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Abstract

We have examined the gene expression profiles of young, old and cataractous human lenses in order
to differentiate those gene expression changes specific for cataract from those also associated with
lens aging. Differentially expressed transcripts were identified by oligonucleotide microarray
analysis and clustered according to their known functions. Four hundred and twelve transcripts that
are increased and 919 transcripts that are decreased were identified at the 2-fold or greater level
between epitheliaisolated from cataract relative to clear lenses while 182 transcripts that are increased
and 547 transcripts that are decreased were identified at the 2-fold or greater level between young
and old lens epithelia. Comparison of the cataract gene expression changes with those detected in
lens aging revealed that only 3 transcripts exhibited similar trends in gene expression. These data
suggest that cataract- and age-specific changes in gene expression do not overlap and provide
evidence for multiple cataract- and age-specific gene expression changes in the human lens.
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1. Introduction

Age-related cataract is a multi-factorial disease contributed by aging, genetics and
environmental factors that, among others, include UV-light, X-irradiation, toxins, metals,
steroids, drugs and diseases including diabetes (Phelps Brown, 1996). These combined factors
result in numerous lens changes that culminate to produce lens opacity including increased
proteolysis, alterations in the cell cycle, altered growth and differentiation of lens epithelial
cells, altered ion transport and osmotic balance as well as DNA damage (Phelps Brown,
1996).

An important step in understanding cataractogenesis is to identify those metabolic and
biochemical pathways altered between cataract and clear lenses. In the present survey, we have
sought to identify those gene expression differences between clear human lenses relative to
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age-related cataracts and we have focused on the lens epithelium since this monolayer of cells
is essential for the growth, differentiation and homeostasis of the entire organ (Bloemendal,
1981; Piatigorsky, 1981), contains the highest levels of enzymes and transport systems in the
lens (Reddy, 1971; Reddan, 1982; Spector, 1982) and is the first part of the lens exposed to
environmental insults (Reddan, 1982; Spector, 1982). Multiple studies suggest that the lens
epithelium is capable of communicating with the underlying fiber cells (Rae et al., 1996) and
direct damage to the lens epithelium and its enzyme systems is known to result in cataract
formation (Harding and Crabbe, 1984; Hightower, 1995; Spector, 1995; Phelps Brown,
1996). Importantly, the majority of transcription occurs in the epithelial cells of the lens, and
therefore these cells make up the majority of lens cells capable of responding to environmental
insults and/or the presence of cataract through altered gene expression. Since the lens
epithelium is composed of a single cell-type it represents an ideal model for differential gene
expression studies.

Considerable evidence suggests that gene expression in the lens epithelium is altered by the
presence of cataract. For instance, metallothionein Ila (Kantorow et al., 1998b) osteonectin,
also known as SPARC (Kantorow et al., 1998a) and adhesion-related kinase (Sheets et al.,
2002) are up-regulated in cataract relative to clear lenses while multiple ribosomal proteins
(Zhang et al., 2002) and protein phosphatase 2A (Kantorow et al., 1998b) are down-regulated
in cataract relative to clear lenses. Many of these genes have functions consistent with processes
associated with cataract formation. Metallothionein Ila is involved in metal binding and
detoxification (Kagi and Schaffer, 1988) and heavy metals such as cadmium are known to be
associated with cataract (Ramakrishnan et al., 1995). Osteonectin, a calcium-binding protein
that functions in the regulation of cell growth (Sage et al., 1995), when deleted in mice, results
in cataract formation (Gilmour et al., 1998). Decreased expression of ribosomal proteins results
in decreased protein synthesis, aphenomenon that has been linked to cataract formation (Haloui
etal., 1990).

2. Gene expression profiles of human age-related cataracts

Although these individual changes in gene expression are informative, further gene
identification is needed to define those functional gene clusters that could elucidate major
pathways associated with cataract. Here, we have used oligonucleotide microarrays to compare
the global gene expression profiles between pooled, approximately age-matched, human lens
epithelia isolated from cataract (average age 71 years) and clear lenses (average age 64 years).
This technology allows us to examine the expression levels of over half of the genes comprising
the human genome. The cataracts used in this study were approximately 2—-3 mm? central lens
epithelial tags and represent the entire population of patients undergoing cataract surgery at
the Jules Stein Eye Institute, UCLA School of Medicine. These cataracts were classified
according to a modified version of the Lens Opacities Classification Scale (LOCS)-111 grading
system and are represented by approximately 70% mixed, 20% nuclear, 5% cortical and 2%
posterior subcapsular cataracts. The clear lenses were obtained from organ donors within 24
hr post-mortem by the West Virginia Eye Bank and the Lions Eye Bank of Oregon. The clear
lenses were micro-dissected for central epithelium (6-8 mm?) and contaminating fiber cells
were removed. Any lens exhibiting opacity was excluded from the present study.

This analysis revealed 412 transcripts whose expression levels are increased by 2-fold or
greater in human age-related cataract relative to clear lenses and an additional 919 transcripts
whose expression levels are decreased by 2-fold or greater (Hawse et al., 2003). Of these genes,
74 are increased by 5-fold or greater and 241 are decreased by 5-fold or greater in cataract
(Hawse et al., 2003). Semi-quantitative RT-PCR confirmations indicate that the microarray
data is approximately 84% accurate (Hawse et al., 2003).

Exp Eye Res. Author manuscript; available in PMC 2006 January 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hawse et al.

Page 3

Functional clustering and over-representation analysis of the identified genes using the EASE
bioinformatics software package revealed that multiple biological pathways, represented by
functional gene clusters, are significantly altered upon cataract formation. Of the genes
increased in cataract by 2-fold or greater, the following categories were identified as being
significantly altered; chromosome organization, nuclear organization, transcription/DNA-
dependent, transcription, nucleic acid metabolism, nucleic acid binding, ligand binding or
carrier and DNA binding (Hawse et al., 2003). Of the genes decreased in cataract by 2-fold or
greater, the following categories were identified as being significantly altered; RNA splicing,
protein biosynthesis, protein synthesis elongation, protein synthesis initiation, macromolecule
biosynthesis, amine biosynthesis, peroxidase reaction, microtubule-based process, organelle
organization, cytoskeleton organization, temperature response, heat-shock response, vision,
response to external stimulus, U6 sSnRNA binding, pre-mRNA splicing factor, mRNA binding,
proteasome endopeptidase, translation factor, selenium binding, alcohol dehydrogenase, heat-
shock protein, oxidoreductase, glutathione peroxidase, chaperone, structural constituents of
lens and structural molecules (Hawse et al., 2003).

Although it is extremely difficult to summarize this large amount of data, a few groups of genes
that may play important roles in cataract formation are worthy of noting. The relative
expression differences of these genes and other genes not discussed here are available (Hawse
et al., 2003). Of the genes increased in cataract, many are associated with ionic transport. In
particular, a PQ type voltage gated calcium channel was detected to be increased in cataract
by nearly 5-fold. Calcium is likely to be an important factor in cataract formation since the
activity of calcium-ATPase is reduced by 50% in the membranes of lens epithelia isolated from
cataractous lenses compared to clear human lenses (Paterson et al., 1997). Oxidative stress has
also been demonstrated to have an effect on the activity of calcium transporters in the lens. For
example, hydrogen peroxide decreases the activity of calcium transporters in rabbit lenses
(Borchman et al., 1989). These phenomenons are closely associated with our results
demonstrating an increase in calcium transporters, possibly in an attempt to overcome their
decreased activity in cataractous lenses.

Adducin, another member of the ligand binding or carrier group, was detected to be increased
in cataracts by 6-fold. Adducin is a cytoskeletal protein involved in signal transduction
mechanisms through modulation of the actin cytoskeleton at cell-cell contact sites (Kuhlman
et al., 1996). The actin-based cytoskeleton has been shown to interact with epithelial sodium
channels, sodium/potassium/ chloride co-transporters and sodium/potassium ATPase and is
therefore likely to be involved in alterations in ionic transporters. Copine I11 is another gene
involved in membrane trafficking processes (Creutz et al., 1998) upon calcium binding. We
have detected that Copine Il is increased in cataracts relative to clear lenses by 7-fold. Other
genes known to be involved in ligand binding or transport that exhibited high levels of increased
expression in cataracts were sodium/potassium ATPase beta 1 polypeptide, chloride channel
3, pleiotrophin and sodium/hydrogen exchanger isoform 2.

Another major group of genes that exhibit increased expression in cataractous epithelia
compared to clear lens epithelia are extracellular matrix proteins. Specific examples include
adducin, pleiotrophin, an extracellular matrix protein that binds heparin (Fath et al., 1999) and
is induced during wound repair (Deuel et al., 2002). Another gene included in this category is
claudin, a component of tight junction filaments capable of interacting adhesively with
complementary molecules on adjacent epithelial cells (Gonzalez-Mariscal et al., 2003). Recent
studies have found that over-expression of claudin-2 induces cation-selective channels in tight
junctions of epithelial cells resulting in increased ion permeability (Amasheh et al., 2002).
Other genes include supervillin, an F-actin bundling plasma membrane protein that contains
functional nuclear localization signals (Wulfkuhle et al., 1999), bamacan, a chondroitin
sulphate proteoglycan that abounds in basement membranes and is thought to be involved in
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the control of cell growth and transformation (Ghiselli et al., 1999) and osteonectin which has
previously been demonstrated to be increased in human age-related cataracts (Kantorow et al.,
2000).

The majority of genes whose expression levels are altered between cataracts and clear lenses
exhibit decreased expression. These genes function in diverse processes including protein
synthesis, oxidative stress, structural proteins, chaperones and cell cycle control proteins. Many
of these processes represent metabolic systems designed to preserve lens homeostasis and their
decreased expression may reflect the inability of the lens to maintain its internal environment
in the presence of stress and/or cataract. Specific examples of these genes include multiple
ribosomal protein subunits involved in protein synthesis including large subunits 21, 15, 13a
and 7a which were previously shown to be decreased in cataract relative to clear human lenses
(Zhang et al., 2002), selenoprotein W1, a glutathione-dependent antioxidant known to protect
lung cells against H,O5 cytotoxicity (Jeong et al., 2002) which could play a role in defending
the lens against oxidative stress, glutathione peroxidases 1, 3 and 4, important oxidative stress
enzymes that are likely to play major roles in lens protection and maintenance (Reddy et al.,
2001), multiple crystallins and other lens structural components, Hsp70, a key ATPase
activated chaperone (Haslbeck, 2002), Hsp27-1, a small heat-shock protein likely to be
important for lens protection (Ganea, 2001), Hsp27-2, a small heat-shock protein closely
related to aB-crystallin (Iwaki et al., 1997) which may also be important for lens protection,
and aA-crystallin that, in addition to its structural role in the lens, is also a small heat-shock
protein that can prevent protein aggregation in the lens (Horwitz, 1992).

It is important to note that some of the same genes, and their corresponding magnitude changes
detected in the present study, correlate almost exactly with the gene expression differences and
magnitude changes detected between cataract epithelia and clear lens epithelia using an entirely
different population of human subjects as well as a different type of hybridization screening
(Ruotolo et al., 2003). Previous studies employing RT-PCR differential display technology
have also identified similar trends in the expression of specific genes between human age-
related cataract and clear lenses (Zhang et al., 2002). These complementary studies provide
confidence that the gene expression differences detected in the present survey are truly
accurate.

3. Gene expression profiles of aged human lenses

One intriguing question concerning these gene expression changes is whether they would be
specific for cataract or would also be detected in young verses old lenses. Therefore, we have
also conducted oligonucleotide microarray studies on old and young lens epithelia to identify
gene expression changes that occur in the lens with age. For this experiment, we used 10 pooled
young lens epithelia, average age 32-3 years, and 10 pooled old lens epithelia, average age 64
years. The chip representing the pooled old lens epithelia sample is the exact same chip that
represents the clear lens sample used in the cataract comparison. This analysis revealed that
182 transcripts are increased in old lenses compared to young lenses while 547 transcripts are
decreased at the 2-fold or greater level. Of these, only 4 transcripts are increased with age at
the 5-fold or greater level while 74 transcripts are decreased with age at the 5-fold or greater
level.

Functional clustering of the identified gene expression differences between young and old
lenses revealed that biological processes such as regulation of translation, protein synthesis,
intracellular transport, cell growth and/or maintenance, and response to stress, among others,
are increased with age (Fig. 1) while Biological Processes such as double-strand break repair,
telomere maintenance, transcription, chromosome segregation, extracellular matrix
organization and DNA unwinding, among others, are decreased with age (Fig. 2).
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Specific genes whose transcript levels were detected to be increased in old lens epitheliarelative
to young lens epithelia included multiple small and large ribosomal protein subunits as well
as several translation initiation, elongation and termination factors. MIP, tubulin and cyclin
D1 are examples of genes involved in cell growth and/or maintenance that were increased in
aged lens epithelia. Another category of interest, which also exhibited increased expression
with age, is response to stress, which includes growth arrest and DNA damage-inducible alpha
gene, TNF receptor member 17, beta 1 integrin and chemokine ligand 2. It must be noted that,
as mentioned above, the majority of these genes have increased expression levels of only 2—
3-fold.

There were many more genes with much larger fold changes that exhibited decreased
expression with age. Major categories of these genes included double-strand break repair and
telomere maintenance. Specifically, we detected decreased expression levels of telomeric
repeat-binding factor 1, the deletion of which causes growth defects and chromosomal
instability in mouse embryonic stem cells (Iwano et al., 2004), dyskerin, which is believed to
function in maintaining cell proliferation and/or function (Heiss et al., 1999) and Nijmegen
breakage syndrome 1 which functions in double-strand break repair and cell cycle checkpoints
(Carney et al., 1998).

Another major category, that exhibited decreased expression with age, was composed of genes
associated with transcription, including numerous zinc finger proteins and other transcription
factors. It is well documented that many genes involved in transcriptional processes are down
regulated with age in multiple tissues and organisms including rats (Blalock et al., 2003), mice
(Frasca et al., 2003) and humans (Roy et al., 2002) and their down regulation is a central
hypothesis as to why cells age and eventually die.

4. Comparison of gene expression differences between cataractous and aged
human lenses

In order to identify those gene expression differences that are likely to be specific for cataract
and not aging of the lens, we compared the aging data with the cataract data. In comparing
these two sets of data, only 3 transcripts were identified to be common between the detected
cataract-specific gene expression differences and the age-specific gene expression differences
even at the 2-fold or greater level. These three transcripts, hevin, opioid-binding protein/cell
adhesion molecule and FXYD domain containing ion transport regulator 6, were detected to
be decreased in cataracts relative to clear lenses and were also decreased with age. There were
no genes identified to be increased in cataract and simultaneously increased with age. A total
of 126 transcripts exhibit decreased expression in cataracts and increased expression with age
while 171 transcripts were detected to be increased in cataract and decreased with age. There
were 1031 transcripts detected to be altered between cataract and clear lenses but unchanged
with age and another 429 transcripts that were detected to be altered with age but unchanged
in cataract. It is interesting to note that many of the functional categories that are increased in
cataracts are actually decreased with age and those that are decreased in cataracts are increased
with age.

5. Summary

In this presentation summary, we highlight those transcripts, and their associated functional
categories, that were detected to be altered in cataract relative to clear lenses. We acknowledge
that this data only reflects alterations in the mRNA levels of the identified genes and that some
of these changes may not be reflected at the protein level and further studies will be needed to
determine this relationship. Since the gene expression changes associated with aging of the
human lens are different than those identified in cataracts, our data may indicate that the
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majority of gene expression changes present in cataractous human lenses reflect responses of
the lens to the presence of cataract. Although this work is descriptive, and does not distinguish
consequential gene expression differences from true responses of the lens epithelium to the
presence of cataract, it nevertheless reveals many functional processes likely to be altered in
cataract whose further study will provide significant insight into this disease.
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Fig. 1.

Functional clusters of genes involved in biological processes which have increased expression
levels in old lens epithelium compared to young lens epithelium. The specific sub-categories
of genes determined to be significantly altered using the statistical clustering program, EASE,
are indicated. Percentages indicate the number of altered genes in each sub-category relative
to their total representation on the microarray. Colours denote the approximate relative cellular
location for which the genes in each sub-category function ranging from the nucleus to the
plasma membrane (red to violet). Pie piece size approximates the number of changed genes in
each sub-category.
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Fig. 2.

Functional clusters of genes involved in biological processes which have decreased expression
levels in old lens epithelium compared to young lens epithelium. The specific sub-categories
of genes determined to be significantly altered using the statistical clustering program, EASE,
are indicated. Percentages indicate the number of altered genes in each sub-category relative
to their total representation on the microarray. Colours denote the approximate relative cellular
location for which the genes in each sub-category function ranging from the nucleus to the
plasma membrane (red to violet). Pie piece size approximates the number of changed genes in
each sub-category.
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