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Abstract

The ubiquitin proteasome system (UPS) is the major pathway for intracellular protein degradation
in most organs, including the heart. UPS controls many fundamental biological processes such as
cell cycle, cell division, immune responses, antigen presentation, apoptosis, and cell signaling. The
UPS not only degrades substrates but also regulate activity of gene transcription at the post-
transcription level. Emerging evidence suggests that impairment of UPS function is sufficient to
cause a number of cardiac diseases, including heart failure, cardiomyopathies, hypertrophy,
atrophy, ischemia-reperfusion, and atherosclerosis. Alterations in the expression of UPS
components, changes in proteasomal peptidase activities and increased ubiquitinated and oxidized
proteins have also been detected in diabetic cardiomyopathy (DCM).However, the
pathophysiological role of the UPS in DCM has not been examined. Recently, /7 vitroand in vivo
studies have proven highly valuable in assessing effects of various stressors on the UPS and, in
some cases, suggesting a causal link between defective protein clearance and disease phenotypes
in different cardiac diseases, including DCM. Translation of these findings to human disease can
be greatly strengthened by corroboration of discoveries from experimental model systems using
human heart tissue from well-defined patient populations. This review will summarize the general
role of the UPS in different cardiac diseases, with major focus on DCM, and on recent advances in
therapeutic development.

1. Overview of Ubiquitin Proteasome System:

Over the past several decades, it has become increasingly apparent that protein degradation
by the ubiquitin proteasome system (UPS) controls many fundamental biological processes
such as cell cycle and cell division, immune responses and antigen presentation, apoptosis,
and cell signaling [1]. In most mammalian cells, the UPS degrades more than 90% of
proteins, ensuring that misfolded, oxidized, or damaged proteins, which possess an intrinsic
toxicity, are degraded [1-3]. During the ubiquitination process, multiple ubiquitin proteins
can be covalently attached to a target protein by ubiquitination enzymes. These
ubiquitination enzymes include ubiquitin activating enzyme (E1), ubiquitin carrier protein
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(E2), and ubiquitin protein ligase (E3). Initially, E1 activates ubiquitin in an ATP-dependent
manner, forming a thioester linkage between the carboxy-terminal glycine residue of
ubiquitin and a cysteine in the active site of the E1 enzyme [4]. Activated ubiquitin is then
transferred from an E1 enzyme to a cysteine residue of an E2 enzyme. E3 then catalyzes the
final step of the ubiquitination process by transferring ubiquitin to lysine residues of targeted
proteins, forming a polyubiquitin chain that earmarks the targeted proteins [1, 5]. Humans
possess two E1 enzymes (UBAL and UBAG), several dozen E2 enzymes, and several
hundred E3 enzymes [6]. The specificity of the E3 enzymes determines the specific
recognition of target proteins, providing selectivity in which proteins are targeted to the
proteasome for degradation [7]. Upon ubiquitination, targeted protein is degraded by the 26S
proteasome in an ATP-dependent manner [8]. The 26S proteasome is a complex consisting
of a proteolytic core particle (20S proteasome) that is capped at both ends by 19S regulatory
particles (19S regulatory complex). The 20S proteasome is a barrel-shaped complex
comprised of four stacked rings and contains multiple catalytic centers in the chamber. The
19S proteasome recognizes a polyubiquitinated protein, unfolds it, liberates it from the
polyubiquitin chain, and translocates the protein into the proteasome chamber for
degradation (Figure 1). The ubiquitin molecules are recycled, and the peptides generated are
used for antigen presentation or are degraded into amino acids that are recycled for new
protein synthesis [9, 10].

2. UPS and cardiovascular diseases:

The UPS is the major pathway for intracellular protein degradation in most organs, including
the heart. A functional UPS removes damaged or misfolded proteins that are critical for
normal protein turnover and function [11-13]. Dysfunction of the UPS is rapidly gaining
recognition as a potentially important mechanism involved in the pathogenesis of a number
of cardiac diseases, including DCM [14, 15], and providing a strong rationale for further
study of specific mechanisms of proteasome impairment and identification of specific targets
for therapy. Given the consequentiality of these components in cardiac diseases, it is
imperative to understand the effects of disease on the UPS itself.

2.1. UPS and Cardiac ischemia-reperfusion injury

Myocardial infarction remains an unsolved health problem, resulting in serious harm to
human health. The ischemic myocardium is characterized by increased cardiomyocyte death,
caused by necrosis and apoptosis [16]. Reperfusion is essential for myocardial salvage after
myocardial infarction; however, it is often followed by additional myocardial injury, termed
myocardial ischemia/reperfusion (I/R) injury [17]. The mechanisms of I/R injury involve the
generation of reactive oxygen species, intracellular calcium overload, microvascular and
endothelial dysfunction, altered myocardial metabolism, and concurrent activation of
neutrophils, platelets, and complement [18]. Mice with myocardial I/R have been shown to
have UPS function insufficiently, which is characterized by decreased proteosome activity
and degraded proteins and which can lead apoptosis [19, 20]. It was shown recently that
soluble receptor for advanced glycation end-products (SRAGE) inhibits I/R-induced
apoptosis separately from blocking the interaction of RAGE with ligands [21]. The
downstream of UPS function involves in regulating key apoptosis-related signaling
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pathways, such as MAPK, JNK, calcineurin, FOXO, and p53. SRAGE decreases the
delayed-type hypersensitivity response in both RAGE ™~ and RAGE*/* mice in a similar
manner, indicating that SRAGE not only purely blocks cell surface RAGE activation but also
has other regulation pathways [22]. Inhibition of SRAGE on I/R-induced cardiomyocyte
apoptosis is associated with activation and expression of proteasome, including improved
proteasome activity and elevated p1i and p5i expression mediated by STAT3 activation [21].
However, further studies are required to demonstrate the concise mechanisms of SRAGE
regulating the UPS following myocardial I/R.

The molecular chaperone machinery also plays a necessary role in protecting against
myocardial infarction after I/R injury [23]. Previous literature revealed that CHIP, a
cochaperone/ubiquitin ligase that regulates protein quality control, is required for maximal
cardio protection after myocardial infarction in mice. CHIP also regulates the response to
injury in the heart, where it is preferentially expressed, under pathophysiologically relevant
conditions [24-26]. Mice lacking CHIP may be especially useful tool for analyzing how
protective systems defend against myocardial damage, because CHIP coordinates a critical
tier of the response to stress and protein damage in injured cells. The role of protein quality
control mechanisms in protecting against cardiac injury needs to be reconsidered in order to
find ways to rescue myocardium after I/R injury.

As discussed earlier, cardiomyocyte apoptosis plays a central role in the pathogenesis of
myocardial disease and reactive oxygen species is critically responsible for mediating
cardiomyocyte apoptosis in I/R injury. MDMZ2, a E3 ubiquitin ligase, has been shown to
regulate the expression of the ARC (Apoptosis Repressor with Caspase recruitment domain)
in I/R injury [27]. ARC is an anti-apoptotic protein that has been found to be abundantly
present in terminally differentiated cells, such as cardiomyocytes. MDMZ2 directly
accelerates ARC protein turnover via ubiquitination and proteasomal-dependent degradation.
This activity requires a functioning MDM2 ring finger domain because the MDM2(C464A)
mutant was unable to direct ARC degradation. Furthermore, ARC degradation requires
MDM2. MDM2 knock-out fibroblasts showed defective ARC degradation that could be
rescued by MDM2. Proteasomal inhibitors rescued bothMDM2 and H(2)O(2)-induced
degradation of ARC and inhibited cardiomyocyte apoptosis [27].

MDM?2 is also recognized as a negative regulator of the tumor suppressor p53 and thereby
represents a critical upstream factor to determine whether cells enter the cell cycle or die by
apoptosis [28]. In response to hypoxia, the protein level of p53 becomes elevated and
mediates apoptosis in most cell systems [29]. Although adenoviral delivery of p53 was
sufficient to promote apoptosis of isolated cardiomyocytes [30], in chronic coronary artery
ligation and the Langendorff ischemia/reperfusion models, endogenous p53 was dispensable
for apoptotic cell death [31]. Toth et al. showed that isolated cardiac myocytes
overexpressing MDM2 acquired resistance to hypoxia/reoxygenation-induced cell death.
Conversely, inactivation of MDM2 by a peptide inhibitor resulted in elevated p53 levels and
promoted hypoxia/reoxygenation-induced apoptosis. [32]. Consistent with this, decreased
expression of MDMZ2 in a genetic mouse model was accompanied by reduced functional
recovery of the left ventricles determined with the Langendorff ex vivo model of ischemia/
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reperfusion. Overall these finding suggest that MDM2 may serve as a novel cardiac gene
therapy target.

2.2. UPS and cardiac hypertrophy

Cardiac hypertrophy is key compensatory mechanism acting in response to pressure or
volume overload, involving some alterations in signaling transduction pathways and
transcription factors-regulation. These changes result in enhanced proteins’ synthesis leading
to Left Ventricular Hypertrophy (LVH) [33].

Emerging evidences suggests that the UPS also attends to the cells’ growth, favoring
protein’ synthesis, subsequently caused LVH [33] Several recent reports have identified E3
ubiquitin ligases that exert anti-hypertrophic activity [4]. These E3s are Muscle-atrophy F-
box (Atroginl) and muscle-specific ring finger-1 (MuRF1) that are key mediators of skeletal
muscle atrophy and found exclusively in skeletal muscle and the heart [34]. Further studies
identified that these proteins have E3 ubiquitin ligase activity, and play a pathophysiology
role in cardiac hypertrophy [35, 36]. Both Atroginl and MuRF1 inhibit cardiac hypertrophy
by interacting with important hypertrophic signaling pathways [37].

Atroginl interacts with calcineurin and inhibits cardiac hypertrophy. An Atroginl-
calcineurin complex associates with Skp1, Cull, and Roc1 to assemble an SCF (Atroginl)
complex with ubiquitin ligase activity [35]. Further, calcineurin dephosphorylates NFAT
resulting in the transcription of hypertrophy-associated genes [35].

The MuRF1 is critical in regulating both pathological and physiological cardiac hypertrophy
in vivo [38]. Mice globally lacking the striated muscle-specific MuRF1 (MuRF1-/-) exhibit
an exaggerated physiological hypertrophy in response to exercise and an exaggerated
pathological hypertrophy in response to pressure overload. This is attributed to MuRF1’s
ability to inhibit serum response factor (SRF) and insulin-like growth factor-1 (IGF-1)
signaling pathways, in part, through its targeted inhibition of cJun [39, 40]. MuRF1 also has
a more direct role in regulating cardiac muscle mass by targeting proteasome dependent
degradation of sarcomere proteins [41, 42]. MuRF1 interacts directly with cardiac troponin
I, cardiac myosin binding protein-c (cMyBP-c), and myosin heavy chain, to direct their
subsequent poly-ubiquitination and proteasome-dependent degradation [43, 44]. This
regulation of sarcomere degradation explains why MuRF1-/- mice have resistance to
cardiac atrophy and a limited ability to regress upon unloading after the induction of
pressure overload-induced cardiac hypertrophy [45]. By regulating both the indirect
signaling processes that activate cardiac hypertrophy and directly targeting sarcomere
proteins for degradation, MuRF1 regulates the heart’s response to external stress that lead to
disease. The muscle-specific ubiquitin ligase MuRF1 has also recently been shown /n vivoto
specifically inhibit PPARaactivity, but not PPARB/S or PPARy1 activity [46]. In contrast to
the previous studies on nuclear receptors, MuRF1 was found to inhibit PPARa in
cardiomyocytes through mono-ubiquitination that enhances nuclear export without
promoting PPARa degradation [46]. Complementary to these studies, the closely related
muscle-specific ubiquitin ligase MuRF2 inhibited PPARy4 [47], whereas MUuRF3 inhibited
PPAR activity /in vivo by mono-ubiquitination [48]. Recently it was found that MuRF1
inhibits thyroid receptor T3-induced physiological cardiac hypertrophy /in vivo [39]. MuRF1
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directly interacts with a specific thyroid receptor to mediate its posttranslational
modification and inhibit its activity. Recent evidence has also begun to delineate the role of
MDM?2 in the context of cardiac hypertrophy. MDM2 overexpression promotes cell survival
and attenuates hypertrophy [37]. MDM2 down-regulates the sarcomeric protein T-cap
(telethonin) through the proteasomal pathway, an effect that is inhibited by p14/ARF
expression [32]. This proteasomal degradation of T-cap, which inhibits cardiac hypertrophy,
occurs in a ubiquitin-independent manner by a mechanism yet to be defined [49]. These
findings suggest that the UPS is essential for protection against apoptosis and depression of
proteasome activities in cardiac hypertrophy.

The MuRF1 protein also inhibits pathologic cardiac hypertrophy by attenuating PKCe
activity and translocation [50]. Upon stimulation with phenylephrine or PMA to induce
hypertrophy in cardiomyocytes, MuRF1 interacts with the receptor for activated protein
kinase C (RACK1) and blocks PKCe translocation (and activity) to focal adhesion kinases.
Blocking PKCe signaling results in the inhibition of focal adhesion formation and
downstream ERK1/2 signaling. It has also been shown that cardiac troponin I (cTnl) is
targeted for ubiquitin-dependent proteasomal degradation through interaction with MuRF1
by its RING finger domain [44]. Increased MuRF1 expression correlates with reduced cTnl
and reduced indices of contractility, indicating that MuRF1 may play a key role in cardiac
physiology beyond its antihypertrophic effects [40].

2.3. UPS and cardiac atrophy

Cardiac atrophy is seen in mechanical unloading of the heart, such as that seen after the
placement of the left ventricular assist device (LVAD) [51]. Atrophic remodeling of the heart
is associated with simultaneous activation of regulators of both proteolysis and protein
synthesis. Much less is known about the UPS in cardiac atrophy, likely because this state is
physiologically less relevant. Studies using gene expression profiling have shown that
transcript levels of ubiquitin B (UbB), the ubiquitin conjugating enzyme (E2-14 kDa), the
ubiquitin ligases muscle atrophy F-box protein (Mafbx)/Atrogin-1, and MuRF-1, as well as
the proteasomal subunit PSMB4, are increased in skeletal muscle atrophy induced by
nutrient deprivation, unloading, diabetes, uremia, and cancer[52, 53].Recent study also
confirmed that UbB is an important marker for cardiac remodeling and a potential target to
modulate UPS-mediated cardiac remodeling. [4, 54].

2.4. UPS and cardiomyopathies

Cardiomyopathies are intrinsic heart muscle diseases characterized by adverse ventricular
and atrial remodeling and systolic and/or diastolic dysfunction. Types of cardiomyopathy
includes ischemic cardiomyopathy, which results from previous myocardial infarction(s),
and/or ongoing coronary ischemia and hypertrophic cardiomyopathy (HCM), which is the
most common inherited cardiomyopathy (population frequency, 1:500); HCM is
characterized by cardiac hypertrophy and diastolic dysfunction that typically develops over
many years, and can be complicated by heart failure, arrhythmias, and sudden cardiac death
[55, 56]. The majority of HCM cases are linked to autosomal dominant mutations in cardiac
sarcomere genes, with a small percentage of others associated with mutations in Z-disc,
metabolic, and CaZ*handling genes [57-59]. However, to reach any conclusions, it is
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necessary to find distinct features of different cardiomyopathies in patients from whom
tissue were obtained [11, 60, 61].

A major proteasome functional insufficiency has also been shown in familial dilated
cardiomyopathies [62, 63]. In the pure form of familial dilated cardiomyopathies, more than
12 identified genes encode different components of cardiomyocytes, including sarcomeric
proteins, lamin A/C, and cytoskeletal proteins such as AB-crystallin (CryAB) and desmin
[62, 63]. In failing hearts of patients with familial dilated cardiomyopathies, researchers
have observed marked accumulation of ubiquitinated proteins as well as up-regulation of
several UPS components, concomitant with elevated levels of pro-apoptotic p53 [64].
Researchers have also frequently found Desmin aggregates in human heart failure studies
that clearly indicate that UPS dysfunction could be a causative factor in the development of
dilated cardiomyopathies [65].

Activation of autophagy is another potential consequence of UPS inhibition [66]. While the
mechanisms by which these two pathways interact are not fully understood, multiple lines of
evidence implicate p62 as a key linker protein and sensor of proteotoxic stress. p62 is a
multifunctional adaptor protein that binds K63-linked ubiquitin chains and also directly
binds to microtubule-associated protein 1A/1B-light chain 3, which could promote
autophagosome formation [66]. In summary, proteasome dysfunction in human heart failure
may have profound downstream effects on diverse pathways that actively contribute to
cardiomyopathies.

2.5. UPS and atherosclerosis

Atherosclerosis is a chronic inflammatory disease accompanied by the intimal thickening of
systemic arterial walls [67]. Rupture of vulnerable plaques as well as thrombaotic/embolic
occlusion and arterial narrowing can cause lethal ischemic disease, including acute coronary
syndromes and myocardial infarction [68]. Like other cardiovascular diseases, dysfunctional
proteasomes can also cause atherosclerosis [69]. An atherosclerosis study in high fat diet-fed
pigs identified that proteasomal activity was elevated in coronary arteries during the
progression of atherosclerosis. Furthermore, this study confirmed that chronic proteasome
inhibition is associated with increased oxidative stress, impairment in coronary endothelium-
dependent vasorelaxation, and intimal thickening, resembling and aggravating the vascular
effects of traditional cardiovascular risk factors such as hypercholesterolemia [70].

Inhibition of proteasome activity is also associated with in determining atherosclerotic
plaque instability [70]. Herrmann et al. 2007 examined the long-term administration of the
proteasome inhibitor MLN-273 in pigs fed a high cholesterol diet and identified the
elevation of oxidative stress and exacerbation of atherosclerosis [70]. Wlick et al. (2012)
also reported that low-dose proteasome inhibition exerts antioxidative and anti-inflammatory
effects and attenuates development of atherosclerotic lesions in low-density lipoprotein
receptor—deficient mice [71]. These studies clearly suggest that treatment with low doses of
proteasome inhibitors exerts favorable anti-inflammatory and antioxidative effects in
vascular cells.

Trans/ Res. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla and Rafiq Page 7

Role of ubiquitin proteasome systemin diabetic cardiomyopathy

3.1. Diabetic cardiomyopathy; an overview

Diabetic cardiomyopathy (DCM) is a disorder of the heart independent of hypertension and
coronary arterial disease; the condition results in wide range of structural abnormalities to
the myocardium, and eventually leads to left ventricular hypertrophy (LVH), diastolic and
systolic dysfunction, or a combination of all three [72]. Hyperglycemia, increased ROS, and
perhaps other altered metabolic factors present in diabetes can cause protein glycation,
oxidation, and cross-linking [37], with accumulation of these abnormal proteins in the heart
contributing to the development of diabetic cardiomyopathy. However, it is unknown if these
abnormal protein accumulations also contribute to DCM. An in-depth study of proteasome
alteration in diabetic hearts has not yet occurred, but both increased and decreased
proteasome function were implicated in diabetes [73]. It appears that hyperglycemia and
hyperinsulinemia can increase UPS function, which may be responsible for endothelial
damage and atherosclerosis as well as muscle wasting in diabetes [74]. Since increased ROS
is a major pathogenic factor in diabetes, it is conceivable that oxidative modification of
proteasome subunits may play a role in altering proteasome function in diabetes [72-74].

More than forty years have passed since DCM was discovered, but the mechanisms
responsible for the development of DCM remain largely unknown despite comprehensive
research. Recently, research has focused on gene transcriptions to elucidate mechanisms of
disease progression. Several transcription factors (TFs) were reported to play vital roles in
the development of DCM [75-77]. UPS not only degrades substrates, but also regulates
activity of gene transcription at the post-transcription level [78]. Therefore it could be
possible that UPS may regulate activity of gene transcription into the development of DCM.
Additionally, the UPS is associated with DCM by its contribution to insulin resistance and
insulin deficiency, as it degrades the insulin receptor and the insulin receptor substrate and
regulates insulin gene transcription. Moreover, UPS are involved in cardiac apoptosis,
hypertrophy, and fibrosis which are the main cardiac structural changes associated with
diabetes [37]. This suggests that the UPS act as a fundamental factor of DCM [37]. Up until
now, even though many molecular mechanisms have been proposed for DCM, little attention
is paid to the roles of the UPS in DCM [79]. Therefore, in this section we will summarize
the general role of UPS in DCM.

3.2. UPS regulates p53 signaling pathway in DCM

p53 is a well-known proapoptotic protein in the heart [64, 80], and high levels of p53 are
found in several types of heart diseases, including DCM [80]. Besides proapoptosis, p53 also
damages the heart by increasing mitochondrial oxygen consumption and ROS generation
[80]. In the heart, three E3s target p53 as their substrates: MDM2, its homologue MDM4,
and CHIP [81]. Through degradation of p53, the three E3s inhibit myocyte apoptosis, thus
protecting the heart from stressors including hyperglycemia and diabetes [82]. However, p53
also shows antiapoptotic activity through activating the Bcl-2 family [83]. Mice deficient in
p53 exhibit an increased risk of cardiac rupture after myocardial infarction [84], indicating a
beneficial role of p53 in the heart. However, it must be remembered that p53 inhibition is
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accompanied by a higher risk of cancer. In addition, the E3s regulate apoptosis by
modulating the activities of caspases, which play essential roles in apoptosis.

3.3. UPS regulates vital transcription factors in DCM

New molecular methods and knockout animal models have gained deeper insight in the
mechanism of DCM at the transcription level. Currently several TFs, including PPARa.,
Nrf-2 and FoxOs, have been identified as playing major roles in DCM and as having their
activities regulated by the UPS, providing support for the hypothesis that the UPS plays a
causal role in DCM. PPARa. was the first identified TF that is related to the genesis of DCM
[85]. It was found that expression of PPARa target genes involved in cardiac fatty acid
uptake and oxidation pathways was increased in MHC-PPAR mice. Surprisingly, the
expression of genes involved in glucose transport and utilization was reciprocally repressed
in MHC-PPAR hearts. Two types of ubiquitin ligases, MG53 and MuRF-1, act as upstream
regulators of PPARa [85]. MG53 positively upregulates the expression level of PPARa.,
thus triggering a cascade of events that leads to DCM. Additionally, /n vitroloss- and gain-
of-function studies firmly have established PPARa as downstream to MG53 [85]. In
contrast, MuRF1 inhibits PPARa activity by monoubiquitination and facilitates its nuclear
export, thus blocking PPARa-induced gene transcription [46].

Another TF involved in DCM is nuclear factor (NF) erythroid 2-related factor 2(Nrf-2),
which regulates expression of a set of antioxidant proteins (such as NAD(P)H quinone
oxidoreductase 1, glutathione S-transferase, and heme oxygenase-1) thus protecting the
heart in oxidative stress. Under baseline conditions, Nrf-2 is combined with Kelch-like
ECH-associated protein 1 (Keapl), which acts as a substrate adaptor of the cullin3-Keap1-
E3 ubiquitin ligase complex. MG-132, a proteasome inhibitor, can upregulate Nrf2-mediated
antioxidative function and downregulate NF-xB-mediated inflammation [86]. A previous
study suggests that MG-132 has a therapeutic effect on diabetic cardiomyopathy in OVE26
diabetic mice, possibly through the upregulation of Nrf2-dependent antioxidative function
and downregulation of NF-xB-mediated inflammation. With the exception of preventing
Nrf-2 degradation, modulation activity of Keapl is another way to enhance Nrf-2 level. It
enables Nrf-2 release from the cullin3 ubiquitin ligase complex [87]; thus, it is a promising
target to protect the heart from diabetes.

Forkhead box (other) transcriptional factors (FoxOs) are important TFs in the development
of DCM, and their levels are consistently high in the diabetic heart [88-90]. FOXOs are
responsible for regulating the ubiquitin-proteasomal pathway, as well as the autophagy-
lysosomal pathway. The ubiquitin-proteasomal pathway is activated by an absence of
nutrients, thus leading to proteasome-dependent protein degradation [91]. FOXOs consist of
a highly conserved forkhead/winged helix DNA-binding domain, which encompasses the
most common 110 amino acids of the FOXO family and embodies 3a, 3b, and 2 winged
helices, facilitating its DNA binding [92]. FOXO1 and FOXO3 are expressed globally, and
FOXO1 isoform is abundantly located in hepatic, fatty tissue and pancreatic p cells [93].
Post-translational modifications (PTM) such as phosphorylation, acetylation, ubiquitination,
arginine methylation, and O-glycosylation [94] are known to determine the FOXO1 nuclear
transit and transcriptional activity [95]. These modifications can either enhance or reduce the
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FOXO1 transcriptional activity, as determined by the upstream target and/or the sites
concerned. AKT phosphorylates FOXO1 facilitates its nuclear transit, which consecutively
decreases the transcriptional function of FOXO1 [96]. However, several other kinases like
mitogen-activated protein kinases (also known as JNKSs), cyclin-dependent kinase 2 and
nuclear factor xB (NFxB) kinase are also involved in FOXO1 phosphorylation [97]. The
nuclear compartmentalization and transcriptional function of FOXO1 can also be modified
by other PTM like acetylation, ubiquitination, glycosylation and methylation [98].
Disturbances of myocardial glucose and lipid metabolism are initial events in DCM [88].
During insulin resistance, pyruvate dehydrogenase kinase 4 (PDK4) is known to inhibit
glucose oxidation by blocking pyruvate from undergoing mitochondrial oxidation through
phosphorylating the E1 moiety of pyruvate dehydrogenase complex [99]. Enhanced
expression of FOXO1 downstream target gene PDK4 gene is also observed in high fat and
obese animal models of insulin resistance, which adversely regulate insulin actions [100].
FOXO1 can modulate glucose metabolism in adult cardiomyocytes in insulin resistance and
diabetic conditions by inhibiting glucose oxidation preceded by PDK4 activation,
subsequently altering the substrate preference for fatty acid and lactate [101]. These findings
collectively suggest that FOXOL1 is a key factor responsible for anomaly of glucose and lipid
metabolic pathways in insulin resistance.

3.4. UPS regulates TGFp pathway in DCM.

Myocardial fibrosis and collagen deposition are the main structural changes observed in
DCM. It is known that transforming growth factor-p (TGF) plays a causal role in cardiac
fibrosis [102], and the Smad proteins are signaling transducers downstream from TGFB
receptors. Three families of Smad proteins have been identified: receptor-activated Smad2
and Smad3(R-Smads), whose nuclear translocation can activate transcription of a select set
of profibrosis genes; common partnerSmad4; and inhibitory Smad6 and Smad7 (1-Smads).
Smad?7 is a key regulator of TGFp signaling through negative feedback loops [103]. It forms
a stable complex with the TGFp receptor, thus inhibiting phosphorylation and nuclear
translocation ofR-Smads [104]. Smad7 also inhibits TGFp signaling in the nucleus by
interacting with transcription repressors such as histone deacetylases or disrupting formation
of the R-Smads-DNA complex [105]. Overexpression of Smad7 in primary cardiac
myofibroblasts significantly reduces collagen synthesis, concomitant with increased
expression of metalloproteinase-2 [106]. Three members of the E3s mediate degradation of
Smad proteins. The Smad ubiquitination regulatory factor 1 (Smurfl) and factor 2 (Smurf2)
bind to TGF receptors through Smad7 [106-108] and degrade the TGFp receptor, thus
blocking profibrosis signaling. Arkadia, another E3 ubiquitin ligase, induces the
ubiquitination and degradation of Smad7 and its repressors c-Ski and SnoN, thus enhancing
TGFp signaling [109, 110]. In Otsuka Long-Evans Tokushima Fatty rats that typically
showed hyperglycemia after 18 weeks of age [111], cardiac expression of TGFp receptorwas
increased at 15 weeks of age, concomitant with enhanced collagen deposition [111]. Thus,
interventions targeting Smurflor Smurf2 are promising strategies to block cardiac fibrosis in
the early stage of diabetes.
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3.5. UPS regulates apoptotic pathways in DCM

Myocardial apoptosis is a deeply controlled self-protective process in response to severe
stress. It is increasingly clear that the UPS regulates cardiac apoptosis via inhibitors of
apoptosis protein (IAPs). IAPs were initially identified in viruses by their ability to inhibit
apoptosis in infected cells [112]. The 1APs have a conserved RING finger motif at the
COOH terminus that has E3 ubiquitin ligase activity. To date, a growing number of IAPs
have been identified, including three in the heart: two cellular IAPs (clAP1 and clAP2) and
an X-linked IAP (XIAP). Each of these IAPs has a specific target: clAP1 targetscaspase-3
and caspase-9, clAP2 targets caspase-3 and caspase-7[113], and XIAP targets caspase-3
[114], which accounts for rapid degradation of active caspase-3 in a proteasome-dependent
manner [115]. Overexpression of XIAP protects cell function and decreases the number of
human islets required to reverse hyperglycemia in the diabetic mice [116]. XIAP also
protects the heart from ischemic injury, as evidenced by smaller infarct size, reduced
apoptosis, and decreased level of cleaved caspase-3 [111]. However, /n-vivo evidence is
needed to confirm the role of IAPs in diabetes induced myocardial apoptosis.

3.6. UPS regulates calcium sensing receptor in DCM.

Calcium sensing receptor (CaSR) is a G protein-coupled receptors that is widely expressed
in prokaryotic and eukaryotic cells. Early study found that the function of CaSR is to
regulate the release of parathyroid hormone and maintain the body’s calcium homeostasis
[117]. Furthermore, CaSR is also closely related to cell differentiation, proliferation,
migration, apoptosis, brain development, and wound healing [118, 119]. Previously, it was
found that CaSR is involved in myocardial ischemia reperfusion injury, myocardial
infarction, and pulmonary hypertension [120, 121]. Moreover, recently it was observed that
the cardiac function and the expression of CaSR were decreased in the rat diabetic
myocardium [122]. Reports suggest that high glucose (HG) decreased the expression of
CaSR, mitochondrial fusion proteins (Mfnl, Mfn2), cell gap junction related proteins (Cx43,
B-catenin, Ncadherin), and intracellular ATP concentration. In contrast, HG increased
extracellular ATP concentration, the expression of gp78, mitochondrial fission proteins
(Fis1, Drpl), and the ubiquitination levels of Mfnl, Mfn2, and Cx43. Moreover, CaSR
agonist and gp78-siRNA significantly reduced the stated changes [123]. Taken together,
these results suggest that HG induces myocardial energy metabolism disorder via a
reduction in CaSR expression and activation of the gp78-ubiquitin proteasome system.
Stimulation of CaSR significantly attenuates HG-induced abnormal myocardial energy
metabolism, indicating that CaSR may hold promise as a potential therapeutic target for
DCM.

4. Therapeutic potentials of the UPS

The UPS has a central position in maintaining cellular homeostasis. Because of its
involvement in a wide variety of important regulatory processes many proteins involved in
the ubiquitination, deubiquitination, or ubiquitin-mediated degradation of proteins are
considered to be potential drug targets. New research tools are rapidly being developed to
make novel drug inhibitors that target different UPS steps.
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Proteasome inhibition

In recent years, several types of low-molecular weight inhibitors of the proteasome have
been identified that can readily enter cells and selectively inhibit the proteolytic function of
the proteasome complex [124]. Bortezomib (Velcadei) is a novel dipeptide boronic acid that
is the first proteasome inhibitor to have progressed to clinical trials. Bortezomib has now
been approved by the U.S. Food and Drug Administration (FDA) and the European Agency
for the Evaluation of Medicinal Products (EMEA) for the treatment of multiple myeloma
patients. Therefore, most of the data related to clinical studies and side effects were obtained
from cancer studies. The risks that are associated with bortezomib therapy include new or
worsening peripheral neuropathy, orthostatic hypotension, gastrointestinal adverse events
and thrombocytopenia. Moreover, the acute development or exacerbation of congestive heart
failure has been seen in patients with risk factors for, or pre-existing, heart disease [125].
Although there seems to be some risk of cardiovascular side effects when proteasome
inhibitors are applied as cancer treatment intermittently for several weeks, it has been
proposed that proteasome inhibitors might have beneficial effects. These effects are due to
their potential anti-inflammatory properties when administered for a short time immediately
after acute ischemic events, such as myocardial infarction or stroke. Based on animal
studies, it has been proposed that proteasome inhibitors might have the potential to attenuate
reperfusion injury and might work synergistically with current myocardial infarction—
reperfusion therapies [126]. Existing thrombolytic agents have a narrow window of time for
therapeutic application. The hope for the future is to increase this period using proteasome
inhibitors, which would expand the patient population that could receive thrombolytic
therapy [127, 128]. The current treatment for acute myocardial infarction is percutaneous
coronary intervention (PCI), but this treatment is limited to hospitals with cardiac surgery
departments. Therefore, thrombolytic therapy, while not the favored option, is the treatment
of choice when PCI cannot be preformed immediately. As such, expanding the range of
patients who can receive this treatment is critical for increasing the survival rate of acute
myocardial infarction [129]. The anti-inflammatory action of proteasome inhibitors might
also offer an opportunity for tolerance in duction in transplant recipients. It has been
demonstrated /n vitrothat proteasome inhibitors could suppress the proliferation and induce
the apoptosis of activated T cells. This finding suggests that such inhibitors could be used as
a novel category of immunosuppressants in blocking allograft rejection. Indeed, in a mouse
heterotopic heart allograft rejection model, the proteasome inhibitor dipeptide boronic acid
prolonged heart allograft survival from 7 to 35 days [35]. Initial reports on the effects of
proteasome inhibitors indicate that proteasome inhibition might also be an effective
therapeutic strategy for the reduction of restenosis after balloon angioplasty of coronary
arteries and stent implantation. In a balloon-injury model of the rat carotid artery, local
administration of the proteasome inhibitor MG132 effectively reduced neointima formation,
which was associated with strong antiproliferative and proapoptotic effects on vascular
smooth muscle cells and reduced infiltration of macrophages [130]. Although these proof-
of-concept experiments have established novel and interesting therapeutic options for the
treatment of cardiac diseases, ongoing and future clinical studies are needed to confirm the
experimental findings obtained with proteasome inhibitors in the clinical setting.
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4.2. Deubiquitinating enzymes

The process of ubiquitination can be reversed by Deubiquitinating enzymes (DUBs). DUBs
either trim or completely remove ubiquitin chains from ubiquitinated proteins. DUBs
demonstrate specificity for both substrates as well particular ubiquitin chain types [131].
DUBs have key functions in the regulation of important cellular functions. By reversing
ubiquitination, DUBs affect the function, localization, or stability of proteins. Recently it
was found that the reduced ubiquitin specific protease 14(USP14) deubiquitinase activity
resulted in lower expression levels of the myocardial hypertrophy specific marker B-MHC,
and subsequently led to decreased GSK-3p phosphorylation [132]. Furthermore, this finding
indicated that USP14 might represent a novel therapeutic target for cardiac hypertrophy
treatment.

Another DUB named Cyclindromatosis (CYLD) is also associated with mediating cardiac
maladaptive remodeling and dysfunction [133]. CYLD was originally identified as a gene
mutated in familial cylindromatosis, a genetic condition that predisposes individuals tothe
development of tumors of skin appendages, termed cylindroma [134]. Subsequent studies
have revealed that CYLD regulates diverse physiological processes, ranging from cell cycle
progression and immune response to spermatogenesis and osteoclastogenesis, and also plays
a key role in the pathogenesis of cancer, lung fibrosis, and inflammatory bowel disease [134,
135] Knockout of CYLD improved survival rate and alleviated cardiac hypertrophy, fibrosis,
apoptosis, oxidative stress, and dysfunction in mice that were subjected to sustained pressure
overload induced by transverse aortic construction [133]. This data suggests that CYLD may
act as a potential therapeutic target in cardiac protection.

4.3. 11S proteasome targeted therapy

The 11S-activated proteasome is generally believed to mediate protein degradation in a
ubiquitin- and ATP-independent manner [7]. The 11S proteasome can be formed by either
PA28a and PA28B hetero heptamers (a3p4 or a4p3) or by PA28y in homo heptamers (y7)
[136]. Using a mouse model with enhanced proteasome function by cardiac-specific
overexpression of PA28a., it has been found that restoration of UPS function attenuates
cardiac dysfunction [19]. This novel finding suggests that insufficient proteasome function
contributes to the pathogenesis of diabetic cardiomyopathy. PA28a overexpression improves
UPS function in diabetic hearts. It has been reported that overexpression of PA28a
upregulates 11S proteasome abundance by stabilizing PA28p, leading to increased
association of 11S proteasomes with 20S proteasomes [136, 137]. The 20S proteasomes are
capable of degrading denatured, non-ubiquitinated proteins in an ATP-independent manner
[138] and the 11S proteasomes upregulate 20S proteolytic activity by binding to the 20S a-
ring subunits and facilitating gate opening of the 20S proteasome [139]. Therefore, it is
plausible that under pathological conditions such as diabetes, cells may resort to the 11S-
20S proteasomes for bulk degradation of damaged proteins, and as a consequence of
PA28a.OE, the increased 11S proteasomes protect cardiomyocytes against diabetes-induced
proteotoxicity. In support of this notion, the 11S proteasomes were reported to be strongly
induced by oxidative stress, in turn promoting the degradation of oxidized proteins [140]. It
has been shown that the diabetic PA28aOE hearts displayed a significant reduction in
diabetes-induced cardiac fibrosis and apoptosis, which, however, remained higher than in

Trans/ Res. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla and Rafiq Page 13

nondiabetic hearts [19]. Furthermore, the findings of this study indicate that proteasome
function in cardiomyocytes, in combination with other strategies (e.g., elevation of
autophagy, antioxidant,anti-inflammatory), could be more effective in limiting diabetic
cardiac injury.

5. Conclusion:

The UPS is a quality control system in the mammalian body that eliminates potentially
harmful abnormal proteins. In the heart, the UPS plays an important role in intracellular
pathways such as transcriptional regulation, apoptosis, and inflammation. Hyperglycemia-
induced Impairment of the UPS alters these pathways and leads to structural damage, such
as fibrosis and hypertrophy. Together all of these changes lead to DCM (Figure 2). The
studies presented in this review highlight the important signaling molecules and pathways
regulated by the UPS that lead to cardiac diseases. Targeting these signaling molecules and
pathways will potentially enable the development of future therapeutic options.
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7. Background and Translational Significance:

UPS impairment is important mechanism involved and related to the number of cardiac
diseases. In this review we highlighted the important signaling pathways that altered in
cardiac diseases and related to UPS dysfunction. Targeting these pathways may be useful
for better therapeutic approach in cardiac diseases.
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Figure 1:
The ubiquitin-proteasome system (UPS) involves in polyubiquitination of the target protein

prior to its degradation by the 26S proteasome. Polyubiquitination involves the combined
action of three different enzymes: E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and
E3 (ubiquitin ligase). The eukaryotic 26S proteasome is a large, multicatalytic protein
complex composed of the 19S regulatory complex and the 20S core. The damaged,
misfolded, or mutant proteins are degraded by three major proteolytic activities. Figure
adapted from [62].
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Figure 2:
The hyperglycemia induced UPS impairment dysregulates several signaling pathways that

leads to DCM. Figure adopted from [37].
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