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noma cells and tumors. Although MSH receptor regulation and sig
naling have been studied in murine melanoma systems (12â€”15),
hardly anything is known about the regulation of MSH receptors on
melanoma cells of human origin. In this paper, we have studied the
modulation of specific MSH binding sites in a panel of human
melanoma cell lines and the possible mechanisms involved in MSH
receptor autoregulation. The observation that MSH receptors are
up-regulated on some of the human melanoma cell lines may form the
basis for a more general concept of receptor up-regulation.

MATERIALS AND METHODS

Peptides and Reagents. a-MSH and ACFH1@ were kindly supplied by
Ciba-Geigy AG, Basal, Switzerland. [@-Ala']-ACFH1.17-N-(CH2)4-NH2 was a
gift of Hoechst AG, Frankfurt, Germany. Desacetyl-a-MSH was synthesized
as described previously (16). [Nle4,D-Phe7]-a-MSHand [Nle4]-a-MSH were
purchased from Bachem AG, Bubendorf, Switzerland. Rp-8-bromoadenosine
3',S'-cyclic monophosphorothioate was obtained from Biolog, Bremen, Ocr
many. Protein kinase inhibitors H-7 and H-89 and cholera toxin were par
chased from Calbiochem, San Diego, CA. All other reagents were obtained
from Sigma Chemical Co., St. Louis, MO.

Radlollgand Preparation. [N1e4,D-Phe7]-a-MSH was labeled with
Na1@I (NENIDu Pont, Wilmington, DE) using Enzymobeads (Bio-Rad,
Richmond, CA). The iodination productwas incubated overnight at room
temperature in the presence of 0.1 M dithiothreitol and purified on a 1-ml
syringe packed with 0.3 cm3 Spherisorb (Phase Separations, Inc., Norwalk,
CT) ODS/lO g.@mRP-silica (for details of the radioiodination and purifica
tion procedure, see Ref. 2). The peptide was freshly iodinated every 4
weeks and additionally purified by reversed-phase high-performance liquid
chromatography before each experiment.

CellCulture.HBLhumanmelanomacellswerekindlyprovidedbyDr.G.
Ghanem, Brussels, Belgium. The origin of the other cell lines has been
described previously (2). All human cells were cultured in RPM! 1640 con
taming folic acid (40 mgfliter) and NaHCO3 (2 gfliter; Seromed, Berlin,

Germany), which was supplemented with 10% FCS and 2 m@iL-glutamine.
B16-F1 mouse melanoma cells were grown in MEM with Earle's salts
(GIBCO, Paisley, United Kingdom) in the presence of 10% heat-inactivated
FCS, 2 mML-glutamine,1% MEM non-essential amino acids (bOX; GIBCO),
and 1.5% MEM vitamin solution (iOOX;GIBCO). Cloudman 591 melanoma
cells were maintained in Ham's F-b medium containing 5% FCS, 5% horse
serum, and 2 mM L-glutamine. All media were supplemented with penicillin
(50 units/nd) and streptomycin (50 ,.@g/ml).The cells were kept in a humidified
atmosphere of 5% CO2 at 37Â°C.

Binding Experiments. Cells were expanded in 175 @2tissue culture
flasks. MSH peptides were added 48 h before the binding experiment. Con
fluent monolayers were detached with 0.02% EDTA in Ca2'- and Mg@-free
phosphate-buffered saline (8 g NaQ, 0.2 g KC1, 0.2 g KH2PO4, 1.44 g
Na@HPO42H20 per liter)and dissociatedinto a singlecell suspension.After
centrifugation at 1000 rpm, the cells were rapidly washed at 0â€”4Â°Cwith acid
buffer(40 mMsodium acetate, pH 4.5, 9 gfliter NaCI, and 10% FCS) to remove
receptor-bound peptides. Cells were then washed once in binding medium and
suspended at 1 X 10@cells/nil. Binding medium consisted of MEM with 25
mM HEPES, 0.2% BSA, and 1,10-phenanthroline (Merck, Darmstadt, Ger
many) at a concentration of either 1.0 mat for human cell binding (2) or at 0.3
mM for mouse cells (17). Human cells were incubated with 200,000 cpm/600
@.dâ€˜@I-[Me4,D-Phe7]-a-MSHfor 2 h at 37Â°C.Mouse cells were incubated for

3 h at 15Â°C.Bound from free radioactivity was separated by centrifugation
through a silicon oil layer as described previously (2). Experiments with
protein kinase inhibitors were performed with attached B16-F1cells in 96-well
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ABSTRACT

Specifichigh-affinityreceptors for a-melanocyte-stlmulatinghormone
(a-MSH) are found in variable abundance on many melanoma cell lines.
We have examined melanocortin peptides and other factors for their
ability to regulate the number ofMSH receptors in eleven human and two
mousemelanomacell lines.MSH induced up-regulationofits own recep
tars in three human cell lines and down-regulation in six human and two
mouse melanoma cell lines. No regulation was observed In two human
lines. Scatchard analysis revealed modulation of the number of receptors
per cell without any change in affinity. The concentrations Inducing
half-maximal response for up- and down-regulation were 1.6 aM and 0.23
flM, respectively. ACTH117 and [N1e4,D-Phe7]-a-MSH were more potent,
whereas ACTH1@, desacetyl-a-MSH, and [Nlel-a-MSH wereless potent
In receptor up-regulation as compared to a-MSH. Down-regulation but
not up-regulationcouldbe fully mimickedby Ge-proteInactivationand
partially by elevation of cellular cAMP. Combination of different agents
which Increase cAMP was found to be counterregulatory. TPA and reti
noic acid generally down-regulated MSH receptors but had no effect on
HBL cells. Several protein klnase Inhibitors Increased MSH binding in
B16 cells. MSH-Induced receptor down-regulation and melanin synthesis
weremosteffectIvelyantagonizedby selectiveInhibItorsof cAMP-depen
dent protein ManseIn these cells. Taken together,MSH receptorson
melanoma cells are both posItivelyand negatively regulated. Whereas
cAMP-dependent protein kinase activatIon seems to be Involved in down
regulation, the mechanism responsible for up-regulation remains to be

elucidated.

INTRODUCTION

It is now well established that human melanoma cells possess
specific high affinity receptors for a-MSH3 (1â€”3).MSH derivatives
have been successfully used to visualize melanoma metastases in
patients (4). Studies have also been designed to specifically target
malignant melanoma with MSH-toxin fusion proteins (5, 6). With the
recent cloning of several subtypes of the MSH receptor, such as MCi
expressed by mouse and human melanoma cells (7, 8) or MC3 (9),
MC4 (10), and MC5 (1 1) all expressed in the brain (but not in
melanoma), our knowledge of the receptor structure has significantly
increased. This may soon lead to additional tools for the targeting of
melanoma metastases in patients. An important prerequisite for the
design of novel melanoma targeting strategies using MSH receptors is
a detailed knowledge on MSH receptor regulation in human mela
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MSH RECEPTOR REGUIATION IN MELANOMA CELLS

tion occurred in the three human cell lines D10, 205, and Me43, the
percentage of up-regulation being 238 Â±23, 228 Â±5, and 165 Â±32,
respectively. In contrast, there was a marked down-regulation in both
murine cell lines (20 Â±3% in B16-F1 and 23 Â±2% in Cloudman
591). A less pronounced down-regulation, ranging from 69 to 81%,
was detected in the human melanoma cell lines A375, Me 1477, HBL,
LSD 22, Me 8, and Mel Juno, and virtually no alteration of MSH
receptor numbers was found in the cell lines IGR3 (101 Â±8%) and
GLL 19 (102 Â±12%).

The time course of MSH receptor up-regulation was studied in
human DiO cells and down-regulation in mouse B16-F1 cells.
Up-regulation in D10 cells using 10 n@ia-MSH was marginal for
the first 5 h and reached a maximal value between 20 and 30 h,
thereafter remaining constant until 48 h (data not shown). The
onset of receptor down-regulation in mouse B16-F1 cells was much
faster (60% after a 2-h treatment with 50 nM a-MSH), but maximal
down-regulation was only reached after 15 h and thereafter re
mained constant until 50 h (data not shown). Therefore, up- and
down-regulation of different melanoma cell lines were compared
after a 48-h treatment with a-MSH.

Scatchard Analysis. Fig. 2 shows Scatchard analyses of equilib
rium binding data using â€˜@I-[Nle4,D-Phe7]-a-MSH radioligand with
human D10 and HBL cells as well as murine Bi6-F1 and Cloudman
591 cells. The binding experiment was performed after pretreatment
with a-MSH. Competition binding data were analyzed by nonlinear
regression and presented as Scatchard transformations. All binding
curves appeared as straight lines in the Scatchard plots, indicating the
presence of only one class of binding sites. Pretreatment with a-MSH

led to a parallel shift of the Scatchard curves either to the right, as
illustrated by up-regulation in DiO cells, or to the left, as in the case
of down-regulation in the other three cell lines. This means that in
both down-regulation and up-regulation, the effect of a-MSH on its
binding sites was entirely attributable to changes in receptor number
rather than in affinity.

Specificity of Homologous MSH Receptor Regulation. Fig. 3
illustrates the specificity and dose-dependency of receptor up-regula
tion. The EC50 of a-MSH in D10 cells was 1.6 nM (Table 1), which
was about 8-fold higher than the dissociation constant. ACT'H117 had
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Fig. 1. Homologous regulation of cr-MSH receptors in mouse (B16-F,, Cloudman S91)
and human melanoma cell lines (A375, Mel477, HBL, LSD22, Me8, Mel Juso, IGR3,
GLL19, Me43, 205, and D10). Cells were incubated with a-MSH (30 nsi) for 2 days,
detached, and washed with ice-cold acidic buffer, binding with iodinated [N1e4,D-Phe7J-
a-MSH was performed as described in â€œMaterialsand Methods.â€•Bars, percentage of
specificbindingrelativeto controlsof eachcell line.

dishes in order to minimize the volumes. Twenty-five hundred cells/well were
seeded in 200 giL After 3 days, the volume was reduced to 100 p.1, and kinase
inhibitors were added. Twenty-four h later, a-MSH was added at a final
concentration of 1 asi, and the plates were incubated for 3 h at 37Â°Cand then
placedon ice.The attachedcellswerewashedoncewith200 pJ ice-coldacid
bufferandonce with MEMcontaining25 mMHEPESand0.2%BSA. Seventy
thousand cpm â€˜@â€˜I-[Nle4,D-Phe7]-a-MSHwere added in a final volume of 100
@tlbinding medium and incubatedfor 2 h at room temperature.Monolayers

were then washed twice with ice-cold MEM containing25 mMHEPESand
0.2% BSA, collected with 2 X 200 @l1 N NaOH and counted in a Packard
gammacounter.

cAMP Stimulation and Determination. Four hundred thousand cells per
well were seeded in 1 ml complete medium in a 24-well Costar dish. After 24
h, mediumwas replacedby MEMcontaining25 mMHEPES,0.2%BSA, and
either100 nMa-MSH or 10 pMforskolin.After30 mm of incubationat 37Â°C,
the cells were detachedwith 0.3 ml trypsin(0.2% in Ca2@-and Mg@@-free
phosphate-bufferedsaline) andfrozen.Extractionof cAMP was performedat
4Â°C.Cells were thawedandincubatedfor 30 mm with 0.2 ml cold HC104and
centrifuged in an Eppendorf desktop centrifuge. To 475 @lof supernatant, 100
ILl of 0.3 M phosphate buffer, pH 7, were added, followed by 56 @.dKOH

5.6 M.The KC104 precipitatewas removed by centrifugation.The supernatant
was acetylated,andcAMP was determinedwith a radioimmunoassaykit (IBL
GmbH,Hamburg,Germany)accordingto the instructionsof themanufacturer.

Melanin Assay. Melanin production by B16 cells was measured as de

scribed previously (18). Briefly, 2500 cells per well were seeded in 96-well
dishes in medium enriched with 0.3 mML-tyrosine.Absorbance at 405 sumwas
measured in a microplate reader after 3 and 4 days of stimulation with a-MSH.

Statistical Analysis. All experiments were performed at least twice, and
data are presented as means with SD. Binding data were analyzed using the
LIGAND programs (19).

RESULTS

Homologous MSH Receptor Regulation. Specific binding of
MSH to melanomaMSH receptorswas modulatedby pre-incubation
of the cells with a-MSH (Fig. 1). A panelof 11 humanand2 mouse
melanoma cell lines previously shown to carry specific MSH binding
sites (1, 2) was investigated. Both up- and down-regulation of the
MSH receptorswas observed dependingon the cell line. Up-regula
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Fig. 2. Scatchard plots of [N1e4,o-Phe7]-a-MSHbinding to melanoma cells pretreated
without (0) and with a-MSH (â€¢,1 tut; U, 10 rut; and A, 30 nM) for 48 h. After
pretreatment, the cells were detached and acid-washed; competition binding experiments
were performed. Binding data were analyzed with nonlinear regression. Ordinates, spa
cificboundoverfree;abscissas,specificboundligandin picomol/liter.
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Table 1 Potencies of a@MSHanalogues and AC@ fragments in the MSH receptor
binding assay and in the up-regulation ofMSH receptors in

human D1O melanomacellsAff@mity

constants were assessed with competition binding analysis. For the determi
nation of the EC5@sof up-regulation, D10 cells were incubated for 48 h in 175 rm2 @ue
culture flasks with different concentrations of the peptides, detached with EDTA, acid
washed, and resuspended in binding medium; total and nonspecific binding with â€˜@I
[Nle4D-Phe7]-a.MSH was evaluated.EC50

of up
Affinity Relative regulation Relative

Peptide Kd (nM)Â° potency@' (nM)potencyccs-MSH

0.195 1 1.6 1
ACTH1_17'@ 0.0089 21.9 0.79 2.03
ACT}11_24 0.027 7.4 37 0.043
[Nle4,D-Phe7J-a-MSH 0.063 3.12 0.155 10.32
Desacetyl-cs-MSH 2.04 0.096 115 0.014
[N1e4]-a-MSH 1.46 0.134 425 0.0038

MSH RECEPTORREGULATIONIN MELANOMACELLS

more than a 20-fold higher affinity but was only twice as potent as
a-MSH in the induction of up-regulation. ACrH1_24 had a 7-fold
higher affinity but a significantly lower up-regulating potency than
a-MSH. In contrast, the super-potent a-MSH agonist [N1e4,D-Phe7]-
a-MSH had a 3-fold higher affinity and a 10-fold higher potency than
a-MSH. Desacetyl-a-MSH and [Nle4]-a-MSH showed relatively low
affinities, which were paralleled by low potencies of homologous
regulation.

Involvement of Adenylate Cyclase in Receptor Regulation.
Since MSH is known to induce the cAMP signal transduction path
way, we investigated whether stimulation of cAMP could mimic
a-MSH-induced receptor regulation in B16-F1, HBL, and DiO mel
anoma cells (Fig. 4). In B16-F1 cells, Ga-activation with cholera toxin
elicited MSH receptor down-regulation comparable to that of a-MSH,
whereas the cell-permeable 8Br-cAMP induced only 50% down
regulation at a concentration of 1 m@t.An even lower effect (20%) on
down-regulation was observed with forskolin, a direct stimulator of
adenylate cyclase, as well as with IX, an inhibitor of cAMP phos
phodiesterase. Interestingly, the down-regulation response to either
a-MSH, 8Br-cAMP, or cholera toxin could be reduced in the presence

C
0

0

0

Concentration (kg M)

Fig. 3. Dose-response curves of up-regulation of MSH receptors in D10 human me
lanoma cells with MSH and ACTH analogues. Cells were incubated for 2 days in culture
withvaryingconcentrationsof [N1e4,D-Phe7]-a-MSH(0), ACFH137(A), a-MSH(tx),
ACTH1@ (U), Desacetyl-a-MSH (0), and [Nle4]-a.MSH (â€¢).Ordinate, the percentage
of up-regulation compared to the maximum effect obtained with a-MSH (10@ M).

Control
a-MSH lOnM

a-MSHlOnM+ Forsk.3@tM
Ix 0.2mM

FOrSkOItn3@
Forskohn 10MM

Forskolin3@iM+ IX0.2mM
Forskolin10MM+ IX0.2mM

8Br-cAMP 1mM
8Br@cAMP1mM+ IX 0.2mM

Choloratoxin 0mM
Cholera toxin lOnM

Cholera toxin lOnM+ IX0.2mM
ProstaglandinEi 30@iM
ProstaglandunE25$IM
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a-MSHlOnM
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Prostaglandin Ei 10MM
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Fig. 4. Effect of stimulators of the cAMP pathway on MSH receptor regulation in
B16-F1,FIBL,andD10cells.Bars normalizedspecificbindingperviablecell(controls,
100%) after 24 h of incubation with the indicated compounds.

of forskolin or IX (Fig. 4, upper panel). The antagonistic effect of
forskolin on MSH-induced receptor down-regulation on B16 cells was
even observed at concentrations of forskolin (0.3 pM) and a-MSH
(0.1 nM) whichwere clearlyadditivein the melanogenicresponse
(data not shown). Prostaglandins E1 and E@in the micromolar range
had no significant effect on MSH receptors. As a control, the ability
of thesesubstancesto elicit melaninproductionin the samecell line
was examined. As expected, all agents induced melanin and, with the
exception of the prostaglandins, at considerably lower concentrations
than those used in Fig. 4 for receptor regulation (data not shown).

In human HBL cells (Fig. 4, middle panel), MSH-induced down
regulation was mimicked by all compounds (except for the prosta
glandins E1 and E2) but was abrogated at a higher concentration of
cholera toxin or when cAMP and IX were added in combination.
None of the stimulators of the cAMP pathway induced the up
regulation in Di0 cells observed with a-MSH nor did they markedly
down-regulate MSH receptors in this cell line (Fig. 4, lower panel).
Receptor regulation in Di0 cells varied from 81 Â±10% (8Br-cAMP)
to 131 Â±5% (IX). As observed with B16-Fi cells, the effect of
a-MSH was diminished in the presence of forskolin.

Stimulation of Adenylate Cyclase by a-MSH. To further inves
tigate the mechanism of the different patterns of homologous MSH

100 120

100

a Dissociation constant. Data of competition binding assays with â€˜9-a-MSH (2).

b Binding potency, Kd of a-MSH/Kd of analogue.

C Potency of induction of MSH receptor up-regulation, ECso of a-MSH/ECso of

analogue.
d [@3-Ala']-ACFH117-N-(CH@)4-NH2.
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Table 2 Basal, a-MSII-, andforskolin-induced intracellular cAMP content in human melanoma cells
Cells were grown at a density of 400,000/well in 24-well plates. After stimulation with either a-MSH (10@ M)or forskolin (10@ M)for 30 min at 37Â°C,the cells

andintracellularcAMPwasextractedandmeasuredby radioimmunoassay.were
detached,Basal

cAMP a-MSH-induced cAMP Forskolin-induced cAMP
(pmoV10@cells) (percentage of control) (percentage ofcontrol)Cell

line Mean Â±SDâ€• mean Â±SDÂ° ph mean Â±SDÂ°pbA375

1.10 Â±0.20 118 Â±17 0.062 140 Â±11
Me1477 2.45 Â±1.05 96 Â±30 0.604 414 Â±229
HBL 2.78 Â±0.62 558 Â±201 0.001 2000 Â±489
LSD22 0.76 Â±0.16 109 Â±24 0.194 253 Â±114
Me8 2.17 Â±0.20 150 Â±24 0.002 4015 Â±882
Mel Juso 4.43 Â±0.17 107 Â±14 0.203 3818 Â±1845
IGR3 1.95 Â±0.25 133 Â±28 0.017 2040 Â±2601
GLL19 0.69 Â±0.29 127 Â±44 0.157 683 Â±311
Me43 0.66 Â±0.02 150 Â±63 0.154 242 Â±54
205 0.79 Â±0.17 96 Â±20 0.585 557 Â±101
D10 0.85 Â±0.20 96 Â±8 0.713 698 Â±1450.003

0.036
0.002
0.038
0.008
0.107
0.163
0.017
0.023
0.049
0.054

Table 3 Modulation ofMSH receptor binding in response to phorbol ester and retinoic acid treatment
Cells were treated with the protein kinase C stimulator TPA at a concentration of 30 nat, and specific MSH binding per viable cells was assessed after several time periods. Only

the values after 4 and 24 h of incubation are represented in the table. Likewise, the cells were treated for 48 h with 2 @u@iof all-trans-retinoic acid, and specific MSH binding as a
percentage of controls is indicated.Incubation

with all-trans
Incubation with TPA (30 nat) retinoic acid (2 g@M)

Â±SD'@pCMeanaÂ±5D@'pcÂ±
4.90.001949.2@Â±7.90.0040Â±
9.9

Â±2.60.0467 0.000468.2@Â±6.90.0013Â±
6.3

Â±13.20.07620.7886101.5k13.00.5708Â±
16.0

Â±9.20.73090.016665.2k19.30.0446Â±
6.8

Â±9.60.0044 0.01399.6@'Â±2.30.0058Â±
13.80.0596

MSHRECEflOR REGULATIONIN MELANOMACELLS

a SD, standard deviation.

b Significance level of one-tailed t test.

receptor regulation in human cell lines, we measured basal, MSH- and
forskolin-induced accumulation of cAMP (Table 2). Basal concentra
tions of cAMP in cell extracts ranged from 0.66 pmol/106 cells
(Me43) to 4.43 pmolIlO6 cells (Mel Juno). Low cAMP levels were
found not only in all three receptor up-regulating cell lines but also
in two of the down-regulating lines (A375 and LSD22). A very
prominent 5-fold raise in cAMP was only induced by a-MSH in
HBL cells. Fifty % stimulation was found in Me8 and Me43 cells,
whereas A375, LSD22, Mel Juno, IGR3, and GLL19 cells
responded only marginally. No effect of MSH could be measured
in D10, 205, and Me1477 cells. As a control, we measured cAMP
formation in response to direct adenylate cyclase stimulation with
forskolin. Again, there was quite a broad variation among different
cell lines. The most marked stimulation was observed in HBL,
Me8, Mel Juno,and IGR3 cells. With the exception of Me1477 and
A375, a high level of forskolin stimulation was generally

accompanied by a relatively high basal cAMP level, but the
forskolin stimulation in A375 cells was exceptionally weak.

Heterologous MSH Receptor Regulation. Stimulation of protein
kinase C with the phorbol ester TPA induced MSH receptor down

regulation in D10, 205, B16-F1, and Cloudman S91 cells (Table 3).
MSH receptorswere already markedly down-regulatedafter 1 h of
incubation (data not shown). In human D10 and 205 cells, a maximal
effect was observed after 4 h, followed by a return to near basal levels
after 24 h, possibly due to protein kinase C down-regulation after

prolonged TPA exposure. In mouse B16-F1 and Cloudman 591 cells,
however, MSH receptors remained down-regulated even after 24 h of
incubation with TPA at 37Â°C.In contrast, MSH binding in HBL cells
was apparently not modified in response to phorbol ester.

Incubation of the cells with all-trans-retinoic acid caused a signif
icant MSH receptor down-regulation in all of the investigated cell
lines, again with the exception of HBL cells in which MSH binding
was not affected (Table 3). Among the other cell lines, the extent of
down-regulation induced by retinoic acid was comparable to the effect
of TPA, but in Cloudman S91 cells, retinoic acid was clearly more
potent than TPA. Scatchard analysis (data not shown) confirmed that
receptor down-regulation and not modification of its affinity was
responsible for the decrease in specific MSH binding induced by
either TPA or retinoic acid.

In addition, we have also screened tumor necrosis factor a, inter
feron-'y, and transforming growth factors @-1and @3-2for possible
modulation of MSH receptors in D10 human melanoma cells. None of
these compounds significantly affected MSH receptor binding (data

not shown).
Effect of Protein Kinase Inhibitors. The effects of the following

four protein kinase inhibitors on MSH binding of B16 cells have also
been studied (Table 4): Rp-cAMPS, a diastereomer of cAMP phos
phorothioate (cAMPS) and competitive inhibitor of both PKA
isozymes (20); the isoquinolinesulfonamide H-7, a potent inhibitor of
both protein kinase C and the cyclic nucleotide-dependent protein

Cellline Meana
D10 543d

82.7e
205 613d

81.?
HBL 1@6d

106.8'
B16-F1 716d

58.8'
Qoudman 675d

591 ________________ 48.6'
a@ â€˜9-[Nle4, D-Phe7]-a-MSHbinding per viable cells in a percentage of controls.

b SD, standard deviation.
C Significance level of one-tailed t test.

d Four h of incubation.
eTwenty-fourh of incubation.
1Forty-eighth of incubation.
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Table 4 Effect ofprotein kinase inhthitors on MSH-binding and homologousMSHreceptor
down-regulation in B16 melanomacellsCells

were plated in 96-well tissue culture plates, and binding assays wereperformedwith
attached cells after acid-wash as described in â€œMaterialsand Methods.â€•Kinaseinhibitors

were added 24 h before the addition of a-MSH. The cultures wereincubatedwith
1 n@ia-MSH for 3 h at 37Â°Cto induce homologous down-regulation.Effect

onhomologousEffect

on MSH MSHreceptorbinding
down-regulation(percentage

of (percentage of
control)Â°control)â€•Concen

Inhibitor tration Mean Â±SDC Mean Â±SDCRp-8-Br-cAMPS6mM

116 Â±8 71Â±62mM
113 Â±2 92Â±5H-750@M

163 Â±56 83Â±730MM
180 Â±11 86Â±21OgLM
134 Â±5 88Â±6H-8910@LN1

128 Â±18 47Â±73giM
127 Â±2 74Â±61JLM

114 Â±1 94Â±7Staurosporine2OnM

73 Â±9 95Â±5lOnM
73 Â±1 94Â±6a

MSHbindingofuntreatedcellsrepresents100%.
1@The % of MSH-induced down-regulation in the presence of kinase inhibitorsiscompared

to the percentage of MSH-induced down-regulation in the absence ofinhibitors.The
latter was assigned to 100%. Typical values for total binding were 3300 cpm/wellforcontrols

and 1600 cpm/well after 3 h of MSH treatment. Nonspecific bindingwastypically
at about 200 cpm perwell.C

SD, standard deviation.

Table 5 Protein kinase inhibitor effects on basal and MSH-induced melanin production ofBI6 melanoma cells
Cells were plated in 96-well tissue culture plates with culture medium enriched with L-tyrosine. Protein kinase inhibitors were added at the indicated concentrations on

day. a-MSH (1 flM)was added another 24 h later, and absorbance at 405 mu was measured 3 and 4 days after the addition of kinase inhibitor.the
followingEffect

on basal melanin Effect onMSH-inducedproduction
(jercentage of control)Â° melanin production (percentage ofcontrol)â€•Concen-

3 days 4 days 3 days 4daysInhibitor
tration mean Â±SDC mean Â±SDC mean Â±SDC meanÂ±SDCRp-8-Br-cAMPS6mM

ND ND NDND2mM
99 Â±4 74 Â±36 21 Â±1668Â±6H-750@.tM

103 Â±2 112 Â±12 110 Â±3695Â±1030
pM 106 Â±7 133 Â±31 116 Â±29 98Â±810MM

102 Â±2 121 Â±25 111 Â±2499Â±11H-8910pM

94 Â±1 95 Â±1 â€”8 Â±8â€”1Â±13@M
100 Â±2 100 Â±2 3 Â±528Â±381

gsM 101 Â±2 101 Â±1 43 Â±32 89Â±12Staurosporine20

flM 114 Â±21 284 Â±86 50 Â±3 78Â±1010
flM 117 Â±22 290 Â±67 115 Â±14 98Â± 1

MSH RECEPTORREGULATIONIN MELANOMACELLS

only a marginal effect. As a control, we measured the effect of these
kinase inhibitors on pigment production (Table 5). The inhibitors had
no effect on basal melanin levels for the first 3 days of incubation.
After 4 days, H-7, and more markedly staurosporine, increased mel
anin production in the absence of MSH. However, MSH-induced
melanin production was considerably inhibited by PKA-specific hi
nase inhibitors. This effect of these compounds was more pronounced
than their effect on the homologous MSH receptor down-regulation.
H-7 did not inhibit the MSH effect on melanin, and staurosporine only
exhibited some inhibition at a higher concentration.

DISCUSSION

We have previously shown that the majority of human melanoma
cell lines express high-affinity receptors for a-MSH. The results
presented here indicate that in most human cell lines MSH receptors
are functional, at least in respect to their autoregulation. There is a
pronounced homologous down-regulation of MSH receptors in mouse
melanoma cell lines, and a similar but less conspicuous down-regu
lation could also be found in some human melanoma cell lines. In
other human melanoma cell lines, up-regulation of their MSH recep
tors was observed after incubation with the corresponding ligand. A
recent study has shown evidence of up-regulation of MSH receptors in
murine Cloudman 591 melanoma cells after incubation with f3-MSH
(12). The same authors also reported up-regulation of MSH receptors
in these cells in response to retinoic acid (24). Both findings are in
clear contradiction to the marked down-regulation in the P3 clone of
Cloudman 591 cells reported here. From these diverging results, it
must be assumed that the direction of the MSH receptor regulation not
only varies between different cell lines but also within subclones of
the same tumor. A direct comparison between the Cloudman S91
subclones used by the different laboratories could possibly lead to a
better understanding of the different mechanisms of MSH receptor
regulation in melanoma.

The specificity of MSH-induced homologous receptor up-regula
tion was investigated in more detail with DiO human melanoma cells.
The EC50 in the range of 1.6 nM is indicative of a receptor-mediated
process. However, the EC50 was 8 times higher than the dissociation
constant. This could indicate that most of the receptors have to be

kinases PKA and PKG (21); H-89, a selective inhibitor of PKA (22);
and staurosporine, a potent but nonselective inhibitor of PKC (23).
Basal MSH binding was increased in the presence of all inhibitors
except for staurosporine, which decreased MSH binding. The most
prominent up-regulation of constitutive MSH receptors was observed
with H-7. MSH-induced homologous down-regulation of MSH recep
tors was most effectively inhibited by H-89 and also by Rp-cAMPS in
a high dosage. H-7 was much less effective, and staurosporine had

aAbsorbanceofwellscontaininguntreatedcellsrepresents100%.
b Absorbance of untreated cells was assigned to 0%, whereas 100% refers to the absorbance in the presence of MSH but in the absence of inhibitors. Control cells had a typical

absorbance of 0.3 A@. MSH-stimulated controls had a typical absorbance of 0.6 and 1.3 A@ after 3 and 4 days, respectively.
C SD, standard deviation; ND, not done.
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MSH RECEFIDR REGULATIONIN MELANOMACELLS

occupied for the induction of up-regulation. The different properties
of the corticotropin-fragments ACTH117 and ACTH1_24 in the re
ceptor-binding assay and in their effect on receptor up-regulation
suggests that the structural requirements for induction of up-regula
tion differ from those for receptor binding. However, these discrep
ancies could also be due to differences in the stabilities of the
analogues. Degradation could play a greater role in the longer incu
bation time required for up-regulation than in the relatively short
period of the binding assay. This is supported by the data obtained
with the super-potent and stable MSH agonist [N1e4,D-Phe7]-a-MSH.
Interestingly, replacement of the sulfur atom in the side-chain of
methionine with a CH2 group (â€”+[Nle4J-cs-MSH)resulted in a sub
stantial loss ofboth affinity and potency in the up-regulation response.
A similar loss in affinity and potency was obtainedafter removal of
the NH2-terminal acetyl group of a-MSH.

The diversity of the homologous MSH receptor regulation re
sponses among different cell lines may perhaps be explained by the
variability in the signal transduction processes. Stimulation of adeny
late cyclase was for a long time regarded as the only signal transduc
tion pathway relevant for the MSH receptor. However, more recent
data suggest that additional pathways may be involved. MSH was
shown to produce phosphoethanolamine in M2R mouse melanoma
cells (13). Stimulation of PKC by MSH was reported by some authors
(25) but could not be confirmedby others (26). In the presentwork,
we have focused on cAMP production. MSH was a weak stimulator
of cAMPin mostof theMSHreceptor-positivehumanmelanoma
cells. A marked response was only observed in HBL cells which
express a high number of MSH receptors, i.e., 8000 binding sites
per cell. In contrast, a-MSH did not significantly elevate cAMP
levels in the other cell lines with relatively high numbers of
receptors such as D10 (1590 sites per cell), LSD22 (1518 sites),
and 205 (1053 sites). The results of direct stimulation of adenylate
cyclase by forskolin showed a very variable pattern of stimulation
among the different cell lines. Stimulation ranged from only 1.4-
fold in A375 cells up to 40-fold in Me8 cells. Thus, no obvious
correlation could be found between the direction and magnitude of
homologous MSH receptor regulation and receptor density or the
rate of coupling to the cAMP pathway.

Homologous down-regulation of MSH receptors could be mim
icked by G5-protein activation with cholera toxin or by using either
8Br-cAMP, forskolin, or IX to raise intracellular cAMP levels. How
ever, we present evidence that a reinforced stimulation of the cAMP
pathway may also play a counterregulatory role. For instance, fors
kolin inhibited MSH-induced down-regulation in Bi6 cells, LXatten
uated the down-regulatory response of 8Br-cAMP in B16 and HBL
cells, and cholera toxin at a higher dose did not change receptor
numbers in HBL cells. Interestingly, when we bypassed MSH recep
tor activation with cAMP-elevating agents like forskolin or IX, we
could mimic only a partial down-regulation in mouse B16 cells as
compared to the effect induced by a-MSH. In these cells, PKA
selective inhibitors could only partially block down-regulation,
whereas these compounds very effectively inhibited MSH-induced
melanin production. Taken together, these data suggest that MSH
receptor down-regulation is mediated both by a PKA-dependent as
well as by an independent pathway in mouse B16 cells.

In contrast to down-regulation, there is little evidence that the

homologous up-regulation found in some of these melanoma cell lines
is evoked via cAMP: (a) a-MSH did not elevate cAMP in the
up-regulating Di0 and 205 cells; and (b) cholera toxin and 8Br-cAMP
induced a weak down-regulation rather than up-regulation in DiO
cells. In this respect, it is interesting to note that MSH receptors on

untransformed human melanocytes are reported to be up-regulated in
response to cholera toxin and cAMP (27). The authors did not inves

tigate the effect of MSH on its own receptor, but since MSH was
shown to activate cAMP in human melanocytes, homologous up
regulation might occur in these cells. The ACTH receptor, which
belongs to the same family as the MSH receptor, was shown to exhibit
homologousup-regulationin bovineadrenalcells(28). In thatsystem,
it was possible to imitate ACT'H-induced up-regulation with 8Br

cAMP. The signals involved in MSH-induced receptor up-regulation
in human melanoma cells still remain to be investigated. It seems
unlikely that activation of PKC is involved, since TPA, an activator of
PKC, down-regulatesMSH receptors. If PKC plays any role in the
up-regulation mechanism, then one would expect a-MSH to inhibit
PKC activity in these cell lines. This would, however, be in contra
diction to the report cited above, suggesting that PKC is activated by
a-MSH. MSH receptor down-regulation by phorbol ester has already
been reported in M2R mouse melanoma cells (29). The evidence
presented here suggests that PKC also modulates MSH receptors in
human cells. HBL cells, in which we found a deficiency in PKC
mediated MSH receptor regulation, could be helpful for subsequent
studies.

The presence of consensus phosphorylation sites (30) in the pri
mary structure provides further evidence for the interaction of PKA
and PKC with the MSH receptor. Two PKA-specific amino acid
sequences (RYIS and RYHS) and a PKC-specific consensus sequence
(TLPR) are conserved on the second intracellular loop of the human
and mouse MSH receptor. Similar sequences are found at the same
location on the human AC1'H receptor. A strong phosphorylation
signal for both PICA and PKC is present on the third intracellular loop
of the mouse (RRRSIR) but is absent on the human MSH receptor.
PKA-mediated phosphorylation at this location was shown to be
involved in @3-adrenergicreceptor desensitisation (31). Finally, a
threonine residue in a carboxyl-terminal sequence on both the
human and the mouse MSH receptor (RRTLK and RMTLK, re
spectively) could putatively be phosphorylated by both kinases.
Kinase inhibition up-regulated the MSH receptor, indicating that
the receptor may be partially phosphorylated and down-regulated
in the absence of exogenous a-MSH.

Interferon-a, -@, and -y have been shown to up-regulate MSH
receptors in JB/MS mouse melanoma cells (14). In human D10
melanoma cells, we did not find any effect of â€˜y-interferon,although
these cells exhibited up-regulation in response to a-MSH. However,
we cannot exclude that interferons might modulate MSH receptors in
other human melanoma cells not included in this study.

Retinoic acid is known to modulate the function of pigment cells in
vitro and in vivo (32). We found MSH receptor down-regulation in
response to retinoic acid in both human and mouse melanoma cell
lines. In HBL cells, however, retinoic acid as well as TPA were
ineffective. The correlation of the effects of retinoic acid and TPA in
different cell lines, together with reports that retinoic acid induces
PKC (mainly PKCa) expression in B16 cells (33), indirectly sug
gest that the action of RA on MSH receptors could be mediated by
protein kinase C.

The results presented here indicate that MSH receptors on human
melanoma cells are regulated in different ways. A better understand
ing of the underlying mechanisms could help to optimize approaches
of melanoma diagnostics or therapy using MSH receptors. In respect
to the tumor targeting approach, it seems promising that the human
MSH receptoris apparentlynot subject to the same extensive down
regulation as found in murine cells.
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