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Major intrinsic protein (MIP) is a functional water-channel (AQPO) that also plays a key role in establishing lens
fiber cell architecture. Genetic variants of MIP have been associated with inherited and age-related forms of
cataract; however, the underlying pathogenic mechanisms are unclear. Here we have used lens transcriptome
profiling by microarray-hybridization and qPCR to identify pathogenic changes during cataract development
in Mip-mutant (Lop/+) mice. In postnatal Lop/+ lenses (P7) 99 genes were up-regulated and 75 were
Keywords: down-regulated (>2-fold, p = <0.05) when compared with wild-type. A pathway analysis of up-regulated
Lens genes in the Lop/+ lens (P7) was consistent with endoplasmic reticulum (ER)-stress and activation of the un-
folded protein response (UPR). The most up-regulated UPR genes (>4-fold) in the Lop/+ lens included
Chac1 > Ddit3 > Atf3 > Trib3 > Xbp1 and the most down-regulated genes (>5-fold) included two anti-oxidant
genes, Hspb1 and Hmox1. Lop/+ lenses were further characterized by abundant TUNEL-positive nuclei within cen-
tral degenerating fiber cells, glutathione depletion, free-radical overproduction, and calpain hyper-activation.
These data suggest that Lop/+ lenses undergo proteotoxic ER-stress induced cell-death resulting from prolonged

Cataract

Unfolded protein response
Oxidative stress

Mouse

activation of the Eif2ak3/Perk-Atf4-Ddit3-Chac1 branch of the UPR coupled with severe oxidative-stress.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The major intrinsic protein (MIP) of the vertebrate eye lens is a
structurally conserved member of the aquaporin family of water chan-
nels that is also referred to as aquaporin-0 (AQPO) [1]. MIP constitutes
over 40% of the mouse lens membrane proteome [2] and has been
shown to function as a relatively weak water-channel in the tightly
packed, concentric layers of specialized fiber cells that form the crystal-
line mass of the lens [3-6]. Beyond water transport, ultrastructural and
immuno-localization studies have implicated MIP in the formation of
junctional micro-domains between lens fiber cells and MIP is particular-
ly enriched at interlocking protrusions that line the edges of fiber cell
membranes — consistent with a specialized function in fiber cell
adhesion [7-9]. The combined water-channel and cell-cell junctional
properties of MIP have been proposed to play a synergistic functional
role in establishing the refractive index gradient and biomechanical
properties of the lens [10,11].

Genetic variations in MIP have been associated with lens opacities or
cataract in both humans and rodents [12] [http://cat-map.wustl.edu/].
So far, at least 16 mutations in the human MIP gene (MIP), mostly
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resulting in missense substitutions, have been linked with autosomal
dominant forms of cataract that present during infancy or childhood
exhibiting wide variability in size, shape, and density of lens opacities.
Further, several common single nucleotide variants have been tenta-
tively associated with age-related cataract. In mice, at least four mutant
strains harboring mutations in the MIP gene (Mip) have been reported
with semi-dominant, highly-penetrant cataract [13-16]. Whereas
three of these mouse strains (Fr, Hfi, Tohm) inherit different deletion
mutations in Mip, the lens opacity (Lop) mutant inherits a missense mu-
tation (p.Ala51Pro) similar to those typically found in humans. Mice
functionally lacking (null) or deficient in MIP also develop fully
penetrant cataract [6] and a 5-bp insertion mutation in the rat MIP
gene that results in nonsense mediated decay of MIP transcripts causes
autosomal recessive cataract in the kfis rat strain [17].

The pathogenic mechanisms underlying MIP-related cataract are
only partially understood. While MIP loss-of-function at the lens fiber
cell membrane, due to absence or deficiency of the protein itself, is suf-
ficient to cause ‘recessive’ forms of cataract, it is unclear how mutant
forms of MIP elicit ‘dominant’ forms of cataract. A common feature of
all four strains of Mip-mutant mice is that the resulting mutant form
of MIP accumulates in intracellular endoplasmic reticulum (ER)-like
membranes of lens fiber cells [6,14-16]. Similarly, ectopic expression
of several human MIP mutants in Xenopus oocytes or cultured cells
also results in abnormal intracellular accumulation and impaired
water transport across the cell membrane [18-21]. Such intracellular
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accumulation of mutant MIP in lens fiber cells is likely to result in
ER-stress and activation of an evolutionarily conserved, adaptive, intra-
cellular signaling mechanism known as the unfolded protein response
(UPR) [22]. The classical mammalian UPR is comprised of two key com-
ponents and three signaling branches. Three ER-resident transmem-
brane sensors — eukaryotic translation initiation factor 2-alpha kinase
3 or PRKR-like ER kinase (EIF2AK3/PERK), ER to nucleus signaling 1 or
inositol-requiring 1 alpha (ERN1/IRE1a), and activating transcription
factor 6 (ATF6) — detect protein mis-folding stress and subsequently ac-
tivate three downstream nuclear transcription factors — ATF4, X-box
binding protein 1 (XBP1), and cleaved ATF6 (ATF6f), respectively, — to
re-program gene expression in distressed cells. Initially, the UPR
triggers pro-survival (proteostasis) mechanisms by 1) molecular
chaperone expression (e.g. HSPA5) and ER-expansion to increase protein
folding capacity, 2) global attenuation of protein translation (via
phosphorylation of EIF2A) to reduce biosynthetic demand on the ER,
and 3) increased ER-associated degradation (ERAD) to facilitate clearance
of unfolded proteins. However, under conditions of severe or chronic un-
mitigated ER-stress a ‘terminal’ UPR triggers pro-apoptotic mechanisms
that lead to cell death to protect surrounding tissue [23-25].

Early signs that the UPR played an important role in lens develop-
ment was demonstrated when mice lacking the Eif2ak3/Perk activated
transcription factor Atf4 were found to exhibit microphthalmia as a
result of lens fiber cell degeneration [26,27]. Subsequently, variable
activation of several UPR components (e.g. HSPA5, XBP1) has been re-
ported during normal mouse lens development and in lenses of mice
that ectopically express certain transgenes or inherit specific mutations
in the genes for collagen-4a1, connexin-50, a-crystallin, or B-crystallin
[28-34]. In vitro studies of transformed human lens epithelial cells or
intact rat lenses treated with chemicals that induce ER-stress (e.g. sele-
nite, galactose) have also implicated UPR activation in cataract forma-
tion [35-37] and ex vivo lens epithelia derived from aged human
cadavers or patients undergoing cataract surgery have been reported
to exhibit UPR activation [38,39]. In order to investigate the role of the
UPR and other potential pathogenic stress mechanisms in MIP-related
cataract we have used a global microarray expression profiling
approach to compare lens transcriptome changes in Lop-mutant mice.

2. Materials and methods
2.1. Mice and lenses

Lens opacity (Lop) mutant mice were backcrossed (>10-generations)
with C57BL/6] (B6J, Jackson Lab, Bar Harbor ME; stock # 000,664 ) to
produce a congenic strain that retains the same semi-dominant,
fully-penetrant, bilateral, congenital cataract phenotype of the original
mutant [40]. PCR-genotyping confirmed that the Lop-mutant strain
was ‘rescued’ for a deletion mutation in the phakinin (CP49) gene car-
ried by the 129 and other strains [41]. Heterozygous Lop (Lop/+) mice
were bred to generate Mendelian ratios of heterozygous and wild-type
(+/+) littermates for transcript profiling on embryonic day 14 (E14),
postnatal day 1 (P1) and P7. Embryo ages were timed from the appear-
ance of the vaginal plug (EO). For genotyping, genomic DNA was pre-
pared from toe or tail snips using the hot NaOH and Tris (HotShot)
procedure [42] then PCR-amplified using allele-specific primers located
in exon-1 of Mip (Supplemental Table 1). Mice were humanely killed by
CO,, asphyxiation followed by cervical dislocation or by decapitation.
Eyes were enucleated into either fixative (4% paraformaldehyde/PBS)
for microscopy sections or into pre-warmed PBS (37 °C) for lens dissec-
tion. After removal of visible remnants of ciliary-body, iris and vascula-
ture (TVL) lenses were stored (—20 °C) in RNAlater stabilization
solution (ThermoFisher Scientific, Waltham, MA). All mouse studies
were approved by the Washington University Animal Studies Commit-
tee in compliance with the guidelines published by the Institute for
Laboratory Animal Research (ILAR) and adhered to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

2.2. Lens RNA preparation

Lens total RNA was extracted from age-matched mouse lenses (E14,
P1, P7) of each genotype (Lop/+, +/+) using the RNeasy Kit (Qiagen,
Valencia, CA). Triplicate pools of RNA each isolated from 10 to 20 lenses
were quantified by spectrophotometry (ND-2000, NanoDrop, Wilming-
ton NJ) then sized by electrophoresis (Agilent 2100 Bioanalyzer, RNA
6000 kit) according to the manufacturer's protocol (Agilent Technolo-
gies, Santa Clara, CA). Samples with RNA integrity number (RIN) values
>8.0 were selected for microarray analysis.

2.3. Microarray profiling and statistical analysis

Lens mRNA profiling was performed by the DirectHyb Assay using
the MouseWG-6 v.2.0 and MouseRef-8 v.2.0 (1883 genes) Expression
BeadChip Kit according to the manufacturers' instructions (Illumina,
San Diego, CA). Both microarrays contain probes (>25,000) to the
mouse RefSeq database (Build 36, Release 22; NCBI) and the WG-6
array is further supplemented with probes (>45,000) that target the
Mouse Exonic Evidence Based Oligonucliotide (MEEBO) set and the Ex-
emplar protein-coding sequences in the RIKEN FANTOM2 database.
Briefly, RNA was reverse transcribed into cDNA (T7-promoter/oligo-
dTprimer) then amplified by linear in vitro transcription (IVT) with T7
RNA polymerase in the presence of biotin-UTP using the Illumina
TotalPrep RNA Amplification Kit. Following purification and quantita-
tion, biotin-labeled cRNA (~1.5 pg) was hybridized to the BeadChips,
stringency washed and stained (streptavadin-Cy3) using the Illumina
Direct Hybridization Array Kit. Following washing and scanning
(Illumina BeadArray Reader), microarray data was extracted, normal-
ized, and summarized using the GenomeStudio Gene Expression (GX)
Module (Illumina). The raw data were quality assessed by box-plot
analysis (Supplemental Fig. 1). The quantile normalized log2 signal
data were subject to statistical analysis using the R package ‘limma’, to
detect differential expression and p-values were adjusted for false dis-
covery rate (FDR) using Bonferroni correction. Differentially expressed
genes (p < 0.05 and fold-change minimum cut-off >2.0) were subject
to pathway enrichment analysis using the R package ‘gage’ available at
http://www.bioconductor.org [43].

2.4. Reverse transcript PCR (RT-PCR)

Mouse lens total RNA was analyzed by SYBR Green-based real-time
quantitative PCR (qPCR) using the Mouse UPR RT? Profiler PCR-array
according to the manufacturer's instructions (Qiagen). This 96-well-
array-format profiles 84 pathway-related genes and includes house-
keeping/reference genes as normalization controls and controls for
genomic DNA contamination, RNA quality and PCR performance. Brief-
ly, cDNA was prepared using the RT? First Strand Kit then combined
with the SYBR Green/Fluorescein qPCR master mix and amplified with
optimized primer-sets (amplicon size range 100-250 bp) using an iQ5
Real-time PCR system (Bio-Rad, Hercules, CA). Primer specificity was
confirmed using melt-curve analysis (iQ5 software v.2.1 Standard Edi-
tion). For quantitation of transcripts, threshold cycle (Ct) values were
calculated (iQ5 software v.2.1), and pair-wise fold-changes in gene ex-
pression calculated by the AACt method via the RT? Profiler PCR Array
Data Analysis Portal (http://www.sabiosciences.com/pcr/arrayanalysis.
php). For end-point RT-PCR, lens RNA was reverse transcribed using
the iScript kit (Bio-Rad) and c¢DNA amplified using gene-specific
primers (Supplemental Table 1) and TopTaq polymerase (Qiagen)
followed by agarose gel-electrophoresis.

2.5. Immunoblot analysis
Lenses were re-suspended (50 pl, 10 min) in detergent lysis buffer

(1% IGEPAL, 50 mM Tris-HCL, 150 mM NaCl, pH 7.8) containing
Halt Protease Inhibitor (ThermoFisher) then centrifuged (10,000 xg,
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10 min) to pellet cell nuclei. Post-nuclear lysate was removed and solu-
ble protein concentration was determined using the Non-interfering
assay (G-Bioscience, St. Louis, MO). Soluble proteins (20-40 pg) and
molecular weight markers (10-250 kDa, Li-Cor, Lincoln, NE) were sep-
arated on SDS-PAGE gels (4-12% gradient mini-gels, ThermoFisher)
then transferred onto nitrocellulose and serially incubated with primary
antibody followed by species-appropriate IRDye 680LT and/or IRDye
800CW secondary antibody (1:30,000 dilution, Li-Cor). Protein bands
were visualized using an Odyssey Infrared Imaging System (Li-Cor)
running Image Studio (v.5.2) software. Primary antibodies used were,
anti-caspase-12 (#2202, Cell Signaling Technology, CST, Danvers, MA),
anti-spectrin (MAB1622, EMD Millipore, Billerica, MA), and anti-p62
(GP62-C, Progen, Heidelberg, Germany), and anti-p-actin (#3700,
CST) to control for sample loading.

2.6. Immunofluorescence microscopy

Eyes were fixed (~16 h, 4 °C) in 4% paraformaldehyde/PBS and
processed using standard paraffin-section or cryo-section techniques.
Sections were permeabilized (0.1% Triton/PBS 10 min), blocked (1 h,
20 °C) in Image-iT FX Signal Enhancer (ThermoFisher) then serially in-
cubated with primary antibody (~16 h, 4 °C) followed by species-
appropriate secondary antibody (1 h, 20 °C) conjugated with different
Alexa Fluors (ThermoFisher). Images were captured using confocal
microscopy (Fluoview1000 MPE; Olympus, Center Valley, PA) and man-
aged in Photoshop (Adobe Systems, San Jose, CA). Primary antibodies
used were anti-aquaporin 0 (AB3071, EMD Millipore) and anti-
GADD153 (sc-573, Santa Cruz Biotechnology, Dallas, TX).

2.7. Terminal deoxynucleotidal transferase [TdT|-mediated dUTP nick-end
labeling (TUNEL) assay

DNA double-strand breaks (3’-OH ends) were detected in mouse
lenses (P7) using the Click-iT Plus TUNEL assay according to the
manufacturer's protocol (ThermoFisher). Briefly, eye-sections were
de-waxed, digested with proteinase K, serially incubated in TdT:EAUTP
reaction mix (1 h, 37 °C), followed by Alexa Fluor 488:Cu detection mix
(30 min, 37 °C protected from light). Cell nuclei were stained with DAPI
(15 min, 20 °C) and imaged with a confocal microscope (FV1000,
Olympus).

2.8. Glutathione assay

Free glutathione (GSH) concentration was measured in mouse
lenses using Ellman's sulfhydryl assay reagent (5,5’-dithio-bis-[2-
nitrobenzoic acid], DTNB, Sigma-Aldrich, St.Louis, MO) essentially as de-
scribed [44]. Briefly, eyes (P7) were removed into PBS immediately after
sacrifice and lens pairs dissected into cold 10% trichloroacetic acid
(100 wl 10% TCA, Sigma), homogenized (2 min, Bullet Blender, Next Ad-
vance, Averill Park, NY) and centrifuged (16,000 x g for 10 min at 4 °C).
De-proteinized supernatant (~100 pl) was mixed with Tris-EDTA pH 8
(890 i), DTNB (10 i stock solution — 4 mg/ml in ethanol), incubated
for 20 min (20 °C) protected from light and absorbance measured at
412 nm (Beckman DUG640 Spectrophotometer) against a standard
curve for GSH (2-10 pg/ml, Sigma-Aldrich). Protein concentration in
the TCA pellet was determined using the Non-Interfering (NI) Potein
Assay according to the manufacturer's instructions (G-Biosciences).

2.9. Reactive oxygen species (ROS) assay

Intracellular ROS levels in live mouse lenses were measured using
the cell-permeant, free-radical sensor Dihydrorhodamine 123
(DHR123, Sigma) essentially as described [45]. Briefly, lenses (P7)
were carefully dissected (6 lenses per genotype) into Hanks balanced
salt solution with Ca2 + and Mg2+ (HBSS/Ca/Mg, ThermoFisher)
then stained by incubating (20 °C, 45 min) in DHR123 (7.5 uM)

protected from light. Lens cell nuclei were counterstained by adding a
drop of NucBlue live cell stain (ThermoFisher) during the final 15 min
of incubation with DHR123. Vitally double-stained lenses were rinsed
twice in HBSS (2 x 5 min, 20 °C) then imaged using a confocal micro-
scope (FV1000, Olympus). Anterior lens epithelial cells were scanned
from the surface to a depth of 20 um with a 2 um step Z-scan (25x
water-immersion objective lens) at wavelengths of 405 nm/450 nm
(NucBlue) and 488 nm/550 nm (Rhodamine 123). The Z-scan images
were projected with Fluoview software and managed in Photoshop
(Adobe).

3. Results
3.1. Lens phenotype in the Lop/+ mouse

Dark-field microscopy revealed that the Lop/+ lens at P7 was
considerably smaller (microphakia) than wild-type and manifest a
dense white central opacity surrounded by a relatively transparent cor-
tical region (Fig. 1). Histochemical staining of eye sections (P7) con-
firmed severe degeneration of central fiber cells in the Lop/+ lens
along the anterior-posterior polar (optical) axis flanked by many
displaced cell nuclei derived from the grossly disturbed ‘bow regions’
at the lens equator (Fig. 1). Immuno-fluorescent staining revealed ab-
normal distribution of MIP in the Lop/+ lens compared with wild-
type (Fig. 2). In wild-type lenses MIP was exclusively localized to fiber
cell membranes commencing in the penultimate layer of equatorial
fiber cells (Fig. 2). By contrast in Lop/+ lenses, while some MIP staining
was localized to fiber cell membranes much appeared concentrated in
intracellular compartments particularly surrounding cell nuclei and at
the anterior and posterior tips of fiber cells (Fig. 2). Overall, these obser-
vations were consistent with impaired targeting of mutant MIP to the
fiber cell membrane and progressive central fiber cell death in the
Lop/+ lens.

3.2. Microarray analysis of the Lop/+ lens transcriptome

Initially, we undertook a pilot experiment using the Mouse-6
BeadChip to detect differential transcript expression in the embryonic
Lop/+ lens. At E14 no genes were differentially regulated >2-fold in
the Lop/+ lens compared with wild-type. By reducing the cut-off
threshold to >1.3-fold we detected 131 differentially regulated genes
with 95 genes up-regulated and 36 genes down-regulated (Supplemen-
tal Table 2). However, when adjusted for false discovery rate (FDR)
none of these genes attained a significant p-value of 0.05. Because
differential regulation of Lop/+ lens gene expression at E14 was not
significant we focused subsequent studies on the early postnatal ages
P1 and P7 by interrogating the Mouse Ref-8 BeadChip.

At P7 in the Lop/+ lens 174 genes were significantly, differentially
regulated (>2-fold change, p = 0.05) with 99 genes up-regulated
and 75 genes down-regulated (Supplemental Table 3). The most up-
regulated genes (>10-fold) at P7 in descending order included
Chac1 > Cox6a2 > Retnla > Ddit3 > Emp1 > Fos, whereas, the most
down-regulated genes (>5-fold) included Hspbl > Rgs4 >
1190002N15Rik > Trex1 > Rsad2 > Hmox1. At P1 in the Lop/+ lens 24
genes were up-regulated (>2-fold, p = 0.05) and 8 genes down-
regulated (Supplemental Table 4). Of the 24 genes up-regulated at P1,
16 remained significantly up-regulated (>4-fold) at P7 including;
Argl > Retnla > 14 > PIk3 > Tnfrsf12a> Fos > Cox6a. Similarly, six of the
eight genes down-regulated at P1 were also significantly down-
regulated at P7 including; Hspb1 > 1190002N15Rik > Trex1 > Hmox1.

Pathway analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathway database (http://www.genome.jp/kegg/)
indicated that the most up-regulated genes in the Lop/+ lens at P1
were associated with the lysosome pathway (KEGG_ID map04142,
p = 0.0003) and at P7 with protein processing in the ER (KEGG_ID
map04141, p = 0.0004) (Supplemental Tables 5 and 6). Similarly, the
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Fig. 1. Lens phenotype of the Lop/+ mouse. (A-B) Dark-field images of the wild-type (A) and Lop/+ (B) lenses (P7) showing dense central opacification in the Lop/+ lens. (C-D) Saggital
sections of eyes from wild-type (C) and Lop/+ (D) mice stained with H&E showing degeneration of central lens fiber cells and disturbed nuclei close to the equator of the latter. Scale bar:
300 um (A, B) and 100 um (C, D).

Fig. 2. Immuno-fluorescent localization of MIP in the Lop/+ lens (P7). (A-F) Saggital sections of the wild-type lens (A-C) and Lop/+ lens (D-F) showing membrane-specific localization
MIP in wild-type (B, C) and intracellular accumulation of MIP around fiber cell nuclei and at the tips of fiber cells in the Lop/+ lens (E, F). Scale bar: 200 um (A, D) and 30 um (B, C, E, F).



Y. Zhou et al. / Biochimica et Biophysica Acta 1862 (2016) 1433-1442

Gene Ontology (GO) Biological Process database (http://geneontology.
org/) indicated that response to ER-stress (G0:0,034,976, p = 0.0025)
was the most strongly up-regulated process in the Lop/+ lens at P7
(Supplemental Table 7). The most up-regulated gene (>80-fold) in the
Lop/+ lens at P7 was Chacl (Table 1) — a previously identified pro-
apoptotic component of the UPR that acts downstream of the Eif2ak3/
Perk-Atf4-Atf3-Ddit3 branch of the UPR [46,47]. In addition, several of
the other most up-regulated genes (>2-fold) in the Lop/+ lens coded
for well-characterized transcription-factor components of the UPR in-
cluding, Ddit3, Atf3, Cebpb, and Xbp1 along with at least three of their
downstream target genes including, Dnajb9 > Trib3 > Herpudl
(Table 1). By contrast, in the Lop/+ lens at P1 only three UPR genes
(Insig1, Atf3, Chacl) were up-regulated >2-fold and in two cases
(Insig1, Chacl) the increase was not significant (Table 1). Taken overall,
microarray profiling suggested that progressive ER-stress during Lop/+
lens development triggers strong transcriptional activation of several
UPR genes around birth.

3.3. Validation of UPR and other differentially regulated genes in the Lop/+
lens

Based on microarray and pathway analyses above we first selected
the mouse UPR RT-qPCR array to validate transcript levels in the Lop/
+ lens. At P7, 11 of 84 UPR genes profiled on the qPCR-array were dif-
ferentially regulated >2-fold (Supplemental Table 8). Seven genes
were up-regulated in the descending order Ddit3 > Dnajb9 > Cebpb >
Xbp1 > Hspa5 > Insig1 > Herpud1; however Cebpb and Herpud1 fell out-
side the preferred PCR-cycle threshold range. Five of these genes were
similarly up-regulated on the microarray platform; however, Insigl
up-regulation on the microarray was <2-fold and the microarray
probe-set for Hspa5 failed QC criteria preventing further analysis. In
order to confirm Hspa5 up-regulation on the qPCR-array we performed
an independent qPCR assay and since Chacl was not represented on the
gPCR-array we used end-point PCR to confirm its up-regulation on the
microarray (Supplemental Fig. 2). Further, using end-point PCR we
also confirmed that the Xbp1 transcript underwent unconventional cy-
toplasmic splicing of a 26 bp exon to generate an Xbp1s transcript that
encodes the active form of this transcription factor [48] (Supplemental
Fig. 2). Of the four UPR-genes that were down-regulated >2-fold in
the Lop/+ lens at P7, only Dnajb2 fell within the preferred cycle thresh-
old range (Supplemental Table 8). At P1 in the Lop/+ lens only one UPR
gene (Dnajb9) was up-regulated >2-fold within the preferred cycle
threshold range. However, several other UPR genes were marginally
up-regulated (>1.3-fold) including, Ddit3 > Cebpb > Xbp1 (Supplemen-
tal Table 9). Overall, combined profiling with the microarray and
qPCR-array platforms detected up-regulation (>2-fold) of at least nine
UPR genes in the Lop/+ lens at P7 (Table 1).

Beyond UPR associated genes, microarray analysis of the Lop/+ lens
detected many other functionally diverse genes that were either highly
up-regulated (>5-fold) including; Cox6a2 > Retnla > Sqstm1 or strongly
down-regulated including, Hspb1 > Hmox1 (Supplemental Table 3).
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End-point PCR confirmed up-regulation of Retnla and Cox6a2 transcripts
and immuno-blotting detected increased Sqstm1 protein levels in Lop/+
lenses at P7 (Supplemental Fig. 2). Together, these observations suggest
that in addition to ER-stress many other stress-response mechanisms
likely operate during cataractogenesis in Mip-mutant lenses.

3.4. Oxidative stress in the Lop/+ lens

Recently, Chac1 was reported to function as a y-glutamyl cyclo-
transferase (GGCT) that catalyzes conversion of glutathione (GSH), a
tripeptide thiol antioxidant (y-Glu-Cys-Gly), to 5-oxyProline and
Cys-Gly [49,50]. Since Chac1 was highly up-regulated in Lop/+ lenses
we predicted that GSH levels may be depleted as a consequence of
GGCT activity. Therefore, we measured GSH levels in lens lysates (P7)
using the sulfhydryl assay reagent DTNB that reacts with free —-SH
groups (derived from GSH and proteins) to yield a mixed disulfide
and a yellow-colored anion (TNB2 ™). Free -SH levels in the Lop/+
lens were decreased about 50% when compared to wild-type (Fig. 3).
While we cannot exclude the possibility that some GSH loss occurred
due to fiber cell membrane damage, these data suggest that GSH was
depleted in the Lop/+ lens. Since GSH is a key anti-oxidant molecule
in the lens [51,52] we assessed the overall red-ox status in the live
Lop/+ lens (P7) by vital staining with a cell-permeant, non-
fluorescent indicator (DHR123) that upon oxidation by reactive oxygen
species (ROS) is converted to fluorescent rhodamine 123, which accu-
mulates within mitochondria [45]. Fluorescent imaging revealed that
ROS production was greatly increased in the Lop/+ lens compared
with wild-type (Fig. 4). Collectively, these data suggest that Chacl up-
regulation in the Lop/+ lens results in GSH depletion and ROS overpro-
duction consistent with oxidative stress.

3.5. DNA damage in Lop/+ lens

In order to support up-regulation of Ddit3 expression at the post-
translational level we compared in situ DNA fragmentation in Lop/+
and wild-type lenses (P7). In the Lop/+ lens, but not wild-type, Ddit3
expression was immuno-localized to nuclei of degenerating fiber cells
within the core but was absent from equatorial epithelial cells and na-
scent fiber cells (Supplemental Fig. 3). Similarly, TUNEL positive nuclei
were also clearly detected throughout the degenerating fiber cells in
the center of Lop/+ lens consistent with arrest of the normal de-
nucleation process observed in the wild-type lens (Fig. 5). However,
TUNEL-positive nuclei were absent from equatorial epithelial cells and
nascent fiber cells lying outside the central degeneration zone. These
observations suggest that while apoptotic cell-death is not activated in
equatorial lens epithelial cells and nascent fiber cells of the Lop/+
lens, apoptosis may be active deeper into these lenses in mature fiber
cells that have accumulated high levels of mutant MIP and endured
prolonged ER-stress. However, as TUNEL is specific for the 3’-OH ends
of fragmented DNA rather than apoptosis per se, it is also possible that

Table 1
Most up-regulated UPR genes (>2-fold) in the Lop/+ lens (P1 and P7) detected by microarray and validated by qPCR.
Gene P7 P7 adjusted P7 qPCR P1 P1 adjusted P1qPCR Mus musculus mRNA transcript Gene ID  Alias
symbol  fold-change p-value fold-change fold-change p-value fold-change
Chacl 84.19 6.73E—09 nd 2.03 9.09E—01 nd Chag, cation transport regulator-like 1 (E. coli) 69065  Botch
Ddit3 11.81 1.38E—05 12.25 1.28 8.20E—01 1.66 DNA-damage inducible transcript 3 13198  Chop, Gadd153
Atf3 5.18 159E—04 nd 2.90 2.09E—02 nd Activating transcription factor 3 11910
Trib3 4.70 1.23E—04 nd 1.10 9.62E—01 nd Tribbles homolog 3 (Drosophila) 228775
Xbp1 4.15 9.09E—07 3.76 1.55 212E—-01 137 X-box binding protein 1 22433
Dnajb9 3.02 2.17E—04 5.83 1.42 6.37E—01 2.03 Dnaj (Hsp40) homolog, subfamily B, member 9 27362
Cebpb 2.50 8.75E—03  5.14 1.50 2.19E—02 144 CCAAT/enhancer binding protein (C/EBP), beta 12608
Herpudl 2.08 5.05E—04  2.03 1.06 9.83E—01 1.27 Homocysteine-inducible, ER stress-inducible, 64209
ubiquitin-like domain member 1
Insig1 1.47 8.70E—03  2.26 4.79 8.64E—01 —-1.19 Insulin induced gene 1 231070
Hspa5 nd nd 2.55 nd nd 1.13 Heat shock protein 5 14828  Grp78, Bip
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Fig. 3. Free GSH levels in the Lop/+ lens (P7) estimated with Ellman's sulfhydryl assay
reagent (DTNB).

the observed DNA-fragmentation may result from cell-death other than
classical apoptosis.

3.6. Caspase and calpain activation in the Lop/+ lens

Since up-regulation of Chacl and Ddit3 are widely regarded as
pro-apoptotic responses to ER-stress we sought to find evidence of in-
creased proteolytic enzyme activity associated with cell-death
mechanisms in the Lop/+ lens that would not otherwise be detected
by transcript profiling. Pro-caspase 12 is an ER-resident cysteine-
aspartate protease in mice that undergoes cleavage to an active form
by caspase-3/-7 and calpain in order to initiate ER-stress induced apo-
ptosis [53-55]. Calpains are cytosolic, calcium-activated cysteine

proteases and at least four active isoforms (1-3 and 7) are abundantly
expressed in the mouse lens [56]. In addition to their role in remodeling
of the membrane cytoskeleton during lens fiber cell differentiation,
calpain-mediated proteolysis of lens proteins, including all-spectrin
(a-fodrin), has also been associated with cataract formation in rodents
[57-59]. Immunoblot analysis revealed that the level of pro-caspase 12
cleavage products in the Lop/+ lens was mildly elevated compared to
that detected in wild-type (Fig. 6a). By contrast, all-spectrin cleavage
to several specific breakdown products, including C-terminal fragments
of 150 kDa and 145 kDa, was greatly increased consistent with robust
calpain activation in the Lop/+ lens (Fig. 6b).

4. Discussion

In this study we have used microarray-based transcriptome profiling
to identify pathogenic changes in lens gene expression underlying
inherited cataract in Mip-mutant (Lop/+) mice. While global gene ex-
pression changes in the Lop/+ lens at E14 were not significantly differ-
ent to wild-type, we detected 32 differentially regulated genes (>2-
fold) around birth (24 up-regulated, 8 down-regulated). One week
after birth, we identified 174 differentially expressed genes (>2-fold)
in the Lop/+ lens (99 up-regulated, 75 down-regulated) compared
with wild-type. A pathway analysis of up-regulated genes in the postna-
tal Lop/+ lens indicated that the most significant underlying processes
involved the lysosome at P1 progressing at P7 to protein processing in
the ER and response to ER-stress associated with activation of several
pro-apoptotic UPR genes including Chac1 and Ddit3 (Table 1). Constitu-
tive activation of the UPR has been detected during embryonic develop-
ment of the mouse lens [29]. The data presented here support the
notion that expression and progressive accumulation of the mutant,
presumably, mis-folded form of MIP in the Lop/+ lens triggers robust
ER-stress and prolonged UPR activation culminating in fiber cell death
and cataract formation (Fig. 7).

H
-

Fig. 4. Fluorescence imaging of ROS production in Lop/+ lens epithelial cells (P7) vitally stained with DHR123. The Lop/+ lens (B, D) displayed much greater ROS production (red) when
compared to wild-type (A, C) lenses. Cell nuclei were stained with DAPI (blue). Scale bar: 100 um (A, B) and 20 um (C, D).
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Fig. 5. TUNEL analysis of DNA-fragmentation in Lop/+ lens. Saggital sections of wild-type (A, B) and Lop/+ (C, D) lenses (P7) showing many TUNEL positive nuclei throughout the central
zone of fiber cell degeneration in the Lop/+ lens (C) with only trace levels in the wild-type lens (A). TUNEL positive nuclei were also detected in the anterior epithelial cell layer that
overlies severe fiber cell degeneration in the Lop/+ lens (B, D) Merged images of TUNEL positive nuclei (red) and DAPI stained nuclei (blue) in wild-type (B) and Lop/+ (D) lenses.

Scale bar: 200 pm.

The most up-regulated gene in the Lop/+ lens - Chacl - was first
identified as a novel pro-apoptotic component of the UPR that acted
downstream of the Atf4-Atf3-Ddit3/Chop cascade [45,46]. Subsequently,
Chac1 was shown to encode a cytosolic y-glutamyl cyclo-transferase
that catalyzes the degradation of GSH previously attributed to Ddit3

A Lop/+

50 kDa - - pro-caspase 12

37kDa -

- B-actin
37 kDa

B Lop/+

- all-spectrin
250 kDa -
150 kDa -
37 kDa -

Fig. 6. Immunoblot analysis of cysteine protease cleavage activity in the Lop/+ lens (P7).
A) Pro-caspase 12 cleavage products were mildly elevated in Lop/+ lenses compared
with wild-type. ** denotes suspected partial cleavage products (~48 kDa), * denotes
fully cleaved product (42 kDa). The signal intensity of fully cleaved caspase 12 in the
Lop/+ lens, normalized to (3-actin, was approximately 1.5-fold greater than that of wild-
type. B) all-spectrin cleavage was greatly increased in the Lop/+ lens compared with
wild-type consistent with calpain activation. * denotes cleavage products of 150 kDa and
145 kDa. The normalized ({3-actin) signal intensities of these all-spectrin cleavage
products in the Lop/+ lens was over 30-fold greater than those of wild-type.
M, molecular weight markers.

activation [49,50,60]. Our data suggest that up-regulation of Chacl in
the Lop/+ lens was correlated with an estimated 50% decrease in GSH
levels (Fig. 3). Free GSH is a critical red-ox buffer in the lens and its
depletion is associated with ROS generation in lens aging and
cataractogenesis [51,52]. Vital staining with a red-ox indicator revealed
that ROS production was highly elevated in the Lop/+ lens epithelium
suggesting that both ER-stress and oxidative stress contribute to cata-
ract development (Fig. 4). To the best of our knowledge, Chac1 has not
previously been associated with cataract. However, outside the lens

Hspas

Dnajb9, Herpud]

v \ Y

Eif2ak3/Perk Atfe Ernl/Irel
Selective Unconventional
phosphorylation Selective | proteolysis splicing and
and translation mRNA decay

4
Alf4 Af6(n) ——————>  Xbpl(s)

Aif3
Cebpb

Ddit3

Trib3

Chacl
1
1

1
GSH depletion | *Calpain activation
ROS production | Caspase-12 cleavage

v
Cell-death and cataract

Fig. 7. Schematic summarizing terminal activation of the UPR in the Lop/+ lens (P7).
Genes in red were up-regulated in this study. * Calpain activation is calcium-dependent.
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we note that Chac1 activity de-glycinates and antagonizes Notch during
neurogenesis [61] and that Chacl transcription is up-regulated follow-
ing retinal axon injury [62].

Ddit3 encodes a well known pro-apoptotic, basic region-leucine
zipper (bZip) transcription factor - CCAAT/enhancer binding protein
(C/EBP) homologous protein (CHOP) - that under conditions of
prolonged ER-stress becomes an important transcriptional target of
the Eif2ak3/Perk-Atf4 branch, and to a lesser extent the Ern1/Ire1-Xbp1
and Atf6 branches, of the UPR — thereby providing a pivotal link be-
tween ER-stress and apoptosis [24]. In the Lop/+ lens, Ddit3 expression
was dramatically (~12-fold) up-regulated (Table 1) and immuno-
localized to nuclei of degenerating fiber cells within the lens core
(Supplemental Fig. 3). Many such fiber cell nuclei were also TUNEL pos-
itive consistent with DNA fragmentation at 3'-OH strand-breaks that are
often associated with programmed cell-death via apoptosis.

Although we did not detect strong up-regulation of Atf4 or its
upstream ER-sensor (Eif2ak3/Perk) in the Lop/+ lens, at least three
other pro-apoptotic target genes of Atf4 (Atf3 > Cebpb > Trib3) were
up-regulated along with Chacl and Ddit3 (Table 1). Atf3 encodes a
bZip transcription factor that acts as an integration hub for various
stress responses including ER-stress downstream of the Eif2ak3/Perk-
Atf4 branch of the UPR [63]. Similarly, Cebpb encodes a bZip transcrip-
tion factor that is responsive to ER-stress and along with Atf4 and
Atf3 is involved in regulation of Chacl transcription [50]. Trib3
encodes the mammalian homolog of Drosophila tribbles, a putative
protein kinase that is induced by the Atf4-Ddit3/Chop pathway and
sensitizes cells to Ddit3-dependent apoptosis [64]. Taken overall, our
transcript data in the Lop/+ lens are consistent with terminal activa-
tion of the Eif2ak3/Perk-Atf4-Ddit3-Chac1 branch of the UPR leading to
fiber cell death.

Despite up-regulation of at least five pro-apopotic UPR genes
(Chac1 > Ddit3 > Atf3 > Cebpb > Trib3) we detected relatively mild
activation of the ER-stress associated caspase-12 in the Lop/+ lens. By
contrast, calpain-mediated cleavage of all-spectrin was dramatically in-
creased in the Lop/+ lens (Fig. 6). While we cannot exclude caspase-
dependent apoptosis, especially prior to P7, our data suggest that
calpain-mediated cell-death, associated with impaired de-nucleation
of fiber cells, predominated in the Lop/+ lens. Calcium-dependent
activation of calpains, especially calpain-2 and calpain-3 (Lp82), in the
rodent lens is an established cause of crystallin and cytoskeleton prote-
olysis resulting in cataract formation [57-59]. In the Lop/+ lens there
are at least two possible sources of calcium ion (Ca®™*) flux necessary
for calpain activation. First, prolonged ER-stress as a result of mutant
MIP accumulation particularly within the Lop/+ lens cortex may result
in uncontrolled Ca®™ leakage from ER-stores. The adverse effects of such
efflux may be compounded by the programmed loss of organelles in-
cluding the ER that is characteristic of lens fiber cell maturation [65].
Second, fiber cell membrane damage arising from MIP dysfunction, par-
ticularly within the Lop/+ lens nucleus, may permit uncontrolled Ca®"
influx. Such cell membrane damage likely disrupts the lens microcircu-
lation system that allows ions and water to flow in at the anterior and
posterior poles and out at the equator [66]. Once activated, calpain-
mediated proteolysis of crystallins leading to aggregate formation may
also contribute to the UPR in the Lop/+ lens. For example, activation
of the UPR has been detected in lenses of mice that accumulate mutant
forms of alpha- or beta-crystallins [30,33,34]. It is noteworthy, however,
that in contrast to rodent lenses, primate lenses are resistant to calpain
activation since they lack calpain-3 activity and human lens epithelial
cells contain high constitutive levels of the calpain inhibitor, calpastatin
[67]. Such variability in calpain activation between rodents and pri-
mates may, in part, explain the increased severity of lens opacities in
the Lop/+ mouse when compared with those observed in human fam-
ilies segregating MIP mutations.

In addition to the Eif2ak3/Perk-Atf4 branch of the UPR, several other
UPR genes were also up-regulated in the Lop/+ lens. First, Xbp1 and its
splicing product (Xbp1s) were up-regulated (Table 1, Supplemental

Fig. 2). Xbp1 encodes a bZIP transcription factor that in response to
ER-stress — downstream of Ern1/Irela - undergoes unconventional cy-
toplasmic splicing to generate an activated form, which translocates to
the nucleus and regulates UPR gene expression [48]. Neither Erni/
Irela nor Atf6 were strongly up-regulated in the Lop/+ lens; however,
the Atf6 cleavage product is known to up-regulate Xbp1 expression
and Ernl/Irela facilitates the splicing of Xbp1 necessary for its transcrip-
tion factor function. Generally, Xbp1 splicing signals pro-survival re-
sponses, including ER-chaperone up-regulation. However, Xbp1s can
also up-regulate Ddit3 expression [24]. Second, while the Lop/+ dataset
did not directly detect strong up-regulation of the genes coding for
ER-stress/UPR sensors (Eif2ak3/Perk, Ern1/Ire1, and Atf6), three other
genes encoding ER-resident components of the UPR (Hspa5, Dnajb9,
and Herpud1) were also up-regulated (Table 1). Notably, Hspa5 encodes
a member of the heat-shock protein 70 (HSP70) family of molecular
chaperones - alias 78 kDa glucose-regulated protein (GRP78) or immu-
noglobulin heavy chain-binding protein (BIP) - that constitutively
binds and inactivates the ER-stress/UPR sensors. Accumulation of un-
folded or misfolded proteins within the ER triggers release of HSPA5
from the sensors and simultaneously activates UPR pro-survival signal-
ing including up-regulation of ER-resident chaperones [25]. Dnajb9 en-
codes a member of the J-domain heat-shock protein 40 (HSP40) family
that acts as a molecular co-chaperone for HSPA5 [68]. Herpud1 encodes
a ubiquitin-like domain protein that is believed to function in the
ER-associated degradation of misfolded proteins [69]. When combined
with Xbp1 splicing above, these data by extension suggest that both
the Ern1/Irela-Xbp1 and Atf6 branches of the UPR may also be activated
in the Lop/+ lens, possibly, prior to the Eif2ak3/Perk-Atf4 branch.

Beyond UPR genes, many other functionally divergent genes were
also differentially regulated (>2-fold) in the Lop/+ lens and may con-
tribute to the cataract phenotype (Supplemental Tables 3 and 4). Note-
worthy non-UPR genes that were up-regulated included Cox6a2, Retnla,
and Sqgstm1. Cox6a2 is a nuclear gene that encodes one of 13 subunits of
the mitochondrial cytochrome c oxidase complex that if deficient in
mice results in ROS overproduction in skeletal muscle [70]. Retnla en-
codes an adipokine with cholesterol catabolism properties [71] raising
the possibility of an anti-inflammatory-like response during cataract
development in the Lop/+ lens. Sgstm1 encodes a stress-induced
scaffold protein (p62) with multiple domains that act as a signaling
hub for diverse cellular events including, NF-kB activation, mTORC1
activation, selective autophagy, and Nrf2 signaling [72]. Recently, p62
up-regulation has been linked with impaired autophagy in lenses
from a-crystallin mutant mice [33,73] and with an oxidative-stress re-
sponse via the Nrf2-Keap1 pathway [74]. Several non-UPR genes were
also strongly down-regulated in the Lop/+ lens including Hspb1,
1190002N15Rik, Trex1, and Hmox1. Interestingly, both Hspb1 and
Hmox1 have been directly associated with red-ox status. Hspb1 encodes
a member of the small heat-shock proteins (27 kDa) that in addition to
its chaperone properties has been implicated in glutathione status, actin
re-modeling, and anti-apoptosis [75]. Hmox1 encodes heme oxygenase 1
(alias HSP37), an essential antioxidant heme-catabolism enzyme found to
be cytoprotective against H,0,-induced oxidative-stress in lens epithelial
cells [76]. Trex1 encodes an ER-associated 3’-exonuclease implicated in
suppressing innate immune responses [77] and 1190002N15Rik codes
for a secreted Golgi protein (GoPro49) with cytoprotective properties
[78]. Taken together, the differential regulation of many genes unrelated
to the UPR suggests that additional stress-response mechanisms may op-
erate during Mip-related cataractogenesis.

In summary, our data suggest that prolonged activation the Eif2ak3/
Perk-Atf4-Ddit3-Chacl branch of the UPR in the Lop/+ mouse lens con-
tributes to fiber cell death and cataract development associated with
GSH-depletion, ROS-overproduction, and calpain hyper-activation. Ad-
ditionally, many other non-UPR related genes were differentially regu-
lated suggesting that therapeutic targeting of cataract via the lens UPR
will require consideration of multiple stress response pathways espe-
cially oxidative stress.
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