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Abstract

Background—Knock-in mice provide useful models of congenital and age-related cataracts
caused by a-crystallin mutations. R49C aA-crystallin and R120G aB-crystallin mutations are
linked with hereditary cataracts. Knock-in aA-R49C+/- heterozygotes develop cataracts by 1-2
months, whereas homozygote mice have cataracts at birth. The R49C mutation drastically reduces
lens protein water solubility and causes cell death in knock-in mouse lenses. Mutant crystallin
cannot function as a chaperone, which leads to protein aggregation and lens opacity. Protein
aggregation disrupts the lens fiber cell structure and normal development and causes cell death in
epithelial and fiber cells. We determined what aspects of the wild-type phenotype are
agedependently altered in the mutant lens.

Methods—Wild-type, heterozygote (aA-R49C+/-), and homozygote (aA-R49C+/+) mouse
lenses were assessed pre- and postnatally for lens morphology (electron microscopy,
immunohistochemistry), and autophagy or unfolded protein response markers (immunablotting).

Results—Morphology was altered by embryonic day 17 in R49C+/+ lenses; R49C+/- lens
morphology was unaffected at this stage. Active autophagy in the lens epithelium of mutant lenses
was indicated by the presence of autophagosomes using electron microscopy. Protein p62 levels,
which are degraded specifically by autophagy, increased in aA-R49C mutant versus wild-type
lenses, suggesting autophagy inhibition in the mutant lenses. The unfolded protein response
marker XBP-1 was upregulated in adult lenses of aB-R120G+/+ mice, suggesting its role in lens
opacification.

Conclusions—Mutated crystallins alter lens morphology, autophagy, and stress responses.
General Significance—Therapeutic modulation of autophagic pathways may improve protein

degradation in cataractous lenses and reduce lens opacity.
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1. Introduction

The crystallin protein family accounts for 90% of lens proteins and plays a key role in lens
transparency [1,2]. Point mutations in the genes encoding a-, -, and y-crystallins cause
hereditary human cataract formation at birth or at an early age [3-5]. Alphacrystallin is an
oligomer of two polypeptides, aA- and aB-crystallin, that are expressed in lens epithelial
and fiber cells. Human patients harboring single point mutations in aA- and aB-crystallin
genes develop hereditary cataracts [6—8]. The distribution of a- crystallin in human lenses
changes with aging [9,10]. There is strong correlation between loss of a-crystallin from the
lens soluble protein fraction and increased light scattering and lens opacification in human
cataracts [9]. Genetically defined cataracts are attractive model systems for studying the
mechanisms of cataract formation. Age-related cataracts are very heterogeneous and
multifactorial in origin. Cataracts caused by specific mutations in crystallin genes occur
earlier in life and can be studied in animal models. Cataract-causing mutations identified in
human aA-crystallin include the R49C [11], R116C [8], R116H [12], G98R [13], R54L
[14], R21Q [15], and W9X mutations [16]. The aA-R49C mutation causes protein
aggregation, cell death, and mislocalization of the mutant protein to the cellular nucleus. The
mutant protein also forms crosslinks with other crystallins in vitro. Mutations in the aB-
crystallin gene that cause human cataracts include the R120G, R11H, and P20S mutations
[7,17,18]. The aB-R120G mutant protein also forms high-molecular weight aggregates, and
knock-in mice have been generated to understand the mechanism of cataract formation by
this mutant [19].

Studies in the past two decades have demonstrated the importance of genetic factors in the
etiology of age-related cataract [20,21]. Functional studies of hereditary cataract formation
in animal models can improve our understanding of the etiology of age-related cataracts
[22,23]. To understand disease etiology in hereditary cataracts, we have used embryonic
stem cell-based technologies to generate knock-in mice expressing a-crystallin proteins
containing either the aA-R49C or aB-R120G mutation. These two mutations are associated
with human autosomal dominant hereditary cataracts. Point mutation gene knock-in mice
have a single-nucleotide mutation in a gene that does not ablate the gene but merely changes
its function. Knock-in mice offer the advantage of comparing wild type, heterozygous, and
homozygous mice, and permit studying the effects of gene dosing in vivo. Knock-in mice
have been used to study the role of specific mutations in connexin and aA- and aB-
crystallin genes that cause cataract pathology [19,24,25].

2. Materials and Methods

Experiments using mice were performed in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Visual Research. All animal procedures were performed
by the Washington University Mouse Genetics Core, following protocols approved by the
Washington University Animals Studies Committee. Mice were euthanized via CO,
asphyxiation followed by cervical dislocation. For neonatal mice, decapitation was used.
Eyes were enucleated and lenses were extracted on ice in Dulbecco’s phosphate-buffered
saline (PBS) containing protease inhibitors (1:1000 vol/vol of protease inhibitor cocktail;
Sigma-Aldrich, St. Louis, MO). Lenses were manually homogenized to extract water-
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soluble proteins, and homogenates were centrifuged at 20,800 x g for 30 min to separate
soluble and insoluble fractions. After withdrawing the soluble supernatant fraction, the
remaining protein pellet was dissolved in 1x PBS containing 8M urea. Bradford assays
provided sample protein concentrations for uniform gel loading. Western blotting used
primary antibodies against f-actin (Sigma A1978), p62 (Sigma P0067), and XBP-1 (Santa
Cruz Biotech), at dilutions of 1:500-1:1000 in either Odyssey Blocking Buffer (LI-COR,
Inc., Lincoln, NE) or 5% non-fat dried milk in Tris-buffered saline. After washing, IRDye
secondary antibodies (LI-COR) were used to image the blots on an Odyssey SA Infrared
Imaging System (LI-COR); band intensities were quantified using Odyssey 3.0 software.
Histological and immunocytochemical analysis was performed on lens sections according to
methods described previously [26,27]. Transmission electron microscopy was performed by
our Molecular Microbiology Imaging Core facility [27].

and Discussion

3.1 aA-crystallin mutation affects embryonic histology at embryonic day 17

Human patients heterozygous for the aA-R49C mutation in aA-crystallin develop cataracts
at birth or during infancy [11]. The aA-R49C heterozygous mice that mimic the
heterozygosity of human patients have one mutant allele and one wild-type allele. Knock-in
heterozygote mice exhibit minor lens defects by 2 months of age, including reduced protein
solubility and increased lens opacification. Homozygous aA-R49C knock-in mice that
express only mutant aA-crystallin have more serious lens defects that are present at birth.
Comparison of wild-type, heterozygous, and homozygous lenses allow us to study gene-
dosage effects. We initially focused on aA-R49C homozygous mice, where the changes are
expected to be more readily observable [26,28,29].

To understand the mechanism of cataract formation, it is necessary to investigate the earliest
changes that occur during lens development in the presence of the mutant aA-R49C protein.
Mice underwent timed pregnancy, with embryos extracted at different times after
conception. The aB-crystallin gene is expressed very early during mouse development, with
transcripts present in the lens placode at embryonic day (E) 9.5; aA-crystallin transcripts
appear at E10.5 [30]. We determined what aspects of the wild-type phenotype are lost in the
mutant lens, and tested whether these changes occur soon after mutant aA-crystallin protein
is expressed in the embryonic mouse lens. Thus, we hypothesized that cataracts will develop
on, or after, E11.5. aA-crystallin transcripts first appear at E10.5 in the mouse lens, and aA-
crystallin is strongly expressed at E 12.5 [30,31]. Figure 1 shows the histology of wild-type
and aA-R49C knock-in homozygous mutant mouse lenses at E17. Increased vacuole
formation in the anterior region and loss of regular fiber cell morphology was first evident in
homozygote mutants at E17. By birth, the morphology was significantly disrupted in
anterior, posterior, and equatorial regions of the lens. The histology of heterozygous knock-
in mutant mice appeared normal in embryonic development (not shown). Taken together,
our findings indicate that mutated aA-crystallin affects lens development and homeostasis a
short time after the mutant protein is expressed in vivo.
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3.2 Autophagy in knock-in aA-crystallin mutant mouse lenses

Autophagy is a result of signaling pathways in which protein substrates targeted for
degradation are packaged into inclusion bodies and engulfed by double-membrane
organelles called autophagosomes [32-34]. Autophagosomes fuse with lysosomes and
damaged proteins are then degraded by lysosomal proteases. We previously detected
autophagosomes in lens epithelial cells of aB-R120G knock-in mutant mice [27]. Our data
further demonstrated an increase in the size of the punctate bodies containing the protein
p62, a specific marker for autophagy, suggesting that the mutation affects protein
degradation [27]. These findings strongly suggest inhibition of autophagic degradation in the
aB-R120G mutant [23]. Similar dysfunctional autophagy has been linked to increased
accumulation of aggregated aB-R120G protein in cardiomyocytes [35,36].

The role of autophagy in lens function was suggested by the discovery of human cataracts
associated with a mutation in the gene encoding FYVE and coiled-coil domain containing 1
(FYCO1), a protein involved in autophagosome transport [37]. Expression of autophagy
genes in human lens epithelial and fiber cells was previously reported [38], and we have
demonstrated that autophagy is inhibited in aB-R120G knock-in mice [27]. The
autophagosome markers LC3B and FYCOL1 are detected throughout the lens fibers in
newborn mutant mice [39]. These proteins are also detected in microdissected human lens
fibers, and the number of LC3B-positive puncta is increased in cultured lens epithelial cells
upon serum starvation, suggesting that autophagy is induced in lens cells under stress [38].
Decreased autophagy can result in the accumulation of aggregation-prone proteins, cellular
degeneration, and cell death and is usually accompanied by the accumulation of p62 in large
perinuclear aggregates [40-42]. p62 is a ubiquitin- and LC3-binding scaffold protein that co-
localizes with ubiquitinated protein aggregates in many protein aggregation diseases
associated with neurodegeneration, myofibrillar myopathies, and cataracts [43,44]. Because
p62 is specifically degraded by autophagy it accumulates in cells and tissues of autophagy-
deficient mice, and p62 accumulation is used as a marker for autophagy inhibition [42]. p62
accumulates in the lens of a mouse model for autophagy inhibition with lens-specific
deletion of the ATG5 gene [45]. We hypothesize that autophagy is essential for normal lens
homeostasis and that inhibited autophagy is associated with increased risk of cataract
formation.

We examined p62 levels in wild-type vs aA-R49C knock-in mutant mouse lenses at an early
postnatal age by immunoblotting and autophagosome size by electron microscopy to
determine whether autophagy is altered in the aA-R49C mutant lens. Figure 2 shows
expression of the autophagy marker p62 in lenses of wild-type and aA-R49C knock-in mice.
Western blotting for p62, a protein that is specifically degraded by autophagy and is thus a
marker for autophagy, indicated impaired autophagy in mice containing one or two copies of
the R49C mutation. p62 levels in the aA-R49C knock-in lenses were increased. Elevated
p62 accumulation in the mutants is evidence of a partial shutdown of autophagy pathways.

Autophagosomes were evident in the central and equatorial regions of the lens epithelium of
wild-type and aA-R49C mutant lenses. To further examine the effect of the mutation on
autophagy, we examined autophagosomes in 2-week-old wild-type, heterozygous, and
homozygous mutant lenses by electron microscopy. Figure 3 shows the autophagosomes
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detected in the central epithelial region of these mouse lenses. Autophagosome size per unit
cytoplasmic area was two-fold smaller in the aA-R49C+/- lenses in the central epithelium,
but was not significantly affected in aA-R49C+/+ lenses. However, autophagosomes were
also two-fold smaller in the equatorial epithelium of the aA-R49C+/- and a A-R49C+/+
knock-in lenses (Fig. 4). The area of autophagosomes per unit cellular area was 85.54 +
31.68 for wild-type (n = 7), 40.72 £ 23.16 for aA-R49C +/- (n = 7) and 32.015 = 3.00 for
aA-R49C +/+ mutant lenses (n = 4), p < 0.01 wild-type vs. mutant. These observations
suggest that the aA-R49C mutation inhibits autophagosome development in this model.

3.3 Activation of unfolded protein response (UPR) in knock-in mutant mouse lenses

Human patients heterozygous for the aB-R120G mutation in aB-crystallin develop desmin-
related myopathy and cataracts at an early age [7]. The aB-R120G knock-in mice develop
lens opacity, appearing even in 3-week-old mice, which increase in severity with age [19].
The molecular weight of the a-crystallin fraction increased from 1130 to 2014 kDa and
2855 kDa in lenses from 4-month-old aB-R120G wild-type mice, heterozygote mutants, and
homozygote mutants, respectively [19]. This increased molecular weight, together with the
increased protein content in the water-insoluble fraction, suggests accumulation of
aggregated proteins in the mutant lenses. It is not yet known how high-molecular weight
protein aggregates are degraded.

The UPR is an intracellular signaling mechanism by which cells respond to the presence of
misfolded proteins [46,47]. The UPR has been implicated in the pathogenesis of protein
aggregation diseases including Alzheimer’s, Parkinson’s, and cataracts [48,49]. Recent
studies on the nervous system suggest a cross-talk between autophagy and UPR, wherein
deficiency of a key UPR transcription factor leads to increased autophagy [50,51]. Lens cells
in diabetic cataracts and in lenses expressing mutant collagen 4a or the aA-crystallin G98R
mutant experience endoplasmic reticulum (ER) stress and activate the UPR [49,52,53].
When UPR is activated, the protein-folding capacity of the cell increases. This includes
upregulating synthesis of chaperonin proteins, decreasing general transcription, and
enhancing ER-associated degradation [47]. If these steps do not restore cellular integrity,
then apoptosis pathways are activated. In non-stressed conditions the ER chaperone binding
immunoglobulin protein (BiP), a sensor of altered ER homeostasis, binds to three juxtaposed
stress transducers in the ER membrane, i.e., inositol-requiring enzyme 1 (IRE1), activating
transcription factor 6 (ATF6), and protein kinase RNA-like endoplasmic reticulum kinase
(PERK). Accumulation of misfolded proteins causes IRE1 dissociation from regulatory
proteins, oligomerization, and activation to increase expression of X-box binding protein 1
(XBP-1), which is a potent transcriptional activator. ATF6 released from BiP activates UPR-
responsive genes. PERK released from BiP increases transcription of stress-responsive
genes with apoptotic functions such as CCAAT-enhancer-binding protein homologous
protein (CHOP). We previously demonstrated enhanced expression of ATF4 and CHOP,
proteins normally linked with the activation of the PERK pathway and subsequent cell death
in aA-R49C knock-in homozygous mutant lenses [54]. Furthermore, XBP-1 and ATF6 were
downregulated in the a A-R49C mutant lenses, suggesting downregulation of the IRE1 and
ATF6 branches of the UPR that elicit cytoprotective responses to restore cellular
homeostasis [46—48].
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Analysis of the UPR in the aB-R120G knock-in mouse model demonstrated that the PERK
and ATF6 branches of the UPR were unaffected in these lenses, and there were no
significant changes in the levels of CHOP, ATF6, or ATF4 (not shown), but the levels of
XBP-1 increased, suggesting an activation of the IRE1 branch of the UPR (Fig. 5). These
observations are consistent with the absence of cell death observed in the aB-R120G knock-
in mutant mouse lenses. Thus the two knock-in mouse models investigated in the current
work demonstrate distinct mechanisms of pathway activation leading to cell homeostasis in
the lens.

4. Conclusions

We are using an integrated program aimed at elucidating the function of mutant a-crystallin
invivo. This approach will increase our understanding of the mechanisms underlying
congenital cataracts caused by aA-crystallin mutations and will provide crucial information
concerning the mechanisms of age-related cataract. Our studies demonstrate different
mechanisms of protein homeostasis in two mouse models with either aA-crystallin or aB-
crystallin gene mutations. The aA-R49C homozygous mouse lenses display upregulation of
the PERK UPR pathway, which leads to lens cell death, whereas the aB-R120G mutation
activates the IRE pathway in lenses, a cytoprotective response. Autophagy appears to be
inhibited in the aB-R120G model of cataract, and the current work suggests that this also
occurs in the aA-R49C knock-in lenses. Both models demonstrate increased lens
accumulation of p62 protein, which is specifically degraded by autophagy, suggesting
autophagy inhibition during cataract formation. We propose that autophagy is essential for
normal lens homeostasis and that the inhibition of autophagy is associated with increased
risk of cataract formation.
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Highlights

e Knock-in mice provide useful models of congenital and age-related cataracts
caused by a-crystallin mutations.

e R49C aA-crystallin and R120G aB-crystallin mutations are linked with
hereditary cataracts.

e Mutant crystallin cannot function as a chaperone, which leads to protein
aggregation and lens opacity

e Mutated crystallins alter lens morphology, autophagy, and stress responses.

e Therapeutic modulation of autophagic pathways may improve protein
degradation in cataractous lenses and reduce lens opacity.
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Figure 1.
Morphology of lenses from embryonic and newborn mice. Wild type and aA-R49C knock-

in mutant mouse eyes were analyzed by hematoxylin/eosin staining (A, B) and aquaporin-0
immunofluorescence (C, D). Eyes from embryonic day 17 (E17) mice showed normal lens
morphology (A), whereas those from aA-R49C homozygous mutants (B) have an aberrant
morphology and uneven staining of cortical fiber cells (box), and increased vacuole
formation in the fiber cells of the equatorial (arrows) and anterior region (arrowheads) of the
lens. C) Immunofluorescence of aquaporin-0 expression in lens fiber cells of Day 0 (PO)
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mouse lenses. Note the regular morphology of fiber cells in the nuclear and posterior
regions. (D) aA-R49C homozygous knock-in mutant mouse lenses showed irregularly
shaped fiber cell morphology and a disrupted alignment of lens fiber cells. The nuclei
(green) appear to accumulate in the posterior and nuclear regions in the homozygous mutant
lenses (arrowheads). Red = Aquaporin-0 immunofluorescence. Green = DRAQS5. Scale bar
=150 um (A, B, D), 100 um (C).
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Figure 2.
Immunoblot analysis of the autophagy-specific protein p62 in in wild-type, heterozygous

aA-R49C (R49C Het), and homozygous aA-R49C (R49C Homo) lenses. Four-week-old
lenses were analyzed using antibodies against p62 and actin. Band densities at 62 kDa (p62)
and 43 kDa (actin) were quantified and presented as relative ratios. Note the mutant gene-
dosage-dependent increase in p62 expression in the heterozygous and homozygous knock-in
mutant lens protein as compared with wild-type controls. The results are representative of
three independent experiments with a standard deviation of 10%.
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Figure 3.
A gallery of electron micrographs of autophagosomes in the central lens epithelial cells of

mouse lenses. Double-membrane structures (white double arrows) consistent with
autophagosomes were detected in each genotype. (A, B), Wild-type; (C, D), aA-R49C
heterozygous mutant; (E, F), aA-R49C homozygous mutant. The structures contained
cytoplasmic material and/or organelles and were surrounded by cytoplasm. Note the
proximity of the autophagosomes to the ER and Golgi. The size of autophagosomes per unit
cellular area was smaller in the aA-R49C heterozygous mutant than in the wild-type. ER,
endoplasmic reticulum; rER, rough endoplasmic reticulum; G, Golgi; M, mitochondria; N,
nucleus. Scale bar = 500 nm.
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Figure 4.
Electron micrographs of autophagosomes in the equatorial epithelial cell region of mouse

lenses. Sections of lens epithelial cells, approximately 20 cells before differentiation and cell
elongation starts, were analyzed. (A, B), Wild-type; (C, D), c AR49C heterozygous mutant;
(E, F), aA-R49C homozygous mutant. The area of the autophagosomes per unit cellular area
was smaller in the aA-R49C mutant lenses than in the wild-type. ER, endoplasmic
reticulum; rER, rough endoplasmic reticulum; G, Golgi; M, mitochondria; N, nucleus. Scale
bar =500 nm.
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Figure 5.
Immunoblot analysis of the UPR-associated protein XBP-1 in wild-type, heterozygous aB-

R120G (R120G Het), and homozygous aB-R120G (R120G Homo) lenses. Forty-g protein/
sample was analyzed and the relative intensity of XBP-1 band per pg protein was
determined by image analysis. Note the increase in XBP-1 in aB-R120G mutant lenses as
compared with wild-type. The two wells are replicate aliquots of single samples. The error
bars reflect standard deviations. The data are representative of three independent
experiments.
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