
Please cite this article in press as: Daniele et al., Mitochondria and Melanosomes Establish Physical Contacts Modulated by Mfn2 and
Involved in Organelle Biogenesis, Current Biology (2014), http://dx.doi.org/10.1016/j.cub.2014.01.007
Mitochondria and Melanosom
Current Biology 24, 1–11, February 17, 2014 ª2014 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2014.01.007
Article
es Establish

Physical Contacts Modulated by Mfn2
and Involved in Organelle Biogenesis
Tiziana Daniele,1,2 Ilse Hurbain,3,4,5 Riccardo Vago,6,7

Giorgio Casari,6,7 Graça Raposo,3,4,5 Carlo Tacchetti,2,8

and Maria Vittoria Schiaffino1,*
1Organelle Biogenesis and Motility Unit, Center for
Translational Genomics and Bioinformatics, San Raffaele
Scientific Institute, 20132 Milan, Italy
2Experimental Imaging Center, San Raffaele Scientific
Institute, 20132 Milan, Italy
3Institut Curie, Centre de Recherche, Paris 75248, France
4Structure and Membrane Compartments CNRS UMR144,
Paris 75248, France
5Cell and Tissue Imaging Facility (PICT-IBiSA) CNRS UMR144,
Paris 75248, France
6Vita-Salute San Raffaele University, 20132 Milan, Italy
7Neurogenomics Unit, Center for Translational Genomics
and Bioinformatics, San Raffaele Scientific Institute,
20132 Milan, Italy
8Department of Experimental Medicine, University of Genoa,
16132 Genoa, Italy

Summary

Background: To efficiently supply ATP to sites of high-energy
demand and finely regulate calcium signaling, mitochondria
adapt their metabolism, shape, and distribution within the
cells, including relative positioning with respect to other
organelles. However, physical contacts betweenmitochondria
and the secretory/endocytic pathway have been demon-
strated so far only with the ER, through structural and func-
tional interorganellar connections.
Results: Here we show by electron tomography that mito-
chondria physically contact melanosomes, specialized lyso-
some-related organelles of pigment cells, through fibrillar
bridges resembling the protein tethers linking mitochondria
and the ER. Mitofusin (Mfn) 2, which bridges ER to mitochon-
dria, specifically localizes also to melanosome-mitochondrion
contacts, and its knockdown significantly reduces the
interorganellar connections. Contacts are associated to the
melanogenesis process, as indicated by the fact that they
are reduced in a model of aberrant melanogenesis whereas
they are enhanced both where melanosome biogenesis
takes place in the perinuclear area and when it is actively
stimulated by OA1, a G protein-coupled receptor implicated
in ocular albinism and organellogenesis. Consistently, Mfn2
knockdown prevents melanogenesis activation by OA1, and
the pharmacological inhibition of mitochondrial ATP synthesis
severely reduces contact formation and impairs melanosome
biogenesis, by affecting in particular the developing organelles
showing the highest frequency of contacts.
Conclusions: Altogether, our findings reveal the presence
of an unprecedented physical and functional connection
between mitochondria and the secretory/endocytic pathway
that goes beyond the ER-mitochondria linkage and is spatially
and timely associated to secretory organelle biogenesis.
*Correspondence: schiaffino.mariavittoria@hsr.it
Introduction

Mitochondriaplay a plethoraof essential functions in eukaryotic
cells, including a crucial control over energy availability by ATP
synthesis and intracellular signaling by calcium uptake. To
accomplish these tasks,mitochondria are able to finely regulate
their biochemical activity, shape, and distribution within the
cells [1], including relative positioning with respect to other or-
ganelles, in a precise space- and time-controlled fashion [2–5].
However, physical contacts between mitochondria and other
organelleshavebeendemonstratedso faronlywith theER [6,7].
These interorganellar connections accomplish multiple func-
tions, including calcium signaling, control of lipid biosynthesis,
mitochondrial division, and coordinated organelle dynamics
[8, 9], and aremodulated by the dynamin-like GTPasemitofusin
(Mfn) 2, located both onmitochondrial and ERmembranes [10].
Among specialized organelles of the secretory/endocytic

lineage, melanosomes are lysosome-related organelles of
pigment cells (melanocytes and retinal pigment epithelium)
devoted to the synthesis, storage, and transport of melanins
and representing well-recognized biological models of organ-
elle biogenesis and motility. They originate from endosomal
precursors and subsequently undergo a series of maturation
stages (I to IV), characterized by progressive melanin deposi-
tion and organelle transport toward the cell periphery [11, 12].
In the past few years, a link between melanogenesis and mito-
chondria has begun to emerge. Indeed, it was found that the
cutaneous response to UVB, mediated by the melanocortin
1 receptor (MC1R), involves mitochondria-associated genes
[13] and that the MC1R-antagonist Agouti downregulates
genes responsible for the mitochondrial redox ability in mela-
nocytes [14]. Furthermore, mitochondrial proteins (prohibitin
and ATP synthase) have been identified as cellular targets of
compounds that upregulate pigmentation in wild-type and
albinomelanocytes [15, 16]. Finally, mitochondrial dysfunction
has been associated with acquired or inherited pigmentary
diseases, such as vitiligo [17] and albinism [18].
To investigate whether an interorganellar crosstalk exists

between mitochondria and melanosomes, we exploited both
wild-type melanocytes and melanocytes mutant at the ocular
albinism type 1 gene (OA1, also known asGPR143) [19], which
are characterized by abnormal biogenesis and transport of
melanosomes. In fact, they show the presence of giant pig-
mented melanosomes [20, 21], reduction of melanosome
number [22], and alteration of melanosome motility [23], thus
representing a suitable system to study the role of mito-
chondria in physiological and pathological melanogenesis.
We found that mitochondria establish physical contacts
with melanosomes, that these interorganellar connections
are modulated by Mfn2, that they are spatially and timely
enhanced during active melanogenesis, and they are reduced
upon either melanosomal or mitochondrial dysfunction.

Results

Melanosomes Contact Mitochondria

To test the spatial relationship between melanosomes and
mitochondria, we first performed immunofluorescence (IF)
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Figure 1. Analysis of Melanosome-Mitochondrion Vicinities and Contacts

by EM

Wild-typemelanocytes were fixed and stained for EMwith the early melano-

somal marker Pmel17 (gold particles). Representative images of (A, A0)
melanosomes distant from mitochondria; (B, B0) vicinity, when the mito-

chondrion lies within 100 nm; (C–G) contact, when the membranes of either

one or both the organelles are not visible or touch each other (mitochondria-

contacting melanosomes at different maturation stages [I–IV] are shown);

(H) contact, when melanosomes and mitochondria overlap. Gray brush-

stroke delimiting the melanosomes (arrowheads) in A0 and B0 is 100 nm

thick. Mito, mitochondria; I–IV, melanosomes stage I to IV. Scale bars

represent 0.5 mm (A–B) or 0.3 mm (C–H). See also Figure S1.
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analysis in wild-type mouse melanocytes and compared
the distribution of mitochondria with that of melanosomal
markers: Pmel17, for immature melanosomes; tyrosinase, for
mature melanosomes; and OA1, for melanosomes and late
endosomes/lysosomes [24–26]. We found no major overlap
between the two compartments, but mitochondria were
observed adjacent to, and sometimes appeared to surround,
melanosomes (Figure S1A available online), suggesting the
presence of structural and/or functional connections. There-
fore, we performed a quantitative ultrastructural study in
wild-type melanocytes by correlative light-electron micro-
scopy (CLEM) [27] (Figures S1B and S1C).

Melanosomeswere classified according to the canonical I to
IV maturation stages [11], plus a fifth category corresponding
to oversized organelles (giant), which may become frequent
in conditions of pathological melanogenesis (Figure S1D; see
Experimental Procedures). All melanosomes were screened
for the presence of mitochondria within a distance of 100 nm
(defined as ‘‘vicinity;’’ Figures 1A and 1B), and, if so, for the
occurrence of organelle juxtaposition or overlap (defined as
‘‘contacts;’’ Figures 1C–1H; see Experimental Procedures).
The rationale was that, if physical links exist between the two
organelles, they might be transient and/or localized to limited
membrane areas, so that vicinities might in part represent
contacts undetected by CLEM. We found that 11.40% of
melanosomes over the entire cell area had a mitochondrion
within 100 nm and that 6.77% contacted a mitochondrion, by
means of close membrane juxtapositions involving in average
14% 6 0.8% of the melanosomal perimeter (mean 6 SEM;
n = 85 contacts).

Thus, the overall extent of melanosomal membranes
engaged into these interorganellar connections approaches
1%, suggesting that they may be functionally relevant, consid-
ering that ER-mitochondria contacts were previously esti-
mated to involve 2.25% of the mitochondrial membrane [28]
and presumably less of the ER. In addition, the amount of
melanosome-mitochondrion connections was significantly
higher in areas and conditions of active melanogenesis and
with particular melanosomal categories (involving up to 17%
of early melanosomes and up to 28% of clustered organelles
in the perinuclear region) (see below).

Melanosome-Mitochondrion Contacts Are Mediated
by Fibrillar Bridges

To structurally characterize these contacts, we performed
electron tomography and three-dimensional reconstruction
on chemically fixed epon-embedded melanocytes. We found
that the melanosome-mitochondrion interorganellar connec-
tions do not involve the continuity between the melanosomal
lumen and the mitochondrial inner compartments, but rather
occur through electron-dense fibrillar bridges connecting the
limiting membranes of the two organelles. These structures
were visible in few optical slices and then faded. They ap-
peared in clusters of two or three, were outdistanced by
about 20 nm, and had a thickness of 10–15 nm and a length
of 20–30 nm (Figures 2A–2D and S2A–S2D; Movie S1).
Because bridges occupy less than 15 nm in depth and thus
can be difficult to catch in single 50–100 nm EM sections, it
is likely that the frequency of contacts, as measured by
CLEM analysis, is underestimated. Interestingly, the melano-
some-mitochondrion bridges were morphologically similar
to the protein tethers connecting the ER and mitochondria
[6, 29], which were identified also in our tomogram (Figures
2E–2I; Movie S1).



Figure 2. Contacts between Melanosomes and

Mitochondria Are Mediated by Bridges

(A–I) Wild-type melanocytes were fixed, embedded

in resin, and processed for tomography to show a

mitochondrion (mito) contacting both a stage III

melanosome and the ER.

(J–M) MNT1 melanoma cells were high-pressure-

frozen, freeze-substituted, embedded in resin, and

processed for tomography to show a mitochondrion

contacting a stage II melanosome.

A tomogram slice (A, E, J) and sequential z-axis en-

largements (B, F, K) through the tomographic volume

of the organelles are shown. Relative z position in the

tomogram is indicated. Circles surround the bridges.

Membranes in consecutive slices from the tomo-

graphic model weremanually contoured and one slice

is shown (C, G, I, L). The 3Dmodel displaying rendered

surfaces to visualize the bridges (blue-violet) and the

membranes (mitochondrion, yellow; melanosome,

red; ER, green) is shown in (D), (H), (I), and (M). Scale

bars represent 150 nm (A, C, E, G); 75 nm (B and F);

140 nm (J and L); or 65 nm (K). See also Figure S2

and Movies S1 and S2.
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In parallel, to exclude that melanosome-mitochondrion
contacts and connecting fibrillar structures could represent
artifacts of aldehyde fixation, we performed the same analysis
on high-pressure-frozen, freeze-substituted
MNT1 human melanoma cells [30]. In thin
sections of these optimally preserved cells,
several tight contacts, appearing as tiny fila-
ments linking mitochondria and melano-
somes, were observed (Figures 2J–2M and
S2E–S2H; Movie S2).

Mfn2 Is Involved in the Formation of
Melanosome-Mitochondrion Contacts

In addition to its role in mitochondrial fusion
[31], Mfn2 has been implicated in the juxta-
position between mitochondria and the ER,
by acting as a structural bridge [10]. The
ultrastructural similarity between melano-
some-mitochondria and ER-mitochondria
contacts prompted us to investigate the
role of this protein in the newly identified
interorganellar connections. IF analysis in
melanocytes showed that endogenous
Mfn2 labeling is mostly associated to the
mitochondrial network (Figure S3A). How-
ever, immunogold analysis clearly identified
Mfn2 both onmitochondria and at interorga-
nellar contact sites (Figures 3A and 3B).
In particular, quantification of the labeling
density (see Experimental Procedures)
showed that endogenous Mfn2 is present
(1) on mitochondrial outer membranes
(1.591 6 0.044 gold particles/mm), (2) on
contacts between mitochondria (0.157 6
0.008 gold particles/mm), (3) on contacts
between mitochondria and ER (0.084 6
0.005 gold particles/mm), and (4) on contacts
between mitochondria and melanosomes
(0.0696 0.004 gold particles/mm). The label-
ing was highly specific, because in melano-
cytes where Mfn2 was knocked down by
siRNAs, Mfn2 staining was significantly reduced by more
than 80% in each compartment described above (Figures 3C
and S3B–S3E).



Figure 3. Mfn2 Localizes to and Is Required for

Melanosome-Mitochondrion Contacts

(A and B) Wild-type melanocytes were fixed and

stained for EM with an antibody to endogenous

Mfn2 (gold particles). The antibody specifically

stains mitochondria (mito) and the ER, and

in particular the mitochondrion-mitochondrion

(arrowheads) and the ER-mitochondrion (arrows)

contact sites (A). Gold particles are present

also in the areas where melanosomes (melano)

are found close to/in contact with mitochondria

(arrows, B). Scale bar represents 350 nm.

(C) Melanocytes were silenced for Mfn2, labeled

with an anti-Mfn2 antibody, and processed for

CLEM. The graph shows the quantification of

Mfn2 labeling density on mitochondria (mito alone)

and mitochondrial contact sites with other mito-

chondria (mito-mito), the ER (mito-ER), and mela-

nosomes (mito-melano) in Mfn2 knocked down

versus control cells. Data are expressed as percent

of control and represent the mean 6 SD of four

independent cells. ***p < 0.001 (versus respective

control).

(D) Melanocytes were silenced for Mfn2, labeled

with an anti-Pmel17 antibody, and processed

for CLEM. The graph shows the quantification of

vicinities and contacts between melanosomes

and mitochondria (out of total melanosomes) in

Mfn2 versus nontargeting (NT) siRNA-treated cells.

Data are expressed as percent of NT-siRNA-

treated cells and represent the mean 6 SEM of

3–6 independent cells. *p < 0.05 (versus NT siRNA).

See also Figure S3.
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To investigate the role of Mfn2 in the formation of the mela-
nosome-mitochondrion connections, we knocked down Mfn2
by two independent siRNAs and performed ultrastructural
analysis by CLEM. We found that the frequencies of both
vicinities and contacts were significantly reduced by almost
40% when the protein levels of Mfn2 were knocked down to
20%–30% (Figures 3D, S3B, and S3C). These results are
comparable to the decrease of ER-mitochondria juxtaposition
reported in Mfn22/2 fibroblasts, as evaluated by 3D confocal
reconstructions [10]. Thus, contacts between melanosomes
and mitochondria are morphologically similar to the ER-mito-
chondria tethers and appear to share with them at least one
of the crucial molecular players, Mfn2.

Melanosome-Mitochondrion Contacts Are Enhanced
by OA1

To investigate the role of melanosome-mitochondrion
contacts in physiological and pathological melanogenesis,
we compared wild-type with Oa1-knockout (KO) mouse mela-
nocytes, which represent an excellent model of aberrant mela-
nosome biogenesis and transport [23]. To validate the results,
we also analyzedOa1-KOmelanocytes transiently transfected
with an expression vector for human OA1 and analyzed 48 hr
posttransfection (Oa1-KO+hOA1). Ultrastructural analysis
over the entire cell cytoplasm revealed that in both wild-type
and Oa1-KO melanocytes stage I and II organelles are less
represented (10% each), whereas most melanosomes belong
to the pigmented categories (stage III–IV and giant; Figure 4A).
However, whereas in Oa1-KO cells giant melanosomes
represent about 30% of all organelles, with a corresponding
decrease of regular stage III and IV organelles, the giant
category is nearly absent in wild-type melanocytes. A distri-
bution pattern of melanosomal stages indistinguishable from
wild-type was also observed in Oa1-KO+hOA1 melanocytes,
indicating that these cells completely correct both the sub-
cellular organelle distribution, as described previously [23],
and the melanosome maturation and size abnormalities
(Figure 4A).
The analysis of melanosome-mitochondrion contiguities

indicated that their frequency is significantly reduced in Oa1-
KO cells, in particular with respect to all normal melanosomal
stages (I–IV), with an overall reduction of 28% and 37% for
vicinities and contacts, respectively (Figure 4B). In contrast,
giant melanosomes showed a higher probability to contact
mitochondria, possibly indicating a peculiar functional con-
dition for these organelles, which might maintain features
of maturing melanosomes. These results did not depend on
stochastic events due to the organelle size, because we
observed an inverse correlation between the frequency of
contacts and organelle dimension in all cell types (Figure S1E).
Remarkably, as re-expression of OA1 rescued the Oa1-KO
melanosomal phenotype, it also returned the frequency of
vicinities and contacts between melanosomes and mitochon-
dria back to normal (Figure 4B; Oa1-KO+hOA1).
To verify whether the presence of OA1 was actually required

on the involved melanosomes to establish the interorganellar
connections, we correlated the occurrence of vicinities and
contacts with the labeling for OA1 by immunogold analysis.
First, we found that in Oa1-KO+hOA1 melanocytes, OA1 was
present at all melanosomal maturation stages, with relative
enrichment on immature melanosomes, consistent with pre-
vious reports on the endogenous protein [25, 26] (Figure 4C).
Next, we compared the frequency of vicinities and contacts
in each subpopulation and found that OA1-positive melano-
somes display two times the probability of OA1-negative
organelles to connect with mitochondria (Figure 4D).
Finally, we evaluated the length of melanosome-mitochon-

drion contacts, as an estimate of the membrane surface



Figure 4. OA1 Increases the Frequency and Length of Interorganellar Contacts

Ultrastructural analysis of wild-type, Oa1-KO, and Oa1-KO+hOA1 melanocytes over the entire cell area.

(A) Quantification of melanosomes per maturation stage, as defined by EM analysis. Data are expressed as percent of total melanosomes in each cell line.

I–IV, canonical melanosomal stages; giant, giant melanosomes. The total number of melanosomes counted was 3,027, 3,171, and 2,745, from 5 wild-type,

5 Oa1-KO, and 3 Oa1-KO+hOA1 melanocytes, respectively.

(B) Quantification of vicinities and contacts betweenmelanosomes andmitochondria. Data are expressed as percent of total (all) melanosomes or of normal

(I–IV) and giant melanosomes in each cell line and represent the mean 6 SEM of 3–5 independent cells. *p < 0.05; **p < 0.01 (versus Oa1-KO cells).

(C) Quantification of OA1-positive and OA1-negative melanosomes sorted per maturation stage in Oa1-KO+hOA1 melanocytes. Data are expressed as

percent of total organelles. The total numbers of OA1-positive and OA1-negative organelles were 1,347 and 1,398, respectively.

(D) Quantification of vicinities and contacts established by either OA1-positive or OA1-negative melanosomes with mitochondria in Oa1-KO+hOA1

melanocytes. Data are expressed as percent of total OA1-positive or OA1-negative organelles and represent the mean 6 SEM of three independent cells.

*p < 0.05 (unpaired one-tailed Student’s t test).

(E) Quantification of the length of melanosome-mitochondrion contacts in each cell line. Data are binned into five length classes and are expressed as

percent of total analyzed contacts in each cell line (n = 85–98 contacts).

(F) Representative images of long contacts between mitochondria and melanosomes in Oa1-KO+hOA1 melanocytes. Gold particles indicate OA1 staining.

Mito, mitochondria; I–IV, melanosomes stage I to IV. Scale bar represents 0.5 mm.
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Figure 5. The Perinuclear Area Is Enriched in Immature Melanosomes and Melanosome-Mitochondrion Contacts

Melanocytes were fixed and stained with antibodies to endogenous Pmel17 (wild-type and Oa1-KO) or OA1 (Oa1-KO+hOA1) and processed for IF (A) and

CLEM (B–F).

(legend continued on next page)
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involved in the interorganellar connection. We observed that,
although most contacts measured 100–300 nm (correspond-
ing to about 10%–20% of the melanosomal perimeter), a frac-
tion of them showed a longer extension up to more than
400 nm (Figure 4E). These very long contacts were particularly
frequent (20% of total) in Oa1-KO+hOA1 melanocytes, where
they were characterized by striking images of melanosomes
strictly adherent or ‘‘embraced’’ by mitochondria, which
were rarely observed in either wild-type or Oa1-KO cells
(Figure 4F).

Altogether, these findings indicate that OA1 not only rescues
the Oa1-KO phenotype but also appears to actively enhance
the frequency and length of melanosome-mitochondrion jux-
tapositions. Although it is unlikely that it functions as a true
tether, OA1 could act through its ability to stimulate melano-
genesis, suggesting that the interorganellar connectionsmight
be required and/or generated during melanosome biogenesis.

MelanosomeBiogenesis in the Perinuclear Area Correlates

with Increased Melanosome-Mitochondrion Interactions
Melanosome maturation occurs concomitantly with progres-
sive transport of the organelles from the central cytoplasm
toward the cell periphery, implying a different enrichment of
early versus late melanosomes in the two subcellular loca-
tions; however, precise quantifications ofmelanosomal stages
in the perinuclear area are lacking. Wild-type melanocytes
typically show an even distribution of melanosomes over the
entire cell area, whereas Oa1-KO cells display an apparently
‘‘empty’’ central region (Figure 5A) [23]. By contrast, Oa1-KO+
hOA1 melanocytes are characterized by the accumulation
of tiny and lightly pigmented organelles, most likely newly
formed, in the perinuclear/Golgi area, where OA1 staining is
also enriched (Figure 5A; KO+hOA1, arrow) [23]. To demon-
strate that new melanosome biogenesis, either at steady state
or upon melanogenesis rescue by OA1 re-expression, pro-
ceeds from the perinuclear/Golgi region, we performed a
quantitative ultrastructural analysis by CLEM on cytoplasmic
areas within 10 mm from the nucleus and containing the Golgi
apparatus (hereafter defined as peri-Golgi area).

In wild-type melanocytes, the peri-Golgi region contained
melanosomes at all stages, with progressive increase of
organelle number with maturation. However, compared with
the pattern observed in the entire cell, immature organelles
were considerably enriched, whereas fully pigmented stage
IV melanosomes were relatively less abundant (Figures 5B
and 5C). By contrast, in Oa1-KO cells, the peri-Golgi region
appeared deprived of melanosomes and the number of organ-
elles failed to increase at later maturation stages (Figures 5B
and 5C). Importantly, reintroduction of OA1 in Oa1-KO cells
(A) Representative bright-field images of melanocytes displaying the distributio

Inset in Oa1-KO+hOA1 shows the exogenous OA1 staining, mostly concentra

the peri-Golgi area. Scale bars represent 15 mm.

(B) Representative EM images of the peri-Golgi area from the same cell types a

giant melanosome. Scale bars represent 0.5 mm.

(C) Quantification of melanosomes per maturation stage, as defined by EM ana

cells in each cell line. Data are expressed as raw melanosome numbers in 300

independent cells. p < 0.01 wild-type versus KO; p < 0.05 wild-type versus KO

(D) Relative abundance of immature stages I-II in the entire cell versus the peri-

line and considered area and represent the mean 6 SEM of 3–5 independent

(E) Quantification of contacts between melanosomes and mitochondria in th

total melanosomes in each cell line and considered area and represent the me

(F) Same experimental data as in (E) for wild-type and Oa1-KO+OA1 melan

melanosomes in the entire cell or the peri-Golgi area.
rescued melanosome density in the peri-Golgi area by gener-
ating an abundant perinuclear cohort of mainly immature
melanosomes, tightly packed near the nucleus and labeled
by exogenous OA1 (Figures 5B and 5C). Consistently, quan-
tification of nonpigmented versus pigmented melanosomes
revealed that the peri-Golgi area contains almost twice the
number of stage I and II organelles as compared to the entire
cell in all cell types (Figure 5D). Thus, the enrichment of early
stages both at steady state and upon melanogenesis stimu-
lation in Oa1-KO+hOA1 cells indicate that the perinuclear
area surrounding the Golgi apparatus represents a critical
site for new melanosome formation.
To evaluate whether the initial phase of melanosome bio-

genesis also corresponded to ahigher probability of organelles
to interact with mitochondria, we compared the frequency of
melanosome-mitochondrion contacts in the peri-Golgi cyto-
plasm versus the entire cell. As shown in Figure 5E, whereas
in Oa1-KO melanocytes the contact frequency remained simi-
larly low in both cell regions, consistent with their defective
organellogenesis, both in wild-type and Oa1-KO+hOA1 cells
the interorganellar contacts were significantly more frequent
in the peri-Golgi area. In this region, the higher propensity
to form interorganellar interactions was particularly evident
for early, nonpigmented stages I and II melanosomes as
compared to late, pigmented stages III and IV (about 1.5 times;
Figure 5F), despite the fact that the former represent less
than 40%of all organelles (Figure 5D). Altogether, these results
indicate that the newly generated melanosomes concentrated
in the peri-Golgi region are more prone to interact with mito-
chondria, suggesting that the latter might play a critical role
in particular at the early steps of organelle biogenesis.

Proper Stimulation of Melanosome Biogenesis by OA1

Requires Mfn2 and Mitochondrial ATP
Rescue of the Oa1-KO phenotype in Oa1-KO+hOA1 cells
implies the acute stimulation of new melanosome biogenesis
and correlates with an increased frequency and length of
contacts (Figures 4 and 5). Therefore, we exploited this induc-
ible organellogenesis model to assess the role of melano-
some-mitochondrion interactions in active melanogenesis.
First, we tested whether knockdown of Mfn2 in Oa1-KO cells,
prior to OA1 expression, could interfere with the rescue of
melanosome biogenesis. We found that silencing of Mfn2 did
not affect mitochondrial polarization (Figure S3F), yet sig-
nificantly reduced the fraction of transfected cells showing
the typical perinuclear accumulation of melanosomes induced
by OA1 (Figure 6A). These findings suggest that Mfn2 is
critical for melanogenesis, possibly through its role in the
formation of the interorganellar connections.
n of pigmentedmelanosomes. Asterisks indicate the position of the nucleus.

ted in the perinuclear area. Arrows, melanosome and OA1 accumulation in

s in (A). N, nucleus; MVB, multivesicular body; I–IV, melanosomal stages; G,

lysis, in equivalent peri-Golgi areas, obtained from 15 fields and 3 different

mm2. Mean 6 SEM of total melanosomes in 100 mm2 are given below. n = 3

+hOA1.

Golgi area. Data are expressed as percent of total melanosomes in each cell

cells. *p < 0.05; **p < 0.01.

e entire cell versus the peri-Golgi area. Data are expressed as percent of

an 6 SEM of 3–5 independent cells. *p < 0.05.

ocytes, pulled and expressed separately as percent of stage I–II or III–IV



Figure 6. Mfn2 and Mitochondrial ATP Are Required for Melanosome Biogenesis

(A)Oa1-KOmelanocytes were treated with siRNAs against Mfn2 or nontargeting (NT) siRNA 24 hr prior to transfection with the OA1 plasmid, and phenotype

rescue (appearance of a perinuclear concentration of organelles colocalizing with the OA1 staining; arrows) was evaluated 48 hr posttransfection.

Representative pictures and quantifications are shown. Data are expressed as percent of total evaluated melanocytes and represent the mean 6 SD of

4 independent experiments. **p < 0.01, ***p < 0.001 (versus NT siRNA). Scale bar represents 10 mm.

(B–F) Oa1-KO melanocytes were transfected with the OA1 plasmid, treated or not with the ATP synthase inhibitor oligomycin 24 hr posttransfection, and

processed for CLEM with gold-labeling for OA1 48 hr posttransfection.

(B) Representative EM images of the peri-Golgi area, showing stimulation of melanosome biogenesis and the presence of clustered melanosomes, more

numerous in oligomycin-treated cells (+ oligo). Arrowheads point at shared membranes between clustered melanosomes. Scale bars represent 0.5 mm.

(C) Quantification of clusteredmelanosomes in the peri-Golgi area ofOa1-KO+hOA1melanocytes, either untreated or treated with oligomycin, as compared

with wild-type and Oa1-KO cells.

(D) Quantification of clustered melanosomes in treated or untreated Oa1-KO+hOA1 melanocytes as in (C), expressed separately as percent of stage I–II or

III–IV melanosomes.

(E) Quantification of melanosome-mitochondrion contacts in the peri-Golgi area of treated or untreated Oa1-KO+hOA1 melanocytes, expressed as percent

of stage I–II or III–IV melanosomes.

(F) Quantification of melanosome-mitochondrion contacts in the peri-Golgi area of treated or untreated Oa1-KO+hOA1 melanocytes, expressed as percent

of isolated or clustered melanosomes.

Data in (C)–(F) represent the mean 6 SEM of 3 independent cells, each analyzed over 100 mm2 of peri-Golgi area. *p < 0.05; **p < 0.01. See also Figure S4.
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Because melanosome biogenesis comprises a number of
potentially energy-consuming events and mitochondria
represent the main intracellular site for ATP production, we
next testedwhether proximity tomitochondriamay be relevant
for the supply of ATP required for melanogenesis. Twenty-four
hours after transfection, Oa1-KO+hOA1 melanocytes were
incubated with or without oligomycin, a mitochondrial ATP
synthase inhibitor. In these conditions, oligomycin did not
interfere with the expression of OA1 nor with its stimulation
of new melanosome formation; however, it induced concen-
tration of the OA1-positive compartment, as visualized by IF
analysis, in the peri-Golgi area (Figure S4). To quantify this
phenotype, we calculated the ratio between the OA1 immuno-
fluorescent signal in the peri-Golgi area and in the entire cell
and observed a significant increase in oligomycin-treated
versus untreated cells (to about 150%; Figure S4). A similar
behavior was displayed by Pmel17-positive organelles, mostly
corresponding to immature melanosomes (not shown).

In addition to canonical melanosomes, which are usually
well separated from one another, ultrastructural analysis of
melanocytes revealed the presence of single membrane-de-
limited melanosomes partially sharing their membrane with
other surrounding melanosomes, hereafter defined as ‘‘clus-
tered’’ melanosomes (Figure 6B). These figures were rarely
observed in wild-type (and Oa1-KO) melanocytes, although
they appeared more frequent in the peri-Golgi region (2.9%
versus 6.6%of all organelles in the entire cell versus peri-Golgi
area, respectively). By contrast, clustered melanosomes were
abundant in the peri-Golgi region of Oa1-KO+hOA1 cells,
where they represented more than 20% of all organelles (Fig-
ures 6B and 6C), despite the limited difference in organelle
density compared to wild-type cells (Figure 5C). These
observations suggest that clustered organelles represent a
physiological intermediate step of organellogenesis, which
accumulate in Oa1-KO+hOA1 melanocytes, due to the acute
stimulation of melanosome biogenesis. Interestingly, although
both early and late melanosomes could similarly participate to
clusters, the category of clustered organelles per se showed a
particularly high propensity to form melanosome-mitochon-
drion contacts (Figures 6D and 6F; ctrl). By contrast, isolated
melanosomes (representing 80% of total) displayed a consid-
erably lower ability to connect tomitochondria (Figure 6F; ctrl).

Upon oligomycin treatment, the percent of clustered
melanosomes was significantly further enhanced to almost
30%, in the absence of organelle density changes (167 6 8/
100 mm2 organelles in treated cells versus 160 6 8/100 mm2

in controls; n = 3 cells) (Figures 6B and 6C). In particular, this
increase was uniquely due to a dramatic increase (almost
doubling) of early clustered melanosomes, because almost
45% of stage I and II melanosomes were associated whereas
no significant effects were observed on stage III and IV
organelles (Figure 6D; oligomycin). Moreover, whereas in
untreated Oa1-KO+hOA1 cells melanosome-mitochondrion
contacts significantly prevail in immature melanosomal stages
I-II and in clustered organelles, upon oligomycin treatment the
frequency of contacts was overall reduced by 40%, with a
greater effect on early and clustered melanosomes (Figures
6E and 6F; ctrl versus oligomycin).

These findings suggest that the melanosome-mitochon-
drion interorganellar connections are more critical at the early
and clustered melanosomes, both representing a minority
of the overall melanosome population, yet undergoing the
greater structural changes. Inhibition of mitochondrial ATP
synthesis during active melanogenesis affects in particular
these categories, reducing their engagement into membrane
contacts with mitochondria and inducing a remarkable in-
crease of early clustered organelles. Thus, bothMfn2 silencing
and inhibition ofmitochondrial ATP synthase, possibly via their
negative impact on contact formation, interfere with the proper
activation and execution of melanosome biogenesis.

Discussion

The subcellular distribution of organelles and their spatial
organization relative to each other is often necessary for their
proper function and reciprocal crosstalk. Here we show that a
fraction of mitochondria is located in direct contact with mela-
nosomes, that these interorganellar connections are mediated
by fibrillar bridges, and that they are labeled by and require
Mfn2, similarly to the ER-mitochondria juxtaposition. More-
over, we show that melanosome-mitochondrion contacts are
associated to the melanogenesis process, because they are
more abundant in the perinuclear area, where new melano-
somes are generated, and they are enhanced by the acute
stimulation of melanosome biogenesis, as by OA1 re-expres-
sion in Oa1-KO cells. Conversely, the interorganellar connec-
tions are reduced in conditions of abnormal melanosome
biogenesis, either due to a primary melanosomal defect
(Oa1-KO melanocytes) or due to a primary mitochondrial
dysfunction (Mfn2 silencing or inhibition of ATP synthase).
We propose that the physiological function of melanosome-
mitochondrion contacts is relevant for organelle biogenesis
and that changes involving these connections might play a
role in UV-induced pigmentation aswell as in the pathogenesis
of albinism or other pigmentary disorders.
Similarly to the physical juxtaposition joining ER and mito-

chondria, which generates cytosolic microdomains for cal-
cium signaling [32, 33], melanosome-mitochondrion contacts
might allow the localized (‘‘private’’) exchange of small mole-
cules between the two organelles. Melanosomes are consid-
ered acidic calcium stores [34–36] and mitochondria are both
sensors and regulators of calcium signaling [8], and therefore
it is possible that contacts serve as exchange sites of calcium.
Furthermore, melanosome-mitochondrion contacts might
contribute to the control of the redox status in melanocytes,
by tethering the antioxidant and free radical scavenging
capacity of melanin [37] to the production of reactive oxygen
species by mitochondria. Finally, melanosome-mitochondrion
connections could ensure a local and timely supply of ATP to
melanosomal categories with higher energy requirements,
necessary to regulate membrane traffic, organelle transport,
melanin synthesis, or intramelanosomal pH.
The reduction of melanosome-mitochondrion contacts in

Mfn2 knockdown and oligomycin-treated cells is associated
to specific alterations of the mitochondrial morphology
(mitochondrial fragmentation and reduction of mitochondrial
size with formation of ring-like organelles, respectively),
in agreement with previous reports [10, 38]. Moreover, the
mitochondrial network appears more fragmented in Oa1-KO
compared to wild-type melanocytes, despite the absence of
significant differences in the mitochondrial potential (T.D.
and R.V., unpublished results), suggesting that fragmentation
might be related to the metabolic status of these cells [39].
Although we cannot exclude that alterations of mitochondrial
morphology could affect melanosome-mitochondrion con-
tacts, several results (for instance, relative to different melano-
somal stages and categories, and OA1 labeling) are indepen-
dent of this variable, because they were obtained within the
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same cells. Of relevance, mitochondria fragmentation per se
is not sufficient to reduce the ER-mitochondria juxtaposition
[10, 40].

It also remains unclear howmelanosomes andmitochondria
manage their interactions considering their high motility along
microtubules. It is possible that contacts are dynamic and take
place during lessmotile intervals or in a ‘‘kiss and run’’ fashion.
However, live confocal microscopy studies have revealed
that the ER-mitochondria connections remain intact even
as the two organelles move along acetylated microtubules
[9, 41]. Whether similar mechanisms also work for the melano-
some-mitochondrion connections is an intriguing hypothesis
deserving future investigation.

Experimental Procedures

Correlative Light-Immuno Electron Microscopy

Correlative light-electron microscopy (CLEM) was performed as described

[27] (Figures S1B and S1C). We identified stage I melanosomes as special-

ized early endosomes having a translucent lumen and a variable number of

internal vesicles positive for Pmel17 (or OA1 in Oa1-KO+hOA1 cells); all

other maturation stages were evaluated based on morphological criteria,

as described [11, 12] (Figure S1D). Fully pigmented melanosomes having

both length and width longer than 400 nm or one dimension bigger than

1 mm were assigned to the giant category. Melanosome-mitochondrion

contacts were defined as situations in which either the membranes of one

or both the organelles were not visible or touched each other (Figures 1C–

1G) or the two organelles overlapped [42] (Figure 1H).

Morphometric Analysis

Quantification of the Mfn2 immunogold labeling density was performed

according to [43]. Compartment size was estimated by superimposing

a lattice of test lines (outdistanced by 200 nm) to each microscopic field

and counting the intersections with mitochondrial profiles; quantifications

were independently confirmed by manual contouring and measurement

with ImageJ. Gold particles were assigned to each ‘‘compartment’’ if they

were within a distance of 25 nm from its membranes.

Statistical Analysis

Calculations and statistical analyses were carried out with Microsoft Excel.

Statistical significance was evaluated by applying the unpaired two-tail

Student’s t test, unless otherwise indicated (Figures 4D and S3C), using

the following star code: *p < 0.05, **p < 0.01, ***p < 0.001.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, four figures, and two movies and can be found with this article online

at http://dx.doi.org/10.1016/j.cub.2014.01.007.
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