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This thesis is structured in 4 Chapters. Chapter 1 comprises a general introduction to 

skin pigmentation, with a focus on the accepted transfer models of melanin from 

melanocytes to keratinocytes, including the main objectives of this thesis. Chapter 2 presents 

our results for the process of melanin secretion of melanosomes from melanocytes. Chapter 

3 shows the results obtained from the siRNA screen performed to explore the Rab proteins 

involved in the uptake of melanin by acceptor keratinocytes. Each of these results’ chapters 

includes a Summary, brief Introduction, the relevant Materials & Methods used and a 

Discussion. Chapter 4 includes a general discussion of the results obtained, correlates the 

two results chapters and also presents the future perspectives. 

Finally, this thesis aims at contributing with novel knowledge on the molecular 

mechanisms involved in maintenance of human skin pigmentation. 
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Summaryaaa 
 

Skin pigmentation is achieved through the highly regulated production of the pigment 

melanin in specialized organelles, termed melanosomes within melanocytes. These are 

transported from their site of synthesis to the melanocyte periphery before being transferred 

to keratinocytes where melanin forms a supra-nuclear cap to protect the DNA from UV-

induced damage. Together, melanocytes and keratinocytes form a functional complex, 

termed “epidermal-melanin unit”, that confers color and photoprotective properties to the 

skin. Skin pigmentation requires three processes: the biogenesis of melanin; its intracellular 

transport within the melanocyte to the cell periphery; and the melanin transfer to 

keratinocytes. The first two processes have been extensively characterized. However, 

despite significant advances that have been made over the past few years, the mechanisms 

underlying inter-cellular transfer of pigment from melanocytes to keratinocytes remain 

controversial.  

Preliminary studies from our group using electron microscopy and human skin 

samples found evidence for a mechanism of coupled exocytosis-endocytosis. Rab GTPases 

are master regulators of intracellular trafficking and have already been implicated in several 

steps of skin pigmentation. Thus, we proposed to explore and characterize the molecular 

mechanisms of melanin transfer and the role of Rab GTPases in this process. Moreover, we 

investigated whether the exo/endocytosis model is the main mechanism of melanin transfer. 

We first focused on melanin exocytosis by melanocytes. Then, we started to 

investigate the key regulatory Rab proteins involved in this step by establishing an in vitro 

tissue culture model of melanin secretion. Using co-cultures of melanocytes and 

keratinocytes, we found that keratinocytes stimulate melanin release and transfer. Moreover, 

depletion of Rab11b decreases keratinocyte-induced melanin exocytosis by melanocytes. In 

order to determine whether melanin exocytosis is a predominant mechanism of melanin 

transfer, the amount of melanin transferred to keratinocytes was then assayed in conditions 

where melanin exocytosis was inhibited. Indeed, Rab11b depletion resulted in a significant 

decrease in melanin uptake by keratinocytes. Taken together, these observations suggest 

that Rab11b mediates melanosome exocytosis from melanocytes and transfer to 

keratinocytes. 

To complement and extend our study, we centred our attention in the internalization 

of melanin by keratinocytes. Thus, we aimed to explore the effect of depleting Rab GTPases 

on melanin uptake and trafficking within keratinocytes. As a first approach, we used 

fluorescent microspheres as a melanin surrogate. However, the uptake of microspheres was 

observed to be independent of PAR-2, a receptor that is required for melanin uptake. 
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Therefore, we concluded that microspheres were uptaken by keratinocytes through a 

different pathway than melanin. Subsequently, we developed a microscopy-based 

endocytosis assay using purified melanocores (melanosomes lacking the limiting membrane) 

from melanocytes, including a program to perform a semi-automated analysis. Melanocores 

are taken up by keratinocytes and accumulate in structures in the perinuclear area that 

resemble the physiological supranuclear cap observed in human skin. We then confirmed the 

involvement of PAR-2 receptor in the uptake of melanocores by keratinocytes, using the 

newly developed assay. Furthermore, we identified the role of four Rab GTPases on the 

uptake of melanocores by keratinocytes. Depletion of Rab1a and Rab5b from keratinocytes 

significantly reduced the uptake of melanocores, whereas Rab2a, and Rab14 silencing 

increased the amount the melanocores internalized by XB2 keratinocytes.  

In conclusion, we present evidence supporting keratinocyte-induced melanosome 

exocytosis from melanocytes, followed by endocytosis of the melanin core by keratinocytes 

as the predominant mechanism of melanin transfer in skin. 

Although advances have been made, there is a need for more effective and safer 

therapies directed at pigmentation disorders and also treatments for cosmetic applications. 

Hence, the understanding of the above mechanisms of skin pigmentation will lead to a 

greater appreciation of the molecular machinery underlying human skin pigmentation and 

could interest the pharmaceutical and cosmetic industries. 
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Resumo 
 

A pele é o maior órgão do corpo humano e a sua pigmentação é essencial para a 

sua coloração e proteção contra os efeitos nocivos da radiação ultravioleta (UV). A 

pigmentação da pele resulta essencialmente de três processos: a síntese e o 

armazenamento de melanina pelos melanócitos, em organelos especializados denominados 

melanossomas; o transporte dos melanossomas dentro dos melanócitos; e finalmente, a 

transferência dos melanossomas para os queratinócitos adjacentes. Nos queratinócitos, a 

melanina migra para a região perinuclear apical da célula para formar um escudo protetor, 

responsável pela proteção do DNA dos danos causados pela radiação UV. Os melanócitos 

estão localizados na camada basal da epiderme e contactam com 30-40 queratinócitos. Em 

conjunto, estas células formam a “unidade melano-epidérmica”. Apesar dos processos de 

síntese e transporte de melanina nos melanócitos estarem bastante bem caracterizados, os 

mecanismos moleculares subjacentes à transferência inter-celular de melanina são menos 

conhecidos e ainda controversos. 

Dados preliminares obtidos pelo nosso grupo, que se basearam na observação de 

amostras de pele humana por microscopia electrónica, indicam que a forma predominante 

de transferência de melanina na epiderme consiste na exocitose dos melanossomas pelos 

melanócitos e subsequente endocitose da melanina por queratinócitos. Para além disso, 

sabe-se que as proteínas Rab, que controlam o tráfego membranar, estão envolvidas em 

várias etapas de pigmentação da pele, nomeadamente na biogénese e no transporte de 

melanina. Assim, dado o seu papel fundamental nestes processos, questionámo-nos sobre 

o seu envolvimento na transferência de melanina. 

Com este trabalho, propomo-nos a expandir o conhecimento atual sobre a 

transferência de melanina na pele, através do estudo detalhado dos seus mecanismos 

moleculares, identificando as proteínas Rab que regulam o processo. Pretendemos também 

confirmar o modelo de exo/endocitose como sendo o mecanismo principal de transferência 

de melanina.  

Primeiro, explorámos a regulação da secreção de melanina pelos melanócitos e 

analisámos o papel de proteínas Rab neste processo. Os resultados foram obtidos 

recorrendo a um método in vitro, desenvolvido previamente no laboratório, que avalia a 

quantidade de melanina segregada para o meio de cultura por espectrofotometria, e ainda 

por microscopia, contando o número de melanossomas transferidos para os queratinócitos. 

Através de co-culturas de melanócitos e queratinócitos, verificou-se que os queratinócitos 

estimulam a libertação de melanina dos melanócitos para o meio extra-celular, bem como a 

sua transferência para os queratinócitos. Além disso, a proteína Rab11b foi identificada 
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como um regulador da exocitose de melanina e da sua transferência para os queratinócitos. 

De facto, a diminuição da expressão de Rab11b em melanócitos provocou a redução da 

secreção de melanina estimulada por queratinócitos, bem como da transferência desta. 

Em segundo lugar, para complementar o nosso estudo, centrámos a nossa 

investigação na internalização de melanina por queratinócitos. Especificamente, usando 

uma biblioteca de siRNA, explorámos o envolvimento de proteínas Rab na captação de 

melanina por queratinócitos. Como primeira abordagem, usámos esferas fluorescentes 

como substituto de melanina, avaliando os resultados por citometria de fluxo. No entanto, 

este método revelou-se ineficaz uma vez que a internalização destas esferas é 

independente do recetor PAR-2 (recetor 2 ativado por protease), que foi previamente 

descrito como essencial na captação de melanina por queratinócitos. Posteriormente, foi 

desenvolvido um novo protocolo de endocitose baseado em microscopia, usando 

melanossomas sem a membrana envolvente (melanocores) purificados do meio de cultura 

de melanócitos, incluindo um programa informático especialmente desenhado para realizar 

uma análise semi-automatizada. Após internalização, os melanocores acumulam-se na 

região perinuclear dos queratinócitos, em estruturas que se assemelham ao escudo supra-

nuclear observado na pele humana. Seguidamente, o envolvimento do recetor PAR-2 na 

captação de melanocores por queratinócitos foi confirmado, utilizando o novo protocolo de 

endocitose desenvolvido. Para além disso, a necessidade de quatro proteínas Rab foi 

identificada na internalização de melanocores por queratinócitos. A redução da expressão 

de Rab1a ou Rab5b em queratinócitos diminuiu significativamente o nível de internalização 

de melanocores, enquanto o silenciamento da expressão de Rab2a ou Rab14 aumentou a 

quantidade de melanocores internalizados por estas células. 

Em conclusão, os resultados apresentados corroboram as observações anteriores, 

obtidas em amostras de pele humana, e sugerem que o mecanismo de transferência 

predominante é a exocitose de melanina pelos melanócitos, induzida por queratinócitos, 

seguida por endocitose pelos queratinócitos. 

A pigmentação da pele tem implicações tanto ao nível da cosmética, como ao nível 

médico, relacionadas com foto-envelhecimento e com doenças pigmentares. Assim sendo, 

ao esclarecer quais os mecanismos moleculares que regulam a transferência de melanina 

na pele, este trabalho pode conduzir ao desenvolvimento de novas estratégias para modular 

a pigmentação da pele. 
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1. General Introduction 

 

1.1. Skin pigmentation 

 

Skin pigmentation was explained by myths and divine influence, until the first 

scientific studies on skin color were performed on the 17th century (Nordlund et al., 1989; 

Klaus, 2007). It was observed that the skin could be divided in two layers, in which only the 

upper layer was pigmented. With the discovery of the cell and the development of the 

microscope, skin pigmentation finally began to be studied more rigorously and explained 

based on scientific methods, opening roads for the discoveries done until now (Figure 1.1). 

Throughout the animal kingdom, colors play an important role, from camouflage to mating 

skills and humans were always intrigued by color. Coloring the skin served artistic purposes, 

but also regrettably affected social living, as a consequence of discrimination based on color 

of the skin. Nowadays we know that the pigmentary system is an important part of the skin, 

but also the eyes, ears, hairs meninges, and other organs of the human body (Klaus, 2007). 

 

 
Figure 1.1 – Skin pigmentation studies timeline. 
An overview through major events related to the study of skin pigmentation throughout the times, 
since the ancient Greeks and Romans until nowadays (Becker, 1959; Nordlund et al., 1989; Klaus, 
2007). 
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1.1.1. The human skin – structure and function 

 

The skin is the largest organ of the human body, protecting the organism against 

external aggressions. It is constituted by 3 layers (Figure 1.2): the upper layer, called 

epidermis; the underlying layer, called dermis; and a deeper layer, called hypodermis or 

subcutaneous layer. 

 

 
Figure 1.2 – Structure of the human skin. 
(A) Schematic of general organization of the skin. Two outer layers of the skin (dermis and epidermis) 
including populating cells. Taken from Wagner et al. (2010). (B, C) Haematoxylin and eosin staining of 
normal human skin, with amplification 10x (B) or 40x (C). Cells of the upper layer of the epidermis 
(keratinocytes) contain large nuclei, which stain blue. The dermis appears pink as a result of staining 
of its abundant protein, collagen. Melanocytes have smaller nuclei and inconspicuous cytoplasm. 
Melanocytes are typically located in the basal layer of the epidermis, at the dermal-epidermal junction. 
Taken from Slomianka (2009). http://www.lab.anhb.uwa.edu.au/mb140/corepages/integumentary 
/integum.htm#labmajor. 
 

 

The hypodermis is a deeper continuation of the dermis and consists of connective 

tissue and adipose cells of variable thickness. Moreover, it facilitates the mobility of the skin 

and contributes to thermal insulation (Abraham Kierszenbaum 2012). The dermis, also 

composed of connective tissue, is itself divided in two parts, the reticular layer and the upper 

papillary layer that forms the dermal-epidermal junction. The dermis is mainly constituted by 

fibroblasts, collagen fibers, and thin elastic fibers, providing mechanical anchorage and 

nutrients to the overlaying epidermis. Finally, the outermost layer of the skin, the epidermis, 

is stratified in five strata, and presents a high turnover rate as a consequence of constant 

shedding of the skin surface (Figure 1.2) (Grice and Segre, 2011; Solanas and Benitah, 

2013). Moreover, the epidermis is composed by four different cell types: 

i. Keratinocytes: the predominant cell type, arranged in five layers (stratum 

basale, spinosum, granulosum, lucidum and corneum). These cells produce 
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keratin and are the recipient cells of the pigment melanin. The cells of stratum 

basale undergo mitosis, and while some of these are added to the stem cell 

population of this stratum, others migrate into the stratum spinosum to initiate the 

differentiation process until they reach the stratum corneum. 

ii. Melanocytes: in minority, these cells reside at the basal layer of epidermis, the 

stratum basale. Melanocytes are the cells responsible for melanin production. 

iii. Langerhans cells: dendritic cells of the immune system. These cells are able 

to migrate to a local lymph node to present antigens to T-cells, in order to initiate 

immune response against foreign antigens. 

iv. Merkel cells: derive from the neural-crest and are involved in tactile sensation. 

 

The skin has numerous functions, including (Grice & Segre 2011; Abraham 

Kierszenbaum 2012): protection from the outside environment, both physical trauma and 

defense against microbial pathogens; water barrier, avoiding excessive water loss; regulation 

of body temperature; sensation, enabling touch, heat and cold sensations; and, synthesis of 

vitamin D. 

In humans, skin color derives mainly from the interplay between melanocytes and 

keratinocytes. Once differentiated, melanocytes are interspersed between neighbouring 

keratinocytes. Through their dendrites, melanocytes are able to communicate with nearly 40 

keratinocytes, forming the so-called “epidermal-melanin unit” (Fitzpatrick and Breathnach, 

1963; Jimbow and Sugiyama, 1998). Importantly, this association enables the transfer of 

melanin from melanocytes to keratinocytes. 

Humans are divided into several racial groups according to the skin color, including 

Caucasoid, Negroid and Mongoloid (Taylor and Cook-Bolden, 2002). Although the 

classification of the skin color is not straightforward, the Fitzpatrick scale catalogues human 

skin, based on its color and the visible response to ultraviolet (UV) light (Fitzpatrick, 1999). 

Notably, racial diversity is not due to the different number of melanocytes, but instead to 

differences in the type of melanin and also on size, number and distribution patterns of 

melanosomes (specialized organelle where melanin is synthesized and stored) within 

keratinocytes (Alaluf et al., 2003; Thong et al., 2003; Babiarz-Magee et al., 2004). In dark 

skin, pigment granules are larger (between 0.8 and 1 mm in diameter) and dispersed 

individually throughout the cytoplasm, whereas in light skin they are smaller in size (< 0.8 

mm) and distributed as membrane-bound clusters (Szabó et al., 1969; Konrad and Wolff, 

1973; Cardinali et al., 2008). However, the mechanisms that control melanosome distribution 

within keratinocytes remain unclear, and different studies point to opposite directions. Some 

studies indicate a correlation between melanosome size and their distribution pattern (Szabó 
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et al., 1969; Toda et al., 1972; Wolff et al., 1974; Yamamoto and Bhawan, 1994; Jimbow and 

Sugiyama, 1998). Other reports correlate the distribution patterns with the racial origin of the 

keratinocyte (Minwalla et al., 2001; Thong et al., 2003; Yoshida et al., 2007), whereas some 

studies describe the melanocyte racial origin as the major influence (Wolff and Konrad, 1971; 

Bessou-Touya et al., 1998). Notably, keratinocytes play a crucial role in pigmentation 

regulation, including: i) many aspects of the biology of the melanocyte (Yamaguchi and 

Hearing, 2009), secreting factors that act as activators of melanocytes, like α-melanocyte-

stimulating hormone (α-MSH) or fibroblast growth factor (FGF); ii) melanocyte recruitment to 

form the epidermal melanin unit (Weiner et al., 2007); and also iii) pigment transfer (Cardinali 

et al., 2008). 

 

 

1.1.2. Melanoblasts, melanocyte precursors, migration and differentiation 

 

Melanocytes are neural crest-derived cells that originate from a non-pigmented 

precursor cell called melanoblast (Figure 1.3A) (Weston, 1991). During embryogenesis, 

melanoblasts migrate away from the neural-crest to their final destination in the basal 

epidermis and hair follicles, where they differentiate into mature pigment-producing cells 

(Goding, 2007; Lin and Fisher, 2007). Melanocytes are also found in other locations including 

the retinal pigment epithelium (RPE), the inner ear, and some sites such as the heart and 

brain where their role as pigment-producing cells is less understood (Steel and Barkway, 

1989; Jimbow et al., 1999; Sulaimon and Kitchell, 2003; Bolognia and Orlow, 2012). 

The survival and migration of these cells depends on signalling pathways and specific 

transcription factors, exemplified on Figure 1.3B (Lin and Fisher, 2007; Sommer, 2011). One 

of the essential transcription factors that regulates melanocyte function is the microphthalmia 

transcription factor (MITF), a helix-loop-helix leucine zipper transcription factor (Hodgkinson 

et al., 1993; Steingrímsson et al., 2004). MITF expression controls both melanocyte 

proliferation and differentiation (Steingrímsson et al., 1994; Lin and Fisher, 2007), and 

regulates the expression of pigment genes, such as tyrosinase, tyrosinase-related protein 1 

(TYRP1), tyrosinase-related protein 2 (TYRP2) and PMEL (Lin and Fisher, 2007). MITF is 

itself highly regulated by other transcription factors, such as PAX3 (paired-box 3, a neural-

crest-associated transcription factor), SOX10 (sex determining region Y-box 10), LEF/TCF 

(lymphoid enhancer factor/T-cell factor) and CREB (cAMP response element-binding protein) 

(Figure 1.3B) (Watanabe et al., 1998; Vance and Goding, 2004; Lin and Fisher, 2007; 

Passeron et al., 2007). Moreover, MITF transcription is also regulated by various receptor 

signalling pathways, such as those of melanocortin-1 receptor (MC1R) and c-Kit, a receptor 
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tyrosine kinase, interleukin-6 (IL-6) and wingless-type (Wnt) (Figure 1.3B) (Vance and 

Goding, 2004; Ebanks et al., 2009). 

 

 

 
Figure 1.3 – Melanocytes originate in the neural crest and are thought to become committed to 
the melanocyte lineage upon expression of MITF. 
(A) Neural crest-derived melanocyte lineage. Melanoblasts exit the neural crest on their migration to 
their final destination, including the epidermis and hair follicles where a proportion become stem cells 
residing in the bulge region of the hair follicle while others differentiate into mature pigment-producing 
melanocytes. Adapted from Goding (2007) (B) The MITF promoter is regulated by the transcription 
factors PAX3, SOX10, LEF-1/TCFand CREB during melanocyte development. Taken from Lin and 
Fisher (2007). 
 

 

c-Kit is a tyrosine kinase receptor involved in melanoblast expansion, survival and 

migration (Figure 1.3B) (Bertolotto et al., 1998; Vance and Goding, 2004). It can be 

activated by Kit-ligand, also known as stem cell factor (SCF) (Hemesath et al., 1998; Lin and 

Fisher, 2007). Contrary to humans, mice do not typically retain melanocytes in the epidermis. 

In these animals, shortly after birth melanoblasts migrate to the hair follicles as the epidermis 

loses the melanocyte lineage, thus remaining unpigmented (Weiner et al., 2007). 

Interestingly, expression of transgenic SCF under a keratin promoter (K14) in mice causes 

the retention of melanocytes in the epidermis (Kunisada et al., 1998). Consequently, SCF 

transgenic mice present pigmented skin, which more closely resembles the physiology of 

human skin. 

 

 



Chapter 1 

 8 

1.1.3. Melanin biogenesis 

 
Melanin consists of a group of biopolymers, composed of distinct monomers, which 

provide color and photoprotection against UV radiation (UVr) to the skin, hair and eyes in 

mammals (Wakamatsu and Ito, 2002). Melanin is extremely dense, insoluble over a broad 

range of pH, and possess a high molecular mass (Wakamatsu and Ito, 2002; Sulaimon and 

Kitchell, 2003). Melanin can be classified into two groups: eumelanin and pheumelanin. 

Eumelanin is a dark black/brown insoluble pigment and pheomelanin is yellow/red and 

soluble in alkali (Wakamatsu and Ito, 2002). In nature, most melanin is a mixture of the two 

melanin types. Both pigments are derived from a common precursor, dopaquinone, which is 

formed through the oxidation of tyrosine by tyrosinase. Dark eumelanins are the product of 

successive hydroxylation, oxidation, and carboxylation reactions, whereas the formation of 

red pheomelanins requires at least one cysteine-dependent reduction step (Figure 1.4) 

(Marks and Seabra, 2001). Melanin synthesis involves the formation of intermediate 

compounds which are toxic to cells (Sulaimon and Kitchell, 2003). For this reason, melanin is 

synthesized within the lumen of the melanosome in order to prevent cell damage (Futter, 

2006; Raposo and Marks, 2007). Pheumelanosomes tend to be round shaped, differing in 

structure and composition from eumelanosomes, which are predominantly ovoid (Furumura 

et al., 1998; Hearing, 1999). Hereafter, we will focus on the biogenesis of eumelanin.  

 

 
Figure 1.4 – The biosynthetic pathways to eumelanin and pheomelanin. 
Tyrosinase, TYRP1 and TYRP2 are involved in the synthesis of eumelanin, while only tyrosinase 
activity and the presence of cysteine are necessary for the production of pheumelanin. Taken from 
Ebanks et al. (2009). 
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Analysis of melanosome structure was initially based on electron microscopy (EM) 

studies in the early 1960s (Seiji et al., 1963). Contrary to what has been suggested earlier 

(Kushimoto et al., 2001; Yasumoto et al., 2004), melanosomes are now known to be derived 

from the endosomal system (Berson et al., 2001; Raposo et al., 2001). Melanosomes mature 

through a series of intermediates morphologically and biochemically defined, starting as non-

pigmented vesicles and giving rise to a fully mature melanised organelle (Figure 1.5) 

(Raposo and Marks, 2007). 

 

 
Figure 1.5 – Melanosome maturation. 
(A) Schematic diagram of melanosome maturation, with stage I, II, III and IV indicated, as well as 
endosomal organelles, and the biosynthetic transport pathways among them, for independent cargoes 
(PMEL, tyrosinase and TYRP1) (B) Ultrastructural characterization of melanosomes by electron 
microscopy analysis of MNT-1 human melanoma cells. The four stages of melanosome development 
are shown and labelled from I to IV. Note the dense bilayered coat (arrowhead) and intraluminal 
vesicles (arrow) of stage I melanosomes; the proteinaceous fibrils (arrow) of stage II; and the melanin 
deposition (black) in stages III and IV. Adapted from Raposo & Marks (2007). 
 

 

This maturation involves the sorting of specific structural components and enzymes 

necessary for the synthesis of pigment. Besides ubiquitous components of lysosomes and 

late endosomes, such as lysosomal-associated membrane protein 1 (LAMP1), there are 

some melanosome-specific lumenal and membrane components, summarized in Table 1.1 

(Orlow, 1995; Chi et al., 2006). Early-stage melanosomes, or premelanosomes, lack pigment 

but are uniquely characterized by internal membranous vesicles that resemble typical late 

endosomal multivesicular bodies, and intraluminal proteinaceous fibrils. These intraluminal 
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fibrous striations start to form in stage I and are completed in stage II melanosomes, where 

the organelle acquires an ellipsoid shape and melanin synthesis begins. Polymerized 

melanin deposits on the fibrils, resulting in darkening and thickening, characteristic of stage 

III melanosomes, until all internal structure is masked by the accumulation of melanin (stage 

IV) (Figure 1.5) (Marks and Seabra, 2001; Raposo and Marks, 2007). 

 

Table 1.1 – Known melanosomal resident proteins. 
Adapted from Marks and Seabra (2001) and Raposo and Marks (2007). 

Human gene 
product Proposed functions 

Human 
pigmentation 

associated disorder 

Mouse 
mutant 
name 

General structure 

Tyrosinase 
Limiting enzyme that 
initiates in melanin 
biosynthesis 

Oculocutaneous 
albinism type 1 

Albino 
Transmembrane protein; 
found predominantly in stage 
III and IV melanosomes 

TYRP1 
(or gp75) 

Eumelanin 
biosynthesis; 
tyrosinase stabilization 

Oculocutaneous 
albinism type 3 

Brown 

Transmembrane protein; 
found predominantly in 
stages III and IV 
melanosomes 

TYRP2 
(DOPAchrome 
tautomerase) 

Eumelanin biosynthesis unknown Slaty 

Transmembrane protein; 
found predominantly in 
stages III and IV 
melanosomes 

PMEL 
(or gp100) 

Structural component 
of melanosome fibrils 
that act as a scaffold 
for melanin deposition; 
melanin polymerisation 

unknown Silver 

Transmembrane protein; 
accumulates in stage I and II 
and is masked by melanin in 
later stages 

OA1 receptor 
Maintenance of 
melanosome size 

Ocular albinism 
Ocular 
albinism 

G-protein-coupled receptor 

MART1 
(melanoma 
antigen 
recognized by 
T-cells-1) 

Regulates fibril 
formation by PMEL; 
Human melanoma 
antigen 

unknown unknown 
Small integral membrane 
protein 

OCA2 
(or P) 

Melanosome 
acidification; putative 
anion transporter 

Ocular albinism type 
2 

Pink-eyed 
dilute 

Protein containing 12 
transmembrane domains 

 
 

1.1.4. Melanosomes as lysosome-related organelles 

 

Melanosomes have been characterized as lysosome-related organelles (LROs) of 

pigmented cells (Birbeck et al., 1956; Seiji et al., 1961; Novikoff et al., 1968; Raposo and 

Marks, 2002). LROs constitute a class of cell-type specific organelles that share common 

features with lysosomes, such as an acidic pH, lysosomal membrane proteins and resident 

lysosomal hydrolases (Raposo and Marks, 2007). Nevertheless, these organelles carry out 

diverse physiological functions and have unique morphological characteristics and cargo 
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depending on the cell type to which they belong (Table 1.2) (Marks and Seabra, 2001). A 

common feature among the known LROs is the secretion of their luminal contents into the 

extracellular milieu (Raposo and Marks, 2002). 

 

Table 1.2 – Types of lysosome-related organelles. 
LROs tissue distribution and known physiological function. Adapted from Raposo & Marks (2002) and 
Marks et al. (2013). 

Organelle Tissue distribution Function Phenotype when 
defective 

Melanosomes 
Melanocytes, retinal 
pigment epithelial cells  

Melanin formation, storage and 
transfer 

Ocular and cutaneous 
hypopigmentation 

Platelet dense 
granules 

Platelets, 
megakaryocytes 

Secretion of ATP, ADP, 
serotonin and calcium for blood 
clotting 

Bleeding diathesis 

Lamellar bodies Lung epithelial type II 
cells 

Storage and secretion of 
surfactant for lung function 

Lung inflammation and 
fibrosis 

Lytic granules 
Cytotoxic T-lymphocytes, 
natural killer cells 

Destruction of virally-infected or 
cancerous target cells 

Immune deficiency, 
viral infections 

MHC II 
compartments 
(MIIC) 

Antigen presenting cells 
(dendritic cells, B 
lymphocytes, 
macrophages, others) 

Processing and presentation of 
antigens to CD4+ T cells for 
immune regulation 

Immune deficiency 

Specific granules Eosinophils 
Secretion of hydrolases, 
parasite defense 

Immune deficiency, 
parasitic infections 

Basophilic granules Basophils, mast cells 
Release of histamines and 
other inflammatory mediators 

Immune deficiency, 
allergies 

Azurophilic 
granules Neutrophils, eosinophils 

Secretion of enzymes, 
destruction of phagocytosed 
bacteria 

Neutropenia, immune 
deficiency, bacterial 
infections 

Weibel–Palade 
bodies 

Endothelial cells 
Maturation and regulated 
release of von Willebrand factor 
into blood 

Bleeding diathesis 

Platelet α-granules Platelets, 
megakaryocytes 

Secretion of fibrinogen and von 
Willebrand factor for platelet 
adhesion and blood clotting 

Bleeding diathesis 

 

 

Classic secretory granules form directly from the trans-Golgi network (TGN), whereas 

some LRO contents derive from the endosomal system. LROs are produced through sorting 

and trafficking of membrane structures, supported by a network of tubules, motor proteins, 

Rabs and other small GTPases, as well as other components, such as Biogenesis of LRO 

Complexes (BLOCs), Soluble N-ethylmaleimide-Sensitive Factor (NSF) Attachment Protein 

(SNAP) Receptor (SNAREs) and syntaxins (Huizing et al., 2008). Hence, during LRO 

maturation, the host cells must specifically sort molecules that are destined for conventional 

endo-lysosomes towards the LROs (Figure 1.6) (Bouchard et al., 1989; Vijayasaradhi et al., 

1995; Berson et al., 2001; Raposo and Marks, 2007). Interestingly, melanosomes, Weibel–
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Palade bodies (WPB) and α-granules coexist with classical lysosomes, whereas lytic 

granules are likely modified lysosomes with intraluminal vesicles (Orlow, 1995; Raposo et al., 

2001; Blott and Griffiths, 2002). 

 

 

Figure 1.6 – Model of the biogenesis of four different vertebrate lysosome-related organelles. 
Models of the biogenesis of: 1) immature (i) and mature (m) melanosomes (Mel) (gold and brown 
respectively); 2) platelet α-granules (pink), lysosomes (violet); 3) lytic granules from cytotoxic T-
lymphocytes (gray); and 4) Weibel-Palade bodies (WPB) (blue). Key cargo molecules are depicted in 
the same color as the LRO, and effectors involved in biogenetic steps are labeled in black. Arrows 
indicate relevant trafficking pathways. Of interest, immature melanosomes (iMel) emerge from 
vacuolar domains of early endosomes, and mature by cargo delivery from tubulo-vesicular domains of 
early endosomes through adaptor protein AP-1- or AP-3-coated vesicles; recycling endosomal 
domains associated with KIF13A and AP-1 migrate along microtubules towards maturing 
melanosomes for delivery of cargoes as indicated. BLOC-1 facilitates tubule-mediated transport; 
BLOC-2, BLOC-3, RAB32 and RAB38 likely function downstream of the mentioned proteins. Taken 
from Marks et al. (2013). 
 

 

Important insights into LRO biogenesis mechanisms were obtained through studies of 

genetic diseases in which LRO functions are compromised. Patients affected by these 

disorders can present reduced or absent pigmentation, which is often combined with 

additional seemingly unrelated defects such as bleeding diathesis, lung fibrosis and 

immunodeficiency due to generalized LRO defects (Spritz et al., 2003; Raposo and Marks, 

2007) (see section 1.1.9). 
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1.1.5. Melanin transport in melanocytes 

 
To achieve skin pigmentation, melanosomes have to undergo intracellular transport, 

from their site of synthesis in the perinuclear area to the tip of melanocyte dendrites (Hume 

et al., 2007). Wu and collaborators introduced for the first time the idea that there was a 

microtubule-dependent component of melanosome translocation in mammalian melanocytes 

(Wu et al., 1998), which was previously thought not to exist (Hearing and King, 1993; Jimbow 

et al., 1993; Rogers and Gelfand, 1998). Furthermore, they suggested the current “capture 

model”, based on time-lapse microscopy observations (Figure 1.7A) (Wu et al., 1998; 

Rogers and Gelfand, 2000). Thus, intracellular transport of melanosomes in melanocytes 

was postulated to be a two-step cooperative process, based on the cell cytoskeleton, 

including (Figure 1.7A) (Wu et al., 1998; Hammer and Wu, 2002; Hume et al., 2007): 

i. fast, long-distance, bidirectional microtubule-dependent transport, from the cell 

body region into the dendrites, regulated by the two motor protein complexes 

kinesin and dynein, and the small GTPase Rab7 (Byers et al., 2000; Hara et al., 

2000; Vancoillie et al., 2000a, 2000b; Jordens et al., 2006). 

ii. short-range movements along the actin network, after melanosome “capture” on 

actin filaments at the periphery of the cell. This capture occurs via a tripartite 

complex formed by the small GTPase Rab27a, Myosin Va (MyoVa) and 

Melanophilin (Mlph) (Fukuda et al., 2002; Hume et al., 2002; Nagashima et al., 

2002; Provance et al., 2002; Wu et al., 2002). Rab27a, activated by Rab3GEF 

(Figueiredo et al., 2008), associates with the cytosolic leaflet of the melanosome 

membrane and associates with MyoVa through the interaction with Mlph, which 

acts as a linker between activated Rab27a and MyoVa (Wu et al., 2001; Strom et 

al., 2002). 

Afterwards, Gross and colleagues introduced the concept of competition between 

microtubule- and actin-based motors, suggesting that melanosome distribution results from a 

“tug-of-war” between these motors (Gross et al., 2002). 

The identification of the three genes regulating the actin-based step of melanosome 

transport was based on studies of naturally-occurring mouse coat color mutants. The 

corresponding mouse mutants are the dilute (d-/-) mutant mouse, lacking Myosin Va; the 

ashen (ash-/-), lacking Rab27a; and the leaden (ln-/-), lacking Melanophilin (Bennett and 

Lamoreux, 2003; Seabra and Coudrier, 2004; Hume et al., 2007). Unlike wild-type mouse 

melanocytes, in which melanosomes are spread throughout the cytoplasm and dendrites, all 

three mutants exhibit an abnormal distribution of melanosomes, which are clustered in the 

perinuclear area (Figure 1.7B) (Seabra and Coudrier, 2004; Hume et al., 2007). This feature 
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causes a coat color phenotype with the animals presenting gray hair, most likely because of 

a significant reduction in the transfer of pigment from melanocytes to keratinocytes. 

Mutations in the ortholog genes are observed in humans, causing Griscelli syndrome 

(Seabra and Coudrier, 2004; Raposo and Marks, 2007) (described in section 1.1.9). In all 

mutants, melanosomes still undergo rapid bidirectional microtubule-dependent movement 

between the perinuclear region and the periphery (Wu et al., 1998). However, the clustering 

phenotype results from a higher density of microtubules in the cell centre and a predominant 

dynein-driven over kinesin-driven motility on microtubules, in the absence of peripheral 

capture (Barral and Seabra, 2004). Furthermore, all three coat color phenotypes are rescued 

by a mutation at the dsu (dilute suppressor mutant) locus (Moore et al., 1988; Wu et al., 

2012b). Examination of in situ distribution of pigment in dilute/dsu mice, showed that 

melanoregulin, the product of the dsu locus, negatively regulates melanosome intercellular 

transfer, since the loss of melanoregulin was able to rescue the coat color of a dilute mouse 

(Wu et al., 2012b). 

 

 
Figure 1.7 – Intracellular transport of melanosomes in melanocytes and melanosome transport 
defects in mouse models of Griscelli Syndrome. 
(A) Schematic of melanosome transport inside epidermal melanocytes from the cell body to the 
dendrite tips. Melanosomes in the perinuclear area bind kinesin and move along microtubules towards 
the periphery of the cell. Melanosomes can return to the cell centre by binding to dynein. Once at the 
periphery, melanosomes detach from microtubules and bind actin filaments through the molecular 
motor Myosin Va (MyoVa). This step retains melanosomes at the periphery of the cell, from where 
they can be transferred to adjacent keratinocytes. Zoom in area corresponds to the final step of 
melanosome “capture”. Rab27a in the melanosome membrane associates with the exon F of MyoVa 
through the interaction with melanophilin (Mlph). Adapted from Marks & Seabra (2001) (courtesy of Dr. 
Abul K. Tarafder). (B) Images of melanocytes from three mouse mutants in Rab27a, MyoVa or Mlph. 
Differences in pigment distribution within melanocytes can be observed in primary melanocytes of 
these mice. Images taken by bright field microscopy of wild-type (upper left panel), ashen (upper right 
panel), dilute (bottom left panel) or leaden (bottom right panel) melanocytes. Mutant mouse present a 
striking phenotype where melanosomes aggregate around the nucleus, whereas in the wild-type cells 
pigment granules are distributed throughout the cell or concentrated in dendrites. Taken from Seabra 
and Coudrier (2004). 
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The association of melanosomes with the actin network promotes their detachment 

from microtubules and positioning close to the plasma membrane, thus allowing subsequent 

transfer to keratinocytes, resulting in skin pigmentation.  
 

 

1.1.6. Transfer of melanin between melanocytes and keratinocytes 

 

Once mature, melanosomes are transferred to surrounding keratinocytes and 

transported to the apical area of the cell to form a protective melanin cap (Jimbow and 

Sugiyama, 1998; Boissy, 2003). Contrary to melanosome intracellular transport, the 

molecular mechanisms underlying the process of intercellular pigment transfer remain 

enigmatic (Berens et al., 2005; Van Den Bossche et al., 2006). 

There are several models on how melanin transfer occurs. Current hypotheses 

include: (a) cytophagocytosis of a melanocyte dendrite tip by the keratinocyte; (b) exocytosis 

of the melanin core by the melanocyte and subsequent phagocytosis by the keratinocyte; (c) 

establishment of a melanocyte-keratinocyte synapse and the transfer of melanosomes from 

melanocytic filopodia to the keratinocyte via direct membrane fusion; and finally (d) transfer 

of melanosome-loaded vesicles (Figure 1.8) (Van Den Bossche et al., 2006). 

 

 

 
Figure 1.8 – Models of melanin transfer between melanocytes and keratinocytes. 
Melanocytes are depicted in brown with blue plasma membrane and keratinocytes are represented in 
grey with pink plasma membrane. Melanosomes are represented as ovoid gold granules. Adapted 
from Van Den Bossche et al. (2006) (courtesy of Dr. Giulia Bolasco). 
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(a) Cytophagocytosis of the melanocyte dendrite tips by basal keratinocytes 

 

Cytophagocytosis describes the engulfment or phagocytosis of a viable cell or a part 

of a viable cell by other cells. Therefore, the cytophagocytosis hypothesis of melanin transfer 

describes a process whereby the keratinocyte phagocytoses the tip of a melanocytic 

dendrite. According to this model, at an initial stage the melanosome is surrounded by three 

membranes, within the keratinocyte, including the original melanosomal membrane as well 

as those derived from both the donor melanocyte and the acceptor keratinocyte plasma 

membranes. This eventually leads to a phagolysosome from which melanin granules would 

disperse throughout the cytoplasm (Figure 1.8). The melanosome however usually appears 

within keratinocytes only delimited by a single membrane in several descriptions, and it has 

been suggested that the melanocyte-derived inner membranes are rapidly degraded (Mottaz 

and Zelickson, 1967; Ruprecht, 1971). 

This hypothesis was initially introduced following EM observations of melanocytes 

from human hair follicles (Birbeck et al., 1956; Mottaz and Zelickson, 1967), adult chick 

feathers (Ruprecht, 1971), and pigmented basal cell carcinomas (Bhawan, 1979). 

Additionally, evidence supporting this model was obtained by time-lapse microscopy in co-

cultures of human epidermis and hair samples (Cruickshank and Harcourt, 1964; Cohen and 

Szabó, 1968; Klaus, 1969; Okazaki et al., 1976). However, only later this mechanism was 

confirmed in vivo in human skin by Yamamoto & Bhawan (1994). These authors provided 

detailed stages for cytophagocytosis, based on an EM study of human epidermis, completing 

the description made by Okazaki and collaborators (Okazaki et al., 1976). At first, the 

melanocyte extends its dendrites, contacting with a surrounding keratinocyte and penetrating 

the tip of a dendrite into the keratinocyte. Concomitantly, the keratinocyte reacts with 

extensive membrane ruffling, engulfing the dendrite tip through villus-like cytoplasmic 

projections. In the second stage, the melanocyte dendrite tip is squeezed and ultimately 

pinches off, resulting in the formation of a cytoplasmic pouch filled with melanosomes in 

cytoplasmic matrix surrounded by two membranes. In the third stage, fusion of this pouch 

with lysosomes occurs, originating a phagolysosome. While the phagolysosome is 

transported towards the nucleus, degradation of the melanocyte membrane and cytoplasmic 

constituents takes place. Finally, the phagolysosome disintegrates into smaller vesicles 

containing a single melanin granule or aggregates of melanin granules, which are then 

dispersed over the cytoplasm (Okazaki et al., 1976; Yamamoto and Bhawan, 1994). 

Importantly, several limitations of these studies should be noted. A cross-section of a 

dendrite surrounded by keratinocyte cytoplasm could represent a folded dendrite that is still 

attached to the melanocyte or a phagolysosome containing a dendrite that has been pinched 
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off, implicating the possibility that a similar phagolysosome does not exist. Also, if the 

keratinocyte engulfs part of a melanocyte dendrite tip, thus including melanocyte cytoplasm, 

it is surprising that it never contains identifiable melanocytic cytoplasmic elements, such as 

mitochondria or microfilaments. Also, the studies performed with time-lapse light microscopy, 

were done many years ago and suffered from a poor resolution. Advances in microscopy 

enable now the acquisition in optimal temperature and pH conditions and result in high-

resolution pictures with better membrane discrimination (Wu and Hammer, 2000; Wu et al., 

2012b; Tarafder et al., 2014). 

The involvement of melanocyte filopodia in the transfer of melanosomes to 

keratinocytes has been proposed in the context of the membrane fusion model (Scott et al., 

2002). More recently, a novel in vitro assay to explore the filopodial transfer model was 

designed by Singh et al., in which PMEL was used to track transferred melanin (Singh et al., 

2008). Using time-lapse video microscopy, the authors propose a role for filopodia as a direct 

conduit for melanin transfer to recipient keratinocytes since they observed the transfer of 

dense ovoid granules (supposably melanosomes) through filopodia (Singh et al., 2008). 

Moreover, using known filopodial markers (MyoX/Cdc42) and the filopodial disrupter 

cytochalasin-B, the authors found evidence to further support the involvement of filopodia in 

melanin transfer from melanocytes to keratinocytes and also, unexpectedly, between 

keratinocytes. Thus, they proposed that Myosin X may have a dual role: first as a 

melanocytic filopodial inducer, and second as an effector of keratinocyte phagocytosis (Singh 

et al., 2010). Therefore, these studies support the filopodial-cytophagocytosis model for 

melanosome transfer in vitro. 
 

 

(b) Coupled exocytosis of the melanin core by melanocyte and subsequent 

phagocytosis by the keratinocyte 

 

The second model of melanin transfer involves the exocytosis of melanin from the 

melanocyte followed by phagocytosis by the keratinocyte. More specifically, melanin transfer 

is accomplished by fusion of the melanosomal membrane with the melanocyte plasma 

membrane, resulting in extracellular melanin unenveloped (hereforth designated by melanin 

core or melanocore) and subsequent phagocytosis of the released melanocore by a 

neighbouring keratinocyte. Notably, this would result in melanin granules within keratinocytes 

transported in a single membrane-bound structure derived from the keratinocyte plasma 

membrane (Figure 1.8). 

This hypothesis was initially based on EM observations of human hair follicles, in 
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which ‘naked melanin’ in the extracellular space was ultimately phagocytosed, individually or 

in groups, by the pre-keratinized cortical cells (Swift, 1964). Later, the phagocytic abilities of 

keratinocytes were described in experiments using cutaneous injections of melanosomes or 

latex beads in guinea pigs (Potter and Medenica, 1968; Wolff and Konrad, 1971; Wolff, 1973; 

Wolff et al., 1974). Using murine co-cultures, Virador et al. have observed that treatment with 

α-MSH induced exocytosis of melanosomes accompanied by ruffling of the melanocyte 

membrane. Additionally, these authors were able to increase the phagocytosis when the 

cells were exposed to α-MSH, as well as to UV radiation (Virador et al., 2002). Similarly, it 

was described that melanocytes in vitro also increase the exocytic release of melanin when 

stimulated with sAPP (soluble N-terminal domain of β-amyloid precursor protein) (Quast et 

al., 2003). Specifically, the keratinocyte growth factor (KGF), but not the epithelial growth 

factor (EGF), was proposed to act only on the recipient keratinocytes, inducing phagocytosis 

and consequently melanosome transfer in in vitro primary co-cultures (Cardinali et al., 2005). 

Furthermore, KGF induces a higher response in light skin-origin keratinocytes, which can be 

explained by a higher expression of the KGF receptor in these cells, when compared to dark 

skin keratinocytes (Cardinali et al., 2008).  

Although phagocytosis is usually associated with ‘professional’ phagocytes, such as 

macrophages, neutrophils and monocytes (Brown, 1995), it has been long recognized that 

keratinocytes display phagocytic ability in both in vitro and in vivo experimental systems, 

using latex beads and Escherichia coli particles (Wolff and Konrad, 1972; Sharlow et al., 

2000; Cardinali et al., 2008). 

Protease-activated receptor-2 (PAR-2) was reported to be expressed in keratinocytes 

and to be involved in keratinocyte phagocytosis, serving as a signalling molecule for 

stimulating melanosome transfer (Figure 1.9) (Seiberg et al., 2000a, 2000b). 

PAR-2 is a seven-transmembrane protein that belongs to a subfamily of G-protein-

coupled receptors (GPCRs), the PARs (Nystedt et al., 1994, 1995a, 1995b). This subfamily 

has four members (PAR-1-PAR-4) (Déry and Bunnett, 1999; Coughlin, 2000; Antoniak et al., 

2011) that are expressed in multiple tissues by a variety of cells, where they are involved in 

distinct cell functions, such as growth and embryonic development, hemostasis, and 

inflammation (Marthinuss et al., 1995; Santulli et al., 1995; Déry et al., 1998; Hou et al., 

1998; Steinhoff et al., 2005; Gieseler et al., 2013). Notably, PAR-2 is expressed in 

keratinocytes (Marthinuss et al., 1995; Santulli et al., 1995) but not in melanocytes (Seiberg 

et al., 2000b). In some cells, such as endothelial cells and fibroblasts, PAR-2 localizes to the 

Golgi apparatus and to a distinct tubulo-vesicular network that contains the transferrin 

receptor (Déry et al., 1998). The availability of PAR proteins at the cell surface is governed 
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by trafficking of the receptor from intracellular stores and by the presence of G proteins and 

G protein receptor kinases (Déry et al., 1998). 

 

 
Figure 1.9 – Schematic representation of the effects of PAR-2 receptor activation and inhibition 
on melanin uptake.  
PAR-2 is a seven transmembrane G-coupled receptor involved in skin pigmentation. Upon proteolytic 
cleavage of PAR-2 by serine proteases, the newly exposed NH2 terminus acts as a tethered peptide 
ligand, which binds and activates the receptor. PAR-2 is also activated by a synthetic peptide SLIGRL, 
independent of receptor cleavage. Additionally, PAR-2 activation increases melanosome uptake by 
keratinocyes and its inhibition, by serine protease inhibitors, caused reduced uptake of melanosomes 
by keratinocytes. Taken from Seiberg (2001). 

 

 

Serine (Ser) proteases are capable of activating the members of the PAR family, and 

exert their signalling functions through GPCRs to regulate cells, in addition to their primary 

role in degradation of extracellular proteins (Déry et al., 1998). The main activator of PAR-1, 

PAR-3 and PAR-4 is the coagulation enzyme thrombin (Déry et al., 1998; Gieseler et al., 

2013), and pancreatic trypsin is the most potent agonist of PAR-2 (Déry et al., 1998; Adams 

et al., 2012). PAR-2, like PAR-1, can be activated by other serine proteases, such as mast 

cell tryptase and coagulation factor Xa, among others (Déry et al., 1998; Gieseler et al., 

2013). PARs are not activated, like other receptors, by reversible binding of a soluble ligand. 

Instead, serine proteases activate PARs by a unique process of extracellular cleavage at the 

extracellular amino terminal domain (Xu et al., 1998; Adams et al., 2012). Upon recognition 

of the receptor by the enzyme, proteases cleave the receptor at a specific site within the 

extracellular NH2-terminus, exposing a newly formed NH2-terminus. This new amino-terminal 
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acts as a tethered ligand, which finally binds and activates the cleaved receptor molecule 

(Déry et al., 1998; Antoniak et al., 2011). In addition, short synthetic peptides that correspond 

to the proteolytically-exposed “tethered ligand” sequences are also capable of activating PAR 

receptors without the need for receptor proteolysis (Vu et al., 1991; Scarborough et al., 1992; 

Gieseler et al., 2013). These so-called PAR-activating peptides may be more selective 

agonists and have proved to be useful tools to study the function of PARs, especially in 

settings in which more than one PAR subtype is expressed and stimulated by the same 

proteolytic enzyme (Macfarlane et al., 2001; Ramachandran and Hollenberg, 2008; Gieseler 

et al., 2013). SLIGRL (Ser-Leu-Ile-Gly-Arg-Leu-NH2) is the mouse PAR-2 activating peptide 

(Nystedt et al., 1994, 1995a, 1995b; Bohm et al., 1996). PAR-2 activation affects multiple 

signalling pathways, including cAMP generation (Cicala et al., 2003), intracellular Ca2+ 

mobilization (Mari et al., 1996), p38 and extracellular signal-regulated kinase (ERK) (Lin et 

al., 2008). Moreover, PAR-2 has been linked to the generation of various pro-inflammatory 

mediators. 

Importantly, PAR-2 receptor has been shown to mediate melanosome uptake in 

human keratinocytes in vivo and in vitro, since in keratinocyte-melanocyte co-cultures, PAR-

2 activation induces melanosome transfer through increased phagocytosis of melanosomes 

by keratinocytes (Seiberg et al., 2000b; Sharlow et al., 2000). It was also shown that PAR-2 

activation by trypsin or SLIGRL enhances keratinocyte ingestion of fluorescently labelled 

microspheres or E. coli K-12 bioparticles in a dose-dependent manner, whereas soybean 

trypsin inhibitor (STI), a PAR-2 inhibitor, reduces their uptake (Figure 1.9) (Seiberg et al., 

2000a). In vivo, serine protease inhibitors induced a concentration-dependent 

depigmentation of swine skin, and inhibition of PAR-2 activation prevents UV-induced 

pigmentation (Seiberg et al., 2000a). Moreover, the keratinocyte phagocytic ability was 

correlated with an increase in actin polymerization and reorganization without altering 

expression of related proteins (Sharlow et al., 2000), suggesting that PAR-2-induced 

phagocytosis is mediated by active cytoskeleton rearrangement. Together, these studies 

suggest that PAR-2 is a critical receptor involved in keratinocyte uptake of melanosomes. 

Furthermore, PAR-2 expression is induced by UV radiation in human skin and in cultured 

keratinocytes (Scott et al., 2001). While, inhibition of PAR-2 activation reduced UV-induced 

pigmentation in swine skin in vivo and melanosome transfer in vitro (Seiberg et al., 2000a; 

Paine et al., 2001), by reducing the phagocytic capability of keratinocytes. In addition, it has 

been shown that the activation of PAR-2 results in activation of the small GTPase Rho (Scott 

et al., 2003), which is known to play a critical role in cytoskeletal remodeling during 

phagocytosis (Conner and Schmid, 2003; Niedergang and Chavrier, 2004). Moreover, PAR-2 

signals downstream to elevate cAMP (Scott et al., 2003), and also stimulates prostaglandins 
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release, which are responsible for an increase in the number and length of dendrites of 

melanocytes (Scott et al., 2004). These authors suggested that PAR-2 mediates cutaneous 

pigmentation through increased uptake of melanosomes by keratinocytes, as well as by 

stimulation of melanocyte dendricity. Furthermore, keratinocyte PAR-2 is differentially 

expressed in skin from different phototypes, as well as its activator trypsin (Babiarz-Magee et 

al., 2004). Indeed, hyperpigmented skin expresses higher levels of PAR-2 when compared to 

lighter skin (Babiarz-Magee et al., 2004) Also, dark skin-derived keratinocytes show 

enhanced PAR-2-induced phagocytosis of microshperes (Babiarz-Magee et al., 2004). 

These observations suggest that increased expression and activation of PAR-2 in dark skin 

individuals likely leads to higher level of pigment deposition. Altogether, these studies 

suggest a crucial role for keratinocyte PAR-2 in pigmentation, since PAR-2 activation 

increases keratinocyte phagocytic activity, resulting in pigment transfer, and subsequently 

pigmentation of human skin. 

This transfer model can also be considered as a favorable for the cell in terms of 

energy costs, as an exocytic mechanism would allow recycling of melanosomal integral 

membrane proteins, like tyrosinase and TYRP1, following exocytosis from the plasma 

membrane of the melanocyte back to newly formed melanosomes. Whereas the other 

models would require continual turnover of these proteins, as melanosomal membrane is lost 

to the keratinocyte (Marks and Seabra, 2001). 

Lastly, melanocytes can be considered related to haematopoietic cells based on the 

various links reported between albinism and immunity (e.g. Griscelli syndrome type II) 

(Stinchcombe et al., 2004). In CTLs, Rab27a and Rab11 have been implicated in the 

exocytosis of secretory lytic granules (Stinchcombe et al., 2001; Ménager et al., 2007). 

Besides, melanocytes are related to neuronal cells because of their neural crest origin. As 

secretory lysosomes, both lytic and synaptic granules, undergo regulated exocytosis upon 

stimulation (Stinchcombe and Griffiths, 1999; Dell’Angelica et al., 2000; Blott and Griffiths, 

2002). Thus, it is plausible that melanin exocytosis occurs in a similar manner, probably 

being secreted as well, perhaps forming a “dermatological synapse”. 

 

 

(c) Transfer of melanosomes involving a direct membrane fusion between 

melanocytes and keratinocytes, forming a conduit for melanosome direct release 

 

This transfer model reasons that the melanocyte plasma membrane can fuse with the 

keratinocyte plasma membrane, resulting in a pore or a channel that connects the cytoplasm 

of both cells, and through which melanosomes are directly transferred into keratinocytes via 
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tunnelling nanotubes or filopodia. In this case, melanosomes retain their original outer 

membrane, being transported within keratinocytes as single membrane organelles (Figure 

1.8). 

This model was first proposed in 1979, based on EM observations of pigmented basal 

cell carcinoma of the skin of black guinea pig (Bhawan, 1979; Garcia et al., 1979). More 

recently, time-lapse movies and further EM studies showed that filopodia from melanocyte 

dendrites allow the passage of melanosomes by fusion with the membrane of keratinocytes 

(Scott et al., 2002). These authors showed that expression of Cdc42 in human melanocytes 

enhances filopodia formation, as in other cell types (Davenport et al., 1993; Rosentreter et 

al., 1998; Marivin et al., 2013). Furthermore, melanosomes are enriched in the Cdc42-

effector proteins PAK1 and N-WASP (Scott et al., 2002). Although filopodia are observed to 

extend from melanocytes and adhere to the surface of neighbouring keratinocytes, facilitating 

the transfer of melanosomes, unequivocal evidence of membrane fusion was not provided. 

Interestingly, cell-to-cell communication via nanotubes has been reported in several 

cell types (Baluska et al., 2004; Onfelt et al., 2004; Rustom et al., 2004; Vidulescu et al., 

2004; Chinnery et al., 2008). Filopodial nanotubes are described to function as channels for 

organelle transport, but not for small molecules (Rustom et al., 2004). Specifically, filopodia 

establish contact and fuse with neighbouring cells, resulting in a tubular structure composed 

of actin filaments with a diameter of 50–200 nm, enabling direct contact of both cell 

cytoplasms and unidirectional transport. In particular, there are reports of this nanotubular 

“bridges” occurring in cells of the immune system, including the communication between 

CTLs and their respective targets upon disassembly of the immunological synapse, as cells 

move apart (Stinchcombe et al., 2001; Bossi et al., 2002; Onfelt et al., 2004). 

Importantly, studies performed on a melanoma cell line have shown that Rab17 

localizes to recycling endosomes and melanosomes (Beaumont et al., 2011). Moreover, 

silencing of Rab17 caused a marked accumulation of melanosomes at the periphery of 

melanocytes and a loss of filopodia formation. Furthermore, the same authors showed that 

stimulation of melanoma cells with α-MSH induces filopodia formation, which supports the 

action of filopodia in skin pigmentation. These findings suggest a role for Rab17 and 

recycling endosomes in melanosome trafficking and release via filopodia, supporting the 

model of melanosome transfer through filopodia (Singh et al., 2010; Beaumont et al., 2011). 

Further evidence for this model is still lacking, especially in vivo. 
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(d) Transfer of melanosome-loaded vesicles from the melanocyte followed by 

endocytosis by the keratinocyte 

 

In this model, vesicles loaded with multiple melanosomes bud off from melanocyte 

dendrites and are released into the extracellular space, being subsequently phagocytosed by 

the keratinocyte, hence forming a triple membrane compartment. This includes the original 

melanosomal membrane and those derived from the plasma membrane of the melanocyte 

and the keratinocyte, where melanin is transported within the acceptor cell (Figure 1.8). 

Flow cytometry analysis of human melanoma cells showed a population of vesicles, 

distinguishable from cells by their small size (Cerdan et al., 1992). These vesicles are 

produced by melanocytes and ingested by keratinocytes, thereby permitting melanin transfer 

as seen by EM. In frog melanophores, pigment transfer from this cells to surrounding skin 

cells is associated with long-term color change (Aspengren et al., 2006). In melanophore-

fibroblast co-cultures, melanin is exocytosed as membrane-enclosed melanosomes that are 

subsequently taken-up by distal fibroblasts, suggesting that melanophores release melanin 

by shedding vesicles. Noteworthy, the authors concluded that fibroblasts should have a 

specific interaction with melanosome membrane proteins, since the cluster-like uptake 

pattern of pigment granules was distinct from that of latex beads. Further evidence for this 

model was obtained in a recent study using an innovative co-culture system of melanocytes 

and keratinocytes where the cells are separated by a microporous membrane filter (Ando et 

al., 2011). In this system, the contact between both cells is established through melanocyte 

dendrites that penetrate through the filter. EM analysis revealed that melanosomes 

incorporated in keratinocytes were packed in clusters enclosed by a double membrane. In 

addition, numerous pigment globules containing multiple melanosomes were found in the 

culture media after being released by melanocytes, which argues against the model of direct 

cytophagocytosis of the dendrite tips of melanocytes. Moreover, these authors suggested 

that the budding off of vesicles occurs from various areas of melanocyte dendrites (Ando et 

al., 2012). Furthermore, they observed that, once in the extracellular space, pigment globules 

were captured by keratinocyte microvilli and phagocytosed by keratinocytes, in a PAR-2-

dependent manner. After internalization, the membrane surrounding the pigment globules 

was found to be gradually degraded, and multiple melanosomes were dispersed into the 

cytosol and accumulated individually in the perinuclear region of keratinocytes (Ando et al., 

2012). In summary, the authors proposed a shedding mechanism in a series of steps: 

packaging of multiple melanosomes in vesicles; release of these vesicles enclosed by 

plasma membrane into the extracellular space; uptake of melanosome-loaded vesicles by 

keratinocyes in double-membrane compartments; and finally dispersion of melanosomes in 
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the cytoplasm of keratinocytes after degradation of the surrounding membranes (Ando et al., 

2012). 

Another recent study with dilute mice brought further evidence to characterize this 

model (Wu et al., 2012b). This was based in long-term (18 h) time-lapse imaging of primary 

skin co-cultures from mice, in which the plasma membranes of both melanocytes and 

keratinocytes were marked with different colors. The reported observations suggest the 

existence of melanosome-rich “packages” being shed from the melanocyte dendrite tips, 

resulting in the release of plasma membrane-enclosed vesicles containing multiple 

melanosomes. Although most shedding events occur from the tips of dendrites, they can also 

occur from more central regions of the melanocytes, at the base of dendrites or the cell body. 

Thus, the authors suggest that intercellular melanosome transfer occurs by shedding of 

melanosome-rich packages from melanocytes, in which melanosomes are transferred via a 

process involving adhesion, dendrite thinning, and abscission to create the package that is 

subsequently phagocytosed by the keratinocyte. Contrary to previous findings, showing that 

pigment globules accumulated in the cell culture media of cultured melanocytes alone (Ando 

et al., 2012), Wu et al. only observed the shedding process after intimate contact between 

the melanocyte and the keratinocyte (Wu et al., 2012b). In addition, it was shown that GFP-

tagged melanoregulin targets to melanosomes (Ohbayashi et al., 2012), through 

palmitoylation (Wu et al., 2012a). It must be noted that although this study was very 

thourough, and the quality of the dynamic imaging has greatly improved since earlier times, 

there is no in vivo evidence of the occurrence of the melanosomes shedding or confirmation 

of this model in human skin samples. This is very important, since mouse pigmentation 

differs substantially from human skin pigmentation. 

Despite the various approaches that have been tried to explore the mechanism of 

intercellular melanin transfer in skin (Berens et al., 2005), none of the methods revealed 

useful to rapidly and quantitatively measure transfer in vitro or in vivo. Moreover, taking into 

consideration all research presented and our own studies of the transfer mechanism, we 

cannot exclude the possibility that more than one mechanism of melanin transfer might occur 

in parallel to accomplish skin pigmentation. 

 

 

1.1.7. Melanin fate within keratinocytes 

 

Finally, after the melanin pigment is internalized, it forms supra-nuclear apical 

aggregates within keratinocytes (Boissy, 2003; Byers et al., 2003). This cap acts as a natural 
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sunscreen and protects the genetic material from damage, by absorbing and scattering UVr. 

Until nowadays, the melanin processing within keratinocytes has been an enigmatic process 

(Wolff, 1973; Boissy, 2003; Borovanský and Elleder, 2003). As referred, keratinocytes in the 

stratum basale proliferate through mitosis and move up the strata as they undergo cell 

differentiation until they are shed from the stratum corneum, at the skin surface. It has been 

accepted that melanin per se is maintained intact through keratinocyte differentiation, without 

being degraded, and is gradually lost along with the desquamation of corneocytes. Moreover, 

some studies report that melanin within keratinocytes is contained in lysosomal structures 

that undergo degradation (Wolff, 1973; Boissy, 2003; Borovanský and Elleder, 2003). This 

involves the degradation of melanosome components, but not the melanin moiety. 

Lysosomal hydrolytic enzymes were implicated in melanin-containing vesicles degradation 

by the keratinocyte. However any lysosomal enzyme is capable of melanin degradation. 

Thus, although the melanosomal structure no longer exists when the keratinocyte becomes a 

corneocyte, the melanin “dust” remains and can exert its protective role. Attempts to induce 

melanin disintegration or even complete degradation with harsh acid hydrolysis treatment in 

vitro have systematically failed (Borovanský and Elleder, 2003). Nevertheless, the treatment 

of melanosomes with alkaline pH induces formation of a soluble melanoprotein of fine 

granular structure. However, such extreme pH in living cells would be incompatible with their 

survival. Considering the melanin structure, redox mechanisms seem to be more likely 

involved in pigment degradation and some studies hypothesize that melanin can possibly be 

oxidatively degraded. Recently, autophagy was reported to regulate melanosome 

degradation in keratinocytes, as melanin levels in human skin cultures were reduced by 

activators of autophagy and enhanced by its inhibitors (Murase et al., 2013). Altogether, the 

studies available for melanin and melanosome degradation is limited and remains elusive. 

 

 

1.1.8. Factors that regulate skin pigmentation 

 

Skin pigmentation is primarily determined by the efficiency of melanogenesis and 

pigment transfer from melanocytes to keratinocytes (Bolognia and Pawelek, 1988). These 

mechanisms are modulated by several physiological and extrinsic factors (Imokawa, 2004; 

Yamaguchi and Hearing, 2009). 

Besides the melanocyte-derived factors that regulate skin pigmentation (Yamaguchi 

and Hearing, 2009), such as the enzymatic components involved in biogenesis or transport 

of melanin (summarized in Figure 1.10A) (sections 1.1.3 and 1.1.5), keratinocyte-derived 
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growth factors are known to regulate melanocyte function in a paracrine manner (Figure 

1.10B) (Gordon et al., 1989; Yamaguchi and Hearing, 2009). 

 

 
Figure 1.10 – Melanocyte- and keratinocyte-derived factors that regulate skin pigmentation. 
(A) Factors that affect skin pigmentation within melanocytes: components involved in melanosome 
structure (left); transport (middle); the enzymatic machinery (right); or transcriptional-related factors 
(bottom). (B) Various keratinocyte-derived factors that regulate skin pigmentation and respective 
receptors. Adapted from Yamaguchi & Hearing (2009). 
 

 

Two of the physiological factors produced by keratinocytes that are involved in 

pigmentation regulation should be highlighted. First, α-MSH released by keratinocytes is a 

major inducer of melanogenesis (Cui et al., 2007; Park et al., 2009). α-MSH was shown to 

induce exocytosis of melanosomes and cause ruffling of the melanocyte membrane (Virador 

et al., 2002). Second, foxn-1, which is responsible for recruiting melanocytes to the 

epidermal melanin unit, activating the pigment recipient phenotype and thereby inducing 

melanosome transfer (Weiner et al., 2007). Foxn1 also regulates keratinocyte growth and 

differentiation in skin.  

UV is the most powerful environmental factor known to regulate skin pigmentation 

(Yamaguchi and Hearing, 2009). UVr not only affects melanocyte proliferation and survival 

(Park et al., 2007, 2009), but also up-regulates the expression of melanogenesis specific 

proteins (including TYR, TYRP1, MART1 and MITF) (Yamaguchi and Hearing, 2006). The 

expression of the oncogene p53 is also induced and may initiate the tanning cascade 

(Yamaguchi et al., 2008). Moreover, UVR promotes a change in the distribution of 

melanosomes from the lower layer of the epidermis upwards, in order to prevent DNA 

damage (Tadokoro et al., 2005). 
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1.1.9. Skin pigmention disorders 

 

Unravelling the genetic background of several pigmentation disorders has largely 

contributed to the knowledge of the basic machinery that regulates skin pigmentation and the 

proteins involved in vesicular trafficking of melanin. Such diseases are characterized by 

reduced or absent pigmentation and are frequently associated with additional defects, such 

as immunodeficiency, lung fibrosis or bleeding diathesis due to other LRO defects (Table 

1.2) (Spritz et al., 2003; Raposo and Marks, 2007). Mouse coat-color mutants have also 

been crucial for the identification of proteins that regulate pigmentation (Bennett and 

Lamoreux, 2003). These disorders can be grouped in distinct classes (Dessinioti et al., 

2009): 

i. disorders of melanoblast migration in the embryo, from the neural crest to the 

skin, like piebaldism, Waardenburg syndrome (WS) and Tietz syndrome; 

ii. disorders of melanin synthesis, like oculocutaneous albinism (OCA); 

iii. disorders of melanosome formation, such as Hermansky-Pudlak syndrome 

(HPS) and Chediak-Higashi syndrome (CHS); 

iv. disorders of melanosome transport, like Griscelli syndrome (GS). 

 

Piebaldism, WS and Tietz syndrome represent disorders of melanoblast migration or 

proliferation during embryonic development of melanocytes (Dessinioti et al., 2009). These 

diseases are characterized by stable congenital white patches of the skin and hair. The three 

syndromes result from mutations in several genes: PAX3, SOX10, MITF, KIT, EDN3 and 

EDNRB. Pigment dilution occurs as a result of a lack of melanocytes rather than a lack of 

melanin in viable melanocytes. 

OCA is an inherited autosomal recessive disorder characterized by deficiency or 

complete absence of melanin in most tissues (including the skin, hair and eyes) and acute 

visual sensitivity impairment (Kondo and Hearing, 2011). Notably, albinism is characterized 

by the presence of melanocytes that either do not make pigment or have other defects in 

pigment production or melanosome function. OCA is divided into various subtypes (OCA 1-4) 

and can be caused by mutations in TYR, TYRP1, P or MATP genes (Kondo and Hearing, 

2011). Moreover, ocular albinism type 1 (OA1) protein was shown to play a crucial role in 

melanin biogenesis (Giordano et al., 2009). OA1 functions with MART-1 at early stages of 

melanogenesis to control melanosome identity and composition. OA1-deficient retinal 

pigment epithelium (RPE) and choroidal melanocytes, have fewer and enlarged 

melanosomes (Raposo and Marks, 2007).  
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HPS is a group of genetic heterogeneous diseases, described in humans and mice. 

HPS is characterized by partial albinism and prolonged bleeding (Hermansky and Pudlak, 

1959; Seixas et al., 2013). The dilute pigmentation is probably a consequence of inadequate 

trafficking of the melanogenic enzymes TYR and TYRP1, leading to deficient melanin 

production. On the other hand, the bleeding phenotype results from a storage pool defect of 

platelet-dense granules, which are also LROs. HPS results in mutations in any of at least 9 

genes (HPS1-9) in humans, and 15 in mice (Raposo and Marks, 2007; Seixas et al., 2013). 

As in HPS human patients, the same subcellular organelles are affected in the mouse 

mutants: melanosomes, lysosomes and platelet dense granules. These genes encode 

ubiquitously-expressed subunits of cytoplasmic protein complexes that regulate trafficking 

events involved in the biogenesis and function of melanosomes and other LROs (Marks et 

al., 2013). HPS gene products comprise the adaptor protein AP-3, the homotypic fusion and 

vacuole protein sorting (HOPS) complex, the Rab geranylgeranyl transferase and BLOC-1, -

2 and -3, (Marks et al., 2013; Seixas et al., 2013). Some of these proteins have well 

established functions, while others are still poorly characterized, like BLOC1-4 respectively 

(Marks et al., 2013). 

CHS is a rare autosomal recessive disorder characterized by OCA and a silvery 

sheen to the hair, in which granulocyte secretory granules and melanosomes, as well as 

conventional lysosomes, are unusually large (Kondo and Hearing, 2011; Marks et al., 2013). 

CHS results from mutations in the LYST (lysosomal traffic regulator)/CHS1 gene, whose 

murine analogue is the beige gene (Barbosa et al., 1996). The CHS1 protein is predicted to 

be cytosolic and to function in vesicular transport, although no specific function for this 

protein has been found. CHS hypopigmentation appears to result from the enlarged 

melanosomes, presumably incapable of transferring the pigment to keratinocytes (Zhao et 

al., 1994; Kondo and Hearing, 2011). 

GS is a rare autosomal recessive hereditary disease characterized by 

hypopigmentation of the skin and hair, large clumps of pigment in hair shafts caused by 

perinuclear aggregation of melanosomes in melanocytes, as well as immunological 

abnormalities, such as impaired CTL and natural killer (NK) cell function (Kondo and 

Hearing, 2011). GS is caused by mutations in any of the proteins that form the tripartite 

complex responsible for the capture of melanosomes at the periphery of melanocytes 

(Figure 1.7A and B) (Van Gele et al., 2009) (described in section 1.1.5). Myosin Va 

mutations cause Griscelli syndrome type I (GS1) (Ménasché et al., 2000), Rab27a mutations 

cause Griscelli syndrome type II (GS2), also called Elejalde syndrome (Pastural et al., 1997; 

Anikster et al., 2002), and Melanophilin mutations cause Griscelli syndrome type III (GS3) 

(Ménasché et al., 2003). These three subtypes of GS correspond to the naturally-occurring 
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mutant mice dilute, ashen and leaden, respectively (Van Gele et al., 2009) (described in 

section 1.1.5). Moreover, Rab27a plays a general role in LRO secretion, since other LROs 

are also affected in this disorder. CTLs of GS2 patients, for example, present a defective 

secretion of lytic granules (Stinchcombe et al., 2001). Curiously, GS2 patients, as well as 

ashen mice, do not display a bleeding phenotype since Rab27b, which is not expressed in 

melanocytes or CTLs, can compensate the Rab27a deficiency in platelet dense granules 

(Barral et al., 2002). 

 

 

1.2. Vesicular trafficking 

 

1.2.1. General principles 

 

Eukaryotic cells are characterized by containing several membrane-bound 

compartments. In order to establish communication between these compartments, cells 

developed mechanisms of intracellular trafficking. Besides, it also serves to release material 

through the plasma membrane (secretion/exocytosis) or to internalize material from the 

extracellular space (endocytosis). (Bonifacino and Glick, 2004). This type of transport 

involves the budding of a vesicle containing sorted cargo from a donor compartment; 

movement of this carrier via the cytoskeleton towards the target compartment; tethering and 

docking of the vesicle with the acceptor compartment; and finally fusion of the carrier with the 

target membrane, which releases the cargo into the lumen of the acceptor compartment (or 

the extracellular space) (Figure 1.11). 

Intracellular transport pathways are divided into two main routes: a secretory pathway 

starting at the endoplasmic reticulum (ER) and finishing at the plasma membrane, passing 

through the Golgi apparatus; and an endocytic pathway from the plasma membrane to 

lysosome (Lys), through early (or sorting) and late endosomes (EE, LE). Connecting each 

main pathway there are anterograde and retrograde routes between the trans-Golgi network 

(TGN) and endosomes. Moreover, both pathways communicate at multiple junctions, and 

cargo that does not follow the endocytic pathway to Lys can be recycled back to the plasma 

membrane through the perinuclear endocytic recycling compartment (ERC) or recycling 

endosome (RE). Noteworthy, the retrograde pathway is used to recycle back components 

from the acceptor compartment, in order to ensure correct organelle homeostasis (Bonifacino 

and Glick, 2004). Main intracellular transport routes are depicted in Figure 1.12. 
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Figure 1.11 – Vesicular traffic – a multi-step process. 
Vesicular transport can be divided in four steps: (1) cargo is selected and enclosed in a vesicle that 
buds from the donor organelle membrane; (2) the vesicle undergoes movement along cytoskeletal 
filaments [microtubules (MT)/actin] towards the acceptor organelle; (3) tethering/docking of the carrier 
with the acceptor compartment membrane; and finally (4) fusion of the carrier and acceptor membrane 
to allow content release. Taken from Seabra et al. (2002). 
 

 

 
Figure 1.12 – Intracellular trafficking pathways. 
The schematic illustrates the main transport pathways. The transport steps are indicated by arrows 
and the colors indicate the known or presumed locations of coat proteins (COPI, COPII and clathrin). 
Secretory pathway: where newly synthesized proteins exit the endoplasmic reticulum (ER) and are 
transported through the Golgi apparatus and trans-Golgi network (TGN) to deliver cargo to the plasma 
membrane. Endocytic pathway: where cargo can be internalized from the extracellular space and 
transported to lysosomes through early/sorting endosomes and late endosomes. Finally, the 
lysosomal/vacuolar pathway, where cargo that has been internalized is processed in 
endosomes/lysosomes. Taken from Bonifacino and Glick (2004). 
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In order to ensure that cargo is delivered to the correct destination and to maintain 

organelle identity, it is crucial for the cell to have appropriate mechanisms to coordinate and 

regulate all these trafficking events. Therefore, each step requires a specific set of 

components to tightly control the entire transport process. First, vesicle budding and cargo 

selection involves the recruitment of large multi-subunits protein complexes, termed coats. 

These include clathrins and Coat Protein Complex I and II (COPI and COPII) proteins 

(Scales et al., 2000; Pucadyil and Schmid, 2009). Adaptor proteins (AP) and Arf (ADP-

ribosylation factor) small GTPases are also part of the coating machinery (Robinson, 2004), 

which deform membranes to form the carrier, recognize sorting signals and sort cargo for 

inclusion into coated vesicles. The coat proteins are recruited onto the donor membrane and 

assemble into a scaffold for vesicle budding. Upon release from the donor compartment, the 

vesicle is uncoated and its transported along microtubules and/or actin filaments, propelled 

by motor proteins. These steps, along with tethering/docking and fusion of membranes are 

regulated by Rab GTPases (Zerial and McBride, 2001; Hutagalung and Novick, 2011). 

Finally, the fusion of the vesicle with the acceptor membrane is mediated by proteins termed 

SNAREs (Soluble N-ethylmaleimide-sensitive factor activating protein receptor) (Gerst, 1999; 

Duman and Forte, 2003). SNAREs are integral membrane proteins that can be classified as 

vesicular (v-) and target (t-) SNAREs, according to their preferential localization, in the 

transport vesicle or in the target membrane, respectively (Söllner et al., 1993). SNAREs 

comprise three conserved families of membrane-associated proteins, such as the 

synaptobrevin/VAMP, syntaxin and SNAP-25 families (Ungar and Hughson, 2003). These 

proteins mediate vesicle fusion by bridging two membranes. It is a specific combination of 

SNAREs, Rabs and other components which help to identify the correct target and to limit 

nonspecific fusion events. 

The crosstalk between multiple Rab GTPases ensures the spatio-temporal regulation 

of entire vesicle traffic routes, and functional impairments of Rab pathways are associated 

with several diseases. These characteristics make Rab proteins an intense topic of study. 

Hence, this family of proteins and their role in membrane traffic, more specifically in 

pigmentation, will be discussed further. 

 

 

1.2.2. The Rab GTPase family 

 

Rab proteins belong to the Ras superfamily of proteins. Members of the Ras 

superfamily of small guanosine triphosphates (GTPases) are monomeric proteins with a low 

molecular weight (typically 20-29 kDa) (Wennerberg et al., 2005; Rojas et al., 2012). These 
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proteins maintain a preserved sequence that binds to GTP, despite considerable divergence 

in sequence and function, and are generally capable of hydrolyzing GTP into GDP. Cellular 

organization, internal communication and signalling are greatly influenced by Ras proteins, 

which are dependent on the binding of specific effectors when on its active form. Thus, minor 

modifications in sequence, structure, and/or cellular regulation of members of this 

superfamily will affect its binding to regulators and consequently cell signalling. 

The Ras superfamily can be divided into 5 subfamilies, according to their structural 

homology and similar functions: Ras, Rho, Arf, Ran and Rab families (Takai et al., 2001; 

Rojas et al., 2012). The Ras (Rat sarcoma) family (Ras/Rap/Ral) is involved in the control of 

cell proliferation and differentiation, whereas the members of the Rho (Ras homology) family 

(Rho/Rac/Cdc42) are involved in actin cytoskeletal organization and gene expression, cell 

polarity and haematopoiesis. The Sar1/Arf family is implicated in vesicle trafficking and 

regulates the formation of transport vesicles, signalling through a wide range of coat 

complexes and lipid-modifying enzymes, and the Ran family members regulate nuclear 

transport. Finally, the Rab (Ras-like in the brain) family forms the largest branch of the Ras 

superfamily, with more than 60 known members in mammals and 11 Yptp/Sec4p identified in 

Yeast (Stenmark and Olkkonen, 2001). Rab GTPases are involved in multiple regulatory 

processes in intracellular trafficking and are highly compartmentalized in organelle 

membranes. Thus Rab proteins are considered essential to establish organelle identity 

(Zerial and McBride, 2001; Seabra et al., 2002; Hutagalung and Novick, 2011).  

 

 

1.2.3. Rab structure and lipid modifications 

 

All proteins of the Ras superfamily have a GTPase conserved fold consisting of a six-

stranded β-sheet surrounded by five α-helices. This fold is comprised by five individual 

regions essential for GTP hydrolysis as well as for guanine nucleotide and phosphate and 

magnesium binding (G and PM motifs respectively) (Bourne et al., 1991; Valencia et al., 

1991; Stenmark and Olkkonen, 2001). Crystallography studies identified two possible 

conformations that Ras proteins adopt according to their GDP- or GTP-bound states. The 

conformational alterations occur in the switch I and switch II regions of the loops within the 

conserved fold and regulate effector binding to the active GTP-bound protein. Most Rab 

proteins can be differentiated from the other small GTPases by their carboxy (C)-terminus. 

Analysis of the phylogenetic tree of all known Rab proteins revealed five Rab-conserved 

sequences, termed Rab family (RabF) motifs (Pereira-Leal and Seabra, 2000). The presence 

of these motifs along with the conserved PM/G motifs and a double-cysteine C-terminal 
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prenylation motif allows the definition of a Rab GTPase. Members of the small Ras 

superfamily are soluble proteins that associate with membranes to perform their function. To 

accomplish this association, the majority of these proteins undergo co-translational or post-

translational modifications. Lipid modifications act as hydrophobic membrane anchors, 

interacting with the cytoplasmic leaflet of cellular membranes. Prenylation is irreversible and 

the most common post-translational modification, involving the addition of either farnesyl (15-

carbon) or geranylgeranyl (20-carbon) isoprenoid group to cysteine residues to the C-

terminus. This process is catalyzed by protein prenyl transferases, namely farnesyl 

transferase (FT), geranylgeranyl transferase I (GGT) or Rab geranylgeranyl transferase 

(RabGGT) (Leung et al., 2006). The prenylation reaction requires the initial recognition of the 

newly synthesized Rab protein by a Rab escort protein (REP), which presents the Rab 

protein to the geranylgeranyl transferase. 

 

 

1.2.4. Rab cycle model and regulation 

 

Rab proteins function as molecular switches, cycling between active GTP-bound and 

inactive GDP-bound states and these changes are coupled to reversible association with 

their target membranes (Bourne et al., 1991). A protein must be both GTP-bound and 

membrane-associated to be in a complete activated state (Seabra and Wasmeier, 2004). 

Rabs do not have high intrinsic guanine nucleotide exchange or hydrolysis rate, when 

compared to other Ras superfamily members. Thus, Rabs rely on guanine-nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs) to regulate the GDP/GTP 

cycle (Bos et al., 2007). GEFs turn on signalling by catalysing the exchange of bound GDP to 

more abundant GTP, whereas GAPs terminate signalling by inducing GTP hydrolysis. REP 

and GDI (Guanine-nucleotide dissociation inhibitor) are essential regulators of the Rab cycle 

that exclusively interact with Rab proteins in their inactive state (Matsui et al., 1990; Andres 

et al., 1993; Seabra, 1996; Pfeffer and Aivazian, 2004). Besides being involved in prenylation 

of Rabs, REP functions as a chaperone, keeping Rab proteins soluble and delivering newly 

synthesized Rabs. GDIs facilitate removal of Rabs from membranes, by sequestering the 

prenyl groups and allow solubilization of the proteins. Thereby, GDIs serve as recycling 

factors, allowing several rounds of membrane association and retrieval of the Rabs. 

Newly synthesized Rab proteins are recognized by REP, which presents the Rab to 

RabGGTase for their prenylation. REP then escorts the Rab protein to the appropriate donor 

membrane where it is recognized by GDI displacement factor (GDF), a putative specific Rab 

receptor (Sivars et al., 2003). Once recruited to the target membrane, the Rab-GDI complex 
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interacts with GDF, which disrupts the Rab GDI complex and allows the Rab to be inserted 

into the membrane. Following, membrane binding, Rabs are activated by Rab GEFs, which 

catalyse the removal of GDP and allows binding of GTP, converting the Rab into the GTP-

bound state. Once active, Rabs undergo conformational changes, which allow them to 

dissociate from the GEF and recruit downstream effectors. Finally, a GAP is able to return 

the Rab back to its inactive GDP-bound form, which can be extracted from the membrane by 

GDI into the cytosol ready for another cycle. In their inactive GDP-bound state, Rab proteins 

are largely retained in the cytoplasm bound to GDI with whom they form stable cytosolic 

complexes representing a cytoplasmic reservoir of Rab proteins (reviewed in (Novick and 

Zerial, 1997; Seabra and Wasmeier, 2004; Stenmark, 2009). This cycle is illustrated in detail 

in Figure 1.13. 

 

 
Figure 1.13 – Model of RabGTPases cycle. 
After being synthesized, GTP-bound Rab proteins bind to Rab escort protein (REP), which presents 
them to Rab geranylgeranyl transferase I (RGGTase) for prenylation (1) and then delivers them to 
donor compartment membranes. Rab activation occurs through GEF-catalysed nucleotide exchange 
(2). Activated Rabs recruit effector molecules to the membrane, which are responsible for the budding 
(3), movement along the cytoskeleton (4) and tethering/docking and fusion (5) of the carrier vesicle 
with the acceptor compartment, mediated by SNARE proteins. GTPase-activating proteins (GAPs) 
mediate GTP hydrolysis and Rab inactivation, followed by extraction from the membrane by Guanine-
nucleotide dissociation inhibitor (GDI), forming a cytosolic complex (6). Finally, GDI delivers Rabs to 
donor compartment membranes with the assistance of a GDI-displacement factor (GDF), which 
destabilizes the complex, so that a new cycle can start. Taken from Seixas et al. (2013). 
 



General Introduction 

 35 

1.2.5. Rab subcellular localization and function 

 

Some Rabs are expressed ubiquitously in human tissues, whereas others are tissue-

specific (Stenmark and Olkkonen, 2001). Moreover, numerous studies have established that 

Rab proteins distribute to distinct intracellular compartments. Specifically, Rab family 

members are present on all compartments of the endomembrane system (ER, Golgi, 

endosomes, Lys), nucleus, plasma membrane, mitochondria and centrioles (Schwartz et al., 

2007). Figure 1.14 shows the localization of some of the most well characterized Rabs and 

their preferred cellular compartment. Due to their specificity, Rab proteins have become 

membrane identity markers, where each Rab protein is associated with a specialized 

intracellular compartment (Figure 1.14) (Zerial and McBride, 2001; Dacks et al., 2009). 

Therefore, the precise targeting of Rab proteins to distinct subsets of membranes is a crucial 

feature since it also determines the localization of downstream effectors to regulate a variety 

of functions within cells. 

The mechanism by which Rab proteins achieve their precise localization is still not 

completely understood. Putative targeting factors, GEFs, effector binding, lipid composition 

of membranes and indirect binding to motor proteins, have all been implicated in this process 

(Pfeffer and Aivazian, 2004; Markgraf et al., 2007; Stenmark, 2009). Crosstalk between 

multiple Rab GTPases through shared effectors, or through effectors that recruit selective 

Rab activators is also known to ensure the spatiotemporal regulation of vesicle traffic. 

Rab effectors are a very diverse group of proteins: some are coiled-coil proteins 

involved in membrane tethering or docking, while others are enzymes or cytoskeleton-

associated proteins. The structural heterogeneity of Rab effectors indicates that these 

molecules are highly specialized and exclusively tailored for individual trafficking steps 

(Stenmark and Olkkonen, 2001; Zerial and McBride, 2001). In addition to effector protein 

recruitment, Rabs might also confer membrane identity by controlling local levels of lipids, 

namely phosphoinositides (PIs). PIs are produced by the activities of kinases and 

phosphatases, and are able to recruit specific proteins to membranes, including Rab 

effectors, thereby contributing to confer membrane identity (Di Paolo and De Camilli, 2006). 

As noted previously, different Rab proteins are involved in different steps of 

intracellular transport, from vesicle formation with the donor membrane to vesicle fusion at 

the acceptor membrane (Figure 1.11) (various examples can be found in Table 1 by 

Hutagalung & Novick (2011)). In addition to their essential roles in vesicular transport, Rabs 

are involved in the regulation of cell proliferation and differentiation, and cell-type specific 

functions, including synaptic transmission in neurons, phagocytosis in macrophages and 

dendritic cells and polarity generation in epithelial cells (Zerial and McBride, 2001; Seabra 
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and Wasmeier, 2004; Stenmark, 2009). Since Rab proteins control vesicle and organelle 

transport, they have been widely studied in the context of melanosome intracellular transport. 

 

 
Figure 1.14 – The function and intracellular localization of Rab GTPases. 
Summary of the vesicle transport pathways and intracellular localization of selected Rab proteins in an 
epithelial cell. Emphasized proteins: Rab1, located at endoplasmic reticulum exit sites and the ER-
Golgi intermediate compartment, mediates ER–Golgi trafficking. Rab2, localized at the intermediate 
compartment, might also regulate Golgi–ER trafficking. Rab5, localized to early endosomes, 
phagosomes, caveosomes and the plasma membrane, mediates endocytosis and endosome fusion of 
clathrin-coated vesicles, macropinocytosis and maturation of early phagosomes (with Rab14). Rab27 
mediate various types of regulated exocytic events and the transport of melanosomes to the cell 
periphery. Rab32 and Rab38 are involved in the biogenesis of melanosomes. Rab11 mediates slow 
endocytic recycling through recycling endosomes. Rab7, which localizes to late endosomes, mediates 
maturation of late endosomes and phagosomes, and their fusion with lysosomes. Rab9, another late 
endosomal resident Rab, mediates trafficking from late endosomes to the TGN. CCVs – clathrin-
coated vesicles, ER – endoplasmic reticulum, IC – intermediate compartment, TGN – trans-Golgi 
network. Taken from Stenmark (2009). 
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1.2.6. Exocytosis and secretory RabGTPases 

 

The trafficking of secretory vesicles is essential for normal cellular function and forms 

the basis of intercellular communication (Burgoyne and Morgan, 2003). Some extracellular 

molecules, such as antibodies and components of the extracellular matrix, are secreted by a 

constitutive exocytic pathway, whereas other vesicles undergo controlled release of vesicle 

contents in response to a physiological signal. This mechanism is referred to as regulated 

exocytosis, in which membranes of cytoplasmic organelles fuse with the plasma membrane 

in response to stimulation (Stenmark, 2009). All the steps are tightly controlled by a wide 

variety of molecules. In particular, secretory vesicles use Rab3 and Rab27 for the 

recruitment/docking at the PLASMA MEMBRANE and for the regulated exocytosis of their 

cargo (Figure 1.14) (Burgoyne and Morgan, 2003; Tolmachova et al., 2004; Tsuboi and 

Fukuda, 2006). 

Both Rab27 isoforms, Rab27a and Rab27b, are involved in regulated secretion of 

LROs, as well as other secretory organelles, in several cell types. As previously described, 

Rab27a regulates the transport of melanosomes in melanocytes, and is involved in the 

regulation of secretion of lytic granules from CTLs (see sections 1.1.5 and 1.1.9) (Hume et 

al., 2001; Stinchcombe et al., 2001). In melanocytes, Rab27a interacts with Myosin Va via its 

effector Melanophilin (Mlph), also called Slac2-a (Fukuda et al., 2002; Strom et al., 2002). 

Another Rab27a effector, synaptotagmin-like protein 2 (Slp2; also known as SYTL2), is 

recruited after Mlph to mediate the peripheral distribution of melanosomes in melanocytes 

(Kuroda and Fukuda, 2004). In CTLs, it was proposed that Rab27a interacts with its effector 

Munc13-4 in order to regulate the lytic granule fusion with the plasma membrane (Neeft et 

al., 2005). Moreover, other studies showed that the cytotoxic function of CTLs requires the 

cooperation of two distinct organelles, a cytotoxic lytic granule and an “exocytic vesicle” 

(Ménager et al., 2007). In this case, Munc13-4 mediates the assembly of Rab11-positive 

recycling endosomes and Rab27a-positive late endosomal vesicles, originating the pool of 

vesicles destined for regulated exocytosis. 

In the retinal pigment epithelium (RPE), Rab27a interacts with Myosin VIIa and Rab 

interacting protein (MyRIP or Slac2-c), to regulate melanosome dynamics (El-Amraoui et al., 

2002; Fukuda and Kuroda, 2002; Futter et al., 2004; Lopes et al., 2007). Moreover, MyRIP 

acts as a linker protein to mediate the interaction between Rab27 and Myosin VIIa, similar to 

the tripartite complex formed in epidermal melanocytes. 

Similar to what is described in melanocytes, Rab27a was proposed to play a role in 

granule transport in natural killer (NK) cells, besides the role played in secretion of lytic 

granules (Liu et al., 2010). Furthermore, Syntaxin11 is recruited to the immunological 
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synapse and promotes the fusion of Rab27a-positive vesicles with cytotoxic lytic granules of 

NK cells (Dabrazhynetskaya et al., 2012). 

Both Rab27 isoforms are involved in secretion of platelet dense granules (Novak et 

al., 2002; Tolmachova et al., 2007). Moreover, the secretion of platelet dense-core granules 

is mediated by Rab27a and Munc13-4 (Shirakawa et al., 2004), whereas in pancreatic cells 

Rab27a interacts with another effector – granulophilin – to regulate the exocytosis of insulin-

containing dense-core granules (Yi et al., 2002). 

Rab27 is also recruited to Weibel–Palade bodies (WPBs), another type of LRO, in 

endothelial cells (Hannah et al., 2003). Rab27 is able to regulate the peripheral distribution 

and secretion of WPBs. Furthermore, two different populations of WPBs can be distinguished 

in these cells: mature organelles positive for Rab27, and newly synthesized ones that do not 

contain this protein. This observation suggests that Rab27 could act as a sensor for the 

maturation stage of WPBs, perhaps marking mature organelles competent for exocytosis. 

Finally, it was described that Rab27a forms a complex with MyRIP and Myosin Va, required 

to link WPBs to the peripheral actin cytoskeleton and allowing full maturation while 

preventing premature secretion of these LROs (Rojo Pulido et al., 2011). 

In the secretory pathway, the Golgi apparatus plays a central role in anterograde 

transport of newly synthesized proteins from the ER to the plasma membrane, the 

extracellular space or to other intracellular compartments (Sannerud et al., 2003) 

Nevertheless, the Golgi apparatus was shown to play key functions in incoming trafficking 

from both the endocytic and recycling pathways (retrograde trafficking) as well as organelle 

biogenesis (Steinman et al., 1983; Derby et al., 2007). 

Rab1, located at ER exit sites and the ER-Golgi intermediate compartment (ERGIC) 

(Figure 1.14), mediates ER-to-Golgi transport as well as intra-Golgi transport (Tisdale et al., 

1992; Allan, 2000; Moyer et al., 2001). Rab1 has also been implicated in the maintenance of 

Golgi integrity and functionality (Bannykh et al., 2005; Haas et al., 2007) as well as being 

involved in the secretory pathway (Saraste et al., 1995). Rab1 recruits the vesicle tethering 

protein p115, which belongs to the golgins family, during COPII vesicle budding (Allan, 

2000). Morevover, the TRAPP (transport protein) complex is a GEF for Rab1. Together 

Rab1-TRAPP form a complex that is able to tether the incoming ER-derived vesicles to the 

Golgi membrane (Sacher et al., 1998). p115 has also been shown to bind to and regulate 

SNARE proteins for effective vesicle fusion with the cis-Golgi (Allan, 2000; Diao et al., 2008). 

Additionally, fusion of the vesicles also requires the cis-Golgi matrix protein GM130, another 

Rab1 effector, which forms a complex with Grasp65 (Barr et al., 1998; Moyer et al., 2001). 

Rab1a was also found to play an important role in autophagy, since it localizes to 

autophagosomes and its activity is required for the initial formation of these organelles 
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(Mijaljica et al., 2006; Hayashi-Nishino et al., 2009; Huang et al., 2011). Recently, Rab1a 

was reported to play a role in the traffic of EE-to-Golgi (Sclafani et al., 2010; Mukhopadhyay 

et al., 2011). Interestingly, it was shown that Rab1a regulates minus-end-directed motility 

along microtubules, by recruiting a partner kinesin (KIFC1) to early endocytic vesicles 

(Mukhopadhyay et al., 2011). 

Rab2, located at the ERGIC (Figure 1.14), regulates ER-to-Golgi retrograde transport 

and the maturation of pre-Golgi intermediates (Chavrier et al., 1990; Tisdale et al., 1992; 

Tisdale and Balch, 1996; Tisdale and Jackson, 1998; Pereira-Leal and Seabra, 2001). Rab2 

regulates the transport of COPI vesicles between the ER and the Golgi complex (Buffa et al., 

2008). Moreover, Golgin-45 interacts with the Golgi matrix protein Grasp55 and forms a 

Rab2 effector complex, essential for normal protein transport and Golgi structure (Short et 

al., 2001). Studies of apoptotic cell degradation have implicated Rab2 in phagosome 

maturation. Indeed, Unc-108, which encodes C. elegans Rab2, is enriched on the surface of 

phagosomes (Lu et al., 2008; Mangahas et al., 2008). More specifically, Unc-108 is required 

for the efficient recruitment and fusion of lysosomes to phagosomes and phagosome 

acidification. Moreover, Lu et al. (2008) showed that Unc-108 colocalizes with Rab5, Rab7 

and LAMP1, further suggesting that Rab2 is involved in phagosome maturation. Unc-108 

was described to regulate post-endocytic trafficking, most likely at the level of EE or ERC, 

constituting an alternative route to the degradative pathway through multi-vesicular bodies 

(MVBs) (Chun et al., 2008). Moreover, proteomic studies in Drosophila melanogaster and 

mammals have identified Rab2 as a component of phagosomes containing latex beads 

(Garin et al., 2001; Stuart et al., 2007). Nevertheless its specific role in phagosome 

maturation in these cells remains unknown. 

 

1.2.7. Endocytosis and endocytic Rabs 

 

Endocytosis comprises several mechanisms by which cells internalize 

macromolecules and particles from the extracellular space into transport vesicles derived 

from the plasma membrane. It plays an essential role in regulating the uptake of nutrients, 

immune responses and signal transduction, among others cellular processes (Conner and 

Schmid, 2003). In addition, pathogens often exploit endocytosis to mediate their entry into 

cells (Marsh and Helenius, 2006; Mercer et al., 2010). 

Endocytosis is usually divided into two categories: “phagocytosis” or cell eating, 

corresponding to the uptake of large particles, and “pinocytosis” or cell drinking, 

corresponding to the uptake of fluid and solutes, as well as membrane receptors and lipids 

(Steinman et al., 1983; Conner and Schmid, 2003). Phagocytosis is typically restricted to 
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specialized mammalian cells, whereas pinocytosis occurs in all cells by at least four basic 

mechanisms: macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, and clathrin- and caveolae-independent endocytosis [see Doherty & McMahon 

(2009) and Mayor and Pagano (2007) for a complete review]. Phagocytosis is the cellular 

engulfment of particles with a diameter of more than 0.5-1 mm. It is a receptor-mediated 

process, and results in local reorganization of the actin cytoskeleton underneath the plasma 

membrane (Kwiatkowska and Sobota, 1999). Moreover, it is usually accomplished by 

“professional phagocytes”, such as macrophages, dendritic cells and monocytes (Brown, 

1995). As noted before, although keratinocytes are not considered “professional 

phagocytes”, they present phagocytic capacity (Wolff and Konrad, 1972; Sharlow et al., 

2000; Cardinali et al., 2008) (see section 1.1.6) 

Regardless of the mode of entry, endocytosed cargo is usually delivered to the early 

or sorting endosome where it is sorted to distinct intracellular routes. From the EE, cargo can 

be routed to LE and Lys for degradation, to the TGN, or to ERC in order to bring the cargo 

back to the plasma membrane (Figure 1.14) (Grant and Donaldson, 2009). The early 

endocytic trafficking relies on Rab5, which mediates fusion of endocytic vesicles to form the 

early or sorting endosome (McLauchlan et al., 1998; Christoforidis et al., 1999a). Late 

endocytic trafficking is regulated by Rab7 (Feng et al., 1995; Mukhopadhyay et al., 1997; 

Rink et al., 2005). Rab4 and Rab11 regulate fast and slow endocytic recycling, respectively 

(Daro et al., 1996; Ullrich et al., 1996; Mohrmann and van der Sluijs, 1999) [reviewed in 

Hutagalung & Novick (2011)]. 

In the early endocytic pathway Rab5 is found on EE (Figure 1.14) (Bucci et al., 

1992). Initially, Rab5 is required for endocytic vesicle formation. It is involved in the formation 

of the clathrin coat, but it has also been shown to be involved in uncoating (McLauchlan et 

al., 1998; Semerdjieva et al., 2008). Rabaptin5 was identified as a Rab5 effector and forms a 

complex with Rabex5 (a Rab5 nucleotide exchange factor), which activates and stabilizes 

the small GTPase in the GTP-bound conformation (Stenmark et al., 1995; Horiuchi et al., 

1997). Upon activation, Rab5 regulates heterotypic endocytic vesicle to endosome fusion, as 

well as homotypic early endosome fusion (Gorvel et al., 1991; Bucci et al., 1992; Rubino et 

al., 2000). Several Rab5 effectors are required for the fusion of EE, including the tethering 

factors EEA1 (early endosome antigen 1) and Rabenosyn5 (Simonsen et al., 1998; Nielsen 

et al., 2000). EEA1 is a large coiled-coil protein that contains two Rab5-binding domains at 

the amino and carboxyl termini (Simonsen et al., 1998; Callaghan et al., 1999). Considering 

that Rab5 is present on both donor and acceptor membranes, EEA1 could bridge the 

membranes of two EE, promoting homotypic fusion (Barbieri et al., 1998). Moreover, vesicle 

fusion is mediated by the formation of SNARE complexes. Rabenosyn5 interacts with VPS45 
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(vacuolar protein sorting-associated protein 45), which is a member of the Sec family of 

SNARE regulators (Nielsen et al., 2000; Morrison et al., 2008). Likewise, EEA1 interacts with 

Syntaxin6 and Syntaxin13 (McBride et al., 1999; Simonsen et al., 1999). Moreover, 

Phosphoinositide (PI)-3-phosphate (PI3P) is enriched on early endosomal membranes 

through the action of PI-3-kinase (PI3K), Vps34, PI4P and PI5P, which are all of them 

effectors of Rab5 (Christoforidis et al., 1999b; Gillooly et al., 2000; Murray et al., 2002; Shin 

et al., 2005). Interestingly, both EEA1 and Rabenosyn-5 possess a PI3P-binding FYVE 

domain (Burd and Emr, 1998; Lawe et al., 2000; Nielsen et al., 2000). Thus, these Rab5 

effectors are probably recruited to endocytic membranes through the coincident detection of 

GTP-bound Rab5 and PI3P (Simonsen et al., 1998; Nielsen et al., 2000). 

Once formed, the EE serves as a hub for trafficking to different compartments through 

the action of various Rab proteins. 

Rab5-containing EE undergo maturation, acquiring Rab7 and becoming LE, targeting 

this vesicles subsequently to degradative Lys (Figure 1.14) (Desjardins et al., 1994; Rink et 

al., 2005; Kinchen and Ravichandran, 2008). This maturation involves the Rab5-mediated 

recruitment of the HOPS tethering complex, which contains VPS39, a RAB7 GEF (Rink et 

al., 2005; Cabrera et al., 2009). Additionally, the HOPS complex is an effector of Rab7. Thus, 

Rab5-mediated recruitment of the HOPS complex in turn promotes the association of Rab7 

with EE membranes, thereby initiating the maturation process. This mechanism, called Rab 

conversion, entails the recruitment of a GEF for one Rab by another Rab that acts upstream 

and is an example of the cross-talk between proteins of the Rab family on the regulation of 

membrane trafficking. In addition, Rab7a interacts with its effector RILP (Rab7-interacting 

lysosomal protein) (Cantalupo et al., 2001) to induce the recruitment of a dynein-dynactin 

motor complex to Rab7-containing LE and Lys. As a consequence, these vesicles are 

transported by these motors towards the minus end of microtubules (Jordens et al., 2001). 

In a similar manner to the sorting endosome, LE contains different Rab proteins. 

Besides Rab7, Rab9 also primarily localizes to these vesicles (Figure 1.14) (Soldati et al., 

1994). Mannose 6-phosphate receptors (M6PRs) are transported from LE to the TGN via a 

transport process that requires Rab9 and its effector and cargo adaptor TIP47 (Carroll et al., 

2001; Barbero et al., 2002; Aivazian et al., 2006). M6PRs deliver lysosomal hydrolases from 

the Golgi to endosomes and then return to the Golgi complex, for a new round of transport. 

The lumen of LE becomes increasingly acidic due to the acquisition of a proton pump, 

the vacuolar-type ATPase (v-ATPase), which pumps hydrogen protons from the cytoplasm 

into the lumen of LE, Lys or phagosome (Lafourcade et al., 2008). LE luminal pH regulates 

several processes, including the activation of degradation enzymes like cathepsins. The 

acidified LE then fuses to Lys and becomes a hydrolase-rich phagolysosome, within which 



Chapter 1 

 42 

most ingested particles are subsequently degraded. Many acidic hydrolase enzymes are 

found within Lys, which in turn are responsible for multiple cellular functions, such as 

digesting lipids, proteins and phagocytosed material. 

On the other hand, in order to prevent the entry into degradative compartments, cargo 

can follow the recycling pathway and be sorted from the EE to the ERC (Figure 1.14). 

Immunofluorescence studies using cells expressing Rab5, Rab4 and Rab11 tagged with 

GFP (green fluorescent protein) showed that these Rab proteins localize on the same 

organelle but occupy distinct membrane domains (Sönnichsen et al., 2000). Such studies 

have shown that early and recycling endosomes are comprised of multiple combinations of 

Rab4, Rab5 and Rab11 domains that are dynamic but do not significantly intermix over time. 

Moreover, three main populations were observed: one that contains only Rab5, a second 

that contains Rab4 and Rab5, and a third that contains Rab4 and Rab11. Rab11 localizes to 

the ERC which is involved in endocytic recycling trafficking to the plasma membrane (Figure 

1.14) (Urbé et al., 1993; Ullrich et al., 1996). 

Specifically, Rab11, in mammals, can interact with Myosin Vb through its effector, 

Rab11 family interacting protein 2 (FIP2), in the transport of cargo to the plasma membrane 

(Lapierre et al., 2001; Hales et al., 2002). In CTLs, Rab11 has been implicated in the 

exocytosis of lytic granules (Ménager et al., 2007). The Rab27 effector, Munc13-4 mediates 

the assembly of Rab11-recycling and Rab27-late endosomal vesicles, forming a pool of 

vesicles destined for regulated exocytosis. In addition, Rab11b is present in the brain and 

acts on mature synaptic vesicles (Khvotchev et al., 2003). Moreover, it has been proposed to 

play a specific function as a switch between the constitutive and regulated secretory 

pathways. 

Other Rab proteins have been implicated in the endocytic pathway, such as Rab14 

(Figure 1.14). Amino acid sequence alignments reveal that Rab14 is a close homolog of 

Rab2 and Rab4 (Bock et al., 2001) and it is well established that these two Rabs function in 

the Golgi and endosomal compartments, respectively (Zerial and McBride, 2001). Therefore, 

it is reasonable to hypothesize that Rab14 may function in one or both of these 

compartments, as Junutula et al. (2004) proposed. Indeed, Rab14 is mainly localized in the 

Golgi/TGN and EE and is involved in the trafficking between the Golgi and endosomal 

compartments (Junutula et al., 2004; Proikas-Cezanne et al., 2006). Rab14 and its GEF 

FAM116A have been reported to localize to a transferrin receptor (TfR) intermediate 

compartment upstream of Rab11-positive ERC (Linford et al., 2012). 

Rab14 was further observed to be recruited to the phagosome and to be essential for 

phagosome maturation. In adipocytes, Rab14 plays a key role in the retrograde trafficking of 

the glucose transporter GLUT4, from EE to the TGN (Reed et al., 2013). In C. elegans, 
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Rab14 was described to function redundantly with Rab2 to recruit Lys in order to regulate 

phagosome maturation (Guo et al., 2010). Moreover, these two Rabs act cooperatively with 

Rab7, which mediates fusion of phagosomes with Lys, generating phagolysosomes. These 

studies reveal the sequential action of Rabs in regulating tethering, docking and fusion of Lys 

to phagosomes. 

Furthermore, intracellular parasites are known to manipulate their host cell 

environment at the molecular level. In our group, the expression of Rab14 was shown to 

negatively modulate the uptake of the malaria parasite by macrophages (Seixas et al., 2012). 

Also recently, an in vivo screen in Drosophila identified Rab2 and Rab14 as candidates for 

proteins regulating phagosome maturation (Garg and Wu, 2013). 

 

 

1.2.8. Rab GTPases in pigmentation 

 

Several Rab GTPases were shown to modulate a number of processes involved in 

skin pigmentation, from pigment biogenesis, to pigment intra- and inter-cellular transport 

(Wasmeier et al., 2008). 

Rab32 and Rab38 have been implicated in melanosome biogenesis (Wasmeier et al., 

2006). Depletion of both Rab32 and Rab38 results in a dramatic loss of pigmentation in 

melanocytes. Indeed these Rab proteins regulate a crucial step in the transport of 

melanogenic enzymes, in particular tyrosinase, from the TGN to melanocytes. 

Rab7 has also been implicated in TYRP1 protein sorting from the endosomal system, 

and it was suggested to be important for the regulation of PMEL maturation (Hirosaki et al., 

2002; Kawakami et al., 2008). Besides, Rab7 also influences pre-melanosome motility, 

through the Rab7–RILP–dynein complex, as well as EE maturation (Rink et al., 2005; 

Jordens et al., 2006). 

Furthermore, Rab1a was also observed to play a role in microtubule-dependent 

transport of melanosomes (Ishida et al., 2012). This protein was found to be localized on 

mature melanosomes and its functional ablation induced perinuclear melanosome 

aggregation. Also, long-range anterograde melanosome movement was specifically 

suppressed in Rab1a-deficient melanocytes, whereas retrograde melanosome transport 

occurred normally. These findings indicate that Rab1a plays a role in the anterograde 

transport of melanosomes. 

Rab27a has a well characterized role in melanosome transport within melanocytes, 

where it regulates the peripheral localization of melanosomes (Bahadoran et al., 2001; Hume 

et al., 2001; Wu et al., 2001; Strom et al., 2002). Rab27a forms a tripartite complex with 
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MyoVa and the linker protein Mlph to regulate the tethering of the melanosomes on cortical 

actin. Depletion of members of this tripartite complex results in a dramatic phenotype where 

melanosomes are clustered in the perinuclear region of the cell. 

Rab8 was partially associated with mature melanosomes (Chabrillat et al., 2005). It 

was suggested that Rab8 is involved in regulating the actin-dependent movement of 

melanosomes. Expression of the constitutively active mutant Rab8 Q67L perturbed the 

intracellular distribution of melanosomes and increased the frequency of their microtubule-

independent movement. 

Rab11 and Rab17 were shown to modulate intracellular melanin content. Depletion of 

these Rabs was shown to cause accumulation of pigment in melanocytes, suggesting a 

possible involvement in melanin transfer, although their precise function was not clarified. 

(Beaumont et al., 2011). Interestingly, Rab11b-positive endosomes were described to be 

apposed to mature melanosomes in the cell periphery (Delevoye et al., 2009). 

Finally, Rab3a was shown to be present on purified melanosome preparations, and 

UVr rapidly suppresses melanosome-associated Rab3a expression at the protein and mRNA 

level (Scott and Zhao, 2001). Since Rab3a is involved in exocytosis in general, it was 

suggested that this protein could be responsible for targeting melanosomes to the plasma 

membrane for melanosome transfer to keratinocytes. 
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1.3. Project aims 

 

The final fate of melanosomes in the skin is to be transferred from melanocytes into 

recipient keratinocytes (Marks and Seabra, 2001). Nevertheless, the molecular mechanism 

underlying intercellular transfer of pigment from donor melanocyte to acceptor keratinocytes 

remains poorly understood (Van Den Bossche et al., 2006). Previous studies in our group, 

based on EM observations, favored the coupled exocytosis and phagocytosis model for 

melanin transfer in skin (Figure 1.15). In addition, several Rab proteins, known to be 

essential to membrane trafficking, regulate numerous steps of pigmentation, including 

melanosome biogenesis, peripheral transport and tethering of melanosomes and intracellular 

melanin content (Wu et al., 2001; Wasmeier et al., 2006; Beaumont et al., 2011). This led us 

to propose that Rab proteins play a role in melanosome transfer. We specifically 

hypothesized that Rab GTPases are involved in the secretion of melanosomes from donor 

melanocytes and the subsequent uptake by acceptor keratinocytes, which we investigated in 

the course of this project. Thus, the main objective of this research project was to identify 

Rab proteins involved in the transfer of melanin. This goal was divided into two parts. In both 

cases, a non-biased approach was used to test our hypothesis and an siRNA screen was 

employed, using an siRNA library targeting Rab GTPases, Rab effectors and molecular 

motors: 

(i) Identification of Rab GTPases implicated in the exocytosis of melanin from 

melanocytes, using an in vitro melanin secretion assay to assess the amount of melanin 

secreted by melanocytes and immunofluorescence microscopy of co-cultures of melanocytes 

and keratinocytes to confirm their overall role in melanin transfer (Chapter 2); 

(ii) Analysis of factors involved in melanin uptake and traffic within keratinocytes, 

using flow cytometric and microscopy assays, respectively, to quantify the amount of 

microspheres or melanocores internalized. The localization of melanosomes and cell 

compartments was observed by confocal microscopy combined with brightfield or phase 

contrast microscopy on keratinocytes (Chapter 3). 

The intra- and intercellular movement of melanosomes and related organelles is 

disrupted in several genetic disorders in mice and humans. Thus, this study will hopefully 

contribute to the general understanding of organelle transport processes in the cell and may 

help in the design of novel therapeutic strategies for the treatment of patients whose skin 

pigmentation disease results from defects in these processes. Furthermore, this study will 

also support new alternative solutions for the cosmetic industry. 
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Figure 1.15 – Schematic of state of the art of the project. 
The epidermal melanin unit is represented. Melanosomes are synthesized in the perinuclear region of 
melanocytes. Mature melanosomes are then transported via microtubules to the peripheral dendrites 
of the cell, where they are retained on the actin cytoskeleton by the tripartite complex of 
Rab27a/Melanophilin/Myosin Va. Preliminary work from our laboratory suggests that the main form of 
transfer of melanin in skin is exocytosis of melanosomes from melanocytes followed by endocytosis of 
melanin by neighboring keratinocytes (courtesy of Dr. Giulia Bolasco). 
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2. Identification of proteins involved in exocytosis of melanin by donor 

melanocytes 

 

2.1. Summary 

 

The transfer of melanin from melanocytes to neighbouring keratinocytes is a crucial 

step in skin pigmentation, which forms the basis of skin photoprotection against UV damage. 

Despite its importance, the molecular mechanisms underlying these processes remain poorly 

understood. Previous studies, developed by our group, presented evidence supporting 

coupled exocytosis of the melanin core by melanocytes and subsequent endocytosis by 

keratinocytes as a predominant mechanism of melanin transfer. Electron microscopy 

analysis of human skin samples revealed three lines of evidence supporting this mechanism: 

i) the presence of naked melanin in the extra-cellular space between melanocytes and 

keratinocytes; ii) within keratinocytes, melanin is surrounded by a single membrane; iii) this 

single membrane lacks the melanosomal membrane protein TYRP1. In order to confirm and 

expand these findings in vitro investigations were performed. Moreover, an assay for 

quantification of the melanin secreted to the media by the melanocytes has been developed. 

Co-culture of melanocytes and keratinocytes showed that melanin exocytosis is specifically 

induced by keratinocytes. Depletion of Rab11b, but not Rab27a, causes a marked decrease 

in both keratinocyte-induced melanin exocytosis and transfer to neighbour keratinocytes. 

Moreover, Rab11b positive vesicles are often observed to be localized in close proximity to 

mature melanosomes in the cell periphery. 

Altogether, we propose that the predominant mechanism of melanin transfer is 

keratinocyte-induced exocytosis of melanin by donor melanocytes, mediated by Rab11b 

through remodelling of the melanosome membrane, followed by subsequent endocytosis of 

the melanin core by recipient keratinocytes. 

 

 

2.2. Introduction 

 

Epidermal melanocytes are specialized cells responsible for pigment synthesis by 

producing and storage in dedicated organelles called melanosomes (Marks and Seabra, 

2001; Raposo and Marks, 2002; Hearing, 2005). Once mature, these specialized lysosome-

related organelles (LRO) are transported from their site of synthesis in the perinuclear region 



Chapter 2 

50 

to the cell periphery, where they are captured and subsequently transferred from 

melanocytes to recipient keratinocytes (Marks and Seabra, 2001). Several potential 

mechanisms for melanin transfer have been postulated (Van Den Bossche et al., 2006): i) 

the cytophagocytosis model; ii) the coupled exocytosis-endocytosis model; iii) the membrane 

fusion model; and iv) the shedding vesicles model. Once within keratinocytes, melanin is 

transported to the apical area of the cell to form a protective melanin cap, also known as a 

“micro-parasol”, which prevents DNA photo-damage induced by exposure to UV radiation 

(Scott, 2003; Byers et al., 2007). 

Our laboratory has been interested in investigating the molecular mechanisms 

underlying melanosome transfer. Preliminary data, obtained by morphological analysis of 

human skin samples by electron microscopy (EM), has provided evidence to support the 

mechanism of melanosome secretion by melanocytes with subsequent endocytosis by 

keratinocytes as the main form of transfer. Ultrastructural analysis of serial ultra-thin sections 

by conventional transmission EM (TEM) revealed the presence of melanin granules lacking 

membranes or associated cytoplasm (naked) in the extra-cellular space between the 

melanocyte and the basal lamina (Figure 2.1). 

 

 
Figure 2.1 – Transmission electron microscopy (TEM) of ultra-thin sections of human skin 
reveals naked melanin in the extracellular space. 
(A) Low magnification TEM image showing the overall structure of the human dermis/epidermis. (B1-
B8) A series of high magnification TEM images of serial ultra-thin (50nm) sections of the interface 
between a melanocyte plasma membrane (arrow) and the basal lamina (BL). Inspection of serial 
sections reveals the presence of a melanocore devoid of membrane in the extracellular space. BL - 
basal lamina, K - keratin filaments, Ker - Keratinocyte, Mel - Melanocyte, PM - plasma membrane. 
Scale bars: A = 10 µm, B1-B8 = 200 nm (courtesy of Dr. Giulia Bolasco). 
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Clusters of naked melanin granules were also found in the process of being taken up 

by keratinocytes within plasma membrane invaginations (Figure 2.2A, inset C). Moreover, 

within the keratinocyte, a single membrane delimited both clusters of melanin granules 

(Figure 2.2, insets B and C) and individual granules (Figure 2.2D, E and F) within the 

keratinocyte. Furthermore, cryo-immuno EM showed that TYRP1 (tyrosinase related protein 

1) (Figure 2.3B, red staining) localized to melanosomes both in the cell body and dendrites 

of melanocytes (Figure 2.3, inset B arrowhead). In contrast, within keratinocytes, melanin-

containing structures lacked the melanosomal membrane protein TYRP1, both in the 

periphery and the supranuclear cap (Figure 2.3A and B). To better visualize individual 

melanosomes and the membranes surrounding them TYRP1 was localized on ultrathin (50 

nm) cryo-sections by cryo-immuno EM, detecting TYRP1 with immunogold. As expected, 

melanosomal membranes within melanocytes were heavily labelled with immunogold 

(Figure 2.3C and D), but melanin granules within keratinocytes had very few gold particles 

(Figure 2.3C, E and F). Quantification of the number of gold particles per melanin granule 

showed 3.5-fold more TYRP1 associated with melanin granules in melanocytes than in 

keratinocytes (Figure 2.3G). 

 

 

 
Figure 2.2 – Melanin granules internalized by keratinocytes are present in compartments 
bound by a single membrane. 
(A-C, D-F) TEM images of ultrathin section of human skin showing 2 different areas of melanin-
containing keratinocytes in the basal layer. (A, D) Low magnification images. (C, B, and E, F) High 
magnification images of upper and lower boxed areas in A and D, respectively. B and C show a 
cluster of melanin granules: (B) being taken up by a keratinocyte membane ruffle, and (C) in early 
phase of internalization within a single membrane. E and F show that individual melanin granules, in 
the process of being taken up by a keratinocyte, are bounded by a single bilayer (arrows) that is 
continuous with a keratinocyte plasma membrane invagination. K - keratins, Mel - melanocyte, PM - 
plasma membrane. Scale bars = 100 nm (courtesy of Dr. Giulia Bolasco). 
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Figure 2.3 – Melanin granules lack TYRP1 staining following uptake by keratinocytes. 
(A, B) Confocal analysis of immunolabelled semi-thin frozen sections of human skin revealed absence 
of TYRP1 staining (B, red) in melanin granules within perinuclear melanin cap in keratinocytes (B, 
anti-pankeratin, green; A, bright field). Nuclei are revealed by DAPI staining (blue, B). High 
magnification images of boxed area show strong TYRP1 staining of melanosomes within the 
melanocyte dendrite tip (arrow head) compared to those transferred to neighbouring keratinocytes 
(arrow). (C) Low magnification of an ultra-thin cryosection of human skin. (D, E) Higher magnification 
of boxed areas in C (left-hand and right-hand, respectively) showing immunoEM analysis of TYRP1 
(TYRP1 – 10 nm protein A gold) in ultra-thin cryosections (50 nm). TYRP1 labelling appears more 
abundant in both membrane and intra-luminal vesicles in melanosomes within melanocytes (D, F) 
than in melanin granules after translocation to keratinocytes (E). (G) Quantification of protein A gold 
10 nm particles per melanosome in both melanocytes and keratinocytes. The bar chart shows the 
decrease in number of gold particles per melanin granule within keratinocytes (grey) versus 
melanocytes (black) (n=50 in each case), thus demonstrating the loss of TYRP1 in melanin granules 
after transfer to keratinocytes. Error bars shown are ± SEM. *** indicates P<0.01. K = keratins, PM = 
plasma membrane, nu = nucleus. Scale bars: A, B = 1 µm; C = 1 µm, D,F = 100 nm (courtesy of Dr. 
Giulia Bolasco). 
 

 

These observations revealed evidence indicating that melanin is exocytosed by fusion 

of the melanosome with the melanocyte plasma membrane, releasing the melanocore to the 

extracellular space, that is subsequently phagocytosed by the surrounding keratinocytes. 
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To confirm and expand this preliminary data, we sought to validate in vitro systems to 

study the mechanisms of melanin transfer to unravel the molecular basis of this process. 

Specifically, we aimed to identify melanocyte secretory Rab proteins required for 

melanosome exocytosis. 

For this it was developed, in our laboratory, an assay to quantify the amount of 

melanin secreted from cultured melanocytes to the media (Figure 2.4). Briefly, melanocytes 

are cultured for seven days and the culture medium containing secreted melanin is collected 

and processed by a series of centrifugations in order to pellet the melanin. The pellet is 

washed in a mixture of etanol:ether and ultimately dissolved in a base solution. Melanin 

content is measured by optical density in a spectrophotometer. 

 

 
Figure 2.4 – Schematic of melanin secretion quantification assay 
(courtesy of Dr. Francisco J. C. Pereira) 
 

 

Here, we have successfully found molecular evidence to support the previous 

morphological studies performed by EM of human skin samples, that are in agreement with 

the coupled exocytosis-phagocytosis mechanism as the main form of transfer. Additionally, 

we have observed that keratinocytes induce the melanin secretion from melanocytes in a 

specific manner. And finally, we identified Rab11b as a key regulator of the process of 

melanin exocytosis and transfer from epidermal melanocytes to keratinocytes. 
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2.3. Materials and Methods 

 

Cell lines and culture conditions 

Murine wild-type (WT) melanocytes (Melan-ink4a) and ashen melanocytes (Melan-

ash) were cultured in RPMI 1640 (Gibco/Invitrogen) supplemented with 10% fetal calf serum 

(FCS), 2 mM L-Glutamine, 200 nM Phorbol-12-myristate-13-acetate (PMA) (Calbiochem), 

200µM cholera toxin (CT) (Gentaur), 100 U/ml penicillin G, and 100 U/ml streptomycin. 

Human melanoma cells (MNT1) were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco/Invitrogen) supplemented with 20% fetal calf serum, 2 mM L-Glutamine, 

nonessential amino acids (n.e.a.a.) (Gibco/Invitrogen), 100 U/mL penicillin, 100 U/mL 

streptomycin. Murine keratinocyte cell line (XB2) was cultured in DMEM supplemented with 

10% fetal calf serum, 2 mM L-Glutamine, 100 U/mL penicillin, 100 U/mL streptomycin. Cells 

were maintained in a humidified incubator at 37ºC and 10% CO2. 

 

Primary mouse melanocytes isolation and culture 

Primary mouse melanocytes were derived from C57BL/6J mice (1-3 days old) and 

maintained according to a protocol described previously (Hume et al., 2001). Briefly, primary 

melanocyte cultures were derived from neonatal mice skins that were incubated with bovine 

trypsin (5 mg/ml in PBS) for 1 hour at 37ºC. The epidermis was then peeled from the dermis 

using forceps, and cut into smaller pieces with a scalpel blade. These epidermal fragments 

were placed in growing medium (see Cell lines and culture conditions) containing 5 ug/ml 

soybean trypsin inhibitor. This mixture was repeatedly aspirated through a 5-ml combitip and 

the resulting cell suspension was plated onto a 20% confluent layer of mitomycin C–treated 

XB2 keratinocyte feeder cells. Pigmented melanocytes were apparent 10–14 days after 

plating. Primary cultures of murine melanocytes were maintained in RPMI 1640 

supplemented with 5% fetal calf serum, 2 mM glutamine, 200 nM PMA, 200 pM CT, 100 U/ml 

penicillin G, and 100 U/ml streptomycin at 37ºC with 10% CO2. All mice were bred and 

housed at Instituto Gulbenkian de Ciência animal house facility and animal handling was 

conducted according to institutional animal care and using committee-approved protocols. 
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siRNA transfection 

For 24-well plates, 50 nM of gene specific siRNA (Thermo Scientific) were added to 

32 µl of Opti-MEM (Gibco/Invitrogen). 1.2 µl of Oligofectamine (Invitrogen) was added to 6 µl 

of Opti-MEM. After 5 minutes of incubation at room temperature, these two mixtures were 

combined, mixed gently, and incubated for 20 minutes at room temperature. 160 µl of Opti-

MEM was finally added to the mixture. Growth medium was removed from cells seeded the 

day before transfection, and the siRNA mixture was added. Cells were incubated for 3.5 

hours at 37ºC and then the medium was changed to growth medium. For 12-well plates: 50 

nM gene specific siRNA and 2.5 µl Oligofectamine were added to 500 µl Opti-MEM. See 

Table 2.1 for siRNA sequences. 

 
 
Table 2.1 – siRNA genes screened and their specific sequences. 

siRNA gene Sequences 

mRab11b-1 acagaaaucuaccguauug 

mRab11b-2 cgaguacgauuaccuauuc 

mRab11b-3 gcagauagcaacauuguca 

mRab11b-4 gugcacugcugguauauga 

mRab27a-1 ggagagguuucguagcuua 

mRab27a-2 ggauggagauuacgauuac 

mRab27a-3 gaauccaccugcaguuaug 

mRab27a-4 aaacauaagccacgcgauu 

mRab27a-4 acagaaaucuaccguauug 

 

Melanin exocytosis assay 

Melan-ink4a melanocytes (1 x 104) were seeded onto 24 well plates. After 24 hours 

cells were either transfected with siRNA or infected with adenovirus. siRNA or adenovirus-

containing media was removed after 3.5 and 4 hours respectively, and XB2 media containing 

5 x 104 XB2 keratinocytes was added. The following day 200 pM of CT and 200 nM of PMA 

were added to the media and co-cultures were incubated for 7 days. Media containing 

exocytosed melanin was centrifuged at 800 g, 5 minutes at 4°C to pellet cell debris. The 

supernatant was then centrifuged at 20,000 g, 1 hour at 4°C to pellet melanin. Melanin 

pellets were washed with ethanol:ether (1:1 v/v) and dissolved in 2M NaOH/20% DMSO at 
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60°C for 1 hour. Melanin content was measured as optical density at 340 nm. Melanin 

content was always normalized to the number of melanocytes, calculated as follows. Total 

cell number was counted using a Neubauer chamber (Celeromics) at the end of the assay 

period and the proportion of melanocytes determined from the cells co-culture on coverslips 

by immunofluorescence, using an anti-TYRP1 antibody to specifically stain melanocytes. 

 

Melanin transfer assay 

Melan-ink4a melanocytes (2 x 104) were seeded on coverslips on 24-well plates. After 

24 hours, siRNA transfection was performed and XB2 cells (1 x 105) in XB2 growth media 

were added when changing the siRNA containing media. 200 pM CT and 200 nM PMA were 

added the following day. Cells were co-cultured for 48 hours. Co-cultures were washed 3x 

with PBS, and fixed with 4% PFA in PBS for 20 minutes at room temperature. Cells were 

washed 3 times in PBS and the nuclei visualized by incubation with DAPI for 5 minutes. 

Images were obtained using in a Nikon Eclipse TE2000-S screening microscope with 

standardized acquisition settings for all samples. To measure melanin uptake, the Image J 

(NIH) threshold command was applied and correspondent intensity (in pixel) was measured 

automatically. Nuclei were counted to ensure similar cell confluence in all samples and to 

calculate the amount of melanin internalized per cell. Melanin uptake reflects the total 

amount of melanin internalized by XB2 cells on one coverslip. 

 

Adenovirus infection  

Melanocytes were infected with adenovirus for 4 hours, before media containing virus 

was removed, cells washed twice with PBS and incubated overnight. 

 

Immunofluorescence microscopy 

Cells were grown on coverslips for immunofluorescence and were fixed in 4% 

paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 minutes at room 

temperature. Excess fixative was removed by extensive washing in PBS and quenched by 

incubation in 50 mM NH4Cl for 10 minutes. Cells were blocked and permeabilized with 1% 

BSA (Bovine Serum Albumin, Sigma), 0.05% saponin (Sigma) and 1% FCS 

(Gibco/Invitrogen) in PBS for 30 minutes. Fixed cells were then incubated with primary 

antibody for 30 minutes, washed extensively 4 times and incubated for 30 minutes with 

appropriate secondary antibodies conjugated with a fluorophore (Molecular Probes). 

Coverslips containing fixed cells were mounted in MOWIOL mounting medium (Calbiochem). 
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All antibody incubations and washes used 1 x PBS, 0.5% BSA, 0.05% saponin. To visualize 

the nucleus, cells were incubated with DAPI (Invitrogen) for 5 minutes. Cells were observed 

using a Leica SP5 confocal microscope, a Zeiss LSM710 or a Nikon Eclipse TE2000-S 

screening microscope, and images were processed using ImageJ and Adobe Photoshop 5.0 

software. All images presented are single sections in the z-plane. 

 

Antibodies used 

Antibodies used are summarized in the following table (Table 2.2). Secondary 

antibodies (Alexa) were from Invitrogen and used at 1:400. 

 
Table 2.2 – Primary antibodies used in Chapter 2.  

Antibody Source Catalogue 
number 

Raised 
in 

Fixed 
with 

Dilution 
used 

α- TYRP1 Abcam TA99 Mouse PFA 1:100 

α- PMEL, HMB45 Dako M0634 Mouse PFA 1:100 

α- transferrin receptor Zymed 13-6800 Mouse PFA 1:50 

α-LAMP1 Abcam 1D4B Rat PFA 1:500 

α-Rab11b J. R. Gondenring * - Rabbit PFA 1:100 

*(Lapierre et al., 2003) 

 

qRT-PCR quantification of gene expression 

Total RNA was isolated from cells using an RNeasy Mini kit (Qiagen) and was 

reverse transcribed into cDNA using SuperScript® II (Invitrogen) according to manufacturers’ 

protocols. Real-time quantitative PCR (qRT-PCR) reactions were performed using an ABI 

Prism 7900HT system (Applied Biosystems) using ABI Power SybrGreen Power PCR Master 

Mix reagent (SybrGreen) (Applied Biosystems). 5 µl of SybrGreen, 4 µl of cDNA sample 

together with 10 µM of appropriate primers were used per well, in triplicate conditions, for a 

total volume of reaction of 10 µl. For each protein, gene expression was calculated relative to 

control wells and standardized using α-Tubulin as a housekeeping gene, in SDS and RQ 

software (Applied Biosystems). The primers used in this Chapter for qRT-PCR analysis are 

summarized in Table 2.3. 
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Table 2.3 – List of primer sequences used in gene expression studies. 

Gene Sequence (5’-3’) 

α-Tubulin 
Sense ggtggatctagaacct 

Antisense cccagtgagtgggtcagc 

Rab11a 
Sense aaggagctgcgggatcatgc 

Antisense acaggctctggcagcactgc 

Rab11b 
Sense aaggagctgcgggatcatgc 

Antisense acaggctctggcagcactgc 

Rab17 
Sense ggattcctttcacaaggccc 

Antisense atcgtgcacagcactggcgc 

Rab27a 
Sense gttcgacctgacaaatgagc 

Antisense tcctcacttagctgaatccgc 

 

PCR amplification of Rab GTPases from murine melanocytes 

RNA isolation and cDNA synthesis was performed as described above. PCR was 

performed on the cDNA product to assess the expression of Rab GTPases. The primers 

used for amplification were the same used for qRT-PCR analysis. The PCR amplification 

was performed in a reaction mixture containing 1x green Go Taq buffer (Promega), 1 mM 

MgCl2, 0.2 mM of dNTP mix, 2.5 U of Taq polymerase (Promega) and specific primers at a 

final concentration of 0.5 µM. Cycling conditions consisted of an initial denaturation step of 3 

minutes at 94ºC, followed by a 32-cycle program consisting of 94ºC for 40 seconds, 58ºC for 

40 seconds and 72ºC for 1 minute. The final amplification product was separated on a 1.2% 

agarose gel containing GelRed (Biotium) and photographed under UV illumination. 

 

Statistical Analysis 

Statistical analysis was performed using Prism software (GraphPad Software Inc.), 

and the level of significance of differences was analyzed by unpaired Student’s t-test. P 

value <0.05 was considered statistically significant. Colocalization in confocal images was 

measured using the Pearson’s correlation coefficient using ImageJ software and the plugin 

JACoP (Just Another Colocalization Plugin). 
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2.4. Results 

 

2.4.1. Melanin exocytosis by melanocytes is specifically induced by 

keratinocytes 

 

To confirm in vitro the hypothesis proposed by our previous morphological studies, 

we developed a melanin exocytosis assay to quantify the amount of melanin secreted into 

tissue culture medium using two melanocyte cell types. When cultured alone, both melan-

ink4a, an immortalized melanocyte cell line, and primary murine melanocytes, exhibit low 

levels of exocytosed melanin (Figure 2.5A). While, in the presence of keratinocytes (XB2), in 

a co-culture system, melanocytes display a higher level (3.5 fold increase) of melanin 

exocytosis (Figure 2.5A). This increase is specifically due to the presence of keratinocytes, 

since it does not occur when melanocytes are cultured with HeLa or 3T3 cells (Figure 2.5B). 

 

 

 
Figure 2.5 – Keratinocytes modulate melanin exocytosis by melanocytes in vitro. 
Melanocytes were co-cultured with the indicated cell type. After co-culture, media was collected, 
melanin isolated and quantified by spectrophotometry. (A) Melan-ink4a and primary murine 
melanocytes (primary) cultured alone or co-cultured with XB2 keratinocytes. (B) Melan-ink4a 
melanocytes alone, co-cultured with XB2 keratinocytes, fibroblasts or HeLa cells. Error bars are 
±SEM. * indicates P<0.05. 

 

 

2.4.2. Melain exocytosis is regulated by Rab11b expression levels 

 

In order to identify Rab proteins involved in the exocytosis process, an analysis of 

candidate Rab GTPases was performed. Melan-ink4a were treated with siRNA SMART 

pools targeting diferent Rab GTPases before co-culture with XB2 keratinocytes. To evaluate 
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the amount of melanin secreted, the melanin present in the tissue culture media after 7 days 

of co-culture was quantified. To rule out the possibility that silencing compromises cell growth 

or viability, resulting in less melanin secreted to the media, we counted the number of cells at 

the end of the assays. Thus, plotted is the amount of melanin secreted to the culture media 

normalized to the number of melanocytes present at the end of assay period. Strikingly, 

Rab11b depletion was shown to signifcantly decrease keratinocyte-induced melanin 

exocytosis (Figure 2.6A). In agreement with this result, four single siRNA oligos specifically 

designed to deplete Rab11b were utilized, all of which also significantly reduced the 

keratinocyte-induced melanin exocytosis to levels seen when melanocytes are cultured alone 

(Figure 2.6B). This effect of Rab11b depletion on melanin exocytosis was also tested in 

primary melanocytes using adenovirus encoding a miRNA to deplete Rab11b and a GFP 

reporter. Consistent with the results from melan-ink4a, silencing of Rab11b also caused a 

decrease in keratinocyte-induced melanin exocytosis (nearly 60% reduction) in primary cells 

(Figure 2.6C). Depletion of Rab11a isoform did not alter the amount of keratinocyte-induced 

melanin secretion from melan-ink4a cells or primary melanocytes (Figure 2.6A and C). 

Unexpectedly, depletion of Rab27a had no effect on keratinocyte-induced melanin 

exocytosis (Figure 2.6A). To confirm this result, single siRNA oligos designed to specifically 

silence Rab27a were utilized (Figure 2.6B) and the same experiment was perfomed in 

primary melanocytes with adenovirus designed to deplete Rab27a (Figure 2.6C). All single 

oligos targeting Rab27a, did not affect the keratinocyte-induced melanin exocytosis into 

tissue culture media to levels according to what was seen with melan-ink4a cultured alone. 

Moreover, Rab27a depletion in primary cells also did not cause any alteration on the levels of 

melanin secretion, confirming the results obtained with the cell line. 

qRT-PCR analysis showed a 70/80% and 90% knockdown in Rab11b and Rab27a 

mRNA levels, respectively, as measured in melanocytes cultured alone, 7 days after 

transfection (Figure 2.7A and B). No off-target effects of Rab11b oligos on Rab11a 

expression were observed (Figure 2.7 C). Also, the knockdown by miRNAs was confirmed 

and considered efficient and again no off-target effects were observed (Figure 2.7 D-F). 
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Figure 2.6 – Rab11b silencing impairs keratinocyte-induced exocytosis of melanin by 
melanocytes. 
Melanocytes were treated with the indicated siRNA/EGFP-Rab expressing adenovirus and co-cultured 
with XB2 keratinocytes. After co-culture, media was collected, melanin isolated and quantified by 
spectrophotometry. (A, B) Melan-ink4a were treated with the indicated smartpool siRNAs (A) or single 
siRNA oligonucleotides (B) before co-culture with XB2 keratinocytes. (C) Primary melanocytes treated 
with adenovirus expressing the indicated miRNA before co-culture with XB2 keratinocytes. Error bars 
are ±SEM. * indicates P<0.05. 

 

 

To explore the unexpected finding that Rab27a had no effect on keratinocyte-induced 
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(Figure 2.8). Hence, confirming that Rab27a is not necessary per se for melanin exocytosis 

from melanocytes. 
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keratinocytes, overexpression of Rab11b caused a significant increase in keratinocyte-

induced melanin exocytosis (Figure 2.9B). 

 

 

 
Figure 2.7 – qRT-PCR quantification of Rab GTPase depletion in melanocytes. 
Cells were treated with the indicated siRNA/miRNA-expressing adenovirus, RNA extracted and 
subjected to qRT-PCR analysis. Data is expressed relative to non-targeting siRNA treatment (siC). 
qRT-PCR analysis of Rab11b (A) and Rab27a (B) mRNA levels following depletion with single siRNA 
oligonucleotides targeted against Rab11b and Rab27a respectively. (C) qRT-PCR analysis of Rab11a 
mRNA levels following depletion with Rab11b specific siRNA. (D-F) Primary murine melanocytes were 
infected with adenovirus encoding the indicated miRNA for 4 hours at titres giving 95% infection rate. 
(D) qRT-PCR analysis of Rab27a levels after treatment with Rab27a specific miRNA. (E) qRT-PCR 
analysis of Rab11a and Rab11b levels after treatment with Rab11a specific miRNA. (F) qRT-PCR 
analysis of Rab11a and Rab11b levels after treatment with Rab11b specific miRNA. 
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Figure 2.8 – Comparison of melanin exocytosis by melan-ink4a and melan-ash alone or in co-
culture with XB2 keratinocytes. 
Melanocytes, wild type or Melan-ash (Rab27a null), were co-cultured with the XB2 keratinocytes. After 
co-culture, media was collected, melanin was isolated and quantified by spectrophotometry. 

 

 

 
Figure 2.9 – Rab11b overexpression increases keratinocyte-induced exocytosis of melanin by 
melanocytes. 
Melanocytes were treated with the indicated EGFP-Rab expressing adenovirus and co-cultured with 
XB2 keratinocytes. After co-culture, media was collected, melanin isolated and quantified by 
spectrophotometry. (A) Primary melanocytes expressing the indicated EGFP-Rab cultured alone. (B) 
Primary murine melanocytes expressing the indicated EGFP-Rab in co-culture with XB2 keratinocytes. 
Error bars are ±SEM. * indicates P<0.05. 

 

 

To further characterize the interaction between Rab11b and melanosomes the 

localization of Rab11b in melanocytes was analyzed. Melan-ink4a cells stained with a 

Rab11b specific antibody showed a punctate localization of this protein in vesicular 

structures within the cytoplasm, accumulating in the perinuclear area (Figure 2.10). A low 

degree of colocalization was observed between Rab11b vesicles and pigment granules or 

TYRP1 (Pearson’s coefficient P=0.673±0.052, n=15) (Figure 2.10A-H). Nevertheless, 

Rab11b-positive vesicles were often seen in close proximity to melanosomes. On the 

contrary, a high degree of colocalization was observed with transferrin receptor (TfR) in the 
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perinuclear region of the cell, as expected for a recycling endosome marker like Rab11b 

(P=0.806±0.029, n=15) (Figure 2.10I-P). Little colocalization was observed between Rab11b 

and PMEL, a marker of immature melanosomes (P=0.583±0.03, n=6) (Figure 2.10Q-X). 

Altogether, we showed that depletion of Rab11b, but not Rab27a, causes a decrease 

in keratinocyte-induced melanin exocytosis. Moreover, due to the observed proximity of 

Rab11b-positive vesicles to melanosomes, our data suggests that recycling endosomes may 

play a role in the keratinocyte-induced exocytosis of melanosomes. 

 

 

2.4.3. Inhibition of melanin exocytosis by Rab11b depletion impairs transfer of 

melanin to keratinocytes 

 

Next, to determine whether melanin exocytosis is a crucial step for the melanin 

transfer process, the amount of melanin transferred to keratinocytes was assayed in 

conditions where melanin exocytosis was impaired. For this, melan-ink4a cells were treated 

with single siRNA oligos to specifically deplete Rab11b or Rab27a and subsequently co-

cultured with XB2 keratinocytes for 48 hours. The amount of melanin transferred to XB2 

keratinocytes was assayed by brightfield microscopy. Rab11b depletion caused 

approximately 50% decrease in melanin uptake by keratinocytes with all single siRNA 

oligonucleotides tested (Figure 2.11A). Moreover, Rab27 depletion did not result in a similar 

decrease in melanin uptake by keratinocytes (Figure 2.11A) even though the level of 

depletion of this protein was nearly 90% at mRNA level (Figure 2.7B). 

Furthermore, confocal microscopy analysis of co-cultures clearly show that melanin is 

taken up by keratinocytes and that these melanin granules lack TYRP1 staining (Figure 

2.11B-E). This observation confirms that the melanosomal membrane is not present on 

melanin granules within keratinocytes as it was previously showed by EM (Figure 2.3). 

Moreover, this observation supports the model of exocytosis of the melanosome from the 

melanocyte, in which the melanosomal membrane fuses with the melanocyte plasma 

membrane for subsequent secretion of the melanosome contents to the extracellular space. 

Hence, transfering to the keratinocyte the melanin granule devoided of the outer 

melanosomal membrane. 
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Figure 2.10 – Rab11b does not co-localize to mature melanosomes but localizes to vesicles in 
close proximity to melanosomes in melan-ink4a. 
Melan-ink4a cells were fixed and immunostained with the indicated antibodies before examination by 
confocal microscopy. Panels A, E, I, M, Q and U show Rab11b staining, B and F show TYRP1 
staining, J and N show TfR staining, and R and V show PMEL staining. Panels C, G, K, O, S and W 
show brightfield images. Panels D, H, L, P, T and X show merged images where melanosomes are 
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pseudo-colored in blue, Rab11b antibody staining is in green and marker antibody staining in red. 
Panels E-H, M-P and U-X are magnifications of the boxed regions indicated in panels C, K and S. 
Scale bar = 10 µm. 

 

 
Figure 2.11 – Depletion of Rab11b reduces melanin transfer to keratinocytes.  
(A) Melan-ink4a melanocytes were treated with the indicated siRNA single oligonucleotides before co-
culture with XB2 melanocytes. After 2 days of culture, cells were fixed and examined by brightfield 
microscopy. Between 30-40 Z-stacks were taken for each condition and the area of keratinocytes 
containing melanin pigment was quantified using ImageJ software. Error bars are ±SEM. * indicates 
P<0.05. (B, C, D, E) Melan-ink4a melanocytes were co-cultured with XB2 keratinocytes for 48 hours. 
Cells were fixed and immunostained for TYRP1 (B, green) before examination by confocal 
microscopy. Panel B shows TYRP1 staining. Panel C represents a brightfield image of the co-culture, 
where we observe a melanocyte and its dendrites full of melanin granules and an adjacent 
keratinocyte with internalized melanin surrounding the nucleus. Melanin granules were pseudocolored 
in red as seen in panel D. Panel E shows the merge with the nuclei stained with DAPI (blue). TYRP1 
labels melanosomes within melanocytes but not melanin granules present in keratinocytes. Scale bar 
= 15 µm. 
 

 

We showed that in the co-culture with XB2 cells, melanocytes are able to increase the 

level of melanin exocytosis (Figure 2.5A), and that this increase was specific to the presence 

of keratinocytes (Figure 2.5B). Similarly, we evaluated the impact of co-culturing 

melanocytes with keratinocytes, fibroblasts or HeLa cells in the transfer of melanin. For this, 

melanocytes were co-cultured with either with XB2, 3T3 or HeLa cells for 48 hours, and the 

amount of melanin internalized by XB2, 3T3 or HeLa cells was quantified by brightfield 

microscopy. In agreement with the previous results, little melanin was transferred when 
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melan-ink4a cells were co-cultured with HeLa cells or 3T3 fibroblasts when compared with 

transfer levels between melanocytes to keratinocytes (Figure 2.12). 

 

 

 
Figure 2.12 – Melanin transfer is specific to keratinocytes. 
(A) Melan-ink4a melanocytes were co-cultured with XB2 keratinocytes, HeLa cells or 3T3 fibroblasts. 
After 2 days of co-culture, cells were fixed and examined by brightfield microscopy. Between 30 and 
40 Z-stacks were taken for each condition and the area of either keratinocytes, HeLa cells or 
fibroblasts containing melanin was quantified using ImageJ software. Panels B, C and D show 
brightfield image of co-culture of melanocytes with keratinocytes, HeLa cells or 3T3 fibroblasts 
respectively. Scale bar = 20 µm. 

 

 

Altogether these observations suggest a correlation between the amount of melanin 

exocytosed by melanocytes with the transfer of melanin to keratinocytes. Thus, our data 

supports a model whereby after keratinocyte stimulation, mature melanosomes undergo 

remodelling by peripheral Rab11b-positive recycling endosomes, possibly preparing them for 

secretion. After remodelling occurs, the melanosome is able to fuse with the melanocyte 

plasma membrane and exocytosis of the melanin core into the extracellular space between 

the melanocyte and keratinocyte occurs at sites that could be described as dermatological 

synapses. Subsequently, keratinocytes uptake the melanin core by endocytosis (Figure 

2.13). 
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Figure 2.13 – Schematic representation of the mechanism of melanin secretion by melanocytes 
in skin. 
Upon stimulation by keratinocytes (dashed blue arrows), melanosomes are remodelled by Rab11b-
positive recycling endosomes allowing exocytosis of melanosomes and the secretion of the melanin 
core into the extracellular space between melanocytes and keratinocytes, before subsequent 
endocytosis by keratinocytes. Alternatively, melanin transfer can occur independently of Rab27a 
mediated retention of melanosomes in dendrites, at the cell body. 

 

 

2.5. Discussion 

 

The transfer of melanin from melanocytes to keratinocytes is a crucial process 

underlying maintenance of skin pigmentation and photo-protection against ultra-violet 

radiation damage. Despite its pathophysiological importance, the precise molecular 

mechanism of melanin transfer remains undetermined. Several mechanisms have been 

hypothesized to date, but none of these has been conclusively demonstrated. Using a 

combination of in vivo EM ultrastructural studies and data based on in vitro models, we found 

evidence to suggest that the predominant mechanism of melanosome transfer is 

keratinocyte-induced melanin exocytosis, mediated by Rab11b, followed by endocytosis by 

the keratinocyte. 

To characterize the molecular basis of this mechanism of melanin transfer, the role of 

Rab GTPases in this process was examined. Using an in vitro system, melanin exocytosis 

into tissue culture medium was assayed and it was observed that the presence of 

keratinocytes induced melanin exocytosis. This effect was keratinocyte-specific as co-culture 
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with other cell types did not induce melanin exocytosis, suggesting that keratinocyte-derived 

signals are important for inducing this process. This is consistent with previous findings 

indicating that keratinocyte-derived factors are important for promoting melanogenesis and 

melanosome transport, such as basic fibroblast growth factor (bFGF) and stem cell factor 

(SCF) or α-melanocyte stimulating hormone (α-MSH) (Yamaguchi and Hearing, 2009). 

Indeed, it is known that melanocytes and keratinocytes are functionally connected and 

communicate with each other presumably via secreted factors, receptors and/or via cell-cell 

contacts to regulate the function and phenotype of the skin (Slominski et al., 2004; Hirobe, 

2005; Joshi et al., 2007; Yamaguchi and Hearing, 2009). However, it is still unkown what is 

the initial molecular trigger of melanin transfer. The physical contact between melanocytes 

and keratinocytes might be an essential condition for the regulation of melanin transfer, but 

the existence of cellular signals induced before or during contact is not fully understood. 

Downregulation of Rab11b, in melan-ink4a and primary melanocytes, caused a 

significant decrease in keratinocyte-induced melanin exocytosis to levels comparable to that 

observed in melanocytes cultured alone. Interestingly, depletion of Rab27a had no effect on 

melanin exocytosis, which was surprising given its well established role in melanosome 

transport to the periphery of the cell (Hume et al., 2001; Strom et al., 2002; Wu et al., 2002). 

Moreover, depletion of Rab11b led to a decrease in melanin transfer to keratinocytes 

whereas depletion of Rab27a had no effect. Immunofluorescence analysis of Rab11b in 

melanocytes revealed a punctate distribution throughout the cytoplasm with accumulation at 

the perinuclear area of the cell and near the plasma membrane. As expected for a recycling 

endosome marker, Rab11b colocalized extensively with transferrin receptor in the cell 

periphery. According to these results it is possible that cargo that is ultimately required for 

exocytosis is delivered concomitantly with melanosomal cargoes via the Rab11b-dependent 

recycling endosome pathway, suggesting synergy between the recycling and secretory 

pathways. 

This is not without precedent as a role for Rab11 and endosomes in exocytosis has 

already been described. In the brain, Rab11b is present on mature synaptic vesicles, where 

it has been proposed to function as a switch between the constitutive and regulated exocytic 

pathways (Khvotchev et al., 2003). As melanocytes are derived from the neural crest 

(Weston, 1991), they can be considered relatives of neurons and it is likely that these cells 

share common features. Additionally, secretion of lytic granules, another LRO, in cytotoxic T-

lymphocytes (CTLs) has been proposed to require the recycling pathway (Ménager et al., 

2007). To enable the exocytosis of lytic cargo, Rab11-positive recycling endosomes, the 

“endosomal exocytic vesicle”, must remodel the previously synthesized lytic granules. 

Furthermore, there have been numerous links between albinism and immunity (Stinchcombe 
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et al., 2004). Melanocytes and various cells of the imune system share a common secretory 

machinery, based on the LRO’s (Stinchcombe et al., 2004). Abnormalities in the biogenesis 

or function of LROs result in a group of autosomal human genetic disorders reflected in 

defects pigmentation and immune dysfunction. An example is the recessive disease Griscelli 

syndrome type II (lack of Rab27a), whose patients combine hypopigmentation and 

immunodeficiency, for failure in LROs secretion. Moreover, upon target cell recognition, CTL 

rapidly polarize their their cytotoxic granules toward target cell contact.  At the effector cell–

target cell contact site, occurs a specialized molecular segregation of surface receptors and 

signalling componentes, involved in recognition and adhesion, called the “immunological 

synapse”. Lytic granules are able to fuse with the CTL plasma membrane at the site of 

contact and release their contents toward the target (Grakoui et al., 1999; Stinchcombe et al., 

2001; Ménager et al., 2007). Likewise, neuronal synaptic vesicles, before the release of their 

contents, dock at the pre-synaptic membrane and undergo a priming reaction that prepares 

them for exocytosis (Sabatini and Regehr, 1999; Ramakrishnan et al., 2012). Hence, it is 

plausible that melanocytes would use an exocytic mechanism to transfer melanin in a 

manner that parallels synaptic and lytic granule release, perhaps by forming a 

“dermatological synapse” with keratinocytes similar to the immunological synapse between 

antigen-presenting cells and CTLs. 

Transient fusion events between melanosomes and Rab11-positive endosomes have 

been already proposed by Delevoye and colleagues (Delevoye et al., 2009). In our study, 

endogenous Rab11b vesicles display a punctate distribution in the cytoplasm, accumulating 

in the perinuclear region, and colocalize with transferrin receptor, suggesting it is 

predominantly localized to recycling endosomes. Interestingly, Rab11b-positive vesicles 

were often seen by immunofluorescence in close proximity to mature melanosomes in the 

cell periphery, as described previously (Delevoye et al., 2009). It was shown that in 

melanocytes AP-1 and Kif13a create peripheral recycling endosomal subdomains, required 

for melanosomal enzymes delivery to maturing melanosomes. In particular, upon AP-1 or 

Kif13a silencing, Rab11-positive recycling endosomes redistribute to pericentriolar clusters. 

Consequently, melanosomal enzymes are sequestered of in vacuolar endosomes hence 

impairing melanin synthesis and melanosome maturation. This worked proposed a role for 

endosomes in cargo transport and delivery to maturing melanosomes. Likewise, it is possible 

that cargo that is ultimately required for exocytosis is delivered simultaneously with 

melanosomal cargoes via the Rab11b-dependent recycling endosome pathway. 

Surprisingly, our data suggests that Rab27a is not required for melanin exocytosis per 

se in contrast with a previous report (Yoshida-Amano et al., 2012) and that melanin transfer 

can occur at sites in the cell body as well as at peripheral dendrites, as proposed (Wu et al., 
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2012). As one melanocyte may contact up to 40 different keratinocytes via its dendrites, it is 

probable that the role of Rab27a is to allow efficient transfer to many keratinocytes 

simultaneously. Indeed, this result could explain the phenotype of the ashen mouse which 

displays pigment dilution (Wilson et al., 2000), rather than complete loss of pigmentation and 

the accumulation of pigment in the hair shaft of dilute (lacking MyosinVa) mice. These 

observations suggest that the lack of Rab27a does not completely abrogate melanin transfer 

to keratinocytes, despite this protein being implicated in the transport of melanin to sites at 

dendrite tips, suggesting some percentage of melanin transfer, could occur at cell body sites. 

A role for Rab17 in melanin transfer had been proposed previously. Silencing of 

Rab17 caused accumulation of melanin within melanocytes in melanoma cells (MNT1) 

(Beaumont et al., 2011). Rab17 was proposed to work downstream of Rab27a in filopodia 

formation. We could not evaluate the action of this Rab since Rab17 is not expressed in 

melan-ink4a cells (Diekmann et al., 2011) nor in primary melanocytes (Supplementary 

Figure 6.1). We consider the system used here to be more powerful than the one using 

melanoma cell lines to study the transfer mechanism as this process appears to be regulated 

system and we observe that the MNT1 murine melanoma cell line constitutively secretes 

melanin to the media, without stimulation, possibly not resembling physiological conditions. 

All things considered, we have characterized a major molecular mechanism of 

melanin transfer between melanocytes and keratinocytes using in vitro cell culture models. 

We show that transfer occurs via coupled exo/endocytosis of the melanin core and identified 

Rab11b as a key regulator of this process (Figure 2.13). 

Future studies should be directed at characterizing Rab11b-mediated melanosome 

remodelling and the mechanism of melanin endocytosis by keratinocytes. Specifically, to 

continue dissecting the molecular basis of Rab11b-mediated melanin transfer, identification 

of Rab11b effectors involved in this process is a priority. The role of Rab11b in melanosome 

exocytosis and transfer should be confirmed in models of higher complexity, such as 3D skin 

models, and the effect of Rab11b modulation should be characterized in the SCF transgenic 

mouse (details in Chapter 1, section 1.1.2). Moreover, the molecular mechanisms of 

consequent endocytosis of the melanin core by epidermal keratinocytes should also be 

investigated. 
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3. Analysis of the molecular machinery involved in melanin uptake by 

keratinocytes 

 

3.1. Summary 

 

Skin pigmentation is achieved through melanin synthesis in specialized membrane-

bound organelles termed melanosomes and subsequent transfer of these organelles from 

melanocytes to surrounding keratinocytes. To further investigate the melanin transfer 

process, we sought to validate cellular systems to study the mechanisms of melanin uptake 

by keratinocytes. These studies were carried out in keratinocytes co-cultured with 

melanocytes or fed with fluorescent latex microspheres, melanosomes or melanosomes 

lacking the limiting membrane isolated from melanocytes, termed “melanocores”. Here, a 

novel model system to examine the mechanisms involved in human skin pigmentation is 

described. It was found that melanocores are taken up by keratinocytes in an analogous 

manner to the transfer of melanosomes in co-culture and accumulate in structures that 

resemble the physiological supra-nuclear cap observed in human skin. Furthermore, a new 

method to quantify the uptake of melanin by keratinocytes in culture was characterized. 

Using this system, activating the keratinocyte protease activating receptor 2 (PAR-2) with 

SLIGRL, results in an increase in melanocore uptake by keratinocytes, while the ingestion of 

latex microspheres is not affected. Moreover, the silencing of this receptor via siRNA 

decreased the endocytosis of melanocores but not of latex microspheres. Thus, it was 

concluded that microspheres are internalized by keratinocytes through a distinct pathway 

than melanin, which is independent of PAR-2 activity. Moreover, using a siRNA library 

directed against the Rab GTPase family, the effect of downregulating these proteins in 

melanocore uptake was studied. It was shown that Rab GTPases are important regulators in 

the internalization of melanocores by epidermal keratinocytes. Silencing of Rab1a, 2a, 5b 

and 14 had a significant effect on melanocore uptake by keratinocytes. 

Finally, we report that the system developed is capable of specifically evaluating 

melanocore transfer to epidermal keratinocytes. The use of melanocores, the key role of the 

PAR-2 receptor in the process and the involvement of the early endocytic pathway in the 

uptake of melanocores support the previous studies of this thesis and the transfer model of 

coupled exocytosis of melanosomes from melanocytes followed by endocytosis of the 

melanin core by neighbouring keratinocytes. 
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3.2. Introduction 

 

The biogenesis and transport of melanin inside the melanocyte have been widely 

studied. However, the molecular mechanism underlying inter-cellular transfer of pigment from 

donor melanocyte to acceptor keratinocytes remains poorly understood. 

Several methods to quantify the transfer of melanin from donor melanocytes to 

acceptor keratinocytes were described before (Berens et al., 2005). One of the first 

approaches was the visualization of melanosomal transfer by electron microscopy (EM) 

(Okazaki et al., 1976; Jimbow and Sugiyama, 1998). Other authors have measured the 

uptake of fluorescent latex beads and purified melanosomes by keratinocytes (Wolff and 

Konrad, 1972; Sharlow et al., 2000; Virador et al., 2002; Cardinali et al., 2005). Some 

authors have used 2-dimensional (2D) co-culture systems of melanocytes and keratinocytes 

(Minwalla et al., 2001), whereas others relied on a more complex and sophisticated approach 

and performed 3-dimensional (3D) skin models (Lei et al., 2002; Yoon et al., 2003; Kasraee 

et al., 2011; Van Gele et al., 2011). Melanin transfer was assayed based on 

immunofluorescence microscopy (Minwalla et al., 2001), on colorimetric measurements (Van 

Gele et al., 2011), or using flow cytometry (Lin et al., 2008b; Ma et al., 2010; Kasraee et al., 

2011). Finally, some groups used time-lapse microscopy to assay melanin transfer in co-

cultures of melanocytes and keratincocytes (Scott et al., 2002; Singh et al., 2010; Wu et al., 

2012). However, despite all efforts to design a reproducible assay to characterize 

melanosome transfer, the methods developed are complex, time consuming and ineffective 

for the quantitative analysis of melanosome transfer. For example, in the majority of cases 

fluorescence is weak or the physical separation of melanocytes from keratinocytes after co-

culture is complicated to accomplish, which can hamper the quantification of melanin 

transfer. 

Moreover, previous studies have mainly focused on the melanocyte activity during 

melanin transfer and there is a major lack of information on the role of keratinocytes in this 

process. Nevertheless, a few studies have investigated the role of keratinocytes on skin 

pigmentation. It was shown that keratinocytes control several aspects of melanocyte biology 

through signalling cascades, including expression of enzymes that are involved in the 

proliferation and differentiation of melanocytes, the biogenesis and transport of 

melanosomes (Hirobe, 2005; Joshi et al., 2007; Yamaguchi and Hearing, 2009), and the 

transfer of pigment (Cardinali et al., 2008). Furthermore, an elegante study has discovered 

that keratinocytes play a crucial role in melanocyte recruitment to form the epidermal-melanin 

unit, hence actively promoting the transfer of pigment from donor melanocytes to recipient 

keratinocytes (Weiner et al., 2007). 
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In the Chapter 2 it was shown that melanin transfer between melanocytes and 

keratinocytes is ensured through the combination of exocytosis of the melanin core and 

subsequent endocytosis of melanocores by keratinocytes (Tarafder et al., 2014). Moreover, 

we characterized the mechanims of exocytosis of melanin, regulated by Rab11b. Following 

these studies, the work of this Chapter focus on the mechanisms of endocytosis of melanin 

by keratinocytes during pigment transfer.  

A crucial role for the protease-activated receptor-2 (PAR-2) of the keratinocyte has 

been established in enabling melanin transfer via phagocytosis and determining skin color 

phenotypes. PAR-2 is expressed in keratinocytes (Marthinuss et al., 1995; Santulli et al., 

1995) but not in melanocytes (Seiberg et al., 2000b). Known PAR-2 activators include 

trypsin, mast cell tryptase and the synthetic peptides SLIGRL and SLIGKV (Déry et al., 

1998). These peptides correspond to a newly created N-terminus, without the need of 

receptor cleavage. PAR-2 stimulation was shown to enhance phagocytosis (Sharlow et al., 

2000), leading to the increase of melanosome uptake by keratinocytes, even in the absence 

of melanocytes, and also melanosome transfer (Seiberg et al., 2000b). On the other hand, 

interfering with PAR-2 activation, by serine protease inhibitors, was shown to reduce 

melanosome transfer and ingestion by keratinocytes, thus resulting in depigmentation both in 

vitro and in vivo (Seiberg et al., 2000a, 2000b). Moreover, it was demonstrated in vitro that 

activation of PAR-2 leads to serine protease secretion by keratinocytes, creating a positive 

feedback loop (Scott et al., 2001). Furthemore, it was observed that UVB induces 

melanosome transfer, by upregulating the expression of PAR-2 and increasing the 

phagocytic activity of keratinocytes (Seiberg et al., 2000b; Sharlow et al., 2000). Finally, 

blocking PAR-2 receptor inhibits UV-induced pigmentation (Seiberg et al., 2000b; Sharlow et 

al., 2000). Altogether, these results demonstrate that PAR-2 is an important molecular player 

in melanin endocytosis by keratinocytes. 

Given the role of PAR-2 in the melanin uptake process, an endocytosis step seems to 

be necessary for melanin transfer to occur. Moreover, the previous results described in 

Chapter 2 strongly suggests that melanin transfer occurs through coupled exocytosis of the 

melanin core by melanocytes and subsequent endocytosis by keratinocytes. Nevertheless, 

very little is known about the molecular players involved in the uptake of melanin by 

epidermal keratinocytes or even the fate of pigment within these cells. Hence, following up 

the work of Chapter 2, we searched for proteins responsible for the uptake of melanin by 

epidermal keratinocytes. 

As little is known about the proteins involved in the internalization of melanin by 

keatinocytes, we decided to follow an unbiased approach that could provide candidate key 

regulatory proteins. Therefore, we performed a short interfering RNA (siRNA) screen of Rab 
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proteins and investigated their effect during this process. siRNA technology has been widely 

used to perturb gene activity and perform functional studies in cultured cells (Echeverri and 

Perrimon, 2006). In the pigmentation field this type of approach has been previously used to 

study gene function. A recent genome-wide study in human melanocytes implicated a 

number of genes, including genes involved in tyrosinase expression and stability in 

melanogenesis (Ganesan et al., 2008). Furthermore, various groups have used this 

technique to identify proteins involved in intracellular traffic, including new proteins involved 

in endocytosis (Pelkmans et al., 2005; Bard et al., 2006; Garg and Wu, 2013; Silva-Ayala et 

al., 2013). Interestingly, on a number of occasions, Rab proteins pop up as positive hits 

confirming the important role of this family of proteins in vesicle trafficking (Garg and Wu, 

2013; Silva-Ayala et al., 2013). 

Here, we confirm the importance of the PAR-2 receptor in melanin uptake by 

keratinocytes and show that ingested microspheres and melanocores do not share the same 

internalization pathway. Furthermore, we describe a new method to study the transfer 

process, substituting fluorescent microspheres for a more physiological option – 

melanocores, which are melanosomes exocytosed by melanocytes. We propose a novel role 

for Rab1a, 2a, 5b and 14 in the uptake of melanocores by epidermal keratinocytes. 

Moreover, since depletion of Rab14 affects both the internalization of the microspheres and 

melanocores, we propose that this protein plays a general regulatory role in endocytosis. 

 

 

3.3. Materials and Methods 

 

Cell lines, microscopy sample preparation, siRNA transfection and qRT-PCR 

All performed as described in Chapter 2. Additionally a human keratinocyte cell line 

was also used in the work described in this chapter. HaCaT keratinocytes were cultured in 

DMEM supplemented with 20% fetal calf serum, 2 mM L-Glutamine, 100 U/mL penicillin, 100 

U/mL streptomycin. 

 

Reagents 

Fluorescent microspheres were bought from Molecular Probes/Invitrogen. SLIGRL-

NH2 from Sigma. Melanin from Sepia officinalis from Santa Cruz and synthetic melanin from 

Sigma. 
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Melanocore preparation using vivaspin-centricon 

MNT1 cells were cultured in 150cm2 T flasks (Corning) for a period of 7 days. 

Conditioned media was collected and concentrated in a Vivaspin Centricom (Sigma) with a 

pore size of 300,000 Da at 4000 rpm for a minimum of 35 minutes. Melanocore solution 

absorbance was measured using a Nanodrop 2000 (Thermo Scientific) at 340 nm and its 

concentration calculated according to calibration curve developed in-house: [Absorbance = 

1.8546 x Concentration (g/l) - 0.0422]. For internalization studies a concentration of 0.1 g/l of 

melanocores was always used, unless stated otherwise. 

 

Melanocore preparation by series of ultra-centrifugation 

Conditioned media from MNT1 cell cultures were centrifuged at 300xg for 5 minutes 

to pellet floating cells. The supernatant was transferred to a clean centrifuge tube and 

submitted to 20000xg at 4 ºC for 1 hour. Pelleted melanocores were resuspended in PBS. 

 

Melanosomes preparation 

Melanosomes were prepared as described previously in Chabrillat et al. (2005). 

 

siRNA screens 

XB2 cells (1 x 105 per well) were seeded in 24-well plates (Corning). 24 hours later, 

50 nM of gene specific siRNA pools (Thermo Scientific) were diluted in 32 µl of Opti-MEM 

(Gibco, Invitrogen) while 1.2 µl of Oligofectamine (Invitrogen) were added to 6 µl of Opti-

MEM. These mixtures were combined and incubated at room temperature for 20 minutes. 

160 µl of Opti-MEM was finally added to the mixture, the medium from cells was removed, 

cells were and the siRNA mixture was added to each well. Cells were incubated for 3.5 hours 

at 37º C and then the medium was changed to growth medium. Each siRNA depletion was 

performed in triplicate. siGenome SMART pool siRNA gene specific sequences were used. 

Control siRNA was done with non-targeting siRNA pool (Thermo Scientific). 

48 hours after transfection cells were incubated for 18 hours with microspheres or 24 

hours with melanocores (see Microspheres uptake assay or Melanocore uptake assay 

protocols for specific details, respectively). Internalization was stopped by extensive washing 

with PBS and fixation was done with 4% PFA for 15 minutes. 
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Fluorescent microspheres uptake assay 

After siRNA transfection, cells were fed with 0.5 µl microspheres/ml fluorescente 

microspheres of 0.5 µm (Molecular Probes/Invitrogen) (equivalent to 1.45 x 1011 

microspheres/mL) and immediately centrifuged for 5 min at 300xg at 4 ºC. After 18 hours of 

incubation at 37 ºC and 10% CO2, cells were washed 3x with PBS to remove non-ingested 

microspheres. Cells were collected and fixed with 4% PFA in PBS for 15 minutes at room 

temperature. Cells were then prepared for flow cytometry (details in Flow citometry sample 

preparation). 

 

Melanocore uptake assay 

On the day after cells were treated with siRNA for 3.5 hours or with SLIGRL daily and 

were co-cultured for 48 hours. Cells were fed with 0.1 g/L of melanocores, immediately 

centrifuged for 5 minutes at 300xg at 4 ºC, and incubated for 18 hours at 37 ºC and 10% 

CO2. Cells were washed 3x with PBS and fixed with 4% PFA in PBS for 20 minutes at room 

temperature. Cells were washed 3x in PBS and the nuclei visualized by incubation with DAPI 

(Invitrogen) for 5 minutes. Images were taken in a Nikon Eclipse TE2000-S screening 

microscope with the same acquisition settings. To measure melanin uptake the Image J 

(NIH) threshold command was applied and corresponding intensity (in pixel) was measured. 

Nuclei were counted to ensure similar cell confluence in all samples and to calculate the 

amount of melanin internalized per cell. Melanin uptake reflects the total amount of melanin 

internalized by XB2 cells in one coverslip. 

 

SLIGRL treatment 

In parallel to siRNA transfection, a positive control was always used in the siRNA 

screen using melanocores: 24 hours post seeding, cells were treated with 30 µM of SLIGRL 

peptide, for two consecutive days, before being fed with melanocores. 

 

Flow citometry sample preparation 

After fixation, cells were washed 2x in PBS and 2x in FACS buffer (0.5% BSA in PBS 

with 0.25% NaN3) to remove excess of fixative. Data were acquired on a FACScan using 

CellQuest software (Becton Dickinson) and analyzed using Flow Jo software (Tree Star, 

Inc.). 
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Virus 

Viral titres required to give GFP expression in 90% of XB2 cells were calculated and 

adequate virus amounts were added to XB2 cells the day before infection incubation with 

melanosomes, or as indicated in particular experiments. Suitable gene expression was 

usually obtained after 16-24 hours of virus addition. 

 

Antibodies used 

Apart from the antibodies already described in Chapter 2 (Table 2.2, section 2.3), 

antibodies used are summarized in the following table (Table 3.1). Secondary antibodies 

(Alexa) were from Invitrogen and used at 1:400. 

 
Table 3.1 – Primary antibodies used in Chapter 3. 

Antibody Source Catalogue 
number Raised in Fixed 

with 
Dilution 

used 

α- EEA1 Sigma E3906 Rabbit PFA 1:500 

α- Golgin* Victor Hsu* Cm1A10 Mouse PFA 1:5 

α- Calnexin Sigma C4731 Rabbit PFA 1:500 

α- γTubulin Sigma T5326 Mouse PFA 1:200 

α- αTubulin Sigma 13-800 Mouse PFA 1:100 

α- CD36 MBL D263-3 Rat PFA 1:500 

α- LAMP1 Hybridoma Bank** 1D4B Rat PFA 1:500 

α- LAMP2 Hybridoma Bank** ABL93 Rat PFA 1:300 

α-Rab14 Sicgen 0013-200 Goat PFA 1:50 

* Brigham and Women’s Hospital – Harvard Medical School 
**Developmental Studies Hybridoma Bank, University of Iowa. 
 

 

qRT-PCR primers 

The following primers were used in this Chapter for qRT-PCR, other than the ones 

described in Chapter 2 (Table 2.3 in section 2.3). 
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Table 3.2 – List of primer sequences used in gene expression studies. 

Gene 
Sequence (5’-3’) 

Sense Antisense 

PAR-2 gggaggtatcacccttctgg aagcctggttctaccggaac 

Rab1a atgtgacagatcaggagtcc tgactgcttgactggagtgc 

Rab1b actgaccaggagtcctacgc taccagcagccaccgctagc 

Rab2a cgttcaaccacttgacaacc tcaacagcagcctccccctg 

Rab3a ttaatgcagtgcaggactgg caggcacaatcctgatgagg 

Rab5a accgaggagcacaagcagcc ctacaacactggcttctggc 

Rab5b caggaaacgtttgctcgggc aacactggctcttgttctgc 

Rab5c acagatacatttgcacgggc ctctcctgcagatccacacc 

Rab14 agctgcaggtgcgctcatgg tggggttcactggttagccg 

Rab19 atgatctcacacggcggtcc tctcattggggacctgggcc 

Rab24 acctcactgacagcagcagc agtaagggtttgccttctgg 

Rab32 atcttcccaacggcagcccc tcagcagcactgggacctgg 

Rab35 tattatcgggggacccatgg tggtgagcttcaccacatcg 

Rab38 acgctccctaatggtaagcc agcagctgacaaccttgggc 

 

Statistical analysis 

Statistical analysis was performed using Prism software (GraphPad Software Inc.) 

using an unpaired Student t test; p <0.05 was considered statistically significant. Unless 

otherwise stated, graphs show mean of triplicate samples with ±SEM. 
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3.4. Results 

 

3.4.1. siRNA screen using fluorescent microspheres as a melanin 

surrogate 

 

To identify proteins involved in melanin internalization by keratinocytes, an unbiased 

approach was employed to find molecular players involved in this process. For that we took 

advantage of a small siRNA library covering the majority of the Rab GTPase family, and 

other proteins chosen for their known involvement in intracellular traffic, such as SNAREs 

and cytoskeleton molecular motors. 

Phagocytosis of latex microspheres by epidermal cells was proposed as a model for 

studies on melanosome kinetics four decades ago (Wolff and Konrad, 1972; Wolff, 1973). It 

was observed that large microspheres (800 nm) are ingested singly, while smaller 

microspheres (100 nm) are engulfed in groups. Since then, several studies used latex 

microspheres and fluorescein-labeled Escherichia coli K-12 bioparticles as a model to study 

the uptake of particles by keratinocytes, and although these cells are non-professional 

phagocytes, it has been shown that they can readily internalize particles up to 1 µm (Wolff 

and Konrad, 1972; Sharlow et al., 2000; Paine et al., 2001; Virador et al., 2002; Scott et al., 

2003; Babiarz-Magee et al., 2004; Lin et al., 2008a). Accordingly, fluorescent microspheres 

similar in size to melanosomes (approximately 500 nm in diameter) were used to mimic the 

pigmentary system and simplify the studies of melanin uptake by epidermal keratinocytes.  

For each gene, a pool of 4 individual oligonucleotide sequences was used to 

maximize the chances of achieving a good silencing. The quantities of siRNA used were 

optimised for five randomly chosen Rabs, and these conditions were applied to the remaining 

targets. Specifically, we titrated the amount of siRNA to use in order to find the optimal 

concentration of siRNA to perform our experiments. Approximately 60% reduction in target 

mRNA expression in these cells was considered to be, on average, a good silencing (Figure 

3.1A) and 50 µM of each siRNA pool were used throughout the screen. The timescale of the 

experiment was also optimized and two different time-points were tested for silencing 

performance (Figure 3.1B). In the case of the genes tested the silencing levels were similar 

at both 48 and 72 hours. Thus, we chose to perform the experiments and manipulate the 

cells at the shortest time-point, after 48 hours of silencing. The silencing conditions for the 

other proteins tested was not confirmed, namely SNAREs and molecular motors, and the 

same conditions were used for all the proteins. 
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Figure 3.1 - Optimization of silencing conditions for proteins via siRNA. 
Optimization of siRNA concentration used (A) and the time-course (B) by evaluating the silencing 
efficiency of one or three genes included in the screen, respectively. 

 

 

In total, 79 genes were tested, in triplicate, in the screen. Fluorescent microspheres 

were fed to keratinocytes previously transfected with siRNA. After 18 hours of incubation, 

cells were extensively washed to exclude microspheres that could be adherent to the cell 

surface without being internalized. A sucrose washing step (Stewart and Weisman, 1972) 

was tested, but it was considered inefficient due to a high percentage of cell loss. 

Internalization was stopped by fixing the cells and fluorescent microspheres uptake was 

quantified by flow cytometry. A flow diagram of the protocol followed is shown in Figure 

3.2A, and the number of cells with internalized microspheres was quantified and is shown in 

Figure 3.2B. 

Most siRNA pools targetting individual proteins had no significant effect on the uptake 

of latex microspheres by XB2 keratinocytes. Only Rab14 silencing showed a significant effect 

on the internalization of microspheres, with an increase up to 167% of control cells. 

Surprisingly, silencing of Rab5 isoforms, which are known to be major regulators of 

endocytosis (Gorvel et al., 1991; Bucci et al., 1992), did not show any influence the uptake of 

microspheres. This result could be explained by compensatory role of the different isoforms. 

Also curiously, depletion of PAR-2 did not significantly altered the amount of microspheres 

internalized, despite an efficient silencing of the mRNA levels (60%), as measured by qRT-

PCR analysis 48 hours after transfection (Figure 3.3). This result indicates that this receptor 

does not regulate the internalization of latex microspheres by keratinocytes. This was 

apparently a contradictory result since PAR-2 was shown to play an important role in melanin 

phagocytosis (Seiberg et al., 2000a, 2000b). Hence, this finding was explored more 

thoroughly. 
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Figure 3.2 – Analysis of proteins involved in microspheres internalization by keratinocytes. 
(A) Experimental design of the siRNA screen. (B) Target proteins were silenced via siRNA and XB2 
cells were fed with latex microspheres for 18 hours. Normalized  flow cytometry measurements of cells 
with at least one internalized microsphere after silencing of the protein specified are shown. Values 
correspond to the mean of triplicate measurements and were normalized to the mean of non-targeting 
siControl. T-test: * P < 0.01. 
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Figure 3.3 – Silencing level of PAR-2. 
PAR-2 silencing level, at the time of incubation with latex microspheres, was measured by qRT-PCR. 

 

 

3.4.2. Uptake of latex microspheres by keratinocytes is PAR-2-independent 

 

The role of PAR-2 in the uptake of latex microspheres, upon receptor stimulation 

using its agonist peptide (SLIGRL), was further investigated. For this, XB2 cells were treated 

with various concentrations of SLIGRL for 48 hours, before incubation with microspheres for 

18 hours (Figure 3.4). The internalization of microspheres was quantified by flow cytometry 

as before and, in parallel, cells were prepared for microscopy. In line with our results, the 

activation of PAR-2 did not affect the internalization of microspheres, as the percentage of 

cells with internalized microspheres was the same between conditions (Figure 3.4A). 

Moreover, this result was also confirmed by microscopy (Figure 3.4B, C, D). Light 

microscopy observation of cells treated with increasing amounts of SLIGRL showed similar 

levels of latex microspheres uptake. 

Given the the described role of PAR-2 in the uptake of melanin (Seiberg et al., 2000b; 

Sharlow et al., 2000), our observations, that neither PAR2 silencing via siRNA (Figure 3.2B), 

nor PAR-2 activation by its agonist SLIGRL (Figure 3.4) altered the internalization of latex 

microspheres, suggest that the microspheres are taken up by XB2 keratinocytes through a 

different pathway than melanin, independent of the PAR-2 receptor. 

Therefore, these results indicate that the microspheres are not a good surrogate to 

evaluate the role of Rab proteins in melanin endocytosis. A major obstacle to elucidating the 

pigmentation process is the lack of a suitable assay not only to reproduce the melanin 

transfer, but also to rapidly and quantitatively measure melanin transfer in vitro or in vivo 

(Berens et al., 2005). Thus, we next focused on optimizing an endocytosis assay for the 

characterization of melanin uptake and processing by keratinocytes. 
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Figure 3.4 – Activation of PAR-2 with the peptide SLIGRL does not affect internalization of 
microspheres. 
(A) XB2 keratinocytes were incubated with fluorescent microspheres for 18 hours after treatment with 
various doses of SLIGRL. Cells were then fixed and the internalization of microspheres was quantified 
by flow cytometry. (B, C, D) XB2 cells were grown on coverslips and incubated for 18 hours with 
microspheres after treatment with (B) 0 µM (C) 20 µM or (D) 30 µM of SLIGRL. Cells were then 
washed with PBS and prepared for microscopy. Nuclei were stained with DAPI. Scale bar = 15 µm. 

 

 

3.4.3. Development of a new endocytosis assay 

 

3.4.3.1. Melanocores are the best in vitro model for mimicking transferred 

melanin 

 

In order to find a suitable model to study melanin internalization, different types of 

melanosome preparations were tested. Due to their large size (500 nm) and the presence of 

dark pigment, melanin granules are easily visible under light microscopy (Wasmeier et al., 

2008) and therefore should constitute a better model for our study. 
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There are several types of melanin commercially available and also several protocols 

to extract and purify melanosomes from melanocytes. Therefore, different types of melanin 

were used in order to compare and evaluate their uptake by XB2 keratinocytes (summarized 

in Table 3.3): 

i. Melanin from a natural source, isolated from the mollusk Sepia officinalis; 

ii. Synthetic melanin, an artificial pigment-polymer catalyzed by tyrosinase. 

Unfortunately, there is no molecular characterization of this type of melanin or a detailed 

description of its contents and shape; 

iii. Melanosomes extracted and isolated from MNT1 melanocytes by serial 

centrifugations and Percol gradient. These melanosomes are time-consuming to prepare and 

presumably retain the melanosomal membrane, which is lost in physiological conditions, 

according to the model of transfer we propose in Chapter 2 (Tarafder et al., 2014); 

iv. Melanocores, which are melanosomes that have been secreted from MNT1 

melanocytes, collected and concentrated from the culture media, either by ultracentrifugation 

or concentrated with a centricon spin concentrator. Melanocores are easy to obtain and 

represent a less manipulated and more physiological model of melanin granules since they 

are obtained after being released by a human melanoma cell line. They are also soluble in 

growth media, and therefore can be given to the cells without further processing. 

 
XB2 keratinocytes were incubated for 24 hours with each type of melanin described 

above and internalization was examined by brightfield microscopy (Figure 3.5). Both natural 

and synthetic melanin (Figure 3.5A and B) formed large lumps, and were internalized as big 

aggregates which do not appear to be physiological. Melanosomes isolated from MNT1 cells 

(Figure 3.5C) were also internalized as aggregates for the most part and also appeared to 

be very sticky as they were not easily washed away from the coverlip. Moreover, this 

stickiness can introduce artifacts since these melanosomes can attach to the surface of 

keratinocytes and appear internalized. Furthermore, melanocores isolated by 

ultracentrifugation from MNT1 conditioned media (Figure 3.5D) do not seem to be well 

internalized and also seem to be sticky and attach strongly to surfaces. Finally, melanocores 

isolated from MNT1 conditioned media by vivaspin concentration (Figure 3.5E) are efficiently 

internalized by keratinocytes and do no strongly stick to surfaces allowing us to wash the 

cells and remove non internalized melanocores. Hence, melanocores obtained by vivaspin 

centrifugation were chosen as a model system to mimic in vitro the transfer of melanin. 

Hereafter melanocores were always used to optimize the novel melanin uptake assay. 

 
 
 

 



Analysis of the molecular machinery involved in melanin uptake by keratinocytes 

89 

Table 3.3 – Different sorts of melanin used in this study to feed keratinocytes. 
Different types of purification and respective solubility and maximum yield. 

Types of melanin Solubility Maximum yield 

Natural melanin NaOH 0.1 g/l 

Synthetic melanin NaOH 0.1 g/l 

Melanosomes isolated from MNT1 cells by serial 
centrifugations and Percol gradient 

Percol 0.9 g/l 

Melanocores – melanosomes secreted from MNT1 
isolated by ultracentrifugation NaOH 0.1 - 0.2 g/l 

Melanocores - melanosomes secreted from MNT1 
isolated by vivaspin concentration Growth media 0.1 - 1 g/l 

Melanocores – melanosomes secreted from MNT1 
not concentrated Growth media 0.085 - 0.107 g/l 

 

 

 
Figure 3.5 – Uptake of different types of melanin by keratinocytes. 
XB2 cells were incubated for 24 hours with various types of melanin: (A) Natural melanin from Sepia 
officinalis; (B) Synthetic melanin; (C) Melanosomes isolated from MNT1 cells; (D) Melanocores (MNT1 
ultracentrifuged media); (E) Melanocores (MNT1 concentrated medium); Cells were fixed and 
analyzed by brightfield microscopy. Nuclei were stained with DAPI. Scale bars = 20 µm. 
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3.4.3.2. Titration and kinetics of melanocore uptake 

 

To further characterize the uptake of melanocores in our system, titration and kinetic 

studies of melanocore uptake by XB2 or HaCaT keratinocytes were performed. 

For this, cells were fed with increasing concentrations of melanocores (0.025 - 0.2 g/l) 

and internalization by keratinocytes was measured after 24 hours (Figure 3.6A and C) by 

light microscopy analysis. XB2 and HaCaT keratinocytes are able to uptake melanocores 

linearly up to a concentration of 0.1 g/l. At higher concentrations, the morphology of the cells 

was compromised and the cell membranes were disrupted. Therefore, a concentration of 0.1 

g/l was used for subsequent assays. To determine the optimal time-point for melanin uptake, 

keratinocytes were fed with melanocores at 0.1 g/l, and the level of uptake was measured 

and observed every 4 hours, over a total of 48 hours (Figure 3.6B, D and Figure 3.7). 

 

 
Figure 3.6 – Titration and kinetics of melanocore internalization by epidermal keratinocytes. 
(A, C) XB2 (A) or HaCaT (C) keratinocytes were incubated with increasing concentrations of 
melanocores (0 – 0.4 g/l) for 24 hours. (B, D) Uptake of 0.1 g/l melanocores by XB2 (B) and HaCaT 
(D) keratinocytes was accessed every 4 hours, over 48 hours. Cells were fixed (24 hours later for 
titrations) and examined by brightfield microscopy. Between 30 and 40 Z-stacks were taken for each 
condition and the area of keratinocytes containing melanin pigment was quantified using Image J 
software. Values correspond to the mean of triplicate measurements. 
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In XB2 cells, after saturation (16 - 20 hours), the amount of melanin taken up remains 

stable, which suggests that there is little or no degradation in the subsequent hours. Thus, 24 

hours of incubation was the time-point chosen. On the contrary, in HaCaT cells, after 

maximal uptake, the amount of melanin steadily decreases, presumably due to degradation. 

In consequence, XB2 cells were chosen for endocytosis studies and HaCaT could be 

considered in the future for degradation or melanin processing studies. 

Example of the different internalization time-points along the 48 hours are shown in 

Figure 3.7. As observed, melanocores are taken up by keratinocytes progressively and 

accumulate in structures that resemble the physiological supra-nuclear cap observed in 

human skin (Figure 3.7, best seen at 36 or 44 hours). However, in our in vitro system the 

melanocores aggregate all around the nucleus in a circular fashion unlike the half-circular 

shape that is seen in human skin (Kobayashi et al., 1998). Most likely this difference occurs 

because our model is not polarized by UV-induction or any other method. 

 

 
Figure 3.7 – XB2 keratinocytes incubated with melanocores (0.1 g/L) for 4 to 48 hours. 
XB2 keratinocytes were incubated with 0.1 g/l of melanocores for increasing amounts of time, from 4 
hours up to 48 hours incubation, with 4 hours intervals. Cells were fixed and analyzed by brightfield 
microscopy. Nuclei were stained with DAPI. Scale bars = 15 µm. 
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3.4.3.3. Melanocores are comparable with melanin transferred in melanocyte-

keratinocyte co-cultures 

 

To ensure that the melanocores constitute a better model than the fluorescent 

microspheres for this study a final characterization was performed. XB2 keratinocytes were 

fed with melanocores for 24 hours or co-cultured with melan-ink4a melanocytes for 48 hours. 

Cells were stained with the melanocyte-specific glycoprotein PMEL, which localizes to fibrils 

within melanosomes, or for TYRP1, a melanosomal membrane protein. Keratinocytes fed 

with melanocores showed no TYRP1 staining but clearly exhibited PMEL on internalized 

melanin (Figure 3.8B and J, respectively). Similarly, keratinocytes in co-culture with 

melanocytes possess PMEL (Figure 3.8F) and, as previously demonstated by us, they do 

not show TYRP1 on internalized melanin, as observed by electron microscopy and 

immunofluorescence (Figure 2.3 and 2.11 respectively, in Chapter 2 - section 2.2 and 

2.4.3) (Tarafder et al., 2014). The weaker staining for PMEL in the co-culture, when 

compared to directly feeding melanocores to keratinocytes, could be explained by the 

processing required to obtain melanocores. This procedure might be more aggressive than 

physiological transfer of melanin between neighbouring cells. It may include the removal of 

melanin deposited in the fibrils of the melanocore, making this protein more exposed, 

therefore, more available for immunofluorescent staining. We also noticed that PMEL 

staining in XB2 keratinocytes incubated with melanocores does not always colocalize with 

the melanin granules. This can be explained by the fact that PMEL stains immature 

melanosomes, and therefore it could not completely colocalize with fully melanized mature 

melanosomes. Another possibility is that the PMEL antibody could be staining exosomes that 

were released by melanocytes and endocytosed by keratinocytes, which contain PMEL since 

it could be previously stored in intraluminal vesicles of multivesicular bodies in melanocytes, 

and that cannot be distinguished by brightfield microscopy within the keratinocytes (oral 

communication, Ando et al. 2012). Nevertheless, the behaviour of melanocores in these 

experiments resemble the melanin transfer occurring from melanocytes to keratinocytes. 

Altogether, melanocores were considered to be a robust in vitro model for mimicking 

physiological melanin transfer, as they exhibit the expected molecular markers, thus 

supposely being specifically recognised by keratinocytes, and are also transported to the 

perinuclear area of keratinocytes. Thus, our observations validate the use of melanocores to 

identify factors involved in the uptake and processing of melanin by keratinocytes. 
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Figure 3.8 – Melanocores taken up by keratinocyes. 
XB2 keratinocytes were fed with melanocores for 24 hours (A-D, I-L) or co-cultured with melan-ink4a 
melanocytes for 48h (E-H), fixed and immunostained for the melanogenic proteins TYRP1 (green, A-
D) or PMEL (green, E-L), before analysis by confocal microscopy. Melanin granules were 
pseudocolored in red. Scale bars = 20 µm.  

 

 

3.4.3.4. Semi-automated quantification of melanocore uptake 

 

Finally, we had to devise a straightforward way to measure the uptake of 

melanocores, by quantifying the amount found within keratinocytes. 

Although melanocores are not fluorescent per se, we first tried to use flow cytometry 

to quantify of melanocore internalization, presuming that keratinocytes with melanocores 

internalized would have a higher granularity, measured by side-scatter (SSC), as described 

previously (Choi et al., 2012). To test this, XB2 keratinocytes were fed with increasing 

amounts of melanocores (0.025 - 0.2 g/l) for 24 hours or co-cultured them with melan-ink4a 

melanocytes for 48 hours. Cells were washed extensively with PBS and prepared for flow 
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cytometry analysis. Unfortunately, we were never able to distinguish between keratinocytes 

incubated with or without melanocores by this method (Figure 3.9A). We also attempted to 

measure directly the total amount of melanocores internalized by keratinocytes using the 

protocol for melanosome isolation. Although it is possible to detect some diferences, the 

results obtained by this method proved to be inconsistent between independent experiments 

and time-consuming (Figure 3.9B). This may be due to the relatively low amounts of 

melanocores internalized by keratinocytes, when compared to the amounts extracted from 

melanocytes. Since melanocores are easily observed under light microscopy, we decided to 

measure internalization by microscopy, as described previously (Figure 3.6). 

 

 
Figure 3.9 – Methods for quantifying the uptake of melanocores by keratinocytes. 
(A) XB2 keratinocytes incubated with increasing concentrations of melanocores or co-cultured with 
melan-ink4a, for 24 or 48 hours, respectively. Flow cytomety analysis of cells containing melanocores. 
(B) XB2 keratinocytes incubated with increasing concentrations of melanocores. After 24 hours of 
incubation, cells were lysed and melanosomes collected. Absorbance was measured at 340nm  

 

 

As this method is time consuming which could be a constraint for a screen approach, 

we developed an Image J macro to perform a semi-automated analysis (Supplementary 

Figure 6.2). The macro is able to process the several images obtained per condition. It 

makes the projection of the stacks obtained per field, allows the user to adjust the area 

occupied by the melanocores and finally it quantifies that area, in pixels. Furthermore, 

quantification of the number of cells that exist in a field allows to calculate the mean amount 

of melanocores internalized per cell, in pixel/cell. This methodology was considered the best 

option, as it showed to be robust and allowed us to visualize the cells in each experiment, 

allowing the detection of any major problems with the experiments. 
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3.4.4. Uptake of melanocores 

 

To evaluate the contribution of PAR-2 receptor on the uptake of melanocores, and to 

confirm the efficiency of the new optimized protocol, this receptor was manipulated and the 

internalization of melanocores was assessed. For this, the optimal dose of SLIGRL was first 

established. XB2 keratinocytes were treated with increasing concentrations of SLIGRL for 

two days. Treatment of cells with 10 µM of SLIGRL was sufficient to activate the receptor 

and stimulate a two-fold increase in the capacity of the keratinocyes to internalize 

melanocores. Using 30 µM of SLIGRL, this trend accentuated and we could observe a three-

fold increase in the internalization capacity. However, treating the cells with 50 µM, did not 

further result in an increment of internalization. Therefore, a concentration of 30 µM of the 

SLIGRL peptide was used to obtain maximum stimulation of PAR-2 in these keratinocytes 

and increase the endocytosis of melanocores (Figure 3.10A). 

XB2 keratinocytes were then either transfected with siRNA for PAR-2, with a 

scrambled siRNA control, or treated in parallel with the activating peptide, before being 

incubated for 24 hours with melanocores. As shown in Figure 3.10B-E, silencing of PAR-2  

significantly inhibited melanocores uptake (approximately 52%) (Figure 3.10C). In contrast, 

keratinocytes internalized significantly more melanocores when treated with SLIGRL 

(approximately 190%) (Figure 3.10E), when compared to control conditions (Figure 3.10D). 

Thus, these results support the involvement of PAR-2 in melanin uptake by epidermal 

keratincoytes, confirming previous observations (Seiberg et al., 2000a, 2000b). Moreover, 

these observations validate the use of the new method developed (section 3.4.3) to evaluate 

the role of proteins involved in the uptake of melanin by epidermal keratinocytes. 

 

 

3.4.5. Maturation of melanocores 

 

3.4.5.1. Colocalization of melanocores with cellular organelles 

 

Next, a further characterization of the ingested melanocores was performed to 

understand whether they interact with specific organelles. For this, the colocalization of 

melanocores with several organelle markers was analyzed, at an early stage of 

internalization. Briefly, XB2 cells were fed for 2 hours with 0.1 g/l of melanocores and were 

prepared for immunofluorescence afterwards. Figure 3.11 shows XB2 cells with internalized 

melanocores stained for several organelles mainly involved in the endocytic pathway, and 

also other cellular markers. 
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Figure 3.10 – PAR-2 is involved in the uptake of melanocores. 
(A) Titration of SLIGRL peptide. XB2 keratinocytes were treated with increasing doses of SLIGRL and 
incubated with 0.1 g/l of melanocores. Cells were then fixed and examined by brightfield microscopy. 
Between 30 and 40 Z-stacks were taken for each condition and the cell area containing melanin 
pigment was quantified using ImageJ software. (B) XB2 keratinocytes were treated with siRNA 
targeting PAR-2 for 3.5 hours or with 30 µM SLIGRL for 2 consecutive days. After 2 days in culture, 
XB2 cells were incubated with 0.1 g/l of melanocores for 24 hours. Cells were then fixed and 
examined by brightfield microscopy. Between 30 and 40 Z-stacks were taken for each condition and 
the area of keratinocytes containing melanin pigment was quantified using ImageJ macro. Panels C, 
D, E show brightfield images of XB2 cells incubated with melanocores in control, PAR-2 deficient or 
SLIGRL-treated conditions, respectively. Nuclei stained with DAPI. Scale bars = 20 µm. 

 

 

Early Endosomal Antigen-1 (EEA1) is one of the most used markers for early 

endosomes (EE) (Mu et al., 1995; Simonsen et al., 1998). Additionally, the Fyve domain 

binds specifically to PI3P, which is also enriched in EE (Gaullier et al., 2000; Stenmark et al., 

2002). XB2 cells were stained with anti-EEA1 antibody in order to analyse whether melanin 

associates with the EE upon its uptake. Furthemore, XB2 cells were transduced with GFP-

2xfyve adenovirus prior to incubation with melanocores and the localization of 2xfyve positive 

vesicles was analyzed in cells with a moderate level of 2xfyve expression. No colocalization 

between early endocytic vesicles and melanocores is observed when using anti-EEA1, as 

can be observed in Figure 3.11A. However, we constantly observed PI3P-containing 
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vesicles surrounding melanocores, as detected with 2xfyve, suggesting that melanocores 

follow the early endocytic pathway (Figure 3.11B). This result was surprising as these two 

markers are known to localize to the same vesicle. Nevertheless, this result can be explained 

by the transient permanency of melanocores in EE. The internalization process is 

characterized by its dynamic essence, thus it is possible that using simply an antibody 

hinders the interaction between the melanocores and the EE, and it is not enough to observe 

a transient process. And, on the contrary, using overexpression for the Fyve domain, even to 

a mild extent, we intensify the association between the two vesicles, allowing the 

visualization of their colocalization by immunofluorescence microscopy. 

Ligand receptors, such as transferrin receptor (TfR) are targeted for recycling (Dautry-

Varsat et al., 1983; Herbst et al., 1994), and are known to colocalize with Rab11 

(Lakadamyali et al., 2006). To verify if internalized melanin follows the recycling pathway 

upon internalization, XB2 cells were stained with anti-TfR antibody. No colocalization of 

melanocores with the recycling endosome marker was observed (Figure 3.11F), confirming 

that melanocores do not follow the recycling pathway and do not traffic back to the plasma 

membrane. 

The most abundant transmembrane proteins on late endosomes (LE) and lysosomes 

(Lys) are the Lysosome-Associated Membrane Proteins 1 and 2 (LAMP1 and LAMP2), and 

CD63 (Chen et al., 1985; Huynh et al., 2007). LAMP1 and LAMP2 are highly glycosylated 

transmembrane proteins (Marsh et al., 1987; Eskelinen et al., 2003), whereas CD36 is a 

tetraspanin enriched on the intraluminal vesicles of LE (Pols and Klumperman, 2009). To 

analyse the association of melanocores with LE or Lys, XB2 cells were stained with anti-

LAMP1, anti-LAMP2 and anti-CD36 antibodies. Melanocores are often seen colocalizing with 

LAMP1, LAMP2 and CD63-positive vesicles (Figure 3.11C, D and E, respectively). These 

observations suggest that melancores accumulate in LE/Lys in keratinocytes. 

Tubulin is a dimeric protein comprised of an α and a β monomer, and was identified 

as the primary component of microtubules (MT) (Borisy and Taylor, 1967; Breviario et al., 

2013). In order to analyse if the pigment granules associate with MT upon uptake by 

keratinocytes, samples were stained with anti-alpha Tubulin antibody. As seen in Figure 

3.11G, several melanin granules are aligned along MT filaments, thus the localization of 

melanocores is associated with MT. This was expected since it was previously shown that, in 

melanocytes,  melanin is transported on MT (Wu et al., 1998; Jordens et al., 2006; Ishida et 

al., 2012). 

In eukaryotic cells, calnexin is a molecular chaperone, involved in the folding of newly 

synthesized glycoproteins in the endoplasmic reticulum (ER) (Chevet et al., 1999; Lakkaraju 

and van der Goot, 2013). To evaluate whether melanin associates with the ER, XB2 cells 
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were stained with anti-Calnexin antibody. No specific association between ER and 

melanocores is observed Figure 3.11I). 

Finally, Golgins are a family of coiled-coil proteins associated with the Golgi 

apparatus necessary for tethering events in membrane fusion and as structural supports for 

Golgi cisternae (Waters and Pfeffer, 1999; Burkhard et al., 2001; Barr and Short, 2003). Thus 

Golgins comprise a group of Golgi-localized antigens, used to mark this intracellular 

organelle. XB2 cells were stained with golgin antibody (anti-COPI) in order to investigate the 

association between melanin with the Golgi apparatus. No specific colocalization between 

Golgi apparatus and melanocores is seen (Figure 3.11H). 

 

 

3.4.5.2. siRNA screen of RabGTPases for their involvement in melanin 

endocytosis using melanocores as a model 
 

Rab GTPases regulate a plethora of vesicle trafficking events including vesicle 

formation, vesicle movement and vesicle attachment to its target compartment (Zerial and 

McBride, 2001). Moreover, several Rabs have been shown to modulate pigmentation (Hume 

et al., 2001; Wu et al., 2001; Wasmeier et al., 2006; Beaumont et al., 2011; Marks et al., 

2013). Thus, we decided to focus on this family of proteins, and a high-throughput image-

based siRNA screen was performed to identify the Rab proteins involved in melanin uptake 

and processing by keratinocytes. 

Briefly, siRNAs pools targeting individual Rab proteins were incubated with XB2 

keratinocytes, in triplicate for 48 hours. XB2 cells were then incubated with melanocores and 

the internalization was stopped after 24 hours and measured by brightfield microscopy using 

the Image J macro developed. The layout of this screen is illustrated in Figure 3.12A. In 

every experiment, along with a set of Rab proteins, three controls were always performed: i) 

a scrambled siRNA sequence, as a negative control; ii) PAR-2 silencing to decrease the 

uptake of melanocores, as a positive control; and iii) treatment with SLIGRL to increase the 

uptake, as another positive control. In case one of the positive controls behaved abnormally, 

the experiment was discarded and the results were not considered. Figure 3.12B 

summarizes the results of the screen. 
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Figure 3.11 – Early and late endosomes partially colocalize with melanocores in XB2 
keratinocytes. 
XB2 cells were incubated with melanocores for 2 hours. Cells were fixed and immunostained with 
indicated antibodies against several intracellular organelle markers (B, H, K, N, Q, T, W, Z) or 
transduced before incubation with melanocore (E), before examination by confocal microscopy. (A, D, 
G, J, M, P, S, V, Y) brightfield images. (B) anti-Early Endosome Antigen 1 (EEA1); (D) GFP-2xfyve; 
(H) anti-Lysosomal Associated Membrane Protein 1 (LAMP1); (K) anti-Lysosomal Associated 
Membrane Protein 2 (LAMP2); (N) anti-CD63; (Q) anti-Transferrin Receptor (TfR); (T) anti-Alpha 
Tubulin (αTub); (W) anti-Golgin; (Z) anti-Calnexin. (C, F, I, L, O, R, U, X, AA) merged images. Nuclei 
are revealed by DAPI staining (blue). Scale bar = 15 µm. 
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Figure 3.12 – Primary siRNA screen to identify Rabs involved in the uptake of melanocores by 
XB2 keratinocytes. 
(A) Schematic representation of the experimental procedure for screening Rab proteins involved in 
melanocore uptake by XB2 keratinocytes. (B) Rab proteins were silenced by siRNA in XB2 
keratinocytes and cells were incubated with melanocores for 24 hours. Cells were then washed, fixed 
and examined by microscopy. Between 30 and 40 Z-stacks were taken for each condition and the 
area of keratinocytes containing melanin pigment was quantified using the Image J macro. Values 
correspond to the mean of triplicates and were normalized to the value of the mean of non targeting 
siControl. Red dots correspond to significantly different results - P value < 0.005. 
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As shown, most siRNA pools targeting individual Rab proteins had no significant 

effect on the uptake of melanin by keratinocytes. Surprisingly, silencing of Rab7, as well as 

Rab9a and b, showed no significant effect on melanocore internalization. Being both LE 

resident Rabs, they are essential regulators of LE/Lys trafficking steps. Rab7 is a key protein 

in the maturation of endocytic vesicles towards the degradative pathway and is involved in 

vesicle transport on microtubules towards the cell center (Cantalupo et al., 2001; Jordens et 

al., 2001). Rab9 determines cargo assembly, and regulates the transport from LE to the trans 

Golgi network (TGN) (Soldati et al., 1994) (detailed in Chapter 1, section 1.2.7). Therefore, 

these results suggest that melanocores do not follow the canonical degradation pathway and 

do not fuse with Lys. Moreover, this can explain why melanocores are not degraded in XB2 

keratinocytes, which maintain their pigment for the observed time-frame (Figure 3.6B and 

Figure 3.7), and why melanin is not degraded and accumulates in the apical area of the 

nucleus in epidermal keratinocytes. Indeed, melanin is though to be retained in human skin, 

only dissapearing upon keratinocytes terminal differentiation, in a process which is still 

uncharacterized (Hori et al., 1968; Riley, 1997; Boissy, 2003). 

The Rabs whose silencing showed a significant difference in the number of 

internalized melanocores were Rabs 1a, 4a, 5, 19, 38 and Rabs 2a, 14, 24, 35, which, 

respectively, decreased or increased the internalization of melanocores. Consequently, these 

Rabs were chosen as candidates and the results were validated. 

 

 

3.4.5.3. Validation of the positive results and identification of screen hits 

 

Screens have the disavantage of sometimes identifying the so called “false 

discoveries”, which include hits that may not be later be verified, due to off-target effects 

(Mohr et al., 2010). Therefore, to confirm the identified targets, we repeated the assay for the 

Rabs that showed significantly different results in melanocore uptake, namely Rabs 1a, 2a, 

4a, 5a-c, 14, 19, 24, 35, and 38, and confirmed the silencing levels in parallel by qRT-PCR. 

The same protocol used for the screening experiments was followed to quantify the amount 

of melanocores internalized, and again proteins were tested in triplicate (Figure 3.13A). This 

time only Rab 1a, 2a, 5b and 14 silencing, replicated the results obtained previously in the 

primary screen, as well as a good silencing efficiency, whereas Rabs 5a, 5c, 19, 24, 35 and 

38 showed silencing levels below 50% (Figure 3.13B). 
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Figure 3.13 – Secondary siRNA screen - validation of hits from the primary screen to identify 
Rabs involved in the uptake of melanocores by XB2 keratinocytes. 
(A) Quantification of melanocore internalization by keratinocytes after depletion of different Rabs. 
Keratinocytes were treated with siRNAs for the indicated Rab proteins. After 24 hours, melanocores 
were fed to the cells and 24 hours later cells were washed, fixed and examined by microscopy. 
Between 30 and 40 Z-stacks were taken for each condition and the area of keratinocytes containing 
melanin pigment was quantified using Image J macro. * P < 0.005. (B) Evaluation of each Rab gene 
silencing. XB2 cells were transfected with siRNAs targeting specific Rab genes, and the levels of 
silencing tested was analyzed by qRT-PCR after 48 hours. 

 

 

According to these results, we considered Rabs 1a, 2a, 5b and 14 as validated hits. 

Interestingly, Rab14 besides acting as a negative regulator of melanin uptake by 

keratinocytes (Figure 3.13), was also the candidate protein that caused an effect in the 

uptake of fluorescent microspheres (Figure 3.2). These results suggest that this Rab might 

be general regulator of endocytosis/phagocytosis. 

 

 

3.4.5.4. Characterization of the role of Rabs 1a, 2a, 5b and 14 in the uptake of 

melanocores 

 

Rab proteins specifically associate with distinct subcellular compartments and some 

have become standard markers for those compartments (Pfeffer, 2001, 2005; Ali and 

Seabra, 2005; Jordens et al., 2005). Rab5 is the most extensively analyzed Rab of the early 

endocytic pathway and the majority of the early endocytic steps rely on this small GTPase 

(detailed in Chapter 1, section 1.2.7.). Therefore, it was expected that the silencing of Rab5b 

would lead to a decrease in the internalization of melanocores by XB2 keratinocytes, as we 

verified. However, the other Rab proteins identified in the screen were unexpected, as they 

are mainly Golgi apparatus-resident proteins. 
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To try to unravel the mechanisms by which these Rabs contribute to the uptake of 

melanocores further experiments were performed. First, the engulfment of melanocores by 

keratinocytes was quantified in conditions where the identified hits were overexpressed. For 

this, XB2 cells were transduced with virus encoding each Rab protein tagged with GFP for 4 

hours, washed with PBS and incubated in normal growth media for 18 hours, after which 

cells were incubated with 0.1g/l of melanocores for 24 hours. Cells were analyzed by light 

microscopy and the amount of melanocores internalized was measured (Figure 3.14A), 

again using the previously developed macro. As controls, we silenced PAR-2 using siRNA or 

stimulated it by using the agonist peptide SLIGRL. Additionally, for each Rab protein, an 

internal control was performed by quantifying the cells that were not transduced, thus not 

GFP-positive. The overexpression of the different Rabs was always confirmed by microscopy 

during the experiment, by directly observing the GFP signal, and it was measured by qRT-

PCR (Figure 3.14B). 

 

 
Figure 3.14 – Quantification of melanocore internalization upon overexpression of Rab 
proteins.  
XB2 cells were transduced with GFP alone or GFP-Rab1a, 2a, 5b or 14, 24 hours prior to incubation 
for 24 hours with 0.1 g/l of melanocores. (A) Cells were fixed and prepared for microscopy. Between 
30 and 40 Z-stacks were taken for each condition and the area of keratinocytes containing melanin 
pigment was quantified using ImageJ software. In each case, melanocore internalization was 
separately quantified in cells either expressing or not expressing GFP, labelled GFP+ or GFP- 
respectively. *P-value <0.0005. (B) The overexpression of each Rab protein, at the time of 
melanocore incubation, was measured by qRT-PCR. 
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(Figure 3.14A). This was unexpected since the overexpression of proteins should result in 

the opposite effect of the silencing, in this case, increasing of melanocore uptake. Moreover, 

the overexpression of Rab14 resulted in a decrease on the amount of melancores 

internalized (Figure 3.14A). Finally, although we were able to see GFP signal on cells 

transfected with Rab2a virus, it was in a lower extent, as confirmed by qRT-PCR (Figure 

3.14B). Hence, overexpression of Rab2a was not efficient what can explain why it did not 

alter melanocore uptake by keratinocytes.  

Next, the localization of these Rabs in keratinocytes with internalized melanocores 

was analyzed. Since Rabs are usually expressed at low levels and good antibodies are 

scarce, the cells were tranduced with viral constructs for the expression of GFP-tagged 

Rab1a, 2a and 5b. XB2 cells were transfected with GFP virus for 4 hours and fed with 0.1 g/l 

of melanocores for 2 hours, after 24 hours. Cells were then fixed and analyzed by confocal 

microscopy (Figure 3.15). In the case of Rab14 an antibody was used. Thus, cells were only 

fed with melanocores and were then stained using the specific antibody for this protein. 

 

 
Figure 3.15 – Colocalization of Rab proteins with internalized melanocores in keratinocytes. 
XB2 cells were transduced with the (A, B) GFP-Rab1a, (C, D) GFP-Rab2a, (E, F) GFP-Rab5b before 
incubation for 2 hours with melanocores. Cells were then prepared for microscopy. (G, H) XB2 cells 
were incubated with melanocores and immunostained for Rab14. All images were taken in a confocal 
microscope. Scale bar = 15 µm. 

 

 

GFP-Rab1a (Figure 3.15A and B) and GFP-Rab2a (Figure 3.15C and D) were 

concentrated in the perinuclar area. Rab1a showed a staining typical of ER/Golgi, whereas 

Rab2a presents a Golgi staining pattern. Internalized melanocores were spread throughout 
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the cell and did not show any significant colocalization with these Rabs. These results are in 

agreement with previous observations, where it was not detect any colocalization of 

melanocores with markers for ER/Golgi (Figure 3.11). GFP-Rab5b (Figure 3.15E and F) 

showed a punctate staining in the cytoplasm, characteristic of EE, and a mild association 

with the melanocores was observed. This result agrees with the colocalization observed in 

the case of the 2xfyve overexpression, again suggesting that the EE is involved in the 

internalization of melanocores. Lastly, Rab14 (Figure 3.15G and H) staining was detected in 

perinuclear area, in Golgi/ER region and also in discrete puncta in the cytoplasm. However, 

internalized melanocores did not present any obvious colocalization with Rab14 positive 

vesicles. As we only observe colocalization of melanocores with Rab5b, the results suggest 

that there is no direct recruitment of the other Rabs to the internalized melanocores. 

 

 

3.4.6. Mechanisms of regulation of melanocore uptake by Rabs 1a, 2a, 5b and 

14 
 

It was previously shown that, besides playing a role in the secretory pathway, the 

Golgi apparatus is also involved in retrogade movement, among other functions (Steinman et 

al., 1983; Derby et al., 2007). The various roles played by the Golgi foster the hypothesis that 

its resident proteins contribuite to the regulation of cellular mechanisms seemingly not 

closely related to this organelle, as the particle uptake could initially appear. Hence, this 

knowledge supports a possible role for Rab1a, 2a or 14 to regulate the uptake of 

melanocores by XB2 keratinocytes. Even if indirectly through the regulation of trafficking or 

through the secretory pathway of proteins that regulate the uptake of melanocores by 

keratinocytes. 

Since the PAR-2 receptor is known to be a key receptor in the phagocytosis of 

melanin (Scott et al., 2001), and it was previously demonstrated in this work that it regulates 

our in vitro uptake of melanocores (Figure 3.10 and Figure 3.16), any possible interplay 

between this receptor and the Rab proteins identified in the screen was investigated. For 

this, after silencing each Rab protein individually, the cells were treated with PAR-2 activating 

peptide, SLIGRL, for 48 hours, and later fed the cells with 0.1g/l of melanocores and their 

melanocore internalization was scored (Figure 3.16). 

Unexpectedly, treating XB2 with SLIGRL after silencing PAR-2 receptor caused an 

increase in the uptake of melanin. In fact, this treatment could rescue the PAR-2 silencing 

effect and cells were able to internalize melanocores similarly to control levels. This may be 

due to the fact that the silencing of PAR-2 using siRNA is never complete (Figure 3.3), and 
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the remaining levels of PAR-2 could be sufficient for activation by SLIGRL, promoting the 

internalization of melanocores. On the other hand, another possible explanation could be that 

SLIGRL is acting on another receptor, distinct of PAR-2. 

 

 
Figure 3.16 – Effect of PAR-2 activation on cells deficient for specific Rab proteins. 
XB2 cells were depleted of Rab1a, 2a, 5b and 14 via siRNA prior to being treated, or not, with PAR-2 
activating peptide (SLIGRL) for 48 hours. Cells were further incubated with melanocores for 24 hours 
and the internalization was quantified by bright-field microscopy. *P value < 0.005. 

 

 

Treating the cells depleted for Rab1a or Rab5b with SLIGRL also led to a significant 

increase on melanocore internalization. Since these two Rabs showed a similar behavior as 

the control (siPAR-2 + SLIGRL), which did not performed as expected, the results are hard to 

interpret and is possible that no real conclusion can be taken in this case.!Nevertheless, 

since activating PAR-2 in Rab1a depleted cells resulted in a increased melanocore content in 

keratinocytes, it could be because the PAR-2 receptor was still available in the membrane to 

be activated by SLIGRL. This interpretation suggests that the role of Rab1a is independent of 

PAR-2 and we can hypothesize that Rab1a is able to increase the melanocore uptake by 

keratinocytes activating another receptor. On the other hand, the consequent uptake levels 

were still lower than that of XB2 cells transfected with siRNA control treated with SLIGRL. 

Thus, this result could also suggest that Rab1a silencing could be interfering with the 

presence of PAR-2 on the plasma membrane or with its function, either by affecting its 

delivery or recycling, explaining why treatment with SLIGRL altered the levels of uptake, but 
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could not completely rescue the phenotype to maximal uptake. The same hypotheses can be 

applied to the results of the silencing of Rab5b. 

In the case of Rab2a or Rab14 silencing, the treatment with SLIGRL did not have a 

significant effect on the uptake of melanocores (Figure 3.16). Again, there are several 

possible explanations. First, Rab2a and PAR-2 could be part of the same pathway, but 

playing opposite roles. Rab2a could be blocking the PAR-2 receptor activation, thus the 

silencing of Rab2a could then allow PAR-2 receptor to be activated, for instance by SLIGRL. 

Moreover, the silencing of Rab2a could be involved in the trafficking of a PAR-2 activator 

molecule to the plasma membrane. Therefore, activating the receptor in cells depleted for 

Rab2a, via its agonist SLIGRL, could have a cumulative effect on the uptake of melanocores. 

The fact that no further increase in uptake is seen, could also be explained by a rate limiting 

effect, by a saturation level of uptake by keratinocytes. On the other hand, another possibility 

is that Rab2a and PAR-2 are not involved at all and that they exert their functions through 

different pathways. The same hypotheses can be applied to the results of the silencing of 

Rab14. 

 

In summary, the results show for the first time that Rab proteins, namely Rab 1a, 2a, 

5b and 14, are involved in melanocore uptake by epidermal keratinocytes (Figure 3.17). 

Rab1a and 5b act as positive regulators of melanocore internalization, whereas Rab2a and 

14 have a negative regulatory role. Furthermore, we showed in vitro for the first time that 

early endocytic Rab5b impairs the uptake of melanocores and that silencing of Rab7 or Rab9 

expression do not have any effect on the accumulation of melanocores in keratinocytes, 

suggesting that melanin does not follow the degradation pathway, which could explain why 

melanin is not degraded in vivo.  
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Figure 3.17 – Schematic representation of the mechanism of melanin uptake by keratinocytes. 
Following melanosomes exocytosis from melanocytes, melanocores are secreted to the extracellular 
space and are subsequently endocytosed by keratinocytes in a PAR-2 dependent manner. Rab5b 
regulates the internalization process, and also Rabs 1a, 2a and 14. Melanocores follow the endocytic 
pathway and are seen to colocalize with early and late endosomal markers, such as PIP3, LAMP1/2 
and CD63. 

 

 

3.5. Discussion 

 

The transfer of melanin from donor melanocytes to recipient keratinocytes is a crucial 

process underlying skin pigmentation, which forms the basis of skin photo-protection against 

UV radiation damage. Despite numerous studies over the last decades, the mechanism of 

melanin transfer from melanocytes to keratinocytes remains controversial and largely 

uncharacterized. In this study, we have developed a novel system that allows the 

comprehensive study of the endocytosis of melanin by epidermal keratinocytes. We 

observed that the keratinocyte receptor PAR-2 is specifically involved in the uptake of 

melanocores by keratinocytes, although not necessarily needed for the ingestion of latex 

microspheres. Moreover, we found that Rab1a, Rab2a, Rab5b and Rab14 are involved in the 

uptake of melanocores by epidermal keratinocytes, but not Rab7 and Rab9, suggesting a 

molecular basis for the lack of melanin degradation in vivo. 
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First, an siRNA screen was performed using fluorescent microspheres as a surrogate 

for melanin. Surprisingly, only one protein, namely Rab14, showed an effect on the 

internalization of microspheres by keratinocytes at 18 hours post-incubation. Specifically, 

when Rab14 expression was silenced, a dramatic increase in the uptake of microspheres 

was observed. Since we did not pursue this result, the role of this protein on microspheres 

uptake by keratinocytes remains to be elucidated in the future. 

Additionally, it was not observed any effect on the internalization of microspheres of a 

similar size to melanosomes, when the keratinocyte receptor PAR-2 was depleted or when 

its agonist SLIGRL was used. These results are in contrast to other reports (Wolff and 

Konrad, 1972; Wolff, 1973; Sharlow et al., 2000; Scott et al., 2003; Babiarz-Magee et al., 

2004). In the majority of these studies PAR-2 expression was not downregulated, but instead 

cells were only treated with modulators of the receptor, either enhancing its activity or 

inhibiting its functions. Only in one study, Lin and collaborators silenced this receptor via 

siRNA, which led to the impairment of microspheres uptake by keratinocytes (Lin et al., 

2008a). At this point we can not explain the differences in the observations made, but they 

may result from using different cells. Since the PAR-2 receptor is known to be involved in 

melanin internalization by epidermal keratinocytes, the results suggest that, in our system, 

the latex microspheres are internalized by XB2 keratinocytes through a different pathway 

when compared with melanocores, that is independent of PAR-2. 

The previous conclusion led us to develop a new assay to investigate the uptake of 

melanin more accurately. A more physiological system was successfuly developed using 

secreted melanocores directly purified from MNT1 conditioned media. Our method clearly 

demonstrates that epidermal keratinocytes are able to uptake melanocores when added 

exogenously to the medium, reproducing a melanosome transfer process in which 

melanosomes released into the extracellular space are endocytosed as melanocores by 

keratinocytes. 

Being microscopy-based, the new method allows the simple and direct visualization 

of the incorporated melanocores, which cluster within the perinuclear area. This localization 

is consistent with that observed in vivo and in reconstructed epidermis systems (Gibbs et al., 

2000; Boissy, 2003; Byers et al., 2003) and resembles the supranuclear cap formed in skin 

to protect the nuclei of keratinocytes from UV damage (Fitzpatrick and Breathnach, 1963; 

Jimbow and Sugiyama, 1998). However, the melanocores are observed to accumulate in a 

circular fashion all around the nuclei of the keratinocytes, probably because our system is not 

polarized. 

Furthermore, this approach proved to be more accurate and responsive to PAR-2 

modulation. Silencing PAR-2 receptor resulted in a decrease in the amount of melanocores 
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ingested by keratinocytes whereas PAR-2 activation induces melanocore uptake, similarly to 

published observations, in which melanin is internalized by epidermal keratinocytes (Seiberg 

et al., 2000a, 2000b; Ando et al., 2010). This confirms that the assay is robust and can 

accurately be used to quantify keratinocyte endocytosis of melanocores in vitro. 

In our system, PAR-2 modulators regulate the ingestion of melanosomes by 

keratinocytes in culture and not latex microspheres. Thus, the results presented show for the 

first time that PAR-2 is specifically involved in melanocore uptake. 

After establishing a comprehensive model for melanin transfer and developing an 

assay to quantify it, we focused on identifying proteins involved in keratinocyte-induced 

melanin uptake. Given the well-documented involvement of Rabs on vesicular trafficking 

(Zerial and McBride, 2001), particularly on endocytosis, as well as in pigmentation (Hume et 

al., 2001; Wu et al., 2001; Wasmeier et al., 2006; Beaumont et al., 2011; Marks et al., 2013), 

on melanosome formation and transport in melanocytes, it is likely that these proteins have a 

crucial role in regulating melanosome transfer on keratinocytes. Therefore, a siRNA screen 

for melanin uptake was performed, using the assay established, targeting Rab GTPases. 

From this siRNA screen, an endocytic Rab, Rab5b, and Rabs related with the Golgi 

apparatus gave notheworthy results, namely Rab1a, Rab2a and Rab14. We then decided to 

further analyse the role of these proteins during melanocore uptake by keratinocytes and 

start to dissect the pathway involved in this process. 

Before continuing to discuss the resulting data from the screen, it should be noted 

that the present results do not per se completely exclude the involvement of other Rabs 

amongst those tested. In general, negative results in siRNA screens are generally 

inconclusive (Echeverri and Perrimon, 2006). Moreover, in our particular case, we only 

analyzed internalization at 24 hours and did not investigate the uptake of melanocores at 

another time point before reaching the the saturation stage (16/24 hours onwards – Figure 

3.6B) or tested the uptake of another concentration of melanocores. Also, concurrently with 

the screen, we did not check the knockdown levels of each Rab protein silencing. So, it could 

be that some negative results are only false negatives, where we did not effectively 

downregulate its expression thus not being able to evaluate its effect. Lastly, mammalian 

Rab GTPases display functional redundancy within sub-families (Barral et al., 2002). 

Therefore, depletion of one Rab isoform can be quickly compensated by the overproduction 

of another isoform (Mizuno et al., 2007). 

Rab5b belongs to the Rab5 subfamily of proteins, which is well known to play a key 

role in the early endocytic pathways (Bucci et al., 1995; Zerial and McBride, 2001). With this 

knowledge, the positive result in our screen – silencing Rab5b decreased the uptake of 

melanocores by XB2 keratinocytes – was not surprising and indeed validated our screen. 
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Also, Rab5a and 5c impaired the uptake of melanocores by keratinocytes, although in a 

lower degree, which we hypothesize that can be due to weaker silencing levels of these two 

isoforms (Figure 3.13). Triple silencing also resulted in a significative reduction of 

melanocores uptake, to a silimar magnitude when compared with single silencing of each 

Rab5 isoforms (Figure 3.12). 

When Rab5b was overexpressed in XB2 cells, we did not observed an increase in 

melanocore uptake when compared with control levels. Rab5, among other Rab proteins, 

can be considered a housekeeping Rab (Pfeffer, 2001), and show a high expression profile 

among several tissues (Gurkan et al., 2005; Diekmann et al., 2011). Therefore, a possible 

explanation for this result is the high level of expression of Rab5 also in keratinocytes, so that 

its overexpression may not further make a difference and does not exert a change in 

behaviour. Additionally, the colocalization observed between markers of the EE and 

melanocores (Figure 3.11 and Figure 3.15) corroborate this finding and further confirm the 

involvement of the early endocytic pathway in the uptake of melanocores. Moreover, when 

cells depleted of Rab5b were treated with SLIGRL, cells became capable of uptaking 

melanocores similar to control levels. This result by itself, is not capable of proving or 

excluding the involvement of this protein with the keratinocyte receptor PAR-2. 

Rab1a and Rab2a are both involved in aspects of ER-to-Golgi trafficking and 

maintenance. However, Rab1a was recently shown to regulate trafficking between EE and 

the Golgi apparatus (Sclafani et al., 2010; Mukhopadhyay et al., 2011), as well as Rab2a that 

has also been implicated in the endocytic pathway, enriched on the surface of phagosomes 

and involved in their maturation  (Garin et al., 2001; Stuart et al., 2007; Lu et al., 2008; 

Mangahas et al., 2008). Altogether, these findings highlight the close relationship between 

the Golgi and the endocytic pathway, perhaps utilizing a pathway involving Rab1a or 2a yet 

undescribed. 

Silencing Rab1a resulted in a decrease of melanocore internalization by keratinocytes 

in culture, whereas when Rab1a was overexpressed in XB2 cells the amount of melanocores 

endocytosed was significantly increased. These results indicate that Rab1a is a positive 

regulator protein of the endocytosis of melanocores by XB2 cells. Interestingly, Rab1a has 

been observed to colocalize with melanosomes in melanocytes and a role in anterograde 

melanosome transport in melanocytes has been postulated (Ishida et al., 2012). Thus, the 

involvement of this protein in melanosome trafficking in keratinocytes is not without a 

precedent. Similarly to Rab5b, treating cells depleted of Rab1a with SLIGRL resulted in an 

increase of internalized melanocores. Likewise, this result is inconclusive. Thus, the role of 

Rab1a during uptake of melanocore by keratinocytes remains to be elucidated. 



Analysis of the molecular machinery involved in melanin uptake by keratinocytes 

113 

The silencing of Rab2a led to a dramatic increase of melanocore uptake by 

keratinocytes. Hence, suggesting that Rab2a acts as a negative regulator of the endocytosis 

of melanocores. One possibility is that Rab2a blocks the activation of a receptor involved in 

melanocore uptake, thus silencing this protein enables the keratinocyte to uptake more 

melanocores, up-regulating indirectly the the keratinocyte endocytosis. Unexpectedly, we 

were not able to overexpress Rab2a on keratinocytes. Consequently we were not able to 

evaluate its effect on the uptake of melanocores by these cells. In order to maintain cell 

viability and integrity, Rab expression levels were always controlled to avoid having cells 

overexpressing too much GFP-tagged protein. This might explain the result obtained, 

although more tests are needed to take further conclusions. Treating cells depleted of Rab2a 

with SLIGRL had no significant effect on the amount of melanocore taken up by 

keratinocytes. Cells silenced for Rab2a or treated with SLIGRL have the same behaviour, i.e. 

increase the uptake of melanocores. Since these two manipulations induce the cell to 

respond similarly, one could expect a higher increase in the internalization of melanocores, 

which did not occur. This result has two possible explanations. If Rab2a acts by blocking the 

activation of PAR-2, silencing it could allow the activation of this receptor. Thus further 

activating PAR-2 exogenously by adding SLIGRL, would not result in any additional 

increment. On the other hand, silencing Rab2a could act on any other receptor, while in 

parallel SLIGRL acts on PAR-2. However, the cells could possibly have reached a maximum 

level of melanocores uptake, hence no further increase could occur because of a saturation 

of the culture system. Further characterization remains to be done to clear this result. 

Despite being a Golgi-associated protein, Rab14 has been reported in several studies 

to play a role in the endocytic pathway. Rab14 was observed to colocalize with EE (Junutula 

et al., 2004), and to a subcompartment of the TfR recycling pathway (Linford et al., 2012). It 

was also implicated various times in phagosome formation and maturation in different 

systems (Guo et al., 2010; Garg and Wu, 2013). Interestingly, silencing of Rab14 was shown 

to upregulate the uptake of the malaria parasite by macrophages (Seixas et al., 2012).  

In this work, Rab14 silencing reduced both the uptake of microspheres and of 

melanocores in XB2 keratinocytes. Furthermore, the overexpression of this Rab GTPase 

significantly impaired the uptake of melanocores in XB2 cells, when compared to cells that 

were not transduced. Altogether, these results indicate that Rab14 could play an important 

role in the endocytic pathway in general, as a negative regulator. Hence, Rab14 is a potential 

very interesting hit to study. Treating cells depleted of Rab14 with SLIGRL did not affect the 

levels of melanocore uptake. The same hypotheses drawn done for Rab2a can be applied to 

this protein, and accordingly further experiments must be done to explore this result.  
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Interestingly, silencing of Rab7 or Rab9 did not show any difference in melanocore 

uptake. Since both these proteins are well established regulators of the late endocytic 

pathway, at first, this result might seem contradictory. However, since melanin is not 

degraded quickly within keratinocytes, it suggests that it might follow a different pathway than 

the canonical endocytic pathway, which leads to cargo degradation in lysosomes. In future, 

we believe that the direct observation of melanocore uptake allowed by the methodology 

developed during this thesis, will enable the study of molecular motors and proteins involved 

in the intracellular transport of pigment, towards the perinuclear region of the cell as well as 

the maintenance/degradation of melanin in epidermal keratinocytes. 

Finally, the novel roles identified here for the four Rab GTPases, Rab1a, 2a, 5b and 

14, will be crucial for understanding intracellular pathways of uptake of melanin by 

keratinocytes. Hence, their manipulation could help to overcome under/over pigmented skin, 

a phenotype seen on several pigmentation disorders. Thus, this study is a starting point for 

future endeavors in this field. Future studies should focus now on analysing the molecular 

mechanisms, by which these four Rabs regulate melanin uptake by keratinocytes. Also, the 

dramatic increase in uptake of both microspheres and melanocores by keratinocytes in 

conditions where Rab14 is silenced supports a broader role for this protein in endocytic 

events. 
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4. General Discussion and Future Directions 

 

 

Manipulation of skin color is a long desired goal, as a lighter or a darker (tanned) skin 

are sought by different races. Moreover, control of skin color is also a medical need, as there 

are several pathologies associated with pigmentary disorders, such as albinism or 

melanoma. Melanin is the pigment essential for visible pigmentation of the skin and hair, and 

it is also responsible for the photo-protection of genetic material from harmful ultra-violet (UV) 

radiation exposure. 

The maintenance of skin pigmentation results from the combination of three 

processes: i) melanin biogenesis; ii) melanin transport within melanocytes; and iii) transfer of 

melanin from melanocytes to keratinocytes. Therefore, a better knowledge of these distinct 

processes is extremely valuable, in order to be able to control skin pigmentation. The initial 

process of melanogenesis as well as the transport of pigment within melanocytes are fairly 

well characterized (Barral and Seabra, 2004; Hearing, 2005; Delevoye et al., 2011). 

However, the mechanism by which melanocytes transfer melanin to keratinocytes remains 

enigmatic. For half a century, different models have been proposed (Van Den Bossche et al., 

2006): cytophagocytosis of a melanocyte dendrite tip by the keratinocyte; melanin exocytosis 

followed by endocytosis by the keratinocytes; release of membrane loaded vesicles from the 

melanocyte and subsequent engulfment by the keratinocytes; and fusion of the plasma 

membranes from both cells with the formation of a channel, allowing the direct passage of 

melanin through filopodia. Although some studies were performed using various techniques 

to complement the initial electron microscopy (EM) observations (see Chapter 1 for a 

detailed description), the melanin transfer process remained controversial. 

Previous work developed in our group using transmission and cryo-immuno EM 

analysis of serial ultra-thin sections of human skin samples strongly supported the 

hypothesis of melanosome secretion by melanocytes with subsequent endocytosis of the 

melanocores by keratinocytes being a predominant mechanism of transfer. Therefore, the 

aim of this work was to confirm the preliminary EM data and to investigate in detail the 

molecular basis of melanosome transfer from melanocytes to keratinocytes. Specifically, we 

proposed to characterize: (i) the molecular mechanism of melanosome secretion by 

melanocytes (Chapter 2); and (ii) the process of internalization of melanocores by 

keratinocytes (Chapter 3). For this we screened for Rab proteins involved in each of the 

steps of melanin transfer. 

A major hurdle to the analysis of melanosome transfer has always been the lack of 

suitable in vitro assay systems. To address this, we developed robust assays to measure 
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melanosome exocytosis, as well as melanocore uptake and transfer, based on optical 

density measurements and microscopy techniques, respectively. 

First, using a melanosome exocytosis assay, we showed that melanin exocytosis 

from melanocytes is induced by the presence of keratinocytes in vitro. This effect is specific 

for keratinocytes, since when melanocytes were co-cultured with other cell types such as 

fibroblasts or HeLa cells, the levels of melanin secreted to the media are not significantly 

altered. This observation suggests that the process of skin pigmentation is stimulated by 

keratinocytes. A crucial role for keratinocytes in pigment transfer is not surprising. It is well 

established that keratinocytes can induce melanosome biogenesis and transport (Van Den 

Bossche et al., 2006; Yamaguchi and Hearing, 2009) and are responsible for melanocyte 

recruitment to the epidermal melanin unit and control the targeting of pigment in skin (Weiner 

et al., 2007). Moreover, another group recently found a lack of melanosome transfer in the 

absence of keratinocytes, supporting the crucial role of keratinocytes in melanin transfer (Wu 

et al., 2012). 

These observations raise an interesting question concerning the initiation of the 

transfer process. Indeed, it remains unclear whether keratinocytes need to physically contact 

melanocytes or if a soluble factor released by keratinocytes is the necessary “on switch” for 

melanin release. Given the structure of human skin, where these cells are tightly juxtaposed, 

one might think that contact between melanocytes and keratinocytes is necessary. However, 

it is possible that it is not sufficient, as in several pigmentary disorders, patients maintain skin 

integrity but present hypopigmentation, derived from an impairment in melanin production 

(Yamaguchi and Hearing, 2014). Future studies should be performed to clarify this subject, 

using conditioned media from keratinocytes to determine whether exocytosis of melanin from 

keratinocytes requires cell-cell contact. Additionally, the use of transwells, where the two cell 

types besides being physically separated can communicate through the shared culture 

media, should be optimized and used to further elucidate the initiation of pigment transfer. 

Preliminary results in our group suggest that keratinocyte conditioned media is able to 

stimulate exocytosis of melanin from melanocytes, without the presence of keratinocytes. 

Rab GTPases are master regulators of intracellular trafficking and a number of Rabs 

have been implicated in skin pigmentation processes, namely in melanosome biogenesis 

and transport (Hume et al., 2001; Wasmeier et al., 2006). Furthermore, Rab proteins are 

involved in lysosome related organelle (LRO) secretion, and melanosomes are also LROs 

(Raposo and Marks, 2002; Ménager et al., 2007). Thus, it is likely that Rab proteins also play 

a role in the transfer of melanin. To validate our previous EM studies perfomed on human 

skin, we analyzed the role of Rab GTPases in melanin exocytosis from melanocytes, using 

the referred exocytosis assay. 
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Depletion of candidate Rabs in melanocytes revealed Rab11b as a novel regulator of 

melanin secretion. Indeed, keratinocyte-stimulated melanosome exocytosis is inhibited upon 

Rab11b depletion and increased upon Rab11b overexpression. These findings are in 

agreement with previous studies showing that Rab11b-depleted melanocytes increase their 

intracellular melanin content (Beaumont et al., 2011). 

Rab11 is a ubiquitously expressed Rab protein and plays a role in the endocytic 

recycling pathway to the plasma membrane (Ullrich et al., 1996; Sönnichsen et al., 2000). 

Additionally, it was also implicated in exocytosis of lytic granules from cytotoxic T-cells 

(CTLs), another type of LRO (Ménager et al., 2007). In our study, Rab11b colocalized with 

the transferrin receptor in the perinuclear region of the cell, suggesting it is predominantly 
localized in the endocytic recycling compartment (ERC). Besides, Rab11b-positive vesicles 

and melanosomes were often seen in close proximity in the cell periphery. This proximity 

suggests that the recycling pathway participates in the exocytosis of melanosomes. 

Interestingly, an interaction between Rab11 and melanosomes was previously 

proposed, since Rab11a-positive endosomes were seen in close proximity to mature 

melanosomes in the cell periphery (Delevoye et al., 2009). Thus, based on the observed 

interactions of melanosomes with ERC in the process of exocytosis, an interplay between the 

recycling and the secretory pathway may be necessary for melanin transfer. Moreover, a 

follow-up study from the same group demonstrated that the kinesin KIF13A is responsible for 

Rab11-positive recycling endosome positioning and distribution towards the plasma 

membrane sorting proteins to nearby melanosomes (Delevoye et al., 2014). 

Together, these observations suggest that different ERC subdomains, Rab11a and 

Rab11b, may contribute differently to the maturation and secretion of melanosomes. Rab11a 

assists in the biogenesis of melanosomes, and once fully mature, Rab11b contributes to their 

exocytosis, which is required for melanin transfer. Exactly how Rab11b contributes to 

exocytosis remains unclear. One possibility is that cargo required for plasma membrane 

fusion and exocytosis, such as SNAREs and other proteins, is delivered along with 

melanosomal cargoes via the Rab11b-dependent recycling pathway. However, another 

possibility, is that Rab11b-positive ERC fuses with and remodels melanosomes, priming 

them for secretion in the periphery of melanocytes. Indeed, this mechanism has been 

proposed before, as another LRO, the lytic granule, has been shown to require fusion with 

the ERC for its secretion in cytotoxic T-lymphocytes (Ménager et al., 2007). 

The characterization of the interplay between the recycling and exocytic pathways will 

be of interest to the wider membrane trafficking field. Thus, future studies should be directed 

at characterizing Rab11-mediated melanosome exocytosis and transfer. It would also be 

important to define the distribution of Rab11-recycling endosomal subdomains. Specifically, a 
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detailed analysis of Rab11b and Rab11a localization should be performed. Moreover, live 

dynamics of the ERC should be explored, with live cell imaging, comparing differences in 

single cultures of melanocytes and co-cultures with keratinocytes. Finally, identification of 

Rab11b effectors in melanosome transfer should be undertaken. 

We showed that depletion of Rab11b causes a decrease in keratinocyte-induced 

melanin exocytosis. If melanin exocytosis is a predominant mechanism of melanin transfer, 

its inhibition, by silencing Rab11b, should significantly impair the levels of melanin transfer to 

keratinocytes. Therefore, to investigate this hypothesis, the amount of melanin transferred to 

keratinocytes was assayed in conditions where melanin exocytosis was inhibited. For this, an 

assay to measure melanin transfer from melanocytes to keratinocytes in in vitro 2D co-

cultures was developed. Briefly, melanocytes are co-cultured with keratinocytes, and the 

amount of melanin transferred to XB2 keratinocytes is assayed by brightfield microscopy, 

employing an Image J macro particularly designed for this purpose. Importantly, disruption of 

melanin exocytosis by depletion of Rab11b greatly reduced  the level of melanin transfer to 

keratinocytes. This indicates that melanin exocytosis is essential for the completion of 

melanin transfer from melanocytes to keratinocyte. Again, the transfer of melanin from 

melanocytes is stimulated by keratinocytes, since melanocytes co-cultured with HeLa cells or 

fibroblasts do not transfer a significant level of melanin to those cells. 

If exocytosis of melanosomes occurs, by fusion with the melanocyte plasma 

membrane, the melanosomal membrane should be lost during transfer. Thus, the membrane 

surrounding melanin within keratinocytes should be derived from the keratinocyte plasma 

membrane. As our preliminary EM data, our in vitro analysis support this prediction, since we 

observed that the pigment granules transferred in vitro do not stain for TYRP1, contrary to 

what is observed for the melanin that is present inside the melanocyte. 

In order to continue and extend the knowledge about the coupled mechanism of 

melanin transfer, we focused on investigating the molecular mechanisms of melanin uptake 

by keratinocytes. 
The PAR-2 (proteinase activated receptor-2) receptor has been shown to mediate 

melanosome uptake in human keratinocytes in vivo and in vitro. In melanocyte-keratinocyte 

co-cultures, PAR-2 activation was shown to increase keratinocyte phagocytosis (Sharlow et 

al., 2000), resulting in increased melanosome ingestion and transfer (Seiberg et al., 2000b). 

Moreover, serine protease inhibitors, which interfere with PAR-2 activation were shown to 

reduce melanosome transfer and ingestion by keratinocytes, resulting in depigmentation 

(Seiberg et al., 2000a, 2000b). Together, these studies suggest that PAR-2 is a critical 

receptor involved in keratinocyte uptake of melanosomes. Therefore, our newly designed 

protocol for melanocore uptake was validated using this well-characterized receptor. As 
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expected, silencing of PAR-2 receptor on keratinocytes significantly decreased the uptake of 

melanocores, while activating this receptor with the agonist SLIGRL led to an increase of the 

ingested melanocores by keratinocytes. These observations, not only verify that our protocol 

is reliable, but also confirm the previously suggested role of PAR-2 receptor in melanin 

uptake. 

Some studies refer the internalization of melanin as phagocytosis (Seiberg et al., 

2000b; Sharlow et al., 2000; Ando et al., 2010). However, considering our present results, we 

are not able to distinguish by which mechanism of endocytosis is melanin internalized by 

keratinocytes. In the future, studies should be performed to clarify this subject. It would be 

interesting to investigate if the uptake of melanocores is receptor mediated, perhaps 

screening the known receptors or using drugs known to impair the function of crucial 

molecules, such as dynamin, clathrin or caveolin. Also, the involvement of actin could be 

evaluated, using drugs such as cytochalasin. Furthermore, the size of the vesicle formed 

around the melanocore within the keratinocyte could be rigorously measured by EM. 

Furthermore, we performed a siRNA screen of Rab GTPases to find Rab proteins 

involved in melanocore uptake by XB2 keratinocytes, and investigate the importance of 

endocytosis for the transfer mechanism. The results obtained 24 hours after incubating 

keratinocytes with melanocores revealed that Rab1a and Rab5b are required for melanin 

uptake by keratinocytes, since silencing of these two Rab proteins impaired the quantity of 

melanocores internalized by keratinocytes. On the other hand, Rab2a and Rab14 appear to 

be negative regulators of melanocore uptake, since their downregulation caused an increase 

in the amount of melanocores internalized by keratinocytes. 

Contrary to the other hits, Rab5b localizes to early endosomes (EE) and plays a well-

described role in the early endocytic pathway (Bucci et al., 1995). Hence, this result can be 

used as a validation of our study, since the involvement of Rab5b in endocytosis is expected. 

Rab1a and Rab2a have been implicated in ER-to-Golgi trafficking and Rab14 localizes to the 

Golgi apparatus, although it has been implicated in endocytic events as well (Tisdale et al., 

1992; Saraste et al., 1995; Tisdale and Balch, 1996). To further characterize the role of these 

Rabs, we overexpressed them in keratinocytes to investigate how this affected the amount of 

internalized melanocores, expecting to observe the opposite result from silencing these 

GTPases. However, only Rab1a and Rab14 behaved as we predicted, and showed the 

opposite effect from silencing, in terms of melanocore uptake by keratinocytes. Additionally, 

to explore the relationship between these four Rabs and melanocores, we examined their 

localization by fluorescent microscopy. Only Rab5b revealed to be in close proximity with 

melanocores, whereas Rab1a, 2a and 14 showed a perinuclear localization. Rab14 was also 

present in vesicles throughout the cytoplasm but these did not colocalize with melanocores. 
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All things considered, we hypothesize that Rab1a, Rab2a and Rab14 regulate the 

uptake of melanocores in an indirect way. It is possible that these Rabs regulate the 

intracellular trafficking of some protein(s) essential for the uptake and processing of 

melanocores in keratinocytes, possibly a receptor. We also investigated the possibility of an 

interaction between these Rabs and PAR-2. For this, we activated this receptor with SLIGRL 

upon depletion of Rab1a, Rab2a, Rab5b or Rab14. However, this experiment was 

inconclusive, since different explanations could be considered. Clarification of the function of 

these RabGTPases, on the uptake and processing of melanocores in keratinocytes, remains 

to be performed in the future. Furthermore, future studies should aim for an in depth 

characterization of these Rab proteins, as well as the identification of their effectors, 

cytoskeletal elements and microtubule-associated motor proteins that mediate the trafficking 

of melanin within keratinocytes. To this regard, it was previously shown that in human 

keratinocytes, the retrograde microtubule motor dynein colocalizes with melanin, 

predominantly in the perinuclear region (Byers et al., 2003). It would be valuable to 

investigate if any of these Rabs binds this particular motor protein. 

A rather intriguing result was obtained with Rab7 and Rab9. This is a potentially 

relevant result since there are no robust studies about the maintenance of melanin in 

epidermal keratinocytes and this is an area of high interest for the cosmetic industry. As 

membrane flows from one organelle to another in the degradative endo-lysosomal pathway, 

it must transition through different compartments, defined by certain Rabs like Rab5 and 

Rab7/Rab9 (Riederer et al., 1994; Bucci et al., 2000; Rink et al., 2005). Therefore, one may 

hypothesize that if melanocore uptake and processing follows the classical endocytic 

pathway, Rab7 or Rab9 depletion would impair lysosomal degradation of melanocores, 

causing an accumulation of these inside keratinocytes. However, depletion of Rab7 or Rab9 

in our assay did not cause any significant effect on the amount of melanocores inside 

keratinocytes. Therefore, these observations raise questions regarding the pathway(s) 

involved in melano-phagosome processing in keratinocytes. 

Indeed, melanin maintenance or degradation, during keratinocyte differentiation is still 

an enigmatic process (Wolff, 1973; Boissy, 2003; Borovanský and Elleder, 2003). Melano-

phagosomes formed after melanin internalization by keratinocytes go through a maturation 

process, which involves interaction with compartments of the endocytic pathway (Byers, 

2006). The melano-phagosomes are thought to undergo lysosomal digestion, but melanin is 

not degraded, and it is transported to the apical area of the keratinocyte to form the 

protective parasol. Therefore, in the context of our Rab7/Rab9 results, the interaction 

between melanin granules and the keratinocyte endosome-lysosome pathway should be 

further investigated. Several hypotheses arise from these results. The first possibility is that 
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internalized melanocores are able to avoid the degradative pathway and deviate from late 

endosome/lysosome fusion, perhaps by undergoing maturation arrest. In fact, various 

intracellular pathogens avoid interaction with the late endocytic pathway to their advantage 

as it may lead to their degradation and elimination. In particular, some pathogens are able to 

interact and subvert this pathway by manipulating the series of sequential fusion events 

(Hackstadt, 2000; Flannagan et al., 2009). For example, Mycobacterium tuberculosis has the 

ability to enter host macrophages and reside in a phagosome, which does not mature into a 

phago-lysosome, by blocking its maturation (Vergne et al., 2003, 2004). Secondly, it is 

possible that keratinocytes are poorly degradative cells, possibly lacking enzymatic 

machinery necessary for lysosomal degradation (Schönefuss et al., 2010). Finally, it is also 

possible that the degradative machinery is fully functional in keratinocytes and that 

internalized melanocores follow the typical degradation pathway, but the melanin is strongly 

resistant to hydrolytical degradation, thus being able to resist and perdure in the epidermis 

through the keratinocytes life-span. In the future, it would be interesting to explore the 

processing of melano-phagosomes in keratinocytes, including the recognition of organelles 

and pathways involved in phagosome formation and maturation, as well as the identification 

of factors required for melanin stability during melano-phagosome maturation. In particular, 

interactions of late endosomal or lysosomal Rab proteins with internalized melanocores 

should be investigated, as well as the acidification and degradation capacity of keratinocytes 

degradative compartments upon transfer of melanin in melanocyte-keratinocyte co-cultures. 

In summary, in the second part of this thesis, we have developed an alternative and 

robust method to evaluate melanin transfer by measuring keratinocyte incorporation of 

melanocores. Furthermore, this method allowed the identification of Rab proteins involved in 

the uptake of melanocores by keratinocytes, which is the starting point for the study of the 

intracellular trafficking of melanin within the recipient cells. 

 

The combined work presented in Chapters 2 and 3 which integrate several 

techniques, in vivo morphological analysis coupled with in vitro models of melanin transfer, 

supports the hypothesis that a predominant mechanism for melanin transfer in skin is the 

coupled exocytosis of the melanin core followed by subsequent endocytosis by 

keratinocytes. Hence, we propose the following model for melanin transfer: Upon 

keratinocyte stimulation, mature melanosomes undergo exocytosis, mediated by Rab11b, 

releasing melanocores to the extracellular space. The melanocores are subsequently 

endocytosed by keratinocytes, in a process that is dependent on the  keratinocyte receptor 

PAR-2. The melanocores then follow the endocytic pathway, colocalizing with markers of 

early and late endosomes. This process is impaired by the silencing of Rab5b and Rab1a, 
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and upregulated by the silencing of Rab2a and 14, in a manner yet to be defined (Figure 

4.1). 

 

 
Figure 4.1 – Schematic model of melanin transfer from melanocytes to keratinocytes in skin 
epidermis. 
Melanosomes are synthesized in the perinuclear region of melanocytes and transported to the 
peripheral dendrites of the cell via microtubules, where they are retained on the actin cytoskeleton by 
the tripartite complex of Rab27a/Melanophilin/Myosin Va. Upon stimulation by recipient keratinocytes, 
melanosomes are remodeled by Rab11b-positive recycling endosomes allowing exocytosis of 
melanosomes and the secretion of the melanin core into the extracellular space, between 
melanocytes and keratinocytes. Moreover, melanin transfer can occur independently of Rab27a-
mediated retention of melanosomes in dendrites, from the cell body. Subsequently, melanocores are 
endocytosed by keratinocytes in a PAR-2-dependent manner. Rab5-positive early endosomes are 
involved in the uptake of melanocores. Rab1a, Rab2a and Rab14 are also critical regulators of the 
internalization. 
 

 

Other groups have also been pursuing the quest for the unravelling of the secrets of 

melanin transfer. While there is little recent progress on the evidence concerning the fusion 

model, some studies have supported the alternative models besides the coupled endo-

exocytosis model, i.e., the filopodial-cytophagocytosis and the shedding vesicles models. 

A recent study supporting the cytophagocytosis model described a mechanism of 

filopodial phagocytosis for melanosome transfer in human skin cells. The authors proposed a 

role for melanocyte filopodia in the transfer of melanosomes from melanocytes to 
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keratinocytes, and also between keratinocytes (Singh et al., 2010). Moreover, this group 

presented evidence suggesting that Myosin X is required for this process in melanocytes, to 

accomplish filopodial-based transfer and in keratinocytes to phagocytize filopodial tips. 

However, the authors were not able to detect any direct involvement of melanocyte dendrites 

in melanin transfer other than the contact of melanocyte filopodia with the plasma membrane 

of keratinocytes. Thus, it is possible that the dendrites might only be responsible for the 

intimate contact between melanocytes and keratinocytes, rather then being the vehicle for 

pigment transfer. The main strenghs of this study are the use of time-lapse microscopy and 

scanning EM of ex vivo co-cultures of melanocytes and keratinocytes, and the modulation of 

the system with UV radiation. However, despite the use of various techniques, this study was 

not enough to provide unequivocal evidence to support this model. 

Additionally, two studies were recently published supporting the “shedding vesicles” 

model. One study proposes that pigment globules containing multiple melanosomes are 

released from melanocytes into the extracellular space and are then captured by 

keratinocytes’ microvilli and subsequently phagocytosed (Ando et al., 2012). Moreover, the 

authors suggest that the membranes surrounding incorporated melanosome clusters in 

human keratinocytes are gradually degraded and the melanosomes are dispersed around 

the perinuclear area. In this study, the pigment globules were seen to be connected to the 

filopodia of melanocyte dendrites, which is in agreement with previous data (Scott et al., 

2002; Singh et al., 2010). Although this study used scanning electron microcopy of human 

co-cultures of melanocyte and keratinocytes to obtain powerful images, it has a major 

limitation: it is solely descriptive and exclusively based on still images. No molecular 

mechanism was explored, or any proteins were implicated in the proposed multi-step 

process. Secondly, another study also proposes that melanin transfer occurs in a multi-step 

manner via the shedding of pigment-enriched vesicles and their subsequential phagocytosis 

by neighbouring keratinocytes (Wu et al., 2012). This study used time-lapse microscopy for 

observations of primary co-cultures in real time. These were prepared from a transgenic 

mouse, called the “Holly mouse”, which contains melanocytes and keratinocytes with red and 

green plasma membranes, respectively. The authors emphasize the fact that the internalized 

packages containing numerous melanosomes, exhibiting multiple membrane profiles 

corresponding to both green and red staining, is in agreement with the “shedding-vesicles” 

model, in which the melanosomes are engulfed in a double-membrane originated both from 

the melanocyte and the keratinocyte plasma membranes. Importantly, pigment globules were 

seen to be released from various areas of melanocytes, contrary to what was observed by 

Ando and colleagues (Ando et al., 2012). This is according to the model we propose, where 

melanin can be exocytosed from various sites of melanocytes. Another discrepancy is that 
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Wu et al. only observed shedding occuring in the presence of keratinocytes, whereas Ando 

et al. found melanosome-containing globules in the media of human melanocyte mono-

cultures. This second study has the major asset that time-lapse dynamic imaging of the 

transfer process was utilized, while its biggest weakness is that the samples were derived 

from mice, hence there is no guarantee of its physiologically relevance for human skin 

pigmentation. 

In our study, we combined EM with cell and molecular biology techniques to 

thoroughly characterize pigment transfer and provide strong evidence for the exocytosis-

endocytosis model. Particularly, EM techniques were substantially improved from those that 

were routinely used for pigment transfer investigations on human skin (Birbeck et al., 1956; 

Mottaz and Zelickson, 1967; Ruprecht, 1971). To exclude artifacts or alterations due to 

chemical fixation and allow optimal tissue preservation, besides conventional chemical 

fixation, the samples used were also immobilized quickly by high-pressure freezing followed 

by freeze substitution. Also, serial sectioning of skin samples was performed, which allowed 

us to follow continuity of the same structure of interest over several micrometers in 

epidermis. Moreover, confocal microscopy was combined with cryo-immuno-EM to 

demonstrate that within keratinocytes melanin granules are surrounded by a single 

membrane that lacks TYRP1, hence not derived from the melanocyte. However, we cannot 

categorically exclude the possibility that the melanosomal membrane is not rapidly degraded 

upon internalization into keratinocytes. Furthermore, we extended our studies and 

characterized the molecular basis of the transfer process, suggesting for the first time a role 

for distinct Rab proteins, namely Rab 11b, 1a, 2a, 5b and 14 in this process. Thus, we 

gathered enough data to propose that the combination of exocytosis with endocytosis is the 

main model of transfer. Altogether, the two main strengths of our study are: i) the 

complementary imaging and molecular techniques, and ii) the use of human tissue samples. 

However, our study suffers from the limitations inherent to using static images since no real-

time imaging was performed. 
All these different studies are valuable and present strengths and limitations, 

contributing to the body of knowledge on the melanin transfer mechanism. But why these 

studies are not in agreement remains unclear. Although each study supports a particular 

mechanism, it does not necessarily mean that there is only one mechanism. In fact, 

redundancy exists in biological processes, which is necessary for survival. Therefore, we 

believe it is likely that the accepted models for melanin transfer are not mutually exclusive 

but instead might be complementary. Nevertheless, we consider the model of exocytosis 

followed by endocytosis of melanocores the prevalent one in human skin. Further 
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experiments are needed to resolve remaining questions regarding the unification of these 

proposed pigment transfer mechanisms. 

Ideally, to further characterize the pigment transfer mechanism the technical merits of 

the different studies should be merged, therefore dilluting their limitations. This would mean 

combining time-lapse microscopy with analysis of human samples and EM, in order to follow 

the transfer process in real-time in human skin tissue. However, this is not ethically viable. 

Hence, several alternative options should be considered to continue these studies. 

First, since working directly in human skin is problematic, it is fundamental to work 

with models of higher complexity, in order to achieve the most physiological model system 

possible. Studies have been usually performed in 2D keratinocyte-melanocyte co-cultures, 

which has proven effective. However, the skin is a complex system and the 2D model does 

not reproduce faithfully its architectural complexity. 

In the skin, each melanocyte contacts with many keratinocytes, thus 3D cultures must 

be considered in order to mimic the organized epithelium typical of the in vivo setting. 

Indeed, these models are already in use and consist of inserts containing fibroblasts in a 

collagen matrix upon which melanocytes and keratinocytes are placed, with cell proliferation 

occurring at the basal layers and cell differentiation towards the surface (Stark et al., 2004; 

Van Gele et al., 2011a, 2011b). These organotypic cultures can be composed of primary 

human cells, called human reconstructed pigmented epidermis, thus allowing researchers to 

benefit from a more physiological setting that provides a more relevant system for the study 

of the mechanisms of melanin transfer. Reconstructed skin models are commercially 

available. Nevertheless, the development of this reconstructed system in the laboratory 

allows manipulation of each cell type before the assembly of the 3D culture. Moreover, this 

has the potential of validating the data obtained from 2D in vitro cultures. Furthermore, 

reconstructing the epidermis with human melanocytes derived from donors of different ethnic 

origins generates a pigmented epidermis that reflects the skin phenotype of the donor (Yoon 

et al., 2003). Therefore, this should also constitute a good system to investigate the basis of 

skin color phototypes. 

Additionally, the availability of mouse coat color mutants that display defects in 

pigment transfer would be a powerful tool, shown in the studies that shed light on the 

pigment biogenesis and transport processes. However, such models have not been identified 

to date. Furthermore, the transgenic “Holly mouse” constitutes a valuable model. However 

we question its physiological relevance since pigment distribution is not uniform between 

species. Indeed, this fact has been a major obstacle to examining pigmentation in animal 

models. In humans, melanocytes are targeted to the epidermis and hair follicles, while mice 

do not retain melanocytes in the epidermis, resulting in unpigmented skin (Weiner et al., 
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2007). The stem cell factor (SCF) transgenic mice more closely resembles the morphology of 

human skin, since its expression is able to retain melanocytes in the epidermis, resulting in 

pigmented skin (Kunisada et al., 1998). For this reason, this transgenic mouse is an 

invaluable tool for the in vivo analysis of skin pigmentation, and future studies should focus 

on it. 

Ultimately, researchers have already used human skin equivalent xenografts on 

immunodeficient mice in different contexts (Farooqui et al., 1995; Santiago-Walker et al., 

2009; González-González et al., 2011). Specifically, a small region of mouse skin 

(approximately 3 cm2) was removed and a piece of 3D human skin equivalent (approximately 

4 cm2) was placed over the puncture. To our knowledge this approach has never been tested 

to investigate pigment transfer. Nevertheless, it would allow in situ observations with a 

multiphoton microscope. Furthermore, both SCF mice and the human xenographs models 

should be an excellent tool for studying the influence of environmental factors, such as UV 

irradiation, in live skin. 

 

In conclusion, this thesis presents evidence to answer the long-standing question of 

how melanin is transferred in the epidermis. Specifically, the work presented proposes a new 

role for Rab11b in the exocytosis of melanosomes from melanocytes and showed that 

several Rabs are involved in the uptake of melanin by keratinocytes, in particular Rab 1a, 2a, 

5b and 14. Taken together, this suggests that the exocytosis-endocytosis model is a 

predominant mechanism of melanin transfer. The better understanding of the above 

mechanisms can lead to a greater appreciation of the molecular machinery underlying skin 

pigmentation and opens new perspectives to the cosmetic and pharmaceutical industries in 

designing novel strategies to modulate human skin color. Simultaneously, since 

melanosomes belong to the group of lysosome-related organelles, the knowledge gathered 

in this thesis can contribute to a better understanding of related organelle dynamics in 

general and has the potential to be used in variety of cell biology and physiological issues. 
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Supplementary Figure 6.1 – Primary murine melanocytes do not express Rab17 gene 
endogenously. 
PCR analysis of endogenous Rab proteins in total cell extracts from primary murine melanocytes or 
mouse kidney total cell extracts (positive control). NC – negative control (sample without cDNA). 
Analysed were genes Rab17, Rab27a and Rab11b. The PCR products were resolved on an 1.2% 
agarose gel stained with Gel Red. The molecular weight of the standard DNA ladder (100bp) is 
indicated on the left. 
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Supplementary Figure 6.2 – Image J macro to perform semi-automated analysis. 
 

 
 
//setBatchMode(true); 
directory = getDirectory("Escolhe a directoria"); 
filelist = getFileList(directory); 
run("Clear Results"); 
run("Set Measurements...", "area standard min redirect=None decimal=2"); 
for(i=0; i<filelist.length; i++) { 
 n = counttrans(filelist[i]); 
 //print(i+": Processing image "+filelist[i],n+" trans"); 
 print(filelist[i]); 
 run("Image Sequence...", "open=["+directory+filelist[i]+"/] number=3 starting=1 increment=1 scale=100 
file=trans or=[]"); 
 if (n != 0) { 
  imag = getImageID(); 
  if (n >= 2) { 
   run("Z Project...", "start=1 stop=2 projection=[Average Intensity]"); 
   proj = getImageID(); 
  } 
  image = getTitle(); 
  imageCalculator("Divide create 32-bit",image,"stack fundo.tif"); 
  div = getImageID(); 
  waitForUser("set threshold urself"); 
  //setThreshold(0, 2000); 
  run("Create Selection"); 
  run("Measure"); 
  selectWindow("Results"); 
  saveAs("results", directory+"results_trans.xls"); 
  selectWindow("Log"); 
  saveAs("txt", directory+"ordem_trans.xls"); 
  if (n >= 2) { 
   selectImage(imag); 
   run("Close"); 
   selectImage(proj); 
   run("Close"); 
   selectImage(div); 
   run("Close"); 
  } 
  else { 
   selectImage(imag); 
   run("Close"); 
   selectImage(div); 
   run("Close"); 
  } 
  //savethreshold(filelist[i]); 
 } 
} 
print("Done!"); 
 
function counttrans(loc) { 
 number = 0; 
 if (endsWith(loc, "/")) { 
  files = getFileList(directory+loc); 
  for(d=0; d<files.length; d++) { 
   if (indexOf(files[d], "trans") >= 0) { 
    number++; 
   } 
  } 
 } 
 return number; 
} 
 
//function savethreshold(img) 
/* 
 roiManager("reset"); 
 run("Duplicate...", "title=del"); 
 selectWindow("del"); 
 setThreshold(0, 1400); 
 run("Convert to Mask"); 
 run("Create Selection"); 
 roiManager("Add"); 
 if (n >= 2) selectWindow("AVG_Stack"); 
 else selectImage(imag); 
 roiManager("select", 0) 
 run("RGB Color"); 
 setForegroundColor(255, 0, 0); 
 run("Fill", "slice"); 
 last = lengthOf(img)-1; 
 name = substring(img,0,last); 
 saveAs("tiff", directory+"output/"+name+".tif"); 
 selectWindow(name+".tif"); 
 run("Close"); 
 selectWindow("del"); 
 run("Close"); 
} 
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Resumo Alargado 

 

 

A pele constitui o maior órgão do corpo humano e a sua pigmentação é essencial 

para a proteção do corpo dos efeitos nefastos da radiação ultravioleta (UV). O complexo 

funcional que confere cor e propriedades protetoras à pele chama-se unidade melano-

epidérmica. Esta é composta por um melanócito, localizado na camada basal da epiderme, 

juntamente com cerca de 40 queratinócitos próximos. 

Existem três processos fundamentalmente responsáveis pela aquisição e 

manutenção da pigmentação da pele: i) síntese do pigmento melanina; ii) transporte de 

melanina no interior dos melanócitos; e, iii) transferência de melanina dos melanócitos para 

os queratinócitos. 

Os melanócitos são células altamente especializadas, que sintetizam e armazenam o 

pigmento melanina em organelos denominados melanossomas. Os melanossomas maturam 

através de uma série de intermediários morfologica e bioquimicamente definidos. Derivam 

do sistema endossomal como vacúolos não pigmentados até atingir o estadio final como 

organelo diferenciado e especializado, de forma elíptica, completamente pigmentado 

(aproximadamente com 500 nm). O transporte intra-celular dos melanossomas, desde a 

região peri-nuclear até à periferia dos melanócitos, decorre num processo que se divide em 

duas etapas: um transporte de longa distância rápido e dependente de microtubulos, 

seguido de uma captura na ponta das dendrites do melanócito dependente de actina. A 

interação dos melanossomas com o citoesqueleto de actina ocorre através de um complexo 

tripartido formado pela Rab27a, pelo seu efetor melanofilina e a proteína motora miosina Va. 

Melanócitos que apresentem mutações em qualquer uma destas proteínas revelam um 

fenótipo peculiar e os melanossomas agregam-se na região central da célula. Após a 

maturação dos melanossomas, a melanina é transferida para os queratinócitos adjacentes, 

onde migra para a região perinuclear apical da célula de modo a formar um escudo de 

proteção. A principal função do escudo de melanina é absorver e dispersar a radiação UV, 

protegendo assim o material genético dos queratinócitos. 

Os processos de síntese e de transporte intra-celular de melanina em melanócitos 

estão extensamente caracterizados. No entanto, os mecanismos moleculares subjacentes à 

transferência inter-celular de melanina, entre melanócitos e queratinócitos, permanecem 

pouco compreendidos. As teorias atualmente aceites para descrever este mecanismo 

incluem: i) citofagocitose da ponta de uma dendrite do melanócito pelo queratinócito; ii) 

exocitose dos melanossomas dos melanócitos com posterior fagocitose pelos 

queratinócitos; iii) formação de nanotubos entre as duas células, dadora e recetora, 
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envolvendo a transferência direta de melanossomas; e, iv) transferência por vesículas 

envolvidas por membrana do melanócito, que contém simultaneamente vários 

melanossomas, e são seguidamente endocitadas pelos queratinócitos. 

Dados preliminares obtidos no nosso laboratório, baseados numa combinação de 

várias técnicas, favorecem a hipótese de exocitose de melanossomas pelos melanócitos 

seguida por endocitose dos grânulos de melanina por parte dos queratinócitos, como sendo 

o mecanismo de transferência de melanina predominante na pele. A análise, por 

microscopia eletrónica, de secções em série ultra-finas de amostras de pele humana revelou 

três evidências que apoiam esta hipótese. Em primeiro lugar, observou-se a presença de 

melanina desprovida de membrana envolvente no espaço extra-celular entre melanócitos e 

queratinócitos. Em segundo lugar, a melanina que está dentro de queratinócitos encontra-se 

apenas envolvida por uma única membrana. E, por último, a membrana que envolve os 

grânulos de melanina que se encontram dentro dos queratinócitos não contém marcadores 

comuns de melanossomas, tal como TYRP1 (proteína relacionada com a tirosinase 1). 

Para além disso, as proteínas Rab GTPases que são importantes reguladores do 

tráfego intracelular foram implicadas nos mecanismos de síntese e de transporte intra-

celular de melanina essenciais para a pigmentação da pele. Por exemplo, em melanócitos a 

Rab7 e as Rabs 38/32 estão envolvidas na biogénese de melanossomas, e a Rab1a e 

Rab27a regulam o transporte de melanossomas em melanócitos. Como tal, é provável que 

estas proteínas também desempenhem um papel fundamental no processo de transferência 

de melanina entre os melanócitos e os queratinócitos. 

Deste modo, propusemo-nos com o presente trabalho a estudar detalhadamente o 

mecanismo de transferência de melanina na pele, a expandir o conhecimento atual e 

confirmar os nossos dados preliminares. Em particular, pretendemos identificar bases 

moleculares do mecanismo de transferência, usando métodos já desenvolvidos por nós e 

também desenvolvendo novos modelos in vitro. Numa primeira fase, investigámos o 

mecanismo de exocitose de melanina dos melanócitos (Capítulo 2), e seguidamente o 

mecanismo de endocitose de melanina por queratinócitos (Capítulo 3), identificando em 

ambos os casos as proteinas Rab GTPases envolvidas nestes processos. 

Um dos principais obstáculos no estudo da transferência de melanina é a falta de um 

sistema adequado de experimentação in vitro. Como tal, desenvolvemos sistemas de 

análise robustos que permitem medir a exocitose de melanossomas pelos melanócitos, a 

sua transferência em modelos in vitro de co-culturas de melanócitos e queratinócitos, bem 

como a sua endocitose por queratinócitos, em sistemas de duas dimensões (2D). 

Durante a primeira fase (Capítulo 2), sistemas de co-culturas de melanócitos e 

queratinócitos revelaram inicialmente que a exocitose de melanina pelos melanócitos é 
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induzida pela presença de queratinócitos. De seguida foi analisado o papel de proteínas 

Rabs na secreção de melanina dos melanócitos, através de experiências de redução de 

expressão destas proteínas. Os resultados foram não só detetados pela avaliação da 

quantidade de melanina segregada no meio de cultura, por espectrofotometria, mas também 

por microscopia, quantificando o número de melanossomas transferidos para queratinócitos 

em sistemas de co-culturas. 

As experiências revelaram que a redução da Rab11b causa a diminuição da 

exocitose de melanina estimulada por queratinócitos e a redução do nível de transferência 

de melanina para os queratinócitos. A pequena GTPase Rab11b, da família da Rab11, é 

ubiquamente expressa e controla funções de reciclagem celular clássicas, bem como 

eventos específicos de reciclagem ou exocitose em neurónios e células epiteliais 

polarizadas. A localização da Rab11b em endossomas de reciclagem confirma-se nos 

melanócitos, e embora não se observe uma elevada co-localização entre a Rab11b e 

melanossomas nestas células, na periferia dos melanócitos a Rab11b está maioritariamente 

localizada na proximidade de melanossomas. Estas observações sugerem que a via 

endocítica, e em particular os endossomas de reciclagem, participam na exocitose de 

melanossomas dos melanócitos. 

Os nossos dados sugerem que a Rab27a não está envolvida na exocitose de 

melanossomas, nem na sua transferência para queratinócitos. Este resultado é 

surpreendente, uma vez que a Rab27a é uma proteína essencial no transporte de 

melanossomas através de microtubulos nos melanócitos, que se supunha ser um passo 

essencial para a ocorrência da transferência de melanina inter-celular. No entanto, tal 

observação pode explicar o fenótipo apresentado por murganhos mutantes sem expressão 

de Rab27, que apresentam diluição de pigmento e não albinismo. Na pele, os melanócitos 

contactam com aproximadamente 40 queratinócitos através das suas longas dendrites. 

Deste modo, é possível que esta proteína seja essencial para transferir melanina para 

queratinócitos que se encontrem mais distantes, para os quais o transporte de 

melanossomas até à ponta das dendrites dos melanócitos seja de facto um pré-requisito. No 

entanto, é possível que a transferência de melanina para queratinócitos imediatamente 

adjacentes aos melanócitos dispense o passo de transporte intra-celular através de 

microtubulos. 

Durante a segunda fase deste trabalho de investigação (Capítulo 3), para completar 

os conhecimentos adquiridos anteriormente (Capítulo 2) e confirmar a importância da 

endocitose no processo de transferência de melanina inter-celular, demonstrámos o 

envolvimento de proteínas Rabs na endocitose de melanocores, usando uma biblioteca de 

selecção por siRNA. Melanocore foi o termo escolhido para denominar o grânulo de 
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melanina que é segregado para o espaço extra-celular após exocitose do melanossoma do 

melanócito. 

Primeiramente foram usadas esferas fluorescentes, de tamanho similar ao de 

melanossomas, para estudar a captação de melanina pelos queratonócitos. Os resultados 

foram detetados pela análise do número de esferas fluorescentes captadas pelos 

queratinócitos, por citometria de fluxo. Contudo, este método não foi eficaz uma vez que a 

internalização destas esferas mostrou ser independente da proteína recetora PAR-2 (recetor 

2 ativado por protease), que foi já demonstrada como sendo fulcral na internalização de 

melanina por queratinócitos. 

Assim sendo, foi desenvolvida de raiz uma nova metodologia in vitro para avaliar a 

internalização de melanocores por queratinócitos. As esferas fluorescentes foram 

substituídas por melanocores obtidos por nós em laboratório, a partir de uma linha celular de 

melanócitos cancerígena que é capaz de segregar melanina constitutivamente. O meio de 

cultura destes melanócitos é recolhido e os melanocores são purificados e concentrados a 

partir deste. Adicionalmente, foram feitos estudos de cinética e titulação de captação de 

melanocores, bem como uma caracterização comparativa entre os marcadores comuns de 

melanossomas presentes nos melanocores obtidos por concentração internalizados por 

queratinócitos e a melanina internalizada por queratinócitos em co-cultura com melanócitos. 

Posteriormente, as proteínas Rab necessárias para a captação de melanocores 

foram selecionadas por RNAi. Neste caso, os resultados foram detetados pela análise do 

número de melanocores internalizados pelos queratinócitos, por microscopia, aplicando uma 

macro desenvolvida por nós para semi-automatizar a quantificação. 

Os resultados obtidos revelaram o envolvimento de quatro proteínas Rab na 

internalização de melanocores: Rab1a, Rab2a, Rab5b e Rab14. A redução de expressão 

das Rabs 1a e 5b causa a diminuição da endocitose de melanocores, enquanto a redução 

de expressão das Rabs 2a e 14 provoca um aumento da endocitose de melanocores por 

queratinócitos. Ao contrário da Rab5b que detém uma função largamente caracterizada na 

endocitose e que se localiza em endossomas iniciais, o papel das Rabs 1a, 2a e 14 na 

endocitose é desconhecido. As Rab1a e Rab2a estão normalmente localizadas no aparelho 

de Golgi, bem como a Rab14 que exerce também funções na via endocítica. 

A co-localização observada entre a Rab5b com melanocores em queratinócitos 

sugere o envolvimento de endossomas iniciais, confirmado por marcador comum de 

endossomas iniciais (PIP3), no processo de internalização de melanocores por estas 

células. No entanto, a inexistência de co-localização entre melanocores internalizados e as 

restantes três Rabs envolvidas, Rabs 1a, 2a e 14 sugere que estas proteínas Rab exercem 

uma função indirecta na captação de melanocores pelos queratinócitos, possivelmente 
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atuando num recetor. No futuro, o papel destas proteínas deve ser explorado e as suas 

funções moleculares na internalização de melanocores por queratinócitos identificado. 

Em conjunto, estes resultados corroboram as observações preliminares obtidas por 

microscopia eletrónica em amostras de pele humana, e ampliam-nas através das evidências 

moleculares encontradas. Estes resultados confirmam que o mecanismo principal de 

transferência de melanina na pele é a exocitose de melanina pelos melanócitos induzida 

pela presença de queratinócitos, regulada pela Rab11b, seguida de endocitose de 

melanocores pelos queratinócitos, regulada pelas Rabs 1a, 2a, 5b e 14. 

Finalmente, este estudo ajudou a clarificar os mecanismos moleculares subjacentes 

à transferência de melanina na pele, nomeadamente à sua exocitose de melanócitos e 

endocitose pelos queratinócitos. Uma vez que a pigmentação da pele tem implicações ao 

nível da cosmética, foto-envelhecimento e cancro de pele, acreditamos que estas 

descobertas possam facilitar o desenvolvimento de novas estratégias para controlar a 

pigmentação da pele para utilização na indústria cosmética, bem como para o tratamento de 

problemas de saúde relacionados com a pigmentação da pele. 
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Rab11b Mediates Melanin Transfer between
Donor Melanocytes and Acceptor Keratinocytes
via Coupled Exo/Endocytosis
Abul K. Tarafder1,2,3,8, Giulia Bolasco3,8, Maria S. Correia1,2, Francisco J.C. Pereira1,2, Lucio Iannone1,2,
Alistair N. Hume3, Niall Kirkpatrick4, Mauro Picardo5, Maria R. Torrisi5,6, Inês P. Rodrigues1, José S. Ramalho1,
Clare E. Futter7, Duarte C. Barral1 and Miguel C. Seabra1,2,3

The transfer of melanin from melanocytes to keratinocytes is a crucial process underlying maintenance of skin
pigmentation and photoprotection against UV damage. Here, we present evidence supporting coupled
exocytosis of the melanin core, or melanocore, by melanocytes and subsequent endocytosis by keratinocytes
as a predominant mechanism of melanin transfer. Electron microscopy analysis of human skin samples revealed
three lines of evidence supporting this: (1) the presence of melanocores in the extracellular space; (2) within
keratinocytes, melanin was surrounded by a single membrane; and (3) this membrane lacked the melanosomal
membrane protein tyrosinase-related protein 1 (TYRP1). Moreover, co-culture of melanocytes and keratinocytes
suggests that melanin exocytosis is specifically induced by keratinocytes. Furthermore, depletion of Rab11b, but
not Rab27a, caused a marked decrease in both keratinocyte-stimulated melanin exocytosis and transfer to
keratinocytes. Thus, we propose that the predominant mechanism of melanin transfer is keratinocyte-induced
exocytosis, mediated by Rab11b through remodeling of the melanosome membrane, followed by subsequent
endocytosis by keratinocytes.

Journal of Investigative Dermatology advance online publication, 14 November 2013; doi:10.1038/jid.2013.432

INTRODUCTION
Melanocytes reside in the basal layer of the epidermis sparsely
spread in a 1:40 ratio among keratinocytes (Jimbow et al.,
1979), where the two cell types are proposed to interact in a
symbiotic manner (Imokawa, 2004; Yamaguchi and Hearing,
2010). The photoprotective pigment, melanin, is synthesized
in melanocytes and packaged into lysosome-related organelles
termed melanosomes (Marks and Seabra, 2001; Raposo and
Marks, 2002; Hearing, 2005). Consistent with their unique
morphology and function, melanosomes contain specific
integral membrane proteins such as PMEL (gp100), tyro-

sinase, and tyrosinase-related protein 1 (TYRP1, gp75)
whose sorting and localization have been described previo-
usly (Raposo et al., 2001). Fully melanized melanosomes are
transported from their site of synthesis to the cell periphery
before they are transferred to keratinocytes and transported to
the apical area of the cell to form a supranuclear cap that
prevents DNA photodamage induced by exposure to UV
radiation (Scott, 2003; Byers et al., 2007).

Despite its pathophysiological importance, the molecular
mechanism underlying melanin transfer remains poorly
characterized, although several hypotheses (H1–H4) have
been postulated to date including (Yamamoto and Bhawan,
1994; Seiberg, 2001; Van Den Bossche et al., 2006; Singh
et al., 2008): (H1) heterophagocytosis of the melanocyte
dendrite tip; (H2) release of melanosome-loaded vesicles
from the melanocyte followed by phagocytosis by the
keratinocyte (Scott et al., 2002; Ando et al., 2011; Wu et al.,
2012) (H3) exocytosis of the melanin core from the
melanocyte followed by endocytosis by the keratinocyte; and
(H4) transfer of melanosomes from the melanocyte filopodia to
the keratinocyte via direct membrane fusion (Singh et al.,
2010; Beaumont et al., 2011). The first two mechanisms
involve melanosome transport within keratinocytes in double
membrane compartments derived from both the donor
melanocyte and the acceptor keratinocyte. In contrast, the
last two hypotheses predict that melanin granules are
transported within keratinocytes in a single membrane-bound
structure derived either from the keratinocyte (H3) or from the
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melanocyte (H4). Recently, an alternative mechanism has
been proposed where melanocytes transfer melanosome-rich
packages by a ‘‘shedding’’ mechanism that occurs both at the
tips of dendrites and the cell body (Wu et al., 2012).

Despite a number of ultrastructural studies on epidermal
cell culture (Okazaki et al., 1976), human hair roots (Mottaz
and Zelickson, 1967), and skin samples (Yamamoto and
Bhawan, 1994), molecular evidence for the mechanism of
melanin transfer has not been forthcoming. Moreover, the lack
of a suitable system to reproduce melanin transfer in vitro has
represented a major impediment to unraveling the molecular
basis of this process.

Rab proteins are critical regulators of membrane trafficking
(Pfeffer, 2001; Zerial and McBride, 2001; Seabra et al., 2002)
and have been implicated in a number of processes involved
in skin pigmentation (Wasmeier et al., 2006). Rab32 and
Rab38 have been implicated in melanosome biogenesis
(Wasmeier et al., 2006). Rab27a has a well-characterized
role in melanosome transport within melanocytes where it
regulates the peripheral localization of melanosomes
(Bahadoran et al., 2001; Hume et al., 2001; Wu et al.,
2001; Strom et al., 2002). Recently, depletion of Rab17 and
Rab11 have been shown to cause accumulation of pigment in
melanocytes (Beaumont et al., 2011). Hence, it is likely that
Rab proteins have a crucial role in regulating melanin transfer.

Here, we have characterized the predominant molecular
mechanism of melanin transfer from melanocytes to
keratinocytes based on a combination of in vivo morpho-
logical analysis coupled with in vitro models of melanin
transfer. We found that melanin exocytosis is mediated by
Rab11b and that melanocores are subsequently endocytosed
by keratinocytes.

RESULTS
Ultrastructural analysis of human skin reveals melanocores
present in the extracellular space between melanocytes and
keratinocytes
Human skin samples were analyzed by transmission electron
microscopy and areas with a high concentration of melanin in
keratinocytes were selected for analysis of melanin transfer
(Figure 1a). Melanocytes in the basal layer of the epidermis
can be readily distinguished from keratinocytes by the lack of
keratins, absence of desmosomes at cell–cell junctions
(Supplementary Figure S1a–c online), and the presence of
melanosomes at different stages of maturation (Supplementary
Figure S1c online). Analysis of serial ultrathin sections
revealed the presence of melanin granules lacking membranes
or associated cytoplasm, herein termed melanocores, in the
extracellular space between the melanocyte and the basal
lamina (Figure 1b1–8). To exclude artifacts or alteration due to
chemical fixation with aldehydes, high-pressure freezing
followed by freeze substitution and conventional embedding
was also performed on a skin sample, showing similar results.
(Supplementary Figure S2a and b online).

Along with individual granules, clusters of melanocores
were also observed in close proximity to keratinocyte and
melanocyte plasma membranes (Figure 2a and b) and were
also seen in the process of being taken up by keratinocytes

within plasma membrane invaginations (Figure 2a and c).
Moreover, a single membrane delimited individual melanin
granules within the keratinocyte (Figure 2d–f). Quantitation of
20 images of equivalent magnification revealed that 64
melanosomes out of 66 had a discernable membrane in
melanocytes, whereas in keratinocytes 46 single melanin
granules and 51 groups of melanin granules out of 113 had
a clear single membrane. The remaining 16 melanin granules
did not show any clear surrounding membrane.

The single membrane limiting melanin granules after transfer to
keratinocytes lacks melanosomal markers
If melanocores are endocytosed, the single membrane enclos-
ing melanin in the keratinocyte would be derived from the
keratinocyte, whereas if melanosomes are transferred follow-
ing fusion of the melanocyte and keratinocyte plasma mem-
branes it would be the melanosomal membrane itself. To
determine the source of the single membrane enclosing
melanin granules within keratinocytes, we used TYRP1 as a
marker of melanosome membranes (Raposo et al., 2001) by
confocal microscopy of semithin (5mm) frozen sections.
TYRP1 (Figure 3b) localized to both the cell body and
dendrites of melanocytes (Figure 3b, arrowhead). In contrast,
within keratinocytes, TYRP1 staining was absent from both the
periphery and the supranuclear cap (Figure 3a and b). These
results suggest that the melanocyte-derived melanosome
membrane is absent from melanin granules within keratino-
cytes, regardless of its stage of degradation. To better visualize
individual melanosomes and the membranes surrounding
them, TYRP1 was localized on ultrathin (50 nm) cryo-sections
by cryo-immuno electron microscopy, detecting TYRP1 by
immunogold. Consistent with the immunofluorescence results,
melanosomal membranes within melanocytes were heavily
labeled (Figure 3c and d), but melanin granules within
keratinocytes had very few gold particles (Figure 3c and e).
Moreover, the low level of labeling within keratinocytes was
localized only in the lumen of the granules and not in the
surrounding membrane, presumably because of the presence
of intraluminal vesicles containing the protein (Figure 3c
and e). Quantification of the number of gold particles per
melanin granule showed 3.5-fold more TYRP1 associated with
melanin granules in melanocytes than those in keratinocytes
(Figure 3g). Importantly, the masking effect on intraluminal
epitopes of densely packed melanin should be decreased after
internalization by keratinocytes because of melanin degrada-
tion (Wolff, 1973; Borovanský and Elleder, 2003), and hence
scarcity of TYRP1 staining within keratinocytes is likely to
reflect true lack of this protein (Figure 3b and e).

To further test our hypothesis that the melanosomal mem-
brane is not present in keratinocytes, we utilized a different
melanosome membrane marker and established heterologous
co-cultures with a murine melanocyte cell line (Melan-Ink4a)
and normal human keratinocytes. After 48 hours in culture,
the cells were processed for cryo-immunoEM using an anti-
body specific for mouse lysosomal-associated membrane
protein 1 (LAMP1) to label melanocyte- (murine) but not
keratinocyte-derived (human) LAMP1 (Supplementary Figure
S3a–c online). LAMP1 localized, as expected, to melanosome
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membranes in melanocytes, as previously reported
(Supplementary Figure S3b online) (Zhou et al., 1993), but
mouse LAMP1 was not detected in melanin granules within
keratinocytes (Supplementary Figure S3c online), thus demon-
strating the loss of the membrane after melanin transfer.

The presence of melanocores in the extracellular space
between cells, together with the observation that melanin
taken up by keratinocytes is surrounded by a single membrane
lacking melanosomal membrane proteins, suggests that mel-
anin exocytosis followed by endocytosis by keratinocytes is a
major mechanism underlying melanin transfer in the skin.

Keratinocytes induce melanin exocytosis by melanocytes in co-
culture
Confirmation of this hypothesis required the development of a
melanin exocytosis assay. Two melanocyte cell types were
utilized, namely Melan-ink4a and primary murine melano-

cytes derived from C57BL/6 mice. Melanocytes cultured alone
displayed low levels of melanin exocytosis into tissue culture
medium (Figure 4a). However, when co-cultured with XB2
keratinocytes, both melanocyte types showed a 2–3-fold
increase in melanin exocytosis. The increase in melanin exo-
cytosis elicited by keratinocytes was specific as co-culture of
melanocytes with both HeLa and NIH-3T3 fibroblasts did not
have any significant effect on melanin exocytosis (Figure 4b).

Rab11b modulates keratinocyte-induced melanin exocytosis by
melanocytes
To characterize the molecular basis of melanin exocytosis
from melanocytes, a small interfering RNA (siRNA) screen of
candidate Rab GTPases was employed. Melan-ink4a melano-
cytes were treated with the appropriate siRNA SMART pools
before co-culture with XB2 keratinocytes. After 7 days of
co-culture, the quantity of melanin present in tissue culture

Ker
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Fibroblast

Dermis

Epidermis

0

BL

+50 nm +100 nm +150 nm

+350 nm+300 nm+250 nm+200 nm
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Figure 1. Transmission electron microscopy (TEM) of ultrathin sections of human skin reveals melanocores in the extracellular space. (a) Low-magnification
TEM image showing the overall structure of the human dermis/epidermis. (b1–8) A series of high-magnification TEM images of serial ultrathin (50nm) sections
of the interface between a melanocyte plasma membrane (arrow) and the BL. Inspection of serial sections reveals the presence of a melanocore devoid of
membrane in the extracellular space. BL, basal lamina; K, keratin filament; Ker, keratinocyte; Mel, melanocyte; PM, plasma membrane. Bars: (a)¼10mm and
(b1–8)¼ 200 nm.
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media was assayed and normalized to the number of
melanocytes present at the end of the assay period. This
screen revealed that Rab11b depletion caused a marked
decrease in keratinocyte-induced melanin exocytosis
(Figure 4c). Surprisingly, Rab27a depletion had no effect on
keratinocyte-induced melanin exocytosis. To confirm these
findings, single siRNA oligos designed to specifically silence
Rab11b and Rab27a were utilized. Quantitative real-time
reverse-transcriptase–PCR analysis revealed that these siRNAs
gave an B50% reduction in Rab11b and Rab27a mRNA
levels in melanocytes cultured alone as measured 7 days after
knockdown was initiated (Supplementary Figure S4a and b
online), and no off-target effects on Rab11a expression were
observed (Supplementary Figure S4c online). All single oligos
specifically designed to deplete Rab11b, but not those

targeting Rab27a, significantly reduced keratinocyte-induced
melanin exocytosis into tissue culture media to levels seen
with Melan-ink4a cultured alone (Figure 4d).

The effect of Rab11b and Rab27a depletion in primary
murine melanocytes was also tested using adenovirus encod-
ing miRNA and a green fluorescent protein reporter to infect
melanocytes. Consistently, depletion of Rab11b but not
Rab27a caused a reduction of keratinocyte-induced melanin
exocytosis to the level seen with primary melanocytes alone
(Figure 4e). Furthermore, we confirmed that knockdown by
miRNA was efficient and off-target effects were not seen
(Supplementary Figure S4d–f online).

To further verify the surprising finding that Rab27a
had no effect on keratinocyte-induced melanin exocytosis,
Melan-ash melanocytes (Rab27a-null) were utilized.
Consistent with our findings, no significant difference was
observed in the keratinocyte-induced increase in melanin
exocytosis between Melan-ink4a and Melan-ash melanocytes
(Figure 4f).

Next, the effect of Rab overexpression on melanin exocy-
tosis was assayed. Primary melanocytes were infected with
adenovirus encoding green fluorescent protein–Rab proteins.
Overexpression of Rab11a and Rab11b had no effect on
melanin exocytosis from melanocytes cultured alone
(Figure 4g). However, when co-cultured with XB2, over-
expression of Rab11b caused a 2-fold increase in keratino-
cyte-induced melanin exocytosis (Figure 4h). In contrast,
overexpression of Rab11a had little effect on keratinocyte-
induced melanin exocytosis.

Disruption of melanin exocytosis causes a reduction in melanin
transfer to keratinocytes
We showed that depletion of Rab11b, but not Rab27a, causes
a decrease in keratinocyte-induced melanin exocytosis. To
determine whether melanin exocytosis is a predominant
mechanism of melanin transfer, the amount of melanin
transferred to keratinocytes was assayed in conditions where
melanin exocytosis was inhibited. Melan-ink4a cells were
treated with single siRNA oligos specifically depleting either
Rab11b or Rab27a and the amount of melanin transferred to
XB2 keratinocytes was assayed by brightfield microscopy.
Rab11b depletion resulted in an B50% decrease in melanin
taken up by keratinocytes with all four siRNAs utilized
(Figure 5a). Conversely, Rab27a depletion did not lead to a
decrease in melanin uptake by keratinocytes with any of the
single siRNA oligos (Figure 5a) despite efficient depletion
(Supplementary Figure S4b online). These data suggest a
correlation between melanin exocytosis and melanin transfer
as depletion of Rab11b, but not Rab27a, decreased both
melanin exocytosis and melanin transfer to keratinocytes.
Furthermore, representative images of the co-culture system
clearly show that melanin is taken up by keratinocytes and
that these melanin granules lack TYRP1 staining (Figure 5b–d),
again confirming that the melanosomal membrane is not
present on melanin granules within keratinocytes. Note-
worthy, little melanin was transferred when Melan-ink4a were
co-cultured with HeLa or NIH-3T3 fibroblasts (Supplementary
Figure S5 online).
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Figure 2. Melanin granules internalized by keratinocytes are present in single
membrane-bound compartments. (a–c, d–f) Transmission electron microscopy
(TEM) images of ultrathin section of human skin showing two different areas of
melanin-containing keratinocytes in the basal layer. (a, d) Low-magnification
images. (c, b, e, f) High-magnification images of upper and lower boxed areas
in a and d, respectively. (b, c) A cluster of melanin granules is shown: (b) being
uptaken by a keratinocyte membrane ruffle, and (c) in early phase of
internalization within a single membrane. (e, f) Individual melanin granules are
shown that are in the process of being uptaken by a keratinocyte, and are
bounded by a single bilayer (arrows) that is continuous with a keratinocyte
plasma membrane invagination. K, keratin; Mel, melanocyte; nu, nucleus; PM,
plasma membrane. Bars¼ 100 nm.
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Rab11b localizes in vesicles in close proximity to melanosomes
in melanocytes

To try and gain insight into the relationship between melano-
somes and Rab11b, we colocalized them. Melan-ink4a cells
stained with a Rab11b-specific antibody (Lapierre et al., 2003)

showed a punctate localization in vesicular structures within
the cytoplasm with accumulation in the perinuclear region of
the cell (Figure 6). A high degree of colocalization was
observed with transferrin receptor in the perinuclear region
of the cell as expected for a recycling endosome marker such
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semithin frozen sections of human skin revealed absence of TYRP1 staining (b, red) in melanin granules within perinuclear melanin cap in keratinocytes (b, anti-
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within keratinocytes (gray) versus melanocytes (black) (n¼ 50 in each case), thus demonstrating the loss of TYRP1 in melanin granules after transfer to keratinocytes.
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Figure 4. Melanin exocytosis is modulated by the presence of keratinocytes and Rab11b expression levels in vitro. Melanocytes were either co-cultured with the
indicated cell type (a, b, f) or treated with the indicated siRNA/EGFP-Rab-expressing adenovirus and co-cultured with XB2 keratinocytes (c, d, e, g, h). After co-culture,
media were collected, and melanin isolated and quantified by spectrophotometry. (a) Melan-ink4a and primary murine melanocytes (primary) cultured alone or
co-cultured with XB2 keratinocytes. (b) Melan-ink4a melanocytes alone, co-cultured with XB2 keratinocytes, NIH-3T3 fibroblasts, or HeLa cells. (c, d) Melan-ink4a
were treated with the indicated SMART pool siRNAs (c) or single siRNA oligonucleotides (d) before co-culture with XB2 keratinocytes. (e) Primary melanocytes treated
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as Rab11b (P¼0.806±0.029, n¼15; Figure 6 i–l). A
lower degree of colocalization was observed between
Rab11b and pigment granules or TYRP1, although
Rab11b-loaded vesicles were often seen in close proximity
to melanosomes (Pearson’s coefficient (P)¼ 0.673±0.052,
n¼15; Figure 6e–h). Little colocalization was observed
between Rab11b and PMEL, a marker of immature melano-
somes (P¼0.583±0.03, n¼ 6).

DISCUSSION
The transfer of melanin from melanocytes to neighboring
keratinocytes is a crucial step in skin pigmentation that forms
the basis of skin photoprotection against UV damage and
consequently skin cancer. Despite its importance, the precise
mechanism of melanin transfer remains enigmatic. Here, using
a combination of ex vivo and cell culture approaches, we
found compelling evidence suggesting that coupled melanin

exocytosis followed by endocytosis is the predominant
mechanism of melanosome transfer. Furthermore, we identi-
fied Rab11b as a key regulator of melanin exocytosis and
subsequent transfer to keratinocytes using cell culture models.

Morphological observation of serial ultrathin sections of
human skin samples by EM analysis provided three lines of
evidence to support a coupled exocytosis/endocytosis
mechanism. First, naked melanin without a membrane was
observed in the extracellular space between melanocytes and
keratinocytes. Second, a single membrane was present at the
very early stage of melanin internalization within keratino-
cytes. Third, loss of the melanosomal membrane after transfer
was observed. The observation of a single membrane sur-
rounding the melanin core is in contrast to other reports
(Okazaki et al., 1976; Yamamoto and Bhawan, 1994).
These differing results can be reconciled because of the fact
that in our study we used human skin samples, per-
formed serial sections, and sectioned skin from a saggital

0

20

40

60

80

100

120

140

160

180

200

A
re

a 
oc

cu
pi

ed
 b

y 
m

el
an

in
 in

 p
ix

el
/c

el
l

*

siC

Rab
27

a 1

Rab
27

a 2

Rab
27

a 3

Rab
27

a 4

Rab
11

b 1

Rab
11

b 2

Rab
11

b 3

Rab
11

b 4

Figure 5. Depletion of Rab11b reduces melanin transfer to keratinocytes. (a) Melan-ink4a melanocytes were treated with the indicated small interfering RNA
(siRNA) single oligonucleotides for 3.5hours before co-culture with XB2 melanocytes. After 2 days of culture, cells were fixed and examined by brightfield
microscopy. Between 30 and 40 z-stacks were taken for each condition and the area of keratinocytes containing melanin pigment was quantified using ImageJ
software. (b, c, d, e) Melan-ink4a melanocytes were co-cultured with XB2 keratinocytes for 48 hours. Cells were fixed and immunostained for tyrosinase-related
protein 1 (TYRP1) (b, green) before examination by confocal microscopy. (b) TYRP1 staining. (c) A brightfield image of the co-culture, where we observe a
melanocyte and its dendrites full of melanin granules and an adjacent keratinocyte with internalized melanin surrounding the nucleus. Melanin granules were
pseudocolored in red as seen in (d). (e) Merge with the nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI; blue) is shown. TYRP1 labels melanosomes
within melanocytes but not melanin granules present in keratinocytes. Bar¼ 15mm.

AK Tarafder et al.
Melanosome Transfer via Exo/Endocytosis

www.jidonline.org 7

http://www.jidonline.org


plane (cross-section) that decreases the likelihood of seeing
‘‘indentation’’ of melanocytes within keratinocytes.

The presence of a single membrane within keratinocytes
excludes both hetero-phagocytosis and phagocytosis of

melanin-loaded vesicles as possible mechanisms for melano-
some transfer. As for the two other models, endocytosis of
naked melanin granules and the incorporation of membrane-
bound melanosomes via direct plasma membrane fusion,
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related protein 1 (TYRP1) staining, (j, n) transferrin receptor (TfR) staining, and (r, v) PMEL staining. (c, g, k, o, s and w) Brightfield images. (d, h, l, p, t and x)
Merged images where melanosomes are pseudocolored in blue; Rab11b antibody staining is in green, and marker antibody staining in red. (e–h, m–p, u–x)
Magnifications of the boxed regions indicated in c, k, and s. Bar¼10mm.
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although we did not observe a single event of plasma
membrane fusion between melanocytes and keratinocytes,
our morphological observation did not give any indication on
the nature of the membrane surrounding melanin within
keratinocytes. However, we found molecular evidence for
the loss of the melanosomal membrane during melanin
transfer to keratinocytes as we see the absence of the specific
melanosomal membrane markers TYRP1 and LAMP1 in
melanin granules within keratinocytes. Importantly, this argues
against melanosome transfer via a direct plasma membrane
fusion mechanism, although we cannot categorically rule out
the possibility that the melanosomal membrane is rapidly
degraded upon internalization into keratinocytes.

To further investigate the molecular basis of this coupled
exocytosis/endocytosis mechanism of melanin transfer, the
role of Rab GTPases in the process was probed. Using two
melanocyte cell types, melanin exocytosis into tissue culture
medium was assayed. Co-culture of melanocytes with XB2
keratinocytes induced melanin exocytosis, suggesting that
keratinocyte-derived signals are important for inducing this
process. This is consistent with previous research indicating
that keratinocyte-derived factors are important for promoting
melanogenesis and melanosome transport (Yamaguchi and
Hearing, 2010). Interestingly, downregulation of Rab11b, but
not Rab27a, in melanocytes caused a marked decrease in both
keratinocyte-induced melanin exocytosis and transfer to
keratinocytes.

A role for endosomes in transporting melanosomal enzymes
to maturing melanosomes has been proposed and transient
fusion events between melanosomes and endosomes have
been observed (Delevoye et al., 2009). Immunofluorescence
analysis of endogenous Rab11b in melanocytes revealed a
punctate distribution throughout the cytoplasm with
accumulation at the perinuclear region of the cell. More-
over, Rab11b colocalized with transferrin receptor in the
perinuclear region of the cell, suggesting it is predominantly
localized to recycling endosomes. Interestingly, Rab11b-
positive structures were often seen in close proximity to
mature melanosomes in the cell periphery, as described
previously (Delevoye et al., 2009).

A role for Rab11 and endosomes in exocytosis is not
without precedent. Rab11b is present on mature synaptic
vesicles in the brain and has been proposed to function as a
switch between the constitutive and regulated exocytic path-
ways (Khvotchev et al., 2003). In cytotoxic T cells, Rab11 has
been implicated in the exocytosis of lytic granules, another
example of a lysosome-related organelle (Ménager et al.,
2007). Given that melanocytes are derived from the neural
crest (Weston, 1991) and can be considered relatives of neu-
rons and also because of numerous links between albinism
and immunity (i.e., Griscelli syndrome type II) (Stinchcombe
et al., 2004), it is plausible that melanocytes would use an
exocytic mechanism to transfer melanin in a manner that
parallels synaptic and lytic granule release, perhaps by
forming a ‘‘dermatological synapse’’ with keratinocytes.

Surprisingly, knockdown of Rab27a, which leads to B60%
depletion, did not affect melanin transfer in contrast to a
previous report (Yoshida-Amano et al., 2012), suggesting that

Rab27a levels are not limiting in this process and possibly that
melanin transfer can occur at sites in the cell body as well as
at peripheral dendrites, as proposed previously (Wu et al.,
2012). As one melanocyte may contact up to 40 different
keratinocytes via its dendrites, it is possible that the role of
Rab27a is to allow efficient transfer to many keratinocytes
concomitantly. Indeed, this could explain the phenotype of
the ashen mouse that displays pigment dilution, rather than
complete loss of pigmentation, suggesting that some melanin
transfer to keratinocytes occurs despite loss of Rab27a (Wilson
et al., 2000).

Hence, our data suggests the following model for melanin
transfer: upon stimulation by keratinocytes, mature melano-
somes undergo remodeling by peripheral Rab11b-positive
recycling endosomes preparing them for secretion. After
remodeling, the melanosome fuses with the melanocyte
plasma membrane and exocytosis of the melanocore into
the extracellular space between the melanocyte and keratino-
cyte occurs at sites that could be described as dermatological
synapses. Subsequently, keratinocytes uptake the melanocore
by endocytosis (Supplementary Figure S6 online). Alterna-
tively, it is possible that cargo that is ultimately required for
exocytosis is delivered concomitantly with melanosomal
cargoes via the Rab11b-dependent recycling endosome path-
way. Future studies should be directed at characterizing
Rab11b-mediated melanosome remodeling and the mechan-
ism of melanin endocytosis by keratinocytes.

MATERIALS AND METHODS
Conventional electron microscopy
Samples were fixed with a mixture of 2% (w/v) paraformaldehyde,

2% (w/v) glutaraldehyde (TAAB) in 0.1 M sodium cacodylate buffer

(Agar), pH 7.4, post-fixed with 1% (w/v) OsO4 supplemented with

1.5% (w/v) potassium ferrocyanide, dehydrated in ethanol and

infiltrated with propylene oxide (Agar)/epon (Agar) (1:1), followed

by Epon embedding. Ultrathin sections were cut with an Ultracut S

microtome (Leica, Wetzlar, Germany), counterstained with lead

citrate, and observed with a transmission electron microscope Jeol

1010 (Jeol, Tokyo, Japan). Images were obtained using a Gatan

(Pleasanton, CA) ORIUS CCD camera.

Ultracryotomy and immunogold labeling
Samples were fixed with 2% (w/v) paraformaldehyde, 0.1% (w/v) in

0.1 M sodium phosphate buffer, pH 7.1. Samples were cut in 0.5 mm3

squares, embedded in 12% gelatin, and infused in 2.3 M sucrose.

Mounted gelatine blocks were frozen in N2 and ultrathin (50 nm)

cryosections were cut at ! 120 1C with an Ultracryo-microtome

(Leica). Sections were retrieved in 1.15 M (w/v) sucrose/2% (v/v)

methylcellulose solution and processed for immunolabeling. After

blocking step with 0.5% (w/v) BSA, single immunolabeling was

performed in a humid chamber with primary antibodies and protein A

coupled to 10 nm gold particles (protein A gold, 10 nm).

Melanin exocytosis assay
Melan-ink4a melanocytes (1" 104) were seeded onto 24-well plates.

After 24 hours, cells were either transfected with siRNA or infected

with adenovirus. siRNA or adenovirus containing media were

removed after 3.5 and 4 hours, respectively, and XB2 media
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containing 5! 104 XB2 keratinocytes added. The following day,

200 pM cholera toxin and 200 nM phorbal myristate acetate were

added to the media and co-cultures were incubated for 7 days.

Media containing exocytosed melanin was centrifuged at 800 g for

5 minutes at 4 1C to pellet cell debris. The supernatant was then

centrifuged at 20,000 g for 1 hour at 4 1C to pellet melanin. Melanin

pellets were washed with ethanol/ether (1:1 v/v) and dissolved in

2 M NaOH/20% DMSO at 60 1C for 1 hour. Melanin content was

measured as optical density at 340 nm. For melanocyte counting, a

parallel experiment was performed with the same initial cell

densities and the same silencing conditions. Total cell number

was counted at the end of the assay period and the proportion of

melanocytes determined from the cells co-cultured on coverslips by

immunofluorescence, using an anti-Tyrp1 (TA99) antibody to

specifically stain melanocytes.

Melanin transfer assay
Melan-ink4a melanocytes (2! 104) were seeded on coverslips on 24-

well plates. After 24 hours, siRNA transfection was performed and

XB2 cells (1! 105) in XB2 growth media were added when changing

the siRNA-containing media. Then, 200 pM cholera toxin and 200 nM

phorbal myristate acetate were added the following day. Cells were

co-cultured for 48 hours. Co-cultures were washed 3! with phos-

phate-buffered saline (PBS), and fixed with 4% paraformaldehyde in

PBS for 20 minutes at room temperature. Cells were washed 3! in

PBS and the nucleus visualized by incubation with 4’,6-diamidino-2-

phenylindole for 5 minutes. Images were taken in a Nikon Eclipse

TE2000-S screening microscope (Nikon, Tokyo, Japan) with

the same acquisition settings. To measure melanin uptake, the ImageJ

(NIH, Bethesda, MD) threshold command was applied and corre-

spondent intensity (in pixel) was measured automatically. Nuclei

were counted to ensure similar cell confluency in all samples and to

calculate the amount of melanin internalized per cell. Melanin uptake

reflects the total amount of melanin internalized by XB2 cells in one

coverslip.

Immunoflourescence analysis of cells
Cells grown on coverslips for immunofluorescence were fixed for

15 minutes in 4% paraformaldehyde in PBS for 24 hours.

Excess fixative was removed by extensive washing in PBS and

quenched by incubation in 50 mM NH4Cl for 10 minutes. Fixed cells

were then incubated with diluted primary antibody for 30 minutes,

washed extensively, incubated for 30 minutes with appropriate

Alexa 568-conjugated secondary antibodies (Molecular Probes,

Eugene, OR), washed as before, and mounted in ImmunoFluor

medium (ICN, Eschwege, Germany). All antibody incubations

and washes used 1! PBS, 0.5% BSA, and 0.05% saponin. Cells

were observed using a Leica SP5 confocal microscope, and images

were processed using ImageJ and Adobe Photoshop 5.0 software

(Adobe, San Jose, CA). All images presented are single sections in the

z-plane.

Supplementary methods
For primer sequences and other methods, refer to Supplementary

Materials and Methods online.
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Borovanský J, Elleder M (2003) Melanosome degradation: fact or fiction.
Pigment Cell Res 16:280–6

Byers HR, Dykstra SG, Boissel SJS (2007) Requirement of dynactin
p150(Glued) subunit for the functional integrity of the keratinocyte
microparasol. J Invest Dermatol 127:1736–44

Delevoye C, Hurbain I, Tenza D et al. (2009) AP-1 and KIF13A coordinate
endosomal sorting and positioning during melanosome biogenesis. J Cell
Biol 187:247–64

Van Den Bossche K, Naeyaert J-M, Lambert J (2006) The quest for the
mechanism of melanin transfer. Traffic Copenhagen Denmark 7:769–78

Hearing VJ (2005) Biogenesis of pigment granules: a sensitive way to regulate
melanocyte function. J Dermatol Sci 37:3–14

Hume AN, Collinson LM, Rapak A et al. (2001) Rab27a regulates the
peripheral distribution of melanosomes in melanocytes. J Cell Biol
152:795–808

Imokawa G (2004) Autocrine and paracrine regulation of melano-
cytes in human skin and in pigmentary disorders. Pigment Cell Res
17:96–110

Jimbow K, Oikawa O, Sugiyama S et al. (1979) Comparison of eumelanogen-
esis and pheomelanogenesis in retinal and follicular melanocytes; role of
vesiculo-globular bodies in melanosome differentiation. J Invest Dermatol
73:278–84

Khvotchev MV, Ren M, Takamori S et al. (2003) Divergent functions
of neuronal Rab11b in Ca2þ -regulated versus constitutive exocytosis.
J Neurosci 23:10531–9

Lapierre LA, Dorn MC, Zimmerman CF et al. (2003) Rab11b resides in a
vesicular compartment distinct from Rab11a in parietal cells and other
epithelial cells. Exp Cell Res. 290:322–31

Marks MS, Seabra MC (2001) The melanosome: membrane dynamics in black
and white. Nat Rev Mol Cell Biol. 2:738–48

Mottaz JH, Zelickson AS (1967) Melanin transfer: a possible phagocytic
process. J Invest Dermatol 49:605–10
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Figure S1 
 

 
 
Figure S1. Melanocyte / Keratinocyte characterization by transmission electron 
microscopy (TEM). (a) Low magnification TEM image showing the overall structure 
of the human dermis-epidermis. (b) Higher magnifications of boxed area in a 
showing a melanocyte (Mel) in the basal layer of epidermis. The arrow in b indicates 
the selected area for serial sections observation in Fig.1b. (c) High magnification 
image of inset in b where melanocyte appears morphologically distinct from adjacent 
keratinocytes (Ker) as it lacks keratins (c, K) and desmosomes at cell-cell junctions 
with the neighbouring keratinocytes (c, arrowhead marking keratinocyte:keratinocyte 
versus arrow marking melanocyte:keratinocyte). Different stage of melanosome 
maturation (III, IV) are clearly distinguishable in melanocyte in c. BL - basal lamina, D 
- desmosome. Scale  bars:  A  =  10  μm;;  B,C  =  200  nm.  
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Figure S2 
 

 
 
 
Figure S2. Melanocores are present in the extracellular space between donor 
melanocytes and acceptor keratinocytes. A high pressure frozen and freeze 
substituted human skin sample was observed by TEM. Panel A shows a melanocyte 
dendrite (upper boxed region) and surrounding keratinocytes. B and C are high 
magnification images of upper and lower boxed areas, respectively, from panel A 
showing the melanocyte dendrite (defined morphologically as described above) and 
keratinocyte:keratinocyte contacts characterized by desmosomal junctions. This 
analysis confirmed the existence of a pool of extracellular melanocores that lack 
limiting membrane (B, arrows). D - desmosomes, K - keratins, PM - plasma 
membrane. Scale bars = 200 nm. 
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Figure S3 
 

 
 
Figure S3. Melanin granules within keratinocytes lack melanocyte-derived 
melanosomal membrane marker LAMP1. Panel a shows a low magnification 
image of an ultrathin cryosection of mouse melanocyte cell line (Melan-ink4a) co-
cultured with human primary keratinocytes (NHKs) immunolabeled with mouse-
specific anti-LAMP1 – 10 nm protein A gold. b and c are high magnification images 
corresponding to the left- and right-hand boxed areas in a showing LAMP1 labelling 
in melanosomes in areas of melanocyte and keratinocyte cytoplasm, respectively. 
Mouse-specific LAMP1 labelling is prominent in the melanocyte (b) but not in the 
keratinocyte (c) cytoplasm. Scale bars = 200 nm. 
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Figure S4 
 

 
 
Figure S4.  qRT-PCR quantification of Rab GTPase depletion in melanocytes 
Cells were treated with the indicated siRNA / miRNA expressing adenovirus, RNA 
extracted and subjected to qRT-PCR analysis. Data is expressed relative to non-
targeting siRNA treatment (SiC). qRT-PCR analysis of Rab11b (a) and Rab27a (b) 
mRNA levels following depletion with single siRNA oligonucleotides targeted against 
Rab11b and Rab27a respectively.  (c) qRT-PCR analysis of Rab11a mRNA levels 
following depletion with Rab11b specific siRNA.  (d-f) Primary murine melanocytes 
were infected with adenovirus encoding the indicated miRNA for 4 hours at titres 
giving 95% infection rate. (d) qRT-PCR analysis of Rab27a levels after treatment 
with Rab27a specific miRNA. (e) qRT-PCR analysis of Rab11a and Rab11b levels 
after treatment with Rab11a specific miRNA. (f) qRT-PCR analysis of Rab11a and 
Rab11b levels after treatment with Rab11b specific miRNA. 
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Figure S5 
 

 
 
Figure S5.  Melanin transfer is specific to keratinocytes. Melan-ink4a 
melanocytes were co-cultured with XB2 keratinocytes, HeLa cells and 3T3 
fibroblasts. After 2 days of co-culture, cells were fixed and examined by brightfield 
microscopy. Between 30-40 Z-stacks were taken for each condition and the area of 
either keratinocytes, HeLa or fibroblasts containing melanin pigment was quantified 
using ImageJ software. 
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Figure S6 
 

 
Figure S6. Schematic representation of the mechanism of melanin transfer in 
skin. Melanosomes are synthesised in the perinuclear region of melanocytes.  
Mature melanosomes are then transported via microtubule-based transport to the 
peripheral dendrites of the cell, where they are retained on the actin cytoskeleton by 
the tripartite complex of Rab27a/Melanophilin/MyosinVa.  Upon stimulation by 
keratinocytes (dashed blue arrows), melanosomes are remodelled by Rab11b+ 
recycling endosomes allowing exocytosis of the melanin core into the extracellular 
space between melanocytes and keratinocytes, before subsequent endocytosis by 
keratinocytes.  Alternatively, melanin transfer can occur independently of Rab27a 
mediated retention of melanosomes in dendrites, at the cell body. 
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Supplementary Materials and Methods 
 
 
Antibodies 

Primary antibodies used were: TA99 (Mel-5)  mouse  monoclonal  α-TYRP1 (Abcam); 

mouse   α-transferrin   receptor   (Zymed),   HMB45   mouse   α-pMEL17 (Dako), mouse 

monoclonal  α-Hm-LAMP1 (H4A3,  Abcam);;  rat  monoclonal  α-Mouse-LAMP1 (Abcam) 

and  rabbit  polyclonal  α-Rab11b (Lapierre et al., 2003) 

 

Cell culture 

Mouse WT melanocytes (Melan-ink4a) and ashen melanocytes (Melan-ash) were 

maintained as described previously (Hume et al., 2001). Mouse XB2 keratinocytes 

were cultured in DMEM supplemented with 10% fetal calf serum, 2 mM L-Glutamine, 

100 U/mL penicillin, 100 U/mL streptomycin. Primary mouse melanocytes were 

derived from C57BL/6J mice and maintained as described previously (Hume et al., 

2001).  

Immunofluorescence analysis of human skin frozen sections 

Riverside  Hospital  Ethical  Committee  and  Chelsea  &  Westminster   “R&D”  approved  

the research study. Anonymised human skin biopsies were cut into 1 mm3 squares, 

cryo-preserved in OCT embedding matrix (Cellpath), snap frozen in liquid nitrogen, 

and stored at -80˚C.  Semi-thin sections (5μm) were cut at -20˚C  with  a  cryostat  and  

fixed with 4% PFA (w/v) in Phosphate Buffered Saline (PBS) for 20 min at RT. 

Sections were blocked with 1% (w/v) BSA, 0.2% (v/v) Triton X100 in PBS and 

subsequently incubated with primary antibodies   overnight   at   4˚C   and secondary 

antibodies for 2h at RT. Nuclei were visualised with DAPI.  
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High pressure freezing 

Fresh skin samples were cut in 1mm squares and High-pressure frozen (EMPACT1 

Leica) and freeze substituted (AFS2, Leica) with 2% OsO4 dried in Acetone and 

embedded in Epon (TAAB 812, Taab). Ultrathin sections were cut with an Ultracut S 

microtome (Leica), counter-stained with Lead Citrate and observed with a 

transmission electron microscope (TEM) Jeol 1010. Images were obtained using a 

Gatan ORIUS CCD camera. 

 

Adenovirus production and Infection  

Rab miRNA or cDNA encoding the proteins of interest were cloned according to 

manufacturers’  instructions  into  pAd adenoviral vector from Invitrogen using Gateway 

technology.  Adenovirus multiplicity of infection (MOI) was determined by infection of 

confluent monolayers of HEK293 cells with serial diluted viral lysates, followed by 

quantification of EGFP expression 24h later, as determined using 

immunofluorescence microscopy. Melanocytes were infected with adenovirus for 4 h, 

before media containing virus was removed, cells washed twice with PBS and 

incubated overnight. The following miRNA sequences were used: mRab11a- 

TGCTGAGTAAATCGAGACAGGAGGTTGTTTTGGCCACTGACTGACAACCTCCTC

TCGATTTACT and CCTGAGTAAATCGAGAGGAGGTTGTCAGTCAGTGGCC 

AAAACAACCTCCTGTCTCGATTTACTC; mRab11b-TGCTGAGCAGGTTGCTCTT 

ACCTACAGTTTTGGCCACTGACTGACTGTAGGTAAGCAACCTGCT and CCTGA 

GCAGGTTGCTTACCTACAGTCAGTCAGTGGCCAAAACTGTAGGTAAGAGCAACC

TGCTC; mRab27a- TGCTGTGAAGAATGCAGTGGTTAAGCGTTTTGGCC ACTG 

ACTGACGCTTAACCTGCATTCTTCA and CCTGTGAAGAATGCAGGTTAAGC 

GTCAGTCAGTGGCCAAAACGCTTAACCACTGCATTCTTCA. 

 

siRNA transfection 
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For 24-well plates, 50nM of gene specific siRNA (Thermo Scientific) were added to 

32 μl   of   Opti-MEM (Gibco/Invitrogen). 1.2 μl   of   Oligofectamine   (Invitrogen)   was  

added to 6 μl  to  Opti-MEM. After 5 minutes of incubation at room temperature, these 

two mixtures were combined, mixed gently, and incubated for 20 min at room 

temperature. 160 ul of Opti-MEM was finally added to the mixture. Growth medium 

was removed from cells (6x104) seeded the day before transfection, and the siRNA 

mixture was added. Cells were incubated for 3.5h at 37ºC and then the medium was 

changed to growth medium. For 12-well plates: 50 nM gene specific siRNA and 2.5 

ul Oligofectamine were added to 500 ul Opti-MEM. siRNA genes screened and their 

specific sequences were as follows:  mRab11b-1 – ACAGAAAUCUACCGUAUUG;  

mRab11b-2 – CGAGUACGAUUACCUAUUC; mRab11b-3 – 

GCAGAUAGCAACAUUGUCA; mRab11b-4 – GUGCACUGCUGGUAUAUGA ; 

mRab27a-1 – GGAGAGGUUUCGUAGCUUA; mRab27a-2 – 

GGAUGGAGAUUACGAUUAC; mRab27a-3 – GAAUCCACCUGCAGUUAUG; 

mRab27a-4 – AAACAUAAGCCACGCGAUU. 

 

qRT-PCR quantification of gene expression 

Total RNA was isolated from cells using an RNeasy Mini kit (Qiagen) and was 

converted into cDNA using SuperScript® II (Invitrogen) according to manufacturers 

protocols. qRT-PCR reactions were performed using an ABI Prism 7900HT system 

(Applied Biosystems) using SybrGreen reagent. 5 μl   of   SybrGreen,   4 μl   of   cDNA 

sample together with 10 μM of appropriate primers were used per well, in triplicate 

conditions. For each protein, gene expression was calculated relative to control wells 

and standardized using anti-Tubulin as a housekeeping gene. 

The following primers were used for qRT-PCR   analysis:   mouse   α-Tubulin primers 

(sense, 5´– ggtggatctagaacct-3´ and antisense, 5´– cccagtgagtgggtcagc-3´); mouse 

Rab11a primers (sense, 5´-aaggagctgcgggatcatgc-3´, and antisense, 5´-

acaggctctggcagcactgc-3´), mouse Rab27a primers (sense, 5´-gttcgacctgacaaatgagc-



 10 

3´, and antisense, 5´-tcctcacttagctgaatccgc-3´) and mouse Rab11b primers (sense, 

5' - aaggagctgcgggatcatgc-3', and antisense, 5' -acaggctctggcagcactgc-3'). 

 

Statistical Analysis 

The  level  of  significance  of  differences  was  analysed  by  unpaired  Student’s  t-test. A 

p value<0.05 was considered statistically significant.  Co-localisation in confocal 

images   was   measured   using   the   Pearson’s   correlation   coefficient   using   ImageJ  

software and the JACoP plugin (Just Another Colocalisation Plugin). 

 



 

 

  



 

 

  



 

 

 


