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ABSTRACT
The retinal pigment epithelium (RPE) is a highly specialised
pigmented monolayer sandwiched between the choroid and the
photoreceptors in the retina. Key functions of the RPE include
transport of nutrients to the neural retina, removal of waste products
and water from the retina to the blood, recycling of retinal
chromophores, absorption of scattered light and phagocytosis of
the tips of the photoreceptor outer segments. These functions place a
considerable membrane trafficking burden on the RPE. In this Cell
Science at a Glance article and the accompanying poster, we focus
on RPE-specific adaptations of trafficking pathways. We outline
mechanisms underlying the polarised expression of membrane
proteins, melanosome biogenesis and movement, and endocytic
trafficking, as well as photoreceptor outer segment phagocytosis and

degradation. We also briefly discuss theories of how dysfunction in
trafficking pathways contributes to retinal disease.
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Polarity, Retinal pigment epithelium

Introduction
The retinal pigment epithelium (RPE) is a pigmented monolayer
adjacent to the light-sensing photoreceptors (rods and cones) and is
essential for photoreceptor survival and, hence, vision. Unlike most
epithelia, which are exposed apically to fluid, the RPE is
sandwiched within the multiple cell layers of the back of the eye
(see poster). Its apical processes enwrap the photoreceptor outer
segment (POS), whereas the highly infolded RPE basal membrane
is attached to the Bruch’s membrane, which separates the RPE from
a layer of fenestrated capillaries (the choriocapillaris). The
morphological specialisations of the RPE facilitate its multiple
functions (Lakkaraju et al., 2020; Strauss, 2005). They include the
transport of nutrients from the blood to the neural retina and of waste
products and water from the retina to the blood. Ion channels and
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transporters within the RPE regulate water transport and the ionic
composition of the subretinal space to maintain the excitability of
the photoreceptors. The pigment-containing melanosomes, which
give the RPE its name, protect retinal cells from photo-oxidation
and absorb light scatter. Approximately 10% of POSs are replaced
each day as part of a renewal process. Phagocytosis and degradation
of the damaged POS tips by the RPE is essential for retinal survival.
In this Cell Science at a Glance article and accompanying poster,

we focus on the unique demands that the functions of the RPE place
on membrane traffic. Reflecting these functions, some RPE plasma
membrane proteins display reverse polarity compared to most
epithelia, and we will thus describe RPE-specific mechanisms of
polarised sorting. We will review how melanosome biogenesis and
fate in RPE cells compares with that in the better-characterised
melanocyte. We will then focus on recent advances in our
understanding of the endocytic pathway in RPE cells, which is of
particular interest because of its role in transport across the RPE.
Additionally, this pathway provides a potential route of exocytosis
through exosome secretion and lysosome exocytosis. Finally, the
daily phagocytosis of POSs gives the lysosomes of the RPE an
unparalleled degradative burden, and accumulation of the aging
pigment lipofuscin, due to incomplete processing of POS, may lead
to lysosome dysfunction and be detrimental in age and disease.
Therefore, we will summarise current knowledge of POS-specific
phagocytic uptake mechanisms and review what is known about
phagosome processing in the RPE compared with other better-
characterised professional phagocytes.

RPE polarity and sorting
More than 25 years ago, RPE cells were discovered to exhibit
reverse polarity of key proteins, like the Na,K-ATPase, which is
basolateral in most epithelia but is apical in the RPE (Gundersen
et al., 1991). However, the mechanisms underlying that reverse
polarity are yet to be fully resolved. In all epithelia, multiple
polarised sorting mechanisms are utilised by different sets of plasma
membrane proteins (see poster). Newly synthesised cell surface
proteins can be sorted in the trans-Golgi network (TGN) into
carriers that are targeted to apical or basolateral plasma membranes
either directly or via the endocytic pathway. Additionally, polarised
sorting mechanisms exist in endosomes, not only to sort
biosynthetic proteins trafficked from the TGN, but also those
endocytosed from the plasma membrane. Subdivisions of the
endocytic pathway that play different roles in polarised sorting have
been extensively reviewed (Lehmann et al., 2014) and will not be
described here. Finally, polarised sorting mechanisms can operate
on the basolateral plasma membrane to selectively transcytose
membrane proteins to the apical border. This was shown in RPE
cells transfected with vesicular stomatitis viral G protein (VSV-G)
and influenza haemaglutinin (HA), examples of basolateral and
apical proteins, respectively. Newly synthesised VSV-G and HA
were both delivered to the basal surface prior to transport of HA to
the apical surface (Bonilha et al., 1997).

Basolateral targeting
Clathrin-based basolateral targeting mechanisms operate at both the
TGN and endosomes (Deborde et al., 2008; Folsch et al., 1999).
Clathrin is recruited to the membrane by clathrin adaptor complexes
(APs) that recognise short basolateral targeting signals in the
cytoplasmic domains of plasma membrane proteins. These signals
often resemble endocytosis motifs that are recognised by AP2 at the
plasma membrane but it is AP1 that recognises basolateral targeting
motifs. The tetrameric AP1 adaptor contains either the ubiquitously

expressed μ1A subunit (in AP1A) or the epithelial specific μ1B
subunit (in AP1B). Whereas both AP1A and AP1B contribute to
basolateral sorting, a subset of basolateral targeting motifs in
proteins, such as the transferrin receptor and Cocksackie-adenoviral
receptor (CAR, also known as CXADR), are recognised by the μ1B,
but not the μ1A, subunit (Carvajal-Gonzalez et al., 2012; Folsch
et al., 1999; Gravotta et al., 2012; Ohno et al., 1999). Intriguingly,
RPE cells lack the μ1B subunit, and hence AP1B (Diaz et al., 2009).
For some proteins, like CAR, this means that there is no active
sorting and its polarised distribution (75% apical) simply reflects
the relative surface areas of the apical and basolateral borders, with
the apical border being ∼3 times the surface area of the basolateral
border (Marmorstein et al., 1998; Okami et al., 1990). A clathrin-
based basolateral sorting mechanism nevertheless exists in RPE
cells, because the monocarboxylate transporters (MCTs)MCT3 and
MCT4 are efficiently basolaterally targeted in RPE cells (and other
epithelia) by a mechanism depending on clathrin and an unknown
adaptor (Castorino et al., 2011). The MCT1 transporter is targeted
basolaterally in most epithelia but is apical in RPE cells
because MCT1 lacks a basolateral targeting signal and relies on
the AP1B-dependent recognition of the basolateral targeting
motif within its dimerization partner, CD147 (also known as BSG
and EMMPRIN), to be targeted to the basolateral border
(Deora et al., 2005).

Apical targeting
Targeting signals in apical membrane proteins are more diverse than
those in their basolateral counterparts and include cytoplasmic
domain signals of variable length, glycosylphosphatidylinositols
(GPI) anchors and glycans on the luminal domain. Intriguingly,
clathrin and AP1, which operate in basolateral targeting, have been
implicated in the apical targeting of the endocytic receptor megalin
(also known as LRP2) (Gravotta et al., 2019) and GPI-anchored
proteins (Caceres et al., 2019). At least for megalin, this apical sorting
does not depend on the AP1B subunit (Gravotta et al., 2019) and so
potentially operates in RPE cells. N-glycans on the luminal domain of
apical proteins can promote their apical targeting in kidney and gut
epithelia through interaction with galectins (Delacour et al., 2006,
2005). In the RPE, galectin-4 promotes Rab11- and KIF16b-
dependent transcytosis of the transferrin receptor to the apical border
(Perez Bay et al., 2013; Perez Bay et al., 2014), contributing to the
predominantly apical localisation of this receptor in RPE cells. How
galectins, which lack a signal sequence, gain access to the
extracellular (i.e. luminal) domains of transmembrane proteins and
then dictate apical sorting is not fully established.

Our knowledge of the mechanisms underlying polarised sorting
of transmembrane proteins in the RPE is incomplete. Even less well
understood are the mechanisms underlying the polarity of secretion
of soluble growth factors and cytokines by the RPE, which is
essential to maintain the health of the neighbouring photoreceptors
and endothelial cells of the choriocapillaris.

Melanosome biogenesis and movement
Melanosomes are membrane-bound organelles in which melanin is
synthesised and stored to protect retinal cells from photo-oxidation.
As model lysosome-related organelles, their biogenesis has been
extensively studied in skin melanocytes, in which their molecular
regulation is well understood (Sitaram and Marks, 2012). Here, we
focus on RPE-specific features of melanosome biogenesis and
function.

Unlike skin melanocytes, where melanosome biogenesis and
transfer to keratinocytes occurs throughout life, RPE cells retain
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their melanosomes and so the majority of melanosome biogenesis is
embryonic. Melanosome biogenesis in the RPE follows the same
well-characterised stages as in melanocytes (see poster) (Lopes
et al., 2007b; Raposo et al., 2001). PMEL is a protein that is
expressed in melanogenic cells, where it is targeted to
multivesicular endosomes. Subsequent amyloidogenic processing
of PMEL leads to the formation of striations within the endosomal
lumen and formation of immature melanosomes. After delivery of
melanin-synthesising enzymes to the immature melanosome,
melanin is deposited on the striations to form mature melanosomes.
If melanin deposition fails, then the striated immature melanosomes
that can be readily identified in embryonic RPE are lost in the adult
through, as yet, unclear mechanisms (Lopes et al., 2007b).
Another distinctive feature of RPE melanosomes is that they

access the apical processes of the RPE. In amphibians and fish, this
light-dependent movement is extensive, but in mammals it is limited
and involves the transfer of melanosomes from microtubules of the
cell body to the actin filaments of the apical processes (Futter et al.,
2004). A tripartite complex of Rab27a on melanosomes, linked to
myosin VIIa on actin via the linker protein MyRIP, is required for
this transfer (El-Amraoui et al., 2002; Futter et al., 2004; Gibbs
et al., 2004; Lopes et al., 2007a) and bears a striking parallel with the
Rab27a–melanophilin–myosin V complex required for the
interaction of melanosomes with the actin cytoskeleton in
melanocytes (Hume et al., 2002, 2001).
Clues about melanosome biogenesis and function in the RPE have

come from studies of pigmentary disorders (Box 1). Albinism can
have multiple genetic causes that result in varying loss of
pigmentation, but all forms of albinism share visual symptoms that
can include light sensitivity, involuntary eye movements (nystagmus),
impaired eye alignment (strabismus) and underdeveloped fovea (the
cone-rich part of the retina responsible for high visual clarity)
(McKay, 2019). These symptoms result from developmental defects
that occur when the RPE is the only pigmented cell in the body.
Paradoxically, however, the main clinical manifestations are in
neurons that do not express the genes involved in albinism. The most
common cause of albinism is the loss of function of tyrosinase, which
catalyses the conversion of tyrosine to L-3,4-dihydroxyphenylalanine
(L-DOPA) and then assists in melanin generation. Exogenous
expression of tyrosine carboxylase in the RPE allows tyrosinase-
deficient RPE to synthesise L-DOPA but not melanin (Lavado et al.,
2006). This is sufficient to rescue ocular developmental defects,
suggesting that L-DOPA, rather than melanin, is critical for ocular
development. L-DOPA is the ligand for GPR143 (also known as
OA1) (Lopez et al., 2008). Signalling from this G-protein-coupled
receptor regulates melanosome number, size (Schiaffino and
Tacchetti, 2005) and distribution (Palmisano et al., 2008), but
additional functions of this receptor, for example in regulating
secretion of growth and survival factors, may be critical regulators of
neuronal behaviour during ocular development.
Loss of function of lysosomal trafficking regulator (LYST; also

known as CHS1) (Collier et al., 1985; Robison et al., 1975) or loss
of function of megalin (Storm et al., 2019) causes abnormalities of
melanosome size and shape. The presence of acid hydrolases within
RPE melanosomes raises the possibility that melanosomes could
have a degradative function in addition to their established roles
(Lopes et al., 2007b). In the RPE, a major substrate for degradation
is phagocytosed POSs (see below). The identification of gold
particles within melanosomes after delivery of gold-labelled POSs
in vivo (Schraermeyer et al., 1999) and the accumulation of
lipofuscin within melanosomes (melanolipofuscin) with age
(Feeney-Burns et al., 1984) would be consistent with a role for

melanosomes in phagosome degradation. The bisretinoid-
containing lipofuscin is generally considered to be at least partly
derived from undegraded POSs, but proteomic analysis suggests
that lipofuscin associated with melanin has a different composition
(Warburton et al., 2007), making the trafficking pathways leading to
melanolipofuscin formation unclear.

Roles of the RPE endolysosomal system
Endocytosis
Phagocytosis, pinocytosis, clathrin-dependent and clathrin-
independent endocytosis all enable material from the immediate
environment to be taken into the cell, but each pathway has distinct

Box 1. Examples of monogenic diseases affecting
melanosome biogenesis and trafficking in the RPE
Mutation of a functionally diverse set of genes results in aberrant RPE
melanosome formation and/or trafficking in both the RPE and
melanocytes. Here, we focus on examples where analysis of mouse
models has revealed RPE-specific aspects of melanosome formation,
fate or trafficking.
Rab38 (Bultema and Di Pietro, 2013): mutation of the Rab38 gene in

mice (‘Chocolate’/Chtmouse) (Lopes et al., 2007b) results in a dramatic
reduction in the number of RPE melanosomes in adult RPE. Rab38 and
the closely related Rab32 regulate the delivery and retrieval of melanin-
synthesising enzymes to immature melanosomes.
TYR (Lambert et al., 2019): oculocutaneous albinism type 1 (OMIM

#606933) is caused by mutation of the TYR gene (Lewis, 1993) and
leads to hypopigmentation of the skin, hair, and eyes. The encoded
tyrosinase catalyses melanin synthesis and, although immature striated
melanosomes are formed in embryonic RPE, there is a total absence of
RPE melanosomes later in life, indicating instability of immature
melanosomes.
MYO7A (Williams, 2008): Usher syndrome 1B (OMIM #276900) is

characterised by progressive retinal degeneration, profound deafness
and vestibular defects and is caused by a mutation in MYO7A (Petit,
2001). The encoded myosin VIIa regulates melanosome movement into
the apical processes via a tripartite complex with Rab27a and MyRIP in
the RPE and has been shown to have a role in phagocytosis and
phagosome maturation in the RPE (Gibbs et al., 2003).
RAB27A (Van Gele et al., 2009): Griscelli syndrome type 2 (OMIM

#607624) is a rare autosomal recessive disorder caused by mutation of
the RAB27A gene. Rab27a belongs to the family of small GTPases and
is part of the tripartite Rab27a–myosin VIIa–MyRIP complex regulating
melanosome motility in the RPE. As observed with absence of myosin
VIIa, defects of Rab27a lead to an absence of melanosomes in RPE
apical processes.
GPR143 (Schiaffino, 2010): mutation of the GPR143 gene leads to

ocular albinism type 1 (OA1) (OMIM #300500), which impedes the stop
signal for melanosome growth and results in a reduced number of
enlarged but otherwise normally shaped RPE melanosomes (Incerti
et al., 2000; Young et al., 2008).
LRP2 (Christensen and Birn, 2002): mutation of the LRP2 gene

(encoding megalin) causes the very rare Donnai–Barrow syndrome
(OMIM #222448) (Kantarci et al., 2007; Pober et al., 2009). Patients with
this disease suffer from a diverse range of developmental and functional
abnormalities including high-grade myopia, large protruding eyes, retinal
dystrophy, retinal detachment and formation of abnormally shaped
macromelanosomes (Khalifa et al., 2015; Pober et al., 2009; Storm et al.,
2019). Absence of megalin greatly affects the endocytic machinery and
leads to aggregation and fusion of melanosomes in the RPE.
LYST (Kaplan et al., 2008): Chediak–Higashi syndrome (OMIM

#214500) (Kaplan et al., 2008) is a rare lethal disorder caused by
mutations of the LYST gene, which generally result in systemically
abnormal and enlarged lysosomes and lysosome-related organelles
including the RPE melanosomes (Collier et al., 1985; Robison et al.,
1975; Valenzuela and Morningstar, 1981).
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functions. Here, we will discuss the significance of these endocytic
mechanisms for RPE function (see poster), although RPE
phagocytosis is discussed separately below.
Caveolae mediate one type of clathrin-independent endocytosis

and are especially prevalent in endothelial cells. Although present in
cultured RPE, they are rarely observed in RPE cells in vivo (Mora
et al., 2006), suggesting that this route might not be a significant
uptake route in the RPE (Gu et al., 2017). Clathrin-dependent
endocytosis is believed to play an essential role in the uptake and
transfer of essential nutrients across the RPE (Alberts et al., 2007),
which constitutes the outer blood–retina RPE barrier. This allows
for a tightly regulated movement of nutrients and solutes to and from
the retina, thus creating a controlled retinal environment.
The number of markers that have been used to follow the

endocytic pathway in RPE cells is somewhat limited. Both clathrin
and non-clathrin dependent endocytosis of the interphotoreceptor
matrix protein interstitial retinol binding protein (IRBP; also known
as RBP3) by the RPE, followed by delivery to multivesicular bodies
(MVBs) and lysosomes, has been observed in culture and in retinal
explants (Cunningham et al., 1999; Hollyfield et al., 1985). IRBP
has been implicated in transport of the visual chromophore 11-cis
retinal and all-trans retinol between the photoreceptors and RPE.
Endocytosis of IRBP by the RPE could contribute to the uptake of
all-trans retinol by the RPE for enzymatic reformation of 11-cis
retinal as part of the normal visual cycle or it could be required for
clearance of damaged IRBP.
Several endocytic receptors have been identified in the RPE,

including the two low-density lipoprotein receptor-related proteins,
LRP1 (Hollborn et al., 2004) and megalin (Storm et al., 2014), as
well as the epidermal growth factor receptor (Yan et al., 2007).
Immunocytochemical detection of megalin supports the idea that
basal and apical receptor-mediated endocytosis is active, since the
receptor was identified in vesicles throughout the RPE (Storm et al.,
2014). Both LRP1 and megalin have large numbers of structurally
and functionally distinct ligands, including vitamin-binding
proteins, enzymes, lipoproteins, hormones and signalling proteins
(Christensen et al., 2009; Strickland et al., 2002). Thus, likely roles
for both receptors in the RPE are the tightly controlled delivery of
essential nutrients across the outer blood–retina barrier as well as the
modulation of signalling pathways.
Heparan sulfate proteoglycans (HSPGs) (Sarrazin et al., 2011)

represent another class of surface proteins present on the RPE (Clark
et al., 2011). They may act as endocytic receptors for a number of
ligands including chemokines and tyrosine kinase-type growth
factor receptors. In addition, HSPG has been identified as the
primary cell surface receptor for adeno-associated virus type 2
(AAV2) virions (Summerford and Samulski, 1998) and suggested
to interact with fibroblast growth factor receptor 1 (Qing et al., 1999)
and αvβ5 integrin (Summerford et al., 1999) as co-receptors in
receptor-mediated endocytosis of AAV2. This is currently of
particular interest as AAV2 is being used in gene therapy clinical
trials for the delivery of RPE65 (Bainbridge et al., 2008) and REP1
(MacLaren et al., 2014) genes to treat Leber congenital amaurosis
and choroideremia patients, respectively.
Another interesting role for endocytosis in the RPE with potential

clinical importance is protection from complement-mediated
membrane attack. The complement cascade is a critical
component of the innate immune system, and comprises
complement proteins that are capable of osmotic lysis of invading
pathogens through formation of a transmembrane pore also known
as the membrane attack complex (MAC) (Morgan et al., 2017).
Aberrant activation of the complement cascade may be central in the

pathogenesis of age-related macular degeneration (AMD) (Clark
and Bishop, 2018), a multifactorial disease discussed in more detail
below.We have shown that RPE cells are able to mitigate the effects
of complement membrane attack by endocytosis and delivery of the
C5b-9 membrane attack complex (MAC) to the lysosome
(Georgiannakis et al., 2015).

Lysosome exocytosis
Recent studies have shown that raised levels of intracellular Ca2+

can trigger the fusion of lysosomes with the plasma membrane
(Jaiswal et al., 2002; Xu et al., 2012). Lysosome exocytosis is
important for plasma membrane repair and the expulsion of cellular
debris as well as hindering pathogen infection. In RPE cells,
lysosome exocytosis may occur as a membrane-protective response
to Ca2+ influx through sublytic membrane attack complex pores
caused by the activation of the complement cascade (Tan et al.,
2016). Additionally, exocytosis of incompletely digested
phagolysosomes has been observed in the RPE in a number of
reports. In Rana ridibunda frog retina (Rungger-Brandle et al.,
1987) and chloroquine-treated Long-Evans rats (Peters et al., 2006),
basolateral exocytosis of incompletely digested material in the
lateral and basal intercellular space with deposition in Bruch’s
membrane was observed.

Exosome secretion
Exosomes are small secreted extracellular vesicles that are released
into the surrounding environment through fusion of MVBs with the
plasma membrane (Hessvik and Llorente, 2018). The differential
protein and lipid composition of basolateral and apical exosomes
suggest that controlled polarised exosomal secretion may occur in
epithelia (Hessvik and Llorente, 2018). Exosomal cargo may
include nucleic acids, proteins and lipids, and is not only cell and
tissue specific, but also influenced by the metabolic state of the cell.
Thus, exosomes have been implicated in diverse physiological and
pathological functions, including waste excretion, intercellular
communication, immune response modulation, extracellular matrix
turnover, stem cell division and differentiation and neovascularization
(Hessvik and Llorente, 2018; Klingeborn et al., 2018). Unsurprisingly,
exosomes have been proposed to harbour important roles in RPE–retina
communication. A recent in vitro study suggests that RPE exosomes
may be involved in increased vascular endothelium growth factor
secretion and, consequently, neovascularization in response to oxidative
stress (Atienzar-Aroca et al., 2016). RPE exosomes have furthermore
been suggested to play a central role in AMD pathology through
modulating complement activation in the RPE-surrounding milieu
(Wang et al., 2009). Interestingly, the G-protein coupled receptor
GPR143 was recently shown to inhibit exosomal release in the RPE in
response to binding of its endogenous ligand L-DOPA (Locke et al.,
2014) suggesting that RPE exosomal release may be tightly controlled.

RPE phagocytosis – POS engulfment and phagosome
processing
Phagosome engulfment
Externalisation of phosphatidylserine in POS membranes is the
main ‘eat me’ signal for RPE cells to engulf the tips of the POS.
Engulfment of POS discs is under circadian control and is
dependent on the light–dark cycle. A burst in the number of RPE
phagosomes soon after light onset was first identified in albino rats
(LaVail, 1976), and circadian control of POS engulfment has
subsequently been observed numerous times in different species.
Secreted milk fat globule-EGF factor 8 protein (MFG-E8) in the
sub-retinal space bridges the phosphatidylserine residues on the
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POS to αvβ5 integrin on the RPE, thereby promoting POS
engulfment (Finnemann et al., 1997; Nandrot et al., 2007, 2004;
Ruggiero et al., 2012). Annexin A5 was recently shown to regulate
the number of αvβ5 receptors at the apical RPE membrane (Yu
et al., 2019), whereas annexin A2 has been implicated in POS
engulfment and F-actin recruitment to the newly formed phagosome
(Law et al., 2009). The scavenger receptor CD36 is also required for
efficient phagosome engulfment but its exact role remains elusive
(Finnemann and Silverstein, 2001; Ryeom et al., 1996). POS
binding to αvβ5 integrin increases complex formation with and
activation of the cytosolic focal adhesion kinase (FAK; also known
as PTK2), triggering activation and downstream signalling of the
Mer tyrosine kinase (MerTK) and thus promoting POS disc
engulfment (Finnemann, 2003; Finnemann and Nandrot, 2006).
MerTK also requires binding of its ligand Gas6 (or protein S), which
links the MerTK on the RPE to phosphatidylserine on the POS
(Burstyn-Cohen et al., 2012; Hall et al., 2005). Defects in the
efficient engulfment of POSs, as occurs in the Royal College of
Surgeons rat (Bok and Hall, 1971; Dowling and Sidman, 1962;
Herron et al., 1969), which lacks functional Mer tyrosine kinase
(D’Cruz et al., 2000), lead to rapid retinal degeneration.

Phagosome processing
In professional phagocytes, phagosome maturation subsequent to
internalisation of pathogens and other foreign particles involves
sequential interactions between the maturing phagosome,
endosomes and lysosomes (Bosch et al., 1993; Vieira et al.,
2002). This is also likely to be the case for phagosome maturation in
the RPE (see poster), since prelysosomal partial digestion of the
visual protein rhodopsin after POS engulfment, which coincides
with the interaction of the phagosomes with the endosome, is
followed by full rhodopsin degradation after lysosomal delivery
(Wavre-Shapton et al., 2014). Delivery of the phagocytosed POS to
the lysosome involves movement of the phagosome from the apical
to the basal region of the cell, which requires myosin VIIa- and
KLC1 (Esteve-Rudd et al., 2018; Gibbs et al., 2003).
Interestingly, recent advances provide evidence that POS

degradation depends on LC3-associated phagocytosis (Heckmann
and Green, 2019), a non-canonical autophagy pathway, and that the
intracellular sorting protein melanoregulin links the association of
the maturing phagosomewith LC3B (Frost et al., 2015). Expression
of rubicon (RUBCN) was subsequently suggested to promote LC3-
associated phagocytosis in RPE cells during POS degradation
(Muniz-Feliciano et al., 2017).
Studies of phagosome processing in the RPE havemainly focussed

on processing of the visual pigment, rhodopsin, which is localised on
the packedmembranous discs of the POS. However, the discs are also
rich in lipids, including the highly abundant fatty acid
docosahexaenoic acid (22:6) (DHA) and cholesterol, which was
recently identified as an additional key factor in RPE phagosome
maturation (Ramachandra Rao et al., 2018). Interestingly,
accumulating evidence show that up to 80% of the DHA is
recycled back to the photoreceptors to be incorporated into newly
formed discs (Chen and Anderson, 1993; Chen et al., 1993; Rice
et al., 2015), but how the RPE handles this daily challenge is unclear.
One reason for the current interest in phagosome processing in

the RPE is the potential role of defects in phagosome processing in
the pathology of AMD. Accumulation of intracellular deposits in
the form of lipofuscin, and extracellular material in the form of
Drusen, are hallmarks of dry AMD. Lipofuscin that accumulates
within RPE cells with age, and can be increased in AMD patients,
contains the bisretinoid A2E, indicating that it originates at least in

part from incompletely digested POS (Kennedy et al., 1995).
Drusen are basal extracellular deposits rich in lipids, free and
esterified cholesterol and lipoproteins. In mouse models, expression
of a dominant-negative form of cathepsin D (Rakoczy et al., 2002),
inhibition of lysosome activity with chloroquine (Peters et al., 2006)
or loss of function of NPC1 (Claudepierre et al., 2010), a regulator
of cholesterol efflux from lysosomes, all lead to accumulation of
lipofuscin and/or basal deposits that have some, but not all, of the
characteristics of the basal deposits observed in AMD. These data
collectively support a role for dysfunctional lysosomal processing
of proteins and/or lipids in AMD pathology. The presence of lipids
and also exosomal and lysosomal markers within Drusen and
Drusen-like extracellular deposits (Wang et al., 2009) supports the
idea that lysosome exocytosis could contribute to their generation.

Perspectives
We have highlighted important and unique aspects of membrane
trafficking in the RPE. The importance of membrane trafficking in
maintaining the specialised functions of the RPE is evident from the
impact of partial defects in trafficking pathways on these cells. For
example, in X-linked choroideremia (CHM), a disease characterised
by the slow degeneration of photoreceptors, RPE and
choriocapillaris, loss of Rab escort protein 1 (REP1; also known
as CHM), leads to reduced prenylation, and hence function, of Rab
GTPases that regulate multiple membrane trafficking pathways in
all cells (Seabra et al., 2002). However, CHM is a disease only of the
eye. We believe that the trafficking burden of the RPE (and
photoreceptors) renders them particularly sensitive to partial defects
in membrane trafficking. Progress in understanding aspects of
membrane trafficking that are unique to the RPE has been hampered
by the limitations of RPE in vitro models, which only recapitulate
limited RPE features (Lehmann et al., 2014). The development of
protocols to differentiate RPE from stem cells, including adult
patient-derived cells, is now providing valuable new tools for
understanding the molecular regulation of trafficking pathways and
how these are compromised in disease (Lehmann et al., 2014).
Additionally, new ways to include RPE in organoid cultures will
help to reproduce the in vivo environment in experimentally
tractable systems. A better understanding of membrane trafficking
in the RPE is important not only for identifying potential new
therapeutic targets for the treatment of eye disease, but also for
understanding how drugs and gene therapy vectors are taken up and
processed by these cells, which are central to vision.
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Galectin-4 and sulfatides in apical membrane trafficking in enterocyte-like cells.
J. Cell Biol. 169, 491-501. doi:10.1083/jcb.200407073

Delacour, D., Cramm-Behrens, C. I., Drobecq, H., Le Bivic, A., Naim, H. Y. and
Jacob, R. (2006). Requirement for galectin-3 in apical protein sorting. Curr. Biol.
16, 408-414. doi:10.1016/j.cub.2005.12.046

Deora, A. A., Philp, N., Hu, J., Bok, D. and Rodriguez-Boulan, E. (2005).
Mechanisms regulating tissue-specific polarity of monocarboxylate transporters
and their chaperone CD147 in kidney and retinal epithelia. Proc. Natl. Acad. Sci.
USA 102, 16245-16250. doi:10.1073/pnas.0504419102

Diaz, F., Gravotta, D., Deora, A., Schreiner, R., Schoggins, J., Falck-Pedersen,
E. and Rodriguez-Boulan, E. (2009). Clathrin adaptor AP1B controls adenovirus
infectivity of epithelial cells. Proc. Natl. Acad. Sci. USA 106, 11143-11148. doi:10.
1073/pnas.0811227106

Dowling, J. E. and Sidman, R. L. (1962). Inherited retinal dystrophy in the rat. J. Cell
Biol. 14, 73-109. doi:10.1083/jcb.14.1.73

El-Amraoui, A., Schonn, J. S., Kussel-Andermann, P., Blanchard, S., Desnos,
C., Henry, J. P., Wolfrum, U., Darchen, F. and Petit, C. (2002). MyRIP, a novel
Rab effector, enables myosin VIIa recruitment to retinal melanosomes. EMBO
Rep. 3, 463-470. doi:10.1093/embo-reports/kvf090

Esteve-Rudd, J., Hazim, R. A., Diemer, T., Paniagua, A. E., Volland, S.,
Umapathy, A. and Williams, D. S. (2018). Defective phagosome motility and
degradation in cell nonautonomous RPE pathogenesis of a dominant macular
degeneration. Proc. Natl. Acad. Sci. U.S.A. 115, 5468-5473. doi:10.1073/pnas.
1709211115

Feeney-Burns, L., Hilderbrand, E. S. and Eldridge, S. (1984). Aging human RPE:
morphometric analysis of macular, equatorial, and peripheral cells. Invest.
Ophthalmol. Vis. Sci. 25, 195-200.

Finnemann, S. C. (2003). Focal adhesion kinase signaling promotes phagocytosis
of integrin-bound photoreceptors. EMBO J. 22, 4143-4154. doi:10.1093/emboj/
cdg416

Finnemann, S. C., Bonilha, V. L., Marmorstein, A. D. and Rodriguez-Boulan, E.
(1997). Phagocytosis of rod outer segments by retinal pigment epithelial cells
requires alpha(v)beta5 integrin for binding but not for internalization. Proc. Natl.
Acad. Sci. USA 94, 12932-12937. doi:10.1073/pnas.94.24.12932

Finnemann, S. C. and Nandrot, E. F. (2006). MerTK activation during RPE
phagocytosis in vivo requires alphaVbeta5 integrin. Adv. Exp. Med. Biol. 572,
499-503. doi:10.1007/0-387-32442-9_69

Finnemann, S. C. and Silverstein, R. L. (2001). Differential roles of CD36 and
alphavbeta5 integrin in photoreceptor phagocytosis by the retinal pigment
epithelium. J. Exp. Med. 194, 1289-1298. doi:10.1084/jem.194.9.1289

Folsch, H., Ohno, H., Bonifacino, J. S. and Mellman, I. (1999). A novel clathrin
adaptor complex mediates basolateral targeting in polarized epithelial cells. Cell
99, 189-198. doi:10.1016/S0092-8674(00)81650-5

Frost, L. S., Lopes, V. S., Bragin, A., Reyes-Reveles, J., Brancato, J., Cohen, A.,
Mitchell, C. H., Williams, D. S. and Boesze-Battaglia, K. (2015). The
contribution of melanoregulin to microtubule-associated protein 1 light chain 3
(LC3) associated phagocytosis in retinal pigment epithelium. Mol. Neurobiol. 52,
1135-1151. doi:10.1007/s12035-014-8920-5

Futter, C. E., Ramalho, J. S., Jaissle, G. B., Seeliger, M. W. and Seabra, M. C.
(2004). The role of Rab27a in the regulation of melanosome distribution within
retinal pigment epithelial cells. Mol. Biol. Cell 15, 2264-2275. doi:10.1091/mbc.
e03-10-0772

Georgiannakis, A., Burgoyne, T., Lueck, K., Futter, C., Greenwood, J. and
Moss, S. E. (2015). Retinal pigment epithelial cells mitigate the effects of
complement attack by endocytosis of C5b-9. J. Immunol. 195, 3382-3389. doi:10.
4049/jimmunol.1500937

Gibbs, D., Kitamoto, J. and Williams, D. S. (2003). Abnormal phagocytosis by
retinal pigmented epithelium that lacks myosin VIIa, the Usher syndrome 1B
protein. Proc. Natl. Acad. Sci. USA 100, 6481-6486. doi:10.1073/pnas.
1130432100

Gibbs, D., Azarian, S. M., Lillo, C., Kitamoto, J., Klomp, A. E., Steel, K. P., Libby,
R. T. and Williams, D. S. (2004). Role of myosin VIIa and Rab27a in the motility
and localization of RPE melanosomes. J. Cell Sci. 117, 6473-6483. doi:10.1242/
jcs.01580

Gravotta, D., Perez Bay, A., Jonker, C. T. H., Zager, P. J., Benedicto, I.,
Schreiner, R., Caceres, P. S. and Rodriguez-Boulan, E. (2019). Clathrin and
clathrin adaptor AP-1 control apical trafficking of megalin in the biosynthetic and
recycling routes. Mol. Biol. Cell 30, 1716-1728. doi:10.1091/mbc.E18-12-0811

Gravotta, D., Carvajal-Gonzalez, J. M., Mattera, R., Deborde, S., Banfelder, J. R.,
Bonifacino, J. S. and Rodriguez-Boulan, E. (2012). The clathrin adaptor AP-1A
mediates basolateral polarity. Dev. Cell 22, 811-823. doi:10.1016/j.devcel.2012.
02.004

Gu, X., Reagan, A. M., McClellan, M. E. and Elliott, M. H. (2017). Caveolins and
caveolae in ocular physiology and pathophysiology. Prog. Retin. Eye Res. 56,
84-106. doi:10.1016/j.preteyeres.2016.09.005

Gundersen, D., Orlowski, J. and Rodriguez-Boulan, E. (1991). Apical polarity of
Na,K-ATPase in retinal pigment epithelium is linked to a reversal of the ankyrin-
fodrin submembrane cytoskeleton. J. Cell Biol. 112, 863-872. doi:10.1083/jcb.
112.5.863

Hall, M. O., Obin, M. S., Heeb, M. J., Burgess, B. L. and Abrams, T. A. (2005).
Both protein S and Gas6 stimulate outer segment phagocytosis by cultured rat

6

CELL SCIENCE AT A GLANCE Journal of Cell Science (2020) 133, jcs238279. doi:10.1242/jcs.238279

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://doi.org/10.1111/jcmm.12834
https://doi.org/10.1111/jcmm.12834
https://doi.org/10.1111/jcmm.12834
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1083/jcb.49.3.664
https://doi.org/10.1083/jcb.49.3.664
https://doi.org/10.1083/jcb.49.3.664
https://doi.org/10.1177/41.2.8419462
https://doi.org/10.1177/41.2.8419462
https://doi.org/10.1177/41.2.8419462
https://doi.org/10.4161/sgtp.22349
https://doi.org/10.4161/sgtp.22349
https://doi.org/10.4161/sgtp.22349
https://doi.org/10.4161/sgtp.22349
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.1073/pnas.1821076116
https://doi.org/10.1073/pnas.1821076116
https://doi.org/10.1073/pnas.1821076116
https://doi.org/10.1073/pnas.1821076116
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1073/pnas.1117949109
https://doi.org/10.1111/j.1600-0854.2010.01155.x
https://doi.org/10.1111/j.1600-0854.2010.01155.x
https://doi.org/10.1111/j.1600-0854.2010.01155.x
https://doi.org/10.1111/j.1600-0854.2010.01155.x
https://doi.org/10.1006/exer.1993.1136
https://doi.org/10.1006/exer.1993.1136
https://doi.org/10.1006/exer.1993.1136
https://doi.org/10.1021/bi00093a007
https://doi.org/10.1021/bi00093a007
https://doi.org/10.1021/bi00093a007
https://doi.org/10.1038/nrm778
https://doi.org/10.1038/nrm778
https://doi.org/10.1007/s00424-009-0685-8
https://doi.org/10.1007/s00424-009-0685-8
https://doi.org/10.1007/s00424-009-0685-8
https://doi.org/10.1007/s00281-017-0649-6
https://doi.org/10.1007/s00281-017-0649-6
https://doi.org/10.1167/iovs.11-7909
https://doi.org/10.1167/iovs.11-7909
https://doi.org/10.1167/iovs.11-7909
https://doi.org/10.1167/iovs.11-7909
https://doi.org/10.1167/iovs.11-7909
https://doi.org/10.1016/j.mcn.2009.10.007
https://doi.org/10.1016/j.mcn.2009.10.007
https://doi.org/10.1016/j.mcn.2009.10.007
https://doi.org/10.1016/j.mcn.2009.10.007
https://doi.org/10.1016/S0014-4835(85)80021-X
https://doi.org/10.1016/S0014-4835(85)80021-X
https://doi.org/10.1016/S0014-4835(85)80021-X
https://doi.org/10.1006/exer.1998.0633
https://doi.org/10.1006/exer.1998.0633
https://doi.org/10.1006/exer.1998.0633
https://doi.org/10.1006/exer.1998.0633
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1038/nature06828
https://doi.org/10.1038/nature06828
https://doi.org/10.1038/nature06828
https://doi.org/10.1083/jcb.200407073
https://doi.org/10.1083/jcb.200407073
https://doi.org/10.1083/jcb.200407073
https://doi.org/10.1083/jcb.200407073
https://doi.org/10.1016/j.cub.2005.12.046
https://doi.org/10.1016/j.cub.2005.12.046
https://doi.org/10.1016/j.cub.2005.12.046
https://doi.org/10.1073/pnas.0504419102
https://doi.org/10.1073/pnas.0504419102
https://doi.org/10.1073/pnas.0504419102
https://doi.org/10.1073/pnas.0504419102
https://doi.org/10.1073/pnas.0811227106
https://doi.org/10.1073/pnas.0811227106
https://doi.org/10.1073/pnas.0811227106
https://doi.org/10.1073/pnas.0811227106
https://doi.org/10.1083/jcb.14.1.73
https://doi.org/10.1083/jcb.14.1.73
https://doi.org/10.1093/embo-reports/kvf090
https://doi.org/10.1093/embo-reports/kvf090
https://doi.org/10.1093/embo-reports/kvf090
https://doi.org/10.1093/embo-reports/kvf090
https://doi.org/10.1073/pnas.1709211115
https://doi.org/10.1073/pnas.1709211115
https://doi.org/10.1073/pnas.1709211115
https://doi.org/10.1073/pnas.1709211115
https://doi.org/10.1073/pnas.1709211115
https://doi.org/10.1093/emboj/cdg416
https://doi.org/10.1093/emboj/cdg416
https://doi.org/10.1093/emboj/cdg416
https://doi.org/10.1073/pnas.94.24.12932
https://doi.org/10.1073/pnas.94.24.12932
https://doi.org/10.1073/pnas.94.24.12932
https://doi.org/10.1073/pnas.94.24.12932
https://doi.org/10.1007/0-387-32442-9_69
https://doi.org/10.1007/0-387-32442-9_69
https://doi.org/10.1007/0-387-32442-9_69
https://doi.org/10.1084/jem.194.9.1289
https://doi.org/10.1084/jem.194.9.1289
https://doi.org/10.1084/jem.194.9.1289
https://doi.org/10.1016/S0092-8674(00)81650-5
https://doi.org/10.1016/S0092-8674(00)81650-5
https://doi.org/10.1016/S0092-8674(00)81650-5
https://doi.org/10.1007/s12035-014-8920-5
https://doi.org/10.1007/s12035-014-8920-5
https://doi.org/10.1007/s12035-014-8920-5
https://doi.org/10.1007/s12035-014-8920-5
https://doi.org/10.1007/s12035-014-8920-5
https://doi.org/10.1091/mbc.e03-10-0772
https://doi.org/10.1091/mbc.e03-10-0772
https://doi.org/10.1091/mbc.e03-10-0772
https://doi.org/10.1091/mbc.e03-10-0772
https://doi.org/10.4049/jimmunol.1500937
https://doi.org/10.4049/jimmunol.1500937
https://doi.org/10.4049/jimmunol.1500937
https://doi.org/10.4049/jimmunol.1500937
https://doi.org/10.1073/pnas.1130432100
https://doi.org/10.1073/pnas.1130432100
https://doi.org/10.1073/pnas.1130432100
https://doi.org/10.1073/pnas.1130432100
https://doi.org/10.1242/jcs.01580
https://doi.org/10.1242/jcs.01580
https://doi.org/10.1242/jcs.01580
https://doi.org/10.1242/jcs.01580
https://doi.org/10.1091/mbc.E18-12-0811
https://doi.org/10.1091/mbc.E18-12-0811
https://doi.org/10.1091/mbc.E18-12-0811
https://doi.org/10.1091/mbc.E18-12-0811
https://doi.org/10.1016/j.devcel.2012.02.004
https://doi.org/10.1016/j.devcel.2012.02.004
https://doi.org/10.1016/j.devcel.2012.02.004
https://doi.org/10.1016/j.devcel.2012.02.004
https://doi.org/10.1016/j.preteyeres.2016.09.005
https://doi.org/10.1016/j.preteyeres.2016.09.005
https://doi.org/10.1016/j.preteyeres.2016.09.005
https://doi.org/10.1083/jcb.112.5.863
https://doi.org/10.1083/jcb.112.5.863
https://doi.org/10.1083/jcb.112.5.863
https://doi.org/10.1083/jcb.112.5.863
https://doi.org/10.1016/j.exer.2005.03.017
https://doi.org/10.1016/j.exer.2005.03.017


retinal pigment epithelial cells. Exp. Eye Res. 81, 581-591. doi:10.1016/j.exer.
2005.03.017

Heckmann, B. L. and Green, D. R. (2019). LC3-associated phagocytosis at a
glance. J. Cell Sci. 132, jcs222984. doi:10.1242/jcs.222984

Herron, W. L., Riegel, B. W., Myers, O. E. and Rubin, M. L. (1969). Retinal
dystrophy in the rat–a pigment epithelial disease. Invest Ophthalmol. 8, 595-604.

Hessvik, N. P. and Llorente, A. (2018). Current knowledge on exosome biogenesis
and release. Cell. Mol. Life Sci. 75, 193-208. doi:10.1007/s00018-017-2595-9

Hollborn, M., Birkenmeier, G., Saalbach, A., Iandiev, I., Reichenbach, A.,
Wiedemann, P. and Kohen, L. (2004). Expression of LRP1 in retinal pigment
epithelial cells and its regulation by growth factors. Invest. Ophthalmol. Vis. Sci.
45, 2033-2038. doi:10.1167/iovs.03-0656

Hollyfield, J. G., Varner, H. H., Rayborn, M. E., Liou, G. I. and Bridges, C. D.
(1985). Endocytosis and degradation of interstitial retinol-binding protein:
differential capabilities of cells that border the interphotoreceptor matrix. J. Cell
Biol. 100, 1676-1681. doi:10.1083/jcb.100.5.1676

Hume, A. N., Collinson, L. M., Rapak, A., Gomes, A. Q., Hopkins, C. R. and
Seabra, M. C. (2001). Rab27a regulates the peripheral distribution of
melanosomes in melanocytes. J. Cell Biol. 152, 795-808. doi:10.1083/jcb.152.
4.795

Hume, A. N., Collinson, L. M., Hopkins, C. R., Strom, M., Barral, D. C., Bossi, G.,
Griffiths, G. M. and Seabra, M. C. (2002). The leaden gene product is required
with Rab27a to recruit myosin Va to melanosomes in melanocytes. Traffic 3,
193-202. doi:10.1034/j.1600-0854.2002.030305.x

Incerti, B., Cortese, K., Pizzigoni, A., Surace, E. M., Varani, S., Coppola, M.,
Jeffery, G., Seeliger, M., Jaissle, G., Bennett, D. C., et al. (2000). Oa1 knock-
out: new insights on the pathogenesis of ocular albinism type 1.Hum. Mol. Genet.
9, 2781-2788. doi:10.1093/hmg/9.19.2781

Jaiswal, J. K., Andrews, N. W. and Simon, S. M. (2002). Membrane proximal
lysosomes are the major vesicles responsible for calcium-dependent exocytosis
in nonsecretory cells. J. Cell Biol. 159, 625-635. doi:10.1083/jcb.200208154

Kantarci, S., Al-Gazali, L., Hill, R. S., Donnai, D., Black, G. C., Bieth, E.,
Chassaing, N., Lacombe, D., Devriendt, K., Teebi, A., et al. (2007). Mutations in
LRP2, which encodes the multiligand receptor megalin, cause Donnai-Barrow
and facio-oculo-acoustico-renal syndromes. Nat. Genet. 39, 957-959. doi:10.
1038/ng2063

Kaplan, J., De Domenico, I. and Ward, D. M. (2008). Chediak-Higashi syndrome.
Curr. Opin Hematol. 15, 22-29. doi:10.1097/MOH.0b013e3282f2bcce

Kennedy, C. J., Rakoczy, P. E. and Constable, I. J. (1995). Lipofuscin of the retinal
pigment epithelium: a review. Eye 9, 763-771. doi:10.1038/eye.1995.192

Khalifa, O., Al-Sahlawi, Z., Imtiaz, F., Ramzan, K., Allam, R., Al-Mostafa, A.,
Abdel-Fattah, M., Abuharb, G., Nester, M., Verloes, A., et al. (2015). Variable
expression pattern in Donnai-Barrow syndrome: Report of two novel LRP2
mutations and review of the literature. Eur. J. Med. Genet. 58, 293-299. doi:10.
1016/j.ejmg.2014.12.008

Klingeborn, M., Stamer, W. D. and Bowes Rickman, C. (2018). Polarized
exosome release from the retinal pigmented epithelium. Adv. Exp. Med. Biol.
1074, 539-544. doi:10.1007/978-3-319-75402-4_65

Lakkaraju, A., Umapathy, A., Tan, L. X., Daniele, L., Philp, N. J., Boesze-
Battaglia, K. and Williams, D. S. (2020). The cell biology of the retinal pigment
epithelium. Prog. Retin. Eye Res. 100846. doi:10.1016/j.preteyeres.2020.100846

Lambert, M. W., Maddukuri, S., Karanfilian, K. M., Elias, M. L. and Lambert,
W. C. (2019). The physiology of melanin deposition in health and disease. Clin.
Dermatol. 37, 402-417. doi:10.1016/j.clindermatol.2019.07.013

Lavado, A., Jeffery, G., Tovar, V., de la Villa, P. and Montoliu, L. (2006). Ectopic
expression of tyrosine hydroxylase in the pigmented epithelium rescues the retinal
abnormalities and visual function common in albinos in the absence of melanin.
J. Neurochem. 96, 1201-1211. doi:10.1111/j.1471-4159.2006.03657.x

LaVail, M. M. (1976). Rod outer segment disk shedding in rat retina: relationship to
cyclic lighting. Science 194, 1071-1074. doi:10.1126/science.982063

Law, A.-L., Ling, Q., Hajjar, K. A., Futter, C. E., Greenwood, J., Adamson, P.,
Wavre-Shapton, S. T., Moss, S. E. and Hayes, M. J. (2009). Annexin A2
regulates phagocytosis of photoreceptor outer segments in the mouse retina.Mol.
Biol. Cell 20, 3896-3904. doi:10.1091/mbc.e08-12-1204

Lehmann, G. L., Benedicto, I., Philp, N. J. and Rodriguez-Boulan, E. (2014).
Plasma membrane protein polarity and trafficking in RPE cells: past, present and
future. Exp. Eye Res. 126, 5-15. doi:10.1016/j.exer.2014.04.021

Lewis, R. A. (1993). Oculocutaneous albinism type 1. In GeneReviews (ed. M. P.
Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace, L. J. H. Bean, K. Stephens and
A. Amemiya). Seattle, WA: University of Washington, Seattle. University of
Washington, Seattle.

Locke, C. J., Congrove, N. R., Dismuke, W. M., Bowen, T. J., Stamer, W. D. and
McKay, B. S. (2014). Controlled exosome release from the retinal pigment
epithelium in situ. Exp. Eye Res. 129, 1-4. doi:10.1016/j.exer.2014.10.010

Lopes, V. S., Ramalho, J. S., Owen, D. M., Karl, M. O., Strauss, O., Futter, C. E.
and Seabra, M. C. (2007a). The ternary Rab27a-Myrip-Myosin VIIa complex
regulates melanosome motility in the retinal pigment epithelium. Traffic 8,
486-499. doi:10.1111/j.1600-0854.2007.00548.x

Lopes, V. S., Wasmeier, C., Seabra, M. C. and Futter, C. E. (2007b). Melanosome
maturation defect in Rab38-deficient retinal pigment epithelium results in

instability of immature melanosomes during transient melanogenesis. Mol. Biol.
Cell 18, 3914-3927. doi:10.1091/mbc.e07-03-0268

Lopez, V.M., Decatur, C. L., Stamer,W. D., Lynch, R.M. andMcKay, B. S. (2008).
L-DOPA is an endogenous ligand for OA1. PLoS Biol. 6, e236. doi:10.1371/
journal.pbio.0060236

MacLaren, R. E., Groppe, M., Barnard, A. R., Cottriall, C. L., Tolmachova, T.,
Seymour, L., Clark, K. R., During, M. J., Cremers, F. P. M., Black, G. C. M.,
et al. (2014). Retinal gene therapy in patients with choroideremia: initial findings
from a phase 1/2 clinical trial. The Lancet 383, 1129-1137. doi:10.1016/S0140-
6736(13)62117-0

Marmorstein, A. D., Gan, Y. C., Bonilha, V. L., Finnemann, S. C., Csaky, K. G.
and Rodriguez-Boulan, E. (1998). Apical polarity of N-CAM and EMMPRIN in
retinal pigment epithelium resulting from suppression of basolateral signal
recognition. J. Cell Biol. 142, 697-710. doi:10.1083/jcb.142.3.697

McKay, B. S. (2019). Pigmentation and vision: Is GPR143 in control? J. Neurosci.
Res. 97, 77-87. doi:10.1002/jnr.24246

Mora, R. C., Bonilha, V. L., Shin, B. C., Hu, J., Cohen-Gould, L., Bok, D. and
Rodriguez-Boulan, E. (2006). Bipolar assembly of caveolae in retinal pigment
epithelium. Am. J. Physiol. Cell Physiol. 290, C832-C843. doi:10.1152/ajpcell.
00405.2005

Morgan, B. P., Boyd, C. and Bubeck, D. (2017). Molecular cell biology of
complement membrane attack. Semin. Cell Dev. Biol. 72, 124-132. doi:10.1016/j.
semcdb.2017.06.009

Muniz-Feliciano, L., Doggett, T. A., Zhou, Z. and Ferguson, T. A. (2017). RUBCN/
rubicon and EGFR regulate lysosomal degradative processes in the retinal
pigment epithelium (RPE) of the eye. Autophagy 13, 2072-2085. doi:10.1080/
15548627.2017.1380124

Nandrot, E. F., Kim, Y., Brodie, S. E., Huang, X., Sheppard, D. and Finnemann,
S. C. (2004). Loss of synchronized retinal phagocytosis and age-related blindness
in mice lacking alphavbeta5 integrin. J. Exp. Med. 200, 1539-1545. doi:10.1084/
jem.20041447

Nandrot, E. F., Anand, M., Almeida, D., Atabai, K., Sheppard, D. and
Finnemann, S. C. (2007). Essential role for MFG-E8 as ligand for alphavbeta5
integrin in diurnal retinal phagocytosis. Proc. Natl. Acad. Sci. USA 104,
12005-12010. doi:10.1073/pnas.0704756104

Ohno, H., Tomemori, T., Nakatsu, F., Okazaki, Y., Aguilar, R. C., Foelsch, H.,
Mellman, I., Saito, T., Shirasawa, T. andBonifacino, J. S. (1999). Mu1B, a novel
adaptor medium chain expressed in polarized epithelial cells. FEBS Lett. 449,
215-220. doi:10.1016/S0014-5793(99)00432-9

Okami, T., Yamamoto, A., Omori, K., Takada, T., Uyama, M. and Tashiro, Y.
(1990). Immunocytochemical localization of Na+, K(+)-ATPase in rat retinal
pigment epithelial cells. J. Histochem. Cytochem. 38, 1267-1275. doi:10.1177/38.
9.2167328

Palmisano, I., Bagnato, P., Palmigiano, A., Innamorati, G., Rotondo, G.,
Altimare, D., Venturi, C., Sviderskaya, E. V., Piccirillo, R., Coppola, M.,
et al. (2008). The ocular albinism type 1 protein, an intracellular G protein-coupled
receptor, regulates melanosome transport in pigment cells. Hum. Mol. Genet. 17,
3487-3501. doi:10.1093/hmg/ddn241

Perez Bay, A. E., Schreiner, R., Mazzoni, F., Carvajal-Gonzalez, J. M., Gravotta,
D., Perret, E., Lehmann Mantaras, G., Zhu, Y. S. and and Rodriguez-Boulan,
E. J. (2013). The kinesin KIF16B mediates apical transcytosis of transferrin
receptor in AP-1B-deficient epithelia. EMBO J. 32, 2125-2139. doi:10.1038/
emboj.2013.130

Perez Bay, A. E., Schreiner, R., Benedicto, I. and Rodriguez-Boulan, E. J.
(2014). Galectin-4-mediated transcytosis of transferrin receptor. J. Cell Sci. 127,
4457-4469. doi:10.1242/jcs.153437

Peters, S., Reinthal, E., Blitgen-Heinecke, P., Bartz-Schmidt, K. U. and
Schraermeyer, U. (2006). Inhibition of lysosomal degradation in retinal pigment
epithelium cells induces exocytosis of phagocytic residual material at the
basolateral plasma membrane. Ophthalmic Res. 38, 83-88. doi:10.1159/
000090268

Petit, C. (2001). Usher syndrome: from genetics to pathogenesis. Annu. Rev.
Genomics Hum. Genet. 2, 271-297. doi:10.1146/annurev.genom.2.1.271

Pober, B. R., Longoni, M. and Noonan, K. M. (2009). A review of Donnai-Barrow
and facio-oculo-acoustico-renal (DB/FOAR) syndrome: clinical features and
differential diagnosis. Birth Defects Res. A Clin. Mol. Teratol. 85, 76-81. doi:10.
1002/bdra.20534

Qing, K., Mah, C., Hansen, J., Zhou, S., Dwarki, V. and Srivastava, A. (1999).
Human fibroblast growth factor receptor 1 is a co-receptor for infection by adeno-
associated virus 2. Nat. Med. 5, 71-77. doi:10.1038/4758

Rakoczy, P. E., Zhang, D., Robertson, T., Barnett, N. L., Papadimitriou, J.,
Constable, I. J. and Lai, C. M. (2002). Progressive age-related changes similar to
age-related macular degeneration in a transgenic mouse model. Am. J. Pathol.
161, 1515-1524. doi:10.1016/S0002-9440(10)64427-6

Ramachandra Rao, S., Pfeffer, B. A., Más Gómez, N., Skelton, L. A., Keiko, U.,
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