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Introduction
The endosomal system is a complex network of organelles and 
membrane subdomains with essential roles in eukaryotic cells 
for physiological processes such as nutrient uptake, macro-
molecule degradation, and signaling. The early endosomal network, 
comprising sorting and recycling endosomes, consists of vacu-
olar and tubulovesicular domains that promote trafficking to 
and from the cell surface or toward lysosomes or the TGN 
(Gould and Lippincott-Schwartz, 2009). Within endosomes, trans-
membrane cargoes are sorted into tubulovesicular intermediates 
bound for distinct destinations by interactions of cytoplasmic-
sorting signals with coat and coat-like protein complexes, in-
cluding the adaptors AP-1, -2, -3, and -4 (Bonifacino and Glick, 
2004). To effect cargo delivery toward target organelles, cargo 
sorting must be tied to membrane motility, as cytoskeletal dy-
namics regulate the positioning of endosomes and the formation 

and target delivery of vesicles and tubules (Soldati and Schliwa, 
2006). Interactions between Rab GTPases and molecular mo-
tors coordinate organelle positioning (Stenmark, 2009), but how 
cargo sorting is coupled to vesicle/tubule motility toward target 
membranes is not understood.

In most well-studied cells, the ability to link cargo sorting 
to organelle positioning and carrier motility is complicated by 
the redundancy of sorting pathways from early endosomes to-
ward lysosomes or the TGN. In contrast, some specialized cells 
harbor specialized organelles in which some of these pathways 
are essential for effective cargo delivery. These cells provide a 
unique model system to dissect mechanisms associated with 
a single early endosome–derived transport step. For example, 
lysosome-related organelles (LROs) are cell type–specific com-
partments that arise by delivery of specific cargoes from early 
endosomal intermediates (for review see Raposo and Marks, 
2007). Melanosomes, the pigment granules of skin and eye 
melanocytes and eye pigment epithelial cells, represent a class of 

 Specialized cell types exploit endosomal trafficking 
to deliver protein cargoes to cell type–specific 
lysosome-related organelles (LROs), but how endo-

somes are specified for this function is not known. In this 
study, we show that the clathrin adaptor AP-1 and the 
kinesin motor KIF13A together create peripheral recycling 
endosomal subdomains in melanocytes required for cargo 
delivery to maturing melanosomes. In cells depleted of 
AP-1 or KIF13A, a subpopulation of recycling endosomes 
redistributes to pericentriolar clusters, resulting in seques-

tration of melanosomal enzymes like Tyrp1 in vacuolar 
endosomes and consequent inhibition of melanin synthe-
sis and melanosome maturation. Immunocytochemistry, 
live cell imaging, and electron tomography reveal AP-1– 
and KIF13A-dependent dynamic close appositions and 
continuities between peripheral endosomal tubules and 
melanosomes. Our results reveal that LRO protein sorting 
is coupled to cell type–specific positioning of endosomes 
that facilitate endosome–LRO contacts and are required 
for organelle maturation.

AP-1 and KIF13A coordinate endosomal sorting 
and positioning during melanosome biogenesis

Cédric Delevoye,1,4 Ilse Hurbain,1,2,4 Danièle Tenza,1,2,4 Jean-Baptiste Sibarita,2,4 Stéphanie Uzan-Gafsou,3,4  
Hiroshi Ohno,5 Willie J.C. Geerts,6 Arie J. Verkleij,6 Jean Salamero,2,3,4 Michael S. Marks,7 and Graça Raposo1,2,4

1Structure and Membrane Compartments, 2Cell and Tissue Imaging Facility (IBiSA), 3Molecular Mechanisms of Intracellular Transport, and 4Centre Nationale de la 
Recherche Scientifique, UMR 144 Institut Curie, Centre de Recherche, Paris F-75248, France

5Research Center for Allergy and Immunology, RIKEN, Yokohama, Kanagawa 230-0045, Japan
6Department of Cellular Architecture and Dynamics, Universiteit Utrecht, Utrecht 3584 CH, Netherlands
7Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA 19104

© 2009 Delevoye et al.  This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a 
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, 
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/187/2/247/1900580/jcb_200907122.pdf by guest on 08 February 2026



JCB • VOLUME 187 • NUMBER 2 • 2009� 248

Figure 1.  Depletion of AP-1 inhibits melanogenesis and results in Tyrp1 accumulation in endosomal vacuoles. (A) MNT-1 cells treated with control siRNA 
(si Ctrl) were analyzed by ultracryomicrotomy (a) or conventional EM (b). (a) In control-inactivated cells, Tyrp1 is detected in vesicles close to the Golgi 
apparatus in vacuolar endosomes (arrowheads) and in AP-1–positive vesicles and tubules in the vicinity of endosomes (arrows) and pigmented melanosomes 
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This suggested that AP-1 functions in melanosomal cargo deliv-
ery. In addition, the detection of many AP-1– and AP-3–coated 
buds near melanosomes (Theos et al., 2005) led us to hypothe-
size that LRO-containing cells exploit specialized mechanisms 
not only for vesicle formation and targeting but also for the main-
tenance and positioning of endosomal domains to ensure effi-
cient cargo transfer to LROs. If cargo sorting were functionally 
linked to endosomal positioning, adaptors might play a key role 
in both processes.

Using gene silencing and imaging approaches, we show 
that AP-1 is required for trafficking of at least one cargo, Tyrp1, 
from endosomes to maturing melanosomes. The endosomal 
sorting function of AP-1 requires its interaction with the micro-
tubule plus end–directed motor KIF13A. Importantly, this re-
quirement correlates with a function for AP-1 and KIF13A in 
creating, maintaining, and positioning subdomains of the re
cycling endosomal system, which establish direct continuities 
with maturing melanosomes. Our findings show how a coat pro-
tein and a microtubule motor coordinately regulate endosomal 
sorting and endosome positioning to facilitate interorganellar 
cross talks essential for organelle biogenesis.

Results
Functional AP-1 is required for 
melanosomal cargo exit from endosomes
The cytoplasmic domain of Tyrp1 binds in vitro to AP-1 (Theos 
et al., 2005), and Tyrp1 coimmunoprecipitates with AP-1 in vivo 
(see Fig. 5 E). Moreover, a cohort of Tyrp1 is localized at steady 
state in endosomes (Fig. 1 A, arrowheads) and in AP-1–coated 
vesicles and tubules (Fig. 1 A, arrows), many of which are de-
tected within 0.5 µm of melanosomes (Raposo et al., 2001). 
These compartments likely represent intermediates in the biosyn-
thetic delivery of Tyrp1 from endosomes to forming stage III/IV 
melanosomes (Fig. 1 A, b). To test whether AP-1 is required for 
melanogenic protein delivery to melanosomes, we analyzed pig-
mentation and Tyrp1 localization in melanocytic MNT-1 cells 
depleted of AP-1. Treatment of MNT-1 cells with siRNAs target-
ing µ1A (Fig. 1 B) decreases expression of the indicated AP-1 
subunit by 80 ± 7%. Relative to control cells, melanin content 
in AP-1–depleted cells is reduced by >40% (Fig. 1, C and D). In 
contrast, inactivation of the related AP-3 complex, which medi-
ates melanosomal delivery of a cohort of tyrosinase, decreases 
melanin content by only 20% (Fig. 1 D), paralleling the substan-
tial pigmentation of AP-3–deficient mouse melanocytes (Theos 

LROs that segregate from the conventional endocytic pathway 
and coexist with late endosomes and lysosomes. Specialized 
pathways divert cargoes from conventional compartments toward 
melanosomes (for review see Raposo and Marks, 2007), making 
these organelles an excellent model system to define how protein 
sorting and endosome motility are linked.

Melanosomes mature through four distinct morphological 
stages (Seiji et al., 1963), beginning with the transformation of 
vacuolar endosome intermediates (stage I) into nonpigmented 
stage II premelanosomes bearing intralumenal fibrillar sheets 
(Hurbain et al., 2008) upon which melanin ultimately deposits. 
Melanin synthesis in late-stage (III and IV) melanosomes re-
quires the selective targeting of integral membrane melano-
genic enzymes, such as tyrosinase and Tyrp1 (tyrosinase-related 
protein 1), and other components that regulate enzyme activity, 
from early endosomal intermediates to stage II melanosomes 
(for review see Raposo and Marks, 2007). Among the machin-
ery that regulates cargo delivery to maturing melanosomes are 
the products of genes that are mutated in Hermansky–Pudlak 
syndrome (HPS), a group of multisystem genetic disorders of 
LRO formation characterized by hypopigmentation and other 
systemic defects (Wei, 2006; Huizing et al., 2008). Most of the 
genes that are defective in HPS encode subunits of four ubiq-
uitously expressed cytoplasmic multisubunit complexes, the 
adaptor AP-3 and BLOC-1 (biogenesis of LRO complex 1), 
-2, and -3 (Dell’Angelica, 2004). Studies in melanocytes from 
HPS patients and their mouse models revealed that cargoes 
destined for melanosomes emerge from distinct domains on 
early endosomes by at least two pathways that require AP-3 
and BLOC-1/BLOC-2, respectively (Huizing et al., 2001; 
Helip-Wooley et al., 2005; Theos et al., 2005; Di Pietro et al., 
2006; Setty et al., 2007, 2008). However, neither the nature of 
the endosomal subdomains from which these complexes func-
tion nor the precise role for other effectors within these path-
ways has yet been established.

Among additional suspected effectors of melanosomal 
enzyme trafficking, the adaptor AP-1 is thought to function in 
an alternative pathway to the one regulated by AP-3, permitting 
pigmentation of AP-3–deficient cells (Theos et al., 2005). Like 
AP-3, AP-1 binds in vitro to cytoplasmic targeting signals on 
tyrosinase and OCA2 (Theos et al., 2005; Chapuy et al., 2008; 
Sitaram et al., 2009). Moreover, AP-1 uniquely binds to a tar-
geting signal on Tyrp1 (Theos et al., 2005) and is detected in 
melanocytic cells on coated vesicles and buds that are enriched 
in tyrosinase and Tyrp1 (Raposo et al., 2001; Theos et al., 2005). 

(inset, arrows). (b) Control cells show different melanosomal stages including unpigmented (stage I) and pigmented melanosomes (stages III and IV).  
G, Golgi apparatus; M, melanosome; PM, plasma membrane; End, endosome; I–IV, stages I–IV. (B) Western blot analysis of lysates of MNT-1 cells treated 
with control, AP-1 (µ1A), and AP-3 (3A) siRNAs using SA4 ( subunit of AP-3), anti-µ1A, or anti–-tubulin antibodies as a loading control. (C) MNT-1 cells 
treated with control (a and b) or µ1A/-adaptin (c and d) siRNAs were labeled for AP-1 (-adaptin subunit) and observed by IFM (a and c) and bright field 
microscopy (b and d). Note the decrease of pigmented melanosomes in AP-1–depleted cells (arrows). (D) Evaluation of melanin content of cells treated 
with control, AP-1 (µ1A), or AP-3 (3A) siRNAs. Data represent four replicates ± SD; *, P < 0.05. (E) Cells treated with AP-1 siRNAs were analyzed as de-
scribed in A. (a) In inactivated cells, the bulk of Tyrp1 localizes to vacuolar endosomes (arrows). (b) Pigmented melanosomes are barely observed in AP-1– 
depleted cells. These cells accumulate vacuolar endosomes often displaying cytosolic coats (arrows). Characteristic stage II premelanosomes are observed in  
AP-1–depleted cells (b, inset). (F) Western blot analysis of lysates of MNT-1 cells treated with control or AP-1 siRNAs using anti-µ1A, Tyrp1, or anti–-tubulin 
antibodies as a loading control. (G) Quantification of immunogold labeling for Tyrp1 on ultrathin cryosections. Localization of an equivalent number of gold 
particles in each sample was assessed relative to the indicated cell compartments. Data are presented as mean ± SD. Vac Endo, vacuolar endosome; TVE 
Endo, tubulovesicular endosomes associated to endosomes; MVB, multivesicular body; Mel, melanosome; TVE Mel, tubulovesicular endosomes associated 
to melanosomes; Lyso, lysosome; Vesic, vesicle. (B and F) Molecular masses are given in kilodaltons. Bars: (A and E) 200 nm; (C) 10 µm.
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et al., 2005). These numbers likely underestimate the require-
ment for AP-1 and -3 in new pigmentation because they include 
melanosomes premade before siRNA treatment. To test whether 
AP-1 influences melanosomal enzyme trafficking and melano-
some maturation, we assessed Tyrp1 localization upon AP-1 
depletion by immuno-EM (IEM; Fig. 1 E, a) and analyzed me-
lanosome morphology by conventional EM (Fig. 1 E, b). AP-1– 
deficient cells show a reduced number of mature melanosomes 
and an accumulation of vacuolar compartments with morpho-
logical features of endosomes (electron-lucent vacuoles with few 
intraluminal vesicles and cytosolic coats) where Tyrp1 accumu-
lates (Fig. 1 E, arrows). Unpigmented stage II premelanosomes 
are still observed (Fig. 1 E, inset), indicating that AP-1 is not 
required for their formation. Together, these data indicate that 
AP-1 is required for maturation of stage III/IV melanosomes. 
Tyrp1 expression levels, determined by immunoblotting, are not 
consistently altered in AP-1–deficient cells relative to controls 
(Fig. 1 F), indicating that reduced melanogenesis does not reflect 
melanogenic enzyme degradation or cellular dedifferentiation. 
Quantitative analysis of immunogold labeling on ultrathin cryo-
sections shows that Tyrp1 localization is dramatically altered by 
AP-1 deficiency (Fig. 1 G). Although Tyrp1 in control cells local-
izes primarily to melanosomes (53 ± 7%) and tubulovesicular 
endosomes in proximity to melanosomes (24 ± 0.2%), Tyrp1 in 
AP-1–deficient cells accumulates instead in vacuolar endosomes 
(58 ± 5%; Fig. 1 E, a, arrows). These data indicate that in the 
absence of AP-1, sorting of Tyrp1, and likely of other cargoes 
required for pigmentation, from endosomes and consequent 
melanosome maturation are impaired. The results imply that 
AP-1 functions in the selective removal of melanosomal cargoes 
from endosomes into carriers destined for maturing melanosomes.

AP-1 functions from peripheral recycling 
endosome subdomains that are apposed  
to maturing melanosomes
We next sought to characterize the endosomal compartments 
from which AP-1 functions in melanocytic cells. By immuno-
fluorescence microscopy (IFM), AP-1 is distributed in punctate 
structures throughout MNT-1 cells (Fig. 2 A, b, f, and j) and is not 
highly enriched in the Golgi/perinuclear area, as is observed in 
other cell types (Waguri et al., 2003). AP-1 in these cells repre-
sents the ubiquitous AP-1A isoform and not AP-1B, which func-
tions in polarized sorting to the basolateral cell surface of epithelial 
cells (Fölsch et al., 2001) because RT-PCR analysis shows that 
MNT-1 cells express only the µ1A subunit of AP-1 and not µ1B 
(Fig. S2 B) as previously reported (Valencia et al., 2006).

To identify the compartment with which AP-1 associates, 
-adaptin was localized relative to early sorting or recycling 
endosomes labeled by transferrin (Tf) conjugated to Alexa Fluor 
488 (Tf-A488) that was internalized for various times or by 
antibodies to Rab11 (recycling endosomes; Ullrich et al., 1996) 
and EEA1 (sorting endosomes; Simonsen et al., 1998). Tf-A488 
that was internalized constantly for 45 min labeled primarily 
recycling endosomal domains because it partially codistributed 
with Rab11 (Fig. S1 B, arrows) but not with EEA1, LAMP-1, or 
TGN46 (Fig. S1, A, C, and D, respectively). Although not fully 
overlapping, most of the AP-1 signal, like that of Rab11, was 

adjacent to Tf-loaded compartments after 45 min of internaliza-
tion (Fig. 2, A [a–d, arrows] and B [quantification]) or pulsed 
for 10 min followed by 30 min of chase (not depicted). Consis-
tently, the AP-1–containing puncta also abut Rab11-labeled 
structures (Fig. 2, A [h, arrows] and B; Ullrich et al., 1996) but 
not EEA1-labeled structures (Fig. 2 A, i–l). These observations 
indicate that AP-1 localizes to peripherally distributed sub-
domains of recycling endosomes.

The peripheral distribution of contiguous AP-1–, Rab11-, 
and Tf-containing recycling endosomal domains in pigmented 
melanocytic cells contrasts with classical recycling endosomes 
that concentrate in the pericentriolar region in other cell types 
(Hopkins et al., 1994), although it resembles the peripheral re-
cycling endosome network in macrophages (Cox et al., 2000). 
Intriguingly, these recycling endosomal domains are often de-
tected adjacent to Tyrp1-containing melanosomes (Fig. S1 F, 
arrowheads) but not to Pmel17-containing early-stage melano-
somes or LAMP-1–containing late endosomes/lysosomes  
(Fig. S1, C and E). Consistently, IEM analyses show that the 
tubules that are most closely apposed to melanosomes are filled 
with Tf-biotin conjugates (Tf-biot) only after 45 min of inter-
nalization (Fig. 2 C). Many of these tubules bear AP-1 buds 
(Fig. 2 C, b, arrows) and are distinct from EEA1-labeled tubules 
and vacuoles (Fig. S2 A, black star) that are filled by Tf-biot 
after 10 min of internalization (Fig. S2 A, a and b). Moreover, 
some 45-min Tf-biot–labeled endosomal tubules contact and 
even surround mature, pigmented melanosomes (Fig. 2 C, a, 
arrows) but not Pmel17-containing early-stage melanosomes 
(Fig. S2 A, white star). These data show that AP-1 resides on 
peripheral tubulovesicular domains of recycling endosomes that 
are specifically apposed to mature melanosomes.

Because AP-1 is required for Tyrp1 transport from endo-
somes to melanosomes, we hypothesized that the peripheral re-
cycling endosomal AP-1/Tf–containing domains are conduits for 
melanosomal delivery of Tyrp1. If correct, a cohort of Tyrp1 
in transit should be detected in them. Although low resolution 
impedes detection of these intermediates by IFM (Fig. S1 F), 
qualitative and quantitative evaluation by IEM reveals that a 
significant fraction (24 ± 0.2%) of Tyrp1 localizes to endo-
somal intermediates and AP-1–coated vesicles near melanosomes 
(Fig. 1, A [a] and G). Consistently, the Tf-biot–filled tubules 
that are apposed to melanosomes are labeled for Tyrp1 (Fig. 2 C, 
c and d, arrows) but not for the early-stage melanosomal pro-
tein Pmel17 (Fig. S2 A, d). These results support the hypothesis 
that the peripherally distributed recycling endosomes func-
tion in biosynthetic cargo delivery to maturing melanosomes. 
Moreover, they suggest that specialized cells exploit peripheral 
positioning of recycling endosomal domains to divert cargoes 
toward tissue-specific LROs.

AP-1 is required for the peripheral 
distribution of recycling  
endosome subdomains
To test whether AP-1 plays a role in establishing the unusual 
peripheral distribution of recycling endosome subdomains and 
the endosome–melanosome network, we analyzed endosome 
positioning in MNT-1 cells that were depleted of AP-1A by 
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Figure 2.  AP-1 and Tyrp1 localize to subdomains of the recycling compartment adjacent to melanosomes. (A) MNT-1 cells that had internalized Tf-A488 
for 45 min were analyzed by IFM after labeling for AP-1 (-adaptin; a–d), Rab11 (e–h), or EEA1 (i–l). Single labeling is shown in columns 1 and 2, merged 
images in 3, and magnified insets (of boxed areas) in 4. Note that AP-1 partially overlaps with Tf-A488 (a–d, arrows) and Rab11 (e–h, arrows) but not 
with EEA1 (i–l). (B) Quantification of colocalization between Tf and EEA1, Rab11, or -adaptin in IFM experiments as described in A. Data are presented 
as mean ± SD. (C) MNT-1 cells that had internalized Tf-biot for 45 min were processed for ultrathin cryosectioning and single immunogold labeled for 
biotin (PAG10; a) or double immunogold labeled for biotin (PAG10) and -adaptin (PAG15; b) or for Tyrp1 (PAG 15; c and d). After 45 min of internaliza-
tion, Tf-biot localizes to a tubular network that is close to and surrounds melanosomes (a and inset, arrows). These Tf-positive tubules often bear AP-1 buds  
(b, arrows). Tyrp1 is present on the limiting membrane of pigmented melanosomes (M) and is also detected on the Tf-positive tubules (c and d, arrows). 
Bars: (A) 10 µm; (C) 200 nm.
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Figure 3.  AP-1 is required for the peripheral distribution of recycling endosomal domains. (A) IFM analysis of MNT-1 cells treated with control (a–e) or 
µ1A/-adaptin (f–j) siRNAs that had internalized Tf-A488 for 45 min (a and f) and labeled for AP-1 (-adaptin; b and g) and the Golgi marker GM130  
(c and h). Single labeling (columns 1–3), merged images (column 4), and magnified insets (of boxed areas; column 5) are shown. Note that Tf-A488– 
containing endosomes were clustered in the peri-Golgi area of AP-1–depleted cells (f–i, arrows). (B) MNT-1 cells treated with control (a–c) or 3A (d–f) siRNAs 
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in other cell types (Nakagawa et al., 2000), the monomeric form 
of KIF13A is detected in anti–AP-1 immunoprecipitates from 
MNT-1 cell lysates (Fig. 4 C), and reciprocally, -adaptin is 
coimmunoprecipitated with anti-KIF13A (Fig. S3 C, bottom). 
This interaction is specific because preincubation of the lysate 
with a blocking peptide corresponding to the epitope recognized 
by the KIF13A antibody abolishes both KIF13A and -adaptin 
enrichment in immunoprecipitates (Fig. S3 C).

To test whether KIF13A functions in AP-1–dependent 
endosome positioning, we inactivated KIF13A using three dif-
ferent siRNAs that decreased steady-state KIF13A levels by 
78, 82, and 53 ± 10% (Fig. 4 B and Fig. S3 B). As for AP-1 
(Fig. 3 A), depletion of KIF13A results in the pericentriolar 
accumulation of a pool of recycling endosomal domains labeled 
by both Tf-A488 internalized for 30 min and Rab11 (Fig. 4 E,  
arrows). Quantification of the clustering of Tf-containing endo-
somes near the Golgi region showed that depletion of either 
KIF13A or AP-1 resulted in a nearly twofold increase in “com-
paction” relative to cells treated with control or AP-3 siRNA 
(Fig. 4 D). AP-1 was also redistributed upon KIF13A deple-
tion (Fig. 4 F), resulting in a 60% increase in labeling near the 
TGN (Fig. 4 G). In contrast, as observed for AP-1 (Fig. S1, A, C, and 
E), KIF13A depletion did not affect the distribution of EEA1, 
LAMP-1, and Pmel17 (Fig. S3, d–l). To confirm the specificity 
of the phenotype, cells were analyzed 2 d after siRNA micro-
injection. Tf- and Rab11-containing recycling endosomes were 
clustered in 50% of cells microinjected with AP-1 or KIF13A 
siRNAs but not with control siRNA (Fig. S4 B). Finally, clus-
tering of Tf- and Rab11-containing recycling endosomes was 
also observed upon expression of a dominant-negative form of 
KIF13A fused to GFP (Fig. S4 A, arrows). Together, these data 
show that KIF13A is required for the peripheral distribution of 
AP-1–positive recycling endosomal subdomains in melanocytes 
and suggest that AP-1 and KIF13A cooperate to target recycling 
endosomes toward the cell periphery.

If the KIF13A-dependent distribution of recycling endo
somal domains is required for efficient transfer of selected 
cargoes from endosomes to melanosomes, KIF13A depletion 
should disrupt cargo delivery and consequent melanosome matu-
ration. Consistent with this prediction, MNT-1 cells treated with 
KIF13A-specific siRNA have dramatically reduced numbers  
of mature melanosomes, as evaluated by conventional EM  
(Fig. 5 A), and a 40% reduction in melanin content (Fig. 5 D) rel-
ative to controls (Fig. 1, A [b] and G). Concomitantly, KIF13A-
depleted cells accumulate vacuolar compartments similar to 
those observed in AP-1–depleted cells (Fig. 5 A, arrows) that 
accumulate Tyrp1 (Fig. 5 B, b, arrows) and that are dispersed 
throughout the cytoplasm (Fig. S3 A, n). In these cells, Tyrp1 is  

RNA inhibition. Cells were treated with siRNAs to AP-1 sub-
units as in Fig. 1 B (Fig. 3, A and D) or to the 3A subunit of 
AP-3 as a control (Fig. 3 B). Remarkably, although in control 
cells recycling endosomal domains were evenly distributed, in 
cells treated with siRNA to µ1A or µ1A and -adaptin, a large 
fraction of them clustered near the Golgi (Fig. 3 A, compare a 
with f). This distribution, also apparent upon labeling for Rab11 
(Fig. 3 D, compare b with e), resembled the pericentriolar ac-
cumulation of recycling endosomes in other cell types (Hopkins 
et al., 1994). Clustering was observed only upon depletion of 
AP-1 and not of the related AP-3 complex (Fig. 3 B) and was 
quantified as a substantial shift in the distribution of distances 
between the Tf-A488–labeled structures and the center of the 
Golgi (labeled for GM130; Fig. 3 C). Clustering was specific 
for subdomains of early recycling endosomes because the distri-
bution of sorting endosomes and lysosomes, labeled by EEA1 
and LAMP-1, respectively, was unchanged (Fig. 3 D, g–l).  
AP-1 depletion did not affect Tf internalization (measured as 
accumulation of Tf-A488 after 10 min of uptake at 37°C or 
after 30 min when inhibiting recycling at 19.5°C; Fig. 3 E) but 
did result in slightly more rapid Tf recycling (measured as loss 
of Tf-A488 fluorescence after 30 min of chase; Fig. 3 E, a), 
corroborating evidence that pericentriolar recycling endosomes 
facilitate efficient Tf recycling (Maxfield and McGraw, 2004). 
Collectively, these results indicate that AP-1 is required for the 
peripheral distribution of a cohort of recycling endosomal do-
mains in melanocytic cells.

KIF13A cooperates with AP-1 for 
endosome polarization and melanosomal 
protein sorting
The loss of peripheral localization of endosomes upon AP-1 
depletion might reflect a role for this adaptor at a step required 
for endosome motility toward melanosomes. AP-1 can physi-
cally associate with KIF13A (kinesin superfamily protein 13A), 
a plus end–directed microtubule motor of the kinesin family 
(Nakagawa et al., 2000). KIF13A, via interaction with AP-1, 
was proposed to mediate TGN to plasma membrane move-
ment of vesicles containing the mannose 6-phosphate receptor  
(Nakagawa et al., 2000) and thus is a good candidate to mediate  
AP-1–dependent peripheralization of recycling endosomal do-
mains in melanocytes. By IFM, KIF13A labeling in MNT-1 cells 
partially overlaps with peri-Golgi and peripheral AP-1 puncta 
(Fig. 4 A, a-d, arrows) and with Tf-loaded endosomes (Fig. 4 A, 
e–h, arrows), suggesting that a cohort of KIF13A functions with 
AP-1 within the endosomal system. By Western blot analysis, 
treatment with KIF13A-specific siRNA extinguishes a band 
corresponding to its predicted molecular weight (Fig. 4 B). As 

that had internalized Tf-A488 for 45 min (a and d) were labeled for GM130 (b and e). Single labeling (columns 1 and 2) and merged images (column 3)  
are shown. (C) Quantitative evaluation of the distribution of Tf-positive endosomes in cells transfected with control, µ1A, or 3A siRNAs. Results are 
presented as a histogram of the mean distance (from >30 cells each) of Tf-loaded endosomes from the center of the Golgi apparatus labeled by GM130. 
(D) MNT-1 cells were treated with control (a–c) or µ1A-specific siRNAs (d–l), incubated with 10 µg/ml Tf-A488 for 45 min, fixed, labeled with antibodies 
to Rab11 (b and e), EEA1 (h), or LAMP-1 (k), and analyzed by IFM. In AP-1–inactivated cells as compared with control cells (a–c), note the peri-Golgi  
clustering of endosomes labeled with Tf-A488 and Rab11 (d–f, arrows) but not with EEA1 (g–i, arrows) or LAMP-1 (j–l, arrows). (E) Quantification 
of Tf accumulation in cells treated with control or µ1A/-adaptin siRNAs. Mean intensity of total Tf-A488 fluorescence (a) and -adaptin labeling (b) was 
measured and presented as mean ± SD. Bars, 10 µm.
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Figure 4.  AP-1 and KIF13A function together on the peripheral localization of recycling endosomes. (A) MNT-1 cells were fixed in cold methanol, and 
endogenous KIF13A localization (a and d) was assessed relative to AP-1 (b) or Tf internalized for 45 min (f). Single labeling is shown in columns 1 and 2, 
merged images in column 3, and magnified insets (of boxed areas) in column 4. KIF13A-labeled tubular and punctate structures partially overlap with 
-adaptin (d, arrows) and internalized Tf (h, arrows). (B) Western blot analysis of lysates of cells treated with control (Ctrl), AP-1 (µ1a), or KIF13A siRNAs 
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for a short period of time. This suggests that Tf-A488 is not 
appreciably delivered to melanosomes, corroborating IEM data 
(Fig. 2 C). These observations indicate that tubular endosomal 
domains dynamically contact melanosomes, which is consistent 
with a potential role in transient delivery of cell type–specific 
cargoes to maturing LROs.

To assess whether there is a spatial coincidence between 
Tf-A488 endosomes and melanosomes, the time-lapse images 
were subjected to quantitative analysis of the codistribution of 
endosomes and melanosomes. In the segmented images (Fig. 6 B),  
allowing tracking of each melanosome individually, the inten-
sity of the Tf-A488 signal per pixel was measured within a ra-
dius of 645 nm (5 pixels) of each melanosome throughout the 
acquisition. The frequency of detection of the binned fluores-
cent signal within the entire cell (Fig. 6 C, black), represent-
ing proximity of endosomes to all melanosomes, was compared 
with the frequency within a limited region (Fig. 6 A, b) that is 
enriched in endosomes and melanosomes (Fig. 6 C, red). The 
overall distribution of Tf-A488 fluorescence intensity through-
out the cell is broad. Although some melanosomes tracked over 
the time course have few closely apposed Tf-A488 endosomes 
(Fig. 6 C, left of the black diagram), others show a high fre-
quency of contacts (Fig. 6 C, right of the black diagram). The 
estimated time of contact between endosomes and individual 
melanosomes in consecutive frames of the time-lapse image 
(Fig. 6 D, red) indicates that once an endosome is close to a 
melanosome, their contact will last for a defined period of time 
(10 frames/30 s) independently of their location in the cell 
and their respective densities.

To better appreciate these contacts, we analyzed the  
endosomal–melanosomal network in MNT-1 cells by EM in 
cells that were preserved by high pressure freezing (HPF) and 
freeze substitution. In thin sections, melanosomes are typically 
surrounded by smooth, tubular elements (Fig. 7, a, arrows; and 
Fig. S5 A, a, arrows) that are distinct from rough ER (Fig. 7, a).  
To define the interface between the tubular elements and 
melanosomes, we used double-tilt 3D electron tomography on  
350–400-nm-thick sections (Hurbain et al., 2008). Double-
tilt series were recorded in regions of MNT-1 cell cytoplasm 
enriched in late-stage melanosomes and processed for tomo-
graphic reconstruction. Merged tilt series and tomographic 
slices (with or without manual contours) of a single represen-
tative melanosome are shown in Fig. 7 (b–g) and Videos 2–4. 
Analysis of individual slices (Fig. 7, b–g) and the 3D model  
of this organelle (Fig. 7, h; and Video 5) and others like it  
(Fig. S5 A) reveals that the membrane of some of the tubular 
elements apposed to melanosomes is continuous with the limiting 

nearly completely depleted from melanosomes and melanosome-
associated tubulovesicular profiles (Fig. 5 C, right). Although 
more AP-1–coated vesicles accumulate near the TGN in KIF13A-
depleted cells (Fig. 5 B, a, arrowheads) than in control cells 
(Fig. 5 C, left) as observed by IFM (Fig. 4, E and F), many 
of the peripheral vesicles are adjacent to the Tyrp1-containing 
vacuolar endosomes (Fig. 5, B [b, arrowheads] and C [left]), 
as expected for an interaction of AP-1 with the Tyrp1 sorting 
signal (Theos et al., 2005). Indeed, cross-linking experiments in  
control MNT-1 cells reveal a tripartite interaction between the 
motor, adaptor, and cargo; anti-Tyrp1 immunoprecipitates from 
lysates of cross-linked cells contained both -adaptin and KIF13A 
(Fig. 5 E). These data show that melanosomal cargoes interact 
with AP-1 and/or KIF13A and are trapped within endosomes in 
the absence of either KIF13A or AP-1. Thus, they indicate that 
the AP-1– and KIF13A-dependent formation of recycling endo-
somal tubules is required to deliver resident proteins to melano-
somes and therefore to generate mature LROs in melanocytes. 
Moreover, they suggest that AP-1 has a dual function in both 
cargo sorting and tubule formation/positioning.

Endosomal tubules contact melanosomes 
and become continuous with the 
melanosomal membrane
Having shown that peripheral recycling endosomal domains are 
conduits for melanosomal cargoes, we next sought to define the 
physical nature of these domains; are they donor membranes 
from which vesicles emerge that then fuse with nearby melano-
somes, or do they represent tubular structures that directly fuse 
with maturing melanosomes? To distinguish these possibilities, 
we used two approaches. First, we used live cell imaging to dis-
sect the interactions between these domains and melanosomes 
in real time. MNT-1 cells were incubated with Tf-A488 for  
30 min, and the fluorescent signal and bright field images (to 
visualize pigmented melanosomes) were acquired over 5 min by 
time-lapse confocal microscopy (Fig. 6 and Video 1). To better 
appreciate individual endosomes and melanosomes, the images 
were rendered binary (Angénieux et al., 2005). Many of the 
peripheral Tf-filled endosomal structures show a tubular mor-
phology (Fig. 6 A), and many of the tubules extend toward and 
remain near (within 650 nm) melanosomes for prolonged times 
(e.g., Video 1, at 3 min 18 s; and Fig. 6, A [b] and B [arrows]). 
Importantly, individual tubules do not statically associate with 
melanosomes but rather form a network of tubular structures 
that extend and retract from Tf-containing puncta to neighbor-
ing melanosomes (Fig. 6 B, arrows; and Video 1). Nevertheless, 
Tf-A488 does not consistently overlap with melanosomes, even 

using anti-KIF13A or anti-µ1A antibodies or anti–-tubulin as a loading control. (C)Anti-KIF13A or -adaptin immunoprecipitates from MNT-1 cell lysates 
were fractionated by SDS-PAGE and immunoblotted using KIF13A antibodies. Anti-KIF13A immunoprecipitates contain two bands corresponding to the 
monomeric and dimeric forms. Anti–-adaptin immunoprecipitates contain only the monomeric form. (D) MNT-1 cells were treated with control, µ1A, 3A, 
or KIF13A siRNAs and analyzed by IFM after internalization of Tf-A488. The intensity of fluorescence in the peri-Golgi area was evaluated as a compac-
tion factor. Data were normalized to the control and presented as mean ± SD. (E) After internalization of Tf-A488 (a and e), control (a–d) and KIF13A 
(e–h) siRNA–treated cells were fixed and double labeled for -adaptin (b and f) and Rab11 (c and g). Depletion of KIF13A results in peri-Golgi clustering 
of Tf-A488– and Rab11-positive endosomes (e, g, and h, arrows). Merged images and magnified insets (of boxed areas) are shown in column 4. (F) IFM 
analysis of control (a–c) and KIF13A (d–f) siRNA–treated cells that were double labeled for TGN46 (a and d) and -adaptin (b and e). (G) The distribution 
of -adaptin labeling in the vicinity of the Golgi was measured in cells treated with control or KIF13A siRNAs. (B and C) Molecular masses are given in 
kilodaltons. Bars, 10 µm.
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Figure 5.  Depletion of KIF13A inhibits melanogenesis and results in Tyrp1 accumulation in endosomal vacuoles. (A) Cells treated with control (a) or 
KIF13A (b) siRNAs were analyzed by conventional EM. KIF13A-depleted cells accumulate vacuoles with internal membrane vesicles (arrows). Stage II 
premelanosomes are not affected (arrowhead). (B) KIF13A-depleted cells were analyzed by IEM. Ultrathin cryosections were labeled for AP-1 (PAG15) and 
Tyrp1 (PAG10). Tyrp1 localizes to the limiting membrane of endosomal vacuoles (a and b, arrows). An enrichment of AP-1–positive vesicles are observed 
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AP-1 in melanosomal cargo recognition has been previ-
ously implicated (Theos et al., 2005; Chapuy et al., 2008), but 
where and how AP-1 functions in melanosome cargo delivery 
remained unclear. We show that AP-1A is enriched on buds 
emerging from Tf-containing endosomal tubules that partially 
overlap with Rab11 and that are adjacent to melanosomes. Thus, 
AP-1A functions predominantly on recycling endosomes in 
melanocytic cells, which is consistent with its role as an endo-
somal adaptor in other cell types (Le Borgne and Hoflack, 1997; 
Meyer et al., 2000). Moreover, we show that AP-1 is not only 
required to sort the melanosomal cargo protein Tyrp1 from 
endosomal domains toward melanosomes, but we also show 
that it is required for the positioning of these domains. Thus, 
AP-1 performs a dual function in melanocytic cells, sorting and 
positioning, both of which are required for efficient cargo deliv-
ery to maturing organelles.

The sorting function of AP-1 on endosomes is likely 
mediated by interactions with the cytoplasmic domains of Tyrp1 
and other melanosomal proteins (Theos et al., 2005; Sitaram 
et al., 2009). In the absence of functional AP-1, Tyrp1 becomes 
trapped in endosomal vacuoles, indicating that the interactions 
with AP-1 are required to draw Tyrp1 and perhaps other associ-
ated cargoes from the vacuoles into tubulovesicular intermediates 
bound for melanosomes. In contrast to melanosomal cargoes, 
the trafficking of bonafide recycling endosomal cargoes (e.g., 
the Tf receptor) appears to be AP-1 independent because AP-1 
depletion does not grossly affect the rate of Tf internaliza-
tion and modestly increases, rather than decreases, the rate of 
Tf recycling.

Through its effect on organelle positioning, AP-1 adds a 
novel function to recycling endosome subdomains in addition 
to their ubiquitous function in recycling. Indeed, the increased 
recycling of Tf in AP-1–depleted melanocytes likely reflects Tf 
recovery in pericentriolar recycling domains from a cohort of 
endosomes that are engaged with melanosomes in which Tf is 
entrapped. Despite this entrapment, protein sorting between the 
tubules and melanosomes is regulated; although Tyrp1 is pres-
ent in both the tubules and melanosomes, Tf in the tubules is ac-
tively excluded from melanosomes as indicated by the absence 
of internalized Tf conjugates in melanosomes by EM and by the 
absence of Tf delivery to melanosomes by video microscopy. 
This suggests that receptor-bound Tf is either rapidly removed 
from melanosomes after fusion or efficiently excluded from  
entry. Extensive further analyses will be required to distinguish 
these two possibilities.

Interestingly, AP-1 localizes in melanocytes (Raposo et al., 
2001; this study) and other cell types (Waguri et al., 2003; 
Håberg et al., 2008) not only to buds, implying a role in vesicle 
formation, but also to tubules, supporting a role in tubule 

melanosomal membrane (Fig. 7, c–h, arrows; note the green 
color from the red lumenal leaflet of the melanosome mem-
brane in g and h). To test whether these tubules represented the 
recycling endosomal domains shown in aforementioned figures, 
MNT-1 cells were analyzed by 3D tomography after they had 
internalized Tf-HRP for 45 min to fill recycling endosomal 
domains. Cells were chemically fixed (because of experimental 
constraints), and HRP activity was detected histochemically. As 
shown in Fig. S5 B (a and b), the tubular elements (Fig. S5 B, 
arrows) apposed to melanosomes are filled with Tf-HRP, show-
ing that they correspond to early endosomes (note that the con-
trast required to detect the electron-dense HRP reaction product 
precludes consistent detection of membranes in these images). 
In several cell profiles, the Tf-HRP–positive/melanosome- 
proximal tubules emanate from vacuolar endosomal domains 
(Fig. S5, B [a, arrows] and C [arrows]), identifying them as recy-
cling endosomes. Thick sections of the same cells were processed 
for tomographic reconstruction. Tomographic slices before and  
after manual contouring (Fig. S5 B, c and d; and Videos 6 
and 7) and the deduced 3D models (Fig. S5, B [e and f] and C  
[e and f]; and Video 8) highlight the continuities between the 
melanosome and the Tf-HRP–filled tubules that emanate from 
the vacuolar endosome (Fig. S5 C, d and e, arrows; and Videos 9 
and 10). These observations show that the limiting membranes 
of melanosomes establish physical connections by fusing with 
endosomal tubules.

Discussion
The endosomal recycling system subserves ubiquitous func-
tions such as constitutive membrane recycling to the plasma 
membrane, retrograde membrane transport to the Golgi, cyto-
kinesis, and cell–cell adhesion (van Ijzendoorn, 2006; Gould and 
Lippincott-Schwartz, 2009). Subcompartmentalization of this 
system is further specialized for essential processes such as cell 
polarity, phagocytosis, cell fate decisions, organelle generation, 
and regulated secretion (Bajno et al., 2000; Dugani and Klip, 
2005; Perret et al., 2005; Manderson et al., 2007; Uzan-Gafsou 
et al., 2007; Gould and Lippincott-Schwartz, 2009). These 
properties imply that different molecular machineries associate 
with recycling endosomal membranes to generate specialized 
subdomains. In this study, we show that the adaptor protein 
complex, AP-1, and an interacting microtubule motor, KIF13A, 
cooperate to generate recycling endosomal domains that are 
specified for communication with melanosomes, the melano-
cyte LRO. Importantly, these effectors cooperate both in cargo 
sorting and in positioning endosomes toward the cell periphery 
near melanosomes, permitting the formation of interorganellar 
tubular connections.

in the vicinity of the Golgi apparatus (a, arrowheads) and close to the vacuoles (b, arrowheads). (C) Quantification of immunogold labeling for AP-1 (left) 
or Tyrp1 (right) on ultrathin cryosections. Localization of an equivalent number of gold particles in each sample was assessed relative to the indicated cell 
compartments. (D) Evaluation of melanin content of cells treated with control or KIF13A siRNAs. (E) MNT-1 cells were cross-linked with DSP, lysed, and 
immunoprecipitated with Tyrp1 antibody. Immunoprecipitates were reduced in sample buffer to cleave the cross-linker, fractionated by SDS-PAGE, and 
immunoblotted using antibodies to Tyrp1, -adaptin, or KIF13A. Black lines indicate that intervening lanes have been spliced out. Molecular masses are 
given in kilodaltons. G, Golgi apparatus; I–IV, stages I–IV; Vac Endo, vacuolar endosome; TVE Endo, tubulovesicular endosomes associated to endosomes; 
MVB, multivesicular body; Mel, melanosome; TVE Mel, tubulovesicular endosomes associated to melanosomes; Lyso, lysosome; Vesic, vesicle. Data are 
presented as mean ± SD. Bars, 200 nm.
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indicate that KIF13A tonically positions recycling endosomes 
toward the periphery and likely pulls tubules from vacuolar 
domains toward melanosomes. This conclusion is supported by  
(a) coprecipitation of AP-1 and KIF13A from MNT-1 cell lysates, 
(b) partial overlap of the endogenous KIF13A with peripherally 
distributed AP-1 and Tf, and (c) pericentriolar clustering of  
AP-1 and Tf/Rab11 recycling endosome domains in KIF13A-
negative cells. The hypothesis that these features regulate mela-
nosome cargo delivery is supported by the detection of both 
AP-1 and KIF13A in anti-Tyrp1 immunoprecipitates and by the 

formation. Membrane tubulation is largely dependent on cyto-
skeletal elements, particularly microtubules (Roux et al., 2002), 
and thus, it is likely that AP-1 favors endosome tubulation via 
direct or indirect interactions with microtubule-associated pro-
teins (Orzech et al., 2001) and motors such as KIF13A (Nakagawa 
et al., 2000) or KIF5B, as reported recently (Schmidt et al., 
2009). Although KIF5B and KIF13A seem to share some 
similar properties, KIF5B localizes to the pericentriolar region 
and seems to favor AP-1–dependent transport of TGN-derived 
endosomal vesicles (Schmidt et al., 2009), whereas our data  

Figure 6.  Endosomal tubules dynamically contact melanosomes. (A) Spinning-disc confocal microscopy was used to capture concomitant movements of 
Tf-positive endosomes (green) and melanosomes (red). (a) View of an entire cell at 30 min after Tf uptake and a magnified view of the boxed area (b) are 
shown. Fluorescently labeled endosomes are distributed throughout the cell and are frequently observed in close contact with melanosomes as shown in the 
inset (b, arrows). Note that in regions of the cell with fewer melanosomes (e.g., at the periphery of the cell), Tf-positive endosomes also appear to contact 
melanosomes (a, arrowheads). (B) Consecutive time-lapse images and corresponding binary-rendered images of the boxed region illustrated in A during 
50 s are presented as a gallery. Note that melanosomes are found in close contact with endosomes (arrows). (C) The intensity of the Tf-A488 signal within 
5 pixels (645 nm) of melanosomes was measured during the length of the time-lapse acquisition. Graphs represent the frequency of distribution of binned 
Tf-A488 intensities in the vicinity of all tracked melanosomes in the cell (black graph) and all melanosomes within the boxed region in A (red graph). Note 
the coincidence between both melanosome and endosome densities. (D) The intensity of the Tf-A488 signal was measured as in C, and the averaged time 
(mean frame number) of contact between individual, tracked melanosomes with individual Tf-A488–binned objects (red graph) was evaluated. Note that 
the time of contact between melanosomes and endosomes is stable regardless of the density of melanosomes (Video 1). Bars: (A) 10 µm; (B) 2 µm.
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Figure 7.  Endosomal tubules are continuous with the melanosome limiting membrane. (a) Low magnification EM analysis of thin sections of MNT-1 cells 
fixed by HPF. Several smooth tubules are close to and surround melanosomes (arrows). Note the distinction of these smooth tubules from the rough ribo-
some-studded ER. (b–f) Successive slices through the tomographic volume highlight continuities between the vesicular/tubular membranes and the  
melanosomal membrane (arrows). The ER, studded with ribosomes, is close to the melanosome but does not show continuities. Insets show magnified views of 
the boxed area. (g and h) Membranes in consecutive tomogram slices are manually contoured; one slice is shown in g, and the deduced 3D model is shown 
in h. Tubular membranes (green) that are continuous with the melanosome limiting membrane (red) are indicated by arrows. See Video 2 for tilt images,  
Video 3 for tomographic reconstruction, Video 4 for manual contouring, and Video 5 for a 3D model. M, melanosome; PM, plasma membrane. Bars, 200 nm.
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premelanosomal protein Pmel17, strongly supports their func-
tion as conduits for cargo into and/or out of maturing melano-
somes. Therefore, our study provides evidence for the transfer 
of cargoes between early endosomes and postendosomal organ-
elles via direct tubular connections rather than vesicular transport 
as has been reported during kiss and run fusion of late endo-
somes and lysosomes (Bright et al., 2005). Interestingly, matura-
tion of cytolytic granules, cytotoxic T cells LRO, also requires 
fusion events with endosomal compartments (Ménager et al., 
2007). It is therefore possible that analogous mechanisms oper-
ate for the generation of multiple LROs.

In conclusion, we propose that interactions between an 
adaptor protein complex and a molecular motor link cargo 
sorting and endosome positioning to create specialized sub-
domains of the endosomal recycling system that can be used as 
gated conduits by which only cell type–specific cargoes are 
delivered to maturing LRO. How this gateway is maintained is 
not known but might be the target of mutation in genetic dis-
eases such as HPS.

Materials and methods
Antibodies
Mouse monoclonal anti-Tyrp1 (ab3312), HMB-45 to Pmel17 (ab787), 
anti-EEA1 (ab15846), anti-CD9 (ab19761), and rabbit polyclonal anti–-
tubulin (ab6046) were obtained from Abcam. Mouse monoclonal H4A3 
to human LAMP-1 was obtained from BD. Sheep anti–human TGN46 was 
obtained from AbD Serotec, mouse monoclonal anti–-adaptin (clone 
100/3) was obtained from Sigma-Aldrich, anti-GM130 rabbit polyclonal 
antibody was obtained from EMD, and rabbit polyclonal to KIF13A was 
obtained from Bethyl Laboratories, Inc. (A301-077A). The rabbit poly-
clonal antibody to full-length recombinant Rab11A was described previ-
ously (Wilcke et al., 2000). Rabbit polyclonal antibodies to µ1a and 
EEA1 and the mouse mAb (SA4) to the AP-3  subunit were provided 

inhibition of melanogenesis and impairment of Tyrp1 traffick-
ing from vacuolar endosomes in cells depleted of either AP-1 or 
KIF13A. Based on these data, we propose the following specu-
lative model (Fig. 8): (1) via interaction with cytoplasmic tar-
geting signals, AP-1 recruits melanosomal cargoes (e.g., Tyrp1) 
into endosomal domains in a clathrin-dependent manner; (2) after 
clathrin uncoating (Nakagawa et al., 2000), AP-1 engages 
KIF13A to position endosomes along microtubules toward the 
cell periphery where contacts with melanosomes are favored; 
endosome positioning is likely followed by clathrin reassociation 
with AP-1 because the AP-1–coated buds close to melanosomes 
are clathrin coated; and (3) this mechanism would facilitate 
transfer of enzymes and transporters required for melanogene-
sis and could be similarly exploited by other specialized cell 
types that require “polarized” endosomal delivery of membrane 
cargoes. The requirement for AP-1 in LRO biogenesis in mela-
nocytes parallels a similar requirement for AP-1 and its binding 
partners at an early step in Weibel–Palade body biogenesis in 
endothelial cells (Lui-Roberts et al., 2005).

An essential role for early endosomes as intermediates for 
transport of melanosomal enzymes to melanosomes was pre-
viously supported by analysis of melanocytes from AP-3– and 
BLOC-1–deficient HPS patients and mouse models (Huizing et al., 
2001; Theos et al., 2005; Setty et al., 2007). The genes encod-
ing AP-1 subunits and KIF13A are not among the characterized 
HPS mutants (Wei, 2006), likely because AP-1 (Meyer et al., 
2000) and perhaps KIF13A are essential in mammals. In this 
study, we show that the coordinated action of AP-1 and KIF13A  
complements HPS-encoded protein complexes to maintain func-
tional endosome–melanosome cross talks and permit LRO 
maturation. It is noteworthy that BLOC-1 subunits, like AP-1, 
are detected on the melanosome-proximal endosomal tubules 
(Di Pietro et al., 2006). Moreover, AP-1– and KIF13A-depleted 
cells share features with BLOC-1–deficient HPS mouse melano
cytes. Indeed, BLOC-1–deficient melanocytes are severely 
hypopigmented and accumulate endosomal vacuoles in which 
Tyrp1 is entrapped (Setty et al., 2007, 2008). This phenotype 
is distinct from that observed in AP-3–deficient melanocytes 
in which Tyrp1 trafficking through endosomes is not disrupted 
(Huizing et al., 2001; Theos et al., 2005). Although BLOC-1 inter
acts biochemically with AP-3 (Di Pietro et al., 2006; Salazar  
et al., 2006) and there is yet no evidence for interactions  
between BLOC-1 and AP-1, it is nevertheless tempting to spec
ulate that BLOC-1 perhaps cooperates indirectly with AP-1 
in cargo delivery via specialized endosomal tubules.

The endosomal domains from which AP-1 and KIF13A 
function in melanocytes are derived from the endosomal re-
cycling system based on the unique positioning of Rab11 and of 
internalized Tf after long chase periods. The hypothesis that these 
peripherally distributed endosomal domains undergo transient 
fusion events with melanosomes is supported by both live cell 
imaging and static electron tomography analyses. The tubules 
are not induced by Tf uptake and appear to correspond to a con-
stitutive pool of endosomes that can establish close cross talks 
with melanosomes because they are seen by electron tomogra-
phy in the absence of Tf uptake. The presence in these tubules  
of BLOC-1 (Di Pietro et al., 2006) and Tyrp1, but not the  

Figure 8.  Model for AP-1 and KIF13A function in Tyrp1 sorting and endo-
some positioning. AP-1 is recruited to endosomes through its interaction 
with the sorting signal in the cytoplasmic domain of Tyrp1 (step 1). Further 
interaction of AP-1 with KIF13A (step 2) facilitates endosome tubulation 
and extension to the periphery of the cell along microtubules (MT). The 
endosomal tubules coated with AP-1 contact melanosomes with which they 
can fuse to deliver cargo (step 3).
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reducing agent, boiled, and fractionated by SDS-PAGE using Nupage 
(3–8%) Tris-acetate gels (Invitrogen) for Western blotting detection of KIF13A 
and cross-linked proteins or Nupage (4–12%) Bis-Tris gels (Invitrogen) to 
reveal -adaptin. Material was transferred on nitrocellulose membrane 
(Millipore) to XCell II Blot Module (Invitrogen) and detected using KIF13A 
and -adaptin antibodies.

Tf uptake, immunofluorescence, and time-lapse fluorescence microscopy
MNT-1 cells were washed in FBS (GIBCO), then in PBS, and starved for  
45 min in DME at 37°C in 5% CO2. Cells were further incubated in DME 
supplemented with Tf-A488 or Tf-A555 at a final concentration of 10 µg/ml  
for 30 min at 37°C in 5% CO2. Cells were washed in PBS at 37°C and 
fixed for 10 min at RT in 4% PFA except for KIF13A labeling, in which 
cells were fixed in cold methanol followed by incubation in PBS and  
1 mg/ml BSA (blocking buffer) all along the procedure. Fixed cells were 
washed in PBS, quenched for 10 min in PBS and 50 mM glycine at RT, 
saturated in blocking buffer, and permeabilized in PBS, 0.05% sapo-
nin, and 1 mg/ml BSA (incubation buffer [IB]). Cells were incubated 
for 45 min with the primary antibody diluted in IB, washed three times 
in IB, and incubated with the corresponding secondary antibody for  
30 min. Cells were washed twice in IB and once in blocking buffer. Finally, 
coverslips were mounted in DABCO medium and examined under a 
3D deconvolution microscope (DM-RXA2; Leica) equipped with a piezo  
z drive (Physik Instrument) and a 100 × 1.4 NA Plan Apo objective lens 
for optical sectioning. 3D multicolor image stacks were acquired using 
MetaMorph software (MDS Analytical Technologies) through a cooled 
charge-coupled device (CCD) camera (Coolsnap HQ; Photometrics). All 
IFM images are deconvoluted and maximum intensity z projections 
(Figs. 1–4, S1, and S3; Sibarita, 2005). For time-lapse microscopy, MNT-1 
cells grown on glass coverslips were transferred just before observation 
to custom-built aluminum microscope slide chambers (Ludin chamber; Life 
Imaging Services) filled with culture medium supplemented with10 µg/ml 
Tf-A488 and 10 mM Hepes. Time-lapse imaging was performed at 37°C 
(Life Imaging Services) using a spinning-disk microscope mounted on an 
inverted motorized microscope (TE2000-U; Nikon) through a 100 × 1.4 
NA Plan Apo objective lens. The apparatus is composed of a spinning-
disk head (CSU-22; Yokogawa), a laser lounge (with a 491-nm Cobalt 
for GFP observation; Roper Industries), a CCD camera (Coolsnap HQ2; 
Photometrics) for image acquisition, and MetaMorph software to control 
the setup. The acquisition parameters used were 200-ms exposure for 
A-488 channel and 30 ms for bright field.

Tf-endocytosis assay
Control and AP-1–inactivated MNT-1 cells were starved for 30 min and 
incubated for 30 min with 10 µg/ml Tf-A488 at 19.5°C to accumulate Tf 
in early endosomal compartments. Medium was removed and replaced 
with prewarmed complete medium, the temperature was shifted to 37°C, 
and Tf was chased for 10 and 30 min. Cells were fixed at each time 
point and immunolabeled with anti–-adaptin antibodies to identify in-
activated cells. Images were acquired under a 3D deconvolution micro-
scope and processed for deconvolution. The total Tf-A488 fluorescence 
and -adaptin labeling intensity were measured and averaged using 
MetaMorph software.

EM
For conventional EM, control and inactivated MNT-1 cells grown on cover-
slips were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer 
for 24 h and processed as described previously (Raposo et al., 2001). For 
ultrathin cryosectioning and immunogold labeling, cells were fixed with 
2% PFA or with a mixture of 2% PFA and 0.2% glutaraldehyde in 0.1 M 
phosphate buffer, pH 7.4. Cells were processed for ultracryomicrotomy 
and single- or double-immunogold labeled using protein A conjugated 
to 10 nm gold (PAG10) or 15 nm gold (PAG15) as reported previously 
(Theos et al., 2005). Sections were observed under an electron micro-
scope (Philips CM120; FEI Company), and digital acquisitions were made 
with a numeric camera (Keen View; Soft Imaging System).

Internalization of Tf-HRP
MNT-1 grown on glass coverslips for 2 d were starved for 45 min in DME 
and incubated with DME supplemented with 25 µg/ml Tf-HRP for 30 min. 
Cells were rapidly washed in DME at 4°C and fixed for 90 min with a 
mixture of 2% PFA/0.5% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4. 
To reveal HRP, cells were washed three times for 5 min in 50 mM Tris-HCl, 
pH 6.85, and incubated with 1.5 mg/ml DAB for 30 min followed by 
a 1-h incubation with 1.5 mg/ml DAB supplemented with 0.5% H2O2. 
Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for  

by L. Traub (University of Pittsburgh, Pittsburgh, PA), M.J. Clague (Uni-
versity of Liverpool, Liverpool, England, UK), and A.A. Peden (University 
of Cambridge, Cambridge, England, UK), respectively. Tf-A488 and  
-A555 were obtained from Invitrogen, HRP-conjugated Tf was provided by  
G. LeDez and P. Chavrier (Institut Curie, Centre National de la Recherche 
Scientifique, Paris, France), and secondary goat anti–rabbit or –mouse 
antibodies conjugated to Alexa Fluor 488, 555, or 647 were obtained 
from Invitrogen. Protein A conjugated to 10- or 15-nm gold particles was 
obtained from the Cell Microscopy Center (Utrecht University Hospital, 
Utrecht, Netherlands).

Cell culture and siRNA depletion
MNT-1 cells were maintained in DME supplemented with 20% FBS (Invitro-
gen) as previously described (Raposo et al., 2001), and transfection with 
oligonucleotides proceeded as reported previously (Theos et al., 2006). 
1 × 106 cells were seeded in a 10-cm dish at day 1 and transfected on 
day 3 with 40 pmol siRNA according to the manufacturer’s instructions 
(Oligofectamine; Invitrogen). At day 4, 1 × 105 transfected cells were 
seeded in 6-well plates and were either transfected or not a second time 
at day 5. Cells were collected at day 5 or 7 and processed for melanin 
quantification assays (Wasmeier et al., 2006), IFM, EM, and Western blot-
ting. The level of expression of each corresponding protein was assessed 
by Western blotting using specific antibodies and compared with -tubulin 
expression as a loading control.

Oligonucleotides used in siRNA experiments
The sense strand for the indicated double-stranded siRNAs were synthe-
sized with the following sequences or derived from the following refer-
ences: siRNA control, 5-AATTCTCCGAACGTGTCACGT-3; siRNA µ1a #1,  
5-AAGGCATCAAGTATCGGAAGA-3 (Hirst et al., 2003); siRNA µ1a #2,  
5-CCCGATCAGTGTCAAGTTCGA-3 (QIAGEN); siRNA -adaptin, 
5-ACCGAATTAAGAAAGTGGT-3; siRNA 3A, 5-ATGGCTGATCTTGA
AGGTTTA-3 (Lui-Roberts et al., 2005); KIF13A siRNA, sc-43380 (Santa 
Cruz Biotechnology, Inc.); siRNA KIF13A #2, 5-CTGGCGGGTAGCGA
AAGAGTA-3 (QIAGEN); and siRNA KIF13A #3, 5-CCGCAACAACTTG-
GTAGGAAA-3 (QIAGEN).

Microinjection of siRNAs
Microinjection of MNT-1 cells grown on 35-mm glass coverslips was per-
formed using a manual microinjector (TransferMan NK2; Eppendorf).  
5 µM of the corresponding siRNA was diluted in the microinjection buffer 
(5 mM phosphate sodium buffer, pH 7.2, and 100 mM KCl) supplemented 
with 1 µM Texas red–conjugated dextran (Invitrogen), which was used as 
a microinjection marker.

Plasmids
Full-length KIF13A cDNA (Thermo Fisher Scientific) was prepared from 
bacteria using the Plasmid Mini kit (QIAGEN), and the tail corresponding 
sequence (nucleotides 3,919–5,310, corresponding to the last 464 amino 
acids of KIF13A) was amplified by PCR. The sequence corresponding to 
the KIF13A tail domain was verified and cloned in mammalian expression 
vectors with the N-terminal GFP tag using a cloning system according to 
the manufacturer’s instructions (Gateway; Invitrogen). pSPOII-GFP was pro-
vided by E. Bertrand (Institut de Génétique Moléculaire de Montpellier, 
Montpellier, France; Boulon et al., 2008).

Cross-linking and immunoprecipitations
MNT-1 cells at 80% of confluency were washed in cold PBS and lysed on 
ice in lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% Triton X-100, 10 mM 
EDTA, pH 7.2, and protease inhibitor cocktail [Roche]). For cross-linking 
experiments, three dishes per condition were incubated with 1 mM DSP 
(dithiobis[succinimidyl propionate]; Thermo Fisher Scientific) in 1% DMSO 
or in 1% DMSO alone in cross-linking buffer (150 mM NaCl, 0.2 mM 
CaCl2, 0.2 mM MgCl2, and 10 mM Hepes, pH 7.3) for 30 min at 4°C, 
neutralized with three washes in 150 mM NaCl and 20 mM Tris, pH 7.3, 
and lysed on ice in lysis buffer. Then, lysate was first precleared using pro-
tein G agarose beads for 1 h at 4°C under rotation. Supernatants were 
collected and incubated with protein G agarose beads with 1 µg rabbit 
anti–human IgG or 1 µg mouse monoclonal IgG2b anti-CD9 for 1 h at 4°C. 
To immunoprecipitate KIF13A, -adaptin, or Tyrp1, supernatants were incu-
bated with beads coated earlier with 1 µg anti-KIF13A polyclonal antibodies, 
1 µg mouse monoclonal IgG2b anti–-adaptin, or 1 ml TA99 supernatant, re-
spectively, for 2 h at 4°C under rotation. As controls, 1 µg rabbit anti–human 
IgG and 1 µg mouse monoclonal IgG2b anti-CD9 were used to immunopre-
cipitate the lysate. After three washes in cold lysis buffer, immunoprecipi-
tated proteins bound to the beads were incubated in sample buffer with 
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(BSA-gold and Tf-FITC). Tubulovesicular membranes that were located 
close to the trans-side of the Golgi were considered as TGN. Vacuolar 
endosomes were defined as electron-lucent vacuoles with no internal 
membranes or few internal vesicles. Multivesicular bodies were compart-
ments delimited by a membrane with numerous internal vesicles. Electron-
dense compartments with few or no internal membranes were classified 
as lysosomes. Clearly visible tubulovesicular membrane profiles con-
nected to or in close association with endosomal vacuoles, melanosomes, 
multivesicular bodies, and lysosomes were also defined. Melanosome 
stages were defined by morphology (Raposo et al., 2001). Quantifica-
tion of Tyrp1 distribution in control or AP-1– and KIF13A-inactivated 
MNT-1 cells was performed on single immunogold–labeled cryosections 
by counting the number of gold particles in each of the defined compart-
ments (as for the quantification of AP-1 distribution) taken randomly in 50 
cell profiles. Totals of 897, 855, and 750 gold particles were counted 
in control, AP-1–, and KIF13A-inactivated cells, respectively. Results are 
presented as a percentage of the total number of gold particles in each 
compartment and represent a mean and standard deviation of two in-
dependent experiments.

Online supplemental material
Fig. S1 characterizes the distribution of the endosomal recycling compart-
ments in MNT-1 melanocytic cells using IFM analyses. Fig. S2 shows by 
IEM that endosomal tubules filled with Tf-biot are distinct from EEA1-positive 
endosomes and localize in the vicinity of pigmented melanosomes and not 
unpigmented premelanosomes as well as in the absence of the µ1B subunit 
of AP-1 in MNT-1 cells by RT-PCR. Fig. S3 illustrates by IFM the specific 
perinuclear clustering of recycling endosomes in KIF13A-depleted cells, 
the characterization by Western blotting of two different siRNAs to µ1A 
and KIF13A, and the immunoprecipitation of KIF13A in MNT-1 cells in 
the absence or presence of a blocking peptide. Fig. S4 shows the specific 
perinuclear clustering of recycling endosomes in cells overexpressing the  
tail of KIF13A or in cells microinjected with µ1A or KIF13A siRNAs. Fig. S5 
shows different examples of tilt series, tomographic reconstructions, and 
3D models of mature melanosomes in continuity with endosomes either  
filled or not with Tf-HRP. Video 1 shows dynamics of Tf-A488–filled endo-
somal tubules close to melanosomes by video microscopy. Videos 
2–10 show a number of tilt series, tomographic reconstructions, and 
3D models of pigmented melanosomes continuous with endosomal  
tubules. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.200907122/DC1.
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