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Corneal endothelium (CE) is a monolayer of mitochondria-rich cells, critical for maintaining corneal
transparency compatible with clear vision. Fuchs endothelial corneal dystrophy (FECD) is a heterogeneous, genetically complex disorder, where oxidative stress plays a key role in the rosette formation
during the degenerative loss of CE. Increased mitochondrial fragmentation along with excessive
mitophagy activation has been detected in FECD; however, the mechanism of aberrant mitochondrial
dynamics in CE cell loss is poorly understood. Here, the role of oxidative stress in mitophagy activation
in FECD is investigated. Immunoblotting of FECD ex vivo specimens revealed an accumulation of PINK1
and phospho-Parkin (Ser65) along with loss of total Parkin and total Drp1. Similarly, modeling of
rosette formation with menadione (MN), led to phospho-Parkin accumulation in fragmented mitochondria resulting in mitophagy-induced mitochondrial clearance, albeit possibly in a PINK1independent manner. Loss of PINK1, phospho-Drp1, and total Drp1 was prominent after MN-induced
oxidative stress, but not after mitochondrial depolarization by carbonyl cyanide m-chlorophenyl
hydrazone. Moreover, MN-induced mitophagy led to degradation of Parkin along with sequestration of
Drp1 and PINK1 that was rescued by mitophagy inhibition. This study shows that in FECD, intracellular
oxidative stress induces Parkin-mediated mitochondrial fragmentation where endogenous Drp1 and
PINK1 are sequestered and degraded by mitophagy during degenerative loss of post-mitotic cells of
ocular tissue. (Am J Pathol 2019, 189: 2061e2076; https://doi.org/10.1016/j.ajpath.2019.06.012)

Corneal endothelium (CE), the innermost layer of the
cornea, is composed of morphologically distinct hexagonal
monolayer of post-mitotically arrested differentiated cells
with a high density of mitochondria.1 The presence of
abundant mitochondria provides the source of energy for the
active functioning of ionic pumps that keep the cornea in the
state of deturgescence and maintain corneal transparency
required for clear vision.2 Fuchs endothelial corneal dystrophy (FECD) is a genetically complex disorder, with
intronic trinucleotide repeat expansions in TCF4 gene accounting for the majority of genetic associations.3 The key
characteristics of FECD include accumulation of extracellular deposits called guttae with concurrent loss of CE cells

causing corneal edema and blindness. FECD affects 4% of
the US population and is the leading cause of corneal
transplantation in the United States and worldwide.4e6
Regardless of the genetic heterogeneity, the ﬁnal common
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mechanism of CE cell degeneration in FECD has been
linked to oxidative stresseinduced apoptosis.7e12
Loss of Nrf2eNAD(P)H quinone dehydrogenase
(NQO1)emediated
antioxidant
defense
leads
to
oxidanteantioxidant imbalance in FECD, causing oxidative
DNA damage evidenced by the colocalization of 8-hydroxy20 -deoxyguanosine with mitochondria in ex vivo endothelial
whole mounts.8 Speciﬁcally, decreased expression of superoxide dismutase (SOD-2) and peroxiredoxins (PRX-2,
PRX-5) in FECD suggests reduced mitochondrial antioxidant capacity.8,13 Previous studies have identiﬁed decreased
mitochondrial density, decreased activity of cytochrome
oxidase, and a decrease in mitochondrial DNAeencoded
transcripts in FECD.14,15 In their recent studies, the authors identiﬁed a stark reduction in mitochondrial membrane
potential (Djm); increased mitochondrial DNA damage,
and fragmentation of mitochondria16; and downstream induction of mitophagy supported by the increased levels of
LC3-II autophagy marker in FECD specimens.1 These observations were further corroborated by the presence of
degenerated mitochondria within autophagic vacuoles by
ultrastructural analysis of ex vivo FECD specimens indicating constitutive activation of mitophagy. However, the
mechanism of purportedly aberrant mitochondrial dynamics
in FECD has not been investigated.16
The healthy state of mitochondria is determined by three
key pathways essential for mitochondrial quality control,
namely, ﬁssion, fusion, and mitophagy (the selective degradation of depolarized mitochondria through autophagy).17
Dynamin-related protein 1 (Drp1), the key regulator of
ﬁssion, forms an oligomeric ring-like structure and leads to
the division of mitochondria.18 Phosphorylation of Ser616 on
Drp1 due to increase in reactive oxygen species (ROS) has
been shown to promote the ﬁssion pathway19 required for the
equal distribution of mitochondria to daughter cells in
mitosis.20 Phosphorylation of Ser637 on Drp1 by protein kinase A impairs mitochondrial ﬁssion due to the inhibition of
its GTPase activity and is associated with reduced ﬁssion.21,22
Drp1 is also regulated by calcineurin, a cytosolic phosphatase
that is activated by rise in intracellular Ca2þ, which dephosphorylates Ser637 and results in the translocation of
Drp1 to mitochondria resulting in the fragmentation of
depolarized mitochondria.23 Mitochondrial fusion, on the
other hand, involves fusion of both the inner and outer
membrane and is mediated by mitofusins (1 and 2), which
have been shown to be deﬁcient in FECD.1,24 When repetitive
cycles of mitochondrial fusion and ﬁssion are unable to rescue
the extensive mitochondrial damage, mitophagy ﬂux increases in the cells to aid the sequestration of unsalvageable
mitochondrial population. Loss of Djm, the major trigger for
mitophagy, results in the stabilization of PTEN-induced putative kinase 1 (PINK1)25 in the outer mitochondrial membrane, which is essential for recruiting the cytosolic E3
ubiquitin ligase Parkin26 and ubiquitin by phosphorylating
both proteins at Ser65.27e29 Although PINK1 directly phosphorylates Parkin at Ser65, the simultaneous phosphorylation
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of ubiquitin at Ser65 is necessary for the complete activation
of Parkin and its translocation to mitochondria.30,31 Parkin
further ubiquitinates its substrates on the outer mitochondrial
membrane, which are subjected to proteasomal degradation.
The ubquitination primes the mitochondria for the recruitment of phagophores,32 thereby clearing the remaining bulk
of mitochondrion through the autophagosomal pathway.33e35
The majority of ﬁndings on the prevailing mechanism
of mitophagy are based on the engineered overexpression
of proteins and induction of mitochondrial depolarization
by carbonyl cyanide m-chlorophenyl hydrazine
(CCCP).28,31,36 However, there is a scarcity of evidence
on the mitophagy activation in response to oxidative
stress relative to endogenous mitochondrial qualitycontrol protein activation. Menadione (2-methyl-1,4naphthoquinone) (MN), a quinone that generates mitochondrial superoxide16 and an unstable semiquinone
radical,37 induces extensive oxidative mitochondrial DNA
and nuclear DNA damage leading to mitochondrial fragmentation16 and dysfunction, culminating in apoptosis,
during the rosette formation in FECD. Morphologically,
one of the key characteristics of FECD is the disruption of
the CE monolayer by rosette formation, where CE cell
loss forms a ring or rosette around the bases of extracellular matrix deposits or guttae.1,16,38 Therefore, in this
study we investigated the mechanism by which intracellular oxidative stress, seen speciﬁcally in FECD activates
mitophagy during the rosette formation, which is a
prominent feature of degenerating CE cells.14,39,40 The
role of the mitophagy signaling cascade in human CE
cells (HCEnCs) retrieved from FECD patients was ﬁrst
studied. The in vitro modeling of the pathognomonic
rosette formation with MN in CE cells recapitulated the
differences in the phospho-Parkinemediated mitophagy
pathway intermediates observed in ex vivo specimens and
provided new evidence on the intrinsic mitochondrial
quality control changes in response to oxidative stress.
MN induced Parkin recruitment into fragmented mitochondria, creating a model system for the visualization of
Parkin-dependent mitochondrial dynamics due to ROS.
Parkin translocation to mitochondria triggered protein
ubiquitination and proteasomal degradation, and activated
excessive mitochondrial loss via mitophagy in FECD. In
addition, Parkin mediated the sequestration of Drp1 and
PINK1, furthering our understanding of the role of
oxidative stress on endogenous protein clearance in the
post-mitotic cells of ocular tissue.

Materials and Methods
Human Tissue
Normal human corneas were obtained from Northeast
Pennsylvania Lions Eye Bank (Bethlehem, PA), Eversight
(Ann Arbor, MI), Lions VisionGift (Portland, OR), SightLife (Seattle, WA), and Tissue Banks International
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(Baltimore, MD). Donor corneas were recovered and preserved in Optisol-GS (Bausch & Lomb, Rochester, NY)
within 24 hours of death and stored at refrigerated temperature (4 C) until use. CE tissue from FECD cases were
isolated by endothelial keratoplasty performed at Price
Vision Group (Indianapolis, IN), Massachusetts Eye and
Ear Inﬁrmary (Boston, MA), and Ophthalmic Consultants of
Boston (Waltham, MA). Brieﬂy, FECD surgical explants
were obtained by stripping the central 7 mm to 8 mm of
Descemet’s membrane and endothelium from the recipient’s
posterior cornea41 and stored at refrigerated temperature in
Optisol up to a maximum of 7 days before use. The current
study was performed according to the tenets of the Declaration of Helsinki and approved by the Massachusetts Eye
and Ear Institutional Review Board. Written and informed
consent was obtained from patients before endothelial keratoplasty. The age, sex, and the duration of storage of all of
the normal donor and FECD patient tissues used in this
study are listed in Supplemental Table S1, based on the
parameters used in the authors’ previous study.13 The CE
densities of the normal corneas chosen for this study are in
the range of 1800 to 3200 cells/mm2.

Human CE Cell Culture
Normal CE cell line (HCEnC-21T) was previously generated
in the authors’ laboratory using retrovirus transfection containing pBABE-puro-hTERT.42 CE cell lines derived from
normal CE (HCECi) and FECD patient’s CE (FECDi) were
gifts from Dr. May Grifﬁth (Ottawa Hospital Research
Institute, Ottawa, ON) and Dr. Rajiv Mohan (University of
Missouri Health System, Columbia, MO), respectively.43,44
Cells were cultured in Chen’s medium containing OptiMEM I (Thermo Fisher Scientiﬁc, Waltham, MA), 8% fetal
bovine serum (HyClone, Rockford, IL), 5 ng/mL epidermal
growth factor (Millipore, Billerica, MA), 100 mg/mL bovine
pituitary extract (Alfa Aesar by Thermo Fisher Scientiﬁc,
Haverhill, MA), 200 mg/L calcium chloride (Sigma-Aldrich,
St. Louis, MO), 0.08% chondroitin sulfate (Sigma-Aldrich),
50 mg/mL gentamicin (Thermo Fisher Scientiﬁc), and 1:100
diluted antibiotic/antimycotic solution (Sigma-Aldrich). The
CE cells were subcultured using 0.05% Trypsin-EDTA
(Invitrogen) for 2 minutes at 37 C. For the MN treatment,
1.2 million HCEnCs were plated in Chen’s medium for 24
hours followed by treatment with 50 mmol/L MN or 20 mmol/
L CCCP in Dulbecco’s modiﬁed Eagle’s medium (Thermo
Fisher Scientiﬁc). Cells were later harvested at 4, 8, and 20
hours after treatment for Western blot analysis. Cells were
pretreated with 1 mmol/L epoxomicin 30 minutes before MN
or CCCP treatment, whereas 10 nmol/L of baﬁlomycin A1
was added along with MN or CCCP treatment.

Transfection
HCEnC-21T cells (0.6 million) were transfected in suspension with 0.4 mg of YFP-Parkin expressing plasmid (23955;
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Addgene, Cambridge, MA) with 0.8 mL Lipofectamine 2000
(Thermo Fisher Scientiﬁc) in a total of 80 mL of OptiMEM
(Thermo Fisher Scientiﬁc) and incubated for 20 minutes.
Cells were treated with 20 mmol/L CCCP (C2759; SigmaAldrich) or 10, 25, or 50 mmol/L menadione sodium bisulﬁte
(M2518; Sigma-Aldrich) 30 hours after transfection and
further taken for immunoﬂuorescence staining.

Immunocytochemistry
Immunoﬂuorescence staining and Western blot analysis
were performed as described previously.16 For immunoﬂuorescence, HCEnC-21T cells were seeded in a 12-well plate
coated with ﬁbronectin and treated with increasing doses of
MN (10, 25, and 50 mmol/L MN) for 20 hours. The cells
were ﬁxed with 4% paraformaldehyde for 20 minutes at
room temperature. After washing with phosphate-buffered
saline three times, they were permeabilized with 0.15%
Triton X-100 for 15 minutes and blocked with 10% bovine
serum albumin. Primary antibodies for cytochrome c antibody (BD 556432; Becton, Dickinson and Company,
Franklin Lakes, NJ) were incubated at 4 C overnight followed by secondary Alexa 546econjugated antibody
(Invitrogen; Thermo Fisher Scientiﬁc) for 1 to 2 hours at
room temperature. Nuclei were stained with DAPI (Vectashield; H1000) and imaged using confocal microscopy
(Carl Zeiss, Oberkochen, Germany) at different magniﬁcations (40, 63, zoom 1.5, and zoom 4).

Western Blot Analysis
Whole-cell lysates were prepared by lysing MN-, baﬁlomycin-, and CCCP-treated cells in radioimmunoprecipitation
assay buffer containing HALT protease and phosphatase inhibitor cocktail (100) (78440; Thermo Fisher Scientiﬁc),
and the protein concentration was estimated using BCA
protein assay (Thermo Fisher Scientiﬁc). Proteins were
separated by SDS-PAGE on a 12% Bis-Tris gel and transferred onto a polyvinylidene diﬂuoride membrane (MilliporeSigma, Burlington, MA) followed by 1 hour of blocking
in 5% nonfat milk in phosphate-buffered saline 0.1% Tween20. Primary antibodies phospho-Drp1 (Ser637) (PA5-37534;
Thermo Fisher Scientiﬁc), phospho-Drp1 (Ser616) (3455;
Cell Signaling Technology, Danvers, MA), Total Drp1
(BD 611112; Becton, Dickinson and Company), Parkin
(ab15954; Abcam, Cambridge, MA), phospho-Parkin
(Ser65) (ab154995; Abcam), PINK1 (BC100-494; Novus
Biologicals, Centennial, CO), Actin (A1978; SigmaAldrich), LC3A/B (4108; Cell Signaling Technology),
voltage-dependent anion channel (VDAC) (ab18988;
Abcam), or Ubiquitin (3936; Cell Signaling Technology)
were incubated with the polyvinylidene diﬂuoride membrane
overnight at 4 C. Relative protein levels were compared by
quantifying band intensities from scanned X-ray ﬁlms
using ImageJ software version 1.47 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij).
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Figure 1

Fuchs endothelial corneal dystrophy (FECD) specimens reveal decreased Drp1, accumulation of PINK1, and activation of Parkin. AeC: Western
blot analysis of total Drp1 (A), phospho-Drp1 (Ser616) (B), and phospho-Drp1 (Ser637) (C) in the whole-cell lysates of ex vivo specimens. b-actin is used as
the normalizing control. Brackets indicate the doublet band observed for Drp1 and its phosphorylated forms. The nonspeciﬁc band observed in phosho-Drp1
(Ser37) Western blots is denoted by the dagger symbol. D: Western blot on the whole-cell lysates of normal and FECD specimens for PINK1 after normalization
with b-actin. E and F: Immunoblotting analysis of total Parkin (E), and phospho-Parkin (Ser65) (F) in the whole-cell lysates. Data are expressed as means
 SEM. n Z 7 normal specimens (A); n Z 23 FECD specimens (A); n Z 3 normal specimens (B, DeF); n Z 8 FECD specimens (B and C); n Z 5 normal
specimens (C); n Z 4 FECD specimens (D and E); n Z 6 FECD specimens (F). *P < 0.05, **P < 0.01, and ***P < 0.001 (two tailed t-test).

Human Descemet’s membrane with CE cells were lyzed
in protein extraction buffer containing ER3 (Bio-Rad Laboratories, Hercules, CA), 1 mmol/L tributyl phosphine (BioRad Laboratories), and Halt Protease and Phosphatase
inhibitor Cocktail (100) (78440; Thermo Fisher Scientiﬁc). Specimens were centrifuged at 57,000  g for 1 hour at
21 C (Optima TLX ultracentrifuge; Beckman Coulter,
Danvers, MA).

Mitochondrial Fractionation
For assessing the mitochondrial levels of phospho-Parkin and
LC3-II in MN-treated HCEnC-21T cells, mitochondria were
puriﬁed using BioVision Mitochondria/Cytosol Fractionation
Kit (Cat no-K256-25; BioVision, Milpitas, CA) according to
the manufacturer’s instructions. From HCECi and FECDi
lines, intact mitochondria were isolated with anti-TOM22
antibodyebound magnetic beads using the Mitochondrial
isolation kit (Miltenyi Biotec, San Diego, CA) according to
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the manufacturer’s instructions.1 Brieﬂy, cells were lyzed
using lysis buffer followed by homogenization using 26-G
needle and 1-mL syringe that mechanically disrupt the cell
membrane. This procedure allows the isolation of intact vital
entire mitochondria from human cells and tissues. The mitochondria were magnetically labeled with anti-TOM22
(translocase of the outer mitochondrial membrane 22) antibody microbeads. The labeled cell lysate was loaded onto a
column and placed in a magnetic ﬁeld separator. The
magnetically labeled mitochondria were retained in the column during washing. Subsequently, the magnet was removed
from the column followed by elution of mitochondria. The
isolated mitochondria were later taken for Western blot
analysis as described in the previous section.

Quantiﬁcation of Mitochondrial Fragmentation
Cells with only fragmented mitochondria (without tubular
mitochondria) were counted from a minimum of 300 cells
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from at least 10 randomly picked ﬁelds by two independent
researchers (T.M. and S.V.) in a blinded manner. To test
Parkin translocation induced either by MN or CCCP, cells
expressing YFP-Parkin cells (total, N > 300 cells) were
classiﬁed into two groups: YFP-positive cells with normal
mitochondria (A) or YFP-positive cells colocalizing with
fragmented mitochondria (B). Percent YFP-positive cells
colocalizing with fragmented mitochondria (B/N) are represented as bar graphs.

Real-Time PCR
Real-time PCR to test the gene expression proﬁles of Parkin and
Drp1 from total RNA from normal and FECD specimens was
performed as described previously.1 Total RNA was extracted
from human corneal specimens (ﬁve FECD and three normal
corneas) with RNeasy micro kit (Qiagen, Hilden, Germany).
Thirty nanograms of RNA were used for cDNA synthesis
(iScript cDNA synthesis kit; Bio-Rad Laboratories).
Relative expression of Parkin (Hs01038322_m1) and Drp1
(Hs01552605_m1) were obtained by normalizing with B2M
(cat no: 4333766F) ampliﬁed using TaqMan primers (Applied
Biosystems; Thermo Fisher Scientiﬁc) and Probe Fast Master
Mix (Kapa Biosystems, Wilmington, MA). Triplicate real-time
PCR reactions were run on an ABI StepOne Plus qPCR instrument (Applied Biosystems; Thermo Fisher Scientiﬁc). B2M
was used for normalization and to calculate the relative
expression.

Statistical Analysis
Two-tailed unpaired t-test, one way analysis of variance
with post-hoc Tukey HSD (honestly signiﬁcant difference)
test, or two-way analysis of variance with post-hoc Tukey
HSD test was used in the study as mentioned in ﬁgure
legends.

Results

Figure 1. The activation of the essential ﬁssion protein,
Drp1, and its two prominent phosphorylated forms, Ser616
and Ser637, known to promote and to be involved in the
inhibition of ﬁssion, was ﬁrst analyzed.19e21,45 A 2.5-fold
reduction of total Drp1 levels in the whole-cell lysates of
FECD specimens (n Z 23) as compared with normal controls was seen (n Z 7, P Z 0.04), whereas the changes in
phospho-Drp1(Ser616) and phospho-Drp1(Ser637) were
not statistically signiﬁcant in FECD specimens (n Z 8)
compared with controls [n Z 3 (Ser616), n Z 5 (Ser637)]
(Figure 1, AeC). Doublet bands observed in the Western
blots of Drp1 and its phosphorylated forms represent the
various splice variants previously reported for Drp1.46 The
full blot for phospho-Drp1 (Ser637) is shown in the
Supplemental Figure S1A. The reduction in the total Drp1
levels prompted the examination of the role of PINK1Parkin axis, because PINK1-recruited Parkin is known to
ubiquitinate Drp1 and target it for degradation.47 It has been
shown that during mitophagy, PINK1 phosphorylates and
activates Parkin by recruiting it to the fragmented mitochondria.1 Next, it was determined whether PINK1-Parkin
axis is involved during mitophagy activation in FECD. A
3.2-fold increase in full-length PINK1 in FECD specimens
(P Z 0.0077) (Figure 1D) (normal n Z 3, FECD n Z 4)
was observed, indicating the heightened recruitment of
PINK1 on the outer mitochondrial membrane. Moreover, a
66% reduction in total Parkin levels (P Z 0.0011)
(Figure 1E) (normal n Z 3, FECD n Z 4) and an
approximately 20-fold increase in phospho-Parkin (Ser65)
were observed in FECD (P Z 0.0462) (Figure 1F) (normal
n Z 3, FECD n Z 6). Therefore, it is likely that activation
of PINK1ephospho-Parkin leads to Drp1 degradation during mitophagy in FECD. Further, Parkin is known to
undergo self-ubiquitination following phosphorylation.48
These ﬁndings are consistent with no signiﬁcant differences in gene expression of Parkin and Drp1 between
normal and FECD tissues (Supplemental Figure S1B).

Activation of PINK1-Parkin in the CE of FECD Patients

MN Induces Parkin Activation and Loss of Drp1 during
Mitochondrial Fragmentation and Mitophagy

The authors recently identiﬁed increased mitochondrial
DNA and nuclear DNA damage, and increased mitochondrial fragmentation in FECD.16 Previous studies detected
loss of mitochondrial fusion protein (Mfn2) and an increase
in LC3-II, the phosphatidylethanolamine conjugated form of
LC3-I that is targeted to autophagosomal membrane, along
with mitophagy activation in FECD.1 Because mitochondrial fragmentation is a prominent feature of FECD cells,
and ﬁssion is considered a prerequisite for activation of
mitophagy, the activation of proteins involved in mitochondrial quality control (ﬁssion and mitophagy) in the
post-surgical FECD specimens compared with normal CE
cells was investigated. The representative Western blots for
each of the proteins tested in the whole-cell lysates of
multiple normal and FECD specimens are presented in

Because FECD has been deemed an oxidative stress disorder, the mechanism of mitophagy activation via upregulation of intracellular ROS was further investigated.
Intracellular ROS generation with MN leads to DNA damage and subsequent mitochondrial fragmentation and
mitophagy.1,16 MN generates superoxide and unstable
semiquinones due to one-electron reduction that induces
morphological changes in cell monolayers of HCEnCs
resulting in rosette formations, characteristic of FECD
ex vivo.16 This feature mimics acellular center formation
during CE cell apoptosis around guttae seen in FECD.
MN-induced decrease of Djm and adenosine triphosphate
levels has been reported in HCEnCs.16 The induction of
intracellular ROS, speciﬁc to FECD, was modeled by
treating normal HCEnCs with MN and observing
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mitochondrial fragmentation during rosette formation by the
immunolocalization of cyt c. MN-induced mitochondrial
fragmentation starting at 25 mmol/L (approximately 17%
cells) which further increased at 50 mmol/L (>90% cells) as
detected by the loss of tubular mitochondrial networks and
increased translocation of mitochondria to perinuclear regions (Figure 2, A and B). Treatment with escalating doses
of MN resulted in the total abrogation of normal mitochondria around the rosettes (Figure 2A) with the release of
cyt c in approximately 95% of cells at 50 mmol/L MN
(Figure 2, A and B), indicating loss of mitochondrial mass
as quantiﬁed in previous reports.49 A representative high
magniﬁcation image of the loss of tubular mitochondrial
network that was quantiﬁed in Figure 2B is shown in
Supplemental Figure S2A.
Because elevated Parkin phosphorylation was detected in
FECD tissue, it was further investigated whether Parkin is
involved in MN-induced mitochondrial fragmentation. To
visualize Parkin in relation to mitochondrial dynamics,
exogenous YFP-Parkin was introduced to HCEnC-21T50
and treated cells with increasing doses of MN as reported.16 In the untreated cells, Parkin is mostly localized in
the cytosol with only a small fraction detected in the
mitochondria, as previously noted.51 MN treatment resulted
in a dose-dependent translocation of Parkin to fragmented
mitochondria clustered in the perinuclear region, quantiﬁed
as the percentage of YFP-Parkinepositive cells that colocalized with fragmented mitochondria. Signiﬁcant increase
in the colocalization of YFP-Parkin was observed with
fragmented mitochondria starting at 25 mmol/L MN
(Figure 2D). The fragmented mitochondria appeared as
perinuclear aggregates and showed maximal colocalization
with YFP-Parkin at 50 mmol/L MN (Figure 2, C and D). The
enlarged image of Figure 2C is shown in Supplemental
Figure S2B. It is reported that Parkin-mediated ubiquination triggers the perinuclear clustering of damaged mitochondria.52 These ﬁndings suggest that MN induces Parkin
translocation during mitochondrial fragmentation, providing
the dynamic model system of YFP Parkin colocalization
with fragmented mitochondria in response to intracellular
oxidative stress. Further, the endogenous levels of phosphoParkin were assessed in the mitochondrial fractions of
HCEnC-21T cells treated with MN (Supplemental
Figure S2C). Corroborating the immunostaining data, an

increase in phospho-Parkin levels was detected in the
mitochondrial fractions, indicating increased translocation
of activated Parkin to mitochondria.
Next, the effect of MN on the endogenous mitophagyrelated proteins was investigated by Western blot analysis.
HCEnC-21T cells treated with MN showed a timedependent decrease in PINK1 and total Parkin, and an
increase in phospho-Parkin (Ser65) (Figure 2, EeH) in the
whole-cell lysates. Reduction in total Parkin levels was
detected as early as 4 hours after MN treatment, and levels
progressively decreased with 8 and 20 hours of treatment
(Figure 2G). Speciﬁcally, 82% and 86% decreases were
detected in PINK1 (P Z 0.02) and total Parkin (P Z 0.02),
respectively, at 20 hours of MN treatment compared with
untreated cells (Figure 2, F and G). The occurrence of
apoptosis at the later 20 hours time point as a result of the
release of cyt c from the highly damaged mitochondria
cannot be ruled out; however, the changes seen at the early
time points of 4 hours and 8 hours clearly indicate
mitophagy. Phospho-Parkin (Ser65) showed a 25-fold increase at 20 hours of MN when normalized to total
endogenous Parkin (Figure 2, E and H) (P Z 0.016).
Similar to ex vivo ﬁndings, a temporal decrease was detected
in total Drp1 (82%, P Z 0.015). There was no change in the
levels of phospho-Drp1 (Ser616) and phospho-Drp1
(Ser637) after 4 hours of MN treatment but eventually
the phosphorylated forms, phospho-Drp1 (Ser616)
(93%, P Z 0.028) and phospho-Drp1 (Ser637) Drp1
(94%, P < 0.001), showed a decline from 8 hours of
treatment as compared with no-treatment controls in the
whole-cell lysates (Figure 2, IeL). These data hint at the
possibility that ROS-mediated mitochondrial fragmentation
does not necessarily activate Drp1. In fact, the protective
function of Drp1 seen in normal mitochondrial homeostasis
such as embryogenesis16,53,54 or mitosis,46 may be abrogated in the disease process herein. Therefore, a decline in
Drp1 in FECD likely impedes ﬁssion-mediated restoration
of lost Djm in response to oxidative stress. Recently, a
study showed that oxidative stress with H2O2 caused the
hyperacetylation of microtubules (MT) and precluded activation of phospho-Drp1 (Ser616) during ﬁssion.55 Because
MN induces protein acetylation56 the impact of such posttranslational modiﬁcations on ﬁssion/fusion balance in
FECD needs further investigation.

Figure 2

Menadione-induced fragmentation of mitochondria and activation of mitophagy in HCECn-21T cells mimic observations from human specimens. A
and B: Immunoﬂuorescence localization of cyt c (red) in HCEnC-21T cells treated with 10, 25, and 50 mmol/L menadione (MN) for 20 hours. Dashes indicate
untreated control sample. The formation of rosettes in the far right panel (A) is indicated by hash marks. The percentage of cells with fragmented mitochondria upon MN treatment is quantiﬁed in B. C: HCEnC-21T cells transfected with YFP-Parkin and treated with 10, 25, and 50 mmol/L menadione for 20
hours. The number of cells transfected with YFP-Parkin (green) that colocalize with fragmented mitochondria are determined (cyt c). Dashes indicate untreated control sample. D: Approximately 300 YFP-positive cells were counted for each experimental condition in C. EeH: Western blot analysis of PINK1,
Parkin, and phospho-Parkin (Ser65) in the whole-cell lysates of HCEnC-21T cells treated with 50 mmol/L menadione for various time points. IeL: Western blot
of Drp1, phospho-Drp1 (Ser616), and phospho-Drp1 (Ser637) in the whole-cell lysates of HCEnC-21T cells treated with 50 mmol/L menadione. The decrease in
phospho-Drp1 (Ser637) at 8 hours after MN is statistically signiﬁcant. MeO: Western blot analysis of mitochondrial and cytosolic fractions of 50 mmol/L
MNetreated HCEnC-21T cells for LC3-I/II for various time points. VDAC served as the mitochondrial fraction control, and GAPDH was used as cytosolic fraction
control. The relative intensities of LC3 levels in the mitochondrial (N) and cytosolic (O) fractions are represented as bar graphs. Data are expressed as means 
SEM. n Z 3 independent experiments (DeH, N, and O). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance with post-hoc Tukey HSD).
Scale bars Z 10 mm.
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Figure 3 Mitochondrial fragmentation induced by CCCP reveals PINK1-independent phosphorylation of Parkin. A: Analysis of time-dependent translocation of
YFP-Parkin (green) to fragmented mitochondria (red) in HCEnC-21T cells transfected with YFP-Parkin and treated with CCCP (20 mmol/L). Effect of baﬁlomycin (Baf)
on the colocalization of YFP-Parkinepositive cells with fragmented mitochondria (cyt c). B: Quantiﬁcation of the number of cells that exhibit colocalization of YFP
with cyt c shown in A. C: Western blot analysis of Parkin and phospho-Parkin (Ser65) in the whole-cell lysates of HCEnC-21T cells treated with CCCP (20 mmol/L) in a
time-dependent manner. DeF: Quantiﬁcation of Western blots for PINK1, Parkin, and phospho-Parkin shown in C. G: Western blot of whole-cell lysates of HCEnC21T cells treated with CCCP (20 mmol/L) for Drp1, phospho-Drp1 (Ser616), and phospho-Drp1 (Ser637). HeJ: Quantiﬁcation of Western blots shown in G. Data are
expressed as means  SEM. n Z 3 independent experiments (DeF). *P < 0.05 (one-way analysis of variance with post-hoc Tukey HSD). Scale bar Z 10 mm.
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Next, it was investigated whether oxidative stress triggers
the downstream recruitment of autophagosomes to damaged
mitochondria. The levels of autophagy marker LC3 were
assessed speciﬁcally in the mitochondrial fractions isolated
from MN-treated HCEnC-21T cells by Western blot analysis. Similar increases in the levels of LC3-II, the conjugated form of LC3-I recruited to the autophagosomal
membrane, was noted starting at 4 hours and later at 8 and
20 hours after MN normalized to VDAC (Figure 2, MeO).
The up-regulation of LC3 was also seen in the cytosolic
fractions (Figure 2O). The purity of the mitochondrial and
cytosolic fractions were veriﬁed using VDAC and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
markers, respectively. These data provide evidence for MNmediated ROS generationeinduced autophagosome formation on the mitochondria of CE cells.

CCCP Induces Phosphorylation of Endogenous Parkin
during Mitochondrial Fragmentation in the CE
Because PINK1/Parkin is known to mainly respond to
mitochondrial depolarization, the mechanisms of mitophagy
activation were studied by uncoupling the Djm via CCCP
in CE.28,57,58 CCCP induced a time-dependent increase in
the number of CE cells exhibiting fragmented mitochondria
as shown by cyt c localization in the perinuclear aggregates
(Figure 3A). The enlarged image of Figure 3A is shown in
Supplemental Figure S3. HCEnC-21T cells transfected with
YFP-Parkin showed minimal colocalization of YFP with cyt
c, whereas CCCP induced a time-dependent increase in the
number of YFP-positive cells that showed a signiﬁcant
translocation to the mitochondrial aggregates (Figure 3, A
and B). A signiﬁcant increase in the colocalization of YFPParkin with fragmented mitochondria was noted as early as
4 hours of 20 mmol/L CCCP treatment, which further
increased at 8 hours and 20 hours of treatment.
A decline in Mfn2, the key fusion protein, is driven by
auto/mitophagy and not proteasomal degradation in FECD.1
Immunoﬂuorescence experiments in this study clearly
demonstrated colocalization of Mfn2 and LC3 in the mitochondria with CCCP treatment providing direct evidence for
active mitophagy. To further investigate the role of
mitophagy-driven regulation of mitochondrial quality control proteins, baﬁlomycin A1, a vacuolar Hþ ATPase inhibitor that impedes the fusion between autophagosome and
lysosome, was used to test its ability to inhibit mitochondrial
fragmentation and translocation of Parkin to mitochondria.59
B A1 alone did not signiﬁcantly change the number of YFPParkinetransfected cells that colocalized with fragmented
mitochondria (1.8% in dimethyl sulfoxide vs 4.2% in baﬁlomycin) (P Z 0.17) (Supplemental Figure S4). The combination of CCCP and baﬁlomycin also did not rescue the
fragmentation and translocation of YFP-Parkin due to
CCCP, resulting in the increased percentage of YFP-Parkin
cells colocalized to fragmented mitochondria compared with
CCCP treatment only (79.6% in CCCP vs 88% in
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CCCPþbaﬁlomycin, P Z 0.0007) (Figure 3, A and B).
These data suggest that blocking mitophagy did not affect
the mitochondrial translocation of Parkin and mitochondrial
fragmentation due to depolarizing stress.
Western blot analysis of HCEC-21T lysates treated with
CCCP at different time points showed 84% decrease
(P Z 0.005) in endogenous Parkin and a reciprocal 9.5-fold
increase (P Z 0.027) (Figure 3F) in phospho-Parkin (Ser65)
compared with untreated cells (Figure 3, C, E, and F). By
contrast, PINK1 remained unaffected in these conditions,
suggesting that mitochondrial fragmentation stimulated by
uncoupling of Djm does not possibly involve PINK1
(Figure 3, C and D) in CE. Similar to PINK1, the protein
levels of Drp1 and its two phosphorylated forms did not
reveal any signiﬁcant changes with increase in time of
CCCP treatment (Figure 3, GeJ). Although the total protein
levels of PINK1 remained unchanged, it is possible that the
activity of PINK1 increased in response to depolarization,
warranting further activity studies in the future. Similarly for
Drp1, it is possible that CCCP induced changes in the other
post-translational modiﬁcations of Drp1 (S-nitrosylation,
sumoylation), which were not tested in this study.
The translocation of Parkin to depolarized mitochondria
has been shown to occur as early as 1 hour following treatment
with CCCP and at 12 hours with valinomycin.51,60,61 The
number of cells that show an aggregation of mitochondria
with CCCP that colocalize with YFP-Parkin were quantiﬁed
with a method that has been used previously.62 Approximately 30% of YFP-Parkinetransfected cells showed complete overlap with fragmented mitochondria at 4 hours with
maximum percentage at 8 hours. This observation is
concordant with the previous report where approximately
35% of transfected cells showed a complete overlap at 2 hours
following stimulation with CCCP in HeLa cells transfected
with GFP-Parkin.62 Furthermore, an increase was observed in
endogenous phospho-Parkin (Ser65) that suggests a plausible
PINK1-independent activation of Parkin. The differences in
PINK1, Parkin, and Drp1 due to depolarizing (CCCP) and
nondepolarizing stressors suggest the presence of alternative
mechanisms for ROS-dependent and depolarizationdependent signaling.63 These results show two modalities of
activation of mitophagy: one is stimulated by abundance of
ROS, and the other results from uncoupling of proton
gradient. Although it could be assumed that both methods of
activation of mitophagy would follow a similar pathway,
these results indicate that PINK1 and Drp1 levels remain
unaffected with CCCP, whereas a loss of these proteins is
observed with MN.

Parkin-Dependent Proteasomal Degradation Promotes
Mitophagy and Protein Degradation in FECD
To further investigate the mechanism of Parkin involvement
in FECD, immortalized CE cell lines derived from normal
and FECD patient specimens, HCECi and FECDi, respectively, were chosen.43,44 A series of experiments were
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performed selectively inhibiting proteasomal degradation or
mitophagy in response to loss of Djm and oxidative stress
with MN in these cell lines. Because heightened susceptibility of FECD to depolarizing stimuli is reported,1 normal
(HCECi) and FECD (FECDi) cells were treated with CCCP
and epoxomicin, a proteasomal inhibitor with high speciﬁcity, and the levels of phosphorylated and total Parkin
were assessed in mitochondrial fractions. Intact mitochondria were isolated from these treated cell lines using antiTOM22 antibodyebound magnetic beads as previously reported.1 Lower total mitochondrial Parkin was detected in
FECDi compared with HCECi (0.4-fold, P Z 0.0016)
(Figure 4, A and B) and in HCECi treated with CCCP
compared with untreated HCECi (0.3-fold, P Z 0.0009)
(Figure 4, A and B). Treatment with CCCP almost
completely obliterated Parkin levels in FECDi compared
with its baseline (91% decrease, P Z 0.015) (Figure 4, A
and B), consistent with ex vivo ﬁndings of total Parkin loss
in FECD. Furthermore, there was a 6.2-fold greater upregulation of phospho-Parkin (Ser65) in FECDi compared
with HCECi (P Z 0.001) with CCCP, suggesting that
FECDi exhibited an increased susceptibility to mitochondrial depolarization (Figure 4C). In HCECi, epoxomicin
rescued CCCP-induced degradation of Parkin (CCCP 0.3fold vs CCCPþepoxomicin 1.4-fold; P Z 0.027)
(Figure 4D). Similarly, a rescue of total Parkin was observed
due to epoxomicin in FECDi (CCCP 0.04-fold vs
CCCPþepoxomicin 1.1-fold; P Z 0.021) (Figure 4D).
Comparison of the fold rescue of total Parkin due to epoxomicin and CCCP in HCECi (4-fold) and FECDi (30-fold)
suggests a possible aberrant stimulation of the proteasomemediated degradation in FECDi (Figure 4D). To further
ascertain this observation, the protein lysates of mitochondrial fractions from HCECi and FECDi probed for ubiquitin
(Figure 4E) did not reveal signiﬁcant difference between
cell lines at baseline, but addition of epoxomicin led to a
signiﬁcantly greater ubiquitin staining intensity in FECDi
(Figure 4, E and F) (P Z 0.021), suggesting a greater rescue
of mitochondrial proteins destined for degradation, hence,
greater constitutive proteasomal degradation of overall
proteins in FECD.
Because the inhibition of proteasome with epoxomicin
rescued the degradation of Parkin, the effect of inhibition of
autophagosome formation that blocks mitophagy, was

studied on Parkin levels. Western blot analysis of CCCP- and
baﬁlomycin-treated lysates of HCEnC-21T cells did not
reveal a change in the levels of endogenous phospho-Parkin
(Ser65) and total Parkin (Figure 4, GeI) compared with
CCCP-treated HCEnC-21T cell lysates, consistent with the
observation on mitochondrial fragmentation and translocation of YFP-Parkin due to baﬁlomycin (Figure 3, A and
B). This observation also reafﬁrms that Parkin protein undergoes proteasome-mediated degradation (Figure 4A) upon
CCCP treatment, and not mitophagy-dependent clearance. By
contrast, baﬁlomycin rescued MN-induced decrease in
endogenous PINK1, total Parkin, total Drp1, and both isoforms of active Drp1, such as phospho-Drp1 (Ser616) and
phospho-Drp1 (Ser637) (Figure 4J). Baﬁlomycin also
reversed the increase in phospho-Parkin (Ser65) stimulated
by MN (Figure 4J), indicating the overturning of Parkin
activation. These results indicate a mitophagy-dependent
degradation of endogenous proteins in response to oxidative
stress. Speciﬁcally, we ﬁnd that degradation of Parkin and
constitutive loss of PINK1 and Drp1 are mitophagy-mediated
when oxidation is the primary trigger in the disease process
seen in FECD. These observations are consistent with the
earlier reports showing that Parkin exhibits autoubiquitination activity following phosphorylation.27,29

Discussion
Previous study has shown that constitutive activation of
mitophagy is a hallmark of degenerating CE cells in FECD.1
In this study, the authors demonstrate signiﬁcant
up-regulation of PINK1 and phospho-Parkin protein levels in
the post-surgical FECD patient specimens compared with
normal corneas. This study provides the ﬁrst line of evidence
on the mechanism of excessive mitochondrial clearance,
where Parkin/PINK1-dependent mitophagy is activated by
genetic and environmental factors involved in the pathogenesis of FECD (Figure 5). During rosette formation, mitochondrial fragmentation is a prominent feature of abating
mitochondrial network, where PINK1 and phospho-Parkin
recruitment leads to the activation of autophagosome formation (Figure 5). Although mitochondrial fragmentation was
prominent in FECD, down-regulation of the key ﬁssion protein Drp1 was detected in FECD tissue samples and in the

Figure 4

FECDi endothelial cell line shows increased activation of Parkin that promotes mitochondrial protein degradation through ubiquitination. AeC:
Representative Western blot of mitochondrial (Mito) fractions puriﬁed with anti-TOM22ecoupled magnetic beads from HCECi and FECDi treated with dimethyl
sulfoxide (DMSO), CCCP (20 mmol/L), epoxomicin (1 mmol/L), or both CCCP and epoxomicin (Epo) for 6 hours probed for phospho-Parkin (Ser65) and Parkin. B
and C: Quantiﬁcation of the relative intensities of Parkin and phospho-Parkin (Ser65) from the Western blots shown in A normalized with the mitochondrial
marker VDAC. D: Densitometric quantiﬁcation of total Parkin by Western blot analysis to study the effect of epoxomicin on the CCCP-induced degradation of
Parkin in HCECi and FECDi cells. E: Representative Western blot of the mitochondrial fractions puriﬁed with anti-TOM22ecoupled magnetic beads of vehicleand epoxomicin-treated HCECi and FECDi cells probed for ubiquitin. F: Quantiﬁcation of the Western blot shown in E normalized with VDAC. GeI: Western blot
analysis of Parkin, phospho-Parkin (Ser65) in HCEnC-21T whole-cell lysates treated with CCCP (20 mmol/L), baﬁlomycin (Baf) (10 nmol/L), and CCCP þ Baf for
20 hours. J: Analysis of the effect of baﬁlomycin in MN-treated HCEnC-21T cells on the protein levels of PINK1, Parkin, Drp1, phospho-Drp1 (Ser616), and
phospho-Drp1 (Ser637) determined by Western blot analysis of the whole-cell lysates. Data are expressed as means  SEM (D, one-way analysis of variance
with post-hoc Tukey HSD; B, C, and F, two-way analysis of variance with post-hoc Tukey HSD). n Z 3 independent experiments (BeD, F, H, and I). *P < 0.05,
**P < 0.01, and ***P < 0.001. Cont, untreated control sample; MN, menadione.
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Figure 5 Mitophagy drives endogenous protein clearance in FECD. Schematic of the mechanism of mitochondrial fragmentation and mitophagy in the
pathogenesis of Fuchs endothelial corneal dystrophy (FECD). Menadione induces endogenous oxidative stress and leads to Parkin-dependent mitophagy,
sequestering Parkin, Drp1, and PINK1 during rosette formation seen in FECD.

in vitro model of ROS-induced mitophagy. To the best of our
knowledge, a concurrent increase in the phospho-Parkin
(Ser65) and decline in Drp1 during ﬁssion-induced mitophagy has not been reported; thus, providing an insight into the
mechanism of mitophagy in the diseased post-mitotic cells.
The limitation of using surgically removed specimens is that
they provide information on the late stage of the disease;
however, the advent of less invasive corneal transplantation
methods64 has enabled access to human tissues at earlier
stages, creating an opportunity to understand the innate
pathogenic changes pertaining to the disease and subsequently modeling them in the experimental systems. Similar
to our ﬁndings, recent reports in yeast and mammals show that
Drp1 is not required for mitophagy,65e67 and mitochondrial
fragmentation concurrently occurs with autophagosome formation leading to mitophagy in a Drp1-independent
manner.68
The modeling of rosette formation with intracellular
oxidative stress in vitro showed that MN induced Parkindependent mitophagy, where mitochondrial quality control
proteins were recruited onto mitochondria and degraded by
mitophagy and ubiquitination (Figure 5). The signiﬁcance of
this study is twofold. First, this study reports that MN
stimulates the phosphorylation of endogenous Parkin and
leads to up-regulation of Parkin-mediated mitophagy in
post-mitotic cells of the eye. Most of the studies on the
mechanism of PINK1- and Parkin-mediated mitophagy
have utilized the overexpression of recombinant Parkin in
various mitotically competent cells.26e28 Although, studies
have shown an increase in phospho-Parkin (Ser65) due to
loss of Djm,28,29 the phosphorylation of endogenous Parkin
due to MN-induced ROS has not been reported. A recent
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study showed that hydrogen peroxide treatment alone failed
to induce translocation of Parkin to mitochondria and activate mitophagy, unless mitochondrial depolarization with
CCCP jumpstarted the process in HeLa cells.49 By contrast,
a robust ROS-dependent translocation of YFP-Parkin to
fragmented mitochondria and up-regulation of endogenous
phospho-Parkin (Ser65) in response to MN was observed.
Further, the activation of Parkin triggers the autophagosome
formation around mitochondria evidenced by LC3-II accumulation in the mitochondrial fractions. These data indicate
that ROS can serve as a primary trigger of Parkin-induced
mitophagy and can act upstream of Parkin. MN induces
mitochondrial superoxide that eventually leads to uncoupling of Djm during rosette formation,16 demonstrating that
MN likely exerts the combination of signaling effects of
ROS and mitochondrial depolarization, and simulates the
physiological stressors encountered in the disease process.
Therefore, our results connect the downstream effect of
mitochondrial damage with ROS-induced activation of
Parkin and mitophagy seen in FECD.1
Second, oxidative stress led to loss of endogenous PINK1
production, despite Parkin-activated mitochondrial fragmentation. Previous studies performed with underexpression of PINK1,69e71 overexpression of mutant
forms,72 or with cell lines containing endogenously mutated
PINK161 have shown PINK1 to be protective during cellular
stress. Engineered loss of PINK1 in neuronal cells led to
mitochondrial fragmentation and mitophagy depending on
mitochondrial oxidant production.69 Unique to our study,
down-regulation of endogenous PINK1 (in nonmutated
human cell lines) was achieved by generation of mitochondrial superoxide during rosette formation,16 indicating
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that ROS may be involved in PINK1-independent activation
of mitophagy. The difference between ex vivo and in vitro
ﬁndings could be due to the fact that activation of PINK1 in
tissue represents the end stage of the disease where mitochondrial depolarization is a predominant trigger of
mitophagy1 as opposed to ROS being a primary trigger of
MN-induced mitophagy in vitro. Moreover, cellular-matrix
interactions preserved in the specimens13,39,40 and the decades of chronic stress throughout the disease process
therein could be other contributing factors to the differential
ﬁndings. A recent study reports the recruitment of Parkin to
mitochondria and induction of mitophagy in the cardiac
myocytes of PINK1-deﬁcient mice (Pink1/) upon treatment with mitochondrial uncoupler FCCP.73 Similarly, in
Drosophila melanogaster, Parkin rescues the mitochondrial
defects shown by PINK1 mutants, indicating that PINK1 is
dispensable for Parkin activation.74
Despite the mitochondrial fragmentation in FECD, significant down-regulation of total Drp1 levels were detected that
could be attributed to the proteasomal degradation by activated Parkin. Similar to our ﬁndings, Alzheimer brain specimens showed reduction in mitochondrial fusion/ﬁssion
proteins, including Drp1, consistent with altered mitochondrial dynamics in hippocampal neurons during neurodegeneration.75 However, because phosphorylation is one of
the many post-translational modiﬁcations of Drp1, the possibility that other modiﬁcations of Drp1 such as S-nitrosylation, sumoylation, or ubiquitination are involved in
aberrant mitochondrial dynamics in FECD cannot be ruled
out. Similarly, drastic reduction was observed in total Parkin
protein levels, despite an increase in activated phosphoParkin. Parkin is a RING-type E3 ligase, and its N-terminal
UBL domain inhibits its autoubiquitination under normal
cellular conditions that would otherwise lead to its proteasomal degradation. Upon mitochondrial depolarization,
PINK1-mediated phosphorylation of Ser65 in the UBL
domain opens up the autoinhibited conformation of Parkin,
leading to its activation and subsequent self-ubiquitination.48,76,77 Upon mitochondrial depolarization, activated
Parkin causes the turnover of outer mitochondrial proteins via
ubiquitination, including its own degradation. This is reﬂected in the increased levels of ubiquitinated proteins noted
in the mitochondrial fractions of FECDi upon treatment with
proteasomal inhibitor, epoxomicin (Figure 4E) owing to
increased phospho-Parkin. This is further supported by the
recovery of total Parkin levels upon the addition of epoxomicin with CCCP treatment. The extent of recovery of
Parkin was higher in FECDi cells upon epoxomicin þ CCCP
treatment, indicating increased stimulation of proteasomal
degradation in FECD. Therefore, decreased protein levels of
Drp1 are likely due to Parkin-mediated ubiquitination and
proteasomal degradation of mitochondrial proteins.47
Parkin is known to regulate the degradation of mitochondrial proteins by two distinct pathways: proteasomal
degradation and mitophagy-dependent clearance.34 Interestingly, ROS-induced changes in the mitochondrial quality
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control proteins upon MN treatment could be rescued by
blocking mitophagy using baﬁlomycin. By contrast, baﬁlomycin could not rescue the changes in Parkin levels upon
mitochondrial depolarization induced by CCCP. Instead, the
reduction in total Parkin due to CCCP was rescued by
blocking the proteasomal degradation pathway using
epoxomicin. These data suggest differences in the downstream pathways of Parkin-mediated mitochondrial
clearance in response to ROS versus mitochondrial depolarization. Although ROS activated mitophagy-dependent
clearance, mitochondrial depolarization with CCCP promoted proteasomal degradation of mitochondrial proteins.
These observations are consistent with the ﬁndings that
ROS promotes the completion of mitophagy following
mitochondrial translocation of Parkin.49 However, it is
possible that addition of baﬁlomycin, the inhibitor of
vacuolar-type Hþ-ATPase, could further reduce already low
mitochondrial ATP levels from CCCP treatment, thus
depleting the levels required for protein phosphorylation
and restoration of phosphorylated proteins.
These results shed light on different mechanism by which
CCCP and MN exert their effects on mitophagy activation.
The majority of studies have used CCCP to depolarize Djm
in transfected cell lines and have shown the accumulation of
PINK1 and its downstream activation of Parkin by phosphorylation.28,31,78 As evidenced by this current study, the
biological relevance of solely using mitochondrial
uncouplers when studying endogenous disease processes
may not fully represent the ﬁndings ex vivo, and pose
several challenges. First, uncouplers cause depolarization of
entire mitochondrial network23; however, some may be
preserved depending on the nature and cellular distribution
of the disease. For example, mitochondrial fragmentation
was found to be more prominent in the cells surrounding the
rosettes, suggesting a topographical variability in mitochondrial depolarization in the FECD tissue.16 Second,
uncouplers alone may not fully reﬂect the complexity of
signaling pathways stemming from upstream factors such as
oxidanteantioxidant imbalance, DNA damage, and/or
unfolded protein response.8,16,79e81 Because MN is normally neutralized by 2-electron reduction by NQO1 and
NQO1 is largely deﬁcient in FECD, the MN-induced
oxidative stress is fundamentally relevant for the study of
oxidanteantioxidant imbalance stemming from deﬁcient
Nrf2-NQO1 axis seen in FECD. Similarly, Wang et al82
proposed that introducing short bursts of mitochondrial
superoxide with mitochondrial KillerRed is a biologically
relevant model for study of mitophagy in the context of
oxidative stress disorders such as Parkinson and Alzheimer
diseases. Further studies are warranted to study the upstream
mechanisms involved in mediating the phospho-Parkin
activation upon ROS stress.
The ﬁndings that auto/mitophagy is excessively
up-regulated in FECD have a physiological signiﬁcance for
development of therapeutic strategies. Previous studies have
postulated that lithium is cytoprotective in FECD by
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inducing autophagy and aiding in clearance of misfolded
proteins.83 Although auto/mitophagy may be beneﬁcial in
general cellular survival, further stimulation of already
excessive mitochondrial clearance may be detrimental to the
bioenergetics of the cell in FECD. The ﬁndings that ROS act
as upstream regulators of Parkin activation may provide a
novel route of regulating protein degradation and mitochondrial dynamics, thus, restoring the bioenergetics of
indispensable post-mitotic cells. Further studies are needed
to investigate which ROS mediators would be most beneﬁcial in the treatment of FECD.
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