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Synopsis Melanins, the main pigments of the skin and hair in mammals, are synthesized within membrane-bound
organelles of melanocytes called melanosomes. Melanosome structure and function are determined by a cohort of
resident transmembrane proteins, many of which are expressed only in pigment cells and localize specifically to mel-
anosomes. Defects in the genes that encode melanosome-specific proteins or components of the machinery required for
their transport in and out of melanosomes underlie various forms of ocular or oculocutaneous albinism, characterized by
hypopigmentation of the hair, skin, and eyes and by visual impairment. We review major components of melanosomes,
including the enzymes that catalyze steps in melanin synthesis from tyrosine precursors, solute transporters that allow
these enzymes to function, and structural proteins that underlie melanosome shape and melanin deposition. We then
review the molecular mechanisms by which these components are biosynthetically delivered to newly forming melano-
somes—many of which are shared by other cell types that generate cell type-specific lysosome-related organelles. We also
highlight unanswered questions that need to be addressed by future investigation.

Introduction—melanosome morphology Within epidermal and follicular melanocytes, and

and function

Skin and hair pigmentation in mammals are a conse-
quence of cellular activities and cooperation between
two cell types: melanocytes that make melanins and
keratinocytes that distribute melanins throughout the
skin. The transfer of melanins from melanocytes to
keratinocytes and the intracellular events within kera-
tinocytes that allow for the proper distribution of the
transferred pigments are discussed in the companion
article by Benito-Martinez et al. (2021). This review
will focus on the cell biology within melanocytes re-
sponsible for melanin synthesis.
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also in developing pigment cells of the eye (including
retinal pigment epithelial cells, iris and ciliary body
pigment epithelial cells, and choroidal and iris mel-
anocytes), melanins are synthesized within mem-
brane-bound intracellular compartments called
melanosomes. Melanosomes belong to the lyso-
some-related organelle (LRO) family, members of
which share some features of conventional lysosomes
(e.g., low intracellular pH at some maturation stage,
and some content of lysosomal proteins), while dis-
playing a unique composition and function to fulfill
physiological needs of the organism (Bowman et al.
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2019; Delevoye et al. 2019). The specific physiologi-
cal functions of each LRO are conferred by the cell
type-specific components that reside within them.
Moreover, these components must be delivered, ei-
ther following their synthesis within the LRO-pro-
ducing cell or following uptake from extracellular
sources, specifically to the LRO. Hence, this review
will focus first on the melanosome contents that are
required for melanin synthesis and subsequent trans-
fer, and then on the mechanisms by which these
contents are delivered to melanosomes. The latter
mechanisms likely apply to multiple cell types that
generate LROs. Of note, genetic defects in either the
melanosome components themselves or in their de-
livery pathways result in one of many forms of ocu-
locutaneous albinism (OCA) or ocular albinism (OA;
Garrido et al. 2021). Analyses of the products of the
affected genes and melanocytes from patients or
mouse models of OCA and OA have been instru-
mental in defining the mechanisms of melanosome
biogenesis.

In order to appreciate melanosome function, one
must first understand melanosome ultrastructure, as
detected by electron microscopy. Melanosomes within
pigment cells that synthesize primarily the black and
brown eumelanins develop through four morpholog-
ically distinct stages (Seiji et al. 1961)." Stage I mela-
nosomes correspond to conventional vacuolar early
endosomal compartments: round organelles integrated
into the endocytic pathway with an electron-lucent
lumen displaying a planar clathrin coat and few intra-
luminal vesicles (ILVs; Raposo et al. 2001).
Throughout this review, we will refer to these organ-
elles either as Stage I melanosomes or early endo-
somes. In melanocytes and developing eye pigment
cells, these organelles are unique in that the ILVs
within them serve as sites to seed the formation of
unusual fibrillar structures (Seiji et al. 1961; Berson
et al. 2001; Raposo et al. 2001; Hurbain et al. 2008)
that will be discussed further below. These fibrils elon-
gate and assemble laterally into fibrillar sheets as Stage
I melanosomes mature into Stage II; in cross-sections,
Stage II melanosomes appear to contain parallel or
concentric proteinaceous fibrils (Seiji et al. 1961;
Moyer 1966). Concomitantly, the sheets distend the
shape of Stage II melanosomes into ellipsoidal organ-
elles. The sheets ultimately serve to template the de-
position of melanins as they are synthesized in Stages

1 Melanosomes in melanocytes that make predominantly
red and yellow pheomelanins have a distinct structure
and have not been well characterized. This review will
thus focus exclusively on melanosomes that make pri-
marily eumelanins.
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III and IV melanosomes. Hence, Stages I and II are
unpigmented organelles, and may be referred to as
“premelanosomes.”

Melanin synthesis begins in Stage III, in which the
fibrous sheets become laden with melanin. Stage III
melanosomes are thus defined as those in which
melanin-laden fibrous sheets are still visible, whereas
Stage IV melanosomes contain sufficient melanin
content to mask the underlying fibrillar structure
(Seiji et al. 1961). Therefore, Stages III and IV are
the melanin-containing organelles that are easily
detected in melanocyte cell cultures as dark granules
by bright-field light microscopy (Benito-Martinez
et al. 2020). Melanin in stage IV melanosomes is
fated for transfer to keratinocytes. Importantly, while
Stage I melanosomes are also intermediates in the
endocytic pathway and accessible to endocytosed
tracers, melanosomes of Stages II-IV are not acces-
sible; rather, the endocytosed tracers from Stage I
melanosomes are eventually delivered to bona fide
lysosomes (Raposo et al. 2001). Thus, melanosome
and endolysosomal maturation diverge at the level of
Stage I melanosomes.

What is the nature of the proteinaceous fibrillar
sheets upon which melanins deposit within melano-
somes? How are melanins synthesized within melano-
somes? How are the components of these distinct
stages delivered to maturing melanosomes? How are
these processes disrupted in various forms of albi-
nism? These questions will be addressed further be-
low. Many of the proteins discussed below as either
melanosome components or effectors of melanosome
maturation or melanosome cargo delivery are listed in
Table 1, and a glossary of terms is included in Box 1.

Melanosome contents and pigmentation

Melanin is the primary determinant of mammalian
pigmentation and can be found in two forms: eume-
lanins (black and brown pigments) and pheomela-
nins (red and yellow pigments; D’Alba and Shawkey
2019). As discussed above, mutations in genes re-
quired for melanin synthesis result in OCA. Eight
subtypes of non-syndromic OCA (OCA1-8) have
been described, and except for two subtypes—
OCAS, whose gene is uncloned, and OCA7, whose
gene encodes the leucine-rich melanocyte differenti-
ation-associated protein of unknown function—the
genes mutated in OCA encode either enzymes or ion
transport proteins that impact melanogenesis.

The tyrosinase family

Both eumelanin and pheomelanin are synthesized via
a series of reactions that are initiated by the
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oxidation of tyrosine (or of L-3,4-dihydroxyphenyla-
lanine [L-dopa]) to dopaquinone, catalyzed by the
enzyme tyrosinase (TYR; Fig. 1; Raper and
Wormall 1923; Raper 1926, 1927; Raper and
Speakman 1926; Evans and Raper 1937; Mason
1948; Cooksey et al. 1997; Ramsden and Riley
2014). In the presence of cysteine, dopaquinone is
spontaneously converted to either 2-S- or 5-S-cystei-
nyldopa, which are both intermediates in the auto-
catalytic synthesis of pheomelanins (Fig. 1, right
side). In the absence of cysteine, dopaquinone is
spontaneously converted to cyclodopa and then to
dopachrome, intermediates in the formation of
eumelanin (Fig. 1, left side; see below; Ito and
Wakamatsu 2008). While TYR is the only enzyme
required for melanin formation, the structurally re-
lated TYR-related protein 1 (TYRP1) and dopa-
chrome tautomerase (DCT, a.k.a. TYRP2) modulate
the eumelanin synthesis pathway. Impaired function
of any one of these proteins results in OCA (Tomita
et al. 1992; Oetting and King 1994a, 1994b; Boissy
et al. 1996; Montoliu et al. 2014; Pennamen et al.
2020b).

TYR, TYRP1, and DCT (Fig. 2) belong to the TYR
family of enzymes, all of which contain a cysteine-
rich domain, two metal-binding sites, a single trans-
membrane domain, and a short cytosolic C-terminal
tail (Solano 2018). The metals bound by these pro-
teins yield insight into their enzymatic functions.
TYR is a Cu**-binding protein, which allows it to
oxidize its substrates tyrosine and L-dopa to generate
dopaquinone (Fig. 1; Olivares and Solano 2009;
Ramsden and Riley 2014; Solano 2018). Mutations
in TYR cause OCAI, typically the most severe form
of OCA, due to the requirement for TYR in both
eumelanin and pheomelanin production (Gronskov
et al. 2007; Montoliu et al. 2014). DCT is a Zn>"-
binding protein that catalyzes the tautomerization of
dopachrome to 5,6-dihydroxyindole (DHI)-2-car-
boxylic acid (DHICA) downstream of dopaquinone
in the eumelanin synthesis pathway (Fig. 1;
Tsukamoto et al. 1992; Solano et al. 1996; Olivares
and Solano 2009). Mutations in DCT cause OCAS8
(Pennamen et al. 2020b), a milder form of OCA, as
eumelanin can also be formed independently of DCT
activity via the spontaneous formation of DHI from
dopachrome (Fig. 1). While both DHI and DHICA
can be oxidized and assembled into eumelanin poly-
mers, DHICA melanins are more anti-oxidative and
have distinct pigmentation properties (Guyonneau
et al. 2004; Jiang et al. 2010); thus, DCT activity
determines the composition of eumelanin.

While the functions of TYR and DCT have been
well-characterized, the function of TYRP1 is
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controversial. Mutations in TYRP1 result in OCA3,
a mild form of “rufous” OCA characterized by red-
dish skin and hair; mutations in the mouse ortholog
similarly result in brown rather than black coat color
(Tomita et al. 1992; Oetting and King 1994a, 1994b;
Boissy et al. 1996). However, it is unclear whether
TYRPI functions as an enzyme, a modifier of TYR
activity, or an anti-oxidant (Orlow et al. 1994;
Kobayashi et al. 1998). This conundrum is exacer-
bated by differences in function ascribed to the
highly homologous human and mouse TYRPI1
orthologs (Jimenez-Cervantes et al. 1994; Kobayashi
et al. 1994; Boissy et al. 1998). Purified preparations
of mouse TYRP1 were shown to catalyze the oxi-
dation of DHICA to form melanins (Jimenez-
Cervantes et al. 1994; Kobayashi et al. 1994). In
contrast, human TYRP1 does not appear to share
this function (Boissy et al. 1998); consistently, the
crystal structure of the luminal domain of human
TYRP1 shows that its metal-binding site contains
Zn*"—an ion that lacks redox activity—supporting
a model in which human TYRP1 cannot function as
an oxidative enzyme (Williams 1987; Furumura
et al. 1998; McCall et al. 2000; Lai et al. 2017).
While it is possible that mouse TYRPI binds
Cu”" in the same site to support the oxidation of
DHICA, the few amino acid differences between
human and mouse TYRP1 are not consistent with
this model (Solano 2018).

In addition to its proposed enzymatic function,
there are two alternative models for TYRP1 func-
tion. First, TYRP1 may be a chaperone for TYR
that either regulates its activity or protects it from
degradation. This model is based on the instability
of TYR in cells lacking functional TYRP1
(Kobayashi et al. 1998), the prolonged activity of
the purified TYR luminal domain in vitro upon
coincubation with the purified TYRP1 luminal do-
main (Dolinska et al. 2019), and the detection of
high molecular weight complexes containing both
TYR and TYRP1 from melanoma cell lysates
(Orlow et al. 1994). However, inconsistencies
between these reports and potential differences be-
tween mouse and human TYRP1 warrant re-evalu-
ation of the conclusions. Moreover, a concern with
both this model and the enzymatic model of TYRP1
activity is that TYRP1 localizes nearly exclusively to
the limiting membrane of melanosomes (Raposo
et al. 2001), whereas active TYR localizes to both
the limiting membrane and internal membranes
(Turner et al. 1975; Theos et al. 2005). As TYRP1
could only chaperone TYR on the same membrane,
the chaperone model would suggest that the
two cohorts of TYR may have different
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Table 1 Protein contents of melanosomes and proteins that influence melanosome biogenesis

Protein name

Associated disease/human phenotype

Protein function

I. Melanosome contents

a. Enzymes and structural proteins

TYR

DCT

TYRP1

PMEL

b. Channels and transporters

V-ATPase

OCA2

SLC45A2

TPC2

ATP7A

c. Other
GPR143

MART1/melan-a
CDé63

OCA1

OCA8

OCA3

Pigmentary glaucoma

OCA2

OCA4

Blonde hair

Menkes Disease

OA1

Il. Transporters on other organelles that impact pigmentation

NCKX5 (SLC24A5)

CLC7

MFSD12

TRPM1

ABCBé6

lll. Melanosome protein trafficking effectors

OCAé6

Autosomal recessive osteopetrosis;

autosomal dominant hypopigmentation,

organomegaly, and delayed myelination
and development

Polymorphism associated with skin

pigment differences in African and South

American populations

Congenital stationary night blindness

Dyschromatosis universalis, others

a. Regulators of early stage melanosome maturation

PIKFyve

Fleck corneal dystrophy,
Charcot-Marie-Tooth disease 4]

Integral membrane enzyme; catalyzes oxidation
of tyrosine to dopaquinone

Integral membrane enzyme; catalyzes tautomeri-
zation of dopachrome to DHICA

Integral membrane enzyme; catalyzes polymeriza-
tion of DHICA to melanin? Chaperones TYR?
Buffers against oxidants?

Structural protein: forms the fibrillar amyloid ma-
trix of eumelanin-containing melanosomes

ATP-dependent proton pump; required for acid-
ification of melanosomes, endosomes, lyso-
somes, TGN

Cl™ channel; required to neutralize maturing
melanosomes

Putative H*/sugar symporter; required to neu-
tralize maturing melanosomes

Cation channel; supports melanosome
acidification

ATP-dependent copper transporter; required for
activation of TYR

GPCR on melanosomes; required for segregation
of endolysosomes from melanosomes

May chaperone PMEL and/or GPR143

Tetraspanin; regulates intraluminal sorting of
PMEL on endosomes, present throughout me-
lanosome maturation and endolysosomes

K*-dependent Na*™/Ca®* antiporter on Golgi or
mitochondria; required for proper
pigmentation

Cl™ channel on late endosomes/lysosomes and
perhaps melanosomes; supports lysosomal pH
regulation

Cysteine transporter on late endosomes/lyso-
somes and perhaps melanosomes; required to
provide substrate for pheomelanin synthesis

Ca*" channel; required for proper pigmenta-
tion—localization not clear

ATP-dependent transporter on late endosomes/
lysosomes and early stage melanosomes; re-
quired for PMEL fibril formation

Phosphatidylinositol-3-phosphate 5-kinase; regu-
lates endosome maturation, required for early
stage melanosomes to interact with late
endosomes

(continued)
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Protein name

Associated disease/human phenotype

Protein function

APOE

b. HPS complexes
BLOC-1

BLOC-2

BLOC-3

AP-3

c. Related proteins/protein complexes

AP-2

AP-1

d. Rab GTPases and effectors
RABGA/A’

RAB11A

RAB22A

RAB32

RAB38

ELKS

APPL1

Hyperlipoproteinemia, lipoprotein
glomerulopathy, familial Alzheimer
disease, cardiovascular disease, and others

HPS types 7, 8, 9, and 11

HPS types 3, 5, and 6

HPS types 1 and 4

HPS types 2 and 10

Sigma subunit gene is defective in familial
hypocalciuric hypercalcemia type lll

Sigma subunit genes are defective in
MEDNIK syndrome and Pettigrew
syndrome

Maturity-onset diabetes of the young

A component of very low density, intermediate
density, and high-density lipoprotein particles
and chylomicrons; found on intralumenal
vesicles of Stage | melanosomes with PMEL,
and required for PMEL localization and
maturation

Eight-subunit complex; initiates cargo transport
from endosomes to maturing melanosomes

Three-subunit complex; participates in BLOC-1-
dependent transport from endosomes to ma-
turing melanosomes

Two-subunit complex; activates GTP exchange
onto RAB32 and RAB38; functions in recycling
from melanosomes, perhaps also forward traf-
fic to melanosomes

Four-subunit coat protein complex; TYR sorting
into clathrin-coated vesicles and sorting of
VAMP7 and other cargo into BLOC-1-depen-
dent endosomal tubules destined for
melanosomes

Four-subunit  clathrin-associated coat protein
complex at the plasma membrane responsible
for sorting many cargoes into endocytic
vesicles; required for PMEL localization to early
stage melanosomes

AP-3-like four-subunit coat protein complex;
cargo sorting by tubules or vesicles from endo-
somes or the Golgi; also binds to KIF13A, con-
tributes with KIF13A to generate and position
BLOC-1-dependent melanosome-bound
tubules

Ras-related small GTPase; regulates trafficking of
MART-1 and DCT to melanosomes

Ras-related small GTPase; regulates recycling en-
dosome formation, impacts formation of
BLOC-1-dependent tubules in non-pigment
cells, role in melanocytes is not known

Ras-related small GTPase; may regulate the
BLOC-1-dependent cargo transport pathway

Ras-related small GTPase; regulates membrane
trafficking to (DCT) and from (VAMP7) mela-
nosomes—activated by BLOC-3, may also as-
sociate with BLOC-2

Ras-related small GTPase; regulates membrane
trafficking to and from melanosomes—acti-
vated by BLOC-3, may also associate with
BLOC-2

RAB6 effector; facilitates RAB6 vesicle targeting
and cargo transfer from the Golgi to
melanosomes

RAB5 effector;
Phosphatidylinositol-3-kinase  and

interacts with
impacts

(continued)
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Protein name

Associated disease/human phenotype

Protein function

VARP (ANKRD27)

e. Additional regulators

VAMP7

Syntaxin 12/13 (STX12/13)

Syntaxin 3 (STX3)

KIF13A

Annexin A2 (ANXA?2)

ARP2/3

ESCRT-0, 1, 2, and 3

Myosin VI

OPTN

WASH

HOPS and CORVET

LYST (CHS1)

ARPC1B subunit is defective in
immunodeficiency 71 with inflammatory
disease and congenital thrombocytopenia

Syndromic congenital dyserythropoietic
anemia, frontotemporal dementia,
amyotrophic lateral sclerosis, hereditary
spastic paraplegia, cancer

Deafness

Adult-onset primary open angle glaucoma

Autosomal recessive mental retardation,
autosomal dominant spastic
paraplegia, Ritscher—Schinzel
syndrome-1

Hypomyelinating leukodystrophy,
mucopolysaccharidosis-plus syndrome

Chediak—Higashi syndrome

signaling from a subset of early endosomes;
knockdown in melanocytes impairs
pigmentation

Scaffolding protein; interacts with VAMP7 and
RAB32/RAB38 on melanosomes, likely sorts
VAMP7 into retrograde transport carriers

A SNARE protein; functions in the fusion of
BLOC-1-dependent transport carriers with
melanosomes

A SNARE protein present throughout the early
endosomal system; required for cargo trans-
port to melanosomes, at least in part by asso-
ciating with VAMP7

A SNARE protein; implicated in cargo transport
to melanosomes

Heavy chain of kinesin-3 microtubule-based mo-
tor; required to pull BLOC-1-dependent mem-
brane endosomal tubules along microtubules

A peripheral membrane actin polymerization ini-
tiator; functions on endosomes in the initiation
of BLOC-1-dependent tubular cargo transport

Mutlisubunit complex that nucleates branched
actin  filaments; functions together  with
Annexin A2 during initiation of BLOC-1-de-
pendent tubular cargo transport and with
Myosin VI to release retrograde tubules
emerging from melanosomes

ESCRT; a series of multisubunit protein com-
plexes that regulate multivesicular body forma-
tion among many other membrane shaping and
repair roles. Depletion of ESCRT-1 impairs
BLOC-1-dependent  cargo transport to
melanosomes

Actin-based motor; regulates release of retro-
grade tubules emerging from melanosomes

A partner of Myosin VI; contributes to the re-
lease of tubules emerging from melanosomes

A multisubunit peripheral membrane actin poly-
merization initiator; functions together with
Myosin VI to release retrograde tubules
emerging from melanosomes

Two multisubunit protein complexes that share a
core of four subunits; function as both tethers
and SNARE pairing regulators in the endoso-
mal system. The common core subunit
VPS33A is implicated in  melanosome
biogenesis

The product of the gene defective in Chediak—
Higashi syndrome; required for proper mela-
nosome biogenesis. Function unknown
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Fig. 1 Model of eumelanin synthesis. TYR catalyzes the oxidation of tyrosine to generate dopaquinone. In the presence of cysteine,
dopaquinone is spontaneously converted to pheomelanin via 5-S-cysteinyldopa or 2-S-cysteinyldopa, cysteinyldopaquinone, and ben-
zothiazine intermediates. In the absence of cysteine, dopaquinone can spontaneously cyclize to cyclodopa, and subsequent spontaneous
redox exchange of cyclodopa with dopaquinone gives rise to dopachrome and L-dopa (Cooksey et al. 1997; Ramsden and Riley 2014);
L-dopa can then be oxidized by TYR to form more dopaquinone. Dopachrome can spontaneously reorganize to form DHI or can

undergo tautomerization by DCT to form DHICA. Both DHI and DHICA undergo oxidation and polymerization to form eumelanins.
TYRP1 might support DHICA polymerization either directly or indirectly, or alternatively serve either as a chaperone for TYR or as an

antioxidant sink. Adapted from Ito and Wakamatsu (2008).

functions, properties, or stabilities. A second
non-mutually exclusive alternative hypothesis for
TYRP1 function comes from two groups showing
that loss of TYRP1 in human and mouse melano-
cytes caused cell death in cells actively synthesizing
melanin, indicating that TYRP1 functions to buffer
cells from cytotoxicity of melanin synthesis
(Johnson and Jackson 1992; Luo et al. 1994; Rad
et al. 2004). This might reflect the pro-oxidant
properties of DHI-based eumelanin compared to
the antioxidant properties of DHICA-based or
mixed DHI- and DHICA-based eumelanins
(Guyonneau et al. 2004; Jiang et al. 2010), and
suggests that TYRP1 may either shift the eumelanin
synthesis pathway toward DHICA-based eumelanin
or serve as a sink for pro-oxidant activity. While
more work needs to be done to define TYRP1 func-
tion, the causative role of its mutations in OCA3

indicates that TYRP1 is important for the eumela-
nin synthesis pathway.

PMEL and the control of melanosome shape

Within melanosomes, eumelanins are deposited on a
matrix of intraluminal fibrous sheets that appear as
arrays of parallel fibrils in Stage II melanosomes by
thin section transmission electron microscopy (Seiji
et al. 1961; Birbeck 1963; Moyer 1966; Hurbain et al.
2008). The sheets are assembled from amyloid-like
fibrils composed of proteolytic fragments of the pig-
ment cell-specific protein, pre-melanosome protein
(PMEL ak.a Pmell7, gpl00, or silver; Watt et al.
2013) (Fig. 2). Like all known melanosomal proteins,
PMEL is synthesized as an integral membrane glyco-
protein in the endoplasmic reticulum (ER), but dur-
ing trafficking through the Golgi complex to early
endosome intermediates, it is processed by two
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proteases: a proprotein convertase (potentially furin;
Leonhardt et al. 2011) and beta-amyloid convertase
enzyme 2, releasing a luminal fragment into endo-
somes (Berson et al. 2001; Raposo et al. 2001; Berson
et al. 2003; Rochin et al. 2013). This fragment has
biophysical properties of amyloids (Fowler et al.
2006) and assembles into fibrils in association with
the intraluminal membranes of Stage I melano-
somes/multivesicular early endosomes (Berson et al.
2001; Reggiori and Pelham 2001; Hurbain et al.
2008). ILV formation and consequent PMEL amy-
loid formation require the tetraspanin CD63 and
apolipoprotein E, a component of low-density lipo-
protein particles (van Niel et al. 2011; 2015), but not
the classical endosomal sorting complexes required
for transport (ESCRT) machinery for multivesicular
body formation (Theos et al. 2006b). The amyloid
core consists of a peptide at the border of the struc-
turally uncharacterized N-terminal domain and the
polycystic kidney disease repeat domain (Hee et al.
2017). Amyloid formation by this region requires (1)
interactions with several PMEL luminal domains
(Hoashi et al. 2006; Theos et al. 2006b; Leonhardt
et al. 2013) and (2) disulfide bond exchange between
the amyloidogenic fragment and a cysteine-rich jux-
tamembrane region that is not retained within mel-
anosomes (Ho et al. 2016). A heavily glycosylated
mucin-like domain of direct repeats that was initially
thought to be required for fibril formation (Hoashi
et al. 2006; Theos et al. 2006b) is now understood to
be necessary for lateral association of the fibrils into
sheets, and likely for stability (Leonhardt et al. 2013;
Graham et al. 2019). Why the amyloid fold was
exploited as a scaffold for melanin deposition is
unclear.

The PMEL fibrillar sheets are responsible for the
ovoid shape of melanosomes (Theos et al. 2006a;
Hellstrom et al. 2011), which is important for the
circadian migration of melanosomes into the apical
processes of retinal pigment epithelial cells during
phagocytosis of damaged photoreceptor outer seg-
ments (Burgoyne et al. 2015). However, PMEL is
not required for pigmentation per se, and PMEL de-
ficiency does not result in albinism. Primary or im-
mortalized melanocytes from Prmel " mice that lack
PMEL expression or from silver mice with a Pmel
mutation that prevents accumulation in melano-
somes are highly pigmented, and the mice them-
selves are only modestly hypopigmented (Dunn
and Thigpen 1930; Theos et al. 2006a; Hellstrom
et al. 2011). The skin/hair hypopigmentation likely
reflects impaired melanocyte health in the absence of
PMEL, a phenotype that is exacerbated by certain
dominant mutations in PMEL such as in the
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Dominant white chicken or the Silver horse
(Hamilton 1940; Kerje et al. 2004; Andersson et al.
2011; Watt et al. 2011). How PMEL promotes me-
lanocyte health is not clear, but may reflect adsorp-
tion of oxidative melanin intermediates that would
otherwise damage the melanosome membrane and
potentially attack cytoplasmic constituents; the dom-
inant PMEL mutants might damage the membrane
directly as has been proposed for pathogenic amy-
loids (Sciacca et al. 2018). Indeed, damage to iris or
ciliary body pigment cells likely underlies the pig-
mentary glaucoma observed in human patients
with PMEL mutations (Lahola-Chomiak et al.
2019). A better understanding of how PMEL protects
melanocytes and eye pigment cells, how melanosome
shape influences its function in all pigment cell
types, and why PMEL is so highly conserved in
mammals (Theos et al. 2005) despite a modest im-
pact of its loss of expression on whole animal pig-
mentation and vision are questions that warrant
answers.

Melanosome pH control

Mutations in genes encoding ion transport proteins
account for three subtypes of OCA, highlighting the
importance of ion regulation in melanogenesis. OCA
types 2, 4, and 6 (OCA2, OCA4, and OCAG6) are,
respectively, caused by mutations in OCA2,
SLC45A2, and SLC24A5 (Getting and King 1994;
Manga and Orlow 1999; Brilliant 2001; Newton
et al. 2001; Gronskov et al. 2007; Wei et al. 2013;
Montoliu et al. 2014; Morice-Picard et al. 2014). At
least two of these genes, OCA2 and SLC45A2, di-
rectly impact the pH of maturing melanosomes
(Fig. 2). Stages I and II melanosomes are acidic
organelles due to the proton importing activity of
the ubiquitously expressed vacuolar-type H(4)-
ATPase (V-ATPase; Bhatnagar and Ramalah 1998;
Tabata et al. 2008); Fig. 2 this is necessary for the
processing of PMEL to its amyloid form and poten-
tially for the lateral association of the amyloid fibrils
into sheets (Berson et al. 2001, 2003; Graham et al.
2019). However, TYR is only weakly active below pH
6 (Townsend et al. 1984; Ancans et al. 2001), and
hence melanosomes must neutralize as they mature
to promote optimal TYR activity (Saeki and Oikawa
1985; Ancans et al. 2001; Fuller et al. 2001; Raposo
et al. 2001).

The protein OCA type 2 (OCA2, a.k.a. p-protein)
is a Cl™ -selective ion channel that localizes to a sub-
set of maturing melanosomes (Sitaram et al. 2009;
Bellono et al. 2014; Le et al. 2020). OCA2 allows Cl™
ions to flow from the melanosomal lumen into the
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Fig. 2 Major melanogenic components of melanosomes. Shown is a schematic of the protein components discussed in the text and
their localization within melanosomes of multiple stages (melanosome stage is not indicated). For transporters, the substrate trans-
ported is indicated in white circles (and/or the mauve sugar for SLC45A2), and direction of transport is indicated by arrows.

cytoplasm (Bellono et al. 2014). This promotes me-
lanosome pH neutralization, presumably because Cl™
ion efflux reduces melanosome membrane potential,
thereby decreasing V-ATPase activity (Bellono et al.
2014). Interestingly, OCA2 has a short half-life
(<4h; Sitaram et al. 2009), is physically associated
with melanin (Donatien and Orlow 1995), and has
been shown by immuno-electron microscopy analy-
sis to localize predominantly to ILVs of pigmented
melanosomes (Sitaram et al. 2012) [a cohort of TYR
also localizes to ILVs of mature melanosomes (Theos
et al. 2005), which have been observed by electron
microscopy since the 1970s (Turner et al. 1975;
Jimbow et al. 1979)]. These observations suggest
that OCA2 resides in its active form on the limiting
membrane of melanosomes only transiently and then
associates with invaginating membranes of newly
forming ILVs, much like growth factor receptors
on endosomes of other cell types (Hanson and
Cashikar 2012). Since OCA2 is an ungated Cl™ chan-
nel, its removal from the limiting membrane and
localization to ILVs may be one mechanism to reg-
ulate its activity.

How OCA2 is sorted to ILVs and whether this
sorting regulates OCA2 function is as yet unknown.
The major pathway for cargo sorting into ILVs
requires cargo ubiquitylation, followed by its recog-
nition by ESCRT-0, -I, -II, and -III (Gruenberg
2020), but it is unknown if OCA2 sorting to ILVs
is ubiquitin/ESCRT-dependent or -independent.
Additionally, OCA2 is detected on only a subset of
maturing melanosomes that partially overlaps with

the subset harboring TYRP1 and TYR (Le et al
2020). While OCA2 exploits the same Biogenesis of
LRO Complex-1 (BLOC-1)-dependent trafficking
pathway used by TYRPI to access melanosomes
(Sitaram et al. 2012; discussed later), it is unknown
whether OCA2 trafficking to melanosomes is re-
stricted to a certain melanosome stage or if OCA2
is constantly delivered to the melanosome followed
by clearance from the membrane. Finally, cells lack-
ing OCA2 also appear to have defects in TYR traf-
ficking and assembly and altered sensitivity to ER
stress (Manga et al. 2001; Chen et al. 2002; Cheng
et al. 2013). How these activities might be regulated
by ion channel activity on melanosomes is not
understood.

SLC45A2 localizes to mature melanosomes and, like
OCA2, is necessary to maintain a more neutral mela-
nosomal lumen (Le et al. 2020). Homologs of SLC45A2
in plants and Drosophila are plasma membrane proteins
that function as sucrose/proton symporters, transport-
ing both sucrose and a proton into the cytosol in a
single step (Sun et al. 2010). When expressed in yeast,
mouse SLC45A2 supports the translocation of sucrose
and other mono and disaccharides across the plasma
membrane from the extracellular space to the cytosol in
a proton-dependent manner (Bartolke et al. 2014). If
SLCA45A2 were to function similarly in melanosomes, it
would expel a sugar molecule and a proton from the
lumen into the cytosol, thereby supporting pH neutral-
ization. Whether SLC45A2 transports the same sub-
strates from melanosomes, however, is unclear and
difficult to test. Its family members SLC45A1,
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SLC45A3, and SLC45A4, act as sugar transporters in
yeast and localize to the plasma membrane in mamma-
lian cells, where they have been shown to affect sugar
levels (Shimokawa et al. 2002; Shin et al. 2012; Vitavska
et al. 2016; Vitavska and Wieczorek 2017). If SLC45A2
indeed functions as a melanosomal sugar/proton sym-
porter, the source of the sugar substrate is intriguing.
Little is known about the sugar content of melanosomes
except as components of glycoproteins. All known res-
ident melanosomal proteins are integral membrane gly-
coproteins that are heavily glycosylated (Kwon et al
1987; Halaban and Moellmann 1990; Tsukamoto
et al. 1992; Jimenez-Cervantes et al. 1993; Schiaffino
et al. 1996; Yamaguchi et al. 1996; Sitaram et al
2009). Lysosomal hydrolases that catabolize mature gly-
coproteins into peptides and monosaccharides can also
be found in melanosomes (Diment et al. 1995), and
thus may provide a potential source of sugar molecules
that could impact melanosome pH neutralization.
However, it remains unclear whether sugar export
from the melanosome is required for melanosome bio-
genesis or whether it serves solely as a means for proton
export. Data indicate that the latter is true since OCA2
overexpression can compensate for the loss of SLC45A2
(Le et al. 2020).

Like OCA2 and SLC45A2, two-pore channel 2
(TPC2); Fig. 2 localizes to melanosomes and directly
affects melanosome pH. Unlike OCA2 and SLCA45A2,
which are expressed only in melanocytes and eye pig-
ment cells, TPC2 is ubiquitously expressed and localizes
not only on melanosomes but also to endosomes and
lysosomes (Ambrosio et al. 2016; Bellono et al. 2016).
Mutations in TPC2 are not associated with OCA, but
non-pathological variants are linked to pigmentation
variation in humans (Sulem et al. 2008; Chao et al.
2017). TPC2 is a gated cation channel that is
activated by phosphatidylinositol  3,5-bisphosphate
[PtdIns(3,5)P,] (Wang et al. 2012). Although TPC2
has been proposed to be nonselective in its cation spe-
cificity and to open in response to nicotinic acid ade-
nine dinucleotide phosphate (NAADP; Calcraft et al.
2009), careful electrophysiology experiments indicate
that TPC2 is 100-fold more selective for sodium
(Na*") than for calcium (Ca’*") and is not directly
responsive to NAADP (Wang et al. 2012; Bellono
et al. 2016). Nevertheless, TPC2 knockout in a mela-
noma cell line led to reduced Ca®" release from mela-
nosomes (Ambrosio et al. 2016). A recent report that
screened for TPC2 agonists suggested that TPC2 can be
selective for either Na>* or Ca®* depending on whether
the agonist is PtdIns(3,5)P, or NAADP, respectively
(Gerndt et al. 2020); however, whether this is physio-
logically relevant is unclear. TPC2 knockdown or
knockout in mouse melanocytes results in increased
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melanosome pH, melanin content, and melanosome
size, while TPC2 overexpression results in decreased
melanosome pH and melanin content, indicating that
TPC2 negatively regulates melanosome biogenesis
(Ambrosio et al. 2016; Bellono et al. 2016). As such,
TPC2 may function to increase membrane potential by
allowing Na** efflux from the melanosome, thereby
enhancing V-ATPase activity and promoting melanoso-
mal acidification (Bellono et al. 2016). Indeed, overex-
pression of TPC2 in melanocytes antagonized the
increased pigmentation caused by OCA2 overexpres-
sion, indicating that the functions of these two ion
transporters oppose each other (Bellono et al. 2016).
However, it is unknown whether TPC2 and OCA2 nor-
mally localize to the same or different melanosome
stages. TPC2 might localize to immature melanosomes
to promote acidification, or to late-stage melanosomes
to halt melanogenesis. Further work is required to un-
derstand how and when TPC2, OCA2, and SLC45A2
coordinate to regulate melanosome pH.

Additional ion transporters that impact
melanogenesis

OCAG6 is caused by mutations in SLC24A5, a gene
encoding the intracellular potassium (K*)-dependent
Na?"—Ca®" exchanger 5 (NCKX5) protein (Wei
et al. 2013), and pigment variation within many
world populations correlates with sequence variation
at the SLC24A5 locus (Lamason et al. 2005; Soejima
and Koda 2007; Crawford et al. 2017; Martin et al.
2017). NCKX5 is a Na*"/Ca’" antiporter that
exploits the K" gradient from the cytosol to the ex-
tracellular space/organelle lumen for the movement
of Na’*" into the cytosol and of Ca*" toward the
extracellular space/organelle lumen (Altimimi and
Schnetkamp 2007; Szerencsei et al. 2016). SLC24A5
knockout or knockdown results in decreased mela-
nin content, decreased expression of melanosomal
proteins, and reduced melanosomal Ca*" content
(Ginger et al. 2008; Vogel et al. 2008; Wilson et al.
2013; Zhang et al. 2019). Interestingly, NCKX5 does
not appear to localize to melanosomes but rather to
either the trans-Golgi network (TGN) or mitochon-
dria (Ginger et al. 2008; Wilson et al. 2013;
Rogasevskaia et al. 2019; Zhang et al. 2019). This
suggests that ion regulation in other organelles
impacts pigmentation in melanosomes. However,
the mechanism by which NCKX5 activity in non-
melanosomal organelles influences melanogenesis is
unclear. It has been proposed that Ca*" released
from the TGN may act as a second messenger to
regulate melanogenesis (although this might be via
the regulation of melanosome gene expression;
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Dolman and Tepikin 2006; Wilson et al. 2013), po-
tentially by replenishing TGN Ca’*" stores to facili-
tate multiple rounds of signaling (Ginger et al.
2008). Zhang et al. propose that NCKX5, which
they suggest localizes to mitochondria, is required
for Ca®" storage in melanosomes (Zhang et al.
2019). While it is unclear how a Ca®" importer on
mitochondria would support Ca®" storage in an-
other organelle, it may involve direct transfer of
Ca®" from mitochondria to melanosomes at mito-
chondria-melanosome junctions, which have been
shown to be critical for proper melanogenesis
(Daniele et al. 2014). Nevertheless, while Ca*" is
abundant in melanosomes, its function within the
organelle is not known (Bush and Simon 2007).

Five other solute transport proteins—ATPase copper
transporting alpha (ATP7A), transient receptor potential
cation channel, subfamily M, member 1 (TRPM1, ak.a.
melastatin), chloride channel 7 (CIC-7), major facilitator
superfamily domain containing 12 (MESD12), and ATP
binding cassette protein, subfamily B, family member 6
(ABCB6)—influence, but are not required for, melano-
genesis. Mutations in the genes encoding these proteins
cause pigmentation variation in humans and animal
models but do not cause OCA (Levinson et al. 1994;
Mercer et al. 1994; Chalhoub et al. 2003; Lange et al.
2006; Oancea et al. 2009; Que et al. 2015; Crawford
et al. 2017; Adhikari et al. 2019; Lona-Durazo et al.
2019).

ATP7A (Fig. 2) is a P-type ATP-dependent copper
transporter present on most cells that is required for
copper import into the secretory pathway and for
copper export under conditions of copper overload
(Lutsenko et al. 2007). In most cells, it functions at
the TGN and/or in endosomes to provide copper as a
cofactor for secreted or endomembrane proteins (La
Fontaine and Mercer 2007). Loss of ATP7A function
results in Menkes Disease, a severe developmental dis-
order characterized by impaired growth, rapid neuro-
degeneration, and hypopigmentation (Chelly et al.
1993; Mercer et al. 1993; Vulpe et al. 1993). The pig-
mentation defects are a consequence of the require-
ment for copper as a cofactor for TYR activity (Petris
et al. 2000). Indeed, although histochemical assays
suggest that copper is loaded onto TYR in the Golgi
(Novikoff et al. 1968), a cohort of ATP7A in mela-
nocytes that localizes to melanosomes is necessary for
copper loading onto TYR in that organelle (Setty
et al. 2008). How copper is stripped from TYR en
route from the Golgi to melanosomes (Setty et al.
2008) and why copper needs to be reloaded onto
TYR in melanosomes is not understood.

TRPMI is a Ca*" channel that localizes to uniden-
tified nonmelanosome organelles and to the plasma
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membrane in melanocytes (Xu et al. 2001; Oancea
et al. 2009). TRPMI mRNA levels directly correlate
with melanin content in human melanocytes
(Oancea et al. 2009), indicating that TRPM1 some-
how modulates melanogenesis. More work is re-
quired to identify the role of Ca*' in melanin
synthesis and whether TRPMI1 plays a similar role
as NCKX5 in regulating this process.

CIC-7 is a CI'/H"' antiporter that localizes to
lysosomes in nonpigmented cells (Lange et al.
2006; Graves et al. 2008), although its localization
in pigmented cells is not yet known. On lysosomes,
CIC-7 imports Cl™ ions into the lumen in exchange
for a proton in a 2:1 CI:H" ratio (Graves et al.
2008). Knockdown of Clcn7, the gene encoding
CIC-7, results in reduced lysosomal acidification
(Graves et al. 2008), presumably due to the require-
ment for a counterion to promote V-ATPase activity
(Wagner et al. 2004; Carraro-Lacroix et al. 2009).
Mice with loss-of-function mutations in Clen7 or
Ostml, the gene encoding its partner protein
OSTMI1, have a gray coat color rather than the
expected agouti (Chalhoub et al. 2003; Lange et al.
2006), suggesting that CIC-7 may be required for
pheomelanin synthesis. However, whether CIC-7
affects melanin synthesis directly by modulating ion
transport at sites of melanin synthesis or indirectly
by modulating lysosomal pH is as yet unknown.
Additionally, whether pheomelanin and eumelanin
synthesis occur in the same melanosomes, separate
melanosomes, or in a different organelle requires
further investigation.

MESDI12 is part of a large family of ion transport
proteins with diverse substrates, and the MFSDI2
gene has been identified in several genome-wide as-
sociation studies as associated with pigmentation
variation (Crawford et al. 2017; Adhikari et al
2019; Lona-Durazo et al. 2019). Like mice with
mutations in Clcn7, Mfsd12”~/~ mice have a gray
rather than agouti coat color, indicating a require-
ment for MFSD12 in pheomelanin synthesis but not
eumelanin  synthesis (Crawford et al. 2017).
Consistently, MFSDI12 is required for cysteine import
into lysosomes and/or melanosomes, providing a
necessary precursor for pheomelanin production
(Adelmann et al. 2020). However, dark skin in
humans correlates with reduced MFSDI12 expression
(Crawford et al. 2017), and knock down of Mfsd12
in mouse melanocytes or melanoma cells results in
increased pigmentation, suggesting an influence of
MESDI2 on eumelanin production as well
(Crawford et al. 2017; Adelmann et al. 2020). In
melanocytes, MFSD12 localizes predominantly to
late endosomes/lysosomes rather than melanosomes
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(Crawford et al. 2017), suggesting that MFSD12
might exert its impact on eumelanin synthesis indi-
rectly through its activity in lysosomes rather than
directly in melanosomes as has also been proposed
(Adelmann et al. 2020).

ABCB6 (Fig. 2) is an ATP-dependent transporter
whose substrate has not yet been conclusively iden-
tified and for which mutations are associated with a
variety of human genetic disorders, including
Dyschromatosis universalis hereditaria—character-
ized by hyper and hypopigmented macules over the
skin (Zhang et al. 2013). Although it has been
reported to function on mitochondria, the plasma
membrane, or the endolysosomal system in various
cell types (Krishnamurthy et al. 2006; Paterson et al.
2007; Kiss et al. 2015), ABCB6 localizes to late endo-
somes/lysosomes and to early stage melanosomes in
a pigmented human melanoma cell line (Bergam
et al. 2018). Depletion of ABCB6 in these cells or
expression of human disease-associated variants
resulted in disruption of PMEL fibril formation
and accumulation of PMEL in multivesicular endo-
somal structures, although it had little impact on
pigmentation per se (Bergam et al. 2018). How this
transporter might impact PMEL fibril formation
remains to be determined.

Additional as yet unidentified ion transporters on
melanosomes or other melanocyte organelles likely
influence melanogenesis by directly regulating mela-
nosome pH and enzyme activity, ion content in
organelles that crosstalk with melanosomes, or as
yet undiscovered mechanisms. Further studies are
required to determine how ion transport proteins
cooperatively function to regulate these processes in
pigmented cells and how their substrate ions impact
melanogenesis.

Melanosome biogenesis and membrane
dynamics

As described in the preceding section, most of the
components contributing to melanin synthesis are
transmembrane proteins associated with the limiting
membrane of the melanosome. As melanin factories,
melanosomes are dedicated subcellular spaces for
melanin chemistry, but also serve as a safe location
to preserve cells from the dispersion of harmful ox-
idative radicals generated during melanogenesis.
Therefore, the biogenesis of the melanosome and
the development of the membrane trafficking path-
ways that deliver melanogenic enzymes, transporters,
and structural proteins are key processes for skin
pigmentation. The contents of melanosomes are,
like those of a subset of other LROs, primarily
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derived from the endosomal system (Raposo et al.
2001), but some—such as DCT and MART-1—are
delivered directly from the secretory pathway
(Patwardhan et al. 2017; Fig. 3). Recent reviews
have described the complexity underlying these traf-
ficking routes and the cellular components involved
(Bowman et al. 2019; Delevoye et al. 2019). This
section will describe our current understanding of
the mechanisms governing the delivery of contents
to maturing melanosomes and raise some questions
that still need to be answered.

The enigmatic Stage | melanosome

Melanocytes harbor both melanosomes and classical
organelles of the late endolysosomal pathway com-
mon to all cells, both of which presumably originate
from the same Stage I melanosome/early endosome
(Raposo et al. 2001). The co-existence of melano-
somes and late endosomes/lysosomes ensures that
melanocytes maintain both pigmentation and degra-
dative/metabolic capacities. However, we do not yet
understand how Stage I melanosomes transform into
both Stage II melanosomes and late endosomes.
One hypothetical mechanism for this step is that
Stage I melanosomes divide into Stage II and late
endosomal compartments. Such a split might be
driven by signaling from GPR143 (a.k.a. OA type
1, OAl); Fig. 2 a pigment cell-specific intracellular
G Protein-Coupled Receptor (Schiaffino et al. 1999;
Innamorati et al. 2006) that is defective in OAl
patients (Schiaffino et al. 1996). Quantitative
immuno-electron microscopy analyses show that
GPR143 associates with multiple endolysosomal
compartments but is most enriched in early stage
melanosomes (Fig. 3) where it regulates early mela-
nogenesis and the segregation of the endosomal and
melanosomal lineages (Giordano et al. 2009), as well
as melanosome number, size, composition, and sub-
cellular positioning (Palmisano et al. 2008; Giordano
et al. 2009; Falletta et al. 2014; Burgoyne et al. 2015).
GRP143 expression in nonpigment cells can block
fusion of a subset of late endosomes with lysosomes
(Burgoyne et al. 2013), but how GPR143-mediated
signaling mediates this effect is not clear. GPR143-
mediated stimulation of melanosome segregation
requires the integrity of melanosome-mitochondrial
membrane contacts and mitochondrial ATP produc-
tion (Daniele et al. 2014) and may be modulated by
ubiquitylation and ESCRT-dependent clearance from
the endosomal/melanosomal limiting membrane
(Giordano et al. 2011). L-dopa was proposed as
the ligand to activate GPR143 (Lopez et al. 2008),
but this has yet to be verified. Alternatively, it is
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possible that GPR143 in some way senses a threshold
level of PMEL accumulation—for example, via mem-
brane deformation—to trigger a split from the con-
ventional endolysosomal pathway.

A second hypothesis to explain the segregation of
melanosomes and late endosomes from Stage I mela-
nosomes is that distinct subpopulations of early endo-
somes co-exist, one giving rise to the LRO and the
other to late endosomes/lysosomes. In nonpigment
cells, a subset of early endosomal compartments, called
signaling endosomes, receive internalized cargoes for
further recycling (Miaczynska et al. 2004; Kalaidzidis
et al. 2015). Signaling endosomes bear specific molec-
ular signatures that include the adaptor protein, phos-
photyrosine interacting with PH domain and leucine
zipper (APPL) proteins (Miaczynska et al. 2004).
Interestingly, depletion of APPL1 from pigmented
melanoma cells decreased pigmentation (Kedlaya
et al. 2011); however, an associated reduction in
TYR expression suggests that this effect reflects signal-
ing, perhaps mediated by MCIR, rather than a specific
trafficking pathway toward melanosomes (Yardman-
Frank and Fisher 2020). Nevertheless, whether addi-
tional early endosomal subpopulations contribute di-
rectly to melanosome biogenesis remains unknown.

A third and nonmutually exclusive hypothesis
would be that late endosomes themselves trigger
the Stage I to Stage II transformation. Stage I iden-
tity and membrane dynamics rely on the activity of
the lipid kinase PIKfyve, which controls the fusion
and content mixing of late endosomes/lysosomes
with Stage I/II melanosomes (Bissig et al. 2019;
Fig. 3). PIKfyve is a phosphatidylinositol (PtdIns)-
3-phosphate 5-kinase responsible for generating
PtdIns(3,5)bisphosphate on late endosomes. In other
cell types, PIKfyve regulates late endosome matura-
tion by controlling import and export from the ma-
turing organelle (Rutherford et al. 2006; de Lartigue
et al. 2009). PIKfyve exists as a complex with the
PtdIns(3,5)bisphosphatase, FIG4, and mouse models
deficient in this complex showed coat-color dilution
(Chow et al. 2007) associated with abnormal mela-
nosome identity, morphology, and PMEL fibrillation
in pigment cell culture (Bissig et al. 2019). Therefore,
endolysosomes might contribute to the maintenance
and function of melanosomes and other LROs.
Similarly, depletion of autophagy regulators such as
WIPII, Beclin, and ULK1 modulates melanogenesis
in pigmented melanoma cell lines, at least in part by
modulating melanogenic gene expression (Ganesan
et al. 2008; Ho et al. 2011; Kalie et al. 2013); how-
ever, the same mechanisms might not operate in
nontransformed melanocytes (Zhang et al. 2015;
Yun et al. 2016; Yang et al. 2021).
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Whether elements of all three hypotheses co-exist
or whether they reflect alternative mechanisms used
by melanocytes to tune early melanogenesis remains
to be defined.

Late melanogenesis: three membrane trafficking
pathways to deliver multiple components

During melanosome maturation, Stage I melano-
somes not only give rise to Stage II, but also facilitate
maturation to Stage III by serving as biosynthetic
transport intermediates for melanogenic cargoes. At
least two types of transport carriers—spherical
vesicles and extended tubules—emerge from the lim-
iting membrane of Stage I melanosomes and are des-
tined for maturing Stage III melanosomes (Fig. 3).
The major cargo identified to date in the vesicles is
TYR (Huizing et al. 2001; Theos et al. 2005), whereas
tubules deliver cargoes that promote TYR activity,
including TYRP1, ATP7A, OCA2, and perhaps
SLC45A2 (Setty et al. 2007, 2008; Delevoye et al.
2009; Sitaram et al. 2012; Delevoye et al. 2016;
Dennis et al. 2016; Le et al. 2020). The extended,
long-lived tubules have features of recycling endo-
somes and directly connect the Stage I melanosomes
with maturing Stage III melanosomes without sever-
ing (Delevoye et al. 2009; Dennis et al. 2015; Fig. 3,
box 1). Whereas tubules from multiple endosomal
vacuoles can fuse with and provide cargoes to a single
Stage III melanosome (Dennis et al. 2015), whether
tubules can physically bridge each Stage I with mul-
tiple Stage III melanosomes is not yet known.

The biogenesis, protein sorting ability, and motil-
ity of Stage I melanosome-derived vesicular and tu-
bular carriers are controlled by various trafficking
components, including protein complexes that are
targeted by mutations in patients with Hermansky—
Pudlak syndrome (HPS; see below; Bowman et al.
2019; Delevoye et al. 2019). But how these different
membrane remodeling events are coordinated at the
limiting membrane of Stage I melanosomes is not
known. Stage III melanosomes may comprise multiple
distinct maturation stages that could each receive dis-
tinct cohorts of melanosomal components in a spatio-
temporally regulated manner. The potential existence
of such subsets is based on the differential content of
SLC45A2 and OCA2 in maturing melanosomes (Le
et al. 2020). However, it is not yet clear if this differ-
ential content represents distinct stages of cargo deliv-
ery or distinct fates of these cargoes upon arrival at the
Stage III melanosome limiting membrane.

Stage I melanosomes are not the only source of
biosynthetic transport intermediates bearing cargoes
to maturing Stage III melanosomes. Indeed, a third
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Fig. 3. Working model of intracellular trafficking during melanosome biogenesis. Key molecules indicated in the figure are shown to
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Transport of cargoes such as TYR, TYRP1, and DCT between compartments from the TGN and beyond are indicated by solid (if
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to late endosomes and lysosomes or to Stage IV pigmented melanosomes through the sequential delivery of components that originate
from the endocytic and exocytic pathways. PMEL is targeted from the TGN to the plasma membrane, from where it is endocytosed
PMEL and delivered to Stage | melanosomes. It is then sorted to ILVs, from which it forms elongated amyloid fibrils that distend the
organelle to form Stage Il melanosomes. This process requires CD63, OA1, Apoliprotein E (ApoE), and other effectors described in
the text. Melanin synthesis begins in Stage Ill due to the delivery of TYR, TYRP1, OCA2, ATP7A, and other cargoes from endosomes/
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in a VAMP7-dependent manner. A third route (box 2) is mediated by secretory-like vesicles bearing MART-1 and DCT that bud from
the Golgi apparatus/TGN in a process requiring RAB6 and are targeted toward maturing Stage Il melanosomes in an ELKS-dependent
manner. From Stage Ill melanosomes, some components (e.g., VAMP7 bound to the scaffolding protein VARP) are removed (box 3) via
membrane tubules that require BLOC-3, RAB38/RAB32, Myosin VI, OPTN, the WASH complex, and branched actin filaments to
promote their formation and release; these tubules might be transported to Stage | melanosomes (dashed arrow). Stage IV mela-
nosomes require the tripartite complex RAB27A, Melanophilin, Myosin Va, and other RAB GTPases to tether to the peripheral actin
cytoskeleton prior to transfer to keratinocytes, a poorly understood process that is detailed in the companion paper in this issue
(Benito-Martinez et al. 2021). Adapted from Bowman et al. (2019) and Delevoye et al. (2019).
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pathway originates from the Golgi apparatus/TGN
and contributes to melanin synthesis by direct deliv-
ery of vesicles bearing the cargoes DCT and MART-1
to Stage III melanosomes (Patwardhan et al. 2017;
Fig. 3, box 2). This observation places melanosomes
at the crossroads of both endocytic and exocytic
routes. The Golgi-to-melanosome route relies on
well-established secretory effectors (i.e., RAB6 and
ELKS) and thus appears to be an adaptation of the
conventional Golgi-to-plasma membrane secretory
pathway. However, many unsolved questions remain
about this pathway. What drives the specific recog-
nition and packaging of melanosomal proteins
among a myriad of Golgi-derived components?
How are theoretically similar secretory vesicles di-
rected to different target membranes (i.e., melano-
somes or the plasma membrane)? How are these
vesicles instructed to bud from the TGN and traffic
to their final destination? Finally, why are some mel-
anosomal components delivered directly from the
Golgi while others use the endosomal sorting sta-
tion? Addressing these questions will be important
not only for understanding melanosome biogenesis,
but for post-Golgi organelle maturation in general.

The existence of these three distinct delivery
pathways likely permits sequential delivery of mela-
nin-synthesizing enzymes and transporters to opti-
mize function and permit the gradual maturation
and pigmentation of Stage III melanosomes.
Furthermore, the existence of distinct pathways sug-
gests that melanosomal components must remain
physically separated prior to their arrival in melano-
somes, likely to prevent generation of oxidative mel-
anin intermediates that could wreak havoc on
conserved secretory and endosomal functions.
Indeed, the two confirmed enzymes in the melanin
pathway (TYR and DCT) and the third potential one
(TYRP1) each takes a distinct pathway for delivery to
maturing melanosomes, indicating that only when
these three pathways converge can pigmentation en-
sue. As distinct as they are, these trafficking path-
ways must coordinate with each other, suggesting
that Stage I melanosomes, the TGN, and transport
intermediates are not only conveyors, but possibly
also “messengers.” In any case, a better understand-
ing of the roles of the melanosomal components to-
gether with their trafficking functions is needed to
unlock the proverbial Stage III black box.

Finding a needle in a haystack: the role of the APs in
cargo sorting

A challenge faced by pigment cells is to identify and
select the melanosomal resident proteins among the
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plethora of proteins destined for secretion or for
other compartments. Such specific delivery requires
membrane-associated sorting machineries that can
detect, bind, and sort cargo proteins to melano-
somes. Sorting is largely achieved by the heterotetra-
meric adaptor protein (AP) complexes that engage
integral membrane proteins within the endomem-
brane system. Five APs have been identified to date
(Sanger et al. 2019), among which AP-1, AP-2, and
AP-3 play known functions associated with melano-
cyte pigmentation (Bowman et al. 2019).
Recognition of transmembrane proteins is triggered
by the binding of specific cytoplasmic-exposed
amino acid signals by APs on specific membranes
(Sanger et al. 2019). AP-2 functions at the plasma
membrane to sort cargoes for endocytosis, whereas
AP-1 and AP-3 function on endosomes and at the
TGN. In general, AP-1, AP-2, and a cohort of AP-3
also recruit clathrin, thereby promoting both the se-
lection and packaging of specific cargo into vesicular
transport carriers at the appropriate membrane.

The clearest role for APs in cargo sorting to mel-
anosomes is for AP-3 (Fig. 3), the first known mem-
brane trafficking complex for which subunit
mutations were identified in HPS patients
(Dell’Angelica et al. 1999). Among the symptoms
of HPS is OCA, and so the identification of AP-3
subunit mutations in HPS types 2 and 10 suggested
an important role in pigmentation. Indeed, AP-3
engages a cytoplasmic sorting signal in TYR and,
accordingly, AP-3-deficient melanocytes from HPS2
patients or mouse models are hypopigmented and
mislocalize TYR to endosomes (Huizing et al. 2001;
Theos et al. 2005). A fraction of TYR is still targeted
to melanosomes in the absence of AP-3, resulting in
partial pigmentation; this reflects the fact that AP-1
binds to the same sorting signal, and is capable of
targeting a cohort of TYR to melanosomes via a
distinct pathway in the absence of AP-3 (Theos
et al. 2005). Thus, each AP defines a distinct but
parallel trafficking mechanism to melanosomes that
can, to some extent, compensate for each other. A
separate cohort of AP-3 is also required for proper
trafficking of OCA2 to melanosomes via the second
pathway discussed further below, as well as for sort-
ing of fusion proteins into that pathway.

The prototypical AP-1-dependent melanosomal
cargo is TYRP1 (Fig. 3, box 1), which binds exclu-
sively to AP-1 (Theos et al. 2005) and thus is largely
(but incompletely; Bowman et al. 2021) targeted to
melanosomes even in the absence of AP-3 (Huizing
et al. 2001). As such, destabilization of AP-1 leads to
TYRP1 sequestration in endosomes, concomitant
TYRPI1 depletion from Stage III melanosomes, and
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pigment dilution in melanocyte cultures (Delevoye
et al. 2009). AP-1 can also recognize sorting signals
in OCA2 and ATP7A for melanosome delivery (Setty
et al. 2008; Sitaram et al. 2009; Holloway et al. 2013).
AP-1 also recruits the kinesin-3 motor KIF13A
(Nakagawa et al. 2000) to endosomes to generate
the tubular transport carriers (see below and Fig. 3,
box 1). Thus, the impact of AP-1 depletion on cargo
transport is complicated, as AP-1 is required both
for cargo sorting and for the generation of the trans-
port carriers into which the cargoes are sorted
(Delevoye et al. 2009). Intriguingly, AP-3 also func-
tions in sorting some cargoes, such as OCA2
(Sitaram et al. 2009) and SNARE fusion proteins
(Bowman et al. 2021), into the canonical AP-1-de-
pendent pathway. While OCA2 recognition by AP-1
can confer steady-state localization within endo-
somes, its recognition by AP-3 enables the sorting
of OCA2 to melanosomes (Sitaram et al. 2012).
Nevertheless, in contrast to TYR, OCA2 is trans-
ported through tubules and requires BLOC-1 for
melanosome delivery (see below; Sitaram et al.
2012). These observations highlight how AP-3 and
AP-1 play unique functions in both distinct and
common trafficking routes.

Trafficking of PMEL has also been proposed to
require APs. At least a cohort of PMEL within endo-
somes/Stage I melanosomes is targeted following in-
ternalization from the plasma membrane (Theos
et al. 2006a; Fig. 3) via recognition of a cytoplasmic
internalization signal by AP-2 (Theos et al. 2006a;
Robila et al. 2008). Although AP-1 was also pro-
posed to regulate PMEL trafficking (Valencia et al.
2006), depletion of AP-1 does not interfere with
PMEL fibril formation or Stage II melanosome mor-
phogenesis (Delevoye et al. 2009) and hence is un-
likely to impact PMEL.

While APs are clearly involved in selection and/or
trafficking of melanosomal cargoes, they also likely
affect melanosome biogenesis indirectly. For in-
stance, AP-3 plays an important role in organizing
the endosomal membrane system, as depletion of
AP-3 results in substantial expansion of early endo-
somal networks (Peden et al. 2004; Theos et al.
2005). AP-3 could potentially organize endosomal
membrane subdomains fated for melanosomal cargo
sorting by coordinating with RAB GTPases, like
RAB4A (Nag et al. 2018). Alternatively, other mem-
brane shaping components, such as the ESCRT ma-
chinery (Giordano et al. 2009; Truschel et al. 2009),
tetraspanins (van Niel et al. 2011), or membrane
lipids (Sprong et al. 2001; Groux-Degroote et al.
2008; van Niel et al. 2015; Bissig et al. 2019) might
establish and maintain endosomal domains needed
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to correctly select, sort, and traffic various melano-
somal cargoes from endosomes to melanosomes.
Compared to endosomes, much less is known about
how Golgi/TGN membranes might be organized to
support melanosomal cargo sorting and trafficking.
For instance, whether RAB6 could potentially coor-
dinate with APs or other sorting machineries in mel-
anocytes is not known. However, the RAB6 effector
ELKS that promotes the docking and fusion of
Golgi-derived vesicles with the plasma membrane
(Grigoriev et al. 2007, 2011) controls the direct de-
livery of RAB6-vesicles to pigmented melanosomes
(Patwardhan et al. 2017; Fig. 3, box 2), suggesting
that ELKS in melanocytes has a similar targeting
function at melanosomes and the plasma membrane.

Formation of recycling tubules and targeting to
melanosomes: roles of BLOC-1 and BLOC-2

Once integral membrane melanosomal components
are selected at the source organelle, they must be
loaded into the proper transport carrier for delivery
to melanosomes. As in other well-characterized traf-
ficking steps (Bonifacino and Glick 2004), cargo
sorting must be coupled to carrier biogenesis and
transport. Importantly, key components in mem-
brane reshaping and transport in and out of the
melanosome were identified as genes mutated in
HPS (Bowman et al. 2019).

BLOC-1 and tubule formation

Membrane remodeling during cargo transport is best
understood for the tubular recycling endosome-to-
melanosome pathway, in which tubular structures
emerge from the limiting membrane of vacuolar
endosomes/Stage I melanosomes and extend toward
maturing Stage III melanosomes (Delevoye et al.
2009; Bowman et al. 2019; Delevoye et al. 2019;
Fig. 3). The biogenesis of a narrow tubule from a
relatively flat membrane (e.g., Stage I) requires the
initiation of membrane curvature and its stabiliza-
tion as a spherical bud that is then elongated.
Among the factors needed to shape the recycling
tubule, BLOC-1 is a master regulator. BLOC-1 con-
sists of eight small subunits, four of which are mu-
tated in HPS subtypes (HPS7, HPS8, HPS9, and
HPS11), a fifth is mutated in an unique mouse
model, and the remaining three are shared with a
separate  complex, BLOC-1 related complex
(BORC), that regulates lysosomal positioning in all
cell types (Bowman et al. 2019; Pennamen et al
2020a). The loss of expression of any single BLOC-
1 subunit leads to destabilization and loss of func-
tion of the entire complex, resulting in decreased
pigmentation in human patients, animal models,
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and melanocyte culture (Bowman et al. 2019). The
hypopigmentation is caused by a malformation of
the recycling tubules from endosomes (Delevoye
et al. 2016) that leads to the missorting and endo-
somal accumulation of melanosomal components in-
cluding TYRP1, OCA2, and ATP7A (Di Pietro et al.
2006; Setty et al. 2007, 2008; Sitaram et al. 2012). At
the limiting membrane of endosomes, BLOC-1 coor-
dinates the formation of recycling tubules in coordi-
nation with actin polymerization and KIF13A
(Delevoye et al. 2016), which pulls the membrane
tubule along microtubules (Fig. 3, box 1). This pro-
cess is not restricted to pigment cells in mammals
(Delevoye et al. 2014). As discussed earlier, AP-1 not
only functions in cargo sorting into the newly
formed recycling tubules but also facilitates the re-
cruitment of KIF13A, thereby mobilizing tubules to-
ward the cell periphery in the vicinity of Stage III
melanosomes (Delevoye et al. 2009). Hence, uncou-
pling the AP-1-KIF13A interaction leads to the mal-
formation and malfunction of pigmented
melanosomes in melanocyte culture and in recon-
structed pigmented epidermis (Campagne et al.
2018). Thus, BLOC-1 supports the biogenesis of
recycling tubules by engaging cytoskeleton-associated
machineries, while AP-1 bridges the membrane-asso-
ciated cargoes to microtubules for transport to mel-
anosomes (Fig. 3, box 1).

Many questions regarding the “BLOC-1 pathway”
are still unsolved. A key open question is the molec-
ular function of BLOC-1 and its intrinsic membrane
remodeling capacity. A recombinant form of BLOC-
1 adopts a curvilinear banana-like structure (Lee
et al. 2012), suggesting that BLOC-1 might sense,
generate, and/or stabilize membrane curvature
needed for tubule formation, much like SNX-BAR
proteins (van Weering and Cullen 2014). This sens-
ing could be coupled to the lipid composition of the
membranes since BLOC-1 can be copurified with
PI4KIIo (Salazar et al. 2009; Gokhale et al. 2012)—
a lipid kinase that produces PtdIns-4-phosphate on
endosomal membranes. RAB GTPases could also po-
tentially play a role in organizing membrane
domains suitable for BLOC-1-dependent tubule for-
mation. For example, RAB22A is necessary for
proper melanosome biogenesis and interacts with
BLOC-1 and other regulators of tubule formation
(Shakya et al. 2018), and RABI11A interacts with
KIF13A to form and transport recycling tubules in
nonpigment cells (Delevoye et al. 2014). However,
whether RAB11A cooperates with BLOC-1 in mela-
nocytes remains questionable given that decreased
expression of RAB11A raised melanocyte pigmenta-
tion (Beaumont et al. 2011; Tarafder et al. 2014).
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Indeed, BLOC-1 may function in a cell type-specific
manner, as it coordinates with distinct effectors—
Annexin A2 or the WASH complex—to mediate
actin polymerization in melanocytes or neurons
and HEK 293 cells, respectively (Ryder et al. 2013;
Delevoye et al. 2016). Future studies are needed to
better delineate the functions and impact of
“BLOC-1 and friends” on pigmentation and how
their alterations could lead to unrecognized forms
of OCA.

BLOC-2 and tubule targeting

Compared to our understanding of tubular transport
carrier formation, little is known regarding how
BLOC-1-dependent tubules are specifically targeted
to maturing melanosomes. Targeting of the recycling
tubules to melanosomes requires BLOC-2 (Fig. 3), a
complex composed of three subunits encoded by
genes that are defective in HPS variants (HPS3, 5,
and 6; Di Pietro et al. 2004). Accordingly, BLOC-2-
deficient HPS patients, mouse HPS models, and de-
rived melanocytes are hypopigmented (Bowman
et al. 2019), and TYRPI in melanocytes is mislocal-
ized, largely to target organelles to which recycling
endosomes would normally deliver cargo—the TGN,
endosomes, and the plasma membrane (Helip-
Wooley et al. 2007; Huizing et al. 2009; Dennis
et al. 2015). BLOC-2 physically interacts with a co-
hort of BLOC-1 and can be detected on endosomal
tubules near pigmented melanosomes (Di Pietro
et al. 2006), suggesting that BLOC-2 may function
downstream of BLOC-1 along the recycling endo-
some-to-melanosome route. Consistently, BLOC-2-
deficient melanocytes generate normal numbers of
tubules, but they are shorter lived and fail to contact
melanosomes (Dennis et al. 2015). Exactly how
BLOC-2 supports tubule contact with melanosomes
is not clear. It might function either as a membrane
tether to melanosomes or as a linker to stabilize the
membrane tubules through interactions with micro-
tubule components. BLOC-2 appears to associate
with RAB22A (Shakya et al. 2018) and/or the cell
type-restricted RAB32 and RAB38 (Bultema et al.
2012), but the consequences of these interactions
are not clear. While the HPS6 subunit was proposed
to associate with the dynein/dynactin complex, a mi-
crotubule motor that ferries cargo in the opposite
direction as most kinesins (Li et al. 2014), it remains
to be determined if this reflects the aggregation of an
overexpressed isolated HPS6 subunit that mobilizes
to the microtubule organizing center (Garcia-Mata
et al. 1999) rather than a physiological function of
BLOC-2. Future studies are needed to decipher the
molecular basis for BLOC-2 function.
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Endosomal membrane fusion with maturing
melanosomes

To deliver cargos to melanosomes, the transport car-
riers must fuse with the limiting membrane of mel-
anosomes.  Membrane  fusion  within  the
endomembrane system is mediated by interactions
between SNARE proteins, a conserved family of
coiled-coil proteins (Jahn and Scheller 2006).
Typically, a v-SNARE on the vesicle or tubule mem-
brane engages a compound t-SNARE complex on the
target membrane to form a stable four-helix bundle;
zipping of this bundle brings apposing membranes
into close apposition, resulting in disruption of the
lipid bilayer and ultimate fusion. Each fusion step in
the endomembrane system is mediated by a specific
pairing of v- and t-SNAREs. In addition, tethering
factors typically mediate long-range interactions be-
tween apposing membranes prior to SNARE engage-
ment, and other components such as Secl-Muncl8
(SM) family members often promote SNARE fusion
(Cai et al. 2007; Rizo and Siidhof 2012).

Our understanding of the SNARE proteins and
their regulators that specifically mediate membrane
fusion processes with melanosomes is very limited.
In the BLOC-1-dependent pathway, the v-SNARE
utilized appears to be VAMP7 (Fig. 3), an ubiquitous
SNARE protein that mediates fusion within the late
endosomal/lysosomal and autophagy pathways in
other cell types. This is supported by the following
observations: depletion of VAMP7 disrupts TYRP1
targeting to melanosomes and reduces pigmentation
(Tamura et al. 2011; Jani et al. 2015; Dennis et al.
2016); a GFP-VAMP7 fusion protein localizes at
steady state to melanosomes (Dennis et al. 2016);
and, like TYRP1, VAMP7 is trapped in early endo-
somes of BLOC-1-deficient cells (Dennis et al. 2016).
The specific t-SNAREs involved, however, are
unclear. Syntaxin-13 (a.k.a. syntaxin-12) is needed
for pigmentation and TYRP1 trafficking (Jani et al.
2015) and binds in vitro to BLOC-1 (Huang et al.
1999; Moriyama and Bonifacino 2002; Ghiani et al.
2010), but its restriction to tubules and lack of as-
sociation with melanosomes upon fusion (Dennis
et al. 2015; Delevoye et al. 2016) suggest that it is
not a requisite fusion partner for VAMP?7.
Intriguingly, we recently found that syntaxin-13
forms a complex with VAMP7 (likely with two ad-
ditional SNARE helices) in endosomes that is sorted
into BLOC-1-dependent transport carriers. Sorting is
mediated by redundant recognition of either syn-
taxin-13 by BLOC-1 or of VAMP7 by AP-3 within
a BLOC-1-AP-3 super-complex; disruption of either
recognition mode does not affect cargo transport,
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but disruption of both impairs delivery of VAMP7
and BLOC-1-dependent cargo to melanosomes
(Bowman et al. 2021). This explains the requirement
for syntaxin-13 in BLOC-1-dependent cargo trans-
port. Syntaxin-3 was reported to be required for
TYRP1 delivery to melanosomes (Yatsu et al.
2013), but this SNARE localizes to the plasma mem-
brane at steady state and is thus unlikely to function
as the melanosomal t-SNARE (D. Harper and M. S.
Marks, unpublished observations). A number of
SNARE proteins are upregulated during differentia-
tion of a mouse melanoma to a pigmented pheno-
type, and thus might be involved in melanogenesis
(Wade et al. 2001), but to date, only VAMP7 has
been directly implicated. In addition, essentially
nothing is known about the tethering protein com-
plexes and SM family members involved in melano-
some biogenesis. A point mutation in the VPS33A
subunit of HOPS and CORVET tethering/SM com-
plexes underlies an HPS-like phenotype in buff mice
(Suzuki et al. 2003), but how the mutation impacts
VPS33A function and whether it is involved directly
in melanosome biogenesis is not clear. Identifying
the SNARE proteins and additional fusion regulators
for all of the melanosome trafficking pathways will
be necessary to complete the picture of cargo transfer
to melanosomes.

Delivering is not enough: recycling from Stage Il
melanosomes

The trafficking pathways described above consist of
membrane carriers targeting the maturing melano-
somes. However, like any other organelle, melano-
somes must control their size to maintain their
homeostasis and function. This can only happen if
some materials are removed from melanosomes to
counter the anterograde flow of components.
Insight into retrograde transport from melano-
somes came from the analysis of the trafficking of
VAMP?7 in the BLOC-1-dependent pathway. In mel-
anocytes, VAMP7 dynamically associates with pig-
mented melanosomes, from where it is retrieved in
tubular transport carriers that are distinct from those
carrying forward-moving cargos (Dennis et al. 2016;
Fig. 3, box 3). These melanosome-derived tubules
are devoid of classical melanosomal and endosomal
components, suggesting that their role is primarily to
retrieve unwanted melanosomal contents, including
VAMP?7, for eventual return to early endosomes to
promote multiple rounds of forward trafficking
(Dennis et al. 2016). The retrieved VAMP7 associates
with VARP (Dennis et al. 2016), a scaffolding part-
ner that stabilizes VAMP7 in a nonfusogenic
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conformation (Burgo et al. 2012; Schafer et al. 2012),
and with RAB38, another VARP-binding partner
(Wang et al. 2008) that associates with melanosomes
(Wasmeier et al. 2006; Bultema et al. 2012;
Gerondopoulos et al. 2012; Fig. 3, box 3). VARP
association with melanosomes requires GTP-bound
RAB38 and/or its close homolog RAB32 (Dennis
et al. 2016), both of which are activated by the gua-
nine  nucleotide  exchange factor = BLOC-3
(Gerondopoulos et al. 2012). BLOC-3 is composed
of HPS1 and HPS4 subunits (Chiang et al. 2003;
Martina et al. 2003; Nazarian et al. 2003), mutations
in which result in the most common forms of HPS
(Seward and Gahl 2013). BLOC-3-deficient melano-
cytes are impaired in the formation and release of
retrograde VAMP7-containing melanosomal carriers
(Dennis et al. 2016), suggesting that BLOC-3 and
RAB32/RAB38 function primarily in the retrograde
pathway.

Release of VAMP7-containing retrograde tubular
carriers from melanosomes requires the cooperation
of the Myosin VI actin-based motor and its partner
Optineurin (OPTN) with branched actin filament-
associated machineries (Ripoll et al. 2018; Fig. 3,
box 3). Together, these components promote the
constriction of the tubule “neck” prior to its mem-
brane fission. Impairing the release of the melanoso-
mal tubules by depletion or inhibition of any of
these components generates abnormally large mela-
nosomes with increased melanosomal protein con-
tent, a more acidic pH, and reduced tendency for
melanin secretion and transfer to keratinocytes,
resulting in increased melanin content of the mela-
nocytes (Loubéry et al. 2012; Ripoll et al. 2018). It
remains unclear if the myosin VI-dependent release
pathway is regulated by BLOC-3 and RAB38 or
RAB32, but if so, it would suggest that skin and
hair hypopigmentation in HPS1 and HPS4 patients
might be due to suboptimal melanin transfer from
melanocytes to keratinocytes. Another myosin,
Myosin Vg, also interacts with RAB32/38 and its de-
pletion in pigment cells phenocopied the loss of
Myosin VI, suggesting that different myosins can co-
operate during melanosome maturation (Bultema
et al. 2014).

Analyses of retrograde trafficking from melano-
somes have provided an unprecedented link between
the homeostasis, maturation, and secretory capacity
of melanosomes. Additional studies will be needed to
better delineate how incoming traffic to melano-
somes is coordinated with cargo loading and release
of the retrograde tubules. Moreover, a better under-
standing of additional components within the retro-
grade tubules that guide them to their ultimate
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destination is needed. Indeed, it remains to be vali-
dated whether these tubules are targeted to early
endosomes/Stage I melanosomes as proposed
(Dennis et al. 2016). Interestingly, the volume of
melanosome-derived tubules can reach one-third of
the total melanosome volume (Ripoll et al. 2018),
indicating that a large fraction of luminal solutes is
also removed with VAMP7, perhaps contributing to
pH regulation. Finally, although the melanosomal
tubules did not contain melanin-laden PMEL fibers,
they aligned preferentially along their longest axis
(Ripoll et al. 2018). This suggests that membrane
deformation at the limiting membrane of melano-
somes does not occur randomly, and that the
fibrils could impose steric hindrance to serve as
an organelle-intrinsic mechanical signal for melano-
somes to initiate retrograde trafficking prior to
peripheral capture and subsequent transfer
to keratinocytes.

Conclusion

Cell biological and biochemical analyses of mamma-
lian skin melanocytes and the products of genes that
are defective in various forms of nonsyndromic and
syndromic forms of albinism have provided invalu-
able information about how a pigment cell exploits
both specific and ubiquitous mechanisms to build
the functional melanosome. This has allowed us to
better understand not only the molecular basis of
pigmentation but also basic principles of functional
amyloid formation, organellar ion flux, organelle
maturation, and membrane transport that apply to
many other physiological systems. Importantly, the
membrane dynamics and trafficking within skin mel-
anocytes that are responsible for melanosome matu-
ration serve as a model for the mechanisms shared
by other LRO-generating cells during the assembly of
their specific organelles—particularly the platelet
dense granules, lung alveolar type II cell lamellar
bodies, and immune organelles that are disrupted
in the various forms of HPS (Bowman et al. 2019;
Delevoye et al. 2019). Further analyses of melano-
some components, membrane trafficking pathways,
and identification of new functional partners of al-
ready-identified components will likely not only
deepen our understanding of the biogenesis of mel-
anosomes and other LROs but also provide new
candidates for genes targeted in forms of albinism
and other pigmentary disorders that currently lack
a molecular diagnosis.

More generally, a major challenge in understand-
ing how the cellular machineries such as APs,
BLOCs, and SNAREs specifically  regulate
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Box 1 Glossary of terms

Amyloid: an ordered protein aggregate in a beta-sheet-rich protein fold that usually forms fibrillary structures. Typically associated
with neurodegenerative and other diseases, PMEL forms amyloid fibers upon which melanins deposit in melanosomes.
Antiporter: a type of transmembrane protein that transports ions or other small molecules across the membrane in one direction and
a second ion or small molecule in the other direction. NCKX5 functions as a Na+4/Ca2+ antiporter, likely at the Golgi.

BLOCs (biogenesis of lysosome-related organelles complexes): a series of three protein complexes (BLOC-1, -2, and -3), each of
which is composed of subunits that are disrupted in variants of the Hermansky—Puldak syndromes, that associate peripherally with
membranes and effect the movement of transmembrane proteins between endosomes and melanosomes during melanosome
biogenesis.

Cargo: a term typically applied to transmembrane and soluble proteins that are transferred from one compartment to another.
Cargo transport carriers: vesicles or tubules that transport transmembrane and soluble proteins from one organelle to another.
Channel: a type of transmembrane protein that, when open, allows for free movement of ions or other small molecules across the
membrane according to their concentration gradient. OCA2 and TPC2 are channels on melanosomes for chloride and for cations,
respectively.

Coat proteins: protein complexes that are recruited to membranes from the cytosol and that facilitate sorting of membrane-bound
proteins into vesicles or tubules for delivery elsewhere. Some coats also support membrane bending to facilitate vesicle formation.
DHI: dihydroxyindole, one of the major building blocks of eumelanins.

DHICA: dihydroxyindole carboxylic acid, one of the major building blocks of eumelanins and a strong anti-oxidant.

Early endosomes/sorting endosomes: cellular compartments that are the first site of accumulation of internalized material and that
serve as major sorting stations for cargo transport to other organelles. They consist of vacuolar domains that concentrate lumenal
material destined for late endosomes/lysosomes and tubulovesicular domains that sort membrane proteins to other destinations.
ESCRT (endosomal sorting complexes required for transport): a series of four protein complexes (ESCRT-0, -1, -2, and -3) that
associate peripherally with maturing early endosomes to facilitate the sorting of transmembrane proteins into patches and the
inward invagination of these patches to form intralumenal vesicles. ESCRT-0 and -1 most often recognize ubiquitylated proteins
as cargoes.

Eumelanin: black and brown melanin polymers of indole structures formed by successive oxidation reactions starting with tyrosine.
G protein-coupled receptors (GPCRs): a large family of seven transmembrane domain-containing proteins that recognize various
ligands and that couple with heterotrimeric G proteins and arrestin family members to transmit signals to cells. GPR143 is an
intracellular GPCR in pigment cells, and several plasma membrane GPCRs, including MCI1R, regulate melanogenesis.

GWAS: genome-wide association study, an experimental approach to correlate genetic polymorphisms with phenotypic traits or
diseases.

ILVs: small vesicles (usually 40-60 nm in diameter) present within endosomes and melanosomes that form from invagination of the
limiting membrane.

L-3,4-dihydroxyphenylalanine (L-dopa): an intermediate/side-product of melanin synthesis in melanosomes. Also a major neuro-
transmitter in the central nervous system (generated by a different pathway catalyzed by the cytoplasmic enzyme, tyrosine
hydroxylase).

Lysosome-related organelles (LROs): a family of cell type-specific subcellular membrane-bound organelles that derive at least in part
from the endolysosomal pathway. Melanosomes are members of the LRO family.

Melanogenesis: the process by which melanin pigments are synthesized.

Melanosomes: LROs within skin and eye melanocytes and pigment epithelia of the retina, iris and ciliary body within which melanin
pigments are synthesized and stored.

Oculocutaneous albinism (OCA): genetic conditions resulting from impaired melanin synthesis in the skin and eyes.

Ocular albinism (OA): genetic conditions resulting from impaired melanin synthesis predominantly in the eye.

Pheomelanin: red and yellow melanin polymers formed from intermediates in which dopaquinone is modified by cysteine.
Phosphatidylinositol phosphates: Phosphatidylinositol (PtdIns) is a minor component of total cellular phospholipids, and consists
of the six-carbon inositol ring covalently linked to the diacylglycerol backbone. Three of the five available carbons (C3, C4, or C5) can
be modified by phosphorylation. Most relevant to melanosome biogenesis, PtdIns-3-phosphate is most prevalent on early endosomal
membranes, including Stage I melanosomes, and PtdIns-(3,5)-bisphosphate regulates maturation of Stage I melanosomes and PMEL
processing.

Premelanosomes: a term sometimes used to describe the non-pigmented early stages of melanosome maturation.
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Rab GTPases: small GTPases that serve as molecular switches during membrane trafficking and vesicle and organelle motility. When
bound to GTP they bind effectors that perform work (such as cytoskeletal motors or membrane fusion machinery). Different Rab
proteins regulate distinct steps in melanosome biogenesis.

Recycling endosomes: a subset of early endosomes that facilitate delayed delivery of internalized cargo to the plasma membrane or to
the trans-Golgi network. The tubular transport carriers generated in a BLOC-1-dependent manner have features of recycling
endosomes.

Secl-Muncl8 (SM) proteins: SNARE-binding proteins that function both to chaperone/stabilize unpaired syntaxin-family SNARE
proteins and to stabilize four-helix bundles during SNARE-dependent fusion.

SNARE proteins: integral membrane proteins with long, alpha helical domains that function in fusion of transport carriers with
target membranes. Fusion requires formation of a four-helix bundle by three or four specific cohorts of SNARE proteins.

Sorting signals: linear sequences of amino acids or conformational determinants that are recognized by coat proteins or sorting
adaptors for sorting of cargo on a source compartment into transport carriers destined for another compartment. In the context of
melanosome biogenesis, linear sequences on the cytoplasmic domains of integral membrane proteins serve as sorting signals that are
recognized by heterotetrameric adaptors AP-1 or AP-3.

Symporter: a type of transmembrane protein that transports ions or other small molecules across the membrane together with a
second ion or small molecule in the same direction. SLC45A2 functions in heterologous cell types as a symporter for protons and
sucrose from the lumen/extracellular space to the cytoplasm.

Tethering proteins: typically, elongated proteins or protein complexes that serve to bridge transport carriers with target organelles
during cargo transport. Typically function in association with specific Rab and SNARE proteins.

Ubiquitylation: the process by which the small protein, ubiquitin, is conjugated to proteins as a signal, often for degradation in the
cytoplasm. In endosomal compartments, ubiquitin conjugation typically serves as a signal for cargo sorting onto intralumenal
membranes.

Vacuolar-type H(+)-ATPase (V-ATPase): a multisubunit transmembrane protein complex on melanosomes and all endosomes,

lysosomes, and the trans Golgi network that pumps protons into the organelle in an ATP-dependent manner, thereby acidifying the
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organelle.

melanosome biogenesis in pigment cells is their
ubiquitous expression and role in trafficking to ubiq-
uitous organelles in other cell types. For example,
BLOC-1 is required for recycling endosome morpho-
genesis in Hela cells (Delevoye et al. 2014) and for
delivery of certain cargoes to the primary cilium
(Monis et al. 2017). Given that other LROs are mal-
formed in HPS, but conventional endolysosomal
organelles are largely intact, it is likely that cell
type-restricted factors or modifications, such as
RAB GTPases, effector isoforms, or post-translational
modifications such as phosphorylation or ubiquity-
lation, play a role in defining the specificity of cargo
selection, transport carrier targeting, and fusion in
melanocytes and other cell types. Solving these enig-
mas will extend beyond the context of pigmentation
and will help to solve a bigger mystery about how a
common intracellular toolbox can be exploited by
specialized cell types to create a new organelle.
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