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Melanosomes are lysosome-related organelles specialized in
melanin synthesis and transport. In this study, we show that
microphthalmia-associated transcription factor (MITF) silenc-
ing induces melanosome gathering around the nucleus and
causes the relocalization of Rab27A, Slac2a-Mlph, and Myo5a
that control the transport ofmelanosomes on the actin network.
In an attempt to elucidate the mechanism by which MITF con-
trols melanosome distribution, we identify RAB27A as a new
MITF target gene. Indeed, MITF silencing leads to a dramatic
decrease in Rab27A expression and blocks the stimulation of
Rab27A expression evoked by cAMP. Further, forced expres-
sion of MITF increases Rab27A expression, indicating that
MITF is required and sufficient for Rab27A expression in mel-
anoma cells. MITF binds to two E-boxes in the proximal region
of theRab27Apromoter and stimulates its transcriptional activ-
ity. Finally, re-expression of Rab27A, in MITF-depleted cells,
restores the transport of melanosomes to the cell periphery.
These results show that RAB27A is a new direct transcriptional
target of MITF and link MITF to melanosome transport,
another key parameter of melanocyte differentiation and skin
pigmentation. Interestingly, Rab27A is involved in other funda-
mental physiological functions, such as the transport of lytic
granules and insulin secretion.Thusour results, deciphering the
mechanismof Rab27A transcriptional regulation, have an inter-
est that goes beyond the skin pigmentation field.

In humans, pigmentation results from the synthesis and dis-
tribution of melanin in skin, hair bulbs, and eyes (1). Melanin
synthesis or melanogenesis is an enzymatic process, catalyzed
by tyrosinase, Tyrp1 (tyrosinase-related protein 1), and
dopachrome tautomerase (DCT),5 which converts tyrosine to

melanin pigments. This process takes place in melanocytes
within lysosome-related vesicles named melanosomes that are
transported to the dendrites tips and transferred to surround-
ing keratinocytes to ensure hair and skin pigmentation. In
humans, melanins play a key photo-protective role against the
noxious effect of UV radiation from solar light.
Numerous studies have been undertaken to understand the

molecular mechanisms that control melanosome distribution
within melanocytes. It has been demonstrated that melano-
somes are subjected to both a bidirectional microtubule-de-
pendent transport and an unidirectional actin-dependent
transport that allow melanosome docking at the dendrite tips
(2).
The microtubule-dependent transport of melanosomes is

controlled by kinesin for transport toward the cell periphery,
whereas the minus-end motility toward the cell center is medi-
ated by dynein that is linked to melanosome by the Rab7-RILP
(Rab7-interacting lysosomal protein) complex (3). At the cell
periphery, the Rab27A-melanophilin (Slac2a-Mlph) complex
recruits the actin-dependent motor protein, myosin 5a
(Myo5a), allowing melanosomes to move on the actin network
(4–6).
The following step is the anchoring of melanosomes to the

plasma membrane through simultaneous interaction of Slp2,
with Rab27A on the melanosomes and phosphatidylserine at
the plasma membrane (7).
In humans, �-melanocyte-stimulating hormone is a key

physiological regulator of melanocyte differentiation and skin
pigmentation (8). �-Melanocyte-stimulating hormone binds to
themelanocortin receptor type 1 and activates the cAMP path-
way, thereby leading to a stimulation of melanogenesis (9).
Recently we have demonstrated that cAMP rapidly increases
the interaction of the Slac2a-Mlph with actin and leads to the
rapid accumulation of melanosomes in the actin-rich region of
the dendrite extremities. Further, cAMP stimulates the expres-
sion of Rab27A that could facilitate the interaction of melano-
somes with cortical actin (10).
Inmelanocytes the effects of cAMP onmelanin synthesis are

mediated by microphthalmia-associated transcription factor
(MITF), which is the master gene of melanocyte development,
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differentiation, and survival. Until nowMITF has been demon-
strated to control the expression of tyrosinase, Tyrp1, and
DCT, the enzymes that are essential for melanin production
(11, 12). MITF also controls genes involved in melanosome
genesis or structure such asMART1, Silver, andGPR143 (OA1)
(13). The gene encoding the melanosomal protein, TRPM1,
with unknown function is also a MITF target gene (13). How-
ever, until nowMITF has never been involved in the regulation
of melanosome transport. In this study we have dissected the
regulation of melanosome transport by MITF in human and
mouse melanoma cells. We demonstrate that MITF regulates
the peripheral distribution of melanosomes to the dendrite tips
via the control of Rab27A expression. MITF directly binds to
the Rab27A promoter, thereby increasing its activity. Re-ex-
pression of Rab27A in MITF-depleted B16 cells restores the
peripheral melanosome transport. Taken together, we demon-
strate the involvement of MITF in the actin-dependent mela-
nosome transport that is, togetherwithmelanin synthesis, a key
functional trait of differentiated melanocytes underlying skin
pigmentation.

MATERIALS AND METHODS

Cell Culture, Transfection, and Infection—Mouse melanoma
B16-F10 cells, human melanoma Mel501 cells, and A375 cells
were cultured in Dulbecco’s modified Eagle’s medium supple-
mentedwith 7% fetal bovine serumandpenicillin/streptomycin
(100 IU; 50 �g/ml) in a humidified atmosphere containing 5%
CO2 at 37 °C. B16 andMel501 cells were transfected with Lipo-
fectamine (Invitrogen) according to the protocol of the manu-
facturer. In brief, 3 � 106 cells in 100-cm2 culture dishes were
transfectedwith 70�l of Lipofectamine and 15�g of plasmid or
100 nM of siRNAs inOptimen. After 6 h, the cells were replaced
in Dulbecco’s modified Eagle’s medium supplemented with 7%
fetal bovine serum. A375 cells were infected with control and
MITF encoding adenovirus for 72 h as described elsewhere
(11).
Plasmid, siRNA, and Adenovirus—Rab27A-GFP and

GFP-N1 plasmids were described previously (4). siRNA-medi-
ated down-regulation of MITF was achieved with a specific
MITF siRNA (36), and scrambled siRNA was used as control.
Recombinant adenovirus encoding wild typeMITF (Ad-MITF)
was previously described (11).
Antibodies—A polyclonal anti-melanophilin antibody was

obtained by immunization of rabbits with two peptides within
the C-terminal domain of mouse melanophilin and was used at
1/500 dilution for Western blot (WB) and 1/50 dilution for
immunofluorescence (IF) (10). Polyclonal antibody to Tyrp1
(PEP1) (from Dr. Hearing, NCI, National Institutes of Health)
were used at 1/2,000 dilution for WB and 1/200 for IF. Mono-
clonal antibodies to Tyrp1 (B8G3) (from Dr Parson) and to
Silver protein (HMB45) (Dakopatts) were used respectively at
1/15 and 1/100 dilution for IF. Monoclonal antibody to MITF
(C5) (Abcam)was used at 1/100 dilution forWBand 1/10 for IF.
Polyclonal antibody to the C terminus part of MITF, used at
1/250, was previously described (37). Themonoclonal antibody
to Rab27A (Transduction Laboratories), and the polyclonal
antibody toMyo5a (provided byDr.Mooseker, YaleUniversity,
New Haven, CT) were used at 1/2000 for WB and 1/100 for IF.

The monoclonal ERK2 antibody (Santa Cruz Biotechnology)
was used at 1/2000 for WB. The anti-mouse and anti-rabbit
peroxidase-conjugated secondary antibodies as well as the flu-
orescein isothiocyanate and Texas Red-conjugated anti-mouse
and anti-rabbit antibodies were from Dakopatts.
Immunofluorescence Study—B16 orMel501 cells cultured on

glass coverslips were washed three times in PBS, fixed for 20
min in 3% paraformaldehyde, washed again, and incubated for
10min in 50mMNH4Cl after three more PBS washes. The cells
were next incubated with the primary antibody diluted in PBS
containing 0.5% bovine serum albumin and 0.02% saponin for
1 h, washed abundantly in PBS, and incubated for another hour
with the appropriate conjugated secondary antibody. After
washing, the coverslips were mounted on glass slides and
viewed with an Axiophot fluorescent microscope (Zeiss).
Western Blot—Proteins 40 �g were separated on SDS-PAGE

and transferred onto polyvinylidene difluoride membranes.
The membranes were saturated in a saline buffer, 2% bovine
serum albumin and then incubatedwith the corresponding pri-
mary antibody for 1 h at room temperature. After three 10-min
washes in a saline buffer containing 0.05% Triton X-100, the
blots were incubated for 1 h with the corresponding peroxi-
dase-conjugated secondary antibody and washed again. The
antigen-antibody complex was detected with the ECL kit
(Amersham Biosciences).
Construction of the Reporter Plasmids—A 800-bp fragment

5� of the transcriptional start site of the Rab27A transcript was
isolated and amplified by PCR and then inserted into plasmid
vector pCR2.1-TOPO (TOPO TA Cloning�, Invitrogen). The
800-bp fragment was subcloned into the unique XhoI and SacI
restriction site of the pGL3basic vector (pGL3B), upstream of
the luciferase coding sequence (pR27a). The first nucleotide of
the first exon was numbered 1. For the deletion constructs,
pR27a was cut with EcoRV (0.6 kb) or BsgI (0.2 kb) and then
self-ligatedwithT4DNA ligase, giving, respectively, the follow-
ing plasmids: pR27a-�1 and pR27a-�2. pR27A-mE1, pR27A-
mE2, and pR27A-mE3 mutants were constructed with the
TransformerTM site-directed mutagenesis kit (Clontech Labo-
ratories, Inc., PaloAlto, CA). Briefly, theCANNTG sequence of
each E-box was replaced by a TCNNTG sequence using the fol-
lowing oligonucleotide: E-box 1 (5�-GAAAGGGGCAAAAATT-
CCTTGACTGGTCTGCAGTGCC-3�), E-box 2 (5�-ACTGGT-
CTGCAGTGCTCTATGACAAACAGCTGAGAC-3�). The
plasmid containing theMITF coding sequence in pCDNA3was
previously described (38).
Luciferase Assays—B16 melanoma cells were seeded in

24-well dishes, and transient transfections were performed the
following day using 2 �l of Lipofectamine (Invitrogen) and 0.5
�g of total plasmid DNA in a 200-�l final volume. pCMV-�Gal
was cotransfected with the tested plasmids to control transfec-
tion efficiency. 24 h after transfection, soluble extracts were
harvested in 50 �l of lysis buffer and assayed for luciferase and
�-galactosidase activities. All of the transfectionswere repeated
at least five times using different plasmid preparations.
Gel Mobility Shift Assay—Double-stranded synthetic E1 box

(5�-TATGACAAACAGCTGAGAC-3�), E2-box (5�-CTGCA-
GTGCCATATGACAAACAGC-3�) and corresponding mu-
tated boxes, mE1 and mE2 (5�-TATGACAAATCGCTGA-
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GAC-3� and 5�-CTGCAGTGCTCTATGACAAACAGC-3�)
were end-labeled with [�-32P]ATP (Amersham Biosciences)
and T4 polynucleotide kinase. Nuclear extracts from B16 cells,
prepared as previously described (12), were preincubated in
binding buffer for 15 min on ice. Then 30,000–50,000 cpm of
32P-labeled probewere added to the binding reaction for 10min
at room temperature. DNA-protein complexes were resolved
by electrophoresis on 4% polyacrylamide gel (37.5:1;acrylam-
ide/bisacrylamide) in TBE buffer (22.5 mM Tris borate, 0.5 mM
EDTA, pH 8) for 2 h at 150 V.
Chromatin Immunoprecipitation Assay—B16 cells were cul-

tured in 100-cm2 culture dishes, stimulated (or not) with for-
skolin for 5 h, and then treated with 1% formaldehyde for 10
min at 37 °C. Next, the cells were harvested in PBS, centrifuged
(700 � g, 5 min at 4 °C), and suspended in the lysis buffer (EZ
ChIPTM chromatin immunoprecipitation kit; Upstate). After
sonication the sheared chromatin was then immunoprecipi-
tated using indicated antibodies. After immunoprecipitation,
the cross-link was reverted by heat treatment (65 °C overnight
and proteinase K digestion). The genomic captured fragments
were purified using spin columns. Identification of the captured
DNA fragments was performed by PCR analysis using the
Rab27A or GAPDH promoter primers. 30 cycles of PCR were
performed, and the amplified products were analyzed on a 2%
agarose gel.

RESULTS

Mitf Silencing Affects Melanosome Distribution in B16Mela-
noma Cells—In B16F10 melanoma cells, immunofluorescence
labeling with antibody to Tyrp1 (Fig. 1, green) showed that

melanosomes were distributed all
over the cells. After forskolin treat-
ment for 24 h, we observed that cells
acquired a dendritic phenotype and
that melanosomes were gathered at
the dendrite tips. We also observed
an increased Mitf expression after
forskolin treatment (Fig. 1A). These
observations prompted us to
hypothesize that Mitf might play a
role in the control of melanosome
distribution. Indeed, transfection
with specific Mitf siRNA dramati-
cally inhibited Mitf expression, in
both basal and forskolin conditions,
in more than 98% of the cells.
Interestingly, Mitf silencing altered
melanosome distribution and pre-
ventedmelanosomedocking at den-
drite tips in forskolin-treated cells
(Fig. 1B). These observations indi-
cate that Mitf is involved in the
cAMP regulation of melanosome
peripheral distribution.
Mitf Silencing Induces Relocaliza-

tion of the Myosin 5a, Slac2a-Mlph,
Rab27A, and Inhibits Rab27A
Expression—Peripheral melanosome

transport involves a tripartite complex composed of Myo5a,
Slac2a-Mlph, and Rab27A that allows melanosomes to interact
andmove on actin filament.Hence,we studied the effect ofMitf
silencing on these proteins. B16 melanoma cells were trans-
fected with scrambled or Mitf siRNA (siMITF) and then
exposed for 24 h to forskolin. Mitf and Myo5a, Slac2a-Mlph,
or Rab27A expression was analyzed by immunofluorescence.
In cells transfected with scrambled siRNA (siScr), Myo5a,
Slac2a-Mlph and Rab27A all showed a reinforced localiza-
tion at the cell periphery, whereas after Mitf silencing as
shown by the absence of red labeling, these proteins were
relocalized within the cell body (Fig. 2A). Therefore Mitf
silencing impairs Myo5a-Mlph-Rab27A tripartite complex
distribution.
Next, we hypothesize that Mitf might control the expression

of one or several members of the tripartite complex that allow
melanosome peripheral distribution. To verify this hypothesis,
B16 melanoma cells were transfected with scrambled or Mitf
siRNA and treated or not with forskolin. Myo5a, Slac2a-Mlph,
Rab27A protein expression was analyzed by Western blot (Fig.
2B). In control conditions, forskolin increasedMitf, tyrosinase,
Myo5a, and Rab27A expression. Slac2a-Mlph expression was
not affected by forskolin. Transfection with siMITF dramati-
cally reduced Mitf expression. In these cells, we observed an
almost complete extinction of tyrosinase and Rab27A expres-
sion. Slac2a-Mlph or ERK2 expression was not affected com-
paredwith cells transfectedwith scrambled siRNA.A slight, but
reproducible decrease (15–25%) in Myo5a expression was also
observed.

FIGURE 1. Mitf silencing blocks the peripheral melanosomal transport. B16 melanoma cells were trans-
fected with siScr (A) or siMITF (B) and exposed to forskolin (20 �M) for 24 h. Melanosomes were labeled with a
polyclonal antibody to Tyrp1 (pep1). Mitf was labeled with the monoclonal antibody C5. A mouse anti-rabbit
fluorescein isothiocyanate (1/1000) and a goat anti-mouse Texas Red (1/600) were used as secondary antibod-
ies. Bar, 20 �m. The nuclei were stained with 4�,6�-diamino-2-phenylindole (DAPI). Three independent exper-
iments were performed. The images are representative of �85% of cells of 150 cells analyzed in each condition.
Cont, control.
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Mitf Stimulates Rab27A Tran-
scription and Binds Directly to the
Rab27A Promoter—Next, we ana-
lyzed the effect of Mitf silencing on
Rab27A messengers. Real time PCR
analysis showed that forskolin treat-
ment increased the mRNA levels of
Mitf, tyrosinase, and Rab27A. On
the other hand, in cells transfected
with siMITF, we observed a dra-
matic decrease in Mitf, tyrosinase,
and Rab27A messengers (Fig. 3A),
suggesting that Mitf controlled
Rab27A expression at the transcrip-
tional level. To perform a functional
analysis of the Rab27A promoter,
we cloned a 800-bp fragment of the
Rab27A gene from �33 to �870
according to Tolmachova et al. (14)
upstream from the luciferase
reporter gene. This fragment con-
tains seven E-boxes susceptible to

FIGURE 2. Mitf silencing relocalizes the proteins involved in actin-dependent melanosomal transport
and controls Rab27A expression. A, B16 melanoma cells were transfected with siScr or siMITF (100 nmol) and
exposed to forskolin (20 �M) for 24 h. The cells were labeled with a polyclonal antibody to Myo5a or melanophi-
lin and with a mouse monoclonal antibody to Mitf (C5). When cells were labeled with a monoclonal antibody to
Rab27A, Mitf was visualized with a polyclonal antibody to Mitf. Bar, 10 �m. Three independent experiments
were performed. The images are representative of �85% of cells of 150 cells analyzed in each condition. B, B16
melanoma cells were transfected with siScr or siMITF and exposed or not to forskolin (20 �M) for 24 h. WB
analysis was performed using polyclonal antibodies to Myo5a, melanophilin, tyrosinase, and monoclonal anti-
bodies to Rab27A, Mitf, and ERK2.

FIGURE 3. Mitf stimulates Rab27A transcription and stimulates the Rab27A promoter activity. A, B16 melanoma cells melanoma cells were transfected with siScr
or siMITF and exposed or not to forskolin (20 �M) for 24 h. RNA were purified and relative amounts of Mitf, Rab27A, and tyrosinase messengers were quantified by real
time quantitative PCR. B, schematic representation of the Rab27A promoter containing seven E-boxes (E1–E7). The black arrows denote the sites of restriction enzymes
EcoRV and BsgI used for R27a-�1 and R27a-�2 constructs, respectively. The white arrow denotes the initiation of the transcription. C, alignment of human and mouse
RAB27A promoter was performed using BLAST program (NCBI). Exon 1 of the human RAB27A gene is shown in bold type. D, B16 cells were transfected in Lipofectamine
with 0.3 �g of pR27a-wt, pR27a-�1, pR27a-�2, pR27a-mE1, pR27a-mE2, pR27a-mE3, and 0.05 �g of pCMV�GAL and 0.2 �g of pMITF or not. After 24 h with forskolin,
luciferase activity was normalized by the �-galactosidase activity, and the results were expressed as fold stimulation of the basal luciferase activity of nonstimulated
cells. The data are the means � S.E. of five experiments performed in triplicate.
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bind Mitf (Fig. 3B). Further, human and mouse Rab27A pro-
moters show a strong homology in the proximal region. This
region contains three E-boxes that are conserved in bothmouse
and human promoters (Fig. 3C). Functional analysis of this pro-
moter fragment (Fig. 3D) showed that the Rab27A promoter
was responsive to cAMP, because forskolin treatment led to a
5-fold increase in the luciferase activity. Cotransfection of the
Rab27A promoter reporter construct with an expression plas-
mid encoding Mitf also strongly increased the promoter activ-
ity. Taken together, these data demonstrate that Mitf regulates
Rab27A expression at the transcriptional level.
Then we studied two deletion constructs that removed one

(pR27a-D1) and four E-boxes, respectively (pR27a-D2), at the
5� end of the promoter. Both constructs showed almost the
same responsiveness to cAMPandMitf comparedwith thewild
type construct. These data indicate that the cAMP- and Mitf-
responsive elements are located within proximal region con-
taining three E-boxes. Individual mutation of these E-boxes
showed that mutation of the most 5� E-box (E-box3) did not
affect the stimulation of the Rab27A promoter activity by
cAMP or Mitf, whereas mutation of either E-box 1 or E-box 2
led to a strong decrease in the stimulation elicited by cAMP or
by Mitf. Thus E-boxes 1 and 2 likely bind Mitf and mediate the
effect of cAMP.
To verify thatMitf indeed binds to the Rab27A promoter, we

performed a gel shift assay with labeled E-boxes 1 and 2.
Nuclear extracts fromB16melanoma cells exposed to forskolin
showed an increased binding to the labeled E-box 1 and 2 (Fig.
4). In each case, the binding was displaced by an excess of the
unlabeled probe but not or slightly affected by an excess of

unlabeled mutated corresponding
E-box. Mitf was identified as the
protein that binds to the E-box 1
and 2, because an anti-Mitf anti-
body dramatically reduced the for-
mation of the complexes with E-box
1 and 2 and induced a weak super-
shift of the complexes.
To verify the binding of Mitf to

the Rab27A promoter in intact cells,
we performed a chromatin immu-
noprecipitation assay in B16 mela-
noma cells. Direct PCR amplifica-
tion, with specific primers spanning
the Rab27A promoter, on cross-
linked protein-DNA total extract
amplified a band of 800 bp (Fig. 4B,
left panel, Input). Alternatively, the
extracts were first immunoprecipi-
tatedwith antibody to polymerase II
as positive control, nonimmune
rabbit IgG as a negative control or
anti-Mitf antibody. After immuno-
precipitation with anti-Mitf, we
amplified a band at 800 bp corre-
sponding to the Rab27A promoter.
This band was clearly increased in
extracts from cells exposed to for-

skolin. We also amplified the Rab27A promoter in anti-Pol II
precipitates, but not in nonimmune antibody precipitates.
Instead, using PCR amplification with specific GAPDH pro-
moter primers, we amplified a 1-kb fragment corresponding to
theGAPDHpromoter both in the total input and in the anti-Pol
II precipitates, but not in the anti-Mitf precipitates (Fig. 4B).
These results demonstrate that Mitf binds to the Rab27A pro-
moter in intact cells.
Rab27A Re-expression Restores Normal Melanosome Distri-

bution in Mitf-deficient Melanoma Cells—Wewished to assess
whether the loss of Rab27A expression in Mitf-deficient cells
was indeed responsible for the aberrant distribution ofmelano-
somes. In this aim, we expressed Rab27A-GFP in B16 mela-
noma cells transfected with siMITF (Fig. 5). As previously
observed, Mitf silencing induced melanosome (visualized with
an anti-Tyrp1 antibody, red) gathering at the cell center, com-
pared with cell transfected with scrambled siRNA. However, in
the cells that expressed Rab27A-GFP (Fig. 5, green), melano-
somes spread all over the cells and reached the dendrite tips.
This observation wasmade inmore than 90% of the cell lacking
Mitf and that re-expressed Rab27A. In contrast, in cells that
expressed GFP alone, melanosome distribution was not modi-
fied compared with nontransfected cells. Therefore forced
Rab27A expression is able to restore melanosome peripheral
distribution in Mitf-depleted cells.
MITF Controls RAB27A Expression and Melanosome Distri-

bution in HumanMelanoma Cells—Finally, we wished to con-
firm that MITF also controlled melanosome distribution in
human cells. We performed the same experiment in human
melanoma cells Mel501, and we observed, as is the case in B16

FIGURE 4. Mitf binds to the two proximal E-boxes of the Rab27A promoter. A, gel shift experiments were
performed with B16 nuclear extracts from control or forskolin treated cells, using labeled wild type (E1 or E2
box) or mutated (mE1 box, mE2 box) probes. When indicated, the reactions were carried out in presence of an
excess (10-fold) of unlabeled homologous or mutated probe or with 2.5 �g of anti-Mitf antibody. The asterisk
indicates the complexes supershifted by the Mitf antibody. B, chromatin immunoprecipitations were per-
formed on extracts from nonstimulated and forskolin-stimulated (Fsk) B16 melanoma cells. Immunoprecipita-
tion was performed using specific anti-Mitf, anti-polymerase II (Pol II) antibodies, and rabbit IgG (IgG) as control.
Primers spanning the Rab27A promoter region were used for the PCR amplification. A control of PCR amplifi-
cation was performed on nonimmunoprecipitated extracts (Input). Another control was performed using a
primer pair to the human GAPDH promoter.
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melanoma cells, that MITF silencing led to striking melano-
some gathering at the cell center compared with cells express-
ing MITF (Fig. 6A). Western blot analysis confirmed that
siMITFdramatically inhibited bothMITF andRAB27Aexpres-
sion but did not affect MYO5A level (Fig. 6B). Thus MITF
appears to be required for RAB27A expression.
To investigate whether MITF was sufficient to trigger

RAB27A expression, we infected A375 humanmelanoma cells,
which express a very low level of MITF, with an empty adeno-
virus or an adenovirus encoding wild type MITF. We observed

that infection with MITF-encoding
adenovirus led to a strong increase
in both MITF and RAB27A expres-
sion (Fig. 6C), whereas the empty
adenovirus did not affect the level of
RAB27A protein. Forced MITF
expression did not affect MYO5A
expression. Identical results have
been obtained in SKmel28 human
melanoma cells. Taken together,
our data demonstrate that MITF is
required and sufficient for RAB27A
expression in human melanoma
cells.

DISCUSSION

In the present report, we identify
RAB27A as a newMITF target gene
and show the involvement of MITF
in melanosome distribution within
melanoma cells. Indeed, MITF
silencing induces melanosome
gathering around the nucleus and
leads to a dramatic decrease in
Rab27A expression. In both mouse
and human melanoma cells, cAMP
elevating agents increase Rab27A
expression. This effect is blocked by
MITF silencing, indicating that
MITF mediates the effects of cAMP
on Rab27A expression. Further,
adenovirus-forced expression of
MITF increases Rab27A protein
level, demonstrating that MITF is
sufficient to trigger Rab27A expres-
sion. Conversely, tyrosinase, which
is also a MITF target gene, is not
induced by ectopic expression of
MITF (11). Tyrosinase gene appears
to have a nonpermissive chro-
matin conformation, and MITF
needs to recruit the SWI/SNF
complex that allow chromatin
remodeling and tyrosinase expres-
sion (15). RAB27A, as well HIF1A
(16), BCL2 (17), andMET (18, 19),
which do not require SWI/SNF
complex to be regulated by MITF,

appear to be in an active genomic region.
In our study, melanosomes are visualized by Tyrp1 or Silver

labeling. Indeed, in cells transfected with siMITF, it is not pos-
sible to observe black melanosomes containing melanin,
because MITF silencing causes a complete and rapid loss of
tyrosinase and melanin content in pigmented melanoma cells.
Thus we cannot rule out the possibility that MITF silencing
affects Tyrp1 and Silver targeting to melanosomes. However,
MITF silencing obviously affects the distribution of both Tyrp1
and Silver containing vesicles.

FIGURE 5. Rab27A re-expression relocalizes melanosomes to the tips of dendrites in Mitf-silenced B16
melanoma cells. B16 cells were transfected with siMITF and Rab27A-GFP or GFP alone 24 h later and then
exposed to forskolin (20 �M) for 24 h. the melanosomes were visualized with polyclonal antibody to Tyrp1
(pep1) and secondary antibody-labeled with Texas Red. Mitf was visualized with the monoclonal antibody C5
and Alexa fluor 350 anti-mouse antibody. Bar, 10 �m. Three independent experiments were performed. The
images are representative of �85% of cells of 30 cells analyzed in each condition.

FIGURE 6. MITF controls RAB27A expression and melanosome distribution in human melanoma
cells. A, Mel501 melanoma cells were transfected with siScr or siMITF and then exposed to forskolin (20
�M) for 24 h. the melanosomes were labeled with monoclonal antibodies to Trp1 (B8G3) and Silver (HMB45).
MITF was labeled with polyclonal antibody to the C-terminal part of the protein. Bar, 10 �m. Three independent
experiments were performed. The images are representative of �85% of cells of 150 cells analyzed in each
condition. B, Mel501 melanoma cells were transfected with siScr or siMITF and exposed or not to forskolin (20
�M) for 24 h. WB analysis was performed using polyclonal antibodies to Myo5a and monoclonal antibodies to
Rab27A, MITF, and ERK2. C, A375 melanoma cells were infected with control adenovirus (Ad-cont) or adenovi-
rus expressing MITF (Ad-MITF) for 72 h. WB analysis was performed using a polyclonal antibody to Myo5a and
monoclonal antibodies to Rab27A, MITF (C5), and ERK2.
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Rab27A has been reported to stabilize MLPH (20). Thus the
loss of rab27 in MITF-silenced cells was expected to decrease
MLPH expression. However, in our experiments the level of
MLPH is not affected by MITF silencing. This observation
might be explained by a residual amount of Rab27A that is
sufficient to stabilize MLPH but not to ensure a correct mela-
nosome transport. Several other RAB proteins, including
RAB3A (21), RAB7 (3), andRAB8 (22, 23) have been involved in
melanosome transport. However, in our hands, none of them
are regulated by MITF (data not shown).
It is noteworthy that we observe that MITF silencing also

induces morphologic changes in melanoma cells with a loss of
the dendritic processes. Kuroda and Fukuda (7) reported that
Slac2a-Mlph, a Rab27A effector, is required for elongated mel-
anocyte shape, but this effect is independent of the ability of
Slac2a-Mlph to bind Rab27A. Further, nomorphology changes
have been reported either in melanocyte from ashen mice (24)
or in melanoma cells transfected with dominant negative form
of Rab27A (25, 26). Thus the loss of Rab27A expression does
not seem to be responsible for the cell shape modification. The
effect of MITF silencing on melanoma cell shape might be
explained by the inhibition of other MITF targets. A good can-
didate could be Diaph1, a newMITF target gene (27) that con-
trols the actin cytoskeleton and cell morphology. Because the
actin cytoskeleton plays a key role in melanosome transport,
one could argue that changes in melanosome repartitionmight
be the consequence of the alteration of the actin network. How-
ever, the inhibition of ROCK by Y27632, in cells depleted in
MITF by specific siRNA restores dendricity but not peripheral
melanosome localization (data not shown). Moreover, in
MITF-depleted cells, re-expression of Rab27A restores mela-
nosome transport to the cell periphery, demonstrating that the
loss of Rab27A expression was the primary cause of melano-
some mislocalization.
Within human and mouse RAB27A gene, we identify a pro-

moter region at 5� of the human transcript (NM 004580) that
shows a strong homology with the 5� region of the mouse tran-
script (AF 304376) described byWilson et al. (24). Interestingly,
within these regions, three proximal E-boxes are perfectly con-
served. The functional analysis of the Rab27A promoter shows
that this fragment is responsive to cAMP andMITF. Twomore
proximal E-boxes bind MITF and mediate the cAMP effect.
Interestingly, the antibody to Mitf does not completely com-
peted out the complexes formed with E1 and E2 probes, sug-
gesting that other basic helix-loop-helix transcription fac-
tors such as TFE3 or USF1 can bind to these sequences, at
least in vitro.

The sequences of these E-boxes (CATATG and CAGCTG)
do not match perfectly with the consensus sequence (CAT-
GTG) targeted by MITF in the other differentiation gene such
as TYR, TYRP1, and DCT (28). However, recently several new
MITF target genes (CDKN1A, CDKN2A, CDK2, HIF1A, and
BCL2) (16, 17, 27, 29, 30) have been described, and the E-boxes
targeted by MITF in these genes do not have the CATGTG
canonical sequence.
In addition to melanosome transport, Rab27A has been

involved in other biological functions such as secretion of cyto-
toxic granules by cytotoxic T lymphocyte (31) and insulin

secretion by pancreas � cells (32). Interestingly, TFE3 and
TFEB, which share a strong homology with MITF, are
expressed in T lymphocyte (33). In these cells, TFE3 and TFEB
might regulate Rab27A expression and thus the cytotoxic
response. Similarly, NeuroD1/BETA2 is a key transcription fac-
tor required for pancreas endocrine cell differentiation.
NeuroD1 is a basic helix-loop-helix transcription factor and
binds to the E-box motif (34). Thus NeuroD1 might regulate
insulin secretion through the control of Rab27A expression in
pancreas � cells. In other cell types expressing Rab27A, the
transcriptional regulation of this gene might involve a ubiqui-
tous helix-loop-helix transcription factor such as Usf1 or Myc
that could bind to the E-boxes of the Rab27A promoter.
Patients with Griscelli syndrome type 2 have hypopigmenta-

tion (skin and hairs) and a hemophagocytic syndrome caused
by Rab27A mutation (35). However, some patients with these
symptoms have no mutation in the Rab27A coding sequence.
These cases might be explained by a reduced Rab27A expres-
sion, ensuing mutations in the E-boxes that bind MITF (or
other basic helix-loop-helix transcription factors). Until now,
we have sequenced the promoter region of five patients with
Griscelli syndrome type 2 without mutation in Rab27A coding
sequence. We found no mutation in the RAB27A promoter
region of these patients.
In skin,UV radiations induce an increase ofMITF expression

inmelanocytes via�-melanocyte-stimulating hormone synthe-
sis, MC1R activation, and increase in cAMP levels. Cyclic AMP
appears to control melanosome transport by two different
mechanisms. The first one involves a rapid accumulation of
melanosome to dendrite tips, probably through post-transla-
tional modifications that either favor Mlph interaction with
actin (10) or increase Rab27A and Slp2 interaction (7). As
shown in this report, the second one implies a long term effect,
through the stimulation of Rab27A expression by MITF that
might facilitate melanosome interaction with MLPH-Slac2a or
Slp2.
In conclusion, MITF controls melanin synthesis through the

regulation of tyrosinase, Tyrp1, and DCT expression andmela-
nosome maturation via the regulation of GPR143 and Silver
expression. The data gathered in the present report show that
MITF also controls the peripheral distribution ofmelanosomes
to the dendrites tips by regulating Rab27A expression. Thus
MITF seems to organize the transmission of the differentiation
signal and coordinates the transcriptional response, ensuring
proper expression of essential genes for full functional melano-
cyte differentiation, pigmentation process, and UV adaptive
response.
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