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Parkin elimination of mitochondria is important for maintenance
of lens epithelial cell ROS levels and survival upon oxidative
stress exposure
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Abstract

Age-related cataract is associated with oxidative stress and death of lens epithelial cells (LECs)
whose survival is dependent on functional mitochondrial populations. Oxidative stress-induced
depolarization/damage of LEC mitochondria results in increased reactive oxygen species (ROS)
levels and cell death suggesting the need for a LEC mechanism to remove mitochondria
depolarized/damaged upon oxidative stress exposure to prevent ROS release and LEC death. To
date, a mechanism(s) for removal of depolarized/damaged LEC mitochondria has yet to be
identified and the importance of eliminating oxidative stress-damaged mitochondria to prevent
LEC ROS release and death has not been established. Here, we demonstrate that Parkin levels
increase in LECs exposed to H,O,-oxidative stress. We establish that Parkin translocates to LEC
mitochondria depolarized upon oxidative stress exposure and that Parkin recruits p62/SQSTM1 to
depolarized LEC mitochondria. We demonstrate that translocation of Parkin results in the
elimination of depolarized/damaged mitochondria and that Parkin clearance of LEC mitochondria
is dependent on its ubiquitin ligase activity. Importantly, we demonstrate that Parkin elimination of
damaged LEC mitochondria results in reduced ROS levels and increased survival upon oxidative
stress exposure. These results establish that Parkin functions to eliminate LEC mitochondria
depolarized/damaged upon oxidative stress exposure and that elimination of damaged
mitochondria by Parkin is important for LEC homeostasis and survival. The data also suggest that
mitochondrial quality control by Parkin could play a role in lens transparency.
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Introduction

The eye lens is composed of a single layer of organelle-containing lens epithelial cells
(LECs) that overlies a core of transparent organelle-free lens fiber cells [1]. The homeostasis

"To whom correspondence should be addressed: Marc Kantorow, Ph.D., Charles E. Schmidt College of Medicine, Florida Atlantic
University, 777 Glades Rd. Boca Raton, FL 33431, USA, Tel: 561-297-2910, mkantoro@health.fau.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brennan et al.

Page 2

and survival of LECs is essential for the transparency of the entire lens [1-4] since damage
to LECs [5, 6] and their sub-cellular components [7-10] has been suggested to result in
cataract formation. Despite advances in surgical techniques, cataract remains a significant
cause of world blindness and it has been estimated that any therapy that could delay the
onset of cataract by just ten years could half the number of cataract surgeries required
annually [11], improving the quality and reducing the cost of visual healthcare.

A key contributor to LEC death and cataract formation is exposure of the lens to oxidative
stress [12-16]. Oxidative stress exposure results in damage to a wide-array of LEC
components including LEC mitochondria that are particularly sensitive to oxidative stress
exposure [7, 12, 13, 17, 18]. Oxidative stress damage to LEC mitochondria is characterized
by mitochondrial depolarization [12], increased production of mitochondrial reactive oxygen
species (ROS) [12, 17, 18] and LEC death [12, 17].

To prevent oxidative stress-induced damage to LEC mitochondria and thereby prevent LEC
death, multiple anti-oxidant [3, 12, 17, 19, 20] and chaperone systems [3, 21-24] function to
defend LEC mitochondria against depolarization/damage and thereby prevent increased
ROS levels. However, despite the presence of these protective systems, high-level or chronic
exposures of LECs to oxidative stress results in increased ROS levels and LEC death [12,
17] and long-term exposure of the lens to hyperbaric oxygen-oxidative stress results in
cataract formation in animal models [7, 25-27]. These data suggest the need for an LEC
mechanism(s) to remove damaged mitochondria to prevent increased ROS levels and LEC
death. However, to date, no LEC mechanism for removal of damaged mitochondria has been
identified and the effect of removing damaged LEC mitochondria on ROS levels or survival
has not been established.

Evidence for the existence of a mechanism that could function to remove damaged LEC
mitochondria was recently provided through the identification of mitochondria contained
within autophagolysosomes of embryonic chick and adult human LECs [28]. This
observation suggests that the selective autophagy process called mitophagy that eliminates
mitochondria [29-32], could function to eliminate LEC mitochondria damaged upon
oxidative stress exposure.

One protein that functions to remove damaged mitochondria in multiple cell-types is Parkin,
Parkin operates in conjunction with the actions of phosphatase and tensin homolog (PTEN)-
induced putative kinase 1 (Pink1), mitochondrial-processing protease (MPP), and
presenillin-associated rhomboid-like protein (PARL) [29-32]. Under normal conditions,
Pink1 is cycled through the inner mitochondrial membrane where it is cleaved by several
proteases including MPP and inner membrane PARL [29]. In depolarized/damaged
mitochondria, unprocessed Pink1 is retained on the outer mitochondrial membrane where it
phosphorylates Parkin [33, 34]. Phosphorylation of Parkin by PINK1 results in its
conversion into an active phospho-ubiquitin-dependent E3 ligase that ubiquitinates itself
[35] and multiple mitochondrial outer membrane (OMM) proteins [35-39]. These
ubiquitinated mitochondrial proteins are then recognized by ubiquitin-binding adaptor
proteins such as p62/sequestosome 1 (p62/SQSTM1) [40-43]. p62/SQSTM1 contains an
LC3B-interacting region (LIR) that recruits LC3B-labeled autophagosomes to engulf and
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degrade the damaged mitochondria [41-43]. Consistent with a potential role for Parkin in the
removal of LEC mitochondria damaged upon oxidative stress exposure, DNA miccroarray
[44] and RNA sequencing analysis [45] revealed that Parkin, Pink1, MPP, PARL and p62/
SQSTML1 are expressed by LECs.

Here, we demonstrate that Parkin levels increase in LECs exposed to HoO»-oxidative stress.
We establish that Parkin translocates to LEC mitochondria depolarized upon oxidative stress
exposure and that Parkin recruits p62/SQSTM1 to depolarized LEC mitochondria. We
demonstrate that translocation of Parkin results in the elimination of depolarized/damaged
LEC mitochondria resulting from oxidative stress exposure and that Parkin elimination of
damaged LEC mitochondria is dependent on its ubiquitin ligase activity. Importantly, we
demonstrate that Parkin elimination of damaged LEC mitochondria results in reduced LEC
ROS levels and increased LEC survival upon oxidative stress exposure. These results
establish that Parkin functions to eliminate LEC mitochondria damaged upon oxidative
stress exposure and that elimination of damaged mitochondria by Parkin is important for
LEC homeostasis and survival. The data also provide evidence that LEC mitochondrial
quality control by Parkin could play an important role in the maintenance of lens
transparency.

Materials and Methods

Cell culture of human lens epithelial cells

Human lens epithelial cells (SRA 01/04) [46] were cultured in DMEM (Invitrogen,
Carlsbad, CA) supplemented with 15% FBS (Invitrogen), gentamicin (50 units/ml;
Invitrogen), penicillin-streptomycin antibiotic mix (50 units/ml; Invitrogen) and fungizone
(5 pl/ml; Invitrogen) at 37 °C in the presence of 5% CO».

Preparation of chicken primary lens epithelial cells

Primary chicken LEC cultures were prepared from the lenses of Embryonic day 10 (E10)
White Leghorn embryonated chicken eggs (Charles River Laboratories, Storrs, CT) using
the method of Menko et al. [47]. Briefly, primary lens cells were isolated from chicken
lenses by trypsinization and agitation. Cells were plated onto glass bottom dishes coated
with mouse laminin (Invitrogen) and cultured in Medium 199 (Invitrogen) supplemented
with 10% FBS (Invitrogen) and penicillin-streptomycin antibiotic mix (50 units/ml;
Invitrogen).

Transfection of human and primary chick lens epithelial cells

For transient transfection, SRA 01/04 were plated onto 35 mm? glass bottom tissue culture
dishes (CellVis, Mountain View, CA) in 2 mls of media or 12 well glass bottom dishes
(Matek, Ashland MA) in 1 ml of antibiotic free media and transfected with YFP-wt-Parkin
or mutant YFP-C431N-Parkin vectors that were gifts from Dr. Richard Youle, [48]
(Addgene, Cambridge, MA; Plasmid #23955 and #46924 respectively) using Lipofectamine
2000® transfection reagent (Invitrogen) according to the manufacturer’s instructions. For
transient transfection the efficiency was approximately 50% in SRA 01/04 cells transfected
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with either vector. Transient transfection was confirmed by visualizing YFP in transfected
cells using a Zeiss LSM 700 Confocal microscope.

Primary chicken LECs were plated onto 12 well glass bottom dishes in 1 ml of media,
allowed to adhere and reverse transfected with YFP-wt-Parkin or mutant YFP-C431N-
Parkin vectors using Lipofectamine 2000® (Invitrogen) transfection reagent according to the
manufacturer’s instructions. Transfection efficiency was approximately 60% in primary
chicken LECs transfected with either vector. Transient transfection was confirmed by
visualizing YFP in transfected cells using a Zeiss LSM 700 Confocal microscope.

For both SRA 01/04 and primary chick LECs, cells were treated 48 h post transfection.

Creation of stable overexpressing SRA 01/04 cell lines

SRA 01/04 cells were transfected as described above with either YFP-wt-Parkin or mutant
YFP-C431N-Parkin and incubated for 48 h. After 48 h cells were passaged into media
containing 1.4 mg/ml Geneticin for selection of transfected cells. Clonal populations of cells
remaining after a number of passages were transferred to 96 well plates and grown in the
presence of Geneticin. Three cell lines were created for each vector and stored in media
+10% DMSO in liquid nitrogen. YFP-wt-Parkin or mutant YFP-C431N-Parkin transcripts
levels were evaluated relative to a stable GFP overexpressing SRA 01/04 cell line by semi-
quantitative RT-PCR using the SuperScript® I11 one-step RT-PCR system with Platinum Taq
polymerase (Invitrogen) according to the manufacturer’s instructions. Total RNA was
purified from cells using TRIZOL reagent (Invitrogen) according to the manufacturer’s
instructions. 200 ng of total RNA was assayed following isolation from cell lines. Parkin
transcripts were amplified for 30 PCR cycles with a 52 °C annealing temperature and the
primer sequences: Forward primer - CTGTGCAGAATTGTGACCT and reverse primer —
GCAAAGCTACTGATGTTTCC. GAPDH was amplified as the internal control transcript
for 20 PCR cycles with a 60 °C annealing temperature using forward primer —
CCACCCATGGCAAATTCCATGGCA and reverse primer -
TCTAGACGGCAGGTCAGGTCCACC. Parkin protein levels were also evaluated by
western blot analysis using a Parkin-specific antibody (Santa Cruz Biotech, Dallas, TX).

Oxidative stress treatment of lens epithelial cells

To examine the effect of oxidative stress on Parkin mediated clearance of mitochondria,
SRA 01/04 LECs that were transiently or stably transfected with YFP-wt-Parkin or mutant
YFP-C431N-Parkin vectors were plated onto 35 mm? tissue culture dishes in 2 mls of media
or 12 well glass bottom dishes in 1 ml of media. Cells were transferred to serum free media
and treated with indicated amounts of H,O5 for indicated times. The volume of H,0O, added
was proportional to the volume of media i.e the stock concentration was consistent.
Following treatment, cells were fixed and stained as detailed below or cells were lysed in
NP40 lysis (50mM Tris-HCI pH 7.4, 150mM NaCl, 1mM EDTA, 1% NP40, 0.25% sodium
deoxycholate) buffer supplemented with a protease inhibitor cocktail (Sigma, St Louis,
MO). Following lysis, samples were briefly sonicated and centrifuged for 5 mins at 10,000
rpm. The supernatant was stored at =20 °C.
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Analysis of Parkin protein levels in human lens cells following exposure to oxidative stress

SRA 01/04 LECs were seeded onto 6 well plates at a density of 2 x 10° cells per well. Cells
were incubated in serum free medium for 2 h and then exposed to 200 uM H,O, (or PBS as
a control) for 2 h in serum free medium as previously described [12, 19]. Cells were washed
once in PBS and returned to serum-supplemented medium (15% serum) for a 24 h recovery.
Cells were harvested after 24 h and protein isolated. For protein isolation, cells were washed
with ice cold PBS and directly lysed on the plate in NP40 lysis buffer containing 1:1000
protease inhibitor cocktail. The lysates were sonicated for 10 sec x 2 and centrifuged at
10,000 x g for 5 min; the supernatant containing the total cell extract was stored at —20 °C
until used. Parkin protein levels were analyzed by western blot analysis as described below.

Isolation of cytosolic and mitochondrial proteins

SRA 01/04 cells (used between passage 62 and 70) were treated with H,O, as described
above, washed once in PBS and harvested by trypsinization. Cells were pelleted and the
pellet frozen at —80 °C to weaken the cell membrane. Mitochondria were isolated using a
mitochondrial isolation kit for cultured mammalian cells (Abcam, Cambridge, MA)
following the manufacturer’s instructions. The cytosolic and mitochondrial protein fractions
were stored at =80 °C until used. Protein concentrations were determined by Bradford
protein assay. Western blot analysis was carried out as previously described [44].

Immunocytochemistry

SRA 01/04 lens cells or primary chick LECs were plated onto 35 mm? glass bottom tissue
culture dishes or 12 well glass bottom dishes and incubated overnight in complete media.
Cells were treated with indicated amounts of H,O, for indicated times. Following exposure
to HyO5, immunostaining was conducted by fixing cells with 3.7% formaldehyde in PBS,
permeabilizing cells with 0.25% Triton X-100 in PBS and blocking with 1% BSA. For co-
localization of Parkin and mitochondria following oxidative stress treatment, cells were
fixed and stained with a Parkin-specific rabbit antibody (Santa Cruz) and a TOMMZ20-
specific mouse antibody (Santa Cruz) and counterstained with nuclear stain DAPI
(Molecular probes, ThermoFisher). To co-localize mitochondria and p62/SQSTM1, SRA
01/04 LECs were transiently transfected with YFP-wt-Parkin or YFP-C431N-Parkin and
treated with H,O, or CCCP as described above. Following treatment, cells were
immunostained by incubating with a TOMMZ20-specific rabbit antibody (Santa Cruz) and a
p62/SQSTM1-specific mouse monoclonal antibody (BD Pharmingen). Following overnight
incubation in primary antibody cells were washed three times with PBS, and subsequently
incubated with Alexa Fluor 555 goat anti-rabbit secondary and Alexa Fluor 680 anti-mouse
secondary antibody (Invitrogen) for 1 h at room temperature at 1:2000 dilutions. Cells were
washed with three times with PBS, counterstained with 300 nM DAPI and stored in PBS
until imaged. Immunofluorescent staining was visualized using a Zeiss LSM 700 Confocal
microscope using the 40 X objective. For SRA 01/04 LECs, at least 100 cells were examined
and representative images presented, for primary chick LECs that form lentoid type
structures, at least 10 fields of view were examined and representative images presented.
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Detection of ROS production

For ROS detection, SRA 01/04 cells stably overexpressing YFP-wt-Parkin or YFP-C431N-
Parkin were plated onto 35 mm? glass bottom dishes and incubated overnight in complete
media. Cells were treated with 0, 200 or 300 pM H,0, for 24 h in serum free media.
Following exposure to H,0, cells were washed once in PBS and incubated with 20 uM
dihydroethidium (DHE, Molecular Probes, ThermoFisher) for 20 mins at 37 °C. ROS
staining was examined using a LSM 700 Confocal microscope, at least 100 cells were
examined and representative images presented.

Cell-Viability Assay

Results

Cell viability was assayed using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI) kit containing the tetrazolium compound MTS according to
the manufacturer’s protocols. MTS color change was monitored using a SpectraMax M5e
microplate reader (Molecular Devices, Sunnyvale, CA) set at an absorbance reading of 492
nm.

SRA 01/04 cells stably overexpressing either YFP-wt-Parkin or YFP-C431N-Parkin plated
in 96-well plates at a density of 10,000 cells per well and treated with increasing
concentrations of HyO5 for 24 h in serum-free media. HoO» treatments were analyzed in sets
of eight identical treatments, and cell viability was monitored by using the MTS assay
described above. Mean absorbance and standard deviations for each treatment were
determined. Differences among treatments were determined using Student’s t-test assuming
equal variance where p < 0.01 was considered statistically significant.

Increased levels of Parkin are detected in lens epithelial cells exposed to H,O»-oxidative

stress

In order to establish the levels of Parkin protein in LECs exposed to oxidative stress, we
exposed human LECs (SRA 01/04) to varying levels of H,0,, and examined Parkin protein
levels by immunoblotting with a Parkin-specific antibody (Fig. 1). Levels of H,O, (0-300
uM) and incubation conditions (2 hours in serum-free media, followed by 2 hours in serum
free media containing H,O, followed by a 24 h recovery in serum-containing media) were
chosen based on preliminary data showing that these levels resulted in mitochondrial
membrane depolarization in LECs (data not shown) and to parallel those employed in
previous studies on lens epithelial cell responses to H,O,-treatment [49, 50]. Our previous
studies demonstrated that treatment of LECs with oxidative stress using similar conditions
resulted in loss of lens epithelial cell mitochondrial function [12], generation of ROS in
LECs [12] and lens epithelial cell death [12, 19].

The analysis revealed that Parkin protein levels were increased in H,0,-treated LECs relative
to untreated cells (Fig. 1A). Parkin levels increased in parallel with the levels of H,O, up to
the maximum 300 uM level of H,O5 used (Fig. 1A). By contrast, GAPDH levels remained
constant at all levels of H,O, examined (Fig. 1B). These results provide evidence that Parkin
protein levels increase in lens epithelial cells exposed to H,0,.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brennan et al.

Page 7

Parkin translocates to mitochondria of lens epithelial cells upon H,O»-oxidative stress

exposure

Previous studies demonstrated that treatment of HEK293 [40] and HeLa cells [51] with the
mitochondrial electron transport uncoupler Carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) resulted in translocation of Parkin to the resulting depolarized mitochondria. Since
Parkin levels increased in LECs upon H,O,-oxidative stress exposure, and since HoOo-
oxidative stress exposure results in mitochondrial depolarization in LECs [12], we sought to
determine if exposure of LECs to H,O,-oxidative stress results in translocation of Parkin to
the resulting depolarized LEC mitochondria.

Human SRA 01/04 LECs (Fig. 2B) and primary chick LECs (Fig. 2E) were treated with
H,0, in the absence of serum for 5 hours, co-stained with specific antibodies for Parkin
(green) and TOMMZ20 (red) (a mitochondrial outer membrane marker) and imaged by
confocal microscopy. Images were compared with those obtained for untreated SRA 01/04
(Fig. 2A) and primary chick LECs (Fig. 2D) and with those of the same cells treated with 10
UM CCCP for one hour (Figs. 2C and 2F). Comparison of the overlay images reveals
increased numbers of distinct yellow puncta consistent with translocation of Parkin to the
mitochondria of the H,O,-treated SRA 01/04 (Fig. 2B) and primary chick LECs (Fig. 2E).
As a positive control, increased numbers of yellow puncta were also observed in SRA 01/04
(Fig. 2C) and primary chick LECs (Fig. 2F) treated with the mitochondrial uncoupler CCCP.
By contrast, fewer yellow puncta were observed in the untreated SRA 01/04 (Fig. 2A) and
primary chick LECs (Fig. 2D). Parkin translocation to the mitochondria upon H,05-
exposure was further confirmed by western blotting of protein fractions of purified
mitochondria obtained from SRA 01/04 LECs treated for 4 h with a range of H,0,
concentrations (0-500 uM) (Fig. 3). As expected, levels of Parkin detected in LEC
mitochondria protein fractions increased with increasing levels of HoO»-oxidative stress
exposure (Fig. 3).

Parkin ubiquitin ligase activity is required to recruit p62/SQSTM1 to mitochondria of lens
epithelial cells exposed to HyO»-oxidative stress

Previous studies suggest that Parkin auto-ubiquitination [52] and its ubiquitination of
mitochondrial outer membrane (OMM) proteins results in the recruitment of p62/SQSTM1
to the mitochondria for recruitment of LC3B-labeled autophagosomes [40-43]. To establish
if Parkin ubiquitin ligase activity is required to recruit p62/SQSTML1 to lens epithelial cell
mitochondria damaged upon exposure to H,O», wild-type Parkin (Fig. 4) or a mutant form
of Parkin that lacks ubiquitin ligase activity (C431N-Parkin, Fig. 5) that were fused with
yellow green fluorescent protein (YFP) were transiently transfected into SRA 01/04 LECs.
Cells were subsequently treated with either 200 uM H,0,, (Figs 4B & 5B), or 10 yM CCCP
(Figs 4C & 5C) as a positive control, while untreated cells served as a negative control (Figs
4A & 5A). Cells were treated for 6 h and co-stained with specific antibodies for p62/
SQSTM1 (pseudo green) and TOMM20 (pseudo red) and imaged by confocal microscopy.
Cells overexpressing wild-type Parkin or C431N-Parkin were outlined only in images and
p62/SQSTM1 and TOMM20 were pseudo colored to make the images easier to interpret.
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Consistent with the oxidative stress-dependent translocation of Parkin to LEC mitochondria
and the subsequent recruitment of p62/SQSTM1, comparison of the overlay images shows
increased numbers of distinct yellow puncta consistent with co-localization of p62/SQSTM1
to TOMMZ20-labeled mitochondria in the H,O,-treated and CCCP-treated cells (Figs.
4B&C) that were overexpressing wild-type Parkin. Consistently, in cells overexpressing
mutant C431N-Parkin fewer yellow puncta are present in cells treated with either H,O, or
CCCP (Figs. 5B&C) relative to cells overexpressing wild-type Parkin (Fig. 4A&B). Indeed,
the levels of yellow puncta found in H,O, or CCCP treated C431N-Parkin overexpressing
cells were similar to that detected in the absence of H,O,- or CCCP-treatment (Fig. 4A and
5A) and were likely due to the presence of endogenous Parkin. The data suggests that Parkin
E3-ubiquitin ligase is required to recruit p62/SQSTM1 to damaged mitochondria in LECs.
Loss of p62/SQSTM1 could result in an inability to recruit autophagosomes and clear
damaged mitochondria.

Parkin ubiquitin ligase activity is required for clearance of damaged mitochondriain lens
epithelial cells exposed to H,O»-oxidative stress

To test the requirement for Parkin in the elimination of H,O,-damaged lens epithelial cell
mitochondria, we tested the abilities of wild-type Parkin and the mutant form of Parkin that
lacks ubiquitin ligase activity (Parkin C431N) [51] to clear damaged mitochondria in human
LECs exposed to H,O,-oxidative stress. Wild-type Parkin or C431N-Parkin were transiently
transfected into SRA 01/04 (Fig. 6A-F) or primary chick (Fig. 7A-D) LECs. Cells were
subsequently treated with either 200 uM H,0, (Fig. 6A-B), or 10 uM CCCP as a positive
control (Fig. 6C-D, Fig. 7A-B) while untreated cells served as a negative control (Fig. 6E-F,
Fig 7C-D). 48 h after treatment, the cells were fixed and stained with TOMM20-specific
antibody (red) to detect remaining mitochondria.

Mitochondria damaged by H,0,-oxidative stress or CCCP exposures were completely
eliminated in all SRA 01/04 cells overexpressing wild-type Parkin and in primary LECs
overexpressing wild-type Parkin as evidenced by the absence of TOMMZ20 (red) in the
outlined cells (Fig. 6A&C, Fig. 7A). By contrast, mutant C431N-Parkin translocates to
damaged mitochondria as evidenced by yellow puncta that result from co-localization of
TOMMZ20 (red) and Parkin (green), but fails to clear the damaged mitochondria resulting
from H,0,-oxidative stress or CCCP treatment (Compare Figs. 6B&D and 7B).
Interestingly Lazarou et al., [51] demonstrated delayed or defective mitochondrial
translocation by multiple mutant C431X-Parkins, however they were able to rescue mutant
C431N-Parkin (and other C431 mutations) translocation by co-transfecting with Parkin
mutated in the c-terminal Ringl domain only. The rescue was a result of self-association of
Parkin that activates Parkin HECT-like activity that is required for translocation but not
required for its E3-ubiquitin ligase activity. In the present study, we examined translocation
and mitochondrial elimination after 48 h of oxidative stress, since we demonstrated
induction of Parkin after 24 h of the same H,0,-oxidative stress (Fig 1.0), we believe that
the transfected mutant C431N-Parkin self-associates with nascent wild-type Parkin to allow
translocation to the mitochondria, but since self-association fails to activate its E3 ligase
activity, C431N-Parkin fails to initiate elimination of damaged mitochondria. The data
suggests that Parkin E3-ubiquitin ligase is required for elimination of damaged mitochondria
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in LECs and that loss of Parkin E3-ubiquitin ligase activity results in retention of damaged
mitochondria.

Clearance of damaged mitochondria by Parkin results in reduced ROS levels in lens
epithelial cells exposed to HyO»-oxidative stress

Since LEC mitochondria damaged upon H,0, exposure release toxic ROS species [12, 17]
we sought to determine whether clearance of damaged/depolarized mitochondria in LECs by
Parkin could limit ROS levels in LECs exposed to H,O». To test for a potential role for
Parkin in limiting LEC ROS production upon oxidative stress exposure, we created SRA
01/04 LECs that stably overexpress either YFP-wt-Parkin or the mutant YFP-C431N-Parkin.
Examination of transcript levels (Fig. 8A) and protein levels (Fig. 8B) demonstrated equal
levels of overexpression for the wild-type and mutant forms of Parkin in the stably
overexpressing cells. The resulting cells were exposed to H,0, in the absence of serum.
ROS formation in the treated cells was measured using the superoxide-specific detection
reagent DHE [53].

Following exposure to 0, 200 or 300 pM H202 SRA 01/04 cells stably overexpressing
mutant YFP-C431N-Parkin exhibited increased ROS production relative to SRA 01/04 cells
stably overexpressing YFP-wt-Parkin (Fig. 8C) as evidenced by increased intensity of DHE
staining. These data suggest that Parkin-mediated mitochondrial clearance functions to limit
ROS production in LECs exposed to oxidative stress through its ability to target and clear
ROS-producing damaged mitochondria in LECs.

Clearance of damaged lens epithelial cell mitochondria results in increased cell survival of
lens epithelial cells exposed to HyO»-oxidative stress

Increased levels of ROS are a key factor in the death of LECs exposed to HoO»-oxidative
stress [12, 17]. Since oxidative stress exposed LECs exhibit mitochondrial retention and
increased mitochondrial ROS production when overexpressing dysfunctional mutant Y FP-
C431N-Parkin relative to those overexpressing the functional YFP-wt-Parkin, we
hypothesized that Parkin clearance of damaged mitochondria could impact the survival of
LECs exposed to H,0O, oxidative stress through their ability to clear damaged mitochondria
and thereby prevent ROS release that results in LEC death. To test this hypothesis, we
compared the viability of LECs stably overexpressing wild-type Parkin upon exposure to 0,
300, 500 or 600 uM H»0, in serum free media for 24 h relative to those overexpressing
dysfunctional mutant YFP-C431N-Parkin using an MTS cell viability assay. As control, the
same cell lines were exposed to the mitochondrial uncoupler CCCP for 24 h in media
containing serum.

Consistent with our hypothesis, LEC overexpressing functional YFP-wt-Parkin exhibited
increased viability (p<0.01, n=8) relative to the same cells overexpressing the dysfunctional
mutant YFP-C431N-Parkin (Fig. 9A) following exposure to H,O,-oxidative stress.
Consistently, LEC exposed to increasing levels of CCCP and overexpressing functional
YFP-wt-Parkin also exhibited increased viability (p<0.01, n=8) relative to the same cells
overexpressing dysfunctional mutant YFP-C431N- (Fig. 9B). These data provide evidence
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that Parkin-mediated clearance of damaged mitochondria functions to increase survival of
LECs exposed to lethal levels of H,O,-oxidative stress.

Discussion

Age-related cataract is associated with oxidative stress [14-16] and it has been suggested to
be associated with death of LECs [5], whose survival is dependent on the presence of
functional mitochondrial populations [7, 12, 17]. Oxidative stress-induced depolarization/
damage of LEC mitochondria results in increased ROS levels [12, 17, 18] and LEC death
[12, 17]. These data suggest the need for an LEC mechanism(s) to remove damaged
mitochondria to prevent increased ROS levels and LEC death. However, to date, no LEC
mechanism for removal of damaged mitochondria has been identified and the effect of
removing damaged LEC mitochondria on ROS levels or survival has not been established.

Here, we sought to establish how mitochondria damaged in LECs upon exposure to HyO,-
oxidative stress are eliminated by Parkin and we examined whether their elimination could
prevent the release of toxic ROS and result in increased LEC survival upon oxidative stress
exposure. We chose H,0, as an oxidative stress model since previous studies demonstrated
that exposure of LECs to H,O» resulted in depolarization of LEC mitochondria, ROS
production and LEC death [12, 17, 18]. The levels of H,O, chosen for these studies were
consistent with those used to examine LEC gene expression [49], homeostasis [12, 19] and
survival [12, 19] in previous studies on LEC mitochondrial function.

We specifically tested whether Parkin [29-32] could function to eliminate oxidative stress
damaged mitochondria in LECs since it was detected to be significantly expressed in LECs
in DNA microarray studies of human LECs [44] and RNA sequencing studies of
microdissected embryonic chick LECs [45]. Our data demonstrate that exposure of LECs to
as little as 50 puM H,05, results in the accumulation of increased levels of Parkin protein
(Fig. 1). Although further studies will be needed to establish the relationship between
increased LEC Parkin levels and H,O, exposure, these data suggest that increased Parkin
transcription and/or increased stabilization of Parkin mRNA and/or protein could be an
important cellular response of LECs to the presence of H,O,-oxidative stress. These results
are consistent with previous studies that detected increased levels of Parkin upon exposure
of dopaminergic neuroblastoma cells to dopamine [54].

Our data also demonstrate that Parkin translocates to damaged LEC mitochondria in
transformed and primary LECs exposed to H,O»-oxidative stress (Fig. 2B and 2E) and that
wild-type Parkin recruits p62/SQSTM1 to the damaged mitochondria (Fig. 4B&C), while
mutant C431N-Parkin that lacks ubiquitin ligase activity fails to recruit p62/SQSTM1. These
results provide evidence that Parkin removes damaged mitochondria in LECs by recruiting
the autophagy machinery to engulf and degrade the damaged mitochondria since p62/
SQSTM1 recruits autophagosomes through its LIR domain interaction with LC3b [41-43].
Consistently, we determined that following recruitment of p62/SQSTM1 to damaged
mitochondria (Fig. 4B&C), Parkin eliminates damaged mitochondria from LECs exposed to
H,0, (Fig. 6B) or CCCP (Fig 6C and 7A). In contrast, the mutant form of Parkin (C431N)
that lacks E3-ubiquitin ligase activity and fails to recruit p62/SQSTM1 to damaged
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mitochondria (Figs. 5B&C), subsequently fails to clear damaged mitochondria in LECs
exposed to H,O,-treatment (Fig. 6B) or CCCP (Fig. 6C and 7B). Collectively, these data
suggest that Parkin ubiquitin ligase activity is required for removal of damaged mitochondria
in LECs.

Our data also provide evidence that Parkin functions to limit toxic ROS release in LECs
upon HyO»-oxidative stress exposure (Fig. 8C). These data suggest that removal of damaged
mitochondria in LECs exposed to oxidative stress prevents the release of ROS and therefore
LEC damage caused by increased ROS levels. Importantly, overexpression of functional
wild-type but not ubiquitin ligase-deficient mutant Parkin results in increased survival of
LECs exposed to H,O,-oxidative stress (Fig. 9A) or the mitochondrial uncoupling agent
CCCP (Fig. 9B). These data implicate Parkin-directed elimination of mitochondria in the
homeostasis and survival of LECs upon oxidative stress exposure. To our knowledge, this is
the first report for Parkin-directed elimination of mitochondria having a role in lens cell
survival. Others have demonstrated that Parkin's neuroprotective role is exerted through
elimination of damaged mitochondria via linear ubiquitination [55, 56].

It is tempting to speculate that loss of Parkin function could contribute directly to cataract
formation. However, more data are needed to support this hypothesis since, to date, there are
no reports of increased rates of cataract formation in Parkinson’s patients harboring an
established Parkin mutation and there are no reports of cataract formation in Parkin-deficient
mice [57-60]. It is possible that cataract could result in Parkin-deficient mice upon long-term
exposure to oxidative stress as has been demonstrated for mice deficient for the lens
mitochondrial repair enzyme methionine sulfoxide reductase A (MsrA) that only develop
cataract after long-term exposure to hyperbaric oxygen oxidative stress [7]. Indeed, Parkin is
not the only mediator of mitochondrial clearance found in lens cells and it is likely that other
mitochondrial elimination pathways also function to eliminate mitochondria in lens cells and
thereby contribute to LEC survival upon oxidative stress exposure. Consistently our RNA
sequencing studies [45] reveal that multiple proteins implicated in elimination of
mitochondria including BNIP3L/Nix [61-63], BNIP3 [64], SMURF1 [65] and FUNDC1 [66,
67] are expressed by LECs in addition to Parkin.

In conclusion, the present data demonstrate that increased levels of Parkin are a feature of
LECs exposed to oxidative stress and that Parkin functions in LECs to remove mitochondria
damaged upon oxidative stress exposure. The data provide evidence that elimination of
damaged LEC mitochondria is important for the prevention of toxic ROS accumulation in
LECs and that elimination of damaged mitochondria by Parkin is important for LEC survival
upon oxidative stress exposure. Given the well-defined link between lens oxidative stress,
lens mitochondrial damage and cataract formation [5, 7, 8, 14-16], the data suggest that the
Parkin-mediated removal of damaged LEC mitochondria could be important for lens
homeostasis upon exposure to oxidative stress and likely is important for the maintenance of
lens transparency. Since oxidative stress and mitochondrial damage are hallmarks of many
age-related diseases, these results provide insight into those mechanisms required for the
homeostasis of multiple tissues and the etiology of multiple disease states.
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Parkin levels increase in lens epithelial cells exposed to HoO»-oxidative
stress.

Parkin translocates to damaged LEC mitochondria and recruits p62/
SQSTML1.

Parkin clearance of damaged LEC mitochondria requires E3-ubiquitin
ligase activity.

Clearance of damaged LEC mitochondria reduces ROS levels and
increases LEC survival.
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ligase activity.
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Fig 1.0. Parkin levels increase in lens epithelial cells exposed to HyO»-oxidative stress
A. Immunoblot analysis of Parkin protein levels in 15 pg of total protein extract isolated

from SRA 01/04 lens epithelial cells. SRA 01/04s were treated with indicated amounts of
H»0, in serum free media for 2 h and allowed to recover in complete media for 24 h. B.
Immunoblot for GAPDH is shown as a control for equal protein loading. C. Densitometric
analyses of the immunoblots plotted as Parkin levels as a ratio to GAPDH loading control.
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Fig 2.0. Parkin translocates to lens epithelial cell mitochondria exposed to HoO»-oxidative stress
SRA 01/04 lens epithelial cells (A-C) or primary chick lens epithelial cells (D-F) were

treated with either H,O»-induced oxidative stress (B,E) or the mitochondrial uncoupler
CCCP (C,F) and compared to untreated cells (A,D). Cells were treated with H,O, for 5 h
and CCCP for 1 h. Following treatment, cells were immunostained for Parkin (green), the
outer mitochondrial membrane protein TOMMZ20 (red) and counterstained with DAPI
(blue). Images were obtained using a confocal fluorescent microscope. All images were
obtained using the 40 x objective. In representative images arrows show co-localization of
Parkin (green) and TOMMZ20 (red) resulting in yellow puncta in the overlay image (zoomed
images). Areas with large numbers of yellow puncta are outlined.
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Fig 3.0. Parkin levels increase in mitochondria of lens epithelial cells exposed to HoO»-oxidative
stress

Immunoblot analysis of Parkin levels in mitochondria isolated from H,0O, treated SRA
01/04 Iens epithelial cells. SRA 01/04 cells were equilibrated in serum free media for 2 h
and treated with indicated amounts of H,0, for 4 h. Immunoblot for mitochondrial protein
SDHA is shown as a control for equal protein loading.
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Fig 4.0. Wt-Parkin recruits p62/SQSTML1 to damaged mitochondria in lens epithelial cells
exposed to HoO»-oxidative stress

SRA 01/04 lens epithelial cells (A-C) were transiently transfected with YFP-wt-Parkin and
treated with either 200 uM H,0, (B) or 10 uM CCCP (C) for 6 h and compared to untreated
cells (A). Following treatment cells were immunostained for p62/SQSTM1 (pseudo green)
and TOMMZ20 (pseudo red) and counterstained with DAPI (blue). Images were obtained
using a confocal fluorescent microscope. All images were obtained using the 40 x objective.
Cells overexpressing YFP-Parkin are outlined. In representative images, the overlay images
show co-localization of p62/SQSTM1 (pseudo green) and TOMMZ20 (pseudo red) in YFP-
wt-Parkin overexpressing cells (outline), resulting in yellow puncta. Examples of cells with
yellow puncta are shown in large zoom for each treatment.
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Fig 5.0. Mutant C431N-Parkin fails to recruit p62/SQSTM1 to damaged mitochondria in lens
epithelial cells exposed to HoO»-oxidative stress
SRA 01/04 lens epithelial cells (A-C) were transiently transfected with mutant YFP-C431N-

Parkin and treated with either 200 uM H,05 (B) or 10 pM CCCP (C) for 6 h and compared
to untreated cells (A). Following treatment cells were immunostained for p62/SQSTM1
(pseudo green) and TOMMZ20 (pseudo red) and counterstained with DAPI (blue). Images
were obtained using a confocal fluorescent microscope. All images were obtained using the
40 x objective. Cells overexpressing mutant YFP-C431N-Parkin are outlined. In
representative images, the overlay images demonstrate that p62/SQSTM1 (pseudo green)
fails to co-localize with TOMMZ20 (pseudo red) in mutant YFP-C431N-Parkin
overexpressing cells (outline). Examples of mutant YFP-C431N-Parkin cells are shown in
large zoom for each treatment.
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Fig 6.0. Parkin E3-ubiquitin ligase activity is required for clearance of damaged mitochondria in
SRA 01/04 lens epithelial cells exposed to HoO»-oxidative stress

SRA 01/04 lens epithelial cells (A-F) were transiently transfected with either YFP-wt-Parkin
(green) or YFP-C431N-Parkin (green) and treated with either 200 pM H,0, (A&B) or 10
UM CCCP (C&D) for 48 h and compared to untreated cells (E,F). Primary chick lens
epithelial cells (G-J) were treated with 10 uM CCCP only (G,H) for 48 h and compared to
untreated cells (1,J). Following a 48 h exposure to stress, cells were fixed and
immunostained for outer mitochondrial marker protein TOMMZ20 (red) and counterstained
with nuclear stain DAPI. Images were obtained using fluorescent confocal microscope. All
images were obtained using the 40 x objective. Outlined cells in YFP-wt-Parkin show
absence of TOMMZ20 stain indicating clearance of mitochondria. Outlined cells in YFP-
C431N-Parkin overexpressing SRA 01/04 lens epithelial cells treated with either 200 uM
H»0, or 10 uM CCCP for 48 h show large yellow puncta in the overlay image indicating co-
localization of YFP-C431N-Parkin (green) with mitochondria marker TOMMZ20 (red).
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AP
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Fig 7.0. Parkin E3-ubiquitin ligase activity is required for clearance of damaged mitochondria in
primary chick lens epithelial cells exposed to the mitochondrial uncoupler CCCP

Primary chick lens epithelial (A-D) were transiently transfected with either YFP-wt-Parkin
(green) or YFP-C431N-Parkin (green) and treated 10 uM CCCP (A&B) for 48 h and
compared to untreated cells (C,D). Following a 48 h exposure to stress, cells were fixed and
immunostained for outer mitochondrial marker protein TOMMZ20 (red) and counterstained
with nuclear stain DAPI. Images were obtained using fluorescent confocal microscope. All
images were obtained using the 40 x objective. Outlined cells in YFP-wt-Parkin show
absence of TOMMZ20 stain indicating clearance of mitochondria. Outlined cells in YFP-
C431N-Parkin overexpressing primary chick lens epithelial cells treated with10 uM CCCP
for 48 h show large yellow puncta in the overlay image indicating co-localization of YFP-
C431N-Parkin (green) with mitochondria marker TOMMZ20 (red).
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Fig 8.0. Clearance of damaged mitochondria by Parkin results in decreased ROS levels in lens
epithelial cells exposed to HoO»-oxidative stress

A. Ethidium bromide stained agarose gels showing Parkin transcript levels and control
GAPDH transcript levels in 200 ng RNA isolated from SRA 01/04 lens epithelial cells
stably overexpressing GFP2 (control), YFP-wt-Parkin or YFP-C431N Parkin. B.
Immunoblot analysis of Parkin protein levels in 15 pg of total protein extract isolated from
SRA 01/04 lens epithelial cells stably overexpressing GFP2 (control), YFP-wt-Parkin or
YFP-C431N Parkin. Immunoblot for GAPDH is shown as a control for equal protein
loading. C. SRA 01/04 lens epithelial cells stably overexpressing either YFP-wt-Parkin or
YFP-C431N Parkin were treated with 200 uM or 300 uM H,0, for 24 h and stained for
ROS production using the superoxide specific dye DHE. Images were obtained using live
cell fluorescent confocal microscope.
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Fig 9.0. Clearance of damaged mitochondria by Parkin results in increased survival of lens
epithelial cells exposed to HoO»-oxidative stress

Representative graphs depicting viability upon exposure to H,O»-induced oxidative stress or
CCCP-induced mitochondrial depolarization in SRA 01/04 lens epithelial cells stably
overexpressing either YFP-wt-Parkin or YFP-C431N-Parkin using MTS cell-viability
assays. H,O, (A) treatments were conducted for 24 h in serum-free media, (B) CCCP
treatments were conducted in serum containing media for 24 h. Error bars represent standard
deviations of eight separate cell-viability assays. Viability levels are shown as mean abs at
492 nm = standard deviation. Differences among treatments were determined using Students
T-test assuming equal variance where p < 0.01 was considered statistically significant. * p<.
01 compared to YFP-wt-Parkin overexpressing SRA 01/04s.
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