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Abstract

The effects of IFN-a, IFN-j0, and IFN-'y on the differentiation
of murine melanoma cells has been studied, in the presence and
absence of melanocyte-stimulating hormone (MSH); the cells
were highly responsive to treatment with MSH, which in-
creased the rate of melanin production 25-fold and tyrosinase
activity 6-fold within 4 d. Treatment of melanoma cells with
IFN-a, IFN-,8, or IFN-'y alone had no stimulatory effect on

melanin production, but when the cells were cultured with IFN
in the presence of MSH, pigment production was significantly
and synergistically increased relative to cells cultured with
MSHonly. Flow cytometric analysis revealed that levels of
tyrosinase in the cells were not affected by MSHor by IFN,
which suggests that stimulation of melanogenic activity oc-

curred by activation of a preexisting cellular enzyme. Scatch-
ard analyses showed that the number of MSHreceptors on

IFN-treated cells was significantly increased (- 2.5-fold) rela-
tive to untreated cells (- 61,000/cell). These findings demon-
strate that IFN stimulate differentiation (that is, pigmentation)
of melanocytes by increasing the expression of surface MSH
receptors; this in turn suggests that such a mechanism may in
part be responsible for postinflammatory skin pigmentation,
and provides an additional basis for action in the clinical re-

sponses of melanoma to IFN treatment.

Introduction

The phenomenon of postinflammatory skin pigmentation has
been observed after various kinds of inflammatory skin dis-
ease, such as contact dermatitis and drug eruptions, although
the mechanism(s) involved have not yet been explained. These
diseases have a common histologic feature, the presence of
inflammatory cells in the skin. Inflammatory cells are com-

posed of lymphocytes, monocytes, and neutrophils, all of
which produce IFN (1); in addition, lymphocytes infiltrating
dysplastic nevi or melanoma lesions have been shown to pro-

duce IFN--y (2). IFN have been reported to promote differen-
tiation of various kinds of cells including myoblasts (3), histio-
cytic lymphoma cells (4), and promyelocytic leukemia cells
(5). IFN have been reported in some studies to increase pig-
ment production by melanoma cells (6-8), but in others, to
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reduce it (9-1 1). The specific effects of IFN on melanogenesis
thus have not yet been conclusively determined. Such studies
suggest the possibility that IFN may elicit postinflammatory
skin pigmentation by stimulating differentiation, and thus
pigmentation, of epidermal melanocytes. As a result, IFN have
been used as potential antimelanoma agents in both animal
models and clinical trials (12-14).

Melanocytes are highly suitable models for studies of dif-
ferentiation because melanin is a specific, readily visible, and
identifiable product; the melanin pigment is produced by an
enzyme termed tyrosinase (EC 1.14.18.1), which in turn can
be quantitated rather easily. There are also many physiologi-
cally relevant agents that can induce differentiation in mam-
malian melanocytes in vivo and in vitro, including ultraviolet
light and melanocyte-stimulating hormone (MSH).' Ideally,
studies of differentiation would use normal melanocytes, but
because these cells are sparse in mammals, and are very diffi-
cult if not impossible to culture in significant quantity, most
studies on melanogenesis have relied on the use of murine
melanomas, such as the B 16, S9 1, and Harding-Passey. Those
tumor lines were established > 30 yr ago, and thus there is a
possibility that they have drifted significantly in phenotype,
and no longer resemble the original pigmented tumors. Re-
cently, the JB/MS melanoma was induced by carcinogens (15,
16); this tumor has now been adapted to tissue culture, and is a
highly pigmented, relatively well-differentiated cell line, which
has been proposed to serve as a more appropriate model for
melanogenic and tumorigenic studies (15-18). In this report,
JB/MS murine melanoma cells, as well as B16 and S91 cells,
were used to investigate the effect of IFN on spontaneous and
MSH-induced pigmentation. We have found that IFN-a,
IFN-f3, and IFN-,y stimulate the expression of MSHreceptors
on the surface of melanoma cells; this enhanced binding ca-
pacity for MSHis followed by a significant synergistic stimula-
tion of melanin production in the presence of MSH.

Methods

Materials. Natural murine IFN-a (1.4 X 106 IU/mg) and IFN-ft (5.6
X 107 IU/mg) were purchased from Lee Biomolecular Research (San
Diego, CA); murine rIFN-,y (1.2 X 107 IU/mg) was supplied by Gen-
entech (19) (South San Francisco, CA). Purified synthetic a-MSH was
a gift from Dr. J. Pawelek (Yale University, NewHaven, CT), and was
also purchased from Calbiochem-Behring Corp. (La Jolla, CA).

Cell culture. The recently derived, 7,12-dimethylbenzanthracene
induced JB/MS melanoma (15, 16) was used in this study; the growth
characteristics and culture methods for this cell line have been de-
scribed in detail elsewhere (17, 18). In these experiments, JB/MS cells
(at passage 6) were cultured a maximum of 2 mo; continual passage
longer than this resulted in significant phenotypic drift (unpublished
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1. Abbreviations used in this paper: MSH, melanocyte-stimulating
hormone.
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observations). Wehave also used B16 and S91 murine melanoma cells
in some experiments; these were derived as previously noted (18).
DMEand other tissue culture supplies were purchased from Gibco
Laboratories (Grand Island, NY); our routine culture medium con-
sisted of DMEsupplemented with 10% heat-inactivated, mycoplasma
and virus-free FCS, 100 Ag/ml streptomycin, 100 U/ml penicillin, and
0.25 Ag/mi amphotericin-B, nonessential amino acids, and glutamine.
Unless otherwise noted, cells were harvested in exponential growth
phase with trypsin/EDTA, and seeded at a concentration of 6 X 105
cells per 75-cm2 flask. The cells were maintained in a humidified
incubator with 5%CO2 in air at 370C. 24 h later (day 0) the medium
was removed and replaced with fresh medium containing IFN and/or
MSHat the concentrations noted in the tables and figures; the appro-
priate medium was changed daily thereafter. MSHwas routinely used
(except as reported in Table IV) at 2 X l0-7 M; this concentration has
been shown to elicit maximal melanogenic response in murine mela-
noma cells, as previously reported (20-22).

Determination of melanogenic activities. Melanogenic activities
were measured by two radiometric assays as previously described (23,
24); briefly, cells were harvested with trypsin/EDTA, and then solubi-
lized at a concentration of I05 cells per 30 Ml with 1% NP-40 for I h at
40C. The cell extracts were then centrifuged at 12,000 g for 10 min,
and 30 Al of the soluble extract (i.e., 105 cell equivalents) were incu-
bated with 10 Al labeled tyrosine (50 ,M as noted below) and 10 Ml of
DOPAcofactor (50 MM) at 370C in a 96-well microtiter plate. For
analysis of melanin formation, L-[U-`4C]tyrosine (100 mCi/mmol, 25
MCi/ml; NewEngland Nuclear, Boston, MA) was used; after the incu-
bation, 20 ,l were removed to filter discs and washed three times with
0.1 N HC1, two times with ethanol, and once with acetone. The discs
were then dried and the radioactive, acid-insoluble melanin that had
been formed was measured in a liquid scintillation counter. The data
reported in the tables used a 16-h incubation, but in separate experi-
ments, we have determined that rates of melanin production are linear
throughout that time period. For analysis of tyrosinase activity, L-
[3,5-3H]tyrosine (1 Ci/mmol, 250 MCi/ml; NewEngland Nuclear) was
used; after 1 h incubation, 20 Ml was removed and added to 980 Ml 0.1
N HCl with activated charcoal and Celite 545 in 12 X 75 mmtubes;
after mixing for 1 h at 23°C, the tubes were centrifuged for 1,300 g for
10 min, and the [3H]water that had been formed as the result of
tyrosine hydroxylation (which remains in the supernatant) was mea-
sured in a scintillation counter. Enzyme assays were carried out at least
in triplicate and variability within the assays was always < ±15%;
backgrounds were established by omitting either the enzyme sample or
the cofactor. In related experiments (not shown), we have determined
that neither MSHnor IFN has any effect on either of the two radiomet-
ric assays described above.

Flow cytometric analysis. Cells were harvested with 0.02% EDTA
in HBSSand permeabilized with 70% ethanol for 30 min at 4°C; 106
cells were reacted with 50 Ml tyrosinase-specific MAbTMH-l for 1 hat
4°C; the specificity and reactivity of TMH-1 for mammalian tyrosi-
nase has been previously reported (18, 25). After the incubation, the
cells were washed twice in HBSSand then reacted with 40 Ml fluores-
cein isothiocyanate-conjugated rabbit IgG anti-rat IgG (diluted 1:20
in HBSS; Dako Corp., Santa Barbara, CA). The cells were then again
washed twice in HBSSand finally resuspended in HBSSand analyzed
with a FACSII (Becton Dickinson & Co., Mountain View, CA). Non-
specific background staining was determined by omitting the first an-
tibody and/or by staining of nonmelanocytic cells.

Iodination and purification of MSH. These techniques were per-
formed using a modified procedure of Lambert and Lerner (26);
briefly, 2.2 Mgof Iodogen (Pierce Chemical Co., Rockford, IL) in 20AM
dichloromethane was plated on the bottom of 12 X 75 mmglass tubes,
and then evaporated. Each iodination was carried out in one of these
tubes at 4°C, and the reaction mixture consisted of 5 mCi Na['l25]
(New England Nuclear) in 10 Ml 0.1 MNaOH, 100 Ml 0.1 Mborate
buffer, pH 8.2, and 1 1,l (6.5 nmol) of MSH. The reaction was termi-
nated after 20 min by removing the reaction mixture from the tube and
adding it to 0.9 ml borate-buffered saline containing 0.75 MDTTand

100 Mg/ml gentamycin; this solution was passed through a (22 X 0.45
cm) Sephadex GlO column (Pharmacia Fine Chemicals, Piscataway,
NJ) and eluted with DTT/gentamycin borate-buffered saline. The first
radioactive peak fractions were pooled and incubated at 37-C for 24 h
to reduce oxidized methionine and maintain biological activity. The
mixtures were then further purified by HPLC(model 344; Beckman
Instruments, Fullerton, CA) equipped with a 25 X 0.45 cm Altex C18
reverse-phase column; the components of the mixture were eluted
from the column at 1 ml/min using a linear gradient of increasing
acetonitrile from 6 to 60% in 0.01 M trifluoroacetic acid, and the
elution was monitored at 280 nm. The eluted material was collected in
30-s fractions and monitored for radioactivity in a -y counter. The
purified ['251]-MSH prepared in this manner had a specific activity of
75-150 MCi/Mg.

Amino acid analysis. Amino acid analysis was performed as pre-
viously described (27). Briefly, peptides were hydrolyzed with 6 NHCI
containing 0.1% phenol for 24 h at 1 10C, after which the dried hydro-
lysates were derivatized with phenylthiocarbamyl; these derivatives
were then analyzed using a Waters Picotag amino acid analysis system
(Waters Associates, Milford, MA).

Biologic activity of iodinated MSH. 2 X 105 JB/MS cells were
seeded into 25-cm2 flasks and 24 h later, the medium in each flask was
removed and replaced with 5 ml fresh medium containing various
concentrations of unlabeled MSHor '25I-MSH. 48 h later, the medium
in each flask was again changed, and 48 h later, the media were re-
moved and the cells in the flasks were harvested with trypsin/EDTA.
The cells were then solubilized as detailed above and assayed for tyro-
sinase activity. After incubation, the aliquots were checked with a 'y
counter to measure [12511 contamination (slight levels were found in
extracts of cells that had received the highest concentrations of labeled
MSH). The samples were then processed as detailed above to measure
[3H]water formation, and again checked for contaminating [1251]
(which was no longer detectable).

Receptor binding assay. Binding of the labeled MSHto surface
receptors was measured by a modification of the method of Lambert et
al. (28). Briefly, this involves harvesting the cells with EDTAas de-
tailed above, and washing them twice with HBSS; the cells are then
resuspended in binding buffer, which consists of 0.5% BSA in DME,
pH 6.8. The cells were centrifuged again, resuspended in fresh binding
buffer, and cooled to 4°C. Known volumes of the suspension were
then mixed with binding buffer containing ['251]-MSH (to determine
total binding of the ligand) or with [1251]-MSH plus a 1,000-fold excess
of unlabeled MSH(to determine specific and nonspecific binding of
the ligand). For all experiments, the incubation mixture had 1.5 X 106
cells in a final volume of 750 ,l in 12 X 75 mmsiliconized glass tubes;
these were incubated for 2 h at 4°C with gentle shaking (unless other-
wise noted). After determination of the total label in each tube in a y
counter, the cell-bound ['251]-MSH was separated from free ligand in
the following manner: 200-pl aliquots from each tube were layered
over discontinuous sucrose gradients (150 ,l 0.3 Msucrose overlaid
with 100 gl 0.15 M sucrose in 0.5 ml microcentrifuge tubes) and
centrifuged in a microfuge (model 5412; Brinkmann Instruments,
Westbury, NY) for 10 s. After a further washing with 450 ,ul labeling
buffer, the ['251]-MSH associated with the cell pellets was determined
with a y counter. In the analysis of the data, specific binding is defined
as the amount of [ '251]-MSH bound to cells in the absence of unlabeled
MSHcompared to the amount bound in the presence of a 1,000-fold
excess of unlabeled MSH.

Statistical analysis. The t test was used for statistical analyses.

Results

Effect of MSHand IFN-a, IFN-13, and IFN-,y on melanin pro-
duction. Consistent with our earlier studies (17, 18), JB/MS
melanoma cells were highly responsive to MSHtreatment
(Table I); they increased their melanogenic activity > 25-fold
after 4 d of treatment with the hormone. On the other hand,
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Table L Titration of IFN-a, IFN-f3, and IFN-,y Effects
on MSH-induced Melanin Formation

Cell number (X 104/flask) Melanogenic activity
Addition to

medium Without MSH With MSH Without MSH With MSH

pmol/J10 cells/J6 h

None 21±2 20±1 50±5 1,383±213
IFN-a (0.1) 21±1 21±2 45±3 1,798±175
IFN-a (1) 21±1 20±1 55±3 2,318±388*
IFN-a (10) 19±1 19±2 53±5 2,573±350*
IFN-a (100) 15±2* 15±1* 55±3 2,458±375*

IFN-# (0.1) 20±2 20±1 33+3* 1,503±113
IFN-#t (1) 21±2 21±1 28±3* 2,225±175*
IFN-# (10) 19±1 19±2 30±3* 2,448±200*
IFN-# (100) 18±1 18±1 23±3* 1,780±138*
IFN-y (0.1) 21±2 21±1 43±8 1,645±188
IFN-y (1) 21±2 21±1 33+3* 1,783±75
IFN-'y (10) 15±1* 15±1* 30±3* 1,208±38
IFN-y (l00) 14±1* 14±1* 20±3* 310±75*

6 X i05 JB/MS cells were seeded in 75-cm2 flasks and 1 d later the
media were changed to include IFN (at IU/ml) as indicated and
MSH(at 2 X I0` M) where noted; appropriate media were changed
daily. After 4 d, the cells were harvested, counted, solubilized, and
melanogenic activities were determined as detailed in Methods. The
results are expressed as the means of picomoles [14C]tyrosine incor-
porated into melanin in triplicate assays±SEM; * indicates a signifi-
cant difference from the relevant control (on the top row) at P
< 0.05 or better.

treatment with IFN-a, IFN-fl, or IFN--y alone did not signifi-
cantly increase pigment production, but rather, IFN-a had no
significant effect at any concentration tested, whereas IFN-f# or
IFN-'y elicited dose-dependent decreases in melanogenic activ-
ity. When the cells were cultured with IFN in the presence of
MSHhowever, melanin production was clearly synergistically
stimulated relative to cells treated with MSHalone (except at
the higher concentrations of IFN--y); the optimal concentra-
tion for this stimulatory effect of MSHresponse for each IFN
was 1-10 IU/ml.

As can also be seen from the data in Table I, neither MSH
nor any of the IFN (at concentrations of 1 or 0.1 IU/ml) had
any effect on cell growth during the 4-d time course of these
experiments. However, IFN-a, IFN-f3, or IFN--y at 10 IU/ml
and above had slight antiproliferative effects on JB/MS cells;
we thus routinely used IFN at 1 IU/ml as the optimal concen-
tration to stimulate melanin production but to avoid effects on
the growth potential of the cells. In other experiments (not
shown), IFN-y was shown to have similar effects on the prolif-
eration of B16 cells, whereas S91 cells were resistant to IFN-
induced growth inhibition at concentrations as high as 100
IU/ml.

In a time course study, we examined the kinetics of the
responses to MSHand IFN (Table II). When the cells were
treated with IFN-a, IFN-,B, or IFN-,y alone, the melanogenic
activity at each time point was not significantly altered com-
pared with the control. The relatively low levels of pigment
production by these cells at days 1 through 3 increased as they
approached confluence and began spontaneous pigmentation
at days 4 and 5. After subculture of the confluent cells at day 4,

melanogenic activity decreased as the cells began to prolifer-
ate, and production of pigment slowly returned to basal levels.
Note that the melanogenic activity of control cells, and the
IFN treated cells, at day 1 was higher than at days 2 and 3; this
was caused by residual melanogenic activity in the cell popula-
tion used to initially seed the flasks.

The response of JB/MS cells to MSHwas rapid; a signifi-
cant increase in demonstrable melanogenic activity occurred
within 1 d, by which time it had doubled. The differences
between the melanogenic potentials of control cells and MSH
treated cells increased rapidly thereafter, was stimulated 6-fold
by day 2, and 38-fold by day 3 (when the effect was most
pronounced). The levels of melanin production in MSH-
treated cells were highest on day 5 and, surprisingly, decreased
thereafter until day 7, even though these cells were treated with
MSHcontinuously.

The responses of JB/MS cells to treatment with MSHand
IFN-a, IFN-fl, or IFN-y in this experiment showed that me-
lanogenic activities were significantly increased over MSH
alone by day 2, and that by day 4 were 15-60% higher (Table
II). Perhaps more importantly, in cells treated with MSHand
IFN the decreases in melanogenic activity after subculturing of
the cells were significantly less pronounced, especially on day
7, where the melanogenic potentials of MSHand IFN treated
cells were 7-8 times higher than those of MSHtreated cells.
Virtually identical results were obtained in experiments testing
the effects of IFN--y and/or MSHon B16 and S91 cells (not
shown), although the effects were somewhat less pronounced
with S9 1 cells.

Flow cytometric analysis. To characterize the mechanism
by which IFN stimulated melanogenic potential, we initially
determined whether treatment with IFN elicited increases in
the levels of tyrosinase produced by the cells. To do this, we
used flow cytometric analysis, fixing and permeabilizing the
cells, and then staining them with TMH-1, a MAbspecific for

Table IL Time Course of the Effects of MSHand IFN-a, IFN-f3,
and IFN-,y on Melanin Production

Melanogenic activity

Without MSHtreatment With MSHtreatment

Day Cell number None IFN-a IFN-ft IFN--y None IFN-a IFN-# IFN-y

XltY6/flask pmoI/IJO cells/16 h

1 1.7±0.2 38 45 38 40 83 73 68 48
2 9.8±0.5 25 28 25 25 163 228 270 218
3 17.8±1.3 25 28 33 28 945 1,503 1,030 1,063
4 21.9±1.0 45 68 90 50 1,488 2,380 2,215 1,713
5 0.6±0.1 190 238 170 193 1,570 2,305 1,985 2,030
6 1.9±0.2 133 125 108 73 1,345 2,150 2,138 1,258
7 5.2±0.4 43 25 18 30 143 1,128 1,008 1,188
8 15.1±1.5 35 23 25 48 473 1,418 805 1,300
9 18.7±1.0 45 50 45 35 1,273 2,580 2,343 1,880

The experimental protocol was as noted for Table I; flasks of cells were har-
vested daily for determination of melanogenic activity, and remaining flasks
were subcultured at day 4. Again, the appropriate media were changed daily;
MSHwas used at 2 X 10-7 Mand IFN at I IU/ml. The data are expressed as
in Table I; for the sake of simplifying the table, standard errors are not re-
ported but were < ± 15% in all cases. Cell numbers are expressed as the average
of the flasks on each day; there were no significant differences between the cell
numbers in controls, cells treated with MSH, or cells treated with IFN, at any
time point assayed.
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Table III. Flow Cytometric Analysis of Tyrosinase Concentration
in Melanoma Cells

Mean fluorescence intensity

Treatment Without MSH 2 X 10-7 MMSH

None 482 480

IFN-a 485 458
IFN-,B 475 460
IFN-,y 463 472

The experimental protocol was as detailed in Table I; cells growing
for 4 d in media supplemented with IFN (at 1 IU/ml) as noted, were
harvested with EDTA, permeabilized with ethanol, and stained by
indirect immunofluorescence with the tyrosinase specific MAb
TMH-l as detailed in Methods. The data are expressed as mean fluo-
rescence intensity determined by flow cytometry; background con-
trols without the first antibody had a mean fluorescence intensity of
320.

the predominant, enzymatically active form of tyrosinase (18,
25). In Table III, data are shown on the intracellular tyrosinase
concentrations of untreated, MSH-treated, and/or IFN-treated
JB/MS melanoma cells. The mean fluorescence intensity of
the untreated JB/MS melanoma cells was 482 after 4 d in
culture; cells treated with MSH, or with IFN-a, IFN-i3, or
IFN-y had no significant difference in enzyme levels, even
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Figure 1. Flow cytometry of JB/MS cells labeled with anti-tyrosinase
MAb. JB/MS melanoma cells were harvested, fixed, permeabilized,
and stained with TMH- I antibodies as detailed in Methods; in each
figure, the curve on the left (---) is the negative control, the curve on
the right ( ) is the specific staining pattern. (A) Cells grown 4 d in
DME. (B) Cells grown 4 d in DMEcontaining IFN-y (1 IU/ml) and
MSH(2 X 10-' M).

when MSHand IFN were used at the same time. Fig. 1 shows
histograms of two of these cell populations; there was no dif-
ference in the shape and intensity of the specific histograms
between control cells (Fig. 1A) and MSH- and IFN-'y treated
cells (Fig. IB). These data demonstrate that the action of MSH
and IFN is not at the level of stimulating synthesis of tyrosi-
nase, which agrees with our previous observations for response
to MSHbased on metabolic labeling and immunoprecipita-
tion analyses (18), and also with studies from other laborato-
ries that used enzymatic criteria (20, 29).

Synthesis and purification of biologically active iodinated
MSH. Wenext examined the possibility that the stimulatory
effects on melanin production elicited by IFN only in the pres-
ence of MSHresulted from increased hormonal stimulation
due to modulation of the expression of surface MSHreceptors.
To perform such studies, an MSHreceptor binding assay had
to be optimized. In HPLCanalysis of iodinated MSH(Fig. 2),
two radioactive peaks eluted after the residual unlabeled MSH
(peaks II and III). The radioactive peak (peak II) that eluted
immediately after the unlabeled MSHpeak (peak I) was con-
firmed by amino acid analysis (not shown) to be monoiodin-
ated MSH(peak II). The production of biologically active
['2511]-MSH has been a point of contention in the literature for
some time (30, 31); it was suggested that the denaturation of
the iodinated peptide resulted from the oxidation of methio-
nine during the iodination procedure (32). The amino acid
analyses demonstrated that reduction with DTT immediately
after iodination preserves the methionine residue, and that the
radioactive fraction eluting after the unlabeled MSHwas au-
thentic ['25I]-MSH (peak II). The results in Table IV demon-
strate that the biological activity of the iodinated MSHwas
preserved; the labeled MSHis equivalent to the original unla-
beled MSH(at many different concentrations) in the ability to
stimulate melanin production, that is, tyrosinase activity.

MSHbinding studies. In a time course study examining
the rate of binding of labeled MSHto JB/MS cells (Fig. 3), 90%
of maximal binding was observed within 1 h, and thus a 2 h
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Figure 2. HPLCelution profile of MSHand iodinated MSH. MSH
was iodinated, reduced, and partially purified on a Sephadex G10
column, as detailed in Methods. 100 ,l of the solution was resolved
on a C18 column using an acetonitrile gradient, and monitored by
A280. 30-s fractions were collected and radioactivity was quantitated
in a y counter.
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Table IV Melanogenic Stimulating Capacity
of HPLC-purified MSH

Tyrosinase Activity

Peak I Peak II
Concentration Unlabeled MSH ['231]-MSH

nM pmol/JO' cells/h

0.0 488±50

0.4 1,325±63 875±38
1.6 1,775±54 1,688±50
6.3 3,025±30 3,088±15

25.0 3,250±25 3,213±10
100.0 3,219±28 3,250±19
400.0 3,269±41 3,238±31

Purified synthetic MSHwas iodinated and separated by HPLCas de-
tailed in Methods; aliquots of peaks I and II (Fig. 2) were used in cul-
ture media for JB/MS melanoma cells for 4 d at the concentrations
noted. The cells were then harvested, solubilized, and assayed for ty-
rosinase activity as detailed in Methods. The data reported are the
means of picomoles tyrosine hydroxylated determined by assays car-
ried out in triplicate±SEM.

incubation time was used in all subsequent studies. In this
experiment, - 60-70% of the binding of [1251J-MSH was
blocked by the addition of a 1,000-fold excess of unla-
beled MSH.

Wenext investigated the binding of MSHto IFN-treated
JB/MS cells. In this study, JB/MS cells either were untreated,
or were treated for 4 d with IFN-a, IFN-f3, or IFN-y; at the end
of this period, the cells were examined for binding of labeled
MSH. The results in Fig. 4 show that treatment with each of
the IFN significantly increased the specific binding of hor-
mone as follows: IFN-a by 46%, IFN-fl by 43%, and IFN-'y
by 34%.

To determine if the increased binding was due to an in-
creased affinity of the surface receptors for the hormone, or
due to an increase in the number of receptors, we examined
the binding of MSH(at various concentrations) to untreated
JB/MS cells, and to JB/MS cells that had been treated 4 d with
IFN-a, IFN-fl, or IFN-,y. The ['251]-MSH binding curves show
that specific binding was essentially saturated at 128-260 nM
in untreated cells (Fig. 5, inset). The specific binding of the
labeled hormone at the various concentrations was analyzed
by Scatchard plots (Fig. 5). The Scatchard analyses of IFN-
treated and untreated cells fell on straight lines, which indi-
cates that the receptors on both types of cells possess a single
affinity for the ligand; IFN-a and IFN-'y gave essentially iden-
tical curves to the IFN-,B curve shown in Fig. 5 (data not
shown). An average of three independent experiments yielded
an equilibrium dissociation constant (Kd) of 2.2 X 10-8 Mfor
MSHbinding to untreated JB/MS cells, with - 61,200±7,500
binding sites per cell. JB/MS cells treated with IFN for 4 d had
the following Kd and number of binding sites per cell: IFN-a
(5.5 X 10-8 M, 143,200±9,500), IFN-,B (4.6 X 10-8 M,
138,500±6,500), and IFN-'y (3.3 X 10-8 M, 107,800±3,000).
Thus each of the IFN increased the Kd and the number of
binding sites for MSH - 1.8-2.3-fold (P < 0.001).

Discussion

This study has shown that JB/MS melanoma cells are highly
responsive to MSH: levels of melanin production were stimu-
lated 25-fold within 4 d by the hormone (Table I), and tyrosi-
nase activity was increased > 6-fold (Table IV). Treatment of
JB/MS cells with IFN-a, IFN-fl, or IFN-y has no significant
direct effect on melanogenic activity, but when JB/MS cells are
cultured in IFN in the presence of MSH, melanogenic activity
is synergistically stimulated relative to the level in cells treated
with MSHalone. Examination of the kinetics of cellular re-
sponses to MSHalone, and to MSHwith IFN, revealed that
these effects occur rapidly, and that the effects of IFN are even
more dramatic when the cells are subcultured (Table II).
MSH- and IFN-treated cells maintained their high levels of
melanogenic activity after subculturing, which at times was
seven to eightfold greater than cells maintained in MSHalone,
which was in turn fivefold greater than the level in untreated
cells.

Previous studies have reported that both human rIFN-a
A/D (at 30-3,000 IU/ml) (10) and murine L cell IFN (at
0.03-30 IU/ml) (1 1), inhibited both spontaneous and MSH-
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Figure 3. Time course of the binding of labeled MSHto JB/MS cells.
JB/MS melanoma cells were incubated with labeling buffer contain-
ing ['251]-MSH for different times at 4°C as noted, and specifically
bound hormone was determined as detailed in Methods. The data
points reported are the means of triplicate assays±SEM. (A) Binding
of 1 nM ['251]-MSH; (B) specific binding of ['251]-MSH to cells; (C)
binding of I nM ['251]-MSH in the presence of 1 uMunlabeled MSH.
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16 Figure 4. Binding of la-
beled MSHto untreated
and IFN-treated JB/MS

E 12 cells. JB/MS cells were
10 . seeded in flasks and 24 h

D 8 later the medium was
co 6 - | j changed, and included ei-
6'~~~~~~~~therIFN as noted (at 1

4 4 0 0 IU/ml) or no addition. The
2 media were changed daily,

and on day 4 the cells were
CONTROLa-IFN j3-IFN 'YIFN harvested and tested for ex-

pression of surface MSHreceptors as detailed in Methods. The data
shown are the specific binding of [ 51]-MSH determined in assays
carried out in triplicate+SEM. The differences in binding for all
three IFN-treated samples differed significantly from the controls at
P< 0.01.

stimulated melanin production in clones of B16 murine mela-
noma cells, and L cell IFN had no antiproliferative effect on
these cells. On the other hand, human rIFN-y (at 100 IU/ml)
stimulated melanin production with a dose-dependent anti-
proliferative effect on the human melanoma cell line Colo 38
(6). In yet another study (7), human rIFN-,3 (at 2,000 IU/ml)
was reported to stimulate spontaneous melanin production in
three out of four human melanoma cell lines, but had an
antiproliferative effect on all four lines. The reasons behind
such varied findings on the effects of IFN on pigmentation are
not yet clear, but in light of the results presented in this paper,
might reflect differences in (a) the reactivities of various cell
lines to the different IFN, (b) the concentrations of IFN used,
(c) the sensitivities of different cell lines to MSH, and/or (d)
the densities of the cell populations examined.

In our study, cell density was a critical factor that affected
the melanogenic activity of JB/MS melanoma cells (Table II).
Spontaneous melanin production was lowest when the cell
extract was prepared from cells in the midexponential phase of
growth (on days 2 and 3), and increased progressively thereaf-
ter. By day 5 in our experiments, when the cells were con-
fluent, the melanogenic activity in untreated cells was seven
times higher than on day 2. After subculturing of the cells, the
melanogenic potential decreased again towards background
levels. When the cells were treated with MSH, stimulation of
melanin production was evident within 24 h (at which time it
had doubled) and was highest on day 5. However, even when
the cells were continually exposed to MSH, the melanogenic
activity decreased rapidly after subculturing of the cells on day
5, and also reached its lowest point at day 7. From that point
on, similar to the control cells, melanogenic activity increased
again until day 9. An interesting contrast to this was the main-
tenance of high levels of melanin production after subcultur-
ing when the cells were kept in IFN-containing media. In light
of the effect IFN has on the expression of surface MSHrecep-
tors, it would seem most likely that this effect is modulated
through the continued expression of increased numbers of
surface MSHreceptors, even in rapidly proliferating cells. Al-
though this has not yet been directly confirmed, the potential
significance of this effect on mammalian melanogenesis in
vivo, where melanocytes are constantly exposed to MSHand
are slowly, but continually growing, should not be overlooked.
Although an inhibitory effect of MSHon melanoma cell
growth has been previously reported (21, 22), such an effect

was not seen within the 9-d course of our experiments with
JB/MS cells, or in similar studies we have performed using B16
or S91 melanoma cells (not shown).

In related studies, we have found that the expression of
surface MSHreceptors by melanoma cells is an unstable phe-
notype, but is of critical importance to its state of differentia-
tion. In those studies (not shown), we have cloned pigmented
and nonpigmented populations of melanoma cells and have
found a direct correlation of their pigmentation with their
ability to respond to MSH, and with their expression of surface
MSHreceptors. The increased expression of surface MSHre-

ceptors is lost within several serial passages of cloned cells so

that continual passage of melanoma cells rapidly results in a

relatively MSHnonresponsive line; such an unstable pheno-
type may also help explain the variability noted in previous
studies on the effects of IFN and pigmentation.

WhenJB/MS melanoma cells were cultured with MSH, or

with MSHand IFN, melanogenic activity was significantly
increased. To understand the mechanism of this phenomenon,
we investigated the intracellular tyrosinase concentrations
using flow cytometry and a tyrosinase-specific MAb, TMH-1.
If the cells were responding to MSHand/or to IFN by increas-
ing production of the enzyme, or by stabilizing existing en-

zyme, one would expect that the specific fluorescence of the
cells would increase. However, our results clearly show that
this is not the case. The results of this study are also consistent
with our other studies using S91 and B16 cells responding to

MSH, which have shown that the mechanism of melanocytic
response to this hormone does not require increases in synthe-
sis of tyrosinase ( 17, 18). The results of those studies indicated
that increases in enzymatic activity result primarily from the
activation of a preexisting pool of inactive enzyme rather than
from synthesis of new enzyme; similar conclusions have been
reached in studies using enzymatic methodologies (20, 29).

Our MSHbinding studies demonstrated that IFN in-
creased the expression of surface MSHreceptors on the JB/MS
cells significantly. Analysis of the binding data by Scatchard
analysis showed > twofold increase in the number of binding
sites for MSHon IFN-treated cells, which was accomplished
with no apparent change in the affinity of the receptors for

12 Figure 5. Scatchard

10 200 analysis of MSHbind-
\ 150 ing to JB/MS mela-

E) 8 \ \ A} loo p noma cells. JB/MS cells
L \ \O :R / , were seeded in flasks

50 and 24 h later the me-
4 dium was changed to

co X100 200 3 include IFN-# (at 1
2 E

COCENTRATION(nM) IU/ml) or no addition.
Media were changed

100 200 30 00 0 daily, and on day 4 the
BOUND(pmol/liter) cells were harvested and

tested for expression of
surface MSHreceptors as detailed in Methods, using labeled hor-
mone at concentrations ranging from 1 to 260 nM. The data repre-
sent specifically bound ligand and are presented as the ratio of cell-
bound to unbound (free) ['25I]-MSH versus the concentration of cell-
bound ['251]-MSH. Each data point represents the average of three
independent assays, the variation between the assays was always
< 20%. (.) untreated cells; (o) IFN-fl treated cells. (Inset) [1251]-MSH
binding saturation curves.
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MSH(Kd of 2.2 X 10-8 M), since a two or threefold difference
in Kd is relatively insignificant. These results suggest that the
increase in MSHbinding occurred through a stimulation of
the expression of surface MSHreceptors. The number of MSH
receptors on untreated JB/MS melanoma cells was very simi-
lar to the number recently reported for M2Rmelanoma cells
(a clone of B16), which had 75,000 MSHreceptors per cell and
a Kd of 2 X 10-8 M (33). This increase in the expression of
MSHreceptors was followed by increased, cellular tyrosinase
activity and melanin production when the cells were treated
with the hormone. Although IFN treatment alone increased
the expression of MSHreceptors on the cell surface, there was
no increase in tyrosinase activity in the absence of exogenously
added MSH; our data further show that an increase in MSH
receptors alone is not sufficient to increase cellular pigmenta-
tion. Although these results clearly show that IFN treatment
elicits an increase in the number of surface MSHreceptors, it is
possible that IFN treatment in the presence of MSHwould be
even greater than IFN alone in stimulating the number of
surface MSHreceptors (even though the two to threefold in-
crease noted was consistent with the increase found in mela-
nogenic activity). To investigate this possibility, it would be
necessary to measure the number of MSHreceptors on cells
grown in the presence of IFN and MSH, which is currently
impossible because we are unable technically to accurately
measure the number of occupied MSHreceptors.

IFN-y has been shown to induce HLA-DR expression in a
wide variety of cell types (34, 35) including melanoma cells
(36), and to increase the expression of melanoma-associated
antigens in human melanoma cell lines (6, 37). On the other
hand, the expression of some other melanoma-associated an-
tigens was reduced after treatment with IFN-'y (6). IFN (and
especially IFN-'y) thus have been reported to modulate the
expression of surface antigens. IFN treatment has also been
shown to alter cell surface properties, for example, charge (38),
mobility of ligand receptors (39), binding of lectins (40), ar-
chitecture (41), and exposure of gangliosides (42). Thus, mod-
ulating effects of IFN on the cell surface have been widely
reported, and are consistent with this study, showing that IFN
stimulates surface MSHreceptor expression on melanoma
cells. The clinical responses of melanoma to treatment with
IFN are thought to result from immune defenses of the host
that are potentiated by the alteration of antigen expression on
the tumor cell surface, and by the induction of differentiation
with a concomitant reduction in the malignancy of the tumor
cells. The induced expression of MSHreceptors on melanoma
cells by IFN, the expression of which are critical to melanocyte
differentiation, may be an important mode of action of the
antitumor effect of IFN.

It has been recently reported that phosphorylated L-DOPA
stimulates fl-MSH binding capacity and responsiveness by S9 1
melanoma cells (43), and that ultraviolet-B light caused an
increase in ['251J-f3-MSH binding capacity and responsiveness
by S91 cells (44). Those reports, and our results, suggest that
increasing MSHreceptor activity causes melanoma cells to
have an increased sensitivity to treatment with MSH. Al-
though a wide range in the binding capacity of ['25I]-MSH to
various kinds of melanoma cells has been reported (45), it is
only now becoming clear that there is a direct correlation be-
tween melanin production and MSHreceptor activity (as
noted above).

At this time, the causes of postinflammatory pigmentation
have not been explained. Prostaglandins, especially PGEI
(46-48), and histamine (49), have been reported to directly
increase tyrosinase activity in murine and human melanoma
cells. Those reports suggest that prostaglandins are important
agents that may also be involved in postinflammatory pig-
mentation of the skin. Human IFN-(3 has been shown to stim-
ulate the synthesis of PGEI and F2a in human fibroblasts (50),
and endogenously induced or exogenously added IFN stimu-
lated prostaglandin formation by the cells of five species:
mouse, hamster, chicken, monkey, and human (51). There-
fore, it seems reasonable to expect that prostaglandins may be
involved as intermediates in the effects of IFN on MSHrecep-
tor expression by melanoma cells. Wehave examined the ef-
fects of IFN-a, IFN-f3, and IFN-'y on the synthesis of PGEby
JB/MS cells, but thus far, have not been able to show a signifi-
cant effect of IFN on the level of PGE(data not shown). More
study is necessary, however, before definitive conclusions can
be drawn about such interactions.

In sum, we have shown that physiologically low concen-
trations of IFN-a, IFN-fl, and IFN--y increase the expression of
MSHreceptors on the surface of melanoma cells, which in
turn elicits an increase in their responsiveness to MSH. The
synergistic effect of IFN and MSHon melanocyte differentia-
tion has been shown for three different murine melanoma
lines, which suggests that such a response might constitute a

general phenomenon. These results suggest that IFN, which
may be produced by infiltrating inflammatory cells, might
play an important role in postinflammatory pigmentation of
the skin, and demonstrate at least one mechanism whereby
IFN stimulate differentiation of melanoma cells. This latter
effect might in turn play a part in effecting the responses elic-
ited by IFN treatment seen in clinical trials of melanoma
treatment.
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