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Basic Cardiovascular Sciences Conference 2009
-Molecular Mechanisms of Cardiovascular Diseases
(Jul 20-23, 2009, Las Vegas, USA): “Wnt-IGFBP4

signaling in the heart.”

* Advances in Heart Development: From Molecules

to Cures (Sep 28-Oct 3, 2009, Nice, France): “Wnt
signaling regulates cardiomyocyte differentiation

and cardiac remodeling.”

* The Third International Conference on Cell

Therapy (IRICT) (Nov 12, 2009, Seoul, Korea):
“Long-term outcome of therapeutic
neovascularization  using  peripheral  blood

mononuclear cells for limb ischemia.”

* Zhongshan Lecture (Dec 7, 2009, Shanghai, China):

“The role of statin in the treatment of heart failure.”

* SIRIC International Forum 2009: Theme: Imaging

for Shedding light to Atherosclerosis (Dec 11, 2009,
Seoul,Korea): “Senescenec as a cause of
atherosclerosis and therapeutic angiogenesis using

peripheral blood mononuclear cells.”

Gordon Research Conference Angiotensin (Feb
21-26, 2010, Ventura, USA): “Molecular and
therapeutic implications of stretch-sensing by the

AT1 receptor.”
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Editorial

“Change can happen” by PKA: Proteasomes in in vivo hearts

Rudolf Schoenheimer pioneered the technique to tag amino acids
with isotope for tracing their metabolism within living animals [1].
The results of his experiments led to a revolutionary view that the
proteins within a body are in a dynamic state of synthesis and
degradation. Now, after more than 6 decades, the concept of protein
turnover is widely accepted. Especially, to maintain cellular home-
ostasis, the cells carry out protein quality control through ubiquitin-
proteasome systemn (UPS) and autophagy, and eliminate needless or
defective intracellular proteins that are of no use and even hazardous.
The UPS is a highly selective degradation process occurring in the
cytoplasm, but in contrast, autophagy is a non-selective process that
degrades bulk proteins and organelles in the lysosomes to recycle [2].
Insomuch as the UPS participates in proteolysis of thousands of
specific proteins, this regulatory system plays an important role in a
variety of cellular responses including cell cycle and division, hypoxic
response, DNA repair, apoptosis and immune response {3]. Impor-
tantly, recent studies have indicated that dysregulation of the UPS is
profoundly implicated in human diseases such as inflammatory
diseases, neurodegenerative diseases, muscle-wasting disorders,
cancer, and cardiovascular diseases [3,4], and the UPS has emerged
as a potential therapeutic target for the treatment of these diseases
[5].

Postnatal cardiomyocytes scarcely proliferate, and thus are in
extraordinary need of removing damaged or misfolded proteins to
avoid accumulation of these kinds of garbage within the cells. In
addition, since the beating heart is under continuous stress, especially
in diseased conditions, myocardial proteins are liable to damaging and
misfolding [4]. Furthermore, recent studies have demonstrated that
the UPS is dysfunctional in the hearts of rodent models of ischemia/
reperfusion (}/R) [6,7} or desmin-related cardiomyopathy [8]. There-
fore, elucidation of the regulatory mechanism of the UPS in the heart
will be important to understand the pathogenesis of heart diseases.
The UPS-mediated proteolysis consists of two sequential steps:
covalent attachment of ubiquitin to the protein substrate (ubiquitina-
tion) and degradation of the ubiquitinated proteins by 265 protea-
some complex [9,10]. Ubiquitination proceed through a series of
enzymatic reactions involving ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3).
Selectivity and specificity of the protein substrate is determined by
E3 ligases that have either the RING-finger domain or the HECT
domain. Although much knowledge has been accumulated on
selective and specific aspects of ubiquitination, the regulatory
mechanism of 26S proteasome remains elusive, especially in the heart.

In this issue of Journal of Molecular and Cellular Cardiology, Asai
and colleagues have provided unequivocal evidence that protein
kinase A (PKA) enhances the assembly and activity of cardiac 26S
proteasome both in vitro and in in vivo [11]. The 26S proteasome is a

0022-2828/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi: 10.1016/j.yjmcc.2008.12.012
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2.4 MDa muitisubunit complex, consisting of a core 670 kDa 20S
catalytic subcomplex and twe 700 kDa 19S (or PA700) regulatory
subcomplexes [9,10,12]. Both ends of the barrel-shaped 20S subunit
are capped by 19S regulatory subunits (Fig. 1). The 20S subunit is
composed of four axially stacked rings (two identical outer o rings and
two identical inner f rings), and each « and B ring contains seven
distinct subunits (a1-a7, $1-p7). Three distinct peptidase (chymo-
trypsin-like, trypsin-like, and caspase-like) activities have been
identified, and assigned to three distinct catalytic subunits {p5, p2,
and P1, respectively) lining a central lumen. Polyuniquitinated
proteins are recognized and unraveled by 19S subunit, which then
facilitates the entry and degradation of unfolded polypeptides in the
cavity of the 20S subunit.

A couple of studies have shown that PKA can induce serine- or
threonine-phosphorylation in 26S proteasome and increase proteo-
lytic activity in vitro {13,14], The 195 subunit contains six AAA ATPases
(Rpt1~6), which contact with outer « rings of the 20S subunit and
unfold the polyubiquitinated substrates [12]. According to a recent
study, PKA stimulates the proteasome activity by phosphorylating
Rpt6 [14]. Ping and colleagues recently delineated a phosphorylation
profile of the endogenous 20S subunit of murine hearts and identified
phosphorylation in multiple subunits, by using 2-D gel electrophor-
esis, immunoblotting, and tandem mass spectrometry [13]. In the
same study, PKA was identified within the native cardiac 20S complex,
and recombinant PKA significantly increased proteasome activity in
vitro. The study by Asai et al firstly shows that PKA stimulation
enhances the activity of 265 proteasome in in vivo hearts [11]. The
proteolytic activities of 26S proteasome in the hearts of anesthetized
dogs were significantly increased after PKA stimulation through
intracoronary administration of isoproterenol (a B-adrenergic recep-
tor agonist) or forskolin (an activator of adenylate cyclase that
increases cyclic AMP and activates PKA) for 30 min. In addition, the
2685 proteasome activity was also increased at 30 min after ischemic
preconditioning (IP), consisting of 4 cycles of 5 min of ischemia and
5 min of reperfusion. Among a number of signaling pathways involved
in IP [15), PKA mediates the enhancement of proteasome activity after
IP, because it was attenuated by intracoronary administration of a PKA
inhibitor, H-89. As mentioned above, PKA phosphorylates Rpt6 in the
19§ subunit and may facilitate diffusion of the polypeptide substrates
into the proteolytic cavity of the 20S subunit (Fig. 1), although the
precise mechanism remains unclear. The phosphorylations of the 20S
subunit may directly or indirectly induce conformational change of
the catalytic sites to increase proteolytic activity (Fig. 1).

Alternatively, PKA phosphorylation may be involved in the
assembly of proteasome subunits (Fig. 1). Proteasomes with normal
function require correct assembly of all subunits, which is orche-
strated by multiple proteasome-specific chaperones [16]. Although
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Fig. 1. Potential change in 26S proteasome bought about by PKA. PKA enhances the activity of 265 proteasome potentiaily i) by increasing proteolytic activity through phosphorylation
of 208 subunit, ii) by facilitating translocation of polyubiquitinated substrates through phosphorylation of 195 subunit, iii) by promuoting assembly of proteasome subunits through
phosphorylation of the subunits or chaperones, or iv) by altering molecular composition of proteasome through an unknown mechanism.

the regulatory kinases are not specified, the phosphorylation of
proteasome subunits or chaperones can affect the status of protea-
some assembly. For example, the phosphorylation of Rpt6 in the 195
subunit is required for the incorporation of the 195 subunit into 26S
proteasome, possibly through the formation of interaction between
Rpt6 and o2 subunit [17]. In addition, the phosphorylation of o7
subunit stabilizes the association of the 19S subunit with the 20S
subunit to form 26S proteasome {18]. The study by Asai et al shows
that PKA stimulation increases the incorporation of Rpt5, a7, and 35
subunits into cardiac 26S proteasome both in vitro and in vivo by
immunoblot analysis under non-reducing conditions [11]. Clearly,
these results leave many open questions: which subunit phosphory-
lated by PKA is important in this process? How does the phosphor-
ylation induce an allosteric effect that changes the stability of 26S
proteasome? Is the assembly of subunits by PKA critically linked to
proteolytic activity of 265 proteasome? Furthermore, recent studies
have indicated that certain pathological stress can alter proteasome
composition, and that the molecular composition of proteasome is
closely related to proteolytic activity [19,20]. It may be possible that
PKA alters the proteasome composition, especially in vivo (Fig. 1).
Additional studies are necessary to determine the mechanism and
consequence of PKA-mediated assembly of 26S proteasome.

Asai et al further investigated the pathophysiological role of
proteasome activation by IP in canine hearts subjected to I[R [11]. A
significant decrease in the proteasome activity was observed after
90 min of ischemia, which lasted for the following period of
reperfusion. It has been reported that free radical-initiated oxidation,
such as lipid peroxidation, participates in oxidative modification and
inactivation of the 20S proteasome during I/R [6,7]. As a consequence
of a decline in the proteasome activity, I/R increased accumulation of
ubiquitinated proteins in the hearts. Interestingly, IP counteracted the
decline of proteasome activity during I/R, which was associated with a
significant reduction in the accumulation of ubiquitinated proteins.
Abnormal accumulation of ubiquitinated proteins causes aberrant
protein aggregates, and thus is thought to be deleterious to
cardiomyocytes [4]. The favorable effect of IP on accumulation of
ubiquitinated protein in /R hearts was abolished by intracoronary
administration of a proteasome inhibitor epoxomicin, but surprisingly,
the infarct size in I/R hearts was unchanged with or without IP even by
epoxomicin at the concentration that reduced proteasome activity by
43%. These results imply that proteasome activation by IP is irrelevant
to the alleviative effect of IP on myocardial cell death during I/R. Then,
the next question will be whether the beneficial effect of IP on
contractile function of viable myocardium is prevented or not by
epoxomicin in }/R hearts. Indeed, proteasome inhibitors may lead to
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deleterious and beneficial outcomes during myocardial ischemia
according to the experimental designs [21]. The intracoronary
administration of epoxomicin in anesthetized dogs may mitigate the
inflammatory response within the hearts, because the NF-xB signaling
is regulated by the UPS. Given that the UPS tightly controls turnover of
regulatory proteins involved in physiological responses such as
intracellular signaling and transcriptional regulation [3], the subtle
difference in the concentrations or the pharmacokinetics of the
proteasome inhibitors may influence the outcomes in in vivo
experiments. In addition, it has been reported that autophagy acts
as a compensatory degradation system when the UPS is impaired in a
Drosophila model of neurodegenerative disease [22]. Administration
of proteasome inhibitors may induce autophagy in I/R hearts, and
thereby prevent myocardial cell death by maintaining organelle
turnover and energy homeostasis [23]. Further studies are needed to
clarify the functional coupling between the UPS and autophagy,
especially in [/R hearts.

The proteasome inhibitor bortezomib shows selective cytotoxicity
to cancer cells, and is approved for clinical treatment of refractory
multiple myeloma [5]. Insomuch as the proteasome activity is
hampered in ischemic hearts, pharmacological restoration of the
proteasome function has a potential to become a rational strategy for
treatment. The study of Asai et al provides an important clue toward
this strategy [11]. Manipulation of proteasome function may be
applied to treatment of a wide spectrum of heart diseases such as
cardiac hypertrophy. Tsukamoto et al revealed that proteasome was
dysfunctional in murine hearts of pressure-overloaded hypertrophy
|24]. However, Depre et al argued that proteasome function was
upregulated during pressure overload in canine hearts and that
administration of proteasome inhibitors attenuated cardiac hypertro-
phy without altering cardiac function [25]. Of course, in-depth
assessment of the pathogenic role of the UPS in heart diseases will
be a prerequisite for launching a bench-to-bed approach.

Will pharmacological activation of PKA induce “a change we can
believe in” in proteasomes of stressed myocardium and produce a
clinical benefit in the treatment of heart diseases? Further studies are
required to explore the detailed mechanism of proteasome modifica-
tion and to develop an optimal way in normalization of proteasome
function in diseased hearts.
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