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Abstract

8-Methoxy psoralen (8-MOP) exerts a short-term (24 h) mitogenic
action, and a long-term (48-72 h) anti-proliferative and melanogenic
action on two human melanoma cell lines, SK-Mel 28 and C32TG. An
increase of intracellular calcium concentration was observed by spec-
trofluorometry immediately after the addition of 0.1 mM 8-MOP to
both cell lines, previously incubated with calcium probe fluo-3 AM (5
µM). The intracellular Ca2+ chelator BAPTA/AM (1 µM) blocked
both early (mitogenic) and late (anti-proliferative and melanogenic) 8-
MOP effects on both cell lines, thus revealing the importance of the
calcium signal in both short- and long-term 8-MOP-evoked responses.
Long-term biological assays with 5 and 10 mM tetraethylammonium
chloride (TEA, an inhibitor of Ca2+-dependent K+ channels) did not
affect the responses to psoralen; however, in 24-h assays 10 mM TEA
blocked the proliferative peak, indicating a modulation of Ca2+-
dependent K+ channels by 8-MOP. No alteration of cAMP basal levels
or forskolin-stimulated cAMP levels was promoted by 8-MOP in SK-
Mel 28 cells, as determined by radioimmunoassay. However, in
C32TG cells forskolin-stimulated cAMP levels were further increased
in the presence of 8-MOP. In addition, assays with 1 µM protein
kinase C and calcium/calmodulin-dependent kinase inhibitors, Ro 31-
8220 and KN-93, respectively, excluded the participation of these
kinases in the responses evoked by 8-MOP. Western blot with anti-
bodies anti-phosphotyrosine indicated a 92% increase of the phospho-
rylated state of a 43-kDa band, suggesting that the phosphorylation of
this protein is a component of the cascade that leads to the increase of
tyrosinase activity.
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Introduction

Psoralens are natural or synthetic planar
furocoumarin which, in combination with
ultraviolet light (UVA; 320-400 nm), have
been used in the photochemical treatment of

a variety of skin diseases including vitiligo, a
hypopigmentary disorder, and psoriasis, a
hyperproliferative disorder of the keratino-
cytes (1). The potent modulation of epider-
mal cell growth and differentiation promoted
by psoralens in association with ultraviolet
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radiation (PUVA) has been attributed to the
drug insertion in the DNA and the formation
of photoadducts (2,3). It is now known that,
in addition to photoadduct formation with
DNA pyrimidine bases, PUVA also favors
the binding of psoralens with other mol-
ecules such as membrane lipids, proteins
and RNA (4).

Some investigators, however, have dem-
onstrated that the action of psoralen can be
exerted independent of radiation. In murine
melanoma cells S-91 and B16, 8-methoxy-
psoralen (8-MOP) increases the activity of
the melanogenic key enzyme, tyrosinase, in
the absence of light (5). We have previously
reported that 8-MOP elicits a biphasic re-
sponse in two human melanoma cell lines,
SK-Mel 28 and C32TG, which exhibited
increased proliferation after the first 24 h
treatment, followed by a decrease over the
subsequent 48 h and thereafter. Cells treated
with 8-MOP failed to enter the G1 phase,
and did not exhibit any features of apoptosis.
In addition, chronic exposure to 8-MOP in
the absence of UVA enhanced tyrosinase
activity in both cell lines (6).

The existence of low and high affinity
sites for psoralens was demonstrated in a
variety of cell lines (7,8) including the two
human melanoma lines (6), and in the pres-
ence of UVA, 8-MOP covalently binds to
sites other than DNA (6).

Despite the wide therapeutical use of pso-
ralens, little is known about their mechanisms
of action. Psoralens have been reported to
block ATP-dependent potassium channels (9)
and to intensify chloride secretion triggered by
cholinomimetics after the opening of potas-
sium channels by the increase of intracellular
Ca2+ levels (10). Albrightson et al. (11) re-
ported an increase of cAMP in normal human
fibroblasts, epithelial cells and mononuclear
leukocytes by 8-MOP. Mengeaud and
Ortonne (12) demonstrated that 5-MOP pro-
motes a small increase of cAMP concentra-
tion and, in addition, activates protein kinase
C (PKC) in a murine melanoma line.

We report here the participation of cal-
cium, calcium-activated K+-channels and a
tyrosine-kinase in the intracellular signaling
stimulated by 8-MOP in two human mela-
noma cell lines, SK-Mel 28 (melanotic) and
C32TG (amelanotic).

Material and Methods

The human melanotic melanoma cell line,
SK-Mel 28, was purchased from the Ameri-
can Type Culture Collection Repository
(Rockville, MD, USA), and the human
amelanotic melanoma line, C32TG, was pro-
vided by the Ludwig Institute for Cancer
Research (São Paulo, SP, Brazil). Both cell
lines were maintained as monolayer cultures
in RPMI-1640 medium supplemented with
10% fetal calf serum (Cultilab, São Paulo,
SP, Brazil), 2.0 g/l NaHCO3, 15 nM HEPES,
and 1 mM sodium pyruvate, in the absence
of antibiotics, at 37ºC and 5% CO2.

8-MOP, RPMI-1640, digitonin, forsko-
lin, isobutylmethylxanthine (IBMX), tetra-
ethylammonium chloride (TEA), sodium
pyruvate, ethylenediaminetetraacetic acid
(EDTA), Tris-HCl, probenecid, tapsigargin,
dimethylsulfoxide, albumin, 2ß-mercapto-
ethanol, antipain, aprotinin, leupeptin, phe-
nylmethanesulfonyl fluoride, bromophenol
blue, phenol, glycerol, and activated char-
coal were purchased from Sigma (St. Louis,
MO, USA). 1,2-bis-(o-aminophenoxy)-
ethane-N,N,N’,N’-tetraacetic acid, tetraace-
toxymethyl ester (BAPTA/AM), 2-[N-(2-
hydroxyethyl)]-N-(4-methoxybenzenesulfo-
nyl) amino-N-(4-chlorocinnamyl)-N-
methylbenzylamine (KN-93) and 3-[1-[3-
(amidinothio)propyl-1H-indol-3-yl]-3-(1-
methyl-1H-indol-3-yl) (Ro 31-8220) were
acquired from Calbiochem (La Jolla, CA,
USA). L-[3',5'-3H]-tyrosine (specific activ-
ity 57 Ci/mmol) and acrylamide were ac-
quired from Amersham-Pharmacia (Buck-
inghamshire, England). X-ray film (Scien-
tific Imaging Film X-OMAT AIR 13 x 18
cm2) was purchased from Kodak.
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Determination of intracellular cAMP

Triplicates of 1.5 x 105 cells/well (in 6-
well plates) were pre-incubated with RPMI
medium containing 0.1 mM IBMX for 10
min at 37ºC. The cells were then incubated
for 30 min at 37ºC, in 1 ml of RPMI medium
containing 0.1 mM IBMX, plus one of the
following treatments: control, 1 µM forsko-
lin (an adenylyl cyclase activator), 1 µM
forskolin + 0.1 mM 8-MOP, 0.1 mM 8-
MOP, 10 µM forskolin, and 10 µM forskolin
+ 0.1 mM 8-MOP.

The reaction was stopped by the addition
of cold ethanol. The medium was removed,
the cells were scraped and the lysate trans-
ferred to Eppendorf tubes on ice. After 30
min, the samples were centrifuged (5,000 g,
10 min at 4oC) and the supernatant was
transferred to test tubes and evaporated with
nitrogen to a final volume of approximately
500 µl. Duplicates of each sample were used
for determination of protein (bicinchoninic
acid, BCA, protein assay kit, Pierce, Rock-
ford, IL, USA) and cAMP concentrations
(NEK-033; New England Nuclear Life Sci-
ence Products, Boston, MA, USA). The
cAMP radioimmunoassay is based on the
competition between a radioactive antigen
and the non-radioactive native antigen for a
certain number of antibody binding sites. As
a consequence, decreasing amounts of la-
beled antigen bind to the antibody as the
amount of native cAMP increases. cAMP
concentrations were calculated as pmol/mg
protein and compared by Kruskal-Wallis non-
parametric ANOVA.

Determination of intracellular calcium

SK-Mel 28 and C32TG melanoma cells
were suspended (107/ml) in RPMI supple-
mented with 2% fetal bovine serum, and
incubated with 5 µM fluo-3 AM (4-(6-
acetoxymethoxy-2,7-dichloro-3-oxo-9-
xanthenyl)-4'-methyl-2,2'(ethylenedioxy)
dianiline-N,N,N’,N’-tetraacetic acid tetrakis

(acetoxymethyl) ester; Sigma) and 3 mM
probenecid for 50 min at 37oC, with shaking.
Aliquots (50 µl) were centrifuged (7,000 g),
rinsed (3 x 500 µl) in Ca2+-free M buffer
(116 mM NaCl, 5.4 mM KCl, 0.8 mM
MgSO4, 5.5 mM D-glucose, and 50 mM
HEPES, pH 7.2), and readings at 505 nm
excitation and 530 nm emission were ob-
tained with a spectrofluorometer (Hitachi,
model F4500, Tokyo, Japan). The addition
of 0.1 mM 8-MOP was followed by the
addition of 12 µM tapsigargin, 10 µM digito-
nin, 12 µM EGTA, and 1 mM CaCl2 to
determine the integrity of the cells.

Biological assays in the presence of inhibitors

SK-Mel 28 (1.5 x 105) or C32TG (3.0 x
105) cells were seeded in triplicate in 25-cm2

flasks containing RPMI-1640 medium
supplemented as described above. After 24
h, the medium was replaced with fresh medi-
um containing 0.1 mM 8-MOP or the solvent
(0.1% ethanol). Each inhibitor (KN-93, Ro
31-8220, BAPTA/AM and TEA) was added
30 min before the addition of psoralen. The
assays with kinase inhibitors lasted 72 h with
medium changes every other day; an addi-
tional 24-h assay was introduced for TEA.
Twenty-four hours before ending the experi-
ment, 1 µCi/ml [3H]-tyrosine was added to
each flask. At the end, tyrosinase activity
was determined in the medium on the basis
of the amount of 3H2O produced in the first
step of melanogenesis by the method of
Pomerantz (13), modified according to
Mengeaud and Ortonne (12). Duplicate 200-
µl medium samples from each flask were
added to 800 µl of 10% activated charcoal in
10% trichloracetic acid. After vigorous shak-
ing, the mixture was incubated at 9ºC for 20
min and centrifuged (7,000 g, 20 min), the
supernatant (600 µl) was added to 3 ml of
scintillation fluid and radioactivity was meas-
ured with a scintillation counter (Packard,
model TRI-CARB 2100 TR, Downers Grove,
IL, USA). The cells were harvested with
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Tyrode/EDTA solution and counted with the
aid of a hemocytometer.

Tyrosinase activity (cpm/106 cells) and pro-
liferation are reported as percentage of control
(100%). The bioassay results were analyzed
by ANOVA followed by the Student-New-
man-Keuls test, and the experimental values
were considered to be significantly different
from control values at P ≤ 0.05.

Tyrosine-phosphorylation assay

After seeding (1 x 107 cells/80 cm2 flask)
and adhesion, SK-Mel 28 cells were treated

with 0.1 mM 8-MOP for 30 min. The medi-
um was discarded and the cells were rinsed
twice with sodium phosphate-buffered sa-
line (PBS), harvested with Tyrode/EDTA
solution, pelleted and resuspended, washed
and centrifuged twice with 1 ml of cold PBS
solution. After lysis, 10-µl aliquots were
removed for protein determination with a
BCA protein assay kit (Pierce-23225), and
equivalent volumes containing 50 µg of pro-
tein were added to the same volume of sample
buffer supplemented with 5% (v/v) 2ß-mer-
captoethanol. After denaturation, the samples
were run on a 5 to 20% acrylamide gel
gradient (10 mA) and transferred to a 0.45-
µM nitrocellulose membrane (15 V, 60 min).
The membrane was then blocked for 2 h at
4ºC, in Tris-buffered saline with 0.1% Tween
2 (TBST) supplemented with 5% albumin
solution and 0.01% sodium azide and incu-
bated for 2 h at 4ºC with a mouse monoclon-
al primary antibody (IgG2a) P-Tyr (Py6a;
1:100, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) in TBST solution supplemented
as above. After removal of the antibody, the
membrane was rinsed (3 x 10 min) with
TBST solution and incubated (30 min at
37ºC) with the anti-mouse IgG secondary
antibody (1:1000, Calbiochem) in TBST
containing 5% albumin. The membrane was
then rinsed in TBST (3 x 10 min), the bands
were detected by incubation (1 min) in lumi-
nol/enhancing detection solution (1:1, Amer-
sham-Pharmacia), and the membrane photo-
graphed by contact (5 min) with X-ray film.
The relative optical densities were deter-
mined by NIH Image software, version 1.62
(National Institute of Health, Bethesda, MD,
USA).

Results

We have previously demonstrated that 8-
MOP increased melanogenesis and decreased
proliferation when incubated for a long pe-
riod of time (72 h) in the absence of UV
light. Interestingly enough, it exhibited a

Figure 1. Effect of 8-MOP and
forskolin on cAMP concentra-
tions of SK-Mel 28 cells (A) and
C32TG cells (B). The incubations
were carried out for 30 min and
when forskolin and 8-MOP were
combined, the drugs were
added simultaneously. Data are
reported as means ± SEM for N
= 6 experiments. *P ≤ 0.05 com-
pared to control (Kruskal-Wallis
nonparametric ANOVA test).

Figure 2. Representative fluo-3
fluorescence tracing of C32TG
cells. 1, 12 µM tapsigargin; 2,
0.1 mM 8-MOP; 3, 10 µM digito-
nin; 4, 12 µM EGTA. Cells were
suspended in Ca2+-free M buf-
fer and an 8-MOP stock solution
was prepared with propylene
glycol. Excitation = 505 nm;
emission = 530 nm.
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mitogenic effect after the first 24 h (6). We
therefore decided to investigate the mechan-
isms of actions of 8-MOP in eliciting these
responses.

Intracellular cAMP

We first investigated the variation of
cAMP levels in 8-MOP-treated and untreated
cells on the basis of published data (11,12).
As expected, 1 and 10 µM forskolin (posi-
tive controls) promoted an increase of cAMP
concentration in both cell lines. The treat-
ment with 0.1 mM 8-MOP did not cause any
significant alteration in the basal concentra-
tion of cAMP or in the forskolin-stimulated
levels in SK-Mel 28 cells (Figure 1A), thus
excluding the role of a cAMP-activated pro-
tein kinase A in the 8-MOP-elicited re-
sponses. However, in C32TG cells, 8-MOP
increased forskolin-stimulated levels, but not
the basal concentration of cAMP (Figure
1B).

Role of intracellular calcium and Ca2+-
activated K+ channels

An increase in intracellular calcium was
observed in both cell lines immediately after
the addition of 0.1 mM 8-MOP. The magni-
tude of the fluorescence increase was much
higher in C32TG cells (Figure 2) than in SK-
Mel 28 cells (Figure 3).

Our next step was to investigate the par-
ticipation of Ca2+ in the long-term responses
evoked by psoralen (decrease of prolifera-
tion and increase of tyrosinase activity). Table
1 shows that both responses exhibited by
SK-Mel 28 and C32TG cells after 72 h of 8-
MOP treatment were inhibited in the pres-
ence of 1 µM BAPTA/AM (an intracellular
Ca2+ chelator). However, the effectiveness
of BAPTA was greater in SK-Mel 28 cells
than in C32TG cells, in which the responses
were not totally reversed.

The increase of intracellular Ca2+ con-
centration has often been described in the

Table 2. Effect of the Ca2+ chelator, BAPTA/AM (1,2-bis-(o-aminophenoxy)-ethane-
N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl ester) on 8-MOP-induced responses of
cell proliferation and tyrosinase activity in SK-Mel 28 cells.

Treatment SK-Mel 28

Cell proliferation Tyrosinase activity
 (% of control) (% of control)

Control 100 ± 1.5 100 ± 1.9
1 µM BAPTA/AM 91.0 ± 1.5* 104.0 ± 5.9
0.1 mM 8-MOP 71.2 ± 3.0* 148.1 ± 8.4*
0.1 mM 8-MOP + 1 µM BAPTA/AM 82.2 ± 3.0*+ 112.8 ± 6.6+

Cells were incubated with BAPTA/AM and 8-MOP for the first 24 h, and with 8-MOP
alone for a further 48 h. Data are reported as means ± SEM (N = 6). *P < 0.05
compared to control; +P < 0.05 compared to 8-MOP (ANOVA followed by the Student-
Newman-Keuls test).

Figure 3. Representative fluo-3
fluorescence tracing of SK-Mel
28 cells. 1, 0.1 mM 8-MOP; 2,
12 µM tapsigargin; 3, 10 µM digi-
tonin; 4, 1 mM Ca2+ as calcium
chloride; 5, 12 µM EGTA. Cells
were suspended in Ca2+-free M
buffer and an 8-MOP stock solu-
tion was prepared with propyl-
ene glycol. Excitation = 505 nm;
emission = 530 nm.
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Table 1. Effect of the Ca2+ chelator, BAPTA/AM (1,2-bis-(o-aminophenoxy)-ethane-
N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl ester), on 8-MOP-induced responses of
cell proliferation and tyrosinase activity in SK-Mel 28 and C32TG cells.

Treatment SK-Mel 28 C32TG

Cell Tyrosinase Cell Tyrosinase
proliferation  activity proliferation activity

(% of control) (% of control) (% of control) (% of control)

Control 100 ± 0.1 100 ± 1.5 100 ± 0.5 100 ± 4.5
0.1 mM 8-MOP 62.0 ± 0.3* 193.2 ± 8.5* 45.1 ± 0.1* 255.4 ± 7.9*
1 µM BAPTA/AM 93.0 ± 0.1 117.7 ± 3.3 90.0 ± 0.1 113.7 ± 4.5
0.1 mM 8-MOP + 98.6 ± 0.4+ 119.1 ± 7.3+ 52.7 ± 0.2*+ 166.3 ± 2.6*+

1 µM BAPTA/AM

Cells were incubated with each substance alone or together for 72 h. Data are
reported as means ± SEM (N = 6). *P < 0.05 compared to control; +P < 0.05 compared
to 8-MOP (ANOVA followed by the Student-Newman-Keuls test).
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Table 3. Effect of the Ca2+-dependent K+ channel blocker, tetraethylammonium chlo-
ride (TEA), on 8-MOP-induced responses of cell proliferation and tyrosinase activity in
SK-Mel 28 cells.

Treatment SK-Mel 28

Cell proliferation Tyrosinase activity
 (% of control) (% of control)

Control 100 ± 0.2 100 ± 3.5
0.1 mM 8-MOP 68.7 ± 0.3* 148.0 ± 8.5*
5 mM TEA 95.5 ± 0.2 106.0 ± 8.0
0.1 mM 8-MOP + 5 mM TEA 65.7 ± 0.3* 128.5 ± 5.7*
10 mM TEA 94.0 ± 0.3 101.0 ± 4.0
0.1 mM 8-MOP + 10 mM TEA 67.2 ± 0.2* 133.3 ± 3.9* 

Cells were incubated with each substance alone or together for 72 h. Data are
reported as means ± SEM (N = 6). *P < 0.05 compared to control (ANOVA followed by
the Student-Newman-Keuls test).

Table 4. Effect of the Ca2+-dependent K+ channel
blocker, tetraethylammonium chloride (TEA), on
8-MOP-induced response of cell proliferation in
SK-Mel 28 cells.

Treatment SK-Mel 28

Cell proliferation (% of control)

Control 100 ± 0.3
0.1 mM 8-MOP 128.1 ± 1.3*
10 mM TEA 96.9 ± 0.7
0.1 mM 8-MOP + 93.8 ± 1.6*+

10 mM TEA

Cells were incubated with each substance alone
or together for 24 h. Data are reported as means
± SEM (N = 6). *P < 0.05 compared to control; +P
< 0.05 compared to 8-MOP (ANOVA followed by
the Student-Newman-Keuls test).

literature as an initial signal for cell prolif-
eration. Our previous results revealed that a
24-h treatment with 8-MOP stimulated the
cells to proliferate (6). In an attempt to dem-
onstrate the need for Ca2+ not only for this
early proliferative peak, but also for the late
decrease in proliferation and increase in ty-
rosinase activity, the cells were treated with
BAPTA/AM only during the first 24 h of the
assay (a total 8-MOP assay time of 72 h).
The inhibition of the 8-MOP-evoked de-
crease of proliferation and increase of tyrosi-
nase activity in SK-Mel 28 cells by BAPTA/
AM (Table 2) indicates that an early rise in
Ca2+ is required for both the early and late
biological responses promoted by 8-MOP.

K+ channels have been reported to be
responsible for the control of cell volume, a
decisive function for the event of cell dupli-
cation. Having this in mind, we investigated
the participation of Ca2+-dependent K+ chan-
nels in the biological responses evoked by 8-
MOP.

TEA (5 and 10 mM) had no effect of its
own, nor did it affect the responses of prolif-
eration and tyrosinase activity in SK-Mel 28
cells after 72 h treatment with 0.1 mM 8-MOP
(Table 3). In contrast, the proliferative effect
observed after 24 h of treatment with 0.1 mM
8-MOP was reduced by 10 mM TEA (Table

Figure 4. Western blot of tyrosine-phosphorylated pro-
teins in SK-Mel 28 cells. The arrow indicates the 43-
kDa phosphorylated protein (92% increase) after treat-
ment with 0.1 mM 8-MOP for 30 min. C = controls; T =
0.1 mM 8-MOP.

43 kDa

C T
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4), suggesting that the short-term response of
increased proliferation depends on the activity
of Ca2+-modulated K+ channels.

Biological activity of 8-MOP in the absence
or presence of kinase inhibitors

In view of the important role of Ca2+ in
the responses triggered by 8-MOP, we next
investigated the participation of calcium-
dependent kinases. PKC inhibition by Ro
31-8220 did not interfere with the biological
activity of 0.1 mM 8-MOP in SK-Mel 28
cells. Furthermore, Ro 31-8220 caused a
reduction in proliferation by itself, which
was not accompanied by increased melano-
genesis (Table 5).

KN-93, like Ro 31-8220, had no effect on
the biological activity of 0.1 mM 8-MOP,
and also caused a reduction in proliferation
on its own, resulting in an enhancement of
the 8-MOP-evoked response (Table 6). These
data suggest that PKC and calcium-calmod-
ulin-dependent kinase are necessary for the
cell cycle to progress, but play no role in the
responses promoted by 8-MOP.

Tyrosine-phosphorylation assays

As cAMP-dependent protein kinase A
(PKA) and calcium-dependent kinases do
not seem to participate in the biochemical
pathways activated by 8-MOP, we next in-
vestigated the participation of tyrosine ki-
nases in the process. A 43-kDa protein shows
a 92% increased phosphorylation on tyrosine
after a 30-min treatment of SK-Mel 28 cells
with 0.1 mM 8-MOP (Figure 4), thus demon-
strating that a tyrosine kinase is activated
upon contact of 8-MOP with the cells.

Discussion

PKA and PKC have been mentioned by
some investigators as being responsible for
the effects of psoralen. Albrightson et al.
(11) reported an 8-MOP-promoted increase

Table 5. Effect of the PKC inhibitor, Ro 31-8220, on 8-MOP-induced responses of cell
proliferation and tyrosinase activity in SK-Mel 28 cells.

Treatment SK-Mel 28

Cell proliferation Tyrosinase activity
 (% of control) (% of control)

Control 100 ± 0.5 100 ± 1.4
0.1% ethanol 93.1 ± 1.5 100.6 ± 1.2
0.01% DMSO 90.0 ± 1.8 104.7 ± 1.2
0.1% ethanol + 0.01% DMSO 91.4 ± 1.8 109.4 ± 1.3
1 µM Ro 31-8220 72.4 ± 1.9* 91.1 ± 5.7
0.1 mM 8-MOP 67.2 ± 1.5* 142.0 ± 3.1*
0.1 mM 8-MOP + 1 µM Ro 31-8220 53.5 ± 1.1* 155.0 ± 6.1*

Cells were incubated with each substance alone or together for 72 h. Ethanol (0.1%)
and 0.01% DMSO were vehicles for 8-MOP and Ro 31-8220, respectively. Data are
reported as means ± SEM (N = 6). *P < 0.05 compared to control (ANOVA followed by
the Student-Newman-Keuls test).

of cAMP in normal human fibroblasts, epi-
thelial cells, and mononuclear leukocytes in
vitro. In addition, Mengeaud and Ortonne
(12) demonstrated that 5-MOP induces a
small increase of cAMP concentration and
activates PKC in murine melanoma cells,
since calphostin (a specific PKC inhibitor)
reverses the increase of tyrosinase activity in
response to 5-MOP. We have found no sig-
nificant differences in cAMP concentration
between untreated and psoralen-treated cells,
suggesting that cAMP and cAMP-dependent
PKA are probably not involved in the re-
sponses evoked by 8-MOP in human mela-
noma cells. The increase of forskolin-stimu-
lated cAMP levels induced by 8-MOP in

Table 6. Effect of the calcium/calmodulin dependent-kinase inhibitor, KN-93, on 8-
MOP-induced responses of cell proliferation and tyrosinase activity in SK-Mel 28 cells.

Treatment SK-Mel 28

Cell proliferation Tyrosinase activity
 (% of control) (% of control)

Control 100 ± 0.3 100 ± 0.9
1 µM KN-93 85.5 ± 0.2*# 95.9 ± 2.2
0.1 mM 8-MOP 71.0 ± 0.3* 148.1 ± 5.4*
0.1 mM 8-MOP + 1 µM KN-93 62.9 ± 1.5*#+ 134.2 ± 7.3*

Cells were incubated with each substance alone or together for 72 h. Data are
reported as means ± SEM (N = 6). *P < 0.05 compared to control; #P < 0.05 compared
to 8-MOP; +P < 0.05 compared to KN-93 (ANOVA followed by the Student-Newman-
Keuls test).
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first 24 h of the experiment was also enough
to prevent the 8-MOP-evoked increase of
tyrosinase activity, thus confirming that the
initial burst of Ca2+ is essential for the sec-
ond phase of 8-MOP activity.

We then considered the possibility that 8-
MOP may modulate K+ channels of the hu-
man melanoma cells. Recent work has dem-
onstrated the importance of potassium chan-
nels (voltage dependent, ATP sensitive and
Ca2+ dependent) for the modulation of cell
proliferation (16). Nilius and Wohlrab (17)
reported that the proliferation of human mela-
noma IGR1 cells was inhibited by the block-
ade of Ca2+-dependent potassium channels.
In SK-Mel 28 cells, the blockade of two
types of K+ channels, Ca2+-activated and
voltage rectifying, also resulted in prolifera-
tion inhibition (18). Nilius and Wohlrab (17)
suggested that the hyperpolarization pro-
moted by Ca2+-activated potassium channels
would lead to an increase of Ca2+ influx in a
positive feedback process. The hyperpolar-
ization would also facilitate the rate of Na+

transport, thus modulating the cell volume
and the reception of essential molecules for
proliferation (16). In long-term biological
assays (72 h) with 8-MOP in the presence of
TEA (an inhibitor of Ca2+-dependent K+ chan-
nels), no alteration of the responses (prolif-
eration inhibition and melanogenesis in-
crease) to 8-MOP was observed, nor did
TEA (5 and 10 mM) affect cell proliferation
or melanogenesis on its own. In the short-
term assay (24 h), however, the proliferation
increase induced by 8-MOP was abolished
in the presence of TEA. These results indi-
cate that the Ca2+ signal evoked by 8-MOP
induces the opening of Ca2+-dependent K+

channels, translated as an initial incentive to
proliferation. In the late phase, Ca2+ would
also be signaling proliferation inhibition, now
independently of K+ channel activation.

The confirmation of Ca2+ participation in
the responses promoted by 8-MOP directed
our interest to the role of Ca2+-dependent
kinases in the process. Biological assays in

C32TG might well be due to the inhibition of
a calcium-sensitive phosphodiesterase or
stimulation of a calcium-sensitive adenylyl
cyclase. In fact, in these cells the calcium
increase evoked by 8-MOP was much higher
than in SK-Mel 28 cells. And this might also
be the reason for the lower inhibitory effec-
tiveness of BAPTA in C32TG cells com-
pared to SK-Mel 28.

Elevation of intracellular Ca2+ has fre-
quently been reported as a signal for cell
proliferation (14). Extracellular calcium is
necessary to begin and to support mitosis,
and the passage from G0 to G1 only occurs if
there is an increase of intracellular Ca2+ (15).
These last investigators (15) verified that
mitogens promote bursts of increases in in-
tracellular Ca2+ that, depending on cell type,
may result in bursts of Ca2+/calmodulin pro-
duction and/or PKC activation. The initial
mitogen signal quickly appears (seconds to
minutes) and is of short duration (minutes),
but gives origin to long-lasting signals that
can involve Ca2+-induced release of Ca2+

from the cell compartments (14). The eleva-
tion of intracellular Ca2+ levels by 8-MOP
seems, at first, to contradict its anti-prolif-
erative action. However, the growth curves
revealed that a growth peak (≅ 30%) appears
24 h after the introduction of 0.1 mM 8-
MOP, followed by a significant reduction of
proliferation (48 and 72 h) compared to the
controls (6). Spectrofluorometric calcium
profiles revealed that an immediate Ca2+

increase occurs with the addition of 8-MOP
to the cell suspension. In addition, biological
assays with 1 µM BAPTA/AM demonstrated
the importance of Ca2+ participation in the
responses promoted by 8-MOP in both cell
lines. In these assays, 1 µM BAPTA/AM
showed low cell toxicity and totally abol-
ished the early and late biological responses
evoked by psoralen. The initial Ca2+ signal
seems to be also necessary for the second
phase of the 8-MOP-evoked response, al-
though it is an inhibition of proliferation.
The presence of BAPTA/AM only in the



567

Braz J Med Biol Res 37(4) 2004

Mechanisms of action of psoralen on human melanoma cells

the presence of Ro 31-8220 (a PKC inhibi-
tor) demonstrated that the inhibition of PKC
in SK-Mel 28 cells promotes the inhibition
of cell proliferation, without alteration of
tyrosinase activity, and that the responses to
8-MOP were not diminished by the blocker.
Indeed, the inhibition of proliferation was
further increased in the presence of Ro 31-
8220. Therefore, in this cell line, PKC activ-
ity seems to be related to the stimulation of
proliferation, similarly to what was reported
for normal melanocytes (19), without evok-
ing an increase in melanogenesis. Similarly
to Ro 31-8220, KN-93 (a calcium/calmodu-
lin-dependent kinase inhibitor), exhibited an
intrinsic anti-proliferative activity and did
not affect the responses to 8-MOP.

Western blot of phosphorylated tyrosine
revealed the increased phosphorylation of a
43-kDa protein after 0.1 mM 8-MOP treat-
ment, demonstrating for the first time the
participation of a tyrosine kinase in the mech-
anism of action of a psoralen. It is interesting
to mention that the potent melanogenic hor-
mone, α-MSH, promotes phosphorylation

of a 43-kDa protein in murine melanoma
S91 cells (20), thus suggesting that the phos-
phorylation of this protein is a component of
the cascade that leads to the increase of
tyrosinase activity. This 43-kDa protein could
be a dimer of tyrosinase, and it is well known
that tyrosinase phosphorylation at serine/
threonine sites precedes its activation by α-
MSH and other melanotropic agents (19). It
is possible that phosphorylation of tyrosine
sites in the enzyme by 8-MOP would also
lead to increased activity. If the tyrosine-
kinase activated by 8-MOP is a component
of its own binding site, and whether it is
intracellular or it is located in the membrane
remains to be clarified. Since its activation
also results in inhibition of proliferation, its
nature probably differs from that of the ty-
rosine kinase receptors of growth factors.
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