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MYOC variants, including D384N MYOC, could be correctable. D384N MYOC was identified
in a Chinese family diagnosed with high tension juvenile-onset primary open-angle glaucoma.
Disease causing mutations in MYOC (R82C, C245Y, Q368X, P370L, T377M, D3804, D384N,
R422C, R422H, C433R, Y437H, 477N, 14778 and N480K) were cloned into mammalian
expression vector p3XFLAG-myc-CMV"-25 and the sequences confirmed by direct sequencing.
Following lipophilic transfection to human trabecular meshwork {HTM) cells, the Tx solubility
and secretion of MYOC and cell apoptosis were examined in the presence or not with small
chemical treatments. 4-PBA, TMAO and deuterium oxide (D,0), reduced the portion of
insoluble fractions to various extents in the mutant proteins. The osmolytes TMAO and D,O
were more effective than 4-PBA in improving MYOC solubility. TMAQ was further shown to
improve the secretion and ER-Golgi trafficking of D384N MYOC, thereby reducing the ER

stress and rescuing cells from apoptosis.

In summary, this thesis described my study on the biochemical properties of novel protein
mutants of three different ocuiar disease genes (CRYAA, CRYGD and MYOC). The disrupted
protein properties, such as protein solubility, mistrafficking and aggregation, could be resolved
by treatment with small chemical molecules including TMAO and 4-PBA, by virtue of their
chaperoning capabilities. Results of these studies showed how these chemicals correct the
cellular defects associated with disrupted proteins. Given that these chemicals are cell-permeable
and small in size, they should be tested in animal studies on their biological effects to lens

opacity or elevated intraocular pressure.
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1 General introduction

1.1 Protein biosynthesis

The protein building process in a cell is a multi-step process, beginning from amino acid
synthesis/turnover to transcription of nuclear DNA to messenger RNA (mRNA),
nucleocytoplasmic transport of mRNA, followed by translation (reading of mRNA and
peptide synthesis) in the ribosomal complex. Once the pre-protein (usually with signal
pepide in the N-terminus) is made, it is a target of post-translational modifications such

that the mature protein is natively folded and functionally active.

1.1.1 Peptide synthesis

Peptide synthesis (translation} takes place in the ribosomal complex located on the
cytosolic side of the endoplasmic reticulum (ER). The genetic information is carried by
the nucleotide sequence of the mRNAs. They interact with the ribosomal complex, which
contains one small and one large subunit, ribosomal RNA (rRNA) and proteins and
ligases. In translation, mRNA is decoded according to the reading specified by the
trinucleotide genetic code (codon) and serves as a template to guide the synthesis of
amino acid chain. This is assisted by a succession of transfer RNA (tRNA) molecules
charged with different amino acids through the base-pairing between codons (on mRNA}
and anti-codons {on tRNAs). The amino acids are then linked together and extend to
growing peptide chain. Altogher, translation proceeds in four phases: activation (charging
of tRNA with appropriate amino acid), initiation (attachment of mRNA to ribosomal

complex and reading of “START/FMet” codon, elongation (tRNA-amino acid by pairing



between codon and anticodon to growing peptide chain) and termination (reading of

“STOP” codon to end the peptide synthesis).

Translation has an infidelity rate estimated at 1 amino acid out of 10°-10* amino acids
synthesize (Cochella and Green, 2005). Errors are caused by misacylation leading to
tRNA loaded with inappropriate amino acid (Lee et al., 2006), selection of an incorrect
tRNA during elongation process (Jakubowski and Goldman, 1992), incorrect selection of

start codon, frame shifting, or incorrect termination.

In general, cells synthesize proteins that stay or function in the cytosolic region,
nucleus mitochondria, lysosomes, peroxisomes, cell membrane and so on as well as being
secretory to the extracellular space. Membrane-bound ribosomes synthesize polypeptides
destined to the secretory and endocytic compartments (endoplasmic reticulum ER, Goigi

apparatus, endosomes and lysosomes), to the plasma membrane.

1.1.2 Post-translational modifications

During peptide synthesis on the ribosomal complex, the growing peptide is co-
translational translocated into the luminal region of the ER, through a signal peptide
directed process. Once the peptide enters the ER, it is surrounded by various ER resident
proteins, including molecular chaperones, foldases, and so on for the post-translational
modifications, folding and protein assembly. Peptides are folded due to the inherent
amino acid sequence and to assume a final native conformation, which we usually refer

to the sequences of secondary, tertiary or higher structures. The folding processes



including formation of disulfide bond between cysteine molecuies, or attachment of

various side-chains, like during acetylation, phosphorylation, glycosylation and so on.

1.1.2.1 Phosphorylation

Reversible phosphorylation is one of the most important and well-studied post-
translational modifications. Most commonly occurring on threonine, serine and tyrosine
residues, phosphorylation plays critical roles in the regulation of many cellular processes,
including cell cycle, growth, apoptosis and differentiation. Phosphorylation can have
profound effects on regulating the function of the client protein (Johnson and Lewis,
2001). The phosphoryl group with a pXa of ~6.7 is likely to be predominantly dianionic
at physiological pH. The property of a double negative charge (a property not carried by
any of the naturally occurring amino acids) and the capacity for the phosphoryl oxygens
to form hydrogen-bond networks confer special characteristics. Phosphorylation can
activate enzyme activity through allosteric conformational changes, as observed for
glycogen phosphorylase (Johnson and Barford, 1993) and many protein kinases that rely
on phosphorylation by upstream kinases for activity (Russo et al., 1996). Phosphorylation
can inhibit enzyme activity, as observed in tsocitrate dehydrogenase, where the phosphate
group acts as a steric blocking agent and does not promote any conformational change
(Hurley et al., 1990), and in CDK2, where phosphorylation on Tyrl5 impedes protein
substrate recognition (Welburn et al., 2007). Phosphorylation can lead to recognition sites
for other protein molecules, such as in the phosphotyrosine recognition SH2 domains
important for regulation of kinases such as Sre, ZAP70 ({ -chain-associated protein

kinase of 70 kDa), Fes and Abl protein. Recent resuits have shown how recognition of a



phosphotyrosine residue by the SH2 domain in Fes is coupled to substrate recognition

through co-operative SH2-kinase-substrate interactions (Dube and Bertozzi, 2005).

1.1.2.2 N-linked glycosylaton

Another important and common post-translational modification of proteins is
glycosylation, the covalent attachment of oligosaccharides. Carbohydrates in the form of
asparagine-linked (N-linked) or serine/threonine-linked (O-linked) oligosaccharides are
major structural components of many cell surface and secretory proteins. This addition
and subsequent processing of carbohydrates (glycosylation) is the principal chemical
modification to most proteins. Some glycosylation reactions occur in the lumen of the ER;
others, in the lumina of the cis-, medial-, or trans-Golgi cisternae. Thus, the presence of
certain carbohydrate residues on proteins provides useful markers to follow the protein

movement along ER-Golgi route.

N-linked glycosylation is initiated by transfer of a core oligosaccharide from a
membrane-bound dolichol phosphate anchor to consensus Asn-X-Ser/Thr residues in the
polypeptide chain (Freeze, 2007), these protein start at the cytosolic face of the ER by the
synthesis of a GIcNAc and mannose (Man) containing glycan chain onto the lipid
dolichol phosphate. This chain is then flipped into the lumen of the ER, more Man and
glucose (Glu) residues are added and oligosaccharyltransferase moves the finished
GleNAc2Man9Glu3 product onto the appropriate asparagine side chain of proteins.
Before the protein is transported from the ER to the Golgi for further glycan processing,

three Glu residues and one Man are removed in the complex quality control calnexin-






In conclusion, there are enzymes removing some amino acids from the leading (N-
terminal, amino) end of the peptide chain, giving two smaller peptides linked by disulfide
bonding. All proteins before getting out of the ER-Golgi compartments and passing on to
the subsequent sites, they must attain a correctly folded (or native) conformation to
guarantee the correct folding and burial of every hydrophobic fragment / patch inside the
peptide core (Hurtley and Helenius, 1989; Ibba and Soll, 1999; Wickner et al., 1999). As
a result, the folding defects can be corrected and proteins are properly folded to a mature,

functionally active state for the trafficking to the next intra- or extracellular location.

1.2 Protein quality control system

1.2.1 Protein quality control in the endoplasmic reticulum

In the biosynthesis of most peptides, protein quality control (QC) ensures that only
correctly folded proteins exit the ER. Slowly folding or permanently unfolded proteins
are retained in the ER and targeted for ER-associated degradation (ERAD) via the

ubiquitin-proteasome pathway (Meusser et al., 2005).

The ER provides an optimized environment for protein folding and maturation. The
presence of stringent QC system in the ER is essential for different reasons. By
preventing the premature exit of folding intermediates and incompletely assembled
protein from the ER, it extends the exposure of the substrates to the folding machinery in
the ER and thereby improves the chance of correct maturation. This is because the

downstream organelles in the secretory pathway do not generaily support protein folding



(Mezzacasa and Helenius, 2002). Furthermore, ER QC ensures that proteins are not
dispatched to terminal compartments when they are still incompletely folded and
therefore potentially damaging the cell. This is well illustrated in the case of ion channels,
transporters and receptors that the non-functional or partially function protein do not
reach the plasma membrane, where their presence could be toxic to cells (Bichet et al.,
2000). QC is also involved in processes such as gene regulation and nutrient storage, and
may have extracellular carrier functions for ligands that have to be loaded in the ER

before the proteins become secretion-competent (Brown et al., 2002).

1.2.2 ER stress

ER is an organelle that has essential roles in multiple cellular processes that are
required for cell survival and normal cellular functions. These processes include
intracellular calcium homeostasis, peptide synthesis and processing as well as steroid and
lipid biosynthesis (Landry and Gies, 2008). All proteins entering the secretory pathway
must pass through the ER. In the ER, proteins fold into their native conformation and
undergo a multitude of post-translational modifications, including asparagine-linked
glycosylation, and formation of intra and intermolecular disulfide bonds (Fewell et al.,
2001). Due to the presence of ER QC, only correctly folded proteins leave the ER and are
exported to the Golgi, while incompletely folded peptides are retained inside the ER for
further folding opportunity or targeted for degradation, if the misfolding cannot be
corrected (Ellgaard et al., 1999). Disruption of proper protein folding processes can be
due to various means, such as mutations, altered post-translational modifications,

presence of folding-incompetent proteins, hypoxia, or oxidation. These cause the



retention of proteins inside the ER or ER overloading. Hence it induces the ER stress and
triggers the unfolded protein responses, following activation of downstream molecules
(Figure 1.1). There are many metabolic diseases caused by protein accumulation in the
ER and they are not prone to degradation. These metabolic disorders are termed as ER

storage disease in the super-category of protein folding disorders (Kim and Arvan, 1998).

1.2.3 Unfolded protein responses

During the ER stress, accumulated misfolded or unfolded peptides activate an adaptive
signaling cascade and trigger the unfolded protein responses (UPR) (Kozutsumi et al.,
1988). Once activated, three ER-localized transmembrane signal transducers are recruited
through the machinery involving BiP/GRP78 protein. In normal situation, the cellular
BiP/GRP78 is preferentially associated with the signal transducer and silence their
activities. However, with the presence of misfolded proteins, BiP/GRP78 is dissociated
from its partners and binds preferentially to the exposed hydrophobic patches of the
misfolded peptides. The dissociation leads to the activation of partner transducers. They
are the protein kinase inositol requiring kinase-1 (IRE1) (Yoshida et al., 2001), double-
stranded RNA-activated protein kinase-like ER kinase (PERK) (Harding et al., 2000b)

and the transcription factor activating transcription factor 6 (ATF6) (Yoshida et al., 2001).

1.2.3.1 IRE1 activation

IREI is the first component of UPR that was identified initially in yeast (Shamu and

Walter, 1996). IRE1 pathway regulates chaperone induction, ERAD, and expansion of
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Figure 1.1 Overview of ER stress and unfolded protein response signalings. Normal

eukaryotic cells have a stringent regulatory system of recognizing and processing of

misfolded proteins. When there are misfolded proteins accumulated in the ER, the ER

stress could be induced, which triggers specific responses termed as UPR. BiP, with its

role as a central UPR molecule, binds preferentially to the hydrophobic peptide patches

exposed on the misfolded protein surface. This causes a dissociation of the native

complexes of BiP with PERK, ATF§ and IRE1, which subsequently lead to various

signaling. Free PERK, via elF2 inhibtion, blocks protein translation and causes G2/M cell

cycle arrest and apoptosis. Free ATF6 activates CHOP for cell apoptosis. Free IRE]

activates XBP-1 for ERAD and expression of molecular chaperones to alleviate the ER

burden (Martin et al., 2005, Review).









is a kinase that phosphorylates a subunit of elF2a in response to ER stress (Liu et al.,
2000). Phosphorylation of elF2q activates transcription factor ATF4, which turns on the
expression of BiP/GRP78 and CHOP, one of the pro-apoptotic factors. The elevation of
CHOP results in down-regulation of Bcl-2, the activation of caspases, and finally initiate

cell death events (McCullough et al., 2001).

Thus, BiP/GRP78, ATF4, CHOP, and caspase-12 are key proteins and enzymes that
are activated by UPR. If this adaptive UPR is not capable to resolve the problem of ER
stress, by removing improperly folded proteins, cell death pathways will be activated.
Many caspases are recruited and ultimately results in apoptosis. Therefore, BiP and
CHOP expression as well as caspase-12 activation in UPR are common cellular basis for

many metabolic diseases involving the ER stress.

In human eyes, many ocular disorders are caused by the folding problems of candidate
proteins, including cataract formation due to lens crystallin alterations and trabecular
meshwork cell changes in myocilin-caused primary open-angle glaucoma. In my study, |
employed the mutated G98R CRYAA and D384N MYOQC as a model to study the UPR

in human lens epithelial cells and human trabecular meshwork cells.

1.2.4 Protein degradation

Protein folding in the oxidizing environment of the ER is an energy requiring process.
Under non-stressed conditions, newly synthesized proteins exist as unfolded

intermediates along the protein-folding pathway. Once the ER stress is imposed, such as

12



by the depletion of energy, many folding intermediates become irreversibly trapped in
low-energy states and accumulate, These unfolded proteins are retained in the ER
through interaction with BiP, calnexin, and calreticulin. Eventually, unfolded or
misfolded proteins in the ER lumen are retrotranslocated to the cytoplasm, where they are
ubiquitinated and degraded by the proteasomes (Werner et al., 1996). This process is
called the ER-associated degradation (ERAD), and is regulated by the UPR. Proteasomal
degradation of misfolded proteins in the ER is required to protect from UPR activation.
Proteasomal inhibition is sufficient to activate the UPR, which, in turn, induces the
transcription of genes encoding components of ERAD (Travers et al., 2000). On the other
hand, if the overload of unfolded or misfolded proteins in the ER is not resolved,

prolonged UPR activation will lead to programmed cell death.

1.2.4.1 Ubiquitin-proteasome pathway (UPP)

The ubiquitin-proteasome pathway plays an important role in the selective degradation
of many proteins, including damaged or non-native proteins. UPP is a major cytosolic
proteolytic pathway in eukaryotic cells (Glickman and Ciechanover, 2002). Those
substrates to be recognized for degradation are usually linked covalently to small-sized
ubiquitin molecules. Attachment of poly-ubiquitin (ubiguitination) occurs through action
of three classes of enzymes termed El, E2, and E3. Normally, E1 exists as one dominant
form in cells but E2 and E3 have multiple isoforms (Hegde, 2004). During ubiquitination,
ubiquitin is first activated by EIl, then passed on E2s and E3s (ubiquitin ligase)
sequentially such that the activated polyubiquitin is linked to the substrate. The ubiquitin-

associated ligation step is centrally important in determining the selectivity of protein












death response. Topologically, the ER lumen is equivalent to the extracellular space.
Thus, it is not surprising that ER stress activates a combination of intrinsic and extrinsic
apoptotic pathways. Thea intrinsic pathway responds to intracellular insults, e.g. DNA
damage, and an extrinsic pathway responds to extracellular stimuli (Figure 1.2}, which is
triggered by self-association of cell surface receptors, recruitment of caspases, mainly
caspase-8, and initiation of a caspase cascade. Here several mechanisms include
PERK/elF2-dependent transcriptional induction of the pro-apoptotic transeription factor
CHOP, Bak/Bax-regulated Ca** release from the ER, IRE]l-mediated activation of ASKI1
(apoptosis signal-regulating kinase-1)/JNK (c-Jun amino terminal kinase) and activation
of pro-caspase 12 (ER stress-induced caspase-dependent apoptosis) (Malhotra and
Kaufman, 2007). Activated IRE-1 recruits Jun N-terminal inhibitory kinase (JIK) to
activate apoptosis-signaling kinase 1, which in turn activates the c-jun N-terminal kinase
(JNK) pathway (Lee et al., 2002). This activates mitochondria/Apafl-dependent caspases.
Procaspase-12 is an ER-associated proximal effector of apoptosis. Activated caspase-12
cleaves the pro-caspase-9 to become active, which further turns on caspase-3, leading to

apoptosis (Mandic et al., 2003).

It is known that oxidative stress is a significant contributing factor to ER stress-
induced apoptosis (Jiang et al., 2009). Many pathologies, including eye diseases, are
found associated with ER stress-induced apoptosis (Carbone et al., 2009; Mulhern et al.,
2007; Raguenez et al., 2009). In my study, a glaucoma-causing mutation (D384N) of
myocilin caused trabecular meshwork cell apoptosis through the induction of ER stress
(Jia et al,, 2009a). Also, the cataract-causing G98R CRYAA expression activated ER

stress and the lens epithelial B3 cells were prone to apoptosis (Gong et al., 2009).
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1.3 Protein folding disease

1.3.1 Protein folding and misfolding

Protein folding is a process by which a polypeptide folds into its characteristic and
functional three-dimensional structure from random coil. The folding of the translated
linear strand of amino acids into a fully functional three-dimensional protein is one of the
most complex challenges facing the cellular protein factory (Dobson, 2003). The ER
could provide an optimized environment for protein folding. Folding occurs very rapidly,
probably within milliseconds of production of the string of amino acids, and results in 3-
D conformations which usually are quite stable, with specific biological functions (Yang

and Gruebele, 2003).

Each linear chain of amino acids translated from mRNA exists as an unfolded
polypeptide or random coil. It lacks any developed three-dimensional structure, which is
determined by the inherent amino acid sequence. During folding, amino acids interact
with each other to produce a characteristic three dimensional structure, known as the

native state (Stevens and Argon, 1999).

The folding of proteins thus facilitates the production of discrete functional entities,
including enzymes and structural proteins, which allow the various processes associated
with life to occur. Importantly, folding not only allows the production of structures which
can perform particular functions in the cellular milieu, but also it prevents inappropriate
interactions between proteins, in that folding hides elements of the amino acid sequence

which if exposed would react non-specifically with other proteins {(Leandro and Gomes,
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2008). Restriction of interactions to those which are necessary and desirable for life is
crucial in the intracellular environment where many thousands of proteins are present and
required to perform precisely specified functions. Evolutionary pressure thus has favored
those proteins which fold in such a way that appropriate reactive elements are exposed

and unwanted reactivities are hidden.

1.3.1.1 Principles of protein folding

For any given protein, the number of possible conformations, as defined by the number
of native and total interactions of its residues, is determined by its amino acid sequence.
Each conformation has a certain free energy. Plotting of all free energies versus their
corresponding conformations yields a distinctive energy surface or landscape for the
protein. On this energy landscape, the protein folds along several competing pathways
leading to conformations with ever decreasing free energies until a transition state is
crossed (Dobson and Ellis, 1998). Folding stops when the conformation with the lowest
free energy is reached. In many cases, this conformation is identical to the native
conformation of the protein (Chan and Dill, 1998). Thus, the primary amino acid
sequence of a protein is the major determinant for the folding of protein, a phenomenon
first summarized in Anfinsen’s dogma (Leandro and Gomes, 2008). Kinetically, protein
folding is initiated by a hydrophobic collapse, in which several hydrophobic side chains
shield each other from surrounding water (Stevens and Argon, 1999). Burial of
electrostatic interactions, such as salt bridges or hydrogen bonds, in the hydrophobic core
limits the number of possible conformations for the folding protein, and is a major

determinant in the folding pathway (Stevens and Argon, 1999). Individual structures, e.g.
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this region is less constrained in both mutants (Booth et al., 1997). In agreement, circular-
dichroism studies during conditions of heat denaturation that lead to fibril formation
showed that both mutants were less thermostable. Moreover, near the midpoint of the
heat-driven unfolding process, the mutants formed partly folded intermediates with
considerable helical structure but no persistent tertiary interactions (Booth et al., 1997).
Wild-type lysozyme unfolds into a partly structured intermediate only when thermal

denaturation is performed at very low pH (Haezebrouck et al., 1995).

Nowadays, there are a number of diseases sharing a common aspect in that they all
appear to involve inappropriate folding of a particular protein. These diseases are
sometimes lumped together under the heading of the protein folding diseases resulted

from misfolded proteins.

1.3.2 Protein folding diseases

It has become increasingly apparent that there are a number of diseases, sharing a
common cause of perturbation of protein folding, but they have different symptoms and
aetiologies. In many cases, misfolded proteins are recognized to be undesirable and
consequently directed to protein degradation machinery in the cell. Hence many protein
misfolding diseases are characterized by absence of a key protein, as it has been
recognized as dysfunctional and eliminated by the cell’s own machinery. Diseases caused
by lack of a functioning protein, due to its degradation as a consequence of misfolding,
include cystic fibrosis (misfolded CFTR protein) (Thomas et al., 1995) and Marfan

syndrome (misfolded fibrillin) (Whiteman et al., 2006). Other than that, many protein
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folding diseases are characterized by it’s the protein deposition in insoluble aggregates.
Diseases caused by protein aggregation include Alzheimer’s disease (deposits of amyloid
beta and tau), type [I diabetes (deposits of amylase), Parkinson’s disease (deposits of

alpha synuclein) and so on (Dobson, 2001; Horwich, 2002; Kelly, 1998).

Protein misfolding appears at least in some cases to be due to mutations (missing or
incorrect amino acids) which destabilize the encoded protein products and they are more

likely to fold incorrectly.

In conclusion, the manner in which a newly synthesized chain of amino acids
transforms itself into a perfectly folded protein depends both on the intrinsic properties of
the amino acid sequence and on the multiple contributing influences from the crowded
cellular milieu. Folding and unfolding are crucial ways of regulating biological activity
and targeting proteins to different cellular locations. In addition, processes as apparently
diverse as translocation across membranes, trafficking, secretion, immune response and
regulation of cell cycle are directly dependent on folding and unfolding events (Radford
and Dobson, 1999). Failure to fold correctly, or to remain correctly folded, will therefore
give rise to deleterious living systems and hence to diseases (Dobson, 2001; Horwich,
2002; Thomas et al., 1995). Therefore, accumulation of misfolded proteins that escape
the cellular quality-control mechanisms is a common feature of a wide range of highly

debilitating and increasingly prevalent diseases.
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1.3.3 Protein folding diseases in the eye

The accumulation of unfolded or misfolded proteins leading to pathology takes place
in a wide variety of organs and tissues, also including different parts of the eye. So far,
the best studied ocular protein folding diseases are cataract in the lens and retinitis
pigmentosa in the retina, but accumulation of misfolded proteins also occurs in other
parts of the eye causing various disorders, i.e. in the lens, cornea, retina, vitreous,
conjunctiva, optic nerve, and so on. As the complicated structure of eye, any disturbance
could cause eye diseases and lead to blindness. Furthermore, protein deposition in eye
tissues may take place as a result of (a) systemic amyloidosis, (b) presence of naturally
unfolded proteins and (¢} mutations or post-translational modifications of proteins that

become prone to aggregation as a result of such modifications.

1.3.3.1 Lens

The lens is a transparent, biconvex structure that, along with the cornea, helps to
refract light to be focused on the retina (Figure 3.1). Cataract is the opacity of lens due to
the accumulation of protein aggregate formation that obstructs the passage of light
through the lens, thereby blocking light from reaching the photoreceptors (Figure 3.1).
Protein folding diseases in the lens became known earlier than that in other eye tissues
(Harding, 1972), because cataract formation can be monitored in real time by non-
invasive, highly sensitive optical techniques. The major protein component of lens
aggregation is a-crystallin and By-crystallins (Chen et al., 1997). Their post-translational
modifications play a major role in cataractogenesis (Ecroyd and Carver, 2009; Meehan et

al., 2004; Zhang et al., 2008). Mutations in crystallin genes are also associated with
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al., 2001; Yam et al., 2007b). Hence, myocilin-associated glaucoma may be considered as
a protein folding disease (Aroca-Aguilar et al., 2008; Carbone et al., 2009; Jia et al.,

2009a; Liu and Vollrath, 2004).

1.3.3.3 Retina

Protein aggregation and deposition in the retina leading to retinal dystrophies often
occur due to mutations in the retinal genes, post-translational modifications of retinal
proteins or due to the presence of aggregation prone naturally unfolded proteins. Several
retinal dystrophy genes have mutations that make the proteins misfold and become
aggregation prone with subsequent loss of normal protein function. One of the
mechanisms of retinitis pigmentosa (RP) is caused by the accumulation of mutated
rhodopsin protein. More than 140 mutations in rhodopsin causative for RP have been

described (http.//www.sph.uth.tmc.edu/RetNet). Misfolding of rhodopsin in the

transmembrane, intradiscal and cytoplasmic domains has been known to cause RP
{Kaushal and Khorana, 1994; Roof et al., 1994; Sung et al., 1993). And also, age-related
macular degeneration (AMD) is a late-onset, neurodegenerative retinal disease that shares
several clinical and pathological features with Alzheimer’s disease, including
extracellular deposits containing amyloid-beta (AB) peptides, apoE protein, complement
and other components. A pathogenic role for amyloid in AMD has been demonstrated
(Yoshida et al., 2005) and further proven by detecting of non-fibrillar oligomeric AB in

the drusen of AMD eyes (Ding et al., 2008; Luibl et al., 2006; Yoshida et al., 2005).
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1.3.3.4 Cornea, vitreous and ciliary body
Similar to the lens, cornea is transparent for light transmission. Accumulation of
damaged or denatured proteins is detrimental for corneal function because such species
can lead to corneal cloudiness and increased light scattering. Such proteins are amyloid-P
component, gelsolin (Kivela et al, 1994), lactoferrin (Araki-Sasaki et al., 2003),
keratoepithelin (Big-h3 or TGFBIp) (Tai et al.,, 2009)in cornea-specific deposition

diseases.

Vitreoretinal amyloidosis is usually associated with mutations in genes encoding
amyloid precursor protein transthyretin (TTR) and found as part of the familial
amyloidotic polyneuropathy (FAP) syndrome. FAP comprises of a genetically
heterogeneous group of disorders characterized by amyloid deposition in different organs,
including in eye tissues. Currently, more than 80 TTR mutations have been described
(R.B. Bhisitkul and 1037 (Eds.)). As an example, vitreous opacities requiring vitrectomy
were revealed in patients with FAP due to Ile84Ser substitution in the TTR protein

{Zolyomi et al., 1998).

Deposition of amyloid and its precursors in the perineurium of ciliary nerves and the
walls of ciliary vessels has been described in patients with familial amyloidosis, Finnish
(FAF; Meretoja’ s syndrome). The deposits can be revealed by Congo red staining, use of

antisera to amyloid-P component and gelsolin Asn-187 fragment (Kivela et al., 1994).
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native conformation of the protein (Chan and Dill, 1998). Thus, the primary amino acid
sequence of a protein is the major determinant for the folding of a protein. Kinetically,
protein folding is initiated by a hydrophobic collapse, in which several hydrophobic side
chains shield each other from surrounding water (Stevens and Argon, 1999). Thus, it is
necessary to shield folding proteins displaying hydrophobic patches on their surface from
inadvertently colliding and interacting with other maturing and mature proteins. For
example, most small molecules are thought to have a general role in the folding of newly
synthesized polypeptides in vivo, they could bind transiently to small hydrophobic
regions exposed on unstructured nascent chains and thus decrease the free emergy
between polypeptides, change the charges on protein surface and stablize the misfolded
proteins, to prevent aggregation and premature folding as elongation proceeds.
Aggregation in the newly synthesized proteins is a high-order process that is greatly
favoured by increases in protein concentration and temperature, because it is driven by
the interaction of hydrophobic regions that are transiently exposed on the surface of
partiglly folded intermediate states, causing identical chains close together to form
aggregation. Application of these small molecules to reduce hydrophobic regions on the
misfolded protein thus could rescue the protein misfolding and reduce protein

aggregation.

1.4.2 Potential corrections against protein folding diseases

A signtficant number of human disorders (e.g. Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis and type Il diabetes) are

characterized by protein misfolding and aggregation. Generally, there are several novel
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maintain polypeptide chain components in a loosely folded state for translocation across
membranes (Hartl, 1996). Regulated expression of these endogenous molecules is a
cellular defense against misfolded proteins and this machinery monitoring and regulating
protein folding and quality control are parts of a more general proteostasis network
(Balch et al., 2008; Powers et al., 2009). Thus, the cellular defense could be regulated
through the expression of molecular chaperones in cells by expressing transgenic
chaperones (or their peptide fragments) in order to suppress the misfolding of pathogenic
proteins. This can also induce special endogenous chaperones (such as up-regulation of
small Hsp70) by administration of low molecular weight substances and using inhibitors
of pathological chaperones. Many paper have reported that cellular defense could be
fulfilled by molecular chaperones dedicated to facilitate the efficient folding and reverse
the unfolding (Bukau et al., 2006; Chapple and Cheetham, 2003; Chapple et al., 2001;
Ellis, 2001a; Ellis, 2001b; Kosmaoglou et al., 2008). These chaperones bind to
aggregation-prone regions of proteins, for example the hydrophobic stretches or cystein
residues, and change the local conformation of the polypeptide in a way that corrects the
unfolding. They also undergo non-covalent interactions with exposed hydrophobic
surfaces of non-native proteins and stabilize them against irreversible aggregation. For
example, the study of chaperone cA-crystallin revealed its functional unit -19 amino acid
hydrophobic peptide fragment (amino acid position70 to -88) was responsible for the
chaperone function of the protein. This peptide can be used as a universal chaperone for

controlling protein aggregation (Santhoshkumar and Sharma, 2004).

In recent years, a group of exogenous small molecules that are freely diffusible in cells
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and with chaperoning activity (collectively termed as chemical chaperones) has
successfully corrected a variety of misfolded proteins and the associated cellular defects
or protein folding abnormalities (Bian et al., 2008; Burrows et al., 2000; Caciotti et al.,
2009; Janovick et al., 2009; Jiang et al., 2009; Tveten et al., 2007; Yam et al., 2007b).
These small chemicals have been shown to reverse the misfolding or mislocalization of
several mutant plasma membrane, lysosomal, and secretory proteins. They are a diverse
group of substances including glycerol, polyols, dimethylsulfoxide (DMSO), deuterated
water, tavroursodeoxycholic acid (TUDCA), trimethylamine N-oxide (TMAQ) and
sodium 4-phenylbutyrate (PBA). The mechanism of action, though not fully understood,
may involve an improvement and stabilization of protein folding environment, prevention
of nosi-productive protein interactions, reduction of aggregate formation and alteration of
sndogenous chaperone activity. This facilitates the protein trafficking and reduces the
aberrant intracellular accumulation of misfolded proteins and subsequently cytotoxicity
(Jiang et al., 2009; Kanki et al., 2009; Kolter and Wendeler, 2003; Papp and Csermely,
2006; Ulloa-Aguirre et al., 2004). Chaperone-assisted therapy may be applicable to a
variety of proteins associated with pathological conditions. Inherited protein folding
diseases, including cystic fibrosis, Alzheimer’s disease, prion-related diseases, familial
Parkinsonism, spinocerebellar diseases and lysosomal storage diseases, are caused by
abnormal localization and/or aggregation of proteins that lead to cell dysfunction and

tissue damage (Gregersen, 2006).

In this project, we sought to investigate if the altered protein features (such as

aggregates and mistrafficking) of mutant proteins (mutant CRYAA, CRYGD and MYOC)
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could be correctable by small chemcials (TMAQ, PBA and so on).

1.4.3.2 Other approaches

A number of different approaches under development include drugs which affect the
processing of the precursor proteins, clearance of the misfolded protein, and which inhibit

or prevent the conformation changes.

Pharmacological chemical is a relatively new concept in the treatment of human
genetic diseases resulting from misfolded proteins. They present an attractive alternative
to transplantation due to its low risk and an alternative to enzyme replacement therapy
due to lowered expense and oral availability, and they selectively bind to a target protein
and increase its stability. The binding of the pharmacological molecules helps the protein
fold into its correct three-dimensional shape. So far, more and more attentions focus on
this field. For example, pharmacological molecules could mediate the folding and
stabilization of the P23H-opsin mutant associated with autosomal dominant retinitis

pigmentosa (Noorwez et al., 2003).

In addition, immune system activation can increase the clearance of the disease-
associated proteins. These conformation-based approaches appear to hold the best
promise for therapies for this devastating group of disorders. Development of monoclonal
antibodies with chaperone-like activities that would be able to neutralize the toxic gain of
function of misfolded proteins represent another novel promising immunological concept

in the treatment of conformational diseases (Kontsekova et al., 2009). Gene therapy can
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be used to alleviate the burden of accumulation of misfolded proteins, e.g. insertion of
normal genes to replace the function of mutant proteins, expression of recombinant
chaperones, elimination of mutant unfolded proteins using small interfering RNA (siRNA)

or self-looped short hairpin RNAs (shRNAs).

Finaily, therapeutic strategies based on combination therapies improving different
steps in the proteostasis network capacity (proteostasis regulators) and stabilizing specific
proteins (small chemicals) are currently under development (Balch et al., 2008; Powers et
al., 2009). There is hope that they will delay onset or decrease impact of protein folding

diseases.
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2 Objectives and study design

Many worldwide blindness are caused by different kinds of genetic eye diseases, such
as cataract, glaucoma, age-related macular degeneration (AMD), and retinitis pigmentosa
(RP). These major eye diseases which are potentially blinding, including cataract and
glaucoma, may be affected by disruptions in protein structures. The lens opacity in
cataract may attribute to misfolding in the secondary structure of crystallins. In glaucoma,
disrupted structural behaviors of myocillin affect the geometry of the extraceilular matrix
at the trabecular meshwork which in turn obstruct aqueous outflow and lead to elevation
of intraocular pressure. The latter is causing progressive optic nerve damages, which is
the pathologic basis of glaucoma. In this study, I conduct in vitro investigations on
variants of CRYAA (aAd-crystalling) and CRYGD (yD-crystallin) 1 congenital cataract and
MYOC (myocilin) in primary open-angle glaucoma. These genes are of interest to me and

my laboratory because of their causative effects to blinding diseases.

My work mainly examine if the altered protein features caused by disease-causing
mutations could be correctable by agents stabilizing the proteins towards a more native
conformation. The correction might alleviate cell damages from the ER stress due to the
retention of misfolded mutant protein by the ER quality control system, uitimately
resulting in better cell survival. Possible biological mechanism of chaperone action will

also be elucidated.
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damage the lens structure and properties on both molecular and cellular levels. Risk
factors include the UV exposure and radiation, trauma, surgical injury, use of systemic
and ocular drugs, cigarette smoking, alcohol consumption, malnutrition, as well as
chronic diarrhea (Brian and Taylor, 2001; Delcourt et al., 2005; Ferrufino-Ponce and
Henderson, 2006). In mature lens, crystallin proteins practically have no major turnover
and their expression remain stable in the lens body throughout one’s lifetime. Hence,
constant insults from products formed by photochemical reactions that bombard the lens
proteins would introduce instability to lens structure and composition. For example, when
the expression of w-crystalling with chaperone capability is altered due to environmental
changes, those lens proteins that mainfain in good shape by «-crystallins would
precipitate and prone to aggregate either reversibly or irreversibly, resulting in a
disruption of the structural uniformity of lens and, ultimately causing opacity formation
(Andley, 2007; Truscott, 2005). Studies have shown that aggregation of crystallins could
be attributed to the post-translational modifications of proteins through different
processes, including mixed disulfide formation, glycation cross-linking by UV,
transglutaminase or disulfides as well as phosphorylation, deamidation, and proteolysis
(Lampi et al., 2002). Cellular changes involving membrane interaction (Fan et al., 2005),
deregulated proteolytic denaturation of crystallins (Nixon, 2003), and disruption of

osmotic balance (Miyazawa et al., 2007) are also possible causes of cataractogenesis.

3.1.1.1 Congenital cataract

Congenital cataract (CC) refers to the opacification of human lens presented or

becoming manifested in early childhood. It causes the visual impairment of children and
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products of CRYAA, CRYAB, CRYBA1, CRYBA2, CRYBA3, CRYBA4, CRYBBI,
CRYBB2, CRYBB3, CRYGC, CRYGD, CRYGS and two NHj-terminally truncated
products of CRYBA3, BRYBBI (Lapko et al., 2003). Analysis of micromolar
concentrations in lens showed that a-, 3- and y-crystallins had ratios of 12, 13.5 and 9,
respectively. These integral ratios suggest that crystallin molecules are probably packed

in highly ordered arrays in the lens.

Crystallins are responsible for maintaining the structure, refractive index and optical
properties of lens fibre cells. They contribute to the transparency and refractive power of
lens by short-range interactions among themselves in a highly concentrated protein
matrix. In general, the biosynthesis of crystallins afier birth is continuous only within the
first year of life (Augusteyn, 2007) and the crystallin pool remains constant throughout
one’s lifespan until the aging process starts. Given the importance of crystallin expression
in lens fibre cells, crystallin genes and their mutation are highly attended in the study of

cataract formation

The native a-crystallin protein compiexes are the largest in molecular size (> 1,000
kiDa) among different crystallins. They are mainly composed of two related proteins, aA-
and aB-crystallins in a molar ratio of roughly 3:1, which are encoded by two different
genes, CRYAA and CRYAB, located on different chromosomes. Both aA- and aB-
crystallin have a conserved heat shock domain composed of 80 amino acid residues,
which is engaged in the contact of subunits and is the core functional domain (Derham

and Harding, 1999; Narberhaus, 2002). Both genes contain three exons of similar size. In
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(Kantorow and Piatigorsky, 1998). This differential distribution indicates that these

subunits may have diverse roles in human tissues.

The main feature of native a-crystallin complex in the lens is its protein chaperoning
activity (Sun and MacRae, 2005). The basic characteristics of «-crystallins are
summarized in Table 3.1. Moreover, experimental evidence have suggested that o-
crystallin is involved in the remodelling and protection of cytoskeleton (actin, tubulin or
intermediate filaments), inhibition of apoptosis and resistance to stress (Andley, 2007).
Generally, a-crystallins represent a major class of water-soluble proteins in lens. Their
functions are mainly in the context of protecting the lens against stress, in particular
against oxidative stress, acting as small heat-shock proteins and molecular chaperone to
stabilize the native conformation and normal activity of client proteins, and to maintain

the cellular cytoskeleton.

The B- and y-crystallins belong a super-family of crystallin and they share a common
feature of anti-parallel B sheets, which are referred as the “*Greek key motif’’ because of
its similarity (in schematic drawings) to paintings on ancient Greek pottery. 3-crystallins
are highly heterogeneous and are divided into acidic and basic groups, characterized by
the C-terminal extension (present in the basic group but not in the acidic group). Both -
and y-crystallins are composed of two conservative domains. In all members of B- and y-

crystallin super-family, this motif occurs four times (Jaenicke and Slingsby, 2001).
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recessive cataract morphology associated with the W9X mutation in CRYAA has been
described (Pras et al., 2000). However, the premature termination resulting from W9X
mutation may mimic the changes observed in the CRYAA knock-out mouse in a
homozygous state. In case of G98R mutation, the mutant protein exists as larger
oligomers and exhibited reduced protein chaperoning activity (Murugesan et al., 2007).
In addition to the nine CRYAA mutations in human, four mouse CRYA4 mutants were
also characterized (Table 2). One mutation, ¢.160C>T (leads to Arg54Cys change), found
in both mouse and human, showed different inheritance traits (recessive in human but
dominant in mouse). In contrast, another mutation in the same codon {¢.161G>A, leads to
R54H change) identified in mouse had the transmission of a recessive mode of

inheritance.

In contrast to CRYAA4 with a definite relationship of gene mutations with the formation
of cataracts, the role of aB-crystallin is more heterogencous. Homozygous CRYAB
knock-out mice did not display any disease phenotype (Brady et al., 1997). In human,
nine CRYAB mutations have been reported. Only several of them are associated with
dominant cataracts, and others are suggested to be causative for desmin-related myopathy

or dilated cardiomyopathy.

Meanwhile, genetic studies have identified mutations of £ and pcrystallin genes
leading to various forms of cataract. he first mutation of S-crystallin gene was described
in 1991 by Chambers and Russell for the Philly-cataract in mouse (Chambers and Russell,

1991). After that, a mutation in human CRYBAI gene was identified to be causative for
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reduce protein aggregation that associated with diseases (Mu et al., 2008). These
molecules are cell permeable and can freely diffusible in tissues and cells. The
mechanism of action is not fully understood, though may involve the stabilization of
improperly folded proteins, prevention of non-productive interactions with other proteins,
reduction of aggregate formation and alteration of folding environment or endogenous
chaperone activity. This facilitates an efficient transport of affected proteins to the
intracellular or extracellular destinations (Papp and Csermely, 2006). It has been shown
that small chemicals, like PBA, TMAOQO, and TUDCA, suppressed the ER stress and
reduced cell apoptosis in cultured lens epithelial cells and prevented cataract formation in

galactose-fed rat (Mulhern et al., 2007).

Hence, correction of protein folding and trafficking problems could rescue the
damaged cells and reverse the disease course. In my study, [ tested if the altered protein
properties of G98R mutant CRYAA could be reversed by treatment with small chemicals.
As for G98R CRYAA, it has a substitution of glycine to arginine resulting in an increase
of negative charge and hydrophobicity on the protein surface, possibly a cause of protein

misfolding.

3.1.6 Selected mutant aA-crystallins

From a repertoire of congenital cataract-causing CRYAA mutants (such as R12C, R2IL,
R49C, GISR and R116C), G98R CRYAA was mainly studied in transfected Human lens
epithelial B3 cells. In 2006, Santhiya and co-workers {Santhiya et al., 2006) reported a

new mutation (¢.292G>A) of ad-crystallin , which was a change of glycine to arginine at
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These observations might underlie the molecular basis for the presenile type of cataract,
in spite of severe folding defect and aggregation of the mutant G98R CRYAA. In my
study, this G98R mutant CRYAA was expressed in cultured human lens epithelial B3
cells to study the protein solubility in detergent extraction, subcellular localization and

aggregation, and cell stress and apoptosis.

3.2 Materials and methods

3.2.1 WT CRYAA expression construct

Total ocular mRNA. was extracted from human aborted fetus at week 14 with RNeasy
mini kit (Qiagen, Valencia, CA, USA) following the protocol provided by the
manufacturer. Reverse transcription was performed with oligo (dT) primer (Roche, Bael,
Switzerland) and SuperScriptTM Il reverse transcriptase {Invitrogen, Carlsbad, CA, USA).
Primers with two restriction enzyme cutting sites were designed to amplify the full-length
WT cDNA of CRYAA. A 548 base-pair EcoRV/Xhol fragment encompassing the full-
length 519 base-pair open reading frame of CRYAA was ligated into the EcoRI/Xhol sites
of 2 mammalian expression plasmid pcDNA6-His/myc version B (Invitrogen) (Figure

3.2) to obtain the construct pHis/myc-CRYAA™T.

3.2.2 Site-directed mutagenesis and mutant constructs

pHis/myc-CRYAAYT was used as a template to generate specific mutations of CRYAA
(R2IL, R49C, G98R, R116C) using QuikChange [l Site-Directed Mutagenesis kit

(Stratagene, La Jolla, CA) and oligonucleotides (Table 3.3). The mutant constructs were
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pcDNA™6/myc-His Vector

my¢ epitope g @
L |

Pmei

pcDNA™6/
myc-His
A B,C

Mutltipie Cloning Below is the multiple cloning site for pcDNA™6/imyc -His B. Rastriction sites are

Site of Varsion B8 1abeled to indicate the deavage site. The boxed nudeotides indicate the variable
regjon. The muliple cloning site has been confirmed by sequencing and
functional testing. The sequence of pcDNA™6/myc -His B Is available for

downloading from our webslte at www Invitrogen com or from Technical
Support (page 17).
T
promolas/priming sike - Aussl l(cfn ufm

86l J\TTMTJ\CGA CTCACTATAG GGAGDCCCM GCTGGCTAGT TAAG CTT GGT ACC GAG CTC GGA
Leu Gly Thr Glu leu Gly

r 1 Plfi v r 1

923 TCC ACT AGT CCA GTG TGG TGG AAT TCT GCA GAT ATC CAG CAC AGT GGC GGC CGC
Ser Thr Ser Pro Val Trp Trp Asn Ser Ala Asp Ile Gin His Ser Gly Gly Arg

el Xba e | Seck e myc epitop
977 TCG A%ﬁ;ﬁ_&ﬁﬁlm GAA CAA AAA CTC ATC TCA GAA GAG GAT
Sar Ser Lew Glu Gly Pro Arg Phe Glu Glo Lys Leu Ila Ser Glu Glu Asp

] Polyhistifire tag P |

|
1028 CTG AAT ATG CAT ACC GGT l(.'!BT CAT CAC CAT CAC CA'I'I TGA GTTT AMACCCGCTG
Leu Asn Met Ris Thr Gly His His His His His His *»*

BGH Raverse priming sits
1081 ATCAGCCTCG ACTGTGCCTT CTAGTTGCCA

*Note that there ane two Bsf X1 sites in the polykinker.

Figure 3.2 Map of eukaryotic expression vector pcDNA6/myc-His used for CRYAA

cloning (Invitrogen websites).
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Table 3.3 Sense oligonucleotides for site-directed mutagenesis in CR¥YAA

Oligonucleotides (semse, 5° to 3°) (bold underlined Expression

Mutation

alphabet indicated specific base change) constructs
R2IL TGGGGCCCTTCTACCCCAGCCIGCTGTTCGACCAG  pHis/mye-
(€.62G>T)  TTTTTCG CRYAARE
R49C TCCACCATCAGCCCCTACTACTGCCAGTCCCTCTT  pHis/myc-
(c.145C>T) CCGCACCG CRYAAR
G98R GTGGAGATCCACAGAAAGCACAACGAG pHis/myc-
(c.292G>A) CRYAA®®R
RI116C ACATTTCCCGTGAGTTCCACTGCCGCTACCGCCTG  pHis/mye-
(c.346C>T)  CCGTCC CRYAAR!®C
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6000 g for 10 minutes at 4°C. The pellet was resuspended in Buffer P1 (added with
RNase A, ice-cold) and mixed well, Then Buffer P2 was mixed at room temperature for 5
minutes, and ice-code P3 was added and mixed well and kept on ice for 10 minutes, and
centrifuged at 6000 g for 20 minutes at 4°C; (2) QIAGEN-tip was equilibrated with
buffer QBT followed by loading of clear supernatant from lysate spinning and let flow-
through by gravitation. The QIAGEN-tip was washed 3 times with wash buffer QC. (3)
QIAGEN-tip was placed in clean tubes for DNA elution with elution buffer QF by
gravitation and DNA was precipitated with 1/5" volume of isopropanol. DNA pellet was
obtained by centrifugation at full speed at 4°C for 30 minutes. The pellet was washed
with 70% ethanol and re-pellet by spinning. The pellet was briefly dried and resuspended

in nuclease-free distilled water.

3.2.3.3 DNA direct sequencing

To confirm the correct sequence and mutation introduced in the construct, direct
sequencing was performed with specific primers for CRYAA, including 1F: 5°- CGG
GAC AAG TTC GTC ATC TT and 1R: 5°- GCA GAC AGG GAG CAA GAG AG; 2F:
5’- CTC CAG GTC CCC GTG GTA and 2R: 5’- AGG AGA GGC CAG CAC CAC; 3F:
5’- CTG TCT CTG CCA ACC CCA and 3R: 5°- CTG TCC CAC CTC TCA GTG.
Sequencing reactions using BigDye terminator v3.1 cycle sequencing kit (Applied
Biosystems, Foster, CA, USA) were done under the condition provided by the
manufacturer. After reactions, samples were precipitated by ammonium acetate mixed
with absolute ethanol at -80°C for 15 minutes, then pellet was washed by 70% ethanol.

The precipitated DNA samples were resuspended in Hi-Di"™ formamide and denatured at
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95°C for 2 minutes. Then, the fluorescence was read and reported by ABI PRISM™
3130xl DNA genetic analyzer. For sequence changes of introduced mutations, both

forward and reverse sequencing were performed to confirm the alterations.

3.2.4 Cell culture and transfection

Human lens epithelial B3 cells (American Tissue Culture Collection, Manassas, VA)
were cultured in Eagle’s Minimal Essential medium (MEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Invitrogen) and antibiotics (100 units/ml penicillin G
and 100 pg/ml streptomycin sulfate, Invitrogen) and incubate at 37°C in a humidified
chamber with 5% CO, balanced with air. Before transfection, negligible expression of
endogenous CRYAA in B3 cells was verified by quantitative PCR with primers for
CRYAA: forward, 5’- CGG GAC AAG TTC GTC ATC TT; reverse, 5’- GCA GAC AGG
GAG CAA GAG AG. To prepare cells for DNA transfection, B3 cells were plated at a
density of 10° cells‘em® in 60-mm (in diameter) tissue culture dish (Nalgen Nunc,
Rochester, NY, USA). Transient transfection was done with WT and mutant constructs
by using FuGene HD transfection reagent (Roche, Basel, Switzerland). A ratio of 1 pg
DNA mixed with 3 pl FuGene HD reagent was taken, and the mixture was incubated in
Opti-MEZM® I supplemented with GlutaMAX™-i (Invitrogen) for 30 minutes. The
FuGene-DNA complex was added to cells in 0.5 ml volume of Opti-MEM® I for 6-8
hours. Then, 5 ml of serum-added MEM was added to cells for further culture and fresh
medium was replenished every 2 days. Except for those specified, all reagents were

purchased from Invitrogen Company.
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3.2.5 Treatment by small chemical molecules

Small chemical treatment was started at 24 hours after transfection. Trimethylamine N-
oxide (TMAQO, 25 to 300 mM, Sigma) (dissolved in water), 4-phenylbutyric acid (4-PBA,
0.2 to 2 mM, triButyrate, Triple Crown America Inc, Perkasie, PA), glycerol (1 to 5%,
Sigma) or dimethylsulfoxide (DMSO, 0.5 to 1%, Sigma) was added to the medium for
transfected cell culture. Fresh culture medium containing specified drug was replenished

every 2 days.

3.2.6 Protein analysis by western blotting

3.2.6.1 Monitoring expression level of total protein

Cells were lysed at a concentration of 2.5 x10° cells/ml radioimmunoprecipitation
(RIPA) buffer containing 50 mM Tris-HC! (Sigma), 150 mM sodium chloride, 1%
Nonidet P-40 (Sigma), 0.25% sodium deoxycholate (Sigma), protease inhibitor cocktail
(Roche) and | mM phenylmethyl sulfonylfluoride (PMSF; Sigma) for 30 minutes on ice.
After centrifugation, the supernatant was collected and denatured in sample buffer with a
final concentration of 50 mM Tris HCI (pH 6.8), 2% sodium dodecylsulfate (SDS,
BioRad, Hercules, CA), 10% glycerol, 0.002% bromophenol blue, 1% 2-mecaptoethanol,
and 50 mM DL-dithiothreitol (DTT; Sigma). The cell pellet was washed with ice-cold
PBS and denatured in SDS sample buffer (including 50 mM Tris HCl (pH6.8), 10%
glycerol, 2% SDS, 0.002% bromophenol blue, 50 mM DTT, 1% 2-mecaptoethanol,)
containing 9 M urea (BioRad) at 95 °C for 5 minutes. All protein samples were stored at -

20 °C for further usage.
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The protein samples equivalent to 7.5x10* cells were analyzed by 15% SDS-
polyarcylamide gel electrophoresis (PAGE). Gel and buffer were prepared according to
different concentrations of gel. Briefly, for 10% resolving gel, reagents including 6.7 ml
30% acrylamide/Bis solution (29:1, BioRad), 5 ml 4x Tris.HCI/SDS (pH 8.8), 100 pl
10% ammonium persulphate, 20 pl TEMED (AMRESCOQ) and 8.2 ml distilled water,
were mixed in a 15 ml tube and poured to the glass plate sandwitch, with distilled water
added on top of the gel to prevent evaporation during gel polymerization. Stacking gel
solution with 4% acrylamide was prepared by mixing 1.33 ml 30% acrylamide/Bis
solution (29:1, BioRad), 2.5 ml 4x Tris. HC/SDS (pH 6.8), 50 pul 10% ammonium
persulphate, {0 pl TEMED and 6.1 ml distilled water, and was added on the top of the
resolving gel and a comb with 10 or 15-well was inserted and gel was left to polymerize.
After gel polymerization, the wells were rinsed with distilled water and connected to the
proper gel setup as indicated by the product manual. Sample loading was conducted by
applying 20-50 pg protein to each well. Five pl of size standard marker (Precision plus
protein™ dual color standards, BioRad) was applied to indicate protein sizes after
separation. The electrophoresis was started with a constant 70 voltage (V) for 30 minutes
for sample concentration followed by a constant 150 V for 1 hour for protein separation.
After gel running, the resolved proteins were immobilized onto the nitrocellulose
membrane (BioRad) by blotting at a constant 100 V for 60 to 90 minutes in ice cold
transfer buffer (1.92 M glycine, 0.25 M Tris.base, pH 8.3). After blotting, the membrane

was washed in distilled water, then TBST (20 mM Tris-HCI pH 7.4, 150 mM NacCl, and
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0.05% Tween 20) for 5 minutes, followed by blocking in 5% skimmed milk in TBST for

| hour at room temperature.

After blocking, the membrane was incubated with different antibodies including
horseradish peroxidase (HRP)-conjugated antibody against myc (BD Biosciences, San
Jose, CA) recognizing CRYAA, glyceraldehyde phosphate dehydrogenase (GAPDH;
Sigma), p-actin (Sigma) or monoclonal antibodies against BiP (BD BioSciences),
GADDI53/CHOP (Santa Cruz Biotech, Santa Cruz, CA), caspase-3 (Santa Cruz),
phosphorylated ER kinase (PERK, Santa Cruz) respectively, and appropriate HRP-
conjugated Ig secondary antibodies. All antibodies are listed in Table 3.4. The staining
signal was revealed by enhanced chemiluminescence (ECL, Amersham, Bucks, UK)
using a ChemiDoc"™ System (BioRad). Gel imaging and band densitometry was obtained
and measured by Quantity One 4.6.2 (BioRad). Except for those specified, all reagents

were purchased from Sigma.

3.2.6.2 Monitoring Triton X-100 solubility of target protein

For Triton X-100 (Tx) solubility analysis, cells were washed twice with ice-cold PBS
and added with lysis buffer, which contained 100 mM Tris-HCI (pH 7.4), 3 mM ethylene
glycol tetraacetic acid (EGTA, Sigma), 5 mM MgCl,, 0.5% Tx (Sigma), protease
inhibitor cocktail (Complete, Roche), and 1 mM PMSF, for 2 minutes on ice. After
centrifugation, the supernatant containing Tx-soluble protein was denatured in SDS
sample buffer. The pellet containing Tx-insoluble protein was washed twice with ice-cold

PBS, sonicated, and denatured in urea-SDS buffer (Zhang et al., 2007b). Tx-soluble and
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Table 3.4 Concentrations of antibodies used in Western Blot.

Antibodies Company Origin Concentration
Anti-MYC Santa Cruz, CA, USA Mouse 1:1000
Anti-GAPDH Sigma Mouse 1:2000
Anti-B-actin Chemicon Mouse 1:2000
Anti-Bip BD BioSciences Rabbit 1:1000
Anti-GADDI153/CHOP Santa Cruz CA, USA Rabbit 1:1000
Anti-caspase3 Santa Cruz CA, USA Mouse 1:1000
Anti-PERK Santa Cruz CA, USA Mouse 1:1000
Horseradish peroxidase- Amersham, Piscataway, NJ Goat  anti 1:5000
conjugated IgG mouse

Horseradish peroxidase- Amersham, Piscataway, NJ Goat  anti 1:5000
conjugated IgG rabbit




Tx-insoluble proteins from samples equivalent to 7.5x10* cells were analyzed by 15%
SDS-PAGE and immunoblotted using different antibodies against myc, GAPDH, B-actin

(refer to Section 3.2.6.1).

3.2.6.3 Statistical analysis on protein expression level
After ECL imaging, relative signal densities representing the amounts of target
proteins were measured by calculating the band densities with Quantity One 4.6.2,
followed by normalization over the house-keeping protein GAPDH (for soluble protein)
and [-actin (for insoluble protein). Data from the different groups were statistically

analyzed using independent Student 7 test.

3.2.7 Immunofluorescence

Transfected cell grown on glass coverslips were fixed with freshly-prepared 2%
neutral buffered paraformaldehyde (Sigma) in 0.1 M PBS, permeabilized with 0.05% Tx
and 0.15% saponin (Yam et al., 2007a) and detected with a mouse monoclonal anti-myc
antibody {recognizing CRYAA, Sigma, 200 ng/ml} followed by appropriate fluorescence
conjugated I1gG secondary antibody (Alexa Fluor® 488 [gG or RedX IgG goat anti-
mouse conjugate, Invitrogen, 300 ng/ml) and nuclei counterstained with 4'-6-diamidino-
2-phenylindole (DAPI; Sigma, 100 ng/ml). The staining was observed using a Leica
DMRB fluorescence microscope (Leica, Wetzlar, Germany) equipped with SPOT RT

color system {Diagnostic Instruments, Serling Heights, MI, USA).
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For a semi-quantitative evaluation of cytoplasmic CRYAA aggregates, more than 200
cells per sample were analyzed. We graded CRYAA aggregation from 0 to 3+: 0, no
aggregate; 1+, few dot-like aggregates; 2+, more dot-like aggregates and 3+, extensive
large aggregates. The staining index, indicative of phenotype severity, was calculated

using the formula: 4(3+)%+2(2+)%+1{1+)% (Yam et al., 2005).

3.2.8 Confoeal double immunofluorescence

CRYAA tranfected cells grown on glass coverslips were fixed as described in Section
3.2.7. After blocking, myc immunoreactivity was detected by mouse monoclonal anti-
myc antibody followed by Alexa Fluor® 488 IgG or RedX IgG goat anti-mouse
conjugate. The open antigen binding sites on the secondary antibodies were saturated by
normal goat serum. Then, endoplasmic reticulum (ER) was labeled using another mouse
monoclonal antibody against protein disulfide isomerase (PDI, BD BioSciences, 200
ng/ml) followed by Rhodamine Red-X goat anti-mouse IgG (Invitrogen, 300 ng/ml).
After nuclear staining by DAPI, samples were examined with confocal scanning

microscopy (LSM 510 META, Carl Zeiss, Gottingen, Germany).

3.2.9 Terminal apoptosis assay

Fixed cells were stained for myc and red X-conjugated secondary antibody and nuclei
counterstained with DAPI. Samples were examined by fluorescence microscopy (DMRB)

equipped with a color imaging system (Spot RT). Terminal apoptosis rate was
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Table 3.5 Expression primer sequences.

GeneBank Specific primer sequences (5 to 3%} Product
Gene

Accession No. size (bp)
o A-crystallin U05569 F: CGGGACAAGTTCGTCATCTT 203
{CRYAA) R: GCAGACAGGGAGCAAGAGAG
Heat-shock NMO5345 1F: AAGTACAAAGCGGAGGACG 249
protein 70 IR: GATGGGGTTACACACCTGC
{Hsp70) 2F: TGCTGATCCAGGTGTACGAG 185

2R: CGTTGGTGATGGTGATCTTG

Heat-shock NMO005348.3 F: ACCCAGACCCAAGACCAACCG 141
protein 90t R: ATTTGAAATGAGCTCTCTCAG
(Hsp9io)
Superoxide NMO00454.4 F: AGGGCATCATCAATTITCGAGC 430
dismutase R: CAAGGGAATGTTTATTGGGCG
(SOD)
aB-crystallin NMOO01885.1 F: TCACCTAGCCACCATGGACATCGCCA 541
(CRYAB) R: CAAAAGCTTATTACTATTTCTTGGGGG
Metallothionein  NM176870.2 F: GCAAAGAGTGCAAATGCACCTC 125
1M (MT) R: TCAGGCACAGCAGCTGCACT
Interleukin-6 NMO00600.2 F: CTGGTCTTTTGGAGTTTGAGGTATACC 295
(IL-6) R: CCATGCTACATTTGCCGAAGA
Glyceraldehyde BC014085 F: GAAGGTGAAGGTCGGAGT 225

3-phosphate
dehydrogenase

(GAPDH)

R: GAAGATGGTGATGGGATTTC

69



polymerase (0.2 ul) and distilled water to a final volume of 25 upl. The mix was
denatured to 94 °C followed by 30 cycles of 94 °C (denaturation) for 30 seconds, 55 to
60 °C (annealing) for 30 seconds and 72 °C (extension) for 30 seconds, then a final
extension at 72 °C for 7 min. PCR products were then analyzed by agarose gel

electrophoresis.

3.2.10.4 Agarose gel electrophoresis for DNA visualization

Agarose gel electrophoresis was applied to resolve and quantify the PCR product of
target genes. Agarose gel (2%) was made by dissolving | g agarose (Sigma) in 50 mi 1x
TAE (Tris-acetic acid-EDTA) buffer (BioRad) with microwave heating. The gel solution
was added with ethidium bromide (0.01%) and poured to the agarose gel holder (BioRad).
After insertion of comb (8 to 15 wells), the gel solution was allowed to solidify for 30

minutes at room temperature.

The gel was then placed in the appropriate gel tank 0.5x TAE running buffer and the
wells were rinsed by the buffer. DNA samples were first mixed with DNA loading dye
(Invitrogen) in a ratio of DNA: dye = 5:2 vol/vol. The mixtures were loaded to the wells,
as well as DNA size standard (50 base-pair) markers (BioRad). The gel was run at a
constant 100 V for 25 minutes under the blue frontier reached the lower one-third of the
gel. DNA bands were visualized under UV transillumination using Gel Doc {BioRad).
Images were captured and band densitometry was analyzed by Quantity One 4.0.3

(BioRad).
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B3 cells Positive
expressing genes control

1 2 3 4

1. B-actin 2. GAPDH
3. CRYAA 4. CRYAA

Figure 3.3 Reverse transcription-polymerase chain reaction (RT-PCR) amplification
of Bactin, GAPDH and CRYAA in B3 cells. Lane 1, Zactin ofB3 cells collected at
passage 20; lane 2, GAPDH ofB3 cells at passage 20; lane 3, CRYAA ofB3 cells at

passage 20; lane 4, posivtive control for CRYAA.
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mutants (23 kDa of G98R CRYAA compared to 26 kDa of other CRYAA mutants).

When the transfected cells (24 hours after transfection) were collected in 0.5% Tx lysis
buffer and fractionated to Tx soluble and insoluble proteins. By western blotting (Figure
3.5 B), His/myc-tagged CRYAA mutants carrying R12C, R2IL, R49C or R116C were
predominantly Tx-soluble but G98R CRYAA was existing more in Tx insoluble fraction.
By band densitometry analysis, specific CRYAA bands in both Tx soluble and insoluble
fractions from the same protein samples were measured. The average Tx solubilities were
98+ 0.876% for WT CRYAA, 95 £+ 0.789% for R12C, 96 + 0.578% for R2IC, 68 +
0.854% for R49C and 96 L 0.831% for R116C. However, this solubility was

tremendousely dropped to 1.6 + 0.239% for G98R CRYAA. This low solubility level was

AG98R to

consistently observed upon transfection with different ratios of pHis/myc-CRYA
Fugene HD reagent. The transfection efficiency was similar among WT and all studied

mutants, as verified by immunofluorescence of myc, representing CRYAA (Figure 3.6).

The efficiency was maintained at about 50% at day 2.

In this experiment, the Tx solubility of G98R CRYAA was substantially reduced when
compared to WT and other reported mutants. This suggested that possible folding defects

could occur during the biosynthesis of G98R CRYAA in B3 cells.

3.3.2 G98R CRYAA protein expression and localization in B3 cells

Due to the disturbance of G98R CRYAA expression in B3 cells, we further explored

more data to reveal the mechanism of this mutant gene resulting in cataract formation.
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Figure 3.5 Expression of WT and cataract-causing mutant CRYAA in B3 cells. (A)
Western blotting of myc detected WT and different mutant CRYAA protein in RIPA
buffer. G98R CRYAA had reduced solubility when compared to WT or other mutants.
Similar observation was made for different ratios of DNA: Fugene. (B) Tx solubility
assay of WT and different CRYAA mutants in B3 cells by Western blotting of myc
(detecting CRYAA), housekeeping GAPDH and B-actin. The band densitometry analysis
showed the drastic reduction of Tx solubility of G98R CRYAA when compared to WT or

other mutants.
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WT G98R

Myc (CRYAA)
DAP| (nucleus)

Figure 3.6 Confocal imnmunofluorescence images of WT and G98R CRYAA in B3
cells. Distribution of WT and G98R CRYAA was revealed by myc staining (green) in B3
cells by confocal immunofluorescence. Nuclei were stained with DAPI (blue). WT
CRYAA was diffusely distributed in cytoplasm, whereas G98R CRYAA formed large

intracellular aggregates in the transfected B3 cells.
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The construct of pHis/myc-CRYAA®™® were verified by direct sequencing (Figure 3.4
C). The transfected cells were extracted with 0.5% Triton X-100 (Tx) followed by
fractionation into Tx soluble and insoluble portions. At steady state, His/myc-WT
CRYAA was entirely Tx-soluble, however, His/myc-G98R CRYAA was Tx-insoluble

(Figure 3.5). The average insolubility ratio among four experiments was 3.8+ 0.236% for

WT CRYAA and 98.4+ (0.676% for G98R CRYAA in B3 cells. Only faint Tx soluble
(G98R CRYAA protein was detectable. These results were consistent with previous study
which showed that G98R mutant protein almost exclusively partition into insoluble
fractions and form inclusion bodies compared to wild type aA-crystallin when expressed
in the bacterial cells (Singh et al., 2006).

O%R (myc staining in greeny

Immunofluorescence study showed that pHis/myc-CRYAA
formed large-sized cytoplasmic aggregates whereas pHis/myc-CRYAAY" was located
diffusely in the cytoplasm, nuclei were stained with DAPI (blue) in transfected B3 cells
(Figure 3.6). To specifically localize the His/myc-G98R CYRAA to any cytoplamic
organelles, we performed confocal double immunofluorescence to visualize myc and
markers for different organelles. The aggregated G98R CYRAA was intensively co-
localized with protein disulfide isomerase (PDI), an ER resident protein (Figure 3.7). In
contrast, WT CRYAA exhibited mild co-distribution with PDI. We further observed that
both WT and G98R CRYAA were not co-localized with Giantin, a Golgi marker (Figure
3.8). This demonstrated, for the first time, that mutant CRYAA formed insoluble

aggregates in the ER, not in the Golgi apparatus. We suggested that the misfolded mutant

G98R CRYAA-induced pre-senile cataract could be an ER storage disease.
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Figure 3.7 Confocal double immunofluorescence images of WT and G98R CRYAA
in B3 cells. GO9SR CRYAA (myc staining in green) formed intracellular aggregates and
was intensely codistributed with endoplasmic reticulum (with an ER marker PDI staining
in red) in the overlay image (yellow). WT CRYAA (myc staining) was diffusely
distributed in the cytoplasm and had only mild codistribution with PDI. Nuclei were

stained with DAPI {blue). Scale bars: 10 um.
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Figure 3.8 Confocal double immunofluorescence images of WT and G98R CRYAA
in B3 cells. G98R CRYAA (myc staining in green) and WT CRYAA (myc staining)
were not located in Golgi apparatus as marked by giantin (in red) in the overlay image.

Nuclei were stained with DAPI (blue).
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3.3.3 GI8R CRYAA aggregates were reduced by TMAO

We hypothesized that the misfolding of G98R CRYAA with the exposed hydrophobic
peptide patches could be rectified by treatment with TMAQ, which is an osmolyte with
hydrophobic nature and acts as chemical chaperone to stabilize protein with a tightly
packed conformation. To authenticate this action, we also tested other small molecule
chemicals, 4-PBA, glycerol and DMSQ, by virtue of the chaperoning activity reported
previously (Brown et al., 1996; Burrows et al., 2000; Ohashi et al., 2003; Ohnishi et al.,
2002; Ono et al., 2009; Robben et al., 2006; Yam et al., 2007b). After treatment for 2
days separately with these chemicals, the distribution of transfected CRYAA was
examined. Both TMAQ and 4-PBA treatments resulted in fewer cells exhibiting large-
sized myc-positive aggregates (Figures 3.9 A and B), majority of these transfected cells
had cytoplasmic punctate staining after treatment (about 50 cells with punctuate staining
in total 70 transfected cells). A scoring analysis showed 10% of TMAO-treated mutant
cells and 12% of 4-PBA-treated mutant cells with 3+ level of aggregation (Figure 3.10).
This was highly contrasted to ~75% of mutant cells before treatment (graded as 3+). The
staining index, representing the phenotype severity, was also dramatically reduced after
TMAO or 4-PBA treatment, approaching to that of WT expressing cells (Figure 3.10 C).
Treatment with 0.5 or 1% DMSO was ineffective to reduce His/myc-G98R CRYAA

aggregates. Also, toxicity was observed in cells treated with 1 or 5% of glycerol.
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G98R expressing celis

1mM PBA, 48hr
Untreated 100mM TMAO,48hr

Figure 1.9 Confocal immunoflnorescence images of G98R CRYAA in B} cells
treated by small chemicals. (A, B) G98R CRYAA was stained with myc (green) in
trasnfected B3 cells. Untreated (G98R-expressing B3 cells showed agpregated G98R
CRYAA, which was reduced afler (A) 4-PBA (1 mM) and (B) TMAO (100 mM)

treatments.
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Figure 3.10 Small chemicals reduced G98R CRYAA aggregates in B3 cells. (A)
Distribution of G98R CRYAA in trasnfected B3 cells. CRYAA aggregation was graded
from O to 3+: 0, no aggregate; 1+, few dot-like aggregates; 2+, more dot-like aggregates
and 3+, extensive large aggregates. (B) Semi-quantitative scoring of intracellular
CRYAA aggregates in cells. (C) Staining index, representing phenotype severity, showed

dramatic reduction after 4-PBA or TMAQ treatment.
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Figure 3.11 The effects of small chemicals on detergent solubility of CRYAA. (A)
Western blot analysis of myc (CRYAA) showed that WT was mainly Tx-soluble and not
affected by 4-PBA or TMAO treatment. (B) Untreated G98R CRYAA was
predominantly Tx-insoluble, which was significantly reduced after 4-PBA (1 mM) or
TMAQO (100 mM) treatment for 2 days. The asterisk (*) indicated a p<0.05 by

independent Student’s r-test. DMSO (1%) did not affect mutant insolubility.
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Figure 3.12 TMAO reduced detergent insoluble G98R CRYAA dose-dependently.
Treatment with TMAO (25 mM or higher) for 2 days significantly decreased Tx-
insoluble G98R CRYAA, compared to the untreated control. The asterisk (*) indicated a

p< 0.05 by independent Student’s t-test.
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upon treatment with TMAO at concentrations higher than 200 mM.

3.3.42 TMAO reduced Triton X-100-insoluble G98R CRYAA in time-
dependent manner
We further observed a time-dependent decrease of Tx-insoluble His/myc-G98R
CRYAA when cells were treated with 100 mM TMAOQO (Figure 3.13). At 12 hours after
treatment, the expression level of Tx-insoluble mutant protein was decreased to 67 +
0.434% (compared to 98 + 0.984% before treatment). It was further reduced to 28 +
0.844% at 24 hours, 21 + 0.745% at 48 hours and 3 £ 0.132% at 72 hours, and the
reduction was statistically significant (p<0.05, independent Student #-test). It is notable
that while the insoluble G98R CRYAA decreased by TMAOQ treatment, the level of Tx-
soluble G98R protein did not show any changes (always with low expression level in
soluble fractions, about 1.6%). It can be postulated that TMAQO reduced the detergent
insoluble CRYAA mutant peptides through a protein degradation mechanism rather than

to refold them.

3.3.5 TMAO induced G98R CRYAA degradation via ubiquitin-proteasome
pathway (UPP)
We next investigated how TMAO reduced Tx-insoluble pHis/myc-CRYAA**®R and
resolved protein aggregation. Addition of 10 uM MG132, a reversible inhibitor of UPP,
in transfected cell culture for 8 hours, a substantial increase of Tx-insoluble His/myc-

G98R CRYAA protein was observed (Figure 3.14), and the reduced level of Tx-
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Figure 3.14 The effect of MG132 on the expression of G98R CRYAA. Western
blotting showed that reduced level of Tx-insoluble G98R CRYAA after TMAQO (100 mM,
2 days) was reversed by MG132 (10 uM, 8 hours) and MG132 alone further increased

Tx-insoluble mutant protein. The asterisk (*) indicated a p < 0.05 by independent Student

-test.
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insoluble G98R CRYAA after TMAO (100 mM, 2 days) treatment was reversed by
MGI132 (10uM, 8 hours). This indicated that G98R CRYAA protein could be degraded
via UPP. Blocking of UPP resuited in more Tx-insoluble protein and augmented the
mutant CRYAA aggregation in cells, as demonstrated by immunofluorescence, compared
to non-MG132-treated G98R cells (Figure 3.15). After treatment with 100 mM TMAO
for 2 days, a low level of Tx-insoluble mutant was again observed (Figure 3.15). The
levels were similar as in previous experiments. Further incubation of these TMAO-
treated cells with 10 pM MG132 for 8 hours increased Tx-insoluble CRYAA protein.
This was not significantly different from the untreated mutant cells. Immunofluorescence
showed that His/myc-G98R CRYAA aggregates reappeared inside cells compared to
TMAO-treated cells. A semi-quantification of cells with visible intracetlular G98R
CRYAA aggregates was performed. Nearly all MG132-treated mutant cells showed
His/myc-CRYAA aggregates (Figure 3.15). The treatment with both TMAQO and MG132
resulted in 73% of cells with aggregates, which was similar to the untreated mutant cells
(81%). Only TMAOQ treatment significantly reduced the cells with CRYAA aggregates to
36% (p<0.05 when compared to untreated cells or cells with both TMAO and MG132
treatments). On the other hand, treatment with 10 uM 3-methyladenine (3-MA, inhibitor
of autophagy) did not show any change of His/myc-G98R CRYAA solubility and
subcellular aggregation (Figure 3.16), indicating that CRYAA was not a substrate of

autophagy.
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Figure 3.15 The effect of MG132 on the distribution of G98R CRYAA. Confocal
immunofluorescence showed reduced level of cytoplasmic G98R CRYAA aggregates
after TMAO (100 mM, 2 days) treatment were reversed by MG132 (10 uM, 8 hours)
treatment and MG132 alone further increased G98R CRYAA aggregates in transfected

B3 cells. The asterisk indicated a p < 0.05 by independent Student s-test.






3.3.6 ER stress and apoptosis caused by aggregated G98R CRYAA were

alleviated by TMAO treatment

We examined if TMAO affected the expression of ER stress-associated proteins,
including phosphorylated ER kinase (PERK) and binding immunoglobulin protein (BiP
or glucose regulated protein 78, Grp78), in transfected B3 cells. These proteins were
upregulated upon His/myc-G98R CRYAA expression when compared to WT CRYAA
(Figure 3.17). The expressions of PERK and BiP in mutant-expressing cells were

increased about two-fold compared with the WT-expressing cells (PERK: from 13 +

0.153% to 22 + 0.215% and BiP: from 51 + 0.542% to 92 + 0.765%, respectively). B3
cells incubated with transfection Fugene HD reagent had no observable changes in the
ER stress-related protein expression. Hence, the induction of ER stress was due to the
altered biosynthesis of mutant protein. With TMAQ (100 mM) treatment for 2 days, the
expression of these ER stress markers was substantially reduced to a level about one-half
as that of the untreated cells (p<0.05; Figure 3.17). The expression of PERK decreased
from 22 + 0.734% to 7 + 0.212% and BiP was from 92 + 0.873% to 47 + 0.983%.
CRYAAY _expressing cells were not affected by TMAO treatment, indicating that this

chemical chaperone acted on proteins that were not natively folded.

[ further explored if the TMAO treatment affect cell apoptosis related with mutant
protein expression. Western blot analysis showed that CHOP/GADD153 and caspase-3
were upregulated in pHis/myc-CRYAA®R expressing B3 cells by nearly two folds

compared to pHis/myc-CRYAA ™ -expressing cells. CHOP expression was 13 + 0.342%
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compared to GAPDH in WT CRYAA-expressing cell lysate versus 19 + 0.284% in G98R
CRYAA-expressing lysate; caspase-3 was 20 + 0.531% compared to GAPDH in WT
CRYAA-expressing cell lysate versus 29 £ 0.732% in G98R CRYAA-expressing lysate
{p<0.05, independent Student ¢-test, Figures 3.17 and 3.18 A). This was accompanied by
increases in percentage of transfected cells undergoing apoptosis which were shown by
appearance of fragmented nuclei as revealed by double immunofluorescence of myc
(representing CRYAA) and nuclear dye DAPI (apoptosis rate in G98R CRYAA-
expressing cells was 22 + 0.632% versus 6 £ 0.238% for WT CRYA-expressing cells;
Figure 3.18). Treatment with TMAO (100 mM) for 2 days resulted in reduced expression
of both CHOP/GADDI53 and caspase-3 (p<0.05, independent Student r-test; Figures
3.17 and 3.18 A). The expression of CHOP normalized with GAPDH was decreased
from 19 + 0.294% to 6 £ 0.198% and caspase-3 was from 2 £ 0.138% to 18 £ 0.328%.
Consistent results were obtained in experiments done in triplicate. The suppression of
apoptosis-related proteins was supported by a lower percentage of cells showing
fragmented nuclei in TMAQ-treated G98R CRY AA-expressing cells (13%) (compared to
22% in untreated cells; Figure 3.18 B). TMAO treatment on WT CRYAA-expressing
cells did not show any expression changes of apoptosis-related protein or in percentage of

apoptotic cells (Figure 3.18 B).

3.3.7 Effect of TMAQ treatment on cell stress signaling

The effect of TMAO on stress signalling was investigated by examining the gene
expression involved in heat-shock response, including Hsp70 and 90c and cell stress

responses. By semi-quantitative PCR, TMAOQO treatment (100mM) on G98R CRYAA-
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Figure 3.18 Trimethylamine N-oxide alleviated apoptosis of cells expressing G98R
CRYAA. (A) Reduced active caspase-3 expression in G98R CRYAA-expressing cells
treated with TMAQ compared to untreated control. The asterisk indicated a p < 0.05 by

independent Student stest. (B) Fewer G98R CRYAA-expressing cells exhibited

fragmented nuclei after TMAQ treatment compared to untreated control.
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expressing cells 48 hours showed an up-regulation of Hsp70 expression and this was
confirmed by using two different pairs of specific primers, Hsp 70(1) and Hsp 70(2)
(Figure 3.19). No change was observed for Hsp90a expression in G98R CRYAA-
expressing cells treated with TMAO. In non-transfected cells, Hsp70 and Hsp90
expression was not altered by TMAO treatment (Figure 3.19). On the other hand, gene
expression of various cell stress signaling, including superoxide dismutase (SOD) and
aB-crystallin (CRYAB) for oxidative stress, metallothionein (MT) for heavy metal-
induced stress and interleukin-6 (IL6) for inflammatory-associated stress, was unaffected
by TMAQ treatment in G98R CRYAA-expressing cells. Therefore, it is suggested here
that TMAQO treatment on the regulation of Hsp70 expression, which is a molecular
chaperone widely expressed in cells and critical for cell survival to modulate cell
apoptosis (Polla et al., 1996), could be an underlying mechanism to explain how this

small chemical atfected the protein folding environment in cells.
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Figure 3.19 Heat shock response and cell stress signalling. Semiquantitative reverse
transcription polymerase chain reaction analysis showed specific upregulation of Hsp70
in G98R CRYAA-expressing cells treated with TMAOQO, whereas other stress-inducible

genes remained unchanged. No changes were found for TMAO treatment on

nontransfected cells.
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3.4 Discussion

In this study, we expressed the presenile cataract-causing G98R CRYAA in lens
epithelial B3 cells by transfection. The mutant protein was found to be insoluble upon Tx
extraction and prone to be retained and form aggregates in the ER of celis. This induced
the ER stress, and cells underwent apoptosis. This is the first time showing that the
misfolded G98R CRYAA-induced presenile cataract could be an ER storage disease.
This cellular defect was corrected by the treatment with a chemical chaperone, the natural
osmolyte TMAO. Upon treatment, the Tx insolubility was reduced in dose and time-
dependent manners, and the cells had less mutant protein aggregates, probably degraded
via the ubiquitin proteasome pathway. TMAO treatment alleviated the ER stress and
apoptosis. We also showed that TMAQ treatment modulated Hsp70 expression, which
could be an underlying mechanism to explain how this chemical chaperone affected the

protein folding environment in celis.

Unlike WT CRYAA, cataract-causing (G98R CRYAA protein was exclusively
partitioned to Tx-insoluble fraction and formed inclusion bodies when expressed in
bacterial cells (Singh et al., 2006). We extended this observation to human lens epithelial
B3 cells and discovered that Tx-insoluble G98R CRYAA mutant protein formed large
ER-associated aggregates. The mutation from glycine fo arginine induces a gain of
positive charge, and the encoded protein is not optimally folded. Bis-ANS binding assay
has illustrated that the mutant protein has exposed hydrophobic sites that cause it to
become aggregation prone with the formation of very large mixed oligomers with G98R

CRYAA (Singh et al., 2006). In my experiment, the aggregation of pHis/myc-
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CRYAA®®®R further induced the ER stress, as demonstrated by PERK and BiP
upregulation. The mutant protein was modestly degradable by UPP. Application of
proteasome inhibitor MG 132 resulited in an increased level of Tx insoluble mutant protein.
The prolonged ER overloading ultimately caused the cells to undergo apoptosis through
caspase-3 dependent pathway, in association with increased CHOP/GADDI153
expression. This novel observation underlines the aggregation of mutant CRYAA and
subsequent cell death as a major pathogenetic factor for the development of lens opacity
in cataract. On the other hand, other mutants, except R49C localized in both nuclear and
cytoplasmic compartments (Mackay et al., 2003), were mainly restricted in the cytoplasm
without aggregate formation (Andley et al., 2002). This delineates the severity of the
highly aggregation-prone G98R mutant in the cataract formation, and ways to reduce

aggregation could alleviate the disease phenotype.

In recent years chemical chaperoning on misfolded proteins has been shown to prevent
or correct protein’s non-native conformation, alleviating mistrafficking and the associated
cellular defects, which resulted in enhanced cell survival (Kolter and Wendeler, 2003;
Leandro and Gomes, 2008; Perlmutter, 2002; Ulloa-Aguirre et al., 2004). Though the
exact mechanisms are still undefined, chemical chaperones likely shift the folding
equilibrium of substrate proteins to a more native state, reduce nonproductive aggregation,
or enhance the resident chaperoning environment, allowing the misfolded proteins to
break away from the ER retention and facilitate the transport across intracellular
compartments, and resulting in alleviating ER stress and reduction of cell apoptosis

(Figures 3.17 and 3.18), which means chemical chaperone treatment could help protein
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(Chiesi et al., 1990; Herrmann et al., 2008), CRYAA is a substrate of UPP, and truncated
mutant CRYAA was reported to undergo rapid degradation by UPP to prevent its
accumulation in lens cells (Zhang et al., 2007b). However, G98R CRYAA was only
moderately degradable by UPP and prone to aggregation (Singh et al., 2006). With
TMAO treatment it appeared that TMAO either promoted the degradation of His/myc-
GI98R mutant through UPP or resolved the protein aggregation in the ER, hence reducing
the cellular stress. This was substantiated by reduced expression of ER stress markers,
PERK and BiP, as well as pro-apoptotic proteins, caspase-3 and CHOP/GADDI153. On
the other hand, the non-responsiveness of Tx-insolube G98R CRYAA to 3-MA treatment

revealed that G98R CRYAA was not a substrate of autophagy.

TMAQO is a naturally occurring osmolyte present in deep water fishes. It is important to
counteract the protein destabilizing effect of urea and hydrostatic pressure. Its action on
protein folding or stabilization could be due to its hydrophobic nature to push water
molecules to the protein surface. This increased hydration affects Gibbs free energy (G)
levels along the protein-folding process so that AG between native and denatured states
becomes larger and drives the equilibrium towards the native state (Alward et al., 1998).
The solvent-accessible surface area is reduced and causes a tighter packing of
polypeptide or reduces the mobility between protein domains, leading to a more
stabilized protein conformation and oligomeric assembly (Shearer and Hampton, 2004).
The mutated G98R CRYAA had exposed hydrophobic patches (Singh et al., 2006) which
could be modified or removed by TMAO, resulting in a more stabilized conformation,

likely recognized by UPP and were being degraded.
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In addition, TMAO-initiated cytoprotection pathway was found associated with
induced Hsp70 expression, which is critical for cell survival. Hsp70 is a molecular
chaperone widely expressed in cells and functions to modulate the engagement and
progression of apoptosis induced by various stimuli (Polla et al., 1996). Hsp70 suppresses
apoptosis by directly blocking the assembly of functional Apaf-1 apoptosomes (Beere et
al., 2000). It also helps proteins to fold through repeated cycles of substrate binding and
release. The stress-inducible Hsp70 helps cells cope with the adverse conditions, in part
by aiding in the folding of nascent polypeptides or refolding of damaged proteins,
preventing or reversal of protein aggregation, or promoting protein trafficking (Brodsky
and Chiosis, 2006; Garrido et al., 2006; Mayer and Bukau, 2005; Powers and Workman,
2007). An improvement of mutant cell survival was observed in this study. It appeared
gither that TMAOQO stabilized G98R CRYAA and promoted its UPP-associated
degradation or it modulated the protein-folding environment and reduces apoptosis
through heat-shock response signaling. Here, it cannot be determined if change of Hsp70
expression was directly caused by TMAO treatment, which might involve a change of
chaperoning capacity in cells, or a consequence of mutant protein stabilization. In my
laboratory, the previous study also identified a delayed Hsp70 expression after heat-shock
induction in R12C CRYAA expressing cells (Zhang et al., 2009b). Further work would
warrant a better characterization of Hsp70 regulation in cataract pathogenesis and may
introduce possible treatment strategies. The effect of TMAO on other cell stress signaling

(including metal-induced stress and inflammatory stress) was not observed.
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4 Effects of small chemicals on the folding defects of a structural

protein: CRYGD

4.1 Introduction

4.1.1 Structural protein

Structural proteins are those proteins with the primary purpose of producing the
essential structural components of the cell. They are the most abundant class of proteins
in nature and fulfill a purely structural role, such as collagen, fibronectin and laminin,
histone-like proteins and some ribosomal proteins. Normally, the structural protein must
fold into a specific three-dimensional structure according to its inherent amino acid
sequence to acquire its functionally active and structurally native state. This is assisted by
the concentrated milieu of cellular environment and folding machinery, including
enzymes, molecular chaperones, pH regulators, ions and transporters as well as input of
metabolic energy (Roth J, 2002; Roth et al., 2008; Trombetta ES and Parodi AJ, 2003).
The cooperative action allows proteins to be efficiently folded to native state and
transported to appropriate targets either intracellularly or extracellularly to function
normally. Conversely, proteins may misfold or unfold under stress conditions, including
environmental changes due to aging, pH/ion or temperature fluctuation, genetic mutation,
or exposure to amino acid analogues. Defective protein features, such as the solubility
changes, aggregation and mistrafficking, characterize many human disorders (Aridor M

and Hannan LA, 2002; Barral et al., 2004).
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produces a premature STOP codon leading to early truncation, W156X in CRYGD,
insertion or deletion of nucleotides which causes frameshifting, such as C42fs in CRYGC,;
or a single base mutation altering a structurally important residue leading to changes of

the secondary and tertiary structure, such as TSP of CRYGC.

4.1.3 Mutant y-crystallin

Genetic studies have identified mutations of the y-crystallin genes leading to various
forms of cataract. The cataract-causing mutations are restricted to human CRYGC and
CRYGD genes as CRYGE and CRYGF genes are pseudogenes (Table 4.1). Similar to
other crystallins, the cataract phenotypes caused by p-crystallin mutations are quite varied
and there is no specific genotype-phenotype correlation. Moreover, presence of modifier
genes might influence the severity of cataract formation. In human, CRYGD is mainly
affected gene among the y-crystallin encoding genes. In contrast to CRYAB gene, the
missense mutations in CRYGD affect the two major exons whereas the termination
mutations occur only in exon 3 (Graw, 2009). Until now, a total of 12 cataract-causing
mutations (UniProt) bave been reported including RISC, P24S, P24T, R37S, R59H,

G6IC, E1074, YI34X, WI56X, Gl65fsX8, R168W and R15S (Graw, 2009).

4.1.4 Mutant G165fsX8 yD-crystallin

G1651sX8 yD-crystallin (CRYGD) is a novel single base deletion, ¢.494delG, in exon 3

of the CRYGD gene identified in a Chinese family with nuclear type of congenital
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Table 4.1 Mutations in human CRYG genes,

(Graw, 2009)
nt Position® bp aa aa Allele symbol (comment)
Exchange Position” Exchange
Human mutations
CRYGC
13 A—C 5 Thr—Pro Coppock-like cataract, dominant
212-222 Duplication 59 hybrid Dominant variable zonular pulverulent cataract
GCGGC protein
327 C—A 109 Cys—stop Dominant nuclear cataract
502 C—-T 168 Arg—Trp Three independent families with lamellar
dominant cataract
CRYGD
43 C-T 14 Arg—Cys Dominant progressive juvenile-onset punctuate
cataract
70 C—A 24 Pro—»Thr Independent dominant cataracts in 3 families
70 C—-T 24 Pro—3Ser Dominant non-nuclear polymorphic congenital
cataract
109 C—A 36 Arg—Ser Dominant symmetric crystal deposition and
greyish opacity
176 G—A 58 Arg—His Aculegiform dominant cataract
181 G—-T 61 Gly—Cys Dominant corraliform cataract
403 C—A 134 Tyr—stop Dominant cataract
418 C—-T 140 Arg—stop Dominant nuclear cataract
470 G—A 157 Trp—sstop Dominant central nuclear cataract
494 AG 165 Frameshift Dominant nuclear cataract
(2 amino
acids)
CRYGS
105 G-T 18 Gly—Val Polymorphic dominant cortical cataract
116 C—-G 39 Ser—Cys Dominant progressive juvenilte-onset cataract
A, deletion.

? Beginning at coding sequence (start codon ATG).
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cataract (Zhang et al.,, 2007b). This frameshift mutation resulted in a premature
termination of protein. When expressed in COS-7 cells, the mutant protein was insoluble
upon Triton X-100 extraction. Unlike WT CRYGD, which exists in both the nucleus and
cytoplasm (Wang et al., 2007), G165fs mutant was associated with the nuclear envelope
as shown by its co-distribution with lamin A/C by confocal double immunofluorescence.
This mislocalization together with the reduced solubility could be linked to nuclear
changes during lens development, in particular lens fiber cell maturation. These changes
could affect nuclear degradation during lens fiber differentiation, thus interfering with
lens transparency and leading to opacity formation during lens development. As a whole,
G165fs CRYGD causing-cataract could be a protein felding problem. To our knowledge,
it is a rare deletion mutation of CRYGD, in addition to W156X, found to be disease-
causing for autosomal dominant congenital cataract, whereas other reported mutations are

single base substitutions.

4.1.5 Effects of small chemicals on defective structural proteins

It is now recognized as a major cause of a large number of protein misfolding or
protein conformational disorders with diversified pathologies. Aberrance in protein
features, not only confers loss-of-function, but also gain-of-function proteotoxicity or
cytotoxicity. Mistrafficking or mislocalization of proteins other than the appropriate
target site could also trigger responses at the level of subcellular organelles, leading to
organelle instability or even dysfunction. As a whole, protein folding and trafficking
defects generate aggregation toxicity leading to cell death, which contributes to discase

pathogenesis. Mutations in y-crystallin are associated with protein aggregation and lens
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fiber cell denucleation, as well as self-aggregation of lens protein leading to lens

opacification (Talla et al., 2006; Wang et al., 2007).

Many studies on the misfolding and aggregate formation of regulatory proteins have
given important links of loss or gain-of-function and aggregation-mediated toxicity to
disease pathology (Dohm et al.,, 2008; Gregersen et al., 2005). They include al-
antitrypsin-associated Mallory-Denk bodies in liver pathology, Parkin/a-synuclein-
associated Lewy bodies in Parkinson disease, amyloidosis in neurodegenerative disorders
(e.g., Alzheimer’s and Huntington’s diseases), and myocilin-associated Russell’s bodies.
Potential measures using molecular or chemical chaperones to rescue the defective
proteins have been shown to stabilize them in a more native state, reduce protein-protein
aggregation and hence, providing protection against cellular damages and cell loss. [n
some instances, clinical trials have been initiated to test the therapeutic potential of the
chaperone molecules, such as sodium 4-phenylbutyrate (4-PBA) as a chemical chaperone
for AF508 homozygous cystic fibrosis patients (Rubenstein and Zeitlin, 1998) and
pharmacological chaperones for lysosomal storage diseases. Examples of the latter
include like AT1001 or I-deoxygalactonojirimycin to retrieve misfolded a-galactosidase
A in Fabry disease (Fan, 2003; Fan and Ishii, 2003; Germain and Fan, 2009) and AT2101
to store destabilized glucocerebrosidase in Gaucher disease (Parenti, 2009; Yam et al.,

2006; Yam et al., 2005).

On the other hand, limited information is available for the folding problem of structural

proteins and the corrective intervention. Misfolding of type I collagen causes triple helix
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disassembly, resulting in a destabilization of matrix formation. In bones and skeletal
tissues, collagen misfolding is associated with bone fragility and deformities in skeletal
disorders, like osteogenesis imperfecta (Baum and Brodsky, 1999; Byers, 2001; Marini et
al., 2007). Conformation alterations of hepatocyte keratin in alcoholic steatohepatitis
induce Mallory body formation, which could be a cellular defense to tolerate against

toxic stress (Strnad et al., 2008; Zatloukal et al., 2004).

Recently, our group has identified the misfolding of yD-crystallin (CRYGD) causing
congenital nuclear cataract (Zhang et al., 2007b). CRYGD is a structural protein essential
for lens transparency. It is present as monomers with highly symmetric structure with 4
Greek key motifs organized into two highly homologous B-sheet domains connected by a
six-residue linker. A premature truncated mutation, G165fsX8, removes the last B-strand
of the 4™ Greek key motif and affects the interdomain stability leading to protein
precipitation and misolocalization to the nuclear envelope. This was suggested {0 impair
the nuclear transfiguration and degradation in lens fiber cell differentiation, leading to
opacity formation during lens development. In this study, we tested if the misfolded
CRYGD features could be amended by small chemical molecules with known
chaperoning activity. To our knowledge, this is the first report showing a potential
correction of misfolded structural protein and this can be developed to a novel therapeutic

strategy.
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TGC AGC; for pFLAG-CRYGDRYS | sense 5-GAC CGG GGC TTC CAG GGC AGC
CAC TAT GAA TGC AGC; for pFLAG-CRYGD™!, sense 5-GAA TGC AGC AGC
GAC CAC ACC AAC CTG CAG CCC TAC; for pFLAG-CRYGD%', sense 5'-TAC
TTC CTG CGC CGC TGC GAC TAT GCC GAC (the underline indicates the position of
the point mutation). The constructs of CRYGD were amplified with the same way as the
amplification of CRYAA (Refer to Section 3.2.3). Direct sequencing was performed with
specific primers for CRYGD, including 1F: 5'- ATG AGC AGC CCA ACT ACT CG and
IR: §'- CCT GAA GAC AGG AGC AGT CC; 2F: 5’- CAG CAG CCC TCC TGC TAT

and 2R: 5’-GCT TAT GTG GGG AGC AAA.

4.2.3 Cell culture, transfection and small chemical treatment
COS-7 cells (ATCC) were cultured in Eagle’s Minimal Essential medium (MEM,
Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen)} and antibiotics
(100 units/ml penicillin G and 100 pg/ml streptomycin sulfate, Invitrogen), foliowed by

transfection and small chemical treatment (Refer to Section 3.2.4 and 3.2.5).

4.2.4 Western blotting, immunofluorescence, transcription analysis

The methods for protein analysis by western blotting and immunofluorescence were
the same as Section 3.2.6 and 3.2.7. The antibodies used in this part were HRP-
conjugated antibodies against FLAG (Sigma) recognizing CRYGD, glyceraldehyde
phosphate dehydrogenase (GAPDH; Sigma}, and p-actin (Sigma). Transfected cells

grown on glass coverslips were detected with a mouse monoclonai anti-FLAG antibody
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(recognizing CRYGD, Sigma, 200 ng/ml) followed by appropriate fluorescence
conjugated IgG secondary antibody {Alexa Fluor® 488 [gG goat anti-mouse conjugate,
Invitrogen, 300 ng/ml) and nuclei counterstained with 4'-6-diamidino-2-phenylindole
(DAPI; Sigma, 100 ng/ml). Terminal apoptosis rate was calculated with the same way as
that in Section 3.2.9. All the methods of transcription analysis used in this part were

followed as Section 3.2.10.
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4.3 Results

4.3.1 4-PBA improved the solubility of G165fsX8 CRYGD

The expected molecular size of FLAG/myc-tagged WT CRYGD was ~28 kDa and the
size of truncated FLAG-tagged G165fs CRYGD (a shorten peptide and without myc) was
~24 kDa. Our previous finding of the reduced Tx solubility of G165fsX8 CRYGD mutant
was confirmed in this study using COS-7 cells (Figure 4.1). Western blot analysis of
FLAG (representing CRYGD) followed by band densitometry showed that the WT
CRYGD protein was predominantly Tx-soluble. More than 95% of WT CRYGD protein
(at 28 kDa by molecular mass) was present in the Tx-soluble fraction and a very faint
FLAG-immunoreactive band existed after resolving the Tx-insoluble proteins by small
chemical treatment (Figure 4.2 A). This was not observed for the G165fsX8 mutant
protein, which was found to be mainly Tx-insoluble. About 83% of this premature
truncated protein (at 24 kDa by molecular mass) was present as Tx-insoluble. At 1 day
after transfection, the cells were treated with different small chemicals, including 4-PBA
(with treatment doses from 0.25 to 3 mM) for another 2 days. The cells were collected for
Tx solubility assay. A dose-dependent change of Tx solubility of G165fsX8 mutant was
observed (Figures 4.1 A and B). Treatment with 4-PBA of concentration ranging from |
to 3 mM caused a significant reduction of Tx insolubility from 83 X 0.869% (untreatment)

to 37 + 0.549% (for | mM 4-PBA treatment), 15 £ 0.462% (2 mM 4-PBA treatment) and

10 £ 0.384% (3 mM 4-PBA treatment). The reduction of insoluble protein was significant

when analyzed by independent Student’s ¢-test (p<0.05). Simultaneously, 4-PBA
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Figure 4.1 Chemical chaperone 4-PBA improved Tx solubility of G165fsX8 CRYGD
expressing in COS-7 cells. Cells were treated with 4-PBA (0 to 3 mM) for 2 days
followed by western blotting for FLAG-tagged CRYGD and band densitometry
(represented by histogram). (A) Tx insoluble fractions; (B) Tx soluble fractions. B-Actin
and GAPDH were the housekeeping proteins of Tx-insoluble and soluble fractions,
respectively. (C) Treatment of cells with TMAO (0 to 300 mM) for 2 days followed by
Tx solubility test for FLAG-tagged CRYGD expression. (D) Band densitometry analysis

showed that TMAO did not affect the mutant protein solubility.
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Figure 4.2 4-PBA improved the solubility of various cataract-causing CRYGD
mutants expressing in COS-7 cells. (A) Western blotting of FLAG and housekeeping
proteins in Tx soluble and insoluble fractions from cells expressing WT, R15C, R15S,
P24T, R61C or G165fsX8 CRYGD treated (right) or not (left) with | mM 4-PBA for 2
days. (B) Band densitometry of FLAG-tagged CRYGD normalized with housekeeping

proteins in cells from A,
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treatment improved the solubility of mutant protein in the same G165fsX8 CRYGD-

expressing COS-7 cells (Figure 4.1 B).

Other reported small chemicals were also tested for their effect on G165fsX8 CRYGD
protein solubility. Treatment with TMAO (25 to 200 mM) for 2 days did not result in any
obvious change of Tx solubility (Figures 4.2 C and D). There were always about 83% of
Tx-insoluble G165fs CRYGD protein in the G165fs CRYGD-expressing cells treated or
not with TMAQ, and the soluble proteins also maintained around 15% during TMAQ
treatment (25 to 200 mM) for 2 days. Treatment with DMSO (0.5 to 1%) or glycerol {1 to
5%) was also ineffective to improve mutant protein solubility and cytotoxicity was
observed. DMSO almost had the same effect as TMAO on the Gl165fs CRYGD-
expressing cells, and it did not show any improvement of solubility of G165fs CRYGD
protein. During glycerol treatment on the cells transfected with G165fs CRYGD, there
were more floating cells at 24 hours after treatment, and more cells tended to be dying as
well as had obvious morphological changes on the face of transfected cells, which were
difficult to be harvested for protein solubility analysis. Therefore, these three chemicals

were not used in the following study.

4.3.2 4-PBA improved the solubility of different CRYGD mutants

In addition to WT and GI163fsX8 CRYGD, recombinant FLAG/myc-tagged CRYGD
mutants (RI5C, R15S, P24T and R61(C) were created by PCR-based site-directed
mutagenesis and constructs were confirmed by direct sequencing. These missense

mutants with FLAG and myc tagging have expected molecular size of ~28 kDa. When
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cell lysate were fractionated into Tx-soluble and Tx-insoluble fraction and analyzed by
western blotting of FLAG (representing CRYGD), the mutant proteins were moderately
Tx-insoluble. The amount of R15C CRYGD to be Tx-insoluble was 17 + 0.235%, R15S
was 15 +0.145%, P24T was 14 + 0.241% and R61C was 19 + 0.159%. This was much
lowered than G165fsX8 mutant (about 83% protein was Tx-insoluble) (Figure 4.2 A).
The cells were treated with 4-PBA (1 mM) treatment for 2 days and cells were collected
again for Tx solubility test. Irrespective to the mutation, the Tx-insoluble mutant protein
were greatly reduced and they again became Tx-soluble after 4-PBA treatment (Figure

42).

4.3.3 4-PBA relocalized G165fsX8 CRYGD from nuclear envelope

When expressed in COS-7 cells, FLAG-tagged G165fsX8 CRYGD was redistributed
as a ring-shaped structure on the nuclear periphery (Figure 4.3 C). Minimal staining in
the cytoplasm and inner nucleus was observed. By using confocal microscopy, our team
had identified its colocalization with lamin A/C in the nuclear envelope (Zhang et al.,
2007b). In contrast, FLAG-tagged WT CRYGD was located in both nuclear and
cytoplasmic regions (Figure 4.3 A). This was different to the reported cytoplasmic
staining of normal CRYGD and this could be due to the protein over-expression by
cytomegalovirus (CMV) promoter. We focused our observation on the defective nuclear
envelope staining of mutant CRYGD. Treatment with 4-PBA for 48 hours successfully
reduced the amount of mutant cells with CRYGD staying on the nuclear envelope.
Instead, most treated cells exhibited a nuclear and faint cytoplasmic G165fsX8 CRYGD

staining (Figure 4.3 D). A quantitative analysis showed that about 20% of mutant cells
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-
G165fsX8
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Figure 4.3 The corrective effect of 4-PBA on G165{sX8-expressing cells. 4-PBA
corrected the mislocalization of G165fs CRYGD as shown by confocal
immunofluorescence. (A) Untreated WT cells, (B) WT cells treated with | mM PBA for
2 days, (C) untreated G165fs CRYGD cells and (D) G165fs CRYGD cells treated with 1

mM PBA for 2 days.
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Figure 4.4 Apoptosis rate of cells with nuclear fragmentation. 4-PBA reduced

apoptosis of mutant cells with nuclear fragmentation.
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Figure 4.5 Semi-quantitative RT-PCR analysis of gene expression level. 4-PBA
caused specific up-regulation of Hsp70 in G165fsX8 CRYGD cells. No change was

found for Hsp90.
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4.4 Discussion

yD-Crystallin (CRYGD) is a structural protein essential for lens transparency.
Mutations of CRYGD are known as common genetic lesions causing different types of
congenital cataracts {Devi et al., 2008; Li et al., 2008; Plotnikova et al., 2007; Zhang et
al., 2009a; Zhang et al., 2007b; Zhu et al., 1997). Functional changes and alteration of
crystallin properties could cause breakdown of lens microstructure resulting in changes of
refractive index and light scattering. In this study, different cataract-causing CRYGD
mutants was characterized in vitro and the disrupted features were attempted to rescue by
treatment with small chemical molecules with protein chaperoning activity, While WT
and most reported CRY GD mutants were mildly insoluble upon Tx extraction, G165fsX8
mutant causing nuclear type of congenital cataract demonstrated significant Tx
insolubility in transfected COS-7 cells, with the same distribution in B3 cells (Zhang et
al., 2009a). Moreover, unlike WT CRYGD existing predominantly in cell nucleus
(different from reported cytoplasmic staining, possibly due to the overexpression by
CMYV promoter in the plasmid), G165fsX8 was mislocalized to the nuclear envelope,
consistent with our previous finding of its co-localization with lamin A/C (Zhang et al.,
2007b). This could lead to impaired nuclear transfiguration and degradation process
during lens fiber cell differentiation, thus resulting in opacity formation. The present
result showed that the protein defect was alleviated by small chemical molecule, 4-PBA.
Tx insolubility was dose-dependently reduced and mutant protein was relocalized to the
nucleus, similar as that for WT CRYGD. This correction resulted in reduced apoptosis,

and it could be associated with Hsp70 up-regulation in treated cells.
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Aggregopathies, or diseases due to aggregation of disease-specific proteins, are usually
manifested with altered intracellular pathways involved in protein refolding, aggregation
and/or degradation (Corboy MIJ et al., 2005; Dobson, 2006; Markossian KA and
Kurganov BI, 2004). Protein refolding is often arbitrated by the chaperone and enzyme-
mediated protein quality control machinery, including heat shock proteins {(e.g. Hsp70
family) and ER lectins, whereas protein degradation involves the ubiquitin-proteasome
system (UPS) or autophagy. Limited information has been known for the refolding of
structural proteins. [n some instance, the traditional view of chaperone molecules binding
to unfolded polypeptide chains to prevent aggregation and promote native folding
remains controversial. Pro-type I collagen triple helix did not fold properly at temperature
higher than 34°C, even in an environment with ER-like molecular crowding (Makareeva
and Leikin, 2007). The binding of ER chaperones to unfolded procollagen C-propeptides
destabilized the triple helix, unless the chaperone binding was made to folded peptides
with native conformation. Keratin aggregation forming Mallory-Denk bodies involved
abnormal Kkeratin cross-linking via transglutaminase. Presence of UPS inhibitors
accelerated the aggregate formation, which was attenuated by autophagy (Strnad et al.,
2008). These reported findings characterize the biological significance of the structural
protein misfolding in the disease pathogenesis, however no corrective intervention has

been known to alleviate the defective features.

My study reveals, for the first time, a proof-of-principle correction of misfolded

structural protein to regain proper biological features by small molecules exhibiting

protein chaperoning activity. This can be developed to a novel therapeutic strategy for the
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prevention of, in our case congenital cataract or, aggregopathies involving the defective
structural proteins. Chemical chapercning on misfolded proteins has been shown
experimentally to prevent or correct protein’s non-native conformation, alleviate the
mistrafficking and the associated cellular defects, resulting in better cell survival (Kolter
T and Wendeler M, 2003; Leandro and Gomes, 2008; Perlmutier DH, 2002; Ulloa-
Aguirre A et al., 2004). Though the exact mechanisms are still to be delineated, chemical
chaperones likely shift the folding equilibrium towards a more native state, reduce non-
productive aggregation or enhance the resident chaperoning environment. This relieves
the ER-retention and facilitates the transport of client proteins across the intraceltular
compartments. Ultimately, the cells will have better survival. Increasing evidence of its
correction on different misfolded proteins associated with disease pathology has rendered
the chaperone-assisted protein rescue an appealing strategy to treat protein folding
diseases (Basseri et al., 2009; Ono et al., 2009; Singh ¢t al., 2008; Yam GHF et al., 2006;
Yam GHF et al., 2007b). Removal of aberrant accumulation of misfolded proteins by
chemical chaperone could reduce cellular toxicity and enhanced cell survival (Datta et al.,
2009; de Almeida et al., 2007; Hanada et al., 2007; Jafarnejad et al., 2008; Kubota et al.,
2006), and they could alsc alleviate ER stress and apoptosis in lysosomal storage diseases

(Wei et al., 2008; Ozcan et al., 2006; Pratt et al., 2009).

4-PBA has several known functions on cells. It acts as a peroxisome proliferator and
histone deacetylase inhibitor to affect transcription. It has been approved for clinical use
to restore chloride conductance in cystic fibrosis patients and treat the urea cycle

disorders (Collins et al., 1995; Maestri et al., 1991; Rubenstein RC and Zeitlin PL, 1998).
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In Zebrafish lens development, inducible Hsp70 is a vital regulator for lens fiber cell

differentiation (Blechinger et al., 2002; Evans et al., 2005).
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4.5 Conclusion

In conclusion, 4-PBA reversed the defective protein features of G165fsX8 CRYGD
and reduced the apoptosis possibly through Hsp70 signaling. Hsp70 up-regulation may be
directly caused by 4-PBA or change of chaperoning capacity in the cells. This could lead
to mutant protein stabilization. Further work warrants a better characterization of Hsp70

regulation in cataractogenesis and for potential therapeutic strategies.
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5 Effects of small chemicals on the glaucoma-causing mutant

myocilin

5.1 Introduction

5.1.1 Glaucoma

Glaucoma is a blinding disease associated with optic neuropathy caused by a
characteristic progressive degeneration of optic nerve and loss of retinal ganglion cells
(Morrison et al., 2005). It is a leading cause of irreversible blindness affecting more than
70 million people worldwide. There are many different sub-types of glaucoma. Raised
intraocular pressure (IOP) is a significant risk factor for developing glaucoma (above
22 mmHg or 2.9 kPa). One person may develop nerve damage at a relatively low
pressure, while another person may have high eye pressure for years and yet never
develop damage. Untreated glaucoma leads to permanent damage of the optic nerve and

resultant visual field loss, which can progress to blindness.

Glaucoma can be divided roughly into two main categories, "open angle” and "closed
angle" glaucoma. Open angle, chronic glaucoma tends to progress more slowly and the
patient may not notice that they have lost vision until the disease has progressed
significantly. Closed angle glaucoma can appear suddenly and is often painful; visual loss
can progress quickly but the discomfort often leads patients to seek medical attention

before permanent damage occurs.
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glaucoma include primary congenital glaucoma and glaucoma associated with syndromes
(e.g., aniridia or the Axenfeld-Rieger syndrome). Primary open-angle glaucoma, the
predominant form of glaucoma in western countries, comprises of several clinically

indistinguishable diseases.

5.1.2 POAG-causing genes

5.1.2.1 Genes associated with POAG

It is increasingly clear that POAG, in most cases, is inherited as a complex trait, where
the disease results from the interaction of multiple genes and environmental factors
(Sieving and Collins, 2007). This is agreeable to the complex phenotype of glaucoma,
resulting from diverse pathological processes that involve changes in the aqueous humor
outflow pathway, the retina and optic nerve, and even, as suggested recently,
cerebrospinal fluid dynamics (Berdahl et al., 2008). So far, three genes have been
identified to associate with glaucoma among the 14 known chromosomal loci. These
genes are myocilin/TIGR (in GLCIA locus), optineurin (in GLCIE), and WDR36 (in
GLCI1G). They are identified through family-based studies with glaucoma inherited as a
Mendelian trait, where the altered function of a single gene is sufficient to cause the

disease.

5.1.2.2 Myocilin
Approximately 4% of cases of adult-onset POAG and more than 10% of juvenile-onset
cases are associated with MYOC mutations (Aldred et al., 2004). MYOC was identified by

Stone and co-workers in GLCIA locus, which was the first reported locus for POAG
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located on chromosome 1 {(Morissette et al., 1995; Sheffield et al., 1993; Stone et al.,
1997). The MYOC protein was previously known as trabecular meshwork inducible-
glucocorticoid response protein or TIGR (Polansky et al., 1997). This genetic form of
glaucoma is typically associated with high IOP and frequently requires surgical
intervention for disease control. In adult POAG populations, the prevalence of MYOC
mutations in POAG cases varies between 3 and 5% making it the most common form of
inherited glaucoma currently known (Aldred et al., 2004; Baird et al., 2005; Chakrabarti
et al., 2005; Libby et al., 2005). MYOC protein is a signal peptide secretary protein
(Hebert and Molinari, 2007; Ponnambalam and Baldwin, 2003). It has both intracellular
and interceltlular functions (Ueda et al., 2002; Ueda and Yue, 2003) and can be found in
various organelles such as the endoplasmic reticulum (ER), Golgi apparatus, and

mitochondria (O'Brien et al., 2000; Ueda et al., 2000).

5.1.2.3 MYOC mutations

So far, more than 90 glaucoma-causing mutations have been identified in MYOC.
These mutations are found in 3.86% (155/4107) of Caucasian probands with POAG
(including normal tension glaucoma) or ocular hypertension, 3.3% (18/545) of probands
of African descendants (including African Americans and black residents in Africa) and
4.44% (36/810) of Asian probands (Gong et al., 2004). Among them, many of which
(such as C245Y, Q368X. P370L, R422H, C433R, Y437H, 477N, I1477S and N480K) are
aggressive mutants causing high [OP-associated juvenile-onset POAG; some (R§2C,
T377M, D3804 and R422C) showed low LOD score (<3.0, 6=0) in linkage studies. Many

of them are located in the olfactomedin-like domain of the encoded MYOC protein. Four
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changes (R82C, C245Y, R422C and C433R) involve cysteine residues, which might
affect the secondary structure of protein. Three mutations (G252R, G367R and P370L)
were found in Asians and Caucasians, and three (7293K, 7377M and E£352K) in Africans
and Caucasians. Y371D is a latest novel myocilin mutation which causes an aggressive

form of JOAG in a Caucasian family from the Middle-East (Avisar et al., 2009).

5.1.2.4 MYOC mutations causing profein folding diseases

Many glaucoma-causing MYOC mutants have folding problem. They have been
shown to be misfolded, more detergent-insoluble, and aggregation-prone than the
wildtype (WT) protein. Some are detected being retained intraceliularly (Jacobson et al.,
2001; Joe et al., 2003; Yam et al., 2007a). Despite WT MYQC, which does not have a
proven function, the mutants may cause glaucoma by a pathologic gain of function.
Reports showed that several missense and truncated MYOC mutants (such as P370L,
Q368X and K423E form hetero-oligomeric complexes with WT MYOC and aggregate
intracellularly, resulting in secretion blockade (Gobeil et al., 2004; Liu and Vollrath,
2004). For mutants like C245Y, P370L and Y437H, formation of inclusion bodies typical
of Russell bodies in the ER proved the intracellular localization and trafficking defects,
which induces unfolded protein response (UPR) and result in apoptosis (Yam et al.,
2007a). Reduction in TM cell population has been reported in glaucoma patients
(Alvarado et al., 1984). The phagocytic capacity of TM would be compromised and the
remaining TM population is insufficient for the effective cleaning of aqueous humor, thus
leading to elevation of IOP (Matsumoto and Johnson, 1997). Moreover, the misfolded

mutants are recognized by the protein quality control machinery in the ER, leading to the
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formation of ER aggregation bodies typical of Russell’s bodies and become trafficking
defective (Haargaard et al., 2004; Yam et al., 2007a; Yam et al., 2007b). Besides the
reported clinical evidence (Lam et al., 2000; Morissette et al., 1998), heterozygous
expression of mutant MYOC caused WT MYOC to be retained intracellularly and form
aggregation-prone complexes with mutant protein (Gobeil et al., 2004; Gould et al., 2006,
Yam et al., 2007a). This could induce cellular stress and alter the cell morphology, which

became prone to apoptosis (Joe et al., 2003; Yam et al., 2007a).

This cell apoptosis could explain the reduction of TM cells in patients with MYOC-
caused glaucoma (Liu and Vollrath, 2004; Rohen et al., 1993). These glaucoma-
associated MYOC mutants are also known to be secretion defective (Fan et al., 2006; Liu
and Vollrath, 2004). Impaired MYOC secretion may lead to an altered extracellular
matrix (ECM) at the TM cells that impedes aqueous humor ocutflow. Hence, MYOC-
caused glaucoma is a protein folding disease and it is necessary to further understand the
pathologic gain-of-function mechanism of these diseases induced by glaucoma-associated
MYOC mutations. In our laboratory, the mutated D384N MYOQOC was found to be
aggregation-prone and had protein trafficking problem, resulting in activation of ER

stress and cell apoptosis.

5.1.3 The effect of small chemicals on MYOC mutations

The success of chemicals to correct a variety of misfolded proteins associated with
pathologic conditions has made the chaperone-assisted therapy an appealing therapeutic

approach for protein-folding diseases. It was shown that 4-phenylbutyric acid (4-PBA)
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5.2 Materials and methods

5.2.1 Expression constructs, mutagenesis, and transfection
Full-length WT MYOC ¢DNA from human skeletal muscle was cloned to p3xFLAG-
myc-CMV-25 (Sigma-Aldrich, St. Louis, MO) to generate pFLAG-myc-MYOCY" (Yam
et al., 2007b). Single base change was introduced by site-directed mutagenesis
(QuikChange II; Stratagene, La Jolla, CA) with specific oligonucleotides (listed in Table
5.1) and the constructs were verified by direct sequencing. Human trabecular meshwork
(HTM) cells (Yam et al., 2007b) were transfected with 1 pg plasmid DNA using 1 pl

FuGene HD reagent (Roche Diagnostics, Basel, Switzerland).

5.2.2 Low temperature or chemical treatments
Transfected cells were incubated at 37°C or 30°C, 1 mM 4-PBA (triButyrate, Triple
Crown America, Inc., Perkasie, PA) or 25 to 200 mM TMAOQO (Sigma-Aldrich) for 48
hours. 4-PBA (1 mM, triButyrate, Triple Crown America, Inc., Perkasie, PA}, 25 to 200
mM TMAOQ (Sigma-Aldrich) or D,O-based culture media was added to transfected cells

for different time intervals.

5.2.3 MYOC secretion and solubility

Culture medium was immunoprecipitated with rabbit polyclonal antibody against myc
(Santa Cruz Biotech, Santa Cruz, CA) bound to protein A beads (Dynabead; Dynal-

Invitrogen, Carlsbad, CA) and analyzed by western blot analysis for FLAG. After PBS
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Table 5.1 Glaucoma-causing mutants of myocilin and specific oligonucleotides for

mutagenesis.
Sequence Suspected POAG IOP Mutagenesis oligos (sense strand
Exon . .
change change onset (mmHg) from 5°, bold and wunderlined is
base change)
R82C 1 Change in charge Adult Not GAGAGACAGCAGCACCCAATGCT-
& disulfide bond available TAGACCTGGAGGCCACCA
2457 3 Change in charge Juvenile  19-26 GGAGTGGAGAGGGAGACACCGG-
& disulfide bond ATATGGAGAACTAGTTTGGGTAGG
0368S5t0p™® 3 Premature Juvenile  21-56 GGAGCTGGCTACCACGGATAGTT-
termination CCCOGTATTCTTGGGGTGG
P370L*% 3 Change in B- Juvenile 38 CTGGCTACCACGGACAGTTCCIG-
sheet TATTCTTGGGGTGGCTACAC
7377M% 3 Change in Juvenile  20-50 GTATTCTTGGGGTGGCTACATGGA-
polarity CATTGACTTGGCTGTGG
D380A% 3 Unknown Juvenite  Not GGGGTGGCTACACGGACATTGCC-
available TTGGCTGTGGATGAAGCAG
R422C% 3 Change in charge Normal Normal AACCTGGGAGACAAACATCIGTA-
subject AGCAGTCAGTCGCCAATG
R422H% 3 Change in Juvenile  Not AACCTGGGAGACAAACATCCATA-
charge available AGCAGTCAGTCGCCAATG
C433R% 3 Change in charge Juvenile 30 GTCGCCAAGCCTTCATCATCCGTG-
& disulfide bond GCACCTTGTACACCGTCAG
Y437H" 3 Change in charge Juvenile  14-77 CATCATCTGTGGCACCTTGCACAC-
CGTCAGCAGCTACACC
j4778°% 77 3 Change in Juvenile  high GCTATAAGTACAGCAGCATGAAT-
phosphorylation GACTACAACCCCCTGGAGA
14778 3 Change in Juvenile  20-52 GCTATAAGTACAGCAGCATGAGT-
giycosylation GACTACAACCCCCTGGAGA
N48OK” 3 Change in Juvenile 2848 CAGCAGCATGATTGACTACAAAC-
glycosylation CCCTGGAGAAGAAGCTCTT
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washes, the cells were lysed in Triton X-100 (Tx) lysis buffer at 5 x10° cells/mL for 2
minutes on ice (Yam et al., 2007b; Zhou and Vollrath, 1999). After centrifugation, Tx-
soluble and insoluble fractions were analyzed by western blot analysis using mouse
monoclonal anti-GAPDH-horseradish peroxidase (HRP) conjugate (Sigma-Aldrich), anti-
B-actin-HRP conjugate (Sigma-Aldrich) and anti-FLAG-HRP conjugate for MYOC
(Sigma-Aldrich), followed by enhanced chemiluminescence (Amersham, Bucks, UK).
Band intensity was then analyzed with image-analysis software (Quantity One Image
Analysis; BioRad, Hercules, CA). MYOC expression was normalized with GAPDH for

Tx-soluble protein or B-actin for Tx-insoluble protein.

5.2.4 MYOC transcription
Total RNA was obtained by a RNA purification kit (RNeasy kit; Qiagen, Valencia, CA)
and an on-column DNase digestion kit (RNase-free DNase kit; Qiagen). Complementary
DNA from | pg RNA, 10 ng/mL random hexanucleotide primer (Invitrogen) and reverse
transcriptase (SuperScript III; Invitrogen) was amplified for MYOC and GAPDH (Yam et

al.,, 2007b). All the methods of transcription analysis used in this part were followed as

Section 3.2.10.

5.2.5 Immunofluorescence and apoptosis assay

Cells were fixed and stained with a2 monoclonal antibody against FLAG (Sigma-
Aldrich) and red X-conjugated secondary antibody (Jackson Immuno Research

Laboratory, West Grove, PA). Nuclei were stained with DAPI. Samples were examined
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by fluorescence microscopy (DMRB; Leica, Wetzlar, Germany) equipped with a color
imaging system (Spot RT; Diagnostic Instruments, Sterling Heights, MI). The apoptosis
rate was represented as the percentage of cells with fragmented nuclei. For each

experiment (#= 3), 10 random images (x40 objective) were analyzed.

5.2.6 Density gradient and protein analysis

Stable transfectant were selected by 800 ug/ml geneticin (Geneticin 418; Invitrogen)
for 10 days. Cells treated with small chemicals for 2 days were collected in 250 mM
sucrose buffer containing 10 mM HEPES-NaOH (pH 7.4), i mM EDTA.Na2 and
protease inhibitor Complete’™ , homogenized and spun at 1500g to remove the nuclei
(Dounce; Bellco Glass Co., Vineland, NJ). The supernatant was fusther spun at 65,000g
for an hour. The clear supernatant contained cytoplasmic soluble protein (see Figure 5.7,
fraction 1). Pellet containing cytoplasmic organelles was layered on top of a density
gradient (Optiprep 2.5%-30%; Nycomed, Oslo, Norway) and spun at 160,000g for 2
hours, Fractions 2 to 8 (according to Optiprep density) were analyzed by western blot
analysis with anti-FLAG-HRP, monoclonal anti-calnexin (BD Bioscience), polyclonal

anti-GM 130 antibody (Santa Cruz Biotechnology), and detected by ECL.
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Figure 5.1 Detergent solubility test of MYOC mutants. Western blot analysis of
FLAG showed reduced Tx solubility of D384N MYOC. The solubility change was
similar to C245Y, P370L, and Y437H MYOC. GAPDH and B-actin were the
housekeeping genes in the Tx-soluble and -insoluble fractions, respectively.
Quantification by band densitometry indicated the predominant expression of Tx-
insoluble mutant MYOC. WT, cells transfected with WT MYOC:; -, cells transfected with

vector only.
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MYOC mutans whereas the expression of WT MYOC was unaffected. Q368X and
C433R MYOC remained Tx insoluble before or after small chemical treatments. Q368X
mutant was only faintly detectable in Tx-soluble fractions after TMAQ or DO treatment
and C433R had no changes at all. The percentage of Tx-insoluble C245Y mutant after
TMAOQO, 4-PBA or D,0 treatment was similarly decreased to more than 50% as that in
untreated cells (46 + 0.345% of Tx-insoluble C245Y mutant for PBA treatment, 23 +
0.255% for TMAQ treatment, 26 + 0.185% for D,0 treatment, compared to 82 +0.935%
for untreatment; p<0.05, independent Student t-test; Figure 5.2). The Tx solubility ratio
(calculated as percentage of Tx-soluble MYOC compared to percentage of Tx-insoluble
MYOC) of C245Y mutant is 1.7 for PBA treatment, 2.6 for TMAOQO treatment, 2.4 for
D,O treatment, and 0.021 for untreatment (Figure 5.2). Changes of Tx solubility ratio for

the other mutants were listed in Table 5.2.

D384N MYQC, a novel mutation identified in a Chinese family, was also transfected
in HTM cells. The transfected cells were incubated in a lower temperature to test if the
folding defect can be corrected by condition enhancing refolding. It is hypothetized that
low temperature can help the refolding of proteins, which have inherent folding disorders.
When cells expressing D384N MYOC were incubated at 30°C for 2 days, the expression
of Tx-soluble D384N MYOQC was increased (Figure 5.4). In the further treatment with
small chemicals, the same increase was detected when cells were treated with | mM 4-
PBA or 50 mM TMAOQ. A faint doublet of soluble MYOC seen at 37°C became strongly
expressed. Among the treatments, TMAO gave the highest level of Tx-soluble D384N

MYOC (~6.2-fold that of the untreated mutant) and approached a level closed to that of
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Figure 5.4 Improvement of secretion and Tx solubility of D384N MYOC. D384N-
transfected cells were incubated at 30°C or treated with small chemicals (I mM 4-PBA
and 50 mM TMAOQO) for 2 days. By combined immunoprecipitation-Western blot analysis,
D384N MYOC was detectable in the culture medium after TMAQ and 4-PBA treatments.
Incubation at 30°C did not show MYOC secretion. Increased expression of the Tx-
soluble mutant MYOC was found after treatments. Results were compared to untreated

cells expressing mutant or WT MYOC.
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Table 5.2 Triton X-100 solubility ratios* of MYOC variants upon small chemical

treatments.
Treatments
Untreated 4-PBA TMAO DO
Wildtype 3.2 - - -
(A) Aggressive mutants
C245Y 0.021 1.7 2.6 24
Q368X 0 0 0.1 0
P370L 0 0.6 1.5 0
R422H 0.2 1 1 0.3
Y437H 0.1 1.5 0.9 1.5
147TN 0 0.2 1.5 1
14778 0.1 3.1 0.9 1.6
N480K 0.1 35 3.1 9
(B) Mild / ambiguous variants
R82C 0.7 1 1.7 1.7
T37TM 0.1 04 9 9
D380A 1 3.1 1.7 1.7
R422C 0.3 0.7 1.4 2.1

* Tx solubility ratio was caiculated as percentage of Tx-soluble MYOC compared to
percentage of Tx-insoluble MYOC.

147



the WT. Incubation at 30°C or with 1 mM 4-PBA caused approximately a threefold
increase of Tx solubility. When the cells treated with both PBA and TMAO
simultaneously, they had the same effect on the cells as TMAOQ treatment only. Results

were reproducible in three different experiments.

The MYOQC variants responded differently to small chemicals. For T377M mutant, the
corrected level after 4-PBA treatment was about one-half as that of TMAO or D,O. For
[477N mutant, 4-PBA-treated level was about one-third as that of TMAO or D,O.
Nevertheless, P370L. MYOC did not respond to D,0Q treatment and remained Tx-

insoluble (Figures 5.2 and 5.3).

In conclusion, TMAQO treatment seemed to cause a better correct effect on mutant
MYOC than other treatment. And also, TMAO-treated cells had no notable
morphological changes, compared to PBA-ireated cells when examined at two more days.

Therefore, TMAQ was selected in further experiments.

5.3.3 Dose-responsive effect of chemical treatment on D384N MYOC solubility
and secretion

In this study, the mutant D384N MYOC was selected for a detailed investigation to

verify the effect of small chemicals on correcting folding defects of MYOC and the

consequent cell changes. To examine the MYOC secretion, a combined

immunoprecipitation (IP) of media from cultures with the same number of cells and with

excessive anti-myc antibody bound to protein A magnetic beads followed by immunoblot
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analysis with excessive anti-FLAG HRP antibody was performed. In contrast to
incubation at 30°C with a very minor secretion of D384N MYOC (Figure 5.4), more

MYOC secretion was found after treatment with small chemicals (PBA and TMAQ).

When applied at concentrations higher than 25 mM, TMAO enhanced D384N MYOC
solubility, with the highest level at the 100 mM concentration (Figure. 5.5 A). The
secretion was also improved with treatment at this drug concentration. From 5 x 10° cells,
incubation with TMAQ at 25 mM or higher caused mutant MYOQC secretion. The peak
secretion level was attained with 50 to 100 mM TMAO (Figure. 5.5 B). TMAO at 200
mM did not induce more secretion. In further experiments, a lower dose of TMAO (50

mM) with sufficient corrective ability to the secretion defect of D384N MYOC was used.

Semi-quantitative RT-PCR analysis did not reveal any changes in the steady state
MYOC expression when cells were treated with up to 200 mM TMAO (Figure 5.5 C).
Similar expression level of D384N MYOC was observed before and after TMAO
treatment. This illustrated that TMAO treatment did not promote MYOC expression but

altered the solubility of mutant protein for better trafficking and secretion.

5.3.4 Chemical treatment on apoptosis of D384N MYOC
Previous studies have demonstrated that glaucoma-associated MYOC mutants act
through a pathological gain-of-function by inducing aggregate formation and the ER

stress, which ultimately resulted in apoptotic cell death (Joe MK et ai., 2003; Liu Y and

Vollrath D, 2004; Yam GHF et al., 2007a; Yam GHF et al., 2007b). To study the cellular
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Figure 5.5 TMAO improved Tx solubility and secretion of D384N MYOC. (A) HTM
cells (2x 10° cells) transiently expressing FLAG/myc-WT or D384N MYOQOC were treated
with different doses of TMAO (0-200 mM) for 2 days. Tx-soluble fractions were assayed
for FLAG (MYOC) and GAPDH. Untreated WT-expressing cells were used as the
control. Culture media were collected and [P for myc, followed by Western blot analysis
for FLAG for MYQC secretion. (B} Band densitometry showed that 50 to 100 mM
TMAOQO improved the secretion of D384N MYOC to a level about haif of WT MYOC. (C})
RT-PCR analysis showed no transcriptional changes of MYOC by TMAQ treatment (0-

200 mM). GAPDH expression served as the internal control for sample loading.
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changes casued by D384N MYOC, immunofluorescence study was performed on
transfected HTM cells. D384N MYOC formed cellular aggregates (Figure 5.6 B),
whereas WT had a diffuse vesicular distribution (Figure 5.6 A). More D384N cells (78 &
14%) had intracellular MYOC aggregates than WT cells did (1.4 + 0.1%,; p < 0.05, paired
Student’s #-test). FLAG/myc-tagged MYOQC expressing HTM cells showing fragmented
nuclei by DAPI staining was quantified. An examination of the percentage of FLAG-
positive cells with fragmented nuclei showed that D384N MYOC-expressing cells had an
apoptosis rate of 31 + 3.3%, whereas the apoptosis rate was 9  1.5% in cells expressing
WT MYOC (Figure 5.6 C). After the cells incubated with 50 mM TMAO for 2 days, the
rate was reduced to 15.5 + 2.5% in D384N MYOC-expressing cells (Figure 5.6 D).
Treatment with T mM PBA mildly reduced the apoptosis rate to 20.5 £ 1.5% and low-
temperature (30°C) treatment maintained the apoptosis rate at 28.7  2.3% in D384N
MYOC-expressing cells. The rate for untreated mock-transfected HTM cells was 2 &

0.5%.

5.3.5 TMAO action on subcellular distribution of D384N MYOC
HTM celis stably expressing FLAG/myc-MYOC (WT or D384N) were treated with 50
mM TMAO for 2 days, followed by separation of cytoplasmic fractions by density
gradient (0-30% Optiprep; Nycomed). Collected fractions were immunoblotted for FLAG
(representing MYOQC), ER lectin calnexin, and Golgi protein GM130. The D384N mutant
was restricted to fractions immunoreactive to calnexin and was not in fractions with
GM130 (Figure 5.7), whereas WT MYOC was distributed in a broader pattern along the

gradient that was positive for calnexin and GM130. Moreover, the D384N mutant was
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Figure 5.6 Immunofluorescence of FLAG/myc-WT and mutant D384N MYOC in
HTM cells. (A) WT MYOC and (B) D384N MYOC-expressing cells, Scale bar: 10 pm.
(C) Untreated D384N cells and (D) TMAO-treated D384N cells. Scale bar: 5 pm. (E)
Apoptosis rates determined by the percentage of cells with fragmented nuclei. TMAQ

treatment for 2 days resulted in more of a reduction of apoptosis than did 4-PBA.
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Figure 5.7 TMAO altered the subcellular distribution of D384N MYOC. Unlike WT
MYOC with broad distribution and presence in the cytosolic fraction (lane I), untreated
D384N mutant mainly co-migrated with calnexin ({anes 4-7). No immunoreactivity was
detected in GMI130-positive fractions (lanes 2-4). TMAO-treated mutant MYOC was
redistributed in both ER and Golgi-enriched fractions and cytosolic fraction, similar to

WT MYOC.
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not detectable in the cytoplasmic soluble protein (fraction 1), which showed intense
immunoreactivity for WT MYOC. Treatment with 50 mM TMAOQ for 2 days resulted in a
redistribution of the D384N mutant resembling that of WT. Mutant protein was co-
distributed in GM130-positive fractions and reappeared in the cytoplasmic soluble

fraction.
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5.4 Discassion

Many mutations do not cause disease through impaired synthesis of polypeptide, but
produce protein that cannot fold properly (Dobson, 2006; Gregersen, 2006; Quteiro and
Tetzlaff, 2007} and thus lead to a disruption of normal functions. Inside cells, there exists
stringent protein quality control in the ER-Golgi region to monitor the folding of
secretory and membrane proteins (Moremen and Molinari, 2006; Roth, 2002). In addition
to molecular chaperones and enzymes aiding the folding of peptides (Barral et al., 2004;
Fewell et al., 2001), various machinery proteins are involved in the recognition and
retention of aberrant proteins (Bukau et al., 2006; Helenius and Aebi, 2004; McClellan et

al., 2005).

In this study, three small molecule compounds, 4-PBA, D,0 and TMAOQ, could act as
chemical chaperones to correct the detergent insolubility and mistrafficking of glaucoma-
causing MYQC variants and consequently, rescued the affected cells from apoptosis.
Among the 14 MYQC variants studied, only Q368X and C433R mutant proteins were
insensitive to treatment by any of the three chemicals. Other variants demonstrated
improved detergent solubility and extracellular secretion. This indicated a mutation-
dependent chemical chaperoning profile, likely due to variations in effects of the
mutations on the protein properties or structure. Incubation of cells at 30°C or with small
chemicals, 4-PBA (1 mM) or TMAO (50 mM), improved Tx solubility of D384N MYOC.
Furthermore, small chemical treatment restored its secretion. D384N MY OC was mostly
non-secreted, which may contribute to the severity of IOP elevation and early disease

onset. Vollrath and Liu (2006) reported that the degree of mutant secretion at 30°C is
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inversely related to the severity of the associated glaucoma phenotype. However, D384N
MYOC remained non-secreted at low temperature incubation. In contrast, smail
chemicals should be good facilitators of folding of temperature-sensitive mutants. Among
the chaperone molecules, TMAQ engendered a redistribution of mutant MYOC from the
ER. D384N protein was restricted to the density gradient fractions immunoreactive for
calnexin, an ER resident protein, whereas WT MYOC was detected in a broader
distribution and was not limited to calnexin-positive fractions. With TMAQO treatment,
D384N mutant was relocalized from the ER-enriched to Golgi-enriched fractions
(GM 130 positive) and was highly indicative of a reduced ER retention. The shortened ER
retention and activation of UPR could rescue the affected cells from apoptosis (Jia et al.,
2009a). As indicated in Figure 5.6, D384N MYOQC-expressing cells had a higher
apoptosis rate than that of WT-expressing cells, whereas the apoptosis rate of D384N

MYOC-expressing cells was reduced after TMAO treatment.

Setting up a favorable environment for the refolding of improperly folded proteins to
their native state has been proposed as a new therapeutic avenue for treating protein-
folding diseases (Cohen and Kelly, 2003; Loo and Clarke, 2007). Although low
temperature can improve protein folding and alleviate abnormal morphology and cell
killing induced by misfolded protein expression (Liu and Vellrath, 2004; Rennolds et al.,
2008; Vollrath and Liu, 2006), application of low temperature to tissue cells is practically
very difficult. Delivery of drugs to target tissue sites is more feasible. Many studies have
described the use of cell-permeable small molecules with chaperoning activity to reverse

the mislocalization or reduce the aggregation of proteins associated with human diseases
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(Bennion et al., 2004; Bonapace et al., 2004; Burrows et al., 2000; Jafamejad et al., 2008;
Mu et al., 2008; Ozcan et al., 2006; Yam et al., 2007b). They include 4-PBA, polyols
such as glycerol, trimethylamines such as TMAQ, enzyme antagonists, and chemical
ligands. The mechanisms of action may involve the stabilization of proteins, prevention
of undesirable interactions between proteins, reduction of aggregate formation, and
alteration of folding environment or endogenous chaperone activity (Loo and Clarke,
2007; Papp and Csermely, 2006). This gives more efficient transport of client proteins to
the intraceltular or extracellular destinations. Beside the loss of activity, abnormal protein
folding and aggregation can contribute to gain-of-function cytotoxicity (de Almeida et al.,
2007; Gregersen, 2006; Yam et al., 2007a). Hence, correction of protein misfolding or
mistrafficking is of critical importance to rescue the damaged cells and relieve the disease
severity. Recent reports have substantiated the efficacy of chemical chaperones in
alleviating ER stress and apoptosis in lysosomal storage diseases {Wei et al., 2008; Yam

et al., 2006; Yam et al., 2005).

TMAO acts as a protein stabilizer to protect ligand binding and polymerization against
pressure inhibition (Yancey, 2005). It improves folding and assembly of different
proteins (Banks and Gloss, 2004; Kumar et al., 2005; Tamarappoo and Verkman, 1998).
it is hydrophobic and is capable of forcing water molecules out of solution onto the
protein surface. This unique hydrophobic feature makes TMAQ more effective than 4-
PBA in correcting MYOC folding (Yam et al., 2007b). Misfolded MYOC may exist in
partially denatured or aggregated states. 4-PBA may act by stabilizing the thermolabile

mutant MYOC and thus salvage them from denaturation. In the presence of TMAOQO,
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driving out water molecules from molten globule structure favors folding into a more
native conformation and tighter packing. The mutant amino acid asparagine may lay deep
in the protein conformation and is less solvent accessible. Thus, increased hydrostatic
pressure caused by TMAO shifts the equilibrium from the improperly folded state to a
more native state. This action was evidenced by the correction of aquaporin-2 mutants for
functional water channelling activity in mice (Tamarappoo and Verkman, 1998),
formation of histone tetramers (Banks and Gloss, 2004), cell surface expression of the
functional chloride conductance transporter F508 CFTR (Fischer et al., 2001), and

recovery of trypsin activity (Kumar et al., 2005).
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5.5 Conclusion

Mechanism of chemical chaperoning is yet to be fully understood, it is likely that they
stabilize the incorrect folding to reduce aggregation and prevent non-productive
interactions with resident proteins or chaperones, thereby facilitate transport across
intracellular compartments. In this study, osmolytes PBA, D,0 and TMAQO showed
different corrective effect on the detergent solubility and secretion among the curable
mutants. Especially for TMAQ, it reduced the ER retention and improved the secretion of
D384N mutant MYOC. This rescued cells from apoptosis of D384N expressed cells. [n
conclusion, small chemicals with chaperone activity possess the potential to treat MYOC-
caused POAG and that topical administration should be tested for their therapeutic effects

in glaucoma.
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| also investigated myocilin-casued glaucoma that could be caused by disruptive protein
folding. In culture, I transfected different MYOC variants, including D384N MYOC, to
human trabecular meshwork cells followed by treatment with small and natural osmolyte
molecule, TMAQ. The treatment reduced the ER retention and improved the secretion of
D384N mutant MYOC. This alleviated the ER stress and rescued cells from apoptosis,

likely according to the chemical chaperone activity of TMAQ.

In summary, [ have characterized the altered protein properties caused by three mutant
genes and shown that the disrupted protein functions could be resolved by treatment with
small chemical molecules, such as TMAO and 4-PBA, by virtue of their chaperoning
capabilities. My results illustrated the biological mechanism of chaperone action in the
correction of these misfolded proteins. Given that these chemicals are cell-permeable and
small in size, they should be tested in animal studies on their biological effects to lens

opacity or elevated intraocular pressure.
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7 Future perspectives

Recently, a group of exogenous small molecules that are freely diffusible in cells and
with chaperoning activity (collectively termed as chemical chaperones) has successfully
corrected a variety of misfolded proteins and the associated cellular defects or protein
folding abnormalities (Janovick et al., 2009; Jiang et al., 2009; Tveten et al., 2007). The
mechanism of their chemical chaperoning, though not fully understood, may involve an
improvement and stabilization of protein folding environment, prevention of non-
productive protein interactions, reduction of aggregate formation and alteration of

endogenous chaperone activity.

Given the fundamental interplay between small molecules and misfolded proteins in
maintaining their native structure, it is likely that numerous classes of compounds will be
found that function as chemical chaperones to ameliorate diseases of proteostasis
deficiency. And also, the exact mechanism of these small molecules’ action on dispruted
proteisn should be explored to examine the changes of protein structure after correction
by small chemical molecules. Meanwhile, these small molecules should be tested in
animal studies on their biological effects to determine whether they could be potential
therapeutic and applicable for the treatment of ocular diseases through topical

administration in the future study.

Therefore, I propose that such therapeutic strategies, including combination therapies,

represent a new approach for treating a range of diverse human diseases, especially

protein folding diseases in the eye.
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