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SYNOPSIS

Cells and tissues are constantly challenged by exposure to extreme conditions that
can cause acute and chronic stress. The survival of an organism depends on its ability to
cope with these stress conditions. During stress conditions the labile proteins tend to unfold
and the nascent polypeptide chains become more susceptible for erroneous folding. These
events result in exposure of hydrophobic surfaces leading to the formation of aggregates.
Accumulation of excessive protein aggregates eventually leads to disruption of cellular
processes, toxicity and cell death. To ensure productive protein folding and its quality
control, cells mainly employ “chaperone-mediated pathways”. In addition to assist and
maintain correct protein folding, molecular chaperones play im'portant role in several cellular
processes. This-thesis deals with the in vivo role of one such molecular chaperone, aB-

crystallin, during stress and differentiation.

Chapter 1 provides contextual overview of the protein folding problem in the complex
and crowded environment of the cellular milieu. Given the complexity of the folding process,
it is likely that several proteins do not achieve the correct folding and assembly, without
aséistance. This processes gets further worsen under stress conditions such as high
temperature and aitered pH. Cells responds to these stresses by selectively expressing a
set of proteins called as heat shock proteins or stress proteins. Some of these heat shock
proteins act as molecular chaperones. Ron Laskéy first used the term “molecular
chaperone” in 1978 in a publication describing formation of nucleosomes. Molecular
chaperones are a group of proteins, which are found ubiquitously and are involved in
assisting proper protein folding, assembly and their maintenance. Molecular chaperones
bind to hydrophobic patches exposed either during syntheS|s or due to stress-induced partial
unfoldmg, and prevent non-specific interaction with other proteins. Most chaperones, thus
serve to enhance on-pathway folding and prevent the aggregation process in an ATP- .
dependent manner. Chapter 1 discusses the mechanism of up-regulation as well as the
down-regulation of stress response. Under normal conditions, the activities of heat shock
factors (HSFs) remain repressed and localized either in the cytoplasm or in the nucleus in |
an inert monomeric state. These HSFs are activated upon stress or under different
physiological conditionns"i such as differentiation. Activation of HSFs is influenced by .
intramolecular interactions with its different domains as well as by the phosphorylation at
critical serine residues. Activated heat shock factors (HSFs) binds to heat éhock elements



(HSEs) of the corresponding genes, present in their promoter region. These HSEs are
characterized by multiple adjacent and contiguous inverted rebeats of the pentanucleotide
motif 5-nGAAN-3’ to whiéh different heat shock factors bind to bring about up-regulation.
Upon restoring the normal environmental conditions, the activated heat shock response

must be repressed to down regulate the response.

The heat shock proteins are classified according to their molecular masses into six
major families, HSP100, HSP90, HSP70, HSP60, HSP40 and small heat shock proteins
family. Small heat shock proteins constitute a structurally divergent group and are
ubiquitously present in virtually all organisms. Small heat shock proteins (sHSPs), a family of
heat shock proteins, gets induced under stress conditions and shown to prevent aggregation
in an ATP-independent manner. They share characteristics features such as low monomeric
molecular mass, formation of large oligomers and chaperone-like activity. It is important to
note that all the sHSPs contain about 80-100 residues long conserved region, called the
“alpha-crystallin domain” towards the C-terminal region, and is a hallmark feature of this
family. They perform a variety of functions under normal as well as during stress conditions.
Importantly, many of the neurological disorders, muscle-related diseases have been shown
to be associated with mutations in small heat shock proteins. a-Crystallin, a major eye lens
protein, belongs to this sHSP family of molecular chaperones. It is composed of 2 closely
related subunits, oA- and aB-crystallin, in a 3:1 ratio. In the lens, the extremely high protein
concentration (~ 500 mg/ml) and low protein turnover causes accumulation of post-
translational modification that destébilizes protein structure leading to aggregation. The
presence of relatively high amount of a-cfystallin prevents the aggregation and thus helps in
maintaining the lens trahsparency. The presence of a-crystallin in non-lenticular tissues
such as muscle, brain and kidney is indicative of its additional functions. aB-Crystallin acts
as a molecular chaperone and prevents the stress-induced aggregation of target proteins in
vitro. Studies from our laboratory have shown that it undergoes structural transiti'ons at
higher temperature thereby exposing or reorganizing the hydrophobic patches to which
target proteins bind. o-crystallin exhibits very little chaperone like activity at room
temperature, which increases significantly at higher temperature. In addition to the
chaperone-like activity, oaB-crystallin has been well documented in many cellular processes

such cell division, differentiation and apoptosis. The function as well as localization of aB-



crystallin is modulated by its phosphorylation at three serine residues- Ser-19, Ser-45 and
Ser-59. Phosphorylation seems to play a critical role in modulating its activity as well. '

Chapter 2 describes our results on the role of ocB-crystaIIin in modulating actin
filament dynamics in cardiac cells. Disruption of the cytoskeleton and disaggregation of actin
fibers are among the most immediate effects of stress such as heat shock. Both ischemia
and heat-stress cause extensive damage to the cytoskeleton that includes collapse of the
intermediate . filament network, disruption of the microtubules, rearrangement and/or
disorganization of actin microfilaments. While the level of aB-crystallin is enhanced under
these stress conditions, reducing aB-crystallin gene expression using anti-sense strategy
leads to disruptibn of the actin microfilament network, suggesting its importance in
cytoskeletal maintenance. Using the H9C2 rat cardiomyoblast cell line as a model system,
we show that upon heat stress, aB-crystallin preferentially partitions from the soluble
cytosolic fraction to the insoluble cytoskeletal protein-rich fraction. Our confocal microscopic
images and the immuno-precipitation experiments demonstrate that it interacts directly with
the actin filaments. The appearanbe of fiber-like morphology and its association with actin
filaments is similar in both undifferentiated and differentiated cell types. This association
seems to be dependent upbn on the phosphorylation of aB-crystallin at Ser-45 and Ser-59
residues as inhibiting its phosphorylation abrogates its association. Treatment of heat-
stressed HI9C2 cells with the actin depolymerzing agent, cytochalasin B, fails to disorganize
actin suggesting that aB-crystallin provides stability to the actin filaments. Our results
indicate that aB-crystallin regulates actin filament dynamics in vivo and protects cells from
stress-induced death. Further, our studies suggest that the association of a.B-crystallin with
actin helps maintenance of pinocytosis, a physiological function essential for survival of

cells.

Chapter 3 discusses our findings on the importance of aB-crystallin in the muscle
differentiation process. Skeletal myogenesis, a highly organized and complex process, is
strictly regulated both temporally and spatially by the myogenic bHLH transcription. factors
such as MyoD, Myf5, myogenin, MRF4 and MEF2A. MyoD gets actiVated upon growth
factor withdrawal to induce skeletal muscle differentiation that ultimately leads to the fusion
of myoblasts into multinucleated myotubes. aB-Crystallin has been shown to get up-

regulated by about 10-fold during muscle differentiation. Earlier reports suggest that aB-
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crystallin promoter has at least one MyoD/myogenin binding site (MRF). The mutagenesis
and knock out studies on aB-crystallin results in severe loss of muscle phenotype, implying
its critical function in muscle maintenance. However, the molecular mechanism of its
involvement during differentiation is yef to be deciphered. In order to examine the role of aB-
crystallin during muscle differentiation process, we generated stable clones of C2C12 cell
lines over-expressing aB-crystallin (CRYAB-C2C12). To our surprise, we find that over-
expression of aB-crystallin delays the muscle differentiation program to a significant extent.
C2C12 myoblasts over-expressing aB-crystallin (CRYAB-C2C12) displayed defects in cell-
cycle exit and showed continued proliferation upon induction of differentiation. An analysis of
cell cycle markers revealed that CRYAB-C2C12 cells showed higher and sustained cyclin
D1 éxpression and délay in the p21 (a cell-cycle inhibitor) expression during muscle
differentiation. The expression of myogenesis marker, myogenin was also delayed
significantly. Further, expression profile of MyoD, a master regulator of muscle differentiétion
is altered; its expression maxim shifted by 12 hrs in CRYAB-C2C12 cells compared to that
of C2C12 cells. We find that upon MG132 treatment, the accumulation of MyoD was more
rapid in C2C12 cells compared to that of CRYAB-C2C12 cells suggesting that the synthesis
was affected in cells over-expressing aB-crystallin. We find that the apparent half-life (t,2) of
MyoD gets decreased to 1.42 h in CRYAB-C2C12 cells in comparison to 2.37 h in C2C12
cells, showing increased turn-over in these cellé. Further, using immuno-precipitaion
experiments, we show that MyoD gets ubiquitinated at earlier time points of differentiation in
CRYAB-C2C12 cells compared to C2C12 cells, correlating its faster ubiquitin-proteasome
mediated protein degradation. On the other hand aB-crystallin seems to be highly stable
during the differentiation process. We show that the level of oB-crystallin increases
gradually with increasing time of differentiation. Our western blot analysis for
phosphorylation at Ser-59 and Ser-45 shows that aB-crystallin gets phosphorylated at Ser—
59 residue and not at Ser-45 position, thereby indicating a specific role of Ser-59
phosphorylated aB-crystallin. The localization of aB-crystallin remains cytoplasmic with no
speckles-like staining in the nucleus of the myotubes as seen in case of myoblasts.
Interestingly, we find that the fiber-like morphology at the basal optical sections of confocal
images suggesting that aB-crystallin might be assisting the extensive rearrangements and
reorganization of the cytoskeletal elements during this process. The results described in this
chapter provide an interesting insight into the role of aB-crystallin during muscle

differentiation.



Mutations in aB-crystallin have beén found to be associated with many of the
debilitating diseases such as cataract and myopathies. A point mutation, R120G in aB-
crystallin has been shown to be involved in desmin related myopathy (DRM). Studies form
our laboratory and that of others have shown that R120G-aB-crystallin has altered structure
and significantly reduced chaperone-like activity. We have investigated the effect of this
mutation in the process of muscle differentiation. Chapter 4 describes our findings on the
effect of R120G-aB-crystallin in the differentiation of C2C12 cells. We have generated stable
clones of C2C12 cell lines over-expressing R120G-aB-crystallin (R120G-C2C12) and
investigated their ability to undergo the differentiation. We find that R120G-C2C12 cells
showed complete loss of their ability to differentiate into myotubes. Our results suggest that
the expression profile of p21, myogenin and MyoD were similar to C2C12 cells, indicating
that R120G-aB-crystallin mutant does not have any effect in the initiation of differentiation
program. Interestingly, however, the mutant leads to an extensive cell death during the
differentiation process. The increased cell death appears to be due to enhanced activation
of caspase—3 leading to increased apoptosis, however, the mechanistic details are yet to be
deciphered. '

Chapter 5 summarizes our findings on the in vivo role of aB-crystallin during heat
stress and differentiation process. Our findings have led to a new understanding of the in
vivo function of aB-crystallin and provide interesting insights for its diverse functions. This
chapter also provides a brief description on the possible future lines of investigation based

on the findings described in this thesis.
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Chapter 1: Introduction

Cell is the bésic unit of life. The cellular milieu is composed of many organic as

well as inorganic rholecules. These various components carry out diverse functions for

“the cell survival and determine their fate. Of all the components, DNA and proteins play a
major role in the cell. Although DNA is the genetic material and contains the code for

different proteins, it is the proteins that carry out most of the functions. Linear polypeptide

chains, of amino acids, need to fold into unique 3 dimensional-native structures to

become biologically active molecules. Hence, attaining the native structure is very critical

for its activity and normal functioning.

1.1 Protein folding

Protein folding process is guided by several inter-molecular forces including
hydrophobic, electrostatic and hydrogen bonding (Dill, 1990; Rose and Wolfenden, 1993,
Pace, 1995; Pace et al., 1996). Anfinsen (1973) had shown that the amino acid
sequence of the polypeptide chain contains the information for protein folding '(Anfinsen
and Harber, 1961; Anfinsen, 1973). Levinthal paradox highlighted the futility of random
search by a polypeptide chain to attain native structure as the amount of time required
for such search would be astronomically large (Levinthal,- 1968). A directed folding, on
the other hand, would require much less time; this led to proposals of specific folding
pathways (Bryngelson et al., 1995; Dill and Chan, 1997). The folding funnel and energy
landscape models that take into account of the thermodynamic as well as kinetic
parameters are now being invoked to understand protein folding (Leopold et al., 1992;
Wolynes et al., 1995; Dinner et al., 2000). It is to be noted, however, that most of the
experimental results used for modeling the folding are obtained from studies carried out

on small single domain proteins in dilute solutions.

Unlike in vitro conditions, the cellular milieu is very crowded and highly complex.
The process of protein folding in the cellular environment is very different from the in vitro
conditions. In addition, under in vitro conditions, the entire length of protein is available
for refolding at a time, allowing long range interactions and hydrophobic collapse to
occur (Saito, 1989). Inside the cell, however, due to sequential translation process, N- -
terminal residues enter the cytosol first, followed .by other residues and eventually the C-
terminus (Jaenicke, 1991). Thus the distant parts of the molecule do not have an
opportunity to interact and collapse as can happen in vitro conditions. During the
translation process, a polypeptide chain exposes the hydrophobic residués, which could
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_ lead to non-specific interactions with other proteins resuiting in misfolding and non-

functional proteins.

1.1.2 Protein misfolding, aggregation and disease

Given the complexity of the folding process, it is likely that several proteins do not
achieve fhe correct folding and assembly, without assistance. Misfolding and |
aggregation has been a major concern as it has been shown to be associated with many
deleterious diseases. It has been shown that stress conditions such as altered
temperature, pH. and osmotic pressure lead to partial unfolding and aggregation of
proteins (Jaenicke, 1995; Kusumoto et al., 1998).

Protein aggregation has been associated with many disease conditions such as
Alzheimer’s, cystic fibrosis and prion disease (see review-Muchowski, 2002; Dobson,
2004; Chiti and Dobson, 2006). Thus the correct protein folding and assembly of proteins
without the formation of aggregates is critical for cell survival. To ensure productive
protein folding and its quality control, cells mainly empldy “chaperone-mediated
pathways” (Kelley and Georgopoulos, 1992; Hartl and Hayer-Hartl, 2002; Dougan et al.,
2002; Deuerling and Bukau, 2004).

1.2 Molecular Chaperones

Cells and tissues are constantly challenged by exposure to extreme conditions

that cause acute and chronic stress. As a consequence, survival has necessitated the
evolution of stress respohse networks to detect,” monitor and respond to the

| environmental changes (Morimoto et al., 1990; Baeuerle et al., 1995); Adaptation to
these stress conditions, in turn, leads to the activation of heat shock response, leading to
the expression of heat shock proteins (Lindquist, 1986). Heat shock response was first
discovered in D. melanogaster, when the larvae exposed to temperature above optimal
growth temperature exhibited selective over-expression of a set of gene (Ritossa; 1962).
Some of these heat shock proteins act as molecular chaperones (Ellis, 1987; Ellis and
van der Vies, 1991). Molecular chaperones are a group of proteins, which are found
ubiquitously and are involved in assisting proper protein folding, assembly and their
maintenance (Hartl and Martin, 1995; Boston et al., 1996; Fink, 1999; Nishikawa et al.,
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- 2005; Liberek et al., 2008). The term molecular chaperones was first proposed by John
Ellis, however, Ron Laskey first used the term in 1978 in a publication describing
formation of nucleosomes. Laskey et al., (1978) showed that nucleoplasmin, an acidic
nuclear protein, is required for the assembly of nucleosome from DNA and histones.
Molecular chaperones can now be defined as a class of proteins that assist in protein
folding and assembly and do not form the part of the final structure.

Under stress conditions, the level of heat shock proteins gets enhanced or
activated to counter or prevent the accumulation of misfolded proteins (Parsell and
Sauer, 1989; Parsell and Lindquist, 1993). Up regulation of heat shock proteins was first
observed in Drosophila melanogaster, where the puffing patterns were observed in the
polytene chromosome upon increasing the temperature (Tissieres et al, 1974).
Chromosomal puffs were later demonstrated to be active sites of increased transcription
that subsequently led to increased protein synthesis. These proteins expressed upon
heat shock are called heat shock proteins or stress proteins (De Maio, 1999). The
enhanced expressions of heat shock proteins are brought about by binding of “heat
shock factors” (HSFs) to the heat shock elements (HSEs) of the target genes, present in
their promoter region (Lis and Wu, 1993; Voellmy, 1994). These HSEs are characterized
by multiple adjacent and contiguous inverted repeats of the pentanucleotide motif 5'-
nGAAn-3’' to which different heat shock factors bind and bring about enhanced.
expression of heat shock proteins (Pelham, 1982; Fernandes et al., 1994). The binding
. of HSF leads to changes in the organization of chromatin structure localized to the 5'-
flanking regions of the heat shock genes (Wu, 1980; Wu, 1984; Giardiana et al., 1992).
HSFs have also been shown to associate with components of the chromatin remodellers
and basal transcriptional machinery, to yield inducible heat shock mRNA (Rougvie and
Livs, 1988; Brown and Kingston, 1997; Mason and Lis, 1997). Among vertebrates, HSFs
1, 2 and 4 are ubiquitous; whereas HSF3 has been characterized only in avian species
(Nakai and Morimoto, 1993; Morimoto, 1998). Among the known HSFs, HSF1 is well
characterized compared to other HSFs. Mice lacking HSF1 develop normally, but the
fibroblasts derived from these mice show lack of stress-induced transcription of heat-
shock genes (McMillan, 1998). In avian cells, lack of HSF3 shows severely compromised
induction of the heat shock fespbnse even in the presence of HSF1 (Tanabe et al.,
1998). It appears that the diversity of HSFs provides redundancy and specialization of
stress signals, a means to differentially control the rate of transcription of heat shock

genes.
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1.2.1 Stress and molecular chaperones

The fate of an organism is decided by its ability to cope with the stress conditions.
During stress conditions a set of proteins gets up regulated, and are deployed to prevent
the aggregation of misfolded proteins (Landry et al., 1982; Pinto et al., 1991; Martin et
al., 1992; Parsell et al., 1994). Under conditions of stress, proteins tend to unfold and
thereby expose the hydrophobic residues. Molecular chaperones bind to these exposed
hydrophobic patches and prevent non-specific interaction with other proteins. The
inducible transcription of heat shock genes is the response to environmental stress,
certain physiological and pathophyisiological conditions (Figure 1.1) (Morimoto, 1993;
Wu, 1995). Environmental stress includes heat stress, oxidative stress, alteration in pH,
exposure to heavy metals, inhibitors of metabolic processes etc. Normal physiological
processes such as cell cycle, development and differentiation also lead to enhanced

expression of stress proteins (Figure 1.1).

1. Environmental Stress

Oxygen free radicals

Heat shock Heavy metal

2. Patho-physiological stress
Fever and Inflammation
Ischemia

Anti-Neoplastic chemicals
Tissue Injury and Repair

Aging

Cell cycle Growth factors

Development and differentiation

3. Normal physiological conditions

Figure 1.1 Conditions that induce the heat shock response. Various stress lead to
activation of HSF, which subsequently bind to HSE, results in elevated expression of
HSPs such as HSP70. The regulatory conditions are represented by environmental and
physiological stress and normal physiological conditions, including cell growth and
development and pathophysiological states. (Morimoto, 1998)
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In the recent past many diseases are shown to be associated ‘with protein
aggregation, which may arise due to improper folding, mutation and/or imbalance in the
protein quality control machinery. Diseases such as Alzheimer’s, Parkinson’s and prion
 disease are due to protein aggregation (see review-Muchowski, 2002; Dobson, 2004;
Chiti and Dobson, 2006), which results from the alteration of their native structure.
Imbalance in the protein quality control machinery leads to cystic fibrosis; where in
excessive degradation of mutant CFTR protein (partially unfolded but retains its activity)
leading to loss of functional CFTR (Ward et al., 1995; Sharma et al., 2004).Ma.ny of the
mutant proteins as seen in the case of AHuntington’s disease lead to protein éggregation,
and become resistant to proteasomal degrading machinery.

1.2.2 Mechanism of up-regulation of stress response

Cells employ different strategies to enhance the expression of stress proteins
and/or their activation. It is found that under stress condition; the rate of synthesis of
mRNA is increased, leading to increase in protein synthesis (Lindquist, 1981; Yost et al.,
1990; Morimoto, 1993). Another way of increasing the expression of heat shock proteins
is the stabilization of existing mRNA. In the case of HSP70, the mRNA gets stabilized
under stress condition, which leads to increased synthesis of HSP70 protein
(DiDomenico et al., 1982; Petersen and Lindquist, 1988).

One of the common strategies is activation of existing heati shock p"roteins by
post-translational modifications such as phosphorylation, glycosylation, and chemical
modiﬂcation, which renders resistance to the stress conditions (Sun and MacRae, 2005).

1.2.3 Mechanism of down-regulation of stress response

Uhder normal conditions, the activities of HSFs remain repressed and localized
either in the cytoplasm or in the nucleus in an inert monomeric state (Westwood et al.,
1991; Sarge etbal., 1993; Wu et al., 1994). These HSFS gets activated upon stress
conditions as well as under different physiological conditions such as differentiation
(Rallu et al., 1997). Activation of HSFs is influenced by intramolécular interactions with
its d_ifferent domains as well as by the phosphdrylation at critical serine residues (Cotto et
al., 1996; Kline and Morimoto, 1997). Upon restoration of the normal environmental
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condition, the activated heat shock response must be repressed to down regulate the

response.

A substantial amount of genetic and biochemical evidence from studies in
prokaryotes and eukaryotes supports a role for HSPs in the negative regulation of heat
shock response. For example, complexes of HSP70 and HSF trimers have been
detected during attenuation of the heat shock transcriptional response (Abravaya et al.,
1992; Baler et al., 1992). HSP90 has been shown to have a role in maintaining HSF1 in
an inert state (Ali et al., 1998), while HSP70 and HSP40 repress HSF1 by directly
binding to its transactivation domain (Mosser et al., 1993; Shi et al., 1995). Heat shock
factor binding protein 1 (HSBP1) is another protein that interacts with the hydrophobic
heptads of HSF1 and thereby negatively regulates the heat shock response (Satyal et
al, 1998). HSBP1 interacts with the trimer of HSF1 and HSP70 but not with the
monomeric form of HSF1 (see review- Morimoto, 1998). Although it is known that these
molecules transiently bind to HSF1 to repress its activity, molecular details of their

binding and consequent repression that occurs remain to be elucidated.

13 Classification of Molecular Chaperones

Molecular chaperones are ubiquitously present from prokaryotes to eukaryotes.
These heat shock proteins are classified according to their molecular masses into six
major families, HSP100, HSP90, HSP70, HSP60, HSP40 and small heat shock proteins
family. '

1.31 HSP100/CI‘p family

The HSP100 chaperones are members of the large AAA* (ATPase Associated
with various cellular Activities) superfamily (Schirmer et al., 1996). Proteins in this family
form large hexameric structure with unfoldase activity in the presence of ATP (Wickner et
al., 1999; Sauer et al., 2004; Inobe et al:, 2008). Single or double tiers of ATPase rings
form a channel line with key residues for translocation of the unfolded pblypeptide chain
(Lee et al., 2003). These proteins perform their function by progressively threading the
client proteins through a small 16 A° (1.6 nm) pore, thereby giving each misfolded client
protein a second chance to fold (Lee et al., 2003; Lum et al., 2004; Wendler et al., 2007).
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The proteins with two tiers of ATPase ring are grouped in to class | chaperones which
~ includes CIpA and ClpB/HSP104 (Sandhez and Lindquist, 1990; Kitagawa ef al., 1991;
Wickner et al., 1994). ClpB/HSP104 subfamily displays a unique protein disaggregating
activity that is used in conjunction with the refolding activities of DnaK/HSP70 (Glover
and Lindquist, 1998; Zietkiewicz et al., 2004; Zietkiewicz et al., 2006). Proteins with
single tier of ATPase ring are grouped into class Il chaperones such as ClpX, whose

motor mechanism has been examined in detail (Wojtkowiak et al., 1993).

ClpXP and CIpAP complexes are present in the range of 200 copies per cell,
whereas the number of CIpB complexes is 10 times higher. The Clp/HSP100
chaperones can rapidly process their substrates at a rate of 30 molecules per minute
and hydrolyzing ATP at rates around 1000 per minute. ’

1.3.2 HSP90 family

HSP90 is an abundant chaperone in prokaryotes and eukaryotic cytosol,
endoplasmic reticulum (ER) and mitochondria. They are ess_enﬁal in late stage of protein
folding and are required for the activity of many clients proteins involved in signaling. The
prokaryotic homologue of HSP90 “HtpG”, is dispensable under non-heat stress condition
(Bardwell and Craig, 1987; Bardwell and Craig 1988). HSP90 accounts for approximately
1-2% of the total soluble proteins in unstressed cell indicating its extensive role in normal
physiological condition (Lai et al., 1984). HSP90 exists as a homodimer and each
subunit is composed of a highly conserved N-terminal (NTD) ATPase domain of ~25
kDa, a charged linker region, middle substrate recognition domain and C-terminal
dimerization dohain of 12 kDa (Scheibel et al., 1999; Pearl and Prodromou, 2000;
Young et al., 2001). In mutlicellular organisms, additional members of HSP90 family
such as Grp94 (gp96) are also found in ER, mitochondria and chloroplasts (Mazzarella
et al.,, 1987). These ER-chaperones are known to get up regulated or activated during
ER-stress and shown to play a crucial role in maintaining the homeostasis of
endoplasmic reticulum (Welihinda et al., 1999). In the unstressed cell, HSP90 is
localized in the cytosol bound to HSF1 keeping it in an inert state and upon stress
HSP90 dissociates, leaving HSF1 to translocate to the nucleus and trigger stress-
induced transcription (Hu and Mivechi, 2003). Upon stress, HSP90 adopts a more
general function by reducing its substrate specificity (Freemah and Morimoto, 1996).
HSP90 is known to associate with the non-native structures of many proteins and
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suppresses the aggregation of a wide range of “client” or “substrate” proteins, thereby
functions as a molecular chaperone (Riggs et al., 2004). Its function is regulated by the
interaction with several co-chaperones. A recent genomic analysis reveals roles for
HSP90 in the secretory pathway, cellular transport, cell cycle and cell division (McClellan
et al., 2007).

Chaperone Examples | ATP Co- Functions
family chaperone
HSP100 (6-7mer) | ClpB (prok) + - Disaggregation along HSP70
s ClpA - Proteolysis along with ClpP

HSP104 (euk) protease
- Thermotolerance

HSP90 (dimer) HtpG (pro) + | Hop, P23, - Stress-tolerance
cDec37 - Maintaining stability of steroid hormone

“ HSP90 (euk) receptors, protein kinases
HSP70 DnaK (pro) + DnaJ, GrpE - De novo protein folding
(monomer) - Prevention of aggregation

[ HSP70, HSP40, HOP, | - Solubilization of protein aggregates

4 Hsc70 (euk) Bag1, with HSP100 protein

v HSPBP1 - Regulation of heat shock response

- Stabilizing transcription factors and
kinases along with HSP90

HSP60 GroEL (pro) + | GroES - De novo protein folding
(14/16 mer) - Prevention of aggregation
6?‘9 CCTITriC (euk) prefoldin - De novo folding of actin, tubulin
\
sHSPs IbpA, IbpB (pro) -Prevention of aggregation
(8-24 mers) - -Bind to inclusion bodies
a-crystallin, -Prevention of aggregation (Possibly
HSP25 (euk) several other cellular functions)

Table 1.1 Chaperone families (Mogk et al., 2002)
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1.3.3 HSP70 family

The HSP70 family constitutes highly conserved members of the HSP family,
found in the cytosol of prokaryotic and eukaryotic organelles such as ER and
mitochondria (Craig and Lindquist, 1988; Leustek et al., 1989; Munro and Pehlam, 1986;
Alberto et al., 1999). The constitutive form of HSP70 (DnaK in E.coli) is called, as Hsc70
~ (70 kDa heat shock protein and cognate protein) while the inducible form is known as

HSP70. They assist a large variety of protein folding processes inside the cell by
transiently interacting with their substrates (Gething and Sambrook, 1992). The substrate
| binding and release cycle is driven by the switching of HSP70 between the ATP binding
and hydrolysis process (Szabo et al., 1994). This ATPase cycle is controlled by co-
chaperones of the family of J-domain proteins, which targets HSP70 to their substrate
and by nucleotide exchange factors, thereby regulating the life-time of the HSP70-
substrate complex (Liberek et al., 1991; Misselwitz et al., 1998). These 70-kDa proteins
are monomeric with an N;terminal ATPase domain and a C-terminal substrate binding
domain (Flaherty et al., 1991; Zhu et al., 1996). A newly synthesized protein binds to
HSP70 with its substrate-binding domain, which stimulates the ATPase activity
(Slepenkov and Witt, 1998). Further, associating with J-domain proteins such as
HSP40/DnaJ leads to speeding of the ATP hydrolysis in the presence of the interacting
peptides (Liberek et al., 1991; Pierpaoli et al, 1997). By binding to the partially
synthesized peptide sequence, HSP70 prevents them from aggregating. Finally, HSP-
‘organizing protein (HOP) binds to HSP70 and mediates the transfer of peptide from
HSP70 for the next step of protein folding releasing HSP70 for the next cycle (Scheufler
et al., 2000; Wegele et al., 2004). In eukaryotes, HSP70 homologues are found in the ER
(Bip/Grp78) as well as in mitochondria (mtHSP70/Grp75) (Hendershot et al., 1994;
Bhattacharyya et al., 1995). Mitochondrial HSP70 is required for the efficient post-
translational translocation of precursor proteins into the mitochondrial matrix (Schneider
et al., 1994). The endoplasmic reticulum chaperones are shown to be associated with
protein transport, protein degradation etc (Gething and Sambrook, 1990).

1.3.4 HSP60 family

The HSP60 families of heat shock proteins are abundant proteins found in all
bacteria, mitochqndria and plastids of eukaryotic cells. The HSP60 or chaperonin family,
including GroEL from bacteria (Georgbpoulos et al., 1973), rubisco-binding protein from
chloroplasts, HSP60 -from mitochondria, and the t-complex polypeptide 1 (TCP-1

9
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complex) from eukaryotic cytosol (Willison et al., 1987), are a group of proteins with
distinct ring-shaped, or toroid (double donut) quaternary structure (Ellis and van der Vies,
1991; Roseman et al., 1996; Bukau and Horwich, 1998). '

The members of the HSP60 family in E.coli (GroEL), mitochondria (HSP60) and
chloroplaéts (Rubisco) have been shown to mediate the folding of many different
proteins in vivo and in vitro. The non-native polypeptides are captured by binding to
hydrophobic sites on an open ring of GroEL. Upon binding of ATP and GroES, major
conformational changes occur in GroEL trapping the substrate polypeptide in a
hydrophilic chamber for folding (Martin et al., 1991; Fenton et al, 1994; Hartl, 1996;
Bukau and Horwich, 1998). Another chaperonin found in the eukaryotic cytosol is CCT
(TriC), purified from bovine testis is shown to bind to unfolded proteins, preventing their
aggregation and facilitating ATP-dependent refolding of proteins in vitro (Gupta, 1990;
Gutsche et al., 1999). Unlike most chaperones, CCT is not over-expressed during cell

stress.

1.3.5 HSP40 family

This class of proteins mostly functions as co—éhaperones together with other
chaperones such as HSP70 (Caplan et al., 1993; Qiu et al., 2006). By associating with
these chaperones, HSP40 family members enhance the substrate-binding as well as
their ATPase activity (Liberek et al., 1991; Pierpaoli et al., 1997; Fan et al., 2003).
HSP40 family of molecular chaperones are ATP-independent and characterized by an N-
terminus J-domain connected to the substrate-binding C-terminus through a middle
linker region (Wawrzynow and Zylicz, 1995; Han and Christen, 2003). It has been shown
that the association of HSP70 with Hdj-1/HSP40 is involved in the regulatory
mechanism, as over-expression of Hdj-1 prevents the inducible transcriptidn of heat
shock genes in the absence of stress (Shi et al., 1998). These chaperone complexes can
directly bind to the trans-activation domain of HSF-1, but the mechanism of its repression

is not fully elucidated.

10
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1.4 Small Heat Shock Proteins

Within the molecular chaperone family, small heat shock proteins constitute a
structurally divergent group and are ubiquitously present in virtually all organisms
(Lindquist and Craig, 1988; de Jong WW et al,, 1993; Kappe et al., 2002; Haslbeck et al.,
2005). Mosf of the prokaryotes have one or two sHSPs genes (Allen et al., 1992) but
higher eukaryo{es contain multiple genes e.g. 4 in D. melanogaster, 16 in C. elegans, 11
in H. sapiens (Kappe et al., 2001; Haslbeck et al., 2005; Vos et al., 2008). The reason for
this expansion is not clear bdt it may be due to gene sharing, gene duplication, functional
specialization and diversification. The members of the sHSP family vary in length ranging
from 143 residues in C. elegans to 242 in Petunia chloroplast (Lindquist and Craig, 1988;
Grimm et al., 1989). All the sHSPs contain about 80-100 residues long conserved’region,
called the “alpha-crystallin domain” towards the C-terminal region, and is a halimark
feature of this family (Plesofsky-Vig et al., 1992; de Jong et al., 1993; de Jong et al.,
1998). - '

Although proteins belonging to the small heat shock protein family are diverse in
sequence and size, most share characteristic features, including monomeric molecular
mass in the range of 12-43 kDa, formation of oligomers with dynamic quaternary
structure and chaperone-like activity in preventing aggregation of proteins (Lindquist and
Craig, 1988; van den Oetelaar et al., 1990; Kato et al., 1992; Horwitz, 1992; Kato et al.,
1993b; Jakob et al., 1993; Merck et al., 1993). It has been shown that sHSPs undergo
structural alteration under stress conditions and expose their hydrophobic surfaces
(Raman and Rao, 1994; Raman et al., 1995). Structural transition seems to be essential
and biologically relevant process as non-native proteins transiently bind with the exposed
hydrophobic patches (Raman and Rao, 1994; van Montfort et al., 2001). Further, it was
demonstrated that heat stress, chemicallstress, oxidative stress etc lead to increase in
their chaperone activity and subunit exchange (Gu et al., 2002; Bova et al., 2002).
Structural alteration combined with increased chaperone activity is the general
mechanism of its action under stress conditions (Datta and Rao, 2000). Besides their
role in preventing protein aggregation in vitro, sHSPs have been shown to perform many
cellular functions under normal as well as stress conditions (Ciocca et al., 1993; Klemenz
et al., 1993; Arrigo, 2000; Kitagawa et al., 2000). sHSPs are shown to undergo post-
translational modifications such as phosphorylation, disulfide linkage during various
cellular processes, which play a crucial role in its in vivo activity (Lavoie et al., 1993;
Groenen et al., 1994; Kato et al.,, 2002). Many reports suggest that phosphorylation
leads to increased subunit exchange and higher chaperone activity under stress

11
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conditions. It appears that reduction in the‘oligomer size and structural transitions is
generally associated with the mechanism of action of sHSPs in preventing the protein
aggregation under stress condition (Ito et al., 2001b). The human genome encodes for
eleven small heat shock 'protein namely HSPB1 (HSP27), HSPB2 (MKBP), HSPBS‘,
HSPB4 (aA-crystallin), HSPB5 (aB-crystallin), HSPB6 (HSP20), HSPB7 (cvHSP),
HSPB8 (HSP22), HSPB9, HSPB10 (ODF1), HSPB11 (HSP16.5) (Kappe et al., 2001;
Vos et al., 2008). The expression of these sHSPs varies from tissue type and in a stress-
dependent manner. Most of these sHSPs are present in muscle tissue, brain, kidney,
- liver, heart and eye lens (Welsh and Gaestel, 1998). In muscle cell, as many as six out
of eleven sHSPs are present and perform different function dUring stress as well as in

differentiation process (Sugiyama et al., 2000).

Mammalian sHSPs | Chromosomal Tissue Sub-cellular |  Associated Diseases
localization | distribution | localization

HSPBI (H SPZ?) 7q11.23 Ubiquitous Cytosol Charcot-Marie-Tooth disease

HSPB2 (MKBP) 11q23-23 Muscle Cvtosol/mito. | Unknown

HSPB3 3q112 Muscle Unknown Unknown

HSPB4 (vA-crysiallin) | 219223 Eve lens Cytoplasm Cataract

HSPB3 (uB-crystallin) | 11g22.3-g23.1 Ubiquitous Cytoplasm Cataract, DRM

HSPB6 (HSP20) 19g13.12 Muscle & Brain | Cytosol Unknown

HSPB7 (cvHSP) 1p36.23-p34.3 z\f1u§ cle NucleusCyto Muscular dystrophy

HSPBS (HSP22 12924.23 Muscle & Brain | Cytoplasm, Distal hereditary motor

plasmamem. | Neuropathy, CMT disease

HSPBY 17q21.2 Testis Cwtosol In certain tumors

HSPB10 (ODF) 8q223 Testis Sperm cell fails | Unknown

HSPB!1 (HSP16.2) 1p32.1-p33 Unknown Cytosol In cerfain umors

Table 1.2 Lisfs of mammalian sHSPs and its associated diseases (Vos et al., 2008)
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Amonb all the mammalian sHSPs known so far only four of them HSP27, oA-
cry/stallin, aB-crystallin and HSP22 are well characterized and studied in detail. The heat
or stress inducibility has been shown for only three of the sHSPs, which includes HSP27,
aB-crystallin and HSP22 (Kato et al., 1993b; Kato et al., 2002; Chowdary et al., 2004).
HSP27 and aB-crystallin are shown to have a role in the prevention of apoptosis induced
by various agents such as TNF-a, UV, doxorubicin, H,O,, and staurosporine (Mehlen et
al., 1995; Bellyei et al., 2007, Turakhia et al., 2007; Laskowska, 2007). Both, HSP27 and
aB-crystallin are shown to interact with pro-caspases and inhibit their maturation process
(Garrido et al., 1999; Kamradt et al., 2001; Voss et al., 2007). aB-crystallin also interacts
with Bax; a pro-apoptotic protein, this interaction might inhibit Bax translocation to
mitochondria, thereby help in preventing apoptosis (Mao et al., 2004). Besides their role
in protection, sHSPs also help in the maturation or degradation of non-native targets via
the ubiquitination-mediated proteasomal degradation pathway (den Engelsman et al.,
2003; Parcellier et al., 2003; Haslbeck et al., 2005). During the muscle differentiation
process, HSP27 Ieveligets up regulated by 3-fold indicating a possible role in the
differe‘ntiation process (lto et al., 2001a). HSP25/27 has been found to be necessary for
the functional differentiation of P19 into cardiomyocytes (Stahl et al., 1992; Davidson and
Morange, 2000). HSP27 is shown to be involved in the differentiation process of other
cell lines such as B lymphoma cells, keratinocytes and chrondrocytes (Favet et al., 2001;
Duverger et al., 2004). HSP27 up-regulation during differentiation is correlated with an
increase in phosphorylation and in a shift of HSP27 oligomers toward high molecular
masses (Mehlen and Arrigo, 1994; Chaufour et al., 1996; Chiesa et al., 1997). One of the
functions of sHSPs is their ability to interact with several cytoskeletal as well as nucleo-
skeletal elements such as, lamins and actin filaments (Verschuure et al., 2002; Adhikari
et al.,, 2004). The interaction of HSP25 with actin microfilaments has been shown to
provide stability and regulates its dynamics (Benndorf et al., 1994; Bryantsev et al.,
2002). The role of sHSPs such as HSP27 has also been documented in regulation of
various transcription factors including NF-kB, a ubiquitous transcription factor (Parcellier
et al., 2003; Park et al., 2003). HSPBZ, also known as myotonic dystrophy protein kinase
binding protein (MKBP), interacts with the myotonic dystrophy protein kinase (DMPK)
and enhances its kinase activity (lwaki et al., 1997; Suzuki et al., 1998). HSPB2 knocky
out studies show that the mice develop abnormalities in skeletal muscle development
(Morrison et al., 2004). Most of the sHSPs such as HSPB3 and HSPB6 (HSP20) are
restricted to muscle tissues such as heart and skeletal muscle (Verschuure et al., 2003). |
However, their exact localization and function under normal as well as stress condition
are not yet clear. HSPB3 forms complexes with HSPB2 during {he muscle differentiation
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process; however the fun'ctional significance of this interaction is not clearly understood
(Sugiyama et al., 2000). HSPB6 (HSP20) is expressed in smooth muscles and appears
to play a role 'in muscle relaxation and cardio-protection. HSPB7 (cvHSP) is expressed in
heart and skeletal muscle, the expression is enhanced in aging muscle reflecting a
cellular adaptation to higher proteotoxic stress conditions (Krief et al., 1999; Doran et al.,
2007).

Two members of the sHSPs family, HSPB9 and HSPB10 are exclusively
expressed in testis (Fontaine et al., 2003). These are not well characterized yet, except
for their association with cytoskeletal or associated proteins such as DynLT1 (a light
chain component .of dyein) (de Wit et al., 2004). Thev recently reported HSPB11
(HSP16.2) was shown to form oligomeric complexes and prevent the aggregation of in
vitro denaturated aldolase and glyceraldehyde-3-phosphate dehydrogenase in
accordance with the chaperone model of HSPB1 and HSPB5. HSPB11 over-expression -
protected cells against etoposide-induced cell death which correlated with a decreased
level of release of mitochondrial cytochrome c¢ into the cytosol. Inhibiting HSP90 function
completely abrogated the protective effect of HSPB11 (Bellyei et al., 2007).

» Many of the sHSPs are known to be associatéd with heurological and muscle-
related diseases. The expressions of many of sHSPs such as HSP27 are enhanced in
cancers and neurological disorders and are localized to degenerating neurons (Sun and
MacRae, 2005). " |

1.4.1 Alpha-crystallin

a-crystallin accounts for more than ~ 50 % of the lens fiber cells’ protein and was
originally considered as-a structural protein (Bloemendal, 1981; Wistow and Piatigorsky,
1988). It is the major water-soluble, multimeric protein of the eye lens made up of two
distinct gene products, aA-brystallin and aB-crystallin (Wistow and Piatigorsky, 1988; de
Jong et al., 1993). Heat shock proteins, first discovered in heat-induced puffs of polytene
genes of D. melanogaster, showed sequence homology to a-crystallin (Tissieres et al.,
1974; Ingolia and Craig, 1982). Subsequently heat-induced expression of a-crystallin
was demonstrated, identifying it to be a heat shock protein (Klemenz et al,, 1991). In
recent years, it has been generally accepted that a-crystallin is an ATP-independent
molecular chaperone, which binds to partially denatured proteins to prevent their
aggregation (Rao et al, 1993; Raman and Rao, 1994; Raman and Rao, 1997;
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Muchowski and Clark, 1998). It was shown that a-crystalin has chaperone-like
properties and effectivély binds to partially denatured proteins; thereby suppressing non-
specific irreversible aggregation and keeping them in the folding competent state
(Raman and Rao, 1994; Raman and Rao, 1997; Rao et al, 1998). Lens, where the
protein concentration is ~ 400 mg/ml (Fagerholm et al., 1981), needs these chaperones
to prevent aggregation induced by UV-light, heat, age-related post translational

modifications etc.

1.4.2 aA-Crystallin

4ocA-CrystaIIin, a member of small heat shock protein family was originally
identified as a hetero-oligomer with aB-crystallin from eye lens (Siezen et al., 1978). aA-
crystallin gene is localized on chromosome 21 of human that codes for 173 amino acid
residues long polypeptide (Thompson et al., 1987, Horwitz, 2003). It shows ~ 58% and ~
45% seque'nce similarity with aB-crystallin and other sHSPs respectively (de Jong et al.,
1993). The expression of aA-crystaIIih is largely restricted to the Iensv, but it is also found
in thymus, spleen and Iiver> (Kato et él., 1991). It is localized in the cytoplasmic region
and the localization changes in response to stress conditions (Mackay et al.‘, 2003).
Functionally, aA-crystallin is primarily involved in the prevention of aggregation of target
proteins induced due to variety of insults such as heat, chemical, osmotic and light
(Raman and Rao, 1994; Borkman et al., 1996; Raman and Rao, 1997). The peptides of
aA-crystallin spanning from 70-88 residues, suppress amyloid fibril formation of Abeta
protein (Ecroyd and Carver, 2008). It is also involved in the stabilization of cytoskeletal
elements such as actin and prevents its depolymerization (Wang and Spector, 1996).
aA-crystallin knockout mice develops congenital cataract as a result of the presence of
inclusion bodies in the lens fiber cells and have reduced ocular lens size (Brady et al.,
- 1997). The involvement of aA-crystallin in the prevention of apoptosis induced by
staurosporine, UV-treatment etc has been reported (Mackay et al, 2003). Upon
| straurosporine treatment, it interacts with Bcl-Xs and Bax, thereby sequestering them
from translocation to the mitochondria, while, in UVA-treated cells, the prevention of
apoptosis is achieved by activating the Akt (the survival pathway) pathway (Mao ef al.,
2004; Liu et al., 2004). During cell division, the level of aA-crystallin gets modulated and
it has been shown that mice lacking aA-crystallin (oA -/-) exhibit slower growth (Bai et
al., 2004). Mutations in oaA-crystallin R116C, R49C are known to cause dominant
congenital cataract while G98R mutation leads to presenile cataract (Litt ef al., 1998;
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Mackay et al., 2003; Santhiya et al., 2006). The G98R mutant exhibits folding defects
and is prone to aggregation (Singh et al., 2006). The R116C mutant of aA-crystallin
shows significantly less binding to actin compared to wild type aA-crystallin (Brown et al.,
2007). Further, the R116C mutant shows less chaperone-like activity, whereas the
chaperone-like activity of R49C mutant remains unaltered (Kumar et a/., 1999; Mackay et
al., 2003). The disease phenotype appears to be due to the mis-localization of the
mutant (R49C) protein to the nucleus under normal condition compared to the
cytoplasmic localization of the wild type protein (Mackay et al., 2003).. aA-crystallin
undergoes phosphorylation in the C-terminal region (serine 122) by the cA'MP-dependent _
pathway (Chiesa ef al., 1987). The other phosphorylation sites present in aA-crystaliin
are not clearly known; it appears that there are three phosphorylation sites between 122
and 173 residues, which are phosphorylated by its autokinase activity (Kantorow and
Piatigorsky, 1998). Although aA-crystallin is seen in non-lenticular tissues its functions in

those tissues is not known.

1.4.3 aB-crystallin

aB-Crystallin is one of prominent members of the human small heat shock
protein family (Klemenz et al, 1991). aB-crystallin, a member of the crystallin family
which includes a-, B- and y-crystallin, was best known for its refractive and structural
properties in the vertebrate lens (Harding and Dilley, 1976). dB-crystaIIin was included in
the small heat shock protein family when Ingolia and Craig (1982) reported that o-
crystallin (aA- and aB-crystallin) have high homology with the' members of the small HSP
genes in D. melanogaster. Later, Klemenz et al., (1991) showed that the expression of
oB-crystallin is induced by heat shock and also by other stress conditions such as
osmotic shock, arsenite and hypenonic conditions (Kato ‘et al., 1993b). The gene for aB-
'crystallin is located in the human chromosome number 11 and it codes for 175 amino
acid residues. Promoter analysis showed that it has canonical HSE elements and is
stress-inducible (Somasundaram and Bhat, 2000). aB-crystallin was initially thought to
be restricted to the lens and serve a structural function in the lens. However, later it was
found to be ubiquitously present in ma'ny non-lenticular tissues such as skeletal muscle,
cardiac muscle and brain (Bhat and Nagineni, 1989). aB-crystallin is a good example of
gene sharing, which means that the same gene acquires an additional function without |

duplication. In the lens it co-exists with aA-crystallin as a hetero-oligomer and helps in
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the maintenance of lens transparency (Siezen et al, 1978; Bloemendal, 1982). The
presence of aB-crystallin in many different tissues is indicative of its diverse functions. In
these tissues it exists either as a homo-oligomer or as a hetero-oligomer with other
sHSPs such as HSP27, HSP22, and HSP20 (Sugiyama et al., 2000). It has monomer
molecular mass of 20 kDa but exists as a large oligomer of ~ 600-800 kDa (Spector et
al., 1971; lto et al, 2001b). The structure of aB-crystallin is thought to have three
domains - the N-terminal hydrophobic domain, the conserved C-terminal “a-crystallin
domain” and an exposed, flexible C-terminal extension (de Jong et al., 1993). Although
the crystal structure of aB-crystallin is not available due to its polydisperse nature, other
structural techniques such as cryo-electron microscopy and 3D-image reconstruction
show that aB-cystallin is spherical and consists of ~ 32 subunits, 18 nm in diameter and
a hollow core with ~ 8 nm in the central cavity (Figure 1.4.3.1) (Haley et al., 1998). aB-
crystallin is shown to have predominantly B-sheet structure with about 5% a-helical
structure (Li and Spector, 1974; Siezen and Argos, 1983); however, modifications such
as oxidation leads to increase in random coil with subsequent decrease in the B-sheet or

a-helix content.

Figure 1.4.3.1 Cryoelectron microscopy structure of a-crystallin (Haley et al., 1998)
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aB-Crystallin acts as a molecular chaperone and prevents the stress-induced
aggregation of target proteins in vitro (Horwitz, 1992). Studies from our laboratory have
shown that it undergoes structural transitions at higher temperature thereby exposing or
reorganizing the hydrophobic patches to which target proteins bind (Raman and Rao,
1994). aB-crystallin exhibits very little chaperone like activity at room temperature, which
increases significantly at higher temperature (Raman and Rao, 1994). Studies from our
laboratory with diverse model systems including photo-aggregation of a-crystalin, DTT-
induced aggregation of insulin and thermal aggregation of B- and a-crystallin show that
a-crystallin undergoes quaternary as well as tertiary structural changes (Rao et al., 1993;
Raman and Rao, 1994; Raman et al, 1995, Raman and Rao, 1997). It is shown that
tertiary structural changes precede quaternary structural changes. Temperature-induced
| enhancement of chaperone-like activity appears to be a general phenomenon since it
needs to function at non-permissible temperatures. It is found that the induced
alterations in the structural parameters are responsible for the enhanced chaperone
activity which is further corroborated by the fact that the agents which bring about
structural changes also lead to enhanced activity. For example, structural changes
induced by low concentration of urea and GdmCl result in enhanced chaperone activity
. (Raman and Rao, 1994; Das and Liang, 1997). Small molecules including arg-HCL,
pantethine, ATP etc lead to subtle changes in tertiary structure, leading to increase in the
chaperone activity (Clark and Huang, 1996; Srinivas et al, 2003). Studies from our
laboratory have demonstrated that swapping the N-terminal domain and the C-terminal
extension of aA- and aB-crystallin results in higher chaperone activity (Kumar and Rao,
2000; Pasta et al., 2002). The N-terminal region SRLFDQFFG is involved in oligomer
assembly while the IXI/V motif in the C-terminal region is shown have role in subunit
interactions and stability (Pasta et al., 2003; Pasta et al, 2004). aB-crystallin also
prevents or supprésses aggregation induced by heat, UV-light, metal ions, chemicals,
osmotic stress, oxidation etc (Horwitz, 1992; Rao ef al., 1993; Wang and Spector, 1995;
Borkman et al, 1996). It is now generally accepted that oaB-crystallin is an ATP-
independent moleculér chaperone but shows autokinase activity (Kantorow and
Piatigorsky, 1998). However, it is found that presence of ATP significantly enhances the
reactivation yield of citrate synthase (Muchowski et al.,, 1998). Equilibrium dialysis, 31°-
NMR and fluorescence studies suggest that a-crystallin binds to ATP in a temperature-

dependent manner, but it remains non-hydrolyzed (Palmisano et al., 1995).

The functionality of aB-crystallin is modulated by post-translational modifications
such as deamidation and phosphoryiation (Sun and MacRae, 2005). Post-transiational

~ .
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modification of a-crystallin during aging is believed to be responsible for its acidic forms;
however it became clear later that the acidic form is due to phosphorylation at specific
residues and not because of deamidation at Asn and Gin residues (Palmer et al., 1969;
van Kleef et al,, 1976; Bloemendal, 1977). The phosphorylation of aB-crystallin plays a
crucial role in modulating its function and chaperone-like activity. In the bovine lens
approximately 30% of o-crystallin remains phosphorylated. Studies using mass
spectrometry and radioactive labeling techniques demonstrated that aB-crystallin gets
phosphorylated at three serine residues: Ser-19, Ser-45 and Ser-59 (Cheisa et al., 1987;
Smith et al, 1992). The phosphorylation of aB-crystallin at Ser-19 is specific during
mitotic process and also found to be age-dependent (Kato et al, 1998). On the other
hand, aB-crystallin gets differentially phosphorylated at Ser-45 and Ser-59 residues and
is dependent upon stress condition. From the specificity of phosphorylation of o-
crystallin, it appears that there may be at least two different kinases responsible for their

phosphorylation.

The signaling molecules MKK3 and MKK6 activate p38-MAP kinase, which in
turn activates MAPKAP-2/3 (Raingeaud et al., 1996). During stress conditions such as
ischemia, heat stress, and chemical stress, MAP kinases get activated, which in turn
results in phosphorylation at different serine residues of aB-crystallin (Zu et al., 1997; Ito
et al., 1997; Nguyen and Shiozaki, 1999).Various studies show that p44/p42 MAP kinase
is responsible for the phosphorylation of aB-crystallin at Ser-45 residue, whereas p38-
MAP kinase activated MAPKAP-2/3 leads to phosphorylation at Ser-59 residue (Kato et
al., 1998). Studies from our laboratory have shown that the phosphorylated aB-crystallin
dissociates to smaller oligomer and has higher chaperone activity (Ahmad et al., 2008).
Although, the correlation between chaperone activity and oligomer size is not well
established, it is génerally believed that smaller oligomers have higher activity.
Phosphorylation of aB-crystallin affects its functionality both in normal and disease
conditions. It has been shown that phosphorylation of Ser-59 is necessary and sufficient
for the prevention of ischemia-induced apoptosis in cardiomyocytes (Morrison et al.,.
2003). aB-Crystallin gets phosphorylated at Ser-45 and Ser-59 upon exposure of cells to
PMA, okadaic acid, arsenite, NaCl and H,0O, (lto et al,, 1997). Inhibiting the p38-MAP
kinase by specific inhibitors such as SB202190 (p38-MAP kinase inhibitor) leads to
inhibition of ph.osphorylation induced by arsenite, NaCl, and anisomycin while PD09‘8059
(p44/42-MAP kinase inhibitor) inhibits phosphorylation induced by PMA, okadaic acid (lto
et a]., 1997). During cell division, Ser-45 phosphorylated aB-crystallin is localized to the

cytoplasm while oB-crystallin phosphorylated at Ser-59 position gets localized to

19



Chapter 1: Introduction

centrosome and mid bodies (Kato et al,, 1998; Inaguma et al., 2001). Lens epithelial
cells derived from mice lacking qB-crystaIIin are shown to have genomic instability and
hyperproliferation (Bai et al., 2003). Recently, it has been demonstrated that aB-crystallin
is essential for the degradation of cyclin D1, an essential component of G1 phase of cell
cycle (Lin et al., 2006). The importance of aB-crystallin is further corroborated by the fact
that it is a part of cell cycle depehdent golgi reorganization and interacts with
intermediate filaments during mitosis (Djabali et al., 1999; Gangalum et al., 2004). The
interaction of ocB-crystaIIin with intermediate filaments has been demonstrated during
normal conditions, which increases further with increasing temperature, serum starvation
and hypertonic stress (Djabali et al., 1997). In cardiomyocytes, aB-crystallin is distributed
in the central region df the I-bands (Z lines) together with desmin filaments during
ischemia (Golenhofen et al., 1998; Bennardini et al., 1992). The translocation of aB-
crystallin to the Z lines of myocardium is shown to be phosphorylation-dependent. In
addition to intermediate filaments, aB-crystallin also interacts with other cytoskeletal
elements such tubulins and actin microfilaments. In conditions of proteasomal inhibition,
aB-crystallin translocates to the actin cytoskeleton (Verschuure et al., 2002). Importantly,
aB-crystallin-coated MAP microtubule resists nocodazole and calcium-induced
disassembley, suggesting that it provides resistance to microtubules from disassembly
(Fujita et al., 2004). Recently, it has been shown from our laboratory that in myoblasts,
oB-crystallin migrates to the nucleus upon heat stress, where it colocalizes with SC-35
and lamin A/C (Adhikari et al., 2004). The migration of aB-crystallin to the nucleus is of
interest, as it does not contain NLS sequence. It has been shown that aB-crystallin
interacts with SMN-like proteins, which might be involved in carrying aB-crystallin to the
nucleus (den Engelsman et al, 2005). In addition to its migration to the'_nucleus,
cytoplasmic red'istribution of aB-crystallin has also been documented under normal as
well as stress conditions. During ischemic condition, it translocates to the mitochondria in
a phosphorylation-dependent mannér (Jin et al, 2008). Further, it was found that
mitochondria incubated with a recombinant mutant form bf oaB-crystallin that mimics Ser-
59-phospho-aB-crystallin exhibited decreased calcium-induced MPT pore opening.
These results indicate that mitochondria may be among the key components in stressed
cells with which aB-crystallin interacts and modulates MPT pore opening thus, reducing
Ischemia/Reperfusion (IR) injury (Jin et al., 2008). oa-Crystallins restrict release of
cytochrome-C, repress activation of caspase-3 and block degradation of PARP thus
preventing apoptosis induced by staurosporine, etoposide etc (Mao et al., 2004). Upon
TNF-a freatment, aB-crystallin inhibits the activation of caspase-3 by interacting with pro-
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active caspase-3 (p24) (Kamradt et al, 2001). It has been shown that Ser-59
phosphorylation is essential and sufficient for its anti-apoptotic activity. During the
muscle differentiation process the level of aB-crystallin goes up by 10-fold and shown to .
have banti-apoptotic ability by preventing the activation of caspase-3 (lto ef al., 2001a;
Kamradt et al., 2002). The up-regulation and anti-apoptotic behavior of aB-crystallin
during differentiation is of importance as none of the antiQapoptotic proteins are shown to
be up-regulated during this process. In the skeletal muscle, aB-crystallin promoter has
muscle-specific enhancer elements in the region —427 to -259, suggesting the
importance of aB-crystallin in muscle (Dubin et al., 1991). Knock out mice lacking aB-
crystallin have lower muscle mass. In addition, a point mutation, R120G in aB-crystallin
leads to desmin related myopathy (DRM), implying its role in muscle maintenance and
homeostasis (Wang et al, 2001). A missense mutation of CRYAB, Arg157His, was
found in a familial dilated cardiomyopathy (DCM) patient and the mutation was found to
decrease the binding to titin/connectin heart-specific N2B dom'ain without affecting
vdistribution of the mutant crystallin protein in cardiomyocytes (Inagaki et al., 2006).
Recently, the involvement of oB-crystalin has been documented in cancerous
conditions. The expression profile of aB-crystallin appears to be tumor type and stage
| specific (Gruvberger-Saal and Parsons, 2006; Sitterding et al., 2008). '

From the foregoing description, it is clear that in éddition to helping in maintaining
the structural integrity of the target proteins and preventing their aggregation, aB-
crystallin has several critical cellular roles to play.

TH'—'\ €517

1.5 Scope of the present study

Understanding the in vivo functions of aB-crystallin, a member of small heat
shock proteins, is important due to its role in normal physiological activities such as cell
division, differentiation, cytoskeletal dynamics,; apoptosis and its possible role in several
disease conditions such as cataract, myopathies, neurodegenerative diseases, ischemia
and cancer. Under in vitro condition, aB-crystallin is shown to ihteract with filamentous
actin but not with monomeric acfin; however its in vivo associaﬁon with actin is not
known. Importantly, under stress conditions such as ischemia and hyperthermia
filamentous actin tends to_diséociate into monomers. The interaction of aB-crystallin with
actin in vivo, particularly in the context of stress needs to be investigated. In the heart as

well as in skeletal muscle, aB-crystallin has been shown to play an important role in
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Chapter 1: Introduction

preventing apoptosis and maintaining muscle homeostasis. In the heart it has been
shown that disintegration of actin microfilaments leads to apoptosis and is. major cause

of myocardial infarction.

We set out to investigate the role of aB-crystallin in cytoskeletal dynamics and in
myoblast differentiation. We have used H9C2 cardiomyoblasts as a model system for
investigating in vivo interactions of aB-crystallin with cytoskeletal system and C2C12,
mouse myoblasts for its role in differentiation. The modulation of cytoskeletal architecture
is associated with differentiation process as well. During muscle differentiation', the level
of aB-crystallin increases by 10-fold and shown to have anti-apoptotic function during
this process. We have made oB-crystallin stably expressing C2C12 myoblasts, C2C12-
CRYAB, to investigate the role of aB-crystallin in differentiation process. We have also
used functionally compromised, myopathy causing mutant, R120G for comparative
studies. Results show specific phosphorylation dependent role for aB-crystallin in
cytoskeletal stability and dynamics. Studies with C2C12-CRYAB show significant delay
in differentiation process due to delayed exit from cell cycle and alterations in the
expression of differentiation regulators such as MyoD, myogenin etc. Studies with
disease causing mutant, R120G show increased cell death possibly connected with

muscle loss in cardiomyopathies.
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2.1 Introduction

Cells respond to environmental stress by preferential synthesis and accumulation of
a family of proteins called as heat shock proteins (HSPs), which assist them to survive under
these unfavorable conditions (Landry et al., 1982; Li and Werb, 1982; Parsell and Lindquist,
1993). Small HSPs (sHSPs), a svubset of the HSP family, have been shown to be involved in
many cellular processes that help in the survival of cells under conditions of stress (Kato et
al.; 1993c; Andley et al., 2000; Mao et al., 2004). Inspite of the increasing ndmber of reports,
the exact mechanisms by which sHSPs confer stress protection to cells are not clearly
understood. Stresses suCH as ischemia and hyperthermia lead to enhanced expression of
aB-crystallin, a member of the sHSP family, implying its importance in cell survival (Chiesi et
al., 1990; Klemenz et al,, 1991; Kato et al., 1993b). aB-crystallin is shown to act as a
molecular chaperone and prevent the stress-induced aggregation of target proteins in vitro
(Horwitz, 1992; Rao et al., 1993; Wang and Spector, 1995). Earlier studies from our
laboratory have shown that the chaperone-like' activity of o-crystallin in preventing
- aggregation of target proteins increases several fold at héat shock temperature (Raman and
Rao, 1994; Raman et al., 1995). In addition to its chaperone functions in vitro, the role of
oB-crystallin is well documented in many cellular events such as cell division, differentiation
and apoptosis (Kato et al., 1998; Ito ef al., 2001a; Bai et al., 2004; Kamradt et al., 2005).

Both ischemia and heat-stress cause extensive damage to the cytoskeleton that
includes collapse of the intermediate filament network, disruption of the microtubules,
- rearrangement and/or disorganization of actin microfilaments (Glass et al., 1985; Welch and
Suhan, 1985; Ganote and Vander Heide, 1987). It has also been observed that a brief
period of hyperthermia is associated with enhanced post-ischemic ventricular recovery in
rats (Currie et al., 1988). Interestingly, cardiac ischemia results in rapid translocation of aB-
crystallin from cytosolic pool to intercalated discs and Z-lines of the myofibrils (Golenhofen
et al., 1998), implicating its critical role in the protection of myocardium. A point mutation
(R120G) in aB-crystallin leads to its abnormal interaction with desmin and causes desmin-
related myopathies in the heart tissue (Vicart et al., 1998; Wang et al., 2001). Studies from
our Iabqratory as well as those of others have shown that reduced chaperone activity of
R120G-aB-crystallin, which might be the molecular basis for the observed pathology (Kumar

et al., 1999; Bova et al., 1999). Reducing aB-crystallin gene expression using anti-sense
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strategy leads to disrupﬁon of the actin microfilament network (lwaki et al., 1994), further
supporting'the important role played by this protein in the maintenance of microfilament
integrity and cellular survival. In addition to its regulation of microfilament stability, oB-
crystallin has also been shown to interact with microtubu’les and proteins of the intermediate
filament family and confer stability during conditions of stress (Perng et al., 1999; Fujita et

al., 2004). |

1

Disruption of the cytoskeleton and disaggrégation' of actin fibers are among the most
immediate effects of stress such as heat shock (Glass et al., 1985; Welch and Suhan,
1985). Stabilization of actin fibers under stress conditions, therefore, is one of the critical
requirements for survival. Moreover, several cellular processes, such as motility and
pinocytosis, involve extensive actin polymerization-depol)lkmerization (Theriot and Mitchison,
1991; Nakase ef al.,, 2004). aB-crystallin has been reported to interact with actin in vitro and
this interaction increases with increasing temperature (Bennardnm et al, 1992). However
the molecular mechanisms of interaction of oB-crystallin with actin filaments in vivo are not

clearly understood. B ;

) I
This chapter- describes our investigations on the role of aB-crystallin in stress

dependent alterations in actin dynamics. Since ocB-cry!staIIin is shown to have cardio-
protective role, we have chosen H9C2 rat cardiomyoblast cell line for our study. We find that
oB-crystallin associate with actin stress fibers upon heat stress. We have also investigated
the pinocytosis process, to probe the functional consequences of heat-induced alteration in
the actin polymerization-depolymerization process. Results provide interesting insight into
the interaction of aB-crystallin with filamentous actin in vivo. Our study suggests that aB-
crystallin has a major role in protecting cells from stress-induced damage and in the '

preservation of cellular architecture. |
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2.2 Materials and Methods

E
2.2.1 Antibodies and Reagents -

Rabbit polyclonal antibodies for aB-crysiallin, phosphoserine-59-aB-crystallin and
phosphoserine-45-oB-crystallin were obtained from Stressgen Biotechnologies, Canada;
monoclonal anti-HA antibodies and protease inhiibitor cocktail were procured from Roche
Applied Sciences, USA and FITC-dextran, Rho@iamine-phalloidin conjugates, Alexa-488-
conjugated secondary antibodies were obtained from Molecular Probes, Oregon, USA.
DMEM, fetal calf serum (FCS) and cytochalasin'B was purchased from Sigma Chemical
Company, USA. Lipofectamine-2000 was procured from Invitrogen, U.S.A. HRPO-
conjugated anti rabbit secondary antibodies and Enhanced Chemiluminescence (ECL)
western blot detection kit were obtained from Amersham Biosciences, U.S.A. Vectashield
mounting medium containing DAPI was purchased from Vector Laboratories, USA. Inhibitors
of p44-MAP kinase (PD098059) and p38-MAP kinase (SB202190) were obtained from
Calbiochem, EMB Biosciences Inc., Germany.

2.2.2 Cell Culture and Heat Treatment

HSC2, rat myoblast cell line was maintaiﬁed at sub-confluent densities in DMEM
supplemented with 10% FCS, penicillin (100 units/ml) and streptomycin (100 pg/ml) at 37 °C
in a humidified chamber containing 5% CO,. Cells 'grown in T75 flasks were incubated at 43
°C in a water bath for.different time points as indicated. Cells were lysed in 50 mM Tris-Cl,
pH 7.4, containing 50 mM NaCl, 5 mM EDTA, 1 n%M PMSF, 50 mM NaF, 0.2 mM Nas;VO,
0.2% NP-40 and protease inhibitor cocktail (lysis buffer). For immunoflourescence studies,
.HeC2 cells grown on cover slips were subjected fo heat shock at 43 °C for different time
intervals as indicated. For recovery, H9C2 celis éubjected to heat stress for 60 min were
incubated at 37 °C, in a humidified CO, incubator for different length of time. Cells were

fixed with 3.7% formaldehyde after each time point and processed for confocal analysis.
Primary cultures of neonatal rat ventricular myocytes (NRVMs) were prepared from

1—4-day-old Harlan Sprague-Dawley rats as described (Zechner et al,, 1997). Briefly, hearts
were dissected in DMEM/air; the apical two-thirds of the ventricles were dissected away
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from the atria. After mincing and washing the ver:tricles twice with air-compatible DMEM,
cells were isolated by multiple rounds of 10-min-long tissue dissociation with 0.001% trypsin.
After each incubation with trypsin, the supernatant was added to an equal volume of
DMEM/F-12 (1:1) containing 20% fefal bovine séru'm, and all of the supernatants were
combined. The cell suspénsion was filtered through 40 um gauge filters and plated on to
collagen coated petridishes or gelatin coated coverélips. NRVMs, grown on cover slips were
subjected td heat shock at 43 °C for 1 hr. For ;recovery, heat-stressed myocytes were
" incubated at 37 °C, in a humidified CO, incubator indicated time period. Cells were fixed with

3.7% formaldehyde after each time point and proce%sed for confocal analysis.

2.2.3 Plasmid and Transient Transfection

The plasmid pCDNA 3.1HA-3A oB-crystallin was a kind gift from Dr. C. Glembotski
(Morrison et al., 2003). HOC2 cells were grown on cover slips and transfected with HA-3A
aB-crystallin mutant using lipofectamine reagenf according to the manufacturer’s protocol.
The cells, 48 h post-transfection, were given heat shock (43 °C for 1 h) and fixed
immediately with 3.7% formaldehyde. These cells,were stained with rhodamine-phalloidin
for actin and with anti-HA mAb for HA-epitope.

2.2.4 Immunofluorescence Microscopy ;

- H9C2 cells were grown on cover slips andtgiven heat shock as described above.
Cells were then washed twice with ‘ice-cold cytoskeleton buffer (10 mM PIPES buffer, pH
7.0, containing 150 mM NaCI; 5 mM Glucose ar;d 5 mM MgCl,) and fixed with 3.7%
formaldehyde. For recovery, heat-stressed cells were kept at 37 °C in a humidified CO,
incubator. The fixed cells were permeabilized with 1I00% acetone at —20 °C for 8 min. After
blocking with 2% BSA, cells were incubated with rabbit aB-crystallin polyclonal antibodies
followed by incubation with Alexa-488 secondary an{ibody. For dual staining, the cells were
incubated with rhodamine-phalloidin conjugate for 1 h to visualize F-actin after
immunostaining for aB-crystallin. The cells were mOLImted in Vectashield medium containing
DAPI. Confocal laser scanning microscopy was performed on a Carl Zeiss inverted
microscope. Image analysis, including crossover subtractions and estimation of extent of co-

localization, was done using LSM-FCS software (Version 5).
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2.2.5 Immunoprecipitation

The immunoprecipitation experiments were perform_éd essentially as described
earlier (Wang et al., 2005). HI9C2 cells heat-stressed at 43 °C for 1 h, were lysed in 50 mM
Tris-HCI buffer (pH 7.4) containing 50 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM PMSF, 0.2
mM Na;VO,, 0.2% NP40, 10 % glycerol for 15 min at 4 °C an’d centrifuged at 14000 rpm for
10 min. The supernatant containing soluble proteins was collected separately. The pellet
was solubilized in 50 mM Tris-HCI buffer (pH 7.4) containing ‘1 50 mM NaCl, 5 mM EDTA, 50
mM NaF, 1 mM PMSF, 0.2 mM NazVO,, 0.2% NP40, 1 % SDS, 0.5 % Triton X-100, 10 %
glycerol and protease inhibitor cocktail (IP buffer). The supe:rnatant and proteins solubilized
from the pellet were incubated at 4 °C overnight with..' rabbit polyclonal ocB-brystallin
antibodies. Subsequently, protein-G magnetic beads were added to these samples and they
were incubated further for 4 h. The magnetic bead complex' was retrieved using a magnetic
separator kit (Bangs Laboratories Inc. USA). The immunoprecipitated complex was washed
thrice with ice cold IP buffer and suspended in Laemmli buffer. The samples were heated in
a boiling water bath for 5 min, subjected to SDS-PAGE ahd processed for western blotting

using appropriate antibodies.

2.2.6 F-actin Stability Test .
‘HIC2 cells, grown on glass cover slips, were incubated either at 37 °C or subjected
to heat stress at 43 °C for 1 h and further treated with cytlbchalasin B (3.0 pg/ml) for 15 min.
After treatment, the cells were immediately fixed with 3.7% formaldehyde, immuno-stained
using antibody specnflc for aB-crystallin and with rhodamlne -phalloidin conjugate for F-actin,
and analyzed by confocal microscopy. H9C2 cells not subjected to any of the above
treatments served as controls. Image analysis, mcludlng crossover subtractions and
estimation of extent of co-localization, was done using LSM-FCS software (version 5.0).

2.2.7 Treatment with Kinase Inhibitors _
H9C2 cells grown on glass cover slips, were treated either with 20 pM SB202190 (a

p38-MAP kinase inhibitor) or 50 uM PD098059 (a p44-MAP kinase inhibitor) for 18 h before

and during the heat treatment. Heat-stressed and control cells were fixed with formaldehyde
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for stalmng as descrlbed earlier. Concentrations of the vehicle, DMSO, used to dISSO|Ve the
|nh|b|tors did not have any significant effect on the stalnlng pattern.

I

!
. 2.2.8 SDS-PAGE and Western Blot AnaIyS|s‘

Heat-stressed and control cells were harvested and lysed in ice-cold lysis buffer,
sonicated and centrifuged at 14000 rpm for 10 min at 4 °C. The supernatant represents the
soluble fraction, and the pellet the insoluble proteinifraction. Total cell lysates were prepared
by solubulizing the cell pellet directly in Laemmli jbuffer. The total cell lysate, the soluble
fraction and the insoluble fraction were electrophcviresed on 12% SDS-polyacrylamide gels
and transferred to nitrocellulose membrane using a semi-dry transfer apparatus (Amersham
Pharmacia). The membrane was blocked with 10% milk protein, sequentially incubated with
appropriate primary antibodies and HRPO-conjugaged secondary antibodies,' and visualized
by chemiluminescence (Amersham Biosciences, USA) as per the manufacturer's

instructions. l

2.2.9 Pinocytosis Analysis _

HSC2 cells were grown on glass cover slips:. Unstressed or heat-stressed (43 °C for
1 h) H9C2 cells were treated V\;ith ’cytochalasin;‘B (3.0 png/ml for 15 min) and further
incubated with FITC-lysine dextran particles (10 mg/mi for 20 min). Unstressed or heat-
stressed HOC2 cells were directly incubated with FITC-lysine dextran served as controls.
The cells were then fixed with 3.7% formaldehyde and incubated with Hoechst-33258 for
staining nuclei. Uptake of FITC-lysine dextran was vﬂisualized.by confocal microscopy.
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2.3 Results

2.3.1 Differential partitioning of aB-crystallin under heat stress

In order to investigate the partitioning ?f oB-crystallin between the soluble, cytosolic

and the insoluble, cytoskeletal fractions upon heat shock; we have incubated H9C2 cells at

43 °C for 15, 30, 45, 60 or 75 min. The cells were lysed, the soluble and insoluble fractions

separated and the levels of aB-crystallin determined by western blotting. We observed an

increase in the level of aB-crystallin in the total cell lysate as the duration of heat shock

increased (Figure 2.1A and D). When we analyzed the soluble and insoluble fractions of the

cell lysates, aB-crystallin was found to be present in both the fractions.
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Figure 2.1. Western blot analysis to
demonstrate the differential
partitioning of aB-crystallin in
HI9C2 cells during heat stress.
HI9C2 cells, unstressed (0 min) or
heat stressed at 43 °C for 15 min, 30
min, 45 min, 60 min or 75 min were
lysed and fractionated into soluble
and insoluble fractions as described in
Materials and Methods. (A) Total cell
lysate, (B) the soluble fraction, and
(C) the insoluble fraction were
immunoblotted for aB-crystallin. Lane
oB shows the band corresponding to
recombinant aB-crystallin that served
as a positive control. B-Tubulins as
loading controls are also shown. (D)
Graphic  representation of band
intensities of aB-crystallin from total
cell lysates (o), soluble (A) and
insoluble fractions (m) of unstressed
and heat-stressed H9C2 cells,
guantified by densitometry.
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While we observed a decrease in the level of aB-crystallin in the soluble fraction as

the duration of heat shock increased (Figure 2.1B and D), we found a gradual increase in its

level in the insoluble fraction (Figure 2.1C and D).

2.3.2 aB-crystallin forms strands upon heat treatment

Since aB-crystallin increasingly partitioned to the insoluble fraction after heat stress,
we analyzed its localization by confocal microscopy. Figure 2.2A shows that in unstressed
HIC2 cells, aB-crystallin is predominantly found in the cytoplasm with almost no staining in
the nucleus. After heat stress for 1 h (0 h recovery), aB-crystallin exhibits strand-like
morphology in the cytoplasm and also migrates into the nucleus (Figure 2.2B). The
formation of strands in the cytoplasm as well as the translocation of aB-crystallin into the
nucleus seems to be reversible upon recovery. After 3 h of recovery, aB-crystallin is found

to be uniformly distributed in the cytosol as well as in the nucleus (Figure 2.2C).

Unstressed cells Ohr recovery

3hr recovery 6hr recovery

oB-crystallin

Figure 2.2. Immunolocalization of aB-crystallin upon heat stress. H9C2 cells, grown on
coverslips were (A) unstressed or (B) subjected to heat stress at 43 °C for 60 min. The heat-
stressed cells were allowed to recover at 37 °C for a period of (C) 3 h or (D) 6 h. (A)—(D)
represent cells fixed in 3.7% (v/v) formaldehyde and immunostained using oB-crystallin-
specific antibodies; (A')—(D') show the nuclei counterstained with DAPI. The scale bar
represents 10 um.
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However, 6 h after recovery, most of the aB-crystallin translocates from the nucleus
to the cytosol (Figure 2.2D). Our results showing that aB-crystallin partitions into the
insoluble fraction (Figure 2.1) and forms fiber-like morphology upon heat stress (Figure

2.2B) suggest that aB-crystallin might associate with cytoskeletal proteins.

2.3.3 aB-crystallin associates with actin filaments in vivo upon heat stress

The actin microfilament network is an early target of cellular stress. It forms transient
stress fibers, which disappear when the stress is released. It is likely that sHSPs such as
aB-crystallin may contribute to the regulation of actin dynamics under normal and stressful
conditions. We performed dual staining of HOC2 cells for aB-crystallin and actin after heat
stress for various periods of time rahging from 15 min to 75 min and analyzed the extent of
their co-localization by confocal microscopy. In unstressed cells, aB-crystallin is uniformly
distributed in the cytosol and shows 23 % co-localization with actin fibers (Figure 2.3A). As
the duration of heat stress increases, we observe increased fiber-like morphology of aB-
crystallin as well as its increased co-localization with actin stress fibers (Figure 2.3C-F).
After 75 min of heat stress, the extent of co-localization increased to 86 % (Figure 3F). At
the earliest time point of heat stress studied (15 min), aB-crystallin also shows translocation
into the nucleus (Figure 2.3B). Similar experiments were performed with primary cultures of
neonatal rat ventricular myocytes (NRVMs). Under unstressed condition, aB-crystallin was
found exclusively in the cytoplasm of NRVMs (Figure 2.4A). Interestingly, aB-crystallin
exhibits strand-like appearance in the cytosol upon heat stress in these differentiated cells
as well (Figure 2.4B). The cut mask panel shows the co-localized image of green and red
pixels at the same point (Figure 2.4). Hence our data suggest that the nature of aB-crystallin
is similar in both cardiomyoblasts (undifferentiated) as well as cardiomyocytes
(differentiated). Arguably, it is important to note here that in differentiated cells, aB-crystallin
does not migrate to the nucleus upon heat stress. Earlier studies from our laboratory have
shown that aB-crystallin, which is mostly present in the cytoplasm, migrates to the nucleus
upon stress, where it plays an important role in the stabilization of the nucleo-skeletal
assembly (Adhikari et al., 2004).
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aB-crystallin Actin Merged

60min. HS 45min. HS 30min. HS 15min. HS Unstressed cells

75min. HS

Figure 2.3. Co-localization of aB-crystallin with actin fibers in H9C2 cells. HOC2 cells,
(A) unstressed or heat-stressed at 43 °C for (B) 15 min, (C) 30 min, (D) 45 min, (E) 60 min,
or (F) 75 min were fixed with 3.7% (v/v) formaldehyde, permeabilized with chilled acetone
and stained for aB-crystallin or for actin fibers. (A)—(F), represent aB-crystallin, shown in
green and (A")—(F'") actin fibers, shown in red. Merged panels show the overlays of confocal
images of dual-stained cells in a single optical section of 0.3 um. The scale bar represents
10 um. The extent of co-localization was quantified using LSM-FCS software (version 5.0).
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Figure 2.4. Co-localization of aB-crystallin with actin fibers in NRVMS. Neonatal rat
ventricular cardiomyocytes, grown on coverslips were (A) unstressed or (B) subjected to
heat stress at 43 °C for 60 min. The heat-stressed cells were allowed to recover at 37 °C for
a period of (C) 3 h, (D) 6 h or (E) 9 h. (A)—(E) represent cells fixed in formaldehyde,
permeabilzed with chilled acetone and immunostained using oB-crystallin-specific
antibodies; (A")—~(E'"), actin fibers shown in red. Merged panels show the overlays of confocal
images of dual-stained cells in a single optical section of 0.3 yum. Cut mask panel shows the
colocalized region of green and red staining. The scale bar represents 10 yum. The extent of
co-localization was quantified using LSM-FCS software (version 5.0).
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Figures 2.2 and 2.3 show fiber-like morphology of aB-crystallin and its co-localization
with actin filaments in the cytoplasm upon stress. In this chapter, we have investigated the
importance of this association of aB-crystallin with actin filaments and its role in the

organization of cyto-skeletal assembly.

The increased partitioning of aB-crystallin upon heat-stress to the insoluble fraction
and its co-localization with actin filaments suggest that it may interact with actin under these
conditions. We have subjected H9C2 cells to heat-stress at 43 °C for 1 h, lysed and
performed immunoprecipitation using antibodies to aB-crystallin both in the soluble and
insoluble fractions. Immunoblot analysis of this complex using antibody to actin (Figure 2.5,
Upper Panel) shows detectable levels of actin in the soluble fraction of heat-stressed H9C2

cell lysates.

Figure 2.5. Immunoblot showing

the interaction of aB-crystallin P aB-Crvstall Heat Stressed
with actin. Lysates from heat- :aB-Crystallin

stressed H9C2 cells  were Sup Peliot
fractionated into soluble and '
insoluble fractions. Proteins from

the insoluble fraction solubilized in IB:Actin
IP buffer (as described in Materials
and Methods), and the soluble
fraction were incubated with rabbit
polyclonal aB-crystallin antibodies
at 4 °C for 8 h. Subsequently, they
were incubated with protein-G
magnetic beads for 4 h. The
proteins from the
immunoprecipitated complexes
were separated by SDS-PAGE (12% polyacrylamide gel) and transferred onto Nitrocellulose
membrane. The membranes were immunoblotted with monoclonal actin antibodies (upper
panel) or with monoclonal oB-crystallin antibodies (lower panel). Lane 1 shows bands from
the soluble fraction and lane 2 shows the bands from the insoluble fractions.

IB:aB-crystallin

Interestingly, the band intensity of actin in the immunoprecipitated complex from the
insoluble fraction was significantly higher. Similarly, the oB-crystallin band was hardly
detectable from the immunoprecipitated complex of the soluble fraction. As expected, the

band intensity of aB-crystallin in the immunoprecipitated complex from the insoluble fraction

34



Chapter 2: Association of aB-crystallin with Filamentous actin

was significantly higher, suggesting the interaction of aB-crystallin with actin (Figure 2.5,

Lower Panel).

2.3.4 Differential phosphorylation aB-crystallin upon heat stress

aB-crystallin is known to get phosphorylated at three serine residues (19, 45 and 59)
in vivo and the extent of phosphorylation increases under conditions of stress (Smith et al.,
1992; Ito et al., 1997; Hoover et al., 2000). aB-crystallin has also been shown to regulate
actin polymerization-depolymerization dynamics and stabilize them in a phosphorylation-
dependent manner in vitro (Wang and Spector, 1996; Wieske et al., 2001). In order to
understand the role of the phosphorylation status of aB-crystallin in its interaction with actin
filaments, we have analyzed the soluble and insoluble fractions after heat stress for different
intervals of time. Using antibodies specific for Ser-59-phosphorylated oB-crystallin, we
observed that the level of Ser-59-phosphorylated oB-crystallin increases 3.4 fold in the
soluble fraction till 30 min of heat shock and gradually decreases thereafter (Figure 2.6A
and C). On the other hand, the level of Ser-59-phosphorylated a.B-crystallin in the insoluble
fraction remains more or less constant until 30 min of heat stress and increases significantly
from 45 min to 75 min (Figure 2.6B and C), the increase in the insoluble fraction being 2.8
fold at 75 min of heat shock.

Western blot analysis of Ser-45-phosphorylated aB-crystallin in the soluble fraction
showed a gradual decrease and it reduced to 0.76 fold after 30 min of heat shock (Figure
2.7A and C), while its level in the insoluble fraction increased to 1.8 fold till about 60 min of
heat stress after which there was a marginal decrease (Figure 2.7B and C). These results
suggest that aB-crystallin gets differentially phosphorylated at different serine residues and

may influence its association with actin stress fibers.
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Figure 2.7. Western blots of Ser-
45 phosphorylated aB-crystallin
in the soluble and the insoluble
fractions from lysates of
unstressed and heat-stressed
H9C2 cells. The soluble and
insoluble fractions from lysates of
unstressed H9C2 cells, or heat-
stressed at 43 °C for 15 min, 30
min, 45 min, 60 min or 75 min were
isolated as described earlier.
Western  blots show  Ser-45-
phosphorylated aB-crystallin in (A)
the soluble and (B) the insoluble
fractions. The B-tubulin bands as
loading control are also shown.
Figure 2.7C shows the graphic
representation of band intensities
as quantified by densitometry.
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Figure 2.6. Western blots of
Ser-59 phosphorylated oB-
crystallin in the soluble and
the insoluble fractions from
lysates of unstressed and

heat-stressed H9C2 cells.
The soluble and insoluble
fractions from lysates of

unstressed HI9C2 cells, or heat-
stressed at 43 °C for 15 min,
30 min, 45 min, 60 min or 75
min  were harvested as
described earlier. Western
blots show Ser-59-
phosphorylated oB-crystallin in
the soluble (A) and the
insoluble (B) fractions. The B-
tubulin  bands as loading
control are also shown. Figure
26C shows the graphic
representation of band
intensities as quantified by
densitometry.
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2.3.5 Association of aB-crystallin with actin filaments during heat stress

depends upon its phosphorylation

In order to study the role of phosphorylation of aB-crystallin in its association with
actin stress fibers, we have transiently transfected H9C2 cells with a HA-tagged non-
phosphorylatable mutant of aB-crystallin (the three serine residues are substituted by
alanine). Our data shows that the distribution of the 3A-mutant is similar to that seen for wild
type aB-crystallin in unstressed cells (Figure 2.8A). However, unlike wild type aB-crystallin,
the 3A-mutant fails to co-localize with actin stress fibers even after heat stress for 60 min
(Figure 2.8B). Thus, phosphorylation of oB-crystallin appears to be important for its

association with actin stress fibers.

oB-crystallin Actin Merged

WO HS+3A-Tfd

HS+3A-Tfd

Figure 2.8. Phosphorylation status of aB-crystallin affects its association with actin
fibers. H9C2 cells grown on glass coverslips were transfected with a non-phosphorylatable
HA-3A-mutant of aB-crystallin. The transfected cells, either unstressed or heat-stressed at
43 °C for 60 min, were fixed and stained with anti-HA antibodies for the mutant aB-crystallin
and with rhodamine-phalloidin for actin fibers. (A) and (A') Staining for the HA-epitope and
actin fibers in unstressed cells. (B) and (B'), the staining pattern for the HA-epitope and actin
fibers in cells subjected to heat-stress. Merged panels show the overlays of confocal images
of dual-stained cells in a single optical section of 0.3 um. The scale bar represents 10 um.
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We have also used specific inhibitors of the p44 (PD98059) and p38 (SB202190)
MAP kinases that have earlier been shown to be involved in the site-specific
phosphorylation of Ser-45 and Ser-59 residues respectively (lto et al., 1997). Our results
show that inhibition of phosphorylation at Ser-59 (Figure 2.9A) as well as Ser-45 (Figure
2.9B) of aB-crystallin almost completely inhibits its association with actin stress fibers. Thus
our study suggests that the association of aB-crystallin with actin filaments is
phosphorylation-dependent, and that phosphorylation of both Ser-45 and Ser-59 is essential

for this association.

-ﬂn ¢

Figure 2.9. Effect of MAPK inhibitors on the association of aB-crystallin with actin
fibers. H9C2 cells were treated with SB202190 (p38 MAPK inhibitor) or PD098059 (p44
MAPK inhibitor) for 18 h and later subjected to heat stress at 43 °C for 60 min and fixed with
3.7% (v/v) formaldehyde permeabilized and stained with rabbit polyclonal antibodies for o.B-
crystallin and with rhodamine-phalloidin for actin fibers. (A) and (B) The staining pattern for
oB-crystallin or (A') and (B') for actin after treatment of cells with SB202190 and or
PD098059, respectively. Merged panels show the overlays of confocal images of dual-
stained cells in a single optical section of 0.3 um. The scale bar represents 10 um.
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Importantly, pretreatment of cells with MAPK inhibitors, and subsequently subjected
to heat stress followed by cytochalasin B treatment led to disorganization of actin
microfilaments (Figure 2.10). This data further corroborates our finding that the non-

phosphorylated oB-crystallin does not associate with filamentous actin and phosphorylation
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is essential for the association of aB-crystallin with F-actin (Figure 2.10). As shown in figure
2.10A’ and B’, inhibition of phosphorylation of aB-crystallin using specific inhibitors leads to
cytochalasin B-induced disorganization of F-actin even in heat-stressed cells. Further, the
fiber-like appearance of aB-crystallin was not observed in the heat-stressed cells suggesting
that the fiber morphology of aB-crystallin was due to the decoration of aB-crystallin along
the actin fibers. Our data also indicates that the association of phosphorylated aB-crystallin
with F-actin is protective in nature and prevents the depolymerization of F-actin during heat
stress.

uB-crystallin Actin Merged DAPI
| ;

Figure 2.10. Effect of MAPK inhibitors on the association of aB-crystallin with actin
fibers. H9C2 cells were treated with SB202190 (p38 MAPK inhibitor) or PD098059 (p44
MAPK inhibitor) for 18 h and later subjected to heat stress at 43 °C for 60 min and followed
by treatment with cytochalasin B (3 pg/ml). Cells were fixed with 3.7% (v/v) formaldehyde
permeabilized and stained with rabbit polyclonal antibodies for aB-crystallin and with
rhodamine-phalloidin for actin fibers. (A) and (B) The staining pattern for aB-crystallin or (A")
and (B') for actin after treatment of cells with SB202190 and PD098059, respectively
followed cytochalasin B treatment in heat-stressed cells. Merged panels show the overlays
of confocal images of dual-stained cells in a single optical section of 0.3 um. The scale bar
represents 10 um

SB+HS+cytoB

PD+HS+CytoB

2.3.6 Functional significance of aB-crystallin association with actin filaments

We have earlier shown that oaB-crystallin stabilizes actin microfilaments by

associating with them and hence prevent their disorganization. To investigate the functional
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significance of this association, we treated unstressed or heat-stressed HI9C2 cells with
cytochalasin B (3.0 ug/ml), an inhibitor of actin polymerization, and studied its effect on the
association of aB-crystallin with actin stress fibers. In unstressed cells, aB-crystallin has
cytoplasmic localization (Figure 2.2A and 2.11A). Figure 2.11B shows that actin stress fibers
are significantly reduced in H9C2 cells not subjected to heat stress but treated with
cytochalasin B. Under these conditions, the degree of co-localization of aB-crystallin with

actin is minimal.

«B-crystallin Actin Merged DAPI

Unstressed

W/O HS+Cyto B

HS+Cyto B

Figure 2.11. Effect of cytochalasin B, on the association of aB-crystallin with actin
fibers. H9C2 cells, unstressed or heat stressed at 43 °C for 60 min, were subsequently
incubated with 3 ug/ml of cytochalasin B for 15 min, fixed with 3.7% (v/v) formaldehyde,
permeabilized and stained for aB-crystallin (A)—(C) or for actin fibers (A")—(C'). Merged
panels show the overlays of confocal images of dual-stained cells in a single optical section
of 0.3 um. The scale bar represents 10 um.

On the other hand, when the cells are subjected to heat stress and then treated with

cytochalasin B, cells retain stress-fiber morphology and also show significant association
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with aB-crystallin (Figure 2.11C). Thus, our results suggest that aB-crystallin prevents heat-

induced disorganization and helps in the maintenance of filamentous architecture of actin.

2.3.7 Pinocytosis Analysis

The results obtained so far demonstrate that association of aB-crystallin with actin
stress fibers protects the cytoskeletal network and prevents heat-induced damage to the
cells. Cellular processes like pinocytosis and cell motility involve extensive polymerization
and depolymerization of actin microfilaments (Theriot and Mitchison, 1991; Nakase et al.,
2004). We, therefore, investigated the possible role of aB-crystallin in regulating
physiological activities such as pinocytosis during heat stress as reflected by the uptake of
FITC-dextran particles (Klein and Satre, 1986). Cytochalasin B treatment is known to
dissociate actin polymers and hence interfere with several physiological activities including

pinocytosis (Wagner et al., 1997).

Unstressed Heat stress WO HS+Cyto B HS+Cyto B
.
..
Figure 2.12. Role of aB-crystallin in pinocytosis. Pinocytosis in HOC2 cells was studied
by the uptake of FITC-lysine dextran particles and visualized by confocal laser microscopy.
H9C2 cells, (A) unstressed and (C) treated with 3.0 ug/ml of cytochalasin B for 15 min or (B)
heat-stressed at 43 °C for 60 min and (D treated with cytochalasin B were subsequently
incubated with 10 mg/ml of FITC-lysine dextran for 20 min. The cells were fixed with 3.7%

(v/v) formaldehyde and analyzed by confocal microscopy. (A')—(D') The nuclei stained with
Hoechst 33258. The scale bar represents 10 um.

FITC-Dextran

Hoechst
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Unstressed H9C2 cells, when incubated with FITC-lysine dextran, a significant
number of dextran particles were observed in the cytoplasm of the cell, indicating the uptake
of the FITC-lysine dextran particles (Figure 2.12A). The uptake of the FITC-dextran particieé
in heat-stressed was increased to ~1.57 fold in comparison to normal unstressed cells
(Figure 2.12B). Interestingly, unstressed cells when treated with cytochalasin B, the uptake
of FITC-lysine dextran was decreased to approximately 0.54 fold (Figure 2.12C and Table
2.1) compared to that by normal, untreated cells (Figure 12A). Importantly, the uptake of
FITC-particles in cells subjected to heat stress and subsequently treated with cytochalasin B °
was 1.4 fold (Table '2.1), showing no significant decrease (Figure 2.12D) in comparison to

heat-stressed cells.

Table 2.1: Uptake of FITC-dextran particle by HOC2 cells

Treatments Total fluorescence Fold difference from

Intensity unstressed cells
Unstressed cells 392.75 1.00
Heat stressed cells 618.7 1.57
Unstressed |
Cytochalasin B-treated : 214.8 0.54
cells :
Heat Stressed _
Cytochalasin B-treated 551.25 14

cells

Thus, the enhanced associatioh of aB-crystallin with actin fibers in heat-stressed
H9C2 cells reduces the inhibitory effects of cytochalasin B on pinocytosis. Our results,
therefore, suggest that in addition to protecting the organization of the cytoskeletal network,
the association of oB-crystallin with actin fibers also helps in maintaining the functional

integrity of cells subjected to stress.

42



Chapter 2: Association of aB-crystallin with Filamentous actin

2.4 Discussion

oB-crystallin, a member of small heat shock protein family, has been implicated in
prevention of aggregation of non-native proteins and also in several diverse cellular
functions such as cell division, differentiation and apoptosis (Wang and Spector, 1995;
Raman et al.,, 1995; Itb et al., 2001a; vBai ét al., 2_004; Kamradt et al., 2005). Studies have
shown that oB-crystallin interacts with proteins of cytoskt_életon and modulates their
dynamics in vitro and in vivo (Djabali et al., 1997; Perng et al., 1999). The association of oB-
crystallin with cytoskeletal proteins alters under conditions of stress and helps in
maintenance and regulation of their dynamics (Nicholl and Quinlan, 1994). Actin, a
cytoskeletal protein, is highly susceptible to stressors such as heat stress and acidic
environrhent.(GIass et al., 1985; Ganote and Vander Heide, 1987). Bennardini et al. (1992)
demonstrated that aB-crystallin could interact with actin and desmin filaments in vifro and.
their binding -affinity increases after heat treatment. However, such interaction of oB-
crystallin with actin filaments in vivo and the consequences of this interaction in stress
protection are not clearly understood. Here, we report the in vivo interaction of aB-crystallin
with actin filaments, temporal changes during heat stress and its protective role. We find that
this interaction of oB-crystallin prevents heat-induced disorganization of actin filaments.
Thus, our results suggest an important role for aB-crystallin in the maintenance of cellular

functions such as pinocytosis.

Our present data together lends further support to the view that aB-crystallin plays a
significant role in protection of the cytoskeletal organization. Figure 2.1 shows the differential
partitioning of aB-crystallin into soluble and insoluble 'fraction in a time-dependent manner;
under conditions of stress aB—cryétaIIin preferentially partitions into insoluble fraction. Dual
staining confocal image analysis shows that aB-crystallin appears as cytoplasmic strénds
and aligns with actin stress fibers (Figure 2.2 and Figure 2.3). The formation of strands in
the Cytoplasm upon heat streés and the co-localization of oB-crystallin with actin filaments
~ clearly demonstrate its association with cytoskletal elements in vivo. Further,
immunoprecipitation experiments have shown that aB-crystallin interacts with actin filaments
(Figure_2.5). Earlier studies have shown that the interaction of oB-crystallin with actin

filaments in vitro is phosphorylation-dependent (Wang and Spector,‘ 1996).
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Phosphbrylation of aB-crystallin seems to play a major role in its.!ocalization,
“interaction with target proteins and its cellular functions (Morrison et al, 2003; den
Engelsman et al.,, 2004; den Engelsman et al.,, 2005). Western blot analysis using Ser-59
and Ser-45 phospho-specific antibodies show that heat stress leads to phosphorylation of
these residues. Interestingly, we observéd stress-induced temporal changes in the
partitioning of phosphorylated oB-crystallin from soluble to insoluble fractions, the
partitioning being dependent on the phosphorylation of serine-59 and 45 residues (Figure
2.6 and Figure 2.7). This data suggests that upon stress, aB-crystallin gets phosphorylated
at Ser-59 residues and subsequently it binds to actin filaments thereby depleting its
concentration in the soluble fraction. On the other hand, concentration of «B-crystallin
phosphorylated at Ser-45 decreases gradually in the soluble fraction while in the insoluble
fraction it increases till 45 min and decreases thereafter. The reason for the observed
decrease in Ser-45 phosphorylated aB-cfystallin from the insoluble pool is not clear.
Phosphorylation of serine residues is necessary for aB-crystallin binding to actin. In
contrast, phosphorylation of HSP27 leads to its dissociation from actin (Miron ef al., 1991).
Further studies are necessary to investigate whether dephosphorylation of aB-crystallin
might have any role in its dissociation from the actin. Phosphorylation leads to extensive
redistribution of aB-crystallin upon heat stress in a time-dependent manner. It appears that
phosphorylation at Ser-45 or Ser-59 is essential for its interaction with actin fibers, since
inhibition of phosphorylation at either of these sites using specific inhibitors, abrogates this
interaction. Inhibition of aB-crystallin'phosphorylation by MAP. kinase inhibitors (SB202190
and/or PD98059) may affect other proteins as well and could indirectly result in the failure of
oB-crystallin to localize with stress fibers. The fact that non-phosphorylatable 3A-oB-
crystallin fails to associate with actin filaments even in the absence of MAP kinase inhibitors,
suggests that the association of aB-crystallin with actin is phosphorylation-dependent
(Figure 2.8 and Figure 2.9). It is possible that phosphorylation makes aB-crystallin
competent to associate with actin filaments. Interestingly, we also observed that both
phosphorylated aB-crystallin and the 3A mutant exhibit similar oligomeric size (lower than
oB-crystallin) in a glycerol density gradient centrifugation using H9C2 cell lysates (data not
shown). This result implies that change in size per se is not sufficient for the association of
aB-crystallin with actin filament. Rather, it appears that phosphorylation and hence its
effects, if any, on the local conformation rhay be important for such interaction. Our studies

also show that oB-crystallin protects the filamentous architecture of actin fibers from
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cytochalasin B-induced depolymerization (Figure 2.11). This protection seems to be
phosphorylation-dependent as upon treatment of cells with p38/p44 MAP kinase inhibitors,
the cellular architecture is lost and very few actin filaments were seen (Figure 2.10). Launay
- et a/. (2006) have reported that treatment of cells with agents that disturb cytoskeleton can
lead to activation of p38 MAPK and phosphorylation of Ser-59 residue of aB-crystallin,
which in turn protects the cytoskeleton. Similar results have been shown for HSP27, where
the regulation of the F-actin dynamics is}p38 MAP kinase-depedent (Guay et al., 1997);
whether these two sHSP function in a coordinated or independent manner is not yet clear. It
has also been shown that aB-crystallin interacts with microtubule associated proteins and
protects the microtubules from nocodazole- or calcium-induced disassembly (Fujita et al.,
2004). We speculate- that aB-crystallin might form a coat around F-actin and prevent
cytochalasin B-induced disorganization of the actin stress fiber architecture. Stress fiber
formation and membrane ruffling are associated with increased pinocytosis, an essential
cellular function (Bar-Sagi and Feramisco, 1986; Chow et al., 1998). We have investigated
the effect of heat stress and cytochalasin B in the pinocytotic process. We find that
unstressed, cytochalasin B-treated cells show dramatically reduced pinocytosis compared to
heat preconditioned, cytochaiasin B-treated cells as reflected by the ‘uptake FITC-dextran
particle (Figure 2.12). Heat stress effects on pinocytosis have been shown for other cells
such as B}-cells' and dendritic cells. In these cells increased pinocytosis leads to increased
antigen presentation (Cristau et al.; 1994). Pinocytosis plays a significant role in nutrient and -
drug uptake in several types of cells (Jirmanova et al., 1977; Van Deurs and Nilausen,
1982). Our studies suggest that oB-crystallin maintains the cellular architecture by
stabilizing actin stress fibers and helps in the preservat-ion of functional integrity of HOC2

cells subjected to heat. Altered physico-chemical properties and dynamics of actin filaments
| can lead to acute myocardial infarction and heart failure (Nishida et al., 1987). Hence
association of aB-crystallin with actin stress fibers may perform a crucial role in maintaining
structural and functional integrity of cardiac tissue and help in prevention of myocardial cell
death.
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3.1 Introduction

oaB-Crystallin, a member of the small heat shock protein (sHSP) family, originally
thought to be a lenticular protein, is expressed in several non-lenticular tissues such as
brain, heart and kidney (Bhat ahd Nagineni, 1989; Klemenz et al., 1991). oB-Crystallin acts
as a molecular chaperone and prevents the stress-induced aggregation of target proteins
(Horwitz, 1992; Rao et al., 1993; Raman and Rao, 1994, Wang and Spector, 1995). Studies
from our laboratory have shown that aB-crystallin undergoes structural alteration and
display enhanced chaperone activity at higher temperature (Raman and Rao, 1994; Raman
et al., 1995). We have shown that in heat-stressed C2C12 myoblasts, aB-crystallin migrates
to the nucleus where it colocalizes with lamins and SC-35 (Adhikari et al., 2004). Our recent
finding using H9C2, rat cardiomyoblasts, show that aB-crystallin associates with filamentous
actin during heat-stress (Singh et al., 2007). The association of oB-crystallin with
cytoskeletal and nucleoskeletal proteins suggests its cytoprotective function under
~ conditions of stress. In addition to its chaperone functions, aB-crystallin has been shown to
play an important role in many cellular events such as proliferation, differentiation and
apoptbsis (Kato et al., 1998; Ito et al., 2001a; Bai et al., 2004a; Kamradt et al., 2005).

Muscle differentiation is a dynamic process, which is characterized by the
proliferation of myoblasts, followed by the cell-cycle arrest and terminal differentiation into
multi-nucleated mature muscle fiber (Clegg et al., 1987; Lassar et al., 1994). In the normal
prolifefating condition, myoblasts express significant amount of aB-crystallin as well as other
sHSPs such as HSP27, HSPB2/B3, and HSPB6 (p20) (Boelens et al., 1998; Sugiyama et
al., 2000). These sHSPs are shown to form Idifferent complexes during muscle differentiation
and are involved in myogenic differentiation and maintenance (Sugiyama et al, 2000).
During muscle differentiation, the expression of SHSPs such as oB-crystallin, MKBP/HSPBZ
and HSPB3 are induced and their expression has been shown to be under the control of
MyoD (Sugiyama et al., 2000). Interéstingly the increase in expression of other sHSPs
during the muscle differentiation procesé is not as high as that of aB-crystallin; while the
level of HSP27 gets up-regulated by 3-fold; that of aB-crystallin is enhanced by 10-fold (Ito
et al., 2001a). Importantly, knockouf studies show that mice lacking aB-crystallin have lower
muscle mass (Brady et al., 2001). A point mutation in aB-crystallin, R120G is known to be

associated with desmin related myopathy (DRM), where it forms aggregates with the desmin
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intermediate filaments (Vicart ef al, 1998; Sanbe et al., 2004). Ali these findings clearly

demonstrate the critical role of aB-crystallin in muscle differentiation and its maintenance.

The regulation of skeletal muscle diffefentiation is essential for the normal
development and any alterations in this process may lead to pathological conditions such as
muscular dystrophies and inflammatory myopathies (Lundberg and Dastmalchi, 2002;
Ferrari and Mavilié, 2002). Skeletal muscle differentiation is regulated by sequential and
coordinated expression of a family of muscle-specific basic helix-loop-helix (bHLH) '
transcription factors called as Muscle Regulatory Factors (MRFs), which include MyoD,
Myf5, myogenin and MRF4 (Weintraub, 1993). When ectopically expressed, these MRFs
have unique property of converting non-muscle cells into muscle lineage (Weintraub et al,
1989; Choi et al, 1990). It is shown that mice lacking myogenin fail to terminally
differentiate, whereas MRF4 is required for the proper maintenance of the differentiated
myotubes (Hasty et al, 1993; Kassar-Duchossoy et al, 2004). MyoD and Myf5 are
expressed in the proliferating undifferentiated myoblasts and are shown to be involved in the
specification of myogenic lineage (Braun and Arnold, 1996). MyoD is also required for the
healthy self-renewing proliferation of adult skeletal muscle satellite cells (Megeney et al.,
1996). Mice deficient in MyoD have severe impairment in their ability to regenerate muscle
tissue after tissue injury (YabIohka-Reuveni et al., 1999; Cooper et al., 1999). MyoD, upon
activation, induces cell cycle arrest by enhancing the p21 promoter activity (Halevy et al.,
1995). Terminal cell cycle arrest is coupled to muscle differentiation and is required for the
activation of ‘muscle-specific gene expression (Maione and Amati, 1997; Walsh and
Periman, 1997). Exit from the cell-cycle, therefore, is critical for the muscle differentiation
program. Another important parameter that governs myogenesis is the ability of myoblasts
to survive during differentiating conditions. Kamradt et al., (2002), have shown that aB-
crystallin protects myoblasts by preventing the activation of caspase-3 during differentiation.
Various studies have reported that aB-crystallin binds to p24 (a pro-active caspase-3) upon
TNF-a treatment (Kamradt et al., 2001). Recently, our laboratory has demonstrated that
over expression of aB-crystallin in C2C12 cells protects them from TNF-a induced
cytotoxicity by enhancing the activity of NF-«xB, an ubiquitous transcription factor
(unpublished data). The activation of NF-xB by aB-crystaﬂin is intriguing as NF-xB is known
to control cell prbliferation and differentiation through the transcriptional regulation of cyclin
D1 (Guttridge et al., 1999). The cyclic expression- of cyclin D1 regulateé cell division by
complexing with cdk4/6, which further phosphorylates and inactivates pRB at the G1/S
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transition (Kato et al., 1993a; Resnitzky et al., 1994). It is found that the over-expression of
cyclin D1 results in an inhibition of MyoD-dependent transcription and decrease in p21
expression (Rao et al., 1994; Skapek et al., 1995). Thus, it appears that the decision to
differentiate relies on the cross-talkk between MyoD and cell-cycle signaling pathways.
"~ Whether aB-crystallin, by modUIating NF-kB activity, alters cyclin D1 profile and thereby
influences the muscle differentiation program needs to be investigated. Recently Di Carlo et
al., (2004) have shown that hypoxia leads to inhibition of muscle differentiation through
accelerated degradation of MyoD protein. It i_s important to note that during hypoxic
condition, aB-crystallin levels goes up by many folds and it also exhibits protective function
(Tumminia and Russell, 1994; Nefti et al., 2005). It is not clear if the increased level of oB-
crystallin modulates the differentiation process during hypoxic condition? In addition, it is
recently shown that over-expression of aB-crystallin using adeno-viruses leads to defects in
myogenesis (lkeda et al,, 2006). All these reports are suggestive of important role for oB-
crystallin in the myogenic differentiation. The molecular mechanis'ms of its involvement in
muscle differentiation, however, are hOt understood. |

This chapter describes our investigations on the role of aB-crystallin in muscle
differentiation using C2C12, mouse myoblasts as a model system. We demonstrate that the
regulation of aB-crystallin is critical for proper myogenesis. We find that aB-crystallin delays
the muscle differentiation process to a significant extent. Our study suggests that the delay
in the differentiation seems to be the combined effect of alteration in cell-cycle exit and
mbdulation of myogenic regulator, MyoD.
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3.2 Materials and Methods

3.2.1 Antibodies and Reagents ]

DMEM, Fetal Calf Serum (FCS), DMSO, MTT and mouse monoclonal anti-Flag
antibodies were purchased from (Sigma Chemical Company, USA). Cycloheximide, MG132,
rabbit polyclonal anti-Ubiquitin antibodies were obtained from Calbiochem, EMD
Biosciences, Germany. Propidium lodide (Pl), Alexa-488- and Cy3-conjugated secondary
antibodies were obtained from Molecular Probes, Invitrogen Corp. Oregon, USA. Anti-
GAPDH mouse monoclonal antibodies were purchased from Chemicon International Inc.,
USA. Rabbit polyclonal antibodies for aB-crystalIin, phosphoserine-59-aB-crystallin and
phosphoserine-45-aB-crystallin and mouse monoclonal anti-cyclin D1 antibodies were
obtained from Stresvsgen Biotechnologies, Victoria, Canada. Mouse monoclonal antibodies
for MyoD were purchased from Dako Cytomation, USA; rabbit polyclonal anti-myogenin
antibodies were from Santa Cruz, USA. Mouse monoclonal antibodies for p21 and phospho-
p38 MAPK were from BD Transductions, Pharmingen, USA. Protease inhibitor cocktail (PIC)
was procured from Roche Applied Sciences, USA; Lipofectamine-2000 was obtained from
Invitrogen, USA. HRPO'-conjugated‘-anti-rabbit, anti-mouse secondary antibodies and
Enhanced Chemiluminescence (ECL) Western blot detection kit weré’purchased from
Amersham Biosciences, USA. Vectashield mounting medium containing 4',6-diamidino-2-
phenylindole (DAPI) was from Vector Laboratories, USA. '

3.2.2 Plasmids and Construction of FLAG-tagged cDNAs o
cDNA of the full-length aB-crystallin was PCR-amplified using the following primers:
Forward primer- 5- GGCCGAATTCATGGACATCGCCATCCACCAC-3'and Reverse
primer- 5-GCCCTCGAGCTATTTCTTGGGGGCTGCGG-3'. The PCR products were
digested with EcoR | and Xho | restriction enzyme and ligated into a modified pCDNA3V
vector, in frame with the FLAG epitope, which was inserted upstream of the multiple cloning

site. The final positive clones were confirmed by automated DNA sequencing.
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3.2.3 Cell culture and Differentiation

C2C12, mouse skeletal myoblast cell line, was maintained at sub-confluent densities
(60-70%) in DMEM supplemented with 20% fetal calf serum (FCS), 100 units/ml of penicillin
and100 pg/ml of streptomycin at 37 °C in a humidified atmosphere containing 5% CO,. To
induce differenvtiation, cells at 89-90% confluence were shifted to DMEM supplemented with
2% horse serum, (differentiating medium (DM)). At different time-points of differentiation,
cells were lysed in lysis buffer (50 mM Tris—HCI (pH 7.4), containing 50 mM NaCl, 5 mM
EDTA, 1 mM PMSF, 50 mM NaF, 0.2 mM Na;VO,, 0.2% (v/v) NP-40 and Protease Inhibitor
Cocktail (PIC). For immunoflourescence studies, cells were grown on coverslips and allowed
to differentiate for different lengths of time, as indicated. Cells were fixed with 3.7% (v/v)
formaldehyde after each time-point and processed for confocal analysis. The differentiation
‘index (DI) and fusion index (F1) was calculated as described in the text.

3.2.4 Stable Transfections v

For stable transfections, C2C12 cells were grown in six well plate and transfected
- either with 1ug pCDNA3 vector alone or with 1ug of pPCDNA3-N FLAG-tagged-aB-crystallin
plasmids using Lipofectamine 2000 reagent (Invitrogen Corp., USA). At 48h post-
transfection, the cells were sub-cultured in medium containing geneticin (Roche Applied
Sciences, USA) and grown for a period of one month. Subsequently, stably transfected
clones of aB-crystallin were selected in the presence of 500 ug/ml of G418 (Geneticin)
(Invitrogen Corp., USA). Single cell clones were isolated and the ones expressing not less
than two fold higher levels of aB-crystallin (as determined by western blot analysis using
anti-Flag antibodies) were expanded and used for our study. C2C12 celis that stably over-

expresséd aB-crystallin were referred to as CRYAB-C2C12.

3.2.5 Cell Survival Assay _
C2C12 cells and cells over-expressing aB-crystallin (CRYAB-C2C12) were grown on
cover slips till 80-90% confluency. Subsequently, cells were shifted to differentiating medium
(DM) and allowed to undergo differentiation for different time periods. Cells were washed
twice with PBS and incubated with MTT (50 ug/ml) for 4 hrs. DMSO was added to dissolve
the formazan crystals and OD was measured at 570 nm. The graph was plotted as optical

density (570 nm) versus time of differentiation.
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3.2.6 FACS Analysis

C2C12 cells and CRYAB-C2C12 cells were allowed to differentiate in DMEM
‘medium containing 2% horse serum and harvested at different time-points of differentiétion.
At each time point, the cells were fixed in 80% methanol, stained with propidium iodide, and
cell cycle analysis was done using Fluorescence Activated Cell Sorter, (Facs Caliber-Becton
and Dickinson USA). The values represent average of three independent experiments and

are expressed as percentage.

3.2.7 Immunofluorescence Microscopy A

C2C12 cells and cells over-expressing aB-crystallin (CRYAB-C2C12) were grown on
cover slips till 80-90% confluence. Subsequently, cells were shifted to differentiating medium
(DM) and allowed to undergo differentiation for different time periods. At each time point,
cells were washed twice with ice-cold PBS and fixed with 3.7% formaldehyde. The fixed
cells were permeabilized with 0.05% Triton X-100 for 8 min. After blocking with 2% BSA,
cells were incubated with antibodies specific for myogenin and aB-crystallin, followed by
incubation with Alexa-488- and Cy3-tagged secondary antibody reépectively. The cells were
mounted in Vectashield medium cbntaining DAPI. Confocal laser scanning microscopy was
performed on a Carl Zeiss inverted microscopy. Image analysis was done using LSM 510
meta software (Version 5).

3.2.8 SDS-PAGE and Western Blot Analysis

C2C12 cells and CRYAB-C2C12 cells were induced to undergo differentiation in DM
and harvested at respective time points. Cells were lysed in ice-cold lysis buffer, sonicated
and centrifuged at 14000 rpm for 10 min at 4 °C. Equal amount of protein was loaded on
12% SDS-polyacrylamide gels. After electrophoresis, proteins were transferred to
nitrocellulose membrane using a semi-dry transfer apparatus (Amersham Pharmacia). The
membrane was blocked with 10% (w/v) milk protein and ihCUbated sequentially with
appropriate primary antibodies and HRPO-conjugated secondary antibodies and was
visualized using ECL kit (Amersham Biosciences, USA) according to the manufacturer's
instructions. The band intensities were quantified by densitometry using GeneTools software
}(Syngene). The ratio of band intensities of the respective blots and that of the corresponding
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loading control, expressed in arbitrary units was used for comparison. The values represent

- an average of a minimum of three independent experiments.

3.2.9 Comparison of Protein Synthesis Rate

C2C12 cells and CRYAB-C2C12 cells were allowed to differentiate for 12 h and 24 h
respectively and subsequently incubated with MG132 (10 uM) to inhibit the 26S proteasomal
degradation pathway. Following incubation for 0, 1, 2, and 3h, cells were harvested and
lysed in ice-cold cell lysis buffer and cell lysates were collected as described above. Equal
amount of proteins were subjected to SDS-PAGE and western blot analysis waé performed
as described previously followed by its densitometric analysis. The pixels for each band
were measured and normalized so that the number of pixels at t = 0 was 1. The pixels of
each band were pIotted versus time. Protein synthesis rates were compared based on the

initial slope from plots of data from O to 3 h.

3.2.10 Determination of Apparent Protein Half-life

As described above, C2C12 cells and CRYAB-C2C12 cells were induced to
differentiate for 24 h, following which, cells were incubated with cycloheximide (CHX, 50
pg/ml, Sigma) to inhibit further protein synthesis. The 26S proteasomal inhibitor MG132 '(N-
benzyloxycarbonyl-Leu-Leu-leucinal, 10 uM, Calbiochem) was added along with CHX when
nécessary. Fouowing,incubatidn for0, 0.5, 1, 2, and 3 h, cells were lysed in lysis buffer, and
equal amounts of total cell protein were subjected to SDS-polyacrylamide gel
eIeCtrophoresis. Western blotting was performed as described above using antibodies
specific for MyoD. The pixels fo6r each band were measured and normalized so that the
number of pixels at ¢t = 0 was 100%. Protein degradation rate is expressed as apparent half-
life (t412), the time for degradation of 50% of the protein from its initial value. The logy, of the
percentage of pixels was plotted versus time, and the ¢, was calculated from the log, of
50%.

3.2.11 Immunoprecipitation
C2C12 and CRYAB-C2C12 cells were differentiated using differentiating medium
(DM) for various time points. The cells lysates were lysed in 50 mM Tris-HCI buffer (pH 7.4)
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containing 50 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM PMSF, 0.2 mM Na;VO,, 0.2%
NP40, 10 % glycerol (IP buffer) at 4 °C followed by mild sonication‘with two pulses of 10
seconds duration. Supernatants were collected by céntrifugation at 14 000 rpm for 10 min.
The total cell extract was incubated at 4 °C overnight with rabbit polyclonal anti-ubiquitin
‘antibodies. Subsequently, protein-G magnetic beads were added to these samples and they
were incubated further for 4 h at 4 °C. The magnetic bead complex was retrieved using a
magnetic separator kit (Bangs Laboratories Inc. USA). The immunoprecipitated complex
was washed three times with ice-cold IP buffer and suspended in Laemmli buffer. The
samples were heated in a boiling water-bath - for 5 min, subjected to SDS-PAGE and
processed for Western blotting using appropriate antibodies and then detected using the
ECL system (Amersham Pharmacia, USA). |
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3.3 Results

3.3.1 aB-crystallin alters myogenic differentiation

To delineate the possible role of aB-crystallin during myogenic differentiation, C2C12
myoblasts and cells stably over-expressing aB-crystallin (CRYAB-C2C12) were allowed to
differentiate for different time periods and analyzed for their ability to undergo myogenic
differentiation. The phase-contrast micrographs show that C2C12 myoblasts fused into

myotubes and extensive myotube formation was observed at 72 h of differentiation.
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Figure 3.1: aB-crystallin alters myogenic differentiation. C2C12 cells and cells over-
expressing aB-crystallin (CRYAB-C2C12) were grown to 90-100% confluency in growth
medium (GM). Subsequently, cells were allowed to differentiate in DMEM containing 2%
horse serum (DM). Phase contrast images were taken at different time-points at a
magnification of 200X using inverted microscope, Nikon, Japan. The images obtained were
further processed using adobe photoshop version 6.0.
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Surprisingly, at 72 h of differentiation, the myotube formation in CRYAB-C2C12 cells was
poor compared to that in C2C12 cells (Figure 3.1).

To gain further insight into the delay in myogenic differentiation, we calculated the
differentiation (DI) and fusion indices (Fl) as described by Sabourin et al., (1999) using the

following formulae;

No. of myogenin positive cells Fl= No. of fused cells
No. of nuclei No. of nuclei

Di=

The differentiation and fusion indices were calculated as per the above formulae and
representated in percentage as shown in figure 3.2. We find that the differentiation index
(D1) is significantly less in CRYAB-C2C12 cells; at 72 h of differentiation it is ~ 50%
compared to ~75% in C2C12 cells (Figure 3.2A). Similarly the fusion index (Fl) is also
significantly less; it is ~25% in CRYAB-C2C12 cells compared to ~50% in myoblasts at the

same time point (Figure 3.2B).

Our results showing impairment in the myotube formation (Figure 3.1) and reduction
in the differentiation as well as fusion index (Figure 3.2) suggest that the differentiation
process is severely affected in CRYAB-C2C12 cells. The impairment in the fusion process
could also arise from the enhanced death of myoblasts during the differentiation process. In
order to test this possibility; we have carried out cell viability assay using MTT. As can be
seen from the figure 3.3 both C2C12 and CRYAB-C2C12 cells display similar survival
profile, thereby excluding the possibility of cell death influencing the process of myogenesis
in CRYAB-C2C12 cells. |
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Figure 3.2: aB-crystallin affects differentiation index and fusion index during
differentiation. C2C12 and CRYAB-C2C12 cells growing on coverslips were induced to
differentiate by shifting the cells in DMEM medium containing 2% horse serum. Celis were
fixed and immunostained using specific antibody to myogenin at various time-points. Panel
A shows the Differentiation index (DI) of C2C12 and CRYAB-C2C12 cells. The D! was
calculated based on the total number of myogenin positive cells versus total number of
nuclei. Panel B shows the Fusion index (FI) of C2C12 and CRYAB-C2C12 cells. The Fl was
calculated based on the total number of fused cells (= 2 nuclei) versus total number of
nuclei. :
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Figure 3.3: MTT assay for cell survival in C2C12 and CRYAB-C2C12 cells. C2C12 and
CRYAB-C2C12 cells were allowed to differentiate in DMEM containing 2% horse serum for
different period of time. At each time point, cells were incubated with MTT (50 pug/ml) and
the formazan crystals were dissolved by adding 100% DMSO. Optical density was
measured at 570 nm and normalized with 0 h time point. Bar dlagram was plotted as cell
survival (%) versus time of differentiation (h).

3.3.2 aB-crystallin maintains myoblasts in the proliferative phase

Exit from cell-cycle is critical for myogenic transcription and completion of the
differentiation program (Walsh and Periman, 1997). To decipher the mechanism of delay in
myogenesis, we compared the cell-cycle profiles, of C2C12 and CRYAB-C2C12 myoblasts.
FACS analysis of myoblasts induced to differentiate for different time points, fixed in 80%
ethanol and stained with propidium iodide (P1), showed that ~ 38 % of the C2C12 cells were
in G1-phase of cell cycle compared to 45% in case of CRYAB-C2C12 cells initially upon
induction of differentiation (0 h time point). Twelve hours after induction of differentiation, we
find that C2C12 cells undergo GO/G1 arrest (~ 60%). We observed a concomitant and
significant decrease in the population of G2/M pool from ~21% before induction to 1.45% at
12 h of differentiation.

~
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Figure 3.4: FACS profile of C2C12 and CRYAB-C2C12 cells during differentiation.
C2C12 and CRYAB-C2C12 cells were allowed to differentiate in DMEM medium containing
2% horse serum and harvested at different time-points of differentiation. Differentiated cells
were fixed in 80% methanol and further stained with Propidium lodide (PI) and analyzed by
fluorescence activated cell sorter (FACS). The scatter plot describes the cell cycle profile of
C2C12 and CRYAB-C2C12 cells during differentiation. The open circle represents the GO
population in C2C12 cells, whereas the densely dotted area shows the G1-arrested cell
population.
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Interestingly, CRYAB-C2C12 cells show significantly less number of G0/G1 arrested cell
population (~ 23%) at 12 h time point, while the G2/M population was comparable to that of
C2C12 cells. Importantly, the GO-arrested cells (subG1) also include a pool of apoptotic
cells, which occurs during the differentiation process. The relatively less percentage of
subG1 population of CRYAB-C2C12 cells compared to that of C2C12 cells at 12 h time
point of differentiation is suggestive of the prbtective function of aB-crystallin. At 24 h and 48
h of differentiation, the subG1 populations of C2C12 cells were higher than that of CRYAB-
C2C12 cells. It is important to note that at 96 h of differentiation, greatér percentage of
CRYAB-C2C12 cells (~ 7.96%) were in G2/M phase compared to those in C2C12 cells (~
4.96%). This indicates that aB-crystallin maintains the cells in the proliferative stage and

delays cell-cycle arrest (Figure 3.4 and Table 3.1).

Sub-G1 G1 G2/M
c2¢12 5.77+0.29 38.3+1.83 20.48+0.49
0h : '
CRYAB.c2c12| 3.2610.09 | 4525+1.49 | 23.45+1.23
. ©2012 59.78+0.59 | 14.27+0.71 | 1.55 +0.27
12 h 1
CRYAB-C2C12] 23.25+1.15 56.23+1.19 | 1.67 +0.19
>
c2C12 11.08+0.34 66.48+2.38 | 3.44 +0.19
24 h
CRYAB-C2C12| 351 +0.39 | 86.72+2.21 | 4.44 1016
czc1z | 4597+1.81 | 15.88+0.83 | 3.03 +0.21
48 h » .
CRYAB-C2C12| g48 +0.94 | 69.91+0.79 | 3.37 +0.29
c2¢12 1213£0.68 | 36.52+0.04 | 4.96 +0.12
96 h
CRYAB-C2¢12| 3.23 +0.14 | 44.08+0.78 | 7.96 +1.06
_

" Table 3.1: FACS profile of C2C12 and CRYAB-C2C12 cells during differentiation.
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To further dissect out the molecular details, we set out to investigate the cell-cycle
regulators, cyclin D1 and p21. Cyclin D1 and p21 function with opposite effects- cyclin D1
induces G1/S transition whereas p21 is involved in the cell-cycle arrest by inhibiting the
CDKs (Nurse, 1994; Sherr, 1994). To find out whether aB-crystallin affects withdrawal from
the cell-cycle, we monitored the expression of cyclin D1 and p21 at different time points after
induction of differentiation. Our western blot analysis shows a significant expression of cyclin
D1 before the induction of differentiation, in C2C12 cells, following which its level decreases
sharply to 0.12 fold at later stages of differentiation (Figure 3.5A and 3.5C).
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Figure 3.5. Western blots showing cyclin D1 and p21 profile during C2C12 and
CRYAB-C2C12 cells differentiation. C2C12 and CRYAB-C2C12 cells were allowed to
differentiate in DMEM medium containing 2% horse serum and harvested at different time-
points of differentiation. Panel A and panel B shows western blots for cyclin D1 and p21
profile from C2C12 and cells overexpressing aB-crystallin (CRYAB-C2C12) cell lysates.
Westemn blot for GAPDH, used as loading control is also shown. Panel C shows the graphic
representation of cyclin D1 profile from C2C12 (A) and CRYAB-C2C12 (m) cell lysates
respectively and panel D shows the graphic representation of band intensities of p21 in
C2C12 (m) and CRYAB-C2C12 (A)

60



Chapter 3: Role of a.B-crystallin in Muscle Differentiation

As expected, there was a gradual increase in p21 expression upon induction of
differentiation which ihcreased to 8.3 fold at 96 h of differentiation in C2C12 cells (Figure
3.5A and 3.5D). In contrast to C2C12 myoblasts, the level of cyclin D1 in CRYAB-C2C12
cellé was high initially upon differentiation (0 h time point). Interestingly, a significaht level of
cyclin D1 was sustained till 36 h of differentiation after which it decreased gradually (Figure
3.5B and 3.5C). Moreover, there was a delayed onset of p21 expression in CRYAB-C2C12
cells, and was detectable only after 60 h of differentiation. The expression level of p21
increased gradually to 4.1 fold at 96 h of differentiation in CRYAB-C2C12 cells (Figure 3.5B
and 3.5D).These data suggest that the sustained level of cyclin D1 and delay in the p21
expression together alter the cell-cycle profile in CRYAB-C2C12 cells (Figure 3.4 and Figure
3.5),

3.3.3 aB-crystallin negatively regulates the expression of myogenic markers

The results reported in the previous sections prompted us to investigate whether
delay in the cell-cycle arrest, could affect the expression of muscle regulatory genes. To
analyze the delay in the differentiation process, we checked the expression of differentiation
markers desmin and myogenin. Our western blot analysis shows that the expression of
myogenin gets induced upon differentiation and was detectable as early as 12 h of
differentiation in C2C12 cells (Figure 3.6A and 3.6B). However, the expression of myogenin
was severely affected in CRYAB-C2C12 cells; significant increase was detected only after
60 h of differentiation (Figure 3.6A and 3.6B).

Further, immunostaining for myogenin show that myogenin-positive cells were rarely
seen in the early stages of differentiation (12 h) in CRYAB-C2C12; where as a significant
population of C2C12 cells were expressing myogenin at similar time points (Figure 3.6C).
Interestingly, the staining for myogenin was comparable in both cell types at Iatér stages of
- differentiation (72 h). This suggests thaf aB-crystallin delays but does not inhibit the
expression of myogenic regulators during the differentiation process.
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Figure 3.6. Profile of the myogenic marker, myogenin in C2C12 and CRYAB-C2C12
cells during differentiation. C2C12 and CRYAB-C2C12 cells were allowed to differentiate
in DMEM medium containing 2% horse serum and harvested at different time-points of
differentiation. Panel A shows the westem blots for myogenin expression profile from
lysates of C2C12 cells and cells overexpressing aB-crystallin (CRYAB-C2C12). Western for
GAPDH, used as loading control is also shown. Panel B describes the graphic
representation of band intensities of myogenin from cell lysates of C2C12 (A) and CRYAB-
C2C12 (m) cells. Panel C shows the immunostaining for myogenin in C2C12 and CRYAB-
C2C12 cells at different time periods of differentiation.
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Similarly, the expression of desmin was severely affected and it appeared only after 72 h of
differentiation in CRYAB-C2C12 myoblasts compared to 48 h of differentiation in C2C12
cells (data not shown). Together, our data shows that aB-crystallin affects cell-cycle exit and

induces delay in the expression of regulatory proteins involved in the differentiation process.

3.3.4 aB-crystallin alters MyoD level during muscle differentiation

During myogenesis, the expression of both myogenin and p21 is known to be
regulated by MyoD, a master regulator of differentiation (Weintraub et al., 1989; Halevy et
al., 1995; Guo et al., 1995; Deato et al., 2008). The results obtained so far demonstrate
sustained level of cyclin D1 and delay in the expression of myogenin and p21 in CRYAB-
C2C12 cells. The delay in the expression of these two important muscle differentiation
regulatory proteins may be attributed to the impaired regulation of MyoD. To investigate the
possible involvement of aB-crystallin in MyoD regulation, both C2C12 and CRYAB-C2C12
myoblasts were allowed to differentiate and MyoD expression profiles were monitored
during the time course of differentiation. Our western blot analysis shows that in C2C12
myoblasts, the level of MyoD increases till 24 h of differentiation and decreases thereafter
(Figure 3.7A and 3.7B). In contrast to C2C12 myoblasts cells, the expression of MyoD in
CRYAB-C2C12 cells reaches a maximum at 36 h of differentiation, followed by sharp
decrease in its level at later time points (Figure 3.7A and 3.7B). Thus, there is a shift in the
maxima of MyoD expression by 12 h in CRYAB-C2C12 cells as compared to that of C2C12
cells. It is important to note that in C2C12 cells, MyoD was detected even at 0 h of
differentiation while it was faintly detectable in CRYAB-C2C12 cells at similar time points.

To understand the mechanism by which aB-crystallin alters MyoD level, we sought
to investigate whether the improper expression profile of MyoD is because of alteration in
the protein synthesis or increased degradation or both. MyoD is a short-lived protein and
gets degraded by the 26S proteasome pathway; hence inhibiting degradation will lead to its
accumulation (Abu Hatoum et al., 1998). C2C12 and CRYAB-C2C12 myoblasts were
allowed to differentiate for 12 h and 24 h respectively and then treated with MG132 (10 uM),
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a potent inhibitor of the 26S proteasome. Upon treatment with MG132, MyoD accumulates
in C2C12 as well as in CRYAB-C2C12 cells (Figure 3.8A and 3.8 B) with increasing time of
incubation. However, the relative MyoD accumulation was approximately 2 fold higher in
C2C12 myoblasts compared to that in CRYAB-C2C12 cells (Figure 3.8B). Thus, our data
suggest that the shift in the profile of MyoD during differentiation in CRYAB-C2C12 cells

could be due to its altered synthesis.

3.3.5 aB-crystallin enhances the degradation of MyoD

To determine whether the alteration in the MyoD expression is associated with
modulation of its degradation, we compared the apparent half-life of endogenous MyoD
protein in both C2C12 and CRYAB-C2C12 cells during differentiation. C2C12 and CRYAB-
C2C12 myoblasts were incubated in differentiating medium (DM) for 24 hrs and then treated
either with 50 pg/ml of cycloheximide (CHX), a protein synthesis inhibitor, alone or in
combination with MG132 (10 uM). It was found that treatment of cells with CHX alone leads
to decrease in MyoD level, whereas upon treatment of the cells with both CHX and MG132,
the level of MyoD remains almost unchanged (Figure 3.9A and 3.9B).

It is important to note that in C2C12 cells, a significant level of MyoD was detected till
1 h of incubation with CHX alone, whereas there was a decrease in its band intensity in
CRYAB-C2C12 cells at the same time point. As shown in Figure 3.9C and 3.9D, MyoD gets
degraded in C2C12 cells with apparent half-life of 2.37 h (t», » 2.37 h). Interestingly, in
CRYAB-C2C12 cells, the degradation of MyoD was significantly accelerated with apparent
half-life being 1.42 h (t;2~ 1.42 h).

Upon treating the cells with CHX and MG132 together, we find that MyoD protein
level is stabilized; indicating that the ubiquitin-proteasome pathway is responsible for the
accelerated MyoD degradation in CRYAB-C2C12 cells (Figure 3.9). We also compared the
apparent half-life of aB-crystallin during differentiation, and it seems to be highly stable in
C2C12 cells as well as in CRYAB-C2C12 cells (Figure 3.10).
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Figure 3.9. Apparent Half-life of endogenous MyoD in C2C12 and CRYAB-C2C12 cells
during differentiation. C2C12 and CRYAB-C2C12 cells were induced for differentiation till
24 h of time. Further, cells were treated with CHX or CHX plus MG132. Cells were
harvested, lysed at 0, 0.5, 1, 2, and 3 h and subjected to SDS-PAGE followed by western
blot for MyoD protein (Panel A and B). An equal volume of each lysate was loaded onto the
gel. The pixels for each band were measured and normalized so that the number of pixels at
t = 0 was 100%. The logs, of the percentage of pixels was plotted versus time, and the t,,,
was calculated from the log4, of 50% (Panel C and D).
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Figure 3.10. Half-life of aB-crystallin in C2C12 and CRYAb-C2C12 cells during
differentiation. C2C12 and CRYAB-C2C12 cells were induced for differentiation till 24 h of
time. Further, cells were treated with CHX alone or with CHX and MG132. Cells were
harvested, lysed at 0, 0.5, 1, 2, and 3 h and subjected to SDS-PAGE and western blot for
aB-crystallin protein (Panel A and B). An equal volume of each lysate was loaded onto the
gel. The pixels for each band were measured and nomalized so that the number of pixels at
t = 0 was 100%. The log,, of the percentage of pixels was plotted versus time, and the t,
was calculated from the log1, of 50% (Panel C and D).

To further elucidate the mechanism of the accelerated degradation of MyoD in
CRYAB-C2C12 cells, we performed immuno-precipitation experiments using Ub-antibody at
different time points after induction of differentiation. Our immunoblot analysis of the
immuno-precipitated complex shows MyoD protein band in C2C12 cells as well as in
CRYAB-C2C12 cells. Importantly, the immuno-precipitated complex consists of MyoD of
higher molecular weight compared to normal molecular weight of MyoD (40 kDa). This can
be attributed to the ubiquitination of MyoD during the differentiation process. Further, the
extent of ubiquitination seems to increase with increasing time of differentiation. Our results
show that in C2C12 cells, no ubiquitinated band of MyoD was found initially upon
differentiation and at 12 h of differentiation. The detectable MyoD band was observed at 36
h of differentiation, which then increased at later time points and could be prominently

visualized at 60 h of differentiation (Figure 3.11).
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Figure 3.11. Immunoblot showing the extent of Ubiquitination during C2C12 and
CRYAB-C2C12 differentiation. C2C12 and CRYAB-C2C12 myoblasts were allowed to
differentiate in differentiating medium (DM) for different length of time. Cells were harvested
and total cell extract was incubated with rabbit polyclonal anti-Ubiquitin antibodies at 4 °C for
8 h. Subsequently, they were incubated with protein-G magnetic beads for 4 h at 4 °C. The
proteins from the immuno-precipitated complexes were separated by SDS-PAGE (12%
polyacrylamide gel) and transferred onto Nitrocellulose membrane. The membranes were
immunoblotted with monoclonal MyoD antibodies. The image obtained was processed using
Adobe photoshop (6.0)

Interestingly, we find that in CRYAB-C2C12 cells, the ubiquitinated MyoD band was
detected at as early as 12 h of differentiation, followed by its gradual increase till 48 h of
differentiation. After 60 hrs of differentiation, a significant reduction in the levels of
ubiquitinated MyoD was observed in CRYAB-C2C12 cells (Figure 3.11). The marked
decrease in the levels of ubiquitinylated-MyoD at 60 h after differentiation is suggestive of
decreased level of MyoD due to enhanced degradation in CRYAB-C2C12 cells (Figure
3.11). Taken together, our data show that over expression of aB-crystallin leads to

decreased synthesis and enhanced proteasomal degradation of MyoD.
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3.3.6 Muscle differentiation induces aB-crystallin up-regulation and its

phosphorylation

In order to study the effect of muscle differentiation on the expression of oB-
crystallin, C2C12 and CRYAB-C2C12 cells were allowed to differentiate for different time
points and cell lysates were probed with antibodies specific for aB-crystallin.
Phosphorylation of aB-crystallin plays an important role in its localization, interaction with
other proteins and modulation of its activity (Morrison et al., 2003; den Engelsman et al.,
2004; den Engelsman et al., 2005; Ahmad et al., 2008). aB-crystallin has been shown to
undergo phosphorylation at Ser-59 and Ser-45 residues under stress conditions such as
hyperthermia and oxidative stress, by p38-MAP kinase and p44-MAP kinase respectively
(Ito et al., 1997; Kato et al., 1998). We have investigated the expression profile as well as
the phosphorylation status of aB-crystallin using specific antibodies at different time points
of differentiation. In agreement with an earlier report (Ito et al., 2001a), our western blot
analysis shows a gradual increase in the level of aB-crystallin in C2C12 cells upon
differentiation (Figure 3.12A). A similar gradual increase in the expression of aB-crystallin
was also found in CRYAB-C2C12 cells.

Using antibodies specific for Ser-59-phosphorylated a.B-crystallin, we observed that
the level of Ser-59-phosphorylated aB-crystallin increases gradually with increasing time of
differentiation in both C2C12 and CRYAB-C2C12 cells. On the other hand, using antibodies
specific for Ser-45-phosphorylated aB-crystallin could not detect any phosphorylation (data

not shown).

Since p38-MAPK is known to phosphorylate Ser-59 residue in oaB-crystallin, we
investigated the presence of activated form of p38-MAP kinase (phospho-p38-MAPK) during
the differentiation process. Our western blot data show that the level of p-p38 MAPK
increases with increasing time of differentiation (Figure 3.12B) in both C2C12 and CRYAB-
C2C12 cells.
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Figure 3.12. Western blots showing p-p38-MAPK, aB-crystallin and phospho-Ser-59-
aB-crystallin profile during C2C12 and CRYAB-C2C12 cells differentiation. C2C12 and
CRYAB-C2C12 cells were allowed to differentiate in DMEM medium containing 2% horse
serum and harvested at different time-points of differentiation. Panel A shows the western
blot of aB-crystallin and phospho-Ser-59-aB-crystallin profile. Panel B shows the profile of
phospho-p38 MAPK from C2C12 and cells overexpressing aB-crystallin (CRYAB-C2C12)
lysates.

The increase in the expression or activation of p38-MAPK during the differentiation
process seems to be essential, as inhibition of its activity using specific inhibitors leads to
abrogation of the myogenesis process (Cuenda and Cohen, 1999; Wu et al., 2000). Taken

together, our data shows that the expression of aB-crystallin as well as its phosphorylation
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at Ser-59 position increases during muscle differentiation (Figure 3.12) which may be critical
for the process of differentiation of myoblasts.

Further, we performed immunostaining to analyze the localization of aB-crystallin by
confocal microscopy in C2C12 and CRYAB-C2C12 cells during the differentiation process.
We find that in myoblasts, aB-crystallin is predominantly localized in the cytoplasm with a
some speckle-like staining in the nucleus in both C2C12 and CRYAB-C2C12 cells (Figure
3.13). Importantly, over-expression of aB-crystallin does not result in altered localization in
CRYAB-C2C12 cells. It was observed that the fluorescence intensity of aB-crystallin staining
gradually increased with increasing time of differentiation, indicating its enhanced
expression during the differentiation process. It is important to note that unlike in myoblasts,
the nuclei of the differentiated myotubes were devoid of speckle-like staining; aB-crystallin

remained localized exclusively to the cytoplasm of the myotubes (Figure 3.13).

Importantly, confocal images of basal optical sections show that aB-crystallin
exhibits fiber-like morphology in the myotubes of C2C12 as well as CRYAB-C2C12 cells
(Figure 3.14). The fiber-like appearance of aB-crystallin was not observed in the myoblasts
stage, suggesting a specific role for aB-crystallin at later stages of differentiation. Since,
extensive reorganization of cytoskeleton takes place during the differentiation process, it
may be speculated that aB-crystallin is associated with the modulation of cytoskeleton

and/or associated proteins.
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Figure 3.13. Immunolocalization of aB-crystallin during differentiation. C2C12 and
CRYAB-C2C12 myoblasts, grown on coverslips were induced to differentiate for different
length of time. The cells were fixed in 3.7% (v/v) formaldehyde and immunostained using
aB-crystallin-specific antibodies. The nuclei were counterstained with DAPI. The scale bar

represents 10 um.
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C2C12 CRYAB-C2C12

Figure 3.14. Immunolocalization of aB-crystallin at the basal region during
differentiation. C2C12 and CRYAB-C2C12 myoblasts, grown on coverslips were induced
to differentiate for different length of time. The cells were fixed in 3.7% (v/v) formaldehyde
and immunostained using aB-crystallin-specific antibodies. The nuclei were counterstained
with DAPI. The confocal images were obtained with optical sections of 0.3 um. The scale
bar represents 10 um.

3.3.7 aB-crystallin inhibits caspase-3 activation during differentiation

During skeletal muscle differentiation, a subset of myogenic precursor cells acquires
apoptotic resistance and is destined to undergo terminal differentiation (Walsh, 1997).
Caspase-3 activation seems to be essential for skeletal muscle differentiation as it is shown
that knockout of caspase-3 leads to inhibition of muscle differentiation (Fernando et al.,
2002). Various reports demonstrate that caspase-3 activity is responsible for the apoptotic
cell death during muscle differentiation (Mukasa et al., 1999). Therefore, a proper
modulation of caspase-3 activity is essential for myogenic differentiation. We set out to
examine the effect of aB-crystallin on the activation of caspase-3 during the differentiation of
C2C12 and CRYAB-C2C12 myoblasts. It is known that pro-caspase-3 is processively
cleaved to pro-active caspase-3 (p24), which subsequently gets cleaved to active caspase-3
(p17/12) (Nunez et al., 1998; Boatright et al., 2003). Our western blot analysis shows that
pro-caspase-3 gets activated and cleaved to p17/p12 (active caspase-3) in the C2C12 cells
(Figure 3.15). Moreover, there was increasing accumulation of pro-active caspase-3 (p24)
along with p17/12 fragments (active caspase-3) at later stages of differentiation in C2C12
cells. Interestingly, we find that in CRYAB-C2C12 cells, the cleavage of pro-caspase-3 was
restricted to pro-active caspase-3 (p24), as there was increasing accumulation of pro-active

caspase-3 (p24) with increasing time of differentiation (Figure 3.14).
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Figure 3.15. Western blots showing caspase 3 profile during C2C12 and CRYAB-
C2C12 cells differentiation. C2C12 and CRYAB-C2C12 cells were allowed to differentiate
in DMEM medium containing 2% horse serum and harvested at different time-points of
differentiation. Western blot analysis for caspase-3 cleavage was perfomed using C2C12
and CRYAB-C2C12 cell lysates. The arrows indicate the cleaved products from pro-
caspase-3 to form pro-active caspase-3 (p24) and active caspase-3 (p17/12).

These data suggest that aB-crystallin inhibits caspase-3 activity by preventing the

maturation of pro-caspase-3 during muscle differentiation.
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3.4 Discussion

Small heat shock proteins (sHSPs) are constitut'ively expressed in several tissues
including skeletal muscles, where they have been shown to be involved in stress tolerance
and muscle maintenance (Neufer .and Benjamin, 1996; Sugiyama et al., 2000). Skeletal
muscles are constantly subjected to stress or injury and require repair and regeneration to
maintain tissue homeostasis. It is important to understand the biology of muscle
regeneration for the development of effective therapeutic intervehtion as and when
necessary. During the muscle regeneration process, a sub-set of cells, called as satellite
cells gets stimulated to proliferate followed by their exit from the cell cycle to engage in the

myogenic differentiation program (Hawke and Garry, 2001).

Skeletal muscle differentiation is a dynamic process that involves sequential
expression of myogenic regulatory factors (MRFs), essential for the proper myogenesis
(Weint'raub, 1993). During muscle differentiation, myoblasts undergo cell-cycle arrest and
finally differentiate to form mature myotubes (Maione and Amati, 1997; Walsh and Periman,
1997). Myogenic differentiation is under the strict control of myogenic transcription factors
such as MyoD,' Myf5, myogenin and MRF4 i'n co-ordination with a second class of
transcription factors including MEF2A-2D (Molkentin et al., 1995; Sartorelli and Caretti,
2005). It has been shown that mice lacking MyoD develop normally but are severely
impaired in their ability to regenerate muscle after tissue injury (Yablonka-Reuveni et al.,
1999; Cooper et al., 1999). MyoD is found to be a master regulator of muscle differentiation
and is involved in the determination of the muscle cell lineage (Rudnicki et al, 1993).
Muscle appears to be unique tissue where as many as six out of ten mammalian sHSPs are
expressed (Sugiyama et al., 2000). A recent study by Sugiyama et al., 2000, has shown that
they forrh two different complexes during muscle differentiation, implying the importance of
these sHSPs in muscle development. Of all the sHSPs present in the mu'scle, aB-crystallin
seems to be very critical as it is shown that mice lacking aB-crystallin have lower muscle
mass (Brady et al., 2001). During muscle differentiation, the level of aB-crystallin goes up by
10-fold, further corroborating the significance of this protein in differentiation (lto et al,
2001a). A point mutation in aB-crystallin, R120G has been found to be associated with
desmin related myopathies, suggesting its importance in. muscle tissue homeostasis (Vicart
et al., 1998; Sanbe et al., 2004). In spite of all these reports, the exact function of oB-

crystallin during muscle development is not yet clearly understood.
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In this study, we have probed the role of aB-crystallin and sequential events in
‘ muscle differentiation process. We have demonstrated that aB-crystallin modulates MyoD
activity by the combined effect of reduced synthesis and increased degradation, thus
delaying muscle differentiation. We find that the formation of myotubes is severely affected
in cells over-expressing aB-crystallin (CRYAB-C2C12 cells) (Figure 3.1 and Figure 3.2). As
it is well established that exit from the cell-cycle and differentiation 'are inter-linked, alteration
in cell cycle may affect the differentiation. Cell-cycle analysis showed that CRYAB-C2C12
cells were more proliferative; the level of the critical cell cycle regulator, cyclin D1, is
maintained for a Ionger period of time (Figure 3.5B and 3.5C). We also find that the
expression of p21, a cell-cycle inhibitor, is delayed significantly in CRYAB-C2C12 cells
comparéd to that in C2C12 cells (Figure 3.5). These results suggest that the cell-cycle
process in CRYAB-C2C12 is continued for an extended period of time, which may contribute
to the delay in the differentiation process. It seems likely that the increased expression of
cyclin D1 is because of the enhanced activation of NF-kB in CRYAB-C2C12 cells. We have
shown that aB-crystallin activates NF-xB in a phosphorylation-dependent manner and
protects cells from TNF-a induced cytotoxicity (unpublished data). Moreover, activated NF-
kB is known induce loss of MyoD mRNA (Guttridge et al., 2000), thereby inhibiting skeletal
muscle differentiation. Our results show that the maxima of MyoD expression gets shifted by
about 12 h in CRYAB-C2C12 cells compared to the C2C12 cells (Figure 3.7A and 3.7B).
Impoﬁantly, upon treatment with MG132, a 26S proteasome inhibitor, there was
approximately 2 fold increased accumulation of MyoD in C2C12 cells than in CRYAB-C2C12
cells, suggesting that the rate of synthesis is slower in CRYAB-C2C12 cells (Figure 3.8).
This may be due to increased activation of NF-xB, leading to MyoD mRNA loss in CRYAB-
C2C12 cells. Further, we find that the apparent half-life of MyoD is reduced (1= 1.42 hrs) in
CRYAB-C2C12 cells compared to normal C2C12 cells (ti,= 2.37 hrs) (Figure 3.9). Our
immuno-precipitation éxperiments suggest that the accelerated degradation of MyoD is due
to the enhanced ubiquitination in CRYAB-C2C12 cells compared to that in C2C12 cells
(Figure 3.11). It is important to mention that aB-crystallin has been shown to be a part of the
FBX4-Ub complex and promotes FBX4-dependent ubiquitination (den Engelsman et al.,
2003; Lin et al., 2006). This enhanced ubiquitination is shown to be dependent on the
phosphorylation of aB-crystallin at Ser-45 and Ser-19 residue (den Engelsman et al., 2004). '
During the differentiation process, we show that aB-crystallin gets phosphorylated at Ser-59
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residue (Figure 3.12). Whether this preferential phosphorylation plays a role in MyoD
ubiquitination is not clear at present. Further experiments are needed to investigate the
effect of phosphorylation during myogenic diﬁérentiation. During the cell division process,
aB-crystallin gets phosphorylated at Ser—45 and Ser-19 residues and is shown to be
involved in cyclin D1 ubiquitination (Kato et al., 1998; Lin et al., 2006). It would be interesting
to dissect out the phosphorylation-dependent function of aB-crystallin during cyclin D1
modulation and cell cycle progression. Contrary to the observation made earlier (Lin et al.,
2006) we observed sustained levels of cyclin D1 during differentiation in cells over-
expressing oB-crystallin. Our immuno-staining data shows that aB-crystallin remains
exclusively in the cytoplasm of myotubes upon differentiation, unlike the speckle-like
staining observed in the nucleus of myoblasts (Figure 3.13). Earlier studies from our
laboratory, demonstrated that aB-crystallin co-localizes with the lamin A/C network in heat-
stressed myoblasts but not in myotubes (Adhikari ét al.,, 2004). This assumes greater
significance considering earlier findings of a reorganization of lamin A/C speckles to a
diffuse network after differentiation of C2C12 myoblasts to myotubes. Further, our western
blot using Ser-59 phospho-specific antibodies shows that the phosphorylation of aB-
crystallin increases with increasing time of differentiation. We also observed that the level of
p38-MAP kinase increases gradually with induction of differentiation (Fvigure 3.12B). This
observation is consistent with the earlier report of activation of p38-MAP kinase during the
differentiation process (Gredinger et al, 1998): p38-MAP kinase is involved in

phosphorylation of Ser-59 in aB-crystallin.
|

During the differentiation process, one of the critical factors is the ability to survive
under differentiating conditions. qBécrystallin has been shown to negatively regulate
apoptosis by inhibiting caspase-3 activation during differentiation (Kamradt et al., 2002).
lnterestingly,v caspase-3 activity is required for the skeletal muscle differentiation, as it is
involved in the cleavage of regulatory proteins important for myogenesis (Fernando et al.,
2002). Thus critical balance of actiVation and inhibition caspase-3 appears to be important.
We show that aB-crystallin prevents the activation of caspase-3 (Figure 3.15), which may
contribute towards the delay in the }nuscle differentiation process. Taken together, our data
suggest that oB-crystallin is essential for muscle differentiation and regulation of aB-

crystallin is very important for proper myogenesis.
|

77



CHAPTER 4 |
Effect of R120G-aB-crystallin mutant on muscle

differentiation



Chapter 4: Effect of aB-crystallin-R120G mutant on muscle differentiation

4.1 Introduction

Muscle wasting is a disease that leads to extensive loss of muscle fibers. Muscle
'wastage has been found to be aésociated with many chronic wasting syndromes such as
AIDS, chronic heart failure and chronic obstructive pulmonary disease (COPD) (Schols et
al, 1998; Kotler et al, 1989; Anker et al, 1997). Multiple lines of evidence suggest that
imbalances in processes that govern the maintenance of skeletal muscle and muscle
plasticity, such as skeletal muscle fiber regeneré{ion, maintenance and apoptosis, may be
an important determinant of muscle wasting (Amack and Mahadevan, 2004; Langen et al,,
2004). Alternatively, muscle wastfng is also believed to result from disturbances in the
energy or protein anabolism-catabolism balance. For example, imbalances in myofibrillar
protein synthesis and proteolysis have been demonstrated in experimental models of' cancer
cachexia or sepsis (Buck and Chojkier, 1996; Vary et al., 1996). Mutations in the myofibrillar
proteins such as désmin, filamin C and myotilin have been shown to be associated with
myopathies (Goldfarb et al, 1998; Selcen, 2008). Despite the increasing genetic
heterogeneity, the clinical and morﬁhologic phenotypes are remarkably similar in myofibrillar

myopathies.

Diseases such as myopathies and neuropathies are characterized by intracellular
protein aggregates, which have been implicated in inducing cell death (Maloyan et al.,
2005). Protein aggregation-induced skeletal myopathies and cardiomyopathies are shown to
be caused by mutations in aB-crystallin (HSPB5) or desmin and are characterized by
protein misfolding and large cytopla{smic aggregates (Munoz-Marmol et al., 1998; Vicart et
al., 1998; Dalakas et al., 2000; Wang et al.,, 2001). Alteration or modulation of the assembly
of desmin due to its mutations has been implicated in onset of desmin related myopathy
(DRM) (Goldfarb et al., 2004). Importantly, aB-crystallin, a molecular chaperone, has been
shown to be involved in the modulation of intermediate filament assembly (Nicholl and
Quinlan, 1994). The compromised assembly of desmin rhutants is found to be associated
with severe familial cardiac and skeletal myopathies (Goebel, 1995, Munoz-Marmol et al.,
1998). DRMs are inherited neuromuscular disorders that are characterized by the
accumulation of aggregates containing desmin and aB-crystallin (Wang et al., 2001; Goebel,
2003). In skeletal myofibrils and cultured cardiomyocytes, aB-crystallin is colocalized with

‘desmin at the Z-bands (Bennardini et al., 1992). It is found that aB-crystaliin stabilizes and
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protects target proteins including desmin by preventing their irreversible aggregation (Perng
et al., 1999; Chavez Zobel et al., 2003). These reports suggest that aB-crystallin plays an
important role in the maintenance of cytoskeletal proteins andmodulates their dynamics. It
is important to note that a poiﬁt mutation in aB-crystallin (R120G-aB-crystallin), is shown to
be the cause of an autosomal-dominant desmin-related myopathy (DRM), also called as aB-
crystallinopathy (Vicart et al., 1998; Goebel and Warlo, 2000). Studies from our laboratory
as well as other simultaneous independent studies have shown that the R120G-aB-crystallin
has altered structure and significantly reduced chaperone activity implicating the loss of
chaperone activity to be the molecular basis for DRM (Kumar et al., 1999; Perng et al.,
| 1999; Bova et al., 1999). It was $uggested that, in a-crystallinopathy, desmin collapses with
R120G-aB-crystallin due to a reduced chaperone activity of R120G-aB-crystallin (Perng et
al., 1999; Perng et al., 2004). Chaperone activity of aB-crystallin is found to be necessary
for the proper organization of the desmin filaments (Nicholl and Quinlan, 1994). Desmin is
the first muscle-specific cytoskeietal protein to be expressed during myogenesis (Li and
Capetanaki, 1993). It has been shown by knockout studies that reducing the expression of
desmin lead to complete loss of m‘lyoblasts fusion, which gets rescued by over-expression of
desmin (Capetahaki et al., 1997). Taken together, these reports suggest that desmin is very

critical for myogenesis as well as for muscle homeostasis.

The involvement of aB-cwétallin in muscle differentiation and its ability to modulate -
intermediate filament assembly seéms to be highly significant in muscle maintenance and -
homeostasis. However, the role of“disease causing R120G mutant of aB-crystallin in the
process of muscle differentiation is hot investigated. It is not clear which of the two, loss of
chaperone activity or the toxic interaction of R120G-aB-crystallin with desmin is responsible
for the alteratered myogenesis? lnferestingly, it has been shown that mice with desmin
mutations as well as mice lacking desmin or aB-crystallin have much less severe myopathy
than those expressing the R120G-aB4cfystallin mutant (Wang et al., 2001; Chavez Zobel et
al., 2003). This observation suggests that R120G-aB-crystallin induced myopathy might
result from the toxic effects of the R12.\0G-ocB-crystaIIin rather than the loss of function of oB-

crystallin or desmin.

In this chapter we have investigated the effect of R120G-aB-crystallin in the muscle

differentiation process using C2C12 fnouse myoblasts as a model system. We find that
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differentiation is severely affected in cells over-expressing R120G-aB-crystallin. Our study
suggests that the inhibition of the differentiation seems to be due to the cytotoxicity induced
by R120G- aB- crystallln Further, we have carried out experiments to decnpher the effect of

R120G-aB- crystallln in the differentiation pathway

4.2 Materials and Methods

4.2.1 Antibodies and Reagents

| DMEM, Fetal Calf Serum (FCS), DMSO, MTT, mouse monoclonal anti-Flag
antibodies were purchased from (Sigma Chemical Company, USA). Cycloheximide, MG132,
rabbit polyclonal anti-ubiquitin antibodies were obtained from Calbiochem, EMD
Biosciences, Germany. Propidium lodide (Pl), Alexa-488- and Cy3-conjugated secondary
antibodies were obtained from Molecular Probes, Invitrogen Corp. Oregon, USA. Anti-
GAPDH mouse monoclonal antibodies were purchased from Chemicon International Inc.,
USA. Rabbit polyclonal““ antibodies for aB-crystallin, phosphoserine-59-aB-crystallin and
phosphoserine-45-aB-crystallin and mouse monoclonal anti-cyclin D1 antibodies were
obtained from Stressgen Biotechnologies, Victoria, Canada. Mouse monoclonal antibodies
for MyoD were purchased from Dako Cytomation, USA; rabbit polyclonal anti-myogenin
antibodies were from Sa‘nta Cruz, USA. Mouse monoclonal antibodies for p21 and
phospho- p38 MAPK were from BD Transductions, Pharmlngen USA. Protease inhibitor
cocktail was procured from Roche Applied Sciences, USA; Lipofectamine-2000 was
~obtained from Invitrogen, 'USA. HRPO-conjugated anti-rabbit, anti-mouse secondary
antibodies and Enhanced Chemiluminescence (ECL) Western blot detection kit were
purchased from Amersham Biosciences, USA. Vectashield mounting medium containing 4,
6-diamidino-2-phenylindole (DAPI) was from Vector Laboratories, USA.

4.2.2 Plasmids and Construction of FLAG-tagged cDNAs

The plasmid pCDNA 3 having Flag epitope upstream of the muitiple cloning sites
(MCS) was used as a control vector. cDNA of the full-length aB-crystallin-R120G was PCR-
amplified using the following primers: Forward primer- 5'-
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GGCCGAATTCATGGACATCGCCATCCACCAC-3'and Reverse primer- 5-
GCCCTCGAGCTATTTCTTGGGGGCTGCGG-3. The PCR products were digested with
EcoR | and Xho | restriction enzymes and ligated into a modified pCDNAS3 vector, in frame
with the FLAG epitope, inserted upstream of the MCS. The final positive clones were
conflrmed by automated DNA sequencing.

4.2.3 Cell culture and differentiation

C2C12, mouse skeletal myoblast cell line, was maintained at sub-confluent densities
(60-70%) in DMEM supplemented with 20% fetal calf serum (FCS), 100 units/m! of penicillin
-and100 ug/fnl of ‘streptomycin at 37 °C in a humidified atmosphere containing 5% CO,. To
induce d|fferent|at|on cells at 89-90% confluence were shifted to DMEM supplemented with
2% horse serum, (differentiating medium (DM)). At different time-points of differentiation,
cells were Iysed in lysis buffer (50 mM Tris—HCI (pH 7.4), containing 50 mM NaCl, 5 mM
EDTA, 1 mM PMSF, 50 mM NaF, 0.2 mM Na3VO4, 0.2% (v/v) NP-40 and Protease Inhibitor
Cocktail (PIC)). For immunofluorescence studies, cells were grown on coverslips and
aIIowed to differentiate for different lengths of time, as indicated. Cells were fixéd with 3.7%
(viv) formaldehyde after each time-point and processed for confocal analysis. The
differentiation ilpdex (DI) and fusion index (FI) was calculated as described in the text.

424 Stable tfansfections

For stable transfections, C2C12 cells were grown in a six well plate and transfected
either with 1ug pCDNAZ3 vector alone or with 1ug of pCDNA3-N FLAG-tagged-R120G-aB-
crystallin plasmids using Lipofectamine 2000 reagent (Invitrogen Corp., USA). At 48h post-
transfection, the cells were sub-cultured in medium containing geneticin (Roche Applied
Sciences, USA) and grown for a period of one month. Subsequently, stably transfected
clones of R1ZOG-dB-crystaIIin were selected in the presence of 500 pg/ml of G418
(Geneticin) (Invitﬁ_ogen Corp., USA). Single cell clones were isolated and the ones
expressing not less than two fold higher levels of R120G-aB-crystallin (as determined by
western blot analysis using anti-Flag antibodies) were expanded and used for our study.
C2C12 cells that stably over-expressed R120G-aB-crystallin were referred to as R120G-
C2C12.
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4.2.5 Cell survival assay ,

C2C12 cells and cells over-expressing R120G-aB-crystallin (R120G-C2C12) were
grown on cover slips till 80-90% confluency. Subsequently, cells were shifted to
differentiating medium (DM) ahd allowed to undergo differentiation for different time periods.
Cells were washed twice with PBS and incubated with MTT (50 pg/ml) for 4 hrs. DMSO was
added to dissolve the formazan crystals and OD was taken at 570 nm. The graph was

plotted as optical densvity (570 nm) versus time of differentiation.

4.2.6 FACS analysis

C2C12 cells and R120G-C2C12 cells were allowed to differentiate in DMEM medium
containing 2% horse serdm and harvested at different time-points of differentiation. At each
time point, cells were fixed in 80% methanol, stained with propidium iodide, and cell cycle
analysis was done using Fluofescence Activated Cell Sorter, (Facs Caliber-Becton and
Dickinson USA). The values represent average of three independent experiments and are

expressed as percentage.

4.2.7 Inmunofluorescence microscopy

C2C12 cells and cells oVer—expressing R120G-aB-crystallin (R120G-C2C12) were
grown on cover slips till 80-90% confluency. Subsequently, cells were shifted to
differentiating medium (DM) and allowed to undergo differentiation for different time periods.
At each time point, cells were washed twice with ice-cold PBS and fixed with 3.7%
formaldehyde. The fixed cells were permeabilized with 0.05% Triton X-100 for 8 min. After
blocking with 2% BSA, cells were incubated with specific antibodies either for myogenin or
aB-crystallin, followed by incubation with Alexa-488- and Cy3-tagged secondary antibodies
respectively. The cells were mounted in Vectashield medium containing DAPI. Confocal
laser scanning microscopy was performed on a Carl Zeiss inverted microscopy. Image
analysis was done using LSM 510 meta software (Version 5).
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4.2.8 SDS-PAGE and Western Blot analysis

C2C12 cells and R120G-CZC12 cells were induced to undergo differentiation in DM
and harvested at respective time points. Cells were lysed in ice-cold lysis buffer, sonicated
and centrifuged at 14000 rpm for 10 min at 4 °C. Equal amount of protein was subjected to
SDS-PAGE (12% polyacrylamide gels) and transferred to nitrocellulose membrane using a
semi-dry transfer apparatus (Amersham Pharmacia). The membrane was blocked with 10%
(w/v) milk protein and incubated sequentially with appropriate primary antibodies -and
HRPO-conjugated sécondafy antibodies and was visualized using ECL kit (Amersham .
Biosciences, USA) according to the manufacturer's instructions. The band intensities were
quantified by densitometry using GeneTools software (Syngene). The ratio of band
intensities of the respective blots and that of the corresponding loading control, expressed in
arbitrary units was used for comparison. The values représent an average of a minimum of

three independent experiments.

4.2.9 Determination of _Protein Degradation Half-life

As described abc;ve, C2C12 cells and R120G-C2C12 cells were induced to
differentiate for 24 hrs, following which, cells were incubated with cycloheximide (CHX, 50
ug/ml, Sigma) to inhibit further protein synthesis. The 26S proteasomal inhibitor MG132 (N-
benzyloxycarbonyI-Leu-Léu-IeucinaI, 10 piv, Calbiochem) was added élong with CHX when
necessary. Following incyibation for 0, 0.5, 1, 2, and 3 hrs, cells were lysed in lysis buffer,
and equal amounts of | total cell protein were subjected to SDS-polyacrylamide gel
electrophoresis. Westerh blotting was performed as described above using specific
antibodies for MyoD. The band intensities were quantified using GeneTools software
(Syngene), the graph was plotted using the EXCEL graphing program (Microsoft). The
pixels for each band were measured and normalized so that the number of pixels at t = 0
was 100%. Protein degradation rate is expressed as apparént half-life (t1,2), the time for
degradation of 50% of the protein from its initial value. The log,, of the percentage of pixels

was plotted versus time, and the t;, was calculated from the log1o of 50%.
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4.3 Results

4.3.1 R120G-aB-crystallin mutant inhibits myogenic differentiation

To investigate the effect of R120G-aB-crystallin during myogenic differentiation,
normal C2C12 myoblasts and cells stably over-expressing R120G-aB-crystallin mutant
(R120G-C2C12) were allowed to differentiate for different time periods and analyzed for the
ability to undergo myogenic differentiation. The phase-contrast micrographs show that
normal C2C12 myoblasts fused into myotubes and extensive myotube formation was
observed at 72 h of differentiation. In comparison to normal C2C12 myoblasts, R120G-
C2C12 cells showed significant cell death with no myotube formation at similar time points
(Figure 4.1).

C2C12 R120G-C2C12

Time of differentiation

Figure 4.1: R120G-aB-crystallin inhibits myogenic differentiation. Normal C2C12 cells
and cells over-expressing R120G-aB-crystallin (R120G-C2C12) were grown to 90-100%
confluency in growth medium (GM). Subsequently, cells were allowed to differentiate in
DMEM containing 2% horse serum (DM). Phase contrast images were taken at different
time-points at a magnification of 200X using inverted microscope, Nikon, Japan. The images
obtained were further processed using adobe photoshop version 6.0.
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Further, unlike C2C12 cells, R120G-C2C12 cells showed formation of vacuole-like
structures in the cytoplasm during the differentiation process. Recently, Tannous et al., have
demonstrated that autophagy, characterized by increased vacuole formation, is an adaptive
response in desmin-related cardiomyopathy. To further investigate the differentiation
process, we calculated the differentiation index (DI) to find out whether the differentiation
process or the fusion of myoblasts was inhibited. The differentiation index was calculated as

described earlier (see chapter lll).
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Figure 4.2: R120G-aB-crystallin mutant reduces differentiation index during
differentiation. C2C12 and cells over-expressing R120G-aB-crystallin mutant (R120G-
C2C12) were grown on coverslips to 90-100% confluency in growth medium (GM).
Differentiation was induced by shifting the cells in DMEM medium containing 2% horse
serum. Cells were fixed and immunostained using antibody specific to myogenin at various
time-points. The DI was calculated based on the total number of myogenin positive cells
versus total number of nuclei and represented as bar diagrams.

As shown in figure 4.2, at 12 h of differentiation, the DI of C2C12 cells were
significantly higher than that of R120G-C2C12 cells. Further, we find that the DI of both
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C2C12 cells and R120G-C2C12 cells become comparable at 36 h of differentiation.
At later time points, the DI of C2C12 cells gradually increased to ~75% at 72 h of
differentiation, whereas in R120G-C2C12 cells, it decreased sharply and was ~ 32% at 72 h
of differentiation. The differentiation index profile (shown above) suggests that the
differentiation program was initiated in R120G-C2C12 cells; however the differentiation of
myoblasts appears to be severely affected at later time points. Importantly, we found no
myotube formation in R120G-C2C12 cells at any stage of differentiation except few sac-like

structures during the later time points of differentiation process.

We performed the cell survival assay to check if the inhibition in myotube formation
was because of cell death during differentiation of R120G-C2C12 cells. We find that a large
proportion of C2C12 cells were surviving where as in R120G-C2C12 cells, a significant
number of cells were dying and the cell confluence was gradually decreasing as reflected by
the decrease in the cell confluence (Figure 4.1).
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Figure 4.3: MTT assay for cell survival in C2C12 cells and R120G-C2C12 cells.
C2C12 cells and R120G-C2C12 cells were allowed to differentiate in DMEM
containing 2% horse serum for different period of time. At each time point, cells were
incubated with MTT (50 pg/ml) and the formazan crystals were dissolved by adding
100% DMSO. Optical density was taken at 570 nm and normalized with 0 h time
point. Bar diagram was plotted as optical density (570 nm) versus time of
differentiation (h).
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From the MTT assay data, we find that the optical density at 570 nm (which is
proportional to number of surviving cells) increases in case of C2C12 cells, whereas
in R120-C2C12 cells, the optical density remains more or less constant through out

the differentiation time points (Figure 4.3).

4.3.2 Effect of R120G-aB-crystallin mutant on cell cycle regulators and

myogenin during differentiation

Terminal cell-cycle arrest is critical for the myogenic transcription and completion of
the differentiation program. To decipher the mechanism of inhibition of myogenesis, we
compared the cell-cycle profiles of normal C2C12 and R120G-C2C12 myoblasts. We set out
to investigate the cell-cycle regulators cyclin D1 and p21. Cyclin D1 and p21 function in an
antagonistic manner, cyclin D1 induces G1/S transition, whereas p21 inhibits CDKs and is
involved in the cell-cycle arrest (Hunter and Pines, 1994; Walsh and Periman, 1997). We
studied the expression of cyclin D1 and p21 levels at different time points after induction of
differentiation of C2C12 cells and R120G-C2C12 cells. Our western blot analysis of lysates
of C2C12 cells showed a significant level of cyclin D1 initially upon differentiation (0 h),
which decreases sharply to 0.12 fold at 24 h of differentiation, after which the basal level of
cyclin D1 was maintained. On the other hand, the level of p21 increased gradually to 8.3 fold
at 96 h of differentiation (Figure 4.4A). Interestingly, R120G-C2C12 cells also show a similar
trend of decrease in the level of cyclin D1 with concomitant increase in the level of p21 with
increasing time of differentiation (Figure 4.4B). Our data, thus, suggests that R120G-C2C12
cells show apparently similar cell-cycle behavior as that of C2C12 cells during differentiation.
Further, we performed FACS analysis, and found that ~ 60% of C2C12 cells undergo G0/G1
arrest at 12 h of differentiation, whereas in R120G-C2C12 cells, ~ 83% cells were arrested
at the similar time point (data not shown). Importantly, with increasing time of differentiation,
unlike normal C2C12 cells, severe cell death was observed in R120G-C2C12.
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c2Cc12

R120G-C2C12

Figure 4.4. Western blots showing cyclin D1 and p21 profile during differentiation of
C2C12 and R120G-C2C12 cells. C2C12 and R120G-C2C12 cells were allowed to
differentiate in DMEM medium containing 2% horse serum and harvested at different time-
points of differentiation. Panel A shows the western blot for cyclin D1 and p21 profile from
C2C12 cell lysate, Panel B shows the western blot for cyclin D1 and p21 from the cells over-
expressing R120G-aB-crystallin mutant (R120G-C2C12) lysates. Western for GAPDH, used
as loading control is also shown.

To further analyze the inhibition in the differentiation process, we checked
differentiation markers such as myogenin. Successful progression through the skeletal
muscle cell differentiation program is marked by activation of myogenic regulatory factors
(MRFs), including MyoD, Myf5, and myogenin, which control expression of muscle specific
genes. The results reported in the previous sections prompted us to investigate whether the
inhibition of myogenesis is due to alteration of the expression of muscle regulatory genes.
Our immunostaining data for myogenin showed that in C2C12 cells, the myogenin stained
cells gradually increased with the time of differentiation (Figure 4.5). On the other hand, the
number of cells positive for myogenin in R120G-C2C12 cells continuously decreased with
concomitant decrease in total cell population (Figure 4.5). The decrease in the number of
myogenin positive population may be attributed to increased cell death observed in R120G-
C2C12 cells.
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C2C12 R120G-C2C12
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Figure 4.5. Immunostaining of myogenic marker, myogenin in C2C12 and R120G-
C2C12 cells during differentiation. C2C12 and R120G-C2C12 cells were allowed to
differentiate in DMEM medium containing 2% horse serum and harvested at different time-
points of differentiation. Cells were fixed in 3.7% formaldehyde and immunostaining was
done using antibodies specific for myogenin in C2C12 and R120G-C2C12 cells at different
periods of differentiation.
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4.3.3 R120G-aB-crystallin mutant modulates apparent stability of MyoD during

muscle differentiation

The results obtained so far demonstrate that over-expression of R120G-aB-crystallin
mutant in C2C12 cells (R120G-C2C12) lead to inhibition of myogenesis, although the
expression of myogenin and p21 was similar to that in normal C2C12 cells. Various studies
show that the R120G-aB-crystallin mutant behaves as a dominant negative mutant as this
mutation alters the structure and reduces the chaperone activity of wild-type oB-crystallin
(Kumar et al., 1999; Perng et al., 1999; Bova et al., 1999). In the previous chapter (chapter
[l), we have shown that aB-crystallin enhances the degradation of MyoD and reduces its
apparent half-life during the differentiation process (Figure 3.9; chapter Ill). In order to
investigate the effect of R120G-aB-crystallin mutant on the MyoD expression, normal
C2C12 and R120G-C2C12 myoblasts were allowed to differentiate and MyoD expression
profile was analysed by western blot of total cell lysates. Our western blot analysis shows
that in normal C2C12 myoblasts, the level of MyoD increases till 24 h of differentiation and
decreases thereafter. R120G-C2C12 cells also showed a gradual increase in MyoD
expression till 24 h of differentiation. Interestingly, the decrease in the level of MyoD in
R120G-C2C12 was not as fast as that of C2C12 cells at later time points. It is important to
note that a significant level of MyoD was observed till 48 h of differentiation in R120G-
C2C12 cells as compared to C2C12 cells. (Figure 4.6A and B).
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Figure 4.6. MyoD profile in C2C12 and R120G-C2C12 cells during differentiation.
C2C12 and R120G-C2C12 cells were induced to differentiate in DMEM medium containing
2% horse serum and harvested at different time-points of differentiation. Panel A shows the
western blot for MyoD expression profile from C2C12 and cells overexpressing R120G-aB-
crystallin mutant (R120G-C2C12) lysates. Western blot for GAPDH was used as loading
control. Panel B shows the graphic representation of nommalized band intensities from
C2C12 (A) and R120G-C2C12 (m).

To gain further insight into the sustained level of MyoD in R120G-C2C12 cells, we
carried out experiments to determine the apparent half-life of MyoD in R120G-C2C12 cells
during the differentiation process. MyoD is a short-lived protein and gets degraded by the
26S proteasome pathway (Abu Hatoum et al., 1998; Breitschopf et al., 1998); we compared
the apparent half-life of endogenous MyoD protein in both C2C12 and R120G-C2C12 cells.
Normal C2C12 and R120G-C2C12 myoblasts were incubated in differentiating medium
(DM) for 24 h and then treated either with 50 pug/ml of cycloheximide, (CHX, a protein

synthesis inhibitor) alone or in combination with MG132, a 26S proteasomal inhibitor (10
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uM). As shown in figure 4.7, MyoD gets degraded in C2C12 cells with an apparent half-life
of 2.37 h (ti», = 2.37 h). Interestingly, in R120G-C2C12 cells, the degradation of MyoD was
significantly reduced with apparent half-life being 3.01 h (t12~ 3.01 h) (Figure 4.7B and D).
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Figure 4.7. Apparent Half-life of endogenous MyoD in C2C12 and R120G-C2C12 cells
during differentiation. C2C12 and R120G-C2C12 cells were induced to differentiate till 24
h of time. Further, cells were treated either with CHX alone or in combination with MG132.
Cells were harvested, lysed at 0, 0.5, 1, 2, and 3 h and were evaluated via SDS-PAGE and
western blot for MyoD protein. Panel A and B shows the western blot of MyoD from the cell
lysates of C2C12 and R120G-C2C12 cells respectively. The pixels for each band were
measured and normalized so that the number of pixels at t = 0 was 100%. The log, of the
percentage of pixels was plotted versus time, and the t;; was calculated from the logs, of
50%. Panel C and D represent the apparent half-life of MyoD during the differentiation of
C2C12 and R120G-C2C12 cells respectively.

4.3.4 Expression profile of aB-crystallin in R120G-C2C12 cells during

differentiation

In order to study the effect on the expression of aB-crystallin in R120G-C2C12 cells
during the differentiation process, we allowed C2C12 and R120G-C2C12 cells to
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differentiate for different time points and the cell lysates were probed with antibodies specific
for aB-crystallin. Our western blot analysis shows that while the level of aB-crystallin
increases upon differentiation in C2C12 cells (Figure 4.8A), it remained almost unchanged
in R120G-C2C12 cells at all the time points studied (Figure 4.8B).
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Figure 4.8. Western blots showing p-p38-MAPK, aB-crystallin and phospho-Ser-59-
aB-crystallin profile during differentiation of C2C12 and R120G-C2C12 cells. C2C12
and R120G-C2C12 cells were allowed to differentiate in DMEM medium containing 2%
horse serum and harvested at different time-points of differentiation. Panel A shows the

profile of phospho-p38 MAPK, aB-crystallin and phospho-Ser-59-aB-crystallin from C2C12
lysates and Panel B shows the western blot of phospho-p38 MAPK, aB-crystallin and
phospho-Ser-59-aB-crystallin profile from R120G-C2C12 cell lysates.

Further we investigated the phosphorylation status of aB-crystallin using antibodies
specific for phospho-Ser-59-aB-crystallin and phospho-Ser-45-a.B-crystallin at different time
points of differentiation in both cell types. We found that there was a gradual increase in the
phospho-Ser-59-aB-crystallin with no phosphorylation at Ser-45 residue (Figure 4.8).
Importantly, the phospho-Ser-59-aB-crystallin was detected at earlier time point in C2C12
cells compared to R120G-C2C12 cells (Figure 4.8A and B).
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Since p38-MAPK is known to phosphorylate Ser-59 residue of aB-crystallin (lto et

al, 1997), we have investigated the phosphorylated p38-MAP kinase profile during

differentiation. Our western blot analysis for phospho-p38 MAPK showed that the phospho-

Time of Differentiation

48 h

C2C12 R120G-C2C12

0O h

24 h

84 h

Figure 4.9. Immunolocalization of aB-crystallin during differentiation. C2C12 and
R120G-C2C12 myoblasts, grown on coverslips were induced to differentiate for different
period of time. The cells were fixed in 3.7% (v/v) formaldehyde and immunostained using
aB-crystallin-specific antibodies. The nuclei were counterstained with DAPI. The scale bar
represents 10 um.
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p38-MAPK level increases with increasing time of differentiation in both C2C12 cells as well
as in R120G-C2C12 cells (Figure 4.8).

The R120G-aB-crystallin mutant is known to form aggregates both in vitro as well as
in vivo (Perng et al., 1999; Wang et al., 2001). In order to visualize the effect of the R120G
mutant, we analyzed the localization of aB-crystallin upon differentiation. Our
immunostaining data shows that initially upon differentiation (0 h), aB-crystallin is localized
predominantly in the cytoplasm with some speckle-like staining in the nucleus of both
C2C12 and R120G-C2C12 myoblasts. Interestingly, with increasing time of differentiation,
aB-crystallin localizes exclusively to the cytoplasm with no speckle-like staining in the
nucleus of C2C12 as well as R120G-C2C12 cells (Figure 4.9). In addition, we find that cells
with R120G mutants form a sac-like structure at the later stages of differentiation (84 h)
(Figure 4.9). The formation of sac-like structure could be due to its inability to modulate
cytoskeletal dynamics and/or desmin assembly.

4.3.5 R120G-aB-crystallin mutant leads to enhanced caspase-3 activation

during muscle differentiation

During skeletal muscle differentiation, a subset of myogenic precursor cells acquires
apoptotic resistance and is destined to undergo terminal differentiation. The myopathy-
causing aB-crystallin mutant is shown to induce apoptotic pathway in cardiac muscle and
altered contractile mechanics (Sanbe et al., 2004). Kamradt et al., (2002) have shown that
the R120G-aB-crystallin mutant is defective in preventing proteolytic cleavage of pro-
caspase-3. Caspase-3 activation is required for skeletal muscle differentiation but an over-
active caspase-3 may be detrimental to the cells. We monitored the caspase-3 cleavage in
C2C12 and R120G-C2C12 cells. Our western blot analysis suggests that caspase-3 gets
activated and cleaved to p17/p12 (active caspase-3) in the normal C2C12 cells (Figure
4.10). This activation of caspase-3 may be necessary for the proper differentiation process
to occur. Compared to normal C2C12 cells, R120G-C2C12 cells exhibit greater cleavage of
pro-caspase-3 into active caspase-3 (p17/12) at similar time points, which accumulate
gradually with increasing time of differentiation (Figure 4.10).
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Figure 4.10. Western blots showing caspase-3 activation profile during C2C12 and
R120G-C2C12 cells differentiation. C2C12 and R120G-C2C12 cells were allowed to
differentiate in DMEM medium containing 2% horse serum and harvested at different time-
points of differentiation. Western blot analysis for caspase-3 cleavage was perfomed using
C2C12 and R120G-C2C12 cell lysates. The arrows indicate the cleaved products from pro-
caspase-3 to form pro-active caspase-3 (p24) and active caspase-3 (p17/12).
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4.4 Discussion
\

Desmin related myopathy (DRM) is a neuromuscular disorder characterized by large
intracellular protein aggregates leading to cell death (Perng et al., 2004; Maloyan et al.,
2005). Aggregates of intermediate filament together with aB-crystallin have been reported in
biopsies bf muscle tissue from DRM patients (Nédellec et al., 2002).  Importantly, other
diseases, such as Alexander’s disease and dfug-induced hepatitis, are also characterized
by intermediate filament aggregates (Reichard et al, 1996; Magin et al., 1998).' These
aggregates are typically co-associated with aB-crystallin, despite the fact that they involve
different intermediate filament proteins (Lowe et al, 1992). This suggests that the
association of aB-cwstéllin with intermediate filament aggregates is a generic response to
the pathological reérrahgement of intermediate filaments and not depéndent on specific
intermediate filament proteins. Notably, although many mutations in the intermediate
filament protein desmin have been linked with DR_M, so'far only a single mu_taiion, R120G, in
oB-crystallin has been identified (Goldfarb et al., 1998; Munoz-Marmol et al., 1998; Vicart et
al., 1998). It is suggesfed that, in a-crystallinopathy, desmin collapses with R120G-oB-
crystallin mutant due to a reduced chaperone activity of mutant protein (Perng et al., 1999;
Perng et al., 2004). Moreover, chaperone activity of aB-crystallin seems to be necessary for
the proper organization of the desmin filaments (Nicholl and Quinlan, 1994). Interestingly,
desmin- and ‘aB-crystallip-nuII mice as well as mice expressing desmin mutants all have a
much less severe myopathy than those expressing R120G-a.B-crystallin mutant, suggesting
that R120G-oB-crystallin iinduced myopathy might result from other factors in addition to the
loss of function of desmin or ocB-crysfallin (Wang et al., 2001; Chavez Zobel ot al., 2003).
Desmin is expressed during the development of skeletal, cardiac and smooth muscle, and
| endothelial cells (Costa et al., 2004). In avian cells, desmin is the first muscle-specific
cytoskeletal protein or iséform to be expressed, after'(or togethek with) the commitment of
precursor cells to the muscle lineage (Li and Capetanaki, 1993). The effect of R120G-aB-
 crystallin mutant on the muscle differentiation process and desmin organization is not known

so far.

This chapter describes our investigation on the effect of R120G-aB-crystallin during
muscle differentiation. We show that R120G-aB-crystallin mutant inhibits the process of
myogenesis in C2C12 mouse myoblasts (Figure 4.1 and Figure 4.2). We found that in
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R120G-C2C12 cells fhe profile of cell cycle regulators such as cyclin D1 and p21 was similar
to normal C2C12 cells (Figure 4.4). Further, cell cycle analysis shows that approximately
83% R120G-C2C1 g cells were GO/G1-arrested at as early as 12 h of differentiation
compared to ~ 60%‘i‘n C2C12 cells (Figure 4.5). This could be due to the maintenance of a
sustained level of MyoD over a longer period of time in R120G-C2C12 cells. It is known that
during differentiation, ihe expression of p21 is MyoD-dependent (Guo et al., 1995; Halevy et
al., 1995). Moreover, a recent study from our laboratory has shown that R120G-aB-crystallin
mutant negatively reg;qlates NF-xB activity (unpublished data). Therefore, it is possible that
R120G-aB-crystallin }nutant induced deactivation of NF-xB may lead to reduced cyclin D1
expression, as it has been shown that activated NF-kB leads to increase in cyclin D1
expression (Gutt(idge et al,, 1999). The expression of cyclin D1 and MyoD is highly linked
during the differentiation process in an antagonistic manner (Rao et al., 1994). We find that
in C2C12 cells, the expression of MyoD increases till 24 h and decreases sharply at 48 h of
differentiation. Interestingly, in R120G-C2C12 cells, the increase in expression of MyoD was
similar to that in C2C12 cells, reaching a maximum at 24 h of differentiation; however, the
decrease was not as fast as that in C2C12 cells (Figure 4.5). Our study suggests that in
R120G-C2C12 cells, the apparent half-life of MyoD was relatively higher (tyz= 3.01 h)
compared to that in C2C12 cells (ti,= 2.37 h) (Figure 4.6). It is important to note that aB-
_ crystallin has been shown to be a part of the FBX4-Ub complex and promotes FBX4
dependent ubiquitination (den Engelsman et al., 2003). It can be spchlated that R120G
mutant, being dominant negative, inhibits the ubiquitination process, thereby stabilizing
MyoD protein. During the differentiation process, we show that aB-crystallin gets
phosphorylated at Ser-59 residue (Figure 4.7). Whether this preferential phosphorylation is
playing a role in the MyoD ubiquitination needs to be investigated. Interestingly, the R1ZOG-
oB-crystallin mutant is known to get hyperphosphorylated under normal condition (den
Engelsman et al., 2005), however, a recent work from our laboratory has shown that upon
exposure to TNF-a, the phosphorylation of R120G-aB-crystallin decreases (unpublished
data). The phosphorylation at Ser-59 is known to be induced by the activation of p38-MAPK
(Ito et al.,, 1997). As expe¢ted the phospho-p38 MAPK gradually increased in both C2C12
and R120G-C2C12 cells (Figure 4.7). Hence our results suggest that the pathway upstream
to aB-crystallin phosphorylation is not affected in the cells over-expressing the R120G-aB-
crystallin mutant. The localization studies of aB-crystallin in C2C12 cells and R120G-C2C12

cells, show similar staining of aB-crystallin in the cytoplasm (Figure 4.8). Although the
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R120G-C2C12 cells form sac-like structures, aB-crystallin remains excldsively in the
cytoplasm. Unlike myoblasts, nojspeckle-like stainihg in the nucleus was observed at the
later stages of differentiation (Figure 4.8). It is important to note that during the differentiation
of R120G-C2C12 Cells, we found an extensive cell death. We have shown thét there is a
greater accumulation of active 'caspase-3 (p17/12) in R120G-C2C12 cells than that in
normal C2C12 cells (Figure 4.9). Mao et al, have shown. that R120G-aB-crystallin has
reduced ability to bind to Bax and Bcl-X(s), thereby supporting the point that the mutant has
reduced protective ability compared to the wild-type aB-crystallin. Taken together, we find
that the R120G-aB-crystallin mutant has a large detrimental effect during the differentiation
process, which may be responsible for the observed myopathic condition. Strategies, which
can reduce spécifically the mufant expression, may be useful in the treatment of pafients

- with R120G-aB-crystallin mutant,
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Chapter 5: Concluding Remarks

5.1 Concluding Remarks

Small heat shock proieins (sHSPs) are a ubiquitous class of molecular
chaperones that are present from lower prokaryotes to higher eukaryotes such as
mammals. The expression of these sHSPs gets enhanced under stress as well as in

disease condition.

'Among all the sHSPs known, HSP27 and a-crystallin are by far the most studied
sHSPs. Work from our Iaboratory over the years has fesulted in considerable insight into
the structure-functioh aspects of a-crystallin. a-Crystallin has been shown to act as a
molecular chaperone and confer“ stress tolerance by interacting with aggregation-prone
‘intermediates. In addition to its chaperone-like activity, o A- and aB-crystallins appears to
have role in many cellular events such as cell division, motility, apoptosis and
differentiation. Recent reports from knockout and mutant studies suggest critical
involvement of aB-cfystaIIin in the maintenance of muscle homeostasis and regulation of

cytoskeletal dynamics.

oB-crystallin appears to h;ave a role in modulating the dynamics of contractile
proteins, and is an essentiél component of the cardiac muscle and skeletal muscle. This
may explain its relatively high expression level (~ 3 % of total cell protein) in'muscle
tissues. Disruption of actin microfilament is an early effect of stresses such as heat and
altered pH conditions.We have investigated the role of aB-crystallin in regulating actin
filament dynamics using H9C2, a rat cardiomyoblasts cell line and neonatal rat
ventricular myocytes (NRVMs). Our results show increased expression of aB-crystaliin in
these cells during stress conditions. We have carried out experiments to decipher the
role of endogenous oB-crystallin in rhodulating actin stability during heat stress. Our
results show that aB-crystallin exhibits fiber-like appearance in the cytoplasm and
associates with actin filaments upon heat stress. The association of aB-crystallin with F-
actin is dependent on its phosphorylation at Ser-45 and Ser-59 residues.
Phosphorylation seems to be an eséential event for the association of aB-crystallin, as
inhibition of phosphorylation abrogatés its ability to interact with. actin filaments. Further,
we find that the association is functionally relevant since heat pretreatment of cells lead
to failure of cytochalasin B-induced depolymerization of actin. We also provide evidence
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that aB-crystallin maintains the functional integrity in processes:like pinocytosis, of the
actin microfilament during heat stress. Our study provides interesting insights into the
functionality of aB-crystallin in maintenance of cellular architecture by modulating actin |

filament dynamics in vivo under stress conditions.

Modulation or feorganization of cytoskeletal protéins has also been documented
during the differentiation process. In addition, muscle differentiation process is also
associated with significant increase in the‘expression of sHSPs such as aB-crystallin
and HSP27. It is impdrtant to note that muscle constitutively expresses as many as six
sHSPs. Whether, all of them work in a synergistic fashion or in an independent manner
is yet to be deciphereq. The role of aB-crystallin appears to be significant as mice
lacking aB-crystallin have lower muscle mass. These observations raise interesting
questions; Does aB-c}ystaIIin have any role to pléy in muscle development and
maintenance of musci_e homeostasis? Since oB-crystaliin is shown to have anti-
apoptotic function durihg myogenesis, is it possible to cure diseases like cachexia by its
over-expression? |

We have investigated the role of aB-crystallin during the muscle differentiation
process using C2C12, a mouse fnyoblasts cell line. Surprisingly, we find that over-
expression of ocB-crystaIIin leads to delay in myogenesis. Our studies show that aB-
crystallin alters the cell-cycle ‘arrest and continues proliferation by modulating the cell
cycle regulators such as cyclin D1 and p21. The expression of cyclin D1 is enhanced
and sustained for a Ionger period of time while the p21 expression was delayed and
reduced in CRYAB-C2C12 cells compared to those of C2C12 cells. Further, we find that
MyoD dependent activation of p21 and myogenin was delayed more than 48 h of
differentiation. We show that aB-crystallin shifts the expression maximum of MyoD, the
master regulator of muséle differentiation by .12 h during thev differentiation process.
Interestingly, we find that aB-crystallin leads to enhanced ubiquitination, leading to faster
degradation. of MyoD (reduced apparent half-life). We believe that the shift in the MyoD
maximum is due to the combined effect of reduced synthesis and enhanced degradation
in CRYAB-C2C12 cells. Our results show that oB-crystallin gets phosphorylated
specifically at the Ser-59 residue during muscle differentiation. It is not known, whether

phosphorylation of aB-crystallin has any role to play during this process. Taken together,
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our results suggest that aB-crystallin is essential for muscle differentiation and regulation

of aB-crystallin is very important for proper myogenesis.

In addition, we have carried out experiments to investigate the effect of a point
mutation -in aB-crystallin (R120G) in° muscle differentiation. ‘The mutant aB-crystallin
(R120G-aB-crystallin) Iis a dominant;‘negative mutant and is shown to be associated with
desmin related myopathy. Studies with R120G-aB-crystallin suggest that the expression
profile of p21, myogenin and MyoD were similar to normal C2C12 cells, indicating that
R120G-oB-crystallin mutant does not have any effect in the initiation of differentiation
program. Interestingly, we find that the mutant leads to an extensive cell death during
the differentiation process. The aggregation-induced apoptosis could be one possible
reason for the increased cell death. However, the mechanistic details of enhanced cell

death in R120G-C2C12 cells remain to be investigated.

5.2 Possible future directions:

oB-crystallin, a molecular chaperone, is found in significant amount in brain,
kidney and muscle tissue. In muscle it comprises up to 3 % of the total cell protein. The
review of literature indicates that aB-crystallin has many more functions to perform than

previously thought.

In an attempt to decibher the in vivo function of aB-crystallin, we chose muscle
cells as model system. Our study using H9C2 myoblasts and NRVMs demonstrate that
aB-crystallin protects actin microfilaments during heat stress in a phosphorylation
dependent manner. Whether knocking out or reducing the Ievell of aB-crystallin using
RNAi approach would result in the collapse of the actin microfilaments needs to be
investigated. It is pdssible vthavt the ortholog of aB-crystallin, HSP25 also exhibit similar
behavior in heat-stressed condition; therefore it is likely that both aB-crystallin and
HSP25 may act in concert. Further, upon reducing the level of ocB-crystaIIin, HSP25 may
take over its function. Hence it may be necessary to silence HSP25 as well, to

.investigate the effect of absence of aB-crystallin on the microfilament network. A point

mutant, R120G-aB-crystallin is known to have. altered structure and reduced chaperone
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activity. It has been found with aggregates of desmin and isbattributed in desmin related
myopathy. It would be interesting to investigate the ability of the mutant aB-crystallin in
providing stability to the actin fiiamenis. ’

I .

The role of aB-crystallin in the differentiation process is far from clear. We have
tried to explore the possible function_is of aB-crystallin during the muscle differentiation
process. Surprisingly, we find that oiB-crystaIIin delays the differentiation process to a
significant extent. We demonstrated‘that oB-crystallin alters the temporal profile of cell
cycle regulators and stability of Myob. It is not clear, whether reducing the aB-crystallin
expression would results in enhancing the differentiation process. Importantly, it would
be interesting to know what is the effect of aB-crystallin on the deactivators of MyoD

such as Id1 and/or other E-box prote‘ins?

Invéstigating into the effect of R120G, a myopathy causing mutant of a.B-
crystallin, we find that it leads to severé cell death. Although the initiation of
: differenfiation programme was similar to C2C12 cells, these R120G-C2C12 cells were
unable to form myoiubes due to extensive cell death. We have explored the possible
pathways of inducing cell death in aB-R120G mutant background. Our preliminary
results suggest that R120G_-aB-crystaIIin mutant leads to ER-stress. This observation is
further supported by the enhanced expression of ER chaperones Grp94, in cells over-
expressing R120G-aB-crystaIIin during the differentiation process. ER stress-induced
cell death might be due to or independent of aggregation-induced cytotoxicity. We find
that treatment of cells with Brefeldin A, an ER stress inducer, causes severe cell death.
Moreover, the ER-stress induced cell death was significantly reduced in cells over-
expressing aB-crystallin, indicating that aB-crystallin may rescue cells from ER stress.
Brefeldin A treatinent leads to increase in the cytosolic Ca®* in C2C12 cells, we find that
this increase in cytosolic Ca* is“ higher in the cells expressing R120G-aB-crystallin
compared to C2C12 cells or _CZCiZ cells expressing wild type aB-érystaIIin. The role of
ER stress and ER stress-related processes in aB-crystallin mediated functions needs to

be investigated.
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List of abbreviations

bHLH basic helix loop helix

BSA Bovine serum albumin

Cdk Cyclin dependent kinase

DM Differentiation medium-

DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulphoxide

EDTA Ethylenediamine tetra-acetic acid
FACS Fluorescence activated cell sorter
FBS Fetal bovine serum

GM Growth médium

G/G/G; Gap phases 0, 1and 2

HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulphonicacid
h hours _

IgG Immunoglobulin G

P Immuno precipitation

kb kilobases

kDa Kilo Dalton

mA milli Amperes

min minutes

mM milli molar

MRFs . Muscle regulatory factors

neo® ' Neomycin resistant

PAGE Polyacrylamide gel electrophoresis
PBS Phosphate buffered saline

PBST Phosphate buffered saline-Tweeh Triton X 100
PCR Polymerase chain reaction

pRb Retinoblastoma susceptibility gene product
RNAI ' - RNA interference '

mom Revolutions per minute

SDS Sodium dodecyl sulphate

SiRNA . Small interfering RNA

TE Tris-EDTA

Mg Microgram

Micro liter

=

uM Micro molar
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