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Abstract

This article further discusses, in conjunction to our previous report in Geriatric Dermatology
Seminar, vol4, 2009, some aspects in biological significance of melanin pigmentation to the skin aging
process. There are two forms of melanin pigments, ie, eu- and pheomelanin, in the skin. We dis-
cussed here again what regulates for (a) cellular and molecular significance of eumelanin biosynthesis
to the skin aging and(b)pheomelanin biosynthesis and its involvement in the skin aging including
photo-carcinogenesis. The biological alteration in the epidermal melanin unit (EMU) is one of the ma-
jor events in the skin aging process. The important determinant of skin protection from external
stimuli such as UV radiation (UVR) is the total amount and distribution pattern of eumelanin in the
EMU. In contrast, pheomelanin and its precursors are photochemically unstable in the presence of
UVR. Free radicals are produced and photolysis of pheomelanin and its precursor pigments may lead
to severe DNA damage. Their oxidation products produce short-lived singlet oxygen and its conver-
sion to hydroxyl radials, thus affecting significantly in the skin aging process.

Abbreviation :

AHP, aminohydroxy phenylalanine; APs, adaptor proteins; ASIP, agouti signaling protein;
DCT, dopachrome tautomerase; DNM, dysplastic melanocytic nevi; EMU epidermal melanin unit;
GERL, Golgi-endoplasmic reticulum-~lysosome ; EPR, electron paramagnetic resonance ; HPLC, high-
pressure liquid chromatography; HSP, Hermansky-Pudlak syndrome; LAMP, lysosome-associated
membrane protein; Mc 1 r, melanocortin-1 receptor; Mgrn, mahogunin; MITF, microphthalmia-as-
sociated transcription factor; oMSH, alfa melanocyte-stimulating hormone ; mV vs. NHE, millivolt
vs. normal hydrogen electrode; PhO-, phenoxyl radical; POMC, pro-opiomelanocortin; PTCA, Py-
role-2,35-tricarboxylic acid; PUVA, psoralen-ultraviolet A; TGN, trans-Golgi network: TYRP
(Tyrp), tyrosinase-related proteins: UVA, ultraviolet A: UVB, ultraviolet B: UVC, ultraviolet C:
UVR, ultraviolet radiation; DHI 2 CA, dihydroxyndole-2~carboxylic acid; 5, 6 DHI 1 Me, 5,6 dihy-
droxyindole-1-methyl

Keywords : Melanin pigmentation, Aging process of skin, Eumelanin, Pheomelanin and Epider-
mal melanin unit.

Melanin pigmentation of human skin color
can be photobiologically subdivided into two
components. The first, constitutive skin color,
designates the amount of cutaneous melanin pig-
mentation generated in accordance with cellular
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genetic programs in the absence of direct influ-
ences by radiations, usually of solar origin. It is
generally taken to be the level of pigmentation
in those parts of the body habitually shielded
from light. The second, facultative (inducible)
skin color or “tan” characterizes the short-lived
immediate tanning reaction and absolute in-
creases in melanin pigmentation or delayed tan-
ning above the constitutive level edited by di-
rect exposure of the skin to UV light. Faculta-
tive color change (delayed tanning) is considered
to be reversible in that the hyperpigmentation
of the skin tends to decline over time toward
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the constitutive level when exposure to UVR is
discontinued. Skin pigmentation induced by en-
docrine changes as in pregnancy is another type
of facultative color change. In turn, alterations
in endocrine balance may significantly influence
the response of human skin to UVR. Accord-
ingly, facultative color changes in man arise
from the complex interplay of light, hormones
and genetic potential of the epidermal melanin
unit (EMU), the basic multi-cellular organ of
melanin metabolism that affects significantly to
the skin aging process.

1. Induction of melanogenesis and oxidative

stress after exposure to UV radiation

The EMU is composed of the orderly inter-
action of a melanocyte and associated pool of
keratinocytes with four major biological and bio-
chemical processes, ie.(a)the activation of
melanocyte and synthesis of melanosomes after
exposure to UVR,{(b) melanization of these mela-
nosomes within the melanocyte, (c) their transfer
from the tip of melanocytic dendrite to sur-
rounding keratinocytes and (d) their degradation
within keratinocytes and exfoliation from them.
If there is any alteration of these processes,

hypo~ or hyperpigmentation occurs, resulting in
various skin color which ranges from white,
light brown, brown to black color (Fig. 1).

Alterations of the EMU in response to ex-
posure to intrinsic and extrinsic factors are
often linked to oxidative stress that produces
imbalanced redox status beyond the protective
capacities of detoxifying enzymes (Fig.2).
Melanocytes can produce such cytotoxic prod-
ucts during biosynthesis of melanin pigments.
The biosynthetic pathway of melanin pigments
is catalyzed by the enzyme tyrosinase. Ty-
rosinase requires oxygen for its enzymic activ-
ity, and it catalyzes two-electron oxidation proc-
esses. which consist of one-electron transfer
system from electron donors (phenol/ catechol
amines) to electron acceptors(quinones/ quinine
amines), therefore the whole process resolves
for the production of “free radicals”.

Phenoxyl radicals (PhO ") are formed dur-
ing radiolytic oxidation of or tyrosine or phe-
nol.™™ They are very strong oxidizing agents,
as indicated by their redox potential (Table).
They may, therefore, oxidize many biological
electron donors. Because PhO ° is an one-elec-
tron oxidant, the semiquinone radical from hy-

CASCADE OF MELANIN AND MELANOSOME

melanocyte

BIOGENESIS

Tyrosinase/ TYRP1/ DCT

+ melanocyte

Figure 1: UVR to the skin stimulates the cascade of melanin biosynthesis through activation of
oMSH pre-existing in keratinocytes and melanocytes, as well as new synthesis of oMSH
in these two cell types. MSH will binds melanocortin 1 receptor (MC 1 R) present on the
cell surface of the melanocyte that will then activate microphthalmia associated transform-
ing factor (MITF-M), leading the new synthesis and activation of tyrosinase and its related
proteins (tyrosinase related protein 1: TYRP 1 and dopachrome tautomerase: DCT).
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Figure 2: Eumelanin chemical comparison in the biosynthesis and pheomelanin.

One-Electron Redox Potential (m V vs. NHE) of Some Redox Couples at pH 7.4

Redox couple E, Ref.
Q /Y,
Catechol 530 46
PHydroquinone 459 46
DOPA 460 25
6-OH-DOPA -110(pH 13.5) 47
Q-
o Benzoquinone 210 49
pBenzoquinone 99 49
ArO/ ArOH
Phenol 950 25
Tyrosine 940 6
4-Hydroxyanisole(4-HA) 600 46
5-Hydroxyindole(5HI) 216(pH 13.5) 46
5-Hydroxytryptophan(5HT) 2058;pH 13.5) 49

0,/ 0,"

MV vs. NHE: millivolt vs. normal hydrogen electrode

Reszka and Jimbow! Oxidative Stress in Dermatology, p294. 1993

droquinone is an obligatory intermediate. Elec-
tron paramagnetic resonance (EPR) studies have
shown that phenoxyl radicals can oxidize
catechol to 1, 2-benzosemiquinone radical. ®
Phenoxyl radicals oxidize NADH and ascorbate,
and they react with superoxide radical and mi-
crosomal electron transport system . *** Phe-
noxyl radicals dimerize through the formation of
C-C and C-O bonds. These dimmers are better
electron donors than the starting phenols. ¥*

In eumelanin pigmentation, 5,6-Dihydroxyn-
dole-2-carboxylic acid (5,6 DHI 2 CA) and its
decarboxylated analog, 56 DHI (Scheme 6 A),

are produced during melanin pigmentation. By
the action of the enzyme O-methyl transferase
(or dopachrome tautomerase), these dihydroxy-
indoles may be transformed into mono- and di-
methoxylated derivatives, 5 H6 MI (2 CA), 5
M 6 HI(2 CA), and 5,6 DMI(2 CA), respectively
(Scheme 8 A and 8 B). Oxidation of these in-
doles may lead to free radical of formation. 5,6
DHI, 5.6 DHI 2 CA, and 5,6 dihydroxyindole-1-
methyl (5,6 DHI 1 Me) gave rise to semiquinone
and semiquinone imine cation radicals when oxi-
dized by radiolytically produced azidyl radical,
N;-. ™ Free radicals derived from carboxylated
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DHI are more stable than radicals from decar-
boxylated DHI. The increased stability may be
the consequence of the presence of the ionized
carboxylic group in the molecule. 56-~Idole qui-
nine, quinine imine, and quinine methide
(Scheme 6B, 6 C, and 6D, respectively) are
found to be the secondary products of 5,6 DHI
oxidation. ® In Scheme 6 B was formed by dis-
mutation of the initially produced semiquinones
and then rearranged to 6 C and 6 D. Decay of
quinones was followed by the formation of trihy-
droxyindole derivative THI (Scheme 7). Using
selectively methoxylated hydroxyindoles, the in-
termediate responsible for the formation of THI
was identified to be quinine methide (Scheme 6
D) . 32}

Thus, based on radiolytic reactions, melanin
pigmentation process may be viewed in such a
way that the melanin synthesis is initiated by
the formation of semiquinone radical from a di-
hydroxyindole followed by its transformation to
quinine indole, its tautomers, and THI product.
THI reacts rapidly with 5,6-indolequinone, qui-
nine imine, or quinine methide to give rise to
dimmers or oligomer products. In contrast to
the mechanism of melanin formation suggested
by photochemical reactions, this model of mela-

nin synthesis does not attribute any essential
role to phenoxyl radicals. **"

Quinones can be toxic at least by two
mechanisms, ie, either directly reacting with
the-SH group of essential cellular molecules, or
creating oxidative stress by redox cycling which
results in superoxide radical (0.~) and hydro-
gen peroxide. Quinones undergo one-electron
reduction by cellular redox system to semiqui-
nones, which are then re-oxidized by O: to qui-
nine and O: . Semiquinone radicals can also be
produced in the melanogenic pathway non-en-
zymically, through mechanisms involving: (a)
disproportion of quinine and hydroquinone
forms of reactants {(catechols and hydroxyin-
doles) ; (b) oxidation of catechol (amine) s by su-
peroxide ; and (c)metal ion (iron, copper)-cata-
lyzed oxidation of catechol (amine) s by oxygen.
In addition, UVR/or physical injury can stimu-
late semiquinone formation from melanogenic
compounds via direct interaction (causing photo
—ionization and/or photo-homolysis of phenolic
OH groups in catechol amines and hydroxyin-
doles), or indirectly, through photosensitization
(e.g. as in UV-B or psoralen plus UVA, PUVA).
These processes are partly responsible for the
UV light-stimulated cytotoxicity (Fig. 3).*

GENOTOXIC EVENTS AFTER UV EXPOSURE

UV light ==

v

ROS(Redox Oxygen System)

DNA damage

| Healthy cell |

Aé)optosis.
and necrosis

Carcinogenesis |

Figure 3: UV-induced genotoxic effects. UVR causes always the DNA damage to some extent, If
DNA damage is repaired insufficiently, it will result in either apoptosis or necrosis of cells
which will accentuate the aging process. It will also result in genomic instability which

may become carcinogenic.
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Figure 4: Cascade of eumelanin and pheomelanin biosynthesis. Two forms of melanin pigment are
present in mammals. Eumelanin is synthesized by conversion of tyrosine to dopa and
dopaquinone in the presence of tyrosinase. Through the interaction of TYRP 1 (DHICA
oxidase) and TYRP 2 (dopachrome tautomerase : DCT) or auto-oxidation of dopa quinone,
eumelanin will be produced within ellipsoidal granules that contain lamellar matrix inside.
In contrast, pheomelanin will be produced after binding of dopaquinone with cysteine to
form cysteinyldopa that will be auto-oxidized to form benzothiazine metabolites and result
in pheomelanin in oval granules that contain small vesicular matrix.

MSH/Agouti INTERACTION AND
COORDINATION OF TYROSINASE & LAMP
FAMILY PROTEINS

KC MC

Figure 5: MSH/Agouti signaling protein interaction and coordinated expression of tyrosinase and
LAMP family proteins after exposure to UVR.
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TRANSPORT OF TYROSINASE FAMILY PROTEINS AND
BIOGENESIS OF EUMELANOSOME

MN VesicularTransport

Sl 3

VesicularTransport

Calnexin

Stage I

MELANOSOME

EUMELANOSOME
Stage II-IV

Figure 6: Transport of tyrosinase family proteins and biogenesis of eumelanosomes. Tyrosinase fam-
ily proteins including TYRP 1 and DCT will transported from Golgi after glycosylation
maturation in the presence of molecular chaperone, calnexin, by vesicular transport to late
endosomal compartments which are delineated to Stage I melanosomes. Tyrosinase, TYRP
1 and DCT will take the different vesicular transport to Stage II melanosomes in which

melanin biosynthesis starts.

TRANSPORT OF TYROSINASE GENE FAMILY PROTEINS AND
BIOGENESIS OF PHEOMELANOSOME
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Figure 7: Vesicular transport of tyrosinase and biogenesis of pheomelanosomes.

2. Tyrosinase gene families and melanin bio-

synthesis

Besides tyrosinase, the major melanogene-
sis enzyme, converting tyrosine to dopa and
subsequently to dopaquinone, two molecules are
related to tyrosinase and are referred to as ty-
rosinase-related proteins (TYRPs in humans and
Tyrps in animals) (Fig. 2, 4) ; (a) TYRP-1, which

is relevant to brown locus protein in mice and
(b) TYRP-2, which is also present in melano-
somes and has a dopachrome tautomerase
(DCT)activity. These three are called ty-
rosinase gene family because of the structural
homology among them and the identification of
respective genes in the same melanocyte cDNA
expression library by anti-tyrosinase antibody
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immunoscreening.

Melanosomes and lysosomes share many
common structural similarities. We and other re-
search groups have identified lysosome-associ-
ated membrane protein (LAMPs) which are as-
sociated with the membrane of the two gran-
ules**They may derive from the common pri-
mordial melanogenesis—associated gene. Re-
peated exposure of human melanocytes to UVB
can directly stimulate the expression of ty-
rosinase and LAMP gene families. Importantly,
tyrosinase and TYRP-1 coordinate together to
up-regulate LAMP-1 molecule which is likely to
scavenge some of the toxic species generated
during melanin metabolism (hydroxyl radicals)
through high content of both N-and O-linked
oligosaccharides by continuously coating the in-
ner surface of melanosomal membrane (Fig. 4,
5) .20.21.1()}

Both tyrosinase and TYRP 1 are trans-
ported from the trans-Golgi network (TGN) to
melanosomes via endosomal compartments (Fig.
6, 7). Adaptor proteins (APs) generate transport
vesicles, sorting proteins and assembling
clathrin to the local membrane in endosomes.*”
AP 3, one of the four known mammalian APs,
has been reported to bind to a dileucine motif of
tyrosinase* A mutation of § 3 A subunit in AP

3 results in Hermansky-Pudlak syndrome
(HPS)-2 in humans and pearl in mice® Accu-
mulating evidence suggests that both tyrosinase
and TYRP 1 interact with APs and travel from
endosomes to melanosomes, though the exact
transport pathway is still not clear. It has re-
cently been reported that tyrosinase can use
both AP 1 and AP 3 for its proper sorting while
TYRP 1 can use only AP 1.* It is also clear that
both tyrosinase and TYRP 1 are not trans-
ported to lysosomes. Tyrosinase may, however,
be dedraded in lysosomes if its transport from
TGN to melanosomes is blocked."

3. Eumelanin biosynthesis and biological role

of tyrosinase—related proteins

Mutations that effect different stages of
melanocyte development have been best charac-
terized in experimental mice. Both albino muta-
tion of mouse tyrosinase and brown mutation of
tyrosinase—related protein 1 (Tyrp-1) alter cys-
teine in the EGF motif to serine in albino muta-
tion and different cysteine to tyrosine in brown
mutation. Proof of the mutation status of the al-
teration has, in both cases, been provided by
analysis of revertants which restore wild type
function. In addition, comparison of the pheno-
types with those of deletion of the loci indicates

POSSIBLE SORTING SIGNALS OF CYTOPLASMIC TAIL

TYROSINASE

SEQUENCES FOR TYROSINASE AND TYRP1

KRKQLPEEKQPEIMDKEDYHSLYQSHL

I 9
. (Liu TF et al. 2001)¢
RARRSMDEANQPEIHTDQYQCYAEEYEKLQNPNQSVYV

). ¢

(Theos AC etal. 2005)

Figure 8: Possible sorting signals of cytoplasmic tail sequences for tyrosinase and TYRP 1. Cytoplas-
mic tail motifs of tyrosinase and TYRP 1 are referred from the reports of Theos AC et al.

and Liu TF et al. respectively.%21,36)
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that both mutations have complete loss of func-
tion of the gene product. On the other hand,
Tyrp-2 containing the slaty mutation, which has
arginine to glutamine change at the first copper
-binding sites may still have considerable DCT
activity (Fig 8).

The function of TYRP/ tyrp-1 is still not
fully understood, however, it is believed to be in-
volved in eumelanin synthesis since the brown
mutation only affects the eumelanic animals. It
has shown that demonstrated gene changes in
Tyrp~1 mRNA expression and in Tyrp-1 gene
structure in certain mouse brown b-locus mu-
tants. These findings have provided additional
evidence of allelism and allowed an explanation
of the phenotypes. The human homologue of
TYRP-1 of the mouse brown gene maps to the
short arm of chromosome 9 and extends the
known region of homology with mouse chromo-
some 4.

Both recessive and dominant mutations of
Tyrp-1 gene have been examined. Some reces-
sive mutations involve single amino acid substi-
tutions, changing an arginine residue to the sin-
gle sequence cysteine, whereas others affect the
levels of Tyrp-1 mRNA present in the melano-

cytes. These different mutations result in either
complete loss of function, partial loss of function
or temperature sensitive function. Dominant
mutations affecting the Tyrp-1 gene have also
arisen as a result of a base pair mutation. This
type of mutation may destabilize the melanoso-
mal membrane and allow the intermediates of
melanogenesis, which are normally sequestered
in the melanosomal compartment, to interfere
with normal melanocyte function. Another type
of dominant mutation may arise due to the
Tyrp-1 gene having undergone some rearrange-
ment, as a result Tyrp-1 is not properly tran-
scribed, leading to melanocyte dysfunction and
death. It has been therefore suggested that mu-
tant TYRP~1 protein is involved in toxicity of
melanocytes which is associated with inherently
toxic melanogenesis process.”™

4, Pheomelanin biosynthesis and its elevation
in melanoma and dysplastic nevi
The diverse patterns of mammalian coat
color are determined by the quantity and distri-
bution of just two types of organic pigment:
eumelanin (black to brown) and pheomelanin
(yellow to red). Both are produced by melano-

SIGNALING PATHWAY FOR EU-AND PHEOMELANIN
BIOSYNTHESIS

Adenylate <_('}J

cyclase
(o]
cAMP\ o
P

Eumelanogenesis
Tyrosinase * &
Tyrpl 4
Tyrp2 4

MITF\ Tyrosinase * +cysteine

Mgrnl

Pheomelanogenesis

Tyrpl W /NA
Tyrp2 * /NA

Figure 9: Biological role of agouti signaling protein (ASIP). Agouti signaling protein is the key pro-
tein molecule which is involved in pheomelanin biosynthesis and which antagonizes to
largely unknown MSH binding with Mc 1 r (melanocortin 1 receptor) on the melanocyte
cell membrane. Attractin (Atrn) binds N terminal of Agouti/ASIP and supports this bind-
ing to Mc 1 r. Biological role of mahogunin (Mgrn) is still unknown.
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cytes in the skin and hair**'Two major loci are
central to pigment-type switching in mouse.
One is the agouti locus encoding agouti signal
protein (ASIP), with mutants including non-
agouti(a), giving a eumelanic black mouse in
the absence of other mutations) and dominant
yellow (Ay) ; the other is the melanocortin-1
receptor (Mc 1 r) locus, formerly extension (e),
also with both eumelanic and pheomelanic mu-
tants (e.g. recessive yellow, Mclr’) (Fig. 9). MC
1 R is a cell-surface G-protein—coupled receptor
for which the best-known agonist is the soluble
peptide oMSH, cleaved from the precursor pro-
opiomelanocortin (POMC) in the pituitary and
skin. Binding of oMSH to MC 1R is known to
activate adenylate cyclase and cAMP synthesis,
promoting eumelanin synthesis through both
post-translational and transcriptional pathways
via microphthalmia-related transcription factor

(MITF)*MITF is a master regulator for
eumelanogenesis, melanocyte differentiation,
proliferation and survival. It promotes transcrip-
tion of melanocyte-specific gene products in-
cluding melanosomal enzymes tyrosinase, TYRP
1 and DCT and the matrix protein SILV/
PMEL. Synthesis of both eumelanin and
pheomelanin start from tyrosine oxidation cata-
lyzed by tyrosinase. The resulting dopaquinone

can be a substrate for eumelanin synthesis, pro-
moted by TYRP 1 and DCT, or pheomelanin in
the presence of high cysteine concentrations
and/or low tyrosinase activity.

ASIP is a soluble protein of 131 amino acids,
apparently secreted by dermal papilla cells in
hair bulbs. It competitively antagonizes oMSH
at the MC 1 R and inhibits the eumelanogenic
signal, down regulating melanogenic enzymes
and leading to pheomelanin synthesis (Fig. 10).
For better understanding of ASIP signaling, we
have sought to develop culture conditions under
which ASIP contributes to overt pheomelanin
synthesis by the melan-a immortal murine
melanocyte line!"It was demonstrated that
ASIP signaling can be reduced melanocyte
growth and induce morphological dedifferentia-
tion as well as affecting pigmentation (Fig. 10).
These biological effects are mimicked in geneti-
cally yellow melanocytes, incomplete in Atrn-
and Mgrnl -null melanocytes, appear independ-
ent of cAMP down-regulation, and require the
amino terminus of ASIP.

As discussed in our previous report ¥, sig-
nificantly high content of pheomelanin was
found in melanoma and dysplastic melanocytic
nevi (DMN) lesions by analysis using high-pres-
sure liquid chromatography (HPLC) "4 i,

BIOLOGICAL ROLE OF AGOUTI SIGNALING PROTEIN
(ASIP)

melanocyte

cAMP - -
%’ Activate pheomelanin
biosynthesis
Inhibit eumelanin Inhibit cell growth with
biosynthesis alteration of cell
morphology

Figure 10: Biological role of agouti signaling protein (ASIP). Activation of ASIP will result in not only
eumelanin production inhibition and pheomelanin production activation but also the differ-
entiation and proliferation of melanocyte. It is likely that there is an alternating signal
transduction cascade beside cAMP cascade in this process.

This un-—clarified, new cascade passes through Mc 1 r but is independent to cAMP cas-
cade and does not include the pathway of Attractin (Atrn)/ mahogunin 1 (Mgrn 1).
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dicating that these abnormal melanosomes may
be pheomelanic.'” Our previous electron micro-
scopic studies showed that melanocytes of dys-
plastic melanocytic nevi DMN were rich in ab-
normal melanosomes which exhibited features
consistent with pheomelanosomes. It would be
important to examine the type of melanogenesis
in abnormal pigmentation in the aged skin such
as senile freckle and solar lentigo. '

3. UV-photoproducts of pheomelanin and its
precursors, and enhancement of skin aging
process
Catalase structure and activity was seri-

ously affected by photo-oxidation of its own
substrates, hydrogen peroxide, owing to cleav-
age of its porphyrin active site*" Recently the
over—-expression of mitochondrial catalase in the
murine model increased the lifespan of the mice
by 40%, indicating the importance of this en-
zyme in the aging process.™” UV A-irradiated
pheomelanin altered the structure of catalase
and decreased its activity in human skin®' Elec-
tron—spin resonance spectroscopy experiments
by Sealy et al. on black and red melanin, sug-
gested that red melanin (pheomelanin) contained
a specific kind of free radical (s) not present in
black eumelanin"Chedekel et al. found that
pheomelanin was photo-destroyed, in the pres-
ence of oxygen, by UVR.” Haryanvi et al, using
the reversion test of Ames, demonstrated that
pheomelanin became mutagenic after exposure
to UVR."™ Koch, Chedekel and Meresca et al.
described photo-initiated DNA damage by
melanogenic intermediates of 5-S-cysteinyldopa
origin™ The binding of these molecules to
DNA was activated by 300 nm UVR and re-
sulted in single-strand breaks. However, while
biosynthesis process and biological role of
eumelanin after exposure to UVR are well char-
acterized, the nature and photo-biological role of
pheomelanin may still be largely unknown.

Summary and Perspective

Melanin pigmentation of the skin has been
generally regarded to possess a protective role
against exposure to UVR. Melanin pigment, spe-
cifically eumelanin, may therefore provide a pro-
tective role against development of sunburn, so-
lar degeneration and skin aging as well as can-
cer?” Evidence accumulated recently indicates
that the photoprotective role of the melanin pig-
ment may be restricted to eumelanin as well as

to the visible and UVA ranges and that in the
UVB and UVC ranges both eumelanin and
pheomelanin components may behave as photo-
sensitizers. UV photolysis studies using catechols,
catecholmines, and hydroxylated indole deriva-
tive (ie, the eumelanin precursors) have dem-
onstrated the formation of hydrated electrons,
hydrogen atoms, semiquinone/ semiquinone
imine radicals, and indoloxyl radicals. The pho-
tolysis of pheomelanin precursors leads to the
formation of hydrated electrons, hydrogen at-
oms, and to alanyl and aryl thiyl radicals. Thus,
while eumelanin may act as a photoprotector, its
precursors may be still phototoxic.

The photoprotection by melanin pigment
can be accomplished by scavenging the reactive
free radicals, by quenching excited states, and
by decreasing oxygen concentration in exposed
tissues. The phototoxicity is related to the gen-
eration of reactive free radicals by low molecu-
lar eumelanic and pheomelanic intermediates. It
may, however, be possible to modulate the pho-
tosensitivity of the pigmentary system by affect-
ing the redox status of endogenous melanin pig-
ments, or by switching melanin pigmentation
from eumelanogensis to pheomelanogenesis, or
vice versa, or by using sensitizers activated by
red light, which is poorly absorbed by melanin.

Further investigation of the biological role
in eu— and pheomelanin biosynthesis after UVR
is required to provide a new insight for the bet-
ter understanding the skin aging process.
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N-Propionyl-Cysteaminylphenol Suppresses Re-Challenge of Mouse
B16F1 Tumor by Inducing Tumor-Specific Immune Response

Yasue OSAT', Yasuaki TAMURA? Norivuki SATO? Kazumasa WAKAMATSU®, Shosuke ITO?,
Akira ITO’, Hiroyuki HONDA?® Masae OHKURA', Toshiharu YAMASHITA', Kowichi JIMBOW!'

Departments of 'Dermatology and *1st Pathology, Sapporo Medical University, Sapporo; “Department
of Chemistry, Fujita Health University Toyoake; ‘Department of Chemical Engineering, Kyushu
University, Fukuoka; 5Department of Biotechnology, Nagoya University, Nagoya, Japan

We have previously shown that N-propionyl-cysteaminylphenol (NPrCAP) is a good substrate for
tyrosinase, selectively incorporated into melanoma tissues, and inhibits the growth of melanoma cells.
In the present study, we examine whether NPrCAP can suppress transplanted re-challenged
secondary mouse B16F1 tumors by inducing melanoma-specific host immune responses. From the
8th day after first, primary transplantation , mice bearing B16F1 melanoma received three or five
administrations of 244 mM NPrCAP into their melanoma tissues every other day. On the 14" day
after NPrCAP administrations commenced, residual tumors were removed and B16F1 and RMA T-
cell lymphoma cells were re-transplanted on the opposite sides of the flanks. Results indicated that
the growth of primary as well as secondary B16F1 tumors was significantly suppressed in mice
treated with NPrCAP. Growth of RMA T-cell lymphoma transplanted after the excision of the B16F1
tumor was not affected by the NPrCAP administrations. Anti-CD8 but not anti-CD4 antibody , given
before and after the secondary transplantation of B16F1 cells, did not suppress the growth of these
cells. Furthermore, B16F1 cells, when cultured in an NPrCAP-containing medium, showed evident
sub-G1 fraction with an activation of caspase 3. These results suggest that NPrCAP has an anti-
melanoma growth effect by causing apoptotic cell death that results in induction of tumor-specific
host immunity consisting of CD8+ T cells. Thus it is proposed that NPrCAP may be applicable to the

development of a novel melanoma-targeted therapy.

129



130

Melanogenesis substrate, N-propionyl cysteaminyl-phenol is
selectively incorporated into melanoma cells and inhibits the growth
of re-challenged secondary transplantation
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Management of metastatic melanoma is a difficult challenge for both basic scientists and clinicians.
Currently available therapeutic approaches including chemotherapy, radiotherapy and
immunotherapy are of limited value. Exploitation of biologic property unique to melanoma may,
however, still be a challenge for developing a novel approach in solving this difficult problem. Based
upon the thermo-immunotherapeutic effect of magnetite by exposing to alternating magnetic field
(AMF), we recently introduced a concept for developing chemo-thermo-immunotherapy (CTI
therapy) for metastatic melanoma (Jimbow et al, Pigment Cell & Melanoma Res, 21: 243, 2008). In this
approach a melanogenesis substrate, N-propionyl cysteaminylphenol (NPrCAP) was conjugated with
magnetite nanoparticles and exposed to AMF. This study investigated to what extent and how
NPrCAP plays a novel biological role in CTI therapy. Specifically we were interested in identifying
the mechanism for the selective uptake and immunotherapeutic effect of NPrCAP. The in vitro study
using competitive inhibition of DNA synthesis by incorporation inhibitors showed that NPrCAP takes
a selective uptake by melanoma cells through a process common to NAcCAP, DTT, cystamine and
mercaptoethanol. The in vivo study using re-challenged B16 F1 and F10 melanoma after NPrCAP
treatment showed that NPrCAP alone can suppress the transplanted secondary tumor through

melanoma-specific host immune response.
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Melanogenesis cascade for developing novel selective drug delivery
and chemo-thermo-immunotherapeutic strategies in melanoma;
specificity and biological effect
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Melanogenesis is inherently cytotoxic and uniquely occurs in melanocytic cells; thus, tyrosine
analogs that are tyrosinase substrates are good candidates for melanoma-specific targeting and
therapy. N-propionyl derivatives of 4-S-cysteaminylphenol (NPr- and NAcCAP) were synthesized, and
found to possess both cytostatic and cytocidal effects on in vivo and in vitro melanomas through the
oxidative stress resulting from production of cytotoxic free radicals. Based upon these unique
biological properties, we now provide evidence that the melanogenesis cascade can be exploited for
developing a novel chemo-thermo-immunologic approach (CTI/Therapy) for melanoma by
conjugating NPrCAP with magnetite nanoparticles (NPrCAP/M). Here in this study we investigated
to what extent and how NPrCAP plays a novel biological role in CTT therapy. Specifically we were
interested in identifying the mechanism for the selective uptake and immunotherapeutic effect of
NPrCAP. The in vitro study using competitive inhibition of DNA synthesis by incorporation
inhibitors showed that NPrCAP takes a selective uptake by melanoma cells through a process
common to NAcCAP, DTT, cystamine and mercaptoethanol. The in vivo study using re-challenged
B16 F1 and F10 melanoma after NPrCAP treatment showed that NPrCAP alone can suppress the

transplanted secondary tumor through melanoma-specific host immune response.



N-propionyl-4-S-cysteaminylphenol induces apoptosis of mouse B16F1
melanoma cells and suppression of transplanted B16F1 tumors
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Melanogenesis is a differentiation phenotype specific for melanocytes and most melanoma cells, and
produces reactive oxygen species that cause the deterioration of melanoma cells. We studied a
mechanism of death of melanoma cells induced by N-propionyl-4-S-cysteaminylphenol (NPrCAP), and
examined whether NPrCAP can induce the suppression of primary and re-challenged mouse B16F1
tumors. When mouse B16F1 cells were cultured in the NPrCAP-containing medium, evident sub-G1
fraction was observed and the cell extract contained activated caspase 3. When mice bearing B16F1
melanoma received intra-tumoral administrations of NPrCAP, a decrease in tumor sizes was
observed. After primary tumor was removed on the 14th day, B16F1 cells were re-transplanted.
Growth of the secondary tumors was significantly suppressed. Tumors on mice that received anti-
CD8 mAb grew similarly as those in the non-treated mice. These results suggest that (1) NPrCAP
has cytotoxicity causing apoptotic cell death, and (2) it induces tumor-specific host immunity
consisting of CD8+ T cells in the model animal. Thus, NPrCAP is applicable to the novel treatment

by both the induction of apoptosis and CD8(+)-mediated cell immunity in human melanoma.
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nanoparticles for developing melanoma
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Exploitation of a specific biological property is one of the best approaches for developing novel
cancer targeted drugs. Melanogenesis substrate, N-propionyl cysteaminylphenol (NPrCAP) may
provide a novel drug delivery system because of its selective incorporation into melanoma cells as well
as act as a melanoma targeted drug because of its production of highly reactive free radicals
(melanoma targeted chemotherapy). Utilization of magnetite nanoparticles can also be a good platform
to develop thermo-immunotherapy because of heat shock protein (HSP) generation upon exposure to
an alternating magnetic field (AMF). This study shows the feasibility of this approach in experimental
study using in vivo and in vitro B16 melanoma cells and preliminary clinical study with a limited
number of advanced melanoma patients. The therapeutic protocol against the primary transplanted
tumor with or without AMF once a day every other day for a total of three treatments not only
inhibited the growth of primary transplant, but also prevented the growth of the secondary, re-
challenge transplant and increased life span of the host mice. The heat-generated therapeutic effect
was more significant at a temperature of 43°C than either 41C or 46°C. HSP70 production at the site
of primary transplant and CD8+T cell infiltration at the site of the re-challenge melanoma transplant
were seen. Four patients entered in the preliminary clinical trial by following the basic outline of this

animal protocol and two of them showed PR and CR.



