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Integrated control of protein degradation
in C. elegans muscle
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Protein degradation is a fundamental cellular process, the
genomic control of which is incompletely understood. The
advent of transgene-coded reporter proteins has enabled
the development of C. elegans into a model for studying this
problem. The regulation of muscle protein degradation is
surprisingly complex, integrating multiple signals from hypo-
dermis, intestine, neurons and muscle itself. Within the muscle,
degradation is executed by separately regulated autophagy-
lysosomal, ubiquitin-proteasome and calpain-mediated sys-
tems. The signal-transduction mechanisms, in some instances,
involve modules previously identified for their roles in deve-
lopmental processes, repurposed in terminally differentiated
muscle to regulate the activities of pre-formed proteins. Here
we review the genes, and mechanisms, which appear to co-
ordinately control protein degradation within C. elegans muscle.
We also consider these mechanisms in the context of deve-
lopment, physiology, pathophysiology and disease models.

Introduction

Since the demonstration that it was possible to isolate and
characterize mutant lines of C. elegans with abnormal movement,'
it has been shown that these abnormalities can arise both from
defects in nerves and in muscle. Characterization of mutants with
structural defects in muscle has revealed how the sarcomeres,
which power muscle contraction, are established®® and these
general principles of assembly and function appear to be con-
served across several metazoan species.” Recently it was shown that
calpain mediated protein degradation is required for establish-
ment and maintenance of C. elegans sarcomeres, giving rise to
the suggestion that this proteolytic system normally functions to
allow proper coordinate growth of muscle and hypodermis.® This
work came from a long-term program of study aimed at forming
an integrated picture of the control of general cytosolic protein
degradation in muscle, rather than from the more mainstream
study of sarcomere assembly and maintenance. Here we review
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how the control of general cytosolic protein degradation has been
studied, and the genes that appear to control this biochemical
process that can be studied in C. elegans muscle. We conclude by
considering the roles of these mechanisms in development,
physiology, pathophysiology and some disease models.

Control of the Main Proteolytic Systems Present
in Muscle

The control of muscle protein synthesis and degradation is an
area of broad biomedical interest due to the public health costs
associated with muscle pathologies, particularly loss of muscle
mass.® There is abundant evidence in mammals that catabolism of
muscle protein is used to provide amino acids to other tissues
in time of need, but there is currently no direct evidence that
amino acids from muscle protein catabolism are efficiently
reutilized by other tissues in C. elegans.

Four main proteolytic systems that exist in muscle (the lyso-
somes, proteasomes, calpains and caspases) are key to the control
of human muscle size. Which proteolytic system is "most impor-
tant" likely depends on what proteins are being considered and
on what (patho)physiologic conditions are being considered.
Both proteasomes and lysosomes are thought to be capable of
the degradation of general proteins trafficked to the proteases.
In the case of the proteasomes, most proteins are made available
to the protease active sites on the proteasome interior via a
combination of trafficking to the proteasome itself and unfolding
of the protein and feeding of the peptide into the catalytic core of
the proteasome.” In the case of the lysosomes, proteins require
encapsulation within a lipid vesicle (e.g., autophagosome or
endosome), which is then trafficked to lysosomes, where the
encapsulated protein can be unfolded and degraded.® In contrast,
the calpains® and caspases'® are generally thought to be capable of
general degradation of proteins in the immediate vicinity of the
proteases. Furthermore, calpains are probably better able to attack
proteins in supramolecular complexes than are proteasomes or the
autophagy-lysosomal system. Unlike the proteasomes and lyso-
somes, which are constitutively active, calpains and caspases are
believed to exist in a default inactive state with triggers such as
elevated calcium and/or membrane disruption resulting in
activation of the protease and degradation of proteins near to
the catalytic site. Despite our knowledge of these proteolytic
systems we know relatively littdle of how the myriad of extra-
muscular (and intramuscular) signals that have been suggested to
control protein degradation in man'"'? act to control bulk
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trafficking of proteins to the lysosomes or proteasomes, or
activation of calpains or caspases to induce bulk degradation
of proteins.

Transgenic Proteins Provide
a Visible Phenotype
for Studying Protein Degradation

Study of the control of protein degradation has historically lagged
behind study of the control of protein synthesis. This lag is largely
for technical reasons; for example, the difficulty of linking the
sub-cellular process of degradation to more overt phenotypes and
the difficulty in uncoupling protein synthesis from degradation.
The development of transgenes for studying the control of muscle
protein synthesis'®> has also enabled the use of transgene-coded
proteins as tools for studying the control of muscle protein
degradation.'® The C. elegans transgene ccls55 is a translational
fusion of a 5'-terminal portion of u7c-54 (myosin heavy chain B)
fused to E. coli lacZ and was developed to understand the
enhancer elements that control wunc-54 expression.'”” This
transgene produces an enzymatically active (-galactosidase that
also contains an N-terminal segment of UNC-54. The transgenic
protein is expressed specifically in body-wall and vulval muscles
and accumulates throughout development, as assayed by both
activity (activity assays) and amount (Western blots).'"* The
myosin moiety is insufficient to support assembly into filaments,
so the fusion protein is a soluble tetramer in muscle cytosol. The
protein, surprisingly, remains stable (e.g., is neither synthesized
nor degraded) in the cytosol for 72-96 h post-adulthood in well
fed worms,"* showing that this foreign protein does not induce
an unfolded protein response.'>'® The stability of this reporter
protein suggested that one could use it in a fashion similar to the
use of traditional tracer techniques, where C. elegans muscle is
loaded with marked protein during development and the loss of
marked protein indicates that protein degradation is occurring.
Indeed, starvation, a condition well appreciated to trigger muscle
protein degradation across species, results in ubiquitinylation
and degradation of the reporter protein.'* Since the reporter is
ubiquitinylated and degradation is blocked when worms are

treated with a proteasome inhibitor,"”

it appears that starvation
triggers proteasome mediated degradation of muscle protein in
C. elegans. This was confirmed by subsequent studies, which
showed that the endogenous proteins arginine kinase and
adenylate kinase and a transgenic GFP expressed in body wall
muscle are all also degraded upon starvation,'® at about the same
rate as the myosin-LacZ reporter protein. Thus, the loss of this
transgenically expressed marker protein can be used as an
indicator that degradation, not normally observed in well fed
adult worms, has been initiated (NB this does not imply that
the proteasomes or lysosomes are inactive in well fed adult
worms; this implies that the transgenic protein is not trafficked to
the proteasomes or lysosomes in well fed adult worms). The
ability to visually observe loss of a normally stable protein in
muscle provided a phenotype that has now been used to identify
many genes that appear to control the initiation of degradation

in C. elegans muscle.>'”""*
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While this review focuses on genes that appear to control the
initiation of degradation as assayed by aberrant degradation of
normally stable transgenic proteins, several other transgenic
proteins can also be used to visually observe other features of
protein degradation. These include Ubiquitin GFP fusions
which can inform on inhibition of the proteasome,** a Ubiquitin
Dendra2 fusion which can be used to monitor rates of
proteasome mediated degradation,” and LGG-1** or LGG-2%
GFP fusions which can be used to monitor accumulation of
autophagosomes.

Proteasome-Mediated Muscle Protein Degradation is
Opposed by Acetylcholine from Neurons

The degradation of LacZ observed in response to starvation
was noted to proceed in a temporal and cell specific fashion
with degradation first observed in 63 posterior body-wall
muscles then the 8 vulval muscles and finally the 32 anterior
body-wall muscles at the head.'” The correlation of this
pattern of degradation with sources of innervation suggested
that neuronal input was controlling starvation induced
degradation in body-wall muscle. Indeed, it was shown that
temperature sensitive c¢ha-I mutants, which rapidly lose
mobility at 25°C through failure to produce acetylcholine,
began LacZ degradation when adults were acutely placed at
non-permissive temperature. This degradation could be
blocked by treatment with the acetylcholine (ACh) agonist
Levamisole or with proteasome inhibitors."” Furthermore,
degradtaion occurred more rapidly in starved animals that
released less ACh (unc-17 or unc-13) or had mutations in the
ACh receptor (unc-29 or unc-38) and Levamisole failed to
protect starved animals from muscle protein degradation when
they contained a mutation in the ACh receptor (lev-I).
Together, these results provided the first in vivo demonstra-
tion of a signaling system that regulated muscle protein
degradation (Table 1A and Fig. 1) and cross tissue regulation
of muscle protein degradation (Table 3).

Autophagic Muscle Protein Degradation is
Coordinately Controlled by Growth Factors

A temperature sensitive lez-60 (Ras) gain-of-function mutation
was also found to induce degradation in adults acutely placed
at non-permissive temperature.'” In contrast to the degrada-
tion induced by starvation or in c¢ha-1 mutants, degradation
observed in temperature sensitive /ler-60 gain-of-function
affected by proteasome inhibitors.
Additionally while mutations in the LET-60 Ras effectors
LIN-45 (Raf), MEK-2 or MPK-1 suppressed the degradation
in let-60 mutants they did not suppress the degradation

mutants was not

induced by starvation or in cha-I mutants. These results
suggested that a second signaling system (Ras-Raf-MEK-
MAPK) was regulating muscle protein degradation and doing
so via a different proteolytic pathway, which later was
identified as autophagy (Table 1B and Fig.1). Additional
experiments showed that mutational activation of the LET-60
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Table 1. Genes identified as regulators of muscle protein degradation effector LIN-45 was also sufficient to induce degradation, as
(A) Genes contributing to acetylcholine control of proteasome was expression of an active form of MPK-1."” This, coupled
mediated degradation'’ with the separate observation that the MPK-1 interacting
cha-1 Choline acetyltransferase protein GLA-3, which appears to be a negative regulator of
unc-17 ACh vesicular transporter MPK-1 signaling, also appears to regulate muscle protein
) degradation,?® demonstrated that Ras-MAPK was regulating

unc-13 Regulator of neurotransmitter release . . . . K
_ muscle protein degradation. Surprisingly, gain of function
Sl G3Cl el SUSTis) mutations in the EGF receptor homolog LET-23, which
unc-29 AChR (non-o. subunit) signals to the Ras-Raf-MEK-MAPK module during vulval
unc-38 AChR (o subunit) development® did not provoke degradation.'” Rather, it was
(B) Genes contributing to Ras-MAPK control of autophagic later shown that activation of the EGL-15 FGF receptor by
degradation™ loss of function mutation in ¢/r-1, a negative regulator of
let-60 Ras EGL-15, caused degradation and that this degradation was
gap-1 Ras GTPase activating protein depe?ldent upon EGL—IS and its ligands EGL-17 and LET—
o i 756;*" the two ligands apparently act redundantly. Since
gap-2 Ras GTPase activating protein reduction of function mutations in sem-5, soc-2, let-60, lin-45,
LD bipdpS mek-2 and mpk-1 all suppressed c/r-1 induced degradation,
mek-2 MEK and as reduction of function of c¢/r-I resulted in EGL-15
lin-45 Raf dependent phosphorylation of MPK-1, it was evident that
gla-3 TIS11 like zinc finger containing protein® EGL-15 was the upstream receptor controlling LET-60

regulation of muscle protein degradation (Table 1C and

(c Fig. 1). The recent demonstration that VPR-1 appears to be

-

Genes contributing to FGF control of autophagic degradation
upstream of Ras*'

) secreted from neurons and to bind to and inhibit CLR-1°°
cr-t Tyrosine phosphatase suggests that nerves may have multiple mechanisms by which
egl-15 FGFR they modulate protein degradation (Table 3), but this role of
egl-17 FGF VPR-1 for control of protein degradation via CLR-1 remains
let-756 FGF to be demonstrated. Intriguingly, LET-756 is produced and
i GRB2 secreted by body-wall muscle itself,*® suggesting that muscle
soc-2 Leucine fich re . may have a constitutive, autocrine loop by which FGFR-Ras-

peat protein

MAPK is poised to keep degradation on (Fig. 1 and Table 3).
In addition to CLR-1 acting to prevent EGL-15 from causing
constitutive degradation, signaling from DAF-2 (homolog of

(D) Genes contributing to insulin-like control of autophagic
degradation upstream of Raf*?

daf-2 IGFR insulin/IGF-1 like receptor) via AGE-1, PDK-1, and AKT-1
age-1 PI3K acts, as it does in mammalian muscle,’ to oppose LIN-45
pdk-1 3-phosphoinositide-dependent kinase 1 mediated protein degradation*? (Table 1D and Fig.1).
daf-18 PTEN Specifically, temperature sensitive daf-2 or age-I mutants
akt-1 Akt degrade LacZ when shifted to non-permissive temperature as

adults and this degradation is blocked in pdk-1 or akt-1 gain

N Ao . Gl i ) :
(E) Genes contributing to control of calpain-mediated degradation of function mutants as well as in soc-2, lin-45, mek-2 or mp/e—]

pat-2 Integrin (o subunit) loss of function mutants. Additionally, muscle specific
pat-3 Integrin (B subunit) expression of wild-type DAF-2 or AGE-1 is sufficient to
pat-4 Integrin-linked kinase block degradation in response to mutation of each respective
o e gene, and MPK-1 is activated in response to AGE-1 inhibition
o S with LY-294002 (as assayed by western blot using a pTpY-
ERK antibody). Further experiments suggest that AKT-1 acts
zyxl Zyxin to phosphorylate and inhibit LIN-45 Raf such that LIN-45
atn-1 or-actinin serves to integrate signal from both EGL-15 and DAF-2.**
cdc-42 Rho GTPase Consistent with this presumptive balancing of growth factor
uig-1 Cdc-42 guanine nucleotide exchange factor signals, increased signal downstream of DAF-2 (in daf-18
deb-1 Vinculin mutants) can prevent degradation when the FGF receptor is
hyperactivated in ¢/r-I mutants. Finally, degradation in

unc-52 Perlecan . . . .
response to MPK-1 activation is blocked by mutation in the
unc-82 NDEES autophagy initiator UNC-51 and degradation in daf-2
unc-97 PINCH-1 mutants is blocked by N6,N6-dimethyladenosine treatment,
unc-112 Kindlin-2 suggesting that growth factor signals interact to control

autophagic degradation in C. elegans muscle.
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Calpain mediated
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Figure 1. Putative model of the integrated control of cytosolic muscle protein degradation. Left: calpain mediated degradation is opposed by integrin
attachment complex binding to perlecan in the basement membrane.® Middle: insulin-like signaling opposes® constitutive, autocrine®® FGF signaling
to modulate autophagic degradation. Right: intra-cellular calcium levels? as controlled by plasma membrane depolarization

19,21

1723 act to inhibit proteasome

unc Mutants are an Enriched Gene Class for
Potential Regulators of Muscle Protein Degradation

The discovery that genes that control muscle contraction, e.g.,
ACh signaling, also control protein degradation and the
observation that long-term activation of autophagy via either
increased EGL-15 or decreased DAF-2 signaling leads to a
severe movement decline, raised the conjecture that other
potential regulators of muscle protein degradation might be
found among mutants with an uncoordinated (Unc) pheno-
type. This hypothesis was tested by treating fully developed
adult animals with RNAi against 159 genes from the various
of established muscle mutants.> Much as drug
treatments or acute shifts of mutants to non-permissive

classes

temperature can trigger protein degradation in adult worms,
RNAI treatment of adults can also do so. Accordingly, 47 genes
were identified as potential negative regulators of muscle
protein degradation using this method and another three were
identified by examination of dominant mutants.”®> Using the
results from past studies, RNAi knockdowns of these genes
were further tested against mutants in the autophagy pathway
(unc-51, mpk-1, daf-18) and in animals treated with protea-
some inhibitor (this group also included the 3 dominant
mutants). Fifteen genes appear to be potential new regulators of
autophagy (Table 2A), ten appear to be potential new
regulators of proteasome mediated degradation (Table 2B),
and 25 RNAI treatments were not suppressed (Table 2C and
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unc-52, unc-82, unc-97 and unc-112 in Table 1E), suggesting
regulators of other proteases, perhaps calpains and/or caspases.
Note that in the clustering experiments restoration of muscle
function was not assayed so that no conclusions about the
causal role of protein degradation in the various muscle
phenotypes made these studies
Additionally, further studies are required to determine if the
products of these genes are direct or indirect regulators of
muscle protein degradation (for example it seems likely that the
commonly used transformation marker r0/-6 is an indirect

can be from alone.

regulator based upon its product being cuticular) as well as to
place these genes into accurate signaling networks. However,
several testable predictions can be made. For example, netrin
receptors, which are known to be expressed in muscle to
control synapse formation,”> and ion channels controlling
calcium flux are good candidates to mediate ACh regulation of
proteasomal degradation and UNC-43, CaMKII, could be
controlling the effects of elevated intracellular calcium (Fig. 1).
Importantly, the clustering methodology that combines RNAi
knockdowns with mutational epistasis tests also allows for
stratification of novel regulators of degradation into potentially
known vs. unknown pathways, so that priority can be given
either to uncovering novel players in established pathways or to
constructing new pathways. Lastly, as the genes in Tables 1
and 2 all come from candidate gene screens it is quite likely
that many additional mutations can impact muscle protein
degradation (for example extrapolation of the screen of muscle
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Table2. Genes putatively identified as regulators of muscle protein
degradation

(A) Genes that appear to control autophagic degradation®

unc-32 Vacuolar proton pump

aex-5 Kex2/subtilisin-like proprotein convertase
egl-46 Insulinoma associated protein 2
sqt-1 Cuticle collagen
unc-103 ERG-like K* channel
unc-116 Kinesin-1 heavy chain

aex-3 RAB-3 guanine nucleotide exchange factor
eat-16 Regulator of G protein signaling
eat-20 Fibrillin

egl-47 G protein coupled receptor

exp-3 Calcium activated K* channel

sdc-1 Zinc finger protein

aex-2 G protein coupled receptor

pbo-4 Voltage gated Na*/H" exchanger
unc-36 Ca** channel (28 subunit)

(B) Genes that appear to control proteasome mediated

degradation®

unc-40 Netrin receptor
unc-98 Zinc finger protein

egl-6 FMRFamide G protein coupled receptor
egl-8 PLC

itr-1 IP3 receptor

unc-5 Netrin receptor
unc-42 Homeodomain transcription factor
unc-61 Septin
unc-85 Asf1
twk-18 TWK K* channel

(C) Genes that appear to control protein degradation via
unidentified proteases®

ina-1 Integrin (o subunit)
mup-2 Troponin T
mup-4 Fibrillin
unc-78 Actin-interacting protein
vab-10 Spectraplakin
egl-27 Atrophin 1
eat-6 Na*/K* ATPase
rol-6 Cuticle collagen
unc-77 Voltage insensitive cation leak channel (a1 subunit)
unc-120 Serum response factor
unc-124 Innexin
eat-3 Mitochondrial dynamin
egl-3 Subtilisin-like proprotein convertase
egl-13 Sox domain transcription factor
rol-3 Kinase
unc-24 Stomatin

www.landesbioscience.com

Table 2. Genes putatively identified as regulators of muscle protein
degradation (continued)

(C) Genes that appear to control protein degradation via
unidentified proteases®

unc-73 Guanine nucleotide exchange factor
unc-96 LIM domain protein
unc-119 Synaptic vesicle protein
unc-43 CaM kinase

mutants suggests at least 200 more await to be uncovered from
among the genes for which RNAI produces a movement defect).

Calpain Mediated Degradation
is Controlled By Integrin Attachment Complexes

Among the 25 genes identified as regulating an unknown pro-
tease were an integrin receptor, an integrin receptor ligand and
several intracellular binding partners of integrin receptors. The
prediction that integrin attachment complexes control muscle
protein degradation was further tested, and it was determined that
protein degradation was induced by RNAi knockdown of any
one of 14 out of 15 members of the integrin-based muscle
attachment complex.” Further experiments showed that degrada-
tion also occurred in adults carrying temperature sensitive
mutations in #nc-52 or unc-112, and that this degradation was
inhibited by treatment with calpain inhibitors or RNAI against
any one of several calpain encoding genes. It was also shown that
RNAI against these integrin attachment complex proteins results
in physical disruption of the attachments and that when physical
disruption is attenuated in dim-I mutants, degradation does not
occur (dim-1>* encodes an immunoglobulin-like repeat protein
that localizes around dense bodies). Together, these results suggest
that physical disruption of integrin complexes, perhaps due to
mechanical use via contraction/locomotion, results in activation
of calpains and consequent protein degradation. Surprisingly,
RNAi knockdown of various calpain encoding genes in wild-type
adults results in muscle defects, and calpain activation results in
degradation of at least one component of the attachment com-
plex.” It therefore appears that calpain activation upon disruption
of integrin complexes is largely for repair and/or reassembly of the
integrin complexes themselves, rather than for control of degrada-
tion of bulk muscle protein (which is observed under conditions
of pathological non-attachment).

Activation of Pre-Existing Proteolytic Systems

The picture that emerges is that different proteolytic systems
in muscle are responsible for degrading proteins in various
subcellular  "compartments” (cytosol, myofibrils, attachment
complexes) under various conditions. The proteasomal and
lysosomal proteases are constitutively active, but the access of
substrate proteins is regulated. By contrast, the calpains appear to
have a role in degrading proteins in the contractile structures
under both normal and pathological conditions. The data in
C. elegans muscle on all three systems show that protein
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Table 3. Cross tissue regulation of muscle protein degradation

Tissue Signal
Intestine H*
Muscle LET-756
Muscle/Hypodermis UNC-52
Nerve ACh
Nerve Contact ?
Nerve VPR-1, ligand for CLR-1?

Unknown, Nerve? Ligand for DAF-2

degradation can be triggered in the absence of de novo protein
synthesis, that is, by activation of pre-existing proteolytic or
substrate-delivery systems. There may also be increased synthesis
of the components of these catabolic systems (mpk-1 appears to
control this in other cell types*), but if so, this is not absolutely
required to initiate or maintain degradation.

Roles of These Systems
in Development and Physiology

C. elegans is a multi-cellular animal with multiple tissues.
Thus, muscle growth and/or shrinkage needs to be coordi-
nated with the growth of other tissues to maintain
functionally significant contacts with, for example, motor
neurons and the hypodermis. Similarly, the energy and
material needs for muscle growth need to be balanced against
the other functions of muscle (e.g., contraction) and
requirements of other tissues. It is likely that signals that
regulate global protein synthesis and degradation (for example
synthetic capacity or rate of degradation) do so as part of an
integrated network of signals that promote growth and/or
maintenance of organism-wide homeostasis.
Proteasome-mediated degradation of bulk cytosolic protein
occurs when diminished cholinergic signal from motor neurons
leads to decreased intramuscular calcium. Thus, it would appear
that active signal from nerves to muscle promotes not only
contraction, but also maintenance of appropriate levels of protein
synthesis and degradation in muscle. The integrated control of
contraction and degradation suggests that a primitive "use it or
lose it" mechanism underlies this degradation. Additionally,
hydrogen ions can signal from the gut to muscle to induce
contraction during defecation®® and PBO-4, which initiates this
proton-induced contraction, appears to regulate muscle protein
degradation as well (Table 2A). This may suggest that "use it or
lose it" mechanisms are not limited to nerve-muscle interactions,
a conjecture supported by the role of integrin-based attachment
complexes in hypodermis-muscle signaling. Together, these
results suggest that depolarization of the muscle plasma mem-
brane, which in turn affects calcium flux through voltage-gated
channels, may be an "emergent property" of muscle that controls
muscle protein degradation. This depolarization is apparently not
simply responsive to a single signal from a single tissue (e.g., ACh
from nerve) but rather may reflect the signal from multiple tissues.
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Effect
Inhibits autophagic degradation?
Promotes autophagic degradation
Inhibits calpain-mediated degradation
Inhibits proteasome-mediated degradation
Inhibits autophagic degradation of GABAA
Promotes autophagic degradation?

Inhibits autophagic degradation

If this speculation is correct, the proteasome may be the key
proteolytic system that responds to ion flux and it may be that
proteins like calreticulin® bridge the gap between calcium flux
and proteasome activation.

The EGL-15 FGFR signal that promotes autophagic
degradation is triggered, in part, by autocrine signaling through
LET-756, suggesting that muscle is constitutively programmed
to degrade soluble protein unless other, growth-permissive
signals provide countervailing instructions. DAF-2 (insulin/
IGF-1 like receptor), which restrains the autophagy promoted
by EGL-15, receives signal from an unidentified ligand
emanating from an as yet unidentified tissue. It is not yet clear
what physiological information is conveyed by this signal, but
the role of insulin/IGF in regulating cell growth in other
organisms suggests that it may have a role in coordinating muscle
growth with growth of other tissues. If this idea is correct, then it
may be the case that the Ras-Raf-MEK-MAPK module serves in
muscle as a central integrator of signals from other tissues, much
as the polarization of the plasma membrane appears to do for
proteasome based degradation. This idea further implies that
autophagy may be the key proteolytic system that responds to
growth factors; indeed, mutants deficient in autophagy are
generally abnormal in growth regulation.”

The PAT-2/PAT-3 attachment complex, in additon to
maintaining contacts between adjacent muscle cells, permits
coordinated structures to be established in the body wall muscle
and in hypodermis.>*” Both tissues continue to grow, by hyper-
trophy, after the worm reaches adulthood, allowing coordinated
longitudinal growth of the worm. Since the worm maintains an
approximately constant axial ratio during post-adult growth, it
would not be surprising if there were a feedback mechanism
between this longitudinal growth and radial growth, which may
be controlled in part by DAF-2. Thus, unlike proteasomal and
autophagic degradation, calpain mediated degradation would
appear to allow for fine-tuning of signals that regulate these other
proteolytic systems.

The number of genes identified as having roles in regulating
muscle proteolysis is vastly greater for C. elegans than for other
metazoans, including man. These discoveries not only reflect the
formidable experimental advantages available when studying this
worm but also demonstrate, once again, how this worm can be a
very good model for understanding the regulation of a complex
phenotype. It may even be possible to map and quantitatively
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model genomic control of muscle protein degradation in
C. elegans.

Relation to Pathophysiology
and Disease Models

Elucidation of signaling systems that appear to regulate various
proteolytic systems in muscle not only lends itself to the question of
what role these systems play in normal development and physiology
but also to the relationship to pathologies and disease states.

The initial experiments to validate the transgene-encoded LacZ
and GFP as reporters of intramuscular proteolysis suggest that
the proteasome system (Table 1A and Fig. 1) is important in
regulating protein degradation in response to starvation and
denervation. Recently it was shown that selenium exposure results
in neurotoxicity with post-synaptic muscles receiving less ACh
and displaying proteasome mediated degradation.”® This may
represent a mechanism underlying functional decline in muscle
that receives less innervation (for example aging human muscle) or
in post-synaptic cells receiving less ACh signal from degenerating
pre-synaptic cells (for example neurodegenerative diseases).
However, denervated muscle has also been shown to induce
accumulation of GABA, but not ACh receptors in autophago-
somes.” Thus it may be that both proteasome and autophagic
degradation are induced by denervation with multdple inputs
from nerves having been removed (Table 3). This highlights the
difficulty of both assuming and demonstrating that a single
pathway or system is modulated in pathology or underlies a
disease. This problem is compounded by the fact that it may
often be the amount of perturbation of a particular signaling
system that is important.”>* For example, if ACh signaling to
muscle can control intracellular calcium levels and the amount,
timing or spatial distribution regulates both proteasome and
autophagic degradation (Fig.1) as well as calpain mediated
muscle degeneration®" then demonstration of the importance of a
single system in modulating a disease process can prove quite
difficult. Similarly, as signals may balance each other it is possible
that gain/loss of signal through one pathway can compensate for
loss/gain of signal in another counterpoised signal to prevent
pathological degradation.”> Lastly, both the loss® and gain of
function of calpains®' in muscle results in pathologies. This
highlights the difficult path to considering treatment options
which may need to be individually tailored to restore or remove a
specific amount of activity and which also may explain why
depolarization of the plasma membrane is both "good" because it
opposes aberrant proteasome mediated degradation'”** and "bad"
because it contributes to muscle cell degeneration*"** and protein
aggregation.

In developing transgene-encoded LacZ and GFP as reporters
of intramuscular proteolysis, care has been taken to show that
these proteins are reasonably representative of "normal” muscle
proteins,'® and neither evoke an unfolded protein response'™®
nor produce other cellular pathologies. However, the same protein
products, when expressed at much higher levels than those used
in the studies described above (as the result of higher transgene
copy-number) often accumulate in aggregates or granules. This
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produces various levels of cytotoxicity and is of no interest in the
context of normal cellular physiology, but represents a general
caveat of using transgenic markers in C. elegans.

Others have chosen to express proteins associated with human
pathological processes involving protein folding or aggregation,
in order to develop C. elegans as a model for studying the
pathophysiology, biochemistry and genetics of such diseases.
These pathologies in humans usually manifest primarily in
neurons (e.g., Alzheimer disease, Huntington disease, Parkinson
disease).”” Nevertheless, the C. elegans models have often used
expression in body-wall muscles, for reasons of experimental
convenience:** Muscle-specific promoters are strong and well-
characterized, muscle cells are large to permit easier examination
of transgene expression and product localization, and muscle cells
are fully susceptible to RNA interference (RNAI), in contrast to
neurons. Although many of these model proteins have also been
expressed in neurons, we limit the discussion below to
phenomena observed in muscle.

Link® first expressed a 42-residue B-amyloid peptide (AB),
derived from human amyloid precursor protein, in worm muscle
under the direction of the unc-54 (myosin heavy chain B) pro-
moter. Because these transgenic worm lines used either extra-
chromosomal arrays or integrants derived from such arrays, it
seems likely that the transgene was present at high copy number.
The overexpressed AB peptide produced visible aggregates in the
muscle cells, promoted accumulation of autophagic vesicles, and
caused progressive paralysis.® The AB peptide level was reduced,
and vesicular accumulation and paralysis were relieved, by a
reduction of function mutation in the DAF-2 insulin/IGF
receptor.”® These ameliorating effects were blocked by RNAi
knockdown of components (BEC-1, ATG-7) of the autophagic
pathway. Conversely, AB toxicity was enhanced by RNAI
knockdown of lysosomal aspartyl proteases (especially ASP-6) or
of a putative lysosomal proton pump VHA-15. These observa-
tions implied a model in which autophagy, negatively regulated
by signaling from the insulin/IGF pathway, can serve as a
major mechanism for preventing accumulation of toxic protein
aggregates in muscle. It is not resolved whether the role of
autophagy is to clear large aggregates once they are formed, or to
dispose of smaller aggregates before they can become large and
toxic.”” These scenarios cannot be easily distinguished because the
effects of unconditional mutations or RNAi cannot be applied
acutely after aggregates have accumulated. It is noteworthy that
the pro-degradation effect of tuning down IGFR signaling is
similar to that observed® using soluble reporters in the muscle
cytosol (Table 1D and Fig. 1).

Visible aggregates were also produced upon expression of a
GFP fusion”” or a YFP fusion® of ai-synuclein (at-syn) in muscle
from the unc-54 promoter. o-syn is an aggregation-prone protein
that is probably in equilibrium between folded and unfolded
form, 45
properties.”’ Some o-syn mutations enhance the accumulation of
aggregates, which are associated with the Lewy bodies of autosomal-
dominant familial forms of Parkinson disease. In an effort to

which may enable it to have some chaperone-like

identify genes that might be involved in controlling o-syn aggrega-
tion, two reverse-genetic screens were performed using RNA:
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(1) van Ham et al.* used a genome-wide screen to find genes
whose normal function opposed the early formation of o-syn:
YFP fusion protein inclusions. The screen identified 80 genes
whose knockdown enhanced aggregate accumulation, among
which there was a high representation of genes involved in
membrane or vesicle trafficking, but a notable absence of genes
involved in either the ubiquitin-proteasome or the autophagic
pathways.

(2) Hamamichi et al.”” screened 868 candidate genes, chosen
for possible relationship to known Parkinson pathways, for RNAi
enhancement of early o-syn:GFP aggregation in a genetic
background sensitized to reduce aggregation. This screen turned
up genes involved in vesicle trafficking, as well as a few that
potentially function (but perhaps do not function exclusively) in
autophagy or in the ubiquitin-proteasome pathway.

Although these two screens were in many respects superficially
similar, they identified nearly non-overlapping sets of genes.”

A conceptually similar RNAI screen was performed to identify
genes whose knockdown enhanced aggregation of a Q35:YFP
construct in muscle.’”® This screen identified a number of
proteasome components and chaperones, as well as a significant
number of genes involved in mRNA processing and protein
biosynthesis. However, there was again relatively little overlap
with the gene set identified in the o-syn studies.***”

The study of Prahlad and Morimoto®* showed that accumula-
tion of aggregation-prone proteins (Q44:GFP and a mutant
paramyosin) in muscle could be regulated cell-nonautonomously,
through action of the neurosecretory thermosensory neurons. These
same thermosensory neurons regulate the heat-shock response.”
Mutations (gey-8 or ##x-3) that affect these neurons suppressed
both the accumulation of aggregates and motility defects. It was
conjectured™ that the thermosensory neurons might be involved,
directly or indirectly, in the secretion of insulin-like peptides. If this
is correct, then reduced levels of insulin-like peptides might lead
to reduced stimulation of muscle DAF-2 insulin/IGF receptors
and consequently increased intramuscular autophagy.”>*® It is
important to note that the RNAi screens targeted at muscle-
expressed proteins would not have uncovered the role of neurons
in controlling intramuscular proteostasis, since C. elegans neurons
are generally insensitive to RNAi.>**

An alternative to insulin mediated control of autophagy is
offered by the study of Garcia et al.®* They showed that

accumulation of aggregation-prone Q35::GFP was exacerbated
when pre-synaptic signaling was disrupted such that muscle was
‘overstimulated’. Specifically, loss of GABA signal or gain of
ACh signal resulted in increased numbers of aggregates. It remains
to be determined if the presumptive calcium modulation of
proteasome and/or autophagic degradation (Table 2A and B and
Fig. 1) underlies the increased aggregation.

In addition to these disease-specific models, aggregation can
be studied utilizing the attachment of a 16-residue “degron”
(degradation-promoting peptide) to the C-terminus of an
otherwise normal GFP.>® This degron targets the attached protein
to the proteasome in mammalian cells,”” but also produces toxic
perinuclear aggregates when expressed in either mammalian cells
or in C. elegans muscles.”® Overexpression of AIP-1, a positive
regulator of the proteasome, reduces accumulation of both GFP::
degron and AB peptide, and protects against AB toxicity.*" Lastly,
it is possible to take a combinatorial approach by combining
different models to attempt to look for commonalities.'

Studies of toxic proteins provide intriguing hints that various
proteolytic processes may help alleviate toxic effects in muscle,
but no consistent picture of which route to proteolysis is the
most significant. This may reflect the biochemical reality that
different proteins in different states or stages of aggregation are
susceptible to somewhat different combinations of proteolytic
processes. Furthermore, the balance between these proteolytic
processes might well be modulated by factors (including the toxic
aggregates) that alter the expression level or activities of the
proteolytic pathway components. We should probably avoid
the temptation to make sweeping generalizations and content
ourselves for now with the power of C. elegans to point the way to
specific intervention points for each kind of abnormal protein
associated with a human pathology.
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