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Purrose. Congenital cataract is a major cause of visual impairment and childhood blind-
ness; however, its underlying mechanism remains unclear. Here, we aimed to identify the
roles of endoplasmic reticulum stress (ERS), lysosomal pathway, and lens capsule fibrosis
during the progression of fB2-crystallin mutation-induced congenital cataract in mice.

MetHODS. BetaB2-W151C knock-in mice were generated using the CRISPR/Cas9 system.
Lens opacity was assessed with a slit-lamp biomicroscopy and dissecting microscope.
Transcriptional profiles of the lenses in W151C mutant and wild-type (WT) control mice
were detected at 3 months of age. Immunofluorescence of lens anterior capsule was
photographed with a confocal microscope. Real-time PCR and immunoblot were used to
detect gene mRNA and protein expressions, respectively.

Resurrs. BetaB2-W151C knock-in mice developed progressive bilateral congenital
cataracts. At 2 to 3 months of age, lens opacity rapidly progressed to complete cataracts.
Additionally, multilayered LEC plaques developed beneath the lens anterior capsule in
homozygous mice at 3 months of age, and severe fibrosis was observed in the whole lens
capsule at 9 months of age. Microarray analysis of whole genome transcriptomics and
the validation results of real-time PCR revealed that genes of ERS, the lysosomal pathway,
apoptosis, and cell migration and fibrosis were significantly upregulated in B2-W151C
mutant mice during the accelerated development of cataract. Moreover, the syntheses of
various crystallins stagnated in fB2-W151C mutant mice.

Concrusions. ERS, the lysosomal pathway, apoptosis, and fibrosis all contributed to the
accelerated development of congenital cataract. The inhibition of ERS and lysosomal
cathepsins may be promising therapeutic strategies for congenital cataract.

Keywords: congenital cataract, endoplasmic reticulum stress (ERS), lysosome, apoptosis,
fibrosis

ongenital cataract is a major cause of visual impairment
C and blindness in children. The pathogenic causes are
complex; approximately one third of cases are hereditary,
and more than half are caused by mutations in crystallin
genes.! Beta-crystallins are the most abundant water-soluble
proteins in the lens, and most of them are expressed in
lens cortical fiber cells. They play key roles in the develop-
ment and maintenance of lens transparency. BetaB2 is the
major B-crystallin and is also the most thermally stable and
soluble of all B-crystallins.>®> Previous studies have reported
that heterogeneous and homogeneous crystallin interactions
exist among «, B, and y-crystallins.*> Mutations in SB2-
crystallin not only change its tertiary structure but also alter
protein-protein interactions, resulting in unstable protein
with more hydrophobic surfaces exposed that precipitate
from solution and facilitate additional protein precipita-
tion.*~° In our previous study, we identified a missense muta-
tion in fB2-crystallin (W151C) in a Chinese family affected

Copyright 2023 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

with congenital membranous cataracts.” However, in addi-
tion to the decrease of crystallin solubility, whether there are
other underlying molecular mechanisms involved in cataract
development is currently unclear.

Increasing evidence has confirmed that endoplasmic
reticulum stress (ERS) plays an important role in a variety of
protein aggregation diseases, such as Alzheimer’s disease,
Parkinson’s disease, retinal degeneration, and cataract.-!!
ERS can be triggered by the accumulation of unfolded
proteins in the endoplasmic reticulum (ER) induced by
oxidative stress, calcium metabolism disorders, and muta-
tions in coding genes. When ERS is triggered, cells acti-
vate a series of defense mechanisms known as the unfolded
protein response (UPR), which can reduce the accumulation
of abnormal proteins and restore ER homeostasis by reduc-
ing protein synthesis, enhancing protein folding, and accel-
erating the clearance of unfolded or misfolded proteins.!?
In congenital cataract, it has been reported that mutations

@0l

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_ND


mailto:chenxiaoyun@gzzoc.com
mailto:xiaowei@gzzoc.com
https://doi.org/10.1167/iovs.64.4.34
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Roles of ERS and Lysosomes in Congenital Cataract

in connexin 50, BA3/Al-crystallin, and aB-crystallin cause
abnormal accumulation of mutant proteins in the ER of the
mouse lens, which further activates the UPR and induces
apoptosis in lens fiber cells.'> ' In addition, it was also
found that the accumulation of abnormal collagen IV initi-
ated the UPR in Col4al mutant mouse cataract model, and
reduced the synthesis of § and y-crystallin, destroyed lens
fiber differentiation, and induced cell apoptosis.!” Never-
theless, the role of ERS in SB2-crystallin mutant-induced
congenital cataract is unknown.

Lysosomes are another key degradation compartment for
abnormal organelles and proteins in cells. They are critical
in the quality control of organelles and proteins and cellu-
lar homeostasis. However, lysosomes and lysosomal cathep-
sins have been reported to have dual roles in cell death.
Although degrading heterophagic and autophagic materi-
als, cathepsins initiate apoptosis through the cleavage of Bid
and the degradation of the antiapoptotic Bcl-2 homologs.!®
Previous studies have reported that autophagy is impaired
and that P62 accumulates in cataracts caused by mutations
in CHMP4B, FYCO1, RRAGA, TDRD7, aB-crystalline, and
BA3/Al-crystallin.'”->* However, the downstream effects and
lysosomal pathway have not been examined, especially the
roles of lysosomal cathepsins in the progression of congen-
ital cataract.

In this study, we generated knock-in mice express-
ing BB2-crystallin protein containing the W151C mutation,
which mimics a human mutation, to explore the pathogen-
esis and molecular mechanisms of hereditary cataract.

METHODS

Generation of the fB2-W151C Knock-In Mouse
Model

BetaB2-W151C knock-in mice expressing a G to C point
mutation in codon 151 of the mouse SB2-crystallin gene
Crybb2, which results in the substitution of Tryptophan
151 with Cysteine (W151C), were generated using the
CRISPR/Cas9 system by Shanghai Biomodel Organisms
Science and Technology Development Co., Ltd. (Shanghai,
China). The mice were generated by gene insertion medi-
ated by CRISPR/Cas9 in C57BL/(] zygotes, which modified
Crybb2 such that exon 7 contained the W151C mutation in
one allele, whereas the second copy of the gene was wild-
type (WT). The G to C mutation was verified by sequenc-
ing the genomic DNA when FO generation mice were 14
days old. Chimeric founders were mated with WT C57BL6
mice. Heterozygous (W151C+/—) offspring were subse-
quently mated with each other to yield homozygous mice
(W151C+/+), which contained two copies of the mutant
gene.

The mice were maintained at Zhongshan Ophthalmic
Center at Sun Yat-Sen University (Guangzhou, China). All
protocols and animal procedures were approved by the
Animal Use and Care Committee of Zhongshan Ophthalmic
Center and conformed to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. WT littermates
were used as controls.

Assessment of Lens Opacity With Slit-Lamp
Biomicroscopy

Knock-in and WT mice were anesthetized with an intraperi-
toneal injection of pentobarbital sodium (70 mg/kg).
Pupils were dilated with a mixture of 0.5% phenylephrine
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hydrochloride and 0.5% tropicamide (Santen, Suzhou,
Japan). Approximately 15 minutes later, each mouse was
held gently by the scruff of the neck and positioned directly
facing the slit lamp. Both eyes were then examined and
photographed with a slit lamp biomicroscopy.

Assessment of Lens Opacity With a Dissecting
Microscope and Morphometric Analysis

The eyes of knock-in and WT mice were enucleated and
maintained in phosphate-buffered saline (PBS). The length
between the central corneal epithelium and the central point
of the optic nerve head was measured as eye size with
a microscale under the dissecting microscope (Carl Zeiss,
Overkochen, Germany). Then, the whole lenses were care-
fully isolated and photographed. Lens diameter was also
measured as lens size.

Histological Analysis

For histological analysis, the eyes of knock-in and WT mice
were removed and fixed in 4% paraformaldehyde (PFA)
overnight. After dehydration and clarification, they were
embedded in paraffin and sectioned serially at 4 pm thick-
ness via the pupil-optic nerve plane, then stained with hema-
toxylin and eosin. The sections were evaluated by a fluores-
cence microscope (Carl Zeiss, Overkochen, Germany).

Immunofluorescence and Laser Confocal
Microscopy

The immunofluorescences of whole mount lens anterior
capsules of knock-in and WT mice were performed accord-
ing to our previously described method.?’

Whole Genome Transcriptome Analysis of Lenses
and Bioinformatics Analysis

Preparation of lens RNA samples of WT and homozygous
knock-in mice at 3 months of age and the Whole mouse
genome oligo microarray were performed by KangCheng
Bio Co. Ltd. (Shanghai, China). Four lenses from two mice
of the same genotype were combined into one sample
(n = 3). Principal component analysis (PCA) was conducted
using the factoextra package (version 1.0.7). The R pack-
age limma (version 3.52.2) was applied to analyze the gene
expression of the microarray data.?° Differentially expressed
genes (DEGs) were defined as those with log2 fold change
(log2FC) >1 or <—1 and adjusted P values < 0.05 between
the 2 group samples. A volcano plot was used to visualize
DEGs, and genes of interest were labeled. Gene set enrich-
ment analysis (GSEA), Gene Ontology (GO), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway anal-
yses were performed using the R package clusterProfiler
(version 4.4.4).*” Heatmaps were created with the R pack-
age pheatmap (version 2.6.2). The data are publicly available
in the Gene Expression Omnibus (GEO) repository (GSE
225548), and the R script used for bioinformatic analysis is
attached as Supplementary File S1.

Real-Time Quantitative PCR Analysis for Gene
Expression

The lenses of WT and knock-in mice were isolated on ice and
stored in TRIzol reagent at —80°C for no more than 1 month.
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Total RNA was extracted on ice according to the manufac-
turer’s protocol. Four lenses from two mice of the same geno-
type were combined into one sample. The cDNAs synthe-
sis was performed using a PrimeScript RT Master Mix kit
(Takara, Siga, Japan) following the manufacturer’s protocol.
Briefly, 20 pL of the reaction mixture was added to respec-
tive Eppendorf tubes: 4 pL of the PrimeScript RT Master mix
(5x%), 1000 ng of total RNA, and RNase-free water to 20 pL.
The samples were then incubated at 37°C for 15 minutes
and at 85°C for 5 seconds for enzyme inactivation. Real-
time PCRs were performed using the SYBR PrimeScript RT-
PCR kit (Takara, Siga, Japan) in 20 pL reactions with an
ABI Prism 7000 sequence detection system (Applied Biosys-
tems, Foster City, CA, USA) according to the Minimum Infor-
mation for Publication of Quantitative RT PCR Experiments
(MIQE) guidelines.?® All the primers were designed to cross
introns. Briefly, 10 pL of SYBR Premix Ex Taq (2x), 0.4 pL of
20 pmol/L forward and reverse primers, 0.4 uL of ROX refer-
ence dye (50x), 2 pL of the cDNA template, and 6.8 pL of
nuclease-free water were added to each well of a 96-well
PCR plate, in duplicate. The standard procedure for two-step
PCR amplification was performed: pre-denaturation (95°C
for 30 seconds), PCR cycling (40 cycles) for denaturation
(95°C for 5 seconds), and annealing (60°C for 30 seconds).
Melt curve analysis was used to ensure single PCR prod-
ucts were produced. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as an internal control to normal-
ize relative fold expression and relative expression of mRNA
was calculated using the established 2-24¢T method. A quan-
tification cycle (Cq) value >34 was considered an outlier. The
experiments were repeated independently three or more
times. The primers used in this study are listed in Supple-
mentary Table S1.

Immunoblot Analysis

Lens protein expressions were detected by immunoblot
performed according to our previously described method.?®
The primary antibodies against B-actin, Perk, p-Perk, Eif2a,
p-Eif2a, Atf4, Ire-la, horse anti-mouse, and goat anti-
rabbit horseradish peroxidase (HRP) conjugates secondary
antibodies were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). Antibodies against «-crystallin,
B-crystallin, and y-crystallin were obtained from Abcam
(Cambridge, UK).

Statistical Analysis

Results presented in the figures are representative of three
or more different repetitions. All data are presented as mean
=+ standard error of the mean (SEM). The data were analyzed
by using two-tailed Student #-test. A value of P < 0.05 was
considered statistically significant.

RESULTS

BetaB2-W151C Knock-In Mice Exhibit
Progressive Bilateral Congenital Cataracts

In humans, the pgB2-crystallin W151C mutation results in
a progressive bilateral congenital cataract.” BetaB2-W151C
heterozygous mice that mimic the heterozygosity of human
patients have one mutant allele and one WT allele. To inves-
tigate the phenotype of the §B2-W151C mutant during the
postnatal period, we observed the ocular structure with a
dissecting microscope and slit lamp microscopy. The exter-
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nal morphologies of the eyes and the dissected lenses from
BB2-W151C knock-in mice did not appear different from WT
mice at birth. As shown in Figure 1A, starting at 18 days of
age, punctate lens opacities located at the peripheral cortex
were observed in all homozygous mice, and the same change
began to appear in heterozygous mice at 21 days of age.
Punctate peripheral lens opacities extended gradually and
became denser with aging. At approximately 1.5 months, Y-
suture opaque appeared in both heterozygous and homozy-
gous mice. At 2 to 3 months of age, cataracts progressed
rapidly. The whole lens became opaque by 2.5 months of
age in all homozygous mice and at 3 months in heterozy-
gous mice. No cataracts were observed in WT mice before 18
months of age (see Fig. 1A). In mice older than 6 months, the
lens cortex started to liquefy, and the lenses shrank gradu-
ally in homozygous mice. Additionally, the leaky lens cortex
could induce uveitis, resulting in the synechia of the iris
(Fig. 1B).

There was no significant change in lens growth among
WT, heterozygous, and homozygous mice after birth.
However, lens diameter started to decrease from 6 months of
age in homozygous mice and at 9 months of age in heterozy-
gous mice due to hydrolysis of the lens cortex. Moreover, no
significant difference in eyeball size was observed between
knock-in and WT mice (Fig. 10).

Histological Changes in the Lenses of fB2-W151C
Knock-In Mice

Representative examples of lens histology for fB2-W151C
knock-in mice compared with WT lenses are shown
in Figure 2. Fiber cell migration and elongation patterns
were found to be defective at the equatorial and ante-
rior regions in lenses from BB2-W151C knock-in mice at 3
months of age (see Fig. 2A). Additionally, lenses developed
remarkable multilayered LEC plaques beneath the lens ante-
rior capsule in homozygous mice at 3 months of age, and
those were also found in heterozygous mice at 9 months
of age. Lens anterior capsule whole-mount staining also
showed that multilayered LEC plaques began to appear in
homozygous lenses at 3 months of age, whereas the ante-
rior capsules from heterozygous mice still retained a single
layer of epithelium. The severity of plaques beneath the lens
anterior capsule developed gradually, and extremely severe
fibrosis was observed in the whole lens capsules of homozy-
gous mice at 9 months of age (see Figs. 2A, 2B). These find-
ings indicated fibrosis of the lens capsule and destruction of
the structural integrity of the lens epithelium and capsule,
which may contribute to liquidation of the lens cortex in the
late stage of congenital cataracts.

Transcriptional Profiling of the Lenses of W151C
Mutant Mice Compared With Those of WT Mice

To evaluate the impact of the fB2-W151 mutation on the
expression profiles of the lens, the lenses of W151C+/+
mutant and WT control mice were isolated, and their tran-
scriptional profiles were detected at the age of 3 months,
when the lens opacity developed into complete cataracts.
Transcriptome analysis revealed distinct differences in the
expression profiles in the lenses of W151C+/4 mutant
mice compared with WT mice (Fig. 3A). DEGs were visu-
alized in the volcano plot, and the top five expressed
genes related to biological processes of interest were labeled
(Fig. 3B). GSEA showed that the highly expressed genes
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Figure 1. BetaB2-W151C knock-in mice exhibit progressive bilateral congenital cataracts. (A) The lenses of heterozygous, homozy-
gous, and WT mice were isolated at different ages and photographed with a dissecting microscope (n = 8 lenses per group). (B) The eyes
of WT, heterozygous, and homozygous mice were examined and photographed with a slit lamp after dilation of the pupils (z = 8 eyes per
group). (C) The diameters of the eyes and the lens of heterozygous, homozygous, and WT mice were measured with a microscale under a

dissecting microscope (7 = 8 eyes or lenses per group).

in W151C+/+ mutant lenses contributed significantly to
biological processes such as the extrinsic apoptotic signaling
pathway, intrinsic apoptotic signaling pathway in response
to ERS, lysosome pathway, regulation of cell migration, and
fibroblast proliferation (Fig. 3C). These analyses suggested
that ERS, the lysosome pathway, apoptosis, and epithelial
mesenchymal transition (EMT) may be involved in the rapid
development of congenital cataracts.

ERS is Triggered in the Rapid Development of
Congenital Cataract Induced by the B2-W151C
Mutant Mice

Previous studies have confirmed that the accumulation of
unfolded mutated abnormal proteins can disrupt ER home-

ostasis and trigger ERS. Our microarray analysis of whole
genome transcriptomics revealed that many ERS-related
genes were significantly upregulated in homozygous mice
compared with WT controls at the age of 3 months (Fig. 4A).
The top two upregulated genes in the W151C +/+ lens were
Trib3 (>80-fold) and Chac1 (>20-fold), two proapoptotic
components of the UPR.?’ In addition, several transcription-
factor components of the UPR were also upregulated (>2-
fold) in the W151C +/+ lens, including Ddit3, Atf4, Atf3,
and Cebpb, along with their downstream target genes Hspb8,
Hsph1, Dnajc15, Dnajc9, Dnajc2, and Dnajc6.

Afterward, we validated the transcript levels of repre-
sentative ERS-related genes using real-time PCR analysis.
Consistent with the microarray findings, 11 genes, includ-
ing Trib3, Chacl, Atf4, AtfS, Ddit3, Chop, Hspb8, Hsphl,
Dnajc15, and Cebpb, were dramatically upregulated in both
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Ficure 2. Morphological changes in the lenses of fB2-W151C knock-in mice. (A) The eyes of WT and B2-W151C knock-in mice were
analyzed by hematoxylin/eosin staining (n = 8 eyes per group). (B) Representative images of immunofluorescent DAPI staining of lens

capsule whole-mounts (2 = 8 eyes per group).

W151C homozygous and heterozygous lenses (Fig. 4B).
Although Atf3 was not significantly upregulated in the
microarray data, it was increased in the real-time PCR data.
In contrast, the expressions of Dnajc2, Dnajc6, and Dnajc9
did not obviously chance in real-time PCR analysis. Further-
more, the results from Western blot also displayed that
the W151C mutation significantly activated the ERS-related
signaling pathways p-Perk, p-Eif2«, and Atf4, and slightly
increased Ire-1 expression during the rapid progression of
lens opacity. Taken together, these results indicated that
ERS was triggered by the accumulation of abnormal gB2-
crystallin during the rapid development of W151C mutant-
induced congenital cataracts.

ERS-Mediated Stagnation of Crystallin Synthesis
Plays a Critical Role During the Accelerated
Development of Congenital Cataract

ERS can reduce protein synthesis via the UPR to restore
ER homeostasis. Therefore, we next investigated whether
the expression of crystallins was downregulated in the
lens. Real-time PCR was used to detect the mRNA levels
of a-, B-, and y-crystallin genes in the lenses of W151C
+/— and W151C +/+ mice at 1, 2, 3, and 9 months after
birth. The results showed that the mRNA levels of Crybal,
Cryba4, Crybbl, Crybb2, Crygb, Crygc, and Crygd were
almost stopped at the age of 3 months, and Cryaa and
Cryab were also dramatically downregulated at 9 months
of age (Fig. 5A). Moreover, the results of Western blot also

confirmed that the synthesis of «-, 8-, and y-crystallin stag-
nated at 3 months (Fig. 5B). These results suggested that
ERS-mediated stagnation of lens structural protein synthesis
is one of the important causes of accelerated cataract devel-
opment.

The Lysosomal Pathway Is Also Involved in the
Rapid Progression of Congenital Cataract Induced
by the fB2-W151C Mutant Mice

Lysosomes are known as intracellular “suicide bags.”
In particular, cathepsins play a major role in maintain-
ing cell homeostasis by degrading abnormal organelles
and proteins. Cathepsins can also be released into the
cytosol and initiate the lysosomal pathway of apoptosis.
Whole genome transcriptomics and GO and KEGG analy-
ses showed that the lysosomal pathway was enriched in
the W151C +/+ lens at 3 months of age (Figs. 6A, 6B).
The heatmap showed that up to 45 genes related to
the lysosomal pathway were significantly increased in the
W151C +/+ lenses (Fig. 6C). The top five expressed
genes were Ada (adenosine deaminase), Ctsc (cathepsin
C), Ctss (cathepsin S), Mt1 (metallothionein 1), and Cd68
(lysosomal antigen CDG68). In particular, multiple lysoso-
mal cathepsins including cathepsin S, cathepsin B, cathep-
sin C, cathepsin L, and cathepsin H were dramatically
elevated in the W151C +/+ lenses (see Fig. 6C). The
real-time PCR results also verified that cathepsins were
dramatically upregulated in both W151C homozygous and
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Ficure 3. Transcriptional profiling of the lenses of W151C mutant mice compared to those of WT mice. Lenses of W151C +/+ mutant
and WT control mice were harvested, and their transcriptional profiles were detected at the age of 3 months. Four lenses from two mice of
the same genotype were combined into one sample (7 = 3). (A) Principal component analysis (PCA) was conducted to reveal the expression
profiles of the lenses of W151C +/+ mutant and WT mice. The larger symbol is the mean value for each group. (B) Differentially expressed
genes (DEGs) were visualized in the volcano plot, and the top five expressed genes related to biological processes of interest were labeled.
The horizontal dotted grid line is placed at the minus logarithm (base 10) of the P value being 1.301, corresponding to a P value of 0.05;
the vertical dotted lines indicate the logarithm (base 2) of the fold change -1 and 1, indicating that the actual fold change was 0.5 and 2,
respectively. (C) Gene set enrichment analysis (GSEA) was performed using the R package clusterProfiler to reveal the biological processes
and molecular functions involved in highly expressed genes. The Running Enrichment Score indicates the magnitude to which the genes
in a certain gene set are overrepresented within the entire ranked list of genes. Ranked List Metric shows the value of the ranking metric
(log2-fold change) as moving down the list of ranked genes.

heterozygous lenses (Fig. 6D). In addition, KEGG analy- LEC EMT and Lens Capsule Fibrosis Contribute to
sis revealed that apoptosis-related genes were enriched in Lens Cortex Liquefaction in the Late Stage of

the W151C +/+ lens (see Fig. 6B). These results suggested Congenital Cataract

that the lysosomal pathway, especially cathepsins, plays a

major role in the rapid progression of congenital cataracts The anterior lens capsule and lens epithelium serve as barri-
by inducing apoptosis and excessive degradation of lens ers and play vital roles in maintaining lens homeostasis and
proteins. transparency. When EMT occurs in LECs, the connections
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Ficure 4. ERS is triggered during the rapid development of congenital cataracts induced by the fB2-W151C mutant. (A) Heatmap
showing that ERS-related genes were dramatically upregulated in the lenses of W151C +/4 mutant mice at 3 months of age. (B) Real-time
PCR analysis was used to validate the transcript levels of ERS-related genes in the lenses of W151C +/—, W151C +/+ and WT mice. *, P
< 0.05 versus WT control mice. The experiments were repeated independently three or more times. (C) The ERS-related signaling factors
p-Perk, Perk, p-Eif2e, Eif2«, Atf4, and Ire-1 were detected by Western blot analysis. The experiments were repeated independently three or

more times.

between LECs are impaired, and barrier function is
destroyed.®® To investigate the molecular mechanism of the
fibrosis of the lens capsule and epithelium in W151C mutant
mice, we focused on the expression of cell migration, adhe-
sion, extracellular matrix (ECM) component deposition, and
EMT-related genes via whole genome transcriptomics anal-
ysis. Microarray analysis revealed that more than 20 related
genes were significantly upregulated in homozygous mice
compared with WT controls (Fig. 7A). Next, we validated
these genes using real-time PCR analysis. Consistent with the
microarray findings, 17 genes were dramatically upregulated
in homozygous and heterozygous mutant mice at the age of
3 months. The top two upregulated genes in the W151C +/+
lens were 7gfbi (transforming growth factor g induced; 89.0-
fold) and Ecm1 (92.6-fold). In addition, several EMT markers
were upregulated (>4-fold) in the W151C +/+ lens, includ-
ing FN, Col I, Col 1V, Snail, and Slug (Fig. 7B). Moreover,
strong staining of the EMT markers «-SMA, Col I, vimentin,
and FN could be seen in lenses that developed remarkable
multilayered LEC plaques. Due to the fibrosis of the lens
capsule, its barrier function was damaged, permeability was
changed, the lens cortex liquefied gradually, and the lens
shrank. At 9 months, the lenses became significantly smaller
in homozygous mice. Taken together, these results indicated
that the disruption of barrier function caused by lens epithe-
lial cell (LEC) EMT and lens capsule fibrosis is the main cause
of the gradual liquefaction of the lens cortex in the late stage
of congenital cataracts.

DiscusSION

Congenital cataract occurs in the critical stage of visual
development, when lens opacity severely affects the devel-
opment of visual function in children. Surgery is the only
effective way to treat congenital cataract, but there are
many complications such as uveitis, glaucoma, and posterior
capsule opacification, resulting in poor efficacy.’! Therefore,
there is an urgent need to understand the underlying mech-
anisms. In this study, we used a mouse congenital cataract
model induced by the W151C mutation in fB2-crystallin to
further elucidate the molecular mechanisms of congenital

cataract. We found that 8B2-W151C knock-in mice devel-
oped progressive bilateral congenital cataracts. At 2 to 3
months of age, cataracts progressed rapidly and developed
into complete cataracts at 3 months of age. More interest-
ingly, in addition to the decrease in protein solubility caused
by the mutation,*> ERS and ERS-mediated protein synthesis
stagnation, the lysosomal pathway, apoptosis, and fibrosis
all contribute to the rapid development of total cataracts.

BetaB2-crystallin is a predominant structural protein and
plays a key role in the development and maintenance of
lens transparency.®®> To date, more than 40 mutations in
its coding gene Crybb2 have been reported to be associ-
ated with congenital cataract>* A previous study demon-
strated that mutations in BB2-crystallin cause protein struc-
ture abnormalities, resulting in unstable proteins that precip-
itate from solution and cataract formation.® In our previous
study, we identified a missense mutation in exon 6 of Crybb2
that led to an exchange of Trp for Cys (W151C) in four gener-
ations of a Chinese family affected with congenital membra-
nous cataracts. We also found that the mutation damaged the
solubility of fB2-crystallin and resulted in the formation of
aggregates in cells.” In fB2-W151C knock-in mice, we found
that the development of lens opacity was obviously acceler-
ated at 2 to 3 months of age and advanced to total cataracts at
3 months of age. In addition, fibrosis of the lens capsule and
epithelium occurred in the lenses of W151C +/+ mice at 3
months of age. Therefore, the decrease in protein solubility
induced by the mutation cannot explain all the pathologi-
cal changes in the lens, such as LEC EMT and the sudden
acceleration of cataract development.

In this study, whole genome transcriptomics analysis
revealed that ERS and ERS-induced apoptosis and the stag-
nation of protein synthesis play major roles in the rapid
development of W151C mutant-induced congenital cataract.
The results of real-time PCR and Western blot further vali-
dated that ERS was activated in the progression of lens
opacity. A previous study suggested that Perk/Eif2«a path-
way was activated and ERS was induced in mouse congen-
ital nuclear cataract caused by the connexin50D47A muta-
tion. The trigger of ERS increases Chop expression and
results in lens cell apoptosis.’®> In addition, in Col4al
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Ficure 5. ERS-mediated stagnation of crystallin synthesis plays a critical role during the accelerated development of congenital cataract.
(A) Real-time PCR analysis of the expression of crystalline-coding genes such as Cryaa, Cryab, Crybal, Cryba4, Crybb1, Crybb2, Crygb,
Crygc, and Crygd in the lenses of WT, W151C +/—, and W151C +/+ mice at 3, 6, and 9 months of age. The experiments were repeated
independently three or more times. (B) Western blot analysis of «-, 8-, and y-crystallin protein levels in the lenses of WT, W151C +/-, and
W151C +/+ mice at 3 months of age. The experiments were repeated independently three or more times.

transgenic and mutant mouse cataract models, abnor-
mal accumulation of collagen IV activated the Irel/Xbpl,
Atf6, and Perk pathways to activate the UPR, and the
activation of the UPR reduced the synthesis of B and
y-crystallin proteins, thus disrupting the differentiation of
lens fibers and resulting in cell apoptosis, eventually lead-
ing to the formation of cataract.”” Our study also demon-
strated that the transcription and the translation of various

proteins in the lens were dramatically reduced during the
rapid progression of cataracts. This may contribute to the
disarray and degeneration of lens fiber cells in the later
stage of cataract development. Another interesting point in
our results is that the maintenance of the expression of
oA and oB-crystallins until late in the process. We think
these results are consistent with their roles as molecular
chaperones.
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Ficure 6. The lysosomal pathway is also involved in the rapid progression of congenital cataract induced by the fB2-W151C mutant.
(A) Dotplot visualizing the top 10 Gene Ontology (GO) biological processes in homozygous lenses at 3 months of age. The size of the dots
represents the number of associated genes (count). (B) Dotplot visualizing the pathways of DEGs enrichment, as determined by KEGG
analysis. The size of the dots represents the number of associated genes (count). GeneRatio = (count of upregulated genes in each GO term
or KEGG pathway)/(count of total upregulated genes). (C) Heatmap showing that lysosome-related genes were dramatically upregulated
in the lenses of homozygous mice at 3 months of age. (D) Real-time PCR analysis was used to validate the transcript levels of cathepsins
in the lenses of 3-month-old W151C +/-, W151C +/+, and WT mice. *, P < 0.05 versus WT control mice. The experiments were repeated

independently three or more times.

Moreover, the results of transcriptional profiling of the
lens in W151C mutant mice revealed that lysosomes and
lysosomal proteases, especially cathepsins were distinctly
upregulated during the progression of W151C mutant-
induced congenital cataracts. Cysteine cathepsins, includ-
ing cathepsins B, C, F, H, K, L, O, S, V, W, and X, are
the most important proteases in lysosomes. Previous stud-
ies have reported that cathepsins are released and then
process Bid and degrade the antiapoptotic protein Bcl-2,
thereby triggering apoptosis through engagement of the
mitochondrial pathway.!® However, the functions of these
proteins in the lens have not yet been established. In the
current study, transcriptional profiling showed that apop-
totic signaling pathways were activated in the lenses of

W151C mice. Therefore, we suggested that lens cell apop-
tosis induced by ERS and the lysosomal pathway is an
important mechanism that accelerates the development of
cataracts.

LEC EMT and lens capsule fibrosis have not been reported
in congenital cataract. In the current study, the histol-
ogy results showed that lenses developed multilayered LEC
plaques beneath the anterior capsule at 3 months of age and
progressed to severe whole capsule fibrosis at 9 months of
age. Whole genome transcriptomics analysis also revealed
that more than 20 fibrosis-related genes were significantly
upregulated in homozygous mice. Previous studies have
demonstrated that ERS is an important regulator of EMT
in many tissues.>>3® ERS induction and UPR can promote
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Ficure 7. LEC EMT and lens capsule fibrosis contribute to lens cortex liquefaction in the late stage of congenital cataract.
(A) Heatmap showing that EMT-related genes were dramatically upregulated in the lenses of W151C +/+ mice at 3 months of age.
(B) Real-time PCR analysis was used to validate the transcript levels of EMT-related genes in the lens of W151C +/—, W151C +/+, and
WT mice at 3 months of age. *, P < 0.05 versus WT control mice. The experiments were repeated independently three or more times.
(C) Immunofluorescent staining analysis of the EMT markers «-SMA, Col I, Vimentin, and FN in the lens capsule whole-mounts of W151C
+/+ and WT mice (7 = 6 eyes per group). Representative confocal microscopy 3D images of lens capsule whole-mounts are shown.

EMT through the Smad, Perk, Mapk, S-catenin, and Src
signaling pathways in endometrial and pulmonary fibro-
sis. 37340 Therefore, we speculated that lens fibrosis was
induced by the activation of ERS in W151C mutant mice.
Due to fibrosis of the lens capsule, its barrier function was
damaged, and permeability was changed, resulting in grad-
ual hydrolysis of the lens cortex at the late stage of congen-
ital cataract.

In summary, the W151C mutation in fB2-crystallin causes
progressive bilateral congenital cataracts. In addition to a
decrease in protein solubility, ERS and ERS-mediated stagna-
tion of lens protein synthesis, the lysosomal pathway, apop-
tosis, and fibrosis contribute to the accelerated development
of cataracts. These results indicated the inhibition of ERS and
lysosomal cathepsins may be promising therapeutic strate-
gies for congenital cataract.
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