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Summary  22 

Tissue homeostasis requires regulation of cell-cell communication, which relies on signaling 23 

molecules and cell contacts. In skin epidermis, keratinocytes secrete specific factors transduced 24 

by melanocytes into signaling cues to promote their pigmentation and dendrite outgrowth, while 25 

melanocytes transfer melanin pigments to keratinocytes to convey skin photoprotection. How 26 

epidermal cells integrate these functions remains poorly characterized. Here, we found that 27 

caveolae polarize in melanocytes and are particularly abundant at melanocyte-keratinocyte 28 

interface. Caveolae in melanocytes are sensitive to ultra-violet radiations and miRNAs released 29 

by keratinocytes. Preventing caveolae formation in melanocytes results in increased production 30 

of intracellular cAMP and melanin pigments, but decreases cell protrusions, cell-cell contacts, 31 

pigment transfer and epidermis pigmentation. Altogether, our data establish that, in 32 

melanocytes, caveolae serve as key molecular hubs that couple signaling outputs from 33 

keratinocytes to mechanical plasticity. This process is crucial to maintain cell-cell contacts and 34 

intercellular communication, skin pigmentation and tissue homeostasis.  35 
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Introduction 36 

Human skin comprises a highly stratified epidermis and a bottom dermis. The epidermis, the 37 

outermost and photo-protective layer of the skin, is mainly composed of melanocytes and 38 

keratinocytes that together create a structural and functional epidermal unit (Fitzpatrick and 39 

Breathnach, 1963). Melanocytes are neural crest-derived cells (Christiansen et al., 2000) that 40 

extend dendrites to contact up to 40 epidermal keratinocytes (Quevedo, 1972). The main role of 41 

melanocytes is to produce the melanin pigments in a specialized organelle, called melanosome, 42 

that undergoes maturation from early non-pigmented to late pigmented stages (Raposo and 43 

Marks, 2007). The maturing and pigmented melanosome moves towards the tip of the dendrites 44 

(Hume et al., 2001, 2007; Wu et al., 1998) to be transferred to keratinocytes where it protects 45 

the nuclei against ultra-violet (UV) radiations. In melanocytes, the formation of dendrites, 46 

melanosome biogenesis, and synthesis and transfer of melanin to keratinocytes is a tightly 47 

coordinated process under the control of UV radiations, keratinocytes-secreted factors and 48 

secreted endosomal-derived vesicles called exosomes (Abdel-Malek et al., 1994; Lo Cicero et 49 

al., 2015; Hirobe, 2005, 2014). From those, secreted hormones trigger different transduction 50 

pathways in melanocytes, including the cyclic adenosine monophosphate (cAMP) signaling 51 

pathway through binding to various G-protein coupled receptors (GPCRs) at the cell surface 52 

(D’Mello et al., 2016; Saldana-Caboverde and Kos, 2011). As a consequence, melanocytes 53 

increase pigment synthesis and dendrite outgrowth through regulation of Rho GTPases activity 54 

and remodeling of the actin cytoskeleton (Buscà and Ballotti, 2000; Buscà et al., 1998; Scott, 55 

2002; Scott and Leopardi, 2003). We have recently shown that specific miRNAs associated with 56 

keratinocyte exosomes modulate human melanocyte pigmentation by enhancing the expression 57 

of proteins associated with melanosome maturation and trafficking (Lo Cicero et al., 2015). 58 

However, how environmental cues are spatially and temporally controlled in melanocytes to be 59 

efficiently translated into biochemical and physical cellular responses remains mostly 60 

uncharacterized. 61 

Caveolae are cup-shaped plasma membrane invaginations firstly described in endothelial and 62 

epithelial cells (Palade, 1953; Yamada, 1955). Their size (50-100 nm) and the absence of an 63 

electron-dense coat morphologically distinguish caveolae from other invaginated structures at 64 

the plasma membrane (Stan, 2005). Caveolae are mainly composed of two groups of proteins, 65 
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the caveolins (Cav1, 2 and 3) and the more recently identified cavins (Cavin1, 2, 3 and 4) 66 

(Bastiani et al., 2009; Hill et al., 2008; Kurzchalia et al., 1992; Liu et al., 2008; Nishimoto et al., 67 

2002; Rothberg et al., 1992; Way and Parton, 1995). Caveolae biogenesis and functions are 68 

dependent on Cav1 and Cavin1 in non-muscle cells, and on Cav3 in muscle cells (Hansen and 69 

Nichols, 2010). Caveolae play various crucial functions including endocytosis, lipid 70 

homeostasis, signal transduction and, the most recently identified, mechanoprotection (Cheng 71 

and Nichols, 2016; Lamaze et al., 2017). As a transduction platform, caveolae control the 72 

production of second messengers, such as cAMP, through local confinement of different 73 

elements of this signaling cascade (Harvey and Calaghan, 2012). Cav1 and -3 contain a 74 

scaffolding domain (CSD) located in the N-terminal region suggested to interact with 75 

transmembrane adenylate cyclases (tmACs), to inhibit their activities and thus control 76 

intracellular cAMP levels (Toya et al., 1998). In cardiomyocytes, caveolae participate in the 77 

compartmentalization of intracellular cAMP which can regulate cell contractility in distal regions 78 

of the heart and, therefore, its function (Wright et al., 2014, 2018). The mechanoprotective role 79 

of caveolae is associated with the maintenance of plasma membrane integrity when both, cells 80 

and tissues, experience chronical mechanical stress (Cheng et al., 2015; Lo et al., 2015; Parton 81 

et al., 2017; Sinha et al., 2011). Caveolae were recently shown to couple mechanosensing with 82 

mechanosignaling in human muscle cells, a process impaired in caveolae-associated muscle 83 

dystrophies (Dewulf et al., 2019). 84 

Epidermal melanocytes and keratinocytes are in constant communication, not only via secreted 85 

factors and exosomes that modulate cellular responses, but also by the physical contacts they 86 

establish to maintain the tissue homeostasis and pigmentation. Here, we report a new function 87 

for caveolae, which, by integrating the biochemical and mechanical behavior of melanocytes, 88 

control melanin transfer to keratinocytes and epidermis pigmentation. Altogether, this study 89 

provides the first evidence for a physiologic role of caveolae as a molecular sensing platform 90 

required for the homeostasis of the largest human tissue, the skin epidermis.  91 
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Results 92 

Caveolae polarize in melanocytes and are positively-regulated by keratinocytes-secreted 93 

factors  94 

Melanocytes and keratinocytes establish a complex intercellular dialogue required for skin 95 

photoprotection. 2D-co-culture systems, where these two cell types share the same medium, 96 

have been widely used to study intercellular communication and pigment transfer between 97 

epidermal cells (Hirobe, 2005; Lei et al., 2002). To evaluate the distribution of caveolae within 98 

the epidermal unit in 2D, normal human melanocytes and keratinocytes were co-cultured and 99 

labelled for the two constituents of caveolae, Cav1 or Cavin1. Immunofluorescence microscopy 100 

revealed that both Cav1 and Cavin1, and therefore caveolae, were asymmetrically distributed in 101 

melanocytes (Figures 1A and B), which were identified by the abundant staining of the 102 

premelanosome protein PMEL [hereafter referred as melanin, see Experimental Procedures; 103 

(Raposo et al., 2001)]. This polarization was not observed in keratinocytes. 104 

Cells can break their symmetry in response to local external chemical and/or mechanical cues 105 

such as signaling molecules and/or cell-cell contacts, respectively (Altschuler et al., 2008; 106 

Goehring and Grill, 2013; Ladoux et al., 2016; Rappel and Edelstein-Keshet, 2017; Verkhovsky 107 

et al., 1999). However, in the absence of any type of spatial signaling, cell polarization can 108 

occur randomly and spontaneously (Wedlich-Soldner and Li, 2003). When grown alone in the 109 

absence of any pre-existent signaling cues, one third of melanocytes presented polarized 110 

caveolae, as shown by the asymmetric distribution of endogenous Cav1 and Cavin1 (Figures 111 

1C and S1A). This polarization was restricted to caveolae as the distribution of clathrin-coated 112 

pits (CCPs; Figure S1B, red), the canonical plasma membrane invaginated-structures 113 

mediating endocytosis (Mayor et al., 2014) was even. Interestingly, the number of melanocytes 114 

showing caveolae asymmetrically distributed doubled when co-cultured with keratinocytes 115 

(Figures 1A and C), while co-culture with HeLa cells had no effect (Figures 1C and S1A). This 116 

shows that the intrinsic polarization of caveolae in melanocytes is specifically enhanced by 117 

keratinocytes, either by cell-cell contacts and/or by keratinocytes secreted factors. To address 118 

the role of extracellular factors in caveolae polarization, melanocytes were incubated with the 119 

medium recovered from a confluent culture of keratinocytes (referred as conditioned medium, 120 

CM). Under this condition, we observed a two-fold increase of the number of melanocytes with 121 
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polarized caveolae as compared to cells grown in their own medium (Figures 1D and S1C). 122 

The proportion of melanocytes with polarized caveolae was similar between cells co-cultured 123 

with keratinocytes (Figure 1C) and cells incubated with conditioned medium (Figure 1D), which 124 

argues that factors secreted from keratinocytes are the main extracellular contributors to the 125 

increased polarization of caveolae in melanocytes. 126 

 127 

Caveolae localize at the melanocyte-keratinocyte interface in human epidermis and 128 

accumulate in melanocytes during tissue pigmentation 129 

We investigated the distribution of caveolae at the melanocyte-keratinocyte interface in human 130 

skin samples. The tissues were chemically fixed or physically immobilized using high-pressure 131 

freezing (HPF) which preserves membranes in their native state (Studer et al., 2008), processed 132 

for ultrathin (60 nm) sectioning and analyzed by 2D conventional transmission electron 133 

microscopy (TEM) (Figures 1E and S1D). The melanocyte-keratinocyte interface revealed 134 

numerous plasma membrane-associated cup-shaped invaginations, with a diameter between 135 

43 and 102 nm and an average size of 63.9 nm, that lacked an electron dense cytoplasmic coat 136 

(Figures 1E and S1D, arrowheads). Immunogold labelling on ultrathin cryosections of human 137 

skin samples revealed that these invaginations were positive for Cav1 in melanocytes (Figure 138 

S1E) and were thus identified as caveolae. To access caveolae 3D ultrastructure, thick-139 

sectioned (300 nm) human skin samples were subjected to double-tilt electron tomography 140 

(Figures 1F and S1F). The reconstructed 3D model (Figure 1F and Video 1) depicts an 141 

epidermal area consisting of a transversal section of a melanocyte dendrite (plasma membrane 142 

in green) containing pigmented melanosomes (red) and surrounded by a keratinocyte (plasma 143 

membrane in blue, presenting keratin bundles on the cytosol). Caveolae (white) were observed 144 

in the melanocyte as single or clustered structures known as rosettes (arrowhead and arrow, 145 

respectively) that were connected to the cell surface (Richter et al., 2008; Stan, 2005).  146 

3D human reconstructed pigmented epidermis (3D-HRPE) composed of normal human 147 

epidermal melanocytes (Mel) and keratinocytes (Ker) are used to study epidermis stratification 148 

and pigmentation (Ali et al., 2015). The development of the synthetic tissue includes the initial 149 

epidermis stratification at day 4, pigmentation at day 6 and formation of a fully stratified and 150 
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pigmented epidermis at day 12. To address the distribution and modulation of caveolae during 151 

human epidermis formation at cell-cell interface, representative samples of each day were 152 

chemically fixed, thin-sectioned and analyzed by conventional TEM (Figures 1G, H and S1G, 153 

H). From day 4 to 12, the melanocyte-keratinocyte interface showed increased numbers of 154 

caveolae per 10 µm-length of plasma membrane when compared to homologous keratinocyte-155 

keratinocyte interface (Figures 1G and S1G). Although the number of caveolae was constant at 156 

the melanocyte-keratinocyte interface (Figure 1G), differences in caveolae enrichment 157 

appeared with time for each cell type (Figure 1H). At day 4, when the tissue stratified, caveolae 158 

were 4-fold enriched in keratinocytes when compared to melanocytes. However, from day 4 to 159 

6, when the tissue started to pigment, caveolae biogenesis showed a 5-fold increase in 160 

melanocytes (Figure 1H). As a control, we observed that the number of CCPs, identified by the 161 

presence of a characteristic electron dense coat (Heuser, 1980), was similar at both interfaces 162 

and cell types and constant over time (Figures S1H, bottom panel). This demonstrates that, 163 

among these two specialized plasma membrane domains, the melanocyte-keratinocyte 164 

interface is preferentially enriched in caveolae. More importantly, during epidermis formation, 165 

caveolae numbers are constant at the melanocyte-keratinocyte interface yet they specifically 166 

increase in melanocytes when the epidermis starts to pigment suggesting that caveolae could 167 

participate in tissue pigmentation. 168 

Ultraviolet (UV) radiations potentiate skin pigmentation by stimulating melanocytes to 169 

synthesize and transfer the pigment melanin (Maddodi et al., 2012) while modulating the 170 

secretion of keratinocytes signaling factors including exosomes (Lo Cicero et al., 2015; Hirobe, 171 

2005, 2011). We thus examined whether daily low doses of UV-B, which mimic physiological 172 

solar exposure (Lo Cicero et al., 2015), could modulate the expression levels of Cav1 in 173 

melanocytes and keratinocytes (Figures 1I and S1I). Cav1 protein levels were increased 6-fold 174 

in melanocytes after 3 consecutive irradiations (Figure 1I) while keratinocytes only slightly up-175 

regulated Cav1 protein levels in comparison to non-exposed cells (Figure S1I). Thus, UV-B 176 

exerts a positive role in modulating Cav1 expression in the epidermal unit, yet more prominently 177 

in melanocytes. Altogether, we show that melanocytes modulate the levels and distribution of 178 

caveolae in response to extracellular and physiological stimuli, such as keratinocytes-secreted 179 

factors and UVs. 180 
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 181 

Caveolin-1 regulates cAMP production in melanocytes 182 

Considering the prominent function of caveolae in intracellular signaling (Lamaze et al., 2017) 183 

and the significant impact of both keratinocyte-secreted factors and UV on caveolae distribution 184 

and Cav1 levels, respectively, we investigated whether caveolae-mediated signaling could 185 

contribute to pigmentation in melanocytes. Melanocytes express different receptors that activate 186 

signal transduction pathways increasing pigmentation (D’Mello et al., 2016; Gordon et al., 1989; 187 

Hirobe, 2005, 2014). A key signaling molecule in this process is the second messenger cAMP 188 

produced by tmACs downstream of GPCR activation (Buscà and Ballotti, 2000). Interestingly, 189 

Cav1 and Cav3 can control cAMP production and were suggested to compartmentalize this 190 

second messenger (Allen et al., 2009; Calaghan et al., 2008; Wright et al., 2014). We thus 191 

investigated whether Cav1 was required for the production of intracellular cAMP following 192 

forskolin (FSK) stimulation, a cell-permeable direct activator of tmACs (Litvin et al., 2003; 193 

Metzger and Lindner, 1981; Seamon and Daly, 1981). Melanocytes were treated with control 194 

siRNA or siRNAs targeting Cav1 (Figure S2A), grown without any cAMP-stimulating molecule 195 

and stimulated by FSK (Figures 2A and S2B). Cav1-depleted melanocytes increased the 196 

intracellular cAMP dramatically by 7.5-fold upon stimulation while in control cells, the increase in 197 

cAMP was only 3.5-fold (Figure 2A). The 2-fold gain in the cAMP production observed in the 198 

absence of Cav1 suggests that Cav1 and/or caveolae inhibit tmACs activity in melanocytes. 199 

Several studies have reported that caveolae could regulate the activity of various signaling 200 

molecules, mostly in an inhibitory fashion, through direct binding to the caveolin-1 scaffolding 201 

domain (CSD; Lu et al., 2018; Weng et al., 2017). Indeed, the catalytic activity of specific tmACs 202 

isoforms can be inhibited by a cell-permeable synthetic peptide which mimics the Cav1 CSD 203 

(Toya et al., 1998), and herein after referred to as CavTratin. The stimulation with FSK of 204 

CavTratin-treated melanocytes resulted in a 30% reduction of cAMP intracellular levels 205 

(Figures 2B and S2C). These results strongly suggest that caveolin-1 reduces the activity of 206 

tmACs and the production of cAMP in melanocytes through direct binding to the Cav1-CSD. 207 

 208 

Caveolin-1 controls pigmentation in melanocytes 209 
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In melanocytes, cAMP production by tmACs increases the expression of melanin-synthesizing 210 

enzymes that results in increased melanin synthesis (Buscà and Ballotti, 2000; Newton et al., 211 

2007; Pawelek et al., 1973). Growth of melanocytes in supplemented medium containing factors 212 

known to elicit intracellular cAMP production (Abdel-Malek et al., 1995; Imokawa et al., 1996), 213 

led to a 1.5-fold increase in the intracellular melanin content after Cav1 depletion (Figures 2C, 214 

D and S2D). Melanin synthesis requires the activity of melanogenic enzymes of the tyrosinase 215 

family which include the rate-limiting enzyme Tyrosinase (TYR) and the Dopachrome 216 

tautomerase (DCT; Ebanks et al., 2009). In agreement, Cav1-depleted cells showed an 217 

enrichment in both TYR and DCT protein levels (Figures 2D and S2E, F). Within the 218 

melanosome, synthesized melanin deposits onto a fibrillar matrix formed upon proteolytic 219 

cleavage of the structural protein PMEL (Theos et al., 2005) which expression level remained 220 

unchanged in Cav1-depleted melanocytes (Figure S2G). Similarly, the expression of the 221 

Rab27a GTPase, which regulates melanosome transport to the cell periphery (Bahadoran et al., 222 

2001), was constant (Figure S2H). These data indicate that Cav1 depletion specifically affects 223 

pigment production in melanosomes, but not their structure nor their intracellular peripheral 224 

localization, as also evidenced by conventional TEM of siCav1-treated melanocytes (Figure 225 

S2I). As pigment production is accompanied by melanosome maturation (Raposo et al., 2001), 226 

we used TEM to quantify the early unpigmented (stages I and II) and the mature pigmented 227 

melanosomes (stages III and IV) in control and Cav1-depleted melanocytes. Consistent with the 228 

biochemical analyses (Figures 2C and D), the number of pigmented stage IV increased 229 

significantly with a concomitant decrease in unpigmented stage II in Cav1-depleted 230 

melanocytes (Figures 2E and F). Altogether, the caveolin-1 control of early signaling events in 231 

melanocytes leads to the regulation of melanin synthesis and melanosome maturation. 232 

 233 

Melanocytes mechanical response to increased cAMP, cell-cell contacts and mechanical 234 

stress is regulated by caveolae 235 

Local production of cAMP at the plasma membrane regulates neuronal cell shape (Neves-Zaph, 236 

2017) and epithelial cell polarity (Wojtal et al., 2008). In melanocytes and melanoma cells, the 237 

increase of cAMP levels supports dendrite outgrowth (Buscà et al., 1998; Nakazawa et al., 238 

1993; Scott and Leopardi, 2003). For the last few years, caveolae mechanosensing and 239 
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mechanoprotective functions have emerged as a new major features of caveolae in many cell 240 

types in vitro and in vivo (Sinha et al., 2011; Cheng et al., 2015). In this context, caveolae were 241 

recently shown to couple mechanosensing with mechanosignaling in human myotubes (Dewulf 242 

et al., 2019). Because Cav1 regulates cAMP levels in melanocytes, we explored the role of 243 

caveolae in the mechanical behavior of melanocytes in response to chemical stimulation. Cav1-244 

depleted melanocytes (Figure S3A) were grown in three different media: devoid of stimulating 245 

molecules (poor medium), containing forskolin (poor medium + FSK) or supplemented with 246 

different growth factors (supplemented medium; see Experimental procedures). The shape of 247 

the cells was analyzed using fluorescently-labelled phalloidin that stained actin filaments 248 

(Figure 3A). In the absence of signaling molecules (poor medium), control and Cav1-depleted 249 

melanocytes preferentially displayed a similar morphology characterized by the presence of at 250 

most two protrusions (Figures 3A and B). Chemical stimulation of control melanocytes 251 

increased the number of protrusions, while the majority of Cav1-depleted cells did not extend 252 

more than two protrusions (Figures 3A and B). We then characterized the cell morphology by 253 

measuring the cell area, major and minor axis and by calculating the length-to-width ratio 254 

(Figures 3C and S3B-D). Without chemical stimulation, the length-to-width ratio was similar in 255 

control- and Cav1-depleted melanocytes. After stimulation, the area of the cell and the minor 256 

axis, but not the major axis, increased in control cells (Figures S3B-D). This caused a slight 257 

decrease in the length-to width ratio (Figure 3C), which reflects cell spreading and formation of 258 

dendrite-like protrusions. On the contrary, Cav1-depleted cells responded to stimulation by 259 

preserving the cell area (Figure S3C) which confirms their elongated shape. Moreover, the 260 

major axis increased while the minor axis increased (Figures S3C and D). This increased 261 

dramatically the length-to-width ratio in Cav1-depleted melanocytes (Figure 3D) and suggests 262 

that cell spreading is mainly occurring along the major axis. Therefore, the sole elevation of 263 

intracellular cAMP in melanocytes devoid of caveolae is not sufficient to support the outgrowth 264 

of protrusions. Overall, these data indicate that caveolae are required for the mechanical 265 

response mediating the morphologic changes of melanocytes to extracellular chemical stimuli. 266 

In skin epidermis, the extension of dendrites by melanocytes is crucial to establish contacts with 267 

a large number of keratinocytes. To test if caveolae are involved in the change of morphology of 268 

melanocytes that occur in response to keratinocytes-secreted factors, we performed time-lapse 269 
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microscopy of melanocytes co-cultured with keratinocytes. In the absence of direct cell contact 270 

with keratinocytes, control melanocytes responded dynamically by extending and retracting 271 

dendrite-like protrusions along time (Video 2). On the contrary, Cav1-depleted melanocytes 272 

displayed an elongated shape and formed fewer projections (Video 3). The difference of 273 

response due to the absence of caveolae was better evidenced by delineating the cell 274 

boundaries during the 4h acquisition (Figure 3D) and consistent with the immunofluorescence 275 

microscopy data obtained for stimulated melanocytes in monoculture (Figure 3A). Besides the 276 

established role of extracellular signaling molecules, direct contact between melanocytes and 277 

keratinocytes might also promote dendrite outgrowth (Kippenberger et al., 1998). So, we tested 278 

if caveolae could contribute to changes in the morphology of the melanocytes in response to 279 

cell-cell interactions with keratinocytes. Control melanocytes responded by extending and 280 

retracting dendrite-like protrusions when keratinocytes established close contacts (Video 4), 281 

while Cav1-depleted melanocytes were mostly unresponsive to the contacts made by 282 

keratinocytes, formed fewer projections and displayed an elongated shape (Video 5). 283 

Interestingly, Cav1-depleted melanocytes were more frequently deprived of physical contact by 284 

keratinocytes during the total time of acquisition (Figure 3E). In contrast, the frequency of 285 

melanocytes-keratinocytes contacts that were long-lasting (1-4h) decreased (Figure 3E and 286 

Videos 4 and 5). Thus, melanocytes devoid of caveolae are unable to promote the outgrowth of 287 

protrusions in response to the keratinocytes-secreted factors or to the direct contact with 288 

keratinocytes. Altogether, this data shows that caveolae in melanocytes play a key role in 289 

melanocyte dendrite outgrowth and the establishment and maintenance of contacts with 290 

keratinocytes. 291 

The cell mechanical response to changes in shape is correlated with adjustments in the plasma 292 

membrane tension to the cytoskeletal architecture and dynamics (Diz-Muñoz et al., 2013; 293 

Keren, 2011; Pontes et al., 2017). Under mechanical stress, caveolae serve as a membrane 294 

reservoir by disassembling rapidly to buffer variations of plasma membrane tension (Sinha et 295 

al., 2011). To address whether the mechanical function of caveolae is involved during the 296 

changes in morphology, and thus membrane tension variations, we monitored the resistance of 297 

the plasma membrane of melanocytes during membrane tension increase induced by 298 

hypoosmotic shock. Melanocytes were pre-incubated with the membrane permeant cytoplasmic 299 
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green-fluorescent dye calcein-AM and exposed to a 30 mOsm hypo-osmotic shock in the 300 

presence of propidium iodide (PI), a non-permeant red-fluorescent DNA intercalating agent. A 301 

loss of plasma membrane integrity is revealed by a decrease or absence of the calcein-AM 302 

signal whilst acquiring a positive signal for propidium iodide. After 10 min of hypo-osmotic 303 

shock, Cav1-depleted melanocytes had burst more frequently than control cells (Videos 6 and 304 

7 and Figures 3F and 3G), confirming that caveolae offer mechanoprotection to melanocytes 305 

experiencing membrane tension variations. All in all, this data indicates that caveolae regulates 306 

the mechanical responses of melanocytes observed during contact with keratinocytes or 307 

chemical stimuli. 308 

 309 

Loss of caveolae impairs melanin transfer in 2D co-culture and 3D-epidermis 310 

Skin pigmentation relies on the synthesis of the pigment melanin within melanocytes and its 311 

transfer to neighboring keratinocytes. Different mechanisms have been proposed for melanin 312 

transfer to occur (Tadokoro and Takahashi, 2017; Wu and Hammer, 2014) and all requires the 313 

local remodeling of the plasma membrane of melanocytes at the near vicinity of keratinocytes. 314 

To address the role of caveolae in melanin transfer, siCtrl- and siCav1-treated melanocytes 315 

were co-cultured with keratinocytes for 3 days, after which the cells were analyzed by 316 

immunofluorescence (Figure 4A). Keratinocytes co-cultured with Cav1-depleted melanocytes 317 

were less frequently positive for melanin (Figure 4B) and, when positive, showed decreased 318 

staining for the pigment (Figure 4C). This result shows that caveolae are required for the 319 

efficient transfer of melanin from melanocytes to keratinocytes in co-culture.  320 

Interestingly, in melanoma cells, the microRNA-203a (miR-203a) downregulates Cav1 321 

expression (Conde-Perez et al., 2015). Likewise, melanocytes transfected with the pre-mir-203a 322 

showed decreased Cav1 protein expression levels (Figure S4A). When co-cultured with 323 

melanocytes treated with pre-miR-203a, melanin transfer had occurred in fewer keratinocytes 324 

(Figures 4A and B), which also showed a decrease content of melanin (Figure 4C). The miR-325 

203a is secreted by keratinocytes together with exosomes (Lo Cicero et al., 2015), which 326 

suggests that keratinocytes could regulate Cav1 expression levels and caveolae biogenesis in 327 

melanocytes to control their signaling and mechanical responses. 328 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 10, 2019. ; https://doi.org/10.1101/666388doi: bioRxiv preprint 

https://doi.org/10.1101/666388
http://creativecommons.org/licenses/by-nc/4.0/


 13

Finally, we sought to establish the importance of caveolae in pigment transfer in vivo. We turned 329 

to the model of skin epidermis (3D-HRPE) and generated three different epidermis composed of 330 

keratinocytes either alone (Ker-HRPE) or associated with control or Cav1-depleted 331 

melanocytes. The expression of Cav1 mRNAs was efficiently down-regulated after siCav1 332 

treatment in melanocytes (Figure S4B). Macroscopic examination of the reconstructed tissue 333 

showed unpigmented epidermis when composed of only keratinocytes, and homogenous 334 

pigmented epidermis when control melanocytes were added (Figure S4C). In contrast, a non-335 

homogenous pigmentation was observed in the epidermis reconstructed with siCav1-treated 336 

melanocytes (Figure S4C, arrow). The pigmentation defect was further characterized at the 337 

ultrastructural level (Figure 4D) and revealed that keratinocytes juxtaposed to Cav1-depleted 338 

melanocytes contained less melanin than when adjacent to control cells (Figure 4E). This data 339 

shows that caveolae is a novel player in melanin transfer from melanocytes to keratinocytes in 340 

the human epidermis.  341 
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Discussion 342 

Human epidermis pigmentation represents a natural body photo-protective screen that relies on 343 

melanocytes and keratinocytes. To adapt to their environment, like during intense solar 344 

exposure, these epidermal cells communicate to orchestrate cellular responses important for 345 

producing and disseminating the pigment through the tissue. In this study, we provide evidence 346 

for a novel physiological role of caveolae in human epidermis pigmentation. By exploiting the 347 

signaling and mechanical functions of caveolae, melanocytes respond to the extracellular 348 

signals sent by keratinocytes to potentiate skin photo-protection. The capacity of caveolae to 349 

modulate intracellular signals, to provide mechano-protection and to support the morphological 350 

changes in melanocytes define them as a novel molecular platform required for human skin 351 

pigmentation. 352 

Caveolae polarization or enrichment in melanocytes are positively-regulated during the 353 

formation of skin, by keratinocytes-secreted factors and by solar mimicking UV-B radiation. 354 

Intriguingly, the miR203a secreted together with keratinocytes extracellular vesicles (Lo Cicero 355 

et al., 2015) can target Cav1 in melanoma cells (Conde-Perez et al., 2015) and in normal 356 

melanocytes. This indicates that keratinocytes directly contribute to fine-tune Cav1 and 357 

caveolae in melanocytes so that it cellular responses can be highly organized and coordinated. 358 

A down-regulation of Cav1/caveolae would promote pigment production in melanocytes 359 

whereas an up-regulation would favor changes in cell morphology and cell-cell contacts, both 360 

leading to melanin transfer and skin pigmentation.  361 

Melanocytes devoid of caveolae have higher production of intracellular cAMP after stimulation, 362 

whereas treatment with the Cav1 scaffolding domain (CSD) mimicking peptide, CavTratin, has 363 

an opposite effect. A classical view of caveolae function in signaling is associated to the 364 

intracellular compartmentalization and concentration of different signaling transduction 365 

pathways components (Lamaze et al., 2017). In this context, caveolin-1 was shown to regulate 366 

the activity of some isoforms of tmACs in cells (Gu et al., 2002; Ostrom et al., 2002). The use of 367 

the CavTratin peptide in vitro negatively regulated these enzymes with concomitant decrease of 368 

cAMP production after stimulation (Toya et al., 1998). This shows that caveolae mitigate the 369 

cAMP-dependent signaling in melanocytes, likely through Cav1 binding to tmACs and direct 370 

inhibition of their catalytic activity. 371 
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In response to increased cAMP production, Cav1-depleted melanocytes do not extend 372 

dendritic-like protrusions, strongly suggesting that caveolae couple cAMP-induced signaling to 373 

the cell mechanical response. This feature of caveolae might not be only restricted to 374 

melanocytes and is likely shared by neural crest-derived cells. Indeed, the modulation of cAMP 375 

levels in the vicinity of membrane lipid rafts controls dendritic arborization in mice neurons 376 

(Averaimo et al., 2016; Guirland and Zheng, 2007) while neuron-targeted Cav1 enhances 377 

branching out of the dendrites (Head et al., 2011; Mandyam et al., 2017). Dendrite outgrowth in 378 

human melanocytes and murine melanoma cells is also dependent on cAMP (Buscà et al., 379 

1998; Scott and Leopardi, 2003). Endogenous Cav1 and Cavin1, and therefore caveolae, 380 

distribute asymmetrically and cell-autonomously in cultured human melanocytes. Polarization of 381 

Cav1 and caveolae is observed in different cells during cell migration (Grande-García and del 382 

Pozo, 2008; Navarro et al., 2004). However, cultured melanocytes display a poorly motile 383 

behavior, as shown here by time-lapse microscopy, which suggests that caveolae polarization 384 

in these cells should perform functions unrelated to cell migration. Melanocytes are likely 385 

polarized cells as their shape consists of a cell body facing the basal membrane with multiple 386 

dendrites extending upwards and as they express proteins specific of epithelial cells (Valencia 387 

et al., 2006). Therefore, we propose that caveolae intrinsic asymmetrical distribution imposes a 388 

spatial organization of cAMP-dependent pathways and/or downstream targets in melanocytes 389 

that contributes to its polarized organization and ensures its cellular functions. 390 

Caveolae are required for two crucial functions in melanocytes: pigment production and 391 

transfer. Stimulation of Cav1-depleted melanocytes causes increased cAMP levels, acceleration 392 

of pigment production through likely the up-regulation of Tyrosinase and DCT expression levels. 393 

Pigment synthesis and packaging into melanosomes rely on intracellular signaling pathways, 394 

among which cAMP synthesis by tmACs is of key importance (D’Mello et al., 2016). The 395 

activation of the GPCR-triggered cAMP pathway increases Tyrosinase, TYRP1 and DCT protein 396 

content through increased cell transcriptional activity (Bertolotto et al., 1996, 1998a, 1998b) or 397 

post-translational events (Abdel-Malek et al., 1995; Newton et al., 2007). This indicates that 398 

caveolae key regulation in the production of the pigment occurs through the fine control of 399 

cAMP production and downstream pathways.  400 
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The fate of melanin in the epidermis is to be transferred to keratinocytes where it shields the 401 

nucleus against UV radiations. Here, we establish a correlation between caveolae formation 402 

and human skin pigmentation. Caveolae accumulate at melanocyte-keratinocyte interface when 403 

the epidermis becomes pigmented while impaired caveolae formation in melanocytes, through 404 

Cav1 depletion, decreases melanin transfer in co-culture and reconstructed epidermis. The 405 

dendrites of melanocytes are seen as conduits for melanin transfer and points of contact with 406 

keratinocytes and, therefore, their plasticity seems important to support these functions. Our 407 

results show that caveolae protects the plasma membrane of melanocytes against acute 408 

rupture after a mechanical stress thus helping the cells to adjust to tension variations. Several 409 

studies illustrate that plasma membrane tension regulates membrane deformations during exo- 410 

and endocytosis or changes in cell shape (Dai et al., 1997; Gauthier et al., 2011; Houk et al., 411 

2012; Raucher and Sheetz, 2000). Thus, the dynamic cycle of caveolae mechanics, i.e. 412 

disassembly and reassembly, in response to tension variations that occur during melanocytes 413 

morphological changes could facilitate both dendrite outgrowth and pigment transfer. 414 

Nonetheless, the formation of caveolae and non-caveolae Cav1 clusters could also exert a 415 

spatiotemporal control of melanin secretion by favoring the local remodeling of the plasma 416 

membrane in response to signaling cues. Therefore, the coupling of signaling and mechanical 417 

outputs by caveolae in melanocytes is key to the pigment transfer regulation. 418 

Dysregulation of Cav1 expression in the human skin is associated with hyperproliferative 419 

diseases such as melanoma and non-melanoma cancers but also psoriasis (Carè et al., 2011; 420 

Gheida et al., 2018; Kruglikov and Scherer, 2019). In melanoma, Cav1 function remains very 421 

controversial, since it is recognized as a tumor suppressor and an oncogene (Felicetti et al., 422 

2009; Trimmer et al., 2010). Such discrepancy might be explained by the variations of Cav1 423 

expression during disease progression, as the balance between caveolae signaling and 424 

mechanical functions in response to the extracellular environment changes during tumor mass 425 

growth (Lin et al., 2007). Long-term exposure to UV radiations is a key factor causing skin 426 

cancers (MacKie, 2006) and high levels of expression of the miR-203a occurs in psoriatic 427 

lesions (Huang et al., 2015). We, thus propose caveolae as a novel modulator of skin 428 

pigmentation that couple signaling with mechanical responses in melanocytes. The 429 

characterization of the physiology underlying these two caveolae functions, by and in response 430 
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to the extracellular context, will enable to decipher its defects and associated consequences in 431 

disease.  432 
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Figure 1 – Caveolae localization and modulation in human epidermis and 2D co-culture. 455 

A. IFM images of melanocytes and keratinocytes co-cultured for 1 day, fixed, immunolabelled 456 

for Cav1 or Cavin1 (top or bottom, respectively; green) and melanin (HMB45, red). Arrowheads 457 

point Cav1 and Cavin1 polarization in melanocytes (white asterisks). The boxed regions mark 458 

the area zoomed in the insets. Bars, 10 µm. B. Quantification of Cav1 or Cavin1 mean 459 

fluorescent intensity in Boxes 1 and 2 depicted in the zoom panels A (n=12 cells). C. 460 

Quantification of the frequency of melanocytes displaying Cav1 or Cavin1 polarized (as in A, 461 

arrowheads) in mono- or co-culture with keratinocytes or HeLa (mono-culture, Cav1: 30.7 ± 462 

3.5% and Cavin1: 30.7 ± 2.4%; co-culture with keratinocytes, Cav1: 54.7 ± 5.7% and Cavin1: 463 

49.3 ± 3.5%; co-culture with HeLa cells, Cav1: 26.0 ± 5.0% and Cavin1: 28.0 ± 2.3%; n=150 464 

cells, 3 independent experiments). D. Quantification of the frequency of melanocytes displaying 465 

Cav1 or Cavin1 polarized (as in A, arrowheads) after 14h incubation with supplemented 466 

medium or keratinocytes-conditional medium (Mel Medium, Cav1: 24.7 ± 4.1% and Cavin1: 28.0 467 

± 3.1%; Ker-CM, Cav1: 56.7 ± 8.2% and Cavin1: 54.0 ± 4.2%; n=150 cells, 3 independent 468 

experiments). E. Conventional 2D EM from human skin tissue fixed chemically (top) or 469 

immobilized by high pressure freezing (HPF, bottom). The plasma membranes of keratinocytes 470 

(red) and melanocytes (blue) were contoured manually (top). Arrowheads point plasma 471 

membrane invaginations with morphological features of caveolae. The boxed regions mark the 472 

area zoomed in the insets on the left. Bars: (main) 1 µm; (insets) 100 nm. F. 3D-model 473 

reconstruction by electron tomography of the melanocyte-keratinocyte interface at human skin 474 

epidermis; melanocytes plasma membrane (green), keratinocytes plasma membrane (blue), 475 

limiting membrane of pigmented melanosomes (red), melanin (black) and caveolae (white) in 476 

single (arrowhead) and clustered structures (arrow). See also Video 1.and Figure S1F. G. and 477 

H. Quantification during 3D-HRPE formation of the number of caveolae (as identified in E) per 478 

10 µm of plasma membrane at the indicated interfaces (G) and of individual cell types at 479 

melanocyte-keratinocyte interface (H) (G, Mel-Ker: day 4, 2.9 ± 0.7, n=28; day 6, 3.4 ± 0.7, 480 

n=26; day 12, 3.6 ± 0.6, n=20; Ker-Ker: day 4, 0.7 ± 0.2, n=13; day 6, 1.1 ± 0.3, n=9; day 12, 0.9 481 

± 0.3, n=11; H, day 4, Mel: 1.2± 0.4, Ker: 4.5 ± 1.1; day 6, Mel: 5.0 ± 1.0, Ker: 1.7 ± 0.8; day 12, 482 

Mel: 4.1 ± 0.9; Ker: 3.1 ± 0.7; n= number of interfaces (G) or cells (H)). Note that 3D-HRPE 483 

stratifies at day 4, pigments at day 6 (normalized melanin content (a.u.) at day 4: 1, day 6: 484 

2.46), and reaches completion at day 12. I. Immunoblot analysis and quantification of Cav1 485 

protein levels in melanocytes exposed to daily radiations of U.V.-B (10 mJ/cm2) in three 486 

consecutive days (day 3; 573.3 ± 85.5%; n=2 independent experiments). Asterisk represents 487 

Cav1 full-length protein (upper band) and its truncated form (lower band). B-D and G-I, data are 488 

presented as mean ± s.e.m. B and D, paired t-test. G and H, comparison between 489 

interface/cells at the same time point: unpaired t-test with Welch’s correction; comparison 490 

between time points from the same cell type: one-way ANOVA with Tukey’s multiple-491 

comparison test. 492 

 493 
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Figure 2 – Caveolin-1 depletion in stimulated melanocytes increases cAMP production 494 

and pigmentation. A. and B. Quantification of intracellular cAMP fold-change in melanocytes. 495 

A. Melanocytes were transfected with control (Ctrl) or caveolin-1 (Cav1) siRNA for 24h and 496 

incubated with DMSO or 30 µM of forskolin (FSK) for 3h (n=3 independent experiments). B. 497 

Melanocytes were treated with Ctrl (scrambled) or CavTratin (Cav1- scaffolding domain) 498 

peptides for 7h and incubated with DMSO or 30 µM of FSK for 1h (Cavtratin: 66.3 ± 8.2; n=3 499 

independent experiments). C-F. Melanocytes were treated for 5 days with siCtrl or siCav1. C. 500 

Estimation of intracellular melanin content (siCav1: 1.5 ± 0.2; n= 4 independent experiments). 501 

D. Immunoblot analysis of melanocytes lysates probed with the indicated antibodies. ACTB, β-502 

Actin. E. Conventional EM images representative of each condition with the respective zooms of 503 

the insert regions (left); Bar: original 1 µm, zoomed 0.5 µm; II to IV represent different stages of 504 

maturation of melanosomes. F. Quantification of the number of non-pigmented (stage I: siCtrl, 505 

1.3 ± 0.5, siCav1, 1.1 ± 0.3; and stage II: siCtrl, 14.0 ± 2.0, siCav1, 7.9 ± 1.6) and pigmented 506 

(stage III: siCtrl, 64.5 ± 5.6, siCav1: 58.0 ± 5.2; and stage IV: siCtrl, 20.1 ± 5.6, siCav1, 33.0 ± 507 

5.8) melanosome stages from EM images as in E (n=14 cells each, 4 independent 508 

experiments). Values are mean ± s.e.m. A and B, one-way ANOVA with Sidak’s multiple 509 

comparison test. 510 

 511 

Figure 3 – Caveolae contributes to changes in melanocyte morphology, contacts with 512 

keratinocytes and mechanoprotection. A. IFM images of siCtrl- and siCav1-treated 513 

melanocytes incubated with poor medium (+ DMSO), supplemented medium (+ DMSO) or poor 514 

medium + 30 µM of FSK for 14h, fixed, immunolabelled for Cav1 (green) and stained for F-actin 515 

(phalloidin, red). Arrowheads point Cav1 polarization. Asterisks indicate cell protrusions. Bars, 516 

20 µm. B. Frequency of melanocytes showing at most two (≤2) or more than two (>2) 517 

membrane protrusions (n=150 cells, 3 independent experiments). C. Quantification of the width-518 

to-length ratio of melanocytes cultured as in A (siCtrl: Poor medium, 3.6 ± 0.3, Supplemented 519 

medium, 2.3 ± 0.2, Poor medium + FSK, 2.2 ± 0.1; siCav1: Poor medium, 4.0 ± 0.3, 520 

Supplemented medium, 6.5 ± 0.7, Poor medium + FSK, 8.9 ± 0.7; n=30 cells, 3 independent 521 

experiments). D and E. Melanocytes treated for 72h with siCtrl or siCav1 were co-cultured with 522 

keratinocytes for 14h prior to cell imaging. D. Representative projection of time-lapse images 523 

with interpolated region of interest for the cell’s boundaries every 20 minutes. Bars, 10 µm. See 524 

also Videos 2 and 3. E. Frequency of keratinocytes contacting melanocytes for a total of 4h (no 525 

contact: siCtrl: 4.5 ± 1.3, siCav1: 7.5 ± 1.4; up to 1h: siCtrl: 53.1 ± 11.1, siCav1: 70.2 ± 6.2; from 526 

1 to 4h: siCtrl: 44.1 ± 9.6, siCav1: 26.4 ± 3.9; siCtrl: n=39 videos; siCav1: n=37 videos; 3 527 

independent experiments). F. and G. Melanocytes treated with siCtrl or siCav1 for 72h were 528 

incubated with calcein-AM (green) for 15 minutes, washed and subjected to hypoosmotic shock 529 

(30 mOsm) in the presence of propidium iodide (PI, red) for 10 minutes. PI-positive cells (red 530 

nuclei) indicate melanocytes with ruptured plasma membrane. See also Videos 6 and 7. F. First 531 

(0 min) and last (10 minutes) still images from the time-lapse acquisition. Bars, 50 µm. G. 532 
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Frequency of bursting melanocytes (siCtrl: 50.0 ± 2.0, n=714; siCav1: 74.4 ± 1.5, n=958; 3 533 

independent experiments). Values are the mean ± s.e.m.  534 

 535 

Figure 4 – Caveolae in melanocytes are necessary for melanin transfer in vitro and in 536 

tissue. A, B and C. Melanocytes treated with siCtrl, siCav1, pre-miR-NC (negative control) or 537 

pre-miR-203a for 5 days were co-cultured with keratinocytes for the last 2 days. A. IFM images 538 

of the co-culture immunolabelled for Cav1 (green) and melanin (HMB45, red). Arrows point 539 

plasma keratinocytes positive for transferred melanin. Asterisks in merge panels identify 540 

melanocytes. Bars, 20 µm. B. Quantification of the frequency of keratinocytes positive for 541 

melanin in each condition (siCtrl: 71.9 ± 5.7; siCav1: 48.5 ± 7.0; pre-miR-NC: 81.5 ± 3.7; pre-542 

miR-203a: 48.6 ± 8.3; n=150 cells, 3 independent experiments). C. Quantification of melanin 543 

fluorescent intensity in individual keratinocytes positive for melanin (siCtrl, n=98; siCav1, n=93; 544 

pre-miR-NC=111; pre-miR-203a=93; 3 independent experiments). D. Conventional EM 545 

micrographs of 9 days 3D-HRPE composed of keratinocytes and siCtrl- or siCav1-treated 546 

melanocytes. Bars, 2 µm. E. Quantification of the number of melanosomes in keratinocytes at 547 

the vicinity of melanocytes (siCtrl: 5.7 ± 1.8, n=21 cells; siCav1: 1.7 ± 0.7, n=15 cells; 1 548 

experiment). Values are the mean ± s.e.m.  549 
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Experimental procedures 550 

Antibodies 551 

The following antibodies were used for immunoblot (IB) or immunofluorescence (IFM): rabbit 552 

polyclonal anti-Caveolin1 (BD Transduction Laboratories; 1:5000 [IB]; 1:200 [IFM]); rabbit 553 

polyclonal anti-PTRF (CAVIN-1; Abcam; 1:200 [IFM]); mouse monoclonal anti-HMB45 554 

(recognizing PMEL-positive fibrils onto which melanin deposits, here used as a melanin marker; 555 

clone HMB45; abcam; 1:200 [IFM]); mouse monoclonal anti-α adaptin (clone AP6; abcam; 1:50 556 

[IFM]); sheep polyclonal anti-EGFR (Fitzgerald; 1:400 [IFM]); mouse monoclonal anti-557 

Tyrosinase (clone T311; Santa Cruz biotechnology; 1:200 [IB]); mouse monoclonal anti-DCT 558 

(clone C-9; Santa Cruz biotechnology; 1:200 [IB]); rabbit polyclonal anti-Pep13h (Raposo et al., 559 

2001; 1:200 [IB]); goat polyclonal anti-Rab27a (SICGEN; 1:1000 [IB]); mouse monoclonal anti-560 

ACTB (β-actin; clone AC-74; Sigma; 1:2000; [IB]); rabbit polyclonal anti-GAPDH (Sigma; 561 

1:10000; [IB]); rabbit polyclonal anti-Calnexin (Enzo Life Sciences; 1:1000; [IB]). Secondary 562 

antibodies coupled to horseradish peroxidase (HRP) were used at 1:10000 for IB (Abcam). 563 

Secondary antibodies and phalloidin conjugated to 488, 555 and 647 Alexa dyes were used at 564 

1:200 (Invitrogen) for IFM. 565 

 566 

Cell culture 567 

Primary cells. Normal Human Epidermal Melanocytes and Normal Human Epidermal 568 

Keratinocytes used in this study were isolated from neonatal foreskins and purchased from 569 

CellSystems, Sterlab and PromoCell. Melanocytes and keratinocytes were used from passage 570 

two and five and maintained in culture in DermaLife Basal Medium supplemented with 571 

DermaLife M Life factors (Melanocytes supplemented medium) or in DermaLife Basal Medium 572 

supplemented with DermaLife K Life, respectively.  573 

Cell line. HeLa cells were cultured in DMEM supplemented with 10% (v/v) FBS, 100 U/ml 574 

penicillin G and 100 mg/ml streptomycin sulfate (Gibco). All cells were maintained at 37ºC in a 575 

5% (v/v) CO2 incubator. 576 

 577 

siRNA and miRNA transfections 578 
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For melanocytes siRNA and miRNA transfections, cells were seeded in the appropriate wells or 579 

plates and transfected with 0,2 µM of siRNA using Oligofectamine (Invitrogen) accordingly to 580 

manufacturer’s instructions using non-targeting siRNA (siCtrl; 5’-581 

AATTCTCCGAACGTGTCACGT-3’) and siRNA targeting Cav1 (SI00299635 and SI00299628) 582 

from Qiagen, or using pre-miR-NC (negative control; #AM17111) and pre-miR-203a 583 

(#AM17100) from Thermo Fischer Scientific. In 3D-HRPE experiments, melanocytes were 584 

transfected previously to reconstruction with 1 µM of siRNA using DharmaFECT and following 585 

the manufacturer’s protocol (Dharmacon, Horizon) using non-targeting siRNA (Accell non-586 

targeting pool) or siRNA targeting Cav1 (SMARTpool: Accell Cav1) from Dharmacon.  587 

 588 

Co-cultures and media incubation 589 

Co-cultures. Melanocytes and keratinocytes or HeLa were seeded in the following ratio, 590 

respectively: 1:4 for 24h before fixation to quantify caveolae polarization (Figure 1); at 1:4 for 591 

14h before time-lapse acquisition (Figure 3); and 1:1 for 3 days before fixation to quantify 592 

melanin transfer (Figure 4). All co-cultures were done in Melanocytes supplemented medium.  593 

Media incubation. Keratinocytes medium from a confluent flask in culture for 48h was collected 594 

and centrifuged at 200 rcf to remove cell debris. The Keratinocytes-conditioned medium (Ker-595 

CM) was immediately used or stored at -80ºC (Figure 1). Melanocytes were seeded in 596 

melanocytes supplemented medium for 6h after which, this medium was removed, the cells 597 

washed in phosphate-buffered saline (PBS) and poor medium, poor medium supplemented with 598 

30 µM of forskolin (FSK, Sigma), new melanocytes supplemented medium or Ker-CM was 599 

added and kept for approximately 14h before fixation. Dimethylsulfoxide (DMSO) was added to 600 

the medium as a control to FSK addition. 601 

 602 

UV treatment 603 

Melanocytes and Keratinocytes were seeded in six-well plates at day 0 and irradiated with a 604 

single shot of 10 mJcm-2 of ultraviolet B (312 nm) during 3 consecutive days using a Biosun 605 

machine (Vilber Lourmat, Suarle´e, Belgium). Cell medium was replaced by PBS before 606 

irradiation and replaced by the culture medium just after the treatment. The cells were then 607 

incubated overnight and recovered by trypsinization at the indicated time points.  608 
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 609 

Skin samples 610 

Healthy skin samples were obtained from surgical left-over residues of breast or abdominal 611 

reduction from healthy women. Written informed consent was obtained in accordance with the 612 

Helsinski Declaration and with article L.1243-4 of the French Public Health Code. Given its 613 

special nature, surgical residue is subject to specific legislation included in the French Code of 614 

Public Health (anonymity, gratuity, sanitary/safety rules…). This legislation does not require 615 

prior authorization by an ethics committee for sampling or use of surgical waste 616 

(http://www.ethique.sorbonne-paris- cite.fr/?q=node/1767). 617 

 618 

Human Reconstructed Epidermis (3D-HRPE) 619 

The following protocol was adapted from (Salducci et al., 2014). Briefly, dead de-epidermized 620 

dermis were prepared as follows. Skin samples from healthy adults were obtained, cut in 621 

circular pieces (18 mm diameter) and incubated 20 min at 56°C in HBSS (Invitrogen) containing 622 

0,01% (v/v) Penicillin/Streptomycin (Invitrogen). Epidermis was removed and collected dermis 623 

fragments were sterilized in 70° Ethanol, washed twice in HBSS, frozen in HBSS (-20°C) and 624 

submitted to six cycles of freezing-thawing to eliminate fibroblasts. De-epidermized dermis were 625 

then placed at the bottom of a 6-well plate in 3D-HRPE culture medium composed of IMDM 626 

medium (Invitrogen) and keratinocytes medium (CellSystems) at a proportion of 2/3 to 1/3, 627 

respectively, and containing 10% (v/v) of calf fetal serum gold (PAA). siRNA-treated 628 

melanocytes and non-treated keratinocytes were seeded at a proportion 1:20, respectively, in a 629 

culture insert of 8 mm of diameter affixed on the dermis to promote cell adhesion. After 24h, the 630 

culture insert was removed and the de-epidermized dermis submerged for 3 days in 3D-HRPE 631 

culture medium to promote cell proliferation. Tissue stratification was initiated by moving up the 632 

de-epidermized dermis to the air-liquid interface. At day 4, the newly formed epidermis started 633 

to stratify, at day 6 it started to pigment and at day 9 to 12, the epidermis was fully stratified and 634 

pigmented. All the incubation steps were performed at 37ºC in a 5% CO2 incubator.  635 

 636 

Measurement of intracellular cAMP levels 637 
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Melanocytes were transfected once with the indicated siRNAs and cultured in DermaLife Basal 638 

Medium without the addition of StiMel8 LifeFactor (Poor medium) for 24h. DMSO or 30 µM of 639 

FSK were added to the respective wells for 3h after which the cells were collected and the 640 

intracellular cAMP content measured using the cAMP complete ELISA kit (Enzo Life Sciences) 641 

following manufacturer’s instructions. For the treatment with the peptides, NHEMs were 642 

maintained in Poor medium for 14h before the addition of the peptides Ctrl (scrambled 643 

sequence) or CavTratin (Cav1-scaffolding domain, CSD) during 7h. Then the cells were 644 

incubated for 1h with DMSO or 30 µM of FSK after which the cells were collected and the 645 

intracellular cAMP content measured. 646 

 647 

Melanin assay 648 

Melanocytes were transfected twice at days 1 and 3 for a total of 5 days with the indicated 649 

siRNAs. Cells were then collected, sonicated in 50mM Tris-HCl pH 7.4, 2mM EDTA, 150mM 650 

NaCl, 1mM dithiothreitol (with the addition of protease inhibitor cocktail, Roche) and pelleted at 651 

20,000g for 15 min at 4ºC. The pigment was rinsed once in ethanol:ether (1:1) and dissolved in 652 

2M NaOH with 20% (v/v) DMSO at 60ºC. Melanin content was measured by optical density at 653 

490 nm (Spectramax 250, Molecular Devices). 654 

 655 

Membrane bursting assay 656 

Melanocytes were transfected twice with the indicated siRNAs at day 1 and day 3 for a total of 3 657 

days and seeded in 12-well plates for 24h in supplemented medium. At day 4, cells were 658 

incubated in 5 µg/ml of Calcein-AM (Life technologies) for 15 min at 37ºC protected from light. 659 

The wells were washed once with melanocytes supplemented medium and maintained until 660 

image acquisition. Melanocytes supplemented medium was diluted in 90% (v/v) water, the 661 

equivalent of 30 mOsm hypo-osmotic shock, followed by the addition of 2 mg/mL of propidium 662 

iodide (PI, Sigma) and used to induce the plasma membrane (Dewulf et al., 2019). Immediately 663 

after medium replacement, images were acquired every minute for a total of 10 min in an 664 

inverted microscope (Eclipse Ti-E, Nikon), equipped with a CoolSnap HQ2 camera, using the 665 

20x 0.75 NA Plan Fluor dry objective together with MetaMorph software (MDS Analytical 666 

Tecnhologies). 667 
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 668 

Melanin transfer assay 669 

The detailed protocol for the melanin transfer assay is described elsewhere (Ripoll et al., 2018). 670 

Melanocytes were transfected twice with the indicated siRNA or miRNAs at day 1 and day 3 for 671 

a total of 5 days. At day 3, Melanocytes were co-cultured with keratinocytes for a total of 2 days. 672 

Images were acquired with an upright epi-fluorescence microscope (Eclipse Ni-E, Nikon) 673 

equipped with a CoolSnap HQ2 camera, using a 40x 1.4 NA Plan Apo oil immersion objective 674 

together with MetaMorph software. 675 

 676 

Immunofluorescence microscopy 677 

Cell monolayers seeded on glass coverslips were fixed with 4% (v/v) paraformaldehyde in PBS 678 

at room temperature for 15 minutes, then washed three times in PBS and once in PBS 679 

containing 50 mM glycine. Primary and secondary antibodies dilutions were prepared in the 680 

buffer A: PBS containing 0,2% (w/v) BSA and 0,1% (w/v) saponin. The coverslips were washed 681 

once in the buffer A and after incubated for 1 h at room temperature (RT) with the primary 682 

antibodies. Following one wash step in buffer A, the coverslips were incubated for 30 minutes at 683 

RT with the secondary antibodies. If staining with phalloidin was included, the coverslips were 684 

washed in buffer A and incubated in the same buffer with phalloidin at 4ºC during 14h.The final 685 

wash step was done once in the buffer A, once in PBS and once in water. The coverslips were 686 

mounted onto glass slides using ProLong™ Gold Antifade Mount with DAPI (ThermoFischer 687 

Scientific). Images were acquired on an Applied Precision DeltavisionCORE system (unless 688 

stated otherwise), mounted on an Olympus inverted microscope, equipped with a CoolSnap 689 

HQ2 camera (Photometrics), using the 40x 1.3 NA UPLFLN or the 60x 1.42 NA PLAPON-PH oil 690 

immersion objectives. Images were deconvolved with Applied Precision’s softWorx software 691 

(GE Healthcare). 692 

 693 

Time-lapse microscopy 694 

Melanocytes were transfected twice with the indicated siRNA molecules at day 1 and day 3 for 695 

a total of 3 days and co-cultured with keratinocytes in an ibidi polymer coverslip µ-slide (Ibidi) for 696 

14h before imaging. Images were acquired every 5 min for a total of 240 min in an inverted 697 
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microscope (Eclipse Ti-E, Nikon), equipped with a CoolSnap HQ2 camera, using the 40x 0.75 698 

NA Plan Fluor dry objective together with NIS-Elements software (Nikon). 699 

 700 

Electron microscopy 701 

Conventional EM. Human skin epidermis tissues and 3D-HRPE were prepared for EM as 702 

described here (Hurbain et al., 2018).  For high-pressure freezing, the tissue was high-pressure 703 

frozen using an HPM 100 (Leica Microsystems) in FBS serving as filler and transferred to an 704 

AFS (Leica Microsystems) with precooled (−90°C) anhydrous acetone containing 2% (v/v) 705 

osmium tetroxide and 1% (v/v) of water. Freeze substitution and Epon embedding was 706 

performed as described in (Hurbain et al., 2008). For chemical fixation, melanocytes seeded on 707 

coverslips and transfected twice with the indicated siRNAs at days 1 and 3 for a total of 5 days 708 

were fixed in 2.5 % (v/v) glutaraldehyde in 0.1M cacodylate buffer for 24h, post-fixed with 1% 709 

(w/v) osmium tetroxide supplemented with 1.5% (w/v) potassium ferrocyanide, dehydrated in 710 

ethanol and embedded in Epon as described in (Raposo et al., 2001). Ultrathin sections of cell 711 

monolayers or tissue were prepared with a Reichert UltracutS ultramicrotome (Leica 712 

Microsystems) and contrasted with uranyl acetate and lead citrate.  713 

Electron tomography. 300 nm thick sections were randomly labeled on the two sides with 10 nm 714 

Protein-A gold (PAG). Tilt series (2 perpendicular series, angular range from -60° to +60° with 715 

1° increment) were acquired with à Tecnai 20 electron microscope (ThermoFischer Scientific).  716 

Projection images (2048 x 2048 pixels) were acquired with a TEMCAM F416 4k CMOS camera 717 

(TVIPS). Tilt series alignment and tomogram computing (resolution-weighted back projection) 718 

were performed using etomo [IMOD –(Mastronarde, 1997)] software. PAG 10 nm at the surface 719 

of the sections was used as fiducial markers. Manual contouring of the structures of interest 720 

was performed using IMOD (Kremer et al., 1996).  721 

Immuno-EM. Cell samples were fixed with 2% PFA in a 0.1M phosphate buffer pH7.4 and 722 

processed for ultracryomicrotomy as described (Hurbain et al., 2017). Ultrathin sections were 723 

prepared with an ultracryomicrotome UC7 FCS (Leica) and underwent single immunogold 724 

labeling with protein A conjugated to gold particles 10 nm in diameter (Cell Microscopy Center, 725 

Department of Cell Biology, Utrecht University). All images were acquired with a Transmission 726 
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Electron Microscope (Tecnai Spirit G2; ThermoFischer Scientific, Eindhoven, The Netherlands) 727 

equipped with a 4k CCD camera (Quemesa, EMSIS, Muenster, Germany). 728 

 729 

Image analysis and quantifications 730 

Conventional EM. Caveolae and clathrin-coated pits (Stan, 2005), and melanosome stages 731 

were identified based on their ultrastructural features (Raposo et al., 2001). Caveolae structures 732 

associated with plasma membranes of randomly selected cell profiles were quantified from 2-D 733 

ultrathin sections of 3D-HRPE. The length of the plasma membranes either of melanocytes or 734 

keratinocytes were measured using ITEM software (EMSIS) and the total number of caveolae 735 

found associated was reported to 10 µm of plasma membrane of the respective cell type. For 736 

melanosome stage quantification, the areas corresponding to the tips of the cells were not 737 

considered.  738 

Immunoblot. Quantification of protein content on western blot was performed using Fiji software, 739 

the background subtracted and intensities were normalized to loading control.  740 

Caveolae asymmetric distribution by IFM. Images of endogenous staining for Cav1 and Cavin1 741 

polarized in co-culture were acquired and the background subtracted. Two identical boxes were 742 

positioned at the plasma membrane but on opposite sides of the cells and the average 743 

fluorescent intensity retrieved. The frequency of Cav1 and Cavin1 polarization in melanocytes 744 

was defined by identifying cells with one side presenting enriched labelling closely associated 745 

with the plasma membrane.  746 

Protrusions and cell morphology. A protrusion was defined as an actin-stained extension 747 

originated from the soma of the cell. Isolated cells-treated with siCtrl and siCav1 were selected 748 

randomly, imaged and the size parameters (area, length-to-width ratio, major and minor axis) 749 

were retrieved. The contour of the cell was done using the wand tool and corrected manually if 750 

needed recurring to the tool OR (combine).  751 

Time of contact. A cell-cell contact was defined optically when the plasma membrane of 752 

keratinocyte and melanocyte directly contacted, excluding filopodia.  753 

Cell boundary in time-lapse microscopy. Melanocytes cell contour was drawn manually every 5 754 

frames and, in between those frames, the tool Interpolate ROI was used. When needed, the cell 755 

boundary was adjusted manually.   756 
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Membrane bursting assay. The background of time-lapse images acquired from the different 757 

channels – PI (mcherry) and Calcein-AM (gfp) – was removed with the tool subtract background 758 

from Fiji software and cell’s burst determined when the nuclei was red-stained with concomitant 759 

loss of gfp at the cytoplasm.  760 

Melanin transfer assay. Image analysis and quantifications are described elsewhere (Ripoll et 761 

al., 2018). All images are maximum-intensity z projections of three-dimensional image stacks 762 

acquired every 0.2 µm. Fiji software was used for image analysis.  763 

 764 

 Immunoblot 765 

Cells analyzed by immunoblot were collected by trypsinization followed by centrifugation. The 766 

cell pellet was resuspended in lysis buffer (20�mM Tris-HCl pH 7.2, 150�mM NaCl, 0.1% (v/v) 767 

Triton X-100) containing a protease inhibitor cocktail (Roche). The protein content of the lysates 768 

was determined with the Pierce™ BCA Protein Assay Kit (ThermoFischer Scientific), the 769 

concentrations adjusted with loading buffer (250 mM Tris-HCl pH 6.8, 10% (v/v) SDS, 50% (v/v) 770 

Glycerol, 0.5 M β-mercaptoethanol, 0.5% (w/v) Bromophenol blue) and the samples boiled for 5 771 

min at 95°C. After SDS-PAGE using NuPage (4-12%) Bis-Tris gels (Invitrogen), the proteins 772 

were transferred to 0.2 μm pore-size nitrocellulose membranes (Millipore) and blocked in PBS 773 

with 0.1% (v/v) Tween and 4% (w/v) non-fat dried milk. The membranes were then incubated 774 

with the indicated primary antibodies prepared following manufacturer’s instructions. The 775 

detection was done using HRP-conjugated secondary antibodies, ECL Plus Western blotting 776 

detection system (GE Healthcare) and exposure to Amersham Hyperfilm ECL (GE Healthcare).  777 

 778 

Quantitative real-time PCR 779 

Melanocytes transfected once with the indicated siRNAs for a total of 12 days were collected at 780 

days 1 and day 12. The RNA was extracted using the Qiagen RNeasy Mini Kit for RNA 781 

extraction (Qiagen) and the cDNA generated using the Transcriptor Universal cDNA Master 782 

(Roche) following manufacturer’s protocols. 0.3 µg of RNA was used for the quantitative real-783 

time PCR, the mix prepared accordingly to Probes Master (Roche) and the RealTime ready 784 

Custom Panels plates (Roche) used for the assay. The method ΔΔCT was used to obtain the 785 
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relative expression levels and the ratio between the control and gene of interest was calculated 786 

with the formula 2-ΔΔCT. 787 

 788 

Statistical analysis 789 

All the statistical analysis on the collected data was performed using GraphPad Prism, version 7 790 

and 8, GraphPad Software, San Diego California, USA (www.graphpad.com). Scored or 791 

quantified cells in each experiment were randomly selected, and all experiments were repeated 792 

at least three times unless stated otherwise. Results are reported as mean ± standard error of 793 

the mean (s.e.m.). Statistical analysis between three or more experimental groups was 794 

performed with one-way ANOVA and Tukey’s multiple comparison test while for comparisons 795 

between two sets of data it was used the two-tailed unpaired Student’s t-test with Welch’s 796 

correction (unless stated otherwise in figure legends). Differences between data sets were 797 

considered significant if P < 0.05.  798 
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Supplemental Information 799 

Figure S1 – Related to Figure 1. A. IFM images of melanocytes (white asterisks) in mono- or 800 

in co-culture with HeLa cells for 1 day, fixed and immunolabelled for Cav1 or Cavin1 (top or 801 

bottom, respectively; green) and melanin (HMB45, red). Asterisks represent melanocytes. B. 802 

IFM images of a melanocyte immunolabelled for Cav1 (green) and AP-2 (red). C. IFM images of 803 

melanocytes grown in Ker-CM for approximately 14h, fixed and Cav1 or Cavin1 (top or bottom, 804 

respectively; green) and melanin (HMB45, red). B and C. Arrowheads point Cav1 and Cavin1 805 

polarization, Bars, 10 µm. D. Raw EM micrographs of human skin epidermis chemically fixed as 806 

represented in Figure 1A. Arrowheads point plasma membrane invaginations with 807 

morphological features of caveolae. The boxed regions mark the area zoomed in the insets in 808 

Figure 1A.  Bar, 1 µm. E. Ultrathin cryosection of human skin epidermis immunogold labelled for 809 

Cav1 (PAG10nm). The boxed region marks the area zoomed in the inset. Bars: original, 1 µm; 810 

zoom, 250 nm. F. Slices of the electron tomographic reconstruction depicting the Mel-Ker 811 

interface shown in Figure 1B. Large electron dense (black) structures correspond to melanin 812 

and arrows point plasma membrane invaginations with morphological features of caveolae. Bar, 813 

1 µm. See also Video 1. G. Conventional EM micrographs of 3D-HRPE at day 6 showing 814 

keratinocyte-keratinocyte (top) or melanocyte-keratinocyte (bottom) interfaces. Arrowheads 815 

point plasma membrane invaginations with morphological features of caveolae. The boxed 816 

region marks the area zoomed in the inset below. Bars: original, 1 µm; zoom 0.5 µm. H. 817 

Quantification of the number of CCP profiles per 10 µm of plasma membrane at the indicated 818 

interfaces (top) or cell type at melanocyte-keratinocyte interface (bottom) (top, Mel-Ker: day4, 819 

n=28; day6, n=26; day 12, n=20; Ker-Ker: day4, n=12; day6, n=8; day12, n=10; bottom, 820 

Melanocytes or Keratinocytes: day4, n=14; day6, n=13; day 12, n=10; n=number of interfaces). 821 

I. Immunoblot analysis and quantification (n=2 independent experiments) of Cav1 expression 822 

levels in keratinocytes exposed to daily radiations of UV-B (10 mJ/cm2) in three consecutive 823 

days. H and I, data are presented as mean ± s.e.m.  824 

 825 

Figure S2 – Related to Figure 2. A. Immunoblot analysis of Cav1 expression levels in 826 

melanocytes treated with siCtrl or siCav1 for 24h (left) and associated quantification (right; 827 

siCav1: 11.3 ± 4.4; n= 3 experiments). B. Quantification of cAMP intracellular concentration in 828 

melanocytes treated with siCtrl or siCav1 and incubated with DMSO or 30 µM of FSK for 3h 829 

(siCtrl + DMSO: 1.6 ± 1.0; siCtrl + FSK: 4.4 ± 1.8; siCav1 + DMSO: 2.0 ± 1.6; siCav1 + FSK: 8.3 830 

± 4.6; n=3 independent experiments). C. Quantification of intracellular cAMP fold-change in 831 

melanocytes treated with Ctrl and CavTratin (Cav1 scaffolding domain) peptides for 7h and 832 

incubated with DMSO or 30 µM of FSK for 1h (Ctrl + FSK: 3.7 ± 0.4; CavTratin + FSK: 2.5 ± 0.5; 833 

n= 3 experiments). D. Quantification of TYR and Cav1 protein levels shown in Figure 2D 834 

(siCav1, TYR: 167.3 ± 25.4; Cav1: 11.4 ± 1.2). E-G. Immunoblot analysis of melanocytes 835 

treated for 5 days with siCtrl or siCav1 using the indicated antibodies (left) and associated 836 

quantifications (right; siCav1, DCT: 484.3 ± 84.6; PMEL: 90.4 ± 13.6; Rab27a: 115.3 ± 24.4). H. 837 

Conventional EM images representative of each condition. Bars: 2 µm. Quantifications of 838 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 10, 2019. ; https://doi.org/10.1101/666388doi: bioRxiv preprint 

https://doi.org/10.1101/666388
http://creativecommons.org/licenses/by-nc/4.0/


 32

protein expression levels were done relative to the loading control and normalized to siCtrl 839 

treated cells (n=3 independent experiments). Values are the mean ± s.e.m. 840 

 841 

Figure S3 – Related to Figure 3. A. Immunoblot analysis of Cav1 expression levels in 842 

melanocytes treated 48h with siCtrl or siCav1 (left) and associated quantification (right; siCav1: 843 

2.0 ± 1.2; n=3 independent experiments). B., C. and D. Quantification of the area (B), major axis 844 

(C) and minor axis (D) of siCtrl- and siCav1-treated melanocytes grown in the conditions 845 

described in figure 3A (n=30 cells, 3 independent experiments). B. siCtrl: Poor medium, 998.2 ± 846 

68.4, Supplemented medium, 1644 ± 73.2, Poor medium + FSK, 1501 ± 95.9; siCav1: Poor 847 

medium, 944.9 ± 61.0, Supplemented medium, 1092 ± 64.3, Poor medium + FSK, 941.4 ± 63. 848 

C. siCtrl: Poor medium, 64.6 ± 3.1, Supplemented medium, 67.2 ± 2.5, Poor medium + FSK, 849 

61.6 ± 2.1; siCav1: Poor medium, 66.6 ± 3.3, Supplemented medium, 87.4 ± 4.2, Poor medium 850 

+ FSK, 97.6 ± 4.5. D. siCtrl: Poor medium, 20.2 ± 1.4, Supplemented medium, 32.0 ± 1.6, Poor 851 

medium + FSK, 31.1 ± 1.6; siCav1: Poor medium, 18.5 ± 1.0, Supplemented medium, 17.5 ± 852 

1.5, Poor medium + FSK, 12.8 ± 1.0. E. Immunoblot analysis of Cav1 expression levels in 853 

melanocytes treated 72h with siCtrl and siCav1 (left) and associated quantification (right; 854 

siCav1: 9.6 ± 4.3; n=3 independent experiments). Values are the mean ± s.e.m.  855 

 856 

Figure S4 – Related to Figure 4. A. Immunoblot analysis of Cav1 expression levels in 857 

melanocytes treated 5 days with pre-miR-NC or pre-miR-203a (left) and associated 858 

quantification (right; pre-miR-203a: 25.9 ± 9.3; n=3 independent experiments). B. Cav1 mRNA 859 

levels in melanocytes treated 9 days with siCtrl or siCav1 were analyzed by quantitative RT-860 

PCR (siCav1: 0.41). C. Macroscopic images of 3D-HRPE reconstructed with keratinocytes 861 

alone (left), keratinocytes and siCtrl-treated melanocytes (middle) or keratinocytes and siCav1-862 

treated melanocytes (right). Arrow points towards the de-pigmented area. Values are the mean 863 

± s.e.m. 864 

 865 

Video 1 – Ultrastructural 3D-model of a Melanocyte-Keratinocyte interface at a human skin 866 

epidermis by electron tomography; melanocytes plasma membrane (green), keratinocytes 867 

plasma membrane (blue), pigmented melanosomes (red), melanin pigment (black) and 868 

caveolae (white) in single and clustered structures. See also Figures 1F and S1F. 869 

Video 2 – Time-lapse microscopy of siCtrl-treated melanocytes co-cultured with keratinocytes 870 

used to draw the cell boundaries (see also Figure 3D, top). Trans-illumination. Acquisition 871 

parameter: 200 ms exposure. Video is shown at 7 frames/second. Bar, 20 µm. 872 

Video 3 - Time-lapse microscopy of siCav1-treated melanocytes co-cultured with keratinocytes 873 

used to draw cell boundaries (see also Figure 3D, bottom). Trans-illumination. Acquisition 874 

parameter: 200 ms exposure. Video is shown at 7 frames/second. Bar, 20 µm. 875 

Video 4 – Time-lapse microscopy of siCtrl-treated melanocytes (contoured in yellow, left) co-876 

cultured with keratinocytes (contoured in green, left). See also Figure 3E. Trans-illumination. 877 

Acquisition parameter: 200 ms exposure. Video is shown at 7 frames/second. Bar, 25 µm. 878 
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Video 5 – Time-lapse microscopy of siCav1-treated melanocytes (contoured in yellow) co-879 

cultured with keratinocytes (contoured in green). See also Figure 3E. Trans-illumination. 880 

Acquisition parameter: 200 ms exposure. Video is shown at 7 frames/second. Bar, 25 µm. 881 

Video 6 – Time-lapse microscopy of the burst assay for siCtrl melanocytes. Acquisition 882 

parameters: 80-150 ms. Video is shown at 7 frames/second. Bar, 50µm. 883 

Video 7 – Time-lapse microscopy of the burst assay for siCav1melanocytes. Acquisition 884 

parameters: 80-150 ms. Video is shown at 7 frames/second. Bar, 50µm. 885 

  886 
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