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Abstract

The ocular lens must maintain transparency and a high refractive index throughout life in order
to transmit a clear light image onto the retina. Cataracts, defined as any lens opacity, are one of
the magjor causes for vision impairment in the world. A non-surgical way to either prevent or
delay cataract formation will significantly improve vision care and reduce eye Medicare cost. By
studying cataractogenesis at the genetic, morphological, histological and biochemical levels, my
thesis project has provided some new understanding of the molecular mechanisms that maintain
lens homeostasis, and has demonstrated the suppression of a congenital cataract through a
genetic method.

My thesis includes three parts. 1) To study the molecular basis for the nuclear cataract
formation in yB-S11R mutant mice; 2) To study how does elevation of a3 connexin in the lens,
expressed from the knock-in (Ki) a3 gene, prevent the nuclear cataract caused by the yB-S11R
mutation; 3) To identify a genetic modifier of the C57BL/6J mouse strain background that
dominantly suppresses the nuclear cataract caused by the a3 null mutation.

We have determined that a dominant nuclear cataract, linked to the yB-crystallin S11R point
mutation, was associated with abnormal y-crystallin protein aggregation and disrupted
membrane-cytoskeleton structures of inner lens fiber cells (Li et al., 2008). Moreover, increases
of lens calcium level and calcium-dependent protein degradation were related to the degeneration
of inner mature fiber cells and the nuclear cataract formation of yB-crystallin S11R mutant lenses,
similar to that ofa3 connexin (Gja3 or Cx46) homozygous knockout lenses. Thus, similar
mechanisms probably associated with nuclear cataract formation in both yB-S11R crystallin and
03 connexin mutant lenses.

Knockin a3 (Ki a3) connexin under endogenous a8 connexin (Gja8 or Cx50) gene
promoter is known to improve gap junction formation to suppress cataracts caused by a8-G22R
connexin mutation (Xia et a., 2006b). In order to evaluate whether improved gap junction
communication mediated by Ki a3 could suppress the nuclear cataract caused by yB-S11R
mutation, we have generated Ki a3 and yB-S11R compound homozygous mutant mice. Unlike
the dense nuclear cataracts in yB-S11R mutant mice, these compound mutant micedisplayed
clear lenses with relatively well-organized fiber cells. Immunohistochemistry data revealed
normal distribution of actin filaments and cytosolic y-crystallins. Compound mutant lenses had
no obvious increase of crystallin protein degradation and total lens calcium level remained
similar to that of wild-type lenses. Thus, elevation of gap junction communication via knockin
03 connexin prevents lens calcium elevation which probably inhibits cal cium-dependent protein
degradation and prevents fiber cell degeneration.

It is known that other genetic factor(s) influences the severity of nuclear cataracts in a3
connexin knockout mice between 129/SvJ or C57BL/6J strain backgrounds (Gong et a., 1999;
Gong et a., 1997). In order to identify the genetic suppressor in C57BL/6J a3 knockout mice,

we generated a3 knockout mice at the C57BL/6J x 129/SvJ hybrid strain backgrounds. Genome-
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wide genetic linkage testing and fine mapping located a genetic modifier in a region about two
centimorgans on chromosome 7. This genetic modifier of C57BL/6J strain background can
suppress dense nuclear opacity resulted from a loss of a3connexin in the lens.. The severity of
nuclear cataracts was correlated to the amount of cleaved forms of crystalin proteins in a3
knockout lenses. This genetic suppressor may regulate calcium homeostasis to inhibit the
activities of calpain proteasesin thelens. by

This thesis demonstrates for the first time that upregulation of gap junction communication
can prevent a nuclear cataract caused by a yB-crystallin gene mutation. Moreover, a genetic
suppressor functions on the upstream of calpain proteases to suppress a nuclear cataract caused
by gap junction communication composed by a3 connexin in the lens. Understanding the roles
of gap junction communication and related genetic modifier(s) are important for developing a
potential strategy for nuclear cataract prevention in the future.
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Chapter 1 Basic Biology of the Lens and Catar act

1.1 Preface of Chapter

A cataract is a clouding of the lens in the eyd Hffects vision. Most cataracts are related to
aging. Cataracts are very common in older peopyead®e 80, more than half of all Americans
either have a cataract or have had cataract surgée medical cost in the U.S. for treating
cataracts is over several billion dollars annuahd there is no non-surgical method to treat
cataracts. The lens is made of mostly water antejpia Proteins are arranged in a precise way
that keeps the lens clear and lets light pass ¢iro#t the cellular level, the lens is composed of
a bulk of elongated fiber cells covered by a moyeiaf epithelial cells on the anterior surface.
Surface epithelial cells differentiate into eloreghtfiber cells at the lens equator, and newly
differentiated fiber cells surround previous getieres of fiber cells in a concentric manner. The
gap junction channels formed I8 anda8 connexins have been reported to couple the lens
fiber cells during the formation of an avasculansparent lens. Small molecules such as
calcium and other metabolites go through gap jonstin the lens. Genetic studiesa® anda8
connexins reveal that they are crucial to maintans transparency. In the first chapter, | will
introduce some basic terminologies, concepts ankignaund information.



1.2 The Lens

The lens is a transparent, biconvex structure énetye, between the cornea and retina. The lens,
by changing shape through zonular fibers attacbeithé ciliary body, functions to change the
focal distance of the eye. This allows for focusatgvarious distances in order to form a clear
image of the object of interest on the retina. Thgjustment of the lens is known as
accommodation.

The lens is also known as a crystalline lens, antcbmprised of three main parts: the lens
capsule, the lens epithelium, and the lens fibEng lens capsule forms the outermost layer of
the lens and the lens fibers form the bulk of titerior of the lens. The lens epithelium, located
between the lens capsule and the outermost layensffibers, is only on the anterior side of the
lens (Figure 1).

The lens capsule is the outer-most tissue thatda@arasement membrane surrounding the
lens. It is comprised of Type IV collagen and st@fh glycosaminoglycans (GAGSs) that are
synthesized by the lens epithelium (Forrester.etl806; John Forrester, 1996). Its elasticity and
smoothness allow the lens to change and maingshape at different accommodation stages.



Figure 1. Cellular organization of the human lens. The leonssists of two cell types: lens
epithelial cells LE), which are a monolayer of epithelial cells at #merior hemisphere of the
lens, and concentric layers of fiber cellsber) which occupy bulk of the interior of the lens.
Fiber cells proliferate and differentiate continglyuat the germinative zone near the lens
equator Equator). Newly-differentiated fiber cells are added a feriphery. The two ends of
fibers extending from opposite hemispheres met#teatinterior AS) and posteriorRS) sutures.
During differentiation, fiber cells lose their celtganelles such as nuclei, ER, mitochondria and
other organelles.



The lens epithelium is a monolayer of cdbabishaped epithelial cells (Forrester et al.,
1996). It regulates most of the homeostatic fumatiof the lens (Candia, 2004). Na+/K+ ATPase
pumps in the lens epithelium pump ions, nutriems avater out of the lens to maintain
appropriate lens osmolarity and volume. The lenthelium also serves as the progenitors for
embryonic and secondary lens fibers. In the embeystage, the lens epithelium at the posterior
of the lens elongates to fill the middle of lenssieke, forming the embryonic nucleus. The
remaining lens epithelium constantly proliferatesl aifferentiates at the germinative zone to
become secondary fiber cells, and continues todlayn fibers at the periphery for lifelong
growth (McAvoy et al., 1999; Piatigorsky, 1981).

The lens fibers are long, thin, transparent celimiing the bulk of the lens (Forrester et al.,
1996). The lens fibers stretch lengthwise fromphbsterior to the anterior poles in a concentric
manner, rather like the layers of an onion. Howgtlez lens is not like an onion because new
lens fibers are added on from the periphery, whilen cells expand from the core. The tips of
the fibers extending from opposite hemispheres rae#ie anterior and posterior sides to form
Y-shape sutures. The lens fibers are linked togett@egap junctions and interdigitations (also
known as “ball and socket” structure of the fibellg).

Another important factor that maintains lens tramepcy is the absence of light-scattering
organelles such as the nucleus, endoplasmic reticidnd mitochondria within the mature lens
fibers (Bassnett, 2002). Lens fibers also haverg ggtensive cytoskeleton and beaded filament
network that maintains the precise shape and pgatdirthe lens fibers; disruptions of these
elements can lead to cataract formation (Bloemegidall., 2004).

Crystallins are water-soluble proteins that congaser 90% of the protein within the lens
(Hoehenwarter et al., 2006). The three main criygstifpes found in the eye are, -, andy-
crystallins. Lens transparency and high refractnagex are believed to be maintained by the
special arrangement and tight packing of crystadhoteins. Alpha-crystallin belongs to a small
heat shock protein family and forms polydispersetetomeric aggregates eA-crystallin and
aB-crystallin (Horwitz, 2000). Beta ang-crystallins are mainly lens structural proteingtth
belong top/y-superfamily sharing a common Greek motif (Bloenanet al., 2004). Beta-
crystallins form oligomers whilg-crystallins appear as monomers. Beta guystallins are
found primarily in the lens, while subunits @fcrystallin have been isolated from other parts of
the eye and the body.-crystallin proteins have chaperone-like activity vitro which can
prevent abnormal protein aggregation and help dematrotein refolding (Horwitz, 1992). The
chaperone functions af-crystallin may also help maintain the health aislgoroteins, which
must last for a human'’s entire lifetime (Andley0Z0.

Lens homeostasis is hypothesized to be taiagd by gap junction communication
(Mathias et al., 1997). Gap junction allows diredéctrical and chemical communication
between cells, although the channel conductancesefettivity are controlled by connexin
subunits. Molecules smaller than 1,200 Daltons pass through gap junctions, while large
biomolecules, such as DNA and protein, are excludédthias’ current circulation model

4



proposes that small molecules such as water arsdepoter the cell by chemical gradients from
the anterior and posterior, go through gap junstitmreach the peripheral epithelium and exit
from the lens equator (Mathias et al., 1997).

There are at least three connexin subunits in tammmalian lensol (Cx43),a3 (Cx46)
anda8 (Cx50) (Goodenough, 1992; Musil and Goodenou§BQ1Paul et al., 1991; White et al.,
1992).al connexin is only found in lens epithelium whd& connexin is fiber cell specific
(Beyer et al., 1989; Gong et al., 199@8 connexin is expressed in both lens epithelids @id
fiber cells (Dahm et al., 1999; Rong et al., 2002).

Aquaporin0 (AQPO) is an integral membrane protkat belongs to the aquaporin family of
water transporters (Park and Saier, 1996). AQROsis known as major intrinsic protein (MIP)
that is the most highly expressed membrane prateime lens. AQPO has water channel activity
at physiological pH and low calcium concentratimmdition in the lens (Nemeth-Cahalan and
Hall, 2000).

Lens fiber membrane intrinsic protein (Lim2, alswown as Mp19 or Mp20) is the second
most abundant lens membrane protein. The spedifiction of Lim2 is unknown. This protein
appears to contain four transmembrane domains, 9abatrate for cAMP-dependent protein
kinase and protein kinase C, and binds with calredliaken together, these suggest that Lim2
functions in some way as a junctional componentssiidy involved with lens cell
communication. It has been shown to be involvedc wistaractogenesis (Shiels et al., 2007;
Steele et al., 1997; Steele et al., 2000).

Actin filaments are the major cytoskeletal struetur the lens, however, beaded filaments
are a type of intermediate filament unique to #heslfiber cells. Beaded filaments are made up
of BFSP1 (also called CP115 or filensin) and BF$&2o called CP49 or phakinin). These
proteins combine in the presence afcrystallin to form the appropriate beaded struetur
Beaded filaments are found in the differentiatiitogefs, but are not present in the epithelial cells.
Beaded filaments initially locate near the plasmenrane, but become more cytoplasmic as
fiber cells age (Blankenship et al., 2001; Sanditaet al., 1995).



1.3 Cataract

A cataract is defined as any clouding that develapthe crystalline lens of the eye or in its
envelope (also called lens capsule), varying inrelegrom slight to complete opacity and
obstructing the passage of light onto retina. Tgityc as a cataract becomes more opaque, visual
acuity and contrast sensitivity are compromisedthsd contours, shadows and color vision are
less vivid. Cataract patients normally see a vgitifare as light is scattered by the cataracten th
lens. If untreated, cataracts progress slowly qidig to cause vision loss and potentially
blindness (Quillen, 1999).

Cataract formation is associated with variety rigktors including long-term ultraviolet
(UV) light exposure, radiation exposure, side dfeaf diseases such as diabetes, hypertension
and advanced age, eye injury or physical traunmey; #ne usually a result of denaturation of lens
protein. A recent study has shown that commerdraha pilots are three times more likely to
develop cataracts than people with non-flying jéBafnsson et al., 2005). Astronauts are at
increased risk for developing cortical cataractd aigher space radiation doses may induce
posterior subcapsular cataracts (Chylack et alQ9R0They are thought to be caused by
excessive exposure to radiation coming from oypacs. Cataracts are also unusually common
in persons exposed to infrared radiation, and exgoso microwave radiation can cause
cataracts (Kurz and Einaugler, 1968; Lydahl, 1988pme drugs can induce cataract
development, such as corticosteroids (Greiner dndack, 1979; Spencer and Andelman, 1965).
However, congenital cataracts are often caused dnetg mutations in lens protein genes
including lens crystallins, gap junction proteinggembrane proteins, beaded filament proteins,
growth and transcriptional factors and some othetgins (Hejtmancik, 2008).

Age-related cataracts are responsible 8 4f the world’s blindness, which represents
about 18 million people, according to the World HeaOrganization (WHO). In many
developing countries where surgical services aaeeguate, cataracts remain the leading cause
of blindness. However, cataracts are also an ilmpbdause of low vision in developed countries.
As populations age, the number of people with eataris growing. In the Unites States, when
baby boomers turn older, the need for cataractesyngill expand dramatically, bringing a huge
burden to medical services and federal Medicargraruos.

In the United States, age-related lenticgolaanges have been reported in 42% of those
between the ages of 52 to 64 (Sperduto and S4ig@Q), 60% of those between the ages 65 and
74 (Kahn et al., 1977), and 91% of those betweenaties of 75 and 85 (Sperduto and Seigel,
1980). The following table 1 is a common classtima of the various types of cataracts.



Classified by Etiology

Age-related Cataract

Congenital Cataract

Secondary Catar act

Immature senile
Cataract (IMSC)

Sutural Cataract

Drug-induced Cataract

Mature senile Catarac
(MSC)

Lamellar Cataract

Hypermature senile
Cataract (HMSC)

Zonular Cataract

Total Cataract

Classified by L ocation of Opacity within Lens Structure
Anterior Cortical Anterior Polar Anterior Subcapsular Cataract
Cataract Cataract
Posterior Polar Cataract Posterior After-cataract-posterior Capsular

Subcapsular Catarac

—+

Opacification (PCO)

Nuclear Cataract

Posterior Cortica
Cataract

Table 1. Classification of the various types of cataracts




Cataract surgery is usually performed by an optheget to restore vision. When a
cataract is sufficiently developed to be removedshygery, the most effective and common
treatment is to make an incision (capsulotomy) theocapsule of the cataractous lens in order to
surgically remove the lens material. There are tyaes of eye surgeries that can be used to
remove cataracts: extracapsular cataract extra(EQCE) and intracapsular cataract extraction
(ICCE).

Extracapsular cataract extraction consists of rengpthe lens but leaving the majority of
the lens capsule intact while intracapsular cata=ictaction involves removing the entire lens of
the eye, including the lens capsule, but it islyaperformed in modern practice. In either ECCE
or ICCE surgery, the cataractous lens is removetiraplaced with an intraocular lens (IOL)
which stays in the eye permanently. Complicatiomspessible after cataract surgery, including
inflammation, increase of intraocular pressure (lQi®sterior capsular opacification and retinal
detachment.

Although cataracts have no scientifically provervention, it is sometimes said that
wearing ultraviolet-protecting sunglasses may stbe development of cataracts (Neale et al.,
2003). Regular intake of antioxidants (such asmitaA, C and E) is theoretically helpful, but
taking them as a supplement has been shown to faeenefit (Klein et al.,, 2006)1.4 Gap
Junction in the Lens

A gap junction is an organized intercellular cortrmetbetween cell membranes that allow
small molecules to pass between adjacent cellscttjr connecting their cytoplasm. Each gap
junction channel consists of two connexons, oneaich cell membrane. The two connexons of
adjacent cells align, forming a continuous aqugmtiway by which ions and small molecules
can freely and passively pass from one cell toather. Each connexon consist of six subunits
called connexins. In vertebrates, gap junction lebarnels are primarily homo- (two identical
hemichannels) or hetero-hexamers (differing henmnokés) of connexin proteins. Several
hundreds of gap junctions assemble into a macramlaecomplex called a gap junction plaque.

Lens homeostasis is hypothesized to be taiagd by gap junction communication
(Mathias et al., 1997). Gap junction allows diredéctrical and chemical communication
between cells, although the channel conductancesefettivity are controlled by connexin
subunits. Molecules smaller than 1,200 Daltons pass through gap junctions, while large
biomolecules, such as DNA and protein, are excludédthias’ current circulation model
proposes that small molecules such as water argdeoter the cell by chemical gradients from
the anterior and posterior, go through gap junstitmreach the peripheral epithelium and exit
from the lens equator (Mathias et al., 1997).

Up to date, five different functions haveeh described to gap junction protein: 1)
Electrical and metabolic coupling between cellsERctrical and metabolic exchange through
hemichannels; 3) Tumor suppressor genes (Cx43, Gx&P Cx36); 4) Adhesive function
independent of conductive gap junction channelsR6)e of carboxyl-terminal in signaling
cytoplasmic pathways (Cx43)



There are at least three connexin subunits in tammmalian lensol (Cx43),a3 (Cx46)
anda8 (Cx50) (Goodenough, 1992; Musil and Goodenou§B01Paul et al., 1991; White et al.,
1992).al connexin is only found in lens epithelium whd& connexin is fiber cell specific
(Beyer et al., 1989; Gong et al., 1998 connexin is expressed in both lens epithelids @id
fiber cells (Dahm et al., 1999; Rong et al., 2002).



1.4 Gamma-crystallins

The crystallins are the main structural proteinthefvertebrate eye lens. TReandy-crystallins
share a commof sheets in the protein known as “Greek key motiffiich occur four times in

all members of th@- andy-crystallin super family (Bloemendal et al., 2004)is hypothesized
that B/y-crystallins evolved from ancestral genes codingjiist one Greek key motif or two
Greek key motifs (Antuch et al., 1996; Ohki et 2D01; Shimeld et al., 2005). The function of
the Greek key motif is still under debate, but ¢hare three proposed functions: 1) Computation
modeling suggests that Greek key motifs form aarddmain association in thgy-crystallins
which allows a dense packaging of the proteins miring light scattering, but providing an
optimum in high refractive index and transparentyhe eye lens (Mills et al., 2007); 2) Greek
key motif has been shown to have calcium bindiraperties (Sharma et al., 198@kcrystallins
was identified as a calcium binding protein (Raghial., 2001). Other proteins with Greek key
motifs also have calcium binding activity, suchpastein S (Wenk et al., 1999) or spherulin 3a
(Clout et al., 2001). This finding might have imfaot implications for the understanding of
cataractogenesis in whi@ty-crystallins are involved (Duncan and Wormston&% $anderson

et al., 2000); 3) This new function may not haveldowith the Greek key motif, but recent study
has showr3/y-superfamily proteins are the lens-derived actinsatf cascades, which lead to
axonal regeneration in culture retinal ganglios;elnd has suggested that their effects might be
mediated by astrocyte-derived ciliary neurotroghtor (CNTF) (Fischer et al., 2008).

In mouse, they-crystallin encoding genes (Cryg) are located afiuster of five genes
(Cryga to Cryge) within approximately length of B9 on chromosome 1. The sixth gene Crygf
is present ~0.9 million base pair apart from thistdr and there are a few other genes located in
between. All six Cryg genes are highly homologqarstein sequences §E- andyF-crystallin
are identical (Graw et al., 1991; Graw et al., 1993

There are three exons in Cryg genes; the first éxaery short followed by a short intron.
The second exon and the third exon encode two Gkegknotifs respectively, separated by a
large intron. The non-translated 3’-end is shohte Tryge and Crygf genes are pseudogenes in
human, but they are strongly expressed in rodeirygmic and new-born stages (Brakenhoff et
al., 1990).

The Cryg genes are expressed in mouse lenses fntomyenic day 13.5 (E13.5) onwards in
the primary fibers, and later on in the seconddrgrfcells. However, expression is not found in
the epithelial cells. The expression level readhesmaximum in mice at birth, and decreases
during the first weeks after birth, however in humtne Cryg expression is restricted to prenatal
development (Graw, 1997, 2009).

Gamma-Crystallins appear as monomeric structut@enlens. Monomer size is about 20
kDa so that gel-filtration chromatography of lenmstpins showsg-Crystallins in the last peak.
They are the most basic crystallin proteins andtaiona high content of Cysteine residues.
Isoelectric points (Pl) ofy-Crystallins range from 7.1 to 8.6. Sequence aligmimdata
characterize the siy-crystallins into two groupsyA/B/C-crystallins andyD/E/F-crystallins
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(Graw, 1997). The temperature causing phase séparet different: low for theyA/B/C-
crystallins and high for thgD/E/F-crystallins. Change of hydrophobicity and toghilicity in
yD-crystallin compared tgB-crystallin might explain the property differenicephase separation
(Norledge et al., 1997).

Various mutations in the Cryg genes causing cataragnouse and human have been
identified and characterized. From the first Crygtation Elo (Eye lens obsolesence) mutant
mouse to some recent Cryg mutations found fromlawratory, more than 20 mutations in all
of the six Cryg genes cluster at mouse chromosornavé been reported (Graw, 2009); all of
them develop dominant congenital or age-relatedraeats varying from mild opacities to severe
cataracts with microphthalmia or lens rupture. 8ititte human CRYGE and CRYGF genes are
pseudogenes, in contrast to the mouse, catarasirnggGRYG mutations in human patients have
been only detected in the CRYGC and CRYGD geneaw(G2009). However, similar to the
mouse situation, the lens phenotypes of humanrgatay significantly.

In some Cryg mutant strains, the phenotypic aliematare first observed in embryonic
stage (Oda et al., 1980; Santhiya et al., 1995)Jewdome mutant mice develop age-related
cataracts after the mice are born (Li et al., 2008;et al., 2005). Sandilands’ study presents
evidence that the formation of intranuclear inadasi is a key event in cataractogenesis
(Sandilands et al., 2002). In th@3 mutant strain, congenital cataracts in the monselving
Crygd-V76D mutations, large inclusions containihg y-crystallins were found in the nuclei of
the differentiating fiber cell. Their formation disiis the denucleation process and causes lens
posterior rupture. These data reveal a novel mesmmanf mutanty-crystallins that involves
nuclear targeting and disrupts nuclear functiors@@ands et al., 2002; Wang et al., 2007b). In
another Grygb-14F mutant lin€lapper that our laboratory has studied, the inclusiongaioed
a-crystallins and/-crystallins cause light scattering opacities i@ ldns. TheB-14F-crystallin is
a denatured protein and bindsot@rystallins which are well-known as molecular chiamesin
vitro, recombinant mutanyB-I4F is less heat stable and forms aggregatioh witrystallins
(Liu et al., 2005). In a recent study, human deftetnutations W156X in GRYGD and W157X
in human GRYGC cause remarkable reduction in shiybivhich is probably due to a greater
degree of surface hydrophobicity than the wild-tppetein (Talla et al., 2008).

In the following chapter, a new mouse nacleataract was identified to be linked to a novel
mutation ofyB-crystallin gene. Investigation of this mutant rebtevealed a new mechanism to
lead to nuclear cataract formation.
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Chapter 2 Nuclear Cataract in yB-crystallin S11R Mutation

2.1 Preface of Chapter

This chapter describes the identification of theisedive gene mutation for a new dominant
cataract in mice and the investigation of the malecbasis for how the mutated gene leads to a
dense nuclear cataract.

Genome-wide linkage analysis and DNA sequmgnwere used to determine tlyB-
crystallin S11R Mutation. Histology, immunohistoatistry, and Western blotting were used to
characterize lens phenotypes. lon concentration® weeasured by an inductively coupled
plasma—optical emission spectrometer (ICP-OES).

A point mutation (A to C) of thgB-crystallin gene, which results in thB-S11R mutant
protein, was identified in this cataractous mourse. IHomozygous mutant mice developed dense
nuclear cataracts associated with disrupted inees fiber cells. Immunohistochemistry data
revealedy-crystallin aggregates at the cell boundaries okinmature fibers that lose actin
filaments. Western blotting showed an increasedatkgion of crystallin proteins correlated
with the nuclear cataract. ICP-OES confirmed a sutgl elevation of calcium concentration in
mutant lenses.

This dominant cataract was caused byyB¥S11R mutation. MutanyB-S11R proteins
triggered they-crystallin aggregation that probably disrupted rbesme-cytoskeleton structures
of inner fiber cells, causing increased calciumluxés. Subsequent activation of calcium-
dependent protein degradation and degeneratiomradr imature fiber cells led to the dense
nuclear cataract.
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2.2 Introduction

The eye lens is composed of lens cells wrapped bgllagen-based membrane, known as the
lens capsule. Lens cells are predominantly elonigéteer cells covered by a monolayer of

epithelial cells at the surface of the anterior lspimere (Piatigorsky, 1981). Lens inner fiber

cells are mature fibers that lack intracellularaorglles to minimize light scattering. Thus, only

anterior surface epithelial cells and newly diffarated fiber cells in the lens periphery contain

intracellular organelles, such as the endoplassticuilum, Golgi, and mitochondria; those cells

are able to synthesize proteins or metabolites rigihtain the homeostasis of organelle-free
inner fiber cells. Several studies have begun tawel some insights about fiber cell maturation
(Bassnett and Mataic, 1997; Nakahara et al., 2R@shimoto et al., 2003).

Crystallin proteinsa, B andy classes) account for more than 90% of total len¢ems
(Bloemendal et al., 2004). Lens transparency igssigd to rely on a short-range order of lens
crystallin proteins (Delaye and Tardieu, 1983)slIspeculated that different crystallin isoforms
are needed for the appropriate arrangement ofntiieefaces of membrane and cytoskeleton in
lens fiber cells to ensure transparency and a raglactive index. Alpha-crystallins, consisting
of oA andaB subunits, are members of the small heat shodeipréamily and have chaperone-
like activity that prevents the aggregation of dared proteingn vitro (Derham and Harding,
1999; Horwitz, 1992, 2003). Beta- apatrystallins are structural proteins that shar@mmon
Greek-motif and are extremely heat-stable (Slingahgl Clout, 1999). Beta-crystallins form
dimers and higher oligomers whilecrystallins exist as monomers in the lens. Diffierg
crystallin isoforms account for about one thirdtatfal lens proteins (Bloemendal et al., 2004).
Identification of yN-crystallin suggests an evolutionary link betwepn and y-crystallins
(Wistow et al., 2005). It is unknown wheth@+r andy-crystallins play active roles in various
cellular processes during differentiation and mation of lens fiber cells. However, it is
important to note that these crystallins are exq@esn other tissues besides the lens, suggesting
that they may have other functions (Andley, 2007).

Gamma-crystallin isoforms A-F show about97P%6 identity at the protein level (Wistow et
al., 2005). Studies of recombinant, native and mtutarystallins have demonstrated significant
variation in phase separations of differgsarystallin isoforms and have provided some insight
to explain how differenty-crystallin isoforms contribute to “cold cataraciguced by lower
temperature (Clark and Clark, 2000; Lo, 1989; Sier¢ al., 1985; Wang et al., 2007a).
Mutations that affect the stability and solubiliy y-crystallins can lead to cataracts in humans
and mice (Liu et al., 2005; Pande et al., 2005 smme new studies suggest tharystallins
may have other important roles in the lens besmlggg as passive structural components
(Andley, 2007; Wang et al., 2007a).

Here we report a severe nuclear cataractethby a new point mutation gB-crystallin.

We have found that this mutation specifically attve subcellular distribution gfcrystallin in
mature fiber cells and leads to unique cellular Brmthemical changes that result in a dense
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nuclear cataract. This work provides some new méiron about howB-crystallin is needed
for the appropriate subcellular arrangement ofgnstin lens mature fiber cells.
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2.3 Methodology and Materials

2.3.1 Mouse Breeding gB-crystallin S11R Mutant Strain

Mouse care and breeding were performed accordinthdoAnimal Care and Use Committee
(ACUC)-approved animal protocol (UC Berkeley) ar tARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Mouspilsuwere dilated with 1% atropine and
1% phenylephrine before the eyes were examinelegmarclarity by a slit lamp.

A spontaneous mouse mutant line (Nm3062) in thes&&in background was found in the
Jackson Laboratory (Bar Harbor, Maine)yB-S11R mutation was identified in this dominant
cataractous mutant line. Original A/B-S11R homozygous mice were crossed with C57BL/6J
wild-type mice to generate heterozygous mice. Hetggous mice were then intercrossed to
have mixed background wild-type, heterozygous amddzygous mice.

2.3.2 Mouse Genotyping

A small piece of mouse tail was collected accordimghe animal protocol. Lysis beffer (100
mM Tris pH 8.0, 5 mM EDTA, 0.2% SDS and 200 mM Npa@lth proteinase K was added to
dissolve the tail by shaking at "85 An equal amount of isopropanol was used to pi@te
DNA. The DNA pellet was then rinsed with 70% ethlaand dissolved in TE buffer (10 mM
Tris-Cl pH 7.5 and 1 mM EDTA). A standard PCR pamtbwas used for genotyping PCRie
yB-S11R mutant allele can be genotyped by using llisatemarker D1Mit156 (left:
TCTGCTGCCACTTCTGAGAA; right: TGTGTGTCTATGGACATGGATE

2.3.3 Fresh Lens Imaging

Mice were euthanized by CO2 asphyxiation accortintpe ACUC-approved animal protocol.
Fresh lenses, dissected from enucleated eyebais, immediately immersed in PBS at 37°C.
Fresh lenses were imaged under a Leica MZ16 disgestope using a digital camera.

2.3.4 Histology

Enucleated eyeballs opened at the anterior chambposterior vitreous were immersed in a
fixative solution containing 2% glutaraldehyde aa&% formaldehyde in 0.1 M cacodylate
buffer (pH 7.2) at room temperature for 5 days. flasywere postfixed in 1% aqueous OsO4
and then dehydrated through graded acetone. Samgles embedded in eponate 12-araldyte
502 resin (Ted Pella, Redding, CA). Lens sectidngn{ thick) across the equatorial plane were
collected on glass slides and stained with tol@ebfue. Bright-field images were acquired
through a light microscope (Axiovert 200; Carl Zi®©berkochen, Germany) with a digital
camera.
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2.3.5 Immunohistochemistry and Confocal Microscopy

Mouse eyes were fixed with fresh 4%formaldehyd@hosphate-buffered saline (PBS) for 30
min, then washed with PBS twice, and soaked ovbtnig30% sucrose in PBS. Afterward, the
samples were processed by using a standard freotiors method (Leica, Cryostat 1900,
Germany). Tissue sections were washed with threhamges of sterile PBS (10 min each),
followed by blocking (3% BSA, 3% NGS, 0.01% Tritofs100 in PBS) for 1h at room
temperature. Antigens were labeled using primatybadies for 1h at room temperature (or
overnight at 4°C). After three more washes with sterile PBS, sasmiplere incubated with
secondary antibodies (Invitrogen, Carlsbad, CA) fbrat room temperature. Slides were then
mounted with Vectashield Mounting Medium with DAPYector Laboratories, Burlingame,
CA). The distributions of antigen were analyzeddser a confocal microscope (Leica, Wetzlar,
Germany).

2.3.6 Western Blot Analysis

Lens total proteins were prepared by homogenizmgcleated fresh lenses that were weighed
and homogenized directly in the sample buffer (8@ mris, pH 6.8, 2% SDS, 10% glycerol, 5%
[3-mercaptoethanol, and 0.001% bromophenol blue).pfiepare the NaOH-insoluble protein
samples, two frozen lenses were homogenized iMONRCI| and 50 mM NgHPO, (pH 7) at 40
mg lens wet weight/ml solution. The insoluble matewas collected after centrifugation at
15,000 rpm for 15 min and washed once with the sswhdion. The insoluble pellet was further
homogenized in 0.5 ml of 20 mM NaOH, 1 mM NaH{s$»lution. Again, an insoluble pellet
was collected after centrifugation at 15,000 rpm1fe min and washed once with 20 mM NaOH,
1 mM NaHCQ solution. This insoluble pellet was dissolved isaanple buffer. Equal volumes
of samples were loaded on a 12.5% SDS-PAGE gddparation, and separated proteins were
transferred to a polyvinylidene difluoride membrgiiB2o-Rad, Hercules, CA). Lens crystallin
and connexin proteins were detected by Westerntitdotvith rabbit polyclonal antibodies
againsta- and y-crystallins (generously provided by Joseph Horwatz the University of
California, Los Angeles)3-crystallin (generously provided by J. Samuel Ziglethe National
Eye Institute) a3- anda8-connexins, and a mouse monoclonal antibody apftastin (Sigma,

St. Louis, MO). More than three sets of lens progamples of different mice were examined,
and representative data were shown.
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2.3.7 lon Concentration Measurement

Lens ion concentration was measured by inductivebupled plasma—optical emission
spectrometry (ICP-OES) from a core facility at tdeiversity of California, San Diego. The
method was described previousB lenses were dissected from postnatal day (P)ibtype,
heterozygous and homozygous mutant mice and therethatelysubjected to vacuum drying
for 48 hours. Dry lenses were weighed aotubilized in 50QuL nitric acid (33.5~35%; Fisher
Scientific, PittsburghPA) for 12 hours at 37°C with shaking and thentdduwith water into 3
mL. Samples were further diluted to reach ion categions of 20 ppb to 1 ppm for
measurement. According to the estimasaghple ion concentration, a series of standards wer
made. lon concentrationwere determined by their intensities acquired bg thstrument.
Measurement error was approximately 3%. lon comagohs were normalized by lens dry
weight.

2.3.8 Statistical Analysis
If comparing two groups, Student’s t-Test was ugedalues < 0.05 were considered significant.
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2.4 Results

2.4.1 Identification o¥B-crystallin S11R Point Mutation

We identified a dominant cataract from a spontasenouse mutant linedN(m3062) in the A/J
strain background by slit lamp examination. Hetggmus mice displayed hazy nuclear cataracts
while homozygous mice developed dense nucleara@tanat weaning age (Figure 2). Further
examination of enucleated fresh lenses revealedttia nuclear cataract could be obviously
visualized in mutant mice at the age of postnaggl d (P7), but not at postnatal day 1 (P1).
Mutant lenses also displayed a unique ring-likedtre, located at about 220-3&0 away from
the lens capsule, which caused abnormal light estadt Homozygous mutant mice developed
dense nuclear cataracts with full penetrance inARe strain background or in mixed strain
backgrounds including C57BL/6J or 129 strains.

Fifty-four backcross mice betwe®&m3062 mutant and wild-type CAST/Ei mice were
phenotyped and genotyped for genome-wide linkaggyais. This mutation was mapped to a
region between the D1Mit19 and D1Mit21 markers oouse chromosome 1. A cluster ywf
crystallin genes(rygA to F) was located in this region.

DNA sequence analysis of thgserystallin genes verified an A to C point mutatiointhe
11" codon ofCrygb, which resulted in a substitution of serine withiaine at that codon igB-
crystallin {B-S11R) (Figure 3). No mutation was detected irepjkcrystallin genes.
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WT yB(S11IR/4+) yB(S11R/S1IR)

P1

P21

Figure 2. A dominant nuclear cataract linked to - S11R mutation. Lens pictures of wild-
type, heterozygous (heter), and homozygous (homdaamh mice at P1, P7, and P21. Images
were taken of enucleated fresh lenses immerseB$&de 37°C. Scale bar, 1 mm.

19



8 E D R|S|F Q G R
22 GAGGACCGOAGCI'TCCAGGGCCGC

T A R O o I O O R O O A O
GAGGACCGOCGC[TTCCAGGGCCGC

E D R|R|F ©Q G R

WT yB

yB-S11R

Figure 3. DNA sequencing data verified an A-to-C mutationtie Crygb gene. This point
mutation resulted in a substitution of the seriegidue by an arginine at the 11th codon of the
yB-crystallin protein yB-S11R).
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2.4.2 Histology Reveals Normal Peripheral FibellsCand Disintegrated Inner Fiber Cells
Toluidine-blue stained lens histology sections warepared from neonatal mice (Figure 4A).
These histological sections showed that periphédrats developed normally at the bow region
of P3 mutant lenses. However, inner fiber cells baith heterozygous/B(S11R/+) and
homozygousyB(S11R/S11R) lenses displayed uneven toluidine-lsiaéning with abnormal
darkly-stained areas. Disintegrated fiber cells egped only in the core of homozygous
yB(S11R/S11R) lenses while lens peripheral fibelsadibplayed relatively normal morphology.

The periphery ofB(S11R/S11R) mutant lenses remained transparemt ievelder mice
(Figure 2). Representative histological data ofslgeripheral fibers between wild-type and
yB(S11R/S11R) mutant mice at the age of postnataPdavere shown (Figure 4B). Lens cross-
sections revealed that peripheral fiber cells ot FB(S11R/S11R) lenses remained relatively
normal similar to those of P21 wild-type lenseser@fore, histological data confirmed that
altered inner fiber cells were correlated to thelear cataract phenotype caused byyB«S11R
mutation.
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( A) Distance from lens capsule
0-200pm 350-380pm

WT

yB(S1IR/+)

yB(S11R/S11R)

(B)

yB(S11R/S11R)

Peripheral fiber cells

Figure 4. Histology of P3 and P21 wild-type agB-S11R mutant lensesA(left) P3 whole lens
sections. Scale bar, 1Q0n. Right: high-magnification images of lens bow and innegions.
Bow regions of wild-type (WT) and mutant lensesptiged normal morphology. However,
inner regions of yB(S11R/+) and VyB(S11R/S11R) lenses displayed uneven staining
(arrowheads), and only yB(S11R/S11R) lenses revealed disintegrated fibks ¢a&row). (B)
Lens cross-sections revealed that peripheral fibs of P21 yB(S11R/S11R) lenses remained
relatively normal, similar to those of P21 wild-g/fenses. Scale barg)(10 um; (B) 20 um.
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2.4.3 Gamma-crystallin Aggregates Appear Adjacentthe Cell Boundary and F-actin
Disappears in Inner Fiber Cells

Based on the fact that th®-S11R mutation leads to a dense nuclear catdnattig different
from the lamellar cataract caused by yBel4F mutation as reported previously (Liu et 2D05),

we hypothesize that, unlikgB-14F, yB-S11R mutant proteins trigger a unique event toupis
inner fiber cells to cause nuclear cataracts. Taluate this hypothesis and to understand how
mutant proteins lead to the disruption of inneefibells inyB(S11R/S11R) lenses, we examined
the cellular distribution of-crystallins in lens fiber cells of both wild-tymed mutant lenses.
Gamma-crystallins account for about one third tdltproteins in lens fibers. Immunostaining of
y-crystallin revealed uniformly distributed signa both peripheral and interior fiber cells of
wild-type lenses (Figure 5A). Gamma-crystallins &vaftso uniformly stained in peripheral fiber
cells ofyB(S11R/S11R) mutant lenses. Howewecrystallin aggregates were detected adjacent
to the cell boundary of inner fibers and were sggted from actin filaments (Figure 5A).
Further studies of P7 and P2B(S11R/S11R) lenses revealed that actin filameatsptetely
disappeared in inner fiber cells starting at al##8-35Qum away from the lens capsule (Figure
5B). Thus, these results indicate thigtS11R mutant proteins lead to the formation ofjueiy-
crystallin aggregates and the disruption of agtanfents in inner fiber cells. The loss of F-actin
staining in the lens section (Figure 5B) seems @ocbrrelated with the appearance of the
abnormal ring, peripheral to the dense nuclearaetanyB(S11R/S11R) lenses (Figure 2).
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Figure 5. Immunostaining ofy-crystallins and actin filaments in lens fiber selfA) P1 wild-
type and homozygougB(S11R/S11R) lens frozen sections were stained anitiiy-crystallin
antibody @reen) and rhodamine-phalloidinréd). Boxes: selected areas that show separated and
merged fluorescent images ptrystallin and F-actin in lens inner fiber ceNshite arrows: y-
Crystallin aggregates adjacent to cell boundai#ste arrowheads:. F-actin. 8) Rhodamine-
phalloidin—stained frozen sections of P7 and P2#-type andyB(S11R/S11R) lenses. Actin
filaments disappeared in inner fiber cells @B(S11R/S11R) mutant lenses, starting at
approximately 35Qum from the lens capsule in the P7 sample and appet&ly 200um in the
P21 samplewhite arrowheads). Scale bars, 50m.
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2.4.4 Nuclear Cataracts are Associated with thgr&xation of Crystallin Proteins

Morphological data suggest that dense nuclear aetsare associated with disintegrated inner
fiber cells. In order to determine whether or nabtein degradation occurred in these
disintegrated lens fiber cells, we analyzed criisgin wild-type and mutant lenses by Western
blotting. Cleaved forms of different crystallingX, aB, B andy) were detected in P21 mutant
lenses but not in wild-type lenses. Moreover, osebwB- andy-crystallins were detected in P7
mutant lenses (Figure 6). Homozygous mutant legsesained more cleaved crystallins than
heterozygous mutant lenses. There was no deteatddgage ofuB-crystallin in P1 mutant
lenses (data not shown). Thus, these Western rigotésults indicated that the severity of the
nuclear cataract was associated with the amoumteafved crystallinso( and /y) in mutant
lenses.

26



P7 P21

I YB YB I I YB vB I
WT (S11R/+) (SI1R/S11R) WT (S11R/4) (S11R/S11R)

A . ‘
A S -.'
¢
-- --—
‘—'-
--'
B
e caaaEe
...-. "'
. K | _ &
Actin MR A e G

Figure 6. Western blotting of lens crystallin proteins. Comgzhwith wild-type (WT) lenses,
cleavedaB- andy-crystallins were detected in P7 mutant lensgso(vheads). In P21 mutant
lenses, cleaved forms of all crystallimsX, aB, [3, y) were detectedafrows). Total amount of3-
actin remained unchanged between P7 and P21 wkldapd mutant lenses.
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2.4.5 Calcium Concentration Is Elevated in Mutagrises

An activation of calcium-dependent proteases in seolenses often results in crystallin
degradation. An influx of extracellular calcium aninner fiber cells could activate calcium-
dependent proteases. We hypothesize that elevatedima levels lead to increased crystallin
degradation, resulting in severe nuclear cataract®(S11R/S11R) mutant lenses. Therefore,
we examined the total amount of ions, includingicath, magnesium, sodium and potassium, in
lenses by ICP-OES. The total calcium level wasdased about 4-fold ¥B(S11R/S11R) lenses
compared to wild-type lenses while sodium, magmasand potassium levels were only slightly
increased inyB(S11R/S11R) lenses. Calcium concentration was ialseased in heterozygous
yB(S11R/+) mutant lenses (Figure 7). This resultficored that crystallin degradation likely
resulted from an activation of calcium-dependenbtgases inyB-S11R mutant lenses.
Furthermore, the amount of calcium elevation arehwtd crystallins was correlated with the
severity of the nuclear cataractyid-S11R mutant lenses.
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Figure 7. Total amounts of calcium, magnesium, sodium, artdgstum in the lens measured by
ICP-OES. Compared with WT lenses, calcium concéotrawas slightly increased in
yB(S11R/+) lenses; total calcium level was increaggproximately fourfold iryB(S11R/S11R)
lenses, whereas sodium, magnesium, and potassuais ere only slightly increased. These
differences were statistically significant (n =F8x 0.05).
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2.5 Discussion

2.5.1 Summary

This work provides at least part of the moleculachanism for how thgB-S11R mutation
leads to a nuclear cataract. Histological and kBadbal data indicate that the dense nuclear
cataract caused by this mutation is related toddngeneration of inner fiber cells. Fiber cell
degeneration is correlated with an increase olvel@&rystallin proteins and a disruption of actin
filaments. Specific aggregation gfcrystallins inyB-S11R mutant lenses is likely to be one of
the early events that trigger downstream changeb as the loss of actin filaments and the
elevation of calcium concentration. Activation @l@um-dependent proteases and disruption of
cytoskeletal structures directly contribute to tegeneration of inner fiber cells, which lead to
severe nuclear cataracts. However, some importggtgpns remain to be answered: 1) how do
yB-S11R mutant proteins cause aggregatiopafstallins adjacent to the cell boundary of inner
mature fiber cells; 2) what leads to elevated aatciconcentration; and 3) how do actin
filaments undergo disassembly. One possible exptang thaty-crystallin aggregates disrupt
or damage membrane-cytoskeletal structures toaser¢he influx of extracellular calcium, and
elevated intracellular calcium subsequently actisatalcium-dependent proteases, such as
calpains, leading to crystallin degradation.
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2.5.2 Implications of Experimental Results

Gamma-crystallin mutations are one of the most comroauses of hereditary cataracts in
humans and mice (Bloemendal et al., 2004). Studfeseveral mutany-crystallin proteins
suggest that a decrease in the stability and/abgdiy of mutated proteins facilitate abnormal
protein aggregates in the cytosol of fiber cellsdaase distinct cataracts, such as “crystal-like” o
lamellar cataracts (Evans et al., 2004; Fu andd,i@002; Liu et al., 2005; Pande et al., 2001).
We and other investigators have also found thaamuwtcrystallin proteins can form nuclear
aggregates in differentiating fiber cells to inhikihe denucleation process leading to severe
cataracts with ruptured lenses in mice (Sandilagtdal., 2002; Wang et al., 2007a). Tyia-
P23T crystallin mutation leads to various typescafaracts in humans (Mackay et al., 2004;
Nandrot et al., 2003; Shentu et al., 2004). Theegfoonspecific protein aggregation of mutated
y-crystallin proteins with reduced solubility and/stability is not sufficient to explain how
different types of cataracts can result from ongi@adar mutation. Our experimental evidence
suggests that mutatgecrystallin proteins may perturb other specifictpi-protein interactions
or important cellular events during fiber cell matiion that lead to distinct types of cataracts.
Different types of cataracts often result from anbmation of a specific gene mutation and other
genetic modifier(s) (Gong et al., 1999; Nag et2007; Wang et al., 2007a).

The distribution of wild-type or mutagB-crystallin proteins in the mouse lens has not
been precisely determined. Ty®-crystallin transcript is predominantly expresgedkens fibers,
and the proportion ofB (andyC) proteins is reduced in the lens as mice age éM0Orlando et
al., 1987; Ueda et al., 2002). TiB-14F mutant protein is less heat-stabievitro, binds toa-
crystallin in lens homogenates and forms cytosamyigregates vivo (Liu et al., 2005). ThgB-

I[4F mutation results in a lamellar cataract (fra@nd deep cortex to the nucleus) while yBe
S11R mutation causes an abnormal cortical ring amltnse nuclear cataract. Therefoi#;
crystallin is likely to be highly synthesized irffdrentiated fiber cells of the deep cortex. These
two point mutationsikely perturb the properties and/or functionsy&-crystallin in different
ways. We predict that additional factors, preseny an mature fiber cells of lens nucleus, are
required foryB-S11R mutant proteins to trigggrcrystallin aggregation adjacent to the cell
boundary and to disrupt calcium homeostasis andytteeskeleton in inner mature fiber cells.

Calcium homeostasis is crucial for lensig@arency in humans and rodents (Duncan and
Wormstone, 1999; Truscott et al., 1990). Mousedsrae even more sensitive to calcium levels
due to the presence of calcium-dependent proteaseh, as calpains, especially the calpain 3
isoform (Lp82) (Azuma et al., 1997; Nakamura et @0D00; Tang et al., 2007). Elevated
intracellular calcium levels activate calpains tblgavea-, 3- andy-crystallin proteins (Tang et
al., 2007; Ueda et al., 2002; Xia et al., 2006as Interesting to note that tyB8-S11R mutation
disrupts calcium homeostasis in the lens and caadestion of calcium-dependent degradation
of crystallin proteins. Althouglff- andy-crystallins lack a typical calcium binding sitecent
studies suggest that the Greek key motif is diyeatvolved in calcium bindingn vitro (Jobby
and Sharma, 2007; Rajini et al., 2003; Rajini et 2001). It is unclear whethgrcrystallin
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proteins regulate intracellular calcium level inddiber cells. However, it is important to further
investigate how thgB-S11R mutation perturbs calcium homeostasis inléns (Gao et al.,
2004; Mathias et al., 1997).
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2.5.3 Future Directions

In summary, this work further supports the new higpsis that mutant crystallins can cause
cataracts by selectively perturbing protein-proteiteractions, distinct cellular events during
fiber cell maturation and/or specific cellular stiures of lens mature fibers. This differs from an
old hypothesis that cataracts result from lightttecamg caused by high molecular weight
aggregates formed by mutant proteins. Howeves iiriclear whether or ngB-S11R affects
self protein-protein interactions and/or its int#i@ns with other proteins in the lens. Further
studies such as characterization of the solulalitg stability of its recombinant proteiimsvitro,
determination of subcellular distribution ofB-S11R protein in transfected cells and
identification ofyB-S11R interacting factor(s) may provide additionachanistic information
to explain the differences betwegB-S11R andyB-l14F mutations and/or to elucidate the
intermediate steps for hoyB-S11R mutant proteins lead to nuclear cataracts.
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Chapter 3 Alpha3 Connexin Mediated Prevention of Nuclear Cataract

3.1 Preface of Chapter

This chapter describes the studies of a new apbrdAcough elevated gap junction
communication to suppress the dominant cataracsechiby theyB-crystallin S11R point
mutation. MutantyB-S11R proteins induce abnormal protein aggregéatan probably disrupts
membrane-cytoskeleton structures of inner fibetsc&@ubsequently increased calcium influx
and activation of calcium-dependent protein degraddead to the degeneration of inner mature
fiber cells and a dense nuclear cataract. Increaaémdum level and activation of calcium-
dependent protein degradation also occur in théeaucataract ot3 knockout lenses. Thus,
similar mechanisms are associated with nuclearaatcaused by th&-S11R point mutation
or thea3 connexin null mutation. Moreover, knock-a8 connexin (Ki),a8 connexin (Cx50)
replaced witha3 connexin (Cx46) im8 gene locus, reduces the calcium level in the. [Ehss,
we have generated KB-S11R double compound mutant mice to investigdtetiaer knock-in
a3 connexin can inhibit cataract formation caused tby yB-S11R mutation.a8(Ki/Ki)
yB(S11R/S11R) double homozygous compound mutant mmese relatively clear lenses with
well-organized fiber cells up to one year old (tleddest age examined so far).
Immunohistochemistry data reveal tlyatrystallin proteins mainly stay in the cytosolinher
mature fibers with normal actin filaments. No olwsodegradation of crystallin proteins is
detected by Western blotting and calcium conceptratof compound mutant lenses are similar
to wild-type lenses. Moreover, one allele of knacka3 only delays the onset of cataract
formation.a8(Ki/-) a3(-/-) yB(S11R/S11R) compound mutant mice have catarattswariable
opacities at weaning age. The mechanism for thagdedependent inhibition of this nuclear
cataract needs to be further elucidated.

In conclusion, we believe that knock-r8 connexin probably enhances the intercellular
cell-cell communication and adhesion in the lensictv in turn prevents calcium elevation from
facilitating calcium-dependent protein degradatibis preserving normal fiber cell morphology
and preventing the degeneration of inner fiberscell
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3.2 Introduction

The ocular lens is an avascular organ that neeasaiatain life-long transparency. However,
organelle-free mature fiber cells lack stress tasie and protein turnover machinery. Any small
disturbances of the system, such as osmotic pesbange and abnormal protein modification,
may lead to cataract formation. Non-surgical préeenof age-related cataract or congenital
cataract remains a challenging topic due to the@sgion that cataract is irreversible, and that it
may be impossible to prevent cellular disruptionsabnormal protein aggregations caused by
denatured or mutant proteins.

Gap junction channels play important ralesegulating lens homeostasis by providing
low-resistance pathways for both electrical sigraadd small metabolic substrates between lens
cells. Distinct and redundant expressions of thlmeenexin isoforms compose gap junction
channels in the lens: Thel connexin gene is specifically expressed in Ignthelial cells, the
a3 connexin is mainly found in lens fiber cells, ahéa8 connexin gene is expressed in both
epithelial cells and fiber cells. Genetic studi¢sa8 anda8 connexins have demonstrated the
importance of their roles in maintaining lens tiy@erency and proper lens growth. Null mutation
of the a3 connexin gene resulted in nuclear cataracts ser{Gong et al., 1997), while the
deletion ofa8 connexin gene lead to cataracts and smallersdifiang et al., 2002). Moreover,
genetic replacement of endogena& connexin with wild-typea3 connexin by homologous
recombination rescued lens clarity but did notaesthe reduction in lens size caused by the
absence ofti8 (White, 2002). In addition, heterozygous replaeetof a8 with wild-type a3
rescued growth defect but produced lens opacity dua biochemical coupling alteration.
Moreover, homozygous knocked-in wild-typ@3 connexin, but without endogenous3
connexin, was sufficient to maintain lens transpaye (Martinez-Wittinghan et al., 2003).
Unpublished works from our laboratory suggest thaterozygous knocked-ia3 connexin
without any endogenoua3 and a8 connexin was able to make clear lenses. Knockdn
connexin could also prevent severe cataracts cdnsad8-G22R mutation (Xia et al., 2006b).

TheyB-crystallin S11R point mutation caused dominarnti@ts in mice as the previous
chapter describes (Li et al., 2008). Homozyg@BES11R/S11R) mice developed dense nuclear
cataracts resulting from disrupted inner fibers aadcium-dependent protein degradation.
Reduced levels of endogenau® anda8 subunits were detected in the lensegB§S511R/S11R)
mice. Knock-ina3 connexin could 1) significantly increae@® connexin expression; 2) reduce
the calcium level in the lens; and 3) enhance dng@End adhesion between fiber cells. Thus, we
hypothesize that knock-in3 connexin can inhibit cataract formation causedhsyB-S11R
mutation. To test this hypothesis and to examieeatfti-cataract effect of knock-aB3, we have
generated double compound mutant mice that exrets mutantyB-S11R and knock-irm3
connexin. We have found that the dense nuclearamtevas delayed or rescued. Studies of the
morphological and biochemical properties of doutdenpound mutant mice have revealed that
improved lens homeostasis by increasing gap juma@nmunication stabilized proteins in the
lens core; enhanced cell-cell adhesion by gap ipmathannels maintained normal cellular
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structures and integrity. This work demonstratesdbncept that improved lens homeostasis and
cell-cell contact can prevent or delay age-relateclear cataracts.
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3.3 Methodology and Materials

3.3.1 Mouse Breeding of3-connexin Knock-iryB-S11R Compound Mutant Mice

Mouse care and breeding were performed accordinthagoAnimal Care and Use Committee
(ACUC)-approved animal protocol (UC Berkeley) ar tARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Mouspilsuwere dilated with 1% atropine and
1% phenylephrine before the eyes were examinelegmarclarity by a slit lamp.

OriginalyB-S11R homozygous mice were crossed wighconnexin knock-in homozygous
mice. Offspring ofa3 connexin knock-iryB-S11R double heterozygous compound mutant mice
were intercrossed to generate double homozygous ad(Ki/Ki) yB(S11R/S11R). Other two
compound mutant mouse lines3(Ki/Ki) a3(-/-) yB(S11R/S11R), containing twa3 knock-in
alleles, a8(Ki/-) a3(-/-) yB(S11R/S11R), containing only on@3 knock-in allele, without
endogenousn3 alleles were generated from several generatidnbreeding thea8(Ki/Ki)
yB(S11R/S11R) with connexin double-knocka(—/-) a3(—/-) mice. Intercross ai8(Ki/-)
a3(-/-) yB(S11R/S11R) compound mutant mice generated thewmlg three types of
littermates:a8(Ki/Ki) a3(-/-) yB(S11R/S11R)a8(Ki/-) a3(-/-) yB(S11R/S11R) and8(-/-) a3(-

/-) yB(S11R/S11R).

3.3.2 Mouse Genotyping

A small piece of mouse tail was collected accordmghe animal protocol. Lysis buffer (100
mM Tris pH 8.0, 5 mM EDTA, 0.2% SDS and 200 mM Na®@Ith proteinase K was added to
dissolve the tail by shaking at ‘85 An equal amount of isopropanol was used to pi@te
DNA. The DNA pellet was rinsed with 70% ethanol athslsolved in TE buffer (10 mM Tris-Cl
pH 7.5 and 1 mM EDTA). The standard PCR protocas wsed for genotyping PCFB-S11R
mutant alleles can be genotyped by using satellitearker DI1Mitl56 (left:
TCTGCTGCCACTTCTGAGAA; right: TGTGTGTCTATGGACATGGATY The genotyping
of thea3 anda8 mutant allele was assessed by PCR as descrilpgdvious papers (Gong et al.,
1997; Rong et al., 2002; White, 2002).
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3.3.3 Fresh Lens Imaging and Light Scattering @fieation

Mice were euthanized by CO2 asphyxiation accordinthe ACUC-approved animal protocol.
Fresh lenses, dissected from enucleated eyebalge immmediately immersed in PBS at 37°C.
Fresh lenses were imaged under a Leica MZ16 disgestope using a digital camera. Light
scattering in the lenses caused by cataract wasurezghusing the HR 2000CG_UV_NIR High
Resolution Spectrometer and a QP400-2-UV-VIS fibptic cable (400um cable diameter)
(Ocean Optics, Dunedin, FL). Lenses were illumidaig a white light source perpendicular to
the equator of the lens. Scattered light was captby the optic fiber with a whole acceptance of
angle of 24.8°. Spectrums were recorded and sawedafer comparison. Each lens was
measured twice in succession to show repeatabiling measurements were represented as
graphs with wavelength on the x-axis and lightnsigy on the y-axis. Denser cataracts scattered
more light, and thus, the light scattering intgnsiheasured by the detector increased.
Measurements were stored as ASCII files, and tka ander the curve was calculated by a
Matlab program.

3.3.4 Histology

Enucleated eyeballs opened at the anterior chambposterior vitreous were immersed in a
fixative solution containing 2% glutaraldehyde aa&% formaldehyde in 0.1 M cacodylate
buffer (pH 7.2) at room temperature for 5 days. flasywere postfixed in 1% aqueous OsO4
and then dehydrated through graded acetone. Samgles embedded in eponate 12-araldyte
502 resin (Ted Pella, Redding, CA). Lens sectidngn{ thick) across the equatorial plane were
collected on glass slides and stained with tol@ebiue. Bright-field images were acquired
through a light microscope (Axiovert 200; Carl Zi®©berkochen, Germany) with a digital
camera.

3.3.5 Immunohistochemistry and Confocal Microscopy

Mouse eyes were fixed with fresh 4%formaldehydg@hosphate-buffered saline (PBS) for 30
min, then washed with PBS twice, and soaked ovktnig30% sucrose in PBS. Afterward, the
samples were processed by using a standard frextiors method (Leica, Cryostat 1900,
Germany). Tissue sections were washed with threhamges of sterile PBS (10 min each),
followed by blocking (3% BSA, 3% NGS, 0.01% Tritos100 in PBS) for 1h at room
temperature. Antigens were labeled using primatybadies for 1h at room temperature (or
overnight at 4°C). After three more washes with sterile PBS, sasiplere incubated with
secondary antibodies (Invitrogen, Carlsbad, CA) fbrat room temperature. Slides were then
mounted with Vectashield Mounting Medium with DAPYector Laboratories, Burlingame,
CA). The distributions of antigen were analyzedagaser confocal microscope (Leica, Wetzlar,
Germany).
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3.3.6 Western Blot Analysis

Lens total proteins were prepared by homogenizmgcleated fresh lenses that were weighed
and homogenized directly in the sample buffer (8@ Mris, pH 6.8, 2% SDS, 10% glycerol, 5%
[B-mercaptoethanol, and 0.001% bromophenol blue).piiepare the NaOH-insoluble protein
samples, two frozen lenses were homogenized iIMONRCI| and 50 mM NgHPO, (pH 7) at 40
mg lens wet weight/ml solution. The insoluble miatewas collected after centrifugation at
15,000 rpm for 15 min and washed once with the sswhdion. The insoluble pellet was further
homogenized in 0.5 ml of 20 mM NaOH, 1 mM NaH{s$»lution. Again, an insoluble pellet
was collected after centrifugation at 15,000 rpm1fs min and washed once with 20 mM NaOH,
1 mM NaHCQ solution. This insoluble pellet was dissolved isaanple buffer. Equal volumes
of samples were loaded on a 12.5% SDS-PAGE gddparation, and separated proteins were
transferred to a polyvinylidene difluoride membrgiiB#o-Rad, Hercules, CA). Lens crystallin
and connexin proteins were detected by Westerntitdotvith rabbit polyclonal antibodies
againsta- and y-crystallins (generously provided by Joseph Horwatz the University of
California, Los Angeles)B-crystallin (generously provided by J. Samuel Ziglethe National
Eye Institute) a3- anda8-connexins, and a mouse monoclonal antibody apftastin (Sigma,

St. Louis, MO). More than three sets of lens progamples of different mice were examined,
and representative data were shown.

3.3.7 lon Concentration Measurement

Lens ion concentration was measured by inductivebupled plasma—optical emission
spectrometry (ICP-OES) from a core facility at tdeiversity of California, San Diego. The
method was described previousB0 lenses were dissected from postnatal day (P)tBtype,
heterozygous and homozygous mutant mice and theredhatelysubjected to vacuum drying
for 48 hours. Dry lenses were weighed aotlubilized in 50QuL nitric acid (33.5~35%; Fisher
Scientific, PittsburghPA) for 12 hours at 37°C with shaking and thentdduwith water into 3
mL. Samples were further diluted to reach ion cobegions of 20 ppb to 1 ppm for
measurement. According to the estimasaghple ion concentration, a series of standards wer
made. lon concentrationwere determined by their intensities acquired bg thstrument.
Measurement error was approximately 3%. lon comagahs were normalized by lens dry
weight.

3.3.8 Statistical Analysis
If comparing two groups, Student’s t-Test was ugedalues < 0.05 were considered significant.
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3.4 Results

3.4.1 A Nuclear Cataract Is Rescued by Knoc&3nConnexin undem8 Locus

Chapter two reports a dominant nuclear cataracdezhby theyB-crystallin-S11R mutation. In
yB-S11R lenses, disruption of membrane-cytoskelstarctures and calcium-dependent protein
degradation were observed. Similar lens phenotgpdsmechanisms are associated with nuclear
cataracts caused by thy®-S11R point mutation and th@3 connexin null mutation. Thus,
overexpression ofi3 connexin by knock-in may restore lens transparene/B-S11R mutant
mice. Ki yB-S11R double compound mutant mice were generdtegdh lens pictures on
postnatal day 21 (P21) show that knoclaB connexin can inhibit cataract formation caused by
the yB-S11R mutation (Figure 8A). Ki/KyB(S11R/S11R) lenses were smaller, but no longer
developed dense nuclear cataracts up to one yg#édata not shown). The small lens phenotype
was due to an absenceaf8 connexin (Rong et al., 2002). Light scatteringamuement of P21
WT, yB(S11R/S11R) and Ki/KyB(S11R/S11R) lenses using optic fiber spectrometdicated
that yB(S11R/S11R) lenses exhibited the most dramatht kgattering while the rescue Ki/Ki
VB(S11R/S11R) lenses showed minimal amount of legiatttering compared to the WT (Figure
8B and 8C).
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Figure 8. A dominant nuclear cataract caused byyBeS11R mutation was rescued by knock-in
a3-connexin. (A) Lens pictures of wild-type (WT)yB-S11R homozygous (symbol as
yB(S11R/S11R)) andx3-connexin knock-inyB-S11R homozygous compound mutant mice
(symbol as Ki/KiyB(S11R/S11R)) at the age of postnatal day 21 (P&idges were taken of
enucleated fresh lenses immersed in PBS at 37°@leSmar, 1mm. §) Light scattering
measurement of P21 WT{B(S11R/S11R) and Ki/KyB(S11R/S11R) lenses using optic fiber
spectrometer (HR2000CG-UV-NIR, Ocean Optics). Regméative graphs of each genotype are
shown in the color indicategB(S11R/S11R) lenses exhibited the most dramatitt bgattering
while the rescue Ki/KiyB(S11R/S11R) lenses showed minimal amount of ligtettering
compared to the WTQ) The areas under each curve of figure 1b wereutzbd and plotted as
a chart. All differences were statistically sigo#nt (N=4, P<0.05).
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3.4.2 Overexpression ai3 Connexin Suppresses Degradation of Crystallinteifr® and
Calcium Concentration Is Normal in Knock-in Mutdmnses

Sincea8 connexin locus is replaced g3 connexin in the knock-in allele, we confirmed by
Western blotting that P10 Ki/KyB(S11R/S11R) lenses had 3-fold increasesx®fconnexin
levels compared to the wild-type, and more thaol@-increases compared yB(S11R/S11R)
homozygous lenses. This suggests that knock-itealid drive overexpression of3 connexin.
As predicted, a8 connexin band was absent from Ki/KjB(S11R/S11R) samples.
yB(S11R/S11R) lenses had a significant decreasberamount ofr8 connexin (Figure 9A).
Previously, we have observed lens total calciunvagien and calcium-dependent crystallin
protein degradation in/B(S11R/S11R) lenses. Because knocksi®d connexin reduces the
calcium level in the lens, we measured the calcazoncentration in Ki/KiyB(S11R/S11R)
lenses and calcium concentration of Kif&(S11R/S11R) samples was equivalent to the wild-
type level (Figure 9B). No obvious calcium-depenat@in degradation was observegd,
crystallin cleavage was detected in P10 KyYB(S11R/S11R) rescue lenses (Figure 9C). yFhe
crystallin cleavage band might not have any astooiawith cataract phenotypes, since
heterozygouyB(S11R/+) and Ki/KiyB(S11R/S11R) rescue lenses also had this cleavags b
(Li et al., 2008). The-crystallin cleavage protein amount is also indigtiishable compared to
yB(S11R/S11R) before weaning age.
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Figure 9. Biochemistry studies of lens connexin, total caitigoncentration and crystallin
proteins of postnatal day 10 (P10) WB(S11R/S11R) and Ki/KyB(S11R/S11R) lense¢A)
Representative Western blotting imageod connexin showed that there was about a 4-fold
decrease in thgB(S11R/S11R), and about a 3-fold increase in tHKIKIB(S11R/S11R) lenses
compared to WT lenses. There was also a 5-foldedserofi8 connexin in thgB(S11R/S11R)
and noa8 was detected in the Ki/KB(S11R/S11R) lenses. (N=3, P<0.0B) (Total amount of
calcium in the lens was measured by ICP-OES. In pasison to WT lenses, calcium
concentration was increasedyiB(S11R/S11R) lenses; total calcium level was bacthe WT
level in Ki/Ki yB(S11R/S11R) lenses. All the differences were siatlly significant. (N=4,
P<0.05) C) CleavedoA-, aB-, 3- andy-crystallins were detected in P§B(S11R/S11R) mutant
lenses (arrowheads). There were two mejsr andaB-crystallin degradation producta4-C1,
0A-C2 and aB-C1, aB-C2) in theyB(S11R/S11R) lenses. However, only cleaved fgrm
crystallins and very little o&iB-C1 were detected in P10 Ki/KB(S11R/S11R) rescue lenses
with no other crystallin cleavage as WT. Total amtoof f—actin remained unchanged between
different lenses.
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3.4.3 Normal Distribution of F-actin and CytosaBamma-crystallin in Inner Fiber Cells

We carried ouy-crystallins immunostainning with double labelingFeactin for P1 wild-type,
yB(S11R/S11R) and Ki/KiyB(S11R/S11R) lensesyB-S11R mutation caused abnormal
membrane-associatgecrystallins aggregation and abolished actin filatma mature fiber cells
as previously reported (Li et al., 2008). We beadi¢ghat was upstream of fiber cell degeneration
and protein degradation. However, in Ki/MB(S11R/S11R) lensy-crystallins became more
uniformly distributed with weak membrane-associaseghal. F-actin was preserved in the
position where we had seen F-actin disruptiopB(611R/S11R) sample (Figure 10A). We also
evaluated the distribution @3 connexin. Because of the degeneration of intw@r fcells,a3-
connexin signal was disrupted and F-actin disasksinin the middle fiber cells. Tha3-
connexin signal in the Ki/KyB(S11R/S11R) lens displayed a stronger and reguparhctuate
signal as compared to the wild-type (Figure 10B).
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Figure 10. Immunostaining ofy-crystallins anda3-connexin with actin filaments in lens fiber
cells. A) Postnatal day 1 (P1) WKB(S11R/S11R) and Ki/KyB(S11R/S11R) lens frozen
sections were stained with amterystallin antibody @reen) and rhodamine-phalloidinréd).
Boxes represent selected areas that show separatederged fluorescent imagesyafrystallin
and F-actin in lens inner fiber cells. White arrandicatey-crystallin aggregates adjacent to cell
boundaries, white arrowheads indicate F-actin aggiren and disassembly. There was no F-
actin in the most inner fiber cell (460-58@ from lens capsule). Thecrystallins in the Ki/Ki
yB(S11R/S11R) lens remained cytosolic and actinmiats sustained in inner fiber celcale
bars, 5¢m. B) Immunostaining ofa3-connexin and actin filaments in inner fiber cells
Postnatal day 7 (P7) WTB(S11R/S11R) and Ki/KyB(S11R/S11R) lens frozen sections were
stained with anta3-connexin antibodygfeen) and rhodamine-phalloidirréd). Separated and
merged fluorescent images are shown. Of note isotBaonnexin signal was disrupted due to
degeneration of inner fiber cells, and F-actin sksembled in inner fiber cells. TlS&-connexin

in the Ki/Ki yB(S11R/S11R) lens displayed a stronger and puretsighal as compared to the
WT. Scale bars, 50m.
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3.4.4 Histology Reveals Normal Inner Fiber Cells in KnankViutant Lenses

Cytoskeletal structure disruption yB(S11R/S11R) lens lead to disorganization of fibel
packing and degeneration of inner fiber cell (Fegdrl middle panel). Enlarged extracellular
spaces were seen between 500pB80egion from the lens cortexrfowheads). Disintegrated
inner fiber cells were loosely attachedrrpws). Since F-actin was maintained in Ki/Ki
yB(S11R/S11R) lens so that fiber cell remained nérmarphology in the same region of
interest. Tightly packed inner fiber cells wererssamilar to those in the wild type. However,
abnormal Toluidine blue-stained intracelluar aggteg were found in Ki/KyB(S11R/S11R)
lens as also seen y#B(S11R/S11R). Those aggregates did not aboliskilibe cell packing and
were probably caused bB-S11R mutation itself. Molecular mechanism of theggregates
needs further investigation.
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Figure 11. Histology of P7 WT,yB(S11R/S11R) and Ki/KyB(S11R/S11R) mutant lenses.
Whole lens sections are shown on the left coluncaleSbar, 10m. High magnification images

of selected area are shown in the middle coluatasheéd square) and right column s0lid
square). The transitional region of differentiating anéture fiber cell iyB(S11R/S11R) lenses
(500-58@m from lens capsule) displayed enlarged extra@ellsppacesafrowheads), and only
YB(S11R/S11R) lenses revealed disintegrated fibiés @row) in the nuclear region of the lens
(800-88@m from lens capsule). WT and Ki/KB(S11R/S11R) lenses showed elongated and
tightly packed fiber cells. Scale bars p20.
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3.4.5 Dosage Effect of One Allele Knocka3 Connexin Partially Rescue Model

We have shown above that tva3 connexin knock-in alleles can rescue the nuatasaract
caused byB-S11R mutation. We evaluated whether one knocHele versus two could have
differences on cataract suppression. Ki3(-/-) yB(S11R/S11R) and Ki/Ki a3(-/-)
yB(S11R/S11R) were generated from several generatiercrossings of Ki/KyB(S11R/S11R)
and a8(-/-) a3(-/-) double knockout (DKO). To our surprise, Muitanice containing only one
knock-in allele displayed various phenotypes atuabone month old. Some Ki/a3(-/-)
YB(S11R/S11R) lenses were clear of nuclear catasdi/Ki a3(-/-) yB(S11R/S11R); while
some lenses showed relatively severe and interteedigclear cataracts (Figure 12). Two allele
knock-in samples were completely rescued withodividual variation.

We tested the biochemical difference betwdd a8(Ki/-) a3(-/-) yB(S11R/S11R)
different phenotype samples. Western blotting gfst@llin proteins revealed that there were
more cleavedA-, aB-, B- andy-crystallins in IMa8(Ki/-) a3(-/-) yB(S11R/S11R) severe and
intermediate samples than mild samples (Figureat@wheads). No cleaved crystallin was
detected in WT lenses, and onbB-Cl and y-C2 were detected ira8(Ki/Ki) a3(-/-)
yB(S11R/S11R) lenses (data not shown).

We traced back when the phenotype had fiereince, whether we had already detected
any biochemical change. Lenses from a whole lifeP12 and P18 Ki/- -/yB (S11R/S11R)
mice were imaged and lens total protein was prepadrens phenotypes of postnatal day 12 old
(P12) Ki/- -/-yB(S11R/S11R) and postnatal day 18 old (P18) K¥yB(S11R/S11R) lenses
showed no nuclear cataract (Figure 14A andop). Western blotting o3 connexingA- and
aB-crystallins of same lenses indicated tle® connexin is unchanged between samples.
However, one of the lenses (lens 1) had increaseduat of cleaved botlmA- and aB-
crystallins than others. Some lenses were freeedhin cleavage bands. The same trend was
observed in postnatal day 18 (P18) Ki/-yB(S11R/S11R) lenses (Figure 14A and B). It clearly
showed that at the molecular level, even lens piypes were the same, and the cleaved protein
product amount had differences. It is possible thase P12 and P18 lenses with more protein
degradation will lead to more severe phenotypes vase versa.
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Same Genotype

Mild Severe Intermediate
YB Ki/- a3(--) yB Ki/- a3(--)yB Ki/- a3(--) yB| KvKia3(-/-)
(SI1R/SIIR) | (S11R/S11R) (S11R/S11R S11R/S11R) | YB(S11R/S11R)

Figure 12. Lens pictures of one allele knock-io3 connexin. Lens pictures of WT,
yB(S11R/S11R), threa8(Ki/-) a3(-/-) yB(S11R/S11R) and8(Ki/-) a3(-/-) yB(S11R/S11R) at
the age of one month old (1M). Of note is that aflele Ki (symbol asa8(Ki/-) a3(-/-)
yB(S11R/S11R)) created various phenotypes (mildergeand intermediate) while two allele
knock-ina8(Ki/Ki) a3(-/-) yB(S11R/S11R) only showed rescue phenotype. Scald iven.
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Figure 13. Representative Western blotting image of DM(Ki/-) a3(-/-) yB(S11R/S11R)
different phenotype samples. Western blotting gfstallin proteins revealed that there were
more cleavedA-, aB-, - andy-crystallins in 1Ma8(Ki/-) a3(-/-) yB(S11R/S11R) severe and
intermediate samples than mild sampksdwheads).

53



(A) Ki/- 03(-/-) yB (B) Ki/- 03(-/-) yB

(S11R/S11R) (S11R/S11R)

e
oA

aA
Pew...
aA-C2
aB R <« aB-C1 aB
<« aB-C2
Actin WD a» o Actin wwid D

Figure 14. Lens picture and biochemistry studies of youngéfr K- yB(S11R/S11R) lenses
before phenotypes develod)(Representative lens picture of postnatal dayRA®2) Ki/- -/-
yB(S11R/S11R) lenses and Western blotting image3tonnexin,aA- and aB-crystallins of
all three lenses (1, 2 and 3). The lens is freenudlear cataracts at P1@3 connexin is
unchanged between samples. However, lens 1 haebsenl cleavedA-C1, aA-C2, aB-C1 and
oB-C2 than lens 3. Lens 2 was freeaA-C1, aA-C2 andaB-C1, aB-C2. Total amount of
B-actin remained unchanged between different len@&fs.Representative lens picture of
postnatal day 18 (P18) Ki/- -AB(S11R/S11R) lenses and Western blotting imagen®f
connexin,aA- and aB-crystallins of all three lenses (1, 2 and 3). Téwes is free of nuclear
cataracts at P1&3 connexin is unchanged between samples. Howeses, 1 had increased
cleavedaA-C1, aA-C2, aB-C1 andaB-C2 than lens 3. Lens 2 was freeod¥-C1 andaB-C2.
Total amount of3—actin remained unchanged between different lenses.
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3.5 Discussion

3.5.1 Summary

We have genetically tested the feasibility for gnetng a dense nuclear cataract causeyBay
crystallin-S11R mutation by using3 connexin knockin micep3 connexin gene replacing
endogenous8 connexin gene. Remarkably, one allele of knock3ndelayed the formation of
the nuclear cataract and two knockin alleles coteplgorevented this dense nuclear cataract.
Both morphological and biochemical data confirmt tb@aract prevention was correlated with
the preservation of actin filaments and fiber @alegrity, as well as the inhibition of calcium
elevation and crystallin degradation. Thus, knoakihconnexin rescues the nuclear cataract by
suppressing pathological processes caused kB-erystallin-S11R mutant proteim vivo.
Although this is the first case that a crystallintation can be rescued by knockeid connexin,
we believe that this mechanism also applies torathgstallin point mutation caused cataracts.
Preliminary unpublished data have shown that knoak3 connexin can rescue lens posterior
rupture caused byD-crystallin-V76D (Wang et al., 2007b) and improess clarity forL10
mice caused byB-crystallin-I4F mutation (Liu et al., 2005).
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3.5.2 Implications of Experimental Results
Previous studies have shown that the knocked3nsubunits behave differently from the
endogenousn3 subunits: 1) knocked-im3 subunits are expressed under ti& promoter,
knocked-ina3 subunits are found in lens epithelium and exgesarlier than the endogenous
a3 subunits (Martinez-Wittinghan et al., 2003); B¢ tprotein level of knocked-ia3 is higher
than that of endogenous3 (shown in Figure 9A); and 3) knocked-#8 subunits form pH-
sensitive gap junction channels between differéngdibers (Martinez-Wittinghan et al., 2004).
We have observed a significant decrease®anda8 connexin levels igB(S11R/S11R) lenses,
thus knock-ina3 connexin can compensate the loss of connexingorkial y-crystallin
aggregates and F-actin loss are found in new-b@(511R/S11R) lenses when calcium
concentrations have risen to a critical level ttvate calpains on P7. Histology data indicate
that fiber cells have already severely degeneratedP7. Earlier and stronger3 connexin
expression may 1) facilitate calcium transport fsam fiber cells in embryonic stage so that
calcium cannot accumulate; 2) facilitate specighal transductions that can prevgsdrystallin
aggregation and F-actin loss; and 3) enhance ekladhesion and integrity.

In the knockin lenses, the coupling condnce of mature fibers is about doubled compared
to the wild-type, and calcium concentration in tdester drops by about 30% (Gao et al., 2004).
Previous findings have also shown tlo& connexin is responsible for the coupling in matur
fiber cells whilea8 connexin functions mainly in the differentiatifigers (Baldo et al., 2001;
Gong et al.,, 1998). Wheo8 is replaced byi3 connexin, gap junctions channels originally
formed bya8 connexins now all beconte3 connexin channels, with higher expression levels.
This can explain why the coupling conductance desilaind calcium concentration decreases in
the knock-in lens. However, signals that contrapar lens growth seem to only go throwh
connexin channels, and even witB connexin present at the same location wi&e&onnexin
ought to be, a small lens defect is not rescued.|&hs size is correlated with the epithelial cell
proliferation rate which is influenced m8 connexin (Sellitto et al., 2004; White et al.0Z0
White et al., 1998), but knock-im3 connexin could not restore central and equatepéhelial
proliferation (White et al., 2007). This sugge#itat a8 connexin selectively mediates the
passage of certain second messengers of growttr fsighal transduction, resulting in a proper
cell mitotic rate, particularly in the central dmtium (White et al., 2007).

Thus far, factors causing membrane-assatigtcrystallin aggregation and F-actin
disassembly iryB-S11R mutant lens are unknown. When transfegiBx$11R mutant protein
in immortalized human lens epithelial cell ling-S11R looks the same as wild-type protein
without membrane-associatgdrystallin aggregation under normal culture coods (data not
shown). This suggests that some additional fa@oegpresent only in mature fiber cells of lens
nucleus triggeringy-crystallin aggregation adjacent to the cell bougpdand disruption of
cytoskeleton structure igB-S11R mutant lens. In knock-in an-S11R compound mutant
lenses,y-crystallins remain mostly in cytosol and F-act:npgreserved in the newborn stage.
However, there are still membrane-associgtedystallins in newborns and F-actin loss at P21.
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We speculate that those unknown factors still exist do not accumulate as quickly as in the
yB-S11R mutant lens, giving the fact that knockeiB can facilitate chemical and signal
transductions. There is no direct evidence thator a8 connexins interact with cytoskeletal
proteins such as actin. However, studies have slibaincytoskeletal proteins, especially actin,
are crucial for connexin anchorage to the cell meamé and to the formation of gap junctions
(Giepmans, 2004; Qu et al., 2009). It is possiblat tkknock-ina3 recruits actin around the
plasma membrane and helps maintain F-actin streiwctur

As gap junction formation requires propdhesive cell-cell interactions, there must be a
relationship between gap junctions and adhesionecntgds/adherens junctions. In cultured
embryonic lens cells, gap junction formation isilnited by antibodies to N-cadherin (Frenzel
and Johnson, 1996). Antibodies against E-cadhedmacadherin can alter the formation of gap
junctions (Jongen et al., 1991; Meyer et al., 1988} likewise, antibodies agairst connexin
(Cx43) can inhibit the assembly of adherens jumstigMeyer et al., 1992). In addition,1
connexin and N-Cadherin form a multiprotein compleXNIH3T3 cells; siRNA knock-down of
al connexin causes decreased expression and memloaiezation of N-cadherin and N-
cadherin-associated proteins (Wei et al.,, 2005)nedv study also suggests that connexin
hemichannels can establish adhesive interactionnweba cells independently of forming
functional gap junctions (Cotrina et al.,, 2008).v&i above evidence, it is reasonable to
hypothesize that knock-in a3 connexin can enhaetlecell adhesion. Lens transparency and
high refractive index rely on the tight packingfiliier cells. Enlarged extracellular spacey®a
S11R mutant lens are probably due to the loss béside contact between fibers. In contrast,
compound mutant lenses display organized and ¥yigbtcked fibers, suggesting that an
overexpression ai3 connexin would contribute to the enhancemenetifaell adhesion.
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3.5.3 Dosage Effect of Knock-m3 Connexin

It is intriguing to learn that one allele knock&3 connexin only partially rescues or delays the
onset of nuclear cataract causedyByS11R mutation; it is also interesting that thare huge
phenotypic variations between mice of the same tgpep sometimes even between left and
right lenses of the same mouse. At P18, most cfelertontain one allele knock-in show clear
lens, however, a few days later, we can observiewstens phenotypes. Rapid progression of
cataract severity suggests that something may diréee changed before we can see the
phenotype. These mice share the same genotype,ingetirat gene expression should be
identical. Western blotting data confirms tlee®2 connexin levels remain unchanged between
samples. However, we find thaA- and aB-crystallin cleavage patterns are different in rygu
Ki/- -/- yB(S11R/S11R) littermate lenses before phenotypteréifitiates. This guides us to
correlate the amount ofA- and aB-crystallin cleavages and cataract severities.piégict that
the clear or mildly cataractous mutant lenses shbal’e no obviously or slightly increased-

and aB-crystallin cleavages at P12 and P18. Beta-ciystand y-crystallin cleavages are
different at 1M but not at P12 and P18 (data notst), suggestin@-crystallin andy-crystallin

are less sensitive to the calpain activation. Alphand aB-crystallins may be good markers for
pathological event caused by calcium-dependenteprotiegradation. These biochemical
differences indicate why and how one allele knatkei3 connexin influences the lens
phenotypes.
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Chapter 4 Studies of Genetic Suppressor for Nuclear Cataracts

4.1 Preface of Chapter

The purpose of this part of my thesis project isdentify the genetic modifier(s) in C57BL/6J
strain background that suppresses a nuclear cataased by a loss of3 connnexin (Gja3 or
Cx46) and to investigate the molecular mechanismtifi@ regulation of nuclear cataract
formation.

A genome-wide linkage analysis was perfalroera3 knockout mice generated from both
intercross and backcross between C57BL/6J (B6insbrackground and 129SvJae (129) strain
background. Nuclear cataracts of living animalsemevaluated by slit lamp examination. The
degree of nuclear opacity was quantified by meagutight scattering with a fiber optic
spectrometer. Western blotting was used to detarriia biochemical changes associated with
variable nuclear cataracts.

The lod scores of genome-wide linkage asialyndicated genetic modifiers may be located
on chromosome 2 (D2Mit148), chromosome 7 (D7Mit23@d chromosome 9 (D9Mitll).
Backcrosseda3 knockout mice (B6a3 knockout mice backcrossing into the 129 strain
background) containing D7Mit294 locus of B6 strdigplayed an intermediate degree of nuclear
cataracts. Intercrossed knockout mice with two alleles D7Mit294 of B6atr developed mild
nuclear cataracts similar to mutant mice in theb&6kground while intercrosse® knockout
mice with two alleles D7Mit294 of 129 strain disyptal severe nuclear cataracts. Western
blotting results showed that the severity of nuclestaract was associated with the amount of
cleaved crystallins.

We have mapped a dominant suppressor ofeauaataracts which is located on
chromosome 7 of B6 strain background near genegi&ken D7Mit294. The severity of nuclear
cataracts is correlated to the amount of cleavaddmf crystallin proteins in3 knockout lenses.
This genetic suppressor probably functions at tpstream of the regulation of calcium
homeostasis and/or the activation of the calpaotgases, which are responsible for cleaving
crystallin proteins in the lens. Fine mapping aaddidate gene characterization will lead to the
identification of this genetic modifier that prevemuclear cataract formation.
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4.2 Introduction

Previous studies have reported that dense nuciaracts in the 129SvJae (1285 knockout
mice likely resulted from the cleavages of crystatirotein, especially-crystallin (Gong et al.,
1997). However, C57BL/6J (B&)3 knockout mice only showed mild nuclear cataradt
minimal crystallin degradation, suggesting theres \@agenetic suppressor(s) in B6 mouse strain
suppressing severe nuclear cataract developmenystallin cleavage was absent in the &5
knockout lenses. Mix backgroura3 knockout mice of 129 x B6 strains developed wio
cataract phenotypes and severities of cataract e@related with the crystallin degradations.
The mild phenotype lenses had lgssandaB-crystallin degradations than severe lenses (Gong
et al., 1999).

The proteolysis of crystallins is correlated wigm$ calcium accumulation that is resulted
from the lack of gap junction channels formedd8/connexin. Thus, calcium elevation would
activate calcium-dependent proteases in the cell ag calpains that cleave crystallins. Recently,
calpain3,Lp82/Lp85 isoforms, is verified to be asential protease for the unique degradation
of y-crystallin, 11kD cleaved gamma crystallin, in 8 knockout lens (Tang et al., 2007).
Double knockout of calpain 3 ara3 connexin displayed very mild cataract in the $2@in
background. However, it remains unclear whetherabdrcalpain3 directly cleavescrystallin

Genetic suppressors on the Chr7 and orhanchromosome of the B6 strain background
remain to be identified. Previous studies via genatd proteomic approaches have elucidated
substantial information about the downstream edfectf these genetic modifiers in
cataractogenesis associated with a lacka8f connxin in the lens (Gong et al.,, 1999;
Hoehenwarter et al., 2008; Tang et al., 2007). Plaig of my thesis has further mapped one
specific genetic modifier to an approximate regiorthe linkage marker D7Mit294 on Chr 7.
We hypothesize that this genetic suppressor redtleesnuclear cataract by inhibiting the
proteolysis of crystallin proteins via the preventiof calpain activation or calcium elevation in
the lens.
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4.3 Methodology and Materials
4.3.1 Animals
Mouse care and breeding were performed accordintpagoAnimal Care and Use Committee
(ACUC)-approved animal protocol (UC Berkeley) ar tARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Mouspilsuwere dilated with 1% atropine and
1% phenylephrine before the eyes were examinelegmarclarity by a slit lamp.

GO0 129SvJae and GO C57BL/@3 knockout mice were crossed to generate G1 12865vJ
x C57BL/6J hybrida3 knockout mice. G1 mice were intercrossed to gardf2 hybrid mice for
genome-wide genetic linkage analysis. G1 mice vierekcrossed to 129/SvJad knockout
mice to generate G2 hybrid mice. The G2 mouse wilkdest phenotype was screened by slit
lamp examination and backcrossed again to 129/Sv3denockout mice to generate G3 mice
and so on. Mice with one selective C57BL/6J alleleD7Mit294 locus (D7Mit294 (129/B6))
were intercrossed to generate intercrossed 12%SxJa57BL/6J hybrida3 knockout mice.
Following three genotypes were generated: D7MitZ929/129), D7Mit294 (129/B6) and
D7Mit294 (B6/B6).

4.3.2 Mouse Genotyping

A small piece of mouse tail was collected accordmghe animal protocol. Lysis buffer (100
mM Tris pH 8.0, 5 mM EDTA, 0.2% SDS and 200 mM Na®@Ith proteinase K was added to
dissolve the tail by shaking at'&5 Equal amount of isopropanol was used to pret@iDNA.
DNA pellet was rinsed with 70% ethanol and dissdlireTE buffer (10 mM Tris-Cl pH 7.5 and
1 mM EDTA). A standard PCR method was used to ggreotlifferent satellite markers. Genetic
marker sequences are listed in table 2.

Marker Name [Left Primer Sequence Right Primer Sequence

D7Mit154 CTGTAGAAAATTAAGATGTTGGATTTG [CTGGCTCTATCAGAAATATATGGTG
D7Mit23 CTGGCTGCACCAGTGATG ACTCTCAGCCAAATTTGAAAGC
D7Mit115 GCTTCGGTGTCTCTCTCTTTC ACTGAGGGTCCATGACTTGTG
D7Mit144 AGACACTCATATGGTGCAGGG GAGATTAAAGGTTTGTGCTGCC
D7Mit294 TAGTGGGAAAGAGAGAAACAATCC TAATGTTTAATCTTGTCGTCTTAGTGG
D7Mit266 TCAGGGATGTCTTAAAACTGGG CGCTGTAAAGCGTATTCGTG
D7Mit117 GCAATAGTTTTTCAGGGAGGG CTATCTAAGAAAGTTGGACTG@GC
D7Mit155 GTTGGAGAAATGACACCATGG ACTTTACACACTGATCACTTTTCAGC
D7Mit230 GGGTTAACTGCTTTTTAAAAGTGC ACTTCTGCATGTTGCCCTT

D2Mit148 GTTCTCTGTCTACGGGCATG TTCACTTCTACAAGTTCTACAAETCC
DOMit11 GCCTTCATGTGTACCTGAATGCAC GGCTCTGTAATCACTGAAGTGT

Table 2. Genetic marker sequences for fine mapping.
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4.3.3 Western Blotting

Lens total proteins were prepared by homogenizmgcleated fresh lenses that were weighed
and homogenized directly in the sample buffer (8@ Mris, pH 6.8, 2% SDS, 10% glycerol, 5%
B-mercaptoethanol, and 0.001% bromophenol blue).piiepare the water insoluble protein
samples, two frozen lenses were homogenized iIMONRCI| and 50 mM NgHPO, (pH 7) at 40
mg lens wet weight/ml solution. The insoluble miatewas collected after centrifugation at
15,000 rpm for 15 min and washed once with the saotetion. This insoluble pellet was
dissolved in the sample buffer. Equal volumes ohgas were loaded on a 12.5% SDS-PAGE
gel for separation, and separated proteins wenmesfeeed to a polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA). Lens crystalliot@ins were detected by Western blotting
with rabbit polyclonal antibodies againsf-, aB- and y-crystallins (generously provided by
Joseph Horwitz at the University of California, LAsgeles),3-crystallin (generously provided
by J. Samuel Zigler at the National Eye Institutg)d a mouse monoclonal antibody agafist
actin (Sigma, St. Louis, MO). More than three sétiens protein samples of different mice were
examined, and representative data were shown.

4.3.4 Fresh Lens Imaging and Light Scattering @fieation

Mice were euthanized by CO2 asphyxiation accordinthe ACUC-approved animal protocol.
Fresh lenses, dissected from enucleated eyebalg immediately immersed in PBS at 37°C.
Fresh lenses were imaged under a Leica MZ16 disgestope using a digital camera. Light
scattering in the lenses caused by cataract wasurezghusing the HR 2000CG_UV_NIR High
Resolution Spectrometer and a QP400-2-UV-VIS fibptic cable (400um cable diameter)
(Ocean Optics, Dunedin, FL). Lenses were illumidaig a white light source perpendicular to
the equator of the lens. Scattered light was captby the optic fiber with a whole acceptance of
angle of 24.8°. Spectrums were recorded and sawedafer comparison. Each lens was
measured twice in succession to show repeatabiling measurements were represented as
graphs with wavelength on the x-axis and lightnsigy on the y-axis. Denser cataracts scattered
more light, and thus, the light scattering intensiheasured by the detector increased.
Measurements were stored as ASCII files, and andaruthe curve was calculated by a Matlab
program.
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4.4 Results
4.4.1 Dominant Nuclear Cataract Suppressors irBC&J Mouse Strain
Alpha3 connexin knockout mice in 129/SvJ (129) lggokind developed dense nuclear cataracts
at 4-week-old, while in C57BL/6J background onlgmayed very mild nuclear cataracts (Figure
14A). GO 129a3 knockout mice were crossed with GO B8 knockout mice to generate G1
129/B6 mix background3 knockout mice. We have observed that all G1 rdisplayed a mild
lens phenotype suggesting genetic suppressor(sjidrathant effects (Figure 14A). G1 129/B6
hybrids were intercrossed to generateai32knockout mice. F2 mice produced varying degrees
of nuclear opacity from the same litter, suggestimgre were multiple factors (Figure 14B).
Different genetic combinations of these multipledifiers might lead to various lens phenotypes.
To further investigate the existence of gemaippressors, G1 mice were backcrossed to 129
a3 knockout mice to generate G2 129/B6 hybrid miemns phenotypes were examined by using
a portable slit lamp, and various cataract seesriivere observed. Mouse with mildest cataract
phenotype was picked and backcrossed tod2%nockout mice to generate G3 129/B6 hybrid
mice. G3 mice also displayed different cataractnplypes varying from severe, intermediate to
mild nuclear cataracts at 4-week-old, compared $e\ere nuclear cataract in 129 and a mild
nuclear cataract in B&3 knockout lenses (Figure 15A). Light scatteringschtaractous lenses
were measured by the fiber optic spectrometer.aiBnockout and G3 severe phenotype lenses
showed dramatic light scattering indicated by thenge and red curves while G3 intermediate
and mild lenses showed less intensity of light tecay in blue and green curves.
knockout lenses only gave minimal amount of ligtdatgering indicated by purple curve (Figure
15B). Areas under each curve were calculated byAZ IM\B program and data was equivalent
to what has been described above (Figure 15C)ei@ifices between the three genotypes were
statistically significant (P<0.05).
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(A)

129 a3 KO B6 a3 KO G1 a3 KO

(B)

F2 B6/129 o3 KO

Figure 15. Dominant multiple suppressors in the C57BL/6J bewmkgd. A) A pure GO
129SvJae (1293 KO mouse with severe phenotype (left) and a GUBLEJ (B6)a3 KO
mouse with mild phenotype (middle) were crossectrieate G1la3 KO mice with all mild
phenotype. This demonstrates the existence of dworhigenetic modifier(s) in the B6 allele.
Scale bar, ImmB) The G1 129/B6 hybrid mice were intercrossed ttaiobF2 129/B6 hybrid
a3 KO mice that displayed various cataract phenaypem severe, intermediate to mild (from
left most to right most) suggesting there were pldtsuppressors in the B6 genome. In order to
determine the region where the genetic modifiessdes mouse tails from F2 mice were
collected for genome-wide linkage analysis. Scale bmm.
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Figure 16. Backcrossed 129/B63 KO mice showed various phenotypes) [Lens pictures of 4
weeks old (4W) GO 1283 KO, G3 backcrossed 129/B& KO hybrid and GO B&3 KO mice.
GO0 129a3 KO mice displayed severe nuclear cataracts (I&f8 backcrossed 129/B63 KO
hybrid mice showed severe, intermediate, and niienptypes (middle three pictures), and B6
a3 KO mice exhibited very mild nuclear cataractglt). @) Light scattering measurement of
4W 129a3 KO, G3 Severe, G3 Intermediate, G3 mild, ando36KO lenses using optic fiber
spectrometer. Each genotype is depicted accordiniget colors indicated. 1283 KO exhibited
most dramatic light scattering while B3 KO lenses displayed minimal amount of light
scattering. (C) The areas under each curve wemles#d and plotted in a bar graph. As
previously indicated, 1283 KO had largest light scattering intensity anddB6KO showed the
least amount of scattering.
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4.4.2 Genetic Suppressor(s) Is(Are) Linked to Chosome 7 in C57BL/6J Mouse Strain
Genomic DNA collected from F&3 knockout mice was used to carry out genome-widage
analysis. Three genetic loci were shown linkedhi® genetic suppressor: D9Mitl1l, D7Mit230
and D2Mit148. All three loci had LOD scores thatrev@bove the 99% threshold (Table 3).
Since there were multiple candidates, it was diffito further keep track of which locus was
really responsible for severe cataract suppres¥iendecided to test these three loci by using G3
and up mouse DNA.

We took the mild phenotype G2 mice backeedswith original 12313 knockout mice
again to generate G3 backcrossed mice and so empdipose is to generate mice mostly in 129
background but with selective alleles of the Baistr If offspring from many generations of
backcrossing still showed mild to intermediate pitgpe, then we know the suppressors are
located in those selective B6 alleles and we wbeldble to identify the genes by fine mapping.

Genetic Locus LOD Score
DOMitll 5.72489184
D7Mit230 3.92550836
D2Mit148 2.97558673
99% Threshold 2.419066

Table 3. Lod scores of three candidate markers from ingfealome-wide linkage testing

We collected DNA from G3 and up backcrosse?l knockout mice, and carried out fine
mapping using those three candidate markers framaligenome-wide screening. D9Mit11l and
D2Mit148 seemed to have no correlation between typroand phenotype. Subsequently, we
identified that D7Mit230 showed strong correlatioviiere mice with two alleles D7Mit230 of
the 129 strain showed severe phenotype and mide amé allele D7Mit230 of the B6 strain
showed mild to intermediate lens phenotypes. Thggested that at least one of the genetic
suppressors is located around the D7Mit230 locus.

After several generations of backcrossingVit230 no longer remained a good marker for
genetic suppressor because “crossover” (genotypadati match phenotype) occurred before G9
generation. However, another two markers D7Mit28d ®7Mit144 showed no “crossover”
thus far (Figure 16). D7Mit294 is a clear marker destinguishing bands for 129 and B6 strain,
however, bands for D7Mit144 are not very clear. X284 has become a good marker for the
genetic suppressor on chromosome 7 unless “crossms@urs at this locus.
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Figure 17. Fine mapping of the genetic suppressor on mousenuysome 7. The genetic
suppressor is mapped to a genetic locus near D3Miw@th lod score of 3.925. Further fine
mapping using satellite marker D7Mit294 with no ssover suggests that at least one of the
modifiers may be located within this region of tl@omosome. The solid black boxes indicate
crossover events where the phenotype and genotgpe mismatched, revealing the lack of
genetic suppressor at that region. The outlinedebate possible locations where the genetic
modifier may reside, which are expected to be betw26.30 and 30.71 million base pairs region
on chromosome 7.
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4.4.3 Two Copies of D7Mit294 Allele of the B6 StraAre Sufficient to Suppress Severe
Cataract Formation in Mice Mostly in 129 Background

Since D7Mit294 was linked to the genetic supprgs$owe want to investigate one copy of this
locus verse two copies make a difference in cateagpression. Mice with one selective B6
allele of D7Mit294 locus were intercrossed to geteeroffspring that might carry two 129
alleles, one 129 and one B6 allele or two B6 allele D7Mit294 locus. We want to evaluate
whether two B6 alleles of D7Mit294 will further neck the cataract phenotype. Figure 18A
clearly shows that six-week-old (6W) mice with tB6 alleles of D7Mit294 (D7Mit294 B6/B6)
displayed mildest phenotype and mice with one BRlaal (D7Mit294 129/B6) showed
intermediate phenotype. Mice with two 129 alleleg¥it294 129/129) developed dense nuclear
cataracts like 12®%3 knockout mice. Lens phenotypes were very sinatapostnatal 18 days
(P18), while two B6 alleles of D7Mit294 samplesysia relatively mild compared to one B6
allele and two 129 alleles at 3-week-old (3W). @athprogression was clearly differentiated
after 3W. Light scattering measurement shows that B7Mit294 129/129 lenses displayed
dramatic light scattering indicated by the red euwhile 6W D7Mit294 129/B6 and 6W
D7Mit294 B6/B6 lenses showed less light scattenmicated by blue and green curves (Figure
18B). We quantified the areas under each curvepéotted the bar graph. Differences between
three genotypes were statistically significant (ifgg18C).
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Figure 18. D7Mit294 is linked to the genetic suppressor(8)) Lens pictures of intercrossed
D7Mit294 129/129, 129/B6, and B6/B6 at the age adtpatal 18 days old (P18), 3 weeks old
(3W), and 6 weeks old (6W). At P18 and 3W, no mdijfferences between the genotypes were
observed. However at 6W, severe, intermediate, amtd phenotypes were easily
distinguishable. B) Light scattering measurement of D7Mit294 129/12929/B6, and B6/B6
using optic fiber spectrometer. Each genotype igiatled according to the colors indicated.
D7Mit294 129/129 displayed the most dramatic ligbattering while B6/B6 showed the least
amount of light scatteringC) The areas under each curve were calculated artbglin a bar
graph. As shown, D7Mit294 129/129 had the highigbt Iscattering intensity and B6/B6 had the
least.
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4.4.4 Genetic Suppressor(s) Modulate(s) Crystalegradation

The original genetic modifiers in B6 strain modelatrystallin degradations. We want to
evaluate whether the suppressor(s) on Chromosohas Bimilar effect. We purified insoluble
proteins from 3-week-old (3W) and 6-week-old (6Wijercrossed samples and probed with
different crystallin antibodies. Western blottingtal on 6W revealed that D7Mit294 B6/B6
samples had less crystallin degradations compar&yMit294 129/B6 and D7Mit294 129/129
samples. On 3W, when no very obvious phenotypeemifice was seen on 3WB- andy-
crystallin already showed less cleavages in D7MitB8/B6 samples compared to the other two
(Figure 19A).

Lens total proteins of different ages wpugified and Western Blottings @fB-crystallin
were carried outaB-C2 band was first noticed in new-born (PO) 1@9 knockout and
D7Mit294 129/129 samplesiB-C1 band was first noticed on postnatal 12 day®JRiB-C1
and C2 band were significantly lighter in 3W D7Mi2 B6/B6 and B3 knockout samples.
On 6W, B6a3 knockout had leastB-crystallin cleavages, while D7Mit294 B6/B6 sangplead
lessaB-crystallin cleavages than the rest three san(pligsire 19B).
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Figure 19. Western blotting of water insoluble proteins anthltéens protein at different ages.
(A) Western blotting of water insoluble proteins ¥ 3howed no significant differencesdm\-,
oB- andp-crystallin between D7Mit294 129/12%)( 129/B6 @), and B6/B6 8), and there were
less insoluble-crystallin in B6/B6 8). At 6W, dramatic differences between the thremotypes
are noted. There were more cleawedl, aB-, - andy-crystallins in severe 129/129)(and
intermediate 129/B62) than mild B6/B6 8), indicated by arrowheads. This is most clearly
represented in the cleavagead-crystallin (@B-C1, aB-C2, aB-C3). (B) Western blotting data
of total lens proteins at PO, P3, P7, P12, 3W,@&ndof GO 12903 KO, D7Mit294 129/129Y),
129/B6 @), B6/B6 @) and GO B6u3 KO. As indicated, there were more cleaed®icrystallin
cleavage in GO 12@3 KO, D7Mit294 129/129, and D7Mit294 129/B6 thare tB7Mit294
B6/B6 and GO B&3 KO lenses, indicated by arrowheads.
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4.4.5 Segregation of Other Genetic Modifier(s)

Since the G2 and F2 mice showed various phenotyyeearned that there should be more than
one suppressor in the B6 strain. Besides the mse ¢b D7Mit294, we designed experiments to
segregate other genetic modifier(s). As | mentioaédve, the G3 mouse with very mild
phenotype should contain most of the suppressovg Mild phenotype G3 mice were
intercrossed to generate F4 offspring. We genotypéd=4 mice and examined their lens
opacities. We screened out mouse that showed rhigshqiype but had two 129 alleles of the
D7Mit294 locus. That particular mouse was backadssith 12903 knockout mice. Offspring
showed different phenotypes at 6-week-old by exation. Lens pictures were captured (Figure
20), of note is that mice #2 and #3 displayed seweiclear cataracts while mice #1, #4 and #5
showed intermediate phenotypes suggesting mic&4tand #5 might contain the other genetic
modifier(s) besides the one close to D7Mit294. @ifsy from the same parents were examined
at 6-week-old and mouse with mild to intermediatatact phenotype was selected to backcross
with 129a3 knockout mouse. Another round of genetic linkageds to be carried out in order
to identify the other modifier(s).
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6W F4 (D7Mit294 129/129) Backcrossed with 129 o3 KO

Mouse #1 Mouse #2 Mouse #3 Mouse #4 Mouse #5

Figure 20. Lens pictures of offspring from F4 (D7Mit294 1299)2a3 knockout mouse
backcrossed with 1283 knockout mouse. Five mice showed different phgres at 6-week-old:
mice #2 and #3 displayed severe nuclear catarduts mice #1, #4 and #5 showed intermediate
phenotypes. Phenotypes of lens 1 and 2 are aldade Bar: 1mm.
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4.4.6 One of the Genetic Suppressors Is Locatbéddgs D7Mit23 and D7Mit294.

We have identified a crossover mouse that came intancross of two G13 mice, both of which
had one B6 allele of D7Mit294 locus. Crossover fimmmouse #1 was B6/B6 at D7Mit294 but
B6/129 at D7Mit23. The founder was then backcrossikd 129 a3 knockout mice. Offspring
were genotyped by D7Mit294 and D7Mit23 markers, amde with one crossover B6 allele
were selected (B6/129 at D7Mit294, 129/129 at D28t One of the female offspring was
mated with founder male #1, different mouse genedypvere generated. Diagram of
chromosomal composition was shown in Figure 21n@e is that the lens picture of 7-month-
old #1 mouse showed mild nuclear cataract withudétl powdery opacity throughout the lens.
Mice #2 to #4 were same-age littermates that wena founder #1 crossing with its offspring.
Mouse #2 containing one crossover allele and ongeloallele of the B6 strain (indicated by one
shorter and one longer green line) showed mildes phenotype. Mouse #3 with two crossover
B6 alleles displayed mild nuclear cataract. Howewaouse #4 with one regular long B6 allele
and one 129 allele developed intermediate to seypeeof nuclear cataract (Figure 21).
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Figure 21. Lens pictures of crossover mice (7-month-old found#ke and 6-week-old offspring
#2 to #4). Founder #1 male mouse had a crossolede af the B6 strain between D7Mit23 and
D7Mitl117 (indicated by shorter green line). Theslgicture of #1 mouse at 7-month-old showed
mild nuclear cataract with diffused powdery opatitsoughout the lens (left image). Scale bar:
1mm. Mice #2 to #4 were from founder #1 crossinthvits offspring that was generated by #1
backcrossing with 12@3 knockout mice. Mouse #2 containing one crossaete and one
longer allele of the B6 strain (indicated by onersér and one longer green line) showed mildest
lens phenotype (second to the left). Mouse #3 with crossover B6 alleles (indicated by two
shorter green lines) displayed mild nuclear catafsecond to the right). However, littermate
control #4 with one regular long B6 allele and dr2® allele developed intermediate to severe
type of nuclear cataract (right image). Scale barmmn.
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4.5 Discussion

4.5.1 Summary

This work tries to map dominant genetic modifier{s) C57BL/6J strain background that
suppresses a severe nuclear cataract causex3 bgonnnexin null mutation using classical
genetic approaches. Multiple factors have been shiowplay roles in influencing the severity of
cataract. We have identified at least one suppregsich is located on the chromosome 7 of the
B6 strain background near genetic marker D7Mit2®40 copies of B6 D7Mit294 alleles
significantly reduce lens opacity m3 knockout mice mostly in the 129 background. Weeha
not conclusively narrowed down to a single gengeawe complex, fine mapping and candidate
gene characterization will lead to the identifioatiof this genetic modifier(s). We may be
dealing with three types of scenarios: 1) Polyma@phin gene exon region between B6 and 129
strains that causes protein coding change; 2) Rwoiyhism in the promotor/gene regulatory
region that causes gene expression and regulatiange; 3) Polymorphism in the gene intron
region that causes different gene splicing. Boteesal and 3 will lead to different protein
formation which may perturb protein structure aodction. Case 2 may affect protein activity
and protein synthesis. Because of dramatic pheiwotgiference between two strains, we
speculate that protein coding change is likely ¢ate cause, but we still cannot rule out other
possibilities.

Biochemical data indicate that the severity of paclcataracts is correlated with the amount
of cleaved forms of crystallin proteins @8 knockout lenses with different alleles of D7Mi29
of different strains. The modifier(s) near D7Mit2Béhaves in a similar way like the original
suppressors in the B6 strain which modulate crystadrotein degradation. However, the
modifier(s) near D7Mit294 is not the only factorigdenced by 1) D7Mit294 B6/B6 lens
phenotype is not as mild as the B8 knockout lens; 2) the presence of 11-brystallin in
D7Mit294 B6/B6 lenses andB-crystallin cleavages are more significant in D294 B6/B6
than B6 a3 knockout. Crystallin degradation is a consequeoten increase of calcium
concentration and activation of Calpain proteasesised by a loss of gap junction
communication formed bwg3 connexin (Baruch et al., 2001; Gong et al., 1987)itro lens
culture with and without specific calpain inhibsamplicates a lens calpain 3 isoform (Lp82/85)
is associated with the formation of nuclear catagraca3 knockout mice (Baruch et al.). CAPN3
anda3 double knockout study clearly demonstrates t#e® M3 is required for the dense nuclear
cataract formation in 1283 knockout mice (Tang 2008). However, double knatkoice in the
129 strain background still display a diffuse “pesyg’ cataract which is of different appearance
with B6 a3 knockout lens. Because the CAPN3 gene is iddrigtaveen 129 and B6 strains, it
is unlikely that CAPN3 is the direct modifier, biltat modification of calpain 3 activity may be
accomplished via genetic suppressor(s).
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4.5.2 Calpain Activity and Genetic Modifier

Previous work by our laboratory has shown that sgvef nuclear cataract in 129 and BG
knockout mice is correlated to the amount of cldaeB- andy-crystallin (Gong et al.). The
initiation of the nuclear cataractogenesis can dreetated with the appearance of the cleaved
form of aB-crystallin (Gong et al.), as we clearly obser®-C2 cleavage at PO in 1293
knockout and D7Mit294 129/129 samples. Howeveravdge ofaB-crystallin by itself is not
sufficient for generation of a severe nuclear @fabecause cleavages occur before dense
opacity is observed. Rather, the cleavagg-aifystallin may be more crucial for determine the
severity of the nuclear cataract (Gong et al.),clwhis supported by the observation that
D7Mit294 B6/B6 sample still has a little bjtcrystallin cleavage while B&3 knockout has
none, and D7Mit294 B6/B6 lens is slightly more opadhan B6o3 knockout as stated above.
Additional factor(s) is(are) needed to completelypmess thei-crystallin cleavage, probably
making the lens phenotype as mild asd&Sknockout. The cataract appearance in CAPN3 and
a3 double knockout mice unlike a dense nucleax3rsingle knockout mice is probably due to
the lack of smaller cleaved form aB-crystallin @B-C2) and 11-kD cleavegcrystallins (Tang

et al), and Lp82/85 is suggested to leag-twystallin cleavage in culture lenses (Baruchlgt a
Lp82/85 is responsible for these two protein clgaviorms. Presence of the 11-kkerystallin
cleavage band in D7Mit294 B6/B6 lens suggests L§B23 still active but not as highly as in
D7Mit294 129/129 lens. We have observed overal tagstallin cleavages in D7Mit294 B6/B6
lens not specificallpB-C2 and 11-kDy-crystallins and it is shown before that m-calpanal 1-
calpain can also cleave crystallin protein in ecicah dependent manner (David and Shearer,
1993; Robertson et al., 2008). This suggests #iher than only Lp82/85 activity, whole calpain
activity seems to be reduced in mice with two Bélas of D7Mit294. One hypothesis is that the
genetic suppressor near D7Mit294 inhibits the atiiv of the calpain proteases or their
activities.
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4.5.3 Calcium Homeostasis and Genetic Modifier

Calcium homeostasis is very important for maintagniens transparency in humans and rodents
(Duncan and Wormstone, 1999; Truscott et al., 199@use lenses are even more sensitive to
calcium levels due to the presence of calcium-dépenproteases, such as calpains, especially
the calpain 3 isoform (Lp82/Lp85) (Azuma et al. 979 Nakamura et al., 2000; Tang et al.,
2007). Elevated intracellular calcium levels adivaalpains that cleave- and [/y-crystallin
proteins (Tang et al., 2007; Ueda et al., 2002;efial., 2006a). An alternative hypothesis is that
the genetic modifier can regulate calcium homeast@sd/or inhibit calcium concentration rise
so that calcium concentration never reaches aaritvel to activate Lp82/85 and other calpains.
Previous studies by Mathias’ group have shown @eltalar calcium concentration in 1283
knockout lens raises to aroundM in the mature fibers compared to about 700nM eafay
wild-type lens, which is sufficient to activate L85 (critical level is aboutM). The genetic
modifier(s) near D7Mit294 may control the calciuntrease in 12@3 knockout lens so that
Lp82/85 and other calpains are less active or ivectthus, less crystallin degradation is
observed. Intracellular calcium concentration measent of B6 a3 knockout lens and
D7Mit294 B6/B6 lens will lead us to understand aaic distribution in those lenses and
consolidate this hypothesis.
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4.5.4 Light Scattering Measurement and Quantibcat

Light scattering measurement and quantificatioovallis to precisely detect the subtle difference
between cataractous lenses. It is done throughea @iptic spectrometer, unlike traditional grid
grading system, objective factors are ruled ouhses are illuminated by a white light source
perpendicular to the equator of the lens. Scattbghd by any opacity is captured by the optic
fiber with a whole acceptance of angle of 24.8°e Working angle sets a limitation to how
much area it can measure, it may not be able terdte whole mouse lens (depends on size of
the lens), but it is able to cover at least the leacleus where nuclear cataract is located. So thi
technique is perfect for our application purposentgasure light scattering by nuclear cataractous
lenses. With normalization to baseline each tinkeniadata is repeatable and comparable. The
drawbacks of this technique is that light sourdensity, distance between the light source and
lens sample, daylight and fluorescent tube lighb lboay influence the scattering results causing
variations even sometime with the same sample. Fomize the light source effect, we use
standardized fiber optic illuminator (Dolan-Jenmedustries, Inc) with low, medium and high
level control of light intensity. High level lighhtensity is used and room light is turned off each
time doing measurement. The distance between dightce and lens sample can still vary, but
we try our best to keep them around 1lcm distarMés.also snap at least two shots of light
scattering measurement spectrum and average thegqudatification purposes.
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4.5.5 Recent Studies and Future Directions

A recent study of proteomic differences between 428 B6a3 knockout lenses provide useful
information implicating some candidates for the efen modifier (Hoehenwarter 2008). It is
shown that HSP27/25 and ERp29 protein levels aregupated in the B6 strain at a young age
(Hoehenwarter 2008). However, there are no furtitedies or evidence suggesting these two
proteins are genetic suppressors. Interestingsir thork also indicates that the 129 strain has
about a 2-3 fold increase of low-molecular-weigii-crystallin cleavage product in both wild-
type anda3 knockout lenses (Hoehenwarter 2008). This mayagxpvhy aB-C2 is first clearly
noticed at new born stage in mice without genetippsessor, potentially associated with
initiation of nuclear cataract.

In the previous subchapter 4.4.3, | have discuskatl intercrossed mice with two 129
alleles of the D7Mit294 locus should show severelear cataract in older generation
intercrossed litters, given the possibility that wey have lost the other suppressors in the
genome. However, in F4 mice, it is possible to BadMit294(129/129) mice display mild
phenotypes because other suppressors played Yoesave filtered away the contribution by
the modifier near D7Mit294 and successfully segiedjghe other suppressors in the B6 strain
(subchapter 4.4.5). By using a similar genetic agpin, we may identify other loci that are
linked to the genetic modifier(s).

We are also fortunate to generate crossover mige hélp us narrow down the genetic
suppressor between D7Mit23 and D7Mit294 (subchagt#i6). Mice with two crossover B6
alleles display milder phenotypes than mice witllyane crossover or one regular B6 allele
suggesting that the genetic modifier is locatethetween these two genetic markers. However,
only from this one specific litter, the #3 mousedtcrossover B6 alleles) is a little bit more
severe than the #2 mouse (one crossover and ookrd®p allele). This can be due to 1) the
crossover allele may contain at least one suppressbthere are other candidates that have been
excluded; 2) individual mouse variation or sex &on. We have generally observed that male
mice show less severe cataract phenotypes thandarhthe same genotype. The sex factor has
not been elucidated. We need to investigate mtiezdito conclusively make the judgment.

Our next question is where the crossover allelesdmetween D7Mit23 and D7Mit294?
Base on SNP (Single Nucleotide Polymorphism) inege@yp2b9 and Cy2a4 between B6 and
129 strains, we identify that the B6 alleles sthgfore Cyp2a4 gene (27.09M), but the end point
has not been determined yet. Genotyping PCR sugdlestend point is between D7Mit266
(29.09M) and D7Mit117 (30.71M).

In summary, studies of the genetic modifierchromosome 7 of B6 strain near D7Mit294
marker suggest a novel genetic locus which conigémetic suppressor(s) for a nuclear cataract.
This locus does not include those candidate gesesrted by other groups, such as CAPN3,
HSP27/25 and ERp29. Thus, the modifier in this $owull be a new candidate gene or gene
complex. This work further supports that the suppoe on chromosome 7 behaves similarly as
the original ones in B6a3 knockout mice, sharing the mechanism where thadifier
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specifically inhibits proteases and/or regulatelsicen homeostasis to suppress severe nuclear
cataracts. Discovery of this locus provides us witimique opportunity to determine the altered
signals that are caused by a decrease in gap ganctimmunication formed byg3 connexins.
We reveal that gap junction communication may lbecééd by extra factors. However, it is still
unclear which gene/gene complex is the modifiertHeu fine mapping and gene cloning will
determine the possible candidates and identify ree ghat has been so important in the gap
junction field for the past decade.
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Chapter 5 Gap Junction Communication and Cataracts

This thesis work indicates that regulation of gapction communication in the lens affects lens
transparency, revealing potential strategies fdareat prevention. We have shown that an
increase in gap junction communication by knockthconnexin can prevent a nuclear cataract
caused byB-crystallin-S11R mutation, while a decrease in gapction communication by
knockouta3 connexin promotes nuclear cataract, which is el8oenced by genetic modifiers
on Chr7 and another chromosome. . Further studiesnaeded to identify these genetic
modifiers.

Investigation of a dominant nuclear catemas mouse lineNM3062, linked to theyB-
crystallin S11R point mutation, revealed that abmadry-crystallin protein aggregation probably
disrupted the membrane-cytoskeleton structuresbef tells, which would lead calcium influx
and calcium-dependent protein degradation. Deggoerraf inner mature fiber cells and
enlarged extracellular space cause a dense nueltanact.

Knock-in a3 connexin, replacing endogenam® connexin, increases the expressiom®f
connexin and decrease calcium level in interiorumeatens fiber cellsKi a3 mice provide us
unique opportunity to test the hypothesis thateased gap junction communication may prevent
nuclear cataractki a3 and NVM3062 compound mutant mice display clear lenses. Thus,
prevention of interior fiber cell degeneration relpably dependent on the over-expressioa®f
connexin, which enhances the intercellular commatioa and cell-cell adhesion to maintain
normal calcium homeostasis and membrane-cytoskebttactures in the lens. Previous studies
show the deletion of tha3 connexin gene causes distinct nuclear cataractisei 129/SvJ or
C57BL/6J mouse strains. We successfully mappedobtige suppressors on chromosome 7 of
C57BL/6J mouse strain. This suppressor is located region of ~3 million base pair near
genetic marker D7Mit294. It remains not fully unstend for how this genetic modifier
influences the nuclear cataract, however, the aataeverity is associated with the amount of
crystallin protein degradation. We hypothesize thesetic suppressor is likely inhibiting the
activation of calpain proteases and/or regulatialgiom homeostasis. In summary, this thesis
demonstrates a fundamental concept that improvedmemication in the lens can prevent
nuclear cataracts. Additional genetic factors magcal roles when communication is affected.
Gap junction proteins and the genetic suppressog@od targets for anti-cataract agents.
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