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Summary

In the cell, the proteasome and lysosomes represent the most important proteolytic machineries,

responsible for the protein degradation in the ubiquitin-proteasome system (UPS) and autophagy,

respectively. Both the UPS and autophagy are essential to protein quality and quantity control.

Alterations in cardiac proteasomal and lysosomal degradation are remarkably associated with most

heart disease in humans and are implicated in the pathogenesis of congestive heart failure. Studies

carried out in animal models and in cell culture have begun to establish both sufficiency and, in

some cases, the necessity of proteasomal functional insufficiency or lysosomal insufficiency as a

major pathogenic factor in the heart. This review article highlights some recent advances in the

research into proteasome and lysosome protein degradation in relation to cardiac pathology and

examines the emerging evidence for enhancing degradative capacities of the proteasome and/or

lysosome as a new therapeutic strategy for heart disease.
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1. Introduction

Defining how the protein complement of the heart is regulated remains fundamental to our

ability to productively identify the processes and proteins that underlie normal and abnormal

cardiac function. As heart disease remains the most common cause of death and significant

disability worldwide, it is imperative that we understand the mechanistic bases that are
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responsible for controlling the normal and abnormal protein complements of the different

cell types that make up the heart [1]. Protein homeostasis (also known as proteostasis) is the

sum total of protein synthesis (translation), post-translational processing and transport,

folding, assembly and disassembly into macromolecular complexes, stability and clearance

[2]. Protein degradation by either proteasomes or lysosomes plays indispensable roles in

protein quantity and quality control in the cell; therefore, proteasomal and lysosomal

function is essential to proteostasis (Figure 1) [3]. Generally, the proteasome can degrade

individual cellular proteins in a highly targeted fashion via the ubiquitin-proteasome system

(UPS) while lysosomes degrade cytoplasmic components, including some individual

proteins, protein aggregates, and defective or surplus organelles, through autophagy.

Both the UPS and autophagy have increasingly attracted attention from cardiovascular

researchers in the past decade. Many aspects of these degradative and quality control

pathways are covered elsewhere in this Special Issue. Exciting progress in elucidating the

pathophysiological significance of protein degradation and protein quality control in heart

disease has occurred in the past several years; this review will serve to highlight recent

advances in proteasomal and lysosomal protein degradation with respect to cardiac

pathogenesis, with the primary focus on proteasomes.

2. The proteasome

The UPS is responsible for the degradation of most cellular proteins, native or misfolded. As

illustrated by Figure 2, UPS-mediated proteolysis is highly regulated and is capable of target

degradation of individual protein molecules in an ATP-dependent manner. The targeting

property is conferred by the ubiquitination step, which covalently attaches one ubiquitin

(Ub) or a chain of Ub proteins to the side chain of a lysine residue of the target protein

molecule. Ubiquitination is catalyzed sequentially by the Ub activating enzyme (E1), Ub

conjugating enzymes (E2), and Ub ligases (E3). The E3 is substrate-specific and therefore

its function determines the specificity of UPS-mediated protein degradation. Ubiquitination

is countered by deubiquitination, which is catalyzed by deubiquitinases (DUBs). Poly-

ubiquitinated proteins can be recognized and delivered by Ub receptors to the 26S

proteasome where the substrate is de-ubiquitinated, unfolded, and degraded [4].

The proteasome may be considered as a specialized organelle for targeted degradation of

most cellular proteins [5, 6]. These large multi-subunit proteolytic machines are found in the

cytosol, both free and attached to the endoplasmic reticulum (ER), and in the nucleus of

eukaryotic cells [7]. It is generally believed that a functional proteasome in the cell is

composed of two parts: a 20S proteasome and the regulatory particle (RP) that binds at one

or both ends of the 20S (Figure 2). The 20S proteasome is an axial stack of four rings: two

inner antiparallel β rings flanked by two outer α rings. Each β ring harbors 3 protease

subunits: β1, β2, and β5, with the proteolytic activities restricted to the inner chamber

formed by the two β rings. The α rings function to gate the entry of the substrates into the

proteolytic chamber. Some reports show that the 20S can selectively degrade damaged/

oxidized proteins [8], but this remains controversial. It is generally accepted that RP is

required for proteasomal protein degradation. The RP can be the 19S proteasome, the 11S

proteasome, or both [9]. The 19S associated 20S proteasome (ie, the 26S) is the most studied
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and is believed to mediate housekeeping protein degradation. The degradation of a

polyubiquitinated protein requires the 19S, which recognizes and binds the

polyubiquitinated substrates directly or via extra-proteasomal Ub receptors, deubiquitinates

the substrate for Ub recycling, and unfolds the substrate and channels the unfolded

polypeptide into the 20S proteasome where peptide cleavage takes place. Some

polyubiquitinated proteins are recognized and bound to the intra-proteasomal Ub receptors,

including Rpn10/S5a and Rpn13/ARM1. Rpn10 and Rpn13 harbor UIM (Ub interacting

motif) domains and a Pru (pleckstrin-like receptor for Ub) domain, respectively; hence, they

can recruit nearby polyubiquitinated proteins to the proteasome [10]. However, the

recruitment of remote ubiquitinated proteins to the 26S is proposed to be performed by

extra-proteasomal Ub receptors, which must be able to bind both ubiquitinated proteins and

the 19S [10]. The UBL-UBA family proteins, including Ubiquilin1 and the mammalian

homologs of Rad23 and Ddi1, are ideally suited to serve as shuttling receptors. They have a

Ub-like (UBL) domain at N-termini and Ub associated (UBA) domain(s) at C-termini [11].

The UBA binds poly-Ub while the UBL can interact with the 19S via the UIM of

RPN10/S5a [12]. Myocardial Ubiquilin1, a bona fide extra-proteasomal Ub receptor, was

markedly upregulated in a mouse model of desmin-related cardiomyopathy (DRC) induced

by cardiac overexpression a 7-amino-acid (R172~E178) deletion mutant desmin (D7-des)

[4]; however, the pathophysiological significance of any potential Ub receptors in the heart

have yet to be investigated. It will be important to fill this void because an apparent

uncoupling between ubiquitination and proteasomal degradation is frequently suggested by

the co-existence of increased total ubiquitinated proteins with normal or even increased

proteasome peptidase activities in the heart under many pathological conditions, such as

DRC, pressure overload, and myocardial infarction [13–16].

Either heteropolymerization of PA28α and PA28β or homopolymerization of PA28γ forms

the 11S proteasome. The association of the 11S with the 20S was suggested to promote

antigen processing during viral infection [17, 18]. However, more recent studies show that

the 11S may play a wider role than just promoting antigen processing [19]. We have

recently demonstrated that PA28α is essential to the degradation of a missense (R120G)

mutant αB-crystallin (CryABR120G), a bona fide misfolded protein linked to human disease

[20]. We have further demonstrated that forced PA28α overexpression (PA28αOE) suffices

to benignly enhance proteasome-mediated removal of a surrogate as well as a bona fide

misfolded protein in cultured cardiomyocytes and in transgenic mice, via up-regulating 11S

proteasomes and likely increasing hybrid proteasomes [20, 21].

Proteasome peptidases are harbored in the β5, β2, and β1 subunits. Upon viral infection or

treatment of interferon γ, these subunits can be replaced by their respective inducible

counter parts: β5i, β2i, and β1i, forming immunoproteasomes. Immunoproteasomes, which

are primarily expressed in immune cells but have also be detected in the heart [22], display

higher peptidase activities and presumably enhance antigen processing during viral

infection. Interestingly, interferon stimulation also increases oxidative stress to the cell,

resulting in an increase in the production of polyubiquitinated proteins and protein

aggregates when the immunoproteasome is impaired [23]. The immunoproteasome seemly

facilitates the clearance of damaged proteins and protects against oxidative stress [23–25].
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The induction of synthesis of immunoproteasomes, PA28α and PA28β, as well as 20S

proteasomes by oxidative stress has been observed [25]. These new findings suggest a novel

role of 11S proteasomes and immunoproteasomes in PQC under stress conditions. Notably,

immunoproteasome-selective inhibitors are emerging [26], adding new tools for dissecting

the immunoproteasome.

Proteasome activities are not only determined by proteasome abundance and associated

partners, but are also regulated by a myriad of posttranslational modifications (PTMs) of

proteasome subunits [7, 27, 28]. It will be extremely important to delineate the signaling

pathways that regulate these PTMs as well as the functional consequence and

(patho)physiological significance of the PTMs in cardiac proteasomes. Proteasome

dysfunction is associated with common and devastating diseases; hence, normalizing

proteasome function is potentially an important therapeutic strategy to treat these diseases. A

better understanding of proteasome function regulation is essential to developing such a

strategy.

3. Proteasomal dysfunction in cardiac disease

It has become apparent that proteasome function is highly regulated to meet the needs to

maintain proteostasis in the cell [29]. Changes in proteasome abundance, posttranslational

modifications, and intrinsic activities have been described in human hearts under disease

conditions [30]. The pathophysiological significance of the changes has begun to be

elucidated by experimental studies [31]. Emerging evidence suggests that the proteasome

may be a therapeutic target for heart disease [32].

3.1 Proteasome dysfunction in human cardiomyopathies and heart failure

The literature reporting myocardial UPS changes, including proteasomal dysfunction, in

human diseased hearts was comprehensively reviewed by Day [30]. Increased levels of

myocardial ubiquitinated proteins are observed in human heart failure of most etiologies,

including idiopathic dilated cardiomyopathy (DCM) [33–35], ischemic heart disease (IHD)

[34, 36], and aortic stenosis [37]. Individual polyubiquitinated proteins are degraded by the

26S proteasome. Aggregated ubiquitinated proteins can be degraded by lysosomes via

selective autophagy. Hence, there are at least five factors that can potentially increase the

level of steady state ubiquitinated proteins in a cell or tissue: (i) increased ubiquitination, (ii)

decreased de-ubiquitination, (iii) atypical ubiquitin linkages that do not normally target the

ubiquitinated protein to the proteasome, (iv) decreased proteasomal degradation due to

proteasome functional insufficiency (PFI) or inadequate delivery of ubiquitinated proteins to

the proteasome, and (v) decreased lysosomal removal of the aggregated ubiquitinated

proteins (see Section 4).

An increase in ubiquitination in the heart or cardiomyocytes under pathological conditions

could be adaptive and maladaptive, metabolic, functional, or simply reflect structural

changes in response to the demand for increased turnover of signaling proteins, enzymes,

and structural proteins. Moreover, cardiac hypertrophy occurs in diseased hearts as a

common response to increased stress, in which increased protein synthesis is inevitable.

Approximately 30% of nascent polypeptides are never able to become mature proteins but
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rather are co-translationally degraded by the UPS [38]. Therefore, for quality control

purposes, the demand for UPS-mediated degradation of misfolded proteins is increased by

cardiac hypertrophy. Indeed, increased myocardial expression of ubiquitin E1, E2, and some

E3’s (atrogin-1, MDM2) is associated with heart failure patients resulting from DCM [34–

36, 39]. Hence, increased ubiquitination likely contributes to the observed increases in Ub

conjugates in human failing hearts but, as discussed below, it is unlikely the sole cause.

Increased polyubiquitinated proteins with atypical Ub linkages (eg, K63-, K11- linked) were

observed in the brain tissue of human patients with Huntington disease and in related animal

models [40]. However, the nature of the Ub linkage in the increased myocardial Ub

conjugates has yet to been determined. Therefore, it is unknown whether atypical Ub linkage

is a contributing factor. Approximately 100 DUBs exist in the human genome [41]. Many of

them should be expressed in the heart but very few of them have been examined in human

failing hearts. Increases in myocardial Ub carboxyl-terminal hydrolase (UCH) mRNA and

protein, and in myocardial HAUSP proteins, and decreases in isopeptidase T proteins were

described in DCM patients [34, 35, 39]. Co-immunostaining of myocardial sections from

DCM human hearts showed that isopeptidase T protein expression seemed to decrease in

cardiomyocytes with increased Ub staining [39]; however, myocardial DUB activities in

human heart failure have not been studied. Thus, it is currently unclear whether decreased

deubiquitination is a contributing factor to the increased ubiquitinated proteins.

Although the 19S proteasome in the 26S is capable of directly recognizing and binding

ubiquitinated substrates that come into direct contact with the 26S proteasome, the

recruitment of remote substrates to the 26S is believed to require extra-proteasomal Ub

receptor proteins (eg., Ubiquilin1 and the mammalian homologs of Rad23 and Ddi1) [4].

The expression and function status of these Ub receptors in cardiomyocytes or hearts have

not been studied in human heart failure. It will be important to fill this void because

functional insufficiency of Ub receptors could conceivably hinder the delivery of

ubiquitinated proteins to the proteasome, leading to accumulating ubiquitinated proteins in

the cell. Unchanged or even increased proteasomal chymotrypsin-like activities were

reported for some human hearts with DCM [35, 39]. However, a more comprehensive and

more recent study shows no changes in the protein levels of 20S, 19S, and 11S proteasome

subunits, but decreased proteasomal chymotrypsin-like and caspase-like activities in DCM

hearts, compared with unused donor hearts [33]. The decreased 26S proteasome activities in

DCM might be caused by impaired docking of the 19S to the 20S and decreased docking is

associated with decreased ATPase activity of Rpt subunits and decreased phosphorylation of

α7 [42]. Additional evidence for impaired proteasome activity in failing hearts comes from

the longitudinal comparison of myocardial chymotrypsin-like activity in heart failure

patients before and after the implantation of left ventricle assist devices (LVAD). After an

average of 214 days of unloading via LVAD, the 20S proteasome chymotrypsin-like activity

in DCM hearts was significantly increased [43]. Similarly, the 26S proteasome

chymotrypsin-like activity was increased by ~50% in heart failure patients after an average

of 31 weeks of LVAD unloading [33]. Hence, decreased proteasome peptidase activities

may play an important role in accumulation of ubiquitinated proteins in human failing

hearts. Another important piece of evidence indicative of cardiac PFI in human heart failure

is the presence of pre-amyloid oligomers (PAO), a highly active and toxic protein

Wang and Robbins Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



conformation derived from aberrant aggregation of misfolded proteins, in the

cardiomyocytes of most explanted human failing hearts resulting from DCM or hypertrophic

cardiomyopathy (HCM) [44]. On one hand, the formation of PAO signifies UPS inadequacy

in the cell because PAO formation would be prevented should its precursors be timely

removed by the UPS; on the other hand, aberrant protein aggregation which gives rise to

PAO, can impair the proteasome, causing PFI [15, 45]. Taken together, multiple lines of

evidence indicate that inadequate proteasomal degradation exists in a large subset of human

failing hearts and likely contributes to the rather uniformly reported increases in Ub

conjugates in the failing hearts, underscoring the significance of experimental studies to

delineate the underlying cause and pathophysiological importance of cardiac proteasome

dysfunction.

3.2 Proteasome functional insufficiency (PFI) in animal models of heart disease

The inability of cellular proteasomes to normally degrade its substrate proteins in a cell or

tissue is referred to as PFI. PFI can occur at the given intracellular location when the

capacity of proteasomal degradation fails to meet the demand of timely removal of substrate

proteins. Reduced amounts of functional proteasomes can cause PFI; PFI can also occur

when functional proteasomes are increased but are still inadequate to meet the needs for

timely degradation of target proteins. Hence, simple measurements of proteasome

abundance and proteasome peptidase activities are insufficient to determine proteasome

functional sufficiency. Accumulation of proteasomal substrates is the ultimate indicator of

PFI. Indeed, increases in myocardial ubiquitinated proteins, which are consistent with PFI,

are reported for nearly all animal models of heart disease, such as myocardial infarction,

myocardial ischemia/reperfusion (I/R), pressure-overloaded hypertrophy, and DRC [46].

However, a number of factors other than PFI, as discussed above, can also cause increased

Ub conjugate levels. To this end, the development of biologically inert surrogate substrates

for the UPS, such as degron CL1-fused green fluorescence protein (GFPu, GFPdgn) and Ub-

fused GFP (UbG76V-GFP) [47, 48], has proven to be invaluable in unraveling PFI in animal

models of human heart disease. The introduction of GFPdgn into the transgenic mouse

models of DRC allowed the first demonstration in intact animals that expression of a

misfolded protein and resultant aberrant protein aggregation impair UPS function [15]. PFI

co-exists with markedly increased proteasome peptidase activities in DRC mouse hearts,

indicating that the increased proteasome function in this case is apparently compensatory but

fails to adequately compensate for the increased demand on the proteasome [13]. Similarly,

the use of UbG76V-GFP UPS reporter mice defined PFI in one-year-old mice with a

homozygous knock-in of a human HCM-linked myosin binding protein C mutation, as well

as a heterozygous mouse LmnadelK32v knock-in model of DCM [49, 50].

Ischemic heart disease is the most common cause of congestive heart failure. Although

proteasome functional sufficiency in animal models of myocardial infarction has not been

probed with a reporter substrate, PFI can occur in mice with acute I/R injury. Using a

myocardial I/R model induced by coronary artery ligation and subsequent release in the

GFPdgn mice, Tian et al showed decreases in myocardial proteasome peptidase activities

and the accumulation of ubiquitinated proteins and the GFPdgn surrogate substrate proteins

in all regions of the I/R hearts, demonstrating for the first time cardiac PFI in an in vivo
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model of myocardial I/R [51]. Pressure overload is another common primary factor for heart

failure. The changes of proteasome function during the development of pressure-overloaded

cardiac hypertrophy and failure remain controversial. All related reports show increased

myocardial Ub conjugates in animal models of cardiac pressure overload but proteasome

peptidase activities increased in some but decreased in others [14, 52]. Thus, the functional

significance of proteasome functional sufficiency in pressure overloaded hearts remains ill-

defined at the present. The use of a UPS surrogate substrate to probe the dynamics of UPS

status will likely help solve the conflicting data.

3.3 Pathogenic role of PFI in heart disease

The proteasome plays a pivotal role in degrading soluble individual misfolded proteins. As

discussed above, as a result of proteasome inhibition or PFI, misfolded proteins undergo

aberrant aggregation (Figure 3). The latter appears to have two opposing impacts on cellular

capacity to deal with proteotoxic stress. On one hand, aggregation ultimately sequesters

highly active misfolded proteins into insoluble aggregates, including aggresomes, to reduce

their toxicity; on the other hand, the intermediate soluble species of protein aggregates are

believed to be harmful to the cell. It has been well demonstrated in both cardiomyocytes and

non-cardiac cells that aberrant protein aggregation impairs proteasome function but the

mechanism is unclear. Overexpression of human DRC-linked misfolded proteins in

cardiomyocytes causes PFI in an aberrant protein aggregation-dependent fashion [15, 45].

Hence, PFI and aberrant aggregation form a vicious cycle, which likely contributes to the

progressive nature of familial proteinopathies in which the synthesis of misfolded proteins

resulting from genetic mutations never stops whereas the degradation of the misfolded

proteins increasingly slows down. Measures to facilitate the removal of individual misfolded

proteins, such as increasing the function of relevant chaperones and improved proteasome

function, should break the vicious cycle and prove to be beneficial in handling proteotoxic

stress. Indeed, we have recently demonstrated that enhancement of cardiac proteasome

function via overexpression of PA28α significantly decreases aberrant protein aggregation,

slows down the progression of DRC in a CryABR120G-based mouse model, protects against

acute I/R injury [20, 21], and improves right ventricular function and animal survival in

mice subject to pulmonary artery constriction [53]. Conversely, proteasome inhibition can

cause or exacerbate cardiac malfunction. The first mouse model of cardiomyocyte-restricted

moderate inhibition of the 20S proteasome, which was created by cardiac specific

overexpression of a protease-disabled proteasome β5 subunit precursor, has been recently

reported and employed to demonstrate that moderate inhibition of the 20S proteasome in

cardiomyocytes exacerbates myocardial I/R injury [51]. Proteasome inhibition using

bortezomib increased maladaptive cardiac remodeling and early mortality in mice subject to

transverse artic constriction (TAC) [54]. Primary proteasome inhibition in pigs is sufficient

to cause cardiac functional and structural abnormalities that resemble restrictive

cardiomyopathy in humans [55, 56]. Clinically, the proteasome inhibitor bortezomib is

FDA-approved to treat multiple myeloma but adverse cardiac effects, including severe heart

failure, have been reported [57–59]. These lines of evidence support not only the sufficiency

but also the necessity of PFI in cardiac pathogenesis.
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3.4 Enhancing proteasome function: a potential therapeutic strategy

The ubiquitination of a substrate protein is triggered by the maturation of a degradation

signal (AKA, degron) on the substrate. The maturation of a degron in a native protein

molecule is coupled with its loss or absence of an essential binding partner or becoming no

longer needed. The former may directly expose the degron, allowing E3 to bind. The latter

situation often results from post-translational modifications, such as phosphorylation [60]. In

other words, a normal or native protein would not be poly-ubiquitinated for the purpose of

proteasomal degradation unless the protein is no longer needed. Generally speaking, the

proteasome does not degrade normal proteins that are not ubiquitinated. Therefore, direct

enhancement of proteasome activities should not increase the turnover of native proteins in

the cell. In other word the regulatory degradation by the UPS should not be increased by

enhancing proteasome function. Supporting this analysis, it has been shown in cultured

cardiomyocytes and mice that proteasome enhancement by either PA28α overexpression or

stimulating protein kinase G (PKG) does not alter the levels of endogenous native proteins

that are known substrates of the UPS [20, 21, 61]. For similar reasons, we believe increased

proteasomal activity should not be used to account for increased degradation of a specific

native protein.

By contrast, damaged or misfolded cytosolic or nuclear proteins likely trigger ubiquitination

in multiple ways, such as the exposure of a cryptic degradation signal and/or a patch of

hydrophobic residues that are normally buried in the interior of the native conformation

[60]; hence, misfolding per se turns on the degradation signal and the terminally misfolded

proteins will be ubiquitinated as long as suitable Ub E3s are available. An E3 specific to a

native substrate protein may also participate in the degradation of the misfolded form of the

substrate protein; however, it would be more sensible to postulate, and indeed emerging

evidence supports that there are specialized E3s for misfolded proteins. These E3s are either

specialized for targeting terminally misfolded proteins at a specific site or organelle (e.g.,

ribosomes for protein synthesis, ER for protein folding), or specialized for recognizing a

potentially specific misfolding signal shared by misfolded proteins (e.g., recognizing a patch

of hydrophobic residues). Terminally misfolded ER proteins are retrotranslocated from the

ER to the cytosol where they are immediately ubiquitinated and degraded primarily by the

proteasome via a process known as ER-associated degradation (ERAD). Synoviolin

(mammalian homolog of yeast Hrd), Parkin, and CHIP (C-terminus of Hsp70-interacting

protein) are among the identified Ub E3s of ERAD in mammals [62]. CHIP, a U-box type of

E3 and a co-chaperone, might also be an important player in targeting misfolded cytosolic

proteins for degradation in metazoans [63]. Recently, Ub ligase San1 is identified a nuclear

E3 for degradation of misfolded proteins in yeast [64]; Ltn1 is an E3 for co-translational

degradation of non-stop polypeptides at the ribosome [65]; and Hul5 (HECT Ub ligase 5) is

a major cytosolic Ub E3 in the degradation of cytosolic misfolded proteins in yeast [66]. It

will be important to test whether the mammalian counterparts of these yeast E3s play a

similar role.

Currently, it is unknown whether PQC-associated Ub E3s become insufficient in the cell

under proteotoxic stress but, on the other hand, multiple lines of evidence support the

hypothesis that the rate-limiting step for UPS-mediated degradation of damaged or
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misfolded proteins resides in the post-ubiquitination steps, including delivery to, and

degradation by, the proteasome [31]. First, steady state levels of ubiquitinated proteins are

always increased in cells with increased expression of misfolded proteins. Second,

misfolded proteins accumulating in the cell, especially in aggregates, are often ubiquitinated.

Third, under proteotoxic stress, the increase of intracellular polyubiquitinated proteins is

significantly less in C. elegans with improved proteasome function than in those with

normal proteasome function [67]. Finally and most importantly, enhancement of proteasome

function via either overexpression of the proteasome activator 28α (PA28α) or stimulating

protein kinase G, significantly reduces accumulation of stably overexpressed misfolded

proteins without affecting the level of endogenous or overexpressed native proteins that are

known proteasome substrates, thereby slowing down disease progression in a mouse model

of cardiac proteinopathy [20, 61]. Thus, compelling data exist that measures to increase

proteasome proteolytic function facilitate the degradation of misfolded proteins and thereby

protect against proteotoxicity. In further support of this hypothesis, up-regulation of Rpn6

(PSMD11), a 19S proteasome subunit critical to the assembly of the 26S proteasome,

increases proteasome activity, hastens the clearance of damaged proteins, and increased

longevity in C. elegans [67]. Myocardial I/R injury is a common pathological process with

increased production of damaged/oxidized proteins. Enhancement of proteasome function

via PA28α overexpression protects against acute I/R injury in mice [20]. An important

mechanism underlying the powerful cardioprotection by ischemic preconditioning is to

protect the proteasome from oxidative stress damage [68]. Hence, there are compelling data

for proteasome enhancement as a therapeutic strategy to treat heart disease in the context of

increased proteotoxic stress.

A pressing question raised then is how to pharmacologically enhance proteasomal function

in cardiomyocytes. A recent study by Ranek et al demonstrated that both genetic and

pharmacological activation of PKG in cultured cardiomyocytes could stimulate the 26S

proteasome chymotrypsin-like activity and improve proteasomal degradation of a surrogate

(GFPu) as well as a bona fide misfolded protein (CryABR120G) that is linked to human

DRC. Conversely, PKG inhibition displayed the opposite effects [61]. PKG activation in

cultured cardiomyocytes also protected against proteotoxicity induced by forced expression

of CryABR120G while PKG inhibition showed the opposite effects. Finally, pharmacological

stimulation of PKG via systemic administration of sildenafil (an inhibitor of type 5

phosphodiesterase, PDE5) in mice increased myocardial 26S proteasome chymotrypsin-like

activity and enhanced the degradation of a surrogate UPS substrate (GFPdgn), while long-

term systemic administration of sildenafil reduced ubiquitinated protein accumulation and

aberrant protein aggregates, conserving cardiac function in a CryABR120G-based DRC

mouse model [61]. These data show that measures to activate PKG may be effective in in

decreasing morbidity in heart disease with increased proteotoxic stress. Given that

proteotoxic stress is increased in a large subset of heart disease as they progress to

congestive heart failure, this study also suggests that improving proteasomal degradation of

misfolded proteins might be a previously unappreciated mechanism underlying the efficacy

of PDE5 inhibition or PKG activation in treating heart disease. Interestingly, a recent study

shows excise training can prevent PFI and attenuate cardiac malfunction in an myocardial
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infarction-induced heart failure model in rats, suggesting improving proteasome function

may contribute to the beneficial effects of exercise training on heart failure patients [69, 70].

3.5 Can proteasome inhibitors be used to treat heart disease?

The section above has argued for the notion that proteasome enhancement promotes

primarily the PQC part of protein degradation and should not exert major effects on

regulatory degradation. Proteasome inhibition, on the other hand, will inevitably affect the

degradation of not only damaged/misfolded proteins but also native regulatory proteins.

Hence, it is difficult to imagine that ubiquitous proteasome inhibitors would be useful in

treating chronic cardiac conditions, such as idiopathic HCM, DCM, restrictive

cardiomyopathy, and the final common pathway of virtually all cardiac disease: congestive

heart failure. This is because treatment of these conditions likely requires long-term use of

the drug but PFI and inadequate PQC are implicated in their pathogenesis.

Nonetheless, acute cardiac pathological conditions may be different. For example, using

infract size and cardiac functional assessments as the end-point readout, several reports

show that systemic administration of proteasome inhibitors ameliorates I/R injury in animal

models [71, 72], perhaps through suppression of the activation of the NFκB pathway [72].

This protection may result primarily from the inhibition of proteasome activity in the non-

cardiomyocyte compartment, because genetically induced cardiomyocyte-restricted

moderate proteasome inhibition (40% chymotrypsin-like activity remaining) exacerbates

acute myocardial I/R injury in mice [51]. The exacerbation is associated with increased

prevalence of cardiomyocyte apoptosis and altered cell signaling that favors cell death,

including suppression of AKT activation, increased PTEN and PKCδ protein expression,

and decreased PKCε protein levels in not only the ischemic area but in the remote area of

the I/R heart [51]. These findings suggest that the previously reported protective effects of

proteasome inhibitors on I/R injury could be related to their action on the non-

cardiomyocyte compartment, for example, anti-inflammatory effects. Thus, proteasome

inhibitors may be more effective in reducing I/R injury if their effects on cardiomyocytes

can be minimized.

Intriguingly, systemic administration of proteasome inhibitors suppressed pressure overload

cardiac hypertrophy and benefitted long term cardiac remodeling in animal models [14, 73–

75]. However, a more recent report disputes these findings. In a TAC-based pressure

overload study, Tang et al showed that bortezomib administration induced cardiac

hypertrophy in mice receiving the sham surgery, increased mortality in mice subject to

TAC-induced pressure overload, while failing to reduce cardiac hypertrophy. In contrast to

the first studies, bortezomib actually promoted maladaptive remodeling in the surviving

TAC mice [54]. This study also showed that proteasome inhibition activates the calcineurin-

NFAT pathway in cardiomyocytes in vitro and in vivo [54]. The cause of these conflicting

data is unclear at this time but differences in drugs and dosage used, as well as the severity

of pressure overload may all be contributing factors. It should be pointed out that there is a

wealth of literature on the effects of proteasome inhibition on vascular function and

remodeling that reduce high blood pressure [76–78], which may in turn affect cardiac

afterload and cardiac remodeling in some of the hypertensive animal models.
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4. Lysosomal dysfunction in heart disease

4.1 Autophagy

Based on the pathway via which a substrate is delivered to the lysosomal lumen, autophagy

is classified into three forms: microautophagy, chaperone-mediated autophagy (CMA), and

macroautophagy. Microautophagy describes the direct engulfment of cytoplasmic material

via the invagination of the lysosomal membrane [79]. The CMA is a specific pathway in

which the heat shock cognate protein 70 (hsc70) complex recognizes the target protein and

binds specifically to the target’s recognition sequence (the CMA sequence; a KFERQ motif

or KFERQ-like motif), subsequently transferring the protein to the lysosomal membrane

where the substrate protein is translocated into lysosomal lumen via a complex formed

primarily by LAMP-2A (lysosomal membrane associated protein 2A) (Figure 1) [80].

Differing from microautophagy and CMA, formation of an autophagosome is required for

macroautophagy to target bulky cytoplasmic materials including organelles to lysosomes for

degradation. Self-digestion of a portion of cytoplasm provides energy and essential amino

acids for the synthesis of important proteins; hence, macroautophagy is essential to cell

survival during nutrient deprivation. Macroautophagy can selectively degrade defective

organelles, such as depolarized mitochondria (via mitophagy), as well as aberrant protein

aggregates (via aggrephagy); hence, macroautophagy is considered a major player in both

organelle quality control and protein quality control in the cell.

Increases of autophagosomes in the heart are observed in many animal models of human

pathological conditions and implicated in human heart failure [81]. It is important to

recognize that not all increased autophagosomes result from an increased macroautophagy

because both increased formation and decreased removal can lead to an elevated abundance

of autophagosomes in the cell [82]. The decreased removal of autophagosomes, which can

be caused by defective fusion with the lysosomes or impaired/insufficient lysosomal

function, would be a decrease in macroautophagy and its consequence is obviously the

opposite of increased macroautophagy. This is well illustrated in mouse hearts deficient of

the subunit 8 of the COP9 signalosome (CSN8), a bona fide deneddylase known to regulate

cullin-based Ub ligases [83]. Cardiac UPS-mediated protein degradation is impaired by

cardiomyocyte-restricted knockout of the gene encoding CSN8 [83]. Further

characterization reveals an enormous increase of autophagic vacuoles in the cardiomyocytes

deficient of CSN8 [84, 85], which was initially thought to indicate a compensatory increase

in macroautophagy because proteasome inhibition can activate autophagy in cardiomyocytes

[86, 87]. However, additional tests of these mice reveal that autophagic flux is significantly

decreased in the CSN8 deficient heart, caused by defective lysosomal removal of

autophagosomes [85]. This effort unravels a previously unknown function for the COP9

signalosome in regulating intracellular proteolysis that the COP9 signalosome supports

autophagosome maturation in cardiomyocytes [84, 85]. Hence, where is possible, the

autophagic flux should be assessed to determine macroautophagy activity. Autophagic flux

is increased in D7-des mouse hearts and suppression of macroautophagy exacerbates

proteotoxicity in cardiomyocytes in cultures and intact mice [88, 89], suggesting that

activation of macroautophagy protects against proteotoxicity in the heart. The increase in

macroautophagy in DRC mouse hearts does not seem to be sufficient to meet the increased
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demand for the removal of protein aggregates because further activation of macroautophagy

by pharmacological and genetic means have been demonstrated to reduce protein aggregates

and cytotoxicity in cultured cardiomyocytes overexpressing DRC-linked mutant proteins

[88, 90]. It will be important to verify these in vitro findings in intact animals.

4.2 Lysosomal deficiency in heart disease

Undoubtedly, the delineation of the genetic program governing the initiation and formation

of autophagosomes has been instrumental in rejuvenating the field of lysosomal degradation

but the successful and safe removal of autophagic substrates requires not only the formation

of autophagosomes but also their fusion with, and timely degradation by, the lysosome. The

heart is often affected in lysosomal storage diseases, in which the gene encoding a lysosomal

component is mutated. For example, primary deficiency of LAMP-2, an essential lysosomal

membrane protein, results in vacuolar cardiomyopathy and myopathy (Danon disease) in

humans and mice deficient of LAMP-2 develop a similar phenotype [91]. Cathepsin D is the

major protease of the lysosome. More than a decade ago, Kostin et al reported that cathepsin

D protein levels were decreased by 50% in failing human hearts compared with donor

controls [39]. Using double-immunofluorescence staining, they revealed further that the

cathepsin D was barely detectable in cardiomyocytes with Ub-positive aggregates [39].

They also showed via electron microscopy the presence of autophagic vacuoles in

cardiomyocytes with the protein aggregates and regarded these cells as undergoing

“autophagic cell death”, a term that is now considered inaccurate. An alternative

interpretation of the observed pathology is perhaps that lysosomal insufficiency present in

cardiomyocytes of the failing heart accumulates autophagic vacuoles, which ultimately

causes the cell to die. Indeed, impaired removal of autophagosomes can cause

cardiomyocyte necrosis in experimental models and cardiomyopathy in humans [85, 92]. In

lysosomal deoxyribonuclease (DNase) II deficient cardiomyocytes, mitochondrial DNA can

escape from autophagic vacuoles and triggers cell-autonomous activation of Toll-like

receptor (TLR) 9 mediated inflammatory responses in the heart [93]. Cathepsin L is also an

important lysosomal protease. Cathepsin L deficiency exacerbates, while cathepsin L

overexpression, attenuates pressure overloaded cardiac hypertrophy and malfunction in mice

[94, 95]. Interestingly, impaired autophagosome removal was recently associated with

experimental myocardial I/R injury [96, 97], disputing previous reports that had shown

increased autophagy in I/R myocardium [98, 99]. This dispute remains to be resolved by

future independent studies. The contribution of lysosomal insufficiency or lysosomal

impairment to myocardial I/R injury or to other cardiac pathologic processes remains to be

established.

There has been an influx of data that have led to exciting advances in our understanding of

transcriptional regulation of lysosomal synthesis and its coupling with macroautophagy. The

transcription factor EB (TFEB)-centered regulatory circuitry can couple increased lysosomal

genesis with activation of macroautophagy [100, 101]. Hypoxia-inducible pro-death protein

BNIP3 (BCL-2/adenovirus E1B 19-kDa interacting protein 3) is up-regulated in cardiac

remodeling and failure [102]. BNIP3 overexpression provokes mitochondrial

permeabilization, increases the abundance of autophagosomes, decreases lysosomes, and

leads to cell death in cardiomyocyte cultures [103–105]. Enhancing lysosomal biogenesis

Wang and Robbins Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



via forced overexpression of TFEB reduced autophagosome accumulation and cell death

caused by BNIP3 overexpression in cultured cardiomyocytes [105]. These recent findings

suggest that increasing macroautophagy may help to reduce proteotoxicity and benefit the

treatment of many heart diseases. Since autophagosome formation, fusion with lysosomes,

and lysosomal degradation of the substrate are all critical parts of this pathway, it is

conceivable that only the measures that are capable of correcting the weakest link of this

pathway or increasing the overall capacity of macroautophagy would optimally augment

macroautophagy for a therapeutic goal.

5. Concluding remarks and future directions

Although the molecular mechanisms underlying proteasomal and lysosomal dysfunction and

mediating their pathogenic roles in the heart are only beginning to be unraveled, it has

become apparent that altered protein degradation, especially PFI and lysosome functional

insufficiency, may play an important role in the progression of a range of heart diseases to

CHF. We believe that future research in this paradigm should be aimed at achieving a

comprehensive understanding of: (a) the mechanisms underlying UPS and autophagic

dysfunctions in various pathological conditions, (b) molecular pathways that govern the

degradation of not only misfolded proteins but also key regulatory proteins or protein

complexes, and (c) how different proteolytic systems including proteasomes, lysosomes, and

other proteases in various cells and tissues are orchestrated to maintain proteostasis under

physiological and pathological conditions. Advances in these areas will no doubt shine new

light on harnessing the power of targeted protein degradation to more effectively treat heart

disease.
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Highlights

• The proteasome and lysosomes are the main proteolytic machineries in the cell;

• Cardiac proteasome functional insufficiency is a major pathogenic factor;

• Enhancement of proteasome function protects against proteotoxicity;

• Lysosomal insufficiency might be involved in common cardiac pathogenesis;

• Promoting proteasomal or lysosomal function may be of therapeutic benefits

Wang and Robbins Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. A schematic illustration of cellular mechanisms protecting against proteotoxicity
Chaperones help fold nascent polypeptides, unfold misfolded proteins and refold them, and escort terminally misfolded proteins

for degradation by the ubiquitin-proteasome system (UPS) or chaperone-mediated autophagy (CMA). When escaped from

targeted degradation, misfolded proteins form aggregates via hydrophobic interactions. The higher order of aggregation is likely

promoted by ubiquitin binding proteins and trafficking via microtubules. Aggregated proteins can be selectively targeted by

macroautophagy to, and degraded by, the lysosome. (Modified from Wang et al. [29])
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Figure 2. Ubiquitin-proteasome system-mediated proteolysis
A substrate protein molecule is first covalently tagged with a chain of ubiquitin (Ub) protein molecules, a process known as

ubiquitination which is performed by a cascade of enzymatic reactions catalyzed sequentially by E1 (Ub activating enzyme), E2

(Ub conjugating enzyme), and E3 (Ub ligase). The conjugated Ub can be removed from the substrate via a process known as

deubiquitination, which counters ubiquitination and is performed by deubiquitinating enzymes (DUBs). Ubiquitinated substrates

may be directly recognized and bound by the 19S proteasome, but often require extraproteasomal Ub receptor proteins (i.e.,

UBA-UBL proteins) to be delivered to, and degraded by, the 26S proteasome (26S). (Adopted from Wang and Terpstra [4])
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Figure 3. Aberrant aggregation of misfolded proteins in cardiomyocytes
An HA-epitope tagged missense (R120G) mutant CryAB (HA-CryABR120G) was expressed in cultured neonatal rat

cardiomyocytes (NRCMs) via adenoviral gene delivery. At 6 days after the viral infection, the cells were fixed with 3.8%

paraformaldehyde and subject to immunofluorescence staining for the HA tag (green). The nuclei were stained blue using DAPI.

The stained NRCMs were imaged with an epi-fluorescence microscope. Four main distribution patterns of CryABR120G proteins

were observed and are annotated according to our perception of their representation of the different stages of the aberrant protein

aggregation in the cell. Aberrant protein aggregation impairs the UPS, which in turn allows more of the misfolded proteins

undergo aberrant aggregation, forming a vicious cycle. Scale bar=25 μm
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