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Pureose. The Slc4all knock out (KO) mouse model recapitulates the human
disease phenotype associated with congenital hereditary endothelial dystrophy (CHED).
Increased mitochondrial reactive oxygen species (ROS) in the Slc4a11 KO mouse model
is a major cause of edema and endothelial cell loss. Here, we asked if autophagy was
activated by ROS in the KO mice.

MerHops. Immortalized cell lines and mouse corneal endothelia were used to measure
autophagy and lysosome associated protein expressions using Protein Simple Wes
immunoassay. Autophagy and lysosome functions were examined in wild type (WT) and
KO cells as well as animals treated with the mitochondrial ROS quencher MitoQ.

Resurts. Even though autophagy activation was evident, autophagy flux was aberrant
in Slc4a11 KO cells and corneal endothelium. Expression of lysosomal proteins and
lysosomal mass were decreased along with reduced nuclear translocation of lysosomal
master regulator, transcription factor EB (TFEB). MitoQ reversed aberrant lysosomal func-
tions and TFEB nuclear localization in KO cells. MitoQ injections in KO animals reduced
corneal edema and decreased the rate of endothelial cell loss.

Concrusions. Mitochondrial ROS disrupts TFEB signaling causing lysosomal dysfunction
with impairment of autophagy in Slc4a11 KO corneal endothelium. Our study is the first
to identify the presence as well as cause of lysosomal dysfunction in an animal model of
CHED, and to identify a potential therapeutic approach.

Keywords: congenital hereditary endothelial dystrophy (CHED), mTOR, transcription
factor EB (TFEB), lysosome, autophagy, MitoQ, reactive oxygen species (ROS), vATPase

he corneal endothelium is a monolayer on the poste-
rior corneal surface facing the anterior chamber of the
eye. These nonregenerating cells maintain corneal hydra-
tion and transparency through primary and secondary active
transport processes.!™ The energy needed for this process
is derived from a high density of mitochondria. Corneal
endothelial diseases, such as Fuchs endothelial corneal
dystrophy (FECD) and congenital hereditary endothelial
dystrophy (CHED), are associated with dysfunctional mito-
chondria, increased reactive oxygen species (ROS), alter-
ations in cell morphology, function, and eventually cell
death.*7 Corneal edema is the main clinical manifestation of
FECD and CHED,®? and corneal transplantation is the only
available treatment option. Although CHED is a rare reces-
sive disorder, FECD affects nearly 4% of people over the age
of 40 years and accounts for one-third of corneal transplants
per year in the United States.8!1
Corneal endothelial cells highly express SLC4A11, an
electrogenic NHj; sensitive H" transporter, that is located
in the basolateral membrane!! and multiple cytoplasmic
locations'? including the inner mitochondrial membrane.®
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Homozygous recessive mutations in this gene are linked
to early-onset CHED,!> whereas heterozygous mutations
are implicated in later life FECD."* The Slc4a11 knock-
out (KO) mouse model recapitulates the disease progres-
sion of CHED along with increased corneal endothelial
oxidative stress,>1° a well-known characteristic of corneal
endothelial dystrophies.®” Recent work from our labora-
tory demonstrated that Slc4all is an ammonia-sensitive
mitochondrial uncoupler. The absence of Slc4ai11 causes
glutamine-induced excessive mitoROS production, deficient
ATP production, and eventual apoptosis.® Although endothe-
lial cell function and morphology are affected early in
the mouse model, cell loss is not initially apparent but
progresses over many weeks.!> Mitochondrial ROS can lead
to increased autophagy, which in certain cell types helps in
survival.l” Whether autophagy is activated by Slc4a11 loss
of function and is instrumental in slowing cell death in the
corneal endothelium are unknown.

In the current project, we examined the autophagy
process in corneal endothelial cells lacking Slc4all and
found that while autophagy is activated, it is aberrant. We
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found that autophagy flux is disrupted in both a Sic4a11 KO
corneal endothelial cell line and mouse endothelial tissue,
primarily due to lysosome dysfunction. Quenching mito-
chondrial ROS with MitoQ rescued lysosomal function and
autophagy flux. Moreover, MitoQ slowed the development
of corneal edema in the Slc4a11 KO mouse and reduced
endothelial cell loss, while improving autophagy and lyso-
some protein expression. These findings provide further
evidence that mitochondrial Slc4all modulates ROS produc-
tion that if quenched can slow the progression of corneal
edema in a mouse model of CHED.

MATERIALS AND METHODS
Animal Model

Slcd4a11 wild-type (WT) and KO mice!®> were housed and
maintained in pathogen-free conditions and used in the
experiments in accordance with institutional guidelines and
the current regulations of the National Institutes of Health,
the United States Department of Health and Human Services,
the United States Department of Agriculture, and the Asso-
ciation for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research. Slc4al11 KO mice were created with a targeted
deletion of exons 9-13 of the mouse Slc4al1 gene."

Cell Culture Experiments

The generation of conditionally immortalized mouse corneal
endothelial cells (MCEC) Slc4a11*/* and Slc4all™~ is
described previously.’® Cells were cultured in Complete
Media, which contains OptiMEM-I medium (#51985; Thermo
Fisher Scientific, Canoga Park, CA, USA), 14 mM glucose
and 4 mM L-alanyl glutamine supplemented with 8% heat-
inactivated fetal bovine serum (FBS; #10082139; Thermo
Fisher Scientific), epidermal growth factor (EGF) 5 ng/mL
(#01-107; Millipore, Darmstadt, Germany), pituitary extract
100 pg/mL (Hyclone 15 Laboratories, Logan, UT, USA),
calcium chloride 200 mg/L, 0.08% chondroitin sulfate
(#G6737; SigmaAldrich Corp., St. Louis, MO, USA), gentam-
icin 50 pg/mL (#15710072; Thermo Fisher Scientific), antibi-
otic/antimycotic solution diluted 1:100 (#15240062; Thermo
Fisher Scientific) and 44 units/mL IFN-y (#485-MI; R&D
Systems, Minneapolis, MN, USA).

For the experiments, cells were incubated in Assay Media,
which contained Earle’s Balanced Salt Solution supple-
mented with 5.5 mM glucose (#141553; Thermo Fisher
Scientific), 0.5 mM glutamine (#250030-081; Thermo Fisher
Scientific), and 0.5% dialyzed FBS (#26400-036; Thermo
Fisher Scientific) at 33°C for 16 hours. Drug treatments, 50
nM BafilomycinAl (#SML1661; SigmaAldrich Corp.), 2 pM
MitoQ (#317102; Medkoo Biosciences, Morrisville, NC, USA)
were added into the assay media for 16 hours.

Transient Transfection

Mouse corneal endothelial cell (MCEC) WT and KO cells
were grown on glass coverslips. Using Lipofectamine 3000
(L3000001; Thermo Fisher Scientific), following manufac-
turer’s instructions, cells were transfected with pMRX-IP-
GFP-LC3-RFP-LC3AG (#84572; Addgene). Then, 72 hours
post transfection, the cells were subject to treatment in assay
media for 16 hours. Following this, the cells were fixed with
4% paraformaldehyde for 5 minutes, permeabilized using
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0.1% Triton X-100 for 5 minutes, and blocked using 3% BSA
for 1 hour. Primary antibody incubation using 1:100 anti-
GFP (#5¢-9996; Santa Cruz Biotechnology, Dallas, TX, USA)
and 1:100 anti-RFP (#¥600-401-379; Rockland Immunochem-
icals, Gilbertsville, PA, USA) was conducted over night at
4°C. Following secondary antibody incubation, and washes,
the cells were mounted using prolong gold antifade mount-
ing media (P36930; Thermo Fisher Scientific) and examined
by Zeiss LSM 800 confocal microscope (Zeiss, Oberkochen,
Germany) using 63X oil objective.

Western Blot Analysis

Protein lysates were prepared using 1X RIPA analysis (10X
RIPA buffer, #9806; Cell Signaling Technologies, Danvers,
MA, USA) containing protease and phosphatase inhibitors
(#5872S; Cell Signaling Technologies). Protein concentra-
tion was measured using BCA assay (#23227; Thermo Fisher
Scientific), and 20 pg of proteins were resolved by either
8% SDS-PAGE or 15% for lower molecular weights, trans-
ferred onto Nitrocellulose membrane (#¥1620115; BioRad,
Hercules, CA, USA), blocked using 5% milk in TBST for
1 hour followed by primary antibody incubation at 4°C
for overnight. Secondary antibody incubation was carried
out for an hour at room temperature, and the blots were
imaged using BioRad ChemiDoc imaging system. Antibod-
ies used only in traditional Western Blots are — LC3b (#2775;
Cell Signaling Technologies), and S-actin (#¥A5441; Thermo
Fisher Scientific).

Protein Simple - Simple Western Wes
Immunoassay for Protein Expression

Corneas were dissected and the endothelial cell layer was
removed by peeling Descemet’s membrane with jeweler’s
forceps. Protein lysates from corneal endothelial layers were
pooled from two animals, lysed in radioimmunoprecipita-
tion (RIPA) lysis buffer containing protease and phosphatase
inhibitors. Equal amounts of protein (1-3 pg) were loaded
into 12 to 230 kDa separation module kit, and analyzed
using the Protein Simple Wes System (Protein Simple, San
Jose, CA, USA) following the manufacturer’s instructions.
Wes data are obtained as virtual blots in which the molecular
weight and signal intensity are presented. Results in the form
of electropherograms are also obtained with this approach.
Molecular weights associated with the bands are presented
and the area under the curve in these plots correspond to
the chemiluminescence intensities. Table 1 includes antibod-
ies used in the Wes system. Traditional Western Blot was
performed for LC3b because LC3bI and LC3bII bands were
not properly resolved with Wes immunoassay.

Real Time PCR

Total RNA from MCEC WT and KO cells was isolated using
RNA mini kit (#74104; Qiagen, Germantown, MD, USA). The,
1 pg of RNA was used to prepare cDNA using a high-capacity
RNA to the DNA kit (#¥4388950; Thermo Fisher Scientific).
The National Center for Biotechnology Information (NCBID)
primer designing tool was used to design all other primers
used for this study. The primers used in this study can
be found in Table 2. Real time PCR was conducted using
SYBR green dye using a BioRad CFX96 system. Relative
quantitation was performed using 2722t method against
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TasLe 1. List of Antibodies Used for Traditional Western Blot and Wes Immunoassay

Antibody Name Catalog Number, and Company Dilution for Wes Immunoassay Dilution for Western Blot
mTOR #2983S, Cell Signaling Technologies 1:50 Not used
Phospho-mTOR #55306S, Cell Signaling Technologies 1:10 Not used
P62 # 23214, Cell Signaling Technologies 1:10 1:1000
Atg5 #12994, Cell Signaling Technologies 1:10 Not used
LC3b #2775, Cell Signaling Technologies Not used 1:1000
B-actin #A5441, Thermo Fisher Scientific Not used 1:2500
a-tubulin #690, Novus Biologicals 1:50 Not used
v-ATPase #140617S, Cell Signaling Technologies 1:10 Not used
Cathepsin B #31718, Cell Signaling Technologies 1:10 1:1000
TFEB # 13372-1-AP, Proteintech 1:10 Not used
TFEB # 32361, Cell Signaling Technologies 1:10 Not used
Lamin A/C # 4777, Cell Signaling Technologies 1:10 Not used
GAPDH #5174, Cell Signaling Technologies 1:50 Not used

TasLe 2. Primers Used in Real Time PCR Experiment

Blocls1 - Forward GGTGAGCCAAGGCATAGTCC
Bloclsl - Reverse GAGGTGATCCACCAACGCTT
Gabarap - Forward GCTGAGCTAGTGGCGTATGT
Gabarap - Reverse CGGATTTTCTCGCCCTCAGA

Atp6vOb - Forward GGTCGTTGTGGGAATCTGCT
Atp6vOb - Reverse CATAGATGGCCACCGCTTCA

Atp6vOc - Forward TGGTGCCAGGGCCCATAAAT
Atp6vOc - Reverse CTCCTGTAGAGGGTGATGCC
Gla - Forward TTGGGGTCAGAGCATTGGAC
Gla - Reverse TTGCGAGGTGTTTGATCCCA
Ctsb - Forward ACCTGTAACTGCTCACACCT

Ctsb - Reverse GCTCCCTGTTCCCTTTGAACT
Ctsd - Forward CAACGTGCTTCCGGTCTTTG
Ctsd - Reverse CTCATTGCCCACCTCCAACT

Lampl - Forward AGCATACCGGTGTGTCAGTG
Lampl - Reverse AGGCAGGTTCCGTTGTTACC

housekeeping gene. Fold change (FC) is calculated as
274ACT Data is plotted on Logy, scale.

Nuclear and Cytosolic Extraction

MCEC WT and KO cells were treated in assay media for 16
hours. Nuclear and cytosol extraction was carried out using a
Nuclear Extraction kit (#ab113474; Abcam, Cambridge, UK)
following the manufacturer’s instructions. Protein concentra-
tion was determined using the Bradford assay (#ab102535;
Abcam). Equal amounts of cytosolic fractions (approxi-
mately 1.5% of total cytosol extract), and equal amounts of
nuclear fractions (approximately 15% of the total extract)
were loaded to perform Wes immunoassay using antibod-
ies against transcription factor EB (TFEB). Lamin A/C and
GAPDH were used as nuclear and cytoplasm references,
respectively. Antibody information and dilutions are indi-
cated in Table 1.

Immunofluorescence

Mouse corneas were isolated, and washed in ice cold PBS.
Following fixation in 4% paraformaldehyde for 10 minutes,
the tissues were permeabilized using 0.5% Triton X-100 for
10 minutes, blocked using 3% Donkey Serum for 1 hour, and
incubated in primary antibody containing LC3b (#2775; Cell
Signaling Technologies) for overnight at 4°C, followed by
secondary antibody incubation for 1 hour at room temper-

ature. The corneas were cut radially, and mounted for
imaging. LAMP1 staining on MCEC was conducted using
the above-mentioned immunofluorescence protocol. Lamp 1
antibody (#DDX0191P; Novus Biologicals, 1:200) was used
for this purpose. Images were acquired for LC3b and Lamp1
staining using the Zeiss LSM 800 confocal microscope.

Cathepsin L Activity

Cathepsin L activity was measured on fresh corneal cups
using the Magic Red Cathepsin L assay kit (#941; Immuno-
chemistry Technologies, Bloomington, MN, USA) following
the manufacturer’s instructions. Magic Red staining images
were acquired on the Zeiss 15 Apotome microscope. Magic
Red reagent enters the cells in a non-fluorescent state. When
cleaved by Cathepsin, it emits fluorescence.

Live Cell Imaging

MCEC WT and KO cells were grown in 8-well Nunc Lab-
Tek IT CC2 chamber slides (Thermo Fisher Scientific), treated
with assay media for 16 to 18 hours. Then, 1 pM Lysosen-
sor Green DND-189 (L7535; Thermo Fisher Scientific) or 150
nM Lysotracker Red DND-99 (L7528; Thermo Fisher Scien-
tific) was added, and the cells were incubated at 37°C for
5 minutes. Following a brief wash with PBS, cells were
mounted using a glass coverslip and imaged at 63X using
the Zeiss LSM 800 confocal microscope.

Quantification of Confocal Fluorescence Images

Images for each experiment were acquired with the same
settings. Fluorescence microscopy images were analyzed
and fluorescence intensity quantified using ImageJ (US
National Institutes of Health, Bethesda, MD, USA). At least
35 cells were outlined for each condition, and cells were
counted from eight or more images. Experiments were
repeated on three different samples, and background inten-
sities were measured by outlining a cell free region in the
image, and subtracting this from the fluorescence intensity
measurement of the cells. The resultant value was consid-
ered the mean fluorescence intensity.

Corneal Thickness Measurement

Corneal cross-section images were obtained in vivo using
an iVue Optical Coherence Tomographer (OCT; Optovue,
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Fremont, CA, USA). All corneal thickness measurements
were made at the same time of day. At least three central
corneal thickness measurements were made for each eye
and averaged. Central corneal thickness measurements were
made using horizontal line scans. Eight scans were obtained
for each eye, and these values were averaged to get a final
image, which was then used to calculate the thickness. Using
a distance tool included in the software at the corneal apex,
we measured the corneal thickness.

The OCT operator was blinded to the experimental condi-
tion.

MitoQ Injections

MitoQ (#317102; Medkoo Bisociences) was dissolved in
equal amount of ethanol: distilled sterile water to obtain a
final concentration of 1 mM. Then, 100 pL of the above solu-
tion containing 68 ng of MitoQ was intraperitoneally injected
into the animals on alternate days for 4 weeks at the same
time each day. Control animals were injected with equal
volumes of vehicle at the same time/day for the same dura-
tion. Animals were monitored for any changes in health or
behavior during the experiment duration. All animals were
provided with vet-approved supplements; peanut butter or
Bacon Softies (Bio-Serv, Flemington, NJ, USA) for the dura-
tion of the treatment to prevent stress-induced weight loss
due to increased handling. All analyses of corneal thickness
following the MitoQ injections were blinded.

MitoSox Staining

Whole corneas were dissected and mounted with the
endothelium facing up in small plastic dishes. A volume of
10 pl of 1 mM MitoSox (#¥M36008; Thermo Fisher Scien-
tific) was added on the endothelial side and incubated
at room temperature for 30 minutes. The corneas were
washed 3 times for 5 minutes each with 10 pl of 1X
PBS. After removing all liquid, corneas were positioned in
wells of 96-well plate and Fluorescence (excitation = 510
nm, emission = 580 nM) was measured in a microplate
reader.

Statistical Analysis

All experiments were performed at least three times on
different days. Error bars represent mean =+ SD. Statisti-
cal significance was calculated using unpaired #-tests when
two groups were involved. ANOVA with Tukey’s multiple
comparisons test was used to determine statistical signif-
icance if more than two groups were analyzed. Statistical
analyses were conducted using Graph Pad Prism software
(La Jolla, CA, USA).

Model Figures
The model figures were created with the aid of BioRen-
der.com.

RESsULTS

Impaired Autophagy Flux in Slc4al1l KO Corneal
Endothelial Cells and Tissue

Using immortalized MCECs established from Slc4ail WT
and KO mice,'® we first asked if autophagy is activated.
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Increased autophagy is often triggered by a decrease in
phosphorylated mechanistic target of rapamycin (mTOR).
This stimulates phagophore formation which in turn matures
into an autophagosome and eventually fuses with lysosomes
resulting in the degradation of its components as summa-
rized in Figure 1A.

Because of the small amount of protein in mouse corneal
endothelial samples (approximately 8 pg/pair of eyes), we
used a capillary electrophoresis immunoassay approach
(Protein Simple Simple Western Wes) for all in vivo samples
and some in vitro samples, as indicated. This approach
accommodates 1 to 3 pg of total protein to obtain quantifi-
able western blot like results.'”~%* Figures 1B and 1C show
that the p-mTOR/mTOR ratio was decreased in Slc4a11 KO
compared to WT cells. Traditional Western blots indicate the
ratio of microtubule associate protein 1A/1B Light chain 3
(LC3bII/I) was increased (see Figs. 1B, 1C), suggesting that
the initial steps of autophagy are activated in KO cells rela-
tive to WT. LC3bI and II refer to the non-lipidated and lipi-
dated forms of LC3b. LC3blII is recruited to the autophago-
some membrane during the expansion and fusion. Detect-
ing the conversion of LC3bl (approximately 19 KDa) to
LC3bII (approximately 17 KDa) is considered to be an
indicator of autophagy in mammalian cells. P62, a marker
of autophagy flux that is part of the phagosome, is typi-
cally low during activated autophagy (due to degradation),
however, in Slc4a11 KO cells P62 was elevated (see Figs.
1B, 10). In cells with normal autophagy flux, treatment with
Bafilomycin Al (BafA1l), which blocks vacuolar Ht-ATPase
activity, alkalinizes lysosomes and increases the accumula-
tion of autophagy related proteins (see Fig. 1A). In WT cells,
BafA1l increased the protein levels of autophagy related 5
(Atg5) and P62. The LC3bII/I ratio (see Figs. 1B, 1C) was
increased in WT cells with BafAl treatment as expected.
In the KO cells with BafAl treatment, the ratio of LC3bIl/I
remained similar to those observed in KO cells. BafAl had
no effect on P62 levels in KO cells. We observed a slight
reduction in Atg5 level in the KO cells with or without
BafAl, but this was not significant. Taken together, these
results suggest compromised autophagy flux in Slc4all
KO MCEC.

Autophagy flux was also measured in MCEC WT and KO
cells by confocal imaging following transfection with pMRX-
IP-GFP-LC3-RFP-LC3AG, a fluorescent probe of autophagy
flux*® (Supplementary Fig. S1). The c-terminus of the LC3
construct is cleaved by Atg4, an autophagy initiation factor.
This results in the production of GFP-LC3 and RFP-LC3AG.
GFP-LC3 is degraded in the lysosomes upon autophagy,
whereas RFP-LC3AG remains cytosolic (see Supplementary
Fig. S1A). Autophagy flux is assessed by comparing the
GFP/RFP ratio. In the KO cells (Supplementary Figs. S1B,
S1C), the GFP/RFP ratio was two-fold higher than that of
the WT cells. Consistent with the Western blot results, BafAl
caused an increased GFP/RFP ratio in WT cells (see Supple-
mentary Figs. S1B, S1C), whereas in KO cells the ratio did
not change.

We then measured autophagy in the Slc4a11 KO mouse
corneal endothelial tissue from 10-week-old KO animals.
A two-fold increase in LC3 puncta numbers (Figs. 1D, 1E)
was observed. Moreover, increased expression of P62 and
decreased levels of p-mTOR/mTOR ratio were found in
the KO animal tissue when compared to age matched WT
controls (Figs. 1F, 1G). These results parallel the in vitro
findings confirming that autophagy is activated, but dysreg-
ulated in Slc4a11 KO corneal endothelium in vivo.
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Immortalized mouse corneal endothelial cells
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Ficure 1. Autophagy flux is aberrant in Slc4al11 KO corneal endothelial cells. (A) In basal autophagy, autophagosome formation
occurs followed by fusion with lysosomes and the degradation of substrates. In BafilomycinAl (BafAl) treated cells (1), the lysosomal
proton pump (v-ATPase), which is responsible for its acidic environment is inactivated. This leads to the accumulation of non-degraded
autophagy substrates in the cell (2), which further increases the levels of proteins involved in autophagosome (3), and phagophore forma-
tion (4), which eventually increases pmTOR/mTOR ratio (5). (B) Wes immunoassay for p-mTOR (Ser 2448), mTOR, Atg5, P62 in Slc4all
WT and KO MCEC (& 50 nM BafAl). Western Blot of the same lysates were probed for LC3b and B-actin. (C) Quantification of panel
B data, mean £+ SD. **P < 0.001, **P < 0.01, *P < 0.05, ns = not significant (1-way ANOVA with Tukey’s multiple comparisons test).
(D) Immunofluorescence of corneal endothelial tissue from Slc4a11 WT and KO mice for LC3b (red) counterstained with DAPI (blue). Scale
bar — 5 pm. (E) Quantification of LC3b puncta from panel D data, mean + SD, **P < 0.001 (Student’s #-test). (F) Wes immunoassay of mTOR,
pmTOR (Ser 2448) and P62 from Slc4a11 WT and KO corneal endothelial tissues. (G) Quantification of data from panel F, mean + SD.

kP < 0.001 (Student’s t-test, n = 3).

Evidence of Lysosomal Dysfunction in Slc4all KO
Corneal Endothelial Cells

Active lysosomes are essential for the ultimate degradation
of autophagy substrates. With the observation of decreased
autophagy flux in KO MCEC, we investigated lysosomal
function. We evaluated expression of Vacuolar ATPase (v-
ATPase), which is involved in lysosomal acidification, and
lysosomal hydrolase, Cathepsin B. Wes immunoassay anal-
yses indicate decreased v-ATPase and Cathepsin B expres-
sion in KO MCEC (Figs. 2A, 2B). Maturation of Cathepsin

B requires an acidic lysosome lumen.??> To validate the
Wes results, BafAl treatment eliminated mature Cathepsin B
detection in WT and KO cells indicating higher lysosomal
pH as a potential cause for the reduction in Cathepsin B
levels.

Next, we examined lysosomal protein expression in
corneal endothelial tissue of Slc4al1l KO animals. We
observed a reduction in the expression of lysosomal
proteins, v-ATPase and Cathepsin B (Figs. 2C, 2D), consis-
tent with the observations in MCEC. Cathepsin L activity was
measured with Magic Red. Our data shows decreased levels
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Immortalized mouse corneal endothelial cells
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Ficure 2. Lysosomal dysfunction is evident in Slc4a11 KO corneal endothelial cells. (A) Wes immunoassay of v-ATPase, and Cathepsin
B using Slc4a11 WT and KO MCEC whole cell lysates (= 50 nM BafAl). (B) Quantification of data from panel A, n = 3, mean £ SD. **P
< 0.01, #**P < 0.001, ***P < 0.0001, ns = not significant (1-way ANOVA with Tukey’s multiple comparisons test). (C) Wes immunoassay of
v-ATPase, and Cathepsin B from corneal endothelium ofSlc4a11 WT and KO mice. (D) Quantification of panel C data, » = 3, mean £ SD.

tissue. Scale bar — 50 pm. (F) Quantification of Magic Red fluorescence,

of Magic Red fluorescence in the KO tissue when compared
to age matched WT controls (Figs. 2E, 2F) confirming defi-
cient lysosomal activity.

To assess whether the decrease in lysosomal activities
were a result of decreased lysosomal content, MCEC were
stained with Lysotracker Red, a dye that selectively binds
to acidic organelles. Decreased lysosomal mass was seen in

n = 5, mean £ SD. ***P < 0.0001 (Student’s #-test).

Slc4a11 KO cells when compared to WT cells (Figs. 3A, 3B).
These results were corroborated by immunostaining of Lyso-
somal associated membrane protein 1 (Lamp1l; see Supple-
mentary Figs. S2A; S2B). In addition, lysosomal pH deter-
mined by LysoSensor Green staining was significantly dimin-
ished in Slc4a11 KO cells compared to WT (Figs. 3C, 3D).
Cells treated with BafAl were used as positive control.
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TFEB Activities are Reduced in Slc4all KO esis, function, and autophagy. Consistent with the lack of
Corneal Endothelial Cells TFEB activity, Figure 4C shows that a subset of these coordi-
nated lysosomal expression and regulation (CLEAR) path-

A major regulator of both autophagy and lysosomal function way genes®3° were significantly downregulated in KO
is TFEB. This protein is known to regulate lysosomal biogen- MCEC.

esis, autophagy, lysosomal exocyto(sis, and macromolecular Owing to the minute amounts of protein that can be
SO 26-28

de.gradatlon in several cell .types. ’ We .therefore deter- isolated from mouse corneal endothelial cells, cell fractiona-

mined whether the expression and activities of TFEB are  (jon procedures were not possible. Therefore, we conducted

affected in Slc4a11 KO. Nuclear and cytosolic extractions Wes immunoassay to detect total TFEB levels in the corneal
were conducted for Wes immunoassay-based detection of endothelia of Slc4a11 WT and KO animals. Because TFEB

TFEB levels in Slc4a1l WT and KO cells. Whereas TFEB is known to regulate its own transcriptional activation,?® a
was detected in cytosol and nucleus in WT cells, signifi- decrease in total TFEB levels in the tissue lysate would be
cant reductions in the nuclear TFEB levels (Figs. 4A, 4B)  jndicative of the decreased transcriptional activity of this
were observed in KO cells. TFEB regulates the transcrip- protein. In the tissue lysates, TFEB expression was signif-
tion of several genes that in turn regulate lysosomal biogen- icantly reduced in the KO (Figs. 4D, 4E).
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3-phosphate dehydrogenase (GAPDH) were used as loading control for the respective fractions and also to rule out cross-contamination
between the fractions. (B) Quantification of Wes results from panel A. Mean + SD. **P < 0.001. ns = not significant (Student’s #-test). (C)
Q-PCR of a subset of TFEB regulated CLEAR network genes in Slc4a11 WT and KO MCEC. Blocs1l — Biogenesis of Lysosomal Organelles
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galactosidase A , Ctsd — Cathepsin D, Ctsb- Cathepsin B, and Lamp1- Lysosome-associated membrane glycoprotein 1. Expression normalized
to B-actin, *P < 0.05, **P < 0.001 (Student’s t-test). (D) Wes immunoassay of TFEB from Slc4a11 WT and KO corneal endothelial tissue. (E)
Quantification of panel D data, mean + SD, **P < 0.0001, » = 3 (Student’s /-test).



Investigative Ophthalmology & Visual Science

ROS Induced Autophagy Impairment in CHED IOVS | September 2021 | Vol. 62 | No. 12 | Article 15 | 8

2uM
A. MitoQ B.
& o080
TE S 1 5PMTORMTOR 4.
230 ) o
oo W8 W g T TOR § s 4
£ 210 58
o pmTOR g § % § )
=2 c e
5505 S3
% - P62 8o 88 15
o
£ 0 g o
e e e [ 0-tubulin
40-
C. D.
2uM 54
MitoQ i) 4
& B_ 4
SO e £s
20 LC3pl £ & 3
15| AR 3ol 85,
c £ 1
S B
37.| s s s B-2CHN §§ 1)
5
a0l
F

RFP-LC3AG LC3-GFP MERGE oomed in

KO +
MitoQ

FiGure 5. MitoQ improves autophagy Slc4al1 KO cells. (A) Wes immunoassay of pmTOR, mTOR, and P62 from Slc4a11 WT and KO
MCEC =+ MitoQ. (B) Quantification of panel A data, n = 3. (C) Western Blots of LC3b and B-actin in Slc4a11 WT and KO MCEC + MitoQ. (D)
Quantification of panel C data, n = 3. (E, F) Detection of GFP and RFP fluorescence ratio in Slc4a11 WT, KO (£ MitoQ) MCEC transfected
with GFP-LC3-RFP-LC3AG and Quantification. Scale bar — 10 pm, » = 7. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, mean + SD
(1-way ANOVA with Tukey’s multiple comparisons test).



Investigative Ophthalmology & Visual Science

ROS Induced Autophagy Impairment in CHED

Treatment With Mitochondrial ROS Quencher,
MitoQ, Reverses Autophagy Impairment, and
Lysosomal Dysfunction in Slc4all KO Corneal
Endothelial Cells

Our previous work has shown that Slc4all acts as an
NH;-sensitive mitochondrial uncoupler.® We found that in
the presence of glutamine, Slc4a11 KO mouse corneal
endothelia produce significantly higher levels of mitochon-
drial superoxide and a greater rate of apoptosis. To deter-
mine whether glutamine affects autophagy and lysosomal
functions in Slc4all KO, cells were incubated in media
with or without glutamine (Supplementary Figs. S3A, S3B).
In the absence of glutamine, KO cells showed increased
LC3bII/I ratio and decreased P62 levels compared to WT
cells suggesting increased autophagy. In addition, BafAl
treatment in the absence of glutamine revealed the expected
increase in LC3bII/I ratio (see Supplementary Figs. S3A,
S3B). Expression of lysosomal acid hydrolase, Cathepsin B,
was also evident in KO cells in the absence of glutamine
compared to glutamine treatment (see Supplementary Figs.
S3A, S3B). These data indicate that in Slc4all KO cells,
dysfunctional autophagy and lysosomal malfunctions (see
Figs. 1-3) are attributable to glutamine.

Because glutamine induced mitochondrial ROS was
found to be the major contributing factor for apoptosis and
metabolic dysfunctions associated with the loss of Sic4a11
in the corneal endothelium,® we asked whether quench-
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ing oxidative stress would improve autophagy and lyso-
somal dysfunctions in Slc4all KO cells?'*? Our previ-
ous study® had shown that a mitochondria specific antiox-
idant MitoQ?'3? can reduce mitochondrial ROS in corneal
endothelium, and we confirmed that treatment with 2 pM
MitoQ resulted in a significant mitoROS reduction in the KO
MCEC (see Supplementary Figs. S4A, S4B). MitoQ treatment
decreased pmTOR/mTOR as well as P62 levels (Figs. 5A, 5B).
In addition, MitoQ increased the LC3bII/I ratio in KO cells
(Figs. 5C, 5D) and decreased pMRX-IP-GFP-LC3-RFP-LC3AG,
GFP/RFP ratio in KO comparable to WT cells (Figs. 5E, 5F).

Lysosomal function, as measured by v-ATPase, was
increased in KO MCEC with MitoQ treatment (Figs. 6A, 6B).
MitoQ diminished nuclear TFEB in WT, but rescued TFEB to
nucleus in KO (Figs. 6C, 6D). Similarly, lysosomal mass (Figs.
G6F, 6G) and pH (Figs. 6H, 61) were improved by MitoQ. These
data indicate that quenching mitochondrial ROS restores
autophagy flux in the Slc4a11 KO MCEC.

MitoQ Mediated Reduction of Disease Phenotypes
Associated With CHED in Slc4all KO Animals

The major clinical features of CHED are progressive corneal
edema and endothelial cell loss. The Sic4a11 KO mouse
model recapitulates these phenotypes (14). In this animal
model, significant corneal edema is apparent at 8 weeks of
age, and this continues to increase through adulthood. To
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multiple comparisons test).

determine if MitoQ could reverse the in vivo disease pheno-
type, we conducted intraperitoneal injections of 68 pg MitoQ
on 8-week-old Slc4a11 KO mice on alternate days for 4
weeks. No significant changes in weight were noted in the
animals during the course of the treatment (WT 22.3 £ 3.2 g,
KO 23.4 &+ 4.7 g, and KO + MitoQ 22.1 £ 3.9 g). At the end
of the treatment duration, animals were euthanized, and the
corneas were stained with MitoSOX Red on the endothe-
lial side to detect the levels of mitochondrial ROS. Signifi-
cant reduction of mitochondrial superoxide was detected in
the corneal endothelium of KO animals injected with MitoQ
when compared to KO animals injected with saline (Fig. 7A).
DAPI staining of the corneal cups were conducted to deter-
mine corneal endothelial cell density. We also found that the
endothelial cell density of non-treated KO mice was approxi-

mately 80% of that of WT animals, whereas with MitoQ injec-
tions, endothelial cell loss was 93% of WT levels (Fig. 7B).

We next determined whether MitoQ injection improved
autophagy and lysosomal protein expression in Slc4a11 KO
animals. Corneal endothelium dissected from MitoQ treated
KO animals showed improvement in both Cathepsin B and
TFEB levels (Figs. 7C, 7D). Because of the small tissue size,
cell fractionation using mouse corneal endothelial tissues
is not feasible. TFEB is known to regulate its own tran-
scription.?® We therefore rationalized that a change in total
TFEB levels indicates changes in its nuclear translocation.
P62 levels were decreased in these animals when compared
to KO control animals (see Figs. 7C, 7D).

Last, MitoQ injections resulted in significant reduction
in corneal edema in Slc4a11 KO animals (Figs. 8A, 8B).
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Corneal edema progressed in vehicle injected KO animals
and remained relatively unchanged in the WT animals
(see Figs. 8A, 8B). To determine the specificity of MitoQ
in reducing corneal edema, we conducted an additional
experiment. Here, MitoQ was injected into a group of KO
animals, whereas the littermates were not injected. Both
groups had comparable corneal thickness at week 0. Two
weeks after the injections, MitoQ treatment group showed a
slight decrease in corneal thickness (ACt = —8 um) while the
control animals showed increased corneal thickness (ACt =
+19 pm). At this point, the injections were stopped. OCT
measurements were made 2 weeks later. The MitoQ injected
group now had a slightly elevated ACt = +2 pm (compared
to week 0). When compared to week 2, the MitoQ injected
animals had a significant elevation in their corneal thick-
ness (Fig. 8C, Supplementary Fig. S5). Thickness continued
to progress in the non-injected group (ACt = +40 um; see
Fig. 8C, Supplementary Fig. S5). This reversal in the change
of corneal thickness validates the effect of MitoQ.

DiscusSION

Here, we show that loss of Slc4a 11, which leads to excessive
glutamine dependent mitoROS, interferes with TFEB nuclear
translocation, and lysosomal biogenesis and function, result-
ing in aberrant autophagy. Quenching of mitoROS by MitoQ
rescues each of these parameters both in vitro and in vivo,
resulting in a partial reversal of corneal edema in the mouse
model of CHED. This is consistent with a previous study that
showed partial alleviation of corneal edema in the CHED
mouse when mitoROS was reduced by bypassing glutamine
catabolism with dimethyl-a-ketoglutarate eye drops.® Taken

together, these results confirm that excessive mitochondrial
derived ROS drives the disease phenotype in CHED.

Corneal endothelial cell dysfunction, as evidenced by
corneal edema, is apparent at eye opening in the CHED
mouse. Whereas cell morphology is altered, cell density is
not significantly different from WT at 10 weeks of age."”
Significant reduction in cell density is noted in KO at
40 weeks of age."” Therefore, we set out to determine
if enhanced autophagy slows cell death in these early
stages. However, we found that mitochondrial ROS impedes
lysosomal function and autophagy in Slc4a11 KO corneal
endothelial cells. In the KO cells, we observed modest
upregulation of several autophagy associated proteins,
however, autophagy flux was aberrant. In order for efficient
degradation of substrates in the autophagosomes, normal
activity of the lysosomal system is crucial. Therefore, we
analyzed whether lysosomes are functional in Slc4a11 KO
cells. Lysosomal mass was decreased and lysosomal pH was
increased in these cells. Most importantly, nuclear translo-
cation of the master regulator of lysosomal function and
biogenesis, TFEB was decreased. All these data indicate that
autophagy, which in many cells enhance survival, is compro-
mised in Slc4a11 KO cells.

Inter-organelle communication has been recognized to
be an essential component for normal cellular physiology.>?
Mitochondria-lysosome cross-talk is well studied in this
regard. Loss of mitochondrial function in many cases impairs
lysosomal activities.>*3> This sometimes leads to decreased
p-mTOR/MTOR ratio that reduces TFEB phosphorylation
and increases nuclear translocation, which enhances lyso-
somal biogenesis.>3° This mechanism of action is evident
in several cell types during acute mitochondrial stress but
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not during chronic stress.>® However, in the Slc4a1l KO
cells, a reduction in TFEB levels and activities, rather than
an increase, was observed. These data suggest that chronic
mitochondrial stress in Slc4a11 KO cells may prevent TFEB
translocation, which disrupts lysosome functions. Paradox-
ically, acute application of MitoQ in WT cells, while not
producing a detectable change in MitoROS level (see Supple-
mentary Fig. S4), decreased TFEB nuclear localization, lyso-
somal content and acidification. This suggests that some
small amount of mitochondrial ROS, which we could not
detect, may play a role in normal lysosomal biogenesis and
function® or there is an off target effect of MitoQ.

Phosphorylation by mTOR prevents TFEB nuclear
translocation, and thereby inhibits its transcriptional activ-
ities.?®37 In the present study, nuclear levels of TFEB were
decreased even with low pmTOR/mTOR ratio in Slc4a11 KO
cells, suggesting alternate mechanisms of TFEB regulation in
these cells. Protein kinase B regulates TFEB through mTOR
independent mechanisms,*® and protein kinase C mediated
inactivation of Glycogen Synthase Kinase B (GSK3p8) is
known to improve TFEB nuclear translocation.’® In certain
cell types during chronic stress conditions, the status of
mTOR activation is not sufficient to enhance TFEB activ-
ities, 333 and it is stipulated that, in such situations,
cells may conserve the limited functionality of damaged
organelles rather than spend energy to recycle materials.?
Whether chronic oxidative stress in Slc4a11 KO cells super-
sedes mTOR regulation of TFEB will require additional stud-
ies.

Loss of lysosomal proteolytic activities compromise
protein degradation pathways in many neurodegenerative
diseases, such as Parkinson’s disease, Alzheimer’s disease,
and amyotrophic lateral sclerosis.**=%> In addition, imped-
iments in autophagy due to lysosome dysfunctions are
present in several ocular diseases, including glaucoma,®
retinitis pigmentosa,* age related macular degeneration,?
and granular corneal dystrophy.*® To the best of our knowl-
edge, the present study is the first to identify and charac-
terize autophagy impairment and lysosomal malfunctions
in CHED. Several studies have identified mitochondrial
dysfunction, or oxidative stress as the trigger behind cell
death in FECD, CHED, keratoconus, and granular corneal
dystrophy.*>47-5 Here, we further characterize the cross-
talk between mitochondria and lysosomes in the corneal
endothelial cells, and reveal that an important physiological
process (autophagy) is disabled by increased mitochondrial
ROS.

CHED is a disease with no cure. The prevalent form
of treatment involves endothelial keratoplasty, an invasive
procedure with significant risk of graft rejection. Our study
shows that the use of a mitochondrial ROS quencher, MitoQ,
can decrease endothelial cell loss and corneal edema in a
mouse model of CHED. In the Slc4a11 KO animal model,
corneal edema precedes endothelial cell loss, indicating that
cell function and not cell loss is the cause of the initial
edema. However, with increasing age a continued increase in
corneal edema is observed as well as a significant endothe-
lial cell loss. At some point, cell loss will contribute to
edema. MitoQ treatment reversed both corneal edema and
endothelial cell loss in Slc4a11 KO animals. We associate
the edema reversal to rescue of cell function. Moreover,
there is rescue of cell loss because both edema and cell loss
are ameliorated by the decreased mitoROS levels. Animal
studies involving type 2 diabetes,** kidney disease,’'>? and
sensorineural hearing loss*® have shown promising results
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using MitoQ as a therapeutic agent. MitoQ was initially
synthesized as a lipophilic molecule capable of specifically
accumulating in the mitochondria.>* It was used toward
rescuing mitochondrial dysfunction in Parkinson’s disease,>
although clinical trials were ultimately unsuccessful, possi-
bly because damage was already too extensive.’> However,
no major side effects were seen when given the maximum
oral dose of MitoQ (80 mg/day) for a year, indicating that
it was well tolerated.>> Because repurposing of old drugs
can circumvent many years of additional research that may
go into the development of a new drug, MitoQ stands as a
promising candidate toward the treatment of disease, such
as CHED.
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