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ABSTRACT

Skeletal muscle wasting can be a fatal complication of many diseases, such as
cancer, AIDS and neuromuscular disorders. During wasting, the ubiquitin-
proteasome system (UPS) is the primary pathway for the catabolism of
myofibrillar proteins. Many studies have explored the importance of enzymes
mediating the conjugation of ubiquitin to muscle proteins. However, the role of
deubiquitinating enzymes in skeletal muscle wasting is poorly understood. Our
laboratory previously identified USP19 as a deubiquitinating enzyme which is
upregulated in response to atrophic stimuli in vivo and is capable of indirectly
regulating the expression of myofibrillar proteins in muscle cells in vitro.
However, the role of USP19 during skeletal muscle wasting in vivo remains
unexplored. To address this question, I have characterized the phenotype of
USP19 KO mice and determined the effects of denervation induced wasting of
hindlimb muscles of USP19 KO mice by measuring various anatomical and
structural parameters. Denervation stimulus was chosen to minimize number of
animals used since control and treated limbs are within the same animal. USP19
KO mice had slightly heavier gastrocnemius muscle (GAS) mass than WT mice,
with a trend towards a larger fiber size and higher protein content. After
denervation, the skeletal muscle mass of KO mice is 30% heavier than that of
denervated WT mice in both the tibialis anterior (TA) and GAS muscle. This
significant sparing is correlated with KO having 30% more protein than WT in
GAS muscles, after denervation. The level of the myofibrillar protein
tropomyosin was significantly higher in denervated KO GAS than in denervated
WT GAS, consistent with previous USP19 siRNA studies in rat skeletal muscle
cells. Although, structural analysis of denervated GAS fiber reveals a small but
significant sparing in the fiber size of KO mice as compared to WT mice, this
difference only accounts for 5% of the mass sparing observed in KOs. Loss of
neural stimulation in muscle is known to induce apoptosis during atrophy. My

biochemical analysis showed that denervation results in less DNA loss in KO



GAS muscles when compared to WT GAS muscles. In addition, there was a
decrease in the levels of apoptotic markers, caspase-3 and Poly-ADP-Ribose-
Polymerase (PARP) cleavage, in denervated KO GAS as compared to denervated
WT GAS. Taken together, this evidence suggests that the muscle sparing occurs
via a novel mechanism, where USP19 deletion promotes skeletal fiber survival
after loss of neuronal stimulation. Therefore, USP19 could be a therapeutic target

in the treatment of muscle wasting disorders.



RESUME

L’atrophie musculaire est une grave complication qui peut étre fatale dans
plusieurs maladies comme le cancer, le SIDA ou les maladies neuromusculaires.
Le systéme ubiquitine-protéasome (UPS) est le mécanisme le plus impliqué dans
la dégradation des protéines myofibrillaires durant 1’atrophie. Plusieurs études ont
démontré 1’importance de certaines enzymes catalysant la conjugaison de
I’'ubiquitine aux protéines musculaires. Parcontre, le réle des enzymes de
déubiquitination durant 1’atrophie musculaire est encore trés peu connu. Notre
laboratoire a précédemment identifi¢ USP19, une enzyme de déubiquitination, qui
est régulée a la hausse en réponse a plusieurs stimuli d’atrophie musculaire in vivo
et qui est aussi capable de réguler indirectement des protéines myofibrillaires dans
des cellules musculaires in vitro. Toutefois, le role de USP19 dans 1’atrophie
musculaire in vivo est encore inconnu. Afin d’aborder cette question, j’ai
caractérisé le phénotype de souris dont le géne USP19 a été inactivé (KO) et j’ai
déterminé les effets d’une dénervation des muscles de la patte postérieur sur ces
souris KO en mesurant divers parametres anatomiques et structuraux. Les souris
USP19 KO posseédent une masse du muscle gastrocnemius (GAS) 1égérement plus
grande que les souris contrdles (WT) avec une tendance vers des fibers plus
grosses et un contenu protéique plus élevé. Apres dénervation, les muscles
squelletiques des souris KO étaient 30% plus lourds que ceux des souris WT et ce
dans le GAS ainsi que dans le tibialis postérieur (TA). Cette économie
significative correle bien avec une augmentation de 30% du contenu protéique
dans les muscles KO (GAS) comparé aux muscles WT, apres dénervation. Aussi,
les niveaux de la protéine myofibrillaire tropomyosine étaient significativement
plus élevés dans le GAS KO que dans que dans le GAS WT, apres dénervation, ce
qui est consistant avec des études postérieures de siRNA contre USP19 dans des
cellules musculaires de rat. Bien que des analyses structurelles des GAS dénervés
aient démontré une faible mais significative économie dans la taille des fibers KO

comparé¢ aux fibers WT, cette différence ne peut justifier que pour 5% de



I’économie de masse musculaire observée dans les souris KO. Par ailleurs, la
perte de stimulation neurale dans les muscles est reconnue pour induire 1’apoptose
durant I’atrophie. Mes analyses biochimiques ont démontré une perte d’ADN
moins importante dans les muscles GAS KO que dans les WT apres dénervation.
De plus, nous avons observé une diminution des taux des marqueurs d’apoptose
caspase-3 et de poly-ADP-ribose-polymerase (PARP), dans les muscles GAS
dénervés KO comparé aux GAS dénervé WT. Dans I’ensemble, ces résultats
suggerent que I’économie de masse musculaire observée se produit via un
nouveau mécanisme ou la perte de USP19 favorise la survie des fibers
squelletiques aprés une coupure de la stimulation neuronale. Par conséquence,
USP19 pourrait étre utilis¢é comme cible thérapeutique dans le traitement des

maladies liées a 1’atrophie musculaire.
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I. INTRODUCTION

1.1 Skeletal Muscle Wasting in Disease

Skeletal muscle is a tissue comprised primarily of protein, the nature of which
mediates a variety of essential functions, such as ambulation, respiration and
energy storage. Skeletal muscle wasting is an important complication of many
diseases. Anorexia, kidney failure, neuromuscular disease, diabetes mellitus,
sepsis, AIDS, cancer, Cushing’s syndrome and hyperthyroidism are all conditions
accompanied by a net decrease in skeletal muscle protein (review in '). These
conditions can cause muscle mass and protein content to fall below the threshold
required to maintain respiratory muscles, resulting in death. Severe muscle loss is
known as muscle wasting and is a component of cachexia®. Muscle wasting can
occur locally such as in decreased innervation of specific muscles or can be
systemic such as during prolonged glucocorticoid treatment’. Regardless of the
initiating factors, the skeletal muscle wasting is the result of a net negative
balance in the rates of protein synthesis and protein degradation®.

During muscle wasting, mass may be lost as a result of muscle cell atrophy or
cell death. Muscle atrophy is the reduction in myofiber volume accompanied by a
loss in protein content and disorganization of muscle structure characterized by
striations within the cell’. Alternatively, muscle mass may decrease as a result of
necrosis or apoptosis. Studies report the increase of apoptotic markers such as
Bax, cleaved PARP, and DNA fragmentation, in the GAS, following sectioning of
the sciatic nerve in the rat’. Stimulating myogenesis could potentially counteract

the loss of muscle wasting resulting from increased cell death.
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Figure 1: The contractile components of skeletal muscle. Skeletal muscle is
made up of a series of multinucleated myofibers, each with several peripheral
nuclei. Each myofiber contains many myofibrils which are comprised of
sarcomeres in series. The sarcomere is the contractile unit of muscle. In the
sarcomere, actin thin filaments and myosin thick filaments overlap with each
other, forming the striations of skeletal muscle. The myosin thick filament is
composed of 2 heavy chains and 4 light chains. Myosins are arranged together in

a side by side complex.



Myogenesis refers to the process by which muscle differentiates. Although
most muscle is formed during embryonic development, adult skeletal muscle
maintains plasticity. This flexibility allows for changes in protein content in
response to stimuli, such as feeding, fasting, exercise and injury. In the case of
muscle injury, stem cells can replenish the damaged tissue via a process known as
muscle regeneration. In mature mammalian muscle, mononuclear stem
cells/satellite cells will move from the basal lamina to the site of injury and
undergo differentiation to muscle precursor cells. These precursor cells are known
as myoblasts. The myoblasts will fuse into multinucleated cells, known as
myotubes, which terminally differentiate into myofibers’. Cells committed to
myogenesis express the myogenic regulatory factors (MRFs): MyoD, Myf-5,
myogenin, and MRF4®. These MRFs are transcription factors, expressed in a
temporal manner. The MRFs belong to the superfamily of basic helix-loop-helix
transcription factors, which have been shown to heterodimerize with E proteins
and bind DNA E-box motifs found in the promoters of many skeletal muscle-
specific genes’.

Muscle is predominantly composed of the myofibrillar proteins, myosin
and actin, with less abundant levels of accessory proteins such as tropomyosin and
troponin'’. These proteins are organized into filaments, forming the contractile
apparatus of muscle, known as the sarcomere (Figure 1). The sarcomere has thick
and thin filaments. Thick filaments consist of myosin and thin filaments are
comprised of actin, tropomyosin and troponin. Muscle contraction begins when
troponin binds to calcium and initiates the interaction of actin and myosin. The
muscle contracts because thick and thin filaments move over each other in an
ATP-dependant manner''. It has been demonstrated that myofibrillar proteins
decrease during wasting, as seen in the rodent models of sciatic nerve denervation
or treatment with cortisone’. Since muscle function requires sufficient
myofibrillar proteins to maintain the highly-organized infrastructure of the
sarcomere, understanding the mechanism of protein depletion is critical to

reversing muscle wasting in humans.
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Mammalian skeletal muscle contains four myosin isoforms. Most fibers
contain one myosin isoform, designating the fiber type. Muscles can be
characterized by determining the abundance of these four fibers types: I, IIA,
IID/X and IIB. There is a correlation between ATPase activity and myosin
isoforms such that type I fibers are slower than type II fibers, having less ATPase
activity than type II fibers'?. In addition, fibers may switch isoforms by moving
from I <> IIA <> IID/X <> IIB. Hybrid fibers exist in low abundance and are the
result of fiber type transitions. Hybrid fibers may contain only two adjacent
isoforms of myosin in the switching program described above. In C57Jbl/6 mice,
fast-twitch muscles such as the extensor digitorum longus (EDL), tibialis anterior
(TA) and GAS muscles, contain mostly type IIB fibers (55-65% of total fibers).
These type 1IB fibers in EDL, TA and GAS have the largest cross-sectional area.
Conversely, slow-twitch muscles like the soleus (SOL) are predominantly type I
and IIA fibers (~40% each of total fibers) with the largest cross sectional area
attributed to type I fibers (all ref '°).

It has been shown that changes in fiber cross-sectional area can accurately
represent the extent of muscle atrophy or hypertrophy'*. A study on denervated
EDL in rats reports a dramatic decrease in the cross-sectional area of type IIA and
IIB fibers (42% and 36% loss of area, respectively), while the I and 1IX fibers are
less affected by denervation, decreasing their average cross-sectional area by only
9% and 13%, respectively'”. Taken together, gross skeletal muscle anatomy in
fast twitch muscle is most influenced by changes in the largest and most abundant

fibers such as the type IIB fibers.

1.2 The Ubiquitin-Proteasome System

Although, proteins may be degraded by calcium dependant proteases and
lysosomal proteases, inhibition of these pathways are not sufficient to reverse the
protein loss which occurs during skeletal muscle atrophy'®. However inhibition of
the proteasome can inhibit the increase in proteolysis in atrophying skeletal
muscle, as was demonstrated in a rodent model of diabetes'’. Therefore, the

ubiquitin-proteasome system (UPS) is regarded as the major pathway for protein
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degradation in skeletal muscle cells.

Ubiquitin (Ub) is an 8kDa protein containing 76 amino acids. The UPS
degrades proteins which are conjugated to polymers of Ub. Ub chains have been
shown to target their attached substrate to the 26S proteasome for degradation. In
order to generate Ub chains, Ub monomers are covalently attached to a lysine (K)
residue on a substrate or on a previously conjugated Ub . The process requires the
sequential action of three enzymes: Ub-activating enzyme (E1), Ub-conjugating
enzyme (E2) and Ub-ligase (E3). Initially, the carboxyl end of Ub is activated by
E1 through the hydrolysis of ATP. This step results in the Ub forming a thiol-ester
linkage with a cysteine residue in the active site of the El (Figure 2). The
activated ubiquitin is then transferred to a specific E2. Lastly, the glycine 76
carboxyl group in the C-terminus of Ub is coupled to the e-amino group of lysine
of the substrate or preceding ubiquitin. This last step is catalyzed by the E2/E3
complex'®.

Substrate specificity is primarily dependent on the E3. To date, two
classes of E3 have been identified, Really Interesting New Gene (RING) ligases
and homology to E6AP C-Terminus (HECT) ligases. If the E3 contains a RING
finger domain, as is the case for muscle-specific RING finger-1 (MURF-1), the
substrate will be selected by the E3, which recruits and activates the E2 for
transfer of the Ub to the substrate’. If the E3 contains a HECT domain, such as
KIAAT10 found in human muscle, the Ub will be transferred from the E2 to the E3
and subsequently conjugated to the substrate by the E3* %',

E3s can exist as multimeric protein complexes. The SCF ligase complex is
composed of a Cullin, Skp, and F-box protein. In the complex, Cull N-terminus
interacts with Skpl while Cull C-terminus interacts with Rbx1/Rocl/Hrtl; thus
Cull serves as a scaffolding protein. Rbx1/Rocl/Hrtl contains the RING domain
for binding the E2. The RING domain mediates the transfer of Ub from the E2 to

the substrate 2.

The F-box protein is bound to Skpl and serves as a receptor to
recruit specific protein substrates to SCF complexes. The F-box is located at the
N-terminal of F-box proteins. In addition, the protein may contain, at the C-

terminus, a variety of other motifs such as WD40 repeats, leucine-rich repeats,
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Figure 2: The Ubiquitin Proteasome System. The El hydrolyses ATP into

AMP and pyrophosphate which activates the ubiquitin moiety. Ubiquitin (Ub)
enters the pathway by binding to the cysteine in the active site of the Ub-
activating-enzyme (E1). The ubiquitin is transferred to the Ub-conjugating-
enzyme (E2) which recruits the Ub ligase (E3). The E3 selects substrates and
forms linkages. The linkage is formed with one of seven lysine residues in Ub,
which is dictated by the E2/E3 pair involved. Finally, the E3 catalyzes the
formation of the isopeptide bond between the g-amino group of lysine (K) on the
substrate or Ub and the glycine residue at position 76 of the ubiquitin. If Ubs are
linked via K48, the substrate is targeted to the proteasome. Proteolysis in the

proteasome requires hydrolysis of ATP to ADP and Pi.
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kelch repeats, carbohydrate-interacting motifs, and proline-rich regions. An
example of a SCF ligase in muscle is, MAFbx, which is responsible for MyoD
degradation >.

Ub can accept the covalent attachment of an additional Ub on any lysine
residues within its amino acid sequence. Since Ub contains 7 lysine residues there
are 7 potential linkage variations, resulting in branched chains of polyubiquitin
(Table 1). These branched chains may contain one or more linkage types. Certain
E2/E3s catalyze the formation of specific linkages. Early studies of Ub chains has
led to the generalization that K48 linked chains target the substrate for
degradation by the proteasome, while other linkages regulate protein function or
sub-cellular localization. However, recent studies in yeast, suggest that other
lysine linkages have been underestimated in their abundance and may also play a
role in substrate degradation”.

Polyubiquitinated proteins with a minimum of four Ub are reported to be
recognized and degraded by the 26S proteasome. The 26S proteasome is
composed of the 20S proteasome and 19S regulatory complex. The 20S
proteasome is a cylindrical stack of subunits arranged in four rings. These rings
are comprised of seven alpha and seven beta subunits, with the former on the
exterior and the latter on the interior. The alpha subunits are non-catalytic, the
beta subunits are catalytic. The 20S proteasome contains three distinct catalytic
activities which are similar to the proteases chymotrypsin, trypsin and caspase.
However, in contrast to these latter proteases, the proteasome is a threonine based
protease. The 19S regulatory complexes bind the alpha-rings of the 20S
proteasome. The 19S complex is comprised of six ATPases which generate the
energy for 26S proteasome assembly and twelve non-ATPase subunits. Finally,
the degraded peptides are extruded from the proteasome (rev in ).

Although this project focuses on protein degradation it should be noted
that ubiquitination (in particular monoubiquitination) of proteins can regulate
many cellular processes, such as, membrane trafficking, transcriptional regulation

and DNA repair and replication®.
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Linkage

Stereochemistry

Cellular

Abundance in

Attributed function

Yeast
Monoubiquitin () membrane trafficking
transcriptional regulation DNA
Multipl Unk repalr
ultiple nKnown
P 000 DNA replication
monoubiquitins Histone modulation
-0 Targeting to 26S proteasome
K48 ._. 209 geting p
Endosomal trafficking
K63 i 16% Kinase activation
DNA damage response
Stress response
Ribosomal function
K29 W 3% Targeting to proteasome
K6 N 10%
Targeting to proteasome
1 0
K11 uncharacterized | 28% (yeast)
K33 uncharacterized | 3.5%
K27 uncharacterized | 9%

Table 1: Structure and function of polyubiquitin linkages Examples of

ubiquitin chains formed in vivo *°. The ubiquitin (red) is covalently attached to a

lysine residue on the substrate or the specified lysines of the preceding ubiquitin.

Cellular abundance reported in yeast

24,27
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1.3 The Role of the Ubiquitin Proteasome System in Muscle Wasting

The UPS is thought to play a prominent role during muscle atrophy since
many of its components increase during wasting despite net protein loss. As a
result, normally long-lived myofibrillar proteins, actin and myosin, have an
accelerated breakdown. Since these two proteins constitute 60 - 70 percent of total
muscle protein, their loss leads to muscular weakness™. In humans, it was
reported that the UPS is the major regulator of muscle wasting during its early
stages however chronic wasting conditions results in a depression of protein
synthesis and the upregulation of other mechanisms of proteolysis®’.

Within the UPS induced protein degradation, specific E2s and E3s have
been shown to target myofibrillar proteins for degradation. Fielitz et al. showed
that the E3s muscle RING finger-1(MuRF) and MuRF3 cooperate with the E2,
UbcHS, to degrade B-myosin heavy chain (MHC) and MHCIla in mice. Mice
deficient in both MuRF1 and MuRF3 accumulate myosin protein®. There are
supporting studies on E3s that show mice lacking either MAFbx or MuRF1 are
particularly resistant to atrophic stimuli. Fiber size and muscle mass are larger in
the GAS of MAFbx and MuRF1 KO mice 14 days post-denervation when
compared to wild-type control mice®'. These studies indicate a prominent role for
ubiquitination during muscle wasting.

In addition, muscle cell culture studies support a role for the UPS in
catabolism. Overexpression of the E3, Atrogin-1/MaFbx, causes atrophy in
myotubes and has been shown to induce muscle wasting by increasing the

432 Consistent with this,

proteolysis of myogenic regulatory factor, MyoD
components of the UPS are increased in the presence of catabolic stimuli.
Proteasomal subunits C2, C5, as well as Ub are upregulated at the mRNA and
protein levels when catabolic stimuli are applied to muscle cells in culture®.

In vivo studies link muscle protein catabolism to an upregulation of the
components of the UPS pathway. Some reports in humans, have demonstrated an
increase in the levels of mRNA encoding ubiquitin and subunits of proteasome in

34,35

muscle during sepsis and cancer Yimlamai et al. showed hindlimb

unweighting-induced atrophy in rats increases proteolysis and upregulates Ub
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conjugates, Ub-conjugating enzyme E2,4¢, and 20S proteasome activity. The
increase was more dramatic in the slow-twitch fibers of the soleus than in fast-
twitch muscles, such as the plantaris and tibialis anterior>®. E2,0x and
UBC4/UBCS are other E2 enzymes which are upregulated during muscle atrophy.
Similarly, certain E3 enzymes are more abundant in muscle during wasting.
E3alpha found in muscle cells, is induced in cancer cachexia’ and sepsis’
models. E3alpha/UBR1 has been shown to partner with E2,4¢. Although, there is
strong evidence for up-regulation of these enzymes, neither E2,4¢ nor E3alpha is
essential for muscle wasting since disruption of either gene fails to reverses the
decrease in muscle mass>,". Together, these findings imply that enzymes

involved in Ub conjugation may not be the sole mechanism for regulating

myofibrillar protein degradation during atrophy.

1.4 Deubiquitinating Enzymes

The reverse process of ubiquitin conjugation is deubiquitination. A large body
of studies have assessed the roles of enzymes involved in Ub conjugation in
mediating myofibrillar protein catabolism. However, protein ubiquitination can
also be modulated by deubiquitinating enzymes (DUB), which remain relatively
poorly studied. In mammals there are approximately 90 DUBs mediating the
hydrolysis of the peptide bond between Ubs and Ub-substrates*'. To date, DUBs
may be sub-categorized into one of five groups based on the homology of
conserved regions within the enzyme: ubiquitin carboxy-terminal hydrolases
(UCH); ubiquitin specific proteases (USPs/UBPs); the ovarian tumour (OTU)
domain proteins; the Josephin/Machado-Joseph disease (MJD) proteins and the
Jabl/MPN domain-associated metalloisopeptidase (JAMM) *°. The first four are

cysteine proteases; however the JAMM proteins are zinc metalloproteases.
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UBP/USP conserved region

A oL

UCH conserved region

Cys His/Asp

Figure 3: UCH and UBP/USP enzyme conserved regions. The catalytic site
cysteine (Cys), Histidine (His) and Aspartate (Asp) are found in both USP and
UCH enzymes. In addition USP contains four highly conserved regions (green)
located in a 450 amino acid region (grey). Extensions at the amino and carboxy

terminus may be present (black).
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To date, the human genome encodes 63 USP/UBPs. The USP/UBPs are the
largest subfamily of DUB with a conserved core domain that is approximately
300-400 residues in length. These residues encompass 6 conserved motifs
including the active site cysteine, histidine and aspartic acid residues (Figure 2).
UCH’s are similar to the USP/UBPs in overall structure. The UCH cysteine,
histidine and aspartic acid residues have been shown to act together in a catalytic
mechanism comparable to that found in the cysteine proteases, such as
papain/cathepsin B, whereby the charged groups on the histidine and aspartic acid
side chain enhances the nucleophilic properties of the thiol on the cysteine

residue, allowing the thiol to attack the peptide bond'®.

1.5 Functions of deubiquitinating enzymes

DUBs have many functions. In general terms, they can be viewed as reversing
the effects of conjugation and thereby negatively regulating degradation by the
proteasome or other non-proteolytic functions of ubiquitination or as
depolymerising chains of ubiquitin to maintain the supply of free Ub.

Poly-Ub cleavage requires a DUB. Newly synthesized Ub is translated as a
fusion protein of either multiple Ubs or Ub bound to a ribosomal protein. Certain
DUBs will process Ub precursors into monomers for use in conjugation reactions.
After protein degradation, Ub chains are processed into monomers by Ub pools
are thus replenished in vivo. Proteasome-associated DUB, USP5, is an example of
DUB with the aforementioned function. USP5 has been shown to cleave only
unanchored polyUb chains. Suppression of USP5 results in an increased level of
unanchored polyubiquitin chains. In this way, USP5 mediates the recycling of Ub
and prevents the accumulation of K48-linked polyUb chains*. Interestingly,
Otubainl is a DUB which can cleave free or bound K48-linked polyubiquitin but
not other polyubiquitin chains®’. Therefore Otubain1 has a dual function, to affect
substrate stability and to replenish the pool of Ub monomers.

DUBs may also act on specific Ub linkages to modify non-proteolytic

functions. One such example is found in the human JAMM containing DUB,
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AMSH-LP, which is reported to preferentially cleave K63 linked chains during
endosomal trafficking but which does not cleave K48 chains**. The action of
AMSH-LP demonstrates that it is a chain selective DUB. AMSH-LP expression is
required for the fusion of multivesicular bodies with lysosomes. Other DUBs have
been implicated in the regulation of newly synthesized proteins. It is estimated
that 30-80% of the newly synthesized proteins are misfolded and therefore must
be degraded®. This process of quality control is referred to as the endoplasmic
reticulum-associated degradation (ERAD) pathway. Overexpression of Ataxin 3
leads to an accumulation of ERAD substrates, such as CD3delta, in a process
mediated by ataxin-3’s association with VCP/p97*°. More recently, USP19 was
identified as an ER membrane associated protein, able to rescue the ERAD
substrate, T-cell receptor alpha from degradation47.

Partial chain removal has also been reported as a function of DUBs and this
manner may enhance proteasome targeting of the substrate. Multiple Ub can be
linked to a single preceding Ub, forming a forked chain. Many E2/E3 enzyme
combinations can generate forked Ub chains, in vitro and in yeast™. Surprisingly,
most chains observed in vivo are branched not forked. Therefore, these forks may
be removed in mammals by DUBs in a process termed “chain editing”. Such
“chain editing” DUBs can remove extraneous Ubs linked to off-target lysine
residues. For example, Ataxin-3 selectively removes K63 linkages within K48-
linked chains. These findings suggest that Ataxin-3 is responsible for ensuring
homogenous K48-linked chains, thus enhancing proteasomal degradation of the
substrate®.

DUBs are heavily associated with the UPS. UCH37 is a DUB associated with
the 19S regulatory complex of the proteasome. UCH37 disassembles the distal
ends of Ub-chains and thus rescues poorly ubiquitinated or slowly degraded Ub-
substrates from proteolysis by the 26S proteasome™. A different class of DUB,
the JAMM DUB, Rpnl1/ POHI is an essential subunit of the lid subcomplex in
the proteasome, and has been shown to remove Ub chains from substrates”".

The importance of DUBs in regulating protein function and stability has been

highlighted in various studies. However the role of DUBs in skeletal muscle
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wasting has not been explored. Our lab has identified a DUB which is elevated in
skeletal muscle in response to wasting stimuli and which regulates the levels of

muscle specific proteins.

1.6 The Role of USP19 in Skeletal Muscle Wasting

USP19 is a 150 kDa protein whose mRNA expression in skeletal muscle has
been shown to correlate inversely with the extent of muscle wasting™. USP19 is
phylogenically conserved. Human USP19 has 81% and 95% amino acid identity
with rat and mouse USP19, respectively.  During catabolic states, such as
glucocorticoid treatment, streptozotocin-induced diabetes, fasting and tumour
induction, the levels of USP19 mRNA increase in rat skeletal muscle. This
induction of USP19 transcription correlates with a significant decrease in the
masses of fast-twitch skeletal muscle, extensor digitorum longus (EDL), tibialis
anterior (TA), epitrochlearis and the slow-twitch soleus. Consistent with this,
when fasted animals were refed, the transcript levels of USP19 in EDL were
decreased. Interestingly, the regulation of USP19 mRNA levels did not fluctuate
in the testes, liver or kidney upon fasting, indicating that USP19 regulation is
specific to muscle in response to wasting stimuli. This data suggests that USP19
may be important in mediating skeletal muscle atrophy (all in ref *%).

Since the levels of USP19 mRNA are inversely correlated to muscle mass, the
effects of USP19 depletion were assessed in rat myotubes °'. Silencing USP19 did
not alter net cellular protein content. However loss of USP19 protein did decrease
the rate of protein degradation by 20% but this reduced rate of degradation was
offset by a similar decrease in the rate of protein synthesis. Taken together, this
suggests that USP19 inhibits protein synthesis pathways as well as pathways for
protein degradation. In the absence of USP19, myofibrillar proteins MHC, actin,
and troponin-T, were increased by 1.5 fold while tropomyosin increased most
dramatically, by 2.5 fold. Higher protein content could be in part attributed to
increased mRNA levels, since both MHC and tropomyosin mRNAs are increased
in USP19 depleted cells. Two myogenic regulatory factors, Myf5 and myogenin,

are expressed in L6 myotubes. However, only myogenin increased at the protein
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and mRNA levels after USP19 depletion. Moreover, MHC protein levels were
increased only in the absence of USP19 but not when cells were depleted of both
USP19 and myogenin. Taken together, these results show that USP19 negatively
regulates the expression and transcription of myofibrillar proteins through a
myogenin-dependant mechanism.

In accordance with our previous in vivo findings, dexamethasone treated L6
rat myotubes show an increase in USP19. It is known that dexamethasone reduces
cellular myosin heavy chain (MHC) in L6 muscle cells. However, this catabolic
effect of dexamethasone was prevented in cells lacking USP19. These results
show that USP19 is required to lower myofibrillar protein content in myotubes
(all in ref *).

The aforementioned results demonstrate that USP19 is able to indirectly
regulate muscle specific genes and proteins in vitro and that USP19 transcription
increases during states of wasting in vivo. In this thesis I explore the role of
USP19 in muscle wasting in vivo. To answer this question I have characterized
the phenotype of USP19 KO mice. Specifically, I have determined the anatomical
and biochemical effects of denervation-induced wasting in mice lacking USP19.
Denervation stimulus was chosen to minimize number of animals required. In
addition control limbs and treated limbs are within the same animal which allows
paired statistical analysis. I have examined parameters such as muscle mass and
fiber size. Also, I have determined if loss of USP19 affects biochemical indicators
of wasting such as overall protein content and specific myofibrillar levels in
different fast twitch skeletal muscles. I expect to observe KO mice with higher
skeletal muscle mass than WT mice, in part because increased muscle specific
proteins were seen in the siRNA studies described above. Moreover, I anticipate
less mass and protein loss in USP19 KO mice when exposed to muscle wasting
stimuli since L6 muscle cells, depleted of USP19 and exposed to wasting stimuli,

had more myofibrillar protein than non-depeleted cells under the same conditions.
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II MATERIALS AND METHODS:

2.1 Generation of USP19 KO Mice

Embryonic stem cells (BayGenomics) were obtained with a gene trap
inserted between exons 2 and 3 of an allele of the USP19 gene. As a result,
transcripts are spliced from exon 2 onto the B-galactosidase gene in the b-geo
gene trap cassette, rather than onto exon 3 of USP19. This insert occurs before
the core domain of USP19 and therefore generates a catalytically inactive,
truncated version of USP19 fused to -galactosidase. The ES cells were injected
into blastocysts and implanted in foster mothers. Tail DNA of the progeny was
screened by polymerase chain reaction, in order to determine the offspring
carrying the disrupted USP19 gene. These recombinant mice were mated with
C57bl/6 mice to obtain heterozygotes. Heterozygotes were mated to obtain
homozygous mice with the disruption of USP19 after exon 2. These homozygous
mice are referred to as USPI9KO mice. Disruption of the USP19 gene was
confirmed by Western blot and Northern blot using tissue samples from the testis
(data not shown). The testis was used to confirm the genotyping results since
expression of USP19 protein in muscle is too low to detect reliably. It should be
noted that male and female KO mice groups were of disparate ages (9-11months
and 4-8 months respectively) because these mice were the only homozygous

offspring available at the time of the studies.

2.2 Denervation of Hindlimb Muscles

Muscle wasting due to decreased neural stimulation was modeled in mice
by denervation of the sciatic nerve. Mice were anesthetised by constant inhalation
of 2:1 isofluorane and oxygen mixture during operation. A 1 cm incision was
made at the lumbar dorsal region on the left and right hind quarters. Denervation
was performed by removal of ~0.5 cm section of the sciatic nerve. The contra
lateral leg served as an internal control. Sham/control operations were performed
on the control leg by touching but not severing the sciatic nerve.

Mice were injected, intradermally, with 2 pl/g body weight Carprofen to
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reduce post-operative pain, and approximately 50 pl of lidocaine/buvicaine was
directly applied to the site of incision to provide local anaesthesia. Skin was
sutured with metal clamps and Vetbond. Animals were sacrificed by cervical
dislocation fourteen days after denervation. The tibialis anterior, GAS, heart, liver

and kidneys were immediately weighed and frozen in liquid nitrogen.

2.3 Protein Analysis and DNA quantification

Mouse skeletal muscles were harvested post-mortem, snap frozen in liquid
nitrogen and stored at -80°C. Part of the GAS was weighed then homogenized in
1 ml lysis buffer (2% SDS, 50 mM Tris-HCI pH 8) using a Polytron tissue
homogenizer. DNA in the sample was sheered by passing it through a 23 gauge
syringe. Sheered samples were stored at -20°C. Total muscle protein
concentration was determined using BCA Micro Protein Assay (Thermo Fisher
Scientific). DNA was quantified by the fluorometric assay PicoGreen
(Invitrogen). Fluorescent excitation wavelength was 480 nm and emission
wavelength was 520 nm - 590 nm.

To quantify of MHC and tropomyosin levels, 3 pug of GAS protein was
separated on a 7.5% SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to PVDF membrane. MHC was detected with mouse monoclonal
primary antibody against all isoforms of MHC (MF20, Developmental Studies
Hybridoma Bank, 0.06 pg/mL) and iodinated goat anti-mouse (GAM) secondary
antibody (Perkins Elmer 1:20 000). An iodinated secondary antibody was found
to minimize non specific signals. The radioactive signal was detected using a
phosphoimager. Tropomyosin was detected by mouse monoclonal primary
antibody against tropomyosin (CHI, 0.5 pg/mL) and GAM secondary antibody
conjugated to horse radish peroxidise (HRP) (1:10 000). Chemiluminescent signal
was produced by ECL Plus (Amersham) and signals recorded by a BioRad
VersaDoc imager.

To quantify of Poly-ADP-Ribose-Polymerase (PARP) and caspase-3,
equal fractions of GAS lysate were separated on 7.5% and 15% SDS-PAGE gel
respectively. Gels were transferred to a PVDF membrane. PARP was detected by
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a rabbit polyclonal antibody (Anti-PARP LaRoche™, 1:2000) and goat-anti-rabbit
(GAR)-HRP secondary antibody (New England Bio Labs 1:10 000). Caspase-3
was detected by mouse monoclonal antibody against caspase-3 (Cell Signalling™
1:1000) and GAM-HRP secondary antibody. For both PARP and caspase-3,
chemiluminescent signal was produced using ECL Plus and this was detected on
an x-ray film.

All western blot images were quantitated by volumetric analysis with
Quantity One 1 D analysis™ from BioRad. All reported results are shown as
means =+ standard errors. Tropomyosin and MHC content are reported in arbitrary
units assigned by chemiluminescence signal intensity. Levels of fragmented
PARP and caspase-3 in GAS muscle were expressed as a percentage of total

PARP or caspase 3 respectively .

2.4 Morphometry

Serial sections of frozen GAS (7 um) were obtained from USP19 KO or
WT mice on a cryostat. Each section was stained by immunohistochemistry for
MHC fibers. Tissue was stained with mouse monoclonal antibodies (American
Type Culture Collection), - anti-BADS for type I fibers, anti-SC71 for type Ila
fibers or anti-BFF3 for type IIb fibers and detected with IgG coupled to biotin and
bound to steptavidin (Vector labs) in the presence of HRP. The IgG binds
specifically to the gamma chain of the primary antibody.

Stained sections were digitally photographed at 40x magnification, at the
complex zone of the GAS (contains all four fiber types). Serial sections, each
stained for a different fiber type were aligned to permit fiber type identification of
all fibers. Quantitation of the area of 200 fibers was done using Quantity One 1 D

analysis™ from BioRad. All results are reported as means + standard errors.

2.5 Statistical Analyses
Student’s t-tests were applied to determine p values when comparing
means. Paired t-tests were used to compare data from innervated and denervated

muscles. Unpaired t-tests were used to compare data from WT and KO samples.
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III RESULTS:

3.1 Gastrocnemius of USP19 KO mice has higher muscle mass compared to
wild type littermates

To evaluate the role of USP19, mice heterozygous for USP19 gene
inactivation were bred together to generate wild type (WT) and homozygous null
(KO) mice. Overall appearance, behaviour and body weights were similar in both
WT and USP19 KO mice in males, aged 9-11 months and females, aged 4-8
months (Tables 2 & 3). The hindlimb muscles, tibialis anterior (TA) and GAS of
males, aged 9 to 11 months, and females, aged 4 to 8 months, were weighed for
both USP19 KO and WT mice. GAS muscles of male USP19 KO mice were ~6%
heavier than those of WT littermates. This was a slight, but significant difference
between KO and WT GAS muscle (Table 2). There was a trend towards similar
difference in mass in the TA muscle (KO TA 10% heavier than WT) (Table 2).
Female KO mice had slightly heavier GAS muscles than WT mice, but they were
not statistically different (Table 3).

To explore if the effects of USP19 loss were specific to muscle, I
determined the weights of other major organs, where USP19 is known to be
expressed. Since muscle mass was higher but overall body weight was similar
between genotypes, other organs could be slightly smaller. We therefore
harvested and weighed major tissues. The kidney and liver of KO mice had
similar mass to WT littermates. Interestingly the heart was significantly smaller in
USP19 KO mice than WT mice (Table 4). Since these were female mice, we
verified testis size in males and found a significant reduction in testis mass that

corresponds to a severe defect in fertility (fertility data not show) (Table 4).
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|
. WI | KO | Pvalue
Control mass (mg)

Denervated mass (mg) 385 + 14 483 + 1.7 <0.001
% Mass lost 269 + 2.1 178 + 0.8 <0.004

|
. WI | KO | Pvalue

Denervated mass (mg) 96 + 44 122 + 4.2 <0.005
36.6 + 2.8 | 268 + 25

Body Weight (g) 3455 + 2.0 | 3496 + 12 NS

Table 2: Male USP19 KO mice lose less mass than WT mice in TA and GAS
muscles following sectioning of the sciatic nerve. Male mice, age 9-11months,
underwent sectioning of the sciatic nerve in one hindlimb (Den) and a sham
(Control) operation in the contra-lateral limb. Two weeks later the muscles were
isolated and weighed (N= 5KO, 6WT). (The percent of muscle mass lost = mg
mass lost/Control weight * 100).
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3.2 Male USP19 knockout mice lose less muscle mass after denervation than
wild type littermates

To determine the skeletal muscle changes resulting from USP19 disruption
in response to muscle wasting stimuli, USP19 WT and KO mice, ages 9 to 11
months, were denervated (den) unilaterally by sectioning the sciatic nerve in one
leg, while the contra-lateral leg served as a control (Table 2). Denervation for a
period of 14 days is known to cause severe wasting in hindlimb muscles on the
same side as the severed nerve; in particular, TA and GAS are two mixed-muscles
which experience wasting. As previously reported, such denervation in normal
mice results in muscle wasting and causes considerably lower muscle mass in the
TA and GAS (Table 2). Interestingly, KO mice showed less wasting than WT
littermates in both the TA and the GAS when wasting was calculated, either as
absolute mass lost or as a percentage of muscle mass lost. The inactivation of
USP19 in mice led to approximately 30% muscle sparing of denervation induced

atrophy.

3.3 USP19 KO mice sparing is not gender specific

To determine if muscle sparing in response to denervation was gender
dependant, the same denervation experiment was performed in female WT and
KO mice. As expected, WT mice lost a significant portion of TA and GAS muscle
mass during denervation (Table 3). Similar to males, the percentage of muscle
mass lost in KO GAS and TA was significantly less than the loss seen in WT
GAS and TA. The absolute mass lost in GAS and TA of females, was
significantly lower in KO mice, as was previously seen in males. Since both
experiments showed a dramatic sparing of GAS muscle mass, the muscle content

in GAS was analyzed biochemically.
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Tibialis Anterior

WT KO P value
Control mass (mg) 42.8+3.1 439+1.3 NS
Denervated mass (mg) 29.5+3.3 37.3+09 <0.1
Mass lost (mg) 13.3+1.7 85+2.2 < 0.04
% Mass lost 32+4.4 15+£2.6 <0.025

Gastrocnemius

WT KO P value
Control mass (mg) 132 +£9.2 142 £ 8.3 NS
Denervated mass (mg) 75.0+7.5 106 £7.6 <0.025
Mass lost (mg) 56.9 + 3.7 30.7 +7.5 <0.003
% Mass lost 44 £ 2.5 25+4.4 <0.005

WT KO P value
Body Weight (g) 33.0+4.4 35.7+5.3 NS

Table 3: Female USP19 KO mice lose less mass than WT mice in TA and
GAS muscles following sectioning of the sciatic nerve. Female mice, age 4-8
months, underwent sectioning of the sciatic nerve in one hindlimb (Den) and
sham (Control) operations in the contra-lateral limb. Two weeks later the muscles
were isolated and weighed (N= 4KO, SWT). (The percent of muscle mass lost =
mg mass lost/Control weight * 100).
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Testis Mass (mg) IR SRSl R e

166 +12.6 124+9.6 <0.03

Liver Mass (g) 1.37+0.13 1.17+0.17 <0.3

Kidney (mg) 195 +19.9 147 + 13.9 <0.07

Table 4: Mass of mouse organs in male and female USP19 KO and WT mice.
(Males: N =5 KO, 6 WT; Females: N =4KO, SWT)
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3.4 USP19 KO mice lose less muscle protein content than WT littermates
Since muscle is composed predominantly of water and protein it was
important to determine if mass differences between USP19 KO and WT mice
were due to differences in protein content in skeletal muscle. The GAS was used
to measure cellular protein content. Since the age and body weights of WT and
KO male mice were more closely paired than those of the female mice,
biochemical analyses were performed on samples from the study with males. The
results showed that KO muscle had a higher protein content than WT muscle. As
previously demonstrated, denervation induced a significant protein loss in WT
muscle. Consistent with difference in muscle mass, protein content in KO muscle
was 33% greater than that of WT muscle post-denervation (Fig 4A). Control
muscles from the KO mice were marginally higher in protein content then control
muscles from WT mice but this difference was not significant. The total loss of
cellular protein as a result of denervation was comparable between WT and KO

mice (WT= 3.85 mg; KO =3.99 mg).

3.5 USP19 KO mice have higher myofibrillar protein levels after denervation
Previous studies in L6 myotubes show that depletion of USP19 results in
an increase in levels of myofibrillar protein. Silencing USP19 in L6 myotubes is
shown to significantly increase many myofibrillar proteins including MHC and
tropomyosin. The greatest increase is seen in tropomyosin’’. To determine if
similar effects occurred in vivo, the content of tropomyosin and MHC, in the GAS
muscle homogenates, was measured by Western blot analysis (Fig 5A). KO mice
when compared to WT mice showed a trend towards higher levels of tropomyosin
but this difference was not statistically significant. Average MHC levels were
similar in KO and WT mice. As expected, denervation of WT muscle caused a
significant decrease in tropomyosin and MHC content (Fig 5B). Denervation of
KO muscle did not caused a decrease in MHC (Fig 5C). However, tropomyosin
levels were significantly higher in KO mice after denervation when compared to

denervated WT littermates. Consistent with this, MHC levels showed a similar
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P <0.003

M control

MW denervated

Protein content (mg/muscle)

Figure 4. Protein content is higher in GAS muscle in male USP19 KO mice
than WT mice following sectioning of the sciatic nerve. Control was sham

operated. Protein content per GAS muscle (N =4 KO, 5 WT).
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Figure 5: Tropomyosin and MHC protein is higher in GAS muscles of USP19
KO mice compared to WT mice 14 days after severing the sciatic nerve. (A)
Representative Western blots of tropomyosin and MHC in GAS homogenate.
Den: Denervated limb; Control: Sham operated limb. Denervation 14 days.
Quantitation of (B) tropomyosin and (C) MHC (Ila, 1Ix/d and IIb isoforms
detected) (N=4 KO, 5 WT).
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trend, being slightly higher in USP19 KO muscle than WT muscle after this
catabolic stimulus (Fig 5C). Taken together, this data demonstrates that USP19 is
required for the down regulation of myofibrillar protein content in skeletal

muscle, after loss of muscle innervations

.3.6 USP19 KO muscle have more muscle fibers than WT mice

To determine if the sparing of muscle and protein seen in KO mice after
denervation was due to changes in fiber volume, I measured the fiber cross
sectional area (CSA) in the GAS complex zone of female USP19 KO and WT
mice. The complex zone contains all four fiber types (I, IIA, 1IB, 1IX). The
average CSA of all four fiber types in the complex zone of the GAS was slightly
larger in KOs females than in WTs females (KO 6% larger than WT) (Fig 7A).
The average CSA in KO was 166 um” + 3.68 while WT CSA was only 155um? +
3.34. After denervation, the CSA of WT muscles were significantly less than that
of KO muscles (WT =113 um® + 1.78 vs KO = 119 um® + 1.93 p<0.01).
However, despite this significant difference between WT and KO denervated
samples, volume differences could only account for 5% of sparing (assuming both
muscles contained the same number of fibers after denervation). Analysis of the
GAS from male WT and KO mice provided similar results (data not shown).
However, sparing of muscle mass and protein content in KO was approximately
30% (Table 2 & 3; Fig 4). The data implies that USP19 KO mice must have more
muscle fibers than WT mice after denervation, to account for the 30% higher
overall muscle mass and protein content.

Analysis of the fiber distributions of the CSA did not show a remarkable
shift between the mode of KO as compared to the mode of WT fibers. The mice
most closely paired in age and weight have been show as representative samples
(Fig 7). Interestingly, the number of fibers greater than the mode is higher in KO
mice (155 fibers per 200) than in the WT mice (148 fibers per 200) even though
the modes were similar in both genotypes (Fig 7). As expected, denervation

decreased the CSA for both KO and WT muscle when compared to controls.
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Figure 6: Light microscopy images of immunohistochemical stain of type I,
ITA and IIB MHC in WT and KO GAS of mice severed at the sciatic nerve.

Representative samples taken at 40x magnification from serial sections (7 pm)
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What is notable, the mode CSA was lower in KO mice (occurring between 80-
89um?) than WT mice (occurring 90-99um?) however, KO muscle had more
fibers above the mode (137 fibers) than WT mice (66fibers). To explain this
difference between mode of CSA and muscle mass, I explored whether the effect
of USP19 inactivation preferentially spares the CSA of specific fiber types by
measuring the average CSA for each fiber type in WT and KO GAS muscle (Fig
8B). Serial sections of GAS were stained for either MHC isoform I, Ila or IIb (Fig
6). Unlabeled fibers are MHC IId/x and designated type IIX. Most of the fiber
types (IIA, IIB and IIX) were comparable in WT and KO mice. However, the
CSA of type I fibers in KO mice were larger than type I fibers in WT mice
(P<0.0001). Since type I fibers account for approximately 6% of all fibers in the
GAS of C57bl/6] mice and these fibers are the smallest of all fibers present in
fast-twitch muscle, their higher CSA (thus higher volume) has a negligible effect
on total muscle mass . Analysis of CSA of type IIB fibers revealed that these
fibers are larger in KO than WT (253um’ vs 229um?) representing 10%
hypertrophy. Since, IIB fibers account for 55% of all GAS fibers and these fibers
have the largest CSA in fast-twich muscle, type I1IB fibers may be responsible for
the slightly larger mass of KO muscles compared to WT muscle (Table 2) "°.taken
from one female WT and USP19 KO mouse. Control: Sham operated muscle;
Den: muscle denervated limb. IIX fibers are those not stained by any of the three
antibodies (anti-I, ITA or IIB).

After denervation the I1IB KO fibers are larger than IIB WT fibers (150
um’ vs 127 pm?; P<0.0001), showing a 4% sparing of wasting which is similar to
the 5% sparing seen in the average CSA when all fibers are considered. There is
also 2% sparing in CSA in KO IIX fibers (den KO =147 ],Lmz; den WT = 131 ],Lmz;
P<0.005), representing approximately 12% of GAS fibers population in C57bl/6
mice . Since, blocks of GAS tissue may have been sectioned at slightly different
angles to one another, such changes could influence the CSA of the fibers. To
account for these differences, the fiber type data was normalized to IIA fibers,
which show the least variance between groups (Fig 8C). The normalized data

reflects similar trends seen in the raw data, indicating that deviations in sectioning
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were probably negligible. Taken together, the mild but significant effects of
sparing on the type IIB and IIX fibers CSA do not account for the one third of
muscle and protein sparing seen in KOs.

3.7 USP19 KO muscle undergoes less apoptosis during denervation

To better understand the mechanisms by which mice lacking USP19 were
spared from denervation induced wasting seen in WT littermates, we examined
the DNA content of GAS muscles from male mice. Assuming that multinucleated
myofibers within a given muscle contain approximately the same number of
nuclei, cell number was approximated by quantification of DNA. Although DNA
content in the control muscles were similar between WT and KO groups, although
it should be noted that KOs GAS had slightly more DNA content than WT GAS
muscle, correlating with the heavier muscle mass previously observed in KO GAS
prior to treatment (Fig 8A).

Denervation stimuli caused DNA loss in WT mice (Fig 8A) consistent
with evidence previously reported that denervation-induced wasting triggers
apoptotic signalling cascades®®. However, KO mice showed less DNA loss than
WT after denervation, suggesting that less apoptosis was occurring. To explore
this further, two markers of apoptosis were examined, Caspase-3 cleavage and
PARP cleavage. There was a trend towards increased Caspase-3 cleavage after
denervation in WT GAS but no alteration in the percentage of cleaved Caspase-3
for KO GAS groups (Fig 8B).

Similarly, there was increased PARP cleavage in the denervated muscle
WT mice compared to WT controls, but no difference in the percentage of PARP
cleavage in control versus denervated KO GAS (Fig 8C). Interestingly, after
denervation PARP cleavage was significantly less in KO GAS than in WT GAS,
confirming that USP19 was required for an increase in apoptotic signalling
markers after this wasting stimulus was applied. Take together, Caspase-3 and
PARP data suggest that USP19 KO skeletal muscle is less susceptible to cell

death after loss of innervation.
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Figure 8 : The Cross sectional Area of Gastrocnemius fibers in WT and
USP19 KO mice post denervation. A. Average cross sectional area of fibers in
the complex zone of GAS. Numerical averages are indicated above the bar
(Shown are means + SE; N=200 fibers) (denervated WT vs KO P<0.015). B.
Cross sectional area of each fiber type in the complex zone identified by
immunohistochemistry. The error bars are so small they are invisible using the
current scale (Shown are means + SE; N>20 per fiber type) C. CSA of each fiber
type normalized to type IIA fibers.
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TUNEL staining was attempted on muscle sections; however, we did not
observe any staining in either WT or KO muscles. One possible explanation is
that skeletal muscle fibers are multi-nucleated and may contain normal and
apoptotic nuclei simultaneously. In addition, Broisov and Carlson reported non-
classical apoptosis in muscle fibers, characterized by abnormal chromatin
structure in the nuclei in the EDL, TA and soleus of rats without co-localization of
TUNEL stain.”®. Another possible explanation is that positive TUNEL staining
may be time dependant and occurred prior to the 14 day time point after
denervation that we examined. Broisov and Carlson also report that after skeletal

muscle loses neural stimulation the loss of muscle fibers diminishes over time.
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IV DISCUSSION:

In this thesis, I have demonstrated for the first time an essential role of
USP19 in vivo in modulating skeletal muscle growth and skeletal muscle response
to wasting. Deletion of USP19 in mice may lead to skeletal muscle hypertrophy
since some skeletal muscles in KO mice are larger those in WT littermates. In
particular, KO GAS mass was significantly heavier than WT GAS mass in males
and had slightly higher protein content and tropomyosin content. KO TA mass
showed a trend towards hypertrophy as compared to WT TA mass. Therefore,
USP19 KO mice differ in their skeletal muscle development from E3 ligase KO
mice, MuRF1-/- or MAFbx-/- mice, which reportedly have similar skeletal muscle
mass under normal conditions *. The hypertrophy seen in USP19 KO mice was
mild and more evident in the mice age 9-11 months than in the mice age 4-8
months, suggesting that this hypertrophy is progressive over time, although a sex
effect cannot be dismissed. This suggests that USP19 plays an important role in
skeletal muscle.

The effects of USP19 on myofibrillar protein content is likely indirect as
loss of USP19 deubiquitinating activity would be predicted to destabilize its
substrates. Instead, USP19 may alter the transcription of the myofibrillar
proteins. Previously, our laboratory reported that depletion of USP19 in rat
myotubes stimulates myogenin transcription °'. This in vitro data raise the
possibility that USP19 may regulate fiber number during skeletal muscle
development through the modulation of myogenin. Therefore, it will be of
interest to determine whether deletion of USP19 in the mouse results in increased
myogenin expression and increased fiber number during skeletal muscle growth
and development, contributing to the hypertrophy observed in GAS muscle.

In the female mice, liver and kidney masses were comparable between KO
and WT mice. Interestingly, female KO mice had significantly smaller hearts, but
showed no evidence for any gross functional defect. Male KO mice had
significantly smaller testes accompanied by reduced fertility (data not shown).

The associated decrease in testis size suggests an essential role for USP19 in
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spermatogenesis. Interestingly, this tissue mass decrease is inversely correlated to
the level of USP19 mRNA measured in rats, where USP19 is highly expressed in
testes and heart and less expressed in liver and kidney *°.

My thesis demonstrates that USP19deletion spares muscle mass from
severe denervation-induced wasting by reducing mass and protein loss. Moreover,
this effect of muscle sparing is not gender specific. The extent of muscle mass
spared between WT and KO groups was ~30% which is similar to the level of
sparing previously reported in MuRF1-/- and MAFbx-/- mice *. In addition, our
lab has recently observed that dexamethasone treatment or food deprivation also
induces less muscle wasting in USP19 KO mice than in WT mice (data not
shown). Therefore, USP19 is required for the full wasting response to catabolic
stimuli and inhibition of USP19 may be able to inhibit muscle atrophy.

The mechanism by which sparing occurs remains to be defined. The data
presented in my thesis indicates that the increased muscle mass is associated with
increased myofibrillar protein content. This suggests that muscle strength should
be better in the USP19 KO mice, but this remains to be tested directly.
Interestingly, in contrast to what has been observed with MuRF1-/- and MAFbx-/-
mice, the reduced wasting does not appear to be simply due to reduced fiber
atrophy. Cross sectional fiber area was only 5% larger in denervated KO muscle
as compare to denervated WT muscle and cannot account for the 30% difference
in muscle mass. Furthermore, quantification of DNA content in GAS muscles
revealed more DNA content in USP19 KO muscle than in WT mice after
denervation stimulus was applied. This preliminary evidence raised the interesting
possibility that USP19 KO mice undergo less myofiber apoptosis as a
consequence of denervation than WT mice. In support of this my preliminary
evidence showed that there was reduced Caspase-3 and PARP cleavage in USP19
KO mice as compared to WT mice in response to denervation stimuli. Thus
USP19 appears to regulate muscle size through mechanisms distinct from that of
the E3 ligases, MAFbx and MuRF1, which primarily affect fiber size. Taken
together, my thesis reports that USP19 has a novel mechanism for modulating

muscle fiber size.
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To better understand the mechanism by which USP19 influences fiber
number several parameters should be explored: the muscle fiber number should be
measured at various points during development and wasting; markers of apoptosis
should be verified during a time course after denervation; molecular changes such
as increased actin, troponin and myogenin observed in skeletal muscle cells in
vitro should be verified in USP19 KO muscle; and USP19 substrates should be
identified. Studies of denervation-induced atrophy report evidence that cell death
and disorganization of the sarcomere occurs when skeletal muscle loses neural
stimulus (Pellegrin), (rev in °°). Therefore, electron microscopic structure of
USP19 KO muscle should also be evaluated.

In summary, USP19 deletion provides protection against muscle wasting,
induced by various catabolic stimuli. This muscle sparing appears to occur via a
novel mechanism, whereby USP19 deletion promotes skeletal fiber survival after
loss of neuronal stimulation. USP19 could potentially be targeted for the
treatment of wasting from various catabolic disorders including where loss of
neural stimulation causes disease progression, such as stroke, amyotrophic lateral

sclerosis and peripheral neuropathies.
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