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Isolation and Characterization of a Variant 
of BIG-Mouse Melanoma Resistant to MSH 
Growth Inhibition 
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A variant of B-16 F, mouse melanoma was selected for its ability t o  survive and 
replicate in the presence of melanocyte-stimulating hormone (MSH). Although 
the variant (MR-4) was completely resistant to  growth inhibition by MSH, cyclic 
AMP was still able to  block cell replication. Tyrosinase activity in MR-4 cells 
was considerably lower than in B-16 Fl cells. MSH induced a twofold t o  three- 
fold increase in tyrosinase activity in both cell types, but the absolute activity 
in MR-4 remained significantly less than in the parental cells. MR-4 cells were 
also found to  have a markedly depressed cyclic AMP-dependent protein kinase 
activity relative to  €3-16 F, cells. The protein kinase from both cell types 
was stimulated by cyclic AMP, but the level of MR-4 kinase activity at niaxi- 
ma1 cyclic AMP concentrations remained considerably lower than B-16 Fl ki- 
nase activity under the same conditions. In both cell types adenylate cyclase 
activity was markedly stimulated by MSH. When equal numbers of viable F1 
and MR-4 cells were injected subcutaneously into C57/B1 mice, the MK-4 
cells formed tumors earlier and killed the host sooner than the parental FI 
cells. We conclude that the biochemical alteration which allows MR-4 cells 
to  replicate in the presence of MSH is a low level of tyrosinase activity, which 
in turn may be the result of low cyclic AMP-dependent protein kinase activity. 
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Melanocyte-stimulating hormone (MSH) can inhibit the growth of cultured mela- 
noma cells [ 1 , 21 . It is not clear whether this growth inhibition is due t o  the ability of 
MSH to increase intracellular cyclic AMP levels [3,4] or due t o  the accumulation of 
cytotoxic intermediates of melanin biosyntliesis (51 . Analogs o f  cyclic AMP have been 
demonstrated to  alter melanoma cell morphology [2] , inhibit cell replication [6] , and 
stimulate melanogenesis 171. The relationship between MSH and cyclic AMP and the 
effects they have on cultured nielanoma cells has been the subject of intensive study 
and debate. 
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We have previously reported that B-16 mouse melanoma metastatic variants differ 
markedly in control of melanogenesis (81 and regulation of  cyclic AMP metabolism [9] . 
In an attempt t o  determine the relationship among melanogenesis, cyclic AMP metab- 
olism, and metastatic potential we isolated variants of B-16 F, (low metastatic potential) 
mouse melanoma cells which were resistant to  growth inhibition by MSH. We report here 
some of the properties of these resistant cells and their biochemical alterations which 
enable them t o  replicate in the presence of MSH. 

MATERIALS AND METHODS 

Isolation of Cells Resistant to MSH Growth Inhibition 

B-16 F, (low metastatic potential) mouse melanoma cells were obtained through the 
courtesy of Dr. I. J. Fidler, Frederick Cancer Research Laboratories, Frederick, Maryland. 
Stock cultures of these cells were routinely maintained in minimal essential medium (MEM) 
containing Earle's salts, nonessential amino acids, vitamin solution, L-glutamine (2 mM), 
sodium pyruvate (1 mM), SO pg/ml streptomycin sulfate, SO units/ml penicillin G + 10% 
heat-inactivated fetal bovine serum (Gibco), adjusted to a final pH of 7.4 and were grown 
in a 37"C, 95% air-5% COz humidified incubator. 

Unfortunately we were not successful in achieving a one-step selection procedure for 
the isolation of resistant cells. Therefore a sequential two-step procedure was followed. We 
seeded 1 X l o 5  B-16 F1 cells into T-25 flasks. One day later, the medium was aspirated and 
the flasks were refed with medium contaiiiing 0.2 pg/inl MSH. After 7 days in this medium 
(refeeding every other day) tlie surviving cells were seeded into another T-25 and grown 
in the presence of  2 pg/ml MSH for 7 days. After this time the cells were prepared for 
cloning by the seeding of 100 viable cells onto 60-inn1 dishes with medium containing 2 
pg/ml MSH. After allowance of 2 weeks for colony development ten individual clones 
were isolated using stainless steel cloning cylinders. 

Cell Growth Measurements 

Various clones or parental cells were seeded at 1 .O X 105/60-1nm dish. One day later 
cells were refed with either unsupplemented medium or medium containing 0.2 pg/ml MSH. 
In some experiments 0.5 mM 8-bromocyclic AMP (8BrA) + 0.2 mM 1-methyl-3-isobutyl- 
xanthine (MIX) was also added to  the culture medium. At 24,48, and 72 hours after addi- 
tion of these compounds, triplicate plates were processed for cell counts with a model B 
Coulter Counter. 

Tyrosinase Assay 

seeding all plates were refed with complete medium f 0.2 pg/ml MSH. Twenty-four hours 
after this refeeding tyrosinase was measured as described previously [8] . 

Protein Kinase Assay 

pal-ental and variant cells were grown to confluence on 100-mm culture dishes. We prepared 
cells for assay by washing the monolayer three times with 4 ml of 0.05 M phosphate buffer 
(pH 6.8), scraping the cells from tlie dishes ( ' ~ 4  X 106/dish) with a rubber policernan, and 
sonicating the resultant suspension (1.5 nil) for 30 seconds at setting #3 in a model W185 
sonifer (Heat Systems, Plainview, New York). The reaction mixture consisted of 0.05 M 
phosphate buffer (pH 6.8) ,  0.2 mM y 3 * P  ATP (180 CpIn/pmole), 0.5 Ing histone (type 
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Kinase activity was measured by the assay of Corbin et a1 [ 101 . Mouse melanoma 
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A) f various concentrations of cyclic AMP, and 2 0  p1 of cell homogenate. Following a 10- 
minute incubation at 30°C, 50 p1 of the reaction mixture was pipetted onto Whatman 
3-MM filter paper disks (2.3-mm diameter; Whatman, Inc., Clifton, New Jersey). The disks 
were dropped into ice-cold 10% trichloroacetic acid (TCA) and washed in sequence with 
10% TCA, 95% ethanol, and ether. After drying, the filters were placed in scintillation 
vials containing Aquasol (New England Nuclear, Boston, Massachusetts) and counted. All 
experimental samples were corrected for endogenous phosphorylation, ie, the amount of 
phosphorylation in the absence of histone or the absence of cyclic AMP. 

Cyclic AMP Measurements 

Parental and variant mouse melanoma cells were prepared and assayed for the ability 
of MSH to increase intracellular cyclic AMP levels by previously described techniques [9] , 
with the exception that 3 5 m m  dishes were employed and cell densities at the time of 
stimulation were much lower than previously reported. 

Assay of Tumor Growth 

mice - ten mice for each cell type. Mice were checked every other day for appearance of 
tumors and the time at which tumors became palpable was recorded. Tumor development 
in each individual mouse was then followed and the time required t o  kill the host was noted. 

Viable cells (1 X lo5)  of F, and variant lines were injected subcutaneously into C57/BI 

RESULTS 

Following isolation of clones from the parental B-16 F, cells, they were tested for 
growth in the absence and presence of MSH. Only 4 of 10 clones showed significant re- 
sistance t o  MSH-induced growth inhibition. One clone (#4) was completely unaffected by 
MSH even after 7 9  h of treatment. This particular clone was utilized for further investiga- 
tion and was given the designation B-1 6-Fl-MR-4. 

F, and MR-4 cells were tested for growth in the presence of MSH or 8-BrcA + MIX 
(Fig. 1). F1 cells were found t o  be growth-inhibited by both MSM and 8-BrcA + MIX, al- 
though the cyclic AMP analog was more effective. The MR-4 clone differed from F1 in 
several aspects. First, the growth rate of untreated MR-4 cells was greater than control F1 
cells. Second, MR-4 cells treated with MSH were not growth-inhibited, while MR-4 cells 
treated with the cyclic AMP analog were significantly inhibited at  all time points. In sum- 
mary, F1 was growth-inhibited by both MSH and cyclic AMP, the latter being more effec- 
tive; MR-4 had a higher replication rate than F1, was conlpletely resistant t o  inhibition by 
MSH, but was susceptible t o  inhibition by exogenously supplied cyclic AMP. 

hibition was an alteration in tyrosinase, the key enzyme in melanin biosynthesis, since 
Pawelek et a1 [2] found that variants of S91 mouse molanoma cells resistant t o  MSH 
growth inhibition invariably had altered tyrosinase activities. Therefore, we measured 
tyrosinase activity in Fl and MR-4 cells that had been incubated in the absence or pres- 
ence of MSH for 24  h .  Under our assay conditions, the enzyme activity from both cell 
lines was linear with respect t o  time and protein concentration. The data (Table I) clearly 
show that there was a marked reduction of MR-4 basal tyrosinase activity, ie, the activity 
present in the absence of MSH. Also, MSH was able to stimulate tyrosinase activity ap- 
proximately threefold in F1, while only a twofold stimulation was achieved in MR-4, 
and the absolute levels of hormonally induced tyrosinase activity were six times less in 
MR-4 than in F,. 

We suspected that one reason why MR-4 was resistant to  MSII-induced growth in- 
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l'ig. I .  Growth  of I , ,  and M K - 4  cells in tlie absence o r  presence of MSH or 8-bi-oniocyclic AMP + I -  
methyl-3-isohtitylxanthine. Cells \yere seeded at  1 X I O5/60-tnni ctilttirc dish.  One day later the cells 
were refed with complete inediutn f 0.1 py/tnl  MSH, o r  i 5 X 1W4 M 8-hroniocj~clic A M P  + 2 X 
I-metliyl-3-isobi1tyI\;antliI~ie. A t  24, 48. atid 72 11 after refeedin:, plates were processed for cell counts. 
The data are represented 'I\ the iiican + SI.'51 ( b a r \  above and  below the da ta  points) of triplicate plates. 

M 

Since we had shown that MR-4 cells wei-e still inhibited hy the exogenous addition 
of cyclic AMP, there existed the possibility [hat MSl1 failed to inhibit growth because of 
receptor -ad en y I a t e c y c I a se d y s fu  ti c t i on s and lien ce in su f fi cien t prod iic t i on of in t race1 1 ula r 
cyclic AMP. Therefore we ineastired the ability of MSH to incl-ease cyclic AMP levels in 
intact F, and MR-4 cells. 

The data in Table I1 clearly show that at any time point measured MR-4 cells pro- 
duced more cyclic AMP in response to MSli than did Fl cells. Therefore i t  is unlikely that 
the failure of MR-4 cells to  be inhibited by MSII  is due to :I defect i n  tlie MSH-receptor- 
adenylate cyclase complex. 

iologic actions is the activation of  cyclic AMP-dependent protein kinase, we decided to 
examine the possibility that changes in  protein kinase activity might be responsible for 
MR-4 resistance to MSH. Both F, and MK-4 were assayed for protein kinase activity using 
histone as the phosphate acceptor :itid using various concentrations of cyclic AMP t o  stim- 
ulate the enzyme. Our assay conditions i-esulted in  linearity with respect to  time and pro- 
tein concentration for the kinases from each cell line. I t  is apparent from the data (Table 
111 and Fig. 2 )  that the protein kinase activity of  MR-4 differs substantially from that of 
F,. The specific activity o f  the M K - 4  kinase under all I'our assay conditions (Table 111) 

Since it appears that the only mechanism through which cyclic AMP exerts its phys- 
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TABLE 1. Tyrosinase Activity in F, and MR-4 Cells 

Cell t ype  Specific activity 

1. L 
I:, + 0.2 pg/ml MSH 

MR-4 + 0.2 fig/ml MSH 
MR-4 

8.6 
26.5 

2.0 
4.1 

Cell\ were prepared and  ~ s s a y e d  f o r  tyrosinase activity ;IS dcscrihed in  Materials and Methods. Specific 
activi ty i u  defined R S  nrinoinoles of tyrosine hydro\ylated per lo6 cells per h o u r .  Cell densit ies a t  the 
time o f  tlic cuperirnent were :IS tollows: I . ,  control ,  3.4 Y l o 6 ;  MR-4 control ,  4 .8  X l o 6 ;  l , ,-MSt1, 
2.4 x l o 6 ;  hlR-4-MSH. 4.4 X l o 6 .  ’The e\per iment  was repeated t \ \ o  additional t imes with similar 
result\. 

TABLE 11. Effect of MSH on Cyclic AMP Levels in Intact F, and MR-4 Cells 

(‘ell t y p c  I nc ti ba t iu n t i  me ( i n  in) 

1 ,  5 161 t 24 
15 393 t 36 
30 3 2 6 5  12 
60 302 f 4 9  

MR-4 5 729  t 12 
15 1.698 i 37 
30 814  i 182  
60 4 4 3  i 5 2  

Picoinoles cyclic AMP/iOS cells 

Cells \\‘ere prepared 1‘01 Iiormone stiiniil;ition and  c) clic A M P  \\‘:IS e\ t ractcd and  quant i ta ted as  describcd 
in Materials and Methods. MSH was prewiit  .it ii concentratioii  o f  0 .2  ps;iiil. Control Icvels o t  c) clic 4hZP 
;it a l l  t ime point\ wei-e 0 .7  i 0 .2  pin/1O5 cells (I,,) and 1.2  1 0.3 p 1 i i / l 0 ~  cells lM11-4). The dat;i arc rep- 
resented ;IS tlic iiieaii i SEM of  triplicate plates. tach 
in ina t ion  for c!,clic AMP levels. 

J ed in duplicclte in [lie riidioiiiiiniino 

TABLE 111. Protein Kinase Activity in F, and XIR-4 Cell\ 

Pic<iiiiolc\ I2P transferred to histotic/ 1 O6 cell.; 

Re:iction mi \  turc I V11-4 

- C ) . C l i C  , IMP. -Ilistone 92.0 40.6 
+cyclic AMP, -histone 160.7 48.6 
-cyclic AMP. +histone 305.1 60.4 

Cells \vere prepared and assayed t o r  protein kinasc activity :IS described in Materials and  Methods.  The  

three additional t imes w i t h  ciinilai- result?. Cell numberc a t  tlie t ime of t h e  e\perinient were 2.8 Y 10’ 
(I,,) and 4.0 X 10’ (MR-4). 

lic AMP used in this c \per iment  W : I ~  2 p\l .  The entire c \per in ien t  \ \ a s  repeilted 

was markedly depressed relative to  F,. A l s o  the MR-3 pi-otein kinase was almost maxi- 
mally stimulated by low concentrations of cyclic AMP ( loA8 M). while a similar enzyme 
preparation from F, required 
of optimal stimulation of protein kinase in both cell lines, the specific activity of Fl was 
still 2.8 times higher than tlie specific activity of M R - 4  (Fig. 2 ) .  

M cyclic AMP to be niaximally stimulated. At the point 
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We next compared the biologic activity (tumor formation) of F1 and MR-4 cells. 
When an equal number of viable cells were injected subcutaneously into C57/B1 mice, it 
was observed that the MR-4 cells formed palpable tumors earlier (an average of 5 days vs 
13 days) and killed their host sooner (an average of 14 days vs 22 days after appearance 
of tumor) than did Fl cells (Table IV). 

700 

600 

500 

400 

300 

O F 1  

'OOi/ I 
I 

I 1 I I 

10-8 1 0 - 7  1 0 - 6  10-5 

MOLARITY OF CYCLIC AMP 

Fig. 2. Protein kinase activity in Fl and MR-4 cell homogenates as a function of cyclic AMP concentra- 
tion. Cells wcrc prepared and assayed for protein kinase activity as described in Materials and Methods. 
Specific activity is elpressed as picoinoles of "P transferred from y 3 * P  ATP to histone per lo6 cells. 
Cell densities at the time of assay were 6.3 X l o 6  and 6.1 X 106 (MR-4). The experiment was re- 
peated three additional times with similar results. The initial points on the y akis represent the cnzyme 
activity in the absence of any added cyclic AMP. 

TABLE IV. Tumorogenicity of F, and MR-4 Cells 

Latency period (days) Survival time (days) 

Cell type Range Ave Range Ave 

I:, 9-18 13  12-28 22 
4-6 5 10-18 14 MR-4 

The protocol for assaying tumorogenicity is described in Materials and Methods. Latency period is 
the length of time before the appearance of a palpable mass. Survival time is defined as the period of 
time the mouse survived following the appearance of the tumor. There wcre ten mice in each treat- 
ment group. 
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DISCUSSION 

The results presented in this communication suggest that the biochemical alterations 
which allow MR-4 cells to grow in the presence of MSH are markedly lower levels of 
tyrosinase and cyclic AMP-dependent protein kinase activities. Pawelek et  a1 [2] have 
also found depressed tyrosinase activity in two mutants of Cloudman S91 melanoma 
cells selected for their ability t o  replicate in the presence of MSH. However, in contrast 
to their results, we found that MR-4 cells were markedly inhibited by the exogenous 
addition of 8BrcA t o  the culture media. Also unlike our MR-4 cells, the Cloudman S91 
melanoma mutants did not have depressed cyclic AMP-dependent protein kinase activity. 

The mechanism whereby MSH inhibits cell replication has been the subject of con- 
troversy. Some feel that the cytostatic action of MSH is due to its ability t o  increase intra- 
cellular cyclic AMP, high levels of  which have been demonstrated to be a negative regulator 
of growth in many types of cultured cells [ I  1 --13]. Other investigators believe that MSH 
indirectly inhibits growth by its stimulation of melanin biosynthesis, the intermediates of 
which are known t o  be cytotoxic [5 ,  14-16]. On the basis of our results we would argue 
that both groups are partially correct. It is obvious that the markedly lower tyrosinase 
activity in MR-4 even in the presence of MSH leads to  a much lower rate of melanin pro- 
duction and hence a noncytotoxic level of intermediates. In fact when parental F, cells are 
grown on tyrosine-free medium MSH no longer inhibits cell proliferation (data not shown). 
On the other hand, although MK-4 cells are resistant to MSH, they are still growth-inhibited 
by cyclic AMP, although not to the same extent as F1 cells. This may be the result of a 
persisterit activation of protein kinase, leading to  an imbalance of phosphorylation-dephos- 
phi-ylat ion reactions which may be necessary for replication. Alternatively the cyclic AMP 
inay be metabolized to a cytotoxic product by the cells, although this possibility was not 
likely in our experiments since the potent phosphodiesterase inhibitor MIX was included 
in tlie incubation mixture. 

currently under investigation. Among the possibilities are decreased synthesis of holoen- 
zyme, increased turnover of holoenzymes, increased production of  regulatory subunits or 
decreased production of catalytic subunits, and increased production of protein kinase 
inhibitors. It should be noted that kinase activity in MR-4 was depressed relative to that 
in F l  under all four assay conditions (no CAMP, n o  Iiistone; +CAMP, --histone; --CAMP, 
+histone; and +CAMP, +histone). From these data it could be argued that the alteration 
affects the holoenzyme rather than one or the other subunits. 

There is convincing evidence that cyclic AMP is tlie intracellular mediator of MSH- 
induced tyrosinase activity and hence melanogenesis [ 3 , 4 ,  7, 171 . Since the only known 
mechanism through which cyclic AMP exerts its physiologic response is the activation of 
protein kinase [18, 191, i t  is presumed that phosphorylation of specific proteins is the 
mechanism through which MSH increases tyrosinase activity [20, 211. In light of the bio- 
chemical alterations we have demonstrated in MR-4, namely, depressed tyrosinase and 
protein kinase activity, it is tempting to speculate that in the B-16 mouse melanoma sys- 
tem total tyrosinase activity, ie, the activity present in either the absence or presence of 
MSH, is regulated by cyclic AMP-dependent protein kinase. This hypothesis is strength- 
ened by our recent observations that another variant of F, selected for enhanced pul- 
monary metastatic potential in vivo (B-l6-Flo) has inarkedly depressed tyrosinase activ- 
ity relative to Fl [8] and also has significantly lower protein kinase activity (Niles and 
Logue, unpublished observations). This hypothesis could be tested by obtaining a variant 
of F1 which had completely defective or absent protein kinase. Such cells should have n o  
detectable levels of tyrosinase activity and hence would be anielanotic melanomas. 

The mechanism responsible for depressed protein kinase activity in MR-4 cells is 
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The mechanism whereby MR-4 cells accumulate more cyclic AMP in response t o  
MSH than d o  F, cells is currently under investigation. However, it is interesting to  note 
that Bourne et  a1 [19] found that mutants of ,549 lymphoma cells resistant to  dibutyryl 
cyclic AMP accumulated significantly more cyclic AMP in response to  catecholamines, 
prostaglandins, and cholera toxin than did wild-type cells. 

Our original objective in obtaining Fl variants resistant to  MSH-induced growth in- 
hibition was t o  obtain cells with altered cyclic AMP metabolism. Using this approach, we 
hope to determine what role the altered cyclic AMP metabolism we have previously ob- 
served for F,, cells [8 ,9]  plays in their enhanced metastatic potential. The data we have 
acquired concerning the biologic behavior of MR-4 indicate that they have increased ma- 
lignant potential relative to Fl cells. It is possible that the ability of the MR-4 cells to 
resist MSH-induced growth inhibition and hence grow more rapidly than F, in vitro may 
account for their greater rate of growth in vivo. In cooperation with Dr. I .  J. Fidler of the 
Frederick Cancer Research Center, a comparative study of the pulmonary metastatic po- 
tential of F, and MR-4 is currently in progress. Thus it appears that the selective alteration 
of a few biochemical parameters can result i n  a progression of malignancy. 
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