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Abstract

Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in the
elderly. The underlying mechanism of non-neovascular AMD (dry AMD), also named geographic
atrophy (GA) remains unclear and the mechanism of retinal pigment epithelial (RPE) cell death in
AMD is controversial. We review the history and recent progress in understanding the mechanism
of RPE cell death induced by oxidative stress, in AMD mouse models, and in AMD patients. Due
to the limitation of toolsets to distinguish between apoptosis and necroptosis (or necrosis), most
previous research concludes that apoptosis is a major mechanism for RPE cell death in response to
oxidative stress and in AMD. Recent studies suggest necroptosis as a major mechanism of RPE
cell death in response to oxidative stress. Moreover, ultrastructural and histopathological studies
support necrosis as major mechanism of RPE cells death in AMD. In this review, we discuss the
mechanism of RPE cell death in response to oxidative stress, in AMD mouse models, and in
human AMD patients. Based on the literature, we hypothesize that necroptosis is a major
mechanism for RPE cell death in response to oxidative stress and in AMD.
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1. Oxidative stress and inflammation in AMD pathogenesis

Age-related macular degeneration (AMD) is a degenerative disorder of the macula, the
region of the central retina responsible for the greatest visual acuity. AMD is the leading
cause of irreversible blindness in the elderly in the western world. In the USA alone, about
1.8 million individuals are afflicted with the disease, and that number is projected to reach
~3 million by 2020 (Friedman et al., 2004). About 20% of legal blindness can be attributed
to AMD, and it’s projected that nearly 80 million people worldwide will be affected by
AMD by the year 2020 (Biarnes et al., 2011). Early stage AMD is associated with the
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pathological deposits (drusen) between the Bruch’s membrane and the retinal pigment
epithelium (RPE). Late AMD has non-neovascular (known as “‘dry’) and neovascular
(known as ‘wet’) forms. Neovascular AMD accounts for 10% of the cases but results in
sudden and acute vision loss in patients due to choroidal neovascularization. There are
several treatment options available for neovascular AMD using anti-angiogenic agents
(Brown et al., 2006; Rosenfeld et al., 2006; Zampros et al., 2012). Late stage non-
neovascular AMD, also called geographic atrophy (GA), is characterized by scattered or
confluent areas of degradation of RPE cells, as well as the overlying photoreceptors and the
underlying choriocapillaris. It accounts for 90% of AMD cases and is currently untreatable.

AMD is a multi-factorial disease with unclear etiology. Age is the most consistent risk factor
associated with AMD, but genetic factors, oxidative stress and inflammation are also
significant contributors to AMD pathogenesis (Cai and McGinnis, 2012). Cigarette smoking,
which induces systemic oxidative stress, has been demonstrated to be a significant risk
factor for AMD. Consistently, clinical studies have shown that the progression of AMD can
be slowed with antioxidant vitamins and zinc supplements (Age-Related Eye Disease Study
2 Research, 2013; Age-Related Eye Disease Study Research, 2001). For reviews of
oxidative stress and AMD, refer to Jarret and Boulton (Jarrett and Boulton, 2012) and Mettu
et al (Mettu et al., 2012).

The retina represents one of the highest oxygen-consuming tissues in the human body (Yu
and Cringle, 2005). Intensive oxygen metabolism, continual exposure to light, high
concentrations of polyunsaturated fatty acids, and the presence of photosensitizers increase
the production of reactive oxygen species (ROS) in the retina (Beatty et al., 2000;
Khandhadia and Lotery, 2010). ROS overproduction by chronic oxidative stress can exceed
the anti-oxidation capability of the retina and lead to modification and damage of
carbohydrates, membrane lipids, proteins, and nucleic acids. An age-related increase in
lipofuscin (potent photoinducible ROS generator in RPE), 8-Oxoguanine (a major product
of oxidative DNA damage), mtDNA damage, carboxyethylpyrole (CEP, an oxidation
fragment of docosahexaenoic acid), and the presence of 4-Hydroxynonenal (4-HNE) and
Malondialdehyde (MDA, products of lipid peroxidation) have been observed in the ageing
retina (Jarrett and Boulton, 2012). In the retina, photoreceptor (PR) cells are consistently
exposed to light and oxygen, and are thus particularly susceptible to oxidative damage.
Among other important functions, RPE cells are required for PR outer segment membrane
phagocytosis, and therefore critical for PR survival, function and renewal. Consequently,
RPE degeneration caused by oxidative stress or other stresses usually causes secondary PR
cell death. In AMD, oxidative stress works in concert with other risk factors such as: aging,
smoking, phototoxicity, and genetic factors, leading to sub-RPE drusen deposits, RPE/PR
cell death, and the resultant inflammatory and immune responses. These processes may
aggravate oxidative stress and inflammation, forming a vicious cycle leading to AMD
pathogenesis. In support of a critical role for oxidative stress in AMD, modified oxidative
products, such as CEP and MDA, have been shown to cause inflammatory response and
retinal phenotype in animal models similar to that in AMD (Hollyfield et al., 2008; Suzuki et
al., 2007).
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The complement system is a component of the human immune system that helps to protect
against pathogens. It consists of over 40 proteins and cell surface receptors and is generally
divided into three pathways: the classical or innate, the lectin, and the alternative pathway
that primarily involves Factor H (Donoso et al., 2010). Factor H is primarily synthesized in
the liver and is a key regulator of the alternative pathway. It is recognized by cell surface
membranes and protects host cells from the rapid and progressive destruction of other
activated components of the complement system. Factor H may also be synthesized locally,
particularly in those tissues that have localized self-turnover such as the eye, brain, kidney,
liver, and vascular organs (Mandal and Ayyagari, 2006). Complement factor H (CFH)
polymorphism (Y402H) is strongly associated with AMD (Edwards et al., 2005; Haines et
al., 2005; Klein et al., 2005; Scholl et al., 2005).

Interestingly, a recent study showed that CFH protects from the oxidative stress-induced
inflammation by binding to MDA (Weismann et al., 2011), supporting interactions among
genetic factor, oxidative stress and inflammation in AMD. Besides oxidative stress, other
factors may also lead to RPE cytotoxicity. In a recent report, pathogenic RNA species (Alu
and DsRNA) were shown to trigger RPE cytotoxicity and cause GA in mice (Kaneko et al.,
2011; Murakami et al., 2013). In GA patients, Alu RNA is abnormally accumulated due to
the down-regulation of its processing enzyme Dicer, and has been shown to induce
mitochondrial ROS in RPE cells (Kaneko et al., 2011; Tarallo et al., 2012).

2. Overview of cell death pathways

Oxidative stress is known to induce RPE cell death both in vitro and in vivo. However, the
nature of RPE cell death and its implication in AMD, especially in GA, has recently fallen
into controversy, although it is generally accepted that PR cells die from apoptosis in AMD.
Because of the critical role of the RPE in AMD, deciphering the mechanism of RPE cell
death in AMD will not only be crucial to understanding AMD (especially GA) pathogenesis,
but also instrumental for designing targeted therapeutic agents for AMD. In this section, we
will provide an overview of the pathways leading to cell death, with a focus on apoptosis
and necrosis. The features that can distinguish these two cellular processes will be discussed.

2.1. Apoptosis: Extrinsic and intrinsic pathways

Apoptosis was first described in 1972 (Kerr et al., 1972) and is a tightly regulated process of
programmed death that is crucial for normal embryonic development and tissue
homeostasis. Impaired apoptosis can lead to tumor development, autoimmune, or
neurodegenerative diseases (Nagata et al., 2003). Apoptosis inhibits immunological
response and does not affect neighboring cells due to cell debris being phagocytosed by
macrophages or other surrounding cells (Jacobson et al., 1997; Zhang and Xu, 2000).
Morphologically, apoptosis is characterized by cytoplasm shrinkage, chromatin
condensation, nuclear fragmentation, formation of apoptotic bodies, and maintenance of the
plasma membrane. It involves caspase activation, mitochondrial outer membrane
permeabilization, DNA fragmentation, and lysosomal membrane permeabilization.
Depending on cell type and insult, apoptosis can be executed by different pathways.
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The extrinsic pathway involves cellular membrane receptors; and intrinsic pathway is
mediated through mitochondria (Rossi and Gaidano, 2003) (Fig. 1). Both pathways share
activation of caspase cascade. Caspases are cysteine proteases that are activated by
autocatalysis or proteolysis by other caspases. They are divided into two groups: initiator
caspases (Caspase-8, -9, -10) and effector caspases (Caspase-3, -6 and -7), the latter of
which lack the Death Effector Domain (DED). The effector caspases lead to the cleavage or
degradation of cellular substrates including inhibitory subunit of endonuclease DNA
fragmentation factor-45 (DFF45/ICAD), poly (ADP-ribose) polymerase (PARP), histones,
nuclear lamins, keratin, actin, and kinases. DFF protein, together with other nucleases, is
involved in genomic DNA degradation. The catalytic subunit of DFF endonuclease (DFF40/
CAD) is both a deoxyribonucleotide-specific and a double-strand-specific nuclease, and
introduces DNA double strand breaks into chromatin substrates generating characteristic
180-200bp apoptotic ladder (Hanus et al., 2008). The extrinsic apoptotic pathway is initiated
by membrane receptors (death receptors) and their ligands. Death receptors belong to the
Tumor Necrosis Factor (TNF) family. The best characterized ligands and receptors include
FasL/FasR, TNFa/TNFR1 and TNFR2. Activation of these receptors triggers their
trimerization. These activated trimers then recruit TNF-receptor 1-associated death domain
protein (TRADD) protein followed by Fas associated death domain (FADD) protein,
inducing the formation of a death inducing signaling complex (DISC). In the DISC complex,
FADD protein recruits initiator Caspase-8 and -10 via homotypic death domain interactions,
which in turn activates the downstream effector caspases (caspase-3, -6 and -7), leading to
substrate cleavage and apoptotic cell death. In addition, caspase-8-mediated cleavage of the
BH3-only protein Bid amplifies the death receptor-induced cell death program by activating
the mitochondrial (intrinsic) pathway of apoptosis (Harper et al., 2003; Rossi and Gaidano,
2003; Wajant et al., 2003).

The intrinsic apoptotic pathway can be activated by growth factor deprivation, DNA
damage, gamma radiation, UV radiation, excessive ROS levels, virus infection, or oncogene
activation. It is a major pathway leading to caspase cascade activation through release of
cytochrome ¢ from mitochondria. This pathway is initiated by activation of the proapoptotic
Bcl-2 family proteins (Bid, Bim, Bad and Bmf) followed by activation Bax subfamily of
Bcl-2 proteins (Bax, Bak and Bok) localized on outer mitochondrial membrane. Bax
activation causes opening of mitochondria transition pores that leads to release of
cytochrome c to the cytoplasm. In the presence of ATP, cytochrome ¢ binds to apoptotic
protease activating factor (Apaf) - 1 protein and forms complex known as apoptosome.
Apoptosome in turn recruits and activates Caspase-9 and causes subsequent activation of
effector caspases (Du et al., 2000; Eskes et al., 2000; Green, 2000).

2.2. Necrosis

Necrosis used to be considered a passive type of cell death induced by physical, chemical,
and/or biological insult. The fundamental features of necrosis include: cellular energy
depletion, damage to membrane lipids, and loss of function of homeostatic ion pumps/
channels. Major morphological changes that occur in necrosis include: cell swelling;
formation of cytoplasmic vacuoles; distended endoplasmic reticulum; formation of
cytoplasmic blebs; condensed, swollen, or ruptured mitochondria; disaggregation and
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detachment of ribosomes; disrupted organelle membranes; swollen and ruptured lysosomes;
and eventually disruption of the cell membrane. The nucleus disintegrates late and in some
cases chromatin condensation occurs.

Recent studies have found that necrosis is mediated by receptor interacting protein kinases
(RIPK), leading to its renaming as necroptosis (Christofferson and Yuan, 2010) (Fig. 2).
Necrosis shares the upstream TNFR pathway with apoptosis, specifically at the level of
DISC formation. RIPK3 has been shown to play a central role in necrosis, while RIPK1 is
critically involved in both necrosis and apoptosis (Declercq et al., 2009; Zhang et al., 2009).
Necrosis is normally inhibited since RIPK1 and RIPK3 are cleaved by caspase 8. The
delicate balance between RIPK1/RIPK3 stabilization and caspase 8-driven RIPK1/RIPK3
cleavage seems to function as the switch between apoptosis and necrosis. RIPK3 acts
upstream to phosphorylate RIPK1, which in turn mediates downstream RIPK3
phosphorylation. Both RIPK3 and kinase activity of RIPK1 are essential for the formation of
the stable RIPK1-RIPK3 complex, called the necrosome (Cho et al., 2009). Upon induction
of necrosis, RIP3 kinase was shown to be recruited to the lipid rafts of the plasma
membrane, and form a transient complex with TRAF2 protein (Shen et al., 2004). RIPK1
and RIPK3 are also known to form an amyloid structure through their RIP homotypic
interaction motifs. This hetero-oligomeric amyloid structure is a functional signaling
complex that mediates programmed necrosis (Li et al., 2012).

Mixed Lineage Kinase Domain-Like (MLKL) and mitochondrial phosphatase 5 (PGAMS5)
were recently identified as key RIPK3 downstream components of TNF-induced necrosis
(Sun et al., 2012; Wang et al., 2012). Phosphorylation of MLKL on its kinase domain by
RIPK3 is required for MLKL to function in necrosis (Sun et al., 2012). The recruitment of
MLKL by RIPK3 leads to phosphorylation of MLKL and its tetramerization.
Oligomerization of MLKL leads to the translocation of MLKL complex to lipid rafts of the
plasma membrane. It has been proposed that function of MLKL relies on its oligomerization
and plasma membrane association (Hildebrand et al., 2014) and targeting the plasma
membrane by MLKL is a critical step in the execution of necrotic cell death (Chen et al.,
2014). Two forms of PGAM5: PGAMSL and PGAMSS bind sequentially to RIPK1-RIPK3-
MLKL complex. The binding of the necrosome to PGAMS5S marks its translocation to more
hydrophobic environment mitochondrion, and leads to dephosphorylation and activation of
Drp1 protein (Wang et al., 2012). Drp1-mediated mitochondrial fragmentation seems to be a
common required step for apoptosis and necrosis.

During necrosis, mitochondria degenerate and subsequently cluster around nuclei before
nuclear and cytoplasmic membrane breakdown. Besides mitochondrial fragmentation,
mitochondrial permeability transition pore (mPTP) opening is also critically involved in
necrosis. Initially identified as a key component for apoptosis, Bcl-2 family members
Bax/Bak were recently shown to also be involved in necrosis. During apoptosis, Bax and
Bak generate large pores allowing the permeability of the mitochondrial outer membrane,
leading to cytochrome c release and the subsequent apoptotic caspase activation. In Ca2*
overload-induced necrosis model a key regulated event is the opening of mPTP, a protein
complex that was proposed to span the inner and outer mitochondrial membranes in
facilitating the swelling and rupture of the mitochondria. Cyclophilin D (CypD), a
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peptidylprolyl isomerase located in the mitochondrial matrix, is critical for necrosis through
binding and regulating the opening of the mPTP in inner membrane (Baines et al., 2005;
Nakagawa et al., 2005). CypD dissociation from ADP-ATP translocase (ANT), a component
of mPTP, allows for the opening of mPTP and the subsequent ATP depletion and ROS
increase potentially through a RIPK3-dependent mechanism (Tian et al., 2013). Bax/Bak are
required for mPTP-dependent necrosis by serving as a necessary functional component of
the mPTP within the outer mitochondrial membrane in a manner that is distinct from their
more active mechanism of oligomerization during apoptosis, placing Bax/Bak at the
bifurcation point of mitochondrial-dependent apoptosis and necrosis (Karch et al., 2013).

2.3. Comparison between apoptosis and necrosis

Although apoptosis and necrosis have distinct features, they also share common features,
such as: chromatin condensation, mitochondrial permeability, and DNA degradation. Here
we summarize the features of apoptosis and necrosis (Table 1 and Figure 3), and highlight
the point that any separate method may not be sufficient to unequivocally distinguish
between apoptosis and necrosis. Distinguishing necrosis from apoptosis should not be based
on either morphological or biochemical criteria alone, but rather should take into account
and integrate all available data (Krysko et al., 2008). When apoptosis is inhibited, necrosis
may become an alternative route for cell death. Caspase-8 is a switch between apoptosis and
necrosis (O’Donnell et al., 2011). In apoptosis, RIPK3 is cleaved by caspase-8, therefore
preventing the induction of necrosis. RIPK3 is normally uniformly distributed throughout
the living cell, and aggregates to form a discrete punctate pattern after induction of necrosis
(Sun et al., 2012).

For example, a traditional TUNEL assay cannot distinguish between necrosis and apoptosis
because both types of cell death feature chromatin degradation. Apoptotic DNA degradation
is highly organized and visible on an agarose gel as DNA ladder (180bp DNA and its
multiples). Necrotic DNA degradation is not organized and partial visible as a smear on
agarose gel. Both types of cell death are characterized by nuclear shrinkage, but in apoptosis
chromatin condensation and fragmentation is well defined.

Apoptotic cells are propidium iodate (PI) negative until the very late stage, while necrotic
cells are Pl-positive at very early stage. However, necrotic cells may show Annexin V-
positive/Pl-negative staining before they become Pl-positive. Furthermore, both processes
show mitochondria membrane permeabilization and are phosphotidylserine (PS) positive
shown by Annexin V staining. Apoptosis shows outer mitochondrial membrane (OMM)
permeabilization while necrosis shows the permeabilization of both OMM and IMM (inner
mitochondrial membrane). Apoptosis requires several ATP-dependent steps, and
intracellular ATP levels remain largely unchanged until the very end of the process, while
necrosis occurs under intracellular ATP depletion. High Mobility Group (HMG) proteins are
nuclear proteins and are essential part of chromatin structure. During necrosis, HMGB1
protein is passively released from the nucleus and secreted to the extracellular matrix where
it promotes inflammation (Scaffidi et al., 2002). During apoptosis, HMGBL is tightly bound
to DNA and sequestered inside apoptotic bodies along with chromatin and cellular
organelles (Ellerman et al., 2007). Moreover, it is commonly believed that apoptosis is anti-
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inflammatory and tolerogenic while necrosis triggers inflammation and immune response.
Necrotic cells can release multiple pro-inflammatory factors, including heat shock proteins
and HMG proteins (such as HMGBL), to activate inflammatory response (Zitvogel et al.,
2010).

3. Necrosis or apoptosis: nature of oxidative stress-induced RPE cell death

Because of the involvement of oxidative stress and RPE cell death in AMD (especially GA)
numerous research has been focused on studying the mechanism of oxidative stress-induced
RPE cell death as an approach to decipher the mechanism of AMD pathogenesis. An
established, in vitro system to investigate oxidative stress-induced RPE cell death and AMD
is to treat RPE cells with hydrogen peroxide (H,05) or tert-Butyl hydroperoxide (tBHP).
H»0, is a non-radical ROS produced in living cells as a result of cell metabolism. It can
directly damage DNA, lipids, and other macromolecules causing oxidative injury to the cell.
When not metabolized, H,O, can convert to extremely reactive hydroxyl radical (*OH) via
the Fenton reaction leading to the propagation of the oxidative damage to the cell. Similarly,
t-BHP can decompose to other alkoxyl and peroxyl radicals in a reaction aided by metal ions
that can generate ROS, including H,O,. Unlike H,0,, tBHP evokes consistent cellular
stress.

Using either an H,0, or tBHP model, researches attribute oxidative stress-induced RPE cell
death mostly to apoptosis. A wide range of H,O, (50uM to 2.5mM) concentrations and
treatment durations have been used in these studies. Barak et al used TUNEL assays as well
as PI/Annexin V staining to detect RPE apoptosis/necrosis in response to H,O, (0.5-2.5
mM) exposure for 16 to 24 hours (Barak et al., 2001). Pl-negative/annexin V-positive cells
were counted as early apoptotic cells; Pl-positive/annexin VV—positive cells were considered
to be late stage apoptotic cells; and Pl-positive/annexin VV-negative cells were counted as
necrotic cells. They concluded that both H202 at 1 mM or tBHP at 0.3 mM induced mostly
apoptosis and H,O5 at 2.5mM induces mostly necrosis. Alge et al analyzed caspase-3
activation by measuring the cleavage of its substrate DEVD-p-nitroaniline (DEVD-pNA)
and found a 3.5 fold increase of Caspase-3 activity by 300uM H,0,, while overexpression
of B-crystallin reduced caspase-3 activity and RPE cell death (Alge et al., 2002).
Strunnikova et al showed that, in response to prolonged oxidant agent hydroquinone (HQ),
ARPE-19 cells showed non-apoptotic (50Kb) DNA laddering, arguing against classical
apoptosis under this condition (Strunnikova et al., 2004). Similar nuclear DNA degradation
to 50kb fragments was also observed during RPE cell death when exposed to menadione
(Zhang et al., 2003). Kaarniranta et al found that 4-hydroxynonenal (HNE)-derived
oxidative stress reduced cellular viability, which is associated with caspase-3 independent
apoptosis (Kaarniranta et al., 2005). Morphologically, slight rounding and swelling of a few
cells were seen after the exposure to 30 uM HNE, suggesting necrosis in those cells.
However, a later study by Sharma et al showed that 4-HNE induces p53-mediated apoptosis
in RPE cells and activates caspase-3 (Sharma et al., 2008). Therefore more work is needed
to confirm the nature of RPE cell death under this condition. The superoxide dismutase
(SOD) family functions as a major component of antioxidant systems by converting
superoxide to H,0,. Kasahara et al isolated primary cultures of RPE cells from wild-type,
heterozygous Sod2 knockout mice, and hemizygous Sod2 mice with overexpression of the
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Sod2 enzyme (Kasahara et al., 2005). Oxidative stress was induced in these cells by
exposing them to H,O, (0-500 puM) for 1 hour and re-culturing them in normal medium for
various durations (0-24 hours). Apoptosis in the RPE was detected by TUNEL staining,
mitochondrial transmembrane potential (MTP) measurement, and cytochrome ¢ leakage
from mitochondria. They concluded that SOD2 protects against oxidation-induced apoptosis
in mouse RPE cells. Ho et al found that exposure to a lethal dose of H,O, (1mM) in RPE
cells elicited Bax translocation to the mitochondria and release of apoptosis-inducing factor
(AIF) from the mitochondria, both of which were prevented by either INK- or p38-specific
inhibitors (Ho et al., 2006). Sreekumar et al reported that in response to 150uM H,0,
treatment, activated caspase-3 was not detected unless methionine sulfoxide reductase (Msr)
A was silenced in RPE cells (Sreekumar et al., 2005). Similarly, Glotin et al reported that
caspase-3 was not activated in RPE cells in response to tBHP (Glotin et al., 2006). However,
caspase-9 was activated as early as after 10 min tBHP treatment and over 2 hour treatment
periods. Moreover, transient ERK1/2 activation was observed, and inhibition of MEK1/2
completely suppressed ERK1/2 activation and blocked RPE apoptosis induced by tBHP. Cai
et al examined RPE death in response to tBHP (300uM) using a combination of assays,
including TUNEL assay, Annexin V staining Western blot for pro-caspase-3, cytchrome c,
and PARP, as well as measuring mitochondrial membrane potential (Cai et al., 1999). They
found that RPE cells showed positive TUNEL and Annexin V staining and cytoplasmic
cytochrome c expression, but decreased level of pro-caspase-3, PARP and lost
mitochondrial membrane potential after tBHP treatment. Interestingly apoptotic DNA
degradation was not observed.

There are also a few studies suggested necrosis as a major mechanism for oxidative stress-
induced RPE death. Kim at al proposed that H,O, induced-RPE cell death is a combination
of apoptosis and necrosis (Kim et al., 2003). H,O, at 400uM was shown to induce early
apoptosis accompanied by condensed and fragmented nuclei. Increase of H,0,
concentration resulted in bigger onset of late apoptotic and necrotic cell death, while
concentration above 700uM induced mostly necrotic cell death. By transmission electron
microscopy, chromatin condensation and marginalization were shown in RPE cells treated
with 500uM H,0,, and organelle swelling and membrane rupture were seen in cells treated
with 600uM H,0,. However, in a recent report by Li et al, H,O, at 400uM was able to
cause massive cell death associated with typical features of necrosis: a swollen cell body,
ruptured membrane, and condensed nuclei (Li et al., 2010). Overload of intracellular
calcium concentration was observed and considered to be an early step of necrotic RPE cell
death. Our laboratory systematically studies the nature of RPE cell death in response to
oxidative stress. We observed typical necrotic hallmarks like PI membrane permeability,
RIPK3 activation or HMGBL release from the nucleus. Consistently, caspase inhibitor z-
VAD did not affect H,O, (or tBHP)-induced RPE death. However, RIPK1 inhibitors
necrostatins significantly rescued RPE from oxidative stress-induced cell death. Furthermore
RIPK3 knockdown with siRNA increased survival of RPE cells after H,O, or tBHP
treatment (Hanus et al., 2013).

Taken together, conflicting results exist regarding the mechanism of RPE cell death induced
by oxidative stress, mainly due to the reliance on single or very limited methods to identify
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apoptosis versus necrosis. Nevertheless, most morphological studies support a necrotic
nature of RPE death. However, biochemical methods used for identifying apoptosis,
including TUNEL assay, and Annexin V/PI staining, are not sufficient to distinguish
apoptosis from necrosis. The conflicting data on caspase-3 activation in RPE cells in
response to oxidative stress mostly result from the failure of the antibodies in detecting
activated caspase-3. As to the mechanism for the lack of apoptosis in RPE cells, one
hypothesis is that RPE cells are postmitotic cells and therefore have limited apoptotic
potential (Kaldarar-Pedotti, 1979). Postmitotic cells, such as neurons, cardiomyocytes, and
skeletal myotubes, have been shown to have limited regeneration potential and restricted
apoptotic potential (Wright and Deshmukh, 2006). Caspase-8 has been shown to be a
molecular switch between apoptosis and necrosis induced by death receptors (Lin et al.,
1999). Caspase-8 suppresses RIP3-RIP1 kinase complex-dependent necroptosis by cleavage
of RIPK3 when cells undergo TNF-induced apoptosis (Christofferson et al., 2013). Indeed,
Yang at al recently showed that RPE cells have low levels of caspase-8 expression (Yang et
al., 2007). ARPE-19 cells are unable to undergo TNFa-induced apoptosis due to low levels
of caspase-8 at both the mRNA and protein level. Restoring caspase-8 expression using
adenovirus made ARPE-19 cells susceptible to TNFa-induced apoptosis. DFF is a
heterodimeric complex composed of a 40-kDa subunit (DFF40/CAD) that mediates
regulated chromatin condensation and DNA fragmentation in response to apoptotic signals,
and a 45-kDa subunit that is a specific molecular chaperone and an inhibitor of DFF40
(Widlak and Garrard, 2005). DFF40/CAD is released and activated upon the cleavage of
DFF45/ICAD by caspase-3. Compared to the high level DFF expression in HelLa cells, DFF
protein expression was barely detectable in RPE cells regardless of H,O, treatment (Hanus
et al., 2013). Low caspase-8 and DFF protein expression in RPE cells indicates an
impairment of the apoptotic pathway in RPE cells, consistent with our hypothesis that RPE
cells die mainly from necrosis.

4. Inflammatory nature of oxidative stress-induced RPE cell death

RPE cell damage and death caused by oxidative stress, other stresses, or alternative
complement pathway activation, have been proposed to trigger the release of intracellular
and extracellular damage-associated molecular pattern (DAMP) molecules. DAMP can
induce immune and inflammatory response and lead to AMD progression (Qin and
Rodrigues, 2008). Apoptosis is anti-inflammatory and tolerogenic while necrosis triggers
inflammation and immune response. Our hypothesis that RPE cells die from necrosis in
response to oxidative stress is consistent with the notion that RPE cells promote
inflammatory processes in the retina during AMD development. HMGB1 is a major DAMP
molecule passively released from nucleus during necrosis and secreted to extracellular
matrix and promotes inflammation (Scaffidi et al., 2002). We found that HMGB1, which
induces the expression inflammatory gene TNFa in RPE cells and in macrophages, is
secreted from necrotic RPE cells (Hanus et al., 2013). Moreover, when HMGB1 antibody
was used to deplete HMGBL1 in the medium, the induction of TNF-a expression by the
conditioned medium was blunted, suggesting a critical role for HMGBL in inducing
inflammatory gene expression by necrotic RPE cells. Consistently, in a recent publication
using a mouse model of dsRNA-induced retinal degeneration, RIPK3-dependent release of
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HMGBL to the vitreous is correlated with RPE necrosis and TNFa and 1L-6 production
(Murakami et al., 2013). These results indicate RPE cell necrosis in response to oxidative
stress has a detrimental role in inflammation.

As mentioned earlier complement activation is associated with AMD. It was found that C-
reactive protein (CRP) levels appear to be higher in AMD patients (Seddon et al., 2004).
When the CRP function is blocked, complement attack induces necrotic RPE cell death
(Yang et al., 2011). CRP also recruits complement factor H (CFH) to necrotic lesions and
blocks release of proinflammatory cytokines. CFH risk variant (Y402H) has reduced ability
to bind CRP which results in complement activation and induction of inflammation (Lauer
etal., 2011).

Additionally, the H384 variant of complement factor H (CFH) binds DNA and necrotic cells
better than Y384 which potentially could influence complement activation and oponization
in some areas of drusen (Sjoberg et al., 2007). Those evidence suggest a function for
complement pathway in clearing necrotic RPE cells, which establishes a correlation between
RPE necrosis, complement activation, and local inflammation, which can explain at least
part of the AMD pathogenesis.

5. RPE cell death in animal models of non-neovascular AMD and GA

A variety of animal models have been developed to investigate the etiology of AMD,
especially non-neovascular AMD and GA (Ramkumar et al., 2010). The models include:
models of complement factor pathway (Cfh™'~ and CFH(Y402H) transgenic mice),
inflammatory gene models (Ccl27/~, Ccr27/~, Cx3cr1 ™~ and Ccl27/~/Cx3cr1 ™~ mice),
sodium iodate injection model, oxidative gene/damage models (Sod1~/~ mice, Sod2
knockdown mice, Nrf2~/~ mice, CEP-MSA immunized mice), lipid/glucose metabolism
models (ApoE~/~ mice; apoE2 and apoE4 knockin mice; mcd/med and med2/med2
transgenic mice), and pathogenic RNA models (Alu RNA or dsRNA injection). These
models display some but not all features of AMD. Since the mouse doesn’t have a macula,
the data from any mouse model may not be directly translatable to human AMD.
Nevertheless, these models should be informative regarding the mechanisms of human
AMD. Here we will focus on the ultrastructure of the RPE and neighboring tissues in
oxidative stress mouse models and other relevant models, with the hope of illuminating the
nature of RPE death in these models.

The SOD family is a major component of the antioxidant system. SODL1 is found principally
in the cytoplasm, SOD?2 is located in mitochondrial matrix, and SOD3 is extracellular.
Sod1~/~ mice have features of typical AMD in humans. Senescent Sod1 ™/~ mice displayed
drusen, thickened Bruch’s membrane, and choroidal neovascularization (Hashizume et al.,
2008). Vacuolization, one of the common morphological hallmarks of necrotic cells, was
observed in the RPE cells of Sod1™/~ animals. Interestingly, TUNEL-positive cells were not
significantly different between Sod1~/~ and wild-type mice, and activated caspase-3 could
not be detected in the retina of Sod1~/~ mice, arguing against apoptosis in this model.
Similarly, RPE hypopigmentation, vacuolization and atrophy were observed in a ribozyme
AAV virus generated SOD2 knockdown mouse model (Justilien et al., 2007). NRF2 is a

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 11

master regulator of many antioxidant/detoxification genes (Zenkov et al., 2013). Nrf2~/~
mice develop age-dependent RPE degeneration, spontaneous CNV, and subretinal
inflammatory protein deposits (Zhao et al., 2011). The RPE cells were highly vacuolated
with membranous debris. Intermediate structures of autophagy, such as autophagosomes and
autolysosomes, were readily detectable by electron microscopy. Carboxyethylpyrrole (CEP)
is a unique oxidation fragment of docosahexaenoic acid found in AMD drusens and in
plasma samples from AMD patients (Crahb et al., 2002; Gu et al., 2003). CEP-MSA
immunized mice were recently established as a model for studying geographic RPE atrophy
(Hollyfield et al., 2008). Features of RPE necrosis, including vesiculation, swelling, cell
lysis, and nuclear pyknosis were observed. Additionally, the presence of monocytes in the
inter-photoreceptor matrix was detected, supporting an inflammatory outcome of oxidative
stress-induced necrosis. These data are consistent with our report that necrotic RPE cells
induced by oxidative stress secrete the DAMP molecule HMGB1 and induce inflammatory
gene expression.

Besides these models, injection of the oxidizing agent sodium iodate (NalO3) has also been
used as an acute oxidative stress model for retinal degeneration. NalO3 is thought to
possesses selective toxicity on RPE cells (Noell, 1953). It induces RPE disruption, atrophy,
and significant retinal thinning (Wang et al., 2014). NalO3 induces oxidative stress in RPE
cells, and has been postulated to react with melanin, increasing its ability to convert glycine
into glucoxylate, which damages cells by reacting with macromolecules (Baich and Ziegler,
1992; Behnam et al., 2006; Juel et al., 2013; Poldelski et al., 2001). NalO3 damages mostly
the central pole of the retina but also affects the peripheral area, which resembles the clinical
sequence of AMD pathogenesis (Machalinska et al., 2010). The effect of NalOs in retina
degeneration models is variable depending on the routes of administration and range of
concentrations used. Intraperitoneal injection of NalO3 at 100mg/kg, intravenous injection
of NalO3 at 25mg/kg, or retroobital injection of NalO3 at 40mg/kg have each shown to
cause RPE damage that precedes photoreceptor apoptosis (Enzmann et al., 2006; Kiuchi et
al., 2002; Zhou et al., 2014). RPE cell death was described as necrosis based on analysis of
ultrastructure that revealed karyolysis, swollen cytoplasm, and the negative TUNEL staining
of RPE cells. RPE damage was associated with macrophage infiltration and degeneration of
photoreceptors through apoptosis (Zhou et al., 2014). Other research showed that even low
concentration of NalOg (15 mg/kg) were able to mimic the patchy loss of the RPE seen in
RPE dystrophies and in GA (Franco et al., 2009). In vitro studies also led to similar
conclusion, that high dose of NalO3 (500-1000 pg/ml) induced predominantly RPE cell
necrosis (Zhou et al., 2014). Taken together, a majority of the studies support that RPE cells
undergo necrosis in vivo in response to NalOs, which is followed by photoreceptor apoptosis
and thinning of the retina. The molecular markers for RPE necrosis by NalOj3 are still to be
established.

Other AMD maodels that are potentially relevant to oxidative damage have also been
reported. Iron is essential for cells, but ferrous iron (Fe2+) can cause oxidative damage via
the Fenton reaction. Ceruloplasmin (Cp) and Hephaestin (Heph) are multicopper feroxidases
that facilitate iron export. Mice with a combined deficiency of Cp and Heph (Cp~/~/Heph~/Y
mice) were found to have age-related iron accumulation, secondary increases in ferritin, and
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retinal degeneration with AMD-like features (Hadziahmetovic et al., 2008; Hahn et al.,
2004). RPE hypopigmentation, hypertrophy, hyperplasia, and necrosis were observed in 6-9
month double knockout mice, and subretinal macrophage infiltration was evident in 12
month-old mice. Cathepsin D (CatD) is an aspartic protease that is involved in the lysosomal
digestion of the outer segments in the retina (Rakoczy et al., 1997). Homozygous transgenic
mice (mcd/mcd) that express a form of CatD lacking the CatD cleavage sites showed RPE
hypopigmentation, hyperpigmentation and hypertrophy, as well as drusen-like lesion
(Rakoczy et al., 2002). An increase in apoptotic photoreceptors was reported in mcd2/mcd2
mice with additional deletions in the catD cleavage sites (Zhang et al., 2005). These mice
displayed earlier signs of retinal degeneration than the mcd/mcd mice. Three month-old
mcd2/mcd2 mice showed focal areas of RPE disorganization, clumping, proliferation, and
RPE attenuation, depigmentation, and atrophy.

CFH polymorphisms have been strongly associated with AMD (Edwards et al., 2005;
Haines et al., 2005; Klein et al., 2005; Scholl et al., 2005). Aged Cfh™/~ mice showed
thinning of Bruch’s membrane, disorganization of rod photoreceptor outer segments, and
changes in the distribution of RPE cell organelles (Coffey et al., 2007). CFH (Y402H)
transgenic mice showed accumulation of subretinal cells that stained with macrophage/
microglia marker, indicating local inflammation (Ufret-Vincenty et al., 2010). Basal laminar
deposits, long-spaced collagen, and increased numbers of lipofuscin granules were also
observed. Features of RPE apoptosis or necrosis were not documented these two models.
However, CFH Y402 variant has shown better protective capacity in the clearance and
removal of RPE necrotic debris and reduction of inflammation, establishing a link between
CFH, oxidative stress, and RPE necrosis in AMD (Haines et al., 2005; Lauer et al., 2011).

Ccl2 and its receptor Ccr2 are essential for monocyte recruitment and mediate the adhesion
of inflammatory cells to the vessels. Both Ccl2~/~ and Ccr2~/~ mouse models were found to
have features of AMD (Ambati et al., 2003). Ccl2~/~ and Ccr2~/~ mice showed drusen-like
subretinal deposit and thickening of Bruch’s membrane after 9 months of age. RPE cells
became swollen, and vacuolated with accumulation of high electron density bodies. At 16
months of age, RPE cells from Ccl2~/~ mice had marked vacuolization with a degenerative
nucleus and few pigment granules. RPE swelling and vacuolization suggest RPE necrosis in
these models. Retinal microglial cells express the CX3C chemokine receptor 1 (CX3CR1).
Homozygosity of the CX3CR1 M280 allele and V249l allele, associated with impaired
microglial cell migration, has been shown to increase the risk of AMD (Combadiere et al.,
2007; Tuo et al., 2004). Cx3crl~/~ mice displayed photoreceptor degeneration and
subretinal deposit of microglial cells and lipid containing cells. The Ccl2~/=/Cx3cr1 =/~
mouse model demonstrated early onset of the AMD phenotype with high penetrance (Tuo et
al., 2007). Ccl2~/~/Cx3cr1~/~ mice began exhibiting drusen-like lesions by fundoscopy as
early as 4-6 weeks of age. Bruch’s membrane thickening, RPE hypopigmentation,
depigmentation, vacuolization, and increased lipofuscin were observed. The RPE histology
appears to be independent of the confounding rd8 background, which is present in the
reported Ccl2~/~/Cx3cr1~/~ mice (Chu et al., 2013; Mattapallil et al., 2012).

Apolipoprotein (APOE) polymorphisms provide a significant risk for AMD: the APOE &4
allele confers a decreased AMD risk; the APOE &2 allele is associated with a slightly
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increased AMD risk (Baird et al., 2006; Klaver et al., 1998). ApoE ™/~ mice have elevated
total plasma cholesterol and VLDL, and show vacuolated electrolucent vesicle in the
Bruch’s membrane (Dithmar et al., 2000). Aged apoE3 knockin mice showed minor RPE
vacuolization only on a high-fat diet (Malek et al., 2005). However, aged apoE2 and apoE4
knockin mice on a high-fat diet had a more severe phenotype with RPE vacuolization,
hyperpigmentation and hypopigmentation, and Bruch’s membrane thickening. These mouse
models combine three AMD risk factors: advanced age, high fat cholesterol-rich diet, and
APOE genotype, representing an excellent model for AMD. Although not specified,
vacuolization of the RPE suggest necrotic cell death in these models.

Recent studies have indicated the involvement of pathogenic double strand RNAs (dsRNA),
including Alu RNAs, in RPE cell death and geographic atrophy. Alu RNAs are dsRNAs
about 300 nucleotides in length and are transcribed from Alu elements, the most common
noncoding, repetitive DNA sequence in the human genome. Accumulation of Alu RNAs was
observed in the RPE cells of GA eyes (Kaneko et al., 2011). Alu RNA overexpression
reduced RPE cell viability and induced RPE degeneration in mice. Mechanistically, Alu
RNA activates the NLRP3 inflammasome and triggers TLR-independent MyD88 signaling
via IL18 in the RPE (Tarallo et al., 2012). Caspase-1, a component of the NLRP3
inflammasome, was shown to be activated by Alu RNA, and be critical for Alu RNA-
induced RPE degeneration. Caspase-1 can trigger pyroptosis, a form of cell death
characterized by formation of membrane pores and osmatic lysis (Fink and Cookson, 2006).
However, glycine, a cytoprotective agent which attenuates pyroptosis, failed to inhibit Alu
RNA induced RPE death, suggesting Alu RNA-induced RPE degeneration doesn’t occur via
pyropotosis. In an independent recent study, dsSRNA analog poly(l:C) was shown to induce
necrosis of the RPE cells as well as macrophage infiltration into the outer retina in the
mouse. In Ripk3~/~ mice, both necrosis and inflammation induced by poly(l:C) were
prevented (Murakami et al., 2014). Moreover, decreased expression of pro-inflammatory
cytokines (such as TNF-a and IL-6) in the retina, as well as attenuated intravitreal release of
DAMP molecule HMGB1, was observed in Ripk3~/~ mice. Although necrosis normally
doesn’t involve caspase-1 activation, based on these results it would be curious to test
whether Alu RNA-induced RPE cell death occurs via necrosis. In this regard, Alu RNA has
been shown to induce mitochondrial ROS in RPE cells. If this holds true in vivo, it would be
consistent with our hypothesis that oxidative stress-induced RPE necrosis is a major
mechanism of RPE death in AMD.

RPE cell swelling and vacuolization exist in multiple mouse models of AMD, especially in
oxidative stress related models. This supports the hypothesis that necrosis is a major
mechanism for RPE death in AMD. However, further work is required to unequivocally
prove the necrotic nature of RPE death in these mouse models.

6. RPE cell death in human AMD patients

The mechanism of RPE death in human AMD patients has been controversial, with opinions
split between apoptosis and necrosis (Dunaief et al., 2002; Farkas et al., 1971; Hageman et
al., 2001; Xu et al., 1996). Most of the research was done before necrosis was characterized
as a regulated pathway of cell death. These data were not derived from large sample sizes,
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nor based on information gathered from multiple approaches (i.e., histology, ultrastructure,
immunostaining, and molecular studies). Moreover, because of the slow progression of
AMD (up to 5-15 years), it is difficult to track the spontaneous and isolated RPE death
events during the course of AMD development. Therefore negative data regarding RPE
death should be approached with caution. Nevertheless, here we will review the relevant
references showing ultrastructural and molecular changes of RPE cell death in AMD
patients.

Earlier clinical-pathological studies have defined the RPE alterations in GA (Rudolf et al.,
2013; Sarks et al., 1988; Sarks, 1976). These features can be classified as follows (Rudolf et
al., 2013): O=uniform pigmentation and morphology; 1=Non-uniform but still epitheliod
morphology and pigmentation change; 2A=Rounding and sloughing of individual cells from
the underlying substrate, and anterior migration of cells within the subretinal space;
2B=Pigmented cellular fragments within basal laminar deposit; 2L=Double layer of
continuous RPE; 3=anterior migration through the external limiting membrane and into
neurosensory retina; 4=Loss of pigmented cells with persisting basal laminar deposits;

5=L oss of both pigmented cells and basal laminar deposit. Of note, grades 0 and 1 are
considered normal aging, and in grades 4 and 5, many RPE cells are already not present.
However, RPE rounding, sloughing, and entrapment of RPE-derived fragments within basal
deposits are seen in grade 2 samples, supporting necrosis as a mechanism for RPE cell death
in AMD, especially GA. Consistent with the inflammatory nature of necrosis, multi-nucleate
giant cells have been shown to be present at the edge of the area of atrophy and the
breakdown of Bruch’s membrane, usually associated with clumps of pigment (Penfold et al.,
1985, 1986). These giant cells are closely associated with macrophage-series cells, possibly
representing the fusion of macrophages. These results support that AMD has a chronic
inflammatory component, likely resulting from RPE necrosis.

In the past, TUNEL assay has been widely used to define apoptosis in vivo. Xu and
colleagues have studied the role of apoptosis in human retinal degenerations (Xu et al.,
1996). They examined 16 eyes diagnosed with AMD by histopathological criteria, and
found RPE atrophy, drusen and irregularly thickened Bruch’s membrane in 12 of the eyes.
Interestingly, only two of the atrophic AMD samples showed photoreceptor apoptosis by
TUNEL assay. Fragmentation and margination of the chromatin in photoreceptor was
occasionally noted. However, RPE apoptosis was not noted in the atrophic AMD samples.
Moreover, apoptosis of photoreceptors but not RPE cells was also observed in myopic
macular degeneration and retinal detachment secondary to choroidal melanoma. On the
contrary, Dundaief et al analyzing dying cells in GA retinas and found TUNEL-positive
RPE and photoreceptor cells at edges of atrophic areas, suggesting apoptotic RPE cells in
those AMD patients (Dunaief et al., 2002).

Taken together, although ultrastructural and histopathological studies support the hypothesis
that necrosis is a major mechanism of RPE cells death in AMD, especially GA, further work
is warranted to confirm the hypothesis by using a combination of recently developed toolsets
for distinguishing apoptosis and necrosis. These include, examining membrane permeability,
cellular ATP level, RIPK3 activation, and HMGBL1 release.
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7. Concluding Remarks

Based on the review of the nature of RPE cell death in response to oxidative stress in vitro,
in non-neovascular AMD and GA mouse models, as well as the clinical-histological studies
of human AMD patients, we propose a hypothesis that necrosis is a major mechanism of
RPE cell death in AMD. The necrotic nature of RPE is consistent with following facts: A.
RPE cells are postmitotic, and therefore have limited apoptotic potential; B. Necrosis can
induce an inflammatory and immune response, but apoptosis normally doesn’t; C. AMD is a
disease in which chronic inflammation plays a critical role. Our hypothesis is supported by
the following observations: A. Morphological evidence: necrotic features such as cell
swelling, rounding, and vacuolization have been observed in in vitro models of oxidative-
stress induced RPE death, AMD mouse models, and AMD (especially GA) patients.
However, key features of apoptosis, such as active caspase-3 and apoptotic chromatin
condensation, were not consistently reported; B. Molecular evidence: there is a shortage of
molecular evidence that can distinguish between necrosis and apoptosis in in vitro or in vivo.
TUNEL assay has been used to define apoptosis in the above-mentioned models. However,
because of the existence of partial DNA degradation in necrosis, it is now accepted that
TUNEL assay is not sufficient for distinguishing apoptosis from necrosis. We have provided
compelling evidence that RPE cells die from necrosis in response to oxidative stress using
an array of different approaches. Lack of apoptotic DNA fragmentation, caspase-3 cleavage,
and failure to maintain intracellular ATP level in these cells argue against apoptosis as a
major mechanism for RPE death in response to oxidative stress. RIPK3 activation and
aggregation, HMGBL1 release from the nucleus and secretion, and rescue of oxidative stress-
induced RPE death by RIPK1 inhibitor necrostatins and by RIPK3 silencing strongly
support necrosis as a major type of cell death in RPE cells in response to oxidative stress.
Future work is warranted to rigorously test whether necrosis is a major type of cell death in
animal models of AMD and AMD patients.

Although oxidative stress and RPE necrosis are the focus of this paper, other types of cell
death and other types of stress also exist, and potentially influence AMD pathogenesis. For
example, besides apoptosis and necrosis, autophagy and pyroptosis are also linked to cell
death. Autophagy is a catabolic process aimed at degrading damaged organelles, proteins
and cellular debris by engulfing them into a double membrane vesicle called the
autophagosome and eliminating them by posterior fusion with the lysosome (Flores-Bellver
et al., 2014). Overactive autophagy may be cytotoxic (Murrow and Debnath, 2013).
Autophagy is characterized by the formation of the autophagosome containing lipidated
LC3. Although not fully characterized, pyroptosis is a proinflammatory programmed cell
death and is uniquely dependent on caspase (Fink and Cookson, 2005). Although our data
suggest that autophagic cell death and pyroptosis are not major types of cell death in RPE
cells in response to oxidative stress (Hanus et al., 2013), we should not rule out a role for
these types of cell death in AMD. Although oxidative stress is a major type of stress
involved in AMD pathogenesis, other stresses can also induce RPE death. For example,
dsRNA was recently shown to induce RPE necrosis in vivo (Murakami et al., 2013), and Alu
RNA was shown to induce caspase-1 dependent cell death, likely not pyroptosis (Tarallo et

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 16

al., 2012). The nature of RPE cell death by other stressors, such as lipofuscin, light or DNA
damage, remains to be established.

Based on our hypothesis, we propose a model for AMD pathogenesis (Figure 4). In this
model, oxidative stress and other stresses (i.e., pathogenic dsRNA species) can induce RPE
dysfunction and necrosis, which in turn enhance drusen deposits, complement pathway
activation, local inflammation, and immune response. These lead to more self-perpetuating
RPE cell death through a neighbor-killing mechanism (Kaneko et al., 2011), or retraction-
from-free-edge mechanism (Gallagher-Colombo et al., 2010), causing GA. The significance
of our model lies not only in providing a mechanism for AMD pathogenesis, but also
allaying a foundation for potential targeted therapy for AMD. Preventing RPE necrosis
could prove to be beneficial for AMD patients at different stages. Two recent studies support
this potential approach: RIPK1 inhibitor necrostatin-1 combined with caspase inhibitor z-
VAD, was shown to inhibit photoreceptor necrosis induced by retinal detachment in mice
(Trichonas et al., 2010); and dsSRNA-induced RPE necrosis is prevented in RIPK3 deficient
mice (Murakami et al., 2013). For anti-necrosis approach to work, it would be important to
establish the fate of RPE cells when necrosis is inhibited in AMD, and if they can still
maintain their function in retinal homeostasis especially phagocytosis of photoreceptors.
Reinforcement of RPE anti-oxidant repair mechanism or its combination with anti-necrosis
therapy should also be considered in the future.

References

Age-Related Eye Disease Study 2 Research G. Lutein + zeaxanthin and omega-3 fatty acids for age-
related macular degeneration: the Age-Related Eye Disease Study 2 (AREDS2) randomized clinical
trial. JAMA. 2013; 309:2005-2015. [PubMed: 23644932]

Age-Related Eye Disease Study Research G. A randomized, placebo-controlled, clinical trial of high-
dose supplementation with vitamins C and E, beta carotene, and zinc for age-related macular
degeneration and vision loss: AREDS report no. 8. Archives of ophthalmology. 2001; 119:1417-
1436. [PubMed: 11594942]

Alge CS, Priglinger SG, Neubauer AS, Kampik A, Zillig M, Bloemendal H, Welge-Lussen U. Retinal
pigment epithelium is protected against apoptosis by alphaB-crystallin. Invest Ophthalmol Vis Sci.
2002; 43:3575-3582. [PubMed: 12407170]

Ambati J, Anand A, Fernandez S, Sakurai E, Lynn BC, Kuziel WA, Rollins BJ, Ambati BK. An
animal model of age-related macular degeneration in senescent Ccl-2- or Ccr-2-deficient mice. Nat
Med. 2003; 9:1390-1397. [PubMed: 14566334]

Baich A, Ziegler M. The effect of sodium iodate and melanin on the formation of glyoxylate. Pigment
cell research/sponsored by the European Society for Pigment Cell Research and the International
Pigment Cell Society. 1992; 5:394-395.

Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H, Hambleton MA, Brunskill EW, Sayen MR,
Gottlieb RA, Dorn GW, Robbins J, Molkentin JD. Loss of cyclophilin D reveals a critical role for
mitochondrial permeability transition in cell death. Nature. 2005; 434:658-662. [PubMed:
15800627]

Baird PN, Richardson AJ, Robman LD, Dimitrov PN, Tikellis G, McCarty CA, Guymer RH.
Apolipoprotein (APOE) gene is associated with progression of age-related macular degeneration
(AMD). Hum Mutat. 2006; 27:337-342. [PubMed: 16453339]

Barak A, Morse LS, Goldkorn T. Ceramide: a potential mediator of apoptosis in human retinal
pigment epithelial cells. Invest Ophthalmol Vis Sci. 2001; 42:247-254. [PubMed: 11133876]

Beatty S, Koh H, Phil M, Henson D, Boulton M. The role of oxidative stress in the pathogenesis of
age-related macular degeneration. Surv Ophthalmol. 2000; 45:115-134. [PubMed: 11033038]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 17

Behnam JT, Williams EL, Brink S, Rumsby G, Danpure CJ. Reconstruction of human hepatocyte
glyoxylate metabolic pathways in stably transformed Chinese-hamster ovary cells. The
Biochemical journal. 2006; 394:409-416. [PubMed: 16309382]

Biarnes M, Mones J, Alonso J, Arias L. Update on geographic atrophy in age-related macular
degeneration. Optometry and vision science : official publication of the American Academy of
Optometry. 2011; 88:881-889. [PubMed: 21532519]

Brown DM, Kaiser PK, Michels M, Soubrane G, Heier JS, Kim RY, Sy JP, Schneider S, Group AS.
Ranibizumab versus verteporfin for neovascular age-related macular degeneration. N Engl J Med.
2006; 355:1432—1444. [PubMed: 17021319]

Cai J, Wu M, Nelson KC, Sternberg P Jr, Jones DP. Oxidant-induced apoptosis in cultured human
retinal pigment epithelial cells. Invest Ophthalmol Vis Sci. 1999; 40:959-966. [PubMed:
10102293]

Cai X, McGinnis JF. Oxidative stress: the achilles’ heel of neurodegenerative diseases of the retina.
Frontiers in bioscience. 2012; 17:1976-1995.

Chen X, Li W, Ren J, Huang D, He WT, Song Y, Yang C, Li W, Zheng X, Chen P, Han J.
Translocation of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic
cell death. Cell research. 2014; 24:105-121. [PubMed: 24366341]

Cho YS, Challa S, Moquin D, Genga R, Ray TD, Guildford M, Chan FK. Phosphorylation-driven
assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced
inflammation. Cell. 2009; 137:1112-1123. [PubMed: 19524513]

Christofferson DE, Li Y, Yuan J. Control of Life-or-Death Decisions by RIP1 Kinase. Annual review
of physiology. 2013

Christofferson DE, Yuan J. Necroptosis as an alternative form of programmed cell death. Current
opinion in cell biology. 2010; 22:263-268. [PubMed: 20045303]

Chu XK, Wang Y, Ardeljan D, Tuo J, Chan CC. Controversial view of a genetically altered mouse
model of focal retinal degeneration. Bioengineered. 2013; 4:130-135. [PubMed: 23196746]

Coffey PJ, Gias C, McDermott CJ, Lundh P, Pickering MC, Sethi C, Bird A, Fitzke FW, Maass A,
Chen LL, Holder GE, Luthert PJ, Salt TE, Moss SE, Greenwood J. Complement factor H
deficiency in aged mice causes retinal abnormalities and visual dysfunction. Proc Natl Acad Sci U
S A. 2007; 104:16651-16656. [PubMed: 17921253]

Combadiere C, Feumi C, Raoul W, Keller N, Rodero M, Pezard A, Lavalette S, Houssier M, Jonet L,
Picard E, Debre P, Sirinyan M, Deterre P, Ferroukhi T, Cohen SY, Chauvaud D, Jeanny JC,
Chemtob S, Behar-Cohen F, Sennlaub F. CX3CR1-dependent subretinal microglia cell
accumulation is associated with cardinal features of age-related macular degeneration. J Clin
Invest. 2007; 117:2920-2928. [PubMed: 17909628]

Crabb JW, Miyagi M, Gu X, Shadrach K, West KA, Sakaguchi H, Kamei M, Hasan A, Yan L,
Rayborn ME, Salomon RG, Hollyfield JG. Drusen proteome analysis: an approach to the etiology
of age-related macular degeneration. Proc Natl Acad Sci U S A. 2002; 99:14682-14687. [PubMed:
12391305]

Declercq W, Vanden Berghe T, Vandenabeele P. RIP kinases at the crossroads of cell death and
survival. Cell. 2009; 138:229-232. [PubMed: 19632174]

Dithmar S, Curcio CA, Le NA, Brown S, Grossniklaus HE. Ultrastructural changes in Bruch’s
membrane of apolipoprotein E-deficient mice. Invest Ophthalmol Vis Sci. 2000; 41:2035-2042.
[PubMed: 10892840]

Donoso LA, Vrabec T, Kuivaniemi H. The role of complement Factor H in age-related macular
degeneration: a review. Survey of ophthalmology. 2010; 55:227-246. [PubMed: 20385334]

Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that promotes cytochrome c-
dependent caspase activation by eliminating IAP inhibition. Cell. 2000; 102:33-42. [PubMed:
10929711]

Dunaief JL, Dentchev T, Ying GS, Milam AH. The role of apoptosis in age-related macular
degeneration. Archives of ophthalmology. 2002; 120:1435-1442. [PubMed: 12427055]

Edwards AOQ, Ritter R 3rd, Abel KJ, Manning A, Panhuysen C, Farrer LA. Complement factor H
polymorphism and age-related macular degeneration. Science. 2005; 308:421-424. [PubMed:
15761121]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 18

Ellerman JE, Brown CK, de Vera M, Zeh HJ, Billiar T, Rubartelli A, Lotze MT. Masquerader: high
mobility group box-1 and cancer. Clin Cancer Res. 2007; 13:2836-2848. [PubMed: 17504981]

Enzmann V, Row BW, Yamauchi Y, Kheirandish L, Gozal D, Kaplan HJ, McCall MA. Behavioral
and anatomical abnormalities in a sodium iodate-induced model of retinal pigment epithelium
degeneration. Experimental eye research. 2006; 82:441-448. [PubMed: 16171805]

Eskes R, Desagher S, Antonsson B, Martinou JC. Bid induces the oligomerization and insertion of Bax
into the outer mitochondrial membrane. Molecular and cellular biology. 2000; 20:929-935.
[PubMed: 10629050]

Farkas TG, Sylvester V, Archer D. The ultrastructure of drusen. Am J Ophthalmol. 1971; 71:1196—
1205. [PubMed: 5091118]

Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic description of dead and dying
eukaryotic cells. Infect Immun. 2005; 73:1907-1916. [PubMed: 15784530]

Fink SL, Cookson BT. Caspase-1-dependent pore formation during pyroptosis leads to osmotic lysis of
infected host macrophages. Cell Microbiol. 2006; 8:1812-1825. [PubMed: 16824040]

Flores-Bellver M, Bonet-Ponce L, Barcia JM, Garcia-Verdugo JM, Martinez-Gil N, Saez-Atienzar S,
Sancho-Pelluz J, Jordan J, Galindo MF, Romero FJ. Autophagy and mitochondrial alterations in
human retinal pigment epithelial cells induced by ethanol: implications of 4-hydroxy-nonenal. Cell
death & disease. 2014; 5:e1328. [PubMed: 25032851]

Franco LM, Zulliger R, Wolf-Schnurrbusch UE, Katagiri Y, Kaplan HJ, Wolf S, Enzmann V.
Decreased visual function after patchy loss of retinal pigment epithelium induced by low-dose
sodium iodate. Investigative ophthalmology & visual science. 2009; 50:4004-4010. [PubMed:
19339739]

Friedman DS, O’Colmain BJ, Munoz B, Tomany SC, McCarty C, de Jong PT, Nemesure B, Mitchell
P, Kempen J. Eye Diseases Prevalence Research G. Prevalence of age-related macular
degeneration in the United States. Archives of ophthalmology. 2004; 122:564-572. [PubMed:
15078675]

Gallagher-Colombo S, Maminishkis A, Tate S, Grunwald GB, Philp NJ. Modulation of MCT3
expression during wound healing of the retinal pigment epithelium. Invest Ophthalmol Vis Sci.
2010; 51:5343-5350. [PubMed: 20505202]

Glotin AL, Calipel A, Brossas JY, Faussat AM, Treton J, Mascarelli F. Sustained versus transient
ERKZ1/2 signaling underlies the anti- and proapoptotic effects of oxidative stress in human RPE
cells. Invest Ophthalmol Vis Sci. 2006; 47:4614-4623. [PubMed: 17003459]

Green DR. Apoptotic pathways: paper wraps stone blunts scissors. Cell. 2000; 102:1-4. [PubMed:
10929706]

Gu X, Meer SG, Miyagi M, Rayborn ME, Hollyfield JG, Crabb JW, Salomon RG.
Carboxyethylpyrrole protein adducts and autoantibodies, biomarkers for age-related macular
degeneration. J Biol Chem. 2003; 278:42027-42035. [PubMed: 12923198]

Hadziahmetovic M, Dentchev T, Song Y, Haddad N, He X, Hahn P, Pratico D, Wen R, Harris ZL,
Lambris JD, Beard J, Dunaief JL. Ceruloplasmin/hephaestin knockout mice model morphologic
and molecular features of AMD. Invest Ophthalmol Vis Sci. 2008; 49:2728-2736. [PubMed:
18326691]

Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV, Anderson DH, Mullins RF. An integrated
hypothesis that considers drusen as biomarkers of immune-mediated processes at the RPE-Bruch’s
membrane interface in aging and age-related macular degeneration. Progress in retinal and eye
research. 2001; 20:705-732. [PubMed: 11587915]

Hahn P, Qian Y, Dentchev T, Chen L, Beard J, Harris ZL, Dunaief JL. Disruption of ceruloplasmin
and hephaestin in mice causes retinal iron overload and retinal degeneration with features of age-
related macular degeneration. Proc Natl Acad Sci U S A. 2004; 101:13850-13855. [PubMed:
15365174]

Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, Gallins P, Spencer KL, Kwan SY,
Noureddine M, Gilbert JR, Schnetz-Boutaud N, Agarwal A, Postel EA, Pericak-Vance MA.
Complement factor H variant increases the risk of age-related macular degeneration. Science (New
York, NY). 2005; 308:419-421.

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 19

Hanus J, Kalinowska-Herok M, Widlak P. The major apoptotic endonuclease DFF40/CAD is a
deoxyribose-specific and double-strand-specific enzyme. Apoptosis : an international journal on
programmed cell death. 2008; 13:377-382. [PubMed: 18283539]

Hanus J, Zhang H, Wang Z, Liu Q, Zhou Q, Wang S. Induction of necrotic cell death by oxidative
stress in retinal pigment epithelial cells. Cell death & disease. 2013; 4:€965. [PubMed: 24336085]

Harper N, Hughes MA, Farrow SN, Cohen GM, MacFarlane M. Protein kinase C modulates tumor
necrosis factor-related apoptosis-inducing ligand-induced apoptosis by targeting the apical events
of death receptor signaling. The Journal of biological chemistry. 2003; 278:44338-44347.
[PubMed: 12920112]

Hashizume K, Hirasawa M, Imamura Y, Noda S, Shimizu T, Shinoda K, Kurihara T, Noda K, Ozawa
Y, Ishida S, Miyake Y, Shirasawa T, Tsubota K. Retinal dysfunction and progressive retinal cell
death in SOD1-deficient mice. The American journal of pathology. 2008; 172:1325-1331.
[PubMed: 18372426]

Hildebrand JM, Tanzer MC, Lucet IS, Young SN, Spall SK, Sharma P, Pierotti C, Garnier JM, Dobson
RC, Webb Al, Tripaydonis A, Babon JJ, Mulcair MD, Scanlon MJ, Alexander WS, Wilks AF,
Czabotar PE, Lessene G, Murphy JM, Silke J. Activation of the pseudokinase MLKL unleashes
the four-helix bundle domain to induce membrane localization and necroptotic cell death.
Proceedings of the National Academy of Sciences of the United States of America. 2014;
111:15072-15077. [PubMed: 25288762]

Ho TC, Yang YC, Cheng HC, Wu AC, Chen SL, Chen HK, Tsao YP. Activation of mitogen-activated
protein kinases is essential for hydrogen peroxide -induced apoptosis in retinal pigment epithelial
cells. Apoptosis : an international journal on programmed cell death. 2006; 11:1899-1908.
[PubMed: 16927023]

Hollyfield JG, Bonilha VL, Rayborn ME, Yang X, Shadrach KG, Lu L, Ufret RL, Salomon RG, Perez
VL. Oxidative damage-induced inflammation initiates age-related macular degeneration. Nat Med.
2008; 14:194-198. [PubMed: 18223656]

Jacobson MD, Weil M, Raff MC. Programmed cell death in animal development. Cell. 1997; 88:347—
354. [PubMed: 9039261]

Jarrett SG, Boulton ME. Consequences of oxidative stress in age-related macular degeneration.
Molecular aspects of medicine. 2012; 33:399-417. [PubMed: 22510306]

Juel HB, Faber C, Svendsen SG, Vallejo AN, Nissen MH. Inflammatory cytokines protect retinal
pigment epithelial cells from oxidative stress-induced death. PloS one. 2013; 8:e64619. [PubMed:
23705001]

Justilien V, Pang JJ, Renganathan K, Zhan X, Crabb JW, Kim SR, Sparrow JR, Hauswirth WW,
Lewin AS. SOD2 knockdown mouse model of early AMD. Invest Ophthalmol Vis Sci. 2007;
48:4407-4420. [PubMed: 17898259]

Kaarniranta K, Ryhanen T, Karjalainen HM, Lammi MJ, Suuronen T, Huhtala A, Kontkanen M,
Terasvirta M, Uusitalo H, Salminen A. Geldanamycin increases 4-hydroxynonenal (HNE)-induced
cell death in human retinal pigment epithelial cells. Neuroscience letters. 2005; 382:185-190.
[PubMed: 15911146]

Kaldarar-Pedotti S. Mitotic activity of the pigment epithelium during embryonic and postembryonic
development. Advances in ophthalmology = Fortschritte der Augenheilkunde = Progres en
ophtalmologie. 1979; 39:37-58. [PubMed: 532757]

Kaneko H, Dridi S, Tarallo V, Gelfand BD, Fowler BJ, Cho WG, Kleinman ME, Ponicsan SL,
Hauswirth WW, Chiodo VA, Kariko K, Yoo JW, Lee DK, Hadziahmetovic M, Song Y, Misra S,
Chaudhuri G, Buaas FW, Braun RE, Hinton DR, Zhang Q, Grossniklaus HE, Provis JM, Madigan
MC, Milam AH, Justice NL, Albuquerque RJ, Blandford AD, Bogdanovich S, Hirano Y, Witta J,
Fuchs E, Littman DR, Ambati BK, Rudin CM, Chong MM, Provost P, Kugel JF, Goodrich JA,
Dunaief JL, Baffi JZ, Ambati J. DICER1 deficit induces Alu RNA toxicity in age-related macular
degeneration. Nature. 2011; 471:325-330. [PubMed: 21297615]

Karch J, Kwong JQ, Burr AR, Sargent MA, Elrod JW, Peixoto PM, Martinez-Caballero S, Osinska H,
Cheng EH, Robbins J, Kinnally KW, Molkentin JD. Bax and Bak function as the outer membrane
component of the mitochondrial permeability pore in regulating necrotic cell death in mice. eLife.
2013; 2:00772. [PubMed: 23991283]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 20

Kasahara E, Lin LR, Ho YS, Reddy VN. SOD2 protects against oxidation-induced apoptosis in mouse
retinal pigment epithelium: implications for age-related macular degeneration. Invest Ophthalmol
Vis Sci. 2005; 46:3426-3434. [PubMed: 16123448]

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer. 1972; 26:239-257. [PubMed: 4561027]

Khandhadia S, Lotery A. Oxidation and age-related macular degeneration: insights from molecular
biology. Expert reviews in molecular medicine. 2010; 12:e34. [PubMed: 20959033]

Kim MH, Chung J, Yang JW, Chung SM, Kwag NH, Yoo JS. Hydrogen peroxide-induced cell death
in a human retinal pigment epithelial cell line, ARPE-19. Korean journal of ophthalmology : KJO.
2003; 17:19-28. [PubMed: 12882504]

Kiuchi K, Yoshizawa K, Shikata N, Moriguchi K, Tsubura A. Morphologic characteristics of retinal
degeneration induced by sodium iodate in mice. Current eye research. 2002; 25:373-379.
[PubMed: 12789545]

Klaver CC, Kliffen M, van Duijn CM, Hofman A, Cruts M, Grobbee DE, van Broeckhoven C, de Jong
PT. Genetic association of apolipoprotein E with age-related macular degeneration. American
journal of human genetics. 1998; 63:200-206. [PubMed: 9634502]

Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C, Henning AK, SanGiovanni JP, Mane
SM, Mayne ST, Bracken MB, Ferris FL, Ott J, Barnstable C, Hoh J. Complement factor H
polymorphism in age-related macular degeneration. Science. 2005; 308:385-389. [PubMed:
15761122]

Krysko DV, Vanden Berghe T, D’Herde K, Vandenabeele P. Apoptosis and necrosis: detection,
discrimination and phagocytosis. Methods (San Diego, Calif). 2008; 44:205-221.

Lauer N, Mihlan M, Hartmann A, Schlotzer-Schrehardt U, Keilhauer C, Scholl HPN, Issa PC, Holz F,
Weber BHF, Skerka C, Zipfel PF. Complement Regulation at Necrotic Cell Lesions Is Impaired
by the Age-Related Macular Degeneration-Associated Factor-H His(402) Risk Variant. Journal of
Immunology. 2011; 187:4374-4383.

Li GY, Fan B, Zheng YC. Calcium overload is a critical step in programmed necrosis of ARPE-19
cells induced by high-concentration H(2)O(2). Biomedical and environmental sciences : BES.
2010; 23:371-377. [PubMed: 21112485]

Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, Damko E, Moquin D, Walz T,
McDermott A, Chan FK, Wu H. The RIP1/RIP3 necrosome forms a functional amyloid signaling
complex required for programmed necrosis. Cell. 2012; 150:339-350. [PubMed: 22817896]

Lin 'Y, Devin A, Rodriguez Y, Liu ZG. Cleavage of the death domain kinase RIP by caspase-8
prompts TNF-induced apoptosis. Genes Dev. 1999; 13:2514-2526. [PubMed: 10521396]

Machalinska A, Lubinski W, Klos P, Kawa M, Baumert B, Penkala K, Grzegrzolka R, Karczewicz D,
Wiszniewska B, Machalinski B. Sodium iodate selectively injuries the posterior pole of the retina
in a dose-dependent manner: morphological and electrophysiological study. Neurochemical
research. 2010; 35:1819-1827. [PubMed: 20725778]

Malek G, Johnson LV, Mace BE, Saloupis P, Schmechel DE, Rickman DW, Toth CA, Sullivan PM,
Bowes Rickman C. Apolipoprotein E allele-dependent pathogenesis: a model for age-related
retinal degeneration. Proc Natl Acad Sci U S A. 2005; 102:11900-11905. [PubMed: 16079201]

Mandal MN, Ayyagari R. Complement factor H: spatial and temporal expression and localization in
the eye. Investigative ophthalmology & visual science. 2006; 47:4091-4097. [PubMed: 16936129]

Mattapallil MJ, Wawrousek EF, Chan CC, Zhao H, Roychoudhury J, Ferguson TA, Caspi RR. The
Rd8 mutation of the Crb1 gene is present in vendor lines of C57BL/6N mice and embryonic stem
cells, and confounds ocular induced mutant phenotypes. Invest Ophthalmol Vis Sci. 2012;
53:2921-2927. [PubMed: 22447858]

Mettu PS, Wielgus AR, Ong SS, Cousins SW. Retinal pigment epithelium response to oxidant injury
in the pathogenesis of early age-related macular degeneration. Molecular aspects of medicine.
2012; 33:376-398. [PubMed: 22575354]

Murakami Y, Matsumoto H, Roh M, Giani A, Kataoka K, Morizane Y, Kayama M, Thanos A,
Nakatake S, Notomi S, Hisatomi T, lkeda Y, Ishibashi T, Connor KM, Miller JW, Vavvas DG.
Programmed necrosis, not apoptosis, is a key mediator of cell loss and DAMP-mediated
inflammation in dsSRNA-induced retinal degeneration. Cell Death Differ. 2013

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 21

Murakami Y, Matsumoto H, Roh M, Giani A, Kataoka K, Morizane Y, Kayama M, Thanos A,
Nakatake S, Notomi S, Hisatomi T, Ikeda Y, Ishibashi T, Connor KM, Miller JW, Vavvas DG.
Programmed necrosis, not apoptosis, is a key mediator of cell loss and DAMP-mediated
inflammation in dsRNA-induced retinal degeneration. Cell death and differentiation. 2014;
21:270-277. [PubMed: 23954861]

Murrow L, Debnath J. Autophagy as a stress-response and quality-control mechanism: implications for
cell injury and human disease. Annu Rev Pathol. 2013; 8:105-137. [PubMed: 23072311]

Nagata S, Nagase H, Kawane K, Mukae N, Fukuyama H. Degradation of chromosomal DNA during
apoptosis. Cell Death Differ. 2003; 10:108-116. [PubMed: 12655299]

Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, Otsu K, Yamagata H, Inohara H, Kubo T,
Tsujimoto Y. Cyclophilin D-dependent mitochondrial permeability transition regulates some
necrotic but not apoptotic cell death. Nature. 2005; 434:652-658. [PubMed: 15800626]

Noell WK. Experimentally induced toxic effects on structure and function of visual cells and pigment
epithelium. American journal of ophthalmology. 1953; 36:103-116. [PubMed: 13050703]

O’Donnell MA, Perez-Jimenez E, Oberst A, Ng A, Massoumi R, Xavier R, Green DR, Ting AT.
Caspase 8 inhibits programmed necrosis by processing CYLD. Nat Cell Biol. 2011; 13:1437—
1442. [PubMed: 22037414]

Penfold PL, Killingsworth MC, Sarks SH. Senile macular degeneration: the involvement of
immunocompetent cells. Graefe’s archive for clinical and experimental ophthalmology = Albrecht
von Graefes Archiv fur klinische und experimentelle Ophthalmologie. 1985; 223:69-76.

Penfold PL, Killingsworth MC, Sarks SH. Senile macular degeneration. The involvement of giant cells
in atrophy of the retinal pigment epithelium. Invest Ophthalmol Vis Sci. 1986; 27:364-371.
[PubMed: 3949464]

Poldelski V, Johnson A, Wright S, Rosa VD, Zager RA. Ethylene glycol-mediated tubular injury:
identification of critical metabolites and injury pathways. American journal of kidney diseases :
the official journal of the National Kidney Foundation. 2001; 38:339-348. [PubMed: 11479160]

Qin S, Rodrigues GA. Progress and perspectives on the role of RPE cell inflammatory responses in the
development of age-related macular degeneration. Journal of inflammation research. 2008; 1:49—
65. [PubMed: 22096347]

Rakoczy PE, Lai CM, Baines M, Di Grandi S, Fitton JH, Constable 1J. Modulation of cathepsin D
activity in retinal pigment epithelial cells. The Biochemical journal. 1997; 324 (Pt 3):935-940.
[PubMed: 9210419]

Rakoczy PE, Zhang D, Robertson T, Barnett NL, Papadimitriou J, Constable 1J, Lai CM. Progressive
age-related changes similar to age-related macular degeneration in a transgenic mouse model. Am
J Pathol. 2002; 161:1515-1524. [PubMed: 12368224]

Ramkumar HL, Zhang J, Chan CC. Retinal ultrastructure of murine models of dry age-related macular
degeneration (AMD). Progress in retinal and eye research. 2010; 29:169-190. [PubMed:
20206286]

Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK, Chung CY, Kim RY, Group MS.
Ranibizumab for neovascular age-related macular degeneration. N Engl J Med. 2006; 355:1419—
1431. [PubMed: 17021318]

Rossi D, Gaidano G. Messengers of cell death: apoptotic signaling in health and disease.
Haematologica. 2003; 88:212-218. [PubMed: 12604411]

Rudolf M, Vogt SD, Curcio CA, Huisingh C, McGwin G Jr, Wagner A, Grisanti S, Read RW.
Histologic basis of variations in retinal pigment epithelium autofluorescence in eyes with
geographic atrophy. Ophthalmology. 2013; 120:821-828. [PubMed: 23357621]

Sarks JP, Sarks SH, Killingsworth MC. Evolution of geographic atrophy of the retinal pigment
epithelium. Eye. 1988; 2 (Pt 5):552-577. [PubMed: 2476333]

Sarks SH. Ageing and degeneration in the macular region: a clinico-pathological study. The British
journal of ophthalmology. 1976; 60:324-341. [PubMed: 952802]

Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGBL1 by necrotic cells triggers
inflammation. Nature. 2002; 418:191-195. [PubMed: 12110890]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 22

Scholl HP, Weber BH, Nothen MM, Wienker T, Holz FG. Y402H polymorphism in complement
factor H and age-related macula degeneration (AMD). Der Ophthalmologe : Zeitschrift der
Deutschen Ophthalmologischen Gesellschaft. 2005; 102:1029-1035. [PubMed: 16170519]

Seddon JM, Gensler G, Milton RC, Klein ML, Rifai N. Association between C-reactive protein and
age-related macular degeneration. Jama. 2004; 291:704-710. [PubMed: 14871913]

Sharma A, Sharma R, Chaudhary P, Vatsyayan R, Pearce V, Jeyabal PV, Zimniak P, Awasthi S,
Awasthi YC. 4-Hydroxynonenal induces p53-mediated apoptosis in retinal pigment epithelial
cells. Archives of biochemistry and biophysics. 2008; 480:85-94. [PubMed: 18930016]

Shen HM, Lin Y, Choksi S, Tran J, Jin T, Chang L, Karin M, Zhang J, Liu ZG. Essential roles of
receptor-interacting protein and TRAF2 in oxidative stress-induced cell death. Molecular and
cellular biology. 2004; 24:5914-5922. [PubMed: 15199146]

Sjoberg AP, Trouw LA, Clark SJ, Sjolander J, Heinegard D, Sim RB, Day AJ, Blom AM. The factor H
variant associated with age-related macular degeneration (His-384) and the non-disease-
associated form bind differentially to C-reactive protein, fibromodulin, DNA, and necrotic cells.
The Journal of biological chemistry. 2007; 282:10894-10900. [PubMed: 17293598]

Sreekumar PG, Kannan R, Yaung J, Spee CK, Ryan SJ, Hinton DR. Protection from oxidative stress
by methionine sulfoxide reductases in RPE cells. Biochem Biophys Res Commun. 2005;
334:245-253. [PubMed: 15993845]

Strunnikova N, Zhang C, Teichberg D, Cousins SW, Baffi J, Becker KG, Csaky KG. Survival of
retinal pigment epithelium after exposure to prolonged oxidative injury: a detailed gene
expression and cellular analysis. Invest Ophthalmol Vis Sci. 2004; 45:3767-3777. [PubMed:
15452088]

Sun L, Wang H, Wang Z, He S, Chen S, Liao D, Wang L, Yan J, Liu W, Lei X, Wang X. Mixed
lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell.
2012; 148:213-227. [PubMed: 22265413]

Suzuki M, Kamei M, Itabe H, Yoneda K, Bando H, Kume N, Tano Y. Oxidized phospholipids in the
macula increase with age and in eyes with age-related macular degeneration. Mol Vis. 2007;
13:772-778. [PubMed: 17563727]

Tarallo V, Hirano Y, Gelfand BD, Dridi S, Kerur N, Kim Y, Cho WG, Kaneko H, Fowler BJ,
Bogdanovich S, Albuquerque RJ, Hauswirth WW, Chiodo VA, Kugel JF, Goodrich JA, Ponicsan
SL, Chaudhuri G, Murphy MP, Dunaief JL, Ambati BK, Ogura Y, Yoo JW, Lee DK, Provost P,
Hinton DR, Nunez G, Baffi JZ, Kleinman ME, Ambati J. DICER1 loss and Alu RNA induce
age-related macular degeneration via the NLRP3 inflammasome and MyD88. Cell. 2012;
149:847-859. [PubMed: 22541070]

Tian W, Xu D, Han W, He H, Cai H, Chen H, Zhou M, Chen J, Deng YC. Cyclophilin D modulates
cell death transition from early apoptosis to programmed necrosis induced by honokiol. Int J
Oncol. 2013; 42:1654-1663. [PubMed: 23525116]

Trichonas G, Murakami Y, Thanos A, Morizane Y, Kayama M, Debouck CM, Hisatomi T, Miller JW,
Vavvas DG. Receptor interacting protein kinases mediate retinal detachment-induced
photoreceptor necrosis and compensate for inhibition of apoptosis. Proc Natl Acad Sci U S A.
2010; 107:21695-21700. [PubMed: 21098270]

Tuo J, Bojanowski CM, Zhou M, Shen D, Ross RJ, Rosenberg KI, Cameron DJ, Yin C, Kowalak JA,
Zhuang Z, Zhang K, Chan CC. Murine ccl2/cx3crl deficiency results in retinal lesions
mimicking human age-related macular degeneration. Invest Ophthalmol Vis Sci. 2007; 48:3827-
3836. [PubMed: 17652758]

Tuo J, Smith BC, Bojanowski CM, Meleth AD, Gery |, Csaky KG, Chew EY, Chan CC. The
involvement of sequence variation and expression of CX3CRL1 in the pathogenesis of age-related
macular degeneration. FASEB journal : official publication of the Federation of American
Societies for Experimental Biology. 2004; 18:1297-1299. [PubMed: 15208270]

Ufret-Vincenty RL, Aredo B, Liu X, McMahon A, Chen PW, Sun H, Niederkorn JY, Kedzierski W.
Transgenic mice expressing variants of complement factor H develop AMD-like retinal findings.
Invest Ophthalmol Vis Sci. 2010; 51:5878-5887. [PubMed: 20538999]

Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell death and differentiation.
2003; 10:45-65. [PubMed: 12655295]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanus et al.

Page 23

Wang J, lacovelli J, Spencer C, Saint-Geniez M. Direct effect of sodium iodate on neurosensory retina.
Investigative ophthalmology & visual science. 2014; 55:1941-1953. [PubMed: 24481259]

Wang Z, Jiang H, Chen S, Du F, Wang X. The mitochondrial phosphatase PGAMS5 functions at the
convergence point of multiple necrotic death pathways. Cell. 2012; 148:228-243. [PubMed:
22265414]

Weismann D, Hartvigsen K, Lauer N, Bennett KL, Scholl HP, Charbel Issa P, Cano M, Brandstatter H,
Tsimikas S, Skerka C, Superti-Furga G, Handa JT, Zipfel PF, Witztum JL, Binder CJ.
Complement factor H binds malondialdehyde epitopes and protects from oxidative stress. Nature.
2011; 478:76-81. [PubMed: 21979047]

Widlak P, Garrard WT. Discovery, regulation, and action of the major apoptotic nucleases
DFF40/CAD and endonuclease G. J Cell Biochem. 2005; 94:1078-1087. [PubMed: 15723341]

Wright KM, Deshmukh M. Restricting apoptosis for postmitotic cell survival and its relevance to
cancer. Cell Cycle. 2006; 5:1616-1620. [PubMed: 16880745]

Xu GZ, Li WW, Tso MO. Apoptosis in human retinal degenerations. Trans Am Ophthalmol Soc.
1996; 94:411-430. discussion 430-411. [PubMed: 8981707]

Yang P, Peairs JJ, Tano R, Zhang N, Tyrell J, Jaffe GJ. Caspase-8-mediated apoptosis in human RPE
cells. Investigative ophthalmology & visual science. 2007; 48:3341-3349. [PubMed: 17591907]

Yang P, Shieh C, Huang JK, Jaffe GJ. Complement-mediated Injury in Cultured Human RPE Cells.
Invest Ophthalmol Vis Sci. 2011; 52:894.

Yu DY, Cringle SJ. Retinal degeneration and local oxygen metabolism. Exp Eye Res. 2005; 80:745-
751. [PubMed: 15939030]

Zampros |, Praidou A, Brazitikos P, Ekonomidis P, Androudi S. Antivascular endothelial growth
factor agents for neovascular age-related macular degeneration. Journal of ophthalmology. 2012;
2012:319728. [PubMed: 22174998]

Zenkov NK, Menshchikova EB, Tkachev VO. Keap1/Nrf2/ARE redox-sensitive signaling system as a
pharmacological target. Biochemistry Biokhimiia. 2013; 78:19-36. [PubMed: 23379556]

Zhang CX, Baffi J, Cousins SW, Csaky KG. Oxidant-induced cell death in retinal pigment epithelium
cells mediated through the release of apoptosis-inducing factor. Journal of Cell Science. 2003;
116:1915-1923. [PubMed: 12668724]

Zhang D, Brankov M, Makhija MT, Robertson T, Helmerhorst E, Papadimitriou JM, Rakoczy PE.
Correlation between inactive cathepsin D expression and retinal changes in mcd2/mcd2
transgenic mice. Invest Ophthalmol Vis Sci. 2005; 46:3031-3038. [PubMed: 16123398]

Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, Dong MQ, Han J. RIP3, an energy metabolism
regulator that switches TNF-induced cell death from apoptosis to necrosis. Science. 2009;
325:332-336. [PubMed: 19498109]

Zhang JH, Xu M. DNA fragmentation in apoptosis. Cell research. 2000; 10:205-211. [PubMed:
11032172]

Zhao Z, Chen Y, Wang J, Sternberg P, Freeman ML, Grossniklaus HE, Cai J. Age-related retinopathy
in NRF2-deficient mice. PLoS One. 2011; 6:e19456. [PubMed: 21559389]

Zhou P, Kannan R, Spee C, Sreekumar PG, Dou G, Hinton DR. Protection of retina by alphaB
crystallin in sodium iodate induced retinal degeneration. PloS one. 2014; 9:e98275. [PubMed:
24874187]

Zitvogel L, Kepp O, Kroemer G. Decoding cell death signals in inflammation and immunity. Cell.
2010; 140:798-804. [PubMed: 20303871]

Ageing Res Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hanus et al.

Page 24

Highlights

e Published data suggest programmed necrosis is a major mechanism of RPE
death in AMD

» Inflammatory and immune response can be associated with RPE necrosis

* Inin vitro model oxidative stress induced RPE cell death is RIPK1/RIPK3
dependent

e Use of multiple assays is needed to properly distinguish apoptosis from
necroptosis
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Figure 1. Overview of the apoptotic intrinsic and extrinsic pathways
Extrinsic apoptotic pathway is induced by activation of the membrane death receptors that

leads to activation of the effector caspases and triggers caspase cascade that leads to
cleavage of the caspases final targets, among the others: nuclear lamins, DFF45, PARP.
Intrinsic pathway is triggered by DNA damage, gamma radiation, UV radiation, excessive
ROS levels, virus infection or oncogenes activation. Activation of Bcl2 proteins leads to
release of cytochrome ¢ from mitochondrial intermembrane space leads to formation of
apoptosome that induces activation of caspase-9 and effector caspase.
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Figure 2. Overview of the necrotic pathways
Activation of TNF receptor leads to activation of RIP1 and RIP3 kinases when caspase-8 is

not present or inactive. Autophosporylations of RIP1 and RIP3 leads to formation on
necrosome, a complex that initiates necrotic signaling pathway. Necrosome recruits MLKL
protein and assembles signaling complex at the membrane rafts. Recruitment of the PGAM5
marks translocation of the complex to hydrophilic environment and attachment to the
mitochondrial membrane and activation of Drpl protein that leads to mitochondrial fission
and cell death. In the necrosis triggered by calcium overload, opening of mPTP leads to
decrease of mitochondrial membrane potential, collapse of ATP production and release of
ROS and triggering of necrosis in RIP3 dependent manner, although the signaling pathways
leading to that event are unknown.
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Figure 3. Comparison of apoptotic and necrotic hallmarks
To compare features of apoptosis and necrosis we exposed HeLa cells to UV irradiation

(80J/cm?) and ARPE-19 cells to hydrogen peroxide (300uM). Analysis of DNA degradation
revealed that both apoptotic HeLa cells (a) and necrotic ARPE-19 cells (b) are TUNEL
positive 24 hours after induction of cell death. Although both cell types have different
nuclear morphology. Additionally analysis of chromatin degradation by electrophoresis
reveals organized pattern of DNA degradation known as apoptotic ladder in HeLa cells (c),
while in ARPE-19 unorganized DNA degradation is visible as a smear (d). DAPI staining
shows strictly orchestrated process of nuclear fragmentation in apoptotic HeLa cells (e)
which is revealed in nuclear morpholoty. Additionally cell membrane of the apoptotic cells
remains intact throughout the whole process therefore it is resistant to propidium iodate.
Necrotic cells lose membrane integrity early and it can be crossed by Pl (f) and nucleus
often shrinks and disintegrates. RIP3 kinase is a switch between apoptosis and necrosis. In
apoptotic cells RIP3 kinase is degraded by caspase-3 (g, picture taken one hour after
exposing HeLa cells to UV irradiation, points of RIP3 aggregation are not apoptosis specific
and due to RIP3 overexpression), in necrosis RIP3 kinase forms distinct punctuations
reflecting its activation and formation of the necrosome (h, picture taken 1 hour after
exposing ARPE-19 cells to 300uM H,05). HMGBL1 is a chromatin structural protein, in
apoptosis it binds tightly to DNA and is packed together with DNA into apoptotic bodies
reflecting chromatin fragmentation pattern (i). During necrosis HMGBL is passively
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released from the nucleus to the cytoplasm, due to DNA modifications, through
compromised nuclear envelope (j). RIP3 kinase was overexpressed as fusion protein RIPK3-
GFP. HMGBL1 protein was overexpressed as HMGB1-YFP fusion protein. Scale bar
represents 25um. Dashed line marks the region corresponding to the nucleus.
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C. Geographic Atrophy

1. Oxidative stresses (by oxysterols, lipofusin, AluRNA etc)
increase RPE ROS level and lead to drusen formation
and RPE pigmental changes;

1. Drusen accumulation, RPE swelling, rounding and
NECrosis;

2. DAMP (HMGB1 etc) secretion, aggrevated inflammation;

3.C ‘ 1t pathway activation.

2. Increased macroglial cell recruitment and i

1. RPE cell migration to replace necrotic RPE cells;
2. Pacthes or confluent RPE necrosis in the macula;
3. Photoreceptor apoptosis, loss of vision acuity;

Figure 4. Model of AMD pathogenesis
RPE cells are exposed to highly oxidative environment shuffling waste from photoreceptors,

and providing trophic support. As the eye ages cholesterol starts to accumulate on Bruch’s
membrane, and lipofucsin packets accumulate in RPE cells. Growing drusen attract
macrophages and recruit choroidal dendritic cells while drusen accumulate products of lipid
peroxidation they start to increase oxidative pressure on RPE cells (A). Damaged RPE cells
die from necrosis, contributing to drusen growth, promoting inflammatory response by
releasing DAMP molecules and promoting damage of the neighboring RPE cells (B). Those
events attribute to self-perpetuating RPE cell death events (C).
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Table 1

Comparison of biochemical features of apoptosis and necrosis.
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Apoptosis Necrosis
Similarities
Annexin V staining Positive Positive
P1 staining Positive in late apoptosis Positive

Cytochrome ¢

Released from mitochondria

Released from mitochondria

DNA degradation

Organized DNA degradation

Random degradation of DNA

Involvement of DNases

DFF40 (CAD), DNasel, EndoG

DNasel

Mitochondrial permeability
transition pore

May occur late

Early defining event in the mitochondrial necrosis
pathway

Loss of inner mitochondrial
transmembrane potential

May occur late

Early defining event in the mitochondrial necrosis
pathway

Differences

Membrane

Maintaining of membrane integrity, raising
membrane blebs

Loss of membrane integrity, raising non-characteristic
membrane blebs

Nuclear morphology

Chromatin condensation and fragmentation of
the nucleus

Chromatin condensation, disintegration of chromatin
and karyolysis

Cell fate

Ends with fragmentation of cell into apoptotic
bodies

Ends with total cell lysis

HMGBL release

Sequestrated with chromatin into apoptotic
bodies

Passive release from nucleus into the cytoplasm

ATP levels

Maintained but may decrease

ATP rapidly depleted

Inflammation

No inflammatory response

Significant inflammatory response

Caspase involvement

Activation of caspase cascade

May occur with Outer Mitochondrial Membrane rapture
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