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Abstract

In the skin epidermis, melanin is produced and stored within melanosomes in melano-

cytes, and then transferred to keratinocytes. Different models have been proposed

to explain the melanin transfer mechanism, which differ essentially in how melanin is

transferred—either in a membrane-bound melanosome or as a melanosome core, that

is, melanocore. Here, we investigated the endocytic route followed by melanocores

and melanosomes during internalization by keratinocytes, by comparing the uptake

of melanocores isolated from the supernatant of melanocyte cultures, with melano-

somes isolated from melanocytes. We show that inhibition of actin dynamics impairs

the uptake of both melanocores and melanosomes. Moreover, depletion of critical

proteins involved in actin-dependent uptake mechanisms, namely Rac1, CtBP1/

BARS, Cdc42 or RhoA, together with inhibition of Rac1-dependent signaling path-

ways or macropinocytosis suggest that melanocores are internalized by phagocytosis,

whereas melanosomes are internalized by macropinocytosis. Interestingly, we found

that Rac1, Cdc42 and RhoA are differently activated by melanocore or melanosome

stimulation, supporting the existence of two distinct routes of melanin internaliza-

tion. Furthermore, we show that melanocore uptake induces protease-activated

receptor-2 (PAR-2) internalization by keratinocytes to a higher extent than melano-

somes. Because skin pigmentation was shown to be regulated by PAR-2 activation,

our results further support the melanocore-based mechanism of melanin transfer and

further refine this model, which can now be described as coupled melanocore

exo/phagocytosis.
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1 | INTRODUCTION

Skin pigmentation is the result of the crosstalk between melanocytes

and keratinocytes. Melanocytes are highly specialized cells that syn-

thesize the pigment melanin and contact the basal layer of the epider-

mis. Keratinocytes are present in all the layers of the epidermis and

are the final recipients of melanin.1–4 Melanin synthesis occurs in spe-

cialized organelles called melanosomes, within melanocytes. Melano-

somes are lysosome-related organelles, as they share several features

with lysosomes, like low pH (at least in early stages), the presence of

lysosomal proteins and catalytic enzymes, and are secreted. Once fully

mature and located at the tips of melanocyte dendrites, melanosomes

are transferred to keratinocytes.5–7 Regarding the mechanism of

melanosome transfer from melanocytes to keratinocytes, there are

currently four proposed models; cytophagocytosis, membrane fusion,

phagocytosis of melanosome-laden globules and coupled exocytosis/

endocytosis of the melanin core, or melanocore.8–12

The protease-activated receptor-2 (PAR-2) is one of the few

molecular players described to control melanin transfer both in vivo

and in vitro. Moreover, it is known that PAR-2 stimulation leads to

the enhancement of melanin transfer, as well as keratinocyte

phagocytosis.13–17 In addition, we showed that PAR-2 regulates the

uptake of melanocores, but not melanosomes.18 Nonetheless, it is not

clear what is the route followed by melanin to enter keratinocytes.

The models of shed melanosome-laden globules and coupled exocyto-

sis/endocytosis of melanocores are the ones that received more

attention during recent years and for which there is stronger publi-

shed evidence.18,19 In these models, the pigment is transferred either

as a globule containing multiple melanosomes or as “naked” melanin,

respectively. Melanosome size varies from 0.5 to 0.8 μm in diameter

and could reach a maximum of 2 μm in certain pathological conditions

such as ocular albinism and Chediak–Higashi syndrome.20 Therefore,

phagocytosis and macropinocytosis are the internalization routes that

allow the uptake of such large cargo.21,22 Moreover, while mac-

ropinocytosis is a general process performed by most cells to take up

nutrients from the surrounding environment, phagocytosis is per-

formed mainly by professional phagocytic cells and is usually specific

for engulfed cargo, as it is receptor-mediated. Both these routes are

highly dependent on actin cytoskeleton remodeling for phagosome

and macropinosome cup formation.23 Regarding the molecular players

involved in these two processes, they are mostly shared. Indeed, both

pathways are largely dependent on members of the Rho family of

small GTPases, namely Rac1, Cdc42 and RhoA that induce actin poly-

merization and membrane ruffling. Membrane remodeling is spatio-

temporally coordinated by the activation of Rho GTPases through the

interaction with actin nucleating proteins. Rho effector proteins such

as p21-activated kinase (PAK), in the case of Rac1 and Cdc42, and

Rho-associated protein kinase, in the case of RhoA, are pivotal for the

actin remodeling functions of Rho GTPases.24 In phagocytosis,

Cdc42-Rac1 sequential activation is essential for pseudopod forma-

tion during membrane extension.25–27 However, later steps, including

membrane closure, rely on Rac1 activity but require progressive

Cdc42 inactivation.26 On the other hand, the role of RhoA in

phagocytosis initiation was suggested to be receptor-dependent. Sev-

eral reports have shown that Fc-receptor-mediated phagocytosis does

not require RhoA activity, whereas its activation is indispensable for

complement receptor-mediated phagocytosis.28 Furthermore, it

remains controversial whether RhoA contributes to phagosome

maturation.28–30 In the case of macropinocytosis, Rac1 activity is

required not only for the formation of actin-rich membrane ruffles but

also in later steps, for membrane scission.31,32 Nevertheless, Rac1

must be inactivated to allow macropinosome closure.32,33 The

requirement of Cdc42 for macropinocytosis has not been clearly

established. Despite being found in macropinocytic cups in some cell

types, Cdc42 activity was found to be dispensable for the formation

of these structures, suggesting it may play only a supportive role in

macropinocytosis.32,34,35 In addition, a burst of RhoA activity is

required during membrane closure in macropinocytosis.36 Mac-

ropinosome fission from the plasma membrane is specifically depen-

dent on PAK1-dependent recruitment of Brefeldin A-ADP ribosylated

substrate (CtBP1/BARS), after cargo engulfment.37,38 Finally, the inhi-

bition of Na+/H+ exchange by amiloride has been shown to block

macropinocytosis.39

Our goal in this study was to further dissect the mechanisms

behind melanin internalization by keratinocytes. In particular, we

wanted to find out whether these mechanisms differ according to the

type of melanin presented to keratinocytes. To address this, we took

advantage of an in vitro melanin uptake assay previously established

by us,18 in which we isolate melanosomes with intact membranes

from MNT-1 melanocytes and melanocores from MNT-1 conditioned

medium. We show that the internalization of melanocores, that is, the

melanin core devoid of surrounding membrane, is Rac1- and

Cdc42-dependent, and CtBP1/BARS- and RhoA-independent,

whereas the uptake of melanosomes, that is, melanin core with intact

surrounding membrane, is CtBP1/BARS- and RhoA-dependent, and

Rac1- and Cdc42-independent. Moreover, we observed that only

melanosome internalization is significantly impaired upon treatment

with an amiloride derivative, namely 5-(N-ethyl-N-isopropyl)-amiloride

(EIPA), which inhibits macropinocytosis. In addition, Cdc42 shows

increased activation in response to melanocore stimulation, whereas

RhoA activity increase is higher upon exposure to melanosomes. Fur-

thermore, we show that melanocore uptake induces PAR-2 internali-

zation by keratinocytes to a higher extent than melanosomes. Thus,

our results further support the model of coupled exocytosis/

endocytosis and indicate that melanocore internalization occurs

through phagocytosis in a PAR-2-dependent manner.

2 | RESULTS

2.1 | Melanocore uptake is dependent on actin
polymerization

To determine the mechanism by which melanin is internalized, we

started by probing for the dependency on actin by using the actin

polymerization inhibitory drugs cytochalasin D and latrunculin A. To
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ingest particles by phagocytosis and extracellular fluid by mac-

ropinocytosis, cells form plasma membrane protrusions that close at

their distal end, giving rise to membrane-bound organelles termed

phagosomes or macropinosomes, respectively.27,37 Because of the

size of the protrusions formed during these internalization processes,

actin cytoskeleton remodeling is essential to reshape and extend the

plasma membrane. Since melanosome size is around 0.5 μm, it

is likely that melanin is internalized through phagocytosis or mac-

ropinocytosis.20 Therefore, actin polymerization inhibition is expected

to impair melanin internalization. To test this hypothesis, we treated

XB2 mouse keratinocytes with latrunculin A or cytochalasin D for 1 h

and then incubated the cells with melanocores isolated from the cul-

ture medium of MNT-1 melanoma cells (Figure S1) for 24 h in the

presence of the drugs. Finally, cells were washed and left to recover

their morphology for 1 h to allow melanin quantification by micros-

copy. We found that both cytochalasin D and latrunculin A lead to a

�30% reduction in the number of melanocores internalized by

keratinocytes, when compared with non-treated cells or cells treated

with dimethyl sulfoxide (DMSO; Figure 1). In addition, we found that

the internalization of melanosomes isolated from MNT-1 melanocytes

(Figure S1) is also dependent on actin polymerization (Figure 2)

because the treatment with cytochalasin D or latrunculin A results in

a 30% reduction in internalized melanosomes, relative to control cells.

However, it is important to note that the observed 30% reduction in

melanin uptake is not higher, likely due to the need of a washout step

for the cells to recover their morphology and allow proper melanin

quantification by microscopy. Nonetheless, the effect observed dem-

onstrates the crucial role that actin plays in melanin uptake by

keratinocytes. Therefore, these results show that melanin uptake is at

least partially actin-dependent, regardless of the form of melanin pres-

ented to the cells.

2.2 | Melanocore internalization is impaired by
Rac1 interference or Cdc42 silencing, but not
macropinocytosis blockade

Phagocytosis and macropinocytosis play key roles during develop-

ment and although they are essential mechanisms of internalization

dependent on the actin cytoskeleton, there are important differences

between them. Phagocytosis allows the internalization of large extra-

cellular particles, while macropinocytosis is used by cells to take up

extracellular fluid and soluble cargo from the surrounding environ-

ment.21,22 Regarding the molecular players involved in these two pro-

cesses, they overlap significantly, because both are largely dependent

on the remodeling of cortical actin for cargo engulfment. The major

difference is that macropinocytosis is a general process performed by

most cells to take up nutrients from the extracellular milieu, while

phagocytosis is mainly performed by specialized cells and is usually

specific for the particles engulfed as it is receptor-mediated.

Nevertheless, keratinocytes were shown to possess phagocytic abil-

ity.16,40,41 To characterize the endocytic route followed by melanin,

we silenced Rac1, Cdc42, RhoA or CtBP1/BARS in XB2 keratinocytes

(Figure S2), before incubating them for 24 h with melanocores or

melanosomes. We also treated the cells with a Rac1 inhibitor, 5-(5-(7-

(Trifluoromethyl)quinolin-4-ylthio)pentyloxy)-2-(morpholinomethyl)-4H-

pyran-4-one dihydrochloride (EHT 1864), or with a macropinocytosis

inhibitor, EIPA, before incubation with melanocores or melanosomes.

The results showed a significant decrease in the uptake of melanocores

upon Rac1 silencing or treatment with EHT 1864 (82% and 70%,

respectively), comparing with control cells (Figure 3A–D). Interestingly,

treatment with EHT 1864 was confirmed to impair significantly mem-

brane ruffling, as shown by fluorescence microscopy analysis of

phalloidin stained cells (Figure S2). Moreover, CtBP1/BARS depletion

or macropinocytosis inhibition do not affect melanocore internalization

(Figure 3A–D). As expected, we observed that melanocore, but not

melanosome internalization is dependent on PAR-2, confirming our pre-

vious studies (Figures 3A,B and 4A,B).18 On the other hand, upon

CtBP1/BARS depletion or treatment with EIPA, we observed a signifi-

cant decrease in the internalization of melanosomes (35% and 55%,

respectively), comparing with control cells, whereas Rac1 depletion/

inhibition does not affect melanosome uptake (Figure 4A–D). Interest-

ingly, we observed that Cdc42 is required for melanocore, but not mela-

nosome internalization (56% vs. 5% decrease, respectively, upon

silencing of Cdc42) (Figures 3E,F and 4E,F), whereas RhoA silencing

impacts mostly melanosome internalization (52% decrease vs. 26%, in

the case of melanocores) (Figures 3G,H and 4G,H).

To confirm these results, we used as a positive control 70 kDa

dextran, which was shown to be internalized predominantly via mac-

ropinocytosis in an amiloride-sensitive manner.42 In this case, we

quantified melanin internalization by immunofluorescence, staining

melanin-containing compartments (named by us melanokerasomes)11

in keratinocytes with an antibody against premelanosome protein

(PMEL), an essential structural protein in melanosome biogenesis.

Importantly, both melanocores and melanosomes within keratinocytes

are stained using this antibody (Figure S3A), allowing the accurate

quantification of melanokerasomes. Strikingly, EIPA treatment

reduces melanosome internalization by 55%, similar to the decrease

observed for dextran (�56%) (Figure S3B). As expected, CtBP1/BARS

depletion significantly impairs dextran internalization (�32%), con-

firming that it occurs via macropinocytosis (Figure S3C). In contrast,

we found that melanocore uptake is almost unaffected by EIPA treat-

ment (Figure S3C), further suggesting that melanocores are not inter-

nalized by macropinocytosis. Altogether, these results indicate that

melanocore internalization occurs through phagocytosis, whereas

melanosomes are internalized through macropinocytosis.

2.3 | Cdc42 and RhoA are differently activated by
melanocores and melanosomes

To better understand the sequence of events involved in melanocore

and melanosome internalization, we evaluated the activation of Rho

GTPases. These proteins are quickly and transiently activated in

response to different stimuli. Maximal activation ranges from few sec-

onds to several minutes, with a decline in the activity thereafter.
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Activation of Rac1, Cdc42 or RhoA results in characteristic changes in

the actin cytoskeleton.25,43 For instance, Rac1 activation induces the

formation of actin-rich lamellipodia and membrane ruffles.43 When

Cdc42 is active, prominent membrane extensions termed filopodia

and smaller microspikes are formed, whereas RhoA activation results

in increased formation of stress fibers.43 Hence, we first optimized

the timepoint in which we could observe the formation of actin-rich

structures in response to the presence of either melanocores or

F IGURE 1 Melanocore uptake by
keratinocytes is actin-dependent. XB2
mouse keratinocytes were (A) left untreated
or treated with (B) dimethyl sulfoxide
(DMSO, vehicle), (C) Latrunculin A, or (D)
Cytochalasin D for 1 h and then incubated
with melanocores for 24 h. Cells where
washed and allowed to recover for 1 h
before fixation to allow melanin

quantification by microscopy. Nuclei were
visualized by 40 ,6-diamidino-2-phenylindole
(DAPI) staining (blue), F-actin stained with
Phalloidin 647 (red) and melanocores
pseudocolored in green from bright field
images. Arrows show melanocores
internalized by keratinocytes. Scale
bars = 10 μm. (E) Quantification of
melanocore number per cell. p values (one-
way ANOVA) were considered statistically
significant when <0.05 (*), <0.01 (**) or
non-significant (ns) when ≥0.05. Plots show
mean ± SD of three independent
experiments
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melanosomes. We detected abundant lamellipodia and filopodia 15–

20 min after the exposure to melanocores or melanosomes

(Figure S4A). Thus, we decided to probe for Rho GTPase activation

status 15 min after melanocore or melanosome stimulation. For this,

we used a pull-down assay that exploits the specific interaction of

active Rho GTPases with PAK or Rhoketin effector proteins. There-

fore, the higher the binding to PAK or Rhoketin beads, the higher the

activation of Rac1/Cdc42 or RhoA, respectively. Serum starvation

F IGURE 2 Melanosome uptake by
keratinocytes is actin-dependent. XB2
mouse keratinocytes were (A) left
untreated or treated with (B) dimethyl
sulfoxide (DMSO, vehicle), (C) Latrunculin
A, or (D) Cytochalasin D for 1 h and then
incubated with melanosomes for 24 h. Cells
where washed and allowed to recover for
1 h before fixation to allow melanin

quantification by microscopy. Nuclei were
visualized by 40 ,6-diamidino-2-phenylindole
(DAPI) staining (blue), F-actin stained with
Phalloidin 647 (red) and melanosomes
pseudocolored in green from bright field
images. Arrows show melanosomes
internalized by keratinocytes. Scale
bars = 10 μm. (E) Quantification of
melanosomes number per cell. p values
(one-way ANOVA) were considered
statistically significant when <0.05 (*),
<0.01 (**) or non-significant (ns) when
≥0.05. Plots show mean ± SD of three
independent experiments
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was performed to ensure reduced Rho GTPase activity prior to stimu-

lation. Indeed, low levels of Rho GTPase activation were detected in

the non-treated control (Figure 5). We loaded non-stimulated protein

extracts with GTPγS or excess GDP as positive and negative controls,

respectively (Figure S4B). Upon stimulation, a modest increase in

Rac1 activity was detected for both melanocores (2-fold) and melano-

somes (2.7-fold) (Figure 5A). Interestingly, an increase in Cdc42 activ-

ity was observed with both melanocores and melanosomes

(Figure 5B). However, the activation of Cdc42 is more striking for mel-

anocores than for melanosomes (�7-fold vs. �5-fold, respectively)

(Figure 5B). Conversely, the increase in RhoA activity is more pro-

nounced in melanosome-incubated cells (4.4-fold) than with mela-

nocores (2.6-fold) (Figure 5C). Taken together, these results suggest

that Rho GTPases are differently activated in the course of mela-

nocore or melanosome internalization and support the existence of

two different routes for melanin internalization, depending on the

form of melanin presented to the cells.

2.4 | Melanocores and melanosomes induce PAR-2
internalization to a different extent

PAR-2 is a transmembrane receptor with an extracellular amino-

terminus motif that acts as an activating ligand upon receptor cleavage.

Interestingly, PAR-2 is expressed in keratinocytes but not in melano-

cytes and it is thought that the increase in melanin transfer and internal-

ization that occurs upon PAR-2 activation is due to an increase in actin

dynamics.13,16,17 To elucidate the role of PAR-2 in melanin uptake, we

assessed the receptor internalization upon incubation with mela-

nocores, melanosomes or activating/control peptides (SLIGRL/SFLLRN,

respectively). For this, XB2 keratinocytes were transfected with a plas-

mid encoding PAR-2, FLAG-tagged at the N-terminus and HA-tagged at

the C-terminus. After stimulation and internalization of the receptor,

the N-terminus is cleaved, and the FLAG-tag is lost. Because our previ-

ous studies suggest that melanocores but not melanosomes are inter-

nalized in a PAR-2 dependent manner,18 we postulated that the former

but not the latter can induce PAR-2 internalization. Therefore, we took

advantage of this construct to determine the capacity of different types

of melanin to induce receptor internalization from the plasma mem-

brane. Indeed, after 24 h of incubation with SLIGRL peptide, which is

known to activate PAR-2, the levels of FLAG at the plasma membrane

decrease significantly, by approximately 20%, when compared to non-

stimulated cells or cells incubated with the control peptide SFLLRN

(Figure 6D,E). These results were quantified by flow cytometry by mea-

suring the geometric mean fluorescence intensity of FLAG at the cell

surface (Figure 6A–E). Interestingly, we observed that melanocores, but

not melanosomes can activate PAR-2 and induce its internalization by

approximately 25% after 24 h of incubation (Figure 6C). In shorter time

points (2 and 4 h), PAR-2 is internalized from the plasma membrane to

a higher extent (50%) after exposure to melanocores than melanosomes

(20%–30%) (Figure 6A,B). Importantly, the increase in PAR-2 internali-

zation observed in the case of incubation with melanocores is always

higher than what is observed with melanosomes. Therefore, these

observations suggest that melanocores induce PAR-2 internalization

and possibly its activation more robustly than melanosomes.

3 | DISCUSSION

We reported that melanocores but not melanosomes require PAR-2

to be internalized, suggesting that PAR-2 activation has specificity for

non-membrane-bound melanin.18 Here, we further demonstrate that

melanocores and melanosomes are internalized by keratinocytes

through distinct routes and that melanocores are internalized through

a PAR-2-dependent phagocytic process.

Although we observed that both melanocores and melanosomes

are dependent on actin to be internalized, we present several lines of

evidence suggesting that melanocore internalization is mediated by

phagocytosis and melanosome uptake occurs by macropinocytosis.

To distinguish between these two processes, we depleted Rac1,

Cdc42, RhoA or CtBP1/BARS, which are important regulators of the

aforementioned internalization routes,27,37 and quantified melanocore

and melanosome internalization. We found that melanocore internaliza-

tion is dependent on Rac1 and Cdc42, but independent of RhoA. In

contrast, melanosomes are internalized in a CtBP1/BARS- and RhoA-

dependent, and Rac1- and Cdc42-independent manner. Rac1 activation

and membrane recruitment were described to have an important role in

actin polymerization and membrane remodeling during the formation of

the phagocytic cup,44 therefore regulating the early steps of particle

internalization. Moreover, Rac1 activation was also shown to be

required for macropinocytic cup formation.31–33 Nevertheless, other

proteins could compensate for Rac1 absence/inactivation, including

Cdc42.45 In addition, it was shown that Rac1-independent mechanisms

can also regulate the formation of membrane ruffles,34 which could

explain why melanosome internalization is insensitive to Rac1 inhibi-

tion/depletion. Cdc42 is known to regulate actin polymerization and

F IGURE 3 Melanocore uptake is PAR-2-, Rac1- and Cdc42-dependent. XB2 keratinocytes were transfected with non-targeting siRNA (siCtrl),
siRNA targeting PAR-2 (siPAR-2), Rac1 (siRac1) or BARS (siBARS) (A,B), Cdc42 (siCdc42) (E,F) or RhoA (siRhoA) (G,H), or treated or not with
dimethyl sulfoxide (DMSO), 5-(5-(7-(Trifluoromethyl)quinolin-4-ylthio)pentyloxy)-2-(morpholinomethyl)-4H-pyran-4-one dihydrochloride (EHT
1864; EHT) or 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) (C,D). Cells were then incubated with 0.1 g/l of melanocores. The transfected cells and

the cells treated with the drugs were fixed 24 h or 2 h later, respectively, and examined by bright field microscopy. Nuclei were visualized by 40,6-
diamidino-2-phenylindole (DAPI) staining (blue). Scale bars = 10 μm. (B,F,H) Quantification of internalized melanocores/cell after a 24-h pulse.
(D) Quantification of internalized melanocores/cell after a 2-h pulse. Arrowheads indicate melanocores internalized by keratinocytes. p values
(one-way ANOVA) were considered statistically significant when <0.001 (***) or non-significant (ns) when ≥0.05. Plots show mean ± SD of three
independent experiments.
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pseudopod elongation during phagocytosis26,46 and, although its activa-

tion was shown to occur in some cell types during macropinocytosis, its

requirement for this process has not been clearly established.32,35 This

can explain why the uptake of melanocores but not melanosomes is

affected by Cdc42 depletion. In the case of RhoA, it has been shown

that its role in phagocytosis is receptor-dependent. In Fc receptor-

mediated phagocytosis, RhoA does not seem to be required for phago-

cytic cup formation, whereas its activity is essential for complement

receptor-mediated phagocytosis at the early stages of the process.28

Furthermore, it remains controversial whether or not RhoA contributes

to the late stages of phagocytosis, namely to phagosome

maturation,28,30 which might explain the slight decrease observed in

melanocore internalization upon RhoA depletion. Nonetheless, during

macropinocytosis, the activity of RhoA is temporally required because it

is absent from the actin-rich ring structures, and its activity peaks at the

moment of vesicle closure.36 Thus, the absence of RhoA may preclude

efficient internalization of melanosomes. Taken together, our results

show that melanocore internalization is dependent on the presence and

activation of Rac1 and Cdc42, while unaffected by EIPA treatment,

strongly suggesting phagocytosis as the route taken to enter

keratinocytes. Conversely, neither the absence of Rac1 or Cdc42 seems

crucial for melanosome uptake. Instead, CtBP1/BARS and RhoA deple-

tion or EIPA treatment were found to impair melanosome internaliza-

tion, reinforcing the involvement of macropinocytosis in melanosome

uptake.

We also investigated the activation status of Rac1, Cdc42 and

RhoA after keratinocyte incubation with melanocores or melano-

somes. Interestingly, we found that incubation with melanocores

results in a striking increase in Cdc42 activity. These results are con-

sistent with the impairment in melanocore internalization upon Cdc42

F IGURE 4 Melanosome uptake is CtBP1/BARS-dependent. XB2 keratinocytes were transfected with non-targeting siRNA (siCtrl), siRNA
targeting PAR-2 (siPAR-2), Rac1 (siRac1) or BARS (siBARS) (A,B), Cdc42 (siCdc42) (E,F) or RhoA (siRhoA) (G,H), or treated or not with dimethyl
sulfoxide (DMSO), 5-(5-(7-(Trifluoromethyl)quinolin-4-ylthio)pentyloxy)-2-(morpholinomethyl)-4H-pyran-4-one dihydrochloride (EHT 1864; EHT)
or 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) (C,D). Cells were then incubated with 0.1 g/l of melanosomes. The transfected cells and the cells

treated with the drugs were fixed 24 h or 2 h later, respectively and examined by bright field microscopy. Nuclei were visualized by 40,6-
diamidino-2-phenylindole (DAPI) staining (blue). Scale bars = 10 μm. (B,F,H) Quantification of internalized melanosomes/cell after a 24-h pulse.
(D) Quantification of internalized melanosomes/cell after a 2-h pulse. Arrowheads indicate melanosomes internalized by keratinocytes. p values
(one-way ANOVA) were considered statistically significant when <0.05 (*), <0.01 (**), <0.001 (***) or non-significant (ns) when ≥0.05. Plots show
mean ± SD of three independent experiments.

F IGURE 5 Cdc42 and RhoA are
differently activated by melanocores and
melanosomes. XB2 keratinocytes were
incubated with melanocores or
melanosomes for 15 min and lysed. Active
Rho GTPases were pulled-down as
described in Section 4. Quantification of the
amount of active Rho GTPases (IP) was
performed by normalizing to the total

amount of protein (inputs) and the total
amount of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), as described in
Section 4. (A) Active Rac1, (B) active Cdc42
and (C) active RhoA. Representative
immunoblots are shown (numbers indicate
fold-increase relative to non-treated). Plots
show mean ± SD of three independent
experiments and represent the fold increase
relative to the non-treated (NT)
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F IGURE 6 Melanocores and melanosomes induce PAR-2 internalization to a different extent. XB2 keratinocytes were transfected with
FLAG-PAR-2-HA and after 24 h were incubated or not (non-treated) with melanosomes or melanocores for another 2 h (A), 4 h (B), 24 h (C), or
with SFRLLN or SLIGRL for 24 h (D). Then, cells were processed for flow cytometry and stained with FLAG antibody Cy3-conjugated to assess
FLAG levels at the cell surface. (A–D) Representative flow cytometry plots of the mean fluorescence intensity (MFI) of the geometric mean
(normalized to mode and shown in brackets) of XB2 keratinocytes after stimulation. (E) Quantification of FLAG levels at the cell surface after 2-,
4- or 24-h incubation with melanocores or melanosomes. p values (one-way ANOVA) were considered statistically significant when <0.05 (*),
<0.01 (**), <0.01 (***) or non-significant (ns) when ≥0.05. Plots show mean ± SD of three independent experiments normalized to the values of
the non-treated condition
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silencing. Surprisingly, only modest Rac1 activation was found upon

exposure of keratinocytes to melanocores or melanosomes, albeit

slightly higher in the case of melanosomes. Rac1 activity needs to be

tightly controlled for macropinocytosis progression. In fact, Rac1 acti-

vation is important in the early steps of macropinocytosis, but the

requirement for its further inactivation to allow macropinosome for-

mation can in part explain the low activity obtained.32,33 Furthermore,

as discussed above, Rac1-independent mechanisms can also regulate

macropinocytosis.34 Thus, it would be interesting to further investi-

gate Rac1 involvement in melanosome macropinocytosis. Importantly,

pseudopod formation during membrane extension in phagocytosis

requires active Cdc42, followed by Rac1 activation.26 Since Rac1 acti-

vation was evaluated 15 min after melanocore exposure, maximum

Rac1 activity downstream of Cdc42 activation could occur after that

time. Therefore, more studies of Cdc42/Rac1 activation should be

performed to better characterize the sequence of events involved in

melanocore phagocytosis. Finally, the modest activation of RhoA

together with the results showing that its silencing does not preclude

melanocore uptake, strongly suggest that melanocore phagocytosis

does not require RhoA activity. Thus, our results are in agreement

with a recently published study where the uptake of melanosome-rich

globules under Toll-like receptor-3 (TLR-3)-stimulated conditions was

shown to be dependent of RhoA activation but independent of PAR-

2.47 PAR-2-stimulation catalyzes the conversion of ATP to cAMP,

which activates Rac1 and subsequently inactivates RhoA.17,48 This

PAR-2-mediated activation/inactivation of Rac1/RhoA may thus be a

critical factor in melanocore uptake. Nevertheless, the fact that TLR-3

activation leads to an increase in PAR-2 expression might explain the

increase in phagocytic activity of keratinocytes, as previously

reported.17,40

We also assessed the ability of melanocores and melanosomes to

induce PAR-2 internalization. Melanocores induce endocytosis of the

receptor in a more robust and sustained manner than melanosomes,

suggesting a mechanism in which melanocores are internalized by

phagocytosis in a Rac1/Cdc42-dependent manner upon internaliza-

tion of PAR-2, as opposed to melanosomes, which are internalized

through macropinocytosis independently of PAR-2. Thus, PAR-2

could be essential to prepare for the formation of the phagocytic cup

that engulfs melanocores during their internalization by keratinocytes.

How melanin is presented to keratinocytes, that is, the presence or

absence of membrane surrounding the melanin core is therefore criti-

cally important to define the route of internalization. We speculate that

melanocore transfer through coupled exocytosis/phagocytosis occurs

preferentially at basal levels of pigmentation and is the main mode of

transfer, while the transfer of melanosome-laden globules could be used

in stress conditions, for instance during tanning to ensure a high

throughput of pigment transfer.11 Even though a potential caveat of

our study is the use of mouse keratinocytes and melanin isolated from

human MNT-1 melanoma cells, it is important to mention that this

in vitro melanin uptake assay was validated by others using human pri-

mary keratinocytes,49 further supporting the relevance of our model

and our observations. In conclusion, our current results and previously

published studies suggest that the main mechanism of pigment transfer

in the skin epidermis involves coupled exo/phagocytosis of mela-

nocores, regulated by PAR-2.

4 | MATERIALS AND METHODS

4.1 | Cell culture and reagents

Mouse keratinocytes (XB2 cell line), obtained from Dorothy Bennett

and Elena Sviderskaya lab, were cultured in DMEM supplemented

with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml

streptomycin. Cells were maintained in a humidified incubator at 37�C

and 10% CO2. MNT-1 human melanoma cells were maintained in

DMEM containing 10% FBS, 2 mM L-glutamine, non-essential amino

acids, sodium pyruvate, 100 U/ml penicillin and 100 μg/ml streptomy-

cin. SLIGRL-NH2, SFLLRN and synthetic melanin were purchased

from Sigma (Darmstadt, Germany), and melanin from Sepia officinalis

from Santa Cruz (Dallas, TX, USA).

4.2 | Melanocore preparation and uptake assay

Melanocores were prepared as described previously.18 MNT-1 cells

were cultured in 150 cm2 flasks (Corning, NY, USA) for 5 days. Condi-

tioned medium was collected and centrifuged at 300g for 5 min to

pellet floating cells. The supernatant was then transferred to a clean

tube and centrifuged for 1 h, and concentrated in a vivaspin Centricon

(Sigma) with a pore size of 300 000 Da at 2683g. Melanocore solution

absorbance was measured using a Nanodrop 2000 (Thermo Fisher

Scientific, Waltham, MA, USA) at 340 nm and the concentration cal-

culated according to a calibration curve developed in-house

(Absorbance = 1.8546 � Concentration [g/l] � 0.0422]. For internali-

zation studies, a concentration of 0.1 g/l of melanocores was used,

unless otherwise stated.

XB2 keratinocytes were fed with 0.1 g/l of melanocores or

melanosomes and incubated at 37�C and 10% CO2 for different

times. Cells were then washed three times with PBS and fixed with

4% paraformaldehyde (PFA; Electron Microscopy Sciences, PA,

USA) in PBS for 20 min at room temperature. The number of mela-

nocores per cell was counted and the mean calculated. Nuclei were

counted to ensure similar cell confluence in all samples and the

amount of melanin internalized per cell calculated. In the assays

using inhibitors, cells were incubated with EIPA (Tocris, MN, USA;

50 μM) or EHT 1864 (Santa Cruz Biotechnology, Dallas, TX, USA;

20 μM), before being fed with melanocores (0.1 g/l), melanosomes

or Rhodamine B isothiocyanate–dextran 70 kDa (Sigma, Darmstadt,

Germany; 0.1 μg/μl) for 2 h and processed for immunofluorescence,

as described below. In the experiments with dextran, we imaged the

samples less than 16 h after fixation. To confirm that we are not

underestimating internalized dextran levels because of fixation, we

also performed experiments using live cell imaging. The dextran sig-

nal in fixed control cells was similar to that of cells imaged live, and

similar results were obtained upon BARS silencing or EIPA treatment
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(not shown). The timepoints for the EHT 1864 and EIPA treatments

were optimized by incubating the cells with the drugs for long

(16 h), medium (4 h) and short (20 min) timepoints, before being fed

with either melanocores or melanosomes. Melanin uptake was then

analyzed, as well as structural/morphological differences and cell

death, and the best timepoint for each drug was chosen. In parallel,

melanin-fed cells were stained with anti-PMEL antibody (HMB45)

(Agilent DAKO, CA, USA), to allow the detection of internalized mel-

anin by confocal microscopy and quantification using the Spot

Detector plugin from Icy Software (https://icy.bioimageanalysis.org).

4.3 | Melanosome preparation

Melanosomes were prepared as described previously.50 Briefly,

MNT-1 cells were scraped in H buffer (50 mM imidazole, pH 7.4,

250 mM sucrose, 1 mM ethylenediamine tetraacetic acid [EDTA],

0.5 mM ethylene glycol tetraacetic acid [EGTA], 5 mM MgSO4,

0.15 mg/ml casein and 1 mM dithiothreitol) and homogenized by

passing several times through a cell cracker 26G needle. The post-

nuclear supernatant (PNS) was obtained by centrifugation at 600g

for 5 min. The PNS was then centrifuged at 2500g for 5 min. The

recovered pellet was added onto a 50% Percoll cushion, cen-

trifuged at 5000g for 20 min, and the pellet of melanosomes

collected.

4.4 | Transmission electron microscopy

For transmission electron microscopy analysis of purified melanin,

200 μl of either melanocore or melanosome preparations were pel-

leted by centrifugation at 2400g for 15 min, before resuspending

pellets in 2% PFA and 2% glutaraldehyde (both from TAAB) in

0.1 M phosphate buffer (PB). Melanin was fixed in suspension for

2 h at room temperature, washed three times with PB, and

osmicated for 1 h on ice using 1% osmium tetroxide and 1.5%

potassium ferrocyanide in distilled water. Pellets were subsequently

washed with distilled water and dehydrated with a series of increas-

ing ethanol concentrations (70%, 90%, 2� 100%) before infiltrating

and embedding in epoxy resin. After polymerizing at 70�C overnight,

resin blocks were sectioned at 80 nm using a UC7 ultramicrotome

(Leica) and a diamond knife (Diatome), and sections collected on

formvar/carbon-coated copper mesh grids (Agar Scientific, Stansted,

UK). Sections on grids were post-stained with lead citrate and

imaged using a Hitachi H-7650 TEM with an AMT XR41M digital

camera.

4.5 | Rho GTPase activation assay

The experiment was performed using the RhoA/Rac1/Cdc42 Acti-

vation Assay Combo Biochem Kit™ (Cytoskeleton, Cat. # BK030)

according to the manufacturer's instructions. Briefly, XB2 cells

were plated in six-well plates at a density of 1 � 105 cells/well.

Then, the complete media was changed to DMEM supplemented

with 1% FBS for 2 days to synchronize the cells. Twenty-four

hours before stimulation, DMEM without serum was added to

inactivate Rho GTPases. Melanocores or melanosomes were then

added, and the plate was centrifuged at 60g for 1 min, followed by

incubation at 37�C for 15 min. After incubation, cells were quickly

lysed on ice and protein extracts snap-frozen using liquid nitrogen.

Immunopreciptation was performed using the PAK- and Rhoketin-

beads included in the kit. Non-treated XB2 cells were loaded with

200 μM GTPγS or excess GDP (1 mM) as pull-down controls.

Lysates were then loaded on 12% SDS-acrylamide gels, transferred

to nitrocellulose membrane (GE Healthcare Life Sciences) for

50 min at 100 V and processed for Western blotting. Membranes

were blocked with 5% milk in Tris-buffered saline (TBS) with

0.05% Tween-20 and incubated with primary antibodies included

in the kit, followed by horseradish peroxidase (HRP)-conjugated

secondary anti-mouse or anti-goat antibodies. HRP activity was

probed with Amersham ECL Select or Prime (GE Healthcare Life

Sciences), according to the manufacturer's instructions. Chemilumi-

nescence was detected using a ChemiDoc™ Touch Imaging and

the results analyzed with ImageLab software. Incubation with anti-

glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) antibody

in 5% milk in TBS with 0.05% Tween was done to normalize the

amount of protein present in each condition (input). Densitometric

quantification was performed using ImageJ. Furthermore, quantifi-

cation of the amount of active Rho GTPases (IP) was performed by

normalizing to the total amount of each GTPase (inputs) and the

total amount of protein (GAPDH) (IP/[input/GAPDH]). Results are

presented as the mean fold-increase relative to the non-treated

control.

4.6 | Immunofluorescence microscopy

Cells were grown on coverslips for immunofluorescence and fixed

in 4% PFA in PBS for 20 min at room temperature. Cells were

blocked and permeabilized with 1% bovine serum albumin (Sigma)

and 0.05% saponin (Sigma) in PBS for 30 min. Fixed cells were then

incubated with primary antibodies for 1 h and then for a further

1 h with appropriate secondary antibodies conjugated with a fluo-

rophore (Molecular Probes). The antibodies used and respective

dilutions are displayed in Table S1. Coverslips were finally mounted

in MOWIOL mounting medium (Calbiochem). All antibody incuba-

tions and washes were done with 1� PBS, 0.5% BSA and 0.05%

saponin. To visualize the nuclei, cells were incubated with 40,6-dia-

midino-2-phenylindole (DAPI) (Invitrogen) for 5 min. Images were

acquired on a Zeiss Observer Z2 widefield microscope, equipped

with a Zeiss 506 Mono camera using the 63� 1.4 NA Oil objective

or a Zeiss LSM 710 confocal microscope with a Plan-Apochromat

63� 1.4 NA oil-immersion objective. Images were processed using
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ImageJ and Adobe Illustrator 6.0 (Adobe, San Jose, CA, USA)

software.

4.7 | Flow cytometry

To prepare XB2 keratinocytes for flow cytometry, cells were washed

with PBS and fluorescence-activated cell sorter (FACS) buffer (1%

FBS [v/v] and 2 mM EDTA in PBS), centrifuged at 300g for 5 min and

resuspended in 200 μl FACS buffer. Cells were incubated with anti-

FLAG-Cy3 (Sigma) antibody, diluted 1:50 in FACS buffer for 1 h, at

4�C to ensure that internalization was blocked. Cells were then

washed with FACS buffer, centrifuged at 300g for 5 min and

resuspended with 200 μl FACS buffer. Data acquisition was per-

formed in a FACS CANTO II flow cytometer (BDBiosiences) At least

30 000 cells were acquired per condition using BD FACSDivaTM soft-

ware (Version 6.1.3, BD Biosciences). Data analysis was performed in

FlowJo (Version 10, BD Biosciences).

4.8 | Actin polymerization inhibition assay

XB2 keratinocytes (5 � 104) were treated with 0.02 μg/ml

Lantrunculin A (Sigma) or 0.05 μg/ml Cytochalasin D (Sigma), both

diluted in DMSO or non-treated for 1 h and then incubated at the

same time with melanocores or melanosomes for 24 h. Cells where

then washed and left to recover for 1 h in complete growth medium

before fixation with 4% PFA in PBS. Nuclei were visualized by DAPI

staining, and filamentous (F)-actin was stained with Phalloidin 568.

4.9 | Plasmid transfection

XB2 mouse keratinocytes (4 � 104) cultured in 24-well plates (Corn-

ing, NY, USA) and transfected with 1 μg of pEGFP-FLAG-PAR-2-HA

mixed with 1.5 μl of TurboFect (Thermo Fisher Scientific) in 200 μl of

Opti-MEM (Gibco) according to the manufacturer's instructions. Cells

were incubated for 24 h at 37�C and then the medium was changed

to 500 μl complete XB2 medium.

4.10 | siRNA silencing

XB2 keratinocytes (1 � 105 per well) were seeded in 24-well plates

(Corning, NY, USA). Twenty-four hours later, 50 nM of gene-specific

siGenome SMART pool (Thermo Fisher Scientific) was diluted in 32 μl

Opti-MEM (Gibco), while 1.2 μl of Dharmafect 1 (Dharmacon,

GELifeScience) was added to 6 μl of Opti-MEM. These mixtures were

combined and incubated at room temperature for 20 min. Finally,

160 μl of Opti-MEM was added to the mixture, the medium was

removed from the cells, and the siRNA mixture added to each well.

Cells were incubated for 24 h at 37�C and then the medium was

changed to complete medium. Non-targeting siRNA pool (Thermo Sci-

entific) was used as control.

4.11 | Real-time quantitative polymerase chain
reaction

Total RNA was isolated from cells using RNeasy Mini kit (Qiagen) and

reverse-transcribed to cDNA using SuperScript® II (Invitrogen),

according to the manufacturer's instructions. Real-time quantitative

polymerase chain reaction reactions were performed using a Roche Lig-

htCycler equipment (Roche) and Roche SybrGreen Master Mix reagent

(SybrGreen, Roche). Five microliters of SybrGreen and 4 μl of cDNA

together with 10 μM of appropriate primers were used per well, in trip-

licate, for a total reaction volume of 10 μl. For each protein, gene

expression was calculated relative to control wells and normalized for

GAPDH (used as housekeeping gene), using LightCycler96 software

(Roche) to analyze the results. The primers used are shown in Table S2.

4.12 | Statistical analysis

Statistical analysis was performed using Prism software (GraphPad

Software Inc.). One-way ANOVA was used to analyze the p value of

the differences obtained.
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