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(Theos et al., 2005). In subsequent stages of maturation,
melanosomes undergoing eumelanogenesis always exhibit an
ellipsoidal shape and form regular parallel intralumenal fibers
(Stage 11). Melanins are deposited on these fibrillag, resulting in
a progressively pigmented internal matrix (Stage Hl). Melanin
synthesis and deposition continue until little or no internal
structure becomes visible (Stage V). However, the precise
mechanism of melanosome biogenesis is still unclear.

To clarify the molecular mechanism of melanosome
biogenesis in more detail, we analyzed the functional
relationship between Rab7 and gp100. Interestingly, we
found that Rab7 was colocalized with gp100 in Stage |
melanosomes. Moreover, our studies revealed that Rab7 may
play an important role in promoting the gp100 maturation.

RESULTS

Rab7 is colocalized with full-length gp100 in Stage |
melanosomes

To explore the functional relationship between Rab7 and
gp100, we first examined, using a confocal microscope, the
subcellular localization of Rab7 and the endogenous, full-
length gp100, which is distributed in Stage | melanosomes
and is recognized by the. anti-gp100 antibody, «PEP13h
(Yasumoto et al., 2004). In addition to the full-length gp100,
however, "«PEP13h is able to recognize the C-terminal
fragments (~27-kDa) of gp100 generated by proteolysis as
well (Figure 3a). However, the C-terminal fragments-are not
carried over to Stage )l and later-stage melanosomes, because
the fragments are unstable and rapidly degraded before the
stage of melanosome shifts from | to Il (Berson et al., 2003;
Yasumoto et al., 2004). Therefore, this antibody detects solely
gp100 (full-length gp100 and its C-terminal fragments) that is
present in Stage | melanosomes in melanoma cells.

MMACc cells were transiently transfected with pEYFP empty
vector, pEYFP-Rab7-wild-type (WT), pEYFP-Rab7-Q67L (a
GTPase-deficient, dominant-active mutant), or pEYFP-Rab7-
T22N (a GDP-bound, dominant-negative mutant). We found
that yellow fluorescent proteins (YFP)-Rab7-WT and YFP-Rab7-
Q67L were visualized as punctuated structures and consider-
ably colocalized with the endogenous full-length gp100 in the
perinuclear region (Figure 1). When endogenous Rab7 was
detected using indirect immunofluorescence, essentially the
same result was obtained (data not shown). In contrast, YFP-
Rab7-T22N exhibited a diffuse intracellular localization pattern
and failed to colocalize with the full-length protein. Similar

results were obtained with endogenous MART-1, which was’

reported to interact and colocalize with gp100 in melanoma
cells (De Maziere et al., 2002; Hoashi et al, 2005), thus
confirming that this gp100-interacting protein was partly

colocalized with YFP-Rab7-WT and YFP-Rab7-Q67L, but not

with YFP-Rab7-T22N in MMACc cells (data not shown).
To substantiate the melanosomal distribution of Rab7, we

" investigated whether Rab7-WT and Rab7-Q67L were colo-

calized with lysosomal-associated membrane protein 2
{LAMP-2), which is colocalized with the full-length gp100-
stained with «PEP13h in the perinuclear region in melano-
cytes and SK-MEL-28 melanoma cells (Hoashi et al., 2005).
We also confirmed the colocalization between LAMP-2 and
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Figare 3. Rab?-W¥ and Rab7-Q671. are colocalized with full-lengih,
immatare gp108 i the perinuclear region. MMAC cells were transfected
with pEYFP empty vector, pEYFP-Rab7-WT, pEYFP-Rab7-Q67L, or
PEYFP-Rab7-T22N. After 2 days, the cells were fixed and immunostained
with «PEP13h and Alexa Fluor 594-conjugated secondary antibody. Bars,
10um. Insets, x 2 magnification of the indicated regions. Structures
colocalized for full-length gp100 and either Rab7-WT or Rab7-Q67L are
indicated by arrowheads.

«PEP13h-recognized gp100 in the perinuclear region in
MMACc cells (data not shown). As shown in Figure 2, YFP-
Rab7-WT and YFP-Rab7-Q67L, but not YFP-Rab7-T22N,
were colocalized exclusively with this marker protein (LAMP-2)
in the perinuclear region of MMAc melanoma cells. On the.
other hand, the cis-Golgi marker GM130 and the endoplas-
mic reticulum marker KDEL failed to exhibit any colocaliza-
tion (data not shown). Taken together, these results suggest
that the GTP-bound form of the Rab7 protein is, at least
in part, distributed to Stage | melanosomes, with which the
full-length gp100 is associated in MMAc melanoma cells.

To validate that the GTP-bound form of Rab7 is associated-
with Stage |, but not Stage IIHV, melanosomes, MMAc cells
were stained with another anti-gp100 antibody HMB45, -
which recognizes only the processed, mature gp100 (Hoashi
et al., 2006) (Figure 3a). Interestingly, neither YFP-Rab7-WT
nor YFP-Rab7-Q67L was colocalized with the mature gp100 -
(Figure 3b), further supporting the localization of Rab7-WT
and Rab7-Q67L to Stage J, but not Stage 114V, melanosomes.
These results collectively suggest that the GTP-bound
form of Rab7 protein is, at least in part, colocalized with
the full-length gp100 in Stage | melanosomes.
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Figure 2. Rab?-WT and Hab?-Q671 are colocalized with LAMP.Z in the
perinuciear region. MMAC cells were transfected with pEYFP empty vector,
pEYFP-Rab7-WT, pEYFP-Rab7-Q67L, or pEYFP-Rab7-T22N. After 2 days,
the cells were fixed and immunostained with anti-LAMP-2 antibody and
Alexa Fluor 594-conjugated secondary antibody. Bars, 10 um. Insets, -

X 2 magnification of the indicated regions. Structures colocalized for
LAMP-2 and either Rab7-WT or Rab7-Q67L are indicated by arrowheads.

Rab7 and its dominant-active mutant (Rab7-Q671) promote the
maturation of gp100

It is known that the cleavage events of gp100, as a part of its
maturation process, occur in Stage | melanosomes (Yasumoto
etal., 2004). Thus, the finding that Rab7-WT and Rab7-Q67L
were colocalized with the immature gp100 in Stage |
melanosomes led us to investigate whether Rab7 activity
plays a pivotal role in the regulation of the proteolytic
cleavage of gp100. To quantify mature gp100, we carried out
Western blot analysis of lysates from MMAC cells expressing
Rab7-WT and its mutants, using the anti-gp100 antibody

HMBA45, which recognizes only the cleaved, mature forms of

gp100. It was confirmed that the mature gp100 was detected
as several bands in the 30-kDa range, including 32- and
29-kDa bands (Figure 4a, top panel), which are due to
proteolytic cleavage at multiple sites during the maturation
(Yasumoto et al., 2004; Hoashi et al., 2006). Interestingly, we
found that overexpression of the dominant-active mutant
(Rab7-Q67L) and, to a lesser extent, Rab7-WT significantly
increased the protein levels of the processed, mature forms of
gp100 (32- and 29-kDa bands) (Figure 4a, top panel and b).
However, although the dominant-negative .mutant (Rab7-
T22N) was expressed at almost the same extent—or even
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Figure 3. Rab7-WT and Rab7-Q67L fail (o be colocalized with processed,
mature ge1d6. (a) Schematic presemtation of the processing and epitope
mapping of gp100 (Yasumoto et al., 2004). gp100 is shown as the complete
native protein at the top of the figure and in its processed/matured forms in the
middle and bottom of the figure. Potential N-glycosylation sites at 81, 106,

111, 321, and 568 are indicated. Val-467 (V467) refers to the potential

cleavage site (CS) during maturation of Stage [ to Stage Il metanosomes.
T™, transmembrane domain; inverted Ys,-antibodies. (b) MMACc cells were
transfected with either pEYFP-Rab7-WT or pEYFP-Rab7-Q67L.

After 2 days, the cells were fixed and immunostained with HMB45 and
Alexa Fluor 594-conjugated secondary antibody. Bar =10 um.

higher—compared with the WT protein and the dominant-
active mutant, respectively (Figure 4a, lower middle panel),
the mutant did not show such an effect. Rab7-T22N, if
anything, slightly decreased the protein levels of the mature
forms of gp100 (Figure 4b). On the other hand, the amounts
of full-length "gp100 (100-kDa band) were not markedly
changed by the expression of Rab7-WT and Rab7-Q67L
(Figure 4a, upper middle panel and c). These results suggest
that Rab7 increased the amounts of mature gp100 by
enhancing its post-translational modification (proteolytic
cleavage) but not transcriptionftranslation.

As shown in Figure 4b, the dominant-negative mutant
(Rab7-T22Nj) only slightly decreased the protein levels of the
mature forms of gp100. We speculated that the relatively low
effectiveness was probably caused by the low transfection
efficiencies (around 40%) of Rab7 cDNA constructs to MMAC

cells. It should also be noted that endogenous Rab7 is highly

expressed (when detected by anti-Rab7 antibody, signal
intensities of the over-expressed Rab7 bands were at most
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figure 4. Overexpression of Rab7-WT and Rab7-3671 promotes the maturation of gp1090. (a) MMAC cells were transfected with p3xFLAG-CMV empty
vector, p3xFLAG-CMV-Rab7-WT, p3xFLAG-CMV-Rab7-Q67L, or p3xFLAG-CMV-Rab7-T22N. After 2 days, the cells were harvested and analyzed by
Western blotting using anti-FLAG M2 antibody, xPEP13h, HMB45, or anti-actin antibody, as indicated. Equal amounts of protein were loaded in each lane.
(b and ¢) The band intensities of mature gp100 (32-+29-kDa bands detected by HMB45) (b) and full-length gp100 (100-kDa band detected by zPEP13 h)
() were quantified and then normalized for those of actin. The results represent the mean + SEM of the values obtained in five separate experiments. The value
of p3xFLAG-CMV vector-transfected cells was set at 100.

only two-fold higher than those of endogenous Rab7) (data
not shown). Thus, to circumvent the problem of the low
transfection efficiency, we performed small interfering RNA
(siRNA) experiments because the transfection efficiency of
short RNA (siRNA) is much higher (>80%) than that of long
DNA (Rab7 cDNA constructs). Indeed, siRNA that specifi-
cally targets Rab7 (Jager et al, 2004) successfully and
significantly reduced Rab7 protein expression 76.7 +6.3%
(mean+S.E., n=4) in MMAC cells (Figure 5a, top panel), as
reported by Jager et al. (Jager et al., 2004). In marked contrast
to the over-expression experiments (Figure 4a, top panel and
b), the Rab7 siRNA significantly reduced the protein levels of

mature gp100 (32- and 29-kDa bands) compared with the

control siRNA (Figure 5a, upper middle panel and b). It is
expected that the levels of the 100-kDa band should increase
if the processing is disrupted. Indeed, the amount of full-
length gpt00 (100-kDa band) was slightly but clearly
augmented by the Rab7 knockdown (Figure 52, lower middie
panel and c). It is also possible that the siRNA knockdown
of Rab7 leads to mistargeting rather than defects in proces-
sing (proteolysis). However, abnormal localization of gp100
was not observed in MMAc cells transfected with Rab7
siRNA (data not shown). Taken together, these results further
support that Rab7 enhances the maturation of gp100 by
promoting the proteolytic cleavage of gp100 in Stage |

melanosomes.
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HSCUSSION

Melanosome biogenesis consists of complex multistep
processes that involve protein synthesis, vesicle transport/
fusion, and post-translational modifications such as glycosy-
lation, proteolysis, and oligomerization. Moreover, these
processes are regulated in a complicated manner. Because of
the complexity, the detailed molecular mechanism of
melanosome biogenesis is still elusive. In particular, gp100
is one of the most enigmatic proteins involved in the
melanogenesis. This study shows that Rab7 plays an
important role in promoting gp100 maturation. Thus, Rab7
positively regulates the process of melanosome biogenesis via

_not only transport of TYRP-1 and tyrosinase (Gomez et al.,

2001; Hirosaki et al., 2002) but also maturation of gp100.
Melanins are deposited on the fibrillar matrix formed by the
mature gp100, resulting in a progressively pigmented internal
matrix (Theos et al., 2005). Thus, a disruption of the gp100
maturation caused by the Rab7 dysfunction would lead to a
delay and/or reduction of the pigmentation. However, further
studies are required to elucidate how the reduced amount of
mature gp100 generally affects melanogenesis.

Rab7-Q67L and Rab7-WT were mainly localized in Stage
I melanosomes, where the full-length, immature gp100 was
present (Figures 1-3), but not in Stage Il and later-Stage
melanosomes containing the mature gp100. Therefore, these
findings allow us to speculate that Rab7 is not involved in the
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indicated. Equal amounts of protein were loaded in each lane. (b and ¢) The band intensities of mature gp100 (32-+ 29-kDa bands detected by HMB45)
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later stages of gp100 maturation processes including stabili-
zation and fibrous matrix formation. Hence, it is possible that
Rab7 plays important roles in the expression of gp100 and/or
early processes of its maturation such as transport to Stage |
melanosomes and proteolysis there. Since the amount of full-
length gp100 (precursor, 100-kDa band in Figure 4a) was not
affected by the overexpression of Rab7-Q67L and Rab7-WT,
it is likely that Rab7 participates in the early processes of
gp100 maturation in the Stage | melanosomes but not in the
regulation of its expression. Although we analyzed the
subcellular localization of gp100 in MMAC cells transfected
with Rab7 siRNA, no significant changes were detected (data
not shown). Thus, we consider that defects in processing,
instead of mistargeting, of gp100, is the most probable
explanation for our results. If gp100 processing is accelerated
(Figure 4), it is predicted that the ievels of the full-length
gp100 should be decreased. However, the amounts of the
precursor, the full-length gp100, were not changed (Figure 4).
As shown in Figure 5¢, the amount of the full-length gp100
was slightly augmented by the Rab7 knockdown. However,
this slight increase does not fully explain the marked decrease
of the mature 29/32-kDa bands (Figure 5b). Although the
precise mechanism is still unknown, a potential explanation
of these results is that, in the maturation pathway, the
cleavage step may be rate limiting. In the experiment shown

in Figure 4, it is also expected that the amounts of the
C-terminal proteolytic product (27-kDa band in Figure 4a,
upper middie panel), which is also recognized by «PEP13h,
as well as the mature forms of gp100 (32- and 29-kDa bands
in Figure 4a, top panel), are simultaneously increased
because of the enhanced processing (proteolysis) of the full-
length gp100 (Figure 3a). Although significantly increased
levels of the mature forms were detected, however, such an
increase of the C-terminal 27-kDa band was not observed
(data not shown). The most probable explanation of this result
is that only the mature forms of gp100 are stably accumulated
in melanosomes, whereas the C-terminal 27-kDa fragment is
rapidly degraded (Yasumoto et al., 2004).

There are two possible mechanisms for promotion of
gp100 processing: (1) Rab7 enhances the transport of gp100
itself to Stage | melanosomes, where gp100 is processed, and
(2) Rab7 promotes the transport of enzymes and their
regulators that participate in the processing of gp100. As for
the first possibility, gp100 is reported to be transported from
the TGN to Stage | melanosomes directly and/or indirectly via
the plasma membrane and early/late endosomes (Raposo
et al, 2001; Valencia et al., 2006). Thus, it is possible that
Rab7 associated with Stage | melanosomes promotes vesicle
trafficking and membrane fusion between melanosomes and
either the TGN or early/late endosomes. We previously

wiww jidoniine.org

147



148

A Kawakami et al.
Rab7 Regulates gp100 Maturation

reported that Rab7 is involved in the transport of TYRP-1 and
tyrosinase from the TGN to melanosomes (Gomez et al.,
2001; Hirosaki et al, 2002). 1t is therefore interesting to
speculate that there are common transport mechanisms
underlying the conveyance of TYRP-1/tyrosinase and gp100
to their destination, melanosomes.

Regarding the second possibility, several factors were
reported to participate in the proteolysis of gp100. For
instance, pro-hormone convertase, which exists in the
endoplasmic reticulum, TGN, exocytotic vesicles, endo-
somes, and melanosomes (Peters et al, 2000; Thomas,
2002), was reported to cleave gp100 (Berson et al., 2003).
MART-1 interacts with gp100, and is involved in its
expression, stabilization, transport, and cleavage (Hoashi
et al., 2005). Overexpression of myosin Ib caused a marked
delay of the gp100 proteolysis (Salas-Cortes et al., 2005).
Thus, Rab7 may positively (pro-hormone convertase and
MART-1) or negatively (myosin Ib) regulate the supply
(transport) of, at least, one of these factors to melanosomes,
and thereby control the gp100 processing/maturation. Further
work is required to elucidate which one of these factors/
mechanisms is directly responsible for the Rab7-dependent
gp100 maturation.

The maturation (glycosylation) of TYRP-1 and tyrosinase
occurs in the Golgi apparatus. Thus, when restricted to
“maturation”, the effect of Rab7 is likely to be specific for
gp100. However, melanosome biogenesis consists of multi-
ple steps such as the transport of structural and enzymatic
proteins and their subsequent structural organization as well
as melanin deposition. Therefore, we rather consider that
Rab7 comprehensively and cooperatively regulates melano-
some biogenesis by controlling the transport of TYRP-1 and
tyrosinase, and the maturation (proteolytic cleavage) of
gp100.

In summary, this study, which deals with the complex
multistep processes of melanosome biogenesis, has provided
several lines of evidence indicating that Rab7 is involved in
gp100 maturation and enhances its processing in Stage |
melanosomes. Rab7 plays an important role in many vesicle
transport pathways. Thus, future studies exploring how Rab7
regulates gp100 maturation will provide further insight not
only into melanogenesis in melanocytes per se but also into
vesicular transport regulated by Rab7 in cells.

MATERIALS AND METHODS

Plasmid constructs

pGEM-canine Rab7 was prepared as described previously (Chavrier
et al., 1990; Bucci et al, 1994). Rab7-Q67L (a GTPase-deficient,
dominant-active mutant) and Rab7-T22N (a GDP-bound, dominant-
negative mutant) were generated using the QuikChange Site-
directed Mutagenesis Kit (Stratagene, La Jolla, CA). These WT and
mutant cDNAs of Rab7 were fused in frame with pEYFP-C1 (Takara-
Clontech, Tokyo, Japan) and p3xFLAG-CMV-7.1 (Sigma-Aldrich,
Tokyo, Japan).

Cell culture and transfection

MMAc human melanoma cells were the kind gifts of Drs Tetsuya
Moriuchi and Jun-ichi Hamada (Institute for Genetic Medicine,
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Hokkaido University School of Medicine, Sapporo, Japan). MMAc
cells were maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) containing 10% fetal bovine serum at 37 *C in an
atmosphere of 5% CO.. MMAc cells were transiently transfected
with ¢cDNAs using Effectene transfection reagent (Qiagen, Tokyo,
Japan) according to the instructions from the manufacturer. Two days
after transfection, cells were harvested for further analysis.

RNA interference

To silence the expression of human Rab7 (GenBank accession
number: NM 004637), the following oligonucleotides (iGENE
Therapeutics, Tsukuba, Japan), which had already been reported to
successfully knockdown Rab7 (Jager et al., 2004), were used: (5'-
cgguuccagucucucggug-ag-3’) and its complementary sequence (5'-
caccgagagacuggaaccg-au-3') (nucleotides 205223 in the open
reading frame). As a negative control, the following oligonucleotides
targeting green fluorescent protein, which is not expressed in
mammalian cells, were used: 5’-acggcaucaaggugaacuucaagau-ag-3'
and its complementary sequence (5-aucuugaaguucaccuugaugccgu
au-3'). The annealed oligonucleotide duplex was transfected into
cells using HiPerFect Transfection Reagent (Qiagen) according to the
instructions from the manufacturer. Three days after transfection,
cells were harvested for further analysis.

Antibodies

Anti-Rab7 rabbit polyclonal antibody was raised against the
C-terminal peptide of Rab7 (KQETEVELYNEFPEPIKLDKNDRAKT
SAESCSC, amino acids 175-207) (Chavrier et al., 1990; Feng et al.,
1995; Dong et al., 2004). zPEP13h (rabbit polyclonal antibody)
reactive to the full-length gp100 and its truncated C-terminus was
kindly provided by Dr Vincent ). Hearing (Laboratory of Cell
Biology, National Cancer Institute, National Institutes of Health,
Bethesda, MD). HMB45 (mouse monoclonal antibody) for the
processed internal domain of gp100 was purchased from Lab Vision
(Fremont, CA). Anti-LAMP-2 mouse monoclonal and anti-actin goat
polyclonal antibodies were purchased from Research Diagnostics
(Concord, MA) and (Santa Cruz Biotechnology, Santa Cruz, CA),
respectively. Anti-FLAG M2 mouse monoclonal antibody was
purchased from Sigma-Aldrich.

Western blot analysis

MMAC cells grown on 60-mm dishes were transiently transfected
with siRNAs or plasmids encoding different forms of Rab7. Mock
transfections were performed using empty vectors. Transfected
MMAC cells were washed twice with phosphate-buffered saline
(PBS). The transfected cells were lysed in 5004l lysis buffer
containing 150mm NaCl, 20mm Tris-HCl, pH 7.4, 1mm EDTA,
1 mm phenylmethylsulfonyl fluoride, and protease inhibitor cocktail
(one tablet/50 ml, Roche Diagnostics, Tokyo, Japan). After the cells
were lysed by sonication, followed by centrifugation at 400 x g for
5 minutes, the supernatant was mixed with its one-fourth volume of
SDS-sample buffer (125mm Tris-HCl, pH 6.8, 10% SDS, 50%
glycerol, 10% 2-mercaptoethanol, 0.005% bromophenol blue), and
boiled for 5minutes. Protein concentrations were measured using
the BCA protein assay (Pierce Biotechnology, Rockiord, IL). Equal
amounts of protein were separated on 12% SDS-PAGE. The
separated proteins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad Laboratories, Tokyo, Japan) and blocked with



Block Ace {(Dainippon Pharmaceutical, Tokyo, Japan). The mem-
brane was incubated with 2PEP13h, HMB45, anti-actin antibody,
anti-FLAG M2 antibody, or anti-Rab7 antibody in 10% Block Ace for
1 hour. The immunoreactive bands were visualized using perox-
idase-conjugated anti-mouse, anti-rabbit, or anti-goat IgG antibody
(ackson immunoResearch Laboratories, West Grove, PA), and the
ECL Plus Western blotting detection system (GE Healthcare Bio-
Sciences, Piscataway, NJ). To measure the relative density of
immunoreactive bands, images were scanned and analyzed by
Image | software (National institutes of Health, Bethesda, MD).

Fluorescence microscopy

MMAc cells were grown on poly-L-lysine-coated glass coverslips
and transiently transfected with the control vector or cDNAs
encoding Rab7-WT and its mutants fused with YFP. After 2 days,
MMACc cells were washed twice with PBS and fixed with 3.7%
formaldehyde in PBS for 10minutes at room temperature. After
being washed twice with PBS, the cells were permeabilized with
0.1% Triton X-100 in PBS for 5minutes at room temperature. After
being washed twice with PBS, the cells were incubated in PBS
containing 2% BSA for 30 minutes at room temperature as a block-
ing step. The cells were then incubated in 10% Block Ace/PBS
containing xPEP13h, HMB45, or anti-LAMP-2 for 1hour at room
temperature. This was followed by incubation with the correspond-
ing secondary antibodies, that is, goat anti-rabbit IgG or goat anti-
mouse 1gG coupled with Alexa Fluor 594 (Molecular Probes,
Eugene, OR). The coverslips were mounted using Vectashield
(Vector Laboratories, Burlingame, CA). Stains in cells were observed
using an inverted confocal laser scanning microscope (Zeiss LSM
510). Images were processed using Adobe Photoshop 8.0.1 (Adobe
Systems, San Jose, CA).
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Abstract _
Background:Diffuse hyperpigmentation iscommon among
patients with chronic renal failure undergoing hemodialysis
(HD). We have examined serum levels of 5-S-cysteinyldopa
(55CD, a pheomelanin precursor), pheomelanin, eumela-
nin, and protein-bound (PB-} 3,4-dihydroxyphenylalanine
(DOPA) and PB-55CD in HD patients. Methods: Pheomelanin
andeumelanin were assayed by chemical degradation meth-
ods. Results: Serum levels of free 55CD in HD patients (n =
16) were 9-fold higher thanin healthy controls (n = 16). Levels
of pheomelanin in HD patients were 2.6-fold higher than in
controls, while levels of eumelanin did not differ between
HD patients and controls. Levels of PB-DOPA and PB-55CD in
HD patients were approximately 1.5-fold higher than in con-
trols. Serum levels of free 55CD were positively correlated to
the duration of HD therapy. Conclusions: The high constitu-
tive levels of free 55CD, pheomelanin, and PB-DOPA in the
blood may be deteriorating in HD patients through the pro-
duction of reactive oxygen species.

Copyright © 2007 S.Karger AG, Basel

Introduction

Diffuse pigmentation is common among patients with
chronic renal failure who are undergoing hemodialysis
(HD) {1]. The mechanism(s) of skin hyperpigmentation
in HD patients remain unclarified, but the accumulation
of middle-molecular-weight molecules such as lipo-
chromes, urochromic pigments, and a-melanocyte-stim-
ulating hormone has been implicated [2].

Melanin pigments are classified into two types: brown
to black eumelanin and yellow to reddish-brown pheo-
melanin. Eumelanin is a heterogeneous polymer derived
from the oxidation of 5,6-dihydroxyindoles which arise
from the oxidation of tyrosine by tyrosinase, while pheo-
melanin is a sulfur-containing polymer formed by oxida-
tion of 5-S-cysteinyldopa (5SCD) and 2-S-cysteinyldopa
(2SCD) which result from the intervention of cysteine
with the eumelanin pathway [3] (fig. 1). Pheomelanin is
known to act as a photosensitizer generating reactive ox-
ygen species upon UV exposure (4].

In chronic renal failure as well as other diseases, oxi-
dative stress results from the oxidative interaction of pro-
teins, lipids, carbohydrates, DNA, and antioxidant sub-
strates with reactive oxygen species such as hydroxyl rad-
icals, superoxide radicals and hydrogen peroxide [5-7].
Protein-bound 3,4-dihydroxyphenylalanine (PB-DOPA)
is formed when hydroxyl radicals react with protein ty-
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Fig. 1. Metabolic pathways for the production of eumelanin,
pheomelanin, and PB-DOPA and PB-55CD. Thin and thick ar-
rows indicate metabolic pathways and chemical degradations, re-
spectively. Free DOPA and 5SCD are precursors of eumelaninand
pheomelanin, respectively. PTCA is produced by permanganate
oxidation of eumelanin, while 4-AHP is from pheomelanin by

rosine residues [8]. Further oxidation of PB-DOPA by hy-
droxyl radicals may lead to the production of protein-
bound (PB)-5SCD by combining DOPAquinone residue
with cysteine residue [9]. Some HD patients were found
to have elevated levels of PB-DOPA [8]. Pigmentation
normally takes place within melanosomes, specific or-
ganelles present in melanocytes, and proceeds under the
control of many pigmentary genes, including tyrosinase
(10]. However, under some pathophysiological conditions
such as UV exposure, pigmentation may also proceed by
the action of reactive oxygen species on melanin precur-
sors [11]. PB-DOPA and PB-5SCD in the blood may be-
come a source of melanin through proteolic hydrolysis to
free DOPA and 5SCD and their subsequent oxidation
[12].

In this study, we analyzed serum levels of free 5SCD,
pheomelanin, eumelanin, PB-DOPA, and PB-5SCD as
markers of pigmentation in HD patients (fig. 1). We also
evaluated whether HD treatment effectively removes
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hydriodic acid reductive hydrolysis. PB-tyrosine (tyrosine residue
in protein) is oxidized to give PB-DOPA followed by PB-55CD.
Proteolysis of PB-DOPA and PB-5SCD affords free DOPA and
58CD in viva. Acid hydrolysis (chemical degradation) affords the
same amino acids.

these metabolites. We applied methods recently devel-
oped by us to analyze pheomelanin and eumelanin in
serum (13, 14].

Materials and Methods

Subjects and Blood Collection

Patients on long-term HD therapy were recruited from the HD
unit of our University hospital. The 16 patients studied were 66.0
+ 6.1 years of age and consisted of 9 males and 7 females. The
duration of HD therapy was 103 * 65 months. The causes of end-
stage renal disease were diabetic nephropathy in 6 patients, glo-
merulonephritis in 6 patients, nephrosclerosis in 2 panents and
antineutrophil cytoplasmic antibody-related nephritis in 2 pa-
tients. All patients were in a stable condition for at least 6 months
and were undergoing HD 3 times a week for 4 h per dialysis ses-
sion to maintain a minimum Kt/V urea index of 1.2 per session
(1.45 % 0.23 for 16 patients). The patients were treated with hol-
low-fiber dialyzers equipped with polysulfone (10 patients on PS-
UW, Fresenius Kawasumi Co., Tokyo, Japan, and 6 patients on
ASP-SA, Asahi Kasei Medical Co., Tokyo, Japan). For all patients
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studied, standard bicarbonate-based dialysates were used with ul-
trapure water (<5 endotoxin units/I).

Blood samples from HD patients were obtained just beforeand
immediately after an HD session from the arterial dialyzer tub-
ing. In addition, we collected blood samples from the arterial and
the venous dialyzer tubing at 1 h after the start of the HD session.
Collection was done from November 2005 to January 2006. Blood
samples were allowed to coagulate, and sera were separated by
centrifugation and stored at -70°C for up to 3 months until anal-
ysis. Analytes were known to be stable under these storage condi-
tions. Informed consent was obtained from all patients, and the
protocol was approved by the University hospital committee.

Blood samples from 16 healthy controls were collected in
April, 2006. They were aged 63.1 £ 3.6 years (p > 0.05 from HD
patients) and consisted of 8 males and 8 females (p > 0.05).

Determination of Serum Levels of Free 55CD, Pheomelanin,

Eumelanin, PB-DOPA and PB-55CD

Determination of serum levels of free 5SCD was performed
using HPLC with electrochemical detection as previously report-
ed [15]. Determination of serum pheomelanin was performed us-
ing HPLC with electrochemical detection as previously described
{13). Thus, pheomelanin was converted to 4-amino-3-hydroxy-
phenylalanine (4-AHP) by reductive hydrolysis with hydriodic
acid (fig. 1). Determination of serum eumelanin was performed
using HPLC with ultraviolet detection as previously reported [14).
Thus, eumelanin was oxidized to the specific marker pyrrole-
2,3,5-tricarboxylic acid (PTCA) by acidic permanganate oxida-
tion (fig. 1).

PB-DOPA and PB-5SCD (fig. 1) were analyzed by the method
of Sutherland et al. [8] with some modifications. Prior to analysis,
serum samples were filtered through Micro-Spin filter tubes (0.45
pm pore size; Alltech Associates, Inc., Deerfield, Ill., USA) by
centrifugation to remove any insoluble, fiber-like precipitate. A
20-pl aliquot of each serum sample was mixed with 980 .l water
in an Eppendorf tube, to which 140 i of 72% (w/v) trichloroace-
tic acid was added, and the mixture was vortex mixed. Each mix-
ture was kept on ice for 15 min and then centrifuged. After re-
moval of the supernatant, each pellet was washed with 1 mi chlo-
roform:methanol (1:1, v/v). After vortex mixing and centrifuga-
tion, each pellet was washed with 1 ml diethyl ether. After centrifu-
gation and aspiration, the residual ether was removed and each
pellet was transferred to a sealed-capped tube with 300 ul 6 M HCI
containing 5% thioglycolic acid and 1% phenol. The tube was
purged with a stream of argon, then sealed and heated at 110°C for
16 h. A standard solution of 10 wl DOPA and 5SCD (5 umol/l each)
was heated similarly. After cooling, each hydrolysate was mixed
with 10 pl of an internal standard solution (methyl-55CD, 15
wmol/l), extracted twice with 1 ml diethyl ether, and treated with
alumina to extract catecholic compounds as follows [see 14]. A 100-
ul aliquot of each hydrolysate was transferred into an Eppendorf
tube containing 50 mg acid-washed alumina and 200 pl 1%
Na,S,0s - 1% EDTA.2Na. To the mixture, 500 pl 2.7 M Tris. HCI
- 2% EDTA.2Na (pH 9.0) was added and immediately mixed vig-
orously for 5 min on a microtube mixer. Afler centrifugation, the
aqueous layer was removed by aspiration, and the remaining alu-
mina was washed with 1 ml water three times. DOPA and 55CD
were then eluted with 100 1 0.4 M HCIO, by shaking for 2 min. A
30-pl aliquot of each HCIO, extract was injected into the HPLC
system to assay free 5SCD as described in Wakamatsu and lto [15].

Pigmentation in Dialysis Patients

A modification from the previous HPLC conditions was that the
column was maintained at room temperature (25°C). Under these
hydrolytic conditions, 5SCD was significantly converted to the di-
hydrobenzothiazine as described in Costantini et al. [16). There-
fore, we calculated the 5SCD value as the sum of 5SCD and its di-
hydrobenzothiazine derivative. The intra-assay variation of the as-
says in pooled sera (n = 5) was 538 * 72 nmol/l for PB-DOPA and
62 * 6.3 nmol/l for PB-5SCD, the coefficients of variation (CV)
being 13.4 and 10.2%, respectively. The inter-assay variation (n =
5)was 544 * 74 nmol/l for PB-DOPA and 56 * 8.4 nmol/Il for PB-
55CD, the CV being 13.6 and 15.0%, respectively. The % recovery
of 50 pmol each of DOPA and 55CD added to 20 pl of pooled sera
(n=5)was 973 = 57%and 101.1 * 7.3%, respectively.

Statistical Analysis

Statistical testing was carried out using JMP 5.0 for Macin-
tosh. Differences were analyzed for statistical significance using
the nonparametric Mann-Whitney U test (fig. 2). Paired t tests
were applied for the comparison of values at the inlet and outlet
(fig. 3). Pearson’s correlation test was used for correlations of vari-
ables (fig. 3). p < 0.05 was considered significant.

Results

Levels of pigmentation markers were compared be-
tween the sera of 16 HD patients just before a HD session
and 16 healthy controls. Free 5SCD is a precursor of
pheomelanin, while 4-AHP and PTCA are specific deg-
radation products of pheomelanin and eumelanin, re-
spectively. Thus, 5SCD, 4-AHP and PTCA serve as pig-
mentation markers. Figure 2a shows that serum levels
of free 5SCD were elevated 9-fold in HD patients com-
pared with controls (37.9 * 12.5 vs. 4.1 * 1.5 nmol/l).
Similarly, levels of pheomelanin (as 4-AHP) in HD
patients were 2.5 times higher than in controls (219 *+ 81
vs. 85 * 43 nmol/l; fig. 2b). In contrast, levels of serum
eumelanin (as PTCA) did not show any difference be-
tween HD patients and controls (28.3 * 13.4 vs. 26.5 *
14.6 nmol/l; fig. 2c). PB-DOPA and PB-5SCD are pro-
teins modified by the attack of hydroxyl radicals. Levels
of PB-DOPA and PB-5SCD were about 1.5 times higher
than the respective controls (789 * 428 vs. 506 * 152;
120 * 53 vs. 89 * 17 nmol/l; fig. 2d, e).

Changes in serum levels of free 5SCD during an HD
session were then examined. As shown in table 1, during
a 4-hour HD session, serum levels of free 5SCD were sig-
nificantly decreased to one fourth the original levels.
Nevertheless, the mean level of 10.5 * 3.2 nmol/lat4 h
was still much higher than the control level of 4.1 *+ 1.5
nmol/l. Table 1 also shows that serum levels of free 5SCD
at 1 h of the HD session were decreased 6-fold during one
passage through the dialyzer. Other 3 markers were ex-

Blood Purif 2007;25:483-489 485



G0 o v v e e 50
’S; 300 oot ———— e e ss et sera s arsserarosssaresanss £ 40 i
£ 3
g < E
—o ................................................... % 240 J D T T T T LETTPEEPPPT E
£ < S 30 1
o 04 ... DARTORIIN &
] © o
a £ £ 20 1
‘é’ .......................................... % 120 - - E
g 310
£ 60 &
0 0
a Control b 4 ’ HD Control
1'250 e aansiaenesies betarsbetas satesseacbetsa sacassretaesrasnas 200 L L TR L LR T TR TP aTeY
1'000 L T S T T T 160 L T
8 750 B R TR LT TP PP R PRI E ]20 -
£ £
< [a]
& v}
8 500 2 80
s3] sl
a. a
250 4 40
0 0
d Control e Control
Fig. 2. Comparison of serum markers between HD patients just before an HD session and controls: a free 55CD,
b pheomelanin as 4-AHP, c eumelanin as PTCA, d PB-DOPA, and e PB-55CD. Bars represent means = SD for
16 HD patients and 16 controls.
amined for removal during a 4-hour HD session. Pheo-
70 melanin and PB-5SCD showed small, but significant in-
60 creases by 61 and 22%, respectively. The same markers
€ 5 were also examined for removal during one passage
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= 47 5SCD did not show any change during one passage.
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u. .
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Fig. 3. Correlation between serum levels of free 5SCD and the du-
ration of HD treatment in 16 HD patients.
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may occur in the circulation in HD patients. No signifi-
cant correlation was found between any other combina-
tions of the 5 markers.

The correlation of serum levels of the 5 markers with
the duration of HD therapy was then examined. Figure 3
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Table 1. Changes in serum levels of the 5 markers during an individual HD session

Free 55CD 379%11.2 22.2+7.1 (<0.001)* 3.4+1.5 (<0.001)** 10.5+3.2 (<0.001)***
Pheomelanin as 4-AHP 219£81 312204 (0.018) 292 +191 (0.23) 352 +268 (0.016)
PB-DOPA 789 =428 816 £449 (0.40) 865 1383 (0.29) 915 £405 (0.13)
PB-55CD 120x53 152 £134 (0.068) 132 +83 (0.14) 146 + 90 (0.036)

Serum levels are expressed in nmol/l and as mean + SD for 16 patients. Eumelanin was not measured during the HD session.
* p values between the serum levels at predialysis and 1 h after dialysis.
** p values between the serum levels 1 h after dialysis at the dialyzer inlet and outlet.

FH¥

p values between the serum levels at predialysis and 4 h after dialysis.

shows a positive correlation (R = 0.541, p = 0.031) of se-
rum levels of free 5SCD with the duration of HD therapy.
No significant correlation was found between the dura-
tion of HD therapy and any of the other 4 markers, R val-
ues being -0.228, 0.170, 0.323, and -0.473 for pheomela-
nin, eumelanin, PB-DOPA, and PB-5SCD, respectively.

Discussion

Diffuse hyperpigmentation is common among HD
patients. A recent study by Lai et al. [1] showed that on
the abdomen, i.e. a non-sun-exposed area, the skin is sig-
nificantly darker in patients with end-stage renal disease
than in healthy controls. Generalized melanosis is also
occasionally seen in patients with end-stage malignant
melanoma (17, 18]. It has been shown that melanoma pa-
tients with generalized melanosis excrete trichochromes,
a dimeric pheomelanic pigment, in their urine [17] and
contain high levels of 5SCD and eumelanin-related me-
tabolites in their sera [18]. Those patients were shown to
deposit melanin granules in their skin.

In HD patients, there has been no report examining
the chemical properties of melanin deposited in the skin.
The present study shows that serum levels of pheomela-
nin (as 4-AHP} are significantly elevated in HD patients
compared with healthy controls, whereas levels of eu-
melanin (as PTCA) are not elevated at all. It is thus ex-
pected that pheomelanin is deposited in the skin because
high concentrations of pheomelanin circulate during
several years while patients are treated with HD therapy.
We previously showed that serum levels of pheomelanin
are much elevated in melanoma patients with metastases
and correlate with levels of free 5SCD [13]. These results
indicate that in melanoma patients, both free 55CD and

Pigmentation in Dialysis Patients

pheomelanin are produced in melanoma cells and are se-
creted into the blood. On the other hand, it is assumed
that in HD patients, pheomelanin is produced by oxida-
tion of free 5SCD in the circulation because patients are
exposed to high oxidative stress [5-7]. In support of this
assumption, free 5SCD was shown to be oxidized by hy-
drogen peroxide-peroxidase, superoxide radicals, and
hydroxyl radicals {19]. Plasma o-MSH levels in HD pa-
tients were shown to be elevated compared with controls
(2]. However, this is not likely a direct cause for the high-
er levels of free 5SCD (and pheomelanin) in HD patients,
because the increase is rather small, ca. 30%.

During one passage through the dialyzer, free 5SCD
was removed to one sixth the original level and its level
became lower than the control level. However, this re-
moval was not sufficiently effective, because even after
the 4-hour HD session, serum levels of free 5SCD were
still much higher than in healthy controls. The remaining
high level must result from dilution with high levels in
the total blood pool. Pheomelanin was not removed at all
due to its high molecular weight, which probably results
from its being bound to proteins.

Patients on long-term HD therapy suffer from in-
creased levels of oxidative stress [5-7]. Although the
precise mechanisms of oxidative stress have not been
definitely elucidated, the interaction of blood with non-
biological materials of the extracorporeal circuit is con-
sidered to be one main source of extra-oxidative stress.
The process of HD can activate polymorphonuclear leu-
kocytes to produce reactive oxygen species (20, 21]. In
the present study, levels of pheomelanin and PB-5SCD
were significantly increased after a 4-hour HD session.
Although the exact mechanism for this increase is not
clear, the increase could be ascribed to the elevated gen-
eration of reactive oxygen species during HD session
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[20, 21} and/or the removal of excess water from the
blood.

PB-DOPA and PB-5SCD can be produced by the at-
tack of hydroxyl radicals on the tyrosine residues in pro-
tein [8, 9]. Thus, PB-DOPA and PB-5SCD could serve as
markers of oxidative stress [8]. However, the actual use-
fulness of these markers is hampered by the fact that they
are susceptible to further oxidation [22]. In fact, PB-
DOPA levels in HD patients were much lower than those
expected from fluorescence derived from DOPA, sug-
gesting the oxidative modification of PB-DOPA [8].

The duration on HD therapy was found to correlate
positively with levels of protein carbonyl group (6] and
oxidized low-density lipoprotein (7], but negatively with
levels of protein sulfhydryl groups [6] and the antioxi-
dants a-tocopherol and ubiquinol {5]. These correlations
should be ascribed to the increased levels of oxidative
stress in HD patients. The present study shows that levels
of free 5SCD are positively correlated to the duration on
HD therapy. In melanocytes, free 55CD is produced by
the action of tyrosinase through the participation of cys-
teine [3]. However, it appears that non-enzymic pathways
must exist that lead to the production of 5SCD, as exem-
plified by the presence of 5SCD in the urine of albino pa-
tients and in albino mice (which have no functional ty-
rosinase) [23, 24]. One possible source of free 5SCD in the
blood is PB-5SCD that gives rise to free 5SCD after pro-
teolysis (fig. 1) [9, 12]. In this connection, it should be not-
ed that increased protein degradation is, at least in part,
mediated by the HD-associated inflammatory response
[25].

Finally, implications of the present findings are dis-
cussed in terms of adverse effects of the metabolites ana-
lyzed. Constitutive skin pigmentation dramatically af-
fects the incidence of skin cancer. Fair-skinned individu-
als are more susceptible to UV-induced skin damage than
are individuals with darker skin, resulting in a 10- to 100-
fold higher frequency of skin cancer [4]. Eumelanin is
believed to protect cutaneous cells by absorbing harmful
UV radiation and by scavenging reactive oxygen species
(11]. In contrast, it appears that pheomelanin is photo-
toxic since it produces reactive oxygen species upon UV
radiation and induces apoptosis in adjacent cells [4]. It
should be emphasized that the production of superoxide
radicals from pheomelanin may occur even in the ab-
sence of UV radiation [26]. The presence of high levels of
pheomelanin in the serum (and possibly in the skin) may
thus cause deteriorating effects on HD patients. The
pheomelanin precursor, free 5SCD, has also been shown
to produce reactive oxygen species in vitro [27]. Although
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the serum level of free 5SCD concentration is still very
low, 37.9 nmol/l, in order to produce any acute effects in
HD patients, the long-time exposure to the high levels of
free 5SCD might add to the adverse effects of other ure-
mic toxins. Thus, more extensive removal of circulating
free 5SCD and subsequent suppression of pheomelanin
accumulation is desirable in HD patients. In addition,
PB-DOPA at 500 nmol/l was found to exert oxidative
damage on DNA in the presence of transition metal ions,
especially copper, in vitro [28]. This concentration range
is equivalent to the level seen in HD patients. Thus, ad-
ditional oxidative damage should be considered in HD
patients due to the presence of high levels of PB-DOPA
(and possibly PB-5SCD).

In conclusion, the present study shows that serum lev-
els of free 5SCD and pheomelanin are significantly ele-
vated in the sera of HD patients compared with controls.
These results suggest the possibility that pheomelanin ac-
cumulates in the skin of HD patients due to the high cir-
culating levels of free 5SCD, although this possibility
awaits actual measurements of pheomelanin in the skin
of HD patients compared with control subjects (29]. Fi-
nally, the high constitutive levels of free 5SCD, pheomela-
nin, and PB-DOPA (and possibly PB-5SCD) in the blood
may be deteriorating in HD patients through the produc-
tion of reactive oxygen species.
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Tyrosine analogs are good candidates for developing melanoma
chemotherapies because melanogenesis is inherently toxic and
expressed uniquely in melanocytic cells. The sulfur homolog of
tyrosine, 4-S-cysteaminylphenol (4-5-CAP), was shown to be a
substrate of melanoma tyrosinase and can cause selective cytotoxicity
of melanocytes and melanoma cells. Previously, in order to improve
the adsorption of magnetite nanoparticles to target cell surfaces,
and generate heat in an alternating magnetic field (AMF) for cancer
hyperthermia, we produced hyperthermia using magnetite cationic
liposomes (MCL) that have a positive charge at the liposomal
surface. In the present study, we constructed 4-5-CAP-loaded MCL
(4-S-CAP/MCL), which act as a novel modality, combining melanoma-
specific chemotherapy by 4-S-CAP with intracellular hyperthermia
mediated by MCL. The 4-S-CAP/MCL exerted 4-S-CAP-mediated
anticancer effects on B16 melanoma cells in vitro and in vivo.
Moreover, after intratumoral injection of 4-S-CAP/MCL in vivo, the
melanoma nodules were heated to 45°C under an AMF. Significantly
higher therapeutic effects were observed in mice treated with the
combination therapy mediated by 4-S-CAP/MCL plus AMF irradiation
compared with mice treated with 4-S-CAP/MCL alone (without AMF)
or mice treated with hyperthermia alone (MCL+ AMF irradiation).
These results suggest that this novel therapeutic tool is applicable to
the treatment of malignant melanoma. (Cancer Sci 2007; 98: 424-430)

Hyperthermia is a promising approach to cancer therapy and
has been used for many years to treat a wide variety of
tumors in both experimental animals and patients."" In Japan,
the most commonly used heating method in clinical settings is
capacitive heating using a radiofrequency electric field.” An
unavoidable technical problem with hyperthermia is the difficulty
in heating only the local tumor region to the intended temperature
without damaging the surrounding healthy tissue. Specifically,
heating tumors by capacitive heating using a radiofrequency
electric field is difficult because various factors, such as tumor
size, position of electrodes, and adhesion of electrodes at uneven
sites, influence the heating characteristics. Hyperthermia produced
by heating mediators is a promising approach for specifically
heating tumors without damaging normal tissues.”® Magnetite
nanoparticles have been used for hyperthermia treatment in-an
attempt to overcome this obstacle.®~® If magnetite nanoparticles
can be made to accumulate only in tumor tissue, cancer-specific
hyperthermia can be achieved by generating heat in an alternating
magnetic field (AMF) due to hysteresis loss. In order to test this
hypothesis, we developed magnetite cationic liposomes (MCL)
as mediators of intracellular hyperthermia.’* These cationic
liposomes exhibit improved adsorption and accumulation in
tumor cells, and have 10-fold higher affinity for tumor cells than
neutrally charged magnetoliposomes,” thus suggesting that
MCL are superior mediators of hyperthermia. We previously
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demonstrated the efficacy of MCL-mediated hyperthermia
in animals with several cell lines, including T-9 rat glioma,"”
Os515 hamster osteosarcoma,™ MM46 mouse mammary
carcinoma," PLS 10 rat prostate cancer,"? and VX-7 squamous
cell carcinoma in rabbit tongue.!'” Although MCL-mediated
hyperthermia was found to be very effective for inducing com-
plete tumor regression in transplantable tumor models, more
powerful therapies are highly desired for cancer patients with
malignancy.

Among the various forms of neoplasmas of the skin, malignant
melanoma is the most invasive tumor. Various medical therapies,
such as surgery, chemotherapy, radiotherapy and immunotherapy,
are commonly used in the treatment of melanoma patients; how-
ever, none of these has proved sufficiently effective. Therefore,
an effective protocol for the prevention and treatment of melanoma
is needed urgently. Given this background, the combination of
chemotherapy with MCL-mediated hyperthermia can be consid-
ered a possible strategy, because both magnetite nanoparticles and
anticancer drugs can be encapsulated simultaneously into a liposome.

Tyrosine analogs are good candidates for developing melanoma
chemotherapy because melanogenesis is inherently toxic and
vniquely expressed in melanocytic cells. We introduced the use
of phenolic thioether analogs of tyrosine for targeted melanoma
chemotherapy based on the idea that the incorporation of sulfur
would render the phenolics more cytotoxic by increased lipophilicity
leading to increased uptake by cells, thus making them better
substrates for tyrosinase." Therefore, we synthesized the sulfur
homolog of tyrosine, 4-S-cysteaminylphenol (4-S-CAP), in order
to develop a targeted chemotherapy for malignant melanoma,t''9)
4-S-CAP was found to be a substrate of melanoma tyrosinase
and can cause selective cytotoxicity of melanocytes and melanoma
cells." In the present study, we constructed 4-S-CAP-loaded
magnetite cationic liposomes (4-S-CAP/MCL) and investigated
the feasibility of using them for combined melanoma-targeted
chemotherapy and tumor-specific hyperthermia.

Materials and Methods

Cell lines and animal models. Mouse B16 melanoma cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco
BRL, Gaithersburg, MD, USA), supplemented with 10% fetal
calf serum, 0.1 mg/mL streptomycin sulfate and 100 IU/mL
potassium penicillin G. Normal human dermal fibroblasts
(NHDF) were provided as frozen cells after primary culture by
the supplier (Kurabo, Osaka, Japan), and were cultured in
commercially available growth media (Medium106S; Kurabo)
at 37°C in a humidified atmosphere of CO, and 95% air.
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To prepare tumor-bearing mice, 8 X 10° B16 melanoma cells
were injected subcutaneously into the right flank of CS7BL/6
mice, which were anesthetized by intraperitoneal injection of
pentobarbital (50 mg/kg bodyweight). Melanoma nodules that
had grown to Smm in diameter were used for experiments.
Tumor diameter was measured using calipers and the average
size was determined by applying the following formula:

Tumor size = 0.5 x (length + width),

where length and width were measured in mm.

Animal experiments were carried out according to the princi-
ples described in the ‘Guide for the Care and Use of Laboratory
Animals’ prepared under the direction of the Prime Minister
of Japan.

Analysis of the combined effect of 4-S-CAP and hyperthermic treatment.
B16 cells were plated in six-well cell culture plates at 4 x 10*
cells/well with experimental media containing 4-S-CAP at a
concentration of 50 uM. The cells were then treated with
hyperthermic treatment using a water bath. Hyperthermic treatment
of cultured cells was carried out as in our previous report.!'?
Briefly, the cells were heated to 42.5°C for 60 min by direct
immersion of cell culture dishes in a temperature-controlled
water bath. The temperature of the medium increased quickly
and reached the intended temperature within 5 min. The
temperature of the medium was monitored using a fiber optic
thermometer probe (FX-9020; Anritsu Meter, Tokyo, Japan).
Control cells were not treated with 4-S-CAP or hyperthermia.

The antiproliferative effect of the treatment was determined
after a 2-day incubation period. The number of viable cells was
evaluated by the trypan blue dye-exclusion method using a hemocy-
tometer, and the relative cell number was calculated as follows:

Relative cell number (%) = (number of viable experimental
cells/mumber of viable control cells) x 100.

The combined effect of 4-S-CAP and hyperthermia was evaluated
using a method reported previously.!'™ With [A], [B] and
[A + B] representing the percentage cell viability for treatments
A and B and the combination treatment A + B, the combined
effects were defined as follows: synergistic, [A + B] < [A] x [BY/
100; additive, [A + B]=[A] x [B}/100; subadditive, [A] x [B)/
100 < [A + B] < [A], if [A] < [B]; interference, [A] < [A + B] < [B],
if [A] < [B]; and antagonistic, [B] < [A + B}, if [A] < [B].

Preparation of 4-5-CAP/MCL. Magnetite nanoparticles (Fe,O,;
average particle size, 10 nm) were the kind gift of Toda Kogyo
(Hiroshima, Japan). 4-S-CAP was synthesized as described by
Padgette et al." For the preparation of 4-S-CAP/MCL, 0-32 mg
of 4-S-CAP was added to a lipid mixture consisting of N-(o.-
trimethylammonioacetyl)-didodecyl-p-glutamate chloride (2.78 mg;
Sogo Pharmaceutical, Tokyo, Japan), dilauroylphosphatidylcholine
(6.64 mg; Sigma Chemical, St Louis, MO, USA) and
dioleoylphosphatidyl-ethanolamine (5.58 mg; Sigma Chemical)
dissolved in methanol (2 mL), and the mixture was dried down
by evaporation for a minimum of 5 h. Then, the lipids containing
4-S-CAP were hydrated by vortexing with colloidal magnetite
nanoparticles (20 mg/mL, 2 mL) and the liposomes were sonicated
for 20 min (28 W). The size of the 4-S-CAP/MCL was measured
using a dynamic light scattering spectrophotometer (FRAR 1000;
Otsuka Electronics, Osaka, Japan).

Antiproliferative activity of 4-S-CAP in 4-S-CAP/MCL. B16 cells, or
NHDF cells as a non-melanocytic control, were plated in six-
well cell culture plates at S x 10* cells/well with experimental
media containing 4-S-CAP/MCL at the indicated concentration.
The antiproliferative activity was determined after the 2-day
incubation period. The number of viable cells was measured by
the trypan blue dye-exclusion method using a hemocytometer,
and the relative cell number was calculated.

Uptake of 4-S-CAP/MCL by B16 cells. B16 cells were cultured to
approximately 80% confluence before treatment with 4-S-CAP/

itoetal

MCL. Cells were then incubated with experimental media containing
4-S-CAP/MCL at a concentration of 43 pg magnetite/mL (4-S-CAP,
100 uM), and cells were incubated at 37°C with gentle shaking
using a rotary shaker (SHK-320; Asahi Technoglass, Tokyo,
Japan). After incubation for 24 h, the cells were washed twice
with phosphate-buffered saline and harvested and the magnetite
concentration was measured in accordance with our reported
method.®” Briefly, the harvested cells were dissolved completely
in 0.2mL of concentration HC], after which 1 mL of 5%
trichloroacetic acid was added. These mixtures were centrifuged in
order fo remove aggregates and the supernatants were measured by
the potassium thiocyanate method.®”

In vitro magnetite nanoparticle-induced hyperthermia. An in vitro
hyperthermia experiment using magnetite nanoparticles was
carried out using our previously described method.” Briefly,
B16 cells were cultured to approximately 80% confluence. Cells
were then incubated with experimental media containing 4-S-
CAP/MCL at a concentration of 43 pg magnetite/mL (4-S-CAP,
100 uM). At 24 h after the magnetite incorporation, the cells
were collected in a microcentrifuge tube and centrifuged gently
in order to form a cell pellet. The tube was then placed at the
center of the coil of a high-frequency magnetic field generator
(360 kHz, 120 Oe; Daiichi High Frequency, Tokyo, Japan). The
temperature of the cell pellet was measured by inserting an
optical fiber probe into its center, and the pellet was maintained
at a constant temperature by manually tuning the strength of the
magnetic field. The duration of the AMF irradiation was 30 min.
During AMF irradiation, the temperature of the environment
was maintained at 37°C. The treated cells were reseeded in a
six-well cell culture plate at 2 x 10* cells/well. The number of
viable cells was measured by the trypan blue exclusion method
using a hemocytometer.

In vivo magnetite nanopartide-induced hyperthermia. When melan-
oma nodules grew to 5 mm in diameter, the tumor-bearing mice
were separated into five groups (day 0). Mice in group I (control)
were the non-treated control. Mice in groups II (MCL) and IV
(MCL + AMF) received intratumoral injection of MCL (0.2 mL,
20 mg magnetite/mL). Mice in groups III (4-S-CAP/MCL) and
V (4-S-CAP/MCL + AMF) received intratumoral injection of
4-S-CAP/MCL (0.2 mL; 20 mg/mL magnetite; 100 uM 4-S-CAP).
At 1 day after the injection of MCL or 4-S-CAP/MCL (day 1),
mice in groups IV (MCL + AMF) and V (4-S-CAP/MCL + AMF)
were subjected to AMF for 30 min in a coil with a transistor
inverter. Magnetic field frequency and intensity were 118 kHz
and 384 Oe, respectively. Tumor and rectal temperatures were
measured using an optical fiber probe. Subsequently, after the
AMF irradiation, MCL or 4-S-CAP/MCL were again injected
into the mice in groups II and IV or groups III and V, respectively.
At 1 day after the second injection (day 2), mice in groups IV
(MCL + AMF) and V (4-S-CAP/MCL + AMF) were again subjected
to AMF for 30 min. During the injection of MCL or 4-S-CAP/
MCL and AMF irradiation, tumor-bearing mice were anesthetized
with pentobarbital sodium (50 mg/kg intraperitoneally).

For histological examination, the tumor was resected and
fixed in a 10% formalin solution 24 h after hyperthermia. The
specimens were fixed in 10% neutrally buffered formalin, and
embedded in paraffin. Serial specimens were then prepared for
histological examination, and were stained with hematoxylin
and eosin (H&E).

Statistical analysis. Statistical analysis was carried out by the
Mann-Whitney rank sum test calculated using WinSTAT statistical
software (Light Stone International, Tokyo, Japan). Differences
were considered to be statistically significant at P < 0.05.

Results

Combined effect of 4-S-CAP and hyperthermic treatment. Figure 1
shows the relative cell number for B16 cells on the second day
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Fig. 1. Combined effects of 4-S-cysteaminylphenol (4-S-CAP) and heat
treatment on B16 cell viability. B16 cells were treated with 4-S-CAP at
50 uM. Simultaneously, the cells were heated using a water bath at
42.5°C for 1h. After the 2-day incubation period, antiproliferative
effects were assessed as the relative cell number (%). Data and bars are
mean 1 SD of two independent experiments. *P < 0.05.

after hyperthermic treatment using a 42.5°C water bath for
60 min. For hyperthermic treatment alone, the relative cell number
was 52.5% 6.6%. For 4-S-CAP (50 uM) treatment alone, the
relative cell number was 64.4 £ 9.9%. When hyperthermic treatment
was combined with 4-S-CAP treatment, the relative cell number
decreased to 33.7 £ 10.6%. With [A], [B] and [A + B] representing
the percentage cell viability for treatments of 4-S-CAP, heat and
the combination treatment 4-S-CAP + heat, respectively, the
combined effects were defined as follows: synergistic, [A + B] <
[A] x [B)/100; additive, [A + B]=[A]x[B]/100; subadditive,
[A] x [B)/100 < [A + B] < [A], if [A] < [B]; interference, [A] <
[A + B] < [B], if [A] <[B]; and antagonistic, [B] <[A + B], if
[A] < [B]. Here, [A + B] and [A] x [B)/100 were 33.7 + 10.6%
and 34.1 £ 9.5%, respectively. Because there was no significant
difference (P =0.56) between [A + B] and [A] x [B]/100, the
combined effect of 4-S-CAP with heat was evaluated as additive
effects.

Preparation of 4-S-CAP-loaded MCL. Because the combination of
4-S-CAP and hyperthermia has an additive effect, we constructed
4-§-CAP/MCL (Fig. 2) and investigated whether 4-S-CAP/MCL
can combine 4-S-CAP-mediated chemotherapy with MCL-induced
hyperthermia. The size distribution of 4-S-CAP/MCL with various
4-S-CAP contents was measured using a dynamic light-scattering
spectrophotometer (Fig. 3). For MCL without 4-S-CAP, the
peak in the particle size distribution was 124.5 £ 0.95 nm (the
mean * SD of three independent experiments). The average size
of 4-S-CAP/MCL increased drastically when the 4-S-CAP
concentration exceeded 100 uM. When the 4-S-CAP concentration
exceeded 100 puM, the dispersibility of 4-S-CAP/MCL was extremely
low and precipitation of 4-S-CAP/MCL was observed. Therefore,

4-5-CAP/MCL at 100 pM of 4-S-CAP concentration was used

in the following in vivo experiments.

Antiproliferative activity of 4-S-CAP in 4-S-CAP/MCL. Figure 4a
shows the antiproliferative effects of different concentrations of
4-§-CAP/MCL on B16 cells. The dose-response curve showed
a dose-dependent antiproliferative effect for 4-S-CAP in 4-S-CAP/
MCL, with the maximum effects achieved using a concentration
of 400 uM (46.6 £ 0.9% of relative cell number), which was
comparable to the cytotoxicity of free 4-S-CAP (inhibition
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Fig. 2. Preparation of 4-S-cysteaminylphenol (4-S-CAP)/magnetite cationic
liposomes (MCL). Illustration of 4-S-CAP/MCL is shown.
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Fig. 3. Relationship between 4-Scysteaminylphenol (4-5-CAP) concentration
and liposome size of 4-S-CAP/magnetite cationic liposomes (MCL). The
size of the 4-S-CAP/MCL was measured using a dynamic light scattering
spectrophotometer. Data and bars are mean + SD of three independent
experiments.

concentration [IC,,] IC,, of 507 pM) toward B16 melanoma
cells.® Figure 4b shows the time course of the relative cell
number when B16 or NHDF cells were treated with 100 pM 4-
S-CAP/MCL. The relative cell number for B16 cells decreased
linearly to 60% during the 2-day culture period. In contrast,
non-melanocytic NHDF cells showed no decrease in relative
cell number 1 day after 4-S-CAP/MCL ftreatment, with only
slight antiproliferative effects (15% decrease in the relative cell
number) observed on day 2. These results indicate that 4-S-CAP
in 4-S-CAP/MCL had an antiproliferative effect on B16 cells,
although 4-S-CAP was less toxic to non-melanocytic NHDF
cells, an observation that corresponds to previous reports.*?
Uptake of magnetite nanopartides by B16 cells and in vitro hyperthermia,
Next, in order to assess the feasibility of magnetite nanoparticle-
mediated hyperthermia in vitro, we investigated whether 4-S-CAP/MCL
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Fig. 4. Antiproliferative activity of 4-S-cysteaminylphenol (4-S-CAP)
mediated by 4-S-CAP/magnetite cationic liposomes (MCL). (a) B16 cells
were treated with different concentrations of 4-S-CAP/MCL (4-S-CAP, 0-
400 uM). After the 2-day incubation period, antiproliferative effects
were assessed as the relative cell number (%). Data and bars are
mean 1 SD of three independent experiments. (b) B16 (®) and normal
human dermal fibroblasts (NHDF) (O) cells were treated with 4-S-CAP/
MCL at 100 pM 4-5S-CAP, and the relative cell number was assessed on
days 1 and 2. Data and bars are meantSD of three independent
experiments. *P <0.05.

were incorporated into B16 cells. The uptake of magnetite nano-
particles by B16 cells is shown in Fig. 5a. Magnetite nano-
particles in 4-S-CAP/MCL were incorporated into B16 cells,
and the amount of uptake was 18.4 + 1.0 pg magnetite/cell after
24 h, which was comparable to that of MCL (15.0+ 0.4 pg
magnetite/cell).

We then investigated whether AMF irradiation generated heat
in B16 cells treated with 4-S-CAP/MCL, and observed intracel-
lular hyperthermia in vitro. Figure Sb shows the temperature
profile of cell pellets treated with 4-S-CAP/MCL during AMF
irradiation at 360 kHz and 120 Oe. Heat was generated in B16
cells incorporating magnetite nanoparticles. The temperature of
these cells rose quickly and reached 43.0°C, which is an effec-
tive temperature for hyperthermia treatment, and was then main-
tained at that temperature for 30 min by controlling the intensity
of the AMF. In contrast, in non-treated cells (0 pg magnetite/
cell), the temperature increased only 2°C during the AMF irra-
diation. Figure Sc shows the viable cell number after the AMF
irradiation. When the cells were treated with 4-S-CAP/MCL
alone (without irradiation; 4-S-CAP/MCL, 100 uM), the viable
cell number decreased to approximately half of that for non-
treated cells. Moreover, when the cells were treated with 4-S-
CAP/MCL plus AMF irradiation, the viable cell number decreased
drastically for 1| day and thereafter cells grew again, resulting in
an apparently smaller number than with 4-S-CAP/MCL alone
(without irradiation).

In vivo hyperthermic treatment using 4-S-CAP/MCL. For hyperthemic
treatment in vivo, 4-S-CAP/MCL was injected into the tumor
and AMF was applied to the whole body of the mouse.
Figure 6a shows the tumor surface and rectal temperatures
during AMF irradiation. Tumor temperature increased rapidly to
45°C within 3 min and was then maintained for 30 min by
controlling the AMF intensity. In contrast, the temperature in the
rectum showed only a limited increase during irradiation. These
temperature profiles for 4-S-CAP/MCL-induced hyperthermia
were comparable to those of MCL-induced hyperthermia (data
not shown). No serious burns or damage were observed in all
mice treated with magnetite-mediated hyperthermia.

For B16 melanoma, the therapeutic effects of the 4-S-CAP/
MCL--induced combination of chemotherapy and hyperthermia
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Fig. 5. Invitro hyperthermia induced by 4-S-cysteaminylphenol
(4-S-CAP)/magnetite cationic liposomes (MCL). (a) Uptake of magnetite
nanoparticles into B16 cells at 24 h after addition of MCL or 4-5-CAP/
MCL. Percentage magnetite uptake was evaluated. Data and bars are
mean = SD of three independent experiments (*P < 0.05). (b) Temperature
increase in cell pellets treated with 4-S-CAP/MCL during altemating magnetic
field (AMF) irradiation. B16 cells with (®) or without (O) 4-S-CAP/MCL
were irradiated with AMF for 30 min. Data and bars are mean 1 SD of
three independent experiments (*P < 0.05). (c) /n vitro antiproliferation
effects of 4-S-CAP/MCL after AMF irradiation. After the AMF irradiation,
cells were reseeded and the number of viable cells was measured on
the indicated day by the trypan blue exclusion method using a
hemocytometer. (O) Control B16 cells; (®) B16 cells with 4-S-CAP/MCL;
and (A) B16 cells treated with 4-S-CAP/MCL and AMF irradiation. Data
and bars are mean t SD of three independent experiments. *P < 0.05,
significantly different from control group (non-treated B16 cells); **P <0.05,
significantly different from 4-S-CAP/MCL group (4-S-CAP/MCL alone).
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Fig. 6. Invivo hyperthermia using 4-S-cysteaminylphenol (4-S-CAP)/
magnetite cationic liposomes (MCL). Schema of the therapeutic experiment.
(a) Temperature increase in melanoma nodules treated with 4-5-CAP/
MCL during alternating magnetic field (AMF) irradiation. 4-5-CAP/MCL
containing 4 mg magnetite were injected directly into subcutaneous
B16 tumors with diameters of 5 mm, which were then irradiated with
an AMF for 30 min. Tumor and rectal temperatures were measured
using optical fiber probes. (0) Tumor; (O) rectum. Each point represents
the mean % SD of five mice. *P<0.01. (b) Therapeutic effects of 4-S-
CAP/MCL on B16 tumors. Each line represents tumor growth in a single
mouse (n = 6). Crosses (x) indicate when each mouse died. (c) Comparison
of each group in the first 12 days after treatment. (O) Group Ii; (0)
group lI; (A) group IV; (s) group V. Each point represents the mean t
SD of-six mice.. *P < 0.05, significantly different from group II' (MCL
alone); **P < 0.05; significantly different from group It (4-S-CAP/MCL
alone); ***P < 0.05, significantly different from group IV (MCL + AMF).

were assessed. Figure 6b shows the time course of tumor growth
in each mouse, and the comparison of tumor growth kinetics in
each group in the first 12 days is shown in Fig. 6c. In groups [
(control) and I (MCL), tumors grew progressively and some
mice died from pulmonary metastases (data not shown). In
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Fig. 7. Pathological . features of the tumor in representative mice
treated with hyperthermia using 4-S-cysteaminylphenol (4-5-CAP)/
magnetite cationic liposomes (MCL). Tumors of mice in the control
group (groups I, A-l and A-ll) and 4-5-CAP/MCL-induced hyperthermia
treatment group ({(groups IV, B-1 and B-ll) were stained with
hematoxylin and eosin. Scale bars in | and Il are 200 um and 50 um,
respectively.

groups III (4-S-CAP/MCL), in which mice received 4-S-CAP/
MCL alone (without AMF irradiation), and IV (MCL + AMF),
in which mice received MCL-induced hyperthermia, tumor
growth was slightly but significantly suppressed on days 7 and 9,
and thereafter tumors grew progressively. In contrast, in group
V (4-S-CAP/MCL + AMF), in which mice received 4-S-CAP/MCL
and AMF irradiation, tumor growth was strongly suppressed in
the first 12 days (Fig. 6¢), and 17% (1/6) of subcutaneous tumors
regressed completely (Fig. 6b). Histological examination of the
tumors was done by H&E staining (Fig. 7). Severe necrosis with
hemorrhage was observed, and many dead cells with condensed
nuclei were seen, as shown in Fig. 7.

Discussion

In the present study, we examined thé combination effect of 4-
S-CAP treatment and hyperthermia on B16 melanoma cells, and
demonstrated that the combination therapy has an additive effect
(Fig. 1). In normal melanocytes and malignant melanoma cells,
the specific enzyme tyrosinase catalyzes the oxidative conversion
of L-tyrosine to melanin pigments.™ 4-S-CAP is a good sub-
strate for tyrosinase, and an oxidized form binds to sulphydryl
enzymes.* With respect to the mechanism of cytotoxicity,
dihydro-1,4-benzothiazine-6,7-dione, a metabolite of 4-S-CAP,
deprives melanoma cells of reduced glutathione and may-inactivate
SH enzymes essential for DNA synthesis and cell proliferation
by covalent binding through their cysteine residues, thereby
exerting melanocytotoxicity.®™" Thus, cytotoxicity of 4-S-CAP
depends mostly on reactive oxygen species (ROS). Similarly to
4-S-CAP activities in melanoma cells, hyperthermia can promote
the formation of free radicals and related ROS from metabolic
pathiays, and these ROS may result in some cellular injury.®>
We speculate that ROS played an important role in the additive
effect of the combined 4-S-CAP treatment and hyperthermia on
melanoma cells; therefore, further research is required in order
to elucidate the mechanism. )

In the case of a superficial tumor, such as melanoma, a simple
heat mediator is desirable for the clinical application of hyper-
thermia. Previously, we confirmed hyperthermic effects on B16

doi: 10.1111/1.1349-7006.2006.00382.x
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melanoma using MCL injected directly into the tumor.®® MCL
uptake by cells in the injection site was much higher than that
of magnetoliposomes whose liposomal surface had neutral
charge, because MCL can electrostatically interact with the
negative-charged phospholipid membrane of cells,” resulting in
retention at the injection site. Thus, in a drug-targeting modality
for melanoma, the use of 4-S-CAP/MCL is appropriate because
superficial tumors can be treated with intratumoral injection of
4-S-CAP/MCL. Therefore, we used 4-S-CAP/MCL in order to
heat the tumoral region and minimize heating of the surrounding
healthy tissue. As shown in Fig. 6a, during hyperthermia using
4-S-CAP/MCL, tumor temperature reached 45°C rapidly, whereas
rectal temperature remained at 38°C. These results indicate that
using 4-S-CAP/MCL allows the application of hyperthemmia to
specific tumor tissue and that accurate control of the tumor tem-
perature is possible by manipulating the magnetic field intensity.
In this study, we set the tumor temperature at 45°C; however,
this was insufficient to completely destroy the malignant melanoma.
Our hyperthermia system can be carried out at higher tempera-
tures and can be conducted repeatedly without damaging healthy
tissue. For example, complete regression of B16 melanoma was
observed in 90% of mice using MCL-induced hyperthermia at
46°C applied once daily for 2 days.?®® In the present study, we
set the temperature at 45°C in order to examine the effects of
combining hyperthermia with 4-S-CAP-madiated chemotherapy.

A major advantage of hyperthermia is that it has few side
effects. In contrast to chemotherapy, hyperthermic effects are
independent of cell lines and animals.®'» Furthermore, hyper-
thermic effects on cancer cells are caused mainly by physical
damage, and differences in sensitivities to hyperthermia are neg-
ligible, especially at higher temperatures.’?® Therefore, when
magnetite nanoparticles are internalized into tumor cells, the
hyperthermic effect should be independent of cell type. How-
ever, in the case of repeated injection of 4-S-CAP/MCL, the
toxicity of 4-S-CAP/MCL may become an important issue in a
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clinical trial. For MCL, in our preliminary study, the toxicity of
a single administration of MCL solution (33 mg magnetite,
intraperitoneally) was investigated. MCL accumulated mostly in
the liver and spleen of mice, but none of the five observed mice
died after MCL injection.™ In the present study, 8 mg magnet-
ite was used, which was much less than that used in the prelim-
inary examination (33 mg). The 4-S-CAP was synthesized as an
antimelanoma agent’ that is selectively toxic to the invivo
melanocytes engaged in melanin synthesis,®**" but not to the
melanocytes and keratinocytes of albino mice.®" However, a
study by Padgette et al. has shown that 4-S-CAP is a good sub-
sirate of plasma monoamine oxidase, as well as tyrosinase.*”
The cytotoxicity of 4-S-CAP to cultured cells may be partly
mediated by the aldehyde formed by oxidative deamination.®?
In the present study, non-melanocytic NHDF cells showed a
slight decrease in relative cell number (decrease of 15%; Fig. 4b),
suggesting that 4-S-CAP induced tyrosinase-independent toxicity.
However, the mechanism of this tyrosinase-independent toxicity
remains to be clarified. Taken together, these findings indicate
that 4-S-CAP/MCL toxicity should be fully investigated before
clinical application.

In conclusion, the promising results of the present study
warrant further investigation of new modalities using 4-S-
CAP/MCL, with the long-term goal of future application in the
treatment of malignant melanoma in humans.
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