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Abstract

Intensive investigations into the pathophysiological significance of the proteasome in the heart did
not start until the beginning of the past decade but exciting progresses have been made and are
summarized here as two fronts. First, strong evidence continues to emerge to support a novel
hypothesis that proteasome functional insufficiency represents a common pathological
phenomenon in a large subset of heart disease, compromises protein quality control in heart
muscle cells, and thereby acts as a major pathogenic factor promoting the progression of the subset
of heart disease to congestive heart failure. This front is represented by the studies on the
ubiquitin-proteasome system (UPS) in cardiac proteinopathy, which have taken advantage of a
transgenic mouse model expressing a fluorescence reporter for UPS proteolytic function. Second,
pharmacological inhibition of the proteasome has been explored experimentally as a potential
therapeutic strategy to intervene some forms of heart disease, such as pressure overload cardiac
hypertrophy, viral myocarditis, and myocardial ischemic injury. Not only between the two fronts
but also within each one, a multitude of inconsistency and controversy remain to be explained and
clarified. At present, the controversy perhaps reflects the sophistication of cardiac proteasomes in
terms of the composition, assembly, and regulation, as well as the intricacy and diversity of heart
disease in terms of its etiology and pathogenesis. A definitive role of altered proteasome function
in the development of various forms of heart disease remains to be established.

Keywords

proteasome; heart disease; desmin-related cardiomyopathy; myocardial ischemia; cardiac
hypertrophy; myocarditis; diabetes

1. Introduction

The heart is arguably the only organ in the body that is constantly bearing heavy mechanical
work load, a high metabolic rate, a diverse array of neurohumoral regulations, and a variety
of stresses under physiological conditions, let alone during disease states. It is a challenge
for a polypeptide to attain and maintain its proper conformation in a beating heart.
Consequently, the heart is among a few organs in the body that are more susceptible to
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proteotoxic stress [1]. Therefore, protein quality control (PQC) is vitally important for the
heart [2—6]. As in other cells, PQC, both endoplasmic reticulum (ER) dependent and ER-
independent, is carried out by an elaborate collaboration between molecular chaperones and
targeted proteolysis. The latter is primarily carried out by the ubiquitin-proteasome system
(UPS) although the autophagy-lysosomal pathway may play a supplemental role in
removing misfolded proteins, especially insoluble ones [1,7,8]. Hence, from the PQC point
of view, normal proteasome function is essential to cardiac physiology. However, the role of
the proteasome in the heart is far more than just PQC. First, proteasome function is
important for the balanced turnover of functionally important cardiac proteins, such as gap-
junction related proteins and contractile proteins [9,10]. Second, proteasome affects
membrane receptors that regulate cardiac function, such as G protein coupled receptors.
Proteasome-mediated degradation can affect the functional states of receptors via degrading
components involved in the receptor trafficking [11], signaling coupling [12], and even
receptor proteins per se [13]. Third, proteasome function is involved in activation or
inactivation of many signal transduction pathways, such as NF-xB and p-catenin mediated
pathways [14—16]. These pathways play important roles in cardiac remodeling. Finally,
proteasome function is important in regulation of gene expression [17,18]. In the heart, in
addition to NF-kB and B-catenin, the proteasome mediates p53 degradation [19]. Increased
proteasome activities have been linked to accumulation of p53 and increased apoptosis in
disease hearts [20,21]. Altered proteasome-mediated degradation of transcription factor
GATA4 was found to be involved in cardiomyocyte injury [22].

In cardiac cells, efficient and well controlled protein degradation is critical to the removal of
the damaged and terminally misfolded proteins as well as to the regulatory degradation of
normal proteins to maintain intracellular protein homeostasis and thus the normal cardiac
function. On the other hand, pathological processes, such as ischemia, oxidative stress,
inflammation, and aberrant protein aggregation, can alter proteasome activities, which may
in turn contribute to the progression of the disease. In the past decade, studies have
increasingly revealed the alterations of proteasome function in a variety of heart disease [2—
4,23]. Generally, both increased and decreased proteasome activities have been reported in a
number of heart disease animal models and diseased human hearts. These inconsistency and
controversy are not surprising in considering the heterogeneity of heart disease, which is
usually progressively developed from different primary causes. Nevertheless, the emerging
evidence indicates that proteasome functional insufficiency (PFI) occurs in at least a school
of heart disease and may play pathogenic roles promoting disease progression [21,24-30],
while proteasome inhibition has shown some promise in pharmacological intervention of a
school of cardiac pathology [31,32].

2. Cardiac proteasomes

Until very recently, the understandings of the architecture, function, and regulation of
mammalian cardiac proteasomes are largely based on studies of non-cardiac cells and lower
eukaryotes such as yeast. Emerging studies mainly from Ping’s laboratory have provided
novel insight into the characteristics of cardiac proteasome composition and regulation
[33,34]. The proteomic analysis of proteasome complexes purified from murine hearts
reveals that cardiac proteasomes are much more sophisticated compared with those from
yeast and bear distinctions from other mammalian tissues as well [34,35].

The 20S subcomplex of cardiac proteasomes consists of all regular o and B subunits (ol
through a7 and g1 through B7). In addition, the three inducible B subunits (B1i, B2i, and B5i)
are also found in the heart. Therefore, compositions of the cardiac 20S complex can be quite
diverse. It is speculated that the diversity of 20S assembly may provide functional
specificity and selectivity. The importance of Bli in the heart was recently demonstrated in
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mice by gene targeting. Mice with germ-line ablation of the B1li gene were shown to lose
ischemia-preconditioning (IPC) induced cardioprotection. IPC-mediated degradation of
PTEN (phosphatase and tensin homologue deleted on chromosome 10) and activation of the
downstream protein kinase Akt were impaired in these mice [36].

In the 19S subcomplex from the heart, in addition to all the regular ATPase subunits (Rpt 1
through Rpt 6) and non-ATPase subunits (Rpn 1 through Rpn 12), a new alternatively
spliced isoform of Rpn10 (Rpn10b) is expressed along with its primary isoform Rpn 10a
[35].

In addition to 19S being an activator, the 11S and PA200 complexes also can bind to the
20S proteasome to enhance its function [37]. Heart tissues express less 11S proteasome
subcomplexes than liver [35]. PA200, although found in total heart lysates, was not detected
in the 26S or 20S proteasome preparations from the heart. These data suggest that the 11S
and PA200 may not play a major role in regulation of 20S activity in the heart under the
baseline condition. However, myocardial expression of 11S proteasomes was found to
increase in experimental diabetes [26]. The PI31 complex, an inhibitor of 20S proteasomes
[38,39], also seems to co-exist with the cardiac 26S proteasome complexes [34].

The proteolytic function of cardiac proteasomes is not only determined by the molecular
organization and structural assembly, but also regulated via posttranslational modification
and partner association of the proteasome. Using a new approach of in-solution isoelectric
focusing in a laminar flow, Drews et al. found that cardiac proteasomes exhibit different
molecular composition and proteolytic activity from those in the liver. For example, most of
cardiac proteasome components show an isoelectric point (pl) of 5.26, compared with the pl
of 5.05 for proteasomes from most other tissues, which may reflect the phosphorylation
complement of these proteasomes. In addition, cardiac 20S proteasome subpopulations
display distinct proteolytic activities [40,41]. These findings are echoed by a recent report
showing that the multiple subpopulations of cardiac proteasomes respond differently to the
same proteasome inhibitor [42].

Protein kinase A (PKA) and protein phosphatase 2A (PP2A) were found in purified murine
cardiac proteasome preparations, suggesting that PKA and PP2A may regulate the 20S
complex. Indeed, in vitro functional study revealed that PKA and PP2A can respectively
phosphorylate and dephosphorylate serine- and threonine-sites in multiple cardiac 20S
subunits. The PKA-induced phosphorylation increased the three peptidase activities of the
20S proteasome in a substrate-specific fashion [43]. A subsequent study by others with non-
cardiac cells further demonstrates that PKA positively regulates proteasome function
through phosphorylation of Ser120 of Rpt6 subunit of the 19S proteasome [44]. A recent
study suggests PKA activation enhances proteasome activities in canine hearts [45,46].

It is well known that ATP is required for both ubiquitination and proteasomal degradation.
Interestingly, Powell et al reported that the optimal ATP concentration for in vitro
proteasome peptidase activity assays is often lower than 100 uM and the in vitro proteasome
peptidase activities will go down when the ATP concentration used for the assay is beyond
the optimal level [47]. The optimal ATP concentrations are apparently lower than the
normal intracellular ATP level by a factor of >10 because the latter is in the low millimolar
range, depending on the cell types [48,49]. Geng et al subsequently reported the activation
of at least a subset of 26S proteasomes at critically low ATP levels and its contribution to
myocardial injury in cold ischemia [50]. These observations led to a provocative hypothesis
that the physiological levels of ATP may negatively regulate proteasome activities in the
cell, which has recently been tested and supported by a study from Liu and Wang’s
laboratories using cultured mammalian cells [51]. The mechanism underlying the negative
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impact of high ATP on the proteasome remains to be investigated but the implication of this
newly unraveled phenomenon is potentially far-reaching in terms of both a better
understanding of proteasome functional changes in pathological processes and the
development of new strategies to manipulate proteasome function to treat disease.

Collectively, emerging studies have revealed that compositions and organizations of
mammalian cardiac proteasomes are highly complex and diverse, suggesting functional
complexity, specificity, and selectivity. Cardiac proteasome activities can be regulated
through at least three mechanisms: synthesis and assembly of the proteasome complex,
interactions between the proteasome proper and associated partners, and posttranslational
modifications of proteasome subunits [34]. Because of these multiplicity and complexity in
structural composition and functional regulation, it is not surprising that alterations of
proteasome activities in heart disease are complex.

3. Proteasome functional insufficiency in cardiac proteinopathy

Like neural degenerative disease, cardiac proteinopathy is coined to describe a family of
heart disease with the presence of protein aggregates in heart muscle cells being the
pathological feature [1]. The most studied cardiac proteinopathy is unarguably desmin-
related cardiomyopathy (DRC). DRC is actually the cardiac manifestation of desmin-related
myopathy which is featured by the presence of desmin-positive protein aggregates in muscle
cells, including skeletal, cardiac, and sometimes smooth muscle cells. Desmin-related
myopathy is caused by mutations in the genes encoding for desmin (the muscle specific
intermediate filament protein) or its partner proteins, such as aB-crystallin (CryAB), and
myotiolin. These DRC-linked mutations often cause misfolding of their respective gene
products and/or affect the assembly and maintenance of desmin filaments [6]. Transgenic
(tg) mice with cardiomyocyte-restricted overexpression of human DRM-linked mutations,
namely a 7-amino acid (R172 through E178) deletion mutation of desmin (D7-des) or a
missense (R120G) mutation of CryAB (CryABR120G) recapitulate key aspects of human
DRM [52,53]. The tg mice carrying 3 copies of murine CryABR120G display no discernible
cardiac phenotype at 1 month but develop cardiac hypertrophy and diastolic malfunction at 3
month and CHF at 6 months [53], providing a reliable animal model for investigations into
the pathogenesis and experimental intervention of cardiac proteinopathy [54-57].

Ubiquitin-proteasome system proteolytic function was vigorously assessed, and PFI has
been revealed, in both D7-des and CryABR120G tg mouse hearts [27,58], which provides the
first unequivocal demonstration in intact animals that expression of misfolded proteins leads
to PFI. Notably, UPS function in both cases was assessed using a tg mouse model of
ubiquitous expression of a previously validated UPS-specific surrogate substrate engineered
by modifying an enhanced green fluorescence protein (GFP) via carboxyl fusion of degron
CL1, referred to as GFPdgn [59]. Changes in GFPdgn protein stability reflect inversely the
status of UPS proteolytic function. When introduced into CryABR120G mice, GFPdgn
accumulation occurred in the heart before 1 month and became more pronounced as the
animal was ageing even though all the three proteasome peptidase activities were markedly
increased. Further evaluation suggests that insufficient 19S proteasome function may be the
immediate cause of PFI developed in DRC mouse hearts. Inhibition of protein aggregation
via overexpression of molecular chaperones or administration of pharmacological agents
significantly diminished the ability of overexpression of these mutant proteins to accumulate
the surrogate substrate in cultured heart muscle cells [58,60]. This not only confirms that
protein aggregation is sufficient to impair proteasome function, as observed previously in
other cell types [61], but also proves for the first time that aberrant protein aggregation is
required for the mutant desmin or CryABR120G to impair the proteasome in heart muscle
cells. It should be pointed out that comparable or even greater overexpression of wild type
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desmin or CryAB transcripts does not lead to increases in the level of total ubiquitinated
proteins, proteasome peptidase activities, or GFPdgn accumulation in mouse hearts [27,58],
indicating that it not simply the amount of protein load but rather the misfolding nature of
the protein that causes PFI.

Desmin-related cardiomyopathy is not common but the pathophysiological significance of
PFI observed in DRC mice is potentially far reaching. This is because aberrant protein
aggregation at least in the form of pre-amyloid oligomers formation has been observed in
most failing human hearts with hypertrophic or dilated cardiomyopathy [56]. Aberrant
protein aggregation was also implicated in a mouse model of hypertensive cardiomyopathy
which is the second most common cause of CHF [62]. Therefore, PFI may occur during
development of a large subset of human disease to CHF. Indeed, increased levels of
ubiquitinated proteins have been observed in failing human hearts resulting from dilated
cardiomyopathy or ischemic heart disease [63]. The latter is the most common cause of
CHF. Increased ubiquitinated proteins have been observed virtually in all animal models of
primary heart disease no matter whether altered proteasome peptidase activities were
measured or not [1]. Ubiquitinated proteins are generally degraded very efficiently by the
proteasome in normal cells. Hence, an increase in the steady level of ubiquitinated proteins
in the cell is usually indicative of PFI. Interestingly, this notion was challenged by a recent
report claiming that the accumulation of ubiquitin conjugates in mouse brains
overexpressing disease-linked poly-glutamine happens without other evidence of global
impairment of the UPS, based on the failure to detect an increase in the protein level of a co-
expressed proteasome reporter substrate (UbG76V-GFP) [64].

A major concern we raise on the report by Maynard et al. is that they failed to rule out the
possibility that a decrease in the synthesis of the reporter could have rendered the unchanged
UbC76V_GFP protein level in the face of UPS impairment. In fact, the data on one of the
reporter gene products suggest that the synthesis of the reporter was significantly decreased,
which argues against the conclusion of paper, but the author missed a more complete and
convincing interpretation of the data in its entirety. This is because as revealed by the
western blot analyses, the reporter transgene gives rise to at least two main protein products:
a larger one and a smaller one. The former is degraded by the proteasome but the latter is
not; therefore, only the larger product can be used as the intended reporter for proteasomal
function. Compared with the controls, the level of the larger protein product in the mouse
brains expressing tg poly-glutamines remained unchanged but its smaller cousin displayed a
consistent and remarkable decrease. The author interprets the decrease of the smaller tg
product as a probable result of increased degradation from a unknown proteolytic pathway
[64]. However, the data can be more reasonably interpreted as that the transcription and/or
translation of the reporter transgene were significantly decreased in the poly-glutamine-
expressing brains. This decrease has led to the decrease in the shorter tg protein product
whose degradation is not affected by proteasome impairment, whereas the accumulation of
the larger tg product by impaired UPS proteolytic function had been masked by the
decreased synthesis of the reporter gene. This alternative interpretation is consistent with
transcription dysregulation previously described in poly-glutamine disease [65], as well as
the known intertwining regulations between the proteasome and gene expression in general
[66,67]. Therefore, the challenge raised by the report of Maynard et al. against considering
accumulation of ubiquitinated proteins in the cell as a sign of PFI is very debatable.

In addition to bona fide misfolded proteins, some other mutant proteins such as some
familial hypertrophic cardiomyopathy-linked mutations of cardiac myosin binding protein C
were also shown to cause PFI in cultured heart muscle cells or the heart [68,69].
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As the primary proteolytic machine to remove misfolded proteins in the cell, the proteasome
plays a critical role in PQC. PFI can obviously lead to PQC inadequacy, but this can be
compensated to some extent by activation of autophagy. Elegant work from Hill’s laboratory
has recently shown that autophagy was activated as a protective mechanism against
CryABR120G pased DRC in mice [70]. Nevertheless, as mentioned above, the accumulation
of aberrant protein aggregates and ubiquitinated proteins seen in CHF resulting from a
variety of primary heart disease suggests strongly that the PQC inadequacy as a result of PFI
is a common phenomenon in the progression of these diseases to CHF. Inadequate PQC
allows more misfolded proteins to escape from surveillance and triggers more protein
aggregation which in turn impairs the proteasome, thereby forming a vicious circle.
Experimental studies have repeatedly shown that the sufficiency of the expression of
misfolded proteins and resultant aberrant protein aggregation to cause the heart to fail
[52,53,71,72]. Therefore, PQC inadequacy has been proposed as a major pathogenic factor
in the development of CHF [1,2,6].

As illustrated in Figure 1, the center of this evolving PQC hypothesis of CHF is PFI. In
addition to be supported by the experimental studies described above, this hypothesis is
increasingly backed up by clinical evidence, including the development of cardiac
dysfunction in some patients receiving proteasome inhibitors for cancer treatment and the
positive identification of autoimmunity against proteasome subunits in some dilated
cardiomyopathy patients [28,73-75].

The mechanisms by which PFI induces cardiac dysfunction can be multiple. The imbalance
of protein synthesis and degradation and the accumulation of abnormal proteins in the heart
can impact heart muscle cell structure, function, and fate. For example, PFI reduced the
degradation of p53 and Bax, the pro-apoptotic proteins in the heart, which may contribute to
cardiomyocyte apoptosis in heart failure [21,76]. In addition, PFI may alter the activation of
some signaling pathways that are involved in cardiac remodeling and dysfunction. In a
recent study [30], for example, we found that PFI activated the calcineurin/NFAT (Nuclear
Factor of Activated T-cells) pathway, a pivotal pathway that mediates cardiac remodeling
and dysfunction [77]. Our data show that inhibition of 20S proteasomes stimulated NFAT
nuclear translocation in mouse hearts and cultured adult mouse cardiomyocytes in a
calcineurin-dependent manner. We further revealed that calcineurin protein levels and
NFAT transactivation were markedly increased in the heart of a mouse model of DRC and
that expression of an aggregation-prone mutant desmin also directly increased calcineurin
protein levels in cultured cardiomyocytes. Moreover, we demonstrated that
pharmacologically induced systemic proteasome inhibition was sufficient to cause cardiac
hypertrophy and facilitated maladaptive remodeling of a pressure overloaded heart [30].
These findings indicate that PFI-induced activation of calcineurin-NFAT signaling pathway
may contribute to cardiac remodeling and dysfunction in DRC hearts and other
cardiomyopathy in which PFI is present.

4. Proteasomes in ischemic heart disease

It has been reported that myocardial ischemia causes loss of proteasome activities. In vivo,
after 30 minutes of occlusion of the anterior descending branch of left coronary artery, the
trypsin-like activity of 20S proteasomes in heart tissues was significantly reduced [24].
Furthermore, the loss of proteasome activity was also found in isolated heart with ischemia/
reperfusion (I/R) [78].

It is well known that myocardial I/R causes a robust increase in the level of reactive oxygen

species (ROS) that is responsible for I/R injury. There is a good body of evidence that ROS
can inhibit proteasome function [79]. A recent in vitro study showed that oxidative
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modification of the 20S subunits resulted in changes in the 2D gel electrophoresis pattern of
proteasome subunits that were associated with reduced 20S proteasomal activity [80]. In
addition to the 20S, it was also found that the 19S ATPase subunit Rpt6 was very sensitive
to oxidative stress [81,82]. Therefore, the oxidative modification of proteasome subunits is
at least one of the mechanisms of proteasome impairment observed in myocardial ischemia
and I/R injury.

In addition, myocardial ischemia results in ATP depletion in the heart tissue [83]. Since
proteasome-mediated proteolysis is ATP-dependent, ATP depletion could well be a cause of
reduced proteasome function in ischemic heart disease [4,47].

The proteasome is responsible for degrading apoptosis associated proteins [84]. It has been
found that inhibition of proteasome accumulates pro-apoptotic proteins, including p53
[20,21,85], Bax [21], and PKC5 [86]. Indeed, proteasome inhibition increases apoptosis in
ischemic hearts [87]. Therefore, the inhibition of proteasomal function during ischemia and
I/R injury may be detrimental, at least partially due to increases in cardiomyocyte apoptosis.
This possibility is well demonstrated by recent studies using cardiac IPC models [88,89].
Data from these studies show that IPC, known as its protective effect against cardiac I/R
injury, can prevent oxidative inhibition of 26S proteasomes in the heart, which is
accompanied with reduced accumulation of pro-apoptotic proteins. Conversely,
pretreatments with proteasome inhibitors diminish the cardio-protection of IPC, associated
with increased accumulation of pro-apoptotic proteins, in I/R hearts. These data further
suggest that preservation and restoration of proteasomal function is important during cardiac
ischemia and I/R.

Conversely, it has been found that treatments with proteasome inhibitors reduced infarct size
and preserved cardiac function in myocardial I/R [90,91]. This protective effect was thought
to be associated with the inhibition of inflammatory response [29,92]. It is known that
during I/R, the NF-«xB pathway is activated, resulting in the increased inflammatory
cytokines, such as TNFa and IL-6, which deteriorate tissue damage [93]. UPS-mediated
degradation of inhibitory protein 1B is required for the activation of NF-«xB [15,94].
Therefore, the beneficial effect of proteasome inhibition seen in I/R may reflect an indirect
effect via inhibition of the activation of NF-xB and thus the reduction of inflammatory
response in the lesion area.

It is unclear how to unify these contrary findings, the inhibited proteasome activities versus
the protective effect of proteasome inhibition in myocardial I/R. Interestingly, a study
showed that treatments with the low or high concentrations of an oxidative reagent,
peroxynitrite, respectively increased or decreased the activities of purified 20S proteasomes
in vitro. Furthermore, in the in vivo experiment, the treatment with an oxidative reagent
peroxynitrite for 6 hours induced an increase in proteasome function, while after 24 hours of
the treatment, the proteasome activity was inhibited [95]. These data suggest that the
different extents and/or durations of oxidative exposure to the proteasome in myocardial I/R
may cause a dual-effect on proteasome function. Based on this notion, it is possible that at
the early stage of myocardial ischemia, oxidative modification may increase proteasome
activities, which may be involved in activation of the NF-xB signaling pathway and thus
inflammatory responses. With a longer time and more severe oxidative modification, on the
other hand, the proteasome activity is inhibited. It is reasonable to presume that proteasome
inhibition could serve as a compensatory mechanism in response to the robust activation of
NF-xB and inflammatory reactions in I/R hearts. However, given the broad and critical
function of proteasomes on protein degradation, the long term inhibition of the proteasome
could be detrimental, particularly when damaged proteins are increased in I/R. Indeed, a
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recent study indicates that pre-perfusion with the tocotrienol-rich fraction of palm oil
produced protective effect in isolated hearts with I/R via proteasome stabilization [96].

5. Altered proteasome function in load-dependent heart disease

Being terminally differentiated, adult heart muscle cells are unable to divide. Instead, they
grow bigger in individual cell size via a process known as cardiac hypertrophy, in response
to increased workload. By the Law of Laplace, the increased ventricular pressure due to
hypertension will increase the wall tension (stress), whereas an increase in ventricular wall
thickness (hypertrophy) can reduce the wall tension to counter ventricular pressure overload.
While physiological cardiac hypertrophy induced by exercise is considered a adaptive
response, pathological hypertrophy, as seen in hypertension, heart valve disorders, and other
cardiovascular illness, are maladaptive and will ultimately lead to CHF [97]. Cardiac
hypertrophy involves alterations in both protein synthesis and degradation [98]. It remains
controversial whether proteasome function during pressure-overloaded cardiac hypertrophy
is insufficient or not.

It was found in an earlier study using transverse aortic constriction (TAC) induced cardiac
hypertrophy in mice that all 3 peptidase activities of the proteasome began decreasing at 2
weeks after TAC, before the onset of cardiac dysfunction. At 4 weeks when heart failure
occurred, the decrease in proteasome activities became more pronounced. Consequently,
there were progressive increases in ubiquitinated proteins in the heart from 2 weeks to 4
weeks after TAC [21]. Through immunohistochemistry analyses, this study also showed
increased ubiquitinated proteins in human failing hearts. It is therefore suggested that
decreased proteasome function may be involved in the development of cardiac hypertrophy
and heart failure, supporting the PQC hypothesis [1].

It is not clear how proteasome function is impaired in the load-dependent heart disease.
Studies using MRNA microarrays showed a down-regulation of some a and B subunits of the
20S proteasome in heart tissues from CHF patients compared with those from healthy
donors [99,100], suggesting that the impaired proteasome function can occur at the
transcriptional level. Interestingly, recent clinical studies show that the treatment to reduce
heart load (unloading) in CHF patients increases 20S proteasome expression and activities
and decreases ubiquitinated protein concentration compared with before treatment [101-
103], suggesting that the cardiac overload inhibits proteasome expression and function. In
addition, the increased abnormal protein aggregates may contribute to the inhibition of
proteasome activity in load-dependent heart diseases [23]. Moreover, it is known that ROS
are increased and play a role in development of CHF. It is conceivable that the increased
ROS may modify and inhibit proteasome subunits in failing hearts, as seen in other
conditions such as ageing and Alzheimer’s disease [104,105]. This possibility is supported
by a recent study that investigated proteasomal function in human heart failure and
hypertrophic cardiomyopathy [106]. Data from this study show that proteasome activities
were markedly reduced in failing and hypertrophic hearts, which were partially restored
after mechanical unloading. While there were no changes in the protein contents of 11S,
19S, and 20S proteasomes, total protein carbonyls, 4-hydroxynonenylated proteins, and
oxidative modification of 19S ATPase subunit Rpt5 were increased in failing hearts
compared with the non-failing hearts. These data provide evidence that posttranslational
modifications to proteasome subunits may account for proteasome inhibition and defective
protein degradation in human failing hearts.

Notably, there are also experimental reports showing that proteasome activity is increased in
pressure-overloaded cardiac hypertrophy. In a study using a canine model with chronic
pressure overload induced by aortic banding, the transcript and protein levels of some
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proteasome subunits, as well as proteasome activities were shown to increase in the inner
layer but not the outer layer of the hypertrophic left ventricle wall [107]. Furthermore,
pharmacologically induced proteasome inhibition was shown in rodents to reduce pressure-
overload cardiac hypertrophy and protect against cardiac remodeling [108-111].
Understandably, cardiac hypertrophy/remodeling requires proteolysis to tear down the
existing structure, namely sarcomeres, for building up new ones in heart muscle cells. The
degradation of most sarcomeric proteins is via the UPS [2,112]. Moreover, the UPS
functioning properly is necessary for efficient transcription and translation that are increased
during cardiac hypertrophy. Therefore, it is not surprising that proteasome inhibition can
block or slow down the hypertrophy and remodeling processes. What was unexpected is that
these reports present data seemingly arguing against the importance of PQC in pressure-
overloaded hearts. They observed that chronic and quite severe proteasome inhibition did
not seem to adversely affect cardiac function but rather in some cases appeared to be
beneficial to the diseased heart. As mentioned earlier, proteasome function is critical to the
activation of the NF-«B signaling pathway at multiple steps [15,113]. The activation of NF-
kB is involved in cardiac hypertrophy and remodeling [114,115]. Hence, one proposed
mechanism for the protection of proteasome inhibition is reducing NF-«xB activation during
the maladaptive hypertrophy and heart failure [32]. Another potential explanation is that
chronic proteasome inhibition activates autophagy which in turn compensates for the
reduced proteasome function to maintain PQC. This attractive hypothesis has not been
directly tested but is consistent with previous findings from a similar and a different cardiac
pathological condition [62,70]. It should be pointed out that a true outcome study on chronic
proteasome inhibition treatment to load-dependent cardiomyopathy or most other
cardiomyopathies using mortality or lifespan as the endpoint has not been reported. It is also
noted that the no-harm or beneficial effects of whole-body pharmacological inhibition of
proteasomes observed in rodent models provide valuable information for therapeutic
exploration but may not necessarily stand against a potential pathogenic role of
cardiomyocyte-restricted PFI implicated in a large subset of heart disease. To define the
latter, proteasome inhibition targeted specifically to cardiomyocytes is required but has not
been reported yet. As indicated earlier, many studies on humans do suggest non-desirable
cardiac effects of proteasome inhibition, especially when the patients are elderly or have
preexisting heart conditions [28,73-75].

6. Enhanced proteasome proteolytic function in doxorubicin cardiotoxicity

Doxorubicin (Dox) is a potent anticancer agent that belongs to the anthracycline family
[116]. Its major side effect is cardiotoxicity when used as anti-malignance agent, preventing
Dox from being more effectively or broadly used [117,118]. To date the mechanism by
which Dox induces cardiotoxicity remains poorly understood. Recent studies indicate that
Dox can increase proteasome activities in cultured heart muscle cells and the heart of intact
animals, raising a possibility that the excessive proteasome activation may be a mediating
factor for Dox cardiotoxicity [119]. Using the GFPdgn reporter mice, Wang’s laboratory
was able to show that the administration of Dox significantly reduced GFPdgn protein level
compared with the control group. Consistent with the in vivo study, treatment with Dox in
culture cardiomyocytes from adult GFPdgn mice significantly reduced GFPdgn protein in a
dose-dependent manner. This effect was completely abolished by proteasome inhibitors
[59]. In line with this study, Liu et al. have investigated further the mechanism underlying
the effect of Dox on proteasome function [120]. In a 3T3 cell line stably expressing a
proteasome function reporter (GFPu) that was engineered similarly to GFPdgn [61],
treatment with Dox enhanced the degradation of GFPu via increasing proteasome activities.
Moreover, Dox treatment increased E3 ligase CHIP (carboxyl-terminus of heat shock
protein cognate 70) via a posttranscriptional mechanism [120]. These data suggest that Dox
increases UPS function by acting on both the ubiquitination apparatus and the proteasome.
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Dox-induced increase in proteasome activities were also suggested by other studies. Nuclear
factor-activated T cells 5 (NFATS5) is a ubiquitously expressed transcriptional factor. Dox
treatment was found to decrease the protein level, but not the mRNA level, of NFAT5 in
cultured cardiomyocytes. This effect was prevented by the proteasome inhibitor, MG-132,
or proteasome-specific inhibitor 1, suggesting that Dox increases NFAT5 degradation via
enhancing proteasome activities [121]. Another study indicated that Dox treatment induced
apoptosis in K562 erythroleukemic cells via enhancing proteasome activities. This study
further revealed that Dox increased 26S proteasome function by inducing the changes in
composition and phosphorylation of proteasome subunits [122].

It will be interesting and important to test whether proteasome inhibition prevents or
attenuates Dox cardiotoxicity in intact animals. Further investigation of the mechanisms of
Dox-mediated activation of the proteasome may not only provide insight into the Dox
cardiotoxicity but also shed light on the development of benign pharmacological agents to
enhance proteasome function. The latter have a great therapeutic potential to disease with
PFI being a major pathogenic factor although Dox itself obviously cannot be used for that
purpose.

7. Proteasomes in viral myocarditis and other cardiac disorders

As discussed in a recent comprehensive review by Luo et al. [123], the role that proteasome-
mediated proteolysis plays in the pathogenesis of viral myocarditis is quite unique,
compared with that in most other types of heart disease. Viral myocarditis is caused by
persistent viral infection in the heart. The infection can cause cardiac inflammation,
remodeling, dysfunction, and even CHF [124,125]. Proteasome function is involved in viral
replication and therefore important to the effectiveness of viral infection [123]. One of the
major viruses that cause myocarditis is coxsackie virus B3 (CVB3) [126]. In a CVB3-
induced murine myocarditis model, the formation and activity of immunoproteasomes was
observed in the heart, which was believed to contribute to the increased cardiac
inflammatory response [127]. Treatment with proteasome inhibitor attenuated CVB3-
induced myocardial damage [128], suggesting that the abnormal proteasome function may
play a pathogenic role in the myocardial damage of viral myocarditis.

Diabetes is a growing risk factor of heart disease [129-131]. Diabetic cardiomyopathy is
characterized as cardiac remodeling and dysfunction that are independent of diabetes-
induced coronary arterial diseases, hypertension, or renal dysfunction [131]. Hyperglycemia,
increased ROS, and perhaps other altered metabolic factors present in diabetes can cause
protein glycation, oxidation, and cross-linking. Accumulation of these abnormal proteins in
the heart may contribute to diabetic cardiomyopathy. It is unknown if the accumulation of
these abnormal proteins is associated with inadequate protein degradation. An in-depth
study on proteasome alterations in diabetic hearts has not been reported yet but both
increased and decreased proteasome function were implicated in diabetes. It appears that
hyperglycemia and hyperinsulinemia of diabetes can increase UPS function, which may be
responsible for endothelial damage and atherosclerosis as well as muscle wasting in diabetes
[132]. On the other hand, it was reported that proteasome activities were inhibited in the
heart of rats with streptozotocin induced diabetes [26]. Increased ROS is also a major
pathogenic factor in diabetes. Therefore, it is conceivable that oxidative modification of
proteasome subunits may play a role in altering proteasome function in diabetes. The role of
proteasome dysfunction in diabetic cardiomyopathy remains to be determined.

Ageing related cardiac malfunction is characterized as cardiac hypertrophy, fibrosis, and
increased ventricular stiffness [133]. As with other organs and systems, ageing related
decreases in proteasome function in the heart have been described [134]. It is believed that
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the attenuated proteasome function is responsible for accumulation of oxidized proteins in
the aged heart [134]. Notably, a recent study indicates that reduction of oxidized proteins in
the heart by dietary restriction is due to preservation of proteasome function [135]. Ageing is
associated with an increased ROS [136], which is involved in aging associated degenerative
diseases [105]. The previously described ROS-induced modifications of proteasome
subunits may play a role in the alteration of proteasome function in ageing [137].
Intracellular accumulation of large aggregates of oxidized proteins (e.g., lipofuscin)
increases in aged hearts. Powell et al. demonstrated that exposure of heart muscle cells to
lipofuscin-like materials in culture causes apoptosis as a result of impaired proteasome
function [138].

8. A summary and future prospects

Although intensive investigation in the (patho)physiological significance of the proteasome
in the heart has not begun until very recently, exciting progresses have been made. On one
hand, evidence is mounting to support the central hypothesis that PFI represents a common
pathological phenomenon in a large subset of heart disease, compromises PQC in the heart,
and thereby acts as a major pathogenic factor in the progression of the heart disease to CHF.
On the other hand, pharmacological inhibition of the proteasome is experimentally
implicated as a potential therapeutic strategy to intervene several categories of heart disease,
such as pressure overload cardiac hypertrophy, viral myocarditis, doxorubicin
cardiotoxicity, and perhaps myocardial ischemic injury. Not only between the two fronts but
also within each one exists a multitude of unexplained inconsistency and controversy, which
may eventually be clarified in many cases as the field is being advanced but, at the present
time, may just be a natural reflection of the sophistication of cardiac proteasomes in terms of
the composition, assembly, and regulation, as well as the intricacy and diversity of heart
disease in terms of its etiology and pathogenesis.

The research into the role of the proteasome in heart disease is still in its infancy. Advances
in fundamental understanding on the mechanisms that harmonize or disharmonize
proteasome function and heart function will no doubt open new chapters of cardiac
physiology and pathophysiology and promote the search for new measures that prevent or
more effectively treat heart disease. Practically, two imminent hurdles to experimentally
addressing some of the most important questions are the lack of a reliable genetic model of
heart-restricted proteasome inhibition as well as a benign method to enhance proteasome
function. Lifting these hurdles will surely accelerate research in this important area and
bring great potential to develop new ways to fight more effectively against heart disease, the
number one cause of death in the developed countries and a major health problem of
mankind.
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Figure 1. An illustration of the hypothesis that proteasome functional insufficiency contributes to
cardiac dysfunction

Under stress conditions, the increased production of abnormal proteins overwhelms the
proteasome and the resultant aberrant protein aggregation impairs proteasome proteolytic
function, leading to proteasome functional insufficiency (PFI). PFI in turn accumulates
misfolded proteins, thereby forming a vicious cycle between accumulation of misfolded
proteins and PFI. PFI can induce cardiomyocyte dysfunction and/or cardiomyocyte death
and the dysfunctional cardiomyocytes produce more misfolded proteins, thereby forming a
vicious cycle between cardiac dysfunction and PFI. Aberrant protein aggregation and/or PFI
activate the autophagy-lysosome pathway, which may help relieve proteotoxic stress and
attenuate PFI induced cardiomyocyte dysfunction. The legend for the symbols is shown in
the box at far left. (Adopted from Su and Wang Cardiovasc Res 2010; 85; 253-262.
Permission will be sought from the publisher.)
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