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SUMMARY

Photoprotective melanins in the skin are synthesized by epidermal melanocytes within specialized lysosome- 

related organelles called melanosomes. Melanosomes coexist with lysosomes; thus, melanocytes employ 

trafficking machineries that possess cell-type-specific functions to ensure correct cargo delivery to either 

the endolysosomal system or maturing melanosomes. Mutations in some of the protein complexes required 

for melanogenic cargo delivery, such as biogenesis of lysosome-related organelles complex 1 (BLOC-1), 

result in hypopigmentation due to mistrafficking of cargo to endolysosomes. We show that hypopigmented 

BLOC-1-deficient melanocytes retain melanogenic capacity that can be enhanced by treatment with cyclic 

adenosine monophosphate (cAMP)-elevating agents despite the mislocalization of melanogenic proteins. 

The melanin formed in BLOC-1-deficient melanocytes is not generated in melanosomes but rather within 

late endosomes/lysosomes to which some cargoes mislocalize. Although these organelles generally are 

acidic, a cohort of late endosomes/lysosomes have a sufficiently neutral pH to facilitate melanogenesis, 

perhaps due to mislocalized melanosomal transporters and melanogenic enzymes. Modulation of the pH 

of late endosomes/lysosomes by genetic manipulation or via treatment with lysosomotropic agents signifi

cantly enhances the melanin content of BLOC-1-deficient melanocytes. Our data suggest that upregulated 

expression of mistargeted cargoes leads to both increased tyrosinase expression and subsequent activity 

due to pH modulation facilitating the reprogramming of a subset of endolysosomes to replicate some func

tions of lysosome-related organelles.

INTRODUCTION

Lysosome-related organelles (LROs) are a diverse group of tis

sue-specific organelles that share features and components 

with organelles of the endolysosomal system (reviewed by 

Bowman et al.1). One such LRO, the melanosome, is found within 

melanocytes, the melanin-producing cells that reside within the 

eye, hair follicles, and the basal layer of the epidermis within the 

skin. Melanin produced by epidermal melanocytes is transferred 

to surrounding keratinocytes, where it is arranged to form supra

nuclear caps that help protect against ultraviolet radiation.2

Despite these photoprotective properties, melanin synthesis 

(melanogenesis) is an oxidative process that generates toxic in

termediates.3,4 Therefore, melanogenesis is confined within me

lanocytes to melanosomes likely as an adaptive response to pro

tect against these potentially cytotoxic effects.5

Melanosomes mature through four morphologically distinct 

stages.6 Stage I melanosomes are unpigmented acidic precur

sors that correspond to the vacuolar domains of early endo

somes.7 These organelles accumulate the pigment-cell-specific 

pre-melanosome protein (PMEL) and undergo significant 

remodeling to the characteristic ellipsoid shape associated 

with melanosomes to form unpigmented stage II melanosomes. 

This process is driven by the generation and elongation of amy

loid fibrils formed following the proteolytic cleavage of PMEL.8,9

Stage II melanosomes mature to partially pigmented stage III 

melanosomes and fully pigmented stage IV melanosomes, 

which, under physiological conditions, are transferred to sur

rounding epidermal keratinocytes or retained intracellularly 

within the eye.

The maturation from stage II to stage III melanosomes requires 

the coordinated delivery of proteins that facilitate melanogen

esis. These include the melanogenic proteins tyrosinase (TYR), 

tyrosinase-related protein 1 (TYRP1), and dopachrome tauto

merase (DCT), which are directly involved in the chemical syn

thesis of melanin. Accessory proteins are also required, such 

as ATP7A, which supplies the crucial melanogenic enzyme 

TYR with its cofactor, copper,10 and ion channels and trans

porters (e.g., OCA2 and SLC45A2) that raise luminal pH11,12 to 

near neutral and thus favor optimal TYR activity.13,14 The expres

sion of most of these melanogenic proteins is regulated by 

melanocortin-1 receptor (MC1R) signaling. MC1R is a G 
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protein-coupled receptor (GPCR) that, once bound by its physi

ological agonist, α-melanocyte-stimulating hormone (α-MSH), 

increases melanogenic protein expression and melanogenesis 

via a cyclic adenosine monophosphate (cAMP)-dependent 

pathway.15–17 As such, numerous studies have focused on acti

vating the MC1R pathway to increase photoprotective 

melanin.18–22

Several LROs, including melanosomes, coexist with conven

tional endolysosomal organelles in their respective cell types.7

Therefore, cells that harbor LROs (including melanocytes) have 

specialized trafficking mechanisms to distinguish between en

dolysosomal cargoes and those that are destined for maturing 

LROs. Genetic disorders that disrupt these mechanisms affect 

the biogenesis and/or function of these organelles and underlie 

multiple systemic consequences. One group of such disorders 

is the Hermansky-Pudlak syndromes (HPS), syndromic disor

ders characterized minimally by oculocutaneous albinism and 

bleeding diathesis.23 To date, 11 subtypes of HPS have been 

identified (HPS-1 to -11), each caused by mutations in a different 

gene.24–33 The HPS genes encode specific subunits of four 

distinct obligate protein complexes—adaptor protein-3 (AP-3) 

and biogenesis of lysosome-related organelles complex-1, -2, 

and -3 (BLOC-1, -2, and -3)—that facilitate the delivery of 

cargoes to and from maturing LROs, including melanosomes. 

Loss of function of any subunit of one of these complexes desta

bilizes the other subunits of that complex.

The delivery of newly synthesized resident melanosomal pro

teins to maturing melanosomes is predominantly via early endo

somes, facilitated in part by the HPS proteins. Disruption of any 

of the HPS complexes therefore impedes the delivery of specific 

melanogenic cargoes to melanosomes, resulting in a variable hy

popigmentation phenotype. The majority of known melanogenic 

cargoes require BLOC-1 for exit from early endosomes toward 

maturing melanosomes.10,34–36 BLOC-1 is a ubiquitously ex

pressed protein complex composed of eight subunits28,37–41

that form a flexible linear chain.42 BLOC-1 facilitates cargo exit 

from early endosomes by the generation and elongation of recy

cling endosomal tubules in a process also involving adaptor 

protein 1 (AP-1), the kinesin-3 microtubule motor heavy-chain ki

nesin family member 13A (KIF13A), and phosphatidylinositol-4- 

phosphate kinases.43–46

Inactivating mutations in subunits of the obligate multi-subunit 

complex BLOC-1 are responsible for HPS-7, -8, -9, and -11, and 

corresponding mouse models sandy, reduced pigmentation, 

pallid, and muted, and result in the accumulation of key melano

genic cargoes, such as ATP7A, TYRP1, and OCA2, within early 

endosomes of melanocytes.10,35,36,47 A cohort of these cargoes 

also leak into the degradative pathway.34,35 A fraction of TYR is 

also dependent on BLOC-1 for its delivery to melanosomes and 

accumulates largely in late endosomes and lysosomes in BLOC- 

1-deficient melanocytes.35,48 Nevertheless, a substantial subset 

of TYR is present within melanosomes of BLOC-1-deficient me

lanocytes but is minimally active—due at least in part to deple

tion of copper.10 Although BLOC-1-deficient melanocytes from 

murine HPS models are severely hypopigmented, they are not 

completely devoid of melanin.49,50 This suggests that despite 

the mislocalization of several key melanogenic proteins, 

BLOC-1-deficient melanocytes retain at least some basal mela

nogenic capacity. Here, we show that enhanced MC1R-cAMP 

signaling and/or direct neutralization of organelle pH of BLOC- 

1-deficient melanocytes increases melanin content but not 

within melanosomes. Instead, the melanin accumulates within 

late-endocytic organelles. The role of pH in regulating TYR activ

ity and the dependence of pH regulators on BLOC-1 for targeting 

to melanosomes may partially explain the hypopigmentation 

phenotype observed in forms of BLOC-1-deficient HPS and 

the ability of MC1R signaling to partially restore pigmentation 

in a remodeled late endosome.

RESULTS

Prolonged MC1R/cAMP signaling enhances melanin 

content of BLOC-1-deficient melanocytes

Previous studies have used cAMP-elevating agents to stimulate 

the MC1R signaling pathway and increase photoprotective eu

melanin within the skin.20–22 We asked whether modulation of 

this pathway can enhance melanogenesis in cells that mistraffic 

melanogenic cargoes such as BLOC-1-deficient melanocytes. 

To test this, we compared the melanin content of wild-type 

(melan-a), BLOC-1-deficient (melan-pa, derived from pallid 

mice lacking the BLOC1S6 subunit of BLOC-1), and TYR-defi

cient (melan-c2, derived from albino mice) immortalized melano

cytes that had been either unstimulated or cultured for 7 days 

with the cAMP-elevating agents cholera toxin (CT), NDP-MSH 

(a synthetic analog of α-MSH), or the adenylate cyclase activator 

forskolin. The unpigmented melan-c2 cell line expectedly did not 

respond to cAMP-elevating agents (Figure S1) and served as a 

negative control for the melanin assay.

Unstimulated wild-type melanocytes were pigmented, and 

melanin content increased upon treatment with cAMP-elevating 

agents, as shown by bright-field microscopy (Figure 1A) and vali

dated by a quantitative melanin content assay (Figure 1C). These 

data are consistent with previous studies on the effects of 

enhanced MC1R signaling on melanocytes with competent traf

ficking machineries.21,22,51

In comparison, although unstimulated BLOC-1-deficient me

lanocytes were severely hypopigmented compared with wild- 

type melanocytes at steady-state as previously described,35

treatment with cAMP-elevating agents increased pigmentation, 

as visualized by bright-field microscopy (Figure 1B) and 

confirmed by quantitative melanin content assay (Figure 1D). 

Similar results were obtained using another BLOC-1-deficient 

melanocyte line, melan-mu (derived from muted mice lacking 

the BLOC1S5 subunit; Figure S1), and the corresponding 

‘‘rescued’’ line melan-mu:MuHA (BLOC-1R; Figure S1). These 

data show that although melanin content of BLOC-1-deficient 

melanocytes is still much lower (by approximately 20-fold) than 

that of wild-type melanocytes, melanogenesis in BLOC-1-defi

cient melanocytes can be stimulated by cAMP-elevating agents 

despite the lack of a critical transport route to melanosomes.

Treatment with cAMP-elevating agents enhances 

melanogenic protein expression in BLOC-1-deficient 

melanocytes

We next tested whether increased melanogenic protein expres

sion might contribute to the enhanced melanogenesis by cAMP- 

elevating agents in BLOC-1-deficient melanocytes. Expression 

of the crucial melanogenic enzyme TYR in wild-type (melan-a), 
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BLOC-1-deficient (melan-pa and melan-mu), and ‘‘rescued’’ 

BLOC-1R (melan-mu:MuHA, expressing HA-tagged human 

BLOC1S5) melanocytes treated for 7 days with cAMP-elevating 

agents was quantified via western blotting (Figure 2A). Interest

ingly, significant increases in TYR protein expression were only 

observed in BLOC-1-deficient melanocytes treated with cAMP- 

elevating agents and not in wild-type or BLOC-1R melanocytes. 

The expression of other known melanogenic proteins (TYRP1 

and PMEL) also showed a modest increase upon cAMP- 

elevating-agent treatment of BLOC-1-deficient melanocytes 

(Figures S2B and S2D) but not wild-type and BLOC-1R melano

cytes (Figures S2A and S2C). The data suggest that cAMP- 

elevating-agent-induced increases in melanin content of BLOC- 

1-deficient melanocytes may be, at least in part, due to enhanced 

expression of TYR and perhaps other melanogenic proteins. The 

steady-state levels of the melanogenic protein TYRP1 are reduced 

in BLOC-1-deficient melanocytes,34 likely because of partial 

Figure 1. cAMP-elevating agents increase 

melanin content of wild-type and BLOC-1- 

deficient melanocytes 

(A and B) Phase-contrast (left) and bright-field 

(right) microscopy of wild-type melanocytes 

(melan-a, A) or BLOC-1-deficient melanocytes 

(melan-pa, B), either untreated or treated with 

200 nM CT, 100 pM NDP-MSH, or 20 μM forskolin 

for 7 days. Insets: boxed regions enlarged 3×. 

Scale bar, 100 μm. 

(C and D) Quantification of melanin content of 

wild-type melan-a (C) or BLOC-1-deficient melan- 

pa (D) melanocytes cultured for 7 days in the 

presence or absence of either CT, NDP-MSH, or 

forskolin as described above. Data presented 

show the means of 3 independent experiments 

and are expressed as mean pg melanin/cell ± 

SEM. Statistical significance relative to the un

treated control was determined by one-way 

ANOVA with Dunnett’s multiple comparison test. 

**p < 0.01; ***p < 0.001; ****p < 0.0001. 

See also Figure S1.

mislocalization to degradative organelles. 

Although TYR primarily follows a BLOC- 

1-independent/AP-3-dependent pathway 

to melanosomes,48,52 TYR localization to 

melanosomes is also reduced in BLOC- 

1-deficient melanocytes.35 Accordingly, 

quantitative western blotting showed that 

steady-state levels of TYR in BLOC-1- 

deficient (melan-mu and melan-pa) cells 

was reduced by ∼87% compared with 

wild-type melan-a melanocytes (Figure 

2B). This may result from mislocalization 

and degradation of TYR as has been previ

ously reported for TYRP1.34,35

To assess whether the increased TYR 

expression observed upon treatment 

with cAMP-elevating agents reflected 

increased synthesis and reduced degra

dation, or both, we measured TYR 

mRNA expression levels and protein sta

bility before and after treatment. TYR mRNA expression, quan

tified by RT-qPCR (Figure S3A), showed significant increases 

in response to most cAMP-elevating agents in both BLOC-1- 

sufficient and -deficient cell lines. This suggests that some of 

the effect on TYR levels reflects increased synthesis. To test 

for degradation, we first incubated control and forskolin-treated 

BLOC-1-deficient melan-pa melanocytes for 8 h with Bafilomy

cin A1 (BafA1), an inhibitor of the vacuolar ATPase that acidifies 

post-Golgi compartments and that is required for lysosomal 

degradation. The data show a dramatic increase in TYR expres

sion in both control and forskolin-treated cells (Figures S3B and 

S3C), suggesting that TYR is degraded by lysosomal proteolysis 

in both cases. However, the increase in expression was higher in 

untreated cells (4.1-fold) than in forskolin-treated cells (2.2-fold), 

suggesting that forskolin treatment might partially stabilize TYR 

by preventing lysosomal degradation. To further test this, we as

sessed the stability of TYR protein in BLOC-1-deficient melan- 
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pa melanocytes by measuring the reduction of TYR protein 

expression upon treatment with the protein synthesis inhibitor, 

cycloheximide (CHX), over time via immunoblotting (Figures 

S3D and S3E). The data show that upon CHX treatment, TYR 

protein levels decay over time in both the absence and presence 

of forskolin, but that forskolin treatment doubles the half-life 

(7.08 h for untreated cells and 14.82 h for forskolin-treated cells). 

Treatment with BafA1 slowed the degradation in untreated 

cells and completely eliminated degradation in forskolin-treated 

cells (Figures S3F and S3G), indicating that all of the degradation 

in the latter reflected endolysosomal degradation. Taken 

together, these data show that forskolin both enhances TYR 

synthesis and reduces TYR degradation in BLOC-1-deficient 

melanocytes.

Melanin in BLOC-1-deficient melanocytes is 

predominantly formed within late-endosomal 

organelles

Cargoes destined for melanosomes primarily accumulate within 

early endosomes of BLOC-1-deficient melanocytes,10,35,36 but a 

fraction of these proteins enter the degradative pathway34; for 

example, TYR localization to MVBs is increased nearly 4-fold in 

BLOC-1-deficient melanocytes compared with BLOC-1R mela

nocytes,35 consistent with the 4-fold increase in TYR levels 

upon BafA1 treatment in melan-pa cells (Figure S3). We therefore 

sought to assess in which compartments melanin accumulated 

in BLOC-1-deficient melanocytes.

Wild-type and BLOC-1-deficient melanocytes were cultured 

with or without forskolin, and melanin (visualized by bright-field 

microscopy) was localized relative to the mature melanosomal 

protein TYRP1 or the late endosomal/lysosomal membrane 

protein lysosome-associated membrane protein 2 (LAMP2) 

(visualized by immunofluorescence microscopy [IFM]). Melanin 

within wild-type melan-a (Figure 3A) and BLOC-1R (data not 

shown, but see Setty et al.35) melanocytes overlapped with 

TYRP1-positive organelles and barely at all with LAMP2-posi

tive organelles in both untreated and forskolin-treated cells 

(Figure 3A; quantified in Figure 3C). Similar results were 

observed in melan-a cultured with other cAMP-elevating agents 

(Figure S4A; quantified in Figure S4B). This indicates that, 

regardless of treatment, melanin within wild-type melanocytes 

accumulates as expected within melanosomes.

In contrast, melanin within BLOC-1-deficient melan-pa 

melanocytes overlapped only minimally with TYRP1-positive 

Figure 2. TYR protein expression in BLOC-1-deficient melanocytes is enhanced upon treatment with cAMP-elevating agents 

BLOC-1-competent (wild-type melan-a and BLOC-1R melan-mu:MuHA) and BLOC-1-deficient (melan-pa and melan-mu) melanocytes were cultured in the 

absence or presence of the indicated cAMP-elevating agents for 7 days, and then cell lysates were analyzed by western blotting for TYR and actin as a loading 

control. Representative blots are shown at the bottom, with positions of MW standards (in kDa) shown at the left, and quantifications from 3 independent 

biological replicates are shown at top. Quantitative data are the mean normalized fold expression of TYR protein relative to untreated control (A) or melan-a (B) ± 

SEM. Statistical significance relative to untreated control (A) or melan-a (B) TYR expression was determined by one-way ANOVA with Dunnett’s multiple 

comparison test. ns, not significant; *p < 0.05; **p < 0.01. 

See also Figures S2 and S3.
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compartments (Figures 3B, 3C, and S4A), which correspond pri

marily to early endosomes35 and, to a lesser extent, late endo

somes, where it is likely degraded.34 Melanin appeared to over

lap with a small subset of LAMP2-positive structures irrespective 

of whether the cells were treated with cAMP-elevating agents 

(Figures 3B, 3C, and S4A). Despite the known targeting of 

TYRP1 to late endosomes and lysosomes in BLOC-1-deficient 

melanocytes, the percentage of total melanin that was found in 

compartments positive for both TYRP1 and LAMP2 was low 

and did not significantly differ from wild-type melanocytes. 

Similar results were seen in melan-mu, another BLOC-1-defi

cient melanocyte line (data not shown). The data suggest that 

melanin within BLOC-1-deficient melanocytes is formed not 

within bona fide melanosomes but rather in late endosomes or 

lysosomes that harbor LAMP2 and not intact TYRP1.

LAMP2 and the related protein LAMP1 are highly abundant on 

lysosomal membranes53,54 but are also detected on late endo

somes/multivesicular bodies (MVBs) and earlier endosomal 

compartments.55–57 To better define where melanogenesis oc

curs in BLOC-1-deficient melanocytes and the nature of the 

LAMP2-containing organelles, we utilized both conventional 

transmission electron microscopy (TEM) and correlative light 

and electron microscopy (CLEM) analyses of the BLOC-1-defi

cient cell line melan-mu and BLOC-1R melan-mu:MuHA, with 

or without forskolin treatment.

By TEM, BLOC-1R melanocytes contained numerous melano

somes of all stages (stages I–IV) under control conditions 

(Figure 4A) and upon forskolin treatment (Figure 4B). The 

morphology of stage III and IV melanosomes in BLOC-1R mela

nocytes was typical of these organelles, i.e., predominantly ellip

soid in shape, with striations visible within partially pigmented 

stage III organelles (Figures 4A′ and 4B′) and fully occluded 

within stage IV melanosomes (Figures 4A′′ and 4B′′). The mean 

length of the pigmented melanosomes in both untreated (428 ± 

14 nm) and forskolin-treated (477 ± 17 nm) BLOC-1R melano

cytes (Figure 4G) is consistent with previous estimates of mela

nosomal length of approximately 500 nm.58 In addition, the mean 

ratio of length to width is 1.77 ± 0.06 (untreated) and 1.97 ± 0.06 

(forskolin treated), consistent with the observed ellipsoid shape 

of these organelles.

In contrast to the BLOC-1R cells, TEM analysis of BLOC-1- 

deficient melanocytes showed many fewer pigmented struc

tures, consistent with the melanin quantification in Figures 1D 

and S1C. As inferred from the IFM data, the few melanin deposits 

observed in either untreated (Figure 4C) or forskolin-treated 

(Figure 4D) BLOC-1-deficient melanocytes were not detected 

in bona fide ellipsoid and striated structures, which were 

abundant in these cells but not pigmented as previously 

described.10,35 Rather, the pigment-containing organelles 

(Figures 4C–4F and accompanying insets) contained discrete 

clusters of melanin that appeared to surround and engulf intralu

minal vesicles (ILVs) within MVBs. These organelles lacked the 

typical PMEL fibrils that are characteristic of stage II–IV melano

somes, were smaller in length than bona fide melanosomes 

(301 ± 8 nm for untreated and 280 ± 7 nm for forskolin treated), 

and had a more circular morphology (length to width ratio of 

1.41 ± 0.04 untreated and 1.29 ± 0.03 for forskolin treated; 

Figure 4G). Thus, melanin is formed in BLOC-1-deficient cells 

in organelles with morphological characteristics of late endo

somes and not in traditional melanosomes. Examples of unpig

mented lysosomes in BLOC-1-deficient cells are shown in 

Figure S4C.

We further analyzed untreated and forskolin-treated BLOC-1- 

deficient melanocytes by CLEM. LAMP2-containing compart

ments with melanin pigments were identified by IFM and 

bright-field microscopy in fixed cells on dishes with a raised al

phanumeric coverslip on the bottom, and then cells were pro

cessed for conventional TEM. Corresponding regions were iden

tified and aligned with the IFM images. CLEM confirmed that the 

melanin-containing organelles in BLOC-1-deficient melanocytes 

were positive for LAMP2 and were ultra-structurally similar to 

MVBs rather than ellipsoid and striated melanosomes 

(Figures 4E and 4F). CLEM also confirmed that many LAMP2- 

containing structures lacked pigment. Taken together, these 

data show that melanin within BLOC-1-deficient melanocytes 

is formed within a subset of late endocytic compartments that 

closely resemble MVBs, likely by TYR and other melanosomal 

components in these compartments that are mislocalized due 

to the loss of BLOC-1.

A subpopulation of late endosomes/lysosomes of BLOC- 

1-deficient melanocytes has elevated pH

TYR is the rate-limiting enzyme and is absolutely necessary for 

melanogenesis to occur. Optimal TYR activity requires a 

near neutral environment13,14,59; TYR activity is abolished at 

pH < 5.5, levels that are typically reported for late endosomes 

and lysosomes. The detection of melanin in late endosomes 

(based on morphology) of BLOC-1-deficient melanocytes sug

gests that a subset of these typically acidic organelles must be 

at least partially neutralized and that this subset should be 

expanded upon treatment with cAMP-elevating agents—consis

tent with the increased TYR expression and half-life (Figure S3).

To test this, we determined the pH of late endosomes/lyso

somes in melanocytes by exploiting uptake of a fluid-phase 

cargo, dextran, conjugated to Oregon green, a pH-dependent flu

orophore. Cells were allowed to internalize Oregon green-dextran 

Figure 3. Melanin in BLOC-1-deficient melanocytes resides in LAMP2-positive organelles 

(A and B) Wild-type melan-a (A) or BLOC-1-deficient melan-pa (B) were treated or not with 20 μM forskolin for 7 days and then fixed, immunolabeled, and analyzed 

by confocal IFM and bright-field microscopy to determine the localization of melanin (visible in bright-field images) in relation to melanosomes (TYRP1, green) and 

late endosomes/lysosomes (LAMP2, red). 

The bright-field images were inverted and pseudo-colored blue in the merged image at the right. Insets: boxed regions enlarged 4.5×. Arrowheads show overlap 

of melanin with TYRP1 but not LAMP2 in melan-a (A) or with LAMP2 but not TYRP1 in melan-pa (B). Scale bar, 50 μm. 

(C) The percentage of total melanin that colocalized with either TYRP1, LAMP2, or both markers in untreated or forskolin-treated melan-a and melan-pa. Data 

represent mean ± SEM from 3 independent experiments (minimum 10 cells analyzed per experiment) with the following total number of cells: untreated melan-a 

32, forskolin-treated melan-a 31, untreated melan-pa 30, and forskolin-treated melan-pa 32. Statistical significance was determined by one-way ANOVA with 

post hoc Tukey test, with only significant equivalent comparisons between cell lines shown. ****p < 0.0001. 

See also Figure S4.
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Figure 4. BLOC-1-deficient melanocytes produce melanin in LAMP2-positive organelles that resemble MVBs 

(A–D) Conventional transmission electron microscopy analysis of untreated (A) or forskolin-treated (B) BLOC-1R melanocytes (melan-mu:MuHA) or untreated 

(C) or forskolin-treated (D) BLOC-1-deficient melanocytes (melan-mu). Insets: 3× enlarged images of boxed regions in main panels. Arrowheads in (C) and 

(D) indicate unpigmented ellipsoid melanosomes. (A′) A partially pigmented stage III melanosome. (A′ ′ ) A fully pigmented stage IV melanosome. (B′) A stage III and 

stage IV melanosome. (B′ ′) A fully pigmented stage IV melanosome. (C′, C′ ′, D′, and D′ ′) Circular organelles containing vesicular melanin deposits. 

(legend continued on next page) 
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(OG-D) for 16 h followed by a 2-h chase into late endosomes and 

lysosomes before analysis by fluorometry or imaging by wide- 

field fluorescent microscopy. The pH-dependent fluorescence 

of internalized OG-D was confirmed by fluorometry upon expo

sure to previously described calibration solutions,60,61 both in a 

cell-free environment and in wild-type melanocytes (pKAs of 

4.78 and 4.90, respectively; Figure S5A). The fluorometric assay 

was validated by the increased pH observed upon treating mela

nocytes with either BafA1 or methionine methyl ester (MME), a 

methylated amino acid that neutralizes esterase-containing or

ganelles such as lysosomes,62 with both agents known to 

neutralize lysosomal pH (Figure S5B). Using the labeling protocol 

above (also see STAR Methods), internalized OG-D in wild-type 

melanocytes overlapped extensively with expressed LAMP1- 

tdTomato when analyzed by wide-field fluorescent microscopy 

(Figure S5C), confirming that we were measuring the pH of late 

endosomes/lysosomes.

To measure lysosomal pH at steady state and in response to 

treatment with cAMP-elevating agents, wild-type, BLOC-1R, 

and BLOC-1-deficient cell lines were cultured in the presence 

or absence of cAMP-elevating agents before labeling with 

OG-D as described above. Fluorometry was used to measure 

both the resting fluorescence and the maximal fluorescence 

observed upon cell exposure to ammonium chloride. Lysosomal 

pH was calculated using a previously described equation (Erent 

et al.60; STAR Methods) using the parameters obtained from 

in vivo calibration curves (Figure S5A). The data showed that in 

all melanocyte lines tested, the steady state pH of lysosomes 

is acidic (between pH 4.5 and 4.7), and treatment with cAMP- 

elevating agents did not significantly neutralize pH at the popu

lation level (Figure 5A). However, because previous reports 

have shown that lysosomal pH is heterogeneous,63,64 we inves

tigated the subcellular heterogeneity of late endosomes/lyso

somes using high-magnification wide-field fluorescence micro

scopy in BLOC-1-deficient melanocytes that had internalized 

OG-D, as described above, and quantified the pH of individual 

late endosomes/lysosomes.

As expected, most OG-D-containing late endosomes/lyso

somes were acidic (arrowheads, Figures 5B and 5C for quantifi

cation). However, a subset of organelles appeared to be more 

neutral with a pH closer to 6 (arrows, Figures 5B and 5C). Inter

estingly, the data showed that the mean intraluminal pH of late 

endosomes/lysosomes under control conditions is 4.7, and 

this increased to 5.1 upon treatment with the cAMP-elevating 

agent forskolin. This increase in mean luminal pH upon forskolin 

treatment was not observed at the population level (Figure 5A) 

and may reflect a bias toward measuring well-isolated peripheral 

OG-D-containing late endosomes/lysosomes rather than those 

within the perinuclear region, where individual structures could 

not be resolved. Taken together, the data show that the luminal 

pH of a subset of late endosomes/lysosomes in BLOC-1-defi

cient melanocytes is more neutral and can be further neutralized 

with forskolin treatment. These structures are therefore likely to 

facilitate TYR activity and subsequent melanogenesis. Unfortu

nately, we could not detect internalized OG-D within melanin- 

containing compartments to assess their pH. Potential reasons 

for this will be addressed in the discussion.

Genetic modulation of organelle pH is sufficient to 

enhance melanin outside of melanosomes

For melanogenesis to occur within the late endosomes of 

BLOC-1-deficient melanocytes, not only TYR but also other 

melanogenic proteins, including regulators of pH such as the 

chloride ion channel OCA211 and the putative proton/sugar 

transporter SLC45A2,65 must be present to enable TYR activity. 

Within wild-type melanocytes, both OCA2 and SLC45A2 

facilitate melanosome neutralization to promote melanogen

esis,11,12 both are classical targets of MITF, and at least 

OCA2 is targeted to melanosomes in a BLOC-1-dependent 

manner.34–36 We hypothesize that despite the partial mislocali

zation of OCA2 and TYR to late endosomes upon loss of 

BLOC-1,34,35 at steady state, BLOC-1-deficient melanocytes 

synthesize very little melanin within late endosomes, perhaps 

because OCA2 levels in these compartments are insufficient 

to modify the low pH that inhibits the activity of mislocalized 

TYR. Overexpression of OCA2 overcomes the loss of other 

transporters such as SLC45A2, resulting in partial restoration 

of pigmentation,12 and when expressed in cells without LROs, 

OCA2 neutralizes late endosomes/lysosomes.11,12 We there

fore asked whether the overexpression of these regulators of 

organelle pH in BLOC-1-deficient melanocytes would partially 

neutralize the luminal pH of late endosomes, permitting the acti

vation of mislocalized TYR and enhancing melanogenesis in 

these organelles.

To test this, we overexpressed HA-epitope-tagged forms of 

OCA266 or SLC45A212 in BLOC-1-deficient melan-mu melano

cytes and assayed for pigmentation by bright-field microscopy 

(based on a previously described method12; see Figure S6A for 

examples of pigmentation scoring) and for lysosomal localiza

tion by IFM relative to LAMP2. The Oca2-null cell line, melan- 

p5, and the Slc45a2-null cell line, melan-uw, were included as 

positive controls. The data (Figure 6A; pigmentation quantified 

in Figure 6B) show that the overexpression of HA-OCA2, but 

not of HA-SLC45A2, enhances melanin content in BLOC-1- 

deficient melanocytes. Moreover, labeling for the HA-OCA2 

transgene (via anti-HA tag labeling) colocalized with both 

melanin and LAMP2 (Figure 6A, quantified in 6C). A similar in

crease in pigmentation in LAMP2-positive structures was 

seen upon overexpression of HA-OCA2 in the BLOC-1-defi

cient line melan-pa (Figure S6C; pigmentation quantified in 

(E–G) CLEM analysis of untreated (E) or forskolin-treated (F) BLOC-1-deficient melanocytes (melan-mu) immunolabeled for LAMP2 (red), with DAPI staining the 

nucleus (blue). Insets: 4× enlarged images of boxed regions in main panels. (E′–E′ ′ ′) Ultrastructure of areas that are positive for LAMP2 in (E). (F′–F′ ′ ′) Ultra

structure of areas that are positive for LAMP2 in (F). Arrowheads show melanin-encased ILVs within MVBs, the limiting membrane of which is shown by arrows. (G) 

Quantification of length and width of pigmented organelles in BLOC-1R (melan-mu:MuHA) and BLOC-1-deficient (melan-mu) melanocytes cultured for 7 days 

with or without 20 μM forskolin. The length and width of a minimum of 100 pigmented organelles were obtained for each condition from electron microscopy 

images. No distinctions were made between different stages of melanosome maturation or whether the organelle was a bona fide melanosome. Scale bar in main 

panels, 800 nm. Scale bar insets, 200 nm. 

See also Figure S4.
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Figure S6D; colocalization quantified in S6E). By contrast, over

expression of HA-OCA2 in hypopigmented Oca2-null melano

cytes resulted in rescue of pigmentation (Figures 6A and 6B) 

but in structures that predominantly overlapped with HA-tag 

and not with labeling for LAMP2 (quantified Figure 6C), suggest

ing correct localization to melanosomes as previously docu

mented.12,66 Similar results were seen in Slc45a2-null melano

cytes overexpressing HA-SLC45A2 (Figures 6A, 6B, and S6B). 

These data indicate that overexpression of OCA2 in BLOC-1- 

deficient melanocytes results in OCA2 delivery to a cohort of 

late endosomes/lysosomes, where it enhances melanin con

tent. Because OCA2 and SLC45A2 are targets of microphthal

mia-associated transcription factor (MITF), and hence upregu

lated by cAMP-dependent MC1R signalling,67–69 this may in 

part explain why cAMP-elevating agents enhance pigmentation 

in BLOC-1-deficient melanocytes.

Figure 5. A subpopulation of late endo

somes/lysosomes of BLOC-1-deficient me

lanocytes has elevated pH 

BLOC-1-competent (melan-a and melan-mu: 

MuHA) and BLOC-1-deficient (melan-mu and 

melan-pa) melanocytes, cultured in the presence 

or absence of cAMP-elevating agents for 7 days, 

were exposed to Oregon green-dextran overnight 

and chased for 2 h to label late endosomes and 

lysosomes. 

(A) Organellar pH was determined by fluorometry 

based on resting fluorescence relative to maximal 

fluorescence observed after exposure to ammo

nium chloride. Data represent mean ± SEM from 3 

independent experiments. For each cell line, sta

tistical analysis was performed by one-way 

ANOVA. No statistically significant differences 

were observed. 

(B and C) Organellar fluorescence was assessed 

by live-cell imaging before and after exposure to 

ammonium chloride (B) and quantified in (C). 

Shown are pseudo-colored representations (note 

legend for scale) of the calculated lysosomal pH in 

untreated and forskolin-treated BLOC-1-deficient 

melanocytes. Arrows indicate lysosomes with a 

more neutral pH, and arrowheads indicate more 

acidic organelles. Insets: 3.5× enlarged image of 

boxed regions. Organellar pH was quantified from 

pseudo-colored representations. The pH of 309 

(untreated) and 369 (forskolin-treated) individual 

organelles was quantified from 4 and 5 cells, 

respectively, across 3 independent experiments. 

Red line represents mean pH of organelles for 

each condition. Histogram represents binned 

values. Statistical analysis was determined by 

two-tailed Student’s t test. ****p < 0.0001. 

See also Figure S5.

Direct neutralization of organelle 

pH rapidly increases melanin within 

late endosomes/lysosomes

Numerous studies have reported that 

deacidification agents can significantly 

enhance melanogenesis in TYR-positive 

amelanotic melanocytes.13,70–74 The re

sults of the approaches used thus far 

strongly suggest that neutralization of late endosomal compart

ments in BLOC-1-deficient melanocytes can elicit melanin 

synthesis by mistargeted TYR. To directly test the effects of 

neutralization of organelle pH on the melanin content of BLOC- 

1-deficient melanocytes, we assessed the effect on pigmenta

tion of treatment with BafA1 and MME.

BLOC-1-deficient melan-mu cells were treated for 2 or 16 h 

with BafA1 or MME and visualized by bright-field microscopy 

(Figure 7A). Treatment with BafA1 led to a modest increase in 

visible pigmentation after 2 h and a much more dramatic in

crease after 16 h compared with the untreated control cells. 

Despite the relative specificity of MME in neutralizing lysosomes, 

the effects of treatment of MME on visible melanin were much 

more subtle and only detectable when visualized at higher 

magnification (Figure S7A). This may reflect either a more 

modest effect of MME on the pH of lysosomes compared with 
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Figure 6. Overexpression of OCA2 in BLOC-1-deficient melanocytes partially restores pigmentation 

Oca2-null melan-p5 cells, Slc45a2-null melan-uw cells, and BLOC-1-deficient melan-mu cells were transiently transfected with HA-OCA2 or HA-SLC45A2, fixed 

and immunolabeled for HA and LAMP2, and analyzed by confocal IFM and bright-field microscopy to visualize melanin. 

(legend continued on next page) 
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lysosomotropic compounds, as previously described62 and 

shown in Figure S5B, or that the majority of melanogenesis oc

curs within esterase-negative late endosomes. Similar increases 

to that of BafA1 were observed using the less-specific deacidifi

cation agents, ammonium chloride, monensin, or nigericin 

(Figure S7B).

We next quantified the effects of BafA1 and MME on melanin 

content and asked whether the cAMP-elevating agent forskolin 

enhanced these effects. In wild-type (Figure 7B) and BLOC-1R 

melanocytes (melan-mu:MuHA; Figure S7C), neither BafA1 nor 

MME treatment significantly enhanced basal or forskolin-stimu

lated melanin content. In contrast, co-treatment of BLOC-1-defi

cient melan-pa (Figure 7C) or melan-mu (Figure S7D) melano

cytes with forskolin and either BafA1 or MME substantially 

increased melanin content relative to either treatment alone. 

Taken together these data suggest that direct pH neutralization 

rapidly activates pre-existing TYR and enhances melanin con

tent specifically in BLOC-1-deficient melanocytes.

Lastly, we used IFM and bright-field microscopy to test for the 

localization of melanin within BLOC-1-deficient melanocytes 

treated with forskolin and either BafA1 or MME (Figures 7D 

and 7E). Although only cells treated with both forskolin and 

BafA1 harbored abundant well-pigmented melanin-containing 

granules, the melanin in all conditions resided within LAMP-2- 

containing structures, suggesting that they form in late endo

somes/lysosomes and not in melanosomes.

DISCUSSION

Previous studies in BLOC-1-deficient melanocytes had 

described melanin in melanosomes with abnormal morphology; 

small, circular organelles without visible PMEL fibrils but often 

containing melanin-positive ILVs.49,50,75,76 Here, we provide ev

idence to suggest that these organelles are in fact late endo

somes or lysosomes. Analysis of the intra-organellar pH (pHi) re

vealed a subpopulation of late endosomes/lysosomes with a pHi 

that fell within the permissive range for TYR activity (>pH 5.5). 

Moreover, cargo upregulation due to enhanced MC1R signaling 

or raised pHi due to genetic or pharmacological treatments led to 

enhanced melanin deposition in these organelles. Our data sup

port the conclusion that mistargeting of melanosomal cargoes to 

late endosomes and lysosomes can reprogram these organelles 

to synthesize melanin under stimulated conditions.

The use of cAMP-elevating agents to increase melanin content 

has previously been established in cell lines and murine models 

with competent trafficking machineries.21,22,51 Although our pre

sent study supports these observations in wild-type and BLOC- 

1R melanocytes, we also show that BLOC-1-deficient melano

cytes retain melanogenic capacity that can be enhanced with 

cAMP-elevating agents despite significant mislocalization of 

several melanogenic cargoes. The retention of melanogenic ca

pabilities described here is consistent with both the coat color of 

BLOC-1-deficient mice and of skin samples from HPS-mutant 

mice,49,50,77 which are not completely devoid of melanin. This 

contrasts with melanocytes derived from mice with pathogenic 

TYR mutations that result in the complete absence of melanin.78

Although the cAMP-elevating-agent-induced increases in the 

melanin content of BLOC-1-deficient melanocytes are unlikely 

to be physiologically relevant, they do provide a potential thera

peutic avenue for HPS patients and perhaps other trafficking dis

orders that warrants further research.

In this study, we show that melanin in BLOC-1-deficient mela

nocytes is predominantly formed not within melanosomes but 

rather within late endosomes or lysosomes. Melanogenesis 

within endolysosomes is not an entirely new concept, as TYR ex

pressed exogenously within fibroblasts or HeLa cells localizes to 

late endosomes and lysosomes and generates melanin within 

these organelles.79–81 However, in melanocytes, the melano

somes within which melanin is normally synthesized are distinct 

from endolysosomal compartments.7 Nevertheless, previous 

studies have alluded to melanogenesis in endolysosomal organ

elles in BLOC-1-deficient melanocytes.49,50,75,76 These studies 

show that, in BLOC-1-deficient melanocytes, melanin resides 

in small, circular organelles without visible PMEL fibrils but that 

often contain ILVs with melanin deposited on their outer mem

brane. Although these studies generally refer to these organelles 

as melanosomes, the current study strongly supports the idea 

that melanogenesis occurs in late endosomes in BLOC-1-defi

cient melanocytes as melanin resides in LAMP2-positive com

partments that, by conventional electron microscopy and 

CLEM, resemble late endosomal MVBs in morphology; these or

ganelles are smaller and more circular than traditional ellipsoid 

bona fide melanosomes. In addition, we noted that ellipsoid stri

ated stage II melanosomes were present in BLOC-1-deficient 

melanocytes but remain unpigmented, in agreement with previ

ous studies.35,43 Surprisingly, these compartments largely re

mained unpigmented even upon treatment with deacidification 

agents, consistent with a previous study suggesting that these 

compartments lack the requisite copper cofactor for TYR due 

to the loss of ATP7A delivery to melanosomes.10 It is intriguing 

that the ultrastructure of the MVB-like melanin-containing com

partments resembles that of the compartments in which pheo

melanin accumulates in melanocytes from red-haired individuals 

or MC1R mutant animals.82–85

(A) Shown are each individual channel and an overlay on the right in which pigment granules are pseudo-colored blue. Arrowheads indicate overlap between HA 

tag and melanin in Oca2-null cells expressing HA-OCA2, in Slc45a2-null cells expressing HA-SLC45A2, and between HA tag, LAMP2, and melanin in BLOC-1- 

deficient cells overexpressing HA-OCA2. Insets: boxed regions enlarged 4.5×. Scale bar, 20 μm. 

(B) Quantification of the percentage of HA-positive Oca2-null melan-p5 cells, Slc45a2-null melan-uw cells and BLOC-1-deficient melan-mu cells that were 

pigmented. Data represent mean ± SEM from 5 (melan-p5) or 6 (melan-uw and melan-mu) independent experiments. Sample sizes: melan-p5, 188 SLC45A2 HA- 

positive cells and 171 OCA2 HA-positive cells; melan-uw, 186 SLC45A2 HA-positive cells and 176 OCA2 HA-positive cells; and melan-mu, 182 SLC45A2 HA- 

positive cells and 194 OCA2 HA-positive cells. Statistical significance relative to the % pigmented SLC45A2 HA-positive cells was determined for each cell line by 

two-tailed Student’s t test. ****p < 0.0001. 

(C) Quantification of the percentage of total melanin in melan-p5 and melan-mu expressing HA-OCA2 that colocalized with HA-tag, LAMP2, or both markers. Data 

represent mean ± SEM from 5 (melan-p5) or 6 (melan-mu) independent experiments, with 30 total cells each for melan-p5 and melan-mu. Statistical significance 

was determined by one-way ANOVA with post hoc Tukey test. ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001. 

See also Figure S6.
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How does melanogenesis occur in late endosomes and how 

do cAMP-elevating agents increase the melanin content of 

BLOC-1-deficient melanocytes? Although cAMP-elevating 

agents had little effect on the protein content of TYR and other 

melanogenic proteins in BLOC-1-competent melanocytes at 

the time points analyzed here, these agents substantially 

increased melanogenic protein content in BLOC-1-deficient me

lanocytes, particularly for TYR, and reduced the rate of TYR 

degradation within late endosomes/lysosomes. Although TYR 

is crucial for melanogenesis, previous studies have shown that 

the activity and not the absolute expression level of TYR best 

correlates with melanin content.14,86–88 This suggests that the 

cAMP-elevating-agent-induced increases in melanogenesis in 

both BLOC-1-competent and BLOC-1-deficient melanocytes 

may best reflect both increased TYR content and enhanced ac

tivity of the TYR present.

TYR activity requires near-neutral pH, and the expression of 

regulators of melanosome pH, such as OCA2 and SLC45A2, in

crease in response to cAMP-elevating agents.51,69,89 It is there

fore likely that the cAMP-induced increases in melanin of BLOC- 

1-deficient melanocytes are caused by a combination of 

increased TYR expression and increased expression of OCA2 

and other proteins that facilitate enzymatic activity, all of which 

are likely mislocalized partially to late endosomes in the absence 

of BLOC-1. We speculate that only a subset of late endosomes 

accumulates sufficient levels of pH regulators and TYR to both 

deacidify the normally acidic late endosomes and facilitate 

TYR activity prior to degradation. This is supported by our data 

Figure 7. Direct pH neutralization by deacidification agents with or without forskolin significantly enhances melanin content in LAMP2-con

taining compartments of BLOC-1-deficient melanocytes 

(A) Bright-field microscopy images of BLOC-1-deficient melan-mu melanocytes that were untreated or treated with 10 mM MME or 20 nM BafA1 analyzed at 2 

and 16 h post treatment. Scale bar, 200 μm. (B and C) Quantitative melanin content analysis of wild-type melan-a melanocytes (B) or BLOC-1-deficient melan-pa 

melanocytes (C) cultured for 7 days in the absence or presence of 20 μM forskolin and either 20 nM BafA1 (for final 6 h) or 10 mM MME (for final 24 h). Data from 3 

independent experiments are expressed as mean pg melanin/cell ± SEM. Statistical significance was determined by two-way ANOVA with a post hoc Tukey test. 

ns, not significant; *p < 0.05; **p < 0.01: ****p < 0.0001. 

(D) BLOC-1-deficient melan-mu melanocytes treated with forskolin for 7 days and either BafA1 (for final 6 h) or MME for final 24 h were fixed, immunolabeled for 

LAMP2 (red), and analyzed by confocal IFM (for LAMP2) and bright-field microscopy (for pigment granules). Image shows each channel and a merged image in 

which the bright-field images were inverted and pseudo-colored green. Insets: boxed regions enlarged 4.5×. Arrowheads show puncta of LAMP2 overlapping 

with melanin. Scale bar, 20 μm. 

(E) Quantification of the percentage of total melanin that colocalized with LAMP2 in melan-mu treated with forskolin for 7 days and either BafA1 (for final 6 h) or 

MME for final 24 h. Data represent mean ± SEM from 3 independent experiments (10 cells analyzed per experiment). Statistical significance was determined by 

one-way ANOVA with post hoc Tukey test. ns, not significant; *p < 0.05. 

See also Figure S7.
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showing that the luminal pH of a cohort of late endosomes/lyso

somes is more neutral than the majority of such organelles. 

Indeed, other cell types harbor lysosomes with heterogeneous 

luminal pH.63,64 We show that that the cohort of peripheral late 

endosomes/lysosomes with a more neutral pH can be increased 

upon treatment with forskolin, likely reflecting enhanced expres

sion of proteins that regulate pH. The two methods to measure 

lysosomal pH in this study (fluorometric plate-based assay and 

live-cell microscopy) yielded slight differences in the mean 

values of lysosomal pH at steady state and in response to forsko

lin treatment. This is likely due to the differing conditions during 

measurement for both assays. The microscopy assay, unlike 

the fluorometric assay, does not take lysosomal volume of 

each compartment into consideration. The fluorometric assay 

is a global measure of the mean pH across hundreds of late en

dosomes/lysosomes and thousands of cells, whereas the values 

obtained from the microscopy assay represent the means from 

individual organelles and thus likely provide a more accurate rep

resentation of the heterogeneity of lysosomal pH. On the other 

hand, analyses with the microscopy assay are limited by the 

inability to resolve individual lysosomes in the densely populated 

perinuclear area and thus are skewed toward more peripheral ly

sosomes—which in other cells have been shown to be more 

neutral.63,64 Despite these discrepancies, the values are quite 

close in both assays and we suggest that the more important 

point is that, when quantifying lysosomal pH via live-cell micro

scopy, lysosomal pH is heterogeneous (as others have already 

reported63,64) and a fraction of these lysosomes have a luminal 

pH permissive for TYR activity.

We show that purposeful overexpression of OCA2, a regulator 

of melanosomal pH, enhances melanogenesis in BLOC-1-defi

cient melanocytes, likely due to partial neutralization of late 

endosomes. We speculate that OCA2, a known BLOC-1-depen

dent cargo, is mislocalized to late endosomes like other BLOC- 

1-dependent cargoes,34,35 alongside a cohort of TYR,34,35 but 

that endogenous expression of OCA2 is relatively low and insuf

ficient to neutralize luminal pH to facilitate substantial TYR activ

ity. We further speculate that the increase in OCA2 expression 

upon treatment with cAMP-elevating agents leads to enhanced 

late endosome neutralization and hence more melanin synthesis, 

and the purposeful overexpression of OCA2 leads to a significant 

increase in melanin content in late endosomes. We suggest that 

this reflects both a substantial increase in the mislocalization of a 

cohort of OCA2 to late endosomes and the pH neutralizing effect 

of OCA2 chloride channel activity,11 although direct measure

ment of organelle pH in response to OCA2 overexpression was 

not possible in this study. In contrast to this, the overexpression 

of SLC45A2 did not significantly enhance melanin content. This 

may reflect a putative role for SLC45A2 in maintaining the organ

elle pH gradient that is first established by OCA212 rather than in 

establishing such a gradient. In support of our hypothesis 

that partial neutralization of organelle pH is a key driver of 

enhanced melanogenesis of BLOC-1-deficient melanocytes, 

direct neutralization of organelle pH by treatment with BafA1 or 

MME rapidly and significantly increased melanin content in 

BLOC-1-deficient but not wild-type melanocytes. This suggests 

that melanosome pH is already optimal for melanogenesis within 

wild-type melanocytes, whereas most late endosomes in BLOC- 

1-deficient melanocytes are too acidic to support 

melanogenesis. Although the import of copper into melano

somes by the copper transporter ATP7A is necessary for TYR 

activity in wild-type melanocytes and is disrupted in BLOC-1- 

deficient melanocytes, excess copper was unable to restore 

TYR activity at an acidic pH,10 indicating that pH may also play 

an important role in the hypopigmentation phenotype of 

BLOC-1-deficient melanocytes. The current study supports 

this interpretation, and the cohort of ATP7A that mislocalizes 

to multivesicular late endosomes in these cells10 likely supplies 

sufficient copper cofactor to activate TYR within the deacidified 

organelles.

In summary, we propose that a cohort of inactive TYR is mis

localized to late endosomal MVBs in BLOC-1-deficient melano

cytes. Within these organelles, TYR encounters mislocalized 

BLOC-1-dependent cargoes—including OCA2, ATP7A, and 

perhaps SLC45A2—that could facilitate melanogenesis within 

late-endocytic organelles. Increased expression of melanogenic 

proteins (via enhanced MC1R signaling) and/or increase of pH 

(either via enhanced MC1R signaling, genetic manipulation, or 

the use of deacidification agents) further increases melanin con

tent by facilitating TYR activity in late endosomal MVBs. This 

work extends our understanding of the hypopigmentation 

phenotype of BLOC-1-deficient melanocytes and documents a 

novel mechanism of organelle reprogramming to allow for mela

nogenesis in the absence of functional melanosomes.
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HA tag Abcam Cat. # ab9110; RRID:AB_307019

TYRP1 ATCC Cat. # TA99/Mel-5

LAMP2 Developmental Studies Hybridoma Bank Cat. # GL2A7; RRID:AB_2314734

Goat anti-mouse AlexaFluor488 Invitrogen Cat. # A-11001; RRID:AB_2534069

Goat anti-rabbit AlexaFluor568 Invitrogen Cat. # A-11011; RRID:AB_143157

Goat anti-rat AlexaFluor568 Invitrogen Cat. # A-11077; RRID:AB_141874

αPep7h (anti-TYR) Marks lab N/A

αPep13h (anti-PMEL) Marks lab N/A

TYRP1 Santa Cruz Biotechnology Cat. # sc-166857; RRID:AB_2211147

Actin Sigma-Aldrich Cat. # A5060; RRID:AB_476738

γ-tubulin Sigma Cat. # T6557; RRID:AB_477584

Goat anti-mouse IgG-IRDye 800CW Li-Cor Cat. # 926-32210; RRID:AB_621842

Goat anti-Rabbit IgG-IR Dye 680R Li-Cor Cat. # 926-68071; RRID:AB_10956166

Donkey anti-mouse IgG (H+L) AlexaFluor790 Jackson ImmunoResearch Cat. # 715-655-151; RRID:AB_2340871

Donkey anti-rabbit IgG (H+L) AlexaFluor680 Jackson ImmunoResearch Cat. # 711-625-152; RRID:AB_2340627

Chemicals, peptides, and recombinant proteins

12-0-tetradecanoyl phorbol acetate (TPA) Sigma-Aldrich Cat. # P8139

4-Norleucine,7-D-phenylalanine-alpha- 

melanocyte-stimulating 

hormone (NDP-MSH)

Sigma-Aldrich Cat. # M8764

Forskolin Sigma-Aldrich Cat. # F6886

Cholera toxin Sigma-Aldrich Cat. # C8052

Bafilomycin A1 Sigma-Aldrich Cat. # B1793

Cycloheximide Sigma-Aldrich Cat. # C1988-1G

L-Methionine methyl ester hydrochloride Thermo Scientific Chemicals Cat. # A15952.14

Monensin Sigma-Aldrich Cat. # M5273

Nigericin Sigma-Aldrich Cat. # N7143

Sodium cacodylate Sigma-Alrich Cat. # C0250

Osmium Tetroxide Agar Scientific Cat. # AGR1019

Propylene oxide Sigma-Aldrich Cat. # 82320

Agar 100 Resin Kit Agar Scientific Cat. # AGR1031

Uranyl acetate Agar Scientific Cat. # AGR1260A

Lead citrate Agar Scientific Cat. # AGR1210

Dodecenyl succinic anhydride Agar Scientific Cat. #R1053

Methyl nadic anhydride Agar Scientific Cat. #R1083

Benzyl dimethylamine Agar Scientific Cat. #AGR1062

Potassium ferricyanide Sigma-Aldrich Cat. # 702587

Tannic acid TAAB Laboratories Equipment Limited Cat. # T046

Sodium sulphate Sigma-Aldrich Cat. # 239313

TAAB 812 Resin kit TAAB Laboratories Equipment Limited Cat. # T024/1

Lipofectamine 3000 ThermoFisher Scientific Cat. #L3000015

Critical commercial assays

RNeasy Plus Mini Kit Qiagen Cat. # 74134

LunaScript RT SuperMix Kit New England Biolabs Cat. # M3010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Luna Universal qPCR Master Mix New England Biolabs Cat. # M3003

Experimental models: Cell lines

melan-pa: Bloc1S6pa/pa Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

melan-mu: Bloc1S5mu/mu Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

melan-a: a/a Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

melan-Ink4a-Arf1: Ink4a-Arf-/- Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

melan-c2: Tyrc-2J/Tyrc-2J Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

melan-mu:MuHA Functional Genomics Cell Bank at City 

St. George’s University of London

N/A

Oligonucleotides

TYR Fwd: 5 ’ CGA TGG AAC ACC TGA GGG AC Integrated DNA Technologies N/A

TYR Rev:5 ’ AGT GGA CTG GCA AAT CCT TCC Integrated DNA Technologies N/A

Atp5b primer set (Anchor nucelotide: 115) Primer Design Ltd. geNorm kit (Discontinued)

Ubc primer set (Anchor nucelotide: 2627) Primer Design Ltd. geNorm kit (Discontinued)

B2m primer set (Anchor nucelotide: 202) Primer Design Ltd. geNorm kit (Discontinued)

Sdha primer set (Anchor nucelotide: 2018) Primer Design Ltd. geNorm kit (Discontinued)

Recombinant DNA

pCR3/OCA2-HA Michael Marks N/A

pCI-HA-SLC45A2 Michael Marks N/A

pN1-LAMP1-tdTomato Tom Carter N/A

Software and algorithms

GraphPad Prism (version 10.2.1) GraphPad https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/

Photoshop CS6 (Version 13.0) Adobe Systems N/A

NIS Elements (Version 4.2) Nikon N/A

Image Studio (Version 5.2) Li-Cor N/A

AMT Capture Engine software 

(Version V602.580.20d)

Advanced Microscopy Techniques N/A

Other

RPMI-1640 Medium Sigma-Alrich Cat. # R7509

Fetal Bovine Serum Gibco Cat. # 10270106

Dextran, Oregon Green 488; 10,000 MW Invitrogen Cat. # D7170

L-Glutamine Gibco Cat. # 25030081

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat. # 15140122

HEPES Gibco Cat. # 15630056

Protease Inhibitor cocktail Roche Cat. # 11697498001

Immobilon-FL PVDF Membrane Millipore Cat. # IPFL85R

Nitrocellulose membrane, 0.45 μm BioRad Cat. # 1620115

CitiFluor AF1 mounting solution Agar Scientific Cat. # AGR1320

Copper mesh grids Agar Scientific Cat. # AGG2415C

35 mm Dish with No. 1.5 Gridded Coverslip, 

14 mm Glass Diameter

MatTek Cat. # P35G-1.5-14-C-GRD

CitiFluor AF1 mounting solution Agar Scientific Cat. #AGR1320

Black 96 well plate Greiner Bio-One Cat. #655900
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

BLOC-1-deficient murine melanocytes, melan-pa and melan-mu35 from Pallid (B6.Cg-Bloc1s6pa/J) and Muted (B6C3 Aw-J/ 

A-Bloc1s5mu/J) mice respectively, wild type melan-a90 from C57BL/6 mice and melan-Ink4a-Arf191 from C57BL/6-Ink4a-Arf–/– 

mice, BLOC-1-rescued (melan-mu:MuHA),35 and the albino line melan-c2 from C57BL/6-Tyrc/c mice (unpublished) have been 

described. The sex of the newborn mice from which these lines were derived was not noted at the time of establishment. Cells 

were maintained in RPMI 1640 media supplemented with 2 mM L-glutamine, 10,000 units/ml penicillin, 100 μg/ml streptomycin sul

phate, 10% fetal bovine serum, and 200 nM 12-0-tetradecanoyl phorbol acetate (TPA) along with and either 200 pM cholera toxin 

(CT), 100 pM 4-Norleucine,7-D-phenylalanine-alpha-melanocyte-stimulating hormone (NDP-MSH), or 20 μM forskolin for 7 days un

less otherwise stated. For cycloheximide chase experiments cells were cultured with or without 20 μM forskolin for 7 days and then 

treated with 25 μg/ml cycloheximide, 20 nM bafilomycin A1 (BafA1), or both for 0, 2, 4 and 8 hrs; an equal volume of vehicle (DMSO) 

was added to controls. For treatment with deacidification agents, BLOC-1-deficient melanocytes were cultured with or without 20 μM 

forskolin for 6 days before the medium was changed to contain 20 mM HEPES with or without 20 μM forskolin, 10 mM methionine 

methyl ester (MME), and/or 20 nM BafA1. Based on preliminary survival curves, cells were treated for 24 hours with MME or 6 hours 

with BafA1 before harvesting samples to quantify the melanin content as described.

METHOD DETAILS

Intracellular melanin content

Murine melanocytes were plated at 1 x 104 cells/ml into 35 mm (pigmented melanocytes) or 10 cm dishes (BLOC-1-deficient/albino 

melanocytes) and treated as described above under Experimental model and study participant details. Melanin content was quan

tified based on a method previously described.92 Briefly, cells were harvested and resuspended in culture medium with an aliquot 

taken for determination of cell number. The remaining cells were centrifuged at 16,200 x g for 15 minutes at 4◦C with the supernatant 

removed. The cells were lysed with 1% v/v Triton X-100 in complete phosphate-buffered saline lacking calcium and magnesium 

(PBSA) for 30 minutes at 4◦C. The lysate was centrifuged at 16,200 x g for 30 minutes at 4◦C. The insoluble fraction containing 

the melanin was resuspended in 1M NaOH/10% v/v DMSO and incubated at 85◦C for at least 30 minutes or until the melanin was 

fully dissolved. The solubilized melanin was read against a blank of 1M NaOH/10 % v/v DMSO at 405 nm in a SpectraMax 340 spec

trophotometer (Molecular Devices). The absorbance was compared to a standard curve of absorbance of known concentrations of 

synthetic melanin to determine melanin content. The melanin concentration was normalized to the total cell number of each replicate 

with the background absorbance values of the unpigmented melanocyte line, melan-c2, subtracted (see Figure S1).

Western blotting and quantification

Cells were cultured in 10 cm dishes with or without cAMP elevating agents as described above. After 7 days in culture, medium was 

removed, dishes were placed on ice and washed with ice-cold PBSA. Cells were lysed with 500 μl of ice-cold lysis buffer (50 mM Tris 

pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% v/v Triton-X 100, 1% w/v sodium dodecyl sulphate (SDS)) containing complete protease in

hibitor (Roche), and the lysate was homogenized using a 21-gauge needle and clarified by centrifugation at 16,200 x g for 15 minutes 

at 4◦C. Total protein concentration was determined before separation by SDS-PAGE and transferred to a polyvinylidene difluoride 

(PVDF)-FL (Millipore) or reinforced nitrocellulose (Bio-Rad) membrane. The membrane was incubated with primary antibodies 

[αPep7h, against the C-terminus of human TYR93; αPep13h against the C-terminus of human PMEL94; TYRP1 (G-9, Santa Cruz 

Biotechnology sc-166857); anti-actin (Sigma-Aldrich (A5060) and anti-γ-tubulin (Sigma, Cat. #T6557)] overnight diluted in 5% 

non-fat milk in TBS-T (20 mM Tris, 137 mM sodium chloride, 0.1% or 0.2% v/v Tween-20, pH 7.6). Blots were washed three times 

in TBS-T, then incubated with fluorescently-labelled secondary antibodies [IRDye 800CW Goat anti-Mouse IgG (Li-Cor, 926-32210), 

IR Dye 680RD Goat anti-Rabbit IgG (Li-Cor, 926-68071) Alexa Fluor 680- and 790-conjugated AffiniPure donkey anti-mouse IgG 

(H + L; Jackson Immunoresearch, Cat. #715-655-151) and anti-rabbit IgG (H + L; Jackson Immunoresearch Cat. #711-625-152)] 

diluted in 5% non-fat milk in TBS-T before washing three times and signal detection using the LiCor Odyssey Clx (Li-Cor Biosci

ences). To quantify changes in protein expression between samples, densitometric analysis was performed using Image Studio 

(Version 5.2, Li-Cor) or Fiji-ImageJ (National Institutes of Health). The fluorescent intensities of each band were measured and the 

background values subtracted. Relative protein expression was determined using a method previously described.95 Briefly the ratio 

of signal of interest to the signal of the loading control was calculated for each replicate (IS/LCS). This was then averaged for the 

untreated control only (mean IS/LCS). The normalized ratio of each individual value for each experimental condition was normalized 

to the untreated control by dividing the IS/LCS for each condition by the mean IS/LCS of the untreated control (normalized IS/LCS 

ratio). The mean of the normalized IS/LCS ratios for each experimental condition were determined and are shown in the figures. Im

ages were further processed using Fiji-ImageJ and/or Adobe Photoshop CS6 Version 13.0 (Adobe Systems).

Cycloheximide chase assay

Cells were cultured as described above. Cells were detached by incubation for 10-15 min in PBSA/ 10 mM EDTA and collected by 

centrifugation at 500 × g for 5 min. Cell pellets were washed with ice cold PBSA/0.1% FBS, and whole cell lysates were prepared by 

resuspending in cold 50 mM Tris-HCl/ pH 7.4, 2 mM EDTA/, 150 mM NaCl, 1 mM DTT, and 1× protease inhibitor cocktail (Roche) and 
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sonicating on ice using the Sonic Dismembrator Model 100 (Thermo Fisher Scientific). Cell extracts were cleared by centrifugation at 

13,000 x g at 4◦C for 15 min and the supernatants were collected. Concentrated Laemmli sample buffer with 2-mercaptoethanol was 

added to cell lysates and heated at 95–100◦C for 10 min. Samples were then fractionated by SDS-PAGE on 10% polyacrylamide gels, 

transferred to nitrocellulose membranes (BioRad), and immunoblotted as described above.

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

Melanocytes were plated at 3 x 104 cells/ml and treated with cAMP elevating agents as described above. Cells were harvested by 

trypsinization and centrifugation at 300 x g for 5 minutes at 4◦C. RNA was extracted from the cell pellets using the RNeasy Plus Mini kit 

(Qiagen) as per the manufacturer’s instructions. Between 0.5-1 μg of each RNA sample was reverse transcribed into cDNA using the 

LunaScript RT SuperMix Kit (New England Biolabs Inc.) as per the manufacturer’s instructions. Primers were designed for Tyr (Acces

sion number NM_011661.5) using Primer-BLAST and were ordered from Integrated DNA Technologies (see key resources table for 

primer information). Primer efficiency and suitability were tested and the most stable reference genes were identified for each cell line 

using a geNorm gene kit (Primer Design, UK). The optimal reference genes and number required for normalization were determined 

by GeNorm analysis96 [melan-a: ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit (Atp5b) and ubiquitin C 

(Ubc); melan-pa: β-2microglobulin (B2m) and Ubc; melan-mu:MuHA and melan-mu: B2m and succinate dehydrogenase complex, 

subunit A (Sdha)]. Amplification was carried out in a clear, low-profile 96-well plate (Thermo Fisher Scientific) and sealed with optically 

clear film (Thermo Fisher Scientific). Each well contained 20 μl of reaction mix as follows: 2 μl cDNA [diluted 1 in 10 in RNase free water 

(Gibco)], 2 μl each of forward primer and reverse primer, 10 μl of Luna Universal qPCR Master Mix (New England Biolabs), and 4 μl 

RNase free water. Where appropriate the cDNA was replaced with the no template control sample or the no reverse transcriptase 

samples. The plate was centrifuged for 1 minute at 300 x g and RT-PCR was carried out on a CFX Connect Real-Time PCR Detection 

System (Bio-Rad) with the following amplification parameters:

1. Initial denaturation: 95◦C, 60 seconds

2. Denaturation: 95◦C, 15 seconds

3. Extension‘; 60◦C, 30 seconds (including plate read)

4. Steps 2 and 3 were repeated a further 44 times

5. Melt curve: 60-95◦C

To determine relative gene expression, a previously described method was used.97 Briefly, the mean quantitative cycle (Cq) values 

of the gene of interest (GOI) and the reference genes for the untreated control were calculated. The relative difference in Cq values 

(ΔCq) between the mean Cq values for the untreated control GOI and reference genes, and the for the GOI and reference genes for 

each individual experimental condition was determined. Relative quantities (RQ) were determined using 2ΔCq values. The normaliza

tion factor was determined by calculating the geometric mean of the RQ values. The relative normalized expression for the GOI was 

determined for each sample by dividing the individual RQ values by the normalization factor and is log-transformed (log2). These log- 

transformed values were using for statistical analysis. The mean normalized fold expression was calculated using the geometric 

mean of the relative normalized expression values for each experimental condition and these values were used for graphical repre

sentation of the data.

Immunolabelling, Immunofluorescence Microscopy and colocalization analysis

Melanocytes were plated onto glass coverslips at 3 x 104 cells/ml and treated with cAMP elevating agents as described above or 

transfected as described below. Cells were fixed for 20 minutes with 4% paraformaldehyde in PBSA, rinsed with PBSA and incu

bated for 5 minutes with 50 mM ammonium chloride. Permeabilization/blocking buffer (PSS: 0.05% v/v saponin, 2% v/v FBS in A) 

was added to the coverslips for 5 minutes at room temperature and then cells were labelled with primary antibodies (TA99/Mel-5 

against TYRP1 (ATCC),98 anti-HA tag (ab9110, Abcam) and GL2A7 against LAMP2 (Developmental Studies Hybridoma Bank, 

USA) prepared in PSS for 1 hour. Cells were then washed three times and incubated with fluorescently-conjugated secondary an

tibodies [AlexaFluor488 goat anti-mouse (Life Technologies), AlexaFluor568 goat anti-rabbit (Life Technologies) or AlexaFluor568 

goat anti-rat (Life Technologies)] for 1 hour. The cells were washed 3 times with PSS and sometimes incubated with 1 μg/ml DAPI 

in the dark for 10 minutes. The cells were then washed 3 times with PBSA and twice with water before mounting onto microscope 

slides with CitiFluor AF1 mounting solution (Agar Scientific). The cells were imaged using a Nikon A1R inverted confocal microscope 

with NIS Elements software (Version 4.2; Nikon). Images were prepared for presentation using Adobe Photoshop CS6 Version 13.0 

(Adobe Systems).

Object-based colocalization analysis between melanin and the relevant marker(s) for each experiment was measured using Im

ageJ as described.47 Briefly, 8-bit, single channel images were opened in ImageJ. Bright field images of melanin were inverted 

with brightness and contrast manually adjusted. Single cells for analysis were chosen and isolated using the ‘‘ROI tool’’. The perinu

clear region was removed from the analysis using the ‘‘ROI tool’’. For each channel, the background was removed, using the ‘‘Sub

tract Background’’ tool before manual thresholding to render the image binary (using the original image as a reference). This was 

repeated for each channel. Binary images of melanin were multiplied by the relevant marker using the ‘‘Image Calculator’’ tool. 

For analysis of melanin colocalization in compartments that were positive for two markers, the binary images of each marker 
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were multiplied together before multiplying the resulting image with the melanin channel. The percentage of melanin-occupying area 

colocalizing with each marker was determined relative to the total melanin-occupying area for each image.

Conventional transmission electron microscopy and quantification of pigmented organelles

BLOC-1-deficient melan-mu and BLOC-1R melan-mu:MuHA melanocytes were plated at 3 x 104 cells/ml in 10 cm dishes and 

cultured with TPA in the presence or absence of forskolin as described above. The medium was removed, cells were washed in 

PBSA and fixed with 0.5% Karnovsky’s fixative (0.5% w/v PFA, 72 mM sodium cacodylate, 4 mM calcium chloride, 2.5% w/v glutar

aldehyde) for 1-2 hours. This was removed, replaced with 2% Karnovsky’s fixative (2% w/v PFA, 72 mM sodium cacodylate, 4 mM 

calcium chloride, 2.5% w/v glutaraldehyde) and left overnight. The cells were harvested by scraping and centrifugation at 96 x g for 

5 minutes, washed twice with 0.1 M sodium cacodylate for 15 minutes, and incubated with 2% w/v osmium tetroxide for 1 hour. Cells 

were washed twice for 15 minutes each with 0.1 M sodium cacodylate, dehydrated using an ethanol series (2 x 15 minutes in 70% 

ethanol, 2 x 15 minutes in 90% ethanol and 3 x 30 minutes in absolute ethanol) and then washed 3 times with propylene oxide for 

10 minutes each. The samples were infiltrated for 1 hour with a 1:1 mix of propylene oxide and resin consisting of 36 g Agar 

100 (Agar Scientific), 24 g dodecenylsuccinic anhydride (DDSA, Agar Scientific), 15 g methyl nadic anhydride (MNA, Agar Scientific) 

and 1.13 g of benzyl dimethylamine (BDMA, Agar Scientific). This was replaced with 100% resin and left for a further hour. The resin 

was replaced, and pellets were left to polymerize at 60◦C for 48 hours.

Once polymerized, the block was trimmed and ultra-thin sections (approx. 90 nm) were taken using a UltraCutE ultramicrotome 

(Reichert/Leica) and transferred to copper mesh grids (Agar Scientific). The ultra-thin sections were post-stained by inverting the 

grids onto a drop of 2% v/v uranyl acetate for 10 minutes at room temperature in the dark followed by 5 X 30 second washes in 

dH2O. The grid was then placed onto a drop of Reynolds’ lead citrate99 for 90 seconds, washed 5 times for 30 seconds each in 

dH2O, and left to dry before imaging. Images were taken on a Hitachi TEM H-7100 with an AMT XR-16 camera using AMT Capture 

Engine software (Version V602.580.20d). The maximum length and width of individual melanosomes/melanin-containing organelles 

was measured from electron microscopy images using the AMT Capture Engine software (Version V602.580.20d). A minimum of 100 

such organelles were counted for either melan-mu:MuHA (untreated or treated with forskolin) and melan-mu (untreated or treated 

with forskolin) from a minimum of 4 preparations each.

Correlative light and electron microscopy (CLEM)

BLOC-1-deficient melan-mu were plated at 1x104 cells/ml onto 35 mm dishes in which is attached a 1.5 thickness 14 mm diameter 

gridded coverslip with a raised alphanumeric pattern (MatTek Corporation, USA). Cells were cultured in the presence or absence of 

forskolin as described above for 7 days. Cells were then washed twice with PBSA prior to fixation with 4% w/v PFA and 0.025% v/v 

glutaraldehyde for 15 minutes at room temperature. The fixative was removed, and cells were immunolabelled for fluorescence mi

croscopy using LAMP2 as described above, except that after incubation with the secondary antibody, the dishes were incubated 

with 1 μg/ml DAPI for 10 minutes in the dark and washed 3 times with PBSA for 5 minutes each. Dishes were left in PBSA for imaging.

Dishes were imaged on a Nikon A1R inverted confocal microscope with the NIS Elements software (Version 4.2). Regions of inter

est were imaged at 60 x magnification, noting the alphanumeric coordinates of these regions to locate the same region once cells had 

been embedded for electron microscopy. After confocal imaging, the cells were further fixed using Karnovsky’s fixative as described 

above. Cells were then washed twice in 0.1 M sodium cacodylate for 5 minutes each and incubated with 1.5% w/v potassium ferri

cyanide and 1% osmium tetroxide (Agar Scientific) for 1 hour on ice. This was followed by 3 x 5-minute washes with 0.1 M sodium 

cacodylate and subsequent incubation with 1% w/v tannic acid (TAAB Laboratories Equipment Limited) for 45 minutes at room tem

perature. The cells were washed and incubated with 1% w/v sodium sulphate for 5 minutes prior to dehydration in an ethanol series 

as described above.

Following dehydration, cells were infiltrated for 1 hour with a 1:1 mix of absolute ethanol and resin composed of 12 g TAAB 812 

resin (TAAB Laboratories Equipment Limited), 4.75 g DDSA (TAAB Laboratories Equipment Limited), 8.25 g MNA (TAAB Laboratories 

Equipment Limited) and 0.75 g of BDMA (TAAB Laboratories Equipment Limited). The resin was replaced with 100% resin for 2 hours 

before the resin was replaced and left for another 2 hours. The gridded coverslips attached to the dish were placed onto the bottom of 

a sawn-off 15ml tube containing resin before polymerization at 60◦C for 48 hours.

Once polymerized, the dish was removed from the tube leaving the cells embedded in the resin along with the alphanumeric co

ordinates. The coordinates of regions of interest were identified on the polymerized resin surface prior to sectioning by Dr. Heather 

Brooks (Image Resource Facility, St. George’s University of London). All sections were collected and placed on Formvar coated grids 

and post-stained as described above. Images were taken on a Hitachi TEM H-7100 with an AMT XR-16 camera using AMT Capture 

Engine software (Version V602.580.20d). Low magnification images were taken to identify the cell(s) of interest on the section and the 

orientation relative to the grid. Higher magnification images were taken for presentation. To correlate the light and electron micro

scopy images, an electron micrograph of an area of interest was chosen and the corresponding area within the light microscopy im

age was enlarged using Adobe Photoshop CS6, so the area/cell(s) were the same size as those in the electron microscopy image. 

These images were then correlated by identifying specific features (e.g., membrane protrusions, nucleus etc.) within both images and 

aligning them accordingly using Adobe Photoshop CS6. The light microscopy image was overlaid onto the electron micrograph using 

the ‘Screen’ function in Adobe Photoshop.
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Transfection and quantification

BLOC-1-deficient melanocytes were cultured on glass coverslips without cAMP-elevating agents as described above. When cells 

were ∼70% confluent they were transfected with 500 ng of either OCA2 (pCR3/OCA2-HA66) or SLC45A2 (pCI-HA-SLC45A212) using 

Lipofectamine 3000 (ThermoFisher) as per the manufacturer’s instructions. After 48 hours the cells were fixed and processed for IFM 

as described above. The identity of the cells and plasmids used on the coverslips was blinded before immunolabelling with anti- 

LAMP2, anti-HA tag and DAPI and confocal microscopy analysis as described above. In total at least 150 HA-tag positive cells 

were imaged for each transgene from at least 3 independent experiments and the percentage of HA-positive cells which were pig

mented was quantified. Examples of the distinction between unpigmented and pigmented cells can be found in Figure S6A and is 

based on a similar analysis previously described.12

Lysosomal pH measurements

In vitro calibration curves were generated using the pH sensitive fluorophore Oregon Green conjugated to 10,000 MW dextran as 

previously described.60,61 Briefly calibration buffers containing 120 mM KCl, 20 mM NaCl, 1 mM MgSO4, 20 mM 4-(2- 

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.5 mM CaCl2, and 10 mM glucose were adjusted to different pH values 

(pH 2 - 8). 50 μg/ml Oregon-Green Dextran (InvitroGen) was then diluted into each of these different pH buffers and transferred to 

a black-wall 96 well plate (Greiner Bio-One). The fluorescence intensity was measured on a BioTek Synergy LX multi-mode reader 

at room temperature. Calibration curves were generated by normalizing the fluorescence intensity of each pH value to the maximal 

fluorescence measured at pH 7 and curves were fitted using a four-parameter logistic model100 using GraphPad Prism (Version 

10.2.1). From this, the pKa and the Hill coefficient were calculated.

For in vivo calibration curves, melan-a cells were cultured in black-wall 96 well plates (Greiner Bio-One) for 6 days. The medium was 

removed, and cells were washed once with PBSA and incubated overnight with 250 μg/ml Oregon-Green Dextran (InVitroGen) in full 

growth medium. The next day the medium was removed and the cells were washed 3 times with PBSA and incubated with full growth 

medium for 2 hours to enable the fluorescently-labelled dextrans to reach terminal lysosomes. The medium was then removed, cells 

were washed twice with PBSA and then were incubated with calibration buffer at pH 7 (as described above). Baseline fluorescence 

intensity measurements were recorded using BioTek Synergy LX multi-mode reader at room temperature. The pH 7 calibration buffer 

was removed and replaced with calibration buffers at various pH values (pH 3.5 - 8.0; as described above) containing 5 μM nigericin 

and 5 μM monensin as previously described.60 Fluorescence intensity was measured on a BioTek Synergy LX multi-mode reader at 

room temperature over 20 minutes to allow for equilibration. Calibration curves were generated as described above. To visualize 

Oregon-Green Dextran labelled lysosomes, BLOC-1-deficient melan-pa melanocytes were transiently transfected to express 

LAMP1-tdTomato (as described above) and subsequently exposed to Oregon Green-Dextran for 16 hours followed by a 2 hour chase 

period. Cells were then fixed and imaged by confocal microscopy as described above.

To measure the pH of lysosomes, melanocytes were first plated at 3 x 104 cells/ml in black-wall 96 well plates (Greiner Bio-One) in 

the presence or absence of CT, NDP-MSH or forskolin for 6 days. The medium was removed and cells were washed once with PBSA 

and then incubated overnight with 250 μg/ml Oregon-Green Dextran in full growth medium containing the relevant cAMP-elevating 

agent or vehicle. The next day the medium was removed and the cells were washed 3 times with PBSA and incubated with full growth 

medium for 2 hours to enable the fluorescently-labelled dextrans to reach terminal lysosomes. The medium was then removed and 

cells were washed twice with PBSA and then incubated with pH 7 calibration buffer (as described above). Baseline fluorescence in

tensity measurements were recorded using BioTek Synergy LX multi-mode reader at room temperature (5 reads with a 30 second 

interval between each) and then 2 M ammonium chloride was added to determine Fmax. The background fluorescent values of un

labeled cells in pH 7 calibration buffer were subtracted from both the steady-state and Fmax values and lysosomal pH was calculated 

using an equation previously described60:

pH = pKa −

(
1

nH

)

⋅log

(
Fmax

F
− 1

)

where pKA is pH corresponding to 50% fluorescent intensity, nH is the Hill coefficient (both derived from the in vivo calibration curve), 

Fmax is the maximum fluorescent intensity (minus background fluorescence) upon the addition of ammonium chloride, and F is the 

steady state fluorescent intensity (minus background fluorescence). The assay was validated by comparing the steady state lyso

somal pH of untreated melanocytes with the lysosomal pH of melanocytes treated with the known lysosomal pH neutralizing agents 

BafA1 and MME (see Figure S5B).

To measure the pH of individual lysosomes, BLOC-1-deficient melan-mu melanocytes were plated at 3 x 104 cells/ml in 35 mm 

glass bottom dishes (VWR) in the presence or absence of 20 μM forskolin for 6 days. The cells were allowed to internalize 

Oregon-Green Dextran before a 2-hour chase as described above. The medium was then removed and cells were washed twice 

with PBSA and then incubated in pH 7 calibration buffer (without monensin or nigericin). Images were taken on an Olympus IX71 in

verted fluorescence microscope using a U-Plan-Apo 100x 1.35 NA objective with a Ixon3 EMCCD camera (Andor). The EMCCD cam

era was operated in frame transfer mode at full gain and cooled to -70◦C. 512 by 512 pixel images were acquired at 5 frames per 

second throughout the experiment. Epifluorescence measurements of Oregon-Green Dextran labeled lysosomes were acquired 

at steady-state and then immediately after exposure to 2 M ammonium chloride (to determine Fmax). The pH of individual lysosomes 

was derived from these epifluorescence measurements using a previously described macro in ImageJ101 and the parameters 

describing the relationship between Oregon-Green fluorescence and pH from the calibration curves is shown in Figure S4A. The 
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pH of late endosomes/lysosomes was quantified by measuring the mean intensity of individual organelles from images generated in 

ImageJ as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data are presented as mean or geometric mean ± SEM, except in Figures S3C, S3E, and S3G in which data are presented 

as mean ± SD. Statistics were calculated in GraphPad Prism (version 10.2.1) using one-way ANOVA with Dunnett’s multiple com

parison test or a post-hoc Tukey test, two-tailed student’s t-test or two-way ANOVA with a post-hoc Tukey test as specified in 

the figure legends. A p value < 0.05 was considered as statistically significant.
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