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Abstract

Regulated protein degradation through the ubiquitin-proteasome and lysosomal-autophagy
systems is critical for homeostatic protein-turnover in cardiac muscle, and for proper cardiac
function. The discovery of muscle-specific components in these systems has illuminated how
aberrations in their levels are pivotal to the development of cardiac stress and disease. New
evidence suggests that equal importance in disease development should be given to ubiquitously
expressed degradation components. These are compartmentalized within cardiac muscles and,
when mislocalized, can be critical in the development of specific cardiac diseases. Here, we
discuss how alterations in the compartmentalization of degradation components affect disease
states, the tools available to investigate these mechanisms, as well as recent discoveries that
highlight the therapeutic value of targeting these pathways in disease.
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Protein Degradation Mechanisms in Cardiac Muscle

Heart disease is currently the leading cause of mortality in industrialized nations. The
emergence of a large body of evidence linking the deregulation of protein degradation
pathways with the pathogenesis of multiple forms of heart disease has led to significant
efforts to develop novel therapeutic strategies based on modulating protein degradation in
cardiac cells.

Protein degradation is an important mechanism for maintaining normal cardiac muscle
function, and the degradation of proteins in cardiac muscle is predominantly performed by
two proteolytic systems: the ubiquitin-proteasome system (UPS) and the autophagy/
lysosome system [1]. Misfolded, mutated, damaged, unutilized or “unwanted” proteins are
removed, replenishing the pool of free amino acids for the synthesis of new proteins [1]. In
addition, the accumulation of proteins or the premature degradation of (mutant) proteins in
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cardiomyocytes is often associated with cardiomyopathies [2, 3]. Consequently, the tight
regulation of protein turnover is essential for optimal cardiac function.

The Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) tags potential substrates for degradation with
ubiquitin moieties through an enzymatic cascade (Figure 1A). In the first steps of
ubiquitination, ubiquitin monomers, either newly synthesized or reclaimed from previously
tagged proteins, are activated by the E1 ubiquitin-activating enzyme UBAL in an ATP
driven reaction. A trans-esterification reaction attaches ubiquitin from the E1-enzyme onto a
protein from the E2 ubiquitin-conjugating enzyme family. In the final step of the
ubiquitination cascade, specific E3-ubiquitin ligases select protein substrates and mediate
their poly-ubiquitination. Following this process, poly-ubiquitinated substrates are
recognized and degraded by a specialized multi-protein complex: the proteasome. The
proteasome releases the poly-ubiquitin chain from the substrate and unfolds and catalyzes its
degradation. A family of specific proteases/isopeptidases called deubiquitinating enzymes
(DUBS) provides the active ubiquitin monomers by processing newly synthesized ubiquitin
pro-proteins or recycling poly-ubiquitin chains (Figure 1A, top).

Cullin-RING ubiquitin ligases (CRLS) are a family of E3-ubiquitin ligases with a pivotal
role in the final steps of ubiquitination [4]. CRL activation involves several steps, including
assembly, sequestration, and neddylation of the complex, which involves the covalent
attachment of the ubiquitin-like protein Nedd8 to a conserved lysine residue within the
cullin protein [5] (Figure 1B). Nedd8 conjugation increases CRL activity by enhancing the
recruitment of ubiquitin-loaded E2 conjugating enzymes to the complex [6]. Conversely, the
inactivation of CRLs by removing Nedd8 conjugates from cullin proteins is achieved by the
COP9 (constitutive photomorphogenic homolog) signalosome protein complex (CSN). The
CSN consists of 8 unique subunits (CSN1-CSN8) that regulate a wide variety of cellular
processes including transcription, signal transduction, and cell-cycle progression [7]. The
JAB1 (metalloprotease) motif of CSN5 provides the enzymatic isopeptidase activity that
cleaves Nedd8 from the cullin protein [7], although the other CSN subunits (e.g. CSN1 and
CSNG6) are important for complex formation and stability, either by forming part of the
structural “core” of the CSN complex or through pivotal interactions with CSN5 [8]. In
addition, evidence suggests independent functions for individual CSN subunits outside of
the COP9 signalosome complex based on their non-overlapping subcellular localizations
and expression patterns within similar tissues and cells [7]. Furthermore, the knockdown of
individual proteins (e.g. CSN6) has demonstrated independent roles in development and
disease [9, 10].

Autophagy and Lysosomal Degradation

Macroautophagy (referred to as autophagy in the text) is an evolutionarily conserved process
that sequesters and transports organelles, macromolecules, and protein aggregates to the
lysosome for degradation. The degradation of protein aggregates, large macromolecular
structures (e.g., ribosomes), and whole organelles occurs in double-membraned vesicles
called autophagosomes and requires the activity of acid hydrolase enzymes found within
lysosomes [11]. Studies in yeast led to the identification of more than 30 autophagy-related
(ATG) proteins and their interaction partners, which govern the generation and maturation
of autophagosomes [12] (Figure 1A, bottom). Interestingly, parallels exist between the
processes of autophagosome formation and ubiquitination, with both pathways driven by E1,
E2, and E3-like enzymatic cascades (Figure 1A).

Autophagy depends on two essential enzymatic cascades that function in concert to degrade
cellular targets. The first cascade activates and lipidates the protein LC3 (microtubule-
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associated protein 1 light chain 3) from the inactive (LC3-1) to the active (LC3-11) form,
whereas the second cascade generates the E3-like ligase, the ATG5/ATG12 complex that is
required for lipidation. The main autophagy steps include cargo selection and sequestration,
fusion with the lysosome, and the breakdown and recycling of cargo. Cargo selection can
occur either non-specifically or through selective recognition of proteins or organelles or by
a set of specific adaptor proteins (Selective autophagy) [11]. In the case of ubiquitinated
proteins, p62- (sequestosome-1) and Nbrl (neighbor to Brcal) are adaptor proteins that bind
ubiquitinated substrates and deliver them to the lipidated LC3-11 containing phagophore
(immature nascent autophagosome). Sequestration involves the incorporation of cargo into
the autophagosome. Lysosome fusion exposes the cargo contained in the autophagosome
with the acid hydrolase contained in the lysosome, leading to the breakdown of cargo
through dissolution of the inner autophagosome membrane and degradation of the various
protein aggregates/complexes or organelles by acid hydrolase enzymes. Finally, the cargo is
recycled with the cytosolic release of free Ub moieties, amino acids, and fatty acids that are
now available for the synthesis of new proteins and lipids [11].

Cross-Talk between the UPS and Autophagy via p62 and Nbrl

An increasing body of literature suggests cross-talk between the ubiquitination machinery
and selective autophagy facilitated by p62 and Nbrl (Figure 1A). Both proteins can mediate
direct interactions between poly-ubiquitinated proteins and LC3-11, which is required for
autophagosome recruitment [11]. It is thought that selective autophagy may be an adaptive
response aimed at removing proteins under stressful conditions in which UPS function is
impaired, but it may also offer an alternative degradation path to allow processing of a larger
substrate pool at any given time [13]. Using mice and rat neonatal cardiomyocytes
expressing an LC3-GFP (green fluorescent protein) fusion reporter, Wang and colleagues
demonstrated specific enhancement of selective autophagy markers (p62, LC3-I1) in the
presence of the UPS inhibitor, MG-132 [14]. These data suggest that when the UPS is
impaired, selective autophagy pathways are upregulated Similarly, a model of desmin-
related cardiomyopathy showed a significant and synchronous increase in the levels of
selective autophagy markers (p62, LC3-11) and ubiquitinated protein levels [15]. The
activation (via rapamycin) and inhibition (via 3-MA) of autophagy in cardiomyocytes
overexpressing mutant desmin appears to modulate the ubiquitination profile of this protein
[16], suggesting that autophagy regulates the fate of the ubiquitinated proteins under
conditions of protein aggregation (proteinopathy). Consequently, silencing p62 in
cardiomyocytes overexpressing mutant desmin, thereby removing any UPS-autophagy
cross-talk, decreases autophagic flux and leads to increased cell injury and decreased cell
viability [17]. However, it remains to be established whether enhancing cross-talk between
the UPS and selective autophagy can therapeutically improve /n vivo protein clearance in
the context of cardiac proteinopathies.

Compartmentalized Protein Degradation in Cardiac Muscle and
Consequences In Cardiac Disease

A significant amount of research has focused on muscle-specific factors that control protein
degradation at the myofilaments [1]. However, little attention has been paid to ubiquitously
expressed components of the UPS and autophagy system and their role in the targeted
degradation of muscle-specific proteins. Nevertheless, increasing evidence demonstrates
localization of components from the two degradation systems to a number of unique cardiac
subcellular compartments, including the sarcomere, sarcolemma, intercalated disc, and
nucleus. Subcellular compartmentalization modulates the activity and selectivity of these
UPS/autophagy elements and alterations in cellular localization are increasingly being
identified as causal for cardiac disease.
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The Sarcomere, the Cytoskeleton, and Cardiomyopathies

The sarcomere is a complex assembly of myofilament proteins that are responsible for force-
generation in striated muscle. It is also now well established that the sarcomere plays an
important signaling role by serving as a nodal point for mechanotransduction [18]. Given the
fundamental importance of the sarcomere for cardiac function it is not surprising that it
possesses a strict system for the controlled degradation of proteins, including a host of
muscle-specific components of the UPS [1] (Figure 2).

Muscle-specific RING-finger (MURF) Proteins

MUREF proteins were the first muscle-specific ubiquitin E3-ligases identified that localize to
the sarcomere, and they have been heavily investigated as potential regulators of muscle
protein turnover [19, 20]. MURF1/TRIM63 predominantly localizes to the M-band where it
interacts with titin, but it can also be found at the Z-disc [19]. MURFL1 interacts with
sarcomeric proteins including troponin-T, myotilin, and ventricular myosin light chain-2
(MLC2v), although it has only been directly shown to control the ubiquitin-mediated
proteasomal degradation of troponin-1 [20], suggesting that more work is needed to identify
specific substrates of MURF1. Adding to the complexity of identifying MURF targets are
the other family members, such as MURF2/TRIMS55, which is also localized at the M-band
and Z-disc. MURF2 interacts with several MURF1 binding partners, suggesting potential
redundancies in protein turnover targets [21]. Intriguingly, MURF3/TRIM54 has been
shown to associate with Z-discs as well as glutamylated microtubules [22], but it does not
interact with titin, troponin-T, myotilin, or MLC2v [21], suggesting some specificity for
MUREF targets at the sarcomere.

Mice lacking either MURF1 or MURF2 appear normal, demonstrating that the individual
isoforms are dispensable for embryonic development [23]; however, distinct roles have been
found under conditions of stress [23, 24]. Global loss of MURF1 but not MURF2 in mice
increased cardiac hypertrophy (due to lack of protein degradation) in response to pressure
overload caused by trans-aortic constriction (TAC), as compared with wild-type mice [24].
Mice lacking MURF1 are also largely resistant to both therapeutic and dexamethasone-
induced cardiac atrophy due to lack of protein degradation [25], supporting a role for
MURF1 in cardiac proteolysis. MURF1/MURF2 double knockout mice display early
postnatal lethality, which is characterized by defects in cardiac Z-disc ultrastructure and
cardiac hypertrophy, resulting in acute heart failure [23]. Although global MURF3 knockout
mice have normal cardiac function, MURF3 has an important role in maintaining cardiac
integrity and function after acute myocardial infarction by controlling the turnover of four
and a half LIM domain-2 and -y-filamin proteins [26]. To date, the consequences of targeting
all three MURF proteins remain to be explored.

The targeted inhibition of specific MURF isoforms may be advantageous for several
reasons: (i) they are muscle-specific, reducing off-target effects in other organs; (ii) distinct
pools of substrates for each MURF increases the potential specificity, and (iii) they can more
precisely control the levels of sarcomeric substrates, whose degradation are controlled by all
or multiple MURF protein family members.

Alpha-B crystallin

Key inhibitors of protein degradation are molecular chaperones, which recognize and refold
misfolded proteins. Alpha-B crystallin (CRYAB) is a molecular chaperone of the small heat
shock protein family, which is widely expressed in a variety of tissues including the heart
[27]. In cardiac muscle, CRYAB localizes to the sarcomeric Z-disc and I-band regions
where it interacts with desmin, actin, and titin and has been proposed to prevent unwanted
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protein aggregation by holding proteins in large soluble aggregates [28]. Attention has
focused on the role of CRYAB in preventing desmin misfolding/aggregation in the heart
since the discovery that an autosomal dominant missense mutation (Arg120Gly) in CRYAB
causes a severe desmin-related myopathy in humans [29]. Transgenic mice overexpressing
this human mutation develop a progressive deterioration in cardiac function characterized by
inter-myofibrillar protein aggregation [30]. CRYAB has also been identified in non-muscle
cells as a component of the cullin-1-Skp1-Fbox (SCF) E3-ligase complex [31]. The role of
CRYARB as an E3-ligase in the heart remains underexplored. However, in addition to
preventing protein misfolding, CRYAB may have a role in the ubiquitin-mediated
degradation of cardiac muscle proteins in the context of desmin-related myopathies.

Cullin-RING Ubiquitin Ligases and their Regulatory Proteins

CRLs are composed of a single cullin protein (Cullin-1 to Cullin-7) and an array of adaptor
proteins that are important for selecting specific substrates for ubiquitination. CRLs
containing cullin-1 and cullin-3 are currently the best characterized, mainly in terms of their
specific adaptor proteins, which include Atrogin-1, Krpl/sarcosin, and KCTD6 (potassium
channel tetramerization domain containing 6). Atrogin-1 is a cullin-1 adaptor that localizes
to the sarcomeric Z-disc through direct interaction with calcineurin and a.-actinin-2 and is
important for regulating calcineurin signaling at the Z disc [32]. Calcineurin mediates
pathological cardiac hypertrophy via activation of NFAT (nuclear factor of activated T-
cells) proteins [33]. However, its association with atrogin-1 at the Z-disc offered new
mechanistic insights on how calcineurin signaling can be controlled by its targeted
degradation at the sarcomere. Overexpression of atrogin-1 enhances the ubiquitin-mediated
degradation of calcineurin and blunts stress-induced cardiac hypertrophy after TAC [32]. /n
vitro studies have provided key evidence that atrogin-1 interacts with Cullin-1, Skp1, and
Roc1 to form a cullin E3-ligase complex (SCFat03in-1) ‘promoting ubiquitination and
degradation, and thereby controlling hypertrophic signaling at the sarcomere [32]. In
contrast, atrogin-1 has more recently been shown to play an essential role in mediating
pressure overload-induced cardiac hypertrophy and heart failure through UPS degradation of
IxB and consequent stabilization of nuclear factor-xB [34]. While the results appear to show
conflicting atrogin-1 functions, disparities may be explained by differences in the model
systems studied (gain of function versus loss of function).

Atrogin-1 is also important for the degradation of cardiac myosin-binding protein C
(cMyBP-C), but only in disease states where cMyBP-C becomes mutated or truncated (M7t-
cMYBP-C) due to a mutation in MYBPC3that causes familial hypertrophic cardiomyopathy
(FHC) [3, 35]. The normal protein cMyBP-C is a component of the A-band and interacts
with myosin, actin, and titin [36], but when mutated, the M7t-cMyBP-C protein mislocalizes
to the Z-disc, allowing its interaction with atrogin-1 and its subsequent degradation [3].
Furthermore, the ability to recover normal levels of M7t-cMyBPC by proteasome inhibition
using MG-132 implicates the UPS as critical in the atrogin-1-mediated degradation of the
mutated protein. These studies underline how precise localization of proteins, even within
particular structures of the sarcomere itself, can directly influence their turnover by the UPS
and contribute to the pathophysiology of FHC.

Recent studies also highlight a role at the sarcomere for cullin-3 and its adaptor proteins,
which include Krpl and KCTD6. Krp1l interacts with the sarcomeric Z-disc and M-band
protein N-RAP (LIM domain and nebulin repeat protein), which is thought to be important
for organizing actin and alpha-actinin [37]. Although a role for Krpl in targeting specific
substrates for degradation has not been established, effects of reduced Krpl levels by siRNA
in embryonic cardiomyocytes suggests important functions for the assembly of mature
myofibrils [37]. More recently, cullin-3 and its adapter KCTD6 have emerged as mediators
of cardiac specific protein turnover [38]. The sarcomeric protein obscurin functions as a
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scaffold for KCTD6 and its substrate, small ankyrin-1 isoform 5 (SAnk1.5) at the M-band in
cardiomyocytes [38], and the consequent loss of obscurin through genetic knockout leads to
the mislocalization of KCTD6 and sAnk1.5 to the Z-disc, causing CRL activation and the
subsequent sAnk1.5 protein degradation [38]. These studies demonstrate the importance of
subcellular localization in preventing and triggering aberrant protein turnover of specific
substrates in the heart.

Another important regulator of CRL activity is the CSN complex, which catalyzes the
removal of Nedd8 conjugates from cullin proteins (Figure 1B). Although CSN8 is
ubiquitously expressed in the adult mouse heart [39], the catalytic subunit of the CSN
complex, CSN5, localizes to the sarcomeric M-band and A-band in the invertebrate
C.elegans model and regulates the degradation of two M-band proteins, UNC-96 and
UNC-98 [40]. The CSN complex may control the degradation of proteins at a number of
discrete locations within cardiomyocytes, and these studies invite future investigations to
establish the subcellular localization and role of CSN subunits in mammalian
cardiomyocytes.

Sarcolemma and Channelopathies

The sarcolemma is the specialized cell membrane of cardiomyocytes. It contains a multitude
of muscle-specific and ubiquitously expressed membrane proteins that anchor the
cytoskeleton and sarcomere to the surrounding extracellular matrix (ECM), allowing for the
regulated exchange of ions and nutrients, as well as the activation of biomechanical
signaling pathways. A large number of sarcolemma-associated proteins are specifically
targeted for degradation by components of the UPS (Figure 2).

The Integrin-Based Protein Complex

Cardiomyocyte attachment to the ECM and the activation of biomechanical signaling
pathways are achieved through integrins. The intergrin-based focal adhesion (FA) complex
is composed of integrin heterodimers and several intracellular integrin-binding proteins,
including the integrin-linked kinase (ILK) and the focal adhesion kinase (FAK), a signaling
hub for transmitting mechanical and regulatory signals [41]. Neutrophil-derived serine
protease cathepsin-G (Cat.G) mediates FA signaling downregulation, which plays a pivotal
role in the induction of apoptosis following the loss of cardiomyocyte—ECM interactions
[42]. The identification of c-Cbl (casitas b-lineage lymphoma) protein as the E3-ligase
responsible for ubiquitinating FAK provided the first insight into how the UPS is involved
in the turnover of FA proteins in cardiomyocytes [43]. Loss of c-Cbl protects
cardiomyocytes from apoptosis induced by Cat.G, suggesting that FAK ubiquitination by c-
Chbl inhibits cardiomyocyte survival [43] and highlighting the potential for targeting c-Cbl to
enhance cardioprotection. It was also recently shown that CSN3 interacts with betalD-
integrin and colocalizes with a-actinin at the sarcolemma overlying the sarcomeric Z-disc
[10], suggesting a potential role for one or more CRLs in the turnover of betalD-integrin at
this location.

Mutations in Cardiac lon Channels

lon channels are key for generating the cardiac action potential (AP) at the sarcolemma, and
mutations in components of these channels or their interacting proteins are linked with
cardiac diseases such as long QT syndrome (LQT) and Brugada Syndrome (BrS) [44, 45].
The discovery that some of these disease-linked mutations induce changes in the levels of
ion channels at the sarcolemma implicates protein degradation mechanisms in these
arrhythmogenic diseases [46]. The voltage-sensitive sodium channel Na, 1.5, and the
potassium channels KCNQ1 and KCNH2 (also known as human ether-a-gogo, or hERG1),
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are all regulated by ubiquitination [47-49]. Na,1.5 and KCNQ1 have been shown to be
ubiquitinated by members of the Nedd4 (neuronal precursor cell developmentally
downregulated) E3-ligase family [47, 48], whereas the E3-ligase for hRERGL1 is currently
unknown. Similar to hERG1, the E3-ligases that ubiquitinate L-type Ca2*-channels remain
to be identified with further investigations, although a role for CSN5 in the inhibition of
cardiac L-type CaZ*-channel activity has been shown, suggesting cullin E3-ligases function
at this location [50].

The Intercalated Disc (Cell-Cell Junction) and Cardiomyopathies

B-catenin

Connexin 43

The intercalated disc is a highly specialized structure located at polarized ends of
cardiomyocytes that ensures mechanical and electrical coupling between neighboring cells
[51]. Mechanical coupling is mediated by two junctional complexes, the fascia adherens and
desmosomes, that link the cell membrane to the actin cytoskeleton and the intermediate
filaments, respectively [51]. Gap junctions, the third junctional complex, mediate cell—cell
communication and electrical coupling by allowing the passage of small molecules and ions
between neighboring cells [52]. The observation of ubiquitin conjugates at the intercalated
disc of cardiomyocytes implicates this structure as a compartment for active protein
ubiquitination [53], and more recently, autophagosomes have been shown to localize at the
intercalated disc in rat heart [54]. Together with the discovery of p62 localization at the
intercalated disc [55], this finding provides evidence of crosstalk between the UPS and
autophagy pathways at this location [11]. Moreover, several studies have demonstrated the
recruitment of degradation components to the intercalated disc in response to cardiac stress
and disease states [55-57], providing added mechanistic insight into understanding certain
cardiomyopathies, such as arrhythmogenic cardiomyopathy (AC) and DCM, which are
characterized by mutations and/or the loss of specific intercalated disc components [51]. To
date, the most widely studied intercalated disc components whose functions depend on
protein degradation mechanisms are p-catenin and connexin-43.

B-Catenin functions depend on its intracellular localization [58]. In cardiomyocytes, -
catenin is prominently localized to the fascia adherens of the intercalated disc [51], and
changes in B-catenin levels at the intercalated disc have been identified in both human
patients and mouse models at various cardiomyopathy stages [59, 60]. These studies evoke
the possibility that degradation mechanisms may underlie the control of B-catenin levels at
the intercalated disc, as they do for the transcriptional activities of B-catenin. Deleting -
catenin in cardiomyocytes during pathological cardiac stress imposed by pressure overload
blunts the hypertrophic response as a consequence of altered B-catenin transcriptional
activity [61]. Hence, controlling B-catenin degradation in the cytosol may regulate
hypertrophic signaling. Degradation of cytosolic p-catenin is activated by phosphorylation
of N-terminal serine/threonine residues through glycogen synthase kinase 3p (GSK) [62].
Phosphorylated p-catenin is ubiquitinated by the cullin-1 E3-ligase, SCF-E3p-TCP [62],
whereas unphosphorylated p-catenin translocates to the nucleus where it binds to TCF/LEF
transcription factors that regulate gene expression. Mice expressing a mutant p-catenin that
cannot be phosphorylated by GSK, and hence escapes ubiquitination via SCF-E3p-T"CP,
develop dilated cardiomyopathy and premature death [56], indicating that excess cytosolic
B-catenin is detrimental and highlights a role for its controlled degradation by SCF-E3p-TCP
for optimal cardiac function.

Connexin 43 (Cx43), localized at gap junctions, is the principal cardiac connexin in the
myocardium [51]. The degradation of Cx43 is an important mechanism for controlling the
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level of cell-cell communication and occurs at both the endoplasmic reticulum (ER) and the
intercalated disc [63]. Posttranslational modifications of connexins are important
determinants of their subcellular localization and degradation [63]. Prior to intercalated disc
trafficking, Cx43 has been shown to undergo quality control via the CIP75 (connexin-43
interacting protein 75kDa)-controlled endoplasmic reticulum associated degradation
pathway (ERAD) [64]. At the intercalated disc, connexins are removed through a number of
mechanisms including endocytosis, autophagy, and the UPS [63]. The reason for this
redundancy is not well understood, and merits further investigation.

Low Cx43 levels are an important feature in a variety of human cardiomyopathies [65] and
have been correlated with impaired ventricular conduction and sudden death in patients [66,
67]. Therefore, restoring Cx43 levels by modulating its degradation may alleviate disease
progression. Loss of Cx43 in the heart has been directly studied using cardiomyocyte
specific Cx43 knockout mice [68, 69]. These mice develop sudden cardiac death resulting
from ventricular arrhythmias [68, 69]. Although protein degradation pathways have not been
widely examined in these systems, studies in diabetic rat and in heat stressed
cardiomyocytes displaying downregulated Cx43 levels at the intercalated disc showed that
Cx43 levels could be restored upon treatment with the proteasome inhibitor ALLN [70, 71],
and further analysis showed that Cx43 degradation at the intercalated disc requires
ubiquitination through the E3-ligase Nedd4 [72]. These findings open the door to targeting
degradation pathways as a mechanism to restore Cx43 levels for the treatment of various
cardiomyopathies.

The Nucleus and Cardiac Pathologies

Increasing evidence suggests that UPS components can be found within the nucleus and
function to degrade proteins at this location [73] (Figure 2), including transcription factors,
which leads to changes in gene expression [74]. The best-characterized nuclear E3-ligase in
cardiomyocytes is MDM2 (murine double minute), which controls the degradation of the
pro-apoptotic transcription factor p53 [75]. Increased p53 levels are associated with human
heart failure [76] and pressure overload induced cardiac hypertrophy in mice [77]. MDM2
ubiquitinates p53 in the nucleus [78], resulting in its nuclear export and degradation [79].
p53 ubiquitination is enhanced by the MDM2 related protein MDM4 (MDMX) [79]. Mice
lacking MDM2 in cardiomyocytes are embryonic lethal due to constitutive p53 activity [80],
whereas mice lacking MDM4 in cardiomyocytes develop a p53-dependent DCM phenotype
[81]. These data confirm that controlled degradation of p53 by MDM2/MDMA4 is essential
for cardiomyocyte viability.

The MURF E3 ligases also control the degradation of transcription factors in the nucleus.
MUREFs localize predominantly at the sarcomere, although they translocate to the nucleus in
response to stress, allowing their interaction with SRF (serum response factor) [22, 55, 82].
This process results in the nuclear export of SRF and its subsequent degradation. Given the
role of SRF in the transcriptional regulation of hypertrophic growth in the heart [83], it is
thought that degradation of SRF by MURFs is an additional mechanism for their anti-
hypertrophic activity /n vivo [24]. MURF1 knockout mice, which display increased
hypertrophy in response to TAC and enhanced expression of SRF controlled genes, support
this hypothesis [24]. Modulating MURFs may allow simultaneous targeting of both
subcellular locations (sarcomere and nucleus) to protect against disease pathology.

In addition to transcription factors, nuclear UPS components are involved in degrading
nuclear lamin filaments and their associated proteins [84, 85]. Mutations in lamins cause a
large number of diverse human diseases, collectively known as laminopathies, including
Emery-Dreifuss Muscular Dystrophy (EDMD) and DCM [86, 87]. Pathogenic lamin
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mutations can lead to UPS deregulation, including aberrant activation of E3-ligases that
leads to the degradation of nuclear proteins including heterochromatin protein 1a [84].
Conversely, the lamin-A null mouse model accumulates SUN1, a direct binding partner of
lamin-A that has recently been linked to the pathogenesis of EDMD [85]. In this model,
reducing the levels of SUN1 via knockdown markedly improved cardiac and skeletal muscle
function and alleviated the EDMD phenotype [85]. These results suggest that modulating
E3-ligases may also improve cardiac function in laminopathy patients.

Specificity of Chemical Tools and Mouse Models to Dissect Protein
Degradation Mechanisms

Much of our current knowledge about the degradation of cardiac proteins has been acquired
with the help of inhibitors and genetically engineered mouse models. In addition to the
discussion below, Table 1 and Figure 3 summarize some of the most common inhibitors
used to target degradation machinery in cardiomyocytes.

UPS Inhibitors

The majority of proteasome inhibitors target the § subunits of the 26S proteasome [88],
including MG-132 and lactacystin, which have been widely used to investigate UPS
function [89, 90], and bortezomib (Velcade™), the only proteasome inhibitor currently
approved for therapeutic use [91]. Inhibitors against other subunits of the proteasome have
been developed, such as PR-39 and PR-11, peptides that target the a7 subunit of the 20S
proteasome [92]. In addition, small molecules have been developed that target other UPS
components, including specific E3-ligases. A good example of this selective approach is
P013222, a novel E3-ligase inhibitor that specifically inhibits MURF1 [93].

Inhibitors of Autophagy and the lysosome

The most widely used autophagy/lysosome inhibitors are methyladenine (3-MA),
bafilomycin A1, leupeptin, and chloroguine. 3-MA inhibits phosphoinositide 3-kinases
(P13K) to block production of phosphatidylinositol 3-phosphate [94], thereby indirectly
inhibiting recruitment of ATG proteins to the phagophore [95]. Lysosome inhibition is
achieved through a variety of mechanisms, all of which affect hydrolysis of lysosome cargo
and prevent fusion with endosomes. Bafilomycin-A1 acts on the vacuolar H*-ATPase to
inhibit acidification of the lysosome lumen and prevent activation of lysosomal enzymes
[96]. The anti-malaria agent chloroquine also prevents lysosomal acidification, thereby
inactivating lysosomal enzymes [71]. Leupeptin directly inhibits lysosomal proteases [70].
All lysosomal inhibitors alter the autophagic flux, leading to the accumulation of autophagic
vesicles. In the cell, this accumulation is reflected by a shift of the LC3-1/LC3-11 ratio
towards the autophagosome-associated LC3-11 form [97].

Genetically modified animal models

A major challenge for studying protein degradation mechanisms is the inability to monitor
and measure these dynamic, multi-step processes in real-time. This challenge has been
partially overcome by the development of genetically engineered mouse models (Table 1
and Figure 3) that allow for the easy detection of protein degradation through the UPS and
autophagy/lysosome systems in a variety of assays. The monitoring of autophagy has been
achieved by generating transgenic mice that express a GFP-tagged LC3 fusion protein [98],
or a tandem fluorescent MRFP-GFP-LC3 (tf-LC3) [99], the latter of which allows the
evaluation of the extent of autophagosome and autolysosome formation simultaneously.
Similar transgenic mice have been developed to examine UPS activity [100, 101]. These
mice express a constitutively active UPS degradation signal (Ubiquitin Gly76Val or degron
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CL1) fused with GFP, which act as artificial UPS substrates [100, 101]. Impairment of the
UPS results in the accumulation of GFP, the amount of which correlates with levels of
fluorescence. Transgenic mice expressing His-tagged ubiquitin allows for high-throughput
identification of ubiquitinated substrates via affinity purification and mass spectrometry
analyses [102]. Transgenic mice have also been generated to directly study the consequences
of both proteasome enhancement and deficiency [103, 104]. These include mice
overexpressing proteasome activator (PA) 28a [103] and mice overexpressing a peptidase-
inactivated mutant B 5 subunit of the 20S proteasome [104]. These animal models are
increasingly useful for characterizing cardiomyopathies, whose mechanisms are associated
with pathological changes to protein degradation machinery /n vivo.

Therapeutic Outlook for Altering Protein Degradation in Cardiac Disease

Previous attempts to develop therapeutics focused on modulating protein turnover
mechanisms globally within the cell. Recently, more selective approaches have been applied
that target specific components of the degradation machinery at specific locations.

Targeting the UPS

Several studies have demonstrated the efficacy of proteasome inhibitors for preventing or
alleviating symptoms associated with cardiomyopathies in animal models and cultured
cardiomyocytes [89, 105]. Bortezomib (distributed as Velcade™) has shown potential for
restoring cardiac function in patients with restrictive cardiomyopathy caused by cardiac
amyloidosis [106] and preventing doxorubicin induced cardiomyopathy [107]. Cx43 has
emerged as a prime target for proteasome inhibitors in the heart [108], due to its
physiological importance for cardiac function and aberrant expression in cardiomyopathies
[65]. Although the restoration of Cx43 levels has been achieved through proteasome
inhibition /in vivo [70], the general use of proteasome inhibitors for treating
cardiomyopathies needs to be balanced with respect to the negative side-effects caused by
their broad action [109, 110]. The mechanisms underlying these negative effects are not well
understood, however, data indicate that inhibiting the proteasome may lead to an
accumulation of misfolded proteins in cardiomyocytes that activate apoptotic signaling
pathways [111]. A more sophisticated therapeutic approach may be to target specific
components of the ubiquitin proteasome machinery. This approach has been applied by
using P013222, an inhibitor that prevents MURF1 auto-ubiquitination and the ubiquitination
of known MURF1 substrates [93]. Although enhanced protein degradation is associated with
some cardiomyopathies [112], proteasome functional insufficiency (PFI) is directly linked
with proteinopathies such as desmin-related cardiomyopathy (DRC) [2]. Enhancing UPS
function by upregulating the 11S-proteasome can protect mice from both DRC and
ischemia/reperfusion (I/R)injury [103], suggesting that therapies aimed at enhancing the
UPS may be useful for the aforementioned diseases.

Modulating Cardiac Autophagy

Although global inhibition of autophagy causes cardiomyopathy in mice due to apparent
cross-talk between autophagy and apoptotic signaling pathways [113], several studies have
shown the therapeutic potential of modulating autophagy. Phenylephrine- or pressure
overload-induced hypertrophy can be attenuated by inhibiting class-1 histone-deacetylases
(HDAC) through trichostatin-A (TSA), which reduces the cardiac autophagy that is required
for disease progression [114, 115]. Conversely, beneficial effects have been demonstrated
after treatment of cardiomyocytes with agents that indirectly increase autophagy. Rapamycin
offers pre-conditioning like protection against I/R injury by stimulating autophagy [116].
Similarly, propranolol and verapamil increase autophagy indirectly during adaptation of the
heart to a reduced cardiac output [117].
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Concluding remarks and future perspectives

A large body of evidence links deregulation of the UPS and autophagy pathways to a variety
of cardiomyopathies. It is increasingly apparent that this occurs principally at a number of
specific subcellular locations within cardiomyocytes including the sarcomere, intercalated
disc, sarcolemma, and nucleus. Hence, modulating protein degradation at these locations
may be a valuable therapeutic approach. Future studies need to focus on identifying E3-
ligases and/or chaperone proteins that localize specifically to subcellular compartments in
cardiomyocytes. ldentifying disease-relevant substrates will also allow for their controlled
degradation at the subcellular level. Increased emphasis will need to be placed onto
developing novel inhibitors for these unique E3-ligases and chaperones, as exemplified by
the MURF inhibitor P013222. Alternatively, molecules influencing regulatory co-factors of
E3-ligases (e.g. CSN-complex, substrate adaptors) should also be evaluated. This selective
approach holds huge promise for restoring levels of disease-linked proteins (e.g. p-catenin)
that perform multiple, localization dependent roles in cardiomyocytes. Given that global
inhibition of protein degradation systems can alleviate disease progression in
cardiomyopathies, the ability to modulate these processes more selectively offers huge
potential for the developing novel therapeutics, while avoiding negative side-effects.
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Cardiomyopathies The term cardiomyopathy describes a heterogeneous group of

diseases with various clinical etiologies that result in a
measurable dysfunction of the cardiac muscle. Cardiomyopathies
can be subclassified into dilated cardiomyopathies (DCM),
hypertrophic cardiomyopathies (HCM), restrictive
cardiomyopathies and arrhythmogenic cardiomyopathies/
dysplasias. Depending on disease etiology, cardiomyopathies can
be primary (affect the heart alone) or secondary (result of an
underlying condition), acquired (e.g. diabetic cardiomyopathy,
inflammatory myocarditis, side effect of cancer therapy) or
inherited (e.g. caused by mutations in cardiac genes).

Arrhythmogenic The diverse group of arrhythmogenic diseases, including
diseases arrhythmogenic cardiomyopathy, long QT syndrome or brugada

syndrome, is characterized by rhythm abnormalities of the heart.
Arrhyrthmogenic diseases can be caused by mutations to
transmembrane ion channels, of calcium regulatory proteins, and
of anchoring proteins (e.g. ankyrins). Clinically, arrhythmogenic
diseases may not necessarily present structural cardiac
abnormalities, but often lead to sudden cardiac death.

Desmin and desmin Desmin belongs to the group of type 111 intermediate filament
related proteins, and locates near Z-discs of cardiac and skeletal muscles.
cardiomyopathy Desmin related cardiomyopathies, sometimes also classified with

the term desminopathies, are caused by mutations to desmin and
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desmin-associated proteins (e.g. alphaB-crystallin), and result in
muscle myopathies of varying severities. Desminopathies are
associated with the formation of characteristic desmin aggregates

in muscles.
ERAD - ERAD is a quality control system for proteins that are generated
endoplasmic and folded at the endoplasmic reticulum. The ERAD system
reticulum associated consists of a multitude of proteins that identify, process and target
degradation misfolded proteins either for refolding or degradation through the
proteasome system.
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Figure 1. Pathwaysfor Protein Degradation and Regulation of E3-ligase Activity

A. Simplified schematic representation of the ubiquitin-proteasome (UPS) and autophagy/
lysosomal protein degradation systems. Attachment of ubiquitin to a substrate, and lipidation
of LC3 for autophagosome formation are achieved by enzymatic cascades that involve E1-,
E2- and E3-enzymes. Substrate poly-ubiquitination can be regulated through control of E3-
ligase activity (see also Figure 1B). Poly-ubiquitinated substrates are subsequently degraded
through the 26S proteasome complex in the UPS pathway, or through the p62/Nbrl
mediated selective autophagy pathway. Whole organelles undergo encapsulation in
autophagosomes in a process known as macro-autophagy.

B. Regulation of Cullin E3-ligase activity. Activation of cullin E3-ligases is achieved
through the TIP120A/B mediated assembly of cullins with co-factors Rbx1, Skpl and a
substrate specific linker protein. Posttranslational modification and subsequent activation of
cullins by Nedd8 (N8, neddylation) is achieved through an enzymatic process involving
APP-BP-1/UBAS3, UBC12 and DCN1/SCCRO (defective in cullin neddylation).
Deactivation of CRL is achieved by deneddylation through the COP9 signalosome (CSN),
whereby CSN5/JAB-1 exhibits the isopeptidase activity that cleaves nedd8 from the cullin
protein. Other CSN subunits have either structural and/or regulatory functions.
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Figure 2. Compartmentalization of Protein Degradation M echanismsin Cardiac Muscle
Schemata of protein degradation components and their known substrates within subcellular
compartments of cardiomyocytes. Characteristic localizations within cardiomyocytes are
subdivided into (I) the intercalated disc, (I1) the sarcolemma membrane, (111) the sarcomere/
cytoskeleton and (1V) the nucleus.
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Figure 3. Inhibitor s of the UPS and Autophagy/lysosome System and Tools used to investigate
UPS and Autophagy Function.

The actions of the various inhibitors at specific steps of the UPS and autophagy/lysosome
systems are indicated (refer to Figure 1 for more details of these pathways). Mouse
models that greatly improve the study of UPS action, autophagic flux and degradation
substrates are indicated. GFP-G76V — GFP-tagged ubiquitin Gly76Val mutation mouse line;
GFP-dgn — GFP-tagged CL1 degron mouse line. Refer to Table 1 for further details on
mouse models and mechanisms of inhibitor actions.
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Chemical tools and mouse models used in the investigation of protein turnover mechanisms and for

therapeutic applications.

Table 1

subunit of the
20S proteasome

Inhibitor/M odel Action Usage & Therapeutic potential | References
UPS MG-132 Peptidyl aldehyde Suppression of [89, 90]
Inhibitors inhibitor of the UPS cardiomyocyte
(B5 subunit of the hypertrophy
26S proteasome; Rescue of MyBP-C
reversible) protein levels
Clasto- Beta-lactone Rescue of MyBP-C [90]
Lactacystin inhibitor of the UPS protein levels
(B5 subunit of the
26S proteasome;
irreversible)
Bortezomib/PS- UPS inhibitor (85 Improved cardiac [106, 107]
subunit of the 26S function in restrictive
(Velcade™) proteasome; cardiomyopathy
reversible) Suppressed
doxorubicin induced
cardiomyopathy;
PR-11, PR-39 UPS inhibitor (a7 [92]
subunit)
P013222 MURF1 inhibitor [93]
Progenra Inc.
Autophagy | Bafilomycin-Al Autophagy/lysosome | Rescue of MyBP-C [90]
& inhibitor (inhibitor of | protein levels
Lysosome vacuolar type H+-
Inhibitors ATPase (V-
ATPase))
3-MA (3- Autophagy inhibitor; | Suppression of [118]
Methyladenine) Inhibits PI3K. reperfusion induced
Prevents recruitment | autophagy and
of ATG proteins to reduction of infarct size
the phagophore
Leupeptin Lysosome inhibitor; Remodeling of Cx43 in [70]
serine/cysteine diabetic rat heart
protease inhibitor
Chloroquine Lysosome inhibitor; Proteolysis of Cx43 in [71]
prevents lysosomal heat stressed
acidification cardiomyocytes
Mouse LC3 GFP mouse Genetically Measure autophagy [98, 99]
models tf-LC3 mouse engineered animal flux/activity
models
Ubiquitin reporter | Genetically Monitors UPS activity [100-102]
mice; engineered animal Purification of poly-Ub
His-tagged models proteins for mass-spec
ubiquitin analysis
transgenic mice
Mice Genetically Examine the [103, 104]
overexpressing engineered animal consequences of
proteasome models proteasome
activator (PA) inhibition/enhancement
28a;
Mice
overexpressing a
mutant p5
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