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Abstract

Maintenance of protein homeostasis, also referred to as “Proteostasis”, integrates multiple 

pathways that regulate protein synthesis, folding, translocation, and degradation. Failure in 

proteostasis may be one of the underlying mechanisms responsible for the cascade of events 

leading to age-related macular degeneration (AMD). This review covers the major degradative 

pathways (ubiquitin-proteasome and lysosomal involvement in phagocytosis and autophagy) in 

the retinal pigment epithelium (RPE) and summarizes evidence of their involvement in AMD. 

Degradation of damaged and misfolded proteins via the proteasome occurs in coordination with 

heat shock proteins. Evidence of increased content of proteasome and heat shock proteins in 

retinas from human donors with AMD is consistent with increased oxidative stress and extensive 

protein damage with AMD. Phagocytosis and autophagy share key molecules in phagosome 

maturation as well as degradation of their cargo following fusion with lysosomes. Phagocytosis 

and degradation of photoreceptor outer segments ensures functional integrity of the neural retina. 

Autophagy rids the cell of toxic protein aggregates and defective mitochondria. Evidence 

suggesting a decline in autophagic flux includes the accumulation of autophagic substrates and 

damaged mitochondria in RPE from AMD donors. An age-related decrease in lysosomal 

enzymatic activity inhibits autophagic clearance of outer segments, mitochondria, and protein 

aggregates, thereby accelerating the accumulation of lipofuscin. This cumulative damage over a 

person’s lifetime tips the balance in RPE from a state of para-inflammation, which strives to 

restore cell homeostasis, to the chronic inflammation associated with AMD.
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1.0 Introduction to proteostasis and proteolysis

Maintenance of protein homeostasis, recently coined “Proteostasis”, involves multiple 

integrated pathways that regulate protein synthesis, folding, translocation, and degradation. 

Proteostasis is essential for preserving cellular function under both normal conditions and 

following conditions that upset the balance, for instance, exposure to environmental 

stressors or biological aging. A deficiency in cellular proteostasis has been associated with 

multiple age-related degenerative disorders (Marques et al., 2015) and has particularly 

devastating consequences in post-mitotic cells, such as neurons and the retinal pigment 

epithelium (RPE), where cell replacement to maintain tissue integrity and function is very 

limited. This review will examine pathways of degradation in the RPE and discuss the 

implications to age-related macular degeneration (AMD) when there is failure in this key 

part of proteostasis.

There are two main proteolytic machineries in eukaryotic cells that are an essential 

component of quality control: 1) the ubiquitin-proteasome system (UPS), and 2) the 

lysosomal/autophagosomal degradation system (Ciechanover, 2012; Ciechanover and 

Stanhill 2014). These are separate pathways with their own unique characteristics, but they 

also share similar major steps. Both systems recognize and actively select the material for 

degradation, and when the proteins have been degraded, the end products, i.e. amino acids, 

are recycled (Wong and Cuervo, 2010). In both systems, molecular chaperones play 

important roles in the recognition and selection of the proteins or organelles to be degraded 

(Kaarniranta et al., 2009b; Kaarniranta et al., 2010; Reggiori et al., 2012). An auxiliary 

degradation system that is present in the RPE involves the daily phagocytosis and 

degradation of the outer tips of photoreceptors, which is a fundamental process in disc 

renewal and maintenance of visual function. As will be explained in detail, there is some 

overlap between the molecules used for autophagy and those involved in phagocytic 

degradation of photoreceptor outer segments.

The basic molecular details of the UPS and lysosomal/autophagy degradation system have 

been developed from studies in cultured cells and by comparing WT and transgenic mice 

lacking specific proteins that are involved in proteolysis. Manipulation of these model 

systems to mimic conditions associated with AMD, such as stressors associated with 

oxidation or cytokines, provided a rational basis for inferring the contribution of proteolytic 

dysfunction in AMD. More recent work in tissue from human donors with and without 

AMD have provided key evidence either refuting or confirming results from model systems. 

Continued work in model systems, coupled with validating specific hypotheses in tissue 

from human donors with AMD, will provide a more accurate and detailed picture of how 

failure in degradative pathways contribute to AMD pathology.
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Failure in proteostasis, which can be initiated when the degradative system is overwhelmed, 

may be one of the underlying mechanisms responsible for the cascade of events leading to 

the AMD phenotype. This review will cover the major players in each proteolytic system of 

the RPE, summarize evidence of their involvement in AMD, and highlight areas requiring 

more detailed study. Finally, we propose a model that includes defects in RPE proteolysis 

and the consequent cumulative damage as a potential mechanism underlying AMD 

pathology.

2.0 Phagocytosis in the retinal pigment epithelial cells

The RPE serves many physiological roles that are crucial to maintaining homeostasis of the 

retina. Phagocytosis is one of its most important functions; however, gaps remain in our 

understanding of the molecular details of this process. The RPE is one of the most active 

phagocytic cell types in the body, phagocytosing and degrading 10% of total photoreceptor 

volume daily (Kevany and Palczewski, 2010).

The process of photoreceptor disc shedding and renewal and the role of RPE in 

phagocytizing the shed discs have been known since the work of Young and colleagues 

(Young, 1967; Young and Droz, 1968; Young and Bok, 1969). Phagocytosis of the shed 

discs is essential to the survival of photoreceptor cells; several lines of evidence link 

abnormal RPE phagocytic function to degenerative diseases of the retina (Sparrow et al., 

2010; Mustafi et al., 2011). A close proximity of photoreceptor outer segments (OS) and the 

RPE is required for the phagocytic process to take place (Williams and Fisher, 1987).

The process of phagocytosis exhibits a circadian rhythm (Lavail, 1976; Besharse et al., 

1977; Young, 1977 & 1978; O’Day and Young, 1978; Fisher et al., 1983; Immel and Fisher, 

1985; Bobu and Hicks, 2009) and can be divided into five distinct stages: 1) recognition and 

attachment of the OS; 2) ingestion of the OS; 3) formation of the phagosome, (4) fusion with 

lysosomes; and finally, 5) digestion (Figure 1). It is now recognized that abnormalities at 

any stage of this process or to the phagocytosis machinery can lead to disease, ranging from 

early-onset retinal dystrophies, such as retinitis pigmentosa or Usher’s syndrome to aging 

diseases affecting the central retina, such as AMD (Nandrot, 2014).

A number of molecules that are essential in recognition, binding and internalization of OS 

have been identified (Kevany and Palczewski, 2010; Caberoy et al., 2010). The RPE cells 

can recognize phosphatidylserine “eat me” signals that trigger phagocytic uptake (Wu et al., 

2006; Ruggiero and Finnemann, 2014). In various phagocytic cell types, phosphatidylserine 

can be detected via several membrane receptors, such as brain-specific angiogenesis 

inhibitor 1 (BAI1), which helps in recognition and engulfment (Park et al., 2007). Members 

of the T cell immunoglobulin mucin domain (TIM) family of proteins, such as TIM1, TIM 3 

and TIM4 mediate phosphatidylserine binding (Freeman et al., 2010). Following 

phosphatidylserine binding, stabilin 2 also helps to promote engulfment by interacting with 

PTB domain-containing engulfment adaptor protein 1 (GULP) and thymosin β4 (Park et al., 

2008). In addition, several ligands that are bridging molecules, such as milk fat globule EGF 

factor 8 (MFGE8), protein S and GAS6 also participate in the clearance process (Fricker et 

al., 2012; Li, 2013). There are a growing number of recognition molecules (Poon et al., 

Ferrington et al. Page 3

Prog Retin Eye Res. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2014), for which a function in RPE phagocytosis remains to be determined. A defect in the 

initial stages of RPE phagocytosis can lead to photoreceptor death, as seen in the Royal 

College of Surgeons rat. This rat carries a mutation in the Mertk (a receptor tyrosine kinase) 

gene that impairs the phagocytic ability of the RPE (D’Cruz et al., 2000; Gal et al., 2000). In 

humans, mutations in the Mertk gene show rod-cone dystrophies (Tschernutter et al., 2006) 

with macular defects, as well as cone-rod dystrophies (Ebermann et al., 2007).

Once the photoreceptor OS are ingested by RPE cells, they are packaged into membrane-

bound phagosomes. Cytoskeletal elements, particularly actin filaments and microtubule-

dependent motor proteins, are known to play critical roles in the internalization of 

phagosomes by the RPE (Burnside and Bost-Usinger, 1998), and an abnormality in 

cytoskeletal reorganization that affects OS internalization leads to one type of Usher’s 

syndrome (Gibbs et al., 2003). Thus, some of the molecular events involved in the initial 

stages of the phagocytosis process are known. However, the processes of phagosome 

maturation and final degradation of photoreceptor OS remain obscure. Proteins that are 

involved in the phagosome maturation process in macrophages, cells where phagocytosis 

has been much more extensively studied, have been identified (Kinchen and Ravichandran, 

2008). Cytoskeletal rearrangements occur through the evolutionarily conserved ELMO1 

(engulfment and cell motility protein 1)-DOCK180 (dedicator of cytokinesis)-RAC complex 

(Elliott and Ravichandran, 2010). We have reported that some of these proteins, such as 

ELMO1, DOCK 180 and RAC1 are also expressed in the RPE cells of the rat, indicating 

that a similar signaling pathway may be involved in phagosome maturation in RPE (Zigler 

et al., 2011). We have also shown that Rab5 GTPase, which in macrophages is known to be 

crucial in the final maturation process before the degradation by lysosomal enzymes occurs, 

is also important in the maturation process in RPE (Zhou and Yu, 2008; Zigler et al., 2011). 

Information regarding the role of the cytoskeleton during the RPE degradation process is 

relatively sparse.

2.1 Lysosomal degradation of outer segments

RPE cells are polarized, with engulfment of photoreceptor OS occurring at the apical surface 

and the ingested OS (phagosome) being degraded by lysosomes in the basal region of the 

cell. Previous studies have suggested that lysosomal-mediated degradation of photoreceptor 

OS occurs in two steps (Bosch et al., 1993). In the first step, phagolysosomes are formed 

when small lysosomes fuse with phagosomes containing photoreceptor OS. When 

phagosomes fuse with lysosomes to form phagolysosomes, the cargo is degraded by 

hydrolytic enzymes. We have recently identified a protein, βA3/A1-crystallin that is 

expressed in the lysosomes of RPE cells (Zigler et al., 2011; Valapala et al., 2014b). 

Interestingly, while loss of this protein does not affect the engulfment or internalization of 

the photoreceptor OS or fusion of the phagosomes with lysosomes, the degradation phase of 

the process is impaired (Zigler et al., 2011; Valapala et al., 2014b). In Nuc1 rats that have a 

spontaneous mutation in this protein (Zigler et al., 2011) and in mice where Cryba1 (gene 

encoding for bA3/A1-crystallin) is conditionally knocked out (Cryba1 cKO) from RPE 

(Valapala et al., 2014b), electron microscopy clearly shows photoreceptor OS being retained 

at the basal side of RPE cells (Figures 2 and 3). Our studies indicate that βA3/A1-crystallin 

is required by RPE cells for the proper degradation of photoreceptor outer segments. The 
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primary enzyme involved in the proteolysis of rhodopsin in the RPE phagosomes is 

Cathepsin D, and a decrease in the activity of Cathepsin D, as is seen in the βA3/A1-

crystallin deficient genetic animal models, leads to the accumulation of photoreceptor OS-

derived debris in RPE cells (Bosch et al., 1993; Deguchi et al., 1994; Rakoczy et al., 1997; 

Lai et al., 2000; Hoppe et al., 2004). The degradation of photoreceptor OS is also delayed in 

Mreg−/− mice, suggesting a role for melanoregulin in the process (Damek-Poprawa et al., 

2009).

Defects in clearance have been linked with various inflammatory diseases. In contrast, 

clearance during normal development, or in processes where cellular homeostasis is 

maintained, does not elicit an immune response. We have recently shown that defective 

lysosomal clearance of OS in the RPE may contribute to the induction of a chronic 

inflammatory response (Valapala et al., 2014a). Chronic inflammation is believed to 

contribute to the pathology of AMD (Ambati et al., 2013; Whitcup et al., 2013) and will be 

discussed in more detail later in Section 5.0.

2.2 Crosstalk between phagocytosis and autophagy

It has been proposed earlier that phagocytosis and autophagy might have a common 

mechanism because they share key molecular regulators of the phagosome maturation 

process, and because fusion with lysosomes is required for ultimate degradation in both 

processes (Kinchen and Ravichandran, 2008). An elegant study reported by the Ferguson 

laboratory has shown that phagocytosis and the visual cycle are linked through a non-

canonical autophagy process, termed LC3-associated phagocytosis or LAP (Kim et al., 

2013; Ferguson and Green, 2014). This study showed that degradation of photoreceptor OS 

is also dependent on LAP. The study demonstrated for the first time that a convergence of 

the phagocytosis process in RPE and the visual cycle is essential for normal vision. 

Therefore, defects in LAP could potentially be a contributing factor in AMD. However, 

additional studies are needed to gain a greater understanding of the interplay between the 

two lysosomal-mediated degradative pathways of phagocytosis and autophagy. To ensure 

the functional integrity of the neural retina, both phagocytosis and autophagy need to be in 

balance.

3.0 Autophagy and the lysosomal clearance system

During the past few years autophagy research has become one of the most exciting areas of 

science, with indications emerging of its pathologic role in cancer, cardiovascular, muscular 

dystrophy, lipid storage disorders and neurodegenerative diseases, as well as a non-

pathologic role in development, ageing and innate immunity processes (Boya et al., 2013). 

Autophagy is an intracellular “self-eating” process involved in protein and organelle 

degradation via the lysosomal degradation system, by which it is able to recycle cellular 

material (Mizushima and Komatsu, 2011). Three different types of autophagic pathways 

have been documented: microautophagy, chaperone-mediated autophagy, and 

macroautophagy. In microautophagy, a portion of cytoplasm substrates are trapped inside 

vesicles that form via invagination of lysosomal membranes; lysosomal degradation of these 

endosomes occurs within the lumen of the lysosome. Microautophagy is classified as non-

selective bulk degradation, which occurs under conditions of starvation and provides 
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essential nutrients for cell survival (Boya et al., 2013). In chaperone-mediated autophagy 

(CMA), cellular chaperones and heat shock proteins assist in the targeting of proteins 

containing a specific KFERQ recognition signal to lysosomes for degradation (Eskelinen, 

2008; Reggiori et al., 2012; Cuervo and Wong, 2014). This review will focus on 

macroautophagy, where cellular organelles and protein aggregates are encapsulated from the 

cytoplasm by double-membrane autophagosomes, which then fuse with lysosomal vesicles, 

delivering the engulfed cytoplasmic cargo for degradation. Macroautophagy and CMA are 

both classified as selective degradative processes.

3.1 Macroautophagy: Selective degradation involving lysosomes

Protein aggregates, cellular organelles, and protein complexes in signaling cascades are 

usually degraded via selective autophagy. Selective autophagy utilizes autophagy receptors, 

which bind to specific structural elements on the protein or organelle that needs to be 

eliminated (Boya et al., 2013). Ubiquitin modification is also part of the signal marking 

cellular components targeted for destruction. Autophagy receptors, such as SQSTM1/p62, 

NBR1 and optineurin, all contain domains that recognize ubiquitin and structural elements 

of an unfolded protein in the cargo (Birgisdottir et al., 2013; Rogov et al., 2014, Svenning 

and Johansen, 2013). Following receptor binding, the cargo is chaperoned to the 

autophagosome (explained in detail below) where it is degraded. The autophagosome is 

decorated with ATG8 (autophagy-related protein 8)/LC3 (microtubule-associated protein 

1A/1B-light chain 3) proteins, which are recognized by the LIR (LC3-Interacting Regions) 

motif that is present on all autophagy receptors.

Recognition and chaperoning of cargo by autophagy receptors to the autophagosome is only 

the initial step in macroautophagy. More than 30 autophagy-related genes (ATG) regulate 

autophagy steps, which can be divided into induction, nucleation, elongation, fusion and 

degradation (Figure 4). Autophagosome formation starts at phagophore assembly sites 

(Suzuki et al., 2001; Rubinsztein et al., 2012). Phagophores are elongated by the class III 

phosphoinositide 3-kinase Vps34, which acts in a large macromolecular complex, along 

with Beclin-1 (mammalian Atg6), Atg14 and Vps15/p150 to form PI 3-phosphate (PI(3)P). 

The activity of this complex is dependent on upstream autophagy regulators, including 

ubiquitin like kinases-Atg13-FIP200 complex, which plays a crucial role in the formation of 

double-membrane autophagic vacuoles—the autophagosomes. The autophagosomes engulf 

cytoplasmic components in a process that involves the cytosolic form of LC3-I conjugating 

to phosphatidylethanolamine (PE) to form the LC3-PE conjugate (LC3-II), which is 

subsequently recruited to phagophore membranes (Figure 4A). An increase in LC3-II is a 

commonly used marker of autophagosome formation that can be monitored on Western 

immunoblots where the lipidated and non-lipidated proteins can be clearly resolved (Figure 

4B). Formed autophagosomes fuse with lysosomes to create autolysosomes, and the cargo is 

degraded by lysosomal acidic enzymes, including Cathepsin D, B, and L (Hyttinen et al., 

2014). At the same time, LC3-II in the autolysosomal lumen is degraded. Therefore, 

lysosomal turnover of the autophagosomal marker LC3-II reflects autophagic activity and 

has also been used as a marker of autophagic flux. Figure 4B shows examples of the changes 

in the LC3 protein that occur following autophagy induced by both rapamycin and serum 

starvation in primary cultures of human RPE. The formation of double membrane 
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autophagosomes is an even more reliable marker of autophagy induction and can be 

monitored by electron microscopy, as shown in the micrograph of ARPE-19 cells treated 

with bafilomycin (Figure 4C).

Fusion of autophagosome and lysosome is regulated by multiple proteins, including Rab7, 

Lysosome membrane associated protein 2 (LAMP-2), and a large superfamily of small 

proteins, SNAREs (SNAP (soluble N-ethyl-maleimide-sensitive-fusion-protein attachment 

protein) receptors). Rab7 belongs to the small GTPase family (Hyttinen et al., 2013). It 

controls the maturation of endosomes and autophagosomes, directs the trafficking of 

proteins along microtubules, and participates in the fusion step with lysosomes (Hyttinen et 

al., 2014, Ryhänen et al., 2011). In connecting autophagy receptor SQSTM1/p62 to the 

fusion process, we have observed that silencing of SQSTM1/p62 during MG-132 exposed 

proteasome inhibition increases Rab7 expression in ARPE-19 cells (Figure 5). This may be 

a cellular compensatory attempt to increase fusion of autophagosome and lysosome, since 

autophagy flux has been decreased due to the silencing of SQSTM1/p62 (Viiri et al., 2010; 

Viiri et al., 2013). In addition to regulation of the fusion process, LAMP2 is a central 

molecule in CMA. Alternative splicing of the LAMP2 gene produces three variants - 

LAMP-2A, LAMP-2B and LAMP-2C. The only isoform that has a role in CMA is LAMP2A 

(Cuervo and Dice 1996). It is the receptor for translocation of proteins into the lysosomes 

during CMA. Although CMA was not studied, we have observed upregulated LAMP2 

expression accompanies the formation of ubiquitin and heat shock protein 70 positive 

protein aggregates following proteasome inhibition (see later; Ryhänen et al., 2009, Viiri et 

al., 2013; Figure 6).

SNAREs regulate fusion of autophagosomes and lysosomes as well. SNAREs increase the 

permeability of autophagosome and lysosome membranes and drive the actual membrane 

opening leading to fusion of the two organelles. Defects in any of the steps in fusion could 

potentially impair autophagy flux. However, whether these defects play a role in the 

pathogenesis of AMD has not been studied.

3.2 Mitophagy: Selective autophagy of mitochondria

Macroautophagy that targets specific cellular components (i.e., mitochondria, protein 

aggregates, lipids, ribosomes) have been assigned names that reflect their cargo, such as 

mitophagy, aggrephagy, lipophagy, ribophagy, reticulophagy, granulophagy and others 

(Rogov et al., 2014). Mitophagy is the process by which mitochondria are selectively 

degraded in response to hypoxic conditions as a pro-survival strategy, or in response to the 

presence of damaged or defective mitochondria. As discussed in Section 3.3, there is good 

evidence that mitophagy is diminished in the RPE at an early stage of AMD.

The purpose of mitophagy is to maintain mitochondrial function under changing cellular 

conditions. Maintenance of mitochondrial function also depends on fusion and fission, 

which are dynamic processes that facilitate the constant remodeling of mitochondrial 

architecture and the mixing of contents from different mitochondrial networks (Pollanck, 

2010). Fission is one mechanism for ridding the cell of defective mitochondria, whereby 

damaged segments are sequestered away from the mitochondrial network (Figure 7). Key 

proteins of the fission machinery include dynamin-1-like protein (DRP) and mitochondrial 
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fission 1 protein (FIS1). Knockdown of these proteins result in accumulation of oxidized 

mitochondrial proteins and reduced respiratory capacity (Twig et al., 2008), thus 

highlighting the importance of this initial step in mitophagy.

Fission followed by selective fusion of adjacent mitochondria occurs under the regulation of 

the membrane GTPase proteins mitofusin and optic atrophy protein 1. A defect in optic 

atrophy protein 1 causes dominant optic atrophy, which is an inherited degeneration of the 

retinal ganglion cells (Ban et al., 2010). Fusion is impaired in mitochondria with reduced 

membrane potential or those containing damaged mtDNA, thereby isolating the unhealthy 

mitochondrial fragment and promoting its mitophagic degradation. Thus, the coordinate 

action of fission and fusion segregates dysfunctional mitochondria prior to their selective 

removal from the cell (Twig et al., 2008).

Initiation of mitophagy requires recognition of targeted mitochondria and this step is 

mediated either by mitophagy receptors (Nix, Bcl-2/E1B-19 kDa interacting protein-3 

(Bnip3), FUN14 domain-containing protein 1 (FUNDC1)), or PTEN-induced kinase 1 

(Pink1) and Parkin signaling (Ding and Yin, 2012). Nix, Bnip3, and FUNDC1 are proteins 

that reside in the outer mitochondrial membrane and contain an LIR sequence that is 

recognized by the autophagy machinery. These mitophagy receptors are only negligibly 

expressed under normoxic conditions, but under conditions of hypoxia, their expression is 

significantly upregulated, leading to mitophagic elimination of mitochondria. Under hypoxic 

conditions, the selective removal of mitochondria is thought to be a pro-survival response 

that prevents excessive production of damaging reactive oxygen species by the 

mitochondria.

Mitochondrial dysfunction, specifically depolarization of the inner membrane, signals the 

selective and efficient turnover of damaged mitochondria via Pink1-Parkin signaling (Figure 

7). Pink1 contains a mitochondrial targeting sequence and is imported into the inner 

mitochondrial membrane through TOM and TIM, import complexes located on the outer 

and inner membrane, respectively (Ding and Yin, 2012). In healthy mitochondria, Pink1 is 

continually degraded, but in unhealthy mitochondria where the mitochondrial membrane 

potential dissipates, Pink1 import stops and it accumulates on the outer mitochondrial 

membrane (Durcan and Fon, 2015). Parkin, an E3 Ubiquitin Ligase, is recruited to the 

mitochondria where it is phosphorylated and activated by Pink1. Parkin then ubiquitinates 

proteins that reside on the mitochondrial outer membrane, including mitofusin. Ubiquitin-

modified mitofusin is targeted for degradation by the proteasome, thereby reducing 

mitochondrial mitofusin content and preventing fusion of this damaged mitochondrial 

fragment with healthy mitochondria. The fragment of damaged mitochondria is then 

escorted by autophagy receptors SQSTM1/p62 and NBR1 to the autophagic machinery 

where mitophagy ensues (Ding and Yin, 2012). As highlighted above, mitophagic clearance 

of dysfunctional mitochondria requires the coordinate action of both the proteasome and 

autophagy pathways.

3.3 Autophagy in the pathogenesis of AMD

Data from cultured cells and transgenic mice have provided valuable insight into the 

molecular details of the autophagic pathway and the consequences of interrupting key steps 
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or upsetting cellular homeostasis beyond the capacity of the system to sustain normal 

function. For example, downregulation of Atg5 specifically in the RPE resulted in decreased 

photoreceptor response (Kim et al., 2013). Thus, data from a variety of model systems have 

helped generate well-reasoned hypotheses about the role of autophagy in AMD pathology.

Hypoxia, oxidative stress, UPR, and inflammation are typical inducers of autophagy 

(Ryhänen et al., 2009; Viiri et al., 2010; Kaarniranta et al., 2013; Klettner et al., 2013; 

Blasiak et al., 2014; Mitter et al., 2014; Valapala et al., 2014a). These conditions are also 

associated with RPE aging and AMD, so one could speculate that autophagy should be 

increased. Additionally, autophagy controls the turnover of aggregate-prone proteins, a 

process that is extremely important in post-mitotic cells, including the RPE (Kaarniranta et 

al., 2010; Viiri et al., 2013; Kim et al., 2013). Considering the harsh environment where 

RPE reside, it seems reasonable to expect that these cells have an enormous capacity to 

maintain the ability to process and remove cellular debris.

Whether autophagy increases or declines with aging and disease remains controversial; the 

direction seems to depend on both the cell as well as the disease (Salminen and Kaarniranta, 

2009; McCray and Taylor, 2008; Rodriguez-Muela et al., 2013). It can be reasoned that 

proteolytic capacity is elevated in aged cells due to the increased burden of damaged 

proteins and organelles that must be cleared to maintain function. Results from Rodriguez-

Muela and colleagues provide a relevant example of the complexity of changes in 

proteolytic capacity in the aged retina. They report that a marked age-related reduction in 

macroautophagy was accompanied by a corresponding increase in CMA (Rodriguez-Muela 

et al., 2013) suggesting there is a compensatory response to accommodate defects in specific 

proteolytic pathways.

In aged RPE of mice an in human donors without AMD, evidence for elevated autophagy 

includes the increased content of autophagy proteins and autophagic vesicles (Wang et al., 

2009; Mitter et al., 2014). With the onset of AMD, the autophagic capacity of the RPE, 

which is already taxed by age-related challenges, becomes overwhelmed by the proteolytic 

load and autophagy declines (Mitter et al., 2014). It is also possible that lysosomal enzyme 

activity is suppressed due to the excessive accumulation of lipofuscin in aged RPE 

(Kaemmerer et al., 2007; Ryhänen et al., 2009; Viiri et al., 2013, Mitter et al., 2014; 

Valapala et al., 2014). Evidence of declines in autophagy with AMD include the reported 

decreased number of autophagic vesicles in AMD donor RPE compared with age-matched 

controls (Mitter et al., 2014) and the accumulation of SQSTM1/p62 in the macula of AMD 

donors (Viiri et al., 2013; Figure 8). Degradation of SQSTM1/p62 occurs via autophagy, so 

its accumulation could be due to decreased autophagic flux (Viiri et al., 2013, Kivinen et al, 

2013).

There is also substantial evidence suggesting that RPE mitophagic processes, including 

fission and fusion, begins to fail with AMD. Indicators of potential defects in mitophagy 

include the accumulation of mtDNA damage in the RPE of human donors with AMD 

(Karunadharma et al., 2010; Terluk et al, 2015), suggesting that damaged mitochondria are 

not being effectively eliminated from the diseased cell. Other evidence of damaged 

mitochondria accumulating in the diseased RPE includes the AMD-related disruption and 
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disorganization in mitochondrial cristae in electron micrographs from AMD donors (Feher 

et al., 2006), and the increased content of mitofilin at an early stage of AMD (Nordgaard et 

al., 2008). Mitofilin is involved in stabilizing cristae, so its upregulation could be a 

compensatory response to altered mitochondrial remodeling due to defects in fission and 

fusion. These observations in human donor tissue are consistent with results in model 

systems where the genetic disruption of autophagy by knocking out the mitophagy receptor 

Nix or Atg5 results in the accumulation of defective mitochondria (Sandoval et al., 2008; 

Stephenson et al., 2009).

The preservation of autophagic activity, together with functional lysosomal enzymes, is a 

prerequisite if one wishes to prevent detrimental intracellular accumulation of damaged 

molecules (Ryhänen et al., 2009; Viiri et al., 2010). A well-functioning proteolytic machine 

guarantees that there is sufficient capacity to handle damaged protein and organelles. 

Improving lysosomal and autophagic function may be a viable target for therapeutic 

interventions aimed at improving RPE cell function, retarding the aging process, and 

combating AMD (Ryhänen et al., 2009; Chen et al., 2013; Viiri et al., 2013).

4.0 Proteasomal pathway and proteostasis

The proteasome degrades 80–90% of cellular proteins in eukaryotes, including short-lived, 

abnormal, denatured or damaged soluble proteins (Ciechanover, 2012). This proteolytic 

system also controls processes essential for cell viability, such as cell-cycle regulation, 

signal transduction, and synaptic plasticity (Coux, 1996; Ferrington and Gregerson, 2012). 

In the retina, the proteasome regulates proteins involved in circadian cycles; for example, it 

orchestrates the light-dependent degradation of proteins involved in melatonin synthesis 

(arylalkylamine-N-acetyltransferase, 14-3-3) and the molecular clock proteins (i.e., timeless) 

(Pozdeyev et al., 2006; Knowles et al., 2009). Up to 1 % of cellular proteins are members of 

the ubiquitin-proteasome system (UPS), highlighting the importance of this pathway in 

maintaining cell function and viability (Coux et al., 1996).

The proteasome exists as different oligomeric assemblies, including the 20S, 26S, hybrid, 

and immunoproteasome (Figure 9). These different subtypes exhibit some specificity in 

function and are defined by the composition of their catalytic subunits and the regulatory 

complex associated with the catalytic core (Ciechanover, 2012; Ferrington and Gregerson, 

2012). The 20S catalytic core is composed of four stacked rings of seven subunits each. The 

two outer rings contain the constitutively-expressed α subunits that interact with regulatory 

complexes. The inner two rings contain the β subunits. Three of the β subunits (β1, β2, β5) 

contain the catalytic sites that perform distinct proteolytic activities referred to as caspase-

like (β1), trypsin-like (β2), and chymotrypsin-like (β5). The catalytic subunits β1, β2, and β5 

that form the standard proteasome can be replaced in nascent proteasomes by the subunits 

LMP2 (β1i), MECL-1 (β2i), and LMP7 (β5i), respectively. These subunits form the core of 

the immunoproteasome. A third type of catalytic core, referred to as the intermediate-type 

proteasome, contains a mixture of the standard and immunoproteasome catalytic subunits 

(Dahlmann et al., 2000; Klare et al., 2007). All three 20S cores have been shown to co-

associate with both PA28 and PA700 to form the hybrid proteasome. The ATP-independent 

degradation of proteins by the 20S core proteasome has been suggested as the primary 
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mechanism for degrading oxidized proteins following an oxidative insult (Reinheckel et al., 

1998; Davies, 2001; Jung et al., 2013). The 26S proteasome requires ATP for activation and 

is responsible for the degradation of many ubiquitinated (Hochstrasser, 1996), and some 

non-ubiquitinated proteins (Kisselev et al., 1999).

4.1 Immunoproteasome and the cellular stress response

Analysis of the three subtypes of catalytic cores has shown that they differ substantially in 

their enzymatic characteristics and cleavage of model protein substrates (Dahlmann et al, 

2000; Klare et al., 2007). While most cells contain a heterogenous population of 20S cores, 

the relative ratio of different subtypes is cell-specific (Dahlmann et al., 2000) and can be 

altered under different cellular conditions (Ferrington and Gregerson, 2012). The standard 

proteasome is constitutively expressed in nearly all mammalian cells. In contrast, 

immunoproteasome is abundantly expressed in immune cells, where it performs functions 

associated with immune surveillance. Immunoproteasome is also present, albeit in low 

concentrations, in the uninjured retina and RPE. Notably, we have shown that this 

proteasome subtype can be significantly upregulated under conditions of stress, including 

retinal injury induced by cytotoxic T- lymphocytes or optic nerve crush (Ferrington et al., 

2008; Schuld et al., 2015), and with aging (Hussong et al., 2011). Immunoproteasome 

expression is also induced in RPE under chronic oxidative stress (Hussong et al., 2010), 

following exposure to pro-inflammatory cytokines (Gregerson et al., 2006), and with 

induction of ER stress (Figure 10). These conditions occur in the diseased retina. We have 

also found RPE cells deficient in the LMP7 and MECL-1 immunoproteasome subunits have 

reduced cell survival under conditions of oxidative stress (Hussong et al., 2010) and ER 

stress (Figure 10). In contrast, KO of the LMP2 immunoproteasome subunit confers 

protection from ganglion cell death in the murine retina after partial optic nerve crush 

(Schuld et al., 2015). Results from experiments in cultured RPE isolated from 

immunoproteasome KO mice suggest a previously unrecognized role for 

immunoproteasome in modulating NFkB and Akt signaling. These are two key pathways 

involved in the cellular stress response. Collectively, these findings support the ideas that (1) 

the proteasome population is highly dynamic, (2) each proteasome subtype performs 

specialized functions that allow the cell to respond to changing conditions, and (3) the 

immunoproteasome is involved in the cellular stress response (Ferrington and Gregerson, 

2012).

The idea that the immunoproteasome performs functions that are unrelated to its role in 

immune surveillance is also supported by the growing list of human genetic diseases linked 

to immunoproteasome deregulation. For example, missense and nonsense mutations in the 

LMP7 gene, resulting in a truncated or non-functional protein, have been associated with 

diseases characterized by joint contractures, microcytic anemia, muscle dystrophy and/or 

lipodystrophy phenotypes (Agarwal et al., 2010, Liu et al, 2012, Arima et al., 2011, 

Kitamura et al., 2011). A single nucleotide polymorphism in immunoproteasome subunits of 

either LMP7 or LMP2 have been associated with a higher risks for diabetes and ankylosing 

spondylitis (Zaiss et al., 2011, Haroon et al., 2012). Manifestation of these diseases in non-

immune tissues provides strong rationale for an expanded role for specific proteasome 

subtypes.
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Of particular importance to this review, higher immunoproteasome content was observed in 

the retina of human donors with age-related macular degeneration (Ethen et al., 2007). 

Although we did not track immunoproteasome content in human donor RPE, we did find 

that total proteasome content was elevated 3-fold in AMD donors compared with age-

matched controls (Decanini et al., 2007). We interpret the upregulation of proteasome as a 

compensatory response to cellular conditions that place an increasing burden on all the 

systems involved in protein quality control.

4.2 Mechanisms targeting proteins for proteasomal degradation

There are a number of mechanisms whereby proteins destined for proteolytic destruction are 

recognized by the proteasome. One of the best described mechanisms involves marking 

proteins with ubiquitin, a 76-amino acid polypeptide that is covalently attached to the 

protein substrate via a three-step process involving different enzymes (Figure 11). The 

ubiquitin-activating (E1) and ubiquitin-conjugating (E2) enzymes activate ubiquitin and 

transfer it to the protein substrate that is chaperoned to the E1/E2 complex by the ubiquitin 

ligase enzyme (E3). Of note, there are hundreds of different E3 ligases in the human genome 

and each E3 recognizes a subset of specific protein substrates. The E3 enzyme not only 

recognizes the protein substrates, but also catalyzes the reaction for the covalent attachment 

of ubiquitin to a lysine residue (denoted as a K in Figure 11) in the substrate. Of potential 

relevance to AMD, these three enzymes utilize an active site cysteine and therefore, are 

particularly vulnerable to oxidative inactivation. Additional ubiquitin molecules are 

conjugated to the first ubiquitin moiety to form an ubiquitin chain; four or more are the 

signal recognized by the proteasome. Once the ubiquitin-modified protein is docked at the 

proteasome, the ubiquitin conjugates are released by deubiquitinating enzymes that are part 

of the 26S regulatory complex. The protein substrate is then unfolded and translocated into 

the interior chamber of the 20S core where it gains access to the catalytic sites.

Another signal for proteasome degradation is the exposure of an intrinsic degradation signal, 

a “degron”, that is a cryptic amino acid sequence buried within the proteins three-

dimensional structure. Once the protein is modified, often via phosphorylation, the protein 

undergoes a structural change that exposes the degron to the solvent where it is recognized 

by an E3 ligase and targeted for proteasome degradation (Figure 12). Many signaling 

pathways utilize this mechanism to elicit either complete degradation of the protein or 

partial proteolysis, which releases the active portion of the protein (Figure 13). The partial 

proteolysis of the NFkB subunits p100 and p105 to their active transcription factors, p52 and 

p50, are examples of proteins that use this mechanism to regulate the response.

Degrons assume varied positions within the protein, but most often occur at either the N- or 

C-terminus. A well-studied degron is the PEST sequence, which contains proline, glutamic 

acid, serine and threonine, flanked by charged amino acids. PEST sequences exhibit 

considerable heterogeneity between proteins. For example, PEST sequences (critical 

components are underlined) for Fos and ornithine decarboxylase are KVEQLSPEEEEK and 

HGFPPEVEEQDDGTLPMSCAQESGMDR, respectively (Rechsteiner and Rogers, 1996). 

Modifications to the amino acids within the PEST sequence, such as addition of an oxygen 

to methionine or glutathione to cysteine, could inappropriately either stimulate or prevent 
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degradation of the protein. Conformational changes to protein structure caused by 

modifications, including oxidative damage, can also signal for proteasome degradation via 

the exposure of hydrophobic residues that are buried in the native protein (Figure 12). These 

hydrophobic patches are also recognized by heat shock proteins and other chaperones that 

attempt to refold the protein back to its native conformation. If that effort fails, the damaged 

protein is escorted to the proteasome for degradation.

Balanced degradation of proteins is essential for maintaining cell health. When this balance 

goes awry, due to either genetic mutation, oxidative inactivation of the Ub-proteasome 

pathway, or oxidative damage to protein substrates, pathology can occur. For example, 

mutations that either inactivate or promote the accumulation of specific E3 ligases can cause 

decreased (eg., E6-AP causing Angelman’s syndrome) or accelerated (eg., Skp2 causing 

cancer via degradation of p27) degradation of their specific protein targets. Correcting the 

pathologic over- or under-activation of E3 ligases is a recent strategy for pharmaceutical 

intervention in multiple diseases where the specific substrate of an E3 ligase has been 

discovered (Skaar et al., 2014).

4.3 Proteasomes, heat shock proteins, and AMD

The accumulation of ubiquitin-marked proteins is often used as evidence for proteasome 

inhibition. This assay has been validated in RPE cultured cells, as demonstrated by the 

ubiquitinated protein conjugates that accumulate after proteasome inhibition (Figure 14). 

The observation of ubiquitin in drusen localized under the macula from donors with AMD 

(Mullins et al., 2000; Ryhänen et al., 2009; Viiri et al., 2010; Viiri et al., 2013; Figure 15) 

implicates proteasome dysfunction in AMD pathology. While this idea has not been tested 

experimentally in the RPE, measurement of proteasome activity in the neural retina shows 

activity was elevated in the neural retina of the human macula in donors with progressively 

more severe stages of AMD (Ethen et al, 2007). These results suggest proteasome activity in 

the neural retinal is upregulated in response to changing cellular conditions associated with 

advancing disease. An important consideration is that there may be tissue-specific 

differences in how AMD affects the major proteolytic systems in each cell type, which 

ultimately could affect the extent of damaged molecules that accumulate. Evidence 

supporting the idea of tissue-specific differences is provided by a recent study where we 

evaluated mtDNA damage in the RPE and retina from individual human donors with AMD. 

We found that mtDNA damage increased with disease progression only in the RPE (Terluk 

et al., 2015). The above discussion raises a cautionary note about the use of a single assay to 

gauge the functional health of a complex biological system, especially in light of the 

observed tissue-specific differences in accumulated damage.

As discussed in detail in Section 4.4, there is coordinate interaction between heat shock 

proteins (Hsp) and the proteasome in maintaining protein quality control. We have shown 

that human AMD donor RPE exhibited significantly higher content of the proteasome as 

well as the heat shock proteins 27 and 90 (Decanini et al., 2007), supporting the idea that 

there is increased oxidative stress and more damaged proteins in the RPE with AMD. 

However, the increase in Hsps was not universal; lower content of αA crystallin as well as 

resident Hsp in the mitochondria were also observed (Nordgaard et al., 2006 & 2008). The 
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mitochondrial Hsp are involved in the import and refolding of nuclear encoded protein into 

the mitochondria, so the decrease in these chaperones could have detrimental consequences 

on mitochondrial function.

4.4 SQSTM1/p62 and Hsp70 link Proteasomes and Autophagy in RPE cells

All functional proteins have their distinctive tertiary and quaternary structures. These three-

dimensional structures are often altered in response to different stresses resulting in an 

inappropriately folded protein (Pierpaoli et al., 2005). One of the most serious consequences 

associated with protein unfolding is the exposure of normally buried hydrophobic amino 

acids that promote the formation of protein aggregates. Molecular chaperones and Hsps help 

maintain the correct protein conformation and therefore reduce protein aggregation in 

response to increased stress and damage (Kaarniranta et al., 2009). They are also important 

regulators for protein trafficking through the cell organelle membranes and are part of the 

process of chaperoning damaged proteins to either the proteasome or lysosome for 

degradation.

SQSTM1/p62 and Hsp70 work in concert between the Ub-proteasome pathway and 

autophagy to help regulate cellular proteolysis. Both proteins are upregulated under 

conditions that cause protein damage and unfolding and thus, they are considered sensors of 

proteotoxic stress. The main roles of Hsp70 are to refold partially denatured proteins and to 

chaperone proteins to either the lysosomes or proteasomes for degradation. SQSTM1/p62 is 

a multifunctional protein that plays an essential role in cell signaling. It also promotes the 

formation and selective degradation of protein aggregates by utilizing its multiple protein-

protein interaction domains by (1) binding to nonfunctional ubiquitinated proteins via its 

ubiquitin association domain, (2) reducing the toxicity of soluble unfolded proteins by 

promoting their aggregation through its protein binding domain, and (3) delivering 

aggregates to the autophagy machinery using the protein binding domain and LIR domains 

(Su and Wang, 2011). Recent evidence also suggests active crosstalk between proteasome-

mediated degradation and selective autophagy, with SQSTM1/p62 bridging these two 

proteolytic pathways. For example, when proteasome is inhibited, SQSTM1/p62 binds to 

Atg8/LC3 and facilitates degradation of ubiquitin (Ub) positive protein aggregates after 

autophagy induced by AICAR (Pankiv et al., 2007; Ryhänen et al., 2009; Viiri et al., 2010, 

Viiri et al., 2013; Figure 16).

Extensive study of SQSTM1/p62 and Hsp70 in cultured RPE cells has elucidated 

characteristics that are both shared and distinct for each protein. For example, both Hsp70 

(Li et al., 2008; Fernandes et al., 2008) and SQSTM1/p62 (Bjørkøy et al., 2005 & 2006; 

Pankiv et al., 2007; Clausen et al., 2010; Viiri et al., 2010) are upregulated under conditions 

of oxidative stress and with proteasome inhibition. In addition to its role in refolding and 

chaperoning damaged proteins, Hsp70 can modify the permeability of lysosomes (Daugaard 

et al., 2007). Thus, the inducible Hsp70 may be an important regulator not only for repairing 

misfolded proteins, but also for regulating lysosomal proteolysis. In cultured RPE, 

abrogation of proteasomes evokes an intense accumulation of ubiquitinated protein 

conjugates, Hsp70, LAMP-1 and- 2, and SQSTM1/p62, which co-localize with perinuclear 

deposits in RPE cells (Ryhänen et al., 2009; Viiri et al., 2013; Figure 17A). Under these 
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conditions, Hsp70 is detected in lysosomal extracts, which supports the idea that the 

complex of Hsp70- and lysosomal specific LAMP-1 and- 2 associated perinuclear protein 

aggregates are targeted to autophagy in human RPE cells (Ryhänen et al., 2009; Viiri et al., 

2013, Figure 17B).

One characteristic that is distinct for Hsp70 and SQSTM1/p62 is their fate after dealing with 

perinuclear protein aggregates. The autophagy receptor SQSTM1/p62 binds irreversibly to 

proteasome inhibitor–induced perinuclear protein aggregates and undergoes autophagic 

clearance in RPE cell cultures (Viiri et al., 2013). In contrast to SQSTM1/p62, Hsp70 binds 

reversibly to proteasome inhibitor–induced perinuclear protein aggregates and is not 

degraded by autophagy in ARPE-19 cells (Kivinen et al., 2014). Rather, the proteasome 

ultimately regulates Hsp70 degradation.

The therapeutic value of upregulating Hsp70 has been explored in RPE cultures. We have 

recently shown that either the induction of Hsp70 via pharmacological inhibition of NFkB 

by celastrol, or addition of exogenous recombinant human Hsp70 offers protection against 

oxidative stress and suppresses inflammation in RPE cells (Paimela et al., 2011; Subrizi et 

al., 2015). Importantly, exogenously delivered rhHsp70 was taken up by RPE cells and 

localized in late endosomes and lysosomes. This work provides the basis for a Hsp70 

chaperone therapeutic strategy to target protein aggregates in AMD.

In summary, the above findings show that both Hsp70 and SQSTM1/p62 are involved in the 

regulation of proteostasis, but have different functions in the clearance system. However, 

there is considerable overlap in their processing of protein aggregates.

5.0 Dysregulation of clearance systems: Progression from para- to chronic- 

inflammation triggers AMD pathology

The repercussions of a loss in proteolytic capacity that have been discussed in this review 

include the accumulation of oxidized proteins and toxic protein aggregates, formation of 

lipofuscin, and the increase in dysfunctional mitochondria due to impaired mitophagy. This 

cumulative damage over a person’s lifetime could eventually tip the balance toward 

pathology, thus providing an explanation for the aging component of AMD. Another 

concept that incorporates the long term consequence of cumulative damage is the notion that 

AMD is a chronic inflammatory disease not caused by the classical instigators, such as 

infections or injury. Rather, low grade inflammation, also called para-inflammation, that is 

present in the aged retina is an adaptive response to tissue malfunction (Medzhitove, 2008; 

Xu et al., 2009; Parmeggiani et al., 2012). The goal of para-inflammation is to obtain a new 

set-point of homeostasis and restore tissue function. However, if tissue malfunction is 

maintained for an extended time, the para-inflammatory state becomes chronic and can 

promote disease progression.

We propose that the basis for the transition from para- to chronic inflammation could 

include the age-related increase in toxic compounds, such as protein aggregates and 

lipofuscin, that accumulate due to defects in RPE proteolysis. Lipofuscin is localized in 

lysosomal storage bodies or in melanosomes of the RPE cell. Autofluorescent lipofuscin 
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contains a complex heterogeneous mixture of lipid–protein-carbohydrate aggregates and 

undigested mitochondria that form clusters of granules mainly in aged postmitotic cells, 

such as the RPE (Kaarniranta et al., 2010). The accumulation of lipofuscin is a hallmark of 

RPE senescence and it is a major factor in lysosomal dysfunction (Holz et al., 1999; 

Bergmann et al., 2004). With lipofuscin accumulation, both phagocytotic capacity 

(heterophagy) and processes associated ith degradation of damaged mtDNA and 

cytoplasmic proteins via autophagy may become disturbed, which subsequently leads to 

increased transcytosis and exocytosis of proteins and drusen formation outside RPE cells 

(Krohne et al., 2010; Viiri et al., 2013; Kaarniranta et al., 2013; Kay et al., 2014; Kim et al., 

2013; Valapala et al., 2014b; Sundelin et al., 1998).

Human retinal lipofuscin contains bis-retinoid pyridinium compounds, A2E and the 13-cis 

isomer iso-A2E (Eldred 1993; Eldred and Lasky 1993; Sakai et al., 1996). A2E is formed by 

the hydrolytic cleavage from A2-PE, a phosphatidyl ester derivative. In the presence of 

oxygen, A2E has been shown to photochemically initiate auto-oxidation to produce 

superoxide and peroxyl radicals and evoke cellular membrane damage (Boulton et al., 1993; 

Reszka et al., 1995; Sparrow et al., 1999; Ragauskaite et al., 2001). A2E exerts a direct 

effect on the autophagy/lysosomal system by inhibiting the ATP-driven protein pump in 

RPE lysosomes (Bergmann et al., 2004), and elevating lysosomal pH (Lamb and Simon, 

2004). Both processes result in alkalinisation of the lysosomal lumen, which has an 

inhibitory effect on lysosomal proteolytic enzymes. A2E also impairs the phagocytosis of 

photoreceptor outer segments by slowing the degradation of phospholipids, which then 

remain in lysosomes and result in a build-up of undigested lipids in the RPE (Finnemann et 

al., 2002; Vives-Bauza et al., 2008).

In addition to accumulation of lysosomal lipofuscin, melanosomes also collect lipofuscin in 

RPE cells. Constant retinal oxidative stress and decreased melanin content reduces 

melanin’s antioxidant capacity during aging (Sarna et al., 2003; Burke et al., 2007). 

Moreover, increased melanosomal oxygen consumption and reactive oxygen species 

production evoke melanosomal lipofuscin accumulation and lead to detrimental effects in 

RPE cells (Rózanowska et al., 2002; Rózanowski et al., 2008). Melanolipofuscin 

accumulation is associated with retinal degeneration and increased amount of complement 

proteins (Wolkow et al., 2011).

5.1 Dysregulated complement and the transition to chronic inflammation

A2E in RPE lipofuscin activates the complement system and thus connects oxidative stress 

and impaired proteolysis with inflammation (Zhou et al., 2006; Zhou et al., 2009; Sparrow, 

2010; Radu et al., 2011; Ma et al., 2013, Nowak et al., 2013). The complement system can 

be activated through three pathways; the classical pathway, the alternative pathway, and the 

lectin pathway (Donoso et al., 2006; Kaarniranta and Salminen, 2009). All the complement 

pathways involve the following steps: initiation, formation of a C3 convertase, cleavage of 

C3, formation of a C5 convertase, cleavage of C5, and formation of the membrane attack 

complex (C5b, 6, 7, 8, 9), that terminates the complement cascade in cellular lysis (Bradley 

et al., 2011). All three pathways result in the production of C3b, and therefore complement 

factors (CF) that act at this step of the cascade, such as CFB, D, H, and I, are crucial 
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regulators of the whole complement system (Ohno-Matsui, 2011). Thus, events resulting in 

complement dysregulation could contribute to the chronic inflammation, drusen formation, 

and loss of RPE that underlie the AMD pathogenesis (Kaarniranta et al., 2011).

Proteins that have been identified in drusen are present in the RPE, photoreceptors, and 

blood, and accordingly, they serve as an origin of drusen components for both the local RPE 

and the choroidal vasculature (Johnson et al, 2000; Mullins et al., 2000; Hageman et al., 

2001; Johnson et al., 2001, Wang et al., 2010). The presence of plasma proteins in drusen 

that are up-regulated during an inflammatory response has led to the proposal that immune-

mediated, complement activation events, triggered by signals from the RPE, are causally 

involved in the formation of drusen. AMD can also be considered an aggregation disease, 

since drusen components resemble other inflammation-related aggregates found in 

Alzheimer’s disease, amyloidosis, atherosclerosis and elastosis (Ohno-Matsui, 2011; 

Kaarniranta et al., 2011; Mullins et al., 2000; Machalińska et al., 2011; Machalińska et al., 

2012).

AMD-associated drusen contain nearly all alternative complement pathway proteins, 

including CFH, C3, and the products of its activation and degradation, and the terminal 

pathway MAC proteins (van der Schaft et al., 1993; Johnson et al, 2000; Mullins et al., 

2000; Hageman et al., 2001; Johnson et al., 2001, Wang et al., 2010). This supports the idea 

that there is local, complement-mediated inflammation between the RPE cell layer and 

Bruch’s membrane in AMD. In addition to biomarkers localized in and around the RPE, 

proteins involved in complement activation can also be detected in AMD patient blood, 

which suggests a systemic immunological response (Scholl et al., 2008). To what extent 

systemic complement activation reflects pathological events in the eye, and to what extent 

systemic inflammation may be manifest in the eye, is not yet clear.

Various polymorphisms in different complement factors increase the risk for AMD (Fritsche 

et al., 2014). The polymorphic variant of CFH with the substitution of histidine for tyrosine 

at codon Y420H has been well-characterized in AMD. CFH is a complement regulator 

protein whose main function is to inhibit the activation of the alternative complement 

pathway (Donoso et al., 2006; Kaarniranta and Salminen, 2009; Bradley et al., 2011). CFH 

protein is composed of 20 short consensus folding domain repeats. The Y420H substitution 

is located in short consensus folding domain-7 and affects the binding properties of CFH, 

e.g. to the C-reactive pentraxin protein. It can potentiate drusen formation by inhibiting 

phagocytosis by macrophages and microglia to clear cellular debris present between RPE 

cells and Bruchs’membrane (Donoso et al., 2006, Buschini et al., 2011; Weismann et al., 

2011). Impaired phagocytosis of oxidised photoreceptor OS, lipofuscin accumulation and 

decreased proteolysis in RPE cells connect oxidative stress to inflammation that is regulated 

by the complement system in AMD (Kaarniranta et al., 2013; Piippo et al., 2014; Valapala et 

al., 2014a).

Recent findings reveal that macrophages and microglia are essential regulators of the local 

complement system in the retina. They have an important role in clearance of debris and in 

the regulation of inflammatory signalling and tissue homeostasis (Xu et al., 2008; Wang et 

al., 2009; Xu et al., 2009; Zhao et al., 2013). In young and healthy animals, the number of 
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macrophages and microglia are low in the retinal space and they have beneficial effects on 

the clearance process and in the regulation of para-inflammation (Xu et al., 2009). During 

aging and in pathological processes, they accumulate in the retinal space and progressively 

contribute to detrimental inflammation. Concurrently, their capacity to clear foreign material 

decreases. Similar sub-retinal macrophage and microglia accumulation has also been 

characterized in human AMD (Penfold et al., 2001; Anderson et al., 2010). These findings 

imply that these accumulations of senescent macrophage and microglia may dysregulate 

immune interactions and drive AMD progression (Ma et al., 2009), linking the cellular 

mechanisms of aging with chronic inflammation, including inflammasome activation in the 

outer retina (Buschini et al., 2011). However, it is not known whether inflammasome 

activation can be interpreted as a beneficial para-inflammation process or detrimental 

chronic inflammation in AMD pathogenesis (Doyle et al., 2012; Kauppinen et al., 2012; 

Tarallo et al., 2012; Klettner et al., 2013; Tseng et al., 2013; Doyle et al., 2014).

6.0 Impaired Proteostasis Evokes AMD Pathology

We propose a model that includes defects in RPE proteolysis and the consequent 

accumulation of toxic compounds, such as protein aggregates and lipofuscin, as a potential 

mechanism underlying AMD pathology (Figure 18). The unique and harsh retinal 

environment sets the stage for many of the age-related changes that eventually tip the 

balance from the para-inflammatory state to the more destructive chronic inflammatory 

state. Figure 18 summarizes the oxidative challenge that RPE cells are constantly exposed to 

due to heterophagy, light exposure, and high cellular metabolism. One of the consequences 

of elevated oxidative stress is damage to proteins, leading to their structural unfolding. As a 

first line of defense, Hsps refold ROS-damaged proteins that are misfolded. However, if the 

Hsps are unsuccessful in salvaging the damaged protein, then the soluble proteins are 

targeted to the proteasome for degradation. Impaired proteasome-dependent degradation can 

lead to the formation of protein aggregates, which undergo autophagic clearance.

Damaged mitochondria are degraded in autolysosomes; this specialized version of 

autophagy is called mitophagy. The autophagy machinery and lysosomes are also utilized 

for the digestion of photoreceptor OS in a recently described process of LC3-Associated 

Phagocytosis (LAP). In aged RPE cells, auto-oxidative lipofuscin accumulates in lysosomes 

as a result of the coincident decline of lysosomal enzyme activity. Decreased activity of 

lysosomal enzymes inhibits the autophagic clearance of protein aggregates, damaged 

mitochondria, and photoreceptor OS in the lysosomes thereby accelerating the accumulation 

of lipofuscin. When damaged cell components exceed the capacity of chaperones and 

proteolytic machines to repair and remove the damage, toxic compounds accumulate and 

trigger the inflammatory response in RPE cells. Additionally, these intracellular aggregates 

can be exocytosed from the RPE, where they contribute to drusen formation and 

complement activation.

7.0 Future directions

Failure in proteostasis, which can be initiated when the degradative systems are 

overwhelmed, may be one of the underlying mechanisms responsible for the cascade of 
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events leading to AMD. Specific areas that need to be developed in order to first further 

understand the molecular bases of AMD include a comprehensive analysis of the two major 

proteolytic systems- the proteasome and autophagy/lysosomes- in both the retina and RPE. 

Importantly, we need to first understand how these systems change with aging so that we 

can distinguish normal aging from the pathologic aging that is associated with disease. 

Continued work using in vitro and in vivo model systems, coupled with validating specific 

hypotheses in tissue from human donors across a broad age range and with AMD, will 

provide a more accurate and detailed picture of how failure in RPE proteolysis contribute to 

AMD pathology. Importantly, a more thorough investigation of the mechanistic details of 

AMD is required before better prevention or targeted interventions can be developed.
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Highlights

• RPE proteolysis involves the Ub-proteasome and lysosome/autophagy pathways

• The proteasome and heat shock proteins are upregulated in AMD donor retinas

• Autophagy rids the cell of toxic protein aggregates and defective mitochondria

• Lipofuscin accumulates due to an age-related decrease in lysosomal enzymes

• Defects in proteolysis facilitates the transition from para- to chronic 

inflammation
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Figure 1. Schematic depiction of phagocytosis in the RPE
The photoreceptor outer segment phagocytosis process includes outer segment recognition 

(1), engulfment (2), internalization (3), maturation and fusion with lysosomes (4) and final 

degradation within the phagolysosome (5). Please refer to the text for detailed information 

on the different stages of phagocytosis process.
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Figure 2. Disrupted phagocytosis with Nuc1 depletion
(A, B) Transmission electron microscopy of RPE from 1-yr old wild type rats shows normal 

accumulation of lipofuscin-like particles (arrows) in the apical cytoplasm of RPE cells. (C) 

At higher magnification, RPE cells from 1 year old Nuc1 animals show abundant lipofuscin-

like aggregates in the cytoplasm (arrows) and a large phagosome containing undigested 

outer segment discs (arrowhead). Scale bar = 500 nm. Reprinted with permission of J Cell 

Science.
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Figure 3. Age-dependent abnormalities in the RPE cells of Cryba1 cKO mice
Transmission electron microscopy of 2-month old cKO RPE shows many vacuole-like 

structures with degenerated membrane-bound cellular organelles (arrows, center), 

undigested photoreceptor outer segments (arrow, right) and loss and truncation of basal 

infoldings (asterisks), as compared to Cryba1fl/fl (left). Scale bar= 500 nm. Reprinted with 

permission of Autophagy.
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Fig. 4. 
Time course of autophagy induction.

(A) Steps in the autophagic degradation of cell contents include the induction of the 

isolation membrane followed by elongation of the double membrane to form the 

phagophore, which begins surrounding damaged organelles (eg., mitochondria) and protein 

aggregates. The lipidation of LC3-I by phosphatidylethanolamine (PE) to form LC3-II, 

which binds to the forming double membrane structure, is a crucial step in the maturation of 

the autophagosome. A commonly used indicator of autophagosome formation is the increase 

in LC3II. The autolysosome occurs when the autophagosome merges with a lysosome, after 

which lysosomal enzymes (LE) degrade the cargo. (B) Autophagic flux can be induced by 

inhibiting the mTOR pathway with rapamycin or under conditions of starvation (no serum). 

On Western blots, the lipidation by PE alters the migration of LC3 and permits 

quantification of both unlipidated (LC3-I) and lipidated (LC3-II) forms of the protein. 

Numbers below the figure are the ratio from densitometry of individual protein bands. Two 

examples of autophagy induction in primary cultures of human RPE show an increase in 

both total LC3 content and the lipidated form of the protein. At 24 hrs post-rapamycin 

treatment, hRPE show a dose-dependent increase in the LC3 II/I ratio. Serum deprivation for 

2 hrs also dramatically increased the LC3 II/I ratio. Unpublished data. (C) The presence of 

the double membrane (arrows) verifies autophagosome formation in ARPE-19 cells 24 hrs 

after treatment with 50 nM bafilomycin. Scale bar =500 nm. Unpublished data.
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Figure 5. Rab7 expression with p62 silencing and proteasome inhibition
Summary of densitometry from Western blots of Rab7 in homogenates of WT or 

SQSTM1/p62 silenced ARPE-19 cells after exposure to 1 μM MG-132 for 24 h. Results are 

expressed as means ± S.E.M. **p < 0.05 by Mann-Whitney test for the indicated 

comparisons. Unpublished data.
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Figure 6. LAMP-2 expression under proteasome inhibition
Phase contrast microscopy and immunofluorescence staining of LAMP-2 in control cells, 

and cells exposed to 10 μM MG-132 for 24 hrs. Nuclei were stained with Hoechst 33258 

dye (blue). Reprinted with permission of Journal of Cellular and Molecular Medicine.
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Figure 7. Mitophagic elimination of damaged mitochondria
Steps for segregation and elimination of damaged mitochondria includes: (1) Mitochondrial 

damage (star) followed by fission isolates damaged mitochondria. (2) Pink1 accumulates on 

damaged mitochondria and recruits Parkin, which ubiquitinates mitofusion. (3) Ub-

mitofusion is degraded by the proteasome. (4) Reduced mitofusion prevent fusion of 

damaged with healthy mitochondria. (5) Damaged mitochondria are targeted for mitophagy.
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Figure 8. Immunostaining for SQSTM1/p62 in human AMD samples
The extent of cytoplasmic immunopositivity in the retinal pigment epithelial cells (RPE, 

shown by arrows) and in the drusen was evaluated microscopically (no staining or positive 

staining) by selecting 5 mm long areas of foveomacular (A), perimacular (B) and peripheral 

(C) regions. The drusen (shown by asterisks) were mostly SQSTM1/p62 negative. The 

nuclei of RPE cells were SQSTM1/p62 negative. (Original magnifications of x 200 and in 

insets x 400; Bruch’s membrane shown by arrow heads). Reprinted with permission of 

PlosOne.
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Figure 9. Proteasome structure and regulatory proteins
The 20S core particle contains the standard (β1, β2, β5), immunoproteasome (LMP2, 

MECL-1, LMP7) catalytic subunits, or a mixture of both types of catalytic subunits. The 

20S can bind to the regulatory complexes PA700 and/or PA28 to form the 26S, hybrid 

proteasome, or the immunoproteasome.
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Figure 10. RPE Immunoproteasome induction by conditions of stress
Immunoproteasome content was upregulated in cultures of WT murine RPE following 

exposure to (A) chronic, low levels of hydrogen peroxide (0.5 mM), (B) TNFα (1 ng/ml) to 

mimic the inflammatory response, and (C) tunicamycin (5 μg/ml) to induce ER stress. Blots 

show antibody reaction to immunoproteasome subunits LMP2 and LMP7. Total proteasome 

content was estimated from reactions of alpha subunits (α6, α7), which are present in all 

proteasome subtypes. (A, B) Graph and numbers below blots indicate the densitometry of 

immune reactions relative to untreated controls. (C) Graph shows the dose-dependent 

response of RPE cell viability for WT and cells lacking the LMP7 and MECL-1 (L7M1) 

immunoproteasome subunits. Unpublished data.
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Figure 11. Ubiquitin conjugation marks proteins for proteasome degradation
The coordinate action of the enzymes E1, E2, and E3 actively conjugate ubiquitin proteins 

to a lysine (K) residue on the protein substrate to mark it for proteasome degradation. An 

ubiquitin chain of at least 4 proteins is required for recognition by the regulatory complex of 

the 26S proteasome. Following binding of the Ub-protein, the regulatory complex 

deubiquitinates the substrate prior to protein unfolding and translocation into the core, where 

it is degraded to small peptides. The ubiquitin is recycled for another round of protein 

marking.
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Figure 12. Signals for degradation by the proteasome
(A) PEST sequences are degrons that are buried within the proteins interior. With 

modification of the protein, such as phosphorylation, there is a change in protein structure 

that causes the cryptic sequence to become solvent exposed. The degron is recognized by a 

specific E3 ligase, which targets the protein for proteasome degradation. (B) Protein 

modification, such as oxidation, causes a change in protein structure that exposes 

hydrophobic residues that are normally buried within the protein. Exposure of hydrophobic 

patches targets this molecule for proteasome degradation through a mechanism that is still 

unclear.
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Figure 13. Proteolytic degradation of protein substrates by the proteasome
Proteins containing a degradation signal (eg., ubiquitin modification or exposed 

hydrophobic amino acids) are targeted to the proteasome. Complete proteolysis results in the 

release of multiple peptides of varying size. These peptides are further degraded to amino 

acids by cellular endopeptidases. Partial proteolysis occurs when an unstructured region of a 

protein gains access to catalytic sites within the 20S core. Enzymatic cleavage cuts the 

protein so that two partial pieces of the protein are released.
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Figure 14. Ubiquitinated protein conjugates accumulate under proteasome inhibition
Phase contrast microscopy and immunofluorescence analysis for ubiquitin (green) in control 

cells, and cells exposed to 10 μM MG-132 proteasome inhibition for 24 hrs. Nuclei were 

stained with Hoechst 33258 dye (blue). Arrows point to perinuclear protein aggregates. 

Reprinted with permission of Journal of Cellular and Molecular Medicine.
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Figure 15. Immunostaining for ubiquitin in human AMD samples
The ubiquitin immune reaction in the retinal pigment epithelial cells (RPE, shown by 

arrows) and in the drusen (asterisks) was evaluated microscopically by selecting 

foveomacular (A), perimacular (B) and peripheral (C) regions. Most of the drusen were 

strongly ubiquitin-positive (asterisks). Bruch’s membrane is shown by arrow heads. Original 

magnification was 200x and in insets 400x. Reprinted with permission of PlosOne.
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Figure 16. Co-localization of LC3 and SQSTM1/p62
Confocal images show staining for LC3 (pDendra2-hLC3, green) and SQSTM1/p62 

(pDsRed2-hp62, red), and nuclei (Hoechst 33258 dye, blue) in ARPE-19 cells. An orange/

yellow signal in the merged image indicates co-localization of LC3 and SQSTM1/p62 in 

untreated control ARPE-19 cells and cells exposed to 2 mM AICAR or/and 5 μM MG-132 

for 24 h. Reprinted with permission of PlosOne.
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Figure 17. Hsp70 expression under proteasome inhibition
(A) Phase contrast microscopy and immunofluorescence analysis for Hsp70 (green) in 

control cells, and cells exposed to 10 μM MG-132 proteasome inhibition for 24 hrs. Nuclei 

were stained with Hoechst 33258 dye (blue). Arrows point to perinuclear protein aggregates. 

(B) Western blotting analysis (10 μg protein/lane) of the Hsp70 content in isolated lysosome 

fractions from the control cells (lanes for C) or cells exposed to 10 μM MG-132 for 24hrs 

(lane 0) or cells exposed to 10 μM MG-132 for 24 and then allowed to recover for up to 48 

hrs (lanes 24 and 48). Lysate from heat shocked cells (H/S) are the positive control. 

Reprinted with permission of Journal of Cellular and Molecular Medicine.
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Figure 18. Dysregulated proteostasis in aged RPE cells evokes AMD pathology
RPE cells are constantly exposed to oxidative stress. One consequence is that damage to 

proteins causes their unfolding. Heat-shock proteins (Hsps) attempt to refold damaged 

proteins, but if not successful, the misfolded proteins are ubiquitinated (U) and targeted for 

proteasomal clearance. If proteasome activity is decreased, proteins aggregate and are 

degraded via autophagy with the assistance of p62. Autophagy is also used to digest 

damaged mitochondria (mitophagy). Photoreceptor outer segments that are phagocytosed by 

the RPE (heterophagy) are degraded in the lysosomes in a recently described process of 

LC3-Associated Phagocytosis. In aged RPE cells, lipofuscin accumulates in lysosomes as a 

result of the coincident decline of lysosomal enzyme activity. The impaired lysosomal 

enzyme activity inhibits autophagic flux and non-digested mitochondria, protein aggregates, 

and lipofuscin accumulate. Thus, in aged RPE cells, disturbed proteostasis and accumulated 

toxic compounds trigger the progression from para-inflammation to chronic inflammation 

and evoke the AMD-associated formation of extracellular drusen formation and complement 

activation.
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