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Abstract

Chaperone proteins are critical for protein folding and stability, and hence are necessary for
normal cellular organization and function. Recent studies have begun to interrogate the role of this
specialized class of proteins in muscle biology. During development, chaperone-mediated folding
of client proteins enables their integration into nascent sarcomeres. In addition to assisting with
muscle differentiation, chaperones play a key role in maintenance of muscle tissues. Further,
disruption of the chaperone network can result in neuromuscular disease. In this review, we
discuss how chaperones are involved in myofibrillogenesis, sarcomere maintenance and muscle
disorders. We also consider the possibilities of therapeutically targeting chaperones to treat muscle
disease.
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INTRODUCTION

Proper folding is a crucial step in protein synthesis that is mediated by a specialized class of
proteins called chaperones. Chaperones are largely grouped into two categories, those that
utilize ATP to mediate folding and those that are independent of ATP hydrolysis (Hartl and
Hayer-Hartl 2009). Chaperones that require ATP utilize energy released from hydrolysis to
drive conformational changes in the chaperone that assist in client protein folding.
Chaperones that are independent of ATP often bind to nascent proteins and protect against
non-specific hydrophobic interactions driving improper folding. General chaperones such as
heat shock protein 90 (Hsp90) and Hsp70 are ubiquitously expressed and exhibit a wide
range of client proteins (Kampinga and Craig 2010; Taipale et al. 2010). Specific
chaperones such as aB-crystallin and uncoordinated-45 (UNC-45) are robustly expressed in
fewer tissues and exhibit specialized functions with a more limited set of client proteins (Yu
and Bernstein 2003; Wistow 2012). The activity of many chaperones, both general and
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specific, can also be modulated by co-chaperones that allow additional control with respect
to client specificity and chaperone activity (Caplan 2003). In this review, we will discuss the
role of both general and specific chaperones in the development and maintenance of the
sarcomere, the fundamental contractile unit of muscle tissue (Figure 1). We will conclude
with a discussion of chaperones in muscle disease and efforts to utilize chaperones as
therapeutic targets.

CHAPERONES IN MYOFIBRILLOGENESIS

Proper muscle development and function require a complex system of structural, motor, and
chaperone proteins. Despite the great importance of muscle protein complexes, the details of
sarcomere assembly or myofibrillogenesis remain unresolved (Sanger et al. 2005; Hawkins
et al. 2008). One of the earliest steps in this process is actin nucleation followed by
polymerization to form the thin filaments of the sarcomere (Ehler et al. 1999; Sparrow and
Schock 2009). These emerging filaments anchor their barbed ends to Z-bodies to form the I-
Z-1 bodies, precursors to the I-Z-1 bands in mature muscle (Schultheiss et al. 1990; Young et
al. 1998; Ojima et al. 1999). The Z-bodies incorporate a-actinin and titin (also known as
connectin) early in development, eventually resulting in the a-actinin-rich Z-discs and the
actin-containing I-bands (FUrst et al. 1989; Ehler et al. 1999). Thick myosin filaments are
then integrated into this scaffold where they interact with titin, though how this process
occurs is debated. One model says that thick filaments are formed separately from I-Z-1
bodies but that both structures work together in assembling striated myofibrils (Holtzer et al.
1997). Another model states that initially, non-muscle myosin assembles with other
components to form pre-myofibrils, but that in later stages muscle myosin takes over to
finish the process of sarcomere assembly (Sanger et al. 2002). A third model proposes that
titin serves as a scaffold onto which all of the sarcomeric components join to finish the
process of myofibrillogenesis (Ehler et al. 1999; Van der Ven et al. 1999).

During myofibrillogenesis, protein chaperones are responsible for ensuring that each protein
within the developing sarcomere is correctly folded. The importance of chaperones to this
process is underscored by studies indicating that loss of chaperone activity can result in
failure to properly develop sarcomeric structures and often leads to embryonic lethality
(Venolia and Waterston 1990; Du et al. 2008; Hawkins et al. 2008; Lee et al. 2011b; Chen et
al. 2012). Recent studies have begun to elucidate the complex network of chaperones that
guide their respective client proteins into their correctly folded conformation and the roles
they play in sarcomere assembly and muscle development (Figure 2).

Hsp90 and UCS proteins in myosin and thick filament assembly

The general chaperone Hsp90 is widely expressed and is involved in a variety of activities
such as cellular proliferation, organism development and cancer. Hsp90 consists of three
functional domains: the N-terminal domain is responsible for ATP binding and ATPase
activity, while the middle and C-terminal domains mediate chaperone dimerization (Street et
al. 2012). After binding the nascent protein, cycles of ATP hydrolysis drive conformational
changes in Hsp90 that in turn assist in folding client proteins within the cell (Taipale et al.
2010). Hsp90 function and specificity are also regulated by co-chaperones such as Cdc37,
p23, Fk506bpl, CHIP, Sgta, Shal and UNC-45 (Li et al. 2012). In addition to its well-
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established activities, recent evidence has begun to elucidate the role of Hsp90 in mediating
sarcomere development.

Early studies identified Hsp90 expression in somitic muscle progenitors of zebrafish
embryos and showed that inhibition of Hsp90 blocked somite formation, indicating a key
role in muscle development (Lele et al. 1999; Sass et al. 1999). Later work by Srikakulam
and Winkelman (2004) found that inhibition of Hsp90 disrupted myofibril formation in the
C2C12 mouse myoblast cell line in vitro. Using fluorescent microscopy, the authors
determined that Hsp90 co-localized with the nascent myosin protein, indicating a potential
role in myosin processing. Additionally, myosin expressed in vitro exhibits poor folding
behavior that can be improved by the addition of Hsp90, further supporting its critical role
as a myosin chaperone (Chow et al. 2002; Liu et al. 2008).

The role of Hsp90 in muscle development has been confirmed in vivo using genetic
manipulation of zebrafish. Knockdown of the Hsp90al paralogue in zebrafish resulted in a
paralyzed phenotype and yielded severely disrupted sarcomere development (Etard et al.
2007; Du et al. 2008). Interestingly, knockdown of the zebrafish paralogues Hsp90a2 and
Hsp90b did not affect zebrafish muscle development, indicating a specific role for Hsp90al
in sarcomere assembly. Further, the ATPase-deficient Hsp90al mutant slothU4> exhibited a
similar phenotype to Hsp90al knockdown, confirming that the ATP-dependent activity of
Hsp90 is necessary for muscle development (Hawkins et al. 2008). Hsp90 mutants lacking
functional ATPase activity have also been shown to disrupt muscle development in C.
elegans (Gaiser et al. 2011). Interestingly, knockdown of myosin expression or inhibition of
myosin ATPase activity did not phenocopy knockdown of Hsp90 in zebrafish (Codina et al.
2010). This indicates that Hsp90 might be involved in the folding and integration of
additional sarcomeric components.

Studies have begun to investigate how Hsp90 directs muscle development outside of its role
in myosin folding. Yun and Matts (2005) showed that Hsp90 inhibition disrupted the
interaction between Ccd37 and MyoD, key transcription factors in muscle differentiation.
Loss of this interaction could be related to the depletion of Hsp90-dependent protein
kinases, resulting in reduced levels of phosphorylated MyoD and its downstream target
myogenin (Pelpel et al. 2000; Pratt and Toft 2003; Yun and Matts 2005). Therefore Hsp90
appears to play an indirect role in determining muscle cell identity during development in
addition to its role as a protein chaperone for sarcomeric proteins.

The UCS (UNC-45/CRO1/SHE4) family of proteins is conserved across eukaryotic
organisms and is critical to the proper folding of myosins within the cell (Hutagalung et al.
2002). The UCS protein UNC-45 consists of three distinct domains: the N-terminal
tetratricopeptide repeat (TPR) domain, the central domain, and the UCS domain. The TPR
domain has been shown to bind Hsp90 and Hsp70 whereas the C-terminal UCS domain
binds myosin (Barral et al. 2002; Toi et al. 2003; Etard et al. 2007; Gazda et al. 2013).
UNC-45 was initially discovered as a result of cloning the gene that yields an
“uncoordinated” phenotype in C. elegans upon its mutation (Epstein and Thomson 1974;
Barral et al. 2002; Yu and Bernstein 2003). Subsequent studies in both zebrafish and
Drosophila have shown that loss of UNC-45 expression severely disrupts skeletal muscle
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sarcomere assembly (Wohlgemuth et al. 2007; Lee et al. 2011b). While initially described as
an Hsp90 co-chaperone, a study by Melkani and colleagues (2010) found that Drosophila
UNC-45 was able to assist in re-folding denatured citrate synthase as well as reduce heat-
induced myosin aggregation in vitro. Further, studies in C. elegans and zebrafish found that
the myosin-binding UCS domain is critical to sarcomere development while the Hsp90-
binding TPR domain is dispensable (Bernick et al. 2010;Ni et al. 2011). These studies
indicate that UNC-45 appears to be a distinct protein chaperone rather than solely an Hsp90
co-chaperone.

Though the precise mechanism of action for UNC-45 remains unclear, a recent study by
Gazda and colleagues (2013) provided some interesting insights in this regard. In silico
modeling showed that the UNC-45 UCS domain forms a long groove that could effectively
bind proteins in an extended conformation prior to folding. This groove was previously
identified a highly conserved region in the UCS domain (Lee et al. 2011a). Gazda and
colleagues (2013) showed that mutations in this groove inhibited sarcomere formation in C.
elegans similarly to loss of UNC-45 expression, indicating that this structure is essential to
UNC-45 function. Further, the investigators showed that UNC-45 is capable of integrating
into oligomers, the formation of which is required for sarcomere development. The authors
propose that this oligomeric structure acts as a scaffold for myosin chaperones such as
Hsp70 and Hsp90 and assists in myosin globular head folding at discrete intervals along the
nascent sarcomere.

In addition to its role in skeletal muscle, UNC-45 is important in cardiac muscle.
Knockdown of UNC-45 specifically in the Drosophila heart leads to myofibrillar disarray,
low number of myofibrils, reduced levels of myosin and shorter lifespan (Melkani et al.
2011). Knockdown in zebrafish also results in cardiac dysfunction (Wohlgemuth et al.
2007). Biochemical and molecular experiments have confirmed that mouse UNC-45b forms
complexes with both the alpha- and beta-cardiac myosins and GATA4, a transcription factor
important in cardiogenesis (Chen et al. 2012), emphasizing UNC-45’s key role in cardiac
development.

Invertebrates only have a single UNC-45 isoform, compared to the two isoforms, UNC-45a
and UNC-45b, found in vertebrates (Price et al. 2002). Both mammalian isoforms have been
shown to activate Hsp90-dependent myosin folding in vitro; however, the general form
UNC-45a is expressed in most cell types while UNC-45b is expressed only in striated
muscle, indicating a possible evolutionary sub-functionalization (Liu et al. 2008; Myhre and
Pilgrim 2012). Experiments in C2C12 skeletal muscle cells demonstrated that UNC-45a is
involved in cell proliferation and maintenance of myofibrils once they have formed, whereas
UNC-45b has a role in sarcomere development (Price et al. 2002). A study by Wohlgemuth
and colleagues (2007) found that knockdown of UNC-45b in zebrafish results in severe
defects in both trunk muscle and cardiac development. Later work by Comyn and colleagues
(2012) found that the combined loss of UNC-45a and UNC-45b phenotypically resembles
loss of UNC-45b alone in developing zebrafish embryos. The authors concluded that the
absence of a compound phenotype in double knockout embryos indicates that UNC-45
isoforms do not share redundant activity. It therefore appears that while both isoforms retain
myosin chaperone activity, they are each utilized for independent functions within the cell.
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How these unique functions are regulated in cells that co-express both isoforms such as the
developing myoblast could yield interesting insight into possible interacting partners of
UNC-45.

Recent reports have begun to investigate the SET- and MYND-domain-containing protein 1
(SmyD1) as a potential modulator of UNC-45 function. SmyD1 was originally identified as
a histone methyltransferase that is strongly expressed in heart and muscle tissues (Gottlieb et
al. 2002; Tan et al. 2006). Targeted deletion of the mammalian homologue Bop in mice
resulted in heart formation defects affecting the right ventricle (Gottlieb et al. 2002).
Morpholino knockdown of the zebrafish alternative splicing isoforms SmyD1a and SmyD1b
resulted in myofibrillar disorganization with cardiac and skeletal muscle malfunction in
morphant embryos, further supporting its critical role in muscle development (Tan et al.
2006). Further, they showed that mutation of the SET-domain responsible for
methyltransferase activity did not permit rescue of SmyD1 morphant knockdown embryos,
supporting a role for methyltransferase activity in zebrafish muscle development. The
precise mechanism of SmyD1 function in muscle remains unclear however. A recent study
in zebrafish by Just and colleagues (2011) found that SmyD1 localizes to the M-line where it
physically interacts with myosin. Interestingly, they showed that loss of methyltransferase
activity did not impede myofibrillogenesis, indicating alternative roles for SmyD1 in
regulating sarcomere development in contrast to the methyltransferase activity requirement
noted by Tan and colleagues (2006). A study by Li and colleagues (2013) found that
knockdown of the smydl1b gene in zebrafish led to increased expression of both hsp90 and
unc45b with decreased myosin expression specifically at the protein level. The authors
propose that myofibrillar defects could therefore be related to improper regulation of
UNC-45b expression or activity, leading to increased myosin degradation. Together, these
studies point to the complex role of UNC-45 and its interacting partners in sarcomere
assembly and muscle development.

Chaperone proteins in actin, thin filament and Z-disk assembly

Chaperones are also involved in the proper folding of a-actinin and actin during
myofibrillogenesis. N-RAP, for example, is a chaperone shown to be involved in a-actinin
folding and integration into the Z-disk during myofibril assembly (Dhume et al. 2006).
Chaperonin [CCT, also called TCP-1 Ring Complex (TRiC)] and its cofactor GimC
(prefoldin) appear to be necessary for actin folding and assembly (Siegers et al. 1999;
Grantham et al. 2002). In vitro experiments have shown that ribosome-associated actin
chains bind to GimC, which remains bound to the nascent actin protein and delivers it to
cytosolic TRIC (Hansen et al. 1999). The interaction of GimC and TRiC with actin folding
intermediates constitutes the “folding compartment™” and serves to accelerate actin folding
by at least 5 times (Siegers et al. 1999). Finally, a study by Brown and colleagues (2007)
confirmed that Hsp25/27 is a regulator of actin polymerization in Xenopus laevis frogs.
Depletion of this protein resulted in cardia bifida, actin filament disarray, and myofibrillar
disorganization. Thus, the presence of Hsp25/27 may be a critical requirement during
myogenesis and heart tube formation.
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Chaperone proteins in titin and intermediate filament assembly

The small heat shock protein (SHSP) aB-crystallin is commonly localized to the Z-disk and
I-band regions of the sarcomere and appears to be involved in assembly of titin and
intermediate filaments during myofibrillogenesis (Bullard et al. 2004). This chaperone is
abundant in cardiac muscle cells, where it is necessary for the folding of titin filaments
(Bennardini et al. 1992; Inagaki et al. 2006). In the heart, aB-crystallin has been shown to
bind to the N2B region of cardiac titins, located in their N-terminal halves, near to the Z-
disk (Bullard et al. 2004). aB-crystallin is also required for the assembly and folding of
desmin, which forms an intermediate filament found at the Z-disk of the sarcomere
(Bennardini et al. 1992). The role of aB-crystallin is not limited to folding of intermediate
filaments however. A study by Singh and colleagues (2007) found that actin directly
interacts with aB-crystallin in co-immunoprecipitation experiments, suggesting a further
role in regulating actin filament dynamics. Moreover, in vitro experiments using chicken
muscle myosin have shown that aB-crystallin prevents myosin aggregation and preserves its
enzymatic activity under heat-shock conditions (Melkani et al. 2006). This suggests that aB-
crystallin may be involved in nascent myosin folding and myofibrillogenesis.

Concluding remarks regarding chaperones in myofibrillogenesis

Formation of the sarcomere requires a series of highly regulated events that must integrate a
wide variety of protein components into a cohesive unit. Chaperone proteins lay at the heart
of this process, assisting in providing correctly folded elements to the nascent sarcomere for
incorporation (summarized in Figure 2). Recent efforts have made strides in elucidating the
complex network of both general chaperones (such as Hsp90 and TRiC/GimC) and specific
chaperones that are highly expressed in muscle (such as UNC-45), as well as their
interacting partners (summarized in Table 1). Further studies to uncover chaperone-binding
partners in muscle could lead to a better understanding of the process of sarcomere assembly
and function.

CHAPERONES IN THE MAINTENANCE OF MUSCLE CELL STRUCTURE
AND FUNCTION

Following a highly ordered assembly process, muscle cells utilize a complex series of
pathways to maintain structural integrity and therefore function. It remains unclear whether
sarcomeres are maintained passively through stochastic protein exchange and turnover or
through an active and directed response to muscle stress. For the latter proposal, damaged
sarcomeric proteins would have to be efficiently recognized, removed and replaced to
maintain the repetitively organized structure. Studies over the past decade have shown that
the active regulation of chaperone proteins plays an essential role in muscle maintenance.
Recent work has begun to elucidate the sub-cellular localization and dynamic movement of
chaperone molecules within functional sarcomeres (Figure 3), providing a better
understanding of maintenance of muscle cell structure and function.

The chaperones Hsp90 and UNC-45 are expressed in muscle cells after development,
supporting their continued role in sarcomere maintenance. DAF-21, the C. elegans
homologue of Hsp90, is largely localized along the I-band with some M-line localization at
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high expression levels (Gaiser et al. 2011). In contrast, UNC-45 appears to be largely
localized to the A-band in C. elegans, consistent with its role as a myosin chaperone (Ao
and Pilgrim 2000). However, more recent studies indicate that UNC-45 can exist as two
different populations, one that is freely diffusible within the I-band and another that is stably
bound within the A-band (Gaiser et al. 2011). Interestingly, zebrafish models suggest more
dynamic localization patterns. Etard and colleagues (2008) showed that both Hsp90 and
UNC-45b are localized within the Z-disk. Upon cellular stress to the muscle, both Hsp90
and UNC-45 rapidly localize to the myosin containing A-band, presumably to monitor for
damaged myosin and assist in repair (Figure 3). While the precise function of this dynamic
regulation remains unclear, it is possible that binding of Hsp90 and UNC-45 could impair
myosin function. By holding these proteins in reserve within the Z-disk, the cell can quickly
respond to damage while retaining functionality under normal circumstances.

Hsp70 also contributes to the overall homeostasis of muscle cells, though no studies have
identified any specific localization within the sarcomere. Hsp70 is therefore thought to be a
more ubiquitous contributor to the protection against cellular damage and dysfunction. In
skeletal muscle, several studies have shown that Hsp70 expression is increased following
eccentric exercise and injury (Morton et al. 2009; Paulsen et al. 2009; Senf et al. 2013). In
Hsp70 knockout mice, inflammatory response to muscle injury is significantly delayed (Senf
et al. 2013). This slowed response is followed by inflammation of the muscle, and in severe
cases, necrosis and reduced ability to repair muscle fibers. Further, ectopic expression of
Hsp70 in muscle tissue was able to stimulate regeneration in rescue experiments.
Collectively, this study suggests that Hsp70 could be involved in the initial inflammatory
response and in mediating the transition to muscle repair and recovery.

There is evidence to suggest that the localization of members of the SHSP family is
dynamically regulated in response to muscle cell stress. Early studies of aB-crystallin
indicated that it is expressed in muscle cells as a soluble and freely diffusible protein within
the cell, though the authors did note a small subset that was localized to the Z-disk (Atomi et
al. 1991). Later studies by Koh and Escobedo (2004) found that aB-crystallin rapidly
localized to the Z-disk following mechanical stress such as lengthening contractions. In this
same study, the authors determined that Hsp25/27 also exhibited a similar Z-disk
translocation. A recent study by Kotter and colleagues (2014) refined this model, showing
that aB-crystallin, along with Hsp25/27, binds to the titin immunoglobulin-like domain in
the I-band region proximal to the Z-disk, where they may protect titin from aggregation.
Interestingly, aB-crystallin is involved in facilitating the proper folding of intermediate
filament proteins present within the Z-disk during development (Perng et al. 1999; Goldfarb
and Dalakas 2009). As both Hsp25/27 and aB-crystallin translocate near to Z-disks after
mechanical stress, they may act to protect the Z-disk proteins from further injury or aid in
their repair.

These sub-cellular localization patterns and translocations imply a dynamic picture of
chaperone movement and coordination with regard to muscle maintenance. Understanding
this network is a formidable challenge. Additional real-time subcellular experiments will
undoubtedly help clarify how chaperones respond to cellular stress. Interrogating the
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mechanisms that regulate translocation of chaperones into damaged muscle could also
identify therapeutic targets to promote muscle repair following injury.

Chaperones and autophagy

Autophagy is an important subcellular degradation mechanism that mediates cellular
remodeling and removal of damaged proteins and organelles (Mizushima 2007; Kundu and
Thompson 2008; Levine and Kroemer 2008). Separate from the ubiquitin-proteasome
system, autophagic degradation is lysosome-based and occurs by three different delivery
pathways: chaperone-mediated autophagy (CMA), macroautophagy, and microautophagy
(Sandri et al. 2013). Both CMA and macroautophagy have been shown to utilize chaperones
and therefore will be focused on here.

CMA is a proteolytic pathway that utilizes ubiquitin-independent shuttling of chaperone
substrates through the lysosomal membrane for degradation. This highly selective process
targets only proteins bearing the KFERQ pentapeptide recognition sequence, which is
responsible for the direct translocation of target proteins into the lysosome (Dice et al.
1990). CMA involves the chaperones Hsp70 and Hsp90 and co-chaperones including Bcl-2-
associated athanogene 1 (BAG-1) (Agarraberes and Dice 2001).The role of CMA has not
been extensively explored in skeletal muscle to date. However, a recent study determined
that CMA components LAMPA and Hsc70 are increased in sporadic inclusion body
myositis (s-IBM) muscle (Cacciottolo et al. 2014), implying that some aspects of autophagy
may be mediated by CMA in skeletal muscle, particularly in the context of disease.

Chaperone-assisted selective autophagy (CASA) is a macroautophagic delivery mechanism
in which chaperones selectively identify and deliver damaged proteins directly to the
autophagosome (Gamerdinger et al. 2011). Formation of the CASA complex at the Z-disk is
coordinated by Starvin (Stv) in Drosophila and its homologue Bcl-2-associated athanogene
3 (BAG-3) in vertebrates (Arndt et al. 2010). These proteins then recruit the co-chaperones
Hsc70 and HspB8, and the ubiquitin ligase CHIP (Doong et al. 2000; Carra et al. 2008;
Arndt et al. 2010). The co-chaperone HspB8 appears to be responsible for recognizing the
mis-folded proteins, while Hsc70 is involved in substrate processing (Haslbeck et al. 2005;
Carra et al. 2008). Arndt and colleagues (2010) propose that BAG-3 mediates the release of
damaged components from the Z-disk, which are then ubiquitinylated by CHIP and
degraded following recruitment of the ubiquitin adapter p62. During this process, BAG-3 is
also ubiquitinylated by CHIP, which may lead to the co-degradation of BAG-3 (Arndt et al.
2010). Degradation of BAG-3 could represent a regulatory mechanism for the CASA
pathway and warrants further investigation.

Interestingly, CASA appears to be dispensable for sarcomere assembly but is required for its
maintenance. Loss of Stv allows for normal sarcomere development with lethality observed
in early larval stages due to progressive disruption of the Z-disk (Coulson et al. 2005; Arndt
et al. 2010). Similarly, BAG-3 knockout mice exhibit normal development with early
lethality following muscle failure (Homma et al. 2006; Arndt et al. 2010). Recent studies
indicate that unfolding of the Z-disk protein filamin caused by mechanical stress induces
CASA activity, consistent with CASA’s role in maintenance (Ulbricht et al. 2013).
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Despite significant progress, there remain fundamental questions regarding the role of
CASA in muscle maintenance. While several of the components appear to be localized to
the Z-disk, additional studies could reveal dynamic regulation similar to other chaperone
systems discussed above. Additionally, CASA is largely unaffected in CHIP-deficient
fibroblasts and CHIP-knockout mice do not suffer from myopathy, indicating the existence
of functionally redundant ubiquitin ligases (Xu et al. 2002; Dai et al. 2003). Finally, loss of
Stv in Drosophila or BAG-3 in mice phenotypically resembles a recently identified subset of
myofibrillar myopathy (MFM) known to be associated with mutation of BAG-3, supporting
the use of these loss-of-function mutants as clinical models (Selcen et al. 2009). Further
interrogation of how CASA is regulated could yield important information on therapeutic
intervention in diseases caused by BAG-3 or filamin mutations.

Concluding remarks on chaperones in muscle maintenance

Muscles derive their function from the precise integration of structural and functional
proteins that must be maintained throughout the life of the organism. Recent efforts have
begun to identify how chaperones play a role in sarcomere turnover and long-term stability.
In vertebrates, chaperone proteins appear to be held in local reservoirs and dynamically
localized to areas of potential muscle stress (Figure 3). It is possible that muscle cells utilize
these chaperone reserves to assist in refolding damaged proteins without having to express
and incorporate new proteins into the sarcomere. In the event that the damage is too severe,
chaperones can mediate protein disposal through coordination with autophagic processes.
Understanding how the cell regulates chaperone activity with respect to repair and protein
turnover will likely have a dramatic impact on our ability to target chaperone proteins
therapeutically.

CHAPERONES IN MUSCLE DISEASE

Diseases caused by improper chaperone activity

The first disease-associated mutation identified in a protein chaperone was the R120G
mutation in human aB-crystallin (CRYAB), which was associated with a subset of
myofibrillar myopathies (MFMs) now called aB-crystallinopathies (Vicart et al. 1998).
Additional aB-crystallin mutations have been identified that result in C-terminal truncations
and loss of chaperone activity (Selcen and Engel 2003). While the detailed mechanism of
aB-crystallin function is still poorly understood, the conserved C-terminal a-crystallin
domain is critical to the regulation of aB-crystallin activity within the cell. As many of the
identified mutations are located within or near the a-crystallin domain, it is widely believed
that loss of function within this domain is responsible for the aberrant activity of aB-
crystallin mutants (Andley et al. 1996; Smulders et al. 1996). Crystallographic studies of the
a-crystallin domain from aB-crystallin and related proteins have identified a dimeric
structure that forms a collapsible groove that is thought to interact with the adjacent N-
terminal extension (Bagnéris et al. 2009). In a follow up study, the authors found that the
R120G mutation shifts the protein-protein interface and closes this gap, altering the
multimer dynamics in favor of oligomerization over dimerization (Clark et al. 2011). This
dominant negative activity would effectively reduce the levels of aB-crystallin available to
the cell and prevent normal chaperone function.
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aB-crystallin forms one of the major structural proteins of the eye lens and acts as a SHSP in
several other tissues throughout the body (Ecroyd and Carver 2009). In muscle tissues, it is
largely responsible for preventing the aggregation of desmin and other intermediate filament
proteins (Goldfarb and Dalakas 2009). Clinically, the R120G mutation is associated with the
formation of cataracts, weakness in the skeletal muscles and heart failure, which is a
predominant cause of death (Vicart et al. 1998). The causal relationship between the R120G
mutation and the clinically observed phenotype was shown using a transgenic mouse model
(Wang et al. 2001). Expression of CryABR120G jn mouse and Drosophila cardiomyocytes
results in significantly impaired heart function that phenocopies human clinical cases
(Rajasekaran et al. 2007; Xie et al. 2013). Interestingly, the observed cardiomyopathies
appeared to result from an increase in reductive stress caused by activation of the glucose-6-
phosphate dehydrogenase (G6PD) enzyme. In both models, knockdown of G6PD alleviated
the cardiomyopathy and reduced protein aggregation. This implies that the underlying
disease mechanism of CryABR120G might be related to metabolic disruption rather than
accumulation of aggregated proteins. Though the mechanism remains unclear, these studies
provide the foundation for novel treatments that could ameliorate cardiomyopathies
commonly associated with impaired chaperone function.

Other proteins involved in chaperone function have been implicated in muscle disease,
possibly through disruption of the CASA complex. Recent studies have identified BAG-3
mutations in a subset of childhood muscular dystrophies (Selcen et al. 2009). Mutation of
the co-chaperone DnaJ (Hsp40) homolog, subfamily B, member 6(DNAJB6) has been
implicated in the development of limb girdle muscular dystrophy type 1D (LGMD 1D)
(Harms et al. 2012; Sarparanta et al. 2012). Expression of mutant DNAJB6 in zebrafish
resulted in significant loss of muscle integrity and appeared to act in a dominant fashion by
hijacking the activity of wild-type DNAJB6, BAG-3 and other members of the CASA
complex. This could also be related to recent studies indicating a role for DNAJB6 in
preventing aggregation of polyglutamine stretches (Gillis et al. 2013; Mansson et al. 2014) .

Despite the few examples cited above and the recent development of next generation
sequencing techniques in determining genetic causes for human disease, exceedingly few
mutations have been identified in chaperone proteins. While it is likely that disruption of
such critical systems could result in embryonic lethality and be rarely observed, it is also
possible that there could be functional redundancies among related protein chaperones.
Future studies might therefore benefit from investigating how networks of chaperone
proteins interact to compensate for possible deficiencies and mask loss-of-function
mutations. Understanding this network could inform therapeutic approaches targeting
chaperone proteins.

Several groups have begun to investigate how chaperone activity can be altered by
mutations in client or interacting proteins in a variety of muscle disease models. Idiopathic
inflammatory myopathies exhibit dramatic changes in Hsp70 levels in muscle and Hsp90 in
both the muscle and invading immune cells, with similar findings observed in Duchenne
muscular dystrophy (De Paepe et al. 2009; De Paepe et al. 2012). The authors conclude that
both Hsp70 and Hsp90 are likely involved in mediating attempted muscle recovery while
Hsp90 could play a role in promoting the cytotoxicity induced by invading immune cells.
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These findings point to the complex network of chaperone proteins that mediate interactions
between both the endogenous cells of a tissue and migratory immune cells.

Recent studies have also begun to elucidate how regulation of the ubiquitin ligase protein
degradation system is linked to the myosin chaperone UNC-45. Heightened expression of
UNC-45 in C. elegans affects muscle development, highlighting the importance of
maintaining normal chaperone levels during development (Landsverk et al. 2007). UNC-45
levels appear to be regulated by the CHN-1/UFD-2 complex during development in C.
elegans (Hoppe et al. 2004). This complex requires CDC-48, the C. elegans homolog of the
mammalian p97, the mutation of which has been shown to induce inclusion body myopathy
in several disease models (Custer et al. 2010; Ritson et al. 2010). Interestingly, mutation of
p97 reduces UNC-45 turnover, resulting in poor myofibrillar assembly and degradation
(Janiesch et al. 2007). This indicates that mutations in the protein turnover systems can
affect chaperone levels, which might contribute to associated disease progression. Further
description of how chaperone networks are influenced by disease will be crucial to the
successful implementation of chaperone-targeted therapeutics.

Chaperones as therapeutic options in neuromuscular disease

Chaperone proteins are currently being investigated as therapeutic targets in diseases where
protein aggregation is thought to be the underlying molecular mechanism, though largely in
the context of neurodegenerative disease. Increased expression of protein chaperones
promotes cell viability and assists in clearance of protein aggregates in several disease
models (Sakahira et al. 2002). However, the limiting factor for applying chaperone-based
therapy to muscle disease has been development of therapeutic small molecules that are able
to achieve similar results to chaperone over-expression systems (Table 2). Current efforts to
modulate chaperone activity largely revolve around the feedback mechanism between heat
shock factor 1 (HSF1) and Hsp90. HSF1 acts as a master regulator for several members of
the HSP and sHSP families (de Thonel et al. 2012). Activation of this transcription factor
results in heightened expression of Hsp70, Hsp90 and various co-chaperones and has been
shown to provide therapeutic benefit in a variety of model systems.

The celastrol family of molecules act as HSF1 agonists that activate the human heat shock
response and induce expression of Hsp70, Hsp90 and other chaperones (Westerheide et al.
2004). Treatment of amyotrophic lateral sclerosis (ALS) and Huntington’s disease models
with celastrol has shown therapeutic efficacy in reducing aggregate formation in neural
tissues (Kiaei et al. 2005; Zhang and Sarge 2007). Despite these results, potential toxicity
could be a limiting factor for widespread use in neural tissues or in muscle (Kalmar and
Greensmith 2009; Hansen and Bross 2010). More recent studies have begun screening small
molecule libraries for novel HSF1 agonists. Zhang and colleagues (2009) identified three
geduin derivatives and one Sappanone A related molecule as activators of HSF1. Each of
these small molecules increases HSF1 transcriptional activity and Hsp70 expression in cell
cultures, indicating their potential use as therapeutics where Hsp70 has shown protective
benefit. Neef and colleagues (2010) utilized a yeast screening system to identify HSF1A, a
novel small molecule that interacts directly with HSF1 and can protect against
neurodegeneration in a poly-glutamine fly model. A recent study by Calamini and

Anat Rec (Hoboken). Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Smith et al.

Page 12

colleagues (2012) screened over 900,000 small molecules and identified seven classes that
exhibited HSF1 activation. Utilizing in vivo studies, the authors found that several of these
compounds inhibited protein aggregation in C. elegans models, supporting their potential
clinical use.

Inhibition of Hsp90 may represent a second viable therapeutic direction. Early studies
indicated that inhibition of Hsp90 using geldanamycin dramatically increased HSF1 activity,
which in turn increased expression of the chaperone Hsp70 (Zou et al. 1998). This increase
in Hsp70 expression has been shown to inhibit aggregation of a-synuclein and huntingtin in
Parkinson’s and Huntington’s disease models, providing a possible therapeutic intervention
that might be translated to protein aggregation diseases in muscle (Sittler et al. 2001,
McLean et al. 2004). Of note, a recent study by Cha and colleagues (2014) interrogated the
ability of NXD30001, a derivative of radicicol, to ameliorate ALS symptoms in a superoxide
dismutase G92A (SODC92A) mouse model. Treatment with the drug led to significantly
reduced aggregation and motor neuron death, supporting its use in ameliorating aggregation
diseases. Interestingly, the authors identified heightened expression of Hsp70 in skeletal
muscle tissue following treatment, supporting NXD30001’s potential therapeutic use in
muscle disease as well. However, as many Hsp90 inhibitors currently in development are
being selected for anti-tumor activity, translation into the muscle disease field will require
careful interrogation of potential cytotoxic effects. Small-molecule therapeutics targeting
HSF1 and Hsp90 in disease models are summarized in Table 2.

The ability to modulate the activity of protein chaperones in vivo has shown great promise in
several clinical settings, though none appear to be targeting muscle disease models to date
(Neckers and Workman 2012). There are emerging lines of evidence to suggest that
modulation of chaperone activity could provide therapeutic benefit for patients suffering
muscle disorders accompanied by protein aggregation. A recent study from Melkani and
colleagues (2013) showed that over-expression of UNC-45 in the Drosophila heart reduces
huntingtin poly-glutamine aggregation and cardiomyopathy. Similarly, a study of
oculopharyngeal dystrophy showed that over-expression of Hsp70 specifically within the
muscle reduces the toxicity of mutant PABPN1 in a Drosophila model (Chartier et al. 2006).
These studies, along with encouraging results in neurodegenerative disease discussed above,
support exploration of chaperone activity modulators in muscle diseases where aggregation
or improper protein folding is thought to contribute to the molecular mechanism.

Concluding remarks on chaperone proteins in disease

Disruption of chaperone networks can have catastrophic effects on muscle development and
function, as demonstrated through direct mutation of chaperone proteins themselves or loss
of function in key regulatory elements. There are a variety of chaperone activity modulators
currently under investigation in cancer and neurodegenerative diseases. It will be interesting
to see how these therapeutics developed for disparate diseases can be incorporated into
treating muscle diseases associated with chaperone dysfunction and/or protein aggregation.
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CONCLUSIONS

A protein’s activity is intrinsically related to its physical conformation and the process of
adopting that conformation is regulated by protein chaperones. In this review, we discussed
recent efforts to interrogate the roles of both general and specific chaperones in mediating
muscle development, maintenance and health. While rare, disruption of these carefully tuned
networks severely impairs muscle development and repair, exemplifying the absolute
necessity for proper chaperone function. As we come to understand how different
chaperones are involved in myofibril assembly and maintenance, we can begin to identify
targets for therapeutic intervention. Modulating activity of chaperones during
embryogenesis could allow for more normal myofibrillogenesis in muscle cells containing
aberrantly folded contractile proteins, while progressive myopathies could benefit from
enhancing activity of chaperones specifically involved in muscle maintenance. Recent
efforts to develop small molecule therapeutics that target chaperones in cancer and
neurodegenerative disease could serve as the foundation for their use in muscle disease.
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& myosin
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Representation of a simplified sarcomeric unit. Muscle fibers contain myofibrils with
repeating sarcomeric units, the boundaries of which are defined by the Z-disk. The actin thin
filaments are bound to the Z-disk and extend toward the middle of the sarcomere where they
interact with the myosin motor domains of the thick filament. The I-bands are the region
composed only of thin filaments whereas the A-band includes the region where the thick
filaments interact with the thin filaments.
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Figure2.
Chaperones with their respective client proteins during development and in the mature

sarcomere. The chaperones Hsp90 and UNC-45 are responsible for myosin motor domain
folding; myosin molecules are then incorporated into the thick filament (pink arrow). After
sarcomere assembly, Hsp90 and UNC-45 appear to migrate to the Z-disk (blue, green
arrows). The proposed UNC-45 activity modulator SmyD1 has been shown to interact with
UNC-45 and is required for normal sarcomere development. It moves to the M-line
following sarcomere assembly (purple arrow). The CCT (chaperonin) and GimC (prefoldin)
complex is responsible for efficient folding of actin prior to incorporation into the thin
filaments (yellow arrow), though Hsp25/27 and aB-crystallin have also been shown to
facilitate actin folding. aB-crystallin assists in folding of titin and several intermediate
filament proteins including desmin. Finally, N-RAP has been shown to assist in folding of
the a-actinin protein that is incorporated into the Z-disk (orange arrows).
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Figure 3.

Localization and movement of chaperones in response to stress in vertebrate sarcomeric
structures. Myosin chaperones Hsp90 and UNC-45 are held in reserve in the Z-disk until
cellular stress induces rapid localization to the A-band. Similarly, the intermediate filament
chaperones aB-crystallin and Hsp25/27 are located in the cytosol and localize to titin near

the Z-disk upon stress to the sarcomere.
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Table 1

Chaperone and co-chaperone proteins and their known client and interacting partners

Chaperone/Co-chaperone | Client/Interacting Proteins | References
myosin (Nietal. 2011)
Hsp90
UNC-45 (Barral et al. 1998; Barral et al. 2002; Price et al. 2002;L.iu et al. 2008)
mvosin (Barral et al. 1998; Barral et al. 2002; Price et al. 2002;Toi et al. 2003; Lord and
Y Pollard 2004)
UNC-45 ; T T
Hsp90 (Barral et al. 1998; Barral et al. 2002; Price et al. 2002; Liu et al. 2008)
SmyD1 (Tan et al. 2006; Just et al. 2011; Li et al. 2013)
myosin (Just et al. 2011)
SmyD1" Hsp90 (Li et al. 2013)
UNC-45 (Li et al. 2013)
actin (Siegers et al. 1999; Grantham et al. 2002)
CCT & GimC
myosin (Srikakulam and Winkelmann 1999)
Hsp25/27 actin (Brown et al. 2007)
myosin (Melkani et al. 2006)
actin (Singh et al. 2007)
aB-crystallin
Titin (Bennardini et al. 1992; Bullard et al. 2004; Inagaki et al. 2006)
desmin (Bennardini et al. 1992; Wang et al. 2001)
N-RAP a-actinin (Dhume et al. 2006)

*
not confirmed to be a chaperone or co-chaperone
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Table 2

Small-molecule therapeutics targeting HSF1 and Hsp90 in disease models.
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ChaperoneTarget | Drug Disease Models References
geldanamycin Parkinson's, Huntington's (Sittler et al. 2001; McLean et al.
2004)
NXD30001 ALS/SOD16%A glioblastoma (Zhu et al. 2010; Cha et al.2014)
alvespimycin Castration-resistant prostate cancer (Pacey et al. 2011)
17-AAG/tanespimycin Breast cancer (Banerji et al. 2005; Modi et al.
Hsp9o 2011)
IP1-504/retaspimycin hydrochloride | Gastrointestinal stromal tumor, non-small (Sequist et al. 2008; Wagner et al.
cell lung cancer 2013)
STA-1474 Osteosarcoma (McCleese et al. 2009)
PU-H71 Breast cancer (Caldas-Lopes et al. 2009)
NVP-AUY922 Several cancer models (Eccles et al. 2008)
celastrol ALS/SOD16%A Huntington's, Spinal (Piccioni et al. 2004; Kiaei et al.
bulbar muscular dystrophy 2005; Zhang and Sarge 2007)
HSF1 HSF1A Huntington's, Machado-Joseph (Neef et al. 2010)

CYT1, CYT2; CYT3,CYT4

Huntington's

(Zhang et al. 2009)

PR-A1, A3; PR-C1;PR-D1; PR-F1

Huntington's, cystic fibrosis

(Calamini et al. 2012)
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