom, P., Mann, N., Wu, J., Quintero, P. A. Plovie, E. R., Panakova,
D., et al. (2010). C/EBPbeta controls exercise-induced cardiac growth and
protects against pathological cardiac remodeling. Cell 143, 1072-1083. doi:
10.1016/j.cell.2010.11.036

Brennan, J. P., Bardswell, S. C., Burgoyne, J. R., Fuller, W., Schroder, E., Wait,
R, et al. (2006). Oxidant-induced activation of type I protein kinase A is
mediated by RI subunit interprotein disulfide bond formation. J. Biol. Chem.
281, 21827-21836. doi: 10.1074/jbc.M603952200

Bristow, M. R. (2000). beta-adrenergic receptor blockade in chronic heart failure.
Circulation 101, 558-569. doi: 10.1161/01.CIR.101.5.558

Bueno, O. F,, Lips, D. J., Kaiser, R. A., Wilkins, B. J., Dai, Y. S., Glascock, B. J.,
et al. (2004). Calcineurin Abeta gene targeting predisposes the myocardium to
acute ischemia-induced apoptosis and dysfunction. Circ. Res. 94, 91-99. doi:
10.1161/01.RES.0000107197.99679.77

Bueno, O. F., Wilkins, B. J., Tymitz, K. M., Glascock, B. J., Kimball, T. F., Lorenz,
J. N., et al. (2002). Impaired cardiac hypertrophic response in Calcineurin
Abeta -deficient mice. Proc. Natl. Acad. Sci. U.S.A. 99, 4586-4591. doi:
10.1073/pnas.072647999

Burchfield, J. S., Xie, M., and Hill, J. A. (2013). Pathological ventricular
remodeling: mechanisms: part 1 of 2. Circulation 128, 388-400. doi: 10.1161/
CIRCULATIONAHA.113.001878

Burgoyne, J. R., Oka, S., Ale-Agha, N., and Eaton, P. (2013). Hydrogen peroxide
sensing and signaling by protein kinases in the cardiovascular system. Antioxid.
Redox Signal. 18, 1042-1052. doi: 10.1089/ars.2012.4817

Camors, E., and Valdivia, H. H. (2014). CaMKII regulation of cardiac ryanodine
receptors and inositol triphosphate receptors. Front. Pharmacol. 5:101. doi:
10.3389/fphar.2014.00101

Casey, L. M., Pistner, A. R, Belmonte, S. L., Migdalovich, D., Stolpnik, O.,
Nwakanma, F. E., et al. (2010). Small molecule disruption of G beta gamma
signaling inhibits the progression of heart failure. Circ. Res. 107, 532-539. doi:
10.1161/CIRCRESAHA.110.217075

Christians, E. S., Mustafi, S. B., and Benjamin, L. J. (2014). Chaperones and
cardiac misfolding protein diseases. Curr. Protein Pept. Sci. 15, 189-204. doi:
10.2174/1389203715666140331111518

Chung, E,, Yeung, F., and Leinwand, L. A. (2013). Calcineurin activity is required
for cardiac remodelling in pregnancy. Cardiovasc. Res. 100, 402-410. doi:
10.1093/cvr/cvt208

Cohen, S., Zhai, B., Gygi, S. P., and Goldberg, A. L. (2012). Ubiquitylation by
Trim32 causes coupled loss of desmin, Z-bands, and thin filaments in muscle
atrophy. J. Cell Biol. 198, 575-589. doi: 10.1083/jcb.201110067

Cosper, P. F,, and Leinwand, L. A. (2011). Cancer causes cardiac atrophy and
autophagy in a sexually dimorphic manner. Cancer Res. 71, 1710-1720. doi:
10.1158/0008-5472.CAN-10-3145

Coultrap, S. J., and Bayer, K. U. (2014). Nitric oxide induces Ca”—independent
activity of the Ca“’/calmodulin—dependent protein kinase II (CaMKII). J. Biol.
Chem. 289, 19458-19465. doi: 10.1074/jbc.M114.558254

de Andrade, L. H., de Moraes, W. M., Matsuo Junior, E. H., de Orleans Carvalho
de Moura, E., Antunes, H. K., Montemor, J., et al. (2015). Aerobic exercise
training improves oxidative stress and ubiquitin proteasome system activity in
heart of spontaneously hypertensive rats. Mol. Cell. Biochem. 402, 193-202. doi:
10.1007/s11010-015-2326-1

De Windt, L. J., Lim, H. W., Bueno, O. F., Liang, Q., Delling, U., Braz,
J. C., et al. (2001). Targeted inhibition of calcineurin attenuates cardiac
hypertrophy in vivo. Proc. Natl. Acad. Sci. US.A. 98, 3322-3327. doi:
10.1073/pnas.031371998

De Windt, L. J, Lim, H. W, Taigen, T., Wencker, D., Condorelli, G,
Dorn, G. W. IL, et al. (2000). Calcineurin-mediated hypertrophy protects
cardiomyocytes from apoptosis in vitro and in vivo: an apoptosis-independent
model of dilated heart failure. Circ. Res. 86, 255-263. doi: 10.1161/01.RES.
86.3.255

Dobrev, D., and Wehrens, X. H. (2014). Role of RyR2 phosphorylation in
heart failure and arrhythmias: Controversies around ryanodine receptor

phosphorylation in cardiac disease. Circ. Res. 114, 1311-1319. discussion: 9. doi:
10.1161/circresaha.114.300568

Drews, O., and Taegtmeyer, H. (2014). Targeting the ubiquitin-proteasome system
in heart disease: the basis for new therapeutic strategies. Antioxid. Redox Signal.
21, 2322-2343. doi: 10.1089/ars.2013.5823

Drews, O., Tsukamoto, O., Liem, D., Streicher, J., Wang, Y,
Ping, P. (2010). Differential regulation of proteasome function in
isoproterenol-induced cardiac hypertrophy. Circ. Res. 107, 1094-1101.
doi: 10.1161/CIRCRESAHA.110.222364

Engelhardt, S., Hein, L., Wiesmann, F., and Lohse, M. J. (1999). Progressive
hypertrophy and heart failure in betal-adrenergic receptor transgenic mice.
Proc. Natl. Acad. Sci. U.S.A. 96, 7059-7064. doi: 10.1073/pnas.96.12.7059

Erickson, J. R. (2014). Mechanisms of CaMKII Activation in the Heart. Front.
Pharmacol. 5:59. doi: 10.3389/fphar.2014.00059

Erickson, J. R., Pereira, L., Wang, L., Han, G., Ferguson, A., Dao, K, et al.
(2013). Diabetic hyperglycaemia activates CaMKII and arrhythmias by O-
linked glycosylation. Nature 502, 372-376. doi: 10.1038/nature12537

Faul, C., Dhume, A., Schecter, A. D., and Mundel, P. (2007). Protein kinase
A, Ca’*/calmodulin-dependent kinase II, and calcineurin regulate the
intracellular trafficking of myopodin between the Z-disc and the nucleus
of cardiac myocytes. Mol. Cell. Biol. 27, 8215-8227. doi: 10.1128/MCB.
00950-07

Felkin, L. E., Narita, T., Germack, R., Shintani, Y., Takahashi, K., Sarathchandra, P.,
et al. (2011). Calcineurin splicing variant calcineurin Abetal improves cardiac
function after myocardial infarction without inducing hypertrophy. Circulation
123, 2838-2847. doi: 10.1161/CIRCULATIONAHA.110.012211

Fielitz, J., Kim, M. S., Shelton, J. M., Latif, S., Spencer, J. A., Glass, D. ., et al.
(2007a). Myosin accumulation and striated muscle myopathy result from the
loss of muscle RING finger 1 and 3. J. Clin. Invest. 117, 2486-2495. doi:
10.1172/JC132827

Fielitz, J., van Rooij, E., Spencer, J. A., Shelton, J. M., Latif, S., van der Nagel, R,,
et al. (2007b). Loss of muscle-specific RING-finger 3 predisposes the heart to
cardiac rupture after myocardial infarction. Proc. Natl. Acad. Sci. U.S.A. 104,
4377-4382. doi: 10.1073/pnas.0611726104

Fischer, T. H., Herting, J., Tirilomis, T., Renner, A., Neef, S., Toischer, K., et al.
(2013a). Ca?*/calmodulin-dependent protein kinase II and protein kinase A
differentially regulate sarcoplasmic reticulum Ca?* leak in human cardiac
pathology. Circulation 128, 970-981. doi: 10.1161/CIRCULATIONAHA.113.
001746

Fischer, T. H., Neef, S., and Maier, L. S. (2013b). The Ca-calmodulin dependent
kinase II: a promising target for future antiarrhythmic therapies? J. Mol. Cell.
Cardiol. 58, 182-187. doi: 10.1016/j.yjmcc.2012.11.003

Frank, D., and Frey, N. (2011). Cardiac Z-disc signaling network. J. Biol. Chem.
286, 9897-9904. doi: 10.1074/jbc.R110.174268

Frank, D., Kuhn, C., van Eickels, M., Gehring, D., Hanselmann, C., Lippl,
S., et al. (2007). Calsarcin-1 protects against angiotensin-II induced cardiac
hypertrophy. Circulation 116, 2587-2596. doi: 10.1161/CIRCULATIONAHA.
107.711317

Frey, N., Barrientos, T., Shelton, J. M., Frank, D., Rutten, H., Gehring, D., et al.
(2004). Mice lacking calsarcin-1 are sensitized to calcineurin signaling and
show accelerated cardiomyopathy in response to pathological biomechanical
stress. Nat. Med. 10, 1336-1343. doi: 10.1038/nm1132

Frey, N., Frank, D., Lippl, S., Kuhn, C., Kogler, H., Barrientos, T., et al.
(2008). Calsarcin-2 deficiency increases exercise capacity in mice
through calcineurin/NFAT activation. J. Clin. Invest. 118, 3598-3608. doi:
10.1172/JCI36277

Frey, N., and Olson, E. N. (2003). Cardiac hypertrophy: the good, the bad, and the
ugly. Annu. Rev. Physiol. 65, 45-79. doi: 10.1146/annurev.physiol.65.092101.
142243

Frey, N., Richardson, J. A., and Olson, E. N. (2000). Calsarcins, a novel family
of sarcomeric calcineurin-binding proteins. Proc. Natl. Acad. Sci. U.S.A. 97,
14632-14637. doi: 10.1073/pnas.260501097

Gillette, T. G., and Hill, J. A. (2015). Readers, writers, and erasers: chromatin
as the whiteboard of heart disease. Circ. Res. 116, 1245-1253. doi:
10.1161/CIRCRESAHA.116.303630

Goldhaber, J. L, and Liu, E. (1994). Excitation-contraction coupling in single
guinea-pig ventricular myocytes exposed to hydrogen peroxide. J. Physiol.
477(Pt 1), 135-147. doi: 10.1113/jphysiol.1994.sp020178

and

Frontiers in Physiology | www.frontiersin.org

12

July 2015 | Volume 6 | Article 202


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Spaich et al.

Ongoing controversies surrounding cardiac remodeling

Grandi, E., Edwards, A. G., Herren, A. W., and Bers, D. M. (2014). CaMKII
comes of age in cardiac health and disease. Front. Pharmacol. 5:154. doi:
10.3389/fphar.2014.00154

Grandi, E., and Herren, A. W. (2014). CaMKII-dependent regulation of
cardiac Na(+) homeostasis. Front. Pharmacol. 5:41. doi: 10.3389/fphar.2014.
00041

Gray, C. B., and Heller Brown, J. (2014). CaMKIIdelta subtypes: localization and
function. Front. Pharmacol. 5:15. doi: 10.3389/fphar.2014.00015

Grimm, M., and Brown, J. H. (2010). Beta-adrenergic receptor signaling
in the heart: role of CaMKII. J. Mol. Cell. Cardiol. 48, 322-330. doi:
10.1016/j.yjmcc.2009.10.016

Gupta, M. K, Gulick, J, Liu, R, Wang, X, Molkentin, J. D., and
Robbins, J. (2014). Sumo E2 enzyme UBCY is required for efficient
protein quality control in cardiomyocytes. Circ. Res. 115, 721-729. doi:
10.1161/CIRCRESAHA.115.304760

Hamdani, N., Krysiak, J., Kreusser, M. M., Neef, S., Dos Remedios, C.
G., Maier, L. S, et al. (2013). Crucial role for Ca**)/calmodulin-
dependent protein kinase-II in regulating diastolic stress of normal and
failing hearts via titin phosphorylation. Circ. Res. 112, 664-674. doi:
10.1161/CIRCRESAHA.111.300105

Hartl, F. U,, Bracher, A., and Hayer-Hartl, M. (2011). Molecular chaperones
in protein folding and proteostasis. 475, 324-332. doi:
10.1038/nature10317

Heineke, J., Auger-Messier, M., Correll, R. N., Xu, ]., Benard, M. J., Yuan, W., et al.
(2010). CIBI is a regulator of pathological cardiac hypertrophy. Nat. Med. 16,
872-879. doi: 10.1038/nm.2181

Heineke, J., and Ritter, O. (2012). Cardiomyocyte calcineurin signaling in
subcellular domains: from the sarcolemma to the nucleus and beyond. J. Mol.
Cell. Cardiol. 52, 62-73. doi: 10.1016/j.yjmcc.2011.10.018

Heineke, J., Wollert, K. C., Osinska, H., Sargent, M. A, York, A. ],
Robbins, J., et al. (2010a). Calcineurin protects the heart in a murine
model of dilated cardiomyopathy. J. Mol. Cell. Cardiol. 48, 1080-1087. doi:
10.1016/j.yjmcc.2009.10.012

Herren, A. W., Bers, D. M., and Grandi, E. (2013). Post-translational modifications
of the cardiac Na channel: contribution of CaMKII-dependent phosphorylation
to acquired arrhythmias. Am. J. Physiol. Heart Circ. Physiol. 305, H431-H445.
doi: 10.1152/ajpheart.00306.2013

Hill, J. A., and Olson, E. N. (2008). Cardiac plasticity. N. Engl. J. Med. 358,
1370-1380. doi: 10.1056/NEJMra072139

Hill, J. A., Rothermel, B., Yoo, K. D., Cabuay, B., Demetroulis, E., Weiss, R. M.,
et al. (2002). Targeted inhibition of calcineurin in pressure-overload cardiac
hypertrophy. Preservation of systolic function. J. Biol. Chem. 277, 10251-10255.
doi: 10.1074/jbc.M110722200

Hogan, P. G., Chen, L., Nardone, J., and Rao, A. (2003). Transcriptional
regulation by calcium, calcineurin, and NFAT. Genes Dev. 17, 2205-2232. doi:
10.1101/gad.1102703

Hudson, M. B, and Price, S. R. (2013). Calcineurin: a poorly understood
regulator of muscle mass. Int. J. Biochem. Cell Biol. 45, 2173-2178. doi:
10.1016/j.biocel.2013.06.029

Jalan-Sakrikar, N., Bartlett, R. K., Baucum, A. J. I, and Colbran, R. J.
(2012). Substrate-selective and calcium-independent activation of CaMKII
by alpha-actinin. J. Biol. Chem. 287, 15275-15283. doi: 10.1074/jbc.M112.
351817

Kehat, I, and Molkentin, J. D. (2010). Molecular pathways underlying
cardiac remodeling during pathophysiological stimulation. Circulation 122,
2727-2735. doi: 10.1161/CIRCULATIONAHA.110.942268

Kley, R. A., Maerkens, A., Leber, Y., Theis, V., Schreiner, A. van der
Ven, P. F, et al. (2013). A combined laser microdissection and mass
spectrometry approach reveals new disease relevant proteins accumulating in
aggregates of filaminopathy patients. Mol. Cell. Proteomics 12, 215-227. doi:
10.1074/mcp.M112.023176

Knoll, R., Buyandelger, B., and Lab, M. (2011). The sarcomeric Z-disc and Z-
discopathies. J. Biomed. Biotechnol. 2011:569628. doi: 10.1155/2011/569628

Kreusser, M. M., and Backs, J. (2014). Integrated mechanisms of CaMKII-
dependent  ventricular remodeling.  Front. Pharmacol. 5:36.  doi:
10.3389/fphar.2014.00036

Kreusser, M. M., Lehmann, L. H., Keranov, S, Hoting, M. O., Oehl,
U., Kohlhaas, M., et al. (2014). Cardiac CaM Kinase II genes delta

Nature

and gamma contribute to adverse remodeling but redundantly inhibit
calcineurin-induced myocardial hypertrophy. Circulation 130, 1262-1273. doi:
10.1161/CIRCULATIONAHA.114.006185

Kruger, M., and Linke, W. A. (2006). Protein kinase-A phosphorylates titin in
human heart muscle and reduces myofibrillar passive tension. J. Muscle Res.
Cell Motil. 27, 435-444. doi: 10.1007/s10974-006-9090-5

Lavandero, S., Chiong, M., Rothermel, B. A., and Hill, J. A. (2015). Autophagy in
cardiovascular biology. J. Clin. Invest. 125, 55-64. doi: 10.1172/JCI73943

Lavandero, S., Troncoso, R., Rothermel, B. A., Martinet, W., Sadoshima, J., and
Hill, J. A. (2013). Cardiovascular autophagy: concepts, controversies, and
perspectives. Autophagy 9, 1455-1466. doi: 10.4161/auto.25969

Lehmann, L. H., Worst, B. C., Stanmore, D. A., and Backs, J. (2014). Histone
deacetylase signaling in cardioprotection. Cell. Mol. Life Sci. 71, 1673-1690. doi:
10.1007/s00018-013-1516-9

Li, H. H., Kedar, V., Zhang, C., McDonough, H., Arya, R, Wang, D. Z,
et al. (2004). Atrogin-1/muscle atrophy F-box inhibits calcineurin-dependent
cardiac hypertrophy by participating in an SCF ubiquitin ligase complex. J. Clin.
Invest. 114, 1058-1071. doi: 10.1172/JCI200422220

Li, H. H,, Willis, M. S., Lockyer, P., Miller, N., McDonough, H., Glass, D. J.,
et al. (2007). Atrogin-1 inhibits Akt-dependent cardiac hypertrophy in mice
via ubiquitin-dependent coactivation of Forkhead proteins. J. Clin. Invest. 117,
3211-3223. doi: 10.1172/JCI31757

Li, L, Chen, Y., Doan, J., Murray, J., Molkentin, J. D., and Liu, Q. (2014).
Transforming growth factor beta-activated kinase 1 signaling pathway critically
regulates myocardial survival and remodeling. Circulation 130, 2162-2172. doi:
10.1161/CIRCULATIONAHA.114.011195

Lignitto, L., Carlucci, A., Sepe, M., Stefan, E., Cuomo, O., Nistico, R., et al. (2011).
Control of PKA stability and signalling by the RING ligase praja2. Nat. Cell Biol.
13, 412-422. doi: 10.1038/ncb2209

Linke, W. A. (2008). Sense and stretchability: the role of titin and titin-associated
proteins in myocardial stress-sensing and mechanical dysfunction. Cardiovasc.
Res. 77, 637-648. doi: 10.1016/j.cardiores.2007.03.029

Linnemann, A., van der Ven, P. F., Vakeel, P., Albinus, B., Simonis, D., Bendas, G.,
et al. (2010). The sarcomeric Z-disc component myopodin is a multiadapter
protein that interacts with filamin and alpha-actinin. Eur. J. Cell Biol. 89,
681-692. doi: 10.1016/j.ejcb.2010.04.004

Liu, J. P., Baker, J., Perkins, A. S., Robertson, E. J., and Efstratiadis, A. (1993). Mice
carrying null mutations of the genes encoding insulin-like growth factor I (Igf-
1) and type 1 IGF receptor (Igflr). Cell 75, 59-72. doi: 10.1016/s0092-8674(05)
80084-4

Liu, R, Leslie, K. L., and Martin, K. A. (2015). Epigenetic regulation of smooth
muscle cell plasticity. Biochim. Biophys. Acta 1849, 448-453. doi: 10.1016/j.
bbagrm.2014.06.004

Luedde, M., Spaich, S., Hippe, H. J., Busch, S., Will, R., Abu-Taha, I, et al. (2011).
Affixin (beta-parvin) promotes cardioprotective signaling via STAT3 activation.
J. Mol. Cell. Cardiol. 50, 919-923. doi: 10.1016/j.yjmcc.2011.01.020

Maejima, Y., Usui, S., Zhai, P., Takamura, M., Kaneko, S., Zablocki, D., et al.
(2014). Muscle-specific RING finger 1 negatively regulates pathological cardiac
hypertrophy through downregulation of calcineurin A. Circ. Heart Failure 7,
479-490. doi: 10.1161/CIRCHEARTFAILURE.113.000713

Maier, L. S. (2012). Ca®)/calmodulin-dependent protein kinase I (CaMKII)
in the heart. Adv. Exp. Med. Biol. 740, 685-702. doi: 10.1007/978-94-007-
2888-2_30

Maillet, M., van Berlo, J. H., and Molkentin, J. D. (2013). Molecular basis of
physiological heart growth: fundamental concepts and new players. Nat. Rev.
Mol. Cell Biol. 14, 38-48. doi: 10.1038/nrm3495

Maloyan, A., Gulick, J., Glabe, C. G., Kayed, R., and Robbins, J. (2007). Exercise
reverses preamyloid oligomer and prolongs survival in alphaB-crystallin-based
desmin-related cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 104, 5995-6000.
doi: 10.1073/pnas.0609202104

Mattiazzi, A., and Kranias, E. G. (2014). The role of CaMKII regulation
of phospholamban activity in heart disease. Front. Pharmacol. 5:5. doi:
10.3389/fphar.2014.00005

McMullen, J. R, Shioi, T., Zhang, L., Tarnavski, O., Sherwood, M. C,
Kang, P. M., et al. (2003). Phosphoinositide 3-kinase(pl10alpha) plays a
critical role for the induction of physiological, but not pathological, cardiac
hypertrophy. Proc. Natl. Acad. Sci. U.S.A. 100, 12355-12360. doi: 10.1073/pnas.
1934654100

Frontiers in Physiology | www.frontiersin.org

13

July 2015 | Volume 6 | Article 202


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Spaich et al.

Ongoing controversies surrounding cardiac remodeling

Mearini, G., Gedicke, C., Schlossarek, S., Witt, C. C., Kramer, E., Cao, P., et al.
(2010). Atrogin-1 and MuRF1 regulate cardiac MyBP-C levels via different
mechanisms. Cardiovasc. Res. 85, 357-366. doi: 10.1093/cvr/cvp348

Meyer, T., Hanson, P. L, Stryer, L., and Schulman, H. (1992). Calmodulin trapping
by calcium-calmodulin-dependent protein kinase. Science 256, 1199-1202. doi:
10.1126/science.256.5060.1199

Mika, D., Richter, W., and Conti, M. (2015). A CaMKII/PDE4D negative feedback
regulates cAMP signaling. Proc. Natl. Acad. Sci. US.A. 112, 2023-2028. doi:
10.1073/pnas.1419992112

Mishra, S., Gray, C. B., Miyamoto, S., Bers, D. M., and Brown, J. H. (2011). Location
matters: clarifying the concept of nuclear and cytosolic CaMKII subtypes. Circ.
Res. 109, 1354-1362. doi: 10.1161/CIRCRESAHA.111.248401

Molkentin, J. D. (2013). Parsing good versus bad signaling pathways in the heart:
role of calcineurin-nuclear factor of activated T-cells. Circ. Res. 113, 16-19. doi:
10.1161/CIRCRESAHA.113.301667

Molkentin, J. D., Lu, J. R., Antos, C. L., Markham, B., Richardson, J., Robbins,
J., et al. (1998). A calcineurin-dependent transcriptional pathway for cardiac
hypertrophy. Cell 93, 215-228. doi: 10.1016/50092-8674(00)81573-1

Moresi, V., Williams, A. H., Meadows, E., Flynn, J. M., Potthoff, M. J., McAnally, J.,
etal. (2010). Myogenin and class I HDACs control neurogenic muscle atrophy
by inducing E3 ubiquitin ligases. Cell 143, 35-45. doi: 10.1016/j.cell.2010.
09.004

Nichols, M., Townsend, N., Scarborough, P., and Rayner, M. (2014).
Cardiovascular disease in Europe 2014: epidemiological update. Eur. Heart J.
doi: 10.1093/eurheartj/ehu299

Ohsumi, Y. (2014). Historical landmarks of autophagy research. Cell Res. 24, 9-23.
doi: 10.1038/cr.2013.169

Papait, R., Greco, C., Kunderfranco, P., Latronico, M. V., and Condorelli, G.
(2013). Epigenetics: a new mechanism of regulation of heart failure? Basic Res.
Cardiol. 108, 361. doi: 10.1007/s00395-013-0361-1

Peng, W., Zhang, Y., Zheng, M., Cheng, H., Zhu, W., Cao, C. M., et al. (2010).
Cardioprotection by CaMKII-deltaB is mediated by phosphorylation of heat
shock factor 1 and subsequent expression of inducible heat shock protein 70.
Circ. Res. 106, 102-110. doi: 10.1161/CIRCRESAHA.109.210914

Philippen, L. E., Dirkx, E., da Costa-Martins, P. A, and De Windt, L. J.
(2015). Non-coding RNA in control of gene regulatory programs in cardiac
development and disease. J. Mol. Cell. Cardiol. doi: 10.1016/j.yjmcc.2015.
03.014. [Epub ahead of print].

Piccoli, M. T., Gupta, S. K., and Thum, T. (2015). Noncoding RNAs as regulators
of cardiomyocyte proliferation and death. J. Mol. Cell. Cardiol. doi: 10.1016/j.
yjmec.2015.02.002. [Epub ahead of print].

Portbury, A. L., Ronnebaum, S. M., Zungu, M., Patterson, C., and Willis,
M. S. (2012). Back to your heart: ubiquitin proteasome system-
regulated signal transduction. J. Mol Cell. Cardiol. 52, 526-537. doi:
10.1016/j.yjmcc.2011.10.023

Portbury, A. L., Willis, M. S., and Patterson, C. (2011). Tearin’ up my heart:
proteolysis in the cardiac sarcomere. J. Biol. Chem. 286, 9929-9934. doi:
10.1074/jbc.R110.170571

Potthoff, M. J., Wu, H., Arnold, M. A., Shelton, J. M., Backs, J., McAnally, J.,
et al. (2007). Histone deacetylase degradation and MEF2 activation promote
the formation of slow-twitch myofibers. J. Clin. Invest. 117, 2459-2467. doi:
10.1172/JCI31960

Rothermel, B. A., McKinsey, T. A., Vega, R. B., Nicol, R. L., Mammen, P., Yang,
J., et al. (2001). Myocyte-enriched calcineurin-interacting protein, MCIP1,
inhibits cardiac hypertrophy in vivo. Proc. Natl. Acad. Sci. U.S.A. 98, 3328-3333.
doi: 10.1073/pnas.041614798

Sag, C. M., Wagner, S., and Maier, L. S. (2013). Role of oxidants on calcium and
sodium movement in healthy and diseased cardiac myocytes. Free Radic. Biol.
Med. 63, 338-349. doi: 10.1016/j.freeradbiomed.2013.05.035

Sandri, M., Sandri, C., Gilbert, A., Skurk, C., Calabria, E., Picard, A., et al. (2004).
Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-
1 and cause skeletal muscle atrophy. Cell 117, 399-412. doi: 10.1016/S0092-
8674(04)00400-3

Schlossarek, S., Frey, N., and Carrier, L. (2014a). Ubiquitin-proteasome system
and hereditary cardiomyopathies. J. Mol. Cell. Cardiol. 71, 25-31. doi:
10.1016/j.yjmcc.2013.12.016

Schlossarek, S., Singh, S. R., Geertz, B., Schulz, H., Reischmann, S., Hubner,
N., et al. (2014b). Proteasome inhibition slightly improves cardiac function

in mice with hypertrophic cardiomyopathy. Front. Physiol. 5:484. doi:
10.3389/fphys.2014.00484

Seth, M., Zhang, Z. S., Mao, L., Graham, V., Burch, J., Stiber, J., et al. (2009).
TRPCI channels are critical for hypertrophic signaling in the heart. Circ. Res.
105, 1023-1030. doi: 10.1161/CIRCRESAHA.109.206581

Seto, J. T., Quinlan, K. G., Lek, M., Zheng, X. F., Garton, F., MacArthur, D.
G., et al. (2013). ACTN3 genotype influences muscle performance through
the regulation of calcineurin signaling. J. Clin. Invest. 123, 4255-4263. doi:
10.1172/JCI67691

Shiojima, I, Sato, K., Izumiya, Y., Schiekofer, S., Ito, M., Liao, R, et al. (2005).
Disruption of coordinated cardiac hypertrophy and angiogenesis contributes
to the transition to heart failure. J. Clin. Invest. 115, 2108-2118. doi:
10.1172/JCI24682

Spaich, S., Will, R. D, Just, S., Spaich, S., Kuhn, C., Frank, D., et al.
(2012). F-box and leucine-rich repeat protein 22 is a cardiac-enriched F-
box protein that regulates sarcomeric protein turnover and is essential for
maintenance of contractile function in vivo. Circ. Res. 111, 1504-1516. doi:
10.1161/CIRCRESAHA.112.271007

Springer, J., Tschirner, A., Haghikia, A., von Haehling, S., Lal, H., Grzesiak, A., et al.
(2014). Prevention of liver cancer cachexia-induced cardiac wasting and heart
failure. Eur. Heart J. 35, 932-941. doi: 10.1093/eurheartj/eht302

Strulovici, B., Cerione, R. A., Kilpatrick, B. F., Caron, M. G., and Lefkowitz,
R. J. (1984). Direct demonstration of impaired functionality of a purified
desensitized beta-adrenergic receptor in a reconstituted system. Science 225,
837-840. doi: 10.1126/science.6089331

Su, H, Li, ], Menon, S., Liu, J., Kumarapeli, A. R., Wei, N,, et al. (2011).
Perturbation of cullin deneddylation via conditional Csn8 ablation
impairs the ubiquitin-proteasome system and causes cardiomyocyte
necrosis and dilated cardiomyopathy in mice. Circ. Res. 108, 40-50. doi:
10.1161/CIRCRESAHA.110.230607

Sussman, M. A, Lim, H. W., Gude, N., Taigen, T., Olson, E. N., Robbins, J., et al.
(1998). Prevention of cardiac hypertrophy in mice by calcineurin inhibition.
Science 281, 1690-1693. doi: 10.1126/science.281.5383.1690

Taigen, T., De Windt, L. J, Lim, H. W,, and Molkentin, J. D. (2000).
Targeted inhibition of calcineurin prevents agonist-induced cardiomyocyte
hypertrophy. Proc. Natl. Acad. Sci. U.S.A. 97, 1196-1201. doi: 10.1073/pnas.97.
3.1196

Tannous, P., Zhu, H., Johnstone, J. L., Shelton, J. M., Rajasekaran, N. S,
Benjamin, I. J., et al. (2008a). Autophagy is an adaptive response in desmin-
related cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 105, 9745-9750. doi:
10.1073/pnas.0706802105

Tannous, P., Zhu, H., Nemchenko, A., Berry, J. M., Johnstone, J. L., Shelton,
J. M., et al. (2008b). Intracellular protein aggregation is a proximal
trigger of cardiomyocyte autophagy. Circulation 117, 3070-3078. doi:
10.1161/CIRCULATIONAHA.107.763870

Tham, Y. K., Bernardo, B. C., Ooi, J. Y., Weeks, K. L., and McMullen, J. R. (2015).
Pathophysiology of cardiac hypertrophy and heart failure: signaling pathways
and novel therapeutic targets. Arch. Toxicol. doi: 10.1007/s00204-015-1477-x.
[Epub ahead of print].

Thum, T., and Condorelli, G. (2015). Long noncoding RNAs and microRNAs
in cardiovascular pathophysiology. Circ. Res. 116, 751-762. doi:
10.1161/CIRCRESAHA.116.303549

Uchida, S., and Dimmeler, S. (2015). Long noncoding RNAs in cardiovascular
diseases. Circ. Res. 116, 737-750. doi: 10.1161/CIRCRESAHA.116.302521

Usui, S., Maejima, Y., Pain, ], Hong, C., Cho, J., Park, J. Y., et al. (2011).
Endogenous muscle atrophy F-box mediates pressure overload-induced cardiac
hypertrophy through regulation of nuclear factor-kappaB. Circ. Res. 109,
161-171. doi: 10.1161/CIRCRESAHA.110.238717

van Berlo, J. H., Maillet, M., and Molkentin, J. D. (2013). Signaling effectors
underlying pathologic growth and remodeling of the heart. J. Clin. Invest. 123,
37-45. doi: 10.1172/]JCI62839

Wagner, S., Dantz, C., Flebbe, H., Azizian, A. Sag, C. M., Engels, S,
et al. (2014). NADPH oxidase 2 mediates angiotensin II-dependent cellular
arrhythmias via PKA and CaMKIL J. Mol. Cell. Cardiol. 75, 206-215. doi:
10.1016/j.yjmcc.2014.07.011

Weinreuter, M., Kreusser, M. M., Beckendorf, J., Schreiter, F. C., Leuschner, F.,
Lehmann, L. H,, et al. (2014). CaM Kinase II mediates maladaptive post-infarct
remodeling and pro-inflammatory chemoattractant signaling but not acute

Frontiers in Physiology | www.frontiersin.org

14

July 2015 | Volume 6 | Article 202


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Spaich et al.

Ongoing controversies surrounding cardiac remodeling

myocardial ischemia/reperfusion injury. 6, 1231-1245. EMBO Mol. Med. doi:
10.15252/emmm.201403848

Wilkins, B. J., Dai, Y. S.,, Bueno, O. F., Parsons, S. A, Xu, J., Plank, D.
M., et al. (2004). Calcineurin/NFAT coupling participates in pathological,
but not physiological, cardiac hypertrophy. Circ. Res. 94, 110-118. doi:
10.1161/01.RES.0000109415.17511.18

Willis, M. S., Bevilacqua, A., Pulinilkunnil, T., Kienesberger, P., Tannu, M., and
Patterson, C. (2014). The role of ubiquitin ligases in cardiac disease. . Mol. Cell.
Cardiol. 71, 43-53. doi: 10.1016/j.yjmcc.2013.11.008

Willis, M. S., Ike, C., Li, L., Wang, D. Z., Glass, D. J., and Patterson, C. (2007).
Muscle ring finger 1, but not muscle ring finger 2, regulates cardiac hypertrophy
in vivo. Circ. Res. 100, 456-459. doi: 10.1161/01.RES.0000259559.48597.32

Willis, M. S., and Patterson, C. (2013). Proteotoxicity and cardiac dysfunction-
Alzheimer’s disease of the heart? N. Engl. ]. Med. 368, 455-464. doi:
10.1056/NEJMral106180

Willis, M. S., Schisler, J. C., Li, L., Rodriguez, J. E., Hilliard, E. G., Charles, P. C.,
et al. (2009b). Cardiac muscle ring finger-1 increases susceptibility to heart
failure in vivo. Circ. Res. 105, 80-88. doi: 10.1161/CIRCRESAHA.109.194928

Willis, M. S., Schisler, J. C., Portbury, A. L., and Patterson, C. (2009a). Build it up-
Tear it down: protein quality control in the cardiac sarcomere. Cardiovasc. Res.
81, 439-448. doi: 10.1093/cvr/cvn289

Willis, M. S., Wadosky, K. M., Rodriguez, J. E., Schisler, J. C., Lockyer, P., Hilliard,
E. G, et al. (2014). Muscle ring finger 1 and muscle ring finger 2 are necessary
but functionally redundant during developmental cardiac growth and regulate
E2F1-mediated gene expression in vivo. Cell Biochem. Funct. 32, 39-50. doi:
10.1002/cbf.2969

witt, C. C., Witt, S. H., Lerche, S., Labeit, D., Back, W., and Labeit, S. (2008).
Cooperative control of striated muscle mass and metabolism by MuRF1 and
MuRF2. EMBO J. 27, 350-360. doi: 10.1038/sj.embo;j.7601952

Xie, M., Burchfield, J. S., and Hill, J. A. (2013). Pathological ventricular
remodeling: therapies: part 2 of 2. Circulation 128, 1021-1030. doi:
10.1161/CIRCULATIONAHA.113.001879

Yamasaki, R., Wu, Y., McNabb, M., Greaser, M., Labeit, S., and Granzier, H.
(2002). Protein kinase A phosphorylates titin’s cardiac-specific N2B domain

and reduces passive tension in rat cardiac myocytes. Circ. Res. 90, 1181-1188.
doi: 10.1161/01.RES.0000021115.24712.99

Yao, K., Ina, Y., Sonoda, R., Nagashima, K., Ohmori, K., and Ohno, T. (2003).
Protective effects of benidipine on hydrogen peroxide-induced injury in
rat isolated hearts. J. Pharm. Pharmacol. 55, 109-114. doi: 10.1111/j.2042-
7158.2003.tb02440.x

Yoshida, T., Semprun-Prieto, L., Sukhanov, S., and Delafontaine, P.
(2010). IGF-1 prevents ANG II-induced skeletal muscle atrophy via
Akt- and Foxo-dependent inhibition of the ubiquitin ligase atrogin-1
expression. Am. J. Physiol. Heart Circ. Physiol. 298, H1565-H1570. doi:
10.1152/ajpheart.00146.2010

Zhang, D., Contu, R., Latronico, M. V., Zhang, J., Rizzi, R., Catalucci, D., et al.
(2010). MTORCI regulates cardiac function and myocyte survival through
4E-BP1 inhibition in mice. J. Clin. Invest. 120, 2805-2816. doi: 10.1172/
JCI43008

Zhang, X., Szeto, C., Gao, E., Tang, M, Jin, J, Fu, Q., et al. (2013).
Cardiotoxic and cardioprotective features of chronic beta-adrenergic
signaling. Circ. Res. 112, 498-509. doi: 10.1161/CIRCRESAHA.112.
273896

Zou, Y., Hiroi, Y., Uozumi, H., Takimoto, E., Toko, H., Zhu, W., et al
(2001). Calcineurin plays a critical role in the development of pressure
overload-induced cardiac hypertrophy. Circulation 104, 97-101. doi:

10.1161/01.CIR.104.1.97

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Spaich, Katus and Backs. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

15

July 2015 | Volume 6 | Article 202


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Ongoing controversies surrounding cardiac remodeling: is it black and white—or rather fifty shades of gray?
	Introduction
	Allegory: Cardiac Remodeling as Tuning of a Machine
	Calcineurin-Signaling
	Protein Kinase A—Signaling in Cardiac Remodeling
	CaMKII-Signaling in Cardiac Remodeling
	Protein Maintenance and Turnover as Critical Setscrews of Remodeling
	Growing Tired (?)—Get a Shrink Before Burn-Out!

	Conclusion and Future Perspective
	Acknowledgments
	References


