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Abstract

Clinical and experimental evidence supports that chronic oxidative stress is a primary contributing
factor to numerous retinal degenerative diseases, such as age-related macular degeneration
(AMD). Eyes obtained postmortem from AMD patients have extensive free radical damage to the
proteins, lipids, DNA, and mitochondria of their retinal pigment epithelial (RPE) cells. In addition,
several mouse models of chronic oxidative stress develop many of the pathological hallmarks of
AMD. However, the extent to which oxidative stress is an etiologic component versus its
involvement in disease progression remains a major unanswered question. Further, whether the
primary target of oxidative stress and damage is photoreceptors or RPE cells, or both, is still
unclear. In this review, we discuss the major functions of RPE cells with an emphasis on the
oxidative challenges these cells encounter and the endogenous antioxidant mechanisms employed
to neutralize the deleterious effects that such stresses can elicit if left unchecked.
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1. Introduction

The retinal pigment epithelium (RPE) is a single layer of epithelial cells lining the posterior
segment of the eye. It is located between the light-sensing photoreceptor cells and the
choriocapillaris. Similar to other epithelial cell types, RPE cells are polarized. The apical
processes are interdigitated with the outer segments of the photoreceptors, whereas the
basolateral side of each cell is aligned along a specialized membrane called Bruch’s
membrane (BM) underlying the fenestrated endothelium of the choriocapillaris.

The anatomical positioning of the RPE layer situates these cells for their numerous support
functions as guardian and caretaker of the photoreceptors (Strauss, 2005). In conjunction
with the endothelium of the retinal vessels, the RPE layer forms the blood-retinal barrier. A
primary function of this barrier is to mediate the uptake of ions, water, and nutrients while
simultaneously removing metabolic waste products from the subretinal space. These
exchange processes are central for maintaining overall metabolic homeostasis and
sustenance of the photoreceptor cells. A complementary function of the RPE involves
retinoid storage and metabolism. In the classical visual cycle associated with rod
photoreceptors, RPE cells convert all-frans-retinol (vitamin A) into 11-cis-retinal and then
deliver the 11-c/s-retinal to the photoreceptors for phototransduction. 11-c/s-Retinal is a
chromophoric derivative of vitamin A that binds opsin to generate rhodopsin in
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photoreceptor outer segments. Coincident with the absorption of a photon of light by
rhodopsin and initiation of the phototransduction cascade, 11-c/s-retinal is photoisomerized
into all-frans-retinal. Upon release from opsin, the all-trans-retinal is reduced in the
cytoplasm to all-frans-retinol by all-trans retinol dehydrogenase and subsequently exported
to the RPE for recycling back into 11-c/s-retinal. The regeneration of 11-c¢is-retinal in the
RPE occurs via an enzymatic cascade consisting of lecithin retinol acyltransferase, RPE65,
and 11-ci/s retinol dehydrogenase. Vitamin A from the circulation also enters RPE cells from
the basal side and is likewise processed by these enzymes to produce 11-cis-retinal.

RPE cells are enriched in numerous pigments, such as melanin, lipofuscin, and flavins,
which absorb excess light and thereby function to protect the neuroretina from phototoxicity.
Paradoxically, these same moieties can underlie photochemical damage to the RPE and
retina (Boulton et al., 2001). An additional key function performed by RPE cells is the
maintenance of photoreceptor outer segment length. Each day, the RPE ingests the distal tips
of the outer segments and, in doing so, balances the growth of these segments that occurs at
the proximal end where new membrane stacks are generated. This trimming function of the
RPE ensures that a relatively constant outer segment length is maintained, which is essential
for proper photoreceptor function (Bok and Hall, 1971; Edwards and Szamier, 1977; LaVail,
1983; Nandrot et al., 2004). RPE cells also secrete growth factors in a directional fashion.
Most notably, they release vascular endothelial growth factor basolaterally to the
choriocapillaris and pigment epithelial-derived growth factor apically to the subretinal
space. Additional immunosuppressive factors are also produced and released by RPE cells to
impart immune privilege to ocular tissues (Ishida et al., 2003).

2. Oxidative Stress and Damage in RPE

2.1. Sources of oxidative stress in RPE

The panoply of functions carried out by RPE highlights its central role as guardian and
caretaker of the neural retina. It is no coincidence then that impairment of one or more of the
above RPE processes can have dire consequences for ocular health and vision. A growing
body of clinical and experimental data strongly implicate oxidative stress, and, in particular,
chronic intracellular oxidative stress, as a constant threat to the structural and functional
integrity of the RPE.

The sources of this stress are diverse. For example, RPE is subjected to very high O, tension
due to its juxtaposition to the blood supply of the choriocapillaris (Alder and Cringle, 1985).
Flow rates in the choriocapillaris have been measured at 1400 ml/min per 100 g of tissue,
and the venous blood from this vascular bed reportedly has 90% O, saturation (Alm and
Bill, 1970, 1972a, b, 1973). Together, the high flow rate and O, saturation levels contribute
to high O, tension at the RPE layer. Long-term sunlight exposure is also a significant source
of free radical stress to the RPE. In particular, blue light (475 nm) causes photooxidation of
RPE biomolecules (including pigments) and can be especially detrimental (Bressler and
Bressler, 1995; Cruickshanks et al., 1993; Dorey et al., 1990; Rozanowska et al., 1995).

The enriched mitochondrial population of the RPE exhibits robust metabolic activity to meet
the high-energy needs of these cells. This amplified oxidative phosphorylation produces
large amounts of ATP but in the process also generates high local concentrations of reactive
oxygen species (ROS). As the RPE ages, the capacity to utilize and/or neutralize these
mitochondrial-derived ROS likely diminishes. The result is increased collisions of free
radicals with DNA, proteins, and lipids within mitochondria and in the cytoplasm. This
damaged material can wreak havoc on mitochondrial function and integrity as well as
impact cytoplasmic processes and overall cellular health.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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Another source of intracellular oxidative stress in RPE is the age-dependent accumulation of
lipofuscin (aka aging pigment) (Sparrow et al., 2012). This heterogeneous, autofluorescent
complex of lipid—protein aggregates is derived largely from photoreceptor outer segments
that are phagocytosed by RPE cells and presumably also contain remnants of triaged RPE
organelles (Boulton et al., 2001). Young, healthy, RPE cells efficiently dispose lipofuscin by
targeting it to lysosomes for degradation. However, the autophagy and lysosomal pathways
within the RPE diminish as we age and thus, so do the capacity to eliminate lipofuscin
(Kaarniranta et al., 2010). As a consequence, this waste material builds up to toxic levels in
the cytoplasm of RPE cells and produces free radicals. In addition, the components of
lipofuscin can be photooxidized and, in doing so, become toxic to the RPE. The best studied
of these components is produced by the reaction of two molecules of all-frans-retinal with
ethanolamine and is called A2E (A-retinyl-Atretinylidene ethanolamine, 2-[2,6-dimethyl-8-
(2,6,6-trimethyl-1-cyclohexen-1-yl)-1E,3E,5E, 7E-octatetraenyl]-1-(2-hydroxyethyl)-4-[4-
methyl-6-(2,6,6-trimethyl-1-cyclohexen-1-yl)-1E,3E,5E-hexatrienyl]-pyridinium). When
oxidized by 430-nm light, various A2E epoxides are generated that arguably become
detrimental to RPE health and function. Studies in cultured RPE cells indicate that A2E
epoxides have pleiotropic effects, ranging from destabilizing mitochondrial and/or
lysosomal membrane integrity to reducing the capacity of RPE cells to process
phagocytosed photoreceptor outer segments (Bergmann et al., 2004; Holz et al., 1999; Liu et
al., 2008; Vives-Bauza et al., 2008). Photodegradation of A2E can release methylglyoxal, a
dicarbonyl that reacts with proteins to produce advanced glycation end products (Wu et al.,
2010). In addition to A2E and its derivatives, other hydrophobic components of lipofuscin
have been invoked as major contributors to the photoexcitatory-induced free radical
production and damage caused to RPE cells (Pawlak et al., 2002, 2003). Collectively,
photoexcitation of these outer segment-derived bisretinoids can lead to the generation of
singlet oxygen, superoxide anion, and hydroxyl radicals, all of which set off chain reactions
of lipid peroxidations (Dillon et al., 1996).

2.2. Targets of oxidative damage in RPE

In an age-dependent manner, these various sources of intracellular free radical stress can
converge to elicit compounding deleterious effects. They do so by triggering large-scale
damage to RPE biomolecules (i.e., proteins, lipids, and DNA) and by promoting destruction
of the RPE mitochondrial network. Mitochondria are an especially susceptible target of
oxidative damage because they are a rich source of ROS, the mitochondrial genome lacks
protection from histones, and the system for repairing damage to mtDNA is not as proficient
and robust as its nuclear counterpart. Furthermore, because RPE cells are postmitotic,
damaged mitochondria are not readily eliminated as a function of cell division (Cai et al.,
2000). These events, in turn, presumably exacerbate further increases in free radical damage
and stress. mtDNA damage due to oxidative stress increases with age and is enriched in the
RPE cells of the macula region as compared to the peripheral retina. In age-related macular
degeneration (AMD) eyes, this damage parallels disease severity (Lin et al., 2011). These
increases in mtDNA damage correlate with decreases in OGG1, a marker of mtDNA repair
capacity (Lin et al., 2011), and this damage is distributed throughout the mtDNA genome, as
measured by long-extension polymerase chain reaction (Karunadharma et al., 2010). In
contrast, normal aging eyes have progressively increasing levels of mtDNA that is
concentrated in the common deletion region of the mtDNA. Further, proteomic tracking of
RPE mitochondrial protein levels during different stages of AMD revealed changes in the
ATP synthase subunits (a, B, 6), mitochondrial import factors, and translation factors
(Nordgaard et al., 2008). The exact mechanisms underlying these particular changes in
protein levels are unknown, but the data are consistent with the notion that chronic oxidative
insult alters fundamental aspects of mitochondrial function, integrity, and viability.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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A mechanistic model explaining this self-perpetuating cycle of debilitation remains to be
elucidated, but this area of investigation is likely to be a rich source of therapeutic targets.
Any unifying explanation will have to incorporate several key contributors. One such factor
is that many of the enzymes responsible for handling and disposing of oxidatively damaged
proteins contain active site cysteines and, as a consequence, are themselves predicted to be
highly susceptible to inactivation by free radicals (Kriegenburg et al., 2011). For example,
inactivation of protective enzymes could occur via the addition of molecular oxygen(s) to a
cysteine sulfhydryl, leading to the formation of cysteine sulfenic acid, sulfinic acid, or
sulfonic acid. Enzymatically inactivating oxidations of this nature as well as protective
glutathionylation of active site cysteines in response to redox stress have been demonstrated
for components of the ubiquitin proteolytic system (UPS) (Jahngen-Hodge et al., 1997; Obin
et al., 1998) and may well apply to enzymes of the autophagy system. The UPS and
autophagy systems are the two primary means for triaging and eliminating damaged,
intracellular material. The susceptibility of these enzymatic cascades to inactivation by
oxidative stress coupled to the induction of these systems during such stress is likely to be
an expanding area of research focus in the coming years in light of the notion that the
capacity of cells to counter the accumulation of damaged materials declines as a function of
age. This decline is consistent with the buildup of potentially toxic aggregates such as
lipofuscin, a hallmark of the aging cell.

Mitochondrial DNA damage is a second factor contributing to the cycle of self-perpetuating
debilitation induced by chronic oxidative stress in the RPE. Analysis of postmortem AMD
eyes (Feher et al., 2006; Karunadharma et al., 2010) has clearly demonstrated an
accumulation of modifications and mutations to RPE mitochondrial DNA that are readily
attributable to free radical stress. In all likelihood, such stress has both cytoplasmic and
mitochondrial origins that together culminate in irreversible changes to mitochondrial DNA,
additional free radical production, declining mitochondrial respiratory function, and a
growing need for increased flux through the autophagy pathway to dispose of dysfunctional
mitochondria. This “domino” effect may well represent one, if not /e, precipitating event in
AMD development.

A third contributory factor that, to date, has received only minimal appreciation is the
impact that chronic oxidative stress in the RPE has on mitochondrial network dynamics (i.e.,
the equilibrium between mitochondrial fusion and fission). The molecules governing this
equilibrium are described in more detail below (Section 4). Briefly, these synchronized
processes regulate a dynamic balance in which individual mitochondria physically associate
(fusion) or dissociate (fission) from the reticular mitochondrial network. Multiple GTPases
mediate fusion and fission, and the stability, function, and/or localization of several of these
proteins are controlled by the UPS (Neutzner et al., 2008). Yet, these same UPS components
harbor active site cysteines and, as mentioned above, are potentially susceptible to
inactivation upon oxidation. The consequences of such events on fusion and fission,
particularly over the longer term in RPE cells subjected to chronic oxidative stress, remain
to be fully elaborated, but the prediction would be an age-dependent debilitation of
mitochondrial network integrity and function. Such mitochondrial deterioration has been
noted in postmortem eyes from AMD patients (Feher et al., 2006).

3. Preservation of RPE Integrity and Function

In light of the challenges that oxidative stress poses to RPE health, function, and survival, it
is typically not until the later years of life (i.e., age 60—65) that pathological hallmarks in this
cell layer begin to manifest, as in the case of AMD. We speculate that two major
mechanisms likely account for this. One is the collective workings of the endogenous
antioxidant defense system. The second is RPE regeneration.

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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3.1. Endogenous antioxidant defenses

3.1.1. Central role of Nrf2—The endogenous antioxidant defense system is comprised of
an array of factors including enzymes such as the superoxide dismutases (SODs) and
catalase, carotenoids such as lutein, zeaxanthin, and p-carotene, vitamins such as .-ascorbate
and a-tocopherol, pigments such as melanin, and various other molecules (e.g., glutathione
(GSH)) that function in redox maintenance and homeostasis. Additionally, most if not all
cells in the body (including RPE cells) express a panel of cytoprotective antioxidant and
detoxifying genes commonly referred to as phase Il genes. Expression of phase Il genes is
driven by nuclear factor-related factor 2, a transcription factor better known as Nrf2. Nrf2
belongs to a family of cap-N-collar transcription factors that includes two related
transcriptional activators, Nrfl and Nrf3. Expression profiling in adult mice has
demonstrated that Nrfl is expressed in a range of tissues including heart, muscle, liver,
kidney, salivary glands, and prostate (Biswas and Chan, 2010). Nrf2 is ubiquitously
expressed throughout the body with highest levels in muscle, kidney, and lung in adults
(Moi et al., 1994), and Nrf3 expression has been reported in liver, placenta, and other tissues
(Zhang et al., 2009). Nrf2 knockout mice live normal life spans but are more susceptible to
tumor formation when challenged (Ramos-Gomez et al., 2001). Embryonic loss of Nrf2 has
also been reported to interfere with adipocyte development although the authors concluded
that this effect was independent of the antioxidant actions of the transcription factor (Pi et
al., 2010).

During redox homeostasis, cells suppress Nrf2 levels primarily through posttranslational
mechanisms involving Ub-mediated degradation by the 26S proteasome. This degradation is
mediated by a UPS E3 ligase called CUL3Ke3P1 (Kobayashi et al., 2004; Zhang et al., 2004).
CUL3Keaprl congsists of three primary proteins, but the complex is modulated by a large panel
of secondary factors (Bosu and Kipreos, 2008). The three primary proteins are the cullin 3
(CUL3) scaffold protein, a really interesting new gene (RING)-finger containing protein,
ROC1, and the substrate adaptor, Keapl. Keapl recruits Nrf2 to a CUL3-ROC1 complex
for polyubiquitylation. The tagged transcription factor is subsequently delivered to the 26S
proteasome for degradation. Upon sensing of an oxidative stress, however, the CUL3Keap1
complex dissociates and Nrf2 turnover is inhibited. The stabilized transcription factor
translocates to the nucleus, heterodimerizes with one of several Maf proteins, and binds to
the antioxidant response elements in the promoters of phase Il genes. This constellation of
genes codes for multiple antioxidant and detoxifying enzymes including GSH-S$
transferases, NAD(P)H:quinone oxidoreductases, heme oxygenase (HO)-1, and thioredoxin
as well as chaperones and components of the proteasome. Collectively, the induction of
these cytoprotective proteins enables cells to neutralize free radical stress and restore redox
homeostasis (Kensler et al., 2007).

Work in cultured RPE cells suggests a central role for this transcription factor in protecting
the RPE from phototoxic stress. For example, Gao and Talalay found that treatment of
aRPE19 cells with the Nrf2 activator, sulforaphane, induced the expression of Nrf2 target
genes and effectively protected the cells from phototoxicity caused by blue light-activated
all-trans-retinaldehyde (Gao and Talalay, 2004). Sulforaphane is an isothiocyanate found in
cruciferous vegetables (Zhang et al., 1992) that directly modifies and inhibits the machinery
mediating Nrf2 turnover (Dinkova-Kostova et al., 2002). The all-trans-retinaldehyde
treatment was used to reconstitute the age-dependent accumulation of this retinoid in RPE
cells as a by-product of photoreceptor phototransduction. In complementary studies, the
Sparrow laboratory found that sulforaphane treatment protected cultured RPE cells from
death induced by photooxidized A2E. The protection was attributed to sulforaphane-
induced, Nrf2-mediated increases in GSH levels as well as increases in the phase Il
enzymes, NAD(P)H:quinone reductase, and GSH- S-transferases (Zhou et al., 2006).

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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Complementary /in vivoand in vitro studies have further highlighted the central role of Nrf2-
induced expression and maintenance of thioredoxin and GSH levels in protecting RPE cells
from a variety of oxidative challenges (Ha et al., 2006; Nelson et al., 1999, 2002; Tanito et
al., 2005; Yoon et al., 2011a). Additionally, multiple laboratories have been delineating the
relationship between cigarette smoke, Nrf2, and RPE atrophy (Cano et al., 2010; Chan,
1998; Seddon et al., 1996; Smith et al., 2001). In pilot studies, Handa and colleagues found
that the RPE cells of genetically engineered Nrf2 knockout mice have an increased
incidence of DNA damage, vacuolization, dilated basolateral infoldings, overall cellular
degeneration, and apoptosis following prolonged (6 month) exposure to cigarette smoke.
Furthermore, the combination of cigarette smoke and Nrf2 deficiency resulted in evidence
consistent with complement factor deposition in BM (Cano et al., 2010). These data bolster
findings from other organ systems directly linking Nrf2 to proper function and regulation of
the innate immune response (Braun et al., 2002; Thimmulappa et al., 2006a,b). Perhaps most
interestingly from a clinical perspective, the RPE cells of mice treated with the synthetic
triterpenoid, 2-cyano-3,12-dioxooleana-1,9-dien-28-imidazolide were largely protected from
the harmful effects of chronic cigarette smoke exposure. In summary, this work underscores
the central role of the Nrf2-driven, antioxidant system in protecting the RPE from chronic
oxidative insult.

Zhao et al. recently published the first description of the age-dependent consequences of
Nrf2 loss on retinal morphology and function. This study was done without the addition of
any exogenous stressors (e.g., cigarette smoke). As predicted by the widely accepted notion
that chronic oxidative stress is an underlying trigger of AMD, these investigators detected an
age-dependent development of the cardinal pathologies of human AMD (Zhao et al., 2011b).
Nrf2 knockout mice developed drusen-like deposits, lipofuscin accumulation, subretinal
deposition of inflammatory proteins, and choroidal neovascularization. Electron microscopic
analysis revealed that, similar to human AMD eyes (Wang et al., 2009), the RPE cells of
Nrf2-deficient mice have an accumulation of phagocytosed photoreceptor outer segments,
autophagosomes, autophagolysosomes, and polyubiquitin-positive aggregates (Zhao et al.,
2011b). This led the authors to conclude that the absence of Nrf2 resulted in a disabled
autophagy-lysosomal degradation system. Interestingly, but perhaps not surprisingly, these
various autophagic intermediates were often juxtaposed, or near, BM irregularities.
Although a molecular link between Nrf2 and the autophagy defect(s) in the RPE remains to
be defined, the authors posit a logical model in which increased cellular stress brought on by
the lack of Nrf2 target gene expression increases the load of oxidatively damaged
macromolecules and organelles entering the autophagy pathway for degradation. This
increased cargo load, combined with the inhibitory effects of lipofuscin on the efficiency of
the lysosomal system (Liu et al., 2008; Sparrow and Boulton, 2005), ultimately overwhelms
the autophagic capacity of the RPE cell. The result is an accumulation of autophagic
intermediates, and the exocytosis of this cellular “garbage” into the sub-RPE space and BM.
The exocytosed material, in the form of drusen, elicits the recruitment and deposition of
inflammatory and complement factors characteristic of AMD sub-RPE lesions (Zhao et al.,
2011b).

Related human studies indicate that Nrf2 inducibility and cytoprotection decrease with age
(Suzuki et al., 2008). This decrease has been observed as a marked reduction in detectable
Nrf2 mRNA in the lungs of aged smokers versus their nonsmoking counterparts. Curiously,
young smokers and young nonsmokers had comparable Nrf2 levels and responsiveness. As
this analysis was done in alveolar macrophages, it will be essential to confirm these results
at the protein level in human RPE cells considering that such an age-dependent decrease in
protection from oxidative challenge could significantly contribute toward a comprehensive
molecular explanation for the relatively late onset of AMD. Further, such analyses could
offer potential therapeutic strategies aimed at increasing and sustaining Nrf2 levels in the

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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RPE by either pharmacological means and/or by antagonizing Keapl and other negative
regulators of Nrf2 stability. Toward this goal, a large panel of pharmacological Nrf2
activators have been identified and tested in various model systems (Hayes et al., 2010).
Future work in this field will require determining, among other things, which of these
activators is optimal for protecting RPE cells, which at-risk patient populations would
benefit from this activator(s), and the best methods for delivery and sustained release of the
agent. Recent advances in nanotechnology and microencapsulation technologies with retinal
applications (Birch and Liang, 2007; Kalishwaralal et al., 2010; Zhang et al., 2011) will
likely play a central role in the success of these strategies.

Attempts to assess age-dependent changes in the endogenous neuroretinal and RPE
antioxidant systems have used different methodologies and, not surprisingly, yielded a range
of results, as recently discussed by Cano et al. (2010). Briefly, comparisons of peripheral
versus macular retina isolated from fresh cadavers (non-AMD) found that although there
was significant variability among individuals, particularly with increasing age, the
expression of the major antioxidant enzymes was largely sustained over all ages. GSH
peroxidase was an exception as it decreased with age (De La Paz et al., 1996). Five years
earlier, an independent study found an age-dependent decrease in catalase activity in both
peripheral and macular retina (Liles et al., 1991). Decreases in HO-1 and -2 as well as in
catalase were observed in AMD maculas in a 1999 study (Frank et al., 1999), but this was
contradicted in a 2004 report (Miyamura and Ogawa, 2004). Interestingly, Miyamura and
colleagues found that within a given RPE monolayer, the expression of HO-1 and catalase
was variable (i.e., mosaic). /n situhybridization to label HO-1 and catalase mMRNAS revealed
clumps of positive RPE cells situated near unlabeled RPE cells and a higher proportion of
positive cells (as a function of total RPE cells) in the macula versus the periphery. These /in
situresults were corroborated by processing serial sections for immunohistochemical
staining. From this study, the authors concluded that although HO-1 mRNA decreases in
both the macula and periphery as a function of age, HO-1 and catalase protein levels are in
fact sustained during aging. Mosaic patterns of HO-1 and catalase expression were not
observed in ganglion cells, which had uniform staining for both enzymes, implying that the
ability of individual RPE cells to manage acute and chronic oxidative insults may vary. It is
tempting to speculate that such variability may underlie or contribute to the geographic
nature of dry AMD.

In a follow-up work, the Handa laboratory used microarray analysis of laser-captured
microdissected RPE cells to perform a global analysis of gene expression patterns in older
(nondiseased) human eyes. Perhaps unexpectedly, dramatic differences were not found
between macular and peripheral RPE cells, but interestingly from the standpoint of redox
homeostasis and protection, GSH-S-transferase M1 was relatively underexpressed in
macular RPE (Ishibashi et al., 2004). From this analysis of healthy older eyes, the authors
concluded that there is not a wholesale, age-dependent diminution of the antioxidant system
in macular RPE cells. Collectively, these data support the notion that there is notan age-
dependent, precipitous drop in the Nrf2 circuit in RPE cells, but more likely there may be a
dampening or dysregulation of one or more signaling pathways linked to Nrf2-mediated
cytoprotection of the RPE. Further, key antioxidant enzymes may be irreversibly inactivated
or mis-activated and trigger a redox crisis.

3.1.2. Glutathione—Substantial clinical and experimental evidence demonstrates that
GSH makes a major contribution to the endogenous antioxidant defense of RPE cells (Cai et
al., 2000). GSH is a tripeptide (.-y-glutamyl-.-cysteinyl-glycine) that interconverts between
a reduced form, designated as “GSH,” and an oxidized form, GSH disulfide, designated as
“GSSG.” Physiologically, this conversion often involves GSH molecules neutralizing lipid
peroxides as well as hydrogen peroxide (H205) in a reaction catalyzed by any one of the

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.
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family of enzymes referred to collectively as GSH peroxidases. In the case of H,0,, the
products of the reaction are GSSG and two molecules of water. GSSG is reduced back to
GSH by the action of GSH reductase in a reaction that utilizes nicotinamide adenine
dinucleotide phosphate as a cofactor to supply electrons. GSH can also be nonenzymatically
or enzymatically (via GSH-S-transferase) conjugated to small molecules, proteins, or lipids
in a process referred to as glutathionylation. GSH is at millimolar concentrations in cells and
this abundance reflects its central importance to redox homeostasis. Most cell types maintain
intracellular GSH at 1-10 mM, whereas GSSG and conjugated GS are typically each below
0.1 mM(Ballatori et al., 2009b). Moreover, age-dependent decreases in the ratio of
GSH:GSSG have been detected in human plasma from the elderly, as compared to younger
individuals, implying potential links into age-dependent pathologies, including AMD and
diabetes (Samiec et al., 1998).

The levels of intracellular GSH are determined by a balance between synthesis and
degradation. Interestingly, synthesis takes place intracellularly, whereas GSH catabolism is
exclusively an extracellular event. The first and rate-limiting step of GSH synthesis is the
ligation of glutamate to cysteine by the enzyme, y-glutamyl cysteine synthetase (GCS) (aka
glutamate cysteine ligase) (Majerus et al., 1971; Minnich et al., 1971). GCS is a heterodimer
of a catalytic (GCLC) and a modulatory (GCLM) subunit, and the expression of these two
subunits is driven by Nrf2 (Kwak et al., 2003). The second step in the biosynthetic pathway
adds a glycine residue to complete the tripeptide and is catalyzed by GSH synthetase. GSH
synthesis rates are highly sensitive to the availability of free cysteine (Ballatori et al., 2009a;
Meister and Tate, 1976). The extracellular hydrolysis of GSH and GSH-containing
molecules (e.g., GSH-S-conjugates) is performed by y-glutamyl transpeptidase, an
ectoenzyme enriched for on the apical surface of many epithelial cell types involved in
transport (e.g., kidney, intestine, and epididymis).

The protective function of GSH in RPE cells has been primarily gleaned from cultured cell
studies in which efforts to increase the GSH content have yielded protection from oxidative
insult. For example, Sternberg and colleagues demonstrated that feeding cultured human
RPE cells a mixture of glutamate, cysteine, and glycine was sufficient to boost intracellular
GSH levels and protect cells from oxidant-induced toxicity by #butylhydroperoxide (~BHP)
(Sternberg et al., 1993). Similarly, Nelson et al. stimulated GSH synthesis using the phase 11
inducer, DMF, to confer resistance to £BHP (Nelson et al., 1999). /n vitro work by Sparrow
and colleagues demonstrated that GSH directly reacts with photooxidized A2E and
methylglyoxal, a photocleavage product of A2E, but not with nonphotooxidized A2E (Yoon
etal., 2011a). Using electrospray ionization mass spectrometry, these investigators showed
that GSH can donate a hydrogen atom to photooxidized A2E and its photoproducts as well
as form adducts with these modified bisretinoids. These data prompted the authors to
suggest that GSH may in fact play an important role in limiting the reactivity and toxicity of
bisretinoid photoproducts and facilitate their elimination from RPE cells. This work is
consistent with previous findings from this laboratory showing that the Nrf2 activator,
sulforaphane, could protect against damage caused by photooxidized A2E (Zhou et al.,
2006). It is reasonable to speculate that this protection was conferred by Nrf2 induction of
GCS gene expression and subsequent stimulation of GSH synthesis, but other Nrf2 target
genes may well have contributed.

3.1.3. Other antioxidants—Similar to photoreceptors, RPE cells may also employ
antioxidants including a-tocopherol (vitamin E), -ascorbic acid (vitamin C), and p-carotene
to mitigate the impact of chronic oxidative exposure and stress. Briefly, a-tocopherol
functions as a quencher and scavenger of photogenerated singlet oxygen whereby a single
molecule of a-tocopherol can deactivate 120 molecules of singlet oxygen (Fahrenholtz et
al., 1974). In vivo, vitamin E gets oxidized to an a-chromanoxyl radical and, in doing so,
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limits the oxidation of polyunsaturated fatty acids. .-ascorbic acid reduces the a-
chromanoxy| radical back to regenerate a-tocopherol. This reduction can also be performed
by quinones, thiols such as lipoic acid, and GSH. p-Carotene, a precursor of vitamin A, is a
membrane antioxidant that can physically deactivate singlet oxygen. Susceptibility of the
RPE to mounting oxidative stress and damage in the elderly may be exacerbated by the age-
dependent reduction in plasma levels of .-ascorbic acid (Rikans and Moore, 1988) and a.-
tocopherol (Vandewoude and VVandewoude, 1987).

3.2. RPE regeneration

In addition to these antioxidant defense mechanisms, RPE regeneration may contribute to
sustaining retinal health and function during the early and mid-life years. The extent and
optimal physiological conditions of such regeneration are areas of intense research (Sugino
et al., 2011), but multiple RPE transplant studies have convincingly established that an aged
and diseased BM is largely incompatible with regeneration of a functional RPE monolayer
(Binder et al., 2002; Gullapalli et al., 2005; Lee and Maclaren, 2011). Thus, prior to the
onset of AMD, it is possible that sick RPE cells can be replaced through endogenous
regeneration in so long as the integrity of the underlying BM is suitably healthy (Binder et
al., 2002). However, following the initiation of retinal degenerative disorders like AMD and
compromise of BM integrity, the endogenous recovery of the RPE monolayer is remote
without surgical and/or therapeutic intervention. Toward this end, Sugino and colleagues
have demonstrated that aged submacular human BM seeded with cell-derived extracellular
matrix proteins is an improved substrate for RPE cell survival (Sugino et al., 2011). Thus,
the future of BM and/or RPE transplantation could hold great promise for patients with
intermediate to advanced AMD.

4. Mitochondrial Network Dynamics

As briefly discussed in Sections 2.1 and 2.2, mitochondria are both a major source and target
of ROS in RPE cells. As such, this section elaborates on the proteins that regulate
mitochondrial dynamics with the idea that a comprehensive understanding of these
dynamics will potentially facilitate drug development efforts to abrogate RPE atrophy.
Mitochondria have historically been depicted as individual, round organelles that act
independently of one another, but in fact these organelles form a dynamic reticular network,
the morphology of which is determined by the relative rates of fission and fusion events
(Karbowski and Youle, 2003). The dynamic nature of this network is crucial for equivalent
segregation of mitochondria during cell division (Taguchi et al., 2007), quality control of the
mitochondrial genome (MtDNA), metabolic regulation, and response to apoptotic stimuli
(Liesa et al., 2009).

Fusion of mitochondria involves a membrane potential-dependent melding of both the outer
and inner mitochondrial membranes on adjacent mitochondria (Legros et al., 2002), thus
decreasing the total number of individual organelles while maintaining total mitochondrial
mass. Conversely, during fission, the mitochondria are clamped and divided at determined
fission sites, thus increasing the total number of free organelles. Mitochondrial networks
driven by fission appear extremely vesicular and disconnected, whereas those driven by
fusion appear highly reticular and elongated (e.g., Fig. 4.1). The consequences of disrupting
mitochondrial network equilibrium are still being elucidated, but it has been demonstrated
that excessive fission of mitochondrial networks is associated with decreased mitochondrial
volume and decreased mitochondrial membrane potential (Park et al., 2008). Equilibria
shifted toward fusion are associated with mtDNA depletion and deficits in electron transport
chain (ETC) activity, likely through ETC assembly defects (Parone et al., 2008). The most
aberrant phenotypes are manifested when either fusion is excessively inhibited or fission
excessively stimulated (Scott and Youle, 2010).
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4.1. Drp1 and fission

Most attempts to experimentally disrupt the mitochondrial network have targeted the
handful of proteins established to regulate fission and fusion events. Fission events are
primarily driven by a large, dynamin-related GTPase (Drpl in mammals, Dnm1 in yeast).
Drp1 is an 80-kDa protein recruited from the cytoplasm to future sites of fission on the
mitochondrial outer membrane (MOM). Dnm1p, the Saccharomyces cerevisiae homologue
of Drp1, was first discovered to regulate mitochondrial morphology as budding yeast with a
null Dnm1 allele have mitochondria clustered on one side of the nucleus. The loss of Dnm1p
did not, however, affect the morphologies of other membrane-bound organelles such as the
endoplasmic reticulum, Golgi apparatus, or vacuoles (Otsuga et al., 1998). These findings
suggest that Dnm1p is not only important for dividing mitochondria but also in determining
the subcellular distribution of the mitochondrial network. Several years later, a similar role
for mammalian Drpl was elaborated. Overexpression of a dominant-negative point mutant
(K38A) of Drpl in COS-7 cells, an African green monkey-derived cell line, was found to
induce a perinuclear clustering of mitochondrial tubules (Smirnova et al., 1998). These
perinuclear clusters were shown to consist of highly interconnected mitochondrial tubules
that could be dispersed by treatment with the microtubule depolymerizing agent,
nocodazole. These data indicated a role for the microtubule network in either delivery of
mitochondria to the ER or in Drp-1 recognition (Smirnova et al., 2001).

Drp1l is primarily a cytoplasmic protein and it must be recruited to mitochondrial sites of
fission. As such, overexpression of recombinant Drp1 reportedly did 770t enhance
mitochondrial fission (Smirnova et al., 2001), suggesting that Drp1 recruitment is a highly
regulated process intended to restrict fission activity and thereby preserve mitochondrial
network equilibrium. Indeed, the recruitment, retention, and activity of Drpl involve a host
of MOM proteins (e.g., Mff; Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010) and
posttranslational modifications (e.g., phosphorylation, ubiquitylation, SUMOylation, and
redox-dependent thiol modification) (Braschi et al., 2009; Chang and Blackstone, 2007; Cho
etal., 2009; Han et al., 2008; Wang et al., 2011; Yonashiro et al., 2006). Once localized to
the mitochondria, Drpl forms an oligomeric, helical structure around the mitochondria
(Ingerman et al., 2005; Smirnova et al., 2001). This structure mediates mitochondrial fission
through a putative scission-like mechanism (Smirnova et al., 2001; Yoon et al., 2001). Until
recently, it was difficult to reconcile how Drp1l helices circumscribe mitochondria to
exercise the necessary mechano-scission chemical force in light of the fact that the
circumference of a mitochondria is estimated to be 190-200 nm (Friedman et al., 2011) and
the maximum circumference of a Drpl oligomeric helix is approximated at 110-130 nm
(Ingerman et al., 2005; Mears et al., 2011). This conundrum has now been apparently
resolved as Friedman and colleagues discovered that ER tubules constrict mitochondria to
facilitate Drpl-mediated fission. This clamping action by the ER reduces the circumference
of the mitochondria sufficiently to permit encompassment by the Drp1 oligomer (Friedman
etal., 2011).

The exact MOM proteins and mechanism(s) for recruitment of Drpl to sites of fission
remain controversial. For example, the single-pass transmembrane protein, Fis1, has been
implicated (Yoon et al., 2003) based on the observation that overexpression of Fisl induces
mitochondrial fragmentation while simultaneous overexpression of (K38A) Drpl dampens
this effect (James et al., 2003). Additionally, Dnm1p and the yeast homologue of Fisl
(Fislp) bind to each other and this complex can incorporate a third protein, Mdv1p. All three
proteins are required for yeast mitochondrial division (Mozdy et al., 2000; Tieu and
Nunnari, 2000; Tieu et al., 2002). The interaction between Fisl and Drpl was confirmed in
mammalian cells ( James et al., 2003), although no human orthologue for Mdv1p has been
identified to date. Mutations targeted at the N-terminal tetratricopeptide repeats of Fisl
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prevent Drpl association and exert a dominant-negative effect on mitochondrial fission (Yu
et al., 2005). These data support the notion that Fis1 directly recruits Drpl to sites of fission.

However, independent studies concluded that the presence of Fisl is not sufficient to
catalyze fission. The most compelling evidence comes from the finding that conditional
knockout of Fis1 from colon carcinoma cells is dispensable for fission and for the physical
recruitment of Drpl to the mitochondria (Otera et al., 2010). Additionally, the GTPase
activity of Drpl was not stimulated by Fis1 addition /n vitro. Moreover, Suzuki and
colleagues did not detect a disruption of the mitochondrial network or the mitochondrial
accumulation of Drp1l in cells overexpressing Fisl (Suzuki et al., 2003). Interestingly,
knockdown of Fis1 induced mitochondrial elongation, but the knockdown cells were also
larger than the control cells (Otera et al., 2010), indicating that Fis1 may play an indirect
role in maintaining mitochondrial dynamics and/or may contribute to cell growth through a
mitochondria-independent pathway. These conflicting observations suggest that Fis1 may
function as a low affinity receptor for Drpl but that the recruitment and activation of Drpl
requires other factors.

Mitochondrial fission factor (Mff) is a tail-anchored MOM protein that, similar to Fis1,
induces elongation of the mitochondrial network upon depletion by RNA interference
(Gandre-Babbe and van der Bliek, 2008). Additionally, knockdown of Mff abolishes the
punctate, mitochondrial focal accumulation of Drpl, and this effect is reversed by
simultaneous overexpression of Mff (Otera et al., 2010). These data suggest that Mff either
recruits and/or anchors Drpl to the MOM. The finding that overexpression of Mff alone
induces a more robust mitochondrial fission phenotype than Fisl overexpression (Otera et
al., 2010) is consistent with the idea that Mff has a higher affinity for Drp1. The cytoplasm-
exposed, N-terminal domain of Mff binds Drp1, and this interaction is retained in the face of
Mff mislocalization to the plasma membrane (Otera et al., 2010), strongly indicating that
Mff is a primary determinant for targeting Drpl to mitochondria. Additionally, Drpl
oligomerization appears to be required for its mitochondrial recruitment as a Drpl mutant
(A395D) defective in higher order assembly fails to both coimmunoprecipitate with Mff in
an /in vitroassay and to localize to mitochondria /n vivo (Otera et al., 2010).

Although most evidence indicates that Drpl recruitment to mitochondria promotes fission,
recent findings indicate that Drp1 recruitment to the MOM can also inhibit fission. This
inhibitory effect is mediated by a vertebrate-specific, MOM protein called mitochondrial
elongation factor 1 (MIEF1; also known as MiD51) (Palmer et al., 2011; Zhao et al., 2011a).
Overexpression of this novel Drpl receptor induces elongated mitochondria, whereas
MIEF1 depletion fragments the mitochondrial network. MIEF1 was also shown to recruit
Drpl to mitochondria independent of Fis1,Mff, and the fusion factor, mitofusin 2 (Mfn2).
Accordingly, Drpl and MIEF1 coimmunoprecipitate, and this interaction inhibits the GTP-
binding capacity of Drp1, as assessed by GTP-agarose pull down (Zhao et al., 2011a). Given
the abundance of Drpl in the cytoplasm, the negative regulatory function of MIEF1 likely
plays a critical role in restricting Drp1 activity and thereby preserving mitochondrial
network equilibrium.

4.2. Proteins that regulate mitochondrial fusion

While proteins like Drpl may have a dual role in fission and fusion, most of the machinery
that regulates mitochondrial membrane fusion is distinct from the fission machinery, despite
the obligate coordination between the two processes. Similar to fission, fusion is also
controlled by large GTPases. Mitofusins (Mfn) 1 and 2 are each two-pass transmembrane
proteins in the MOM, and the Drosophilalyeast orthologue for both mitofusins is called
Fuzzy onions 1 (Fzol). Fzol is a transmembrane protein that passes through the MOM twice
such that a short loop of the protein makes contact with the intermembrane space. This
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intermembrane space segment is required for efficient fusion (Fritz et al., 2001; Legros et
al., 2002), underlying not only the importance of fusing both the outer and inner membranes,
but also the observation that mitochondria must have an intact membrane potential to
undergo fusion (Legros et al., 2002). The mammalian mitofusins are similarly oriented; they
project their N-terminal GTPase domains and C-terminal coiled-coil domains out into the
cytoplasm and mediate a SNARE-like docking mechanism /7n trans with mitofusins on
adjacent mitochondria (Koshiba et al., 2004; Santel and Fuller, 2001). It was independently
demonstrated that only one of the two mitofusins is necessary for fusion, although in the
absence of a full complement, fusion proceeds with decreased kinetics. Additionally,
heterotypic interactions between Mfn1 and Mfn2 were shown to be more efficient in
stimulating mitochondrial fusion than either homotypic interaction (Hoppins et al., 2011). In
contrast, depletion of both mitofusins completely halts all detectable fusion and results in
fragmented mitochondria (Koshiba et al., 2004). It was further demonstrated that the free
“tips” of mitochondria are the most likely regions to undergo fusion, as connections in the
middle of preexisting threads are rare, although how this reconciles with the even
distribution of Mfn1/2 on the mitochondria is unclear (Yoon et al., 2011b). Mutations in the
Mfn2 gene can cause the neurodegenerative disease, Charcot—-Marie—Tooth neuropathy type
2A, highlighting the importance of balancing steady-state fission activity with robust and
flexible fusion activity (Kijima et al., 2005). The presence of the two mitofusin isoforms
presumably imparts a cytoprotective redundancy for the fusion machinery, but the
localization of the mitofusins to the MOM implies the existence of a counterpart(s) fusion
mediator to account for structural maintenance of the mitochondrial inner membrane (MIM).

Maintenance of the MIM is mediated by a large, dynamin-related GTPase called optical
atrophy factor 1 (OPAL). OPAL is capable of binding Mfn1 and can serve as a link between
the two distinct, but synchronized inner and outer fusion events (Cipolat et al., 2004). OPA1
was originally found to have antiapoptotic properties (Olichon et al., 2003), and mutations in
one allele of OPA1 lead to dominant optic atrophy, a vision-robbing disease affecting the
retinal ganglion cells (Cohn et al., 2007). Contrary to the mitofusins, studying OPAL is
complicated by the presence of eight isoforms in the human genome and by multiple
patterns of alternative splicing and proteolytic cleavage. Depending on the variant, nascent
OPAU1 can either be cleaved by the YMELL protease, generating the short form (S-OPAL1) or
left unmodified as the long form (L-OPA1) (Song et al., 2007). Of note, this proteolytic
regulation of OPA1 is dependent on mitochondrial membrane potential (Guillery et al.,
2008). Both populations of OPA1 are essential for proper fusion to occur, demonstrating the
need for functional cleavage machinery in the MIM. Initially, it was thought that the entire
L-OPAL population was not proteolyzed, but more recently, it was discovered that the
mitochondrial protease OMAL can cleave L-OPA1 in response to a loss of mitochondrial
membrane potential. Notably, OMAL1 is itself subject to constitutive proteolytic cleavage by
a currently uncharacterized protease. Upon loss of membrane potential, cleavage of OMAL
is inhibited, allowing OMAL1 to cleave OPA1, and this proteolysis deactivates OPA1 and
inhibits fusion (Head et al., 2009). Head and colleagues further demonstrated that this
mechanism is important for the onset of apoptosis.

fusion, and apoptosis

Mitochondria are known to be important mediators of apoptosis, or programmed cell death,
and this cell fate is a distinguishing pathological hallmark of RPE cells in AMD patients
(Kinnunen et al., 2011). Mitochondrial permeabilization and concomitant cytochrome ¢
release are terminal signaling events in the onset of apoptosis. Permeabilization of the
mitochondria is accomplished by pore-forming Bcl-2-type proteins called Bak and Bax
(Narita et al., 1998). These proteins are inhibited under survival conditions by the Bcl-2-like,
antiapoptotic proteins Bel-xL and Mcl-1 (Willis et al., 2005). Under apoptotic conditions,
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p53 upregulates Bax and concomitantly downregulates the antiapoptotic factors resulting in
the release of cytochrome ¢ and apoptosis-inducing factor and subsequent downstream
caspase activation (Culmsee and Landshamer, 2006).

Mounting evidence implicates the fission and fusion machinery in apoptotic signaling. For
example, it is widely held that when mitochondrial network equilibrium is shifted toward
fusion, cells are more resistant to death signals (Mazure et al., 2011). In addition, the
mitochondria become extensively fragmented during apoptosis (Youle and Karbowski,
2005) and accordingly, protection from apoptosis can be conferred by inhibiting the fission
machinery via knockdown of either Drp1 or hFisl (Lee et al., 2004). Drp1 accumulates on
mitochondria early during the induction of apoptosis but before caspase activation,
suggesting that Drp1 and other members of the fission and fusion machinery may cooperate
with the Bcl-2 family proteins to dismantle the mitochondria and amplify the proapoptotic
signals. Drpl normally cycles between the cytoplasm and mitochondria, but Bak/Bax
stimulates modification of Drp1 with the ubiquitin (Ub)-like molecule, SUMO. Drpl
SUMOylation correlates with stable association of Drp1l at the mitochondria during
apoptotic cell death (Wasiak et al., 2007). Additional work demonstrated that mitochondrial
fragmentation induced by nitrosative stress was upstream of Bax foci formation, as
overexpression of Mfn1 or dominant-negative Drpl prevented foci formation.

These observations are consistent with fusion providing protection against apoptosis. It has
been proposed that fission of the mitochondria is somehow necessary for insertion of Bax/
Bak into the mitochondrial membrane (Yuan et al., 2007). The details of the molecular
interactions between the fission/fusion machinery and the apoptotic proteins are still being
investigated, but clearly the fields of mitochondrial dynamics and apoptosis are integrated.
As our understanding of this relationship grows, so too will the number of potential
therapeutic avenues for limiting RPE apoptosis.

4.4. Free radicals influence mitochondrial dynamics

Free radicals are produced both as by-products of exogenous agents, such as sunlight and
carcinogens, and as a result of oxygen consumption by mitochondria. The ETC of
mitochondria receives reducing equivalents (NADH, FADH,) from the glycolytic pathway
and Krebs cycle and serves to generate a proton gradient to drive ATP synthesis. The final
electron acceptor in this chain is molecular oxygen (O5), the reduction of which produces
water. Stochastically, superoxide (O5) is formed instead of water and can collide with,
oxidize, and thereby damage proteins, lipids, and DNA. While superoxide is the chief free
radical produced by mitochondria, other types of free radicals can be generated, such as
peroxynitrite (ONOQO7), through the action of nitric oxide synthase enzymes. It is well
established that these various free radical species can damage biomolecules, and the
accumulation of this damaged material can be toxic to cells. In this context, it is generally
thought that the capacity to triage or sequester such damaged biomolecules serves as a
measure of cellular fitness and that this capacity declines as a function of age (Dmitriev and
Titov, 2010; Martinez-Vicente and Cuervo, 2007; Zerovnik, 2010).

In addition to damaging biomolecules and organelles, free radical stress can impact
mitochondrial dynamics. This was directly demonstrated using high fluence-low power laser
irradiation (HF-LPLI) to induce photooxidative stress in ASTC-1 cells (derived from a
human lung adenocarcinoma). Wu and colleagues found that mitochondrial fusion was
inhibited, whereas Drp1 recruitment to the mitochondria was stimulated, resulting in a
profission phenotype (Wu et al., 2011). This effect was not reversed by concomitant
overexpression of the fusion factor, Mfn2. HF-LPLI-induced oxidative stress also increased
Bax association with the mitochondria and cytochrome crelease, indicating that unchecked
free radical stress can directly activate the intrinsic apoptotic pathway. Similarly, induction
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of transient oxidative stress in a hyperglycemia model yielded robust mitochondrial fission.
Treatment with p-(trifluoromethoxy)phenylhydrazone to disrupt the mitochondrial
membrane potential could prevent this ROS accumulation but did not abrogate the
morphological disruption of the mitochondrial network. Furthermore, overexpression of
dominant-negative Drpl was sufficient to prevent hyperglycemia-induced ROS production
implying that fragmented mitochondria can be a source of ROS production during
hyperglycemic conditions (Yu et al., 2006). These findings highlight just a few of the links
between free radical stress and mitochondrial dynamics.

4.5. Regulation of mitochondrial dynamics and protein quality control by Ub E3 ligases

Multiple enzymes of the UPS modulate mitochondrial dynamics. (A more thorough
treatment of the UPS is given in Section 5.) Paramount among these UPS components is
membrane-associated RING finger (C3HC4) 5 (MARCHS5 or MITOL), an E3 Ub ligase
embedded in the MOM. MARCHS is related to a family of E3 ligases found in several
herpesviruses that reduce the expression of major histocompatibility complex class I
molecules (Bartee et al., 2004). Based on its E3 ligase activity and subcellular localization,
MARCHS has been proposed to be an important regulator of mitochondrial dynamics.
MARCHS has four transmembrane domains with its N and C-termini exposed to the
cytoplasm.

The N-terminal domain contains a RING finger domain, which is crucial for both
ubiquitylation of substrates and autoubiquitylation of MARCHS5 (Yonashiro et al., 2006). As
the membrane-associated RING-CH family of Ub ligases have been posited to target the
cytoplasmic domains of other membrane proteins for Ub modification (Mansouri et al.,
2003), an attractive model positions MARCHS5 as a primary regulator of the Ub-dependent
modulation of multiple mitochondrial fission and fusion factors. Consistent with this idea,
the Youle group demonstrated that the RING-dependent ubiquitylation activity of MARCH5
is necessary for Drpl-mediated fission in HelLa cells (Karbowski et al., 2007) and that
ubiquitylated Drpl coimmunoprecipitates with MARCHS5 (Nakamura et al., 2006). It has
also been shown that MARCHS5 RING mutants form submitochondrial aggregates, to which
Drp1 but not Fisl colocalizes, suggesting that MARCHS5’s role in Drpl recruitment occurs
downstream of Fis1 (Karbowski et al., 2007). Remarkably, MARCHS5 does not appear to
target either Drpl or Fisl for proteasomal degradation despite ubiquitylating both in /n vitro
assays. Furthermore, the RING activity (i.e., ubiquitylating activity) of MARCHS5 appears to
be crucial for maintaining the mitochondrial network, as overexpression of various RING
mutants of MARCHD5 induces aberrant mitochondrial interconnections, decreases the total
number of individual organelles, and increases the total mitochondrial network volume
(Karbowski et al., 2007). These data implicate a nonproteasomal role for MARCH5-
mediated ubiquitylation in mitochondrial fission with ubiquitylation of Drp1, Fis1, or both
being a prerequisite for fission.

MARCHS5 has been most thoroughly characterized as a key regulator of mitochondrial
fission, but whether and how it regulates fusion is less clear. MARCH5
coimmunoprecipitates with Mfn2, but not with Mfn1 (Nakamura et al., 2006), indicating
that there is some selectivity for the actions of the two mitofusins. It has been established
that the elongated, interconnected mitochondria observed when MARCHS5 expression or
function is silenced result in large part to an inhibition of fission (Karbowski et al., 2007),
but it is also possible that wild-type MARCHS5 negatively regulates the activities of a fusion
factor(s), in particular, Mfn2. Thus, removal of MARCHS5 activity from a cell would relieve
such inhibition and result in excessive fusogenic activity(s). Using Mfn2-deficient mouse
embryonic fibroblasts, the Youle group measured the rates of fusion before and after the
introduction of a MARCH5 RING mutant and wild-type Mfn2. While the rate of fusion
slightly increased after the introduction of mutant MARCHS5, it was well below the rate
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increase seen when wild-type Mfn2 was reintroduced into the cells, indicating that
MARCHS5 may have a subtle regulatory influence on Mfn2. Mfn1, however, is a major /in
vivo ubiquitylation substrate of MARCHD5, and ubiquitylated Mfn1 is targeted to the
proteasome for degradation. These observations suggest that MARCHS regulates the fission
machinery through nondegradative Ub signals and regulates the fusion machinery in part by
negative allosteric regulation of Mfn2 and by controlling the levels of Mfn1. This would
classify MARCHS5, by all accounts, as a profission factor, but additional studies will be
required to fully elaborate the functions of this ligase within mitochondrial network
dynamics and regulation.

Although MARCHS5 has generally been associated with the maintenance and modulation of
the mitochondrial fission and fusion factors, this E3 ligase also contributes a protein quality
control function at the MOM. Specifically, MARCHS has been shown to mediate the Ub-
dependent degradation of a mutant of superoxide dismutase 1 (SOD1) that accumulates at
the mitochondria and generates toxic levels of ROS (Yonashiro et al., 2009). SOD1 is one of
a constellation of antioxidant enzymes that are crucial for neutralizing intracellular free
radicals. The SOD isoforms differ in their localization and the metals they chelate, but all
catalyze the conversion of superoxide to hydrogen peroxide and molecular oxygen
(Fridovich, 1978a,b). The enzyme, catalase, then converts the hydrogen peroxide to water.
When SOD1 is mutated or misfolded, as it is in a familial form of amyotrophic lateral
sclerosis, it aggregates on the mitochondria and induces mitochondrial dysfunction (Noor et
al., 2002). The Yanagi group demonstrated that MARCHS5 ubiquitinates mutant SOD1
(mSOD1) and targets it for degradation, thus confirming a role for MARCHS5 in protein
quality control (Yonashiro et al., 2009). Additionally, knockdown of MARCHS5 (or
overexpression of a catalytically inactive enzyme) decreased mSOD1 ubiquitination,
enhanced mSOD1 accumulation at mitochondria, and increased mSOD-1-derived ROS
production. These results suggest that MARCHS5 plays a protective role within the cell, but
whether this protection is targeted against misfolded proteins in general or is specific to
SOD1 remains to be established.

Other E3 ligases localized in the MOM include the dual Ub and SUMO ligase, MULAN/
MAPL/GIDE (Braschi et al., 2009; Li et al., 2008; Zhang et al., 2008), and RNF185 (Tang
etal., 2011). The precise roles and contributions of these proteins to mitochondrial dynamics
largely remain to be delineated. In contrast, the largely cytoplasmic E3 ligase, Parkin,
appears to be an especially important regulator of mitochondrial network dynamics. Mutant
forms of Parkin are causative of autosomal recessive juvenile Parkinson’s disease (Kitada et
al., 1998), a finding consistent with the notion that perturbations of mitochondrial network
equilibrium can underlie neurodegeneration (Schon and Przedborski, 2011). Parkin and its
cofactor, PTEN-induced kinase 1 (PINKZ1), which is also genetically linked to familial
Parkinson’s disease (Valente et al., 2004), function in quality control of the mitochondria by
shuttling damaged organelles to the autophagy/lysosome system for degradation (Dagda and
Chu, 2009; Dagda et al., 2009; Vives-Bauza et al., 2010). This pathway of autophagy as it
applies to mitochondria is termed, “mitophagy” (Wang and Klionsky, 2011).

In response to cellular stresses that result in a loss of membrane potential, Parkin is
selectively recruited to damaged mitochondria by PINK1. PINK1 functions as a sensor of
mitochondrial membrane potential. It is proteolytically cleaved and degraded on
bioenergetically active mitochondria but stabilized by collapse of the MIM potential. The
ensuing stabilization of PINK1, coupled to the catalytic activity of the kinase (Geisler et al.,
2010; Narendra et al., 2010; Vives-Bauza et al., 2010), recruits Parkin to the mitochondria
(Narendra et al., 2010) resulting in ubiquitylation of mitochondrial substrates including
Mfnl (Glauser et al., 2011), Marf, a Drosophila orthologue of the mitofusins (Poole et al.,
2010; Ziviani et al., 2010), and the voltage-dependent anion-selective channel protein 1
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(VDAC1) (Geisler et al., 2010), the most abundant MOM protein. In cultured cells, Parkin-
mediated polyubiquitylation of VDAC1 does not detectably alter the stability of VDAC1
(albeit, a direct analysis of half-life was not conducted) (Geisler et al., 2010), implying a
nonproteasomal role for the Ub tagging, such as demarcation of the mitochondria for an
autophagic fate (Narendra and Youle, 2011).

Mechanistically, it has been suggested that a second major function of Parkin is to induce
mitochondrial fission, a prerequisite for mitophagy. Parkin presumably accomplishes this by
marking fusion factors such as Mfn1 and Mfn2 for Ub-mediated degradation (Tanaka et al.,
2010). Shifting the equilibrium of the mitochondrial network toward fission prevents
damaged mitochondria from reassociating with healthy mitochondria and enables the
compromised organelles to be effectively segregated and triaged for mitophagy (Narendra
and Youle, 2011). Data from studies of the Drosophila orthologues of Parkin, PINK1, and
Mfn1l (aka Marf) support this model as depletion of Marfor overexpression of a fission
factor partially rescues the phenotypes of muscle-specific knockouts of Parkin or PINK1
(Deng et al., 2008; Poole et al., 2008; Yang et al., 2008).

Minimal work has been done to analyze the expression and/or function of most of the above-
described mitochondrial factors in the RPE, despite the abundance of mitochondria in these
cells and the critical roles of this organelle in both RPE function and disease (e.g., AMD).
Most importantly, such studies could potentially unveil new avenues of therapeutic pursuit.
For example, evidence from the Youle laboratory strongly supports the conclusion that
PINK1 and Parkin suffice to triage mitochondria for autophagic death (Suen et al., 2010).
The authors created heteroplasmic cybrids (cells containing a mixture of mitochondria) with
mitochondria having either a wild-type genome or a genome harboring a deleterious
mutation of the CoxIV subunit. This mutant of CoxIV disrupts mitochondrial function.
Overexpression of Parkin (2—-6-fold above endogenous levels) was shown to be sufficient to
(1) cull out the dysfunctional mitochondria via mitophagy, (2) promote repopulation by the
healthy, wild-type mitochondria, and (3) restore cytochrome c oxidase activity (Suen et al.,
2010). The implications of this work for RPE cells could be profound as Parkin displayed an
ability to discriminate between healthy and compromised mitochondria and to then
selectively target the compromised mitochondria for mitophagy. If such an approach could
be applied to spare the mitochondrial failure that besets RPE cells in diseases like AMD, it
could provide a means of halting, or at least slowing, disease onset and progression. One
could envision delivery of parkin being mediated by subretinal injection of adeno-associated
viruses encoding the E3 ligase, or alternatively, of nanoparticles coated with a parkin
expression plasmid.

5. Ubiquitin Proteolytic System

5.1. Overview of the UPS system

Intracellular proteins that become damaged and/or misfolded by oxidative stress are
typically destined for one of three fates. They can be repaired and refolded, sequestered in
aggregates, or targeted for degradation. The UPS plays a major role in targeting and
degrading such damaged proteins. The central player of this system is Ub, a highly
conserved, 76-amino acid polypeptide that is posttranslationally attached to lysine residues
on target proteins. The conjugation of Ub to a target protein is accomplished by an enzyme
cascade consisting (minimally) of a Ub-activating enzyme (E1), a Ub-conjugating enzyme
(E2), and a Ub protein ligase (E3) (Fang and Weissman, 2004). Over the past decade,
additional factors have been identified that can facilitate and further increase the efficiency
and specificity of Ub conjugation to substrates, but the E1-E2—E3 axis constitutes the core
machinery. Akin to phosphorylation and dephosphorylation by kinases and phosphatases,
respectively, the ubiquitylation of substrates by E1-E2-E3 is countered by the action of
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deubiquitylating enzymes, more commonly known as DUBs. At the most basic level, these
enzymes, which are either thiol proteases or metalloenzymes, deconstruct polymers of Ub
and thereby counter the work of the E1-E2—E3 conjugation machinery. The human genome
is estimated to encode 95 DUBs and an excellent survey of these enzymes can be found in
Nijman et al. (2005).

Extensive biochemical and biophysical experimentation initiated in the 1980s and
continuing to this day has elaborated the general mechanism by which E1-E2—E3 cooperate
to ubiquitylate substrates. The initial activation of Ub involves an ATP-consuming reaction
catalyzed by E1. This activation is a two-step process (Haas and Rose, 1982; Haas et al.,
1982). In the first step, E1 hydrolyzes ATP to adenylate the carboxy-terminal glycine of Ub
and release pyrophosphate. The resulting Ub-AMP is tightly bound to E1. In the second
step, the active site cysteine of the E1 attacks the Ub-adenylate giving rise to a thioester
bond between the cysteine and the carboxy-terminal glycine of Ub and releasing the AMP.
This activated Ub is then transferred in a transesterification reaction from the active site
cysteine of E1 to the active site cysteine of an E2. A third enzymatic component, an E3
protein ligase, cooperates with the activated E2 to transfer the Ub to substrates.
Crystallographic and corroborating biochemical studies have demonstrated that the charging
of an E2 with Ub by E1 is mutually exclusive from the association of that E2 with its
cognate E3(s). This is attributable to E1 and E3s have an overlapping interaction surface on
E2. Substrate selection and specificity are primarily conferred through the pairing of
particular E2-E3 combinations, and it is estimated that the human genome encodes 40-60
different E2s and 600-1000 distinct E3s. /n vitroand in vivo evidence clearly show that a
single E2 can partner with multiple E3s and vice versa. E3s can be single proteins or multi-
subunit complexes. In both cases, their primary function is to recruit and facilitate transfer of
Ub to substrates.

The E3s can be broadly classified into two main types: those containing a RING finger
domain or a U-box domain and those with a homologous to E6-AP carboxy-terminal
(HECT) domain (Ye and Rape, 2009). In addition to the structural differences between these
E3 classes, a primary distinction lies in the mechanism by which their respective substrates
are modified with Ub. The RING finger/U-box E3s do not contain a catalytic cysteine
residue, and as a consequence, they function as scaffolds to bring together a Ub-charged E2
and a substrate. The Ub is then transferred directly from the active site cysteine of the E2 to
the substrate. In contrast, HECT domain E3s harbor an active site cysteine and receive Ub
from the E2 via a frans-thiolation reaction. These E3s then catalytically transfer the Ub to
the substrate. This distinction is important particularly as it pertains to the topology of
polyUb chains that get attached to substrates.

In the case of the RING finger/U-box E3s, this topology is primarily dictated by the E2
although the E3 can enforce or constrain the formation of particular topologies (David et al.,
2011). In contrast, HECT domain E3s appear to govern this process irrespective of the E2
that they partner with to receive the Ub (Kim et al., 2007). Further mechanistic nuance
comes into play because some HECT E3s transfer a single Ub at a time when building a
polyUb chain on their cognate substrate(s) whereas others prebuild a chain on their active
site cysteine and transfer the chain en blocto the substrate (Wang and Pickart, 2005).

PolyUb chain topology is believed to be a major factor in determining the fate of
ubiquitylated substrates (Pickart and Fushman, 2004). Substrates are initially modified on
one or more lysine residues with a single Ub in a process referred to as monoubiquitylation.
Monoubiquitylation in and of itself can function to recruit new binding partners, alter
cellular localization, regulate substrate function and activity and, in select instances, target a
substrate for degradation (Ye and Rape, 2009). Alternatively, monoubiquitylation can prime
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a substrate for the addition of subsequent Ubs; these are attached sequentially to the
previously added Ub(s) to form a polyUb chain. Ub has seven lysines, and each can function
as an acceptor for polyUb chain synthesis (Kirkpatrick et al., 2006). As a result, polyUb
chains can be homogeneous or heterogeneous. Homogeneous polyUb chains are synthesized
utilizing a common acceptor lysine on the proximal Ub of the growing chain. For example,
polyUb chains can consist of Ub—Ub linkages exclusively between K48 of the proximal Ub
and the carboxy-terminal glycine of the distal Ub. Such K48-linked chains on substrates
target these proteins to the 26S proteasome for degradation (Chau et al., 1989; Finley et al.,
1994; Thrower et al., 2000). Alternatively, K63-linked chains were initially discovered and
characterized for their nonproteolytic role in recruiting factors to sites of DNA damage
(Hoege et al., 2002; Spence et al., 1995). Recent evidence, however, indicates that K63-
linked polyUb chains can, in particular contexts, also function as degradation signals (Xu et
al., 2009). Heterogeneous polyUb chains are comprised of a composite of Ub—Ub linkages
with different lysine residues serving as acceptor sites on the proximal Ub. Depending on
the specific configuration and length of these chains, substrates may be targeted for either
proteolytic or nonproteolytic outcomes. Heterogeneous polyUb chains can also have a
forked structure and such structures are readily produced /in vitro (Kim et al., 2007) and in
vegetative yeast cultures (Peng et al., 2003). In this scenario, polyUb chains extend from
two or more acceptor lysines on a proximal Ub. In mammalian cells, factors such as Sba/
Rpn10 block the synthesis of forked chains produced by the E2, UbcH5, in cooperation with
particular RING and U-box E3s (Kim et al, 2009). These forked chains are resistant to
deubiquitylation and degradation by the proteasome and by blocking their synthesis; S5a/
Rpn10 effectively promotes the degradation of particular substrates (Kim et al., 2009).

The best-studied consequence of polyubiquitylation is to target substrates to the 26S
proteasome for degradation. The 26S proteasome is a macromolecular assembly of
proteases. These proteases line the interior face of a barrel-shaped, 20S core particle
consisting of four stacks of seven-membered rings. The proteases belong to the N-terminal
nucleophile hydrolase family. Specifically, there are three proteolytic activities referred to as
B1, B2, and B5, and each harbors a catalytic, N-terminal threonine active site. p1 has a
preference for cleaving on the carboxyl-side of acidic residues (caspase-like activity),
whereas B2 cleaves after lysines and arginines (tryptic-like activity), and p5 after
hydrophobic residues (chymaotrypsin-like activity). The core particle is capped at one or both
ends with a 19S regulatory particle (RP) comprised of a base and a lid structure. The
asymmetrically distributed proteins of the RP collectively function to recruit
polyubiquitylated substrates, clip off the polyUb chains, unfold the substrates, open an axial
channel in the 20S chamber, and translocate the denatured substrates into this chamber for
proteolytic reduction to peptides. The resulting peptide fragments are then either cleaved by
cytoplasmic peptidases into amino acids or consumed en bulk for hydrolysis by the
lysosome. Disassembly of the polyUb chains prior to substrate delivery to the 20S chamber
enables the individual Ub molecules to be recycled by reentering the free pool of Ub for
conjugation to new substrates (Finley, 2009).

An extensive discussion of the proteins localized to the 19S RP is beyond the scope of this
chapter, and the reader is referred to a comprehensive treatment of this topic (Finley, 2009).
However, several key players of the 19S RP warrant mentioning. Although the human
protein names are used here, much of the seminar work on these factors was done in yeast.
S5A and hRpn13 are integral constituents of the RP base that function as polyUb receptors
by recruiting Ub-modified substrates for proteasome-mediated degradation (Lam et al.,
2002; Qiu et al., 2006). Also of note are the polyUb receptors hHR23/Rad23, hPLIC, and
Ddil (Kaplun et al., 2005; Kleijnen et al., 2000; Wang et al., 2003). These, and several other
proteins, are notintegral constituents of the proteasome but rather, are weakly and reversibly
associated with the RP and as a result, are commonly referred to as shuttling Ub receptors.
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They bind Ub polymers through their respective Ub-associated domains and escort them to
the proteasome.

Once at the lid, disassembly of the polyUb chain is achieved by three proteasomal DUBs,
called Pohl, Uch37, and Usp14 (Borodovsky et al., 2001; Yao and Cohen, 2002; Yao et al.,
2006). Poh1, a DUB originally characterized in S. cerevisiae and called Rpn11, likely carries
out the lion’s share of this activity as it can remove chains en bloc from tagged substrates
(YYao and Cohen, 2002). In contrast, Uch37 and Usp14 function to trim polyUb chains.
Uch37, in fact, has been proposed to serve an editing function, removing Ub from “lightly”
ubiquitylated substrates and thus preventing their degradation (Lam et al., 1997). Together,
the trimming and editing functions of Uch37 and Usp14 play critical roles in preparing
substrates for proteasome-mediated turnover (Hanna et al., 2006; Lam et al., 1997; Thrower
et al., 2000), triaging suboptimally ubiquitylated substrates from proteasomal processing
(Lam et al., 1997), and maintaining the necessary pool of free Ub (Finley, 2009; Koulich et
al., 2008). Unfolding of substrates destined for proteasomal degradation is an energy-
consuming process performed by a ring-like structure at the RP base consisting of six
ATPase subunits of the AAA-ATPase family (Braun et al., 1999; Lee et al., 2001; Navon
and Goldberg, 2001).

5.2. UPS components and function in RPE and retina

Although the UPS functions in all cells of the body, efforts to characterize specific
components of the system have revealed enrichment of particular E2 and E3 enzymes in
certain tissues, cells, and anatomical niches. Evidence to date in the retina indicates that
different retinal cell types appear to express distinct subsets of UPS components. Such
expression profiling data must always be interpreted bearing in mind that the conclusions
gleaned are derived from a compilation of analyses (e.g., mMRNA vs. protein) from multiple
species (e.g., human, mouse, and bovine) and are potentially limited by the specificity and
sensitivity of the reagents (e.g., antibodies) used. Accepting this caveat, four different Ub-
conjugating enzymes (E214k, E220k, E225k, and E235k) have been identified in bovine rod
outer segments (Obin et al., 1996). Several E3 ligases have been detected including parkin,
which is expressed in photoreceptors as well as across the retina (Esteve-Rudd et al., 2010),
and KLHL7, which is expressed in ganglion cells and the inner nuclear layer (Friedman et
al., 2009). PGP 9.5, a Ub carboxy-terminal hydrolase, is only present in retinal ganglion and
horizontal cells (Bonfanti et al., 1992), but the Ub hydrolase, UCH-L3, is enriched in
photoreceptor inner segments (Sano et al., 2006) and Ub carboxy-terminal hydrolase-1
(UCH-L1) was detected in the RPE layer of human retinal sections (Glenn et al., 2011) as
well as in horizontal, bipolar, amacrine, and ganglion cells (Esteve-Rudd et al., 2010).
Recently, it has been demonstrated that Ub-specific protease 2 (USP2) is rhythmically
expressed in the retina and controls the circadian clock at the evening light to dark transition
(Scomaetal., 2011).

5.3. Mechanisms for handling oxidatively damaged proteins

We have reported that a subset of highly conserved metazoan Ub-conjugating enzymes, the
class 11 E2s, are differentially expressed in the mouse retina (Mirza et al., 2010). The mouse
versions of the class 111 E2s are called UbcM2, UbcM3, and UBEZ2E2, and each is identical
to its human counterpart. These enzymes are distinguished from one another by unique N-
terminal extensions of 40-60 residues (Matuschewski et al., 1996). Using rabbit polyclonal
antibodies we generated against these extensions, we found that UbcM2 is expressed in
ganglion cells, the inner nuclear layer, a subpopulation of photoreceptors, and RPE cells.
UBE2E2 was detected in retinal ganglion cells and a subpopulation of nuclei of the inner
nuclear layer. In contrast, unequivocal detection of UbcM3 in retinal cells was not observed
(Mirza et al., 2010). Retinal E3s and cognate substrates for the class 111 E2s remain to be

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Plafker et al.

Page 20

determined, and conditional knockouts that deplete each from the RPE will be needed to
rigorously determine which, if any, of these enzymes functions to eliminate oxidatively
damaged proteins. It is, however, tempting to speculate that the class 111 E2s fulfill this
protective function. These enzymes are functional homologues of a pair of yeast E2s, Ubc4,
and Ubc5 that play essential roles in mediating the degradation of misfolded and oxidatively
damaged proteins (Kaganovich et al., 2008; Matuschewski et al., 1996; Medicherla and
Goldberg, 2008) and are required for viability (Stoll et al., 2011). Additionally, each of the
enzymes interacts with carboxy-terminal Hsp70 interacting protein (CHIP) (Xu et al., 2008).
CHIP is an E3 ligase that directly binds to heat-shock proteins 70 and 90 (Hsp70 and Hsp90,
respectively) to mediate the ubiquitylation of their cognate client proteins. A subset of these
ubiquitylated clients are targeted for degradation, whereas others are destined for
nonproteolytic outcomes. Furthermore, we recently reported that the active site cysteine and
the activity of UbcM2 are preserved in photooxidatively stressed mouse retinas (Mirza et al.,
2010), although similar experiments with cultured retinal cells have revealed that other E2s
are catalytically inactivated following hydrogen peroxide exposure (Dudek et al., 2005;
Shang et al., 2001). These data imply that UbcM2 function is preserved in the face of retinal
photooxidative challenge, which nicely positions the enzyme to facilitate the clearance of
damaged proteins.

Although the UPS mediates the disposal of oxidatively damaged proteins to prevent their
toxic accumulation, Medicherla and Goldberg have demonstrated that in S. cerevisiae, only
newly synthesized proteins that have incurred oxidative damage are targeted for degradation
by the UPS. In contrast, long-lived proteins (=60 min postsynthesis) that become oxidatively
damaged are largely not triaged (Medicherla and Goldberg, 2008). The authors believe that
these findings can be explained by the idea that nascently synthesized proteins subjected to
oxidative damage are prevented from folding properly which thereby triggers their UPS-
mediated degradation. In contrast, because “older” proteins are already folded and
incorporated into macromolecular complexes, oxidative damage does not drive their
unfolding. The “older” proteins are thus more resistant to being denatured by oxidants and
consequently less susceptible to degradation by the UPS. It remains to be determined
whether this scenario holds true for human cells but if so, it could provide new insights into
the etiology of AMD and other neurodegenerative disorders. For example, it implies that the
protein aggregates that accumulate in AMD patients are primarily derived from freshly
synthesized, oxidant-damaged proteins. As a corollary, it suggests that enhancing the
capacity of the UPS to degrade this class of compromised proteins may be a legitimate
therapeutic strategy for treating AMD. Therefore, it will be of great importance to validate
the studies of Medicherla and Goldberg in mammalian retinas, and likewise to determine the
fate of oxidatively damaged “older” proteins, many of which are likely being inactivated,
though not denatured, in the highly oxidizing environment of the retina and RPE.

Because the retina and RPE are highly susceptible to oxidative damage, sequestration and/or
degradation of damaged biomolecules is required to prevent the toxic accumulation of these
species. Their buildup is in fact a hallmark of numerous neurodegenerative disorders
including AMD (Sas et al., 2007). Yet, the identification and characterization of UPS
enzymes that protect the retina is only the “tip of the iceberg” with respect to understanding
how the various retinal cell types neutralize and eliminate damaged molecules. In this
regard, work from the Frydman laboratory has identified two novel, cellular “compartments”
for sequestering misfolded proteins (Kaganovich et al., 2008). One is a quality control
compartment, named JUNQ, which is enriched with chaperone proteins (e.g., Hsp104) and
26S proteasomes. The JUNQ accumulates soluble misfolded proteins that can either be
processed for Ub-dependent degradation or alternatively, refolded by chaperones. The
second compartment is the IPOD (insoluble protein deposit), and it functions to sequester
insoluble, aggregated proteins.
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These compartments are further distinguished by their intracellular localizations. Whereas
the JUNQ is juxtanuclear and associated with the cytoplasmic face of the endoplasmic
reticulum, the IPOD is situated peripherally (perivacuolar in yeast) and quarantines
aggregates that cannot be salvaged. Numerous autophagic marker proteins, such as Atg8,
colocalize with the IPOD, consistent with the idea that the constituents of the IPOD are
destined for autophagy-mediated elimination. Importantly, the IPOD is the site of
accumulation of disease-associated, amyloidogenic proteins such as prion proteins and
Huntington’s protein. Intriguingly, polyubiquitylation is a critical factor in determining the
solubility of a misfolded protein and thus whether the protein gets sorted to the JUNQ or to
the IPOD. These findings imply that the UPS could potentially be harnessed (e.qg.,
overexpression of particular UPS enzymes) to direct oxidatively damaged and misfolded
proteins to the JUNQ for destruction. This could impart multiple benefits to the retinal cells
of AMD patients including decreasing the Kinetics with which toxic aggregates accumulate
in IPODs, reducing the clogging of proteasomes, and preventing the saturation and
sequestration of chaperones (Chen et al., 2011). Clearly, much more work needs to be done
to establish and characterize the full complement of mechanisms that confer protection from
the chronic free radical stress imposed on the retina and RPE.

6. Concluding Remarks

Based on the functions of RPE cells and their susceptibility to chronic oxidative challenge,
we posit the following model for the events that trigger RPE atrophy in maculopathies such
as AMD (Fig. 4.2). As we age, A2E and related bisretinoids compromise the capacity of the
RPE lysosomal system to efficiently and completely degrade the phospholipids of ingested
photoreceptor outer segments (Finnemann et al., 2002). This leads to bisretinoid
accumulation as outer segments are continually phagocytosed by the RPE but cannot be
efficiently degraded. The accumulating photooxidized products react with and are reduced
by GSH (Yoon et al., 2011a) but, in the process, deplete this major antioxidant defense
molecule from RPE cells. The cells attempt to compensate for this reduction in GSH levels
by increasing GSH synthesis but are largely unsuccessful at sustaining such efforts because
of dysregulated Nrf2 activity (Cano et al., 2010). Nrf2 transcriptional activity drives
expression of -y-glutamylcysteine ligase, the first and rate-limiting step in GSH synthesis.
The ensuing decline of ROS-neutralizing capacity along with the concomitant buildup of
bisretinoid photoproducts leads to an increase in unchecked cytoplasmic free radical
production. These excess free radicals damage proteins, lipids, DNA, and organelles,
especially mitochondria. The levels of these damaged biomolecules breach a survival
threshold for the RPE by overwhelming the UPS, autophagy, and chaperone defense
systems and by compromising mitochondrial integrity, which propagates additional ROS
production and ultimately triggers RPE apoptosis.
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Fission Homeostasis Fusion

A

Figure4.l1.

The morphology of the mitochondrial network is dynamic. Confocal images of the various
states of the mitochondrial network in telomerase-immortalized, human RPE-1 cells. (A)
Treatment with 50 uM of the proteasome inhibitor, MG132, causes fragmentation of the
network (i.e., fission). (B) Cells during homeostasis have a reticular network consisting of
different size mitochondrial filaments. (C) Cells knocked down for the profission factor,
Drp1, exhibit a fused phenotype characterized by interconnected tubular mitochondria.
Mitochondria are red and nuclei are blue.
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