Chapter 11

Multifunctional Roles of aB-Crystallin

in Skeletal and Cardiac Muscle Homeostasis
and Disease

Katie A. Mitzelfelt and Ivor J. Benjamin

Abstract oB-Crystallin, or HspBS5, is a small molecular-weight heat shock protein
expressed highly in cardiac and skeletal muscle with multifaceted cellular roles
including, chaperone function towards essential myofibrillar components. Insights
into protective roles played by aB-crystallin, as well as mutations in the gene
encoding aB-crystallin, CRYAB, which resulted in human pathologies, have highlighted
the critical functions of aB-crystallin in both skeletal and cardiac muscle, inter alia.
Various human mutations in CRYAB appear to have tissue-specific effects, with loss
of aB-crystallin only impacting skeletal muscle under basal conditions. This review
aims to highlight the roles of aB-crystallin in skeletal and cardiac muscle homeosta-
sis as well as under conditions of stress and disease, drawing insights from human
pathologies resulting from CRYAB mutations, and to discuss the potential of using
induced pluripotent stem cells to model aB-crystallin-opathies in vitro.

Keywords Cardiac muscle ¢ Skeletal muscle « Myopathy ¢ CRYAB, HspB5 °
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11.1 Introduction

aB-Crystallin, also known as HspB5, is a member of the small molecular-weight
heat shock family (sHSPs) of molecular chaperones, a diverse family of proteins
that are characterized by the presence of a conserved a-crystallin domain (Ignolia
and Craig 1982; Kappé et al. 2002). The a-crystallin domain in aB-crystallin
interacts with an adjacent monomer to form a dimeric building block, and further
assembles into higher order oligomers (Bagneris et al. 2009; Jehle et al. 2010;
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Laganowsky et al. 2010). The CRYAB gene encodes aB-crystallin expression and
primarily functions as a molecular chaperone (Horwitz 1992), among other things.
Though its expression was originally thought to be confined to the lens, it was later
realized that aB-crystallin is relatively ubiquitously and abundantly expressed in
cardiac and skeletal muscle (Dubin et al. 1989). Enhancer elements modulating the
CRYAB promoter account for its tissue specificity (Gopal-Srivastava et al. 1995;
Gopal-Srivastava and Piatigorsky 1993). As described in this review, aB-crystallin
plays essential functions in tissue maintenance during homeostasis and in stressed
or pathological states of cardiac and skeletal muscle. Additionally, mutations in
human CRYAB result in cardiac and/or skeletal myopathies, with causal mecha-
nisms of the apparent tissue-specific effects of the mutations remaining unresolved.
This review discusses the implications and requirements for aB-crystallin in both
cardiac and skeletal muscle during homeostasis as well as under stressed or patho-
logical conditions. We also invoke studies involving mutant forms of CRYAB pres-
ent in patients to make inferences into tissue-specific requirements.

11.2  Structure and Function of aB-Crystallin

11.2.1 Constitutive and Inducible Expression

aB-Crystallin is classified as a Class I sHSP due to its ubiquitous expression (Taylor
and Benjamin 2005). First discovered in 1894, it was originally thought to be a lens-
specific protein (Morner 1894), until murine CRYAB was cloned and found to be
expressed at high levels in the heart, skeletal muscle, kidney, and lung and low
levels in the brain and spleen (Dubin et al. 1989). Muscle-specific expression of
CRYAB is conferred by upstream enhancer elements that regulate promoter activity.
Murine CRYAB cis-acting enhancer elements, identified by reporter expression
driven by the CRYAB promoter, show regions required for expression in skeletal
muscle, termed aBE-1, aBE-2, aBE-3, and MRF (Gopal-Srivastava and Piatigorsky
1993), which are also required for cardiac muscle expression along with an
additional, unique element, aBE-4 (Gopal-Srivastava et al. 1995). The MREF site
contains an E-box that in skeletal muscle is bound and activated by the bHLH
myogenic regulatory factors (MRFs), including MyoD and myogenin (Gopal-
Srivastava and Piatigorsky 1993). In cardiac muscle, the E-box of the MRF site may
be bound by upstream stimulatory factor (USF) or an antigenically similar factor
(Gopal-Srivastava et al. 1995). The cardiac-specific element, aBE-4, contains a
reverse CArG box, which may be bound by serum response factor (SRF) or an
alternate, antigenically similar protein (Gopal-Srivastava et al. 1995).

In addition to its constitutive expression, CRYAB is also inducible in response
to multiple forms of stress including heat, oxidative stress, and inflammation,
which are sensed by heat shock factor 1 (HSF1), a transcriptional activator that
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homo-trimerizes to interact with heat shock elements in the promoters of
stress-response genes, including CRYAB (reviewed in (Morimoto 1998; Christians
et al. 2002)). HSF1 deficient mice exhibit decreased basal levels of aB-crystallin in
the normal heart, indicating HSF1 may be involved in regulation of CRYAB expression
under non-stress conditions as well (Yan et al. 2002).

Continuous motor nerve stimulation of rabbit tibialis anterior muscle increases
aB-crystallin levels, and this upregulation may involve interaction of the MRFs
with the E-box in the CRYAB enhancer region (Neufer and Benjamin 1996).
Eccentric contraction (lengthening contraction) in skeletal muscle also increases the
levels of CRYAB along with other HSPs (Kostek et al. 2007; Thompson et al. 2001)
resulting from mechanical and/or oxidative stress (Koh 2002). Mechanical load and
nerve innervation of skeletal muscle also regulate the level of CRYAB expression as
shown in experiments where suspension of the rat hindlimb decreases CRYAB
mRNA levels, and denervation has differential effects on CRYAB mRNA levels in
different types of skeletal muscle (Atomi et al. 1991). Passive stretch increases
CRYAB mRNA levels in skeletal muscle (Atomi et al. 1991).

aB-Crystallin is the most abundant sHSP in the heart, making up 3 % of cardiac
homogenates and its expression in the heart is limited to cardiomyocytes (Lutsch
et al. 1997). Stress including ischemia/reperfusion (I/R) injury upregulates
aB-crystallin in the heart (Martin et al. 1997; Ray et al. 2001).

11.2.2 Structure and Oligomerization

sHSPs such as aB-crystallin contain an 80-100 residue, conserved o-crystallin
domain (de Jong et al. 1998) comprised of an immunoglobulin-like p-sandwich,
including strands 2—f9, which is critical for dimer formation through interaction
of the extended 6+ 7 strand on adjacent monomers (Bagneris et al. 2009). Homo-
or hetero-dimers assemble into large, oligomeric structures in the inactive state
(Mymrikov et al. 2011) with an average of 40 subunits and a molecular mass of
800 kDa (Bloemendal 1981). Heat stimulates the rapid exchange of subunits, as
determined by fluorescence resonance energy transfer experiments, and binding to
large, denatured substrates greatly reduced the rate of subunit exchange (Bova et al.
1997). The variable c-terminal region of aB-crystallin contains a conserved I/V/L-
X-I/V/L motif that binds the p4/8 groove of the adjacent monomer (Delbecq et al.
2012), contributing to dimer formation, and may also modulate chaperone activity
(Bagneris et al. 2009; Laganowsky et al. 2010; Ghosh et al. 2006). The hydrophobic
groove at the dimer interface is essential for substrate binding (Clark et al. 2011).
The function of the variable N-terminus is less well-defined, though it is thought to
impact oligomerization, containing three phosphorylation sites that can modulate
the polydispersity of oligomers (Ecroyd et al. 2007) and reduce their size (Peschek
et al. 2013).
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11.2.3 Subcellular Localization
11.2.3.1 Cytoplasm

aB-Crystallin has disperse cytoplasmic localization and can bind to the intermediate
filament protein desmin (Bennardini et al. 1992), as well as contractile proteins,
including actin (Bennardini et al. 1992) and titin (Golenhofen et al. 2002; Bullard
et al. 2004; Kotter et al. 2014). These interactions are stimulated in response to
stress including I/R stress (Golenhofen et al. 1999, 2002) and stretch caused by
eccentric contraction in skeletal muscle (Koh and Escobedo 2004; Kotter et al.
2014). Transgenic mice expressing the R120G mutant form of aB-crystallin in
cardiomyocytes exhibit defects in mitochondrial organization, architecture, and
respiration (Maloyan et al. 2005), which is attributable to breakdown of the desmin
network (Wang et al. 2001). Specific mitochondrial alignment along adjacent sarco-
meres is critical for maximal respiratory function in striated muscle, dependent
upon cytoskeletal components, with cardiac and different types of skeletal muscle
having differential arrangements and amounts of mitochondria (Milner et al. 2000;
Reipert et al. 1999; Rambourg and Segretain 1980; Rappaport et al. 1998; Ogata
and Yamaksak 1997). These data indicate that aB-crystallin, through interactions
with cytoskeletal elements including desmin, among other things, may be crucial
for maintaining organization and proper function of mitochondria.

11.2.3.2 Mitochondrial Interaction

Mitochondria are vital for both cardiac and skeletal muscle function, and as
mentioned previously, the organization of mitochondria along myofibrils, which
varies based on muscle type and is maintained through cytoskeletal interactions, is
essential for maintaining maximal functional capacity (Milner et al. 2000; Reipert
et al. 1999; Rambourg and Segretain 1980; Rappaport et al. 1998; Ogata and
Yamaksak 1997). Maintaining mitochondrial integrity is crucial for inhibiting
apoptosis and aB-crystallin has been shown to play a key role in this process during
stress. aB-Crystallin associates with mitochondria, and this association increases
with I/R stress, shown in rats (Mitra et al. 2013), and after exposure to hydrogen
peroxide, shown in culture of mouse neonatal cardiomyocytes (Chis et al. 2012).
Both phosphorylated and unphosphorylated aB-crystallin interact with the voltage-
dependent anion channel (VDAC) and translocase of outer mitochondrial membrane
20 kDa (TOM 20) at the mitochondrial membrane as well as with caspase 3 and
caspase 12 (Chis et al. 2012). It is thought that the interaction with VDAC is critical
for preventing apoptosis through the mitochondrial pathway during I/R injury
(Mitra et al. 2013). Temporal studies with I/R performed ex vivo in mouse hearts
demonstrated that aB-crystallin translocates to the mitochondria during ischemia,
becomes phosphorylated at Ser-59, and aids in maintaining mitochondrial membrane
potential, thereby preventing apoptosis (Whittaker et al. 2009).
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11.2.3.3 Nuclear Speckles

Nuclear speckles, located within the interchromatin space of the nucleoplasm, are
proposed to be storage sites for splicing components and are associated with
transcriptional activity (Spector and Lamond 2011). aB-Crystallin and other sHSPs,
including Hsp27 (HspB1) localize to nuclear speckles in a variety of unstressed,
transcriptionally active cell lines and primary cells (Vandenijssel et al. 2003).
Overexpression of the R120G mutant form of aB-crystallin inhibited localization to
nuclear speckles (Vandenijssel et al. 2003). These data suggest a nuclear role for
aB-crystallin in modulating transcript processing, which may be important in
R120G aB-crystallin-opathy (Vandenijssel et al. 2003).

A study utilizing mouse C2C12 myoblasts and differentiated myotubes showed
differential nuclear speckle localization of aB-crystallin in response to heat
shock (Adhikari et al. 2004). In the basal state, myoblasts showed expression of
aB-crystallin in the cytoplasm and nucleus, with co-localization with lamin A/C
and splicing factor SC-35, indicating nuclear speckle localization, and upon heat
stress, myoblasts exhibited almost complete re-localization of aB-crystallin to the
nucleus in nuclear speckles, returning to basal state following 3 h recovery.
Interestingly, myotubes have aB-crystallin expression exclusively in the cytoplasm
under basal and heat stressed conditions. This data may speak for a differential role
of aB-crystallin in transcriptional modulation or cytoskeletal protection during
differentiation and myogenesis.

11.2.3.4 Posttranslational Modifications

aB-Crystallin contains three phosphorylation sites (Ser-19, Ser-45, Ser-59), identified
through experiments exposing cultured cells to various forms of stress (Kato et al.
1998; Ito et al. 1997). These sites are located within the n-terminal region, which
can impact both structural and functional aspects of the sHSP, though the impact of
phosphorylation on protection of the cell seems to be context dependent. Through
studies employing phosphomimetic forms of aB-crystallin, it has been shown that
phosphorylation at all three residues decreases oligomer size, with the dominant
species being 12-mers and 6-mers, resulting in a more flexible n-terminal domain
and increased chaperone activity toward malate dehydrogenase and p53 (Peschek
et al. 2013). Additional studies have shown both increases and decreases in chaperone
activity of aB-crystallin with phosphorylation depending on the substrate and
conditions (Ahmad et al. 2008; Ecroyd et al. 2007), and the ratio of phosphorylated
to non-phosphorylated forms of aB-crystallin present in oligomers may be key to
regulating its wide range of chaperone activity (Ahmad et al. 2008).
Phosphorylation at Ser-45 may disrupt dimer formation, resulting in an increase
in oligomers with an odd number of subunits (Aquilina et al. 2004). One study
showed that phosphorylation at Ser-59 is required for nuclear import, and localiza-
tion to nuclear speckles required phosphorylation at Ser-45 in HeLa cells (den
Engelsman et al. 2005). Though a different study employing transient transfection
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of a phospho-defective form of aB-crystallin, demonstrated that phosphorylation
was not required for nuclear localization (Vandenijssel et al. 2003). Phosphorylation
at Ser-59 occurs in response to I/R stress in cardiomyocytes (Ito et al. 1997). A
phosphomimetic at Ser-59 was shown to be necessary and sufficient for attenuating
hyperosmotic or hypoxic stress-induced apoptosis in rat neonatal cardiomyocytes
through inhibition of caspase 3 activation (Morrison et al. 2003). In differentiating
C2C12 myoblasts, overexpression of wildtype aB-crystallin inhibits caspase 3 activation
thereby blocking differentiation-induced apoptosis, and pseudophosphorylation
of aB-crystallin at all three serine residues prevents aB-crystallin from performing
this function (Kamradt et al. 2002). In light of these data showing varying effects
of phosphorylation of aB-crystallin on its structure, localization, and function,
it is likely that phosphorylation may be a mechanism for fine-tuning the activity
of aB-crystallin, which is context dependent. In addition to phosphorylation,
aB-crystallin undergoes O-GIlcNAcylation at threonine 170, which has been linked
to effects on aB-crystallin subcellular localization, protein-protein interactions,
chaperone function, and degradation (Krishnamoorthy et al. 2013).

11.2.4 Roles
11.2.4.1 Chaperone

The major role of aB-crystallin is as a molecular chaperone. Chaperones bind
hydrophobic regions of unfolded proteins, stabilizing the protein and preventing it
from precipitating out of solution (Ellis and van der Vies 1991). aB-Crystallin, func-
tions in an ATP-independent manner to bind severely compromised, aggregation-
prone, late unfolding protein intermediates that are about to precipitate out of
solution, and forms a stable, soluble complex that is resistant to aggregation (Carver
et al. 1995; Rajaraman et al. 2001). Additionally, aB-crystallin transiently interacts
with early unfolding intermediates and promotes their refolding (Rajaraman et al.
2001). Substrate recognition by aB-crystallin is not fully defined, but occurs through
interaction of its hydrophobic regions, possibly various regions throughout the protein
with exposed hydrophobic regions of unfolded proteins. This provides aB-crystallin
with the ability to recognize a wide range of substrates (Basha et al. 2012).

The importance of aB-crystallin in maintaining cytoskeletal integrity is
exemplified by its ability to bind and stabilize actin microfilaments, intermediate
filaments, including desmin, vimentin, and GFAP, as well as microtubules reviewed
in (Liang and MacRae 1997). In addition to binding cytoskeletal elements,
aB-crystallin also has the ability to bind and prevent the aggregation of some
growth factors, including FGF-2 and VEGF (Ghosh et al. 2007a, b). An in vitro
study demonstrated the transient appearance of dimeric oB-crystallin interacting
with the model destabilized substrate, a-lactalbumin, indicating that dimer release
from the larger oligomers may be important for the chaperone function of
aB-crystallin (Smirnova et al. 2013).
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Desmin, a major intermediate filament protein in striated muscle, is responsible
for connecting myofibrils together through Z-discs (Lockard and Bloom 1993).
aB-Crystallin interacts with and functions as a chaperone for desmin (Perng et al.
1999a), and a mutant form of aB-crystallin, R120G, can increase its affinity for
desmin resulting in aberrant desmin aggregation (Perng et al. 2004; Vicart et al.
1998). A study identifying that the interaction between aB-crystallin with desmin
involved the B3 and 8 strands as well as c-terminal residues 155-165, also suggests
that binding or cosedimentation of aB-crystallin with desmin does not necessarily
increase aB-crystallin chaperone function towards desmin (Houck et al. 2011).

The muscle contractile protein titin, responsible for the elastic properties of
muscle, contains spring-like immunoglobulin (Ig) domains that can unfold and
allow contracted muscles to stretch (Minajeva et al. 2001), which can result in
aggregation of the unfolded titin domains (Minajeva et al. 2001; Rief 1997). Titin
and aB-crystallin were co-immunoprecipitated in pig hearts following ischemia and
aB-crystallin was shown to bind to the I-band region of titin, with extraction of
actin, in ischemic rat cardiomyocytes (Golenhofen et al. 2002). A following study
more specifically identified that aB-crystallin binds to the N2B region of the cardiac
titin isoform in physiologically stretched cardiomyocytes, and that higher stretching
forces are required to unfold the titin domains in the presence of aB-crystallin
(Bullard et al. 2004). Whereas binding of aB-crystallin appears to be specific to the
N2B element of titin in cardiac muscle, in skeletal muscle, aB-crystallin shows
scattered binding along the length of the I-band in rats, indicating it may bind to
other Ig domains (Golenhofen et al. 2004). In vitro work shows that unfolded Ig
domains, including cardiac N2B and skeletal N2A, of titin aggregate with increased
aggregation under acidic conditions, and the presence of aB-crystallin prevents this
aggregation (Kotter et al. 2014). aB-Crystallin was also localized to the Ig domain
regions of titin in diseased, human cardiomyocytes and skeletal muscle, suggesting
that this localization is necessary to prevent aggregation of unfolded Ig domains in
overstretched muscle cells, and this interaction may also be relevant in skeletal
muscle during exercise (Kotter et al. 2014). Additionally, in I/R experiments using
isolated papillary muscles from CRYAB/HSPB2 double knockout (DKO) mouse
hearts, it was speculated that more pronounced contracture in mutant muscles may
be due to loss of aB-crystallin chaperone function of titin, thereby causing increased
stiffness in response to ischemia (Golenhofen et al. 2006).

aB-Crystallin interacts with an f-box protein, FBX4, an important component
of the SCF complex, which carries out ubiquitination of proteins, marking them
for degradation (den Engelsman et al. 2003). This interaction is increased with
phosphomimetics at Ser-19 and Ser-45 and also by the R120G mutation. These data
suggest a potential role for aB-crystallin in directing substrate ubiquitination in
the ubiquitin proteasome pathway, which may assist in maintaining cellular
homeostasis by degrading proteins that will not refold properly. Activation of
autophagy or the inflammatory response may also be a role for aB-crystallin in
protein quality control as has been suggested for other sHSPs (Carra et al. 2008,
2009; Bruinsma et al. 2011).
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11.2.4.2 Anti-apoptotic

Exogenous aB-crystallin expression in human lens epithelial cells prevented
UVA-induced apoptosis through inhibition of the RAF/MEK/ERK pathway (Liu
et al. 2004) via inhibition of RAS activation (Li et al. 2005). aB-Crystallin binds
and modulates caspase 3 and Bax in the lens, regulating differentiation (Hu et al.
2012). It was also shown in retinal pigment epithelial cells that aB-crystallin is able
to inhibit the translocation of Bax and Bcl-2 to the mitochondria (Mao et al. 2004).
In cancer cell lines, aB-crystallin was identified as a target gene directly trans-
activated by p53. aB-Crystallin binds to the DNA binding domain of p53 and
reduced p53-induced apoptosis (Watanabe et al. 2009). In response to hydrogen
peroxide treatment of C2C12 myogenic cells, aB-crystallin interacts with p53 in the
cytoplasm, possibly preventing its translocation to the mitochondria and abrogating
oxidative stress-induced apoptosis (Liu et al. 2007).

When myoblasts are stimulated to differentiate by growth factor deprivation,
they will undergo apoptosis if they do not develop resistance to apoptosis, allowing
differentiation to ensue. In differentiating C2C12 myoblasts, aB-crystallin is
induced in those myoblasts that develop resistance to apoptosis and overexpression
of aB-crystallin prevents differentiation-induced apoptosis through inhibition of
caspase 3 activation (Kamradt et al. 2001, 2002). An independent experiment
confirmed that overexpression of aB-crystallin decreased the levels of cleaved,
activated caspase 3 in differentiating C2C12 myoblasts (Singh et al. 2010). These
results suggest a critical role for aB-crystallin in the prevention of apoptosis during
normal differentiation of myoblasts to myotubes. Additionally, DKO mice exhibit
increases in both apoptosis and necrosis in response to I/R injury suggesting a
protective role for one or both of these chaperones towards cardiomyocytes
(Morrison et al. 2004). In aB-crystallin transgenic mice, Das and Dillmann have
demonstrated ischemic cardioprotection (Ray et al. 2001).

11.2.4.3 Redox Modulation

Muscle contains high levels of mitochondria to comply with high energy requirements.
The heart is made up of 55 % cardiomyocytes, with up to 35 % of the cardiomyo-
cyte volume occupied by mitochondria and since mitochondria are the main source
of reactive oxygen species (ROS), cells must adapt to deal with these harmful
byproducts (Christians et al. 2012). Implications of aB-crystallin on redox state
have mainly been explored through studies of the R120G mutant form. Transgenic
mice overexpressing R120G aB-crystallin specifically in cardiomyocytes were
shown to have a redox balance skewed towards reductive stress (Rajasekaran et al.
2007). In this model, R120G aB-crystallin-induced cardiomyopathy and aggregate
formation were rescued by the intercross with mice having decreased levels of an
antioxidative enzyme glucose-6-phosphate dehydrogenase, implicating an effect of
the mutant form of aB-crystallin on redox state. aB-Crystallin cannot be thiolated
due to its lack of cysteine residues, indicating that aB-crystallin does not undergo
modification in response to extreme shifts of redox conditions.
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11.3 Protective Effects of aB-Crystallin in Stressed or
Pathological States

Many instances of protective roles for aB-crystallin have been described in the lit-
erature and correspond with its role as a stress response protein. Roles for
aB-crystallin in I/R injury of the heart and exercise-induced injury in skeletal mus-
cle will be discussed here.

11.3.1 Cardiac Muscle: Ischemia/Reperfusion

Neonatal and adult rat cardiomyocytes are protected from I/R injury by overexpres-
sion of aB-crystallin (Martin et al. 1997). Transgenic overexpression of aB-crystallin
also protects the mouse heart in ex vivo I/R, decreasing the extent of infarction, lower-
ing levels of oxidative stress, and decreasing apoptosis and necrosis (Ray et al. 2001).
Conversely, DKO mouse hearts were more prone to I/R damage, and showed reduced
contractile recovery, increased apoptosis and necrosis, and lower levels of the reduced
form of glutathione, a protective molecule for oxidative damage (Morrison et al.
2004). To better understand the individual roles of aB-crystallin and HspB2 during
I/R, Pinz and colleagues crossed DKO mice with mice transgenically overexpressing
CRYAB and through I/R experiments, determined that aB-crystallin seems to be
important for maintaining structure and diastolic function (Pinz et al. 2008). Through
its mitochondrial interactions, as discussed previously, aB-crystallin may aid in main-
taining mitochondrial integrity in response to I/R stress (Boelens 2014). In response
to I/R, aB-crystallin also translocates to the mitochondria (Whittaker et al. 2009) and
interacts with VDAC; this interaction may be critical for preventing apoptosis induced
through the mitochondrial pathway (Mitra et al. 2013; Chis et al. 2012).

Sixty-minute cardiac ischemiain pigs resulted in overstretching of cardiomyocytes
as observed by increased Z-disc spacing and increased distance between a-actinin
and titin antibody staining (Golenhofen et al. 1999). In this study, aB-crystallin
translocated from the cytoplasm to the I-band portion of titin in response to ischemia
and following reperfusion, it remained bound to titin in cardiomyocytes that were
no longer capable of contraction (Golenhofen et al. 1999). This result suggests that
aB-crystallin is essential for mitigating the refolding of elastic titin domains in
response to cardiomyocyte stretch as a result of ischemia, and aB-crystallin remains
bound to the unfolded domains of titin in cardiomyocytes that are too damaged to
recover contractile function.

11.3.2 Skeletal Muscle: Exercise

Eccentric contraction is the repeated stretching of actively contracting muscles and
this can damage muscle fibers especially in untrained muscles, whereby damage
occurs with concomitant inflammation (Koh 2002). Using ex vivo rabbit skeletal
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muscles, it was shown that desmin is lost in damaged fibers immediately after
eccentric contraction and continues up to 3 days following injury (Friden and Lieber
2001). Dystrophin seems to be affected in a similar manner as a result of eccentric
contraction in rat tibialis anterior muscles (Komulainen et al. 1998). An increase in
free radical production in rabbit muscle occurred 24 h post-eccentric contraction,
attributable to infiltrating inflammatory cells (Best et al. 1999).

Increases in the level of CRYAB were seen at 6 and 24 h after eccentric contraction
(Kostek et al. 2007), which may be induced by mechanical and/or oxidative stress
(Koh 2002). In a study involving human subjects using biopsies of the quadriceps
muscle, aB-crystallin was upregulated 30 min following eccentric exercise and
gradually decreased for 1 week after (Paulsen et al. 2007). Additionally, aB-crystallin
responded immediately to eccentric exercise by binding to and fractioning with the
cytoskeletal/myofibrillar proteins. Mice exposed to eccentric contractions showed
immediate translocation of aB-crystallin from the soluble to insoluble fraction by
western blot and cytosol to the Z-disc by immunostaining (Koh and Escobedo
2004). Phosphorylation of aB-crystallin was also observed during this time and
may be important for its protective activity.

The temperature of muscles rises during exercise and may result in thermal
injury. Chicken skeletal muscle myosin was unfolded by heat shock in vitro and in
the presence of aB-crystallin, myosin retained enzymatic activity and aggregation
was prevented (Melkani et al. 2006). aB-Crystallin was shown in vitro to prevent
the acidic-induced aggregation of the N2A region of skeletal muscle titin, which
contains Ig domains that are prone to unfolding during exercise (Kotter et al. 2014).
It also is bound to the Ig domain regions of titin in skeletal muscle biopsies from
patients with limb girdle muscular dystrophy type 2a; while in healthy human
biopsies, aB-crystallin had cytosolic localization with faint Z-disc staining (Kotter
et al. 2014). Ischemic rat skeletal muscle showed aB-crystallin bound along the
length of the I-band, likely to the Ig domains of titin (Golenhofen et al. 2004). It is
likely that this ability of aB-crystallin to protect titin Ig domains from aggregation
upon unfolding due to stretch is also active during exercise (Kotter et al. 2014),
especially eccentric contraction, where muscle is damaged from overstretching
(Koh 2002).

11.4 aB-Crystallin-Opathies: Mutations
and Human Pathologies

To date, 14 naturally occurring mutations in human CRYAB have been identified and
published in the literature (Christians et al. 2012). Of these, ten are dominant mutations
and four exhibit recessive inheritance patterns with disease pathologies ranging
from skeletal myopathy, cardiomyopathy, cataracts, or some combination of the three.
Eight of these mutations result in skeletal and/or cardiac myopathy (see Table 11.1)
and can be classified as aB-crystallin-opathies (Selcen 2011; Sanbe et al. 2011;
Christians et al. 2012). Variable penetrance and expressivity of the myopathy-causing
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Table 11.1 Myopathy causing mutations in CRYAB

Genetic Resulting Type of Dominant

mutation protein change | myopathy | orrecessive | Onset Reference

c.60delC S21Afs24X Skeletal Recessive Infantile | Del Bigio et al.
(2011)

350 G>C D10SH Both Dominant Adult Sacconi et al. (2012)

c.343delT S115Pfs129X Skeletal Recessive Infantile | Forrest et al. (2011)

358 A>G R120G Both Dominant Adult Vicart et al. (1998)

451 C>T QI51X Skeletal Dominant Adult Selcen and Engel
2003)

460 G>A G154S Skeletal or | Dominant Adult Pilotto et al. (2006),

Cardiac Reilich et al. (2010)

c.464delCT | L155fs163X Skeletal Dominant Adult Selcen and Engel
(2003)

495 G>A R157H Cardiac Dominant Adult Inagaki et al. (2006)

mutations in CRYAB suggest genetic modifier and/or environmental factor contribu-
tion to the disease state (Christians et al. 2014). Additionally, for the dominant
mutations, relative levels of the wildtype compared with the mutant form of
aB-crystallin may also contribute to disease and could be modified by degradation,
which may change with environmental stressors (Christians et al. 2014).

11.4.1 Point Mutations

First described in 1978 (Fardeau et al. 1978), the prototype and most well studied of
the human mutations in aB-crystallin, arginine 120 mutated to a glycine (R120G)
(Vicart et al. 1998), resulting in multisystem disorders and pathologies, was not
identified until 1998 (Vicart et al. 1998). This disease affects a large, French pedigree
and muscle biopsies characterized by electron microscopy revealed the buildup of
dense, granulo-filamentous material within the sarcoplasm (Fardeau et al. 1978),
which contained the intermediate filament protein desmin (Rappaport et al. 1988;
Fardeau et al. 1978) as well as aB-crystallin, and therefore is classified as a desmin-
related myopathy (DRM) (Vicart et al. 1998). Patient biopsies revealed a “rubbed-
out” appearance when stained for myosin adenosine triphosphatase (ATPase)
activity, potentially indicating a loss of myosin (Brady et al. 2001; Vicart et al.
1998; Fardeau et al. 1978). The R120G mutation (358 A>G) occurs in the a-crystallin
domain and disrupts the structure as well as reduces the chaperone activity of
aB-crystallin (Bova et al. 1999; Perng et al. 1999b). The binding affinity of
aB-crystallin for desmin in vitro is increased by R120G, and results in the aberrant
aggregation of desmin, preferentially during de novo desmin network synthesis
rather than the aggregation of previously formed networks (Perng et al. 2004). This
mutation shows closure of the hydrophobic groove present in aB-crystallin dimers,
which may alter substrate binding as well as oligomerization (Clark et al. 2011).
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In vitro work shows that the R120G mutant form of aB-crystallin has complete loss
of chaperone activity towards the N2B region of cardiac titin (Zhu et al. 2009).

Transgenic overexpression of R120G in the mouse heart portrays pathology
similar to patients, showing dense desmin and aB-crystallin positive aggregates,
and disruption of the cytoskeletal structure and mitochondrial architecture, resulting
in cardiomyopathy and death in early adulthood (Wang et al. 2001). Overexpression
of wildtype CRYAB, on the other hand, was relatively unremarkable (Wang et al.
2001). A knockin mouse model of R120G exhibits early onset cataracts and skeletal
myopathy, with increased severity depending on dose (heterozygous versus
homozygous knockin), though mortality was not increased (Andley et al. 2011), as
is the case in the cardiac-specific overexpression of R120G (Wang et al. 2001).
Cardiac function was not reported on in the publication of the R120G knockin
animals (Andley et al. 2011).

Aggregates formed as a result of the R120G mutation contain amyloid oligomers
and are classified as aggresomes (Sanbe et al. 2004), characteristic of neurodegen-
erative diseases, which result from transport of the aggregates along microtubules to
the perinuclear region (Garcia-Mata et al. 2002). The dysfunction of mitochondria
is one of the first defects observed in R120G overexpressing mouse hearts (Maloyan
et al. 2005). Cardiomyocytes exhibit reduced mitochondrial oxygen consumption,
changes in the permeability transition pore, and poor inner membrane potential,
thereby activating apoptotic pathways and adversely affecting the hearts of transgenic
animals. Transgenic overexpression of R120G in the heart also yields reductive
stress, due to altered activity of enzymes that generate redox intermediates, includ-
ing glucose-6-phosphate dehydrogenase, glutathione reductase, and glutathione
peroxidase (Rajasekaran et al. 2007). These animals have elevated levels of
autophagic activity by the age of 2 months, and this response is thought to be
cytoprotective, possibly minimizing aggregate presence (Tannous et al. 2008). A
study involving treatment of R120G transgenic mouse hearts with oxypurinol to
rescue mitochondrial defects, determined that contractility was not rescued indicating
further mechanical defects due to disarray of sarcomeres and accumulation of
aggregates (Maloyan et al. 2009). Additionally, it has been suggested that aggregate
formation and disease onset may be repressed at a young age due to competition
with wildtype aB-crystallin (Andley et al. 2011; Vicart et al. 1998; Perng et al.
2004), which may also be the case for other dominant mutations described below.

The less studied ability of aB-crystallin to localize to nuclear speckles is eliminated
by the R120G mutation, indicating a possible impact of the mutation on transcript
processing (Vandenijssel et al. 2003). Overexpression of certain interacting partners
has been found to attenuate the detrimental effects of R120G.

Interaction of R120G with BAG3, a co-chaperone involved in chaperone-assisted
selective autophagy, increased R120G solubility, prevented its aggregation, and
inhibited cell death induced by R120G overexpression in cell culture (Hishiya et al.
2011). Overexpression of HspB8 can inhibit R120G-induced aggresome formation
and block the progression of cardiomyopathy (Sanbe et al. 2007, 2009). Voluntary
exercise (Maloyan et al. 2007) and BCL-2 overexpression (Maloyan et al. 2009)
also delay the onset and reduce the unfavorable effects of the R120G mutation.
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The R120G disease state is likely due to a combination of loss and gain of
function effects of the mutation (Sanbe et al. 2011). The broad range of roles played
by aB-crystallin invites the potential for many factors to contribute to the R120G
disease state, including: aggregation with desmin, loss of/altered chaperone
function, altered mitochondrial architecture and function, and reductive stress.
Since the initial discovery of R120G, other mutations have been identified in patient
populations and can also be described as aB-crystallin-opathies.

A family with members harboring the dominant point mutation, D109H, in
aB-crystallin exhibits similar multisystem pathology to patients with the R120G
mutation (Sacconi et al. 2012). Residues D109 and R120 interact with each other
during dimerization of aB-crystallin, and therefore disruption of this interaction
may be responsible for the similar disease characteristics among patients with these
two mutations (Sacconi et al. 2012) including effects on the hydrophobic groove,
oligomerization (Clark et al. 2011), and desmin interaction (Perng et al. 2004).
Overexpression of YFP-tagged constructs in HeLa cells showed similar aggregation
of D109H and R120G as well as a similar decrease in aggregation and levels of
apoptosis with Hsp27 co-overexpression (Raju and Abraham 2013), supporting a similar
mechanism of action of the two mutations; however, further analysis is necessary.

A dominant glycine 154 to serine (G154S) mutation in a conserved residue was
identified in a 48 year old patient diagnosed with mild dilated cardiomyopathy
and slightly elevated skeletal creatine phosphokinase levels, indicating potential
involvement of the skeletal muscle as well (Pilotto et al. 2006). The turnover rate of
the protein is predicted to increase with this mutation (Pilotto et al. 2006). A second
patient with this same mutation, G1548S, presented in his sixties with progressive
distal leg weakness and atrophy affecting mostly limb muscles, as well as mild
difficulty swallowing (Reilich et al. 2010). The patient’s biopsy showed disrupted
myofibrillar structure, vacuolization, and desmin/aB-crystallin positive aggregates.
No cataracts, cardiac or respiratory involvement were noted in this patient. The
G154S mutation appears to have affects in both cardiac and skeletal muscle, and the
specific presentation of the patient’s symptoms may rely upon other confounding
genetic or environmental factors causing stress in the muscle that result in the apparent
tissue-specific disease manifestation. A potential increased turnover rate of this
mutant form of the protein (Pilotto et al. 2006) may help to suppress symptoms
exhibited by patients into later adulthood.

A patient with familial dilated cardiomyopathy, presenting after age 40, was
identified to have a dominant, mutation of arginine 157 to a histidine residue (R157H),
which was shown to decrease binding to the cardiac-specific N2B region of titin
(Inagaki et al. 2006). This mutation, unlike the others, did not result in aberrant
localization of aB-crystallin or in aggregation, and therefore, there may be an
alternate disease mechanism causing dilated cardiomyopathy in this patient
compared with the desmin-related cardiomyopathy in other patients with
aB-crystallin-opathies. Reduced ability of aB-crystallin to bind to titin leaves titin
vulnerable to stress and may predispose patients to heart failure (Inagaki et al.
2006). An in vitro chaperone assay showed that R157H maintained some chaperone
activity towards the N2B region of titin, albeit reduced compared to wildtype
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aB-crystallin (Zhu et al. 2009). Interestingly, this patient and family members did
not exhibit skeletal muscle weakness or disease, though aB-crystallin does bind and
chaperone the Ig domains in the N2A region of titin in skeletal muscle (Kotter et al.
2014; et al. 2004), in addition to the cardiac N2B region (Kotter et al. 2014), which may
indicate that aB-crystallin binds the alternate regions of titin in a different way and
the R157H mutation specifically disrupts the association of aB-crystallin with the
N2B region. In vitro binding assays using the skeletal N2A region of titin with
R157H aB-crystallin could verify this. Alternatively, absence of specific environmen-
tal stress to the skeletal muscle may be responsible for apparent lack of skeletal
muscle involvement. The R157H mutation may also have other yet-unstudied impli-
cations that leave cardiac muscle more vulnerable than skeletal muscle.

11.4.2 Dominant C-Terminal Truncation Mutations

Other than the aforementioned missense mutations, the remaining mutations in
aB-crystallin causing myopathy are due to frameshift or nonsense mutations
resulting in varying degrees of c-terminal truncation, some with additional, novel
peptide sequences present. In vitro work using site-directed mutagenesis to mutate
the two terminal lysine residues in aB-crystallin to leucine or glycine greatly
reduced its chaperone activity, suggesting that the lysines in the c-terminus may be
critical for interacting with unfolded proteins through charge-charge interactions
(Plater et al. 1996). Loss of this ability by c-terminal truncation of aB-crystallin
may prevent stable substrate binding and therefore reduce chaperone activity. It has
also been suggested that the flexible c-terminal region folds over, and through the
I/V/L-X-1/V/L motif, binds to the f4/8 groove of the adjacent monomer, contributing
to dimer formation, and potentially blocking the substrate binding face of
aB-crystallin, thereby modulating substrate binding and chaperone activity (Ghosh
et al. 2006; Delbecq et al. 2012). Expression of only the a-crystallin domain of
aB-crystallin results in dimer formation with retained chaperone activity, but the
lost ability to oligomerize (Feil et al. 2001). The high potential of c-terminal truncated
mutants to aggregate, suggests a critical role for the c-terminus in preventing
self-aggregation of aB-crystallin possibly through promotion of oligomerization,
and expression of the mutant forms may induce co-aggregation with wildtype
aB-crystallin inducing a dominant negative effect, thereby inhibiting the chaperone
function of wildtype aB-crystallin (Hayes et al. 2008). The myopathy-causing,
dominant, c-terminal truncation mutations will now be described.

A patient harboring the dominant 464delCT mutation in CRYAB presented at age
52 with respiratory trouble due to reduced diaphragmatic movement, as well as leg
weakness and difficulty swallowing, and died at age 58 due to respiratory failure
(Selcen and Engel 2003). This mutation generates a frameshift resulting in eight
missense codons before a premature stop codon. A 53 year old patient with a
dominant 451C—T transition generating a nonsense mutation (Q151X) suffered for
10 years with slowly progressive leg weakness and atrophy and exhibited elevated
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creatine kinase levels (Selcen and Engel 2003). Neither patient had cataracts or
cardiomyopathy. Abnormal fiber regions in both patients show intense desmin and
aB-crystallin staining, and in both patients, the wildtype allele was preferentially
expressed compared with the mutant forms.

Q151X results in extreme loss of protein stability and prevents oligomerization,
while increasing in vitro chaperone activity towards citrate synthase and desmin
(Hayes et al. 2008). The increase in chaperone activity may be due to potential loss
of capping of the chaperone site by interaction with the c-terminal region (Delbecq
et al. 2012; Ghosh et al. 2006), suggesting the c-terminus may be responsible
for reducing aB-crystallin substrate binding for some substrates under normal
conditions (Hayes et al. 2008). The 464delCT mutation results in the introduction
of a novel peptide into the c-terminus resulting in decreased in vitro chaperone
function towards desmin, as well as aggregation and loss of solubility that can be
partially recovered through mixture with wildtype aB-crystallin (Hayes et al. 2008).
Overexpression of Hsp27 also rescues the solubility and prevents aggregation of
464delCT, mediated by the ubiquitin proteasome system in HIC2 cells (a rat embryonic
cardiomyocyte cell line) (Zhang et al. 2010).

11.4.3 Recessive Mutations

With mutations in CRYAB, especially the recessive mutations, a major question is to
what extent the pathology observed is due to loss of function effects of aB-crystallin.
DKO mice show progressive skeletal muscle deterioration with age following a
normal development, with no apparent impact on the heart (Brady et al. 2001),
except under stressful conditions such as I/R or transverse aortic constriction (TAC)
(Morrison et al. 2004; Kumarapeli et al. 2008). These mice grow normally until
40 weeks, after which they lose weight, due to the inability to eat properly and
exhibit severe kyphosis, hunched posture, both due to loss of corresponding muscu-
lature, with the tongue, head, and axial muscles being most greatly affected. Fatty
replacement, macrophage infiltration, fibrosis, and vacuolization were observed in
deteriorating muscles. Amorphous, flocculent, electron-opaque material was
also noted corresponding with loss of myofibrils. Increased staining for desmin was
also observed in affected fibers. Attempted determination of fiber type based on
fiber type-specific myosin failed due to lack of myosin detection in deteriorating
fibers (Brady et al. 2001), as confirmed in additional studies showing reduced levels
of myosin heavy chain in skeletal muscle of DKO mice by western blot (Neppl et al.
2014). This may be similar to muscles of patients with the R120G mutation who
have loss of myosin in their muscle cells (Vicart et al. 1998; Fardeau et al. 1978).
Potentially, oxidative, slow-twitch fibers, which have the highest levels of
aB-crystallin and are enriched in large truncal muscles, are preferentially degraded
in the DKO mice (Brady et al. 2001) and in patients with recessive CRYAB mutations
(Forrest et al. 2011; Del Bigio et al. 2011). Neppl and colleagues showed that 1 year
old DKO mice have a significantly reduced number of satellite cells in their skeletal
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muscle and a reduced ability to regenerate muscle following cardiotoxin-induced
injury, shown by decreased cross-sectional myofiber area and increased fibrosis
2 weeks post-injury, indicating a potential role for aB-crystallin in skeletal muscle
regeneration (Neppl et al. 2014).

This DKO mouse model is confounded due to the double knockout nature.
HspB2, or myotonic dystrophy protein kinase binding protein (MKBP), activates
and protects myotonic dystrophy protein kinase (DMPK) (Suzuki et al. 1998).
DMPK -/- mice show minor decreases in size of head and neck muscles with age
(Jansen et al. 1996) and late onset myopathy (Reddy et al. 1996). It is, therefore,
possible that through its activation and protection of DMPK and other potential
functions of HspB2, the loss of HspB2 also contributes to the pathogenesis seen in
DKO animals. Subsequent studies have attempted to define the specific roles for
loss of aB-crystallin and HspB2. A genetic study comparing the effects of I/R or
inotropic stimulation in the hearts of wildtype, DKO, CRYAB transgenic, and DKO
crossed with CRYAB transgenic (effectively expressing aB-crystallin without
HspB2) concluded that aB-crystallin is responsible for structural remodeling and
mechanical maintenance, while HspB2 is tasked with energetic balance maintenance
in the stressed heart (Pinz et al. 2008).

CRYAB transgenic mouse hearts subjected to TAC showed reduced NFAT
transactivation and attenuated hypertrophic response, while DKO hearts exhibit
increased NFAT transactivation at baseline and develop cardiac insufficiencies in
response to TAC, leading the authors to conclude that aB-crystallin prevents cardiac
hypertrophic responses, possibly through inhibition of NFAT signaling (Kumarapeli
et al. 2008). A single, cardiac specific knockout of HSPB2 was also generated and
shows under basal conditions that cardiac function, hypertrophic responses, and
mitochondrial metabolism were unchanged; however, when animals were subjected
to TAC, mitochondrial energetics were reduced (Ishiwata et al. 2012), in agreement
with the previously suggested role for HspB2 in maintaining energetic balance
(Pinz et al. 2008). To our knowledge, a whole body knockout of either CRYAB or
HSPB?2 has yet to be published and would further distinguish the distinct roles for
each in both skeletal and cardiac muscle. Additionally, identification of recessive
mutants in CRYAB affecting muscle, discussed below, may assist in identifying loss
of aB-crystallin function phenotypes, though these mutants may also have gain of
function effects since the mutant proteins are expressed to some extent.

Fatal, infantile onset muscular dystrophy was identified in a cohort of Canadian
aboriginals all harboring a homozygous ¢.60C deletion in the n-terminus of CRYAB,
predicting a serine to alanine mutation at residue 21 and a premature stop codon
after 23 missense residues, with unaffected parents both being heterozygous for this
mutation (Del Bigio et al. 2011). Patients developed rigid muscles with elevated
serum creatine kinase levels and died of respiratory insufficiency shortly after birth,
except one child surviving to 4 years of age on mechanical ventilation. Axial muscles
were more severely affected than appendicular muscles, Z-disc disarray, dense inclu-
sions, vacuole presence, immune cell infiltration, and necrotic and regenerating
fibers were noted. Deteriorating fibers stained strongly for myotilin, desmin, which
concentrated at the periphery of inclusions, and aB-crystallin (using an N-terminal
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specific antibody), which was highly expressed in inclusions and dimly throughout
other regions of the fibers. Hearts examined in these patients were normal. This
mutant mRNA is likely a target for nonsense-mediated mRNA decay due to the
premature stop codon occurring upstream of the final splice junction (Amrani et al.
2006), which may attenuate its expression, though mutant protein is still expressed
(Del Bigio et al. 2011). The authors hypothesize that the lack of association of
aB-crystallin with titin in this case may be responsible for the severe muscle
stiffness observed in patients.

A second recessive mutation in CRYAB, ¢.343delT, results in a frameshift mutation
generating a predicted 127 amino acid protein, instead of the wildtype 175 amino
acids (Forrest et al. 2011). The patient identified with this mutation, born from unre-
lated, heterozygous parents, presented starting at age 4 months with progressive
feeding difficulties and respiratory distress, requiring ventilation, severe muscle
stiffness affecting mostly axial muscles with some limb involvement, and elevated
creatine kinase levels. No cardiomyopathy or cataracts were noted. Muscle biopsy
showed increased vacuolization, increased lipid content, globular inclusions, fibro-
sis, and disrupted myofibrillar structure. Abnormal fibers were intensely positive for
myotilin, desmin, and aB-crystallin, which was also detected in a 15 kDa truncated
form by western blot. Appearance of symptoms following normal development
suggests a role for aB-crystallin in remodeling of myofibrillar structure following
contraction, rather than a developmental role.

Similarities between patients with these two recessive mutations in CRYAB and
DKO mice, including skeletal muscle deterioration with fatty deposits, fibrosis,
inflammation, and vacuolization, indicate potentially that the effects of these recessive
mutants result from loss of aB-crystallin function. Patients develop more severe
symptoms as infants, whereas the DKO mice develop progressive symptoms into
adulthood. Additionally, patients exhibit severe muscle stiffness, which is not reported
in the DKO mice. The phenotypic differences could be due to multiple factors
including: the confounding effects of loss of HspB2 in the DKO mice, species vari-
ability of requirement for aB-crystallin in skeletal muscle, or potential additional
gain of toxic function effects of the mutant protein expression in patients with these
recessive mutations. Further examination is necessary to resolve these issues.

11.5 Differential Functions of aB-Crystallin in Skeletal
and Cardiac Muscle

Tissue specificity of pathology correlating with the various mutations brings about
interesting questions with regards to the roles and requirements for aB-crystallin in
cardiac and skeletal muscle. Though the muscles are both striated, the structure
and function is very different. Potentially, various mutations in aB-crystallin
could affect tissues differently. The late-onset of disease with the majority of these
mutations also suggests age-related stress and/or the presence of genetic modifiers
may be key factors in disease manifestation. With variable patient lifestyles and
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different stress encounters, it is difficult to determine in the relatively small number
of patients whether, given time and/or the correct stress, patients may also develop
clinical symptoms in the yet-unaffected tissue. Nevertheless, we discuss in this
section some potential reasons for tissue-specific impacts of aB-crystallin.

Detailed analysis of the cellular localization of aB-crystallin using immunohis-
tochemistry of rat organs indicates potential expression of aB-crystallin in highly
oxidative cells, as suggested by a correlation between aB-crystallin expression
and markers of oxidative activity (Iwaki et al. 1990). All type 1 aerobic fibers
(slow-twitch) and about half of type 2 anaerobic fibers (fast-twitch), corresponding
to mostly type 2A fibers, were positive for aB-crystallin, with more intense staining
in type 1 fibers. Additional studies confirmed higher expression of aB-crystallin in
slow- compared to fast-twitch fibers (Golenhofen et al. 2004; Atomi et al. 2000).
Variable expression in different types of skeletal muscle fibers may account for
specific fiber-type degradation, but this would not account for the lack of cardiac
involvement, since aB-crystallin levels are comparably high in the heart (Golenhofen
et al. 2004). Higher aB-crystallin expression in oxidative muscle (cardiac and type
1 skeletal fibers) may also be due to requirements of aB-crystallin for maintaining
redox balance (Rajasekaran et al. 2007).

aB-Crystallin plays a role in maintaining the desmin network in muscle, which
is crucial for proper sarcomere alignment as well as mitochondrial architecture
(Perng et al. 1999a; Lockard and Bloom 1993; Wang et al. 2001; Maloyan et al.
2005). Differences between muscle types in mitochondrial architecture and require-
ments for appropriate coupling (Milner et al. 2000; Reipert et al. 1999; Rambourg
and Segretain 1980; Rappaport et al. 1998) could underlie tissue specificity of
disease as well as exemplify normal roles for aB-crystallin.

Sarcomeric localization of aB-crystallin in ischemic skeletal muscle is similar to
cardiac muscle, with I-band and intermediate filament localization, though at the
I-band, aB-crystallin binds to titin along the length of the I-band region in skeletal
muscle, where in cardiac muscle it binds to a narrow region (Golenhofen et al. 2004),
identified as the N2B element of titin (Bullard et al. 2004; Golenhofen et al. 2002).
Skeletal muscle is susceptible to stretch injury on a day-to-day basis as a result of
exercise, which can unfold titin Ig domains (Friden and Lieber 2001; Koh 2002),
whereas in cardiac muscle, titin plays a role in the maintenance of passive stiffness
during diastole, and, in patients with heart failure, isoforms of titin switch to more
compliant forms, with stretching of titin isoforms occurring in cardiomyocytes due
to I/R injury and hypertrophic response in heart failure (Linke 2008; Golenhofen
et al. 1999). Stretching induces unfolding of the elastic domains of titin (Rief 1997;
Minajeva et al. 2001), which may require oB-crystallin to prevent aggregation
(Bullard et al. 2004; Golenhofen et al. 2002, 2004; Kotter et al. 2014). Potentially
the different isoforms of titin expressed in cardiac and skeletal muscle (Labeit and
Kolmerer 1995), as well the apparent variable binding of aB-crystallin to the titin
domains may be a reason for tissue specificity of disease. Or more simply, tissue
susceptibility to stretch may also explain this phenomenon.

Development of cardiac and skeletal muscle appear not to require aB-crystallin,
since DKO mice (Brady et al. 2001), as well as all patients with mutations in CRYAB,
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develop symptoms following normal development (see Table 11.1). The major role
of aB-crystallin seems to be in the maintenance of muscle tissue as well as protection
during stress, as described above. Figure 11.1 discusses the potential impacts of
alterations in levels of aB-crystallin or mutations in CRYAB on various stages of
skeletal muscle myogenesis. Maintenance of skeletal muscle requires the activation
of resident, quiescent progenitor cells, known as satellite cells, identified by
expression of the transcription factor Pax7, to sequentially express the myogenic
regulatory factors (MRFs), including MyoD and myogenin, which regulate muscle
differentiation (Weintraub 1993; Le Grand and Rudnicki 2007). Proliferating
myoblasts expressing MyoD must turn off MyoD expression, exit the cell cycle,
turn on myogenin, and fuse to form multinucleated myotubes (Weintraub 1993;
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Fig. 11.1 The schematic represents normal myogenic differentiation of satellite cells to myotubes,
indicating relative expression levels of defining transcription factors throughout the process
(Modified from Le Grand and Rudnicki 2007). Satellite cells/myogenic progenitor cells, express-
ing Pax7, are activated and enter the cell cycle to become proliferating myoblasts, with an increase
in MyoD expression and concomitant decrease in Pax7 expression. Proliferating myoblasts must
exit the cell cycle to fulfill differentiation to myocytes, which downregulate MyoD expression and
upregulate myogenin. Myocytes then fuse into multi-nucleated myotubes, which maintain
expression of myogenin. During myogenesis, aB-crystallin is expressed at low levels in proliferat-
ing myoblasts and is greatly upregulated upon differentiation to myotubes (Adhikari et al. 2004;
Singh et al. 2010). The table to the right of the schematic indicates variations in myogenesis that
occur as a result of overexpression of aB-crystallin, loss of aB-crystallin, recessive mutations in
aB-crystallin, and dominant mutations in aB-crystallin. Red text indicates a testable hypothesis for
that condition
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Le Grand and Rudnicki 2007). Overexpression of aB-crystallin significantly delays
this process in C2C12 myoblasts, with cells showing a defect in cell cycle exit and
lower levels of MyoD (Singh et al. 2010). DKO mice exhibit reduced levels of satellite
cells under basal conditions at 1 year of age, and unexpectedly, a cardiotoxin injury
model of DKO mouse tibialis anterior muscles revealed a threefold increase in the
percentage of satellite cells in response to injury; though the mice also showed
decreased cross-sectional myofiber area and increased fibrosis (Neppl et al. 2014).
This study suggests that loss of aB-crystallin results in an increase in proliferation,
with lower levels of p21 and notch signaling molecules, possibly through modulation
of Argonaute 2 activity, as shown by enrichment of miRNAs on Argonaute 2 in
injured DKO skeletal muscles and co-immunoprecipitation of Argonaute 2 with
aB-crystallin (Neppl et al. 2014). Argonaute 2 is an essential component of the
RISC complex for miRNA-mediated silencing; the possibility of aB-crystallin as an
allosteric regulator of the RISC complex may be a reason for its broad cellular
impact (Neppl et al. 2014). The study by Neppl and colleagues suggests that with
the loss of aB-crystallin, the regenerative response of satellite cells is skewed
towards proliferation with inefficient differentiation to myotubes (Neppl et al.
2014). This is contradictory to data suggesting that overexpression of aB-crystallin
in C2C12 myoblasts leads to increased proliferation through delayed exit from the
cell cycle with a decrease in p21 expression (Singh et al. 2010). Both studies indi-
cate a role for aB-crystallin in cell cycle regulation during skeletal muscle regenera-
tion (Neppl et al. 2014; Singh et al. 2010). Additional experiments addressing the
model system used (i.e. in vivo or cell culture, loss of aB-crystallin or overexpres-
sion) are necessary to reconcile the exact role for aB-crystallin in cell cycle regula-
tion under basal and stressed conditions.

Due to withdrawal of growth factors, myoblasts must also resist apoptosis when
differentiating to myotubes. aB-crystallin is induced in and contributes to apoptosis-
resistance in C2C12 myoblasts through inhibition of caspase 3 activation, and
overexpression of aB-crystallin prevents apoptosis occurring as a result of differen-
tiation (Kamradt et al. 2001, 2002). These studies suggest that aB-crystallin may be
important for modulating myoblast differentiation during tissue regeneration by
multifaceted means including impact on proliferation and cell cycle exit, levels of
regulatory MyoD, and inhibition of apoptosis. Cardiac muscle does not have the
luxury to regenerate as skeletal muscle does (Mercola et al. 2011), implicating that
loss of aB-crystallin function may manifest in skeletal muscle instead of cardiac
muscle under healthy conditions due to requirements in regenerative myogenesis.

11.6 Stem Cells as a Model Systems for Studying
aB-Crystallin in Cardiac and Skeletal Muscle

Many model systems have been employed in the study of aB-crystallin as discussed
above, including rodents and larger mammalian models, some with whole body or
tissue-specific overexpression/knockout, human tissue biopsies from healthy and
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diseased patients, cell culture with primary cells or cell lines, as well as in vitro
biochemical analysis. To more fully understand the differential implications of
aB-crystallin in cardiac and skeletal muscle, it is crucial to use models in which both
cell types can be analyzed in parallel. Animal models with whole body genetic modi-
fications, cell culture using both cardiac and skeletal muscle cell lines, and in vitro
experiments analyzing interactions with cardiac- and skeletal-specific isoforms will
be useful in accomplishing this feat. Stem cells offer additional potential for analyzing
the impact of aB-crystallin on cardiac and skeletal muscle. Induced pluripotent stem
cells (iPSCs), a technology first developed in the lab of 2012 Nobel Prize winner,
Shinya Yamanaka (Takahashi and Yamanaka 2006), are an invaluable tool offering the
ability to model cell-autonomous disease using a patient’s own cells and the potential
to screen drug compounds or provide cell therapy (Robinton and Daley 2012). Somatic
cells are isolated from patients, which can be done now through minimally invasive
procedures including blood draws and urine sample collection, and reprogrammed
into induced pluripotent stem cells through a variety of techniques involving the over-
expression of key transcription factors (Chou et al. 2011; Zhou et al. 2012). Once
reprogrammed, these cells are pluripotent and can be directed to differentiate to either
cardiac or skeletal muscle cells, which can be studied in culture (Hosoyama et al.
2014; Zhang et al. 2012; Lian et al. 2013; Darabi et al. 2012).

Our lab has previously generated and characterized mouse iPSC-derived cardio-
myocytes from transgenic R120G CRYAB mice, and shown that cardiomyocytes
derived from these cells exhibit aB-crystallin positive aggregates as well as activation
of the hypertrophic response (Limphong et al. 2013), indicating that iPSCs have the
potential to recapitulate at least some phenotypes observed in aB-crystallin-
opathies. Many published examples of the use of iPSCs for modeling cardiac
diseases exist in the literature, including long QT (Itzhaki et al. 2011) and LEOPARD
syndromes (Carvajal-Vergara et al. 2010), with the list rapidly growing. Genetic
manipulation is also feasible in iPSCs (Yusa et al. 2011; An et al. 2012; Fong et al.
2013), which allows for the generation of gene-corrected control cells from patient
cells harboring mutations, or for insertion of mutations of interest into wildtype
iPSC lines for analysis. Caveats of the use of iPSCs as a model include purity of
differentiated cultures, which has improved drastically over time and is likely to
continue improving with advancement of differentiation methods, lack of support
cell presence in the culture (i.e. fibroblasts, endothelial cells, etc.) that may play a
role in disease pathogenesis, and variability between iPSC lines with differentiation,
which can be minimized through the use of genetic manipulation for the generation
of appropriate controls. The iPSC system could be very effective for looking at
cell-type specific impacts of aB-crystallin in mutant and wildtype form, which is a
focus of pursuit in our laboratory.

11.7 Conclusions and Future Directions

Overall, much work has been done to describe the function of aB-crystallin in
cardiac and skeletal muscle both in healthy and diseased states. The use of model
systems that allow for direct comparison of the two cell/tissue types will better
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define differential roles of aB-crystallin in each tissue and help to determine stressors
or genetic modifiers that may contribute to disease susceptibility. The study of
mutant forms of aB-crystallin existing in diseased patients will provide insights into
not only how the mutation affects the structure and function of aB-crystallin, but
also into the function and requirements of wildtype aB-crystallin during tissue
maintenance and in disease compromised tissues.

The use of iPSCs to model protein misfolding disorders such as aB-crystallin-
opathies, provides not only an in vitro disease model with the ability to analyze
various impacted cell types and determine mechanistic details of the disease, but
also the potential for small molecule screening and possibly regenerative cell therapies
to treat patients. Small molecules that reduce the presence of toxic protein aggre-
gates may be beneficial in protein misfolding diseases and can be screened for using
the clinically relevant cell type generated from iPSCs (Ebert et al. 2012). The probable
impact of loss of aB-crystallin on satellite cells suggests the potential for cell
therapy in transplant of gene-corrected autologous or unaffected, nonautologous
muscle progenitor cells to prevent skeletal myopathy in patients with recessive,
early onset aB-crystallin-opathies. Engraftment of human iPSC-derived skeletal
muscle progenitor cells has been shown to seed the satellite compartment in dystro-
phic mice suggesting the potential for long term benefits from this type of cell
therapy (Darabi et al. 2012). The rapidly advancing field of iPSCs will likely lend
itself to mechanistic disease modeling, small molecule screening, and regenerative
therapies in protein misfolding disorders in the years to come.
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