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100 mg/L streptomycin sulfate in a 10% CO,
atmosphere. Transfection was performed by using
FUGENES6 (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer's protocol. Cells
grown on round coverslips coated with 1% porcine
skin gelatin (Sigma-Aldrich) were transfected with
0.5 pg of plasmid DNA and cultured for 24 or 48 h
according to the examination. When proteasome
inhibitor was necessary, cells were incubated with
10 pmol/L MG132 (Sigma-Aldrich) for 5 h prior to the
fixation.

Immunofluorescent staining and confocal laser
scanning microscopy

Anti-PEP7, a rabbit polyclonal antiserum against
tyrosinase, was kindly provided by Dr Vincent J. Hear-
ing, USA. HMSA5, a mouse monoclonal antibody
against Tyrp1, was developed previously.*® HMB45,
a mouse monoclonal antibody against gp100 was
purchased from DAKO (Glostruk, Denmark). An anti-
flag mouse monoclonal antibody (clone M2) and a
rabbit anti-flag polyclonal antibody were purchased
from Sigma. Goat antimouse and antirabbit immuno-
globulin G antibodies conjugated with Alexa Fluor
488 or Alexa Fluor 594 were products of Invitrogen.

Immunofluorescent staining was performed as

described previously with a slight modification.®’
Cells were fixed in a mixture of acetone and methanol
(1:1) at —20°C for 5 min. After a brief wash with phos-
phate buffered saline containing 0.5% (w/v) bovine
serum albumin, a pair of monoclonal and polyclonal
primary antibodies was used simultaneously for dou-
ble staining. The antibody dilution was as follows:
HMSAS5, 1:1000; anti-flag M2, 1:1000; and polyclonal
anti-flag, 1:2000. The secondary fluorescent-labeled
antibodies were used at a dilution of 1:600. The cov-
erslips were mounted with Permafluor (Beckmann
Coulter Immunotech, Marseille, France) on glass
slides. Immunofluorescent images were obtained by
confocal laser scanning microscopy using an Axiovert
100M (Carl Zeiss, Thornwood, NY, USA) equipped
with LSM510 V2.5 (Carl Zeiss). Transfected and un-
transfected cells were simultaneously included in
every recorded image.

Fluorometric analysis and statistics

Confocal images were collected and fluorometric
analysis was carried out with ImageJ 1.36b (National
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Institute of Health, Bethesda, MD, USA). From each
confocal image, the relative fluorescence in trans-
fected cells to that in untransfected cells was calcu-
lated and categorized into four groups depending
on the value: 0-0.1, 0.1-0.5, 0.5-2 and more than 2.
The proportion of each group was statistically
analyzed using Pearson’s y*-test (5% significance
level).

RESULTS

Subcellular localization of wild-type and
mutant Rab7

To observe the effect of Rab7 mutants directly and
to compare the distribution of Tyrp1 in transfected
and untransfected cells, the plasmids carrying wild-
type Rab7 (Rab7WT), a constitutively active mutant
(RabQ67L) and dominant-negative mutants (Rab7N-
125/ and Rab7T22N) were transfected to Melan-A
melanocytes. The addition of the tag sequences to
Rab proteins does not appear to alter their function or
subcellular localization.' Twenty-four hours after the
transfection, the cells were doubly immunostained
with the anti-flag antibody and anti-Tyrp1 antibody.
Rab7WT distributed on fine granules mostly in the
perinuclear area (Fig. 1a). The granules were not
well-demarcated, which suggested that Rab7WT
existed as membrane-free molecules as well as mem-
brane-bound ones. Tyrp1 was partly co-localized with
the Rab7WT-positive granules in the perinuclear area
(Fig. 1a, inset), but most Tyrp1-positive granules in the
peripheral area or in dendrites were Rab7 negative.
In Rab7Q67L-expressing cells, Tyrp1 was localized
in perinuclear, enlarged granules and co-localized
with Rab7Q67L (Fig. 1b). In the cells expressing
Rab7N125! (Fig. 1c) or Rab7T22N (Fig. 1d), mutant
Rab7 were distributed throughout the cytoplasm with-
out showing localization to a particular organelle,
though Rab7N125] was also detected in conglomer-
ated structures in the juxtanuclear area. Because
these structures did not show any co-localization with
early or late endosomal markers, or with a Golgi mar-
ker (data not shown), we concluded that they were
excess Rab7N125] molecules and were being
degraded. Interestingly, only a small number of Tyrp1-
positive granules were detected in the perinuclear
area in the cells expressing Rab7N125! or Rab7T22N
(Fig. 1c,d).
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Figure 1. Tyrp1 was less prominent in the cells expressing dominant negative Rab7 24 h after the transfection. Melan-A cells
were transfected with the plasmids encoding Rab7WT (g), Rab7Q67L (b), Rab7N125l (c} and Rab7T22N (d). Twenty-four hours
later, they were immunostained with the anti-flag antibody (a—d, left) and anti-Tyrp1 antibody (a—d, middie). Merged images are

shown on the right. Scale bars = 10 pm.

Tyrp1 was gradually eliminated from
dominant-negative Rab7 expressing cells

To investigate if the reduced Tyrp1 immunostaining in
the cells expressing mutant Rab7 reflected the static
state of Tyrp1 localization, we observed transfec-
ted cells at two time points: 24 h and 48 h after the
transfection. In Rab7WT-expressing cells, the amount
and distribution of Tyrp1-positive granules were com-
parable with those in surrounding non-transfected
cells at both time points (Fig. 2a,b). In contrast,

© 2010 Japanese Dermatological Association

Rab7N125l-expressing cells showed reduced Tyrp1
immunostaining in the perinuclear area at 24 h
(Fig. 2¢) and, surprisingly, no Tyrp1 immunostaining
was detected in the cells at 48 h (Fig. 2d). The Tyrp1
elimination at the later time point after the transfection
was also observed in Rab7T22N-expressing cells
(data not shown).

To verify this phenomenon, 30 transfected melano-
cytes were randomly selected from each sample and
were categorized into four groups according to their
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Figure 2. Tyrp1-positive granules were eliminated 48 h after the transfection of Rab7N125l. Melan-A cells were transfected
with the plasmids encoding Rab7WT (a,b) or Rab7N125l (c,d), and incubated for 24 h (a,c) or 48 h (b,d) before fixation. Cells
were immunostained with the anti-flag antibody (a-d, left) and anti-Tyrp1 antibody (a-d, middle). Merged images are shown on
the right. Scale bars = 10 um. (e) Tyrp1-elimination was statistically verified. Thirty cells expressing Rab7WT or Rab7N125l for
24 h and the same number of the cells expressing it for 48 h were categorized into four types according to the relative intensity
of Tyrp1 immunostaining to that in surrounding control cells: 0-0.1, 0.1-0.5, 0.5-2 and >2. Bars show the percentage of each cell
pattern. *P = 0.18. *P = 0.00023. WT, Rab7WT-expressing cells; N125|, Rab7N125l-expressing cells.
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Tyrp1-signal intensities relative to that of surrounding
control cells: 0-0.1, 0.1-0.5, 0.5-2.0 and more than 2
(Fig. 2e). In Rab7WT-expressing cells, the propor-
tion of the groups at 24 h and 48 h were not signifi-
cantly different (P = 0.181). On the other hand, in
Rab7N125l-expressing cells, it was quite different at
48 h (P = 0.00023) when the relative Tyrp1 intensity
was less than 0.1 in 85% of the cells. These results
suggested that the reduction or elimination of Tyrp1
occurred in the vast majority of the Rab7N125l-
expressing cells.

Rab7N125l specifically eliminated Tyrp1,

but not tyrosinase or gp100

We further investigated if inhibition of Rab7 led to
elimination of other major melanosomal proteins. The
distribution of Tyrp1, tyrosinase and gp100 was
examined 48 h after the transfection of Rab7WT or
Rab7N1251. Tyrpi-positive granules in Rab7WT-
expressing and untransfected cells were similarly
distributed in the perinuclear and peripheral areas
(Fig. 3a). Tyrpt was not detected in the Rab7N125I-
expressing cells. Tyrosinase-positive granules in
Rab7WT-expressing cells, as well as control cells,
were also distributed similarly (Fig. 3b). Unlike Tyrp1,
tyrosinase-positive granules were observed in the
Rab7N125l-expressing cells. In Rab7WT-expressing
cells and control cells, gp100-positive granules were
distributed in both the perinuclear and peripheral
areas (Fig. 3c). The amount of gp100-positive gran-
ules in Rab7N125l-expressing cells was comparable
to those in control cells. Interestingly, gp100-positive
granules in the Rab7N125l-expressing cells were
distributed mainly in the peripheral area. These
results suggested that inhibition of Rab7 led to elimi-
nation of Tyrp1 but did not affect tyrosinase or
gp100.

To support these results, the immunostaining
results were statistically analyzed (Fig. 3d). Approxi-
mately 68 digital images (ranging 55-75 images) of
the cells expressing Rab7WT or Rab7N125] were cat-
egorized into four groups as described in the previous
paragraph. The intensity of Tyrp1 immunostaining in
Rab7N125l-expressing cells was clearly different
from that of Rab7WT-expressing cells (P < 0.00001).
In 84% of Rab7N125l-expressing cells, the intensity
was less than 0.1. In contrast, the difference in
the intensity between Rab7WT- and Rab7N125l-
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expressing cells was not statistically significant in the
cases of tyrosinase and gp100 (P = 0.291 and 0.7289,
respectively).

Proteasome inhibitor partially rescued the
Tyrp1 elimination by Rab7 mutants

We hypothesized that Tyrp1 failed to be sorted prop-
erly in endosomal compartments, was mislocalized
to lysosomes and then quickly degraded under the
inhibition of Rab7. Proteasomal activities are neces-
sary for some membrane proteins to translocate from
the limited membrane to inner vesicles of multivesi-
cular bodies.>** We examined if Tyrp1 elimination
could be rescued by proteasomal inhibitor MG132.
Melan-A cells were transfected with the plasmid
encoding Rab7N125] or Rab7T22N and incubated for
43 h with growth medium, followed by 5 h incubation
with the medium containing MG132. Tyrp1-positive
granules were detected in the perinuclear areas of
the cells incubated with MG132 whereas they were
not in the cells without MG132 (Fig. 4a-d).

To confirm the results, 30 cells incubated with
MG132 and the same number of cells incubated with-
out MG132 were randomly selected, and categorized
into four groups as described in the previous para-
graph (Fig. 4e). Nearly 90% of the mutant Rab7-
expressing cells (either Rab7N1251 or Rab7T22N)
showed low relative signal intensity (0-0.1). In con-
frast, when the cells were treated with MG132, cells
with the relative signal intensity of more than 0.1
clearly increased. Furthermore, 20% and 33% of the
cells expressing Rab7N1251 and Rab7T22N, respec-
tively, showed amounts of Tyrp1 comparable to con-
trol cells (relative intensity of 0.5-2).

To exclude the possibility that the increase of Tyrp1
was simply caused by MG132 regardless of mutant
Rab7 expression, Melan-A cells without mutant Rab7
expression were incubated as described above and
immunostained with the anti-Tyrp1 antibody. Tyrp1-
positive granules were similarly distributed in both
MG132-treated and -untreated celis: concentrated in
the perinuclear area and scattered in the cytoplasm
{Fig. 4f). Fluorescent intensity of Tyrp1 in MG132-
treated cells was comparable to that in MG132-
untreated cells (Fig. 4g). These results suggest that
Tyrp1 elimination in the cells expressing mutant
Rab7 was partially rescued by the proteasomal
inhibitor.
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Figure 3. Rab7N125! eliminated Tyrp1, but not tyrosinase or gp100. Melan-A cells transfected with the plasmid encoding
Rab7WT (a-c, upper panels) or Rab7N125! (a—c, lower panels) were immunostained with the anti-flag antibody (a—c, left) and
antibody against melanosomal proteins, anti-Tyrp1 (a, middie), anti-tyrosinase (b, middle) or anti-gp100 (c, middle) antibodies.
Merged images are shown on the right. Scale bars = 10 um. (d) Tyrp1-specific elimination was statistically verified. Fifty-five to
seventy-five images of Rab7WT- or Rab7N125l-expressing cells were randomly collected from each immunostaining experi-
ment and were categorized into four types according to the relative intensity of Tyrp1, tyrosinase or gp100 immunostaining
against that in surrounding control cells: 0-0.1, 0.1-0.5, 0.5-2 and >2. Bars are percentages of the cells in each category.

*P < 0.0001; TP = 0.29; *P = 0.73. WT, Rab7WT-expressing cells; N125l, Rab7N125|-expressing cells.

DISCUSSION

In this study, we found that: (i) endogenous Tyrp1
was co-localized with Rab7 in the perinuclear areas in
Rab7WT-expressing non-tumorigenic melanocytes;
(i) Tyrp1 was, in the dominant-negative Rab7-
expressing cell, gradually eliminated by 48 h after
transfection while tyrosinase and gp100 were not;
and (i} the elimination of Tyrp1 was partially rescued
in the presence of proteasome inhibitor MG132.
Importantly, only a small number of Tyrp1-positive
vesicles were detected in the perinuclear area at 24 h
after the transfection of mutant Rab7. Further 24 h
incubation led to the complete elimination of Tyrp1.
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On the other hand, the signal intensities of tyrosinase
and gp100 were not altered. These results suggest
that Rab7 is more significantly involved in the traffick-
ing of Tyrp1 to melanosomes than that of tyrosinase
and gp100. It is conceivable that Tyrp1 traffics
through endosomal compartments because Rab7
regulates maturation of early endosomes. The peri-
nuclear Tyrp1-positive granules observed 24 h after
the transfection of Rab7 mutants seemed to be
endosomal structures. Similar Tyrp1 mislocalization
was also observed in the earlier report by Hirosaki
et al.®" However, the reduction or elimination of Tyrp1
had never been observed. This discrepancy seems to
derive from the different experimental approaches.

© 2010 Japanese Dermatological Association



MG132 (+)

Rab7 mediates Tyrpl transport in melanocytes

(e)
NEPL: [ So——
+MG132 [

0% 20% 40% 60% 80% 100%

T22N =

T22N
+MG132

0% 20% 40% 80% 80% 100%
#80-01 #0.1-05 ©305-2 0>2

E-3
(=]

[N
< (=]

Fluorescence
-
@

(arbitrary unit)

[=]

MG132 (0) MG132 (+)

Figure 4. Proteasomal inhibitor MG132 partially rescued the Tyrp1 in mutant Rab7-expressing cells. Melan-A melanocytes
were transfected with the plasmids encoding Rab7N1251 (a,b) or Rab7T22N (c,d), and incubated for 48 h. Before fixation, cells
were incubated in the absence (a,c) or presence (b,d) of 10 pmol/L MG132 for 5 h. Cells were immunostained with anti-flag and
anti-Tyrp1 antibodies. Scale bars = 10 um. (e) The rescue of Tyrp1 was statistically verified. Thirty cells expressing Rab7N125
and 30 cells expressing Rab7T22N in the presence of MG132 were compared with the same number of the cells expressing
Rab7N125! and Rab7T22N in the absence of MG132, respectively. They were categorized into four types according to the rela-
tive intensity of Tyrp1 immunostaining to that in surrounding control cells: 0-0.1, 0.1-0.5, 0.5-2 and >2. Bars are the percentages
of each cell pattern. *P = 0.0043, "P = 0.00046. (f) Melan-A cells incubated with or without 10 umol/L MG132 for 5 h were
immunostained with anti-Tyrp1 antibody. Scale bars = 10 um. (g) Graph shows fluorescence intensity of Tyrp1 in Melan-A cells

measured from confocal images. Data are reported as means + standard deviation.

Our results reflect a more physiological state than the
previous ones: we observed endogenous Tyrp1 in
non-tumorigenic melanocytes (not melanoma or non-
melanocytic cells into which exogenous Tyrp1 was
introduced). This also enabled us to examine the fate
of endogenous Tyrp1 at the different time points after
the Rab7 inhibition.

The differential sorting of melanosomal proteins
and the Tyrp1-specific mislocalization/degradation
have recently been studied. Biogenesis of lysosome-
related organelles complex (BLOC)-1 and BLOC-2
play important roles in the transport of Tyrp1 from
early endosomal structures to melanosomes. In mela-
nocytes that lack one of the subunits of BLOC-1,

© 2010 Japanese Dermatological Association

Tyrp1 is mislocalized to early endosomes and the cell
surface membrane, whereas the transport of tyrosi-
nase and gp100 is not disrupted.®® Tyrp1 is also
reduced in BLOC-2-deficient melanocytes in mice
and humans.**%° BLOC-1 appears to promote the
exit of Tyrp1 from early endosomal membranes to
another intermediate organelle from which BLOC-2
facilitates fusion with melanosomes.*’ On the other
hand, AP also have important roles in the sorting of
tyrosinase and Tyrp1. While AP-1 and AP-3 have
some redundancy in the transport of tyrosinase, AP-1
seems to have a critical role in sorting Tyrp-1.21842
Considering these reports, AP-1, BLOC-1 and
BLOC-2 seem to be involved in Tyrp1-specific
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transport. The similar outcome caused by dysfunc-
tion of Rab7, AP-1 or BLOC suggests a close rela-
tionship of Rab7 with these complexes, though our
results cannot specify whether Rab7 directly interacts
with these complexes.

How was Tyrp1 eliminated after the Rab7 inhibi-
tion? MG132 partially rescued the Tyrp1 elimination,
which suggests that Tyrp1 was eliminated by protein
degradation machinery. MG132 inhibits not only pro-
teasomal activities but lysosomal enzymes such as
cathepsin B.*® The dysfunction of BLOC results in
Tyrp1 retention in the endosomal pathway and
subsequent degradation in lysosomes.*® Rab7 dys-
function may also result in the mislocalization and
degradation of Tyrp1 in lysosomes. Another possibil-
ity is that Tyrp1 is directly degraded by the proteaso-
mal pathway as suggested in growth hormone
receptor degradation,*® but the details of this degra-
dation pathway remain unclear. These hypotheses
need further examination in studies using lysosomal
protease inhibitors. Furthermore, additional studies
are needed to clarify how Tyrp1 promotes melano-
genesis in the presence of Rab7 through the interac-
tion with tyrosinase and gp100. Our previous studies
indicated that the GTP-bound form of Rab7 promotes
melanogenesis through the regulation of gp100
maturation in human melanoma cells.®*
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T) BT OHEBEE LTRIATE 5, xld Fe,0, TERLENIBILETHI~ I RHX A T
10 nm &V 55/ F A AORFRICEB UTRitET /RiF % #1237 U 7L CIEfid
HI LT, FRMIICERSE D 2 LN TE HWEELFE - 1mBEME T/ KL (BSREMERSMET  BIT)
EERL (WD, 74 v vaxmo V=T Uy FRAAREE Vo BRSO A & IT- T &
7= (1),

TG REAN
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2. EBRFE

TAYY a2z DT ) U TABIIEWT, MIER TERIET A 7200t HEASHIE I AeE)
BIPOREBICHME T VKT 2 AT ELEND D, 22 C, EEWISENSLRE U Y — ATk
T/ RF2EB T 52 L C, EEMSEAEARM S 2RI MCL) 2ERI L, Sbic. UH
Y= LRENT RCD N7 F RAFEE L 7= M SR+ /B F (RGD-MCL) Z{ESLL7-, F7-. 4
SHEDOFIET, MR EEE L7V EBEMERINE T K7 2 IR huE . MO 2 < 1
HETZERFRTHY, Fio, TOEBIIBATHE T3, 5513, BT/ 8F2 73
VT UTHIB L, TOREID PEC RIFREET L LT, MRS MRS ) BT (PEG-Mag)
ZERLL T,

= HAREIZB T, MR E — 7T 4 VI BMETH S, Ralt. BT
JRIFZE ALY AR Y — M RIS R R R R A S8, B ERME S 2 BT
(AML) Z 18 U7z, F£72, DDS & LT, AT = EBREEEF 0L F—FOEETH S NPrCAP %
M RLFRIEIZAE S S & 72 NPrCAP F5 A BUBEME T/ KIF (NPrCAP/M) 22 FR L. MIEMRA (X5
—) ~OERREREMEE T,
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- =

WHREEMIE 5 LT B AT 7 TIA M, X5 794 MIREAEDS L ORISR L, B - i)
AR HIEE L OBRET. BEERT2EHCTED, ZOXBIZLI VS OEBIEET 2, £
BREI 2 RN T2BTJETIE R 5 7 9 4 MIRB. B2, B, WE. BMEDSC£ < DI HFET HF
VRPN DOOH B, INLMEENEAT ) TFAN - X5 %4 b~ LT 28112130 Classical
cutaneous melanocyte migrating pathway & (2) Non-classical non-cutaneous migrating pathway D"
NORRE L Do FIEREN - BREZBHLETIX5 794 b 07200b0TH Y., Kit BETF (6
HEHRTF) £Z20N iy FTHaHKitl, SCF2HE LTwa, HEIINE, B, BME. ¥ 7-EBEYy
TN, OB BRI ENERBETE X5 AL b 0oL O TH D, EAGMHE. BRI L
P2AZ A MIL - WA BRI ATV BEEELET L, SN AT AL FosrEIziE SOX10,
PAX3MITF #FO#EHF %, KIT. KITL. ET3 (EDN3). EDNRB%D 1) % v F - V£ 7% —ZADH
FHERCEDoTVD, BEOHR TR, CAORTOBEOREIL, ZRENORAT ) H 4 FERT
BebroThab,

CDEIIATIH AL OB HRICEBRL TWAHIESMLIEA S = VIEATH A5, A5 =13
KW - BREGHT ATV THDII—ATZ, ToA ATy LR TH D=2 —1T V(125
BT 2MEATZY (22—0RAF2Y) ZKRISHDL, BEATZVEZ2—02 5= 0L
AR WAL L AEGHERMEE N L OMBIZ oW TEREDMREBAN L0 2T = 2 i pro-
oxidant & anti-oxidant & LTOMKT 2 2 00HIEZH - TV 20T, 4B EEHEIIBITL A5
=V DEGHERRT & AW R LERETT AR B U 7 s S 2 OR A~ O EE %
I EDHIFRFEI NG,

[EEb- oY

AT =Y OFERIZFY ¥ viED X F / A melanos (dark, IFERE) 250K T 2, WHIIZIZRKE 5
dopa,dopaquinone 225EM SNE LD, 2D 2137 24 A5 = (pheomelanin, A5 =) Thd,
7z ARTERF ) A iET (MR BB viE (] L) BRTH 205 525 =21 tyrosine, dopa
ORI NB A, BEHD S cysteinyl EANER L 5-S, 2-S cysteinyldopa & %2 V. HEEALIZ L Y B



ENBHDD, EHIZFDOIERE. WhEEBOTWAZ 22— X5 = (neuromelanin; #ifE 2 5= )
EIREN B S DT, Z#d dopamine & noradrenalin ®EE{LE AT Z NIZ cysteinyl A5 LK
FTHIEDNHEEINTWS, T04E7825=" (alomelanin : ZEX T =) LIFENS DT,
ZAUTMEORA S = LB catechol % polyphenol DLW T, WWFRIZIE AL, LIFLIEE
FhERL W, ARECBHYFRICBVWTEELZA TV ELTEM3IFEDLI—AT=2Y, Tt AT
SV, Za—uAS o UAMBEE RS, R ATV LT AT VIEEEAT = E LT,
BIEEND, BV, b, BMIOXA T VIEEBA TV EMBEX Ty o 2RSS ([ ),

MREHE 2= VEE

DR =Y, TxA ATV IFMEE (neural crest) HEOBEMM - 25 F 4 FRIEFO
Wi (B) (ks 2 (BRMEkD) EEEZEET, $222—uX 72 VIIROBEFICBCTER
ENb, I—AFZ U EAT YA PO tyrosine HEZEF 1 I — ¥ tyrosinase | & ABALEITIZ &
Y dopa, dopaquinone ~&ZE L L. & 512 2 A dihydroxyindole (DHI) & L k5 v ¥+ — &
% 378 (tyrosinase related protein;Tyrp2, Tyrpl) 25534 28 BERTI— AT VHITEHK S
s, —JF. $130%D X 5 = i tyrosine 7* & tyrosinase D AFFE F T dopa 2% & 72 £ 12 cysteine %
b Y cycteinyldopa £ 7% 0, EHICHBBILZZIT 724 ATV ERICELZLDTHE, ) —D
DA 5 = VBT catecholamine EMICHE T A 22— v 5 KL H O T, T tyrosine 2 dopa
~ & tyrosine hydroxylase ®FFFET TEIL L., F D% dopa decarboxylase DFAE T T dopamine (DA)
Ee b, EIZHEEEIIZ XY dopaminequinone BT, FO—#A  cysteine EfEAEL T2 —B0 X T
ZUMTEBRERT &)Za (Odh G et al, 1994; Jimbow K et al, 1998).

catecholamine A ICG T4 =2 —1 b lizk5s 4 O T, TN tyrosine 2% dopa ™~ & tyrosine
hydroxvlase DFEFET TLEIL L. F D% dopa decarboxylase DFFAE T T dopamine (DA) &7 DIEIZH
ByEE1LIZ & Y noradrenalin & 7% ) & O —HA HBEE{LIC & V) B2 norepinephrine (NEP — quinone %
BT 5. FO%, HEIEE{LIZ X Y dihydroxyindole (DHI) &7V cysteine AEAL =2 —T AT =
VERABLD, b —2F T 2 F X T = LA cysteine 25 U cysteinyldopa (SCD) 23T &,
OHBBILICE ) 22— X5y TELEKETHS (Odh G et al, 1994; Jimbow K et al, 1998),

FEWH2DAT = v AEREE—RLTHNCTE2 L) ICAKRTHRZZ—2F5 =2, 724252
v B X U catecholamine R = 2 — 0V THEA =2 — 0 X T = VIIF A 5FE 2 EE, M2 AT
LA ALERIEHICE L 0BT A REER L ILENEREATHIA T V2R T A ICEL O LE
Z 55 (Simon JD et al, 2009) o

Za—T A5 Y DOREEEN ORFE L ik
=2 nxﬁ*/itb@m@ 2 D/<m%ﬂ%ﬁ ﬁm t&mw#%tém“$w>fwé

Wﬁﬁéﬁiiﬁé“@%% (Fedorow H et, al, 2005) (I 3)0
F1Eo2—T ATV OEARN., BE LFHBELILOLDDTHDS, —2—T AT Ik
SFPAMEE L, e, Ba2HDERT CEL, B BE LT EEEE L2 v, EFHEMHET T
BET 2 L ARBAAEEEL BN THY, 2OKEZF 054525370y Ta—a  HIlE
WIZHEET Do AT /H 4 MZBITARAT I V=L LR, BRE2HEETAIMEOHELEIFH TRV,
Z 2 —0 YHARORRICH IS WEEIREGREO SRS Fu Y Y EOEE T EH T H/NERIRD
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INENIEDIETES B0 TDHMIWBAT, DL VDT b D catecholamine BEZ 2 — 1 2 Th %,
Za—0X T = VELEORBRINIERY SERICHT VRERE, FOoMEEMS STV, BEL
B & LT dopamine HRD A5 = VR TIZ 15% 7 v N0 Ba B LTELTWS, F-8EEO
K1/ 3DVREEHEL TS, ELEBDOAF VWEEEGLTBY, TEL v iZidsens
# exotoxin & EMN 5 (Fedorow H et al,2005)

Za—0x5=YORBEFIZE L T tyrosine 7F tyrosine hydroxylase ®FE4E T T dopa & %2 9,
B2 dopa decarboxylase DFFFE T T dopamine T & A BB TR SN L0525 2 B DIAMSR 2
BEENES T2 &) BRI R 21 5 TwZwy (Double KL et al, 2000) s —#EICFEIZ AT T W
HZa—urpbliHEh, SNOHHEN o2 —0 A=V IREZE A LRI OBRESNL LS
THbo MBPBRNORBEZNEELL TH,RLZEDIFF DA BNV v — scavenger & LT EEREL
TWwao 2F DHIANORBRILE, SMEBHEEZHBT 2L VI REREHEZH-TWAEE 25N
(Korytowski W et al, 1995; Snyder AM et al, 2009). ZkiZk s OII#EIZE I BB ORERNTH 2785~
FUrVUHIIBWTIEZ 2 -0 AT = VOB LIEARAEICBE L 2 BE ORI BT 2B Ic K a2
WEBERIZLTWE EZEZ 51 Tw5 (Forno LS, 1996; Zecca L et al, 2006)

Za—u RS = OIS REY L BT TV

Sa-HATZ Y E—EOEER L UL S L MO TIEMBH LT RERT. Bl —25=>
TyEeAIZHWAH20 2 GEEILKE) Toa—0X 5= 220U 5 ¢ dhydroxyindole (DHI)
HERDZ— X 5 = V3 REW TH % PTCA, PTDA 75 PTCA, PTDA 2EEAE SN2 (Wakamatsu K et
al, 2003) (4 a).

FIRRIZ7 =4 A 5 = 0 O T dopamine HED =2 — T A 5 = 0 2 LB T 2 & HIMLHEE T =
F AT = VRO b LA benzothiazole AL EIMH S NS (K4 b) (Wakamatsu K et al, 2003)s =
DIRIIEREZ DN TV — ATy, T2 F ATV, Za—0R T = 307 L7 B0 HHE
BTERING é:bx’)ﬁ%/\&ﬁtehi ATZVIBHL TxA AT VR E a0 X5 2 YRR
FLEAHHBE TS OB, HEEYH LI ED5D 5, LALEASZ =T RS vk
BURERE E PGB L Clda— A5 20, 74 A5 L, RBRaME S 25 5,

R5E=a—0X 7=V DERETNVEBANL72DDTH 5B, tyrosine 13 tyrosine hydroxylase O
12 F T L-dopa (2% b 1), dopa decarboxylase |2 & ¥ dopamine & 72 ) 8 51284 + » DHELET.
dopamine quinine ~ & B L E ., cysteine DHFUAA T, S50y v 278, BHEEEASLER
B2 dopamine. cysteinyl-dopamine & % ¥ S 2 B - [REODEAEK LB T 2. TNOESRKIZELS
autophagic vacuole (HFREEZM) WICEM L TBV o2 —0AF5=2 L LTCRHBEINLEEZ LN
T3 (Zucca FA et al, 2004) o

A—RAFGZY, TxF A5 v bkoa—aRF o VEROBRINILE
%<®m B, BEREREZLI -T2, Jatoa—0AS52y, a—aX 3o idkon
BT LREREEZELTWHEEZLONLY, TNOLORBEDN LV EL-Twh, MBI —
AT VHERIZT7 Yy PR-VEDOEZ L., LAJIEZELTWE, —FHoa—0 X5 = 2138
DRI FEE TIREE UL SN2 (Zecca L et al, 2000; Zucca FA et al, 2006) —H. 7 =
AGZVRBEHERAPZ 2 -0 A5 e 30 R DS OBENEESEEZHFLTv5 Jimbow K
and Fitzpatrick TB, 1973;Jimbow K et al, 1984; Sulzer D et al, 2008) (X 6).



BEASZVEMBAST =Y (a—uX5 V) OLEMEE - o L AP Rk

EROMLE, 2= ATy, Tt Za—0ATZ Yy, Za—0X 5 VIEARENICIET LI
BEAELTVS, LPLoa—0A5 o VIEREIE(FEL, RVSCOEZHTAHOEIL PTD
o T—RATZY, TAAFZVENBBEMAT = REEEEEDS  OFHEWIAFET 5.
v NTIEE AT =V IEBRRRE. T, BRI, WEREZ COMBRICFELTW A =2 —
0AS5=V3BEOERSWICIIFELL 2V, Lad, =a—1 2 5= i catecholamine Ff = 2 —
O VCRIRIICEIET 50 —HRB AT = vide OISO EEREY TILORK, BIER Eidime s
WL EDIFLENTWD, —a—T0XF =232 ORI R (Moses HL et al,1965) (#2),

AT 2 E AT ) V= AR LBAR TH VMEEZH L Twhb, =2 —uXx T = v dHnht
DML HEAMERFELTELT, 2OREBRIKEI L THY NBIREELBL Y, &EHELZS
ATWh, BIEATZ VT4 DORMEAHRT 2HEPER, 2—-AF /Y=L, T2F ATV —
MMIMES R R ILEERLTWAD, 2a—0X 5= V320 L) hREO—EEZRE 2V (E3).

EE AT VIRRTIIRN S OBETEFEELTwELELNTVEY, —2a—0X7 = TEL
OB BEFZRRFID LN TRV, EEASZVERTEAS /avFr1Lbte7sy— (MCIR) %
AL AS 4 MR VE Y (MSH; melanocyte stimulating hormone) &7 7 —F ¥ 7 F V57 ¥
77 (ASP: agouti signal protein) & OAEIEFIEHIZ L W A SN Tw5b (Lin JY and Fisher DE,
2007) 5

i A S = vBICHE T AR Fn Y-, FuyF—¥HlEY 8 (Tyrp), F—237
OA%Y hAS—+¥ (DCT: dopachrome tautomerase) A b, Ld AT/ VY —LNOpHMAT =

decarboxylase 2353 2 B Z DO HOEZEZOB G L TEI L 22 MRRAL TR, 72 pH
OBESCHELTORHTH L, 2a—TAFZ Y EIN—F Y VRIEBW TR L 2T Twd =2 —
O v h S KRB XN A PIEFORBAIICHWT ED X 9 2B ALER catabolism = %7 220 ZB L
TIZHAEDH. AHTH S (Double KL et al, 2008; Simon JD et al, 2008) (F£4).

B A 5 = 1% dihydroxyindole (DHD %@ indole A HTH AT = VHHER I —L ) %o T
Who —Hoa—TOATZVEEL DRZ 72K —DEAREZHR L. TOEAHEBIIRE AT =
VEFEM LTV AR TH LA, ZOEMIAWTH L, MBI ML o TATZ Y PED L) =AY
SENERE A LTV AL TH A, BERX T VREEEL LM N TS X ) I TR
R, FOMOER. HHBELLL O, TLNTTENERED A 4 v OB OMER, BhLo
B a—0xLy K794 VGRS WRTRIRBAHOBRL ZNOWMEDNT ¥ A, REER
HUEE, MEEER A T oo 0EKEZFLBEREEETHIENAON TS (Sarna T et al,
2003; Jimbow K et al, 1984; Ito S and Wakamatsu K, 2008), =z2—1 X 7= IZBL TIdth 4 2R
HLHVIEHEELOHEPRIICES L TwE L ENTWEY, FHllldAHTHL (D Asmato RJ et
al, 1986: Slominski A et al, 2002; Naoi M et al, 2009; Miller ED at al, 2010) (3£5)o

BREUINIHET B A5 A4 bOSF - REOAGIEEHERF~OMS

A5 A MEERBYICE T, DRSS RS SICFET A 2 LHRE SN TV %,
EEREOF X I TR - BRZUNOMMICHEEL. L b EEICEIRE 5] 2 & PR EEE 2 fl#
T2L, HHVGIZRESLEICET A MEBEOSMARELIIBLAET 5 A P L ARMPLLE, LF
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DROIEIZHG T2 L HBE I N TS (Mjaatvedt CH et al, 2005; Han F et al, 2009), Bz X< &
DLERBIZ B TIRORRE 145 HZA 2 BRI L AES O RSE LCHEE L REIZ DD 513 (Brito
RC and Kos L, 2008)c L2»dBIKEZFI 2 L3 2MOLEE 2HMOLE2 BT LEHWORIZELD S,
TOHALIZ T cKit ® Ednrb 255 L. TORBEECBVCHRABORBEEELTVW2 L2 &

WA MIEEOXT /44 b EIEPOMEREEE 2 2 5835 & RT3 (Brito RC and Kos L,
2008) o HICEBRAZF|C Z L IXMEREHBEO I Y b — VICHET A E WA LIS (Takeda K et
al, 2007) 2k DB THD (M),

TNTIEE MCBWCTRELUSNOEAL - i (BE) \SHEET B2 594 b, B2 38ME I AE
FT2XAT/HAL MEED L) LR E MLERL. AT VBB ET>TVLDOTH S b BRI
ECf BB X T 794 b LE AT VBB B A RBEORER E LTHE - EE AT ) —
VAWB Do KRBT LT UISREREZ 54 L. RIS - K62 ACGE R BE bathing trunk nevi
%%Dx7:3@%%$£%#%$?%(@%oﬁ%\¢%\¢%\M%T%&8fux52y@%
Mg e LCmERBEEIZEEL (K10). L2bIhomERAGOMEEEHE T AL EHE
ARZERZEEL, KEBIEA5=20, 257 V—0b&lA—0BELZELTWS (Ikeda S and
Jimbow K, 1970)c L L. BBIEICHEAET B AT =2 - X5 794 P OEGHER, EE B 25
BRIZOWTIETS052 > TORVORBIRTH A I,

WRSEAP S D R T 74 b iEIIE OB E) - 5L

SERMDOBBIED A T = VB L OB # 5 = 2 BEAMIIE L b ISR A S 54 Lo b+
%o MEREMNLIE 2L ENATFAE L7 D O KAERI. (32E) ~EBBT 225, 25 )44 k
NEGET B AT b B A OFARERA A S BB L. R EE LA S ERRIC ST 5, K11
MREE AL ASHI G, TP, BB PR R & B OOl WIS . BEMEER, B, B~
BB MM ZIRT . SIS RETLZZHOMBEOPIZH T, A5 H 4 BRI D &
ZIILHE LTHEMABRLBREICB LESE TS (Kelsh RN et al, 2008; Tsukiji N et al., 2009)

B 12 13 ML OB BEB OB TH 575 25 744 bR b KRS - BE~ORE)
RR2DORELGN—F2EDEEZ LN TV D, —DI3HM B O H R dorso-lateral pathway .
SN IIHREE A 5 KB & dermamyotome D & BB L. #RMICITERE. EE~ERBITT2
WA T 24 b - classical melanocyte ~ & BE) - SLT AEICEL L — M. b5 — D JE MR
dorso - ventral pathway %% %, HEOBEUEREZIE AT /¥ 4 MIIEH MW A T 2 H 4 b non-
classical melanocyte EIHINTHE Y, TNH AT H 4 MIMESTHILA S NE., B8, S, .
Dl ENBATY 5 X 5 /%4 MEIERMIIE (X5 2 75 A b melanoblast) ~ & 5Mb3 2 58 % 574,
ENHEREHRD A T 734 MM TH L AT ) 75 A MEI2DODRE - &K, bbbk
B - BENEBETHHMIGA T A4 MR - MUK QRN BESY — 7y N kil s N E
WA MLR - B BB, DS L T AIEEMIOR T A R - SRR L B (Yajima
I and Larue L, 2008 ; Uehara S et al, 2008) ([ 13),

x%/%%F%@m@x5/7§xb#%X§/%4b«wﬁwmﬁﬁéﬁﬁ%ima%@ﬁiﬁﬁd
S
HREEAIEP O X5 7 TFA PN L, E5IZINERT ) TS AMERT 2 H 4 AL 5L LA



PRIEHME~E BB L, 3 - SMET A KRELFTTE2DRAT Y 7AH b, £0 1 DIEMEENDS
MREMIOFE, 202 3MEEN SO, 20313 AT/ 7T A M05E. ZD41EXT 7
T5ANOBE - B, FOS5ERBENRAT /AL P05 THE (M1d), [AF5 /) TFAID
JiG A A AR B s S AR~ OB & 235 F Tl HERBICE D MR ORRINIIR - 72
REI 29 EIZ X Y O Premigratory neural crest, @ Dorsal to neural tube, 3 Migration staging area,
@ Dorsolateral migratory pathway, & Ectoderm. X 52ix@» 5 03— + & L T® Dorsoventral
migratory pathway @ 6 RIS, B4 OWE~NOBBNIEW ORI L Y B2 2 BEFHEE %
FTw% (Aoki H et al, 2009),

FIZIEK 16 12R$ & < (Kublic JD et al, 2008). PAXS ZBAEMMEENS AT ) 7T A D
LB X URX T S HF AL A5 RIS LTWw b, ZTh b ORREE R/ I ISR eI &
HHE &Hm5 a7 7 F~— % — (transcriptional coactivator) & OMEDEENLETH Y, THITL
D PAX3 DA T ) 75 A MHHIIEICH S Z L BHIET 5 (BALPTEN #5B85), @AEMEH %8R
(Ret,Wntl, TGF), @A F /77 A Lo R#E (MittMyoDMyf5), @ x5 /4 4+~ D5 {LEHH
(DctSostdel) @ 4oDHfEz /2L Tw5

FROFERBIIBVW AL 0EET. BEERERFFH N TBEY, TORBIZEIDEL

transforming factor; /NEEKIZE R F) 2% ) (Tachibana M, 1997). ZOBEFREICILD 7—LF
¥ 7V Waardenburg SEEHEDFRE T S (Waardenburg PJ, 1951; Read AP and Newton VE, 1997)
(B 18) 0 AEIZ 33T Mitf l/NRZRAE, BFEMBRIBIZESE L. SOXI10 X ERMEBIE. BHHREK
. PAXSIZHEEMIERAEE RIE ST L, 7= V7 7V EREE (WS) 1234 8bh, Tk
PAX3, WS It MITF, WSII & PAX3, WS ViZ SOX10 O EIETFERIZE DI DOTH A, I
b OBETAE BT R, IR ERE,. KEEZ2oaRNK. WIRA EROIETRAL.
BIREOEKEOHD THEN ZRIREEZ 2T 5,

EERBBERNTICELCEKitEZF0) F Y FKitl - SCF 285 L, »5Wwid 7/ ET3 (EDN3)
LFEDOL T I —THDLEZADEDNRB L 77—y H VK- J LT ¥ —FZORFOEEIKE
Vo BRIEDHRETIX. HGF 3 MA T, S OHEFOBEGOBREER, ThFho x5 /¥4 NEFTE
b LD THDH (Aoki et al, 2009), b L Kit BI=F ® kinase domain IZEEF LI B L AT /H 4 b
EIEAEIIC T L, £7250E (Piebaldism) 2FAESE5 (K19), Kit BIEFOEFRITLZHEIIM
220 2R3 < GISTs & FRiMifalE, 7 7 =4 VB X U ZF 0o ELEERE 5T 5 H 015
nNCTwb,

BRI EST 5 X 5 = VEANBETICE LTI A S 294 MlERLVE Y (MSH) 2551 |
IDOLVETEF—LLTAS ) anF 1284 (melanocortin 1 receptor : MCIR) 2% %, HAILE
Wi MCIR OB R & BB ORE & OBES B THWE S Twb,

X5 A4 Fo5EIZiE MSH & ZHUCEET L LT ¥ —ThAH MCIR L OBBVPEETH 5 2%
b M2 TIE POMC (proopiomelanocortin) & FHHEN 2 K& RpiBREHE L L CEA SN, 20
WZida -, B -+ y MSH., ACTH»& R TEY., ACTH. MSHHEORTF FORBRFHENR AT/
2V F v (melanocortin) TH5B (M21), ZL DTV ¥ TA LT 7 —% A LHEMESRES
T ORI S CR L o 2Hm - AFNER - FREEZEHAL Twb, £ORFEFH MSH & CGRP 12
FEE N5 neuropeptide DA v b7 —27 Th b, CGRP iE (calcitonin gene-related peptide) DBEFRT
BB, EERNTEIBOTER Iy M7 —2% MSH LB L HERNERE L OAEE»SD A P L AICK
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ISl A= VIEREZRESES (Tto N et al, 2010) (X 22),

TLH AT AT A MIFFEDOINERE EEZE~ DB
AMEFEGRF (Mith) TS A S ) 75 X b, A5 A "L ME L, FE R & DM,
A CRIEZFIE T 2 DILELBEERFORTRIEELLDDO—D2TH% (Goding CR, 2010), —
T T=2 AT 23 A MBATZ VB2 AT 2 A MR VE Y (MSH) & Z0S5K4kT
HHAZaANF LTS~ (MCR) LOWMEEHPEETH S,

RAT )= DFE L FED B 5T EEALHIEOSE . RESERM, SRERE, X 5 2R g
F KMARRAIRO A - BOREEFGE, WMo AT —, T8, 220 3 AEEN #HE, |
TR M WH AR DR A3, T %, BV o A L~V ORI, BIB R OB, Gy R & U CHLAREVER.
SRR ORBERI B S SIZ0MERE LTRPF MY w4, ME, OIS SICERBBORE, EE~0
WP, TR L OWHREOL C OEGOEEEMEFICEELBEBICERLTVS, JhbiZvEhR
LM E BB Z - TBY ., 4% L Ll & QBB SR OBLE D SIF5E % 10 2 LEH S
% (Bush WD and Simon JD, 2007; Bennett D and Medrano EE, 2002)
ELIATZVEHIEI—AF 2, J2F ATy, Za—TAT=20O 3BTRS NL DS, FE
PG A DA T = Vi i—(2%8 /= — L LTHFET 5D Tld % { TAF 1KY = — heteropolymer %
BIRL TV 2o AT = VEGREMEGS L CHNHEaR L OMELEETH S (Zecea L et al, 2008),
ik S (Ito S et al,2008) @ Casing Model (X 23) 12 & % & 2/, FB% Tt tyrosine. dopa 7 5
12 cysteine 2 E L. Wb 5 cysteine #HEAZEREZBE L TWE, COLI LT o4 25 = core
complex 1ZEIRLEL C DI A b L RIS 722 il BALIEHR (pro-oxidant) & LT < 2%,
EEHNEHEIZZ O 7 24 X F =~ core complex DFEI 2 HIZH A Tld dopaquinone A%, =2 —10 ¥ T

(anti-oxidant) & U CTIER L%, MBIZZ Ok 2 5= 2 o030, RSN RIS B2 Vs
4 O aging, anti-aging process DFHFIAHE, FHEIISHT LI ENTEENTH 5, LIEIRE
BOXT = VRRBREBICH L TEE L OMEN L SR TVENSHRIEBS— SR B REAS =V L
A T = v OEER, BRIV OB 21T, BN AR 2 MO T, EiE~OsE
WICHT 5% LD A, LHNHTIRZ EH 3¢5 LE1H 5D TIE R WD,

A
ATRZEISE S IR O SERB) & IR JF RIS (7 72/ 0 =) BIRSEom (Hal
—F ) ——#~ 006) &ZI7z
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