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Abstract

The ubiquitin proteasome system plays a critical role in skeletal muscle atrophy. A large body of
research has revealed that many ubiquitin ligases are induced and play an important role in
mediating the wasting. However, relatively little is known about the roles of deubiquitinases in this
process. Although it might be expected that deubiquitinases would be downregulated in atrophying
muscles to promote ubiquitination and degradation of muscle proteins, this has not to date been
demonstrated. Instead several deubiquitinases are induced in atrophying muscle, in particular
USP19 and USP14. USP19, USP2 and A20 are also implicated in myogenesis. USP19 has been
most studied to date. Its expression is increased in both systemic and disuse forms of atrophy and
can be regulated through a p38 MAP kinase signaling pathway. In cultured muscle cells, it
decreases the expression of myofibrillar proteins by apparently suppressing their transcription
indicating that the ubiquitin proteasome system may be activated in skeletal muscle to not only
increase protein degradation, but also to suppress protein synthesis. Deubiquitinases may be
upregulated in atrophy in order to maintain the pool of free ubiquitin required for the increased
overall conjugation and degradation of muscle proteins as well as to regulate the stability and
function of proteins that are essential in mediating the wasting. Although deubiquitinases are not
well studied, these early insights indicate that some of these enzymes play important roles and
may be therapeutic targets for the prevention and treatment of muscle atrophy.
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1. Increased ubiquitination of muscle proteins in atrophic conditions

The first observations of activation of the ubiquitin—proteasome system (UPS) in conditions
of muscle wasting were reported approximately twenty years ago (Haas and Riley, 1988;
Medina et al., 1991). Amongst these findings were key observations that the increases in
rates of proteolysis observed upon fasting or denervation — prototypic conditions of muscle
wasting due to systemic regulatory factors or loss of neural activity respectively — were
largely due to an ATP dependent mechanism (Furuno et al., 1990; Wing and Goldberg,
1993). Importantly, expression of ubiquitin and ubiquitinated proteins increased in skeletal
muscle in parallel with these increases in rates of ATP dependent proteolysis (Medina et al.,

"Correspondence address: Polypeptide Laboratory, Strathcona Anatomy and Dentistry Building, Room W315, 3640 University Street,
Montreal, Quebec, Canada H3A 0C7. Tel.: +1 514 398 4101; fax: +1 514 398 3923., simon.wing@mcgill.ca.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Wing

Page 2

1995; Wing et al., 1995) suggesting that the UPS was this ATP dependent proteolytic
system. Furthermore, myofibrillar proteins were preferentially ubiquitinated (Wing et al.,
1995) consistent with the preferential degradation of these proteins in the catabolic
conditions (Furuno et al., 1990; Li and Wassner, 1984; Lowell et al., 1986).

2. Enzymes that mediate ubiquitination and deubiquitination of proteins

The increase in levels of ubiquitinated proteins in the atrophying muscles suggested that the
increased flux through this pathway was due to activation of conjugation of ubiquitin to
proteins in this tissue. Conjugation of ubiquitin is mediated by the sequential action of three
enzymes (Hershko et al., 1983). Ubiquitin activating enzyme (E1/UBA) activates ubiquitin
(Haas and Rose, 1982) and transfers it to one of a family of ubiquitin conjugating enzymes
(E2/UBC/UBE) (rev. in (Pickart, 2001)). The E2 then conjugates ubiquitin to protein
substrates in concert with a third protein, ubiquitin—protein ligase (E3) (Reiss et al., 1989)
that plays the important role of binding the substrate. Two genes encode E1 enzymes
(Ciechanover et al., 1984; Kulka et al., 1988; Pelzer et al., 2007), but UBAL appears to be
the dominant enzyme in somatic cells. Approximately 30 mammalian E2s exist and each can
interact with a subset of E3s which number ~800 in the human genome (rev. in (Glickman
and Ciechanover, 2002, Pickart, 2001)).

Studies from many groups over the past twenty years have indeed identified many
components in the ubiquitin conjugating apparatus that are induced in atrophying skeletal
muscle. Levels of the ubiquitin conjugating enzyme HR6b (Ube2b) mRNA are increased in
many conditions of muscle wasting (Lorite et al., 2001; Temparis et al., 1994; Wing and
Banville, 1994). However, mice lacking this gene are not protected from muscle wasting of
fasting indicating that this gene is not essential (Adegoke et al., 2002). Single reports have
also indicated increased expression of E2—-20k (Ube2h) (Li et al., 2003), UBC4/UBC5
(Ube2g) isoform (Chrysis and Underwood, 1999) or Ubc6 (Ube2j1) (Lecker et al., 2004) in
some conditions of atrophy.

A number of ubiquitin ligases are induced, including atrogin-1 (Fbx032) (Bodine et al.,
2001; Gomes et al., 2001), MuRF-1 (Trim63) (Bodine et al., 2001), Cbl-b (Cblb) (Nakao et
al., 2009), UBRL1 (Fischer et al., 2000; Lecker et al., 1999), UBR2, UBR3 (Kwak et al.,
2004; Kwon et al., 2001), and TRAF6 (Paul et al., 2010). Atrogin-1 and MuRF1 are most
upregulated with levels of expression increasing by as much as 100 fold at the mRNA level,
suggesting important roles for these ligases. Indeed, mice lacking either one of these genes
show sparing of muscle wasting in response to denervation (Bodine et al., 2001). However,
other ligases can also contribute to the atrophic process. Cbl-b knockout mice also show
protection against denervation induced wasting (Nakao et al., 2009) and TRAF6 knockout
mice are protected from multiple causes of atrophy including cancer cachexia (Paul et al.,
2010), fasting (Paul et al., 2012) and denervation (Paul et al., 2010).

These studies clearly established that activation of ubiquitin conjugation can promote muscle
protein degradation and contribute to the increase in ubiquitinated proteins in atrophying
muscles. However, ubiquitination can also be modulated by deubiquitinases (rev. in
(Komander et al., 2009; Reyes-Turcu et al., 2009)). There are ~95 human genes encoding
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enzymes that remove ubiquitin (Nijman et al., 2005). These can be subdivided into five
major families based on conserved protein maotifs. The largest family (~60 genes) is the USP
(ubiquitin specific protease) family containing a conserved catalytic core domain bearing
classical Cys, His, Asp domains which cooperate to render the thiol group on the cysteine
residue an effective nucleophile for catalyzing peptide bond hydrolysis. The second largest
class is the Otubain class (14 genes), members of which contain an OTU domain originally
described in a Drosophila gene required for ovarian development (Balakirev et al., 2003).
UCH (Ubiquitin C-terminal hydrolase) enzymes were the first deubiquitinases to be
described. There are four of these in the human genome and one of these is BAP1 which
binds the BRCA1 breast cancer susceptibility gene and can function as a tumor suppressor
(Jensen et al., 1998). The four MJD (Machado—Joseph Disease) enzymes contain N-terminal
Josephine domains and the best studied of these is ataxin3 which when mutated causes a
form of ataxia with Parkinsonian features (Burnett et al., 2003). Finally, there are up to 14
JAMM (JAB1/MPN/Mov34) domain containing proteins with four clearly having hydrolytic
activity against ubiquitin or ubiquitin like proteins. One of these, Rpn11/POH1, is an
integral subunit of the 19S cap of the proteasome and plays a critical role in cleaving the
ubiquitin chain from substrates prior to their degradation (YYao and Cohen, 2002). Unlike the
other four classes of deubiquitinases, the JAMM domain enzymes are not cysteine proteases,
but metalloproteinases in which a Zn?* atom in the active site coordinates a water molecule
which serves as the nucleophile to attack the peptide bond.

3. Potential roles of deubiquitinases in muscle atrophy

The most obvious mechanism by which deubiquitination could be involved in muscle
wasting would be downregulation of deubiquitinases to promote ubiquitination and
degradation of proteins. However, surprisingly, to date no deubiquitinase has been reported
to be downregulated in atrophying muscle. In contrast, there is evidence for induction of
expression of some deubiquitinases. Although seemingly counterintuitive, a number of
possibilities exist as to how upregulation of a deubiquitinase could contribute to
enhancement of muscle proteolysis (Fig. 1). Deubiquitinases play essential roles in
maintaining cellular levels of free ubiquitin. Several deubiquitinases, USP14, UCH37, POH1
are associated with the 19S regulatory cap of the 26S proteasome. POH1 appears to cleave
the chain at the junction of linkage of ubiquitin with the target protein (YYao and Cohen,
2002). USP14 and UCH37 can trim ubiquitin chains (Crosas et al., 2006; Lam et al., 1997).
Thus, these enzymes could promote proteolysis by regenerating free ubiquitin from the
ubiquitin chains to ensure an adequate supply of the peptide for further conjugation of
proteins destined for degradation. It is also well established now that some forms of
ubiquitination of plasma membrane proteins such as monoubiquitination or lysine 63 linked
ubiquitin chains can promote internalization and trafficking of these membrane proteins via
endosomes and multivesicular bodies into lysosomes for degradation. Again, the ubiquitin is
removed from the cargo prior to its degradation. The deubiquitinases isopeptidase T/USP5
(Papa and Hochstrasser, 1993) and/or AMSH (McCullough et al., 2004) play important roles
in recycling ubiquitin in this compartment. Failure to do so in yeast bearing mutants of
Doad, the ortholog of USP5, results in depletion of free ubiquitin (Swaminathan et al.,
1999).
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Ubiquitin is encoded by four genes in the mammalian genome. Two of these genes, Ubb and
Ubc, are polyubiquitin genes (Finley et al., 1987; Ozkaynak et al., 1987) encoding multiple
copies of ubiquitin arranged in tandem. The other two genes, Uba52 and Rps27a, encode
ubiquitin fused to one of two proteins — the L40 or S27a subunits of the 60S ribosomal
complex, respectively (Finley et al., 1989; Redman and Rechsteiner, 1989). All of these
genes can be induced in atrophying muscles (Lecker et al., 2004). Enhanced deubiquitinases
could play a role in processing the increased production of these polyproteins to their
individual proteins. In this way, the pool of free ubiquitin is also enhanced.

Another important mechanism by which induction of deubiquitinases can promote muscle
wasting is through modulation of proteins that regulate atrophy. For example, increased
expression of deubiquitinases could stabilize transcription factors that activate genes
required for atrophy such as the ubiquitin ligases previous discussed. A number of
deubiquitinases are associated with ligases (see (Kee et al., 2005; Lu et al., 2009;
Mouchantaf et al., 2006; Wu et al., 2004) for examples) and so it is possible that increased
deubiquitinases could stabilize ubiquitin ligases that are involved in muscle wasting.
Deubiquitinases could also modulate signaling pathways that regulate proteolysis. They
could act to stabilize repressors of signaling pathways that suppress proteolysis or stabilize
activators of signaling pathways that stimulate proteolysis. It is important to note that
ubiquitination may serve non-proteolytic functions such as regulation of chromatin structure
and gene expression, DNA repair, cell signaling, and cellular localization. These effects are
due to the ubiquitination either modifying the structure and thereby function of the protein
or promoting the recruitment of other proteins. Deubiquitinases could decrease such non-
proteolytic functions which could through indirect mechanisms promote muscle protein
degradation. Increased deubiquitination may also stimulate degradation by promoting
substrate availability. For example, the A20 deubiquitinase removes lysine 63 chains from
RIP1 allowing it to be ubiquitinated with lysine 48 chains that target it for degradation
(Wertz et al., 2004).

4. USP19 and skeletal muscle

The most intensively studied deubiquitinase to date with respect to skeletal muscle is
USP19. Itis induced in muscle wasting, but the changes are modest rendering it generally
not detected in microarray analyses as a differentially expressed gene. Increased mRNA
levels of this enzyme have been seen in multiple conditions including fasting, diabetes, three
different tumor bearing models, high dose glucocorticoid therapy, denervation and rats
exposed to cigarette smoke (Combaret et al., 2005; Liu et al., 2011; Ogawa et al., 2012;
Robert et al., 2012). This induction can be mediated through p38 MAP kinase signaling (Liu
etal., 2011). This upregulation in a broad array of conditions suggests that USP19 may be
involved in an important common process in the pathogenesis of wasting. Antioxidants such
as p-carotene can suppress muscle loss as well as the induction of USP19 (Ogawa et al.,
2012). In vitro studies in cultured myotubes have demonstrated that catabolic stimuli such as
glucocorticoids (Sundaram et al., 2009), cigarette smoke extract (Liu et al., 2011), and
hydrogen peroxide (Ogawa et al., 2012) can induce USP19 expression. Evidence for a
functional role arises from studies in myotubes which demonstrate that silencing of USP19
can increase expression of myofibrillar proteins (Sundaram et al., 2009). Since such proteins
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make up the bulk of muscle protein content, it suggests that induction of USP19 levels
indeed promote atrophy. In addition, such silencing can reverse the catabolic effects of
dexamethasone in myotubes suggesting inhibition of this enzyme as a potential therapy for
wasting (Sundaram et al., 2009). Interestingly, the increase in levels of myofibrillar proteins
was associated with increased expression of mMRNA for these proteins suggesting that
USP19 regulates a myogenic program. Indeed, we observed that depletion of USP19
induced the expression of the myogenic regulatory factor myogenin and this increase in
myogenin was required for the increase in myofibrillar protein expression (Sundaram et al.,
2009). Thus, induction of USP19 appears to play a role in protein balance through regulation
of synthesis of myofibrillar proteins promoting the concept that the UPS is activated in
muscle to suppress protein synthesis as well as activate protein degradation. This ability of
USP19 to modulate muscle mass appears to be relevant in vivo as our preliminary studies
indicate that mice lacking the enzyme have sparing of muscle loss in response to denervation
atrophy (Sundaram et al., 2010).

The ability of USP19 to modulate expression of myogenin suggests that it might also be
involved in myogenesis. In support of this, estrogen acting via the ERa. receptor can
suppress differentiation and increase expression of USP19 in cultured muscle cells (Ogawa
etal., 2011). This effect of estrogen on myogenesis is critically dependent on USP19 as
silencing its expression blocked the effect on differentiation (Ogawa et al., 2011). Consistent
with this, our recent studies also demonstrate that overexpression of USP19 can impair
muscle cell differentiation in vitro (unpublished data).

The mechanisms by which USP19 might mediate these effects in muscle remain unknown.
Previous studies in HEK293 cells have shown that USP19 can deubiquitinate and stabilize
clAP proteins (Mei et al., 2011). These proteins can promote TNFa signaling in several cell
types (Varfolomeev et al., 2012) and can also inhibit myogenesis in primary muscle cells
(Enwere et al., 2012). So an attractive hypothesis is that USP19 might promote muscle
atrophy by stabilizing clAPs and activating the NFxB pathway. However, to date, we have
not been able to demonstrate such an effect on clAPs in muscle cells.

5. Other deubiquitinases and skeletal muscle

Usp14 was observed to be highly induced on microarray analysis in several catabolic
conditions including fasting, uremia, diabetes and cancer (Lecker et al., 2004), but
exploration of this observation has not been reported. This induction is somewhat surprising
as studies of its ortholog in yeast have suggested that USP14 functions to negatively regulate
ubiquitination and degradation of proteasome substrates (Crosas et al., 2006; Hanna et al.,
2006). Its function in skeletal muscle may be different and instead it may be required for
recycling of ubiquitin to maintain the free ubiquitin pool as discussed earlier. If
deubiquitination of substrates is required prior to degradation, then induction of USP14
could allow a larger flux of ubiquitinated proteins to be processed and degraded by the
proteasome. It is possible that USP14 can promote or inhibit degradation depending on the
individual substrate in question. Naturally occurring Usp14 mutant mice have been
described (Wilson et al., 2002). The primary abnormality in these mice is ataxia which can
progress to muscle paralysis, but this appears to be explained by a defect in
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neurotransmission in both the central and peripheral nervous system rather than a defect in
muscle. A muscle specific inactivation of Usp14 has not been reported to date.

USP2 is expressed as two distinct isoforms each possessing an identical C-terminal catalytic
core domain but distinct N-termini (Gousseva and Baker, 2003; Lin et al., 2000). These two
isoforms can modulate muscle cell differentiation in vitro, but interestingly each with
opposing effects (Park et al., 2002). USP2a mRNA expression increases transiently before
membrane fusion, but USP2b mRNA increases as the cells fuse. Fusion and differentiation
are stimulated by overexpression of USP2a whereas overexpression of USP2b inhibits these
processes. However, it appears that USP2 is not essential for myogenesis as skeletal muscle
appears grossly normal in mice lacking USP2, albeit both isoforms ((Bedard et al., 2011)
and data not published).

A20 is an intriguing enzyme that possesses both a deubiquitinating activity localized to its
OTU N-terminal domain and a ligase activity in its C-terminal seven tandem C2/C2 zinc
finger domain (Wertz et al., 2004). As discussed earlier, it plays a critical role in regulating
NFxB signaling through regulating the deubiquitination and subsequent ubiquitination and
degradation of RIP1. A20 is highly expressed in regenerating muscle fibers in dystrophic
mice and its silencing impairs muscle differentiation in vitro (Charan et al., 2012). It is
suggested that A20 promotes regeneration by inhibiting the classical NFkB pathway and
upregulating the alternate pathway.

6. Perspectives/future directions

As is evident from the brevity of this review, the potential role of deubiquitinases in muscle
wasting remains largely unexplored. Although at this time, there are no published reports
describing deubiquitinases that are suppressed to promote muscle protein ubiquitination and
degradation, this possibility has not been completely excluded. The search for regulated
deubiquitinases in muscle wasting has largely taken place at the level of expression of
MRNA, so it remains possible that there are decreased activities of deubiquitinases occurring
through post-transcriptional mechanisms. Levels of deubiquitinase proteins may be
regulated at a translational level by factors such as miRNAs or other non-coding RNAS. In
addition, it remains possible that there are deubiquitinase activities in skeletal muscle
inhibited through mechanisms such as post-translational modifications, allosteric regulation,
substrate activation or regulated localization in complexes or specific compartments.
Regulation of specific deubiquitinases by all of these mechanisms have been observed (rev.
in (Komander et al., 2009)).

Much work also remains to be done with the deubiquitinases that have been implicated to
date in regulating muscle size. Although USP19 has been studied the most, many questions
remain. In particular, the substrates of the enzyme and the molecular mechanisms by which
USP19 mediates these effects in muscle remain unknown. The specific functions of USP14
in muscle atrophy also remain unknown as do the potential roles of USP2 in muscle
regeneration or recovery from hypertrophy. Nonetheless, the insights to date with USP19
confirm that it plays a key role in skeletal muscle atrophy and so other deubiquitinases are
also likely to be involved in important ways.
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Fig. 1.
Potential roles for deubiquitinases in skeletal muscle atrophy. Deubiquitinases may be

activated to support or promote proteolysis by maintaining the pool of free ubiquitin that is
required for the increased overall conjugation to substrates targeted for degradation.
Deubiquitinases generate free ubiquitin by processing the products of the polyubiquitin
genes Ubb and Ubc and the ubiquitin fusion genes Uba52 and Rps27a (A) as well as by
removing ubiquitin from proteins committed to degradation by the proteasome or by the
lysosome (B). Deubiquitinases may also act on specific protein substrates to reverse the
functions of ubiquitination (C). In this way, they not only contribute to the pool of free
ubiquitin, but importantly may promote muscle atrophy by stabilizing proteins that promote
wasting (see text for more detailed discussion). If ubiquitination of these specific proteins
does not target for degradation but confers other functions, deubiquitinases may promote
atrophy by enhancing the functions of activators or by inhibiting the functions of repressors
of pathways that promote wasting. Muscle atrophy could also be promoted by
downregulation of deubiquitinases that normally stabilize substrates targeted for degradation
or stabilize repressors of pathways that promote wasting. At this time, all of these
possibilities remain speculative.
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