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Waste clearing in retinal pigment epithelium (RPE) cells includes proteasomal degradation, heterophagy,
macroautophagy and mitophagy. Exosomes can also be involved in waste removal in RPE cells. The ubiquitin
proteasome system (UPS) is mainly responsible for degradation of damaged or no longer needed proteins.
Autophagy can degrade damaged organelle and may also take a part in degradation proteins when other
clearance processes are failed. RPE cells phagocytose used photoreceptors outer segments (POS) with their

subsequent autophagy-lysosomal degradation.

age-related macular degeneration autophagy heterophagy retinal pigment epithelium

proteasome photoreceptor outer segments unfolded protein response

1. Unfolded Protein Response and Endoplasmic Reticulum-
Associated Degradation

Unfolded protein response is a signaling cascade activated in response to endoplasmic reticulum (ER) stress
manifested by the accumulation of unfolded and damaged proteins. UPR may also be activated by damaged
mitochondria. Expression of UPR genes increases in oxidative stress and it was shown that the stress caused by
cigarette smoke extracts induced UPR in RPE cells W2, |n ER UPR is activated by pathways initiated by three
different sensors: protein kinase-like endoplasmic reticulum kinase (PERK), inositol requiring enzyme 1 (IRE1), and
activating transcription factor 6 (ATF6) (Figure 1) BIIBISIT Oxidative stress enhances the transcription of these
proteins in RPE cells [&. The UPR signalling activates transcription factors and protein kinases leading to an
adaptive response involving the activation of proteasomal degradation and autophagy, chaperone induction and
enhancement of antioxidant defence BIE, |nefficient attempts to restore homeostasis cause UPR to induce cell
death by apoptosis. UPR increases apoptosis in RPE cells treated with cigarette smoke extract [LQIL1]12]
Therefore, UPR can play a role in AMD pathogenesis as it is involved in detecting of improper proteins and their

degradation in RPE.
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Figure 1. Unfolded protein response. When unfolded, misfolded and damaged proteins accumulate in endoplasmic
reticulum (ER), they can induce unfolded protein response (UPR), a signaling cascade with the involvement of
protein kinase-like endoplasmic reticulum kinase (PERK), inositol requiring enzyme 1 (IRE1), and activating
transcription factor 6 (ATF6). This cascade leads to a stop in translation of faulty proteins, degradation of misfolded
proteins and increased synthesis of chaperons involved in protein folding. If these mechanisms fall, UPR switch to
pro-apoptotic response. XBP1s—X-box binding protein 1 specificity protein, elF2—translation initiation factor 2,

ERAD—ER-associated degradation, ATF6f—the transcriptional activator domain of ATF6, P—phosphate residue.

Endoplasmic reticulum-associated degradation (ERAD) has been considered as an integral part of UPR as many
ERAD genes are controlled by UPR. However, recent studies suggest that ERAD plays a direct role in protein

clearance, which is mainly underlined by IRE1a activation 131141,

| 2. Ubiquitin Proteasome System

The process of UPS degradation is initiated by specific enzymes, E1-E3, that attach ubiquitin to the substrate in an
ATP-dependent manner. Substrates with polyubiquitin tail are transported to proteasome where they undergo

degradation.

Typical 26S proteosomal complex contains three domains: a core particle (20S) with two regulatory particles (19S,

caps, lids) 18, Regulatory particles are involved in the recognition and binding of polyubiquitinated proteins and
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their transport to the catalytic core located at the inner surface of the 20S subunit. The core particle is composed of
four heptameric annular complexes—two outer a subunits, which play a structural function and two inner (3
subunits with catalytic activity. The [ subunits contain proteolytic active sites located on proteasomal interior
surface. Energy from ATP hydrolysis is used to open lid, unfold polyubiquitinated proteins and their transport inside
20S subunit.

Oxidative stress, a major factor of AMD pathogenesis, is associated with an increased production of cellular waste,
but on the other hand it may damage components of cellular waste clearing systems, which can contribute to AMD
progression. A mild oxidative stress can regulate UPS activity through the stimulation of E1 and E2 to bind ubiquitin
as well as the 26S proteasome 181171 However, strong oxidative stress can damage E1 and E2, blocking ubiquitin
binding. This effect can be associated with a high concentration of oxidized glutathione, competing with E1 and E2
on their binding sites in ubiquitin X8, Oxidative stress could also directly inactivate 26S proteasome through
detachment of the 19S subunit from 20S core particle L9191,

Reduction of proteasome activity during lifetime is associated with aging, another critical factor in AMD
pathogenesis. Aging results in reduced expression of UPS genes and may lead to the collapse of proteasome
complex, resulting in an accumulation of cellular debris [29[21[22123]124] These effects are correlated with weakening
of the sustaining activity of the proteins quality control system and especially chaperone proteins, which play a
significant role in UPS [23128127] Several other effects can underline lowering of the efficacy of UPS with age,
including alternations in the composition of the proteasomal subunits, reduced stability of proteasomes or their
inactivation (2811231241125 |t has been shown that during replicative senescence the level of the B subunits decreases
(291 proteasome activity is associated with the rate of cellular aging and the entry of cells into the senescence
pathway (B9 Moreover, decreasing activity of proteasome results in increase of damaged proteins of the

respiratory chain, resulting in mitochondrial dysfunction and an increase of cellular ROS level [21132],

Insufficient activity of UPS leads to the escalation of protein deposits followed by an increase in the level of ROS
and induction of chronic inflammation. Inflammation combined with constantly weakening waste cleaning system in

RPE cells can induce their senescence, resulting in the development and progression of AMD (28],

Liu et al. showed that photooxidative stress decreased the activity of UPS in RPE. This interaction increased the
expression of genes encoding proinflammatory interleukins 6 and 8 (IL-6 and -8) and downregulated the anti-
inflammatory genes MCP-1 (monocyte chemoattractant protein-1) and CFH (complement factor H) B4, Similar
results obtained Qin et al. who showed that a decrease in proteasome activity in RPE led to dysregulation of the
NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) signalling pathway 32!, It was demonstrated
in a mouse model that dysregulation of UPS led to retinal degeneration through photoreceptor cell death by
apoptosis in a caspase-independent pathway 8. De Carvalho. et al. suggested that proteasomal regulation may
play a significant role in the control of neovascularization process important in wet AMD BZ. They showed an
efficient action of UPS counteracting degenerative changes in ARPE-19 (human retinal pigment epithelial) cells

through the control of the TGF (transforming growth factor-3) signalling.

https://encyclopedia.pub/entry/20130 3/13



Waste Clearing in Retinal Pigment Epithelium Cells | Encyclopedia.pub

| 3. Autophagy

Autophagy degrades damaged or unneeded proteins in lysosomes. Many proteins are involved in this process,
including autophagy related proteins (ATGs), mechanistic target of rapamycin (mTOR), the serine/threonine
uncoordinated-51-like kinases 1 and 2 (ULK1 and ULK2), FIP-200, p62/SQSTM1, microtubule-associated protein
light chain 3 (LC3) and others. Several modes of autophagy can function, including macroautophagy (usually

referred as to autophagy), chaperone-mediated autophagy and microautophagy.

Autophagy is initiated by the formation of a double-membrane vesicle, autophagosome, enclosing material to be
degraded (cargo) that is delivered to the lysosome, where degradation and recycling occur 28],

Autophagy impairment, caused by the depletion of the core autophagy genes ATG5 and ATG7, was associated
with an AMD-like phenotype in mouse RPE cells. This phenotype was manifested by RPE thickening, hypertrophy
or hypotrophy, pigmentary abnormalities and accumulation of oxidized proteins B2, A2E, the main hydrophobic
constituent of lipofuscin can induce damage to RPE cells through the inhibition of autophagy 2. These findings
suggest that autophagy prevents detrimental effects of A2E and inhibits the production of inflammatory factors in
RPE.

Many reports imply that oxidative stress induces autophagy in RPE cells [#142]143l44] - Stydies on RPE cells from
AMD donors and mice with AMD-like phenotype suggest that autophagy increases during aging and AMD [42],
However, the autophagosomes formation in late AMD was reported to occur at lower rate than in early stages. This
study also revealed that chronic oxidative stress decreased autophagic flux. Autophagy can prevent retinal cells
from the damaging effects of oxidative stress #1421 Rapamycin induced autophagy in RPE cells and led to
reduced accumulation of lipofuscin, whereas leupeptin, a blocker of autophagy, caused an increase in lipofuscin
formation 42,

Autophagy can protect RPE cells from cell death induced by oxidative stress. RPE cells treated with paraquat, an
inducer of oxidative stress and cultured with autophagy inhibitor 3-methyladenine (3-MA) showed an increase in
the number of apoptotic cells compared to cells with undisturbed autophagy 1. RPE cells under oxidative stress
increased the expression of p62/SQSTM1 and autophagy 43l. Rotenone, an agent inducing mitotic catastrophe,

increased autophagy and mitophagy in RPE cells protecting these cells from death [24],

The FIP200 protein is important in autophagy induction as it is involved in the formation of autophagosomes 43,
The conditional knockout of gene encoding FIP200 (FIP200 cKO) in mice resulted in a reduction of autophagy.
These animals also displayed changes in the phenotype of RPE cells, including lipid accumulation, increasing with

age. The reduction of autophagy in FIP200 cKO mice led to photoreceptors loss and retinal dysfunction 48,

Mice with knockout of ATP-binding cassette subfamily A member 4 (Abca4) and retinol dehydrogenase 8 (Rdh8)
genes are characterized by impaired clearing of atRAL and they were a model of light-induced retinal degeneration

(471, Retinas of these mice were characterized by a delay in atRAL removal after light exposure 28 Additionally,
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light illumination led to an increased expression of the LC3B-Il and PARKIN proteins, a marker of autophagosome
formation and a mitophagy regulator, respectively. These results suggest that autophagy plays an important role in

protecting the retina from damage caused by light.

Injection of amyloid-3, which is a main component of drusen, to murine vitreous resulted in a upregulation of
autophagy markers LC3, ATG5 and BECLIN-1. Human RPE cells treated with amyloid-f3 also showed autophagy

induction and upregulated expression of cytokines [42],

| 4. Mitophagy

Damaged mitochondria are removed in a highly specific and selective pathway called mitophagy. All mechanistic

aspects of this process are not exactly known and several models of it have been presented 52,

In a model proposed by Ding and Yin mitophagy is a two-steps process involving induction of canonical autophagy
with ATG proteins and priming of mitochondria 1. Canonical autophagy is underlined by several mechanisms,
including AMPK activation induced by ATP depletion and suppression of mTOR mediated by mitochondrial damage
resulting in ROS overproduction. These ROS induce further mitochondrial damage, which amplifies the inducing
signal. Mitochondria priming could be PARKIN-dependent or independent. In the former, depolarization of
mitochondrial membrane results in compromised cleavage of the PINK1 (PTEN (phosphatase and tensin homolog)
induced kinase 1) protein mediated by the mitochondrial rhomboid protease PARL (presenilins-associated
rhomboid-like protein, mitochondrial). Stabile PINK1 recruits PARKIN to mitochondria resulting in subsequent
ubiquitination of proteins localized on the outer mitochondrial membrane. These proteins can be degraded by UPS
or bound by p62/SQSTM1, which directly interacts with LC3 to bind autophagosome to faulty mitochondria.
Selective mitophagy can be supported by the PI3K (phosphoinositide 3-kinase) complex activated by Ambral. An
enhanced expression of the FUNDC1 (FUN14 domain containing 1) and BNIP3L (BCL2 (B-cell lymphoma 2)
interacting protein 3 like) proteins in impaired mitochondria may occur in the PARKIN-independent pathway of
mitophagy. These proteins induce autophagosome to target mitochondria by a direct interaction with LC3. In this
pathway, damaged mitochondria can be also targeted by Smurfl (SMAD specific E3 ubiquitin protein ligase 1) to
ubiquitinate mitochondrial proteins and induce mitophagy. ULK1 can phosphorylate ATG13 upon activation by
Hsp90 (heat shock protein 90 kDa) to promote mitophagy. PINK1 is cleaved by mitochondrial proteases and
degraded in the proteasome B2, PINK1 activates PARKIN by its phosphorylation at S65 B2l PINK1 targets the
same residue in phosphorylation of ubiquitin in the S65 position B4l. Several other mechanisms of mitophagy, both
PARKIN-dependent and independent could be considered.

Aging reduces the efficacy of mitophagy, which leads to the accumulation of damaged mitochondria (reviewed in
(52l Aged RPE cells have more mitochondrial DNA (mtDNA) damage and display a decreased ability to repair it as
compared to young RPE [B3IB8IE758] The number of mitochondria decreased with age in rhesus RPE and aging

mitochondria had an increased length and formed clusters 55,
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| 5. Exosomal Degradation

Exosomes are extracellular vehicles released by various cells, including epithelial cells B2, They are an important
element of the cell-to-cell communication (reviewed in ©9). They can carry out of the cells various molecules,
including peptides, proteins, lipids, RNA and DNA, so they can be also considered as an important element of
cellular waste clearing. In fact, waste elimination function was attributed to exosomes earlier than their
communicative potential. However, some of molecules exported from cells by exosome can be only carriers of
biological information. Exosome is a 9—11 protein complex having, similarly to proteasome, ring-like core structure
that in humans contains nine subunits 61, Core proteins of eukaryotic exosomes display RNase activity and belong
to the RNase PH class 82, Exosomes are present and display activity in the cytoplasm, nucleus and nucleolus.
RNA degradation by exosomes is their best known and likely the main function. To perform it, the core exosomes
display both exo- and endoribonuclease activities. Many aspects of exosome functioning, both as a cellular
garbage bin and as an important element of the cell-to-cell communication, need further research. It is worth noting

that exosomes can cooperate with autophagy in cellular waste clearing (62!,

Some proteins which can be found in drusen, including annexin, enolase, CD63 are features of exosomes B41(63]
[66]

Blue light is an environmental AMD risk factor and it induces detrimental changes in the retina, which are
associated with oxidative stress and overproduction of cellular waste. An increase in the proinflammatory
molecules in the content of exosomes released by RPE cells after photoactive blue-light stimulation was observed
(671 Moreover, a higher level of the NLRP3 (NACHT (neuronal apoptosis inhibitor protein, class 2 transcription
activator of the MHC, heterokaryon incompatibility and telomerase-associated protein 1), NLR (nucleotide-binding
domain, leucine-rich repeat-containing family), and PYD (pyrin domain)-containing protein 3) inflammasome was
observed in that study.

Emerging evidence suggests the role of exosomes in the activation of the complement in the immediate vicinity of
RPE cells €8 Exosomes were suggested to play a role in the occurrence and development of choroidal
neovascularization, so they can be important in mechanisms of wet AMD pathogenesis and developing therapeutic
strategies in this disease 9. Exosomal proteins found in aqueous humor were postulated to be an independent
molecular marker in wet AMD %, Exosomal miRNA, which can be important to stimulate target cells, was recently
discovered in AMD 1. Therefore, exosomes may play a multiple role in AMD pathogenesis, but uncovering the

precise mechanism of this role requires further studies.

| 6. Heterophagy

Heterophagy, a digestion of extracellular material inside the cell, is intensively carried out in RPE cells as they
constantly degrade POS to maintain the function of photoreceptors. Each RPE cell is challenged by digestion of
POS from 30 to 40 photoreceptors 2,

https://encyclopedia.pub/entry/20130 6/13



Waste Clearing in Retinal Pigment Epithelium Cells | Encyclopedia.pub

Heterophagy in RPE cells involves the recognition and attachment of a POS discs, its digestion, the formation of
phagosome and its fusion with lysosome and the final degradation (3. Integrins, including ITGAV (integrin alpha
V)-ITGB5 (integrin subunit beta 5) are necessary to bind POS, which ingestion requires the MERTK (c-mer proto-
oncogene tyrosine kinase) protein 4] After ingestion of extracellular cargo into vesicles they are transported to the
basal end of the cell and fuse with lysosomes to degrade the cargo as it does in autophagy 2. Heterophagy
impairment can lead to accumulation of photoreceptor cell waste resulting in chronic inflammation. POS recognition

by RPE may be a critical step in heterophagy as defects in this process results in death of photoreceptors 28,
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