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Abstract 

Melanoma is an aggressive and treatment resistant tumor of the melanocyte lineage.  In humans, 

melanocytes are responsible for skin pigmentation and the tanning response.  Pigmentation and 

the tanning response are controlled by the Melanocortin 1 Receptor (MC1R) which signals 

through the cAMP cascade.  Individuals with defective MC1R often show the Red Hair Color 

(RHC) phenotype which is marked by red hair, freckling and decreased tanning response.  This 

phenotype and the MC1R RHC genotype confer high risk to skin cancers, including melanoma.  

Although some of this risk is attributable to increased mutation rates in MC1R RHC cells, we 

sought to determine whether active MC1R and cAMP signaling could inhibit melanoma growth 

independently from these effects on mutation.   We investigated the activity of MC1R RHC 

alleles in terms of cAMP signaling and investigated the role of MC1R and cAMP signaling in the 

growth and proliferation of normal primary melanocytes, melanocytes expressing activated 

oncogenes and melanoma cell lines.  In primary cells, we found that MC1R RHC alleles had 

defective, but not complete loss of function cAMP signaling.  We found that MC1R activity has a 

mitogenic role in normal melanocytes, but may cooperate with BRaf V600E in causing cell cycle 

arrest.  We show that forskolin treatment slowed the growth of melanoma cell lines in culture.  

MC1R overexpression, treatment with the MC1R ligand or other small-molecule activators of 

cAMP signaling caused a delay in progression from G2 into mitosis.  This delay was caused by 

inhibition of the CDK1 phosphatase cdc25B through phosphorylation at PKA sites and was 

rescued by expression of a cdc25B mutant that could not be phosphorylated by PKA.  These data 

show that MC1R/cAMP signaling can inhibit melanoma growth outside of its role in protecting 

cells from mutagenesis and suggest that cAMP activators could represent a therapeutic strategy in 

melanoma. 
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Introduction  

 Melanoma is an extremely aggressive and treatment resistant skin cancer derived 

from the pigment-producing melanocyte lineage.  According to the World Health 

Organization there are 132,000 new cases of melanoma worldwide each year.  In the 

United States alone more than 68,000 melanomas will be diagnosed in 2010 and 8,700 

people will die from the disease [1].  Although melanoma is rare relative to other forms 

of skin cancer (~5%), it accounts for 75% of skin cancer-related mortality. 

 

Melanoma, like other forms of skin cancer, appears at a significantly higher rate 

in white, non-hispanics than in all other ethnic groups.  The incidence of melanoma in 

white non-hispanics was 25.1 cases for every 100,000 individuals during the period of 

2001-2004.  This was more than 5-fold higher than the incidence observed for Hispanics 

(4.5/100,000), 8-fold higher than that of American Indians (2.9/100,000) and 25-fold 

higher than that of blacks (1/100,000) [2].  Even within white non-Hispanic populations 

there is a particular population that is at an even greater risk for melanoma: individuals 

with the Red Hair Color (RHC) phenotype [3, 4].  The RHC phenotype includes red hair, 

pale skin, freckling and a poor tanning response.   

 

One of the key links between the RHC phenotype and skin cancer risk is thought 

to be increased DNA damage due to an impaired pigment response to UV exposure.  In 

human skin, the tanning response is triggered by keratinocytes in response to DNA 

damage [5].  DNA damage causes p53 upregulation which, among other things, induces 
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-Melanocyte Stimulating Hormone (MSH) [6].  This 

hormone binds to and activates the Melanocortin 1 Receptor (MC1R) on neighboring 

melanocytes causing increased pigment production and a shift from production of the red 

pigment phaeomelanin to the black pigment eumelanin [7-9].  Pigment is synthesized in 

vesicles called melanosomes and then transferred through the melanocyte dendrites to the 

neighboring keratinocytes where the melanosomes home to the nucleus and form a UV 

absorbent shield for the DNA [10, 11].  By absorbing UV light, the tanning response 

forms a potent natural defense against sun-mediated DNA damage and cancer.  

Individuals with the red hair color phenotype are also susceptible to DNA damage by 

reactive oxygen species which are induced in response to UV exposure in cells with high 

levels of phaeomelanin [12]. 

 

RHC individuals, who have increased ratios of phaeomelanin to eumelanin and 

decreased tanning response, show many signs of having decreased activity of the 

MSH/MC1R/ pigmentation pathway.  MC1R is a 7-trans membrane G-protein Coupled 

Receptor which, in response to ligand activation by MSH or other related hormones, 

activates Gs leading to adenylyl cyclase activation and cAMP production.  This leads to 

activation of the canonical Protein Kinase A (PKA)/cAMP Response Element Binding 

protein (CREB) axis and increased transcription of the Microphthalmia associated 

Transcription Factor (MiTF) [13].  MiTF activates transcription of all of the key pigment 

producing enzymes including DCT and Tyrosinase.  In humans, MC1R shows a high 

degree of polymorphism, particularly in non-African populations.  More than 57 

polymorphisms have been identified, many occurring at high frequency in Caucasian 
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populations [14].Of these polymorphisms, four (D84E, R151C, R160W and D294H) are 

closely associated with the RHC phenotype and are termed RHC alleles [15].  Individuals 

who have the RHC phenotype invariably harbor two RHC alleles in a homozygotic or 

compound heterozygotic distribution.  Because the RHC phenotype is marked by 

dysfunctional pigment production and MC1R is a key regulator of this process, it is 

widely assumed that RHC alleles of MC1R are loss of function [16].  However, the 

degree and mechanism of decreased MC1R function is not entirely clear [16-18]. 

 

 Another interesting facet of the interrelationship between MC1R, pigmentation, 

the tanning response and melanoma risk is the observation that MC1R RHC alleles can 

be associated with melanoma risk independently from their effects on pigmentation [19].  

Skin tone is very complex trait which is comprised of several factors including the total 

amount of pigment production and the ratio of phaeomelanin to eumelanin.  One study 

found that the link between RHC alleles and melanoma risk was independent from skin 

tone and a different study showed that individuals with RHC alleles and olive skin tone 

had a higher risk for melanoma than individuals with RHC alleles and pale skin [20].  

These reports suggest that the link between RHC alleles and melanoma may not be 

entirely dependent on the loss of pigment-dependent UV protection.  Also arguing 

against the direct role of UV in increased RHC melanoma risk is the fact that the two 

most common driver mutations in melanoma (BRaf V600E N-Ras Q61) are not caused 

by the pyrimidine dimers that are the hallmark of UV-induced point mutations.  

Surprisingly, although there is not a direct connection between UV-induced pyrimidine 
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dimers and BRaf mutation, there is still a strong association between MC1R loss of 

function and mutation of this gene in melanoma [21]. 

 

While oxidative damage-associated mutagenesis may mediate part of the risk 

attributed to loss of function RHC alleles of MC1R, there is also the possibility that 

decreased cAMP signaling from these alleles may contribute to susceptibility directly 

through pathways other than the pigment pathway.  cAMP has a long history in the 

literature of playing complex roles in many aspects of cell behavior including 

proliferation, cell cycle arrest and differentiation.  In primary cultured melanocytes there 

is a body of literature and practical knowledge that shows that the activity of MC1R and 

cAMP signaling causes enhanced proliferation and survival [22].  Most melanocyte 

culture medias incorporate some mode of cAMP activation, either through activation of 

the endogenous receptor through MSH or by direct activation of adenylyl cyclase by 

cholera toxin.  Without the addition of one of these stimuli, cells grow more slowly and 

are at risk for cell death.  There are also reports that cAMP can activate Ras and cause 

increased MAPK signaling in primary melanocytes in culture [23].  On the other hand, 

normal melanocytes in vivo divide very rarely and MSH stimulation leads mostly to 

enhanced differentiation, dendricity and synthesis of pigment.  In N-Ras mutant 

melanoma cell lines, it has been shown that cAMP signaling induced by forskolin, a 

small molecule activator of adenylyl cyclase and cAMP signaling, is able to reduce 

Ras/Raf/MAPK pathway activity [24, 25].  Similar results were obtained in thyroid 

cancers in which induction of cAMP by thyroid stimulating hormone was able to cause 

decreased MAPK and proliferation [26].   
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Given the diverse roles of cAMP signaling in diverse cell processes, many of 

which are dysregulated in cancer, we reasoned that the loss of cAMP signaling that is 

associated MC1R RHC alleles and increased melanoma risk may, in part, increase this 

risk by causing altered regulation of processes such as survival, differentiation and the 

cell cycle.  The goal of this thesis was to try to understand how MC1R RHC alleles were 

altered in function and how the restoration of MC1R activity and cAMP signaling might 

affect melanoma cell lines.  In agreement with published reports, we found that MC1R 

RHC alleles seem to have diminished function with respect to cAMP signaling.  

However, this functional defect is not complete and may be most profound at the level of 

basal signaling.  We also found that primary melanocytes grow poorly in the absence of 

cAMP signaling and overexpression of MC1R causes enhanced proliferation.  In 

melanoma cell lines, on the other hand, increasing cAMP signaling through MC1R 

overexpression or treatment with small molecule inducers of cAMP signaling such as 

forskolin caused decreased proliferation.  This effect was not associated with obvious cell 

death, but was associated with delayed progression through the cell cycle.  We found this 

cell cycle defect was caused by delayed entry into mitosis mediated by phosphorylation 

and inhibition of cdc25B but not cdc25C.  Expression of a non-phosphorylatable, but not 

wildtype cdc25B was able to rescue the cAMP-induced mitotic entry delay.  Together 

these results indicate that MC1R and cAMP signaling may directly modulate the growth 

properties of developing melanomas and through these effects contribute to the decreased 

risk of melanoma for individuals with functional, non-RHC alleles of MC1R.  

Additionally, MC1R overexpression and forskolin treatment experiments in melanoma 
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cell lines suggest that cAMP induction may be an effective therapeutic strategy for 

melanoma.   
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Chapter I: 

Investigating the Activity and Function of MC1R in Primary 

Melanocytes in the Context of Normal Growth and Oncogene 

Activation 
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Introduction 

 The primary role of the cutaneous melanocyte is to protect the skin from UV-

induced DNA damage by synthesizing and secreting the UV absorbent pigment 

eumelanin.  This is the basis of the tanning response and is mediated by the activity of 

MC1R and cAMP signaling in response to MSH released by keratinocytes in response to 

UV damage.   Valverde et al identified particular variants of MC1R termed RHC variants 

which are associated with the Red Hair Color phenotype, a heritable syndrome which is 

characterized by red hair, pale skin, freckling, decreased tanning response and 

susceptibility to skin cancers [15].  Because the role of MC1R signaling is to enhance the 

production of the dark pigment eumelanin relative to the red pigment phaeomelanin and 

mediate the tanning response[7], it has been assumed that the alleles of MC1R that are 

associated with the Red Hair Color phenotype are loss of function.  However, the degree 

and mechanism of functional impairment is still not entirely clear.  Reports from the 

Sturm group show that the R151C and R160W RHC variants of MC1R are capable of 

producing cAMP in response to ligand stimulation when overexpressed in kidney and 

melanoma cell lines [17].  These alleles were also found to exhibit decreased surface 

expression, suggesting that they may be capable of signaling to G-proteins normally, 

however, at endogenous levels, there is not enough surface expression and signaling to 

mediate efficient production of eumelanin and the tanning response [18].  Although, the 

precise degree and mechanism of RHC MC1R impairment is still not fully understood, 

the MC1R RHC phenotype is phenocopied by complete MC1R loss in both mouse and 

human, adding further evidence that the result of RHC polymorphisms is to decrease the 

activity of MC1R [16].  
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 One of the original goals of this project was to determine the impact of MC1R 

and cAMP signaling on properties such as proliferation and differentiation in primary 

melanocytes and to compare these effects in normal cells and melanocytes expressing 

melanoma oncogenes such as BRaf V600E or NRas Q61R.  In primary melanocyte 

cultures grown in vitro it is known that the activity of MC1R is a potent mitogenic 

stimuli, but only in the context of particular growth signals such as bFGF [27].  This 

effect may be mediated by induction of Ras and the MAPK pathway [23].  Paradoxically 

given their genetic relationships to melanoma, while MC1R activity, cAMP signaling and 

MAPK activity enhance melanocyte proliferation in culture, BRaf V600E expression 

causes cell cycle arrest and senescence [28].  In this chapter I will discuss the activity of 

MC1R wildtype and variant receptors with respect to cAMP signaling and the 

proliferation of primary melanocytes.  Additionally I will show the results of experiments 

attempting to address the effects of MC1R signaling in the context of mutant BRaf 

expression in melanocytes, and discuss some of the complications of these experiments. 
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Results 

MC1R red hair alleles show diminished cAMP signaling 

 Previous attempts to describe the activity of MC1R alleles have used 

overexpression studies in cell types that do not normally express MC1R.  In order to try 

to understand  MC1R signaling in a more physiologically appropriate signaling context, 

we examined cAMP induction following MSH stimulation in a panel of primary 

melanocyte lines with varying MC1R genotypes.  The lines tested included homozygous 

wild type, heterozygous non-RHC, non-RHC/RHC and RHC compound heterozygote.  

cAMP levels were assayed using an antibody-based luminescence assay.  In all of the 

lines tested, stimulation with MSH alone did not produce a measureable change in cAMP 

levels, presumably because the levels of cAMP were below the limits of detection of the 

assay (data not shown).  In order to amplify the cAMP signal induced by MSH-

stimulation, cells were cotreated with forskolin.  Forskolin is a small molecule activator 

of adenylyl cyclase that can activate cAMP signaling independently from upstream 

activation of the pathway, however, forskolin activates adenylyl cyclase up to 1000X 

stronger in the presence of active Gs signaling [29].  Therefore, forskolin should be able 

to selectively amplify cAMP signals downstream of MSH that would be below the limits 

of detection of our assay.  To confirm this, a melanocyte line with non-RHC MC1R was 

grown in the presence (HMGS-3) or absence (HMGS-4) of MSH, treated with Forskolin 

for 2, 5, 10, 30, 60, 120 and 180 minutes and subjected to the cAMP Hithunter High 

Sensitivity Assay.  cAMP induction was not seen at any time point in the HMGS-

4/Forskolin-treated wells which lack MSH, however, in the presence of MSH and 

Forskolin there was a rapid and robust stimulation of cAMP which peaked with a 3 fold 
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induction at 10 minutes after treatment and was still detectable three hours post-treatment 

(figure 1a).  Similar results were seen with other melanocyte lines.  These data show that 

forskolin can be used as a selective sensor of MC1R activity in this assay. 

  

 

 

 

Figure 1a: Forskolin acts as a sensor of active MC1R signaling. 

Primary melanocytes were plated at 15,000 cells/well in 96-well plates and grown in Media 254 

supplemented with HMGS-3 (BPE/MSH+) or HMGS-4 (BPE/MSH-).  Forskolin was added to the 

wells at the indicated times before completion of the assay to a final concentration of 20uM.  

Three hours after forskolin was first added, cAMP levels were determined using the cAMP 

Hithunter HS kit from DiscoverX. 
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 Primary melanocyte lines with wildtype and varying combinations of non-RHC 

and RHC alleles of MC1R were treated with MSH and Forskolin in order to interrogate 

the activities of the different types of alleles.  In all of the lines tested that had at least one 

wildtype or non-RHC allele of MC1R, robust cAMP induction was detected (figure 1b).  

We were able to acquire only one melanocyte line with two RHC alleles of MC1R (1307-

c) and we were unable to detect cAMP induction under any conditions with this cell line. 

 

 

Figure 1b: Melanocytes with wildtype and non-RHC genotypes potently induce cAMP in 

response to MSH and forskolin while an RHC melanocyte line does not. 

cAMP was induced and measured as described.  The presence of a single RHC allele of MC1R 

does not correlate with decreased cAMP, but when both alleles are RHC, cAMP induction is 

completely lost. 
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In order to confirm that RHC alleles were loss of function, we used lentiviral 

transduction of an RFP-reporter virus to overexpress wildtype, non-RHC and RHC alleles 

in the 1307-c melanocyte line.  We tested the responses of wildtype, V60L, I155T, 

R163Q, R151C and R160W-expressing melanocytes to MSH and forskolin.  Uninfected 

cells, as well as RFP empty vector-expressing controls, showed no cAMP induction 

following treatment with MSH and Forskolin, however, lines overexpressing MC1R all 

showed varying degrees of cAMP induction following treatment.  Surprisingly, all of the 

alleles tested, including two RHC alleles, were able to activate cAMP signaling in 

response to MSH (figure 2a).  Western blots showed very high levels of overexpression 

of MC1R relative to endogenous and, generally, there was a correlation between MC1R 

expression and cAMP levels (figure 2a).  Comparing the I155T (non-RHC) and R160W 

(RHC) which showed similar levels of expression, the RHC allele had much lower cAMP 

induction suggesting a defect in signaling for the RHC allele.  On the other hand, 

wildtype and R151C (RHC) showed similar levels of overexpression and no difference in 

cAMP induction.  It has been reported that the R151C and R160W alleles of MC1R get 

stuck in the endoplasmic reticulum and that part of their signaling defect results from 

decreased cell surface expression [18].  If the main signaling defect of this allele is the 

result of decreased surface expression, overexpression of this allele could restore normal 

signaling by allowing the receptor to reach the surface while endogenous levels would 

still be defective.  Together, cAMP induction experiments on endogenous and 

overexpressed MC1R suggest that RHC alleles are defective for signaling, but that the 

receptors maintain a certain level of activity. 
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Figure 2a: MC1R overexpression restores cAMP activity in an RHC melanocyte line. 

1307-c (RHC) melanocyte line was transduced with FG12 RFP empty or FG12 RFP with the 

indicated alleles of MC1R.  RFP-expressing cells were collected by FACS and plated at 15,000 

cells/well in 96-well plates.  cAMP levels were determined as described and plotted as the fold 

change in RLU following one hour forskolin stimulation compared to unstimulated cells.  Dark 

brown bar indicates the wild type allele, light brown bars indicate  non-RHC variant and the red 

bars indicate RHC variants.  In the bottom panel, lysates were separated by SDS-PAGE and MC1R 

levels were determined using the MC1R N19 antibody. 
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 This hypothesis was also supported by experiments conducted on downstream 

signaling proteins.  Non-RHC and RHC melanocyte lines were treated with MSH or 

MSH and Forskolin and the activity of the cAMP pathway was assessed by western 

blotting for P-CREB and MiTF (figure 2b).  Despite the fact that there was not a cAMP 

response detectable by the Hithunter assay, there was increased CREB phosphorylation 

and MiTF expression in the RHC melanocytes.  The response was diminished compared 

to the non-RHC melanocytes, however, there was not a complete lack of activity of the 

receptor.   

           

Figure 2b: Although cAMP induction was below the limits of detection, MC1R RHC cells have 

an MSH response at the protein level. 

1292-c (non-RHC) and 1307-c (RHC) cells were grown in MSH-free media, stimulated with MSH 

(100nM) or MSH + forskolin (20uM) for the indicated times, and lysed as described.  Lysates 

were separated by SDS-PAGE and probed with antibodies to P-CREB (S133) and its downstream 

target, MiTF (D5). 
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 Removal of MSH from the growth media of melanocytes provided another piece 

of evidence that RHC receptors are not complete loss of function.  All standard 

melanocyte growth media contains cAMP agonists, either in the form of a non-specific 

activator of cAMP such as cholera toxin or a specific activator such as MSH, and cAMP 

signaling is required for the proliferation of primary melanocytes in culture.  Removal of 

MSH from the growth media of non-RHC melanocytes caused decreased proliferation 

and signs of autophagy (figure 2c).  This argues that these alleles are not complete loss of 

function because if this were the case, removal of the ligand would have no effect on 

these cells.  Surprisingly, not only did MSH withdrawal have a deleterious effect on these 

MC1R RHC-expressing melanocytes, but this effect was stronger than what was seen in 

melanocytes expressing wildtype or non-RHC variants of MC1R (data not shown).  This 

result suggests that non-RHC MC1R receptors provide a stronger signal than the RHC 

variant receptors even under non-stimulated conditions.  This raises the possibility that 

one important functional consequence of RHC polymorphisms is a decrease in basal 

signaling 

. 
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Figure 2c: MC1R RHC melanocytes lines are sensitive to MSH withdrawal. 

1307-c (RHC) melanocyte line was plated and grown in media supplemented with HMGS-3 

(MSH-) or HMGS-4 (MSH+).  The cell density was higher when the cells were grown in the 

presence of MSH indicating these cells grew faster relative to the cells grown in the absence of 

MSH.  Additionally, cells grown in the absence of MSH showed vacuolization, an indicator of 

autophagy (inset).  Red arrows indicate cells or groups of cells showing this vacuolar phenotype. 
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Effects of MC1R and cAMP signaling on the proliferation of normal and BRaf V600E-

expressing melanocytes 

 In order to determine if MC1R and cAMP signaling might have an inhibitory role 

specifically in the context of BRaf mutation and activation, we first wanted to determine 

the role of MC1R activity in the proliferation of normal melanocytes.  In agreement with 

published reports, we found enhanced proliferation of cultured primary human 

melanocytes in response to active cAMP signaling.  Cells were grown in the presence or 

absence of MSH or forskolin and proliferation was assessed by BrdU incorporation.  

Relative to cells grown in the absence of cAMP activating signals, BrdU incorporation 

was increased greater than two fold by activation of the endogenous receptor by MSH or 

adenylyl cyclase by forskolin (figure 3a).  To test the effect of MC1R overexpression on 

melanocyte proliferation, we infected primary melanocytes with the FG12 lentiviral 

vector with RFP alone or RFP and I155T (non-RHC) MC1R expressed from separate 

promoters.  After infection, melanocytes were diluted with the uninfected parental cell 

line and plated such that there were only one to two RFP-positive cells in each field.  

Because the RFP-positive cells were infrequent, it was possible to determine the number 

of divisions undertaken by each RFP-positive cell, by counting the number of cells in 

each colony.  Over the course of two weeks, the RFP-positive MC1R-expressing colonies 

were significantly larger than the RFP control colonies (Figure 3b).  A similar effect was 

seen when cells were transduced with wildtype or other non-RHC and RHC variants, 

however, this is not surprising given the fact that the various variants all restored cAMP 

signaling under overexpression conditions in a RHC melanocyte line (see above).  

Additionally, cells overexpressing RFP and MC1R showed significantly higher levels of 
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BrdU incorporation than RFP control cells (figure 3c).  Together these data confirm that 

MC1R and cAMP are pro-proliferative in primary melanocytes and that the steady cAMP 

induction by MC1R overexpression is highly mitogenic.  

 

 

      

Figure 3a: Activation of cAMP signaling through MC1R ligand or forskolin treatment 

enhances BrdU incorporation. 

FM-313 primary melanocytes were grown for one week in media 254 supplemented with the 

MSH deficient HMGS-4 alone, or with the addition of NDP-MSH (a more stable analog of 

MSH)(100nM) or forskolin (20uM).  Cells were BrdU pulsed for two hours, harvested and 

processed for FACS as described.  This chart indicates the percentage of BrdU-positive, 

proliferating cells. 
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Figure 3b: MC1R overexpression causes enhanced proliferation. 

884-c (RHC wt) melanocyte line was infected with FG12 RFP MC1R I115T (non-RHC).  Cells 

were diluted with parental line such that there was only one RFP-positive cell in each field of the 

microscope at 10X magnification.  Cells were observed over the course of 17 days and imaged by 

fluorescent microscopy.  While many of the colonies were of comparable size, the average colony 

size was larger when MC1R was overexpressed.  Additionally, there were a small percentage of 

colonies that were two to four times larger than the largest RFP empty vector-transduced colony. 
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Figure 3c: MC1R overexpression causes enhanced BrdU incorporation. 

1307-c (MC1R RHC) melanocytes were transduced with FG12 RFP empty, MC1R wt or MC1R 

R151C.  Cells were pulsed with BrdU for 16 hours then harvested and processed using the BD 

Pharmingen APC BrdU kit.  This graph represents the percentage of cells that are BrdU-positive. 
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 Next, we attempted to determine what role MC1R and cAMP signaling play in the 

proliferation of primary melanocytes expressing mutant BRaf (V600E).  We transduced 

primary human melanocytes with the FG12 lentiviral vector with BRaf V600E and a GFP 

reporter or GFP alone.  As in the MC1R overexpression experiments, cells were diluted 

with the non-transduced parental line and the resulting colonies were followed over the 

course of several weeks.  In agreement with published reports [28], overexpression of 

BRaf V600E inhibited proliferation of these melanocyte lines and most of the colonies 

never grew larger than one or two cells (data not shown).  When the cell cycle was 

assessed by DNA content analysis, we found an accumulation of cells with 4N DNA 

content, suggesting that these cells were arrested in G2 or mitosis (figure 4a left panel).  

We attempted to rescue this arrest by knocking down MC1R with stably expressed 

shRNAs directed against MC1R.  We were unable to confirm knockdown by western blot 

because we were never able to detect endogenous MC1R using the antibodies at our 

disposal, however, the melanocytes stably expressing the shRNAs directed against MC1R 

did not show cAMP induction following treatment with MSH and forskolin (figure 4b).  

These cells were transduced with FG12 GFP BRaf V600E and cultured in duplicate with 

the shMC1R non-transduced cells from the left panel of figure 4a.  In contrast to the cells 

in which MC1R was present and active, BRaf V600E-expressing cells did not accumulate 

with 4N DNA content when MC1R and cAMP activity was blocked (figure 4a right 

panel).  However, when we assessed the proliferation of the MC1R knockdown cells, we 

found that both GFP control and GFP BRaf V600E cells were not proliferative (data not 

shown).   Despite the fact that MC1R knockdown reversed the 4N accumulation of BRaf 

V600E-expressing cells, this experiment was not able to address the hypothesis that 
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MC1R inhibits proliferation in the context of BRaf mutation because the complete loss of 

MC1R signaling itself had a strong antiproliferative effect.  This result confirmed that 

MC1R activity is a requirement for melanocyte proliferation in culture.   

 

 

 

 

Figure 4a: Overexpression of BRaf V600E causes accumulation of cells with 4N DNA, which 

is reversed by knockdown of MC1R. 

313-c melanocytes (non-RHC) were transduced with hairpins directed against MC1R, then 

transduced with the FG12 GFP BRaf V600E vector.  Following three days of selection for 

infection with the hairpin, cells were harvested, fixed in paraformaldehyde, permeabilized with 

saponin and stained for DNA content with 7-AAD.  Cells were sorted on a FACScalibur into 

GFP- and GFP+ (BRaf V600E-expressing) populations and cell cycle analysis was performed.  

The percentages of 4N cells are indicated in the table within the plots. 

 

 

 

PI 



24 
 

 

 

 

 

 

 

 

     

Figure 4b: MC1R hairpin blocks cAMP induction. 

313-c melanocytes from the above experiment were transduced with several hairpins targeted 

against MC1R.  Cells were grown in MSH-containing media and stimulated with forskolin 

(20uM) for the indicated durations.   One hairpin (sh45), shown above, completely blocked the 

cells’ ability to make cAMP in response to forskolin. 
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Because complete knockdown of MC1R blocked proliferation, and because it 

does not accurately recapitulate the activity RHC MC1R alleles which exhibit 

diminished, but not absent signaling, we attempted to decrease cAMP levels by removing 

MSH from the media.  In these experiments, melanocytes were transduced with the GFP 

and BRaf V600E-encoding vectors, grown in the presence or absence of MSH and then 

pulsed with BrdU for 24 hours.  Because of the long BrdU pulse, we were able to 

determine not only S-phase entry, but also follow the dividing cells and measure how 

many of them progressed through the rest of the cell cycle.  In the presence of MSH, 

BRaf V600E overexpression caused accumulation of cells with 4N DNA content and the 

majority of cells that had incorporated BrdU did not progress through the remainder of 

the cell cycle.  When these cells were cultured in the absence of MSH, the total BrdU 

incorporation was diminished and there was still an accumulation of cells with 4N DNA 

content, however, this was attenuated and there was a population of cells that 

incorporated BrdU but had progressed through the cell cycle and had 2N DNA content 

(figure 5).  This result suggested that MC1R signaling cooperated with BRaf activity to 

induce a G2/M arrest.  However, this result was not reproduced in several other 

melanocyte cell lines and we do not believe that, in most cases, the loss of ligand 

activation of MC1R is sufficient to enhance the proliferation of BRaf V600E-expressing 

primary melanocytes. 
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Figure 5: Withdrawal of the MC1R ligand can enhance G2/M progression of a BRaf V600E-

expressing melanocyte line 

837-c melanocytes infected with FG12 GFP or GFP BRaf V600E and grown for one week in 

media 254 supplemented with HMGS-3 (MSH+) or HMGS-4 (MSH-).  Cells were pulsed with 

BrdU for 20 hours, ethanol fixed and processed for BrdU incorporation.  Cells were gated for 

GFP positivity and assessed for DNA content and BrdU positivity. 

 

 

PI 
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Discussion 

  The precise degree and mechanism of loss of function in MC1R RHC alleles is a 

topic that has received a great deal of attention and yet remains somewhat of an open 

question.  Published reports have shown that endogenous MC1R RHC alleles show 

decreased cAMP signaling, but that they are capable of producing cAMP upon 

overexpression [17].  We have shown that a primary human melanocyte line in which 

both MC1R alleles are RHC variants has severely reduced capacity to induce cAMP 

relative to melanocyte lines harboring wildtype or non-RHC variants of MC1R.  

Confirming published reports, robust cAMP induction could be induced in this cell line 

when MC1R was overexpressed.  All of the MC1R alleles that we tested were capable of 

inducing cAMP, including non-RHC and RHC variant alleles.  This confirms the 

hypothesis that these variant receptors are defective, but not loss of function with respect 

to cAMP signaling.  The genetics of MC1R variability also suggest that MC1R variants 

are not complete loss of function.  There are over 50 cataloged polymorphisms in the 

MC1R gene, but very few of these polymorphisms result in premature stop codons.  This 

suggests that complete loss of function may be evolutionarily disadvantageous and that 

whatever cAMP signaling is retained in the RHC variants may serve an important 

physiological role.  Experiments aimed at understanding the role of MC1R signaling in 

normal melanocyte growth also suggested that complete loss of MC1R activity has 

deleterious effects in melanocytes.  When MC1R was knocked down using stable shRNA 

expression, we found a near complete block in melanocyte proliferation.  However, it 

should be noted that primary melanocytes in vivo are not highly proliferative and the anti-
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proliferative effect of complete MC1R loss in cultured primary melanocytes may or may 

not reflect the effects of complete loss of function of MC1R in vivo. 

 

 Experiments in which we grew various melanocyte lines in the absence of MSH 

suggest that one key difference between MC1R RHC and non-RHC variants may be at 

the level of basal signaling.  In these experiments, cells expressing RHC and non-RHC 

variants grew more slowly in the absence of MSH, however, this effect was much 

stronger in cells that were compound heterozygous for RHC alleles as opposed to cells 

with wildtype or non-RHC alleles of MC1R.  That the RHC cells showed a phenotypic 

effect following withdrawal of MSH suggests that the RHC receptors are still activated to 

some degree by ligand binding and the fact that this phenotypic effect was stronger in the 

RHC lines than in the non-RHC lines suggests that basal signaling may be lower in cells 

with RHC alleles.  Repeats of this experiment with more RHC melanocyte lines could 

confirm this hypothesis.   

 

  Basal signaling by MC1R may be one of the confounding factors in our 

experiment aimed at understanding the role of cAMP and MC1R signaling in the early 

stages of BRaf V600E-induced melanoma.  In these experiments, BRaf caused a 

complete block in proliferation and this was usually associated with accumulation of cells 

with 4N DNA content.  We hypothesized that the activity of MC1R may cooperate with 

BRaf activity in causing this cell cycle block.  In one cell line, we found that removing 

the MSH from the growth media seemed at attenuate this G2/M cell cycle arrest, 
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however, this was not reproducible from cell line to cell line.  There are many 

confounding genetic factors that may contribute to differing phenotypic responses to 

BRaf expression and MSH withdrawal, but one appealing explanation is that the cell line 

that responded to MSH withdrawal with a decreased cell cycle arrest may have had less 

basal MC1R signaling and cAMP production relative to the cell lines in which MSH 

removal had no effect.  This cell line was not MC1R RHC, so it is not immediately clear 

why it would have had less basal cAMP signaling than the other non-RHC melanocyte 

lines that we tested.  Ideally, we would have liked to compare a RHC melanocyte line’s 

response to BRaf V600E and MSH withdrawal, however, we were only able to obtain 

one RHC melanocyte line, and this line stopped reached replicative senescence before we 

had the opportunity to attempt this experiment.  We did attempt to compare the rates of 

BrdU incorporation between that cell line and a non-RHC cell line in the presence of 

MSH and BRaf V600E overexpression (data not shown).  In this experiment, the RHC 

cells did not show higher levels of BrdU incorporation than the non-RHC cells, however, 

even in the absence of BRaf V600E overexpression, the rates of proliferation and BrdU 

incorporation were very low in the RHC melanocytes, making a direct comparison to 

other melanocyte lines uninformative.   

 

This underscores one of the fundamental difficulties of trying to determine the 

role of MC1R in the context of BRaf mutation in primary melanocytes.  Because each 

line came from a separate individual with a unique genotype, it is unlikely that 

phenotypic differences between the melanocyte lines results solely from MC1R 

genotype.  Although certain very specific phenotypes such as cAMP induction following 
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MSH and forskolin stimulation are likely to reflect MC1R genotype alone, it cannot be 

ruled out that other players in the cAMP pathway such as adenylyl cyclase or one of the 

phosphodiesterases were different between these cell lines.  For these studies to have any 

power with respect to more complex phenotypes such as proliferation, we would need a 

much larger panel of melanocytes, and particularly melanocytes with RHC alleles of 

MC1R.  As an alternative to comparison across different cell lines, we attempted to 

modulate the activity of MC1R by MC1R knockdown, MC1R overexpression and MSH 

withdrawal, allowing us to compare phenotypic responses to altered cAMP signaling in 

isogenic cell lines.  However, none of these approaches allowed us to accurately model 

cAMP signaling from MC1R RHC alleles.  Additionally, the particular cocktail of 

mitogens and growth factors that is required to maintain proliferating melanocyte cultures 

may influence the interaction between the cAMP and BRaf/MAPK pathway, further 

confounding the results.   

 

Our results support published reports that MC1R RHC alleles are defective, but 

not complete loss of function for cAMP signaling.  Additionally they suggest that basal 

MC1R signaling may be a point of divergence between RHC and non-RHC alleles.  

While our results clearly indicate that MC1R and cAMP signaling stimulate proliferation 

in primary melanocytes in culture, they are less clear about the role of MC1R in the 

context of BRaf mutation and early melanoma development.  Because cultured 

melanocytes proved to be a very difficult system for addressing these key questions about 

the role of MC1R and cAMP signaling in early melanoma development, we switched to 

melanoma cell lines in order to determine the role of these pathways in cells that had 
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already reached malignancy.  In chapter II I will discuss the results of these studies and 

what they might imply about the role of MC1R and cAMP in early melanoma 

development. 
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Chapter II: 

MC1R and cAMP Signaling Inhibit cdc25B Activity and Delay Cell 

Cycle Progression 
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Introduction 

 cAMP signaling has been associated with many different cellular phenotypes 

including differentiation, motility, proliferation and cell cycle arrest.  cAMP can induce 

proliferation in many cell types including melanocytes (as shown in chapter I), other 

primary cell types and some cancer cell lines [30-34].  The pathways that are associated 

with this proliferative role of cAMP are diverse and include the canonical PKA pathway, 

MAPK, PI3K/AKT and the cAMP-responsive small GTPase Rap1 [23, 35-37].  

Intriguingly, in different cell types, some of these same pathways can serve an 

antiproliferative function [33, 38, 39] and cAMP pathways have been shown to have anti-

tumor activity in a broad array of malignancies from leukemia to colon cancer [40, 41]. 

 

 Within the context of melanoma, there exist several known mechanisms by which 

cAMP and the activities of its downstream pathways can impinge on tumor phenotype.  

Within the canonical MC1R pigmentation pathway, MiTF has been reported to have 

diverse roles with respect to melanoma proliferation, survival and differentiation [42-45].  

PKA itself is thought to be an important player and decreased activity of the R2 

regulatory subunit is a common event in melanoma [39].  Another key pathway and 

output of PKA activity is inhibition of the Ras/MAPK pathway.  Activation of the 

ras/MAPK pathways is thought to be one of the key events in melanoma development 

and cAMP and PKA signaling can block the activity of this pathway through inactivation 

of Raf-1 [46, 47].  Underscoring the important inhibitory role of cAMP in this pathway, it 
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has been shown that ras-mutant melanomas rewire their downstream signaling to avoid 

cAMP’s inhibitory effects on the pathway [24, 25].    

 

 Given the fact that decreased MC1R activity is a strong risk factor for melanoma 

and that cAMP signaling has been shown to impact on many of the key pathways 

influencing melanoma, we reasoned that MC1R might directly influence proliferation and 

cell cycle arrest in melanoma.  In order to test this hypothesis, we evaluated the effects of 

MC1R overexpression, ligand stimulation and direct activation of the cAMP pathway by 

small molecule inducers of cAMP. 
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Results 

MC1R and cAMP signaling inhibit melanoma cell cycle progression 

 To test whether MC1R and cAMP signaling can serve a direct inhibitory role in 

melanoma through their downstream effectors, we assessed the roles of MC1R and the 

adenylyl cyclase agonist forskolin on the growth of melanoma cultures.  MM485 cells 

stably expressing an inducible, GFP or GFP-tagged MC1R were diluted with the parental 

non-GFP-expressing cell line, plated at low density in 6-well plates and treated with 

doxycycline or doxycycline plus the MC1R ligand MSH.  Every two days, duplicate 

wells were trypsinized and counted.  After counting, cells were analyzed by flow 

cytometry to determine the percentage of GFP-positive cells.  Following twelve days of 

growth in the presence of doxycycline, the GFP control cells showed only a slight 

decrease in percentage GFP positivity (-3.15% and -1.65% for dox. and dox.+MSH 

respectively).  Conversely, the percentage of GFP-MC1R-expressing cells decreased with 

each time point and this effect was enhanced by treatment with MSH (-12.1% and -16.9% 

respectively) (figure 1a), suggesting that the MC1R-expressing cells grew at a slower rate 

than the parental line and that increased activation of the receptor by ligand stimulation 

increased this growth defect.  For the first four timepoints, cells were counted before flow 

cytometry and the total numbers of GFP-positive and GFP-negative cells were calculated 

and growth curves generated (figure 1b).  MSH treatment revealed a non-significant trend 

towards decreased cell number in uninfected GFP- cells and in the GFP vector control 

GFP+ cells.  However, MSH treatment in the context of MC1R overexpression led to 

decreased total cell numbers which reflected a decrease specifically in the number of 

GFP+ cells.  One concern with this type of experiment is that the decrease in GFP+ cells 
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in the MC1R wells resulted from cells losing the virus or expression from the virus under 

conditions where there is no positive selection.  If this were the case, the decrease in 

GFP+ cells would be matched by an increase in GFP- cells.  Importantly, the numbers of 

GFP- cells were nearly identical in the GFP and GFP-MC1R wells, proving that MC1R 

activity, specifically in the context of ligand activation, put these melanoma cells at a 

selective disadvantage.   

 

    

Figure 1a:  MC1R expression is selected against in an RHC melanoma cell line. 

MM485 (MC1R RHC) cell line was stably transduced and selected for expression of GFP or 

GFP-tagged MC1R wildtype under doxycycline control then diluted with the parental (MM485 

tet on) cell line.  Cells were cultured for 12 days with daily replacement of media containing 

doxycycline with or without MSH.  Every two to three days, cells were harvested by 

trypsinization and the percentage of GFP-positive cells was assessed by live cell flow cytometry.  

At each time point, the measurement represents the average of a technical replicate with the error 

bars representing one standard deviation from the mean. 
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Figure 1b: MC1R expression causes decreased proliferation in an RHC melanoma line. 

The same cells from figure 1a were counted by hemacytometer before flow cytometry.  The upper 

panel represents the total number of cells in each well at the indicated time points.  To increase 

accuracy, a total of ten grids were counted for each well and each timepoint is made up of two 

technical replicates. To determine the number of GFP- and GFP+ cells in each well, the total 

number of cells was multiplied by the fraction of GFP- or GFP+ cells as determined by flow 

cytometry (Figure 1a).  Error bars represent the standard deviation derived from the standard 

deviations of total cell number and the fraction of GFP+ cells. 
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To determine if this effect could be recapitulated by cAMP signaling alone, the 

non-transduced parental cells were plated at low density and treated daily with DMSO or 

forskolin.  Figure 1c shows that following seven days of treatment, the forskolin-treated 

wells showed 20% as many cells as the DMSO controls.  This experiment was repeated 

in several different melanoma lines including A375, MM370, MM415 and MM200.  In 

all of the lines tested, we found decreased cell number following forskolin treatment, 

although the magnitude of this effect varied from cell line to cell line with only a 

marginal effect in A375 (80% of control), an intermediate effect in MM370 and 415 

(58% and 37% respectively) and a complete suppression with MM200 (13%).  No 

obvious apoptosis or cell death was seen in the wells.  Additionally, the forskolin effect 

was attenuated when the cells were treated only every other day, suggesting that the 

changes in cell number were caused by a cytostatic or antiproliferative effect of cAMP 

signaling as opposed to a pro-death effect.  
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Figure 1c: Forskolin inhibits the proliferation of melanoma cell lines. 

A panel of melanoma cell lines was treated daily with forskolin (50uM).  Cells were collected and 

counted by hemacytometer every 48 hours.  Each data point represents the mean of technical 

replicates and the error bars represent one standard deviation from the mean. 

 

To determine whether the effect of upregulated MC1R and cAMP signaling was 

related to cell cycle inhibition, inducible GFP or GFP-MC1R cell lines were 

synchronized by thymidine double block and released in the presence or absence of 

doxycycline and MSH.  Compared to uninduced controls, MC1R-expressing cells 

showed a slight delay in progression through the cell cycle with a 5% increase in cells 

accumulating with 4N DNA (Figure 2a).  This delay in cell cycle progression was 

increased by MSH treatment in both GFP and GFP-MC1R-expressing cells, although to a 
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greater extent in the MC1R expressing cells.  To ensure that this effect was the result of 

cAMP upregulation by MC1R, we tested forskolin’s ability to cause this delay in cell 

cycle progression.  Synchronized cells released in the presence of forskolin showed a 

three hour delay in cell cycle progression relative to DMSO-treated cells with a large 

proportion of the cells accumulating with 4N DNA content (figure 2b). 

                                        

                            

Figure 2a: MC1R overexpression causes delayed cell cycle progression. 

The cells from figure 1a,b were synchronized by thymidine double block and released in the 

presence or absence of doxycycline.  Six hours post-release, MSH was added to half of the wells.  

Cells were trypsinized and fixed in 70% ethanol at the indicated time points.  Propidium iodide 

staining was used to ascertain cell cycle profiles.  Gating was used to determine the percentage of 

4N cells which is graphically represented in the bottom panel. 

PI 
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Figure 2b: Forskolin causes delayed cell cycle progression. 

MM370 cells were synchronized and released in the presence of DMSO or forkoslin (50uM).  

Cells were collected and fixed in 70% ethanol at the indicated time points after release.  DNA 

profile was visualized by propidium iodide staining. 
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 In other systems, cAMP signaling can delay entry into S-phase, in part through 

inhibition of the MAPK cascade[24, 48, 49].  In all of the melanoma lines we tested, 

delayed progression through the cell cycle was not associated with delayed rates of S-

phase entry (Figure 3a).  Forskolin treatment did cause decreased MAPK signaling in N-

Ras, but not BRaf mutant cell lines, however, this change in MAPK pathway activity was 

not correlated with delayed entry into S-phase.  To confirm that the cAMP-induced cell 

cycle delay was not caused by inhibition of S-phase entry, synchronized cells were 

treated with forskolin seven hours post-release when the population of cells was reaching 

the end of S-phase.   A similar but more pronounced delay in cell cycle progression was 

seen following delayed stimulation and the cell cycle delay extended to four hours or 

longer (Figure 3b).   These results were repeated with several different cAMP agonists 

including physiological activators of MC1R and cAMP signaling (MSH) and inhibitors 

of cAMP antagonists (IBMX).  All of these cAMP agonists caused delayed cell cycle 

progression that was not associated with delayed entry into S-phase (figure 4).  Of note, 

and confirming previous reports that cAMP levels can be uncoupled from receptor 

signaling in melanoma cell lines [24], activation of endogenous signaling through MSH 

treatment had only a modest effect on cell cycle delay, however, this delay was increased 

almost to the level seen with forskolin treatment when MSH was combined with IBMX.  

Also, because we saw the most robust effect following treatment with forskolin, we used 

forskolin treatment in order to interrogate the mechanism for this delayed cell cycle 

progression in the following experiments. 
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Figure 3a: Forskolin does not affect S-phase entry, regardless of effects on MAPK activity. 

MM370 (BRaf V600E; MC1R non-RHC) and MM485 (N-Ras Q61R; MC1R RHC) cell lines 

were synchronized by thymidine double block and released in the presence of DMSO or 

Forskolin.  Lysates were collected at the indicated time points and duplicate wells were 

trypsinized and ethanol-fixed at four, six and eight hours post-release.  Protein levels were 

determined by western blot and cell cycle profiles were determined by propidium iodide staining. 
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Figure 3b: Treatment with forskolin enhances delayed cell cycle progression when added 

during late S-phase. 

MM370 cells were synchronized and released with DMSO, forskolin (50uM) or without 

stimulation.  Unstimulated cells were treated with forskolin seven hours after release at which 

time all of the dividing cells had entered and reached the end of S-phase.  Cells were collected at 

indicated time points, fixed in 70% ethanol and the cell cycle profiles were determined by 

propidium iodide staining.    

 

PI 
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Figure 4: Multiple activators of MC1R and cAMP signaling cause delayed cell cycle 

progression. 

Cells were synchronized by thymidine double block and released into normal media.  Seven 

hours post –release, cells were treated with indicated stimuli (MSH at 100nM, IBMX at 10um, 

forskolin at 50uM).  Cell cycle profiles were determined by propidium iodide staining.  4N cells 

were gated and quantified in the bottom panel. 

PI 
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cAMP signaling leads to a defect in mitotic entry 

 Because the delay in cell cycle progression was manifested as an accumulation of 

cells with 4N DNA content and did not require the presence of the cAMP agonists during 

G0, G1 or S-phases, we reasoned that the delay was the result of a defect in either mitotic 

entry, mitosis itself or cytokinesis.  To determine whether the accumulation of cells with 

4N DNA was the result of a defect in mitotic entry, cells were synchronized and released 

in the presence of DMSO or forskolin, or treated with forskolin seven hours post-release 

(forskolin 7hrs).  Fixed cells were stained for phospho-histone H3 S10 (a marker of 

condensed chromatin and mitosis) and DNA content.  Twelve hours post-release, DMSO, 

forskolin and forskolin 7hr-treated cells had similar numbers of 4N cells, however, 

DMSO-treated cells had a 4-7.6-fold higher percentage of phospho-H3-positive cells 

(Figure5a).  At 14 hours, nearly half of the DMSO-treated cells had completed the cell 

cycle and a high percentage of the remaining 4N cells were mitotic (4.5%H3/33.2%4N).  

The cells that were released in the presence of forskolin also showed a high number of 

mitotic cells and had begun to complete the cell cycle, however, the cells that were 

treated with forskolin at the completion of S-phase still had a low percentage of mitotic 

cells (1.5%H3/64.3%4N) and none of the cells had completed the cell cycle.  The 4N 

Mitotic Fraction was determined by dividing the number of mitotic cells by the total 

number of cells with 4N DNA content.  Relative to DMSO-treated cells, the 4N mitotic 

fraction increased and peaked with a 2-hour delay in cells released in the presence of 

forskolin and a 4 hour delay in cells treated with forskolin at the G2/M transition.  This 

delay in phospho-H3 staining strongly suggests that the delay in cell cycle seen upon 

forskolin treatment was caused by delayed entry into mitosis.  Additionally, the fact that 
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the cells treated with forskolin at the end of mitosis still showed this delay in mitotic 

entry confirms that the mitotic delay is not dependent on S-phase entry.  We believe that 

the prolonged duration of mitotic entry delay associated with later forskolin treatment 

reflects the kinetics of cAMP (figure 1b) and suggests that the effect on cell cycle delay is 

strongest when cAMP levels peak during late S-phase or G2.  

 

 

 

Figure 5a: Forskolin treatment delays mitotic entry. 

Synchronized cells were released in the presence of DMSO or forskolin (50uM) or treated with 

forskolin seven hours post-release.  The percentage of mitotic cells was determined by gating on 

the APC-P-H3-positive population and quantified to the right.  The 4N mitotic fraction is a 

measure of the percentage of 4N cells that are actively mitotic and is quantified on the bottom 

right. 
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Entry into mitosis is controlled primarily by the G2/M checkpoint proteins 

cyclinB and CDK1.  Like other checkpoint kinases, CDK1 activity requires binding to its 

cyclin partner, however, CDK1 must also be dephosphorylated at two key inhibitory 

residues (T14 and Y15) to become fully active.  To test whether this checkpoint complex 

was inhibited by forskolin treatment, lysates from synchronized cells were probed for 

levels of phospho-CDK1 Y15.  In DMSO-treated cells, the levels of P-CDK1 decreased 

between 12 and 14 hours when the cells show increased mitosis.  In forskolin-treated 

cells, CDK1 remained highly phosphorylated past the 16 hour time point (figure 5b).  

CyclinB levels were comparable at early timepoints, however, in forskolin-treated cells, 

cyclinB reached higher levels and these levels decreased more slowly.  CyclinB is 

degraded after the metaphase to anaphase transition and these increased levels of cyclinB 

serve as another marker of delayed mitosis.  

 

Figure 5b: CyclinB1 levels and CDK1 activity are dysregulated by forskolin treatment. 

MM485 cells were synchronized, released in the presence of DMSO or forskolin (50uM), lysed 

and separated by SDS-PAGE.  Forskolin-treated cells show delayed dephosphorylation of CDK1 

and degradation of cyclin B1, both of which are markers for delayed mitosis. 
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Cdc25C is downregulated by forskolin-treatment, but is not responsible for mitotic 

entry defect 

 Dephosphorylation and activation of CDK1 is regulated by the dual –specificity 

phosphatases cdc25B and cdc25C.  As key regulators of the G2/M checkpoint, the cdc25 

proteins are also tightly regulated by a variety of phosphorylation events.  Cdc25C 

requires multiple phosphorylation events in the N-terminus in order to obscure a nuclear 

export sequences and allow it to localize to the nucleus where it is thought to 

dephosphorylate the majority of the CDK1.  Additionally, cdc25C must be 

dephosphorylated at ser216, a target of CHK1, and a binding site for 14-3-3 proteins 

(figure 6a).  Phosphorylation at this site causes association with 14-3-3 proteins and 

sequestration in the cytoplasm.  Recent studies in Xenopus have shown that the 

orthologous site can also be a target of PKA and plays an important role in the 

resumption of meiosis [50, 51].  To test cdc25C activity, the activating phosphorylations 

were assayed by western blot.  The active, mitotic form of cdc25C appears as a mobility-

shifted band running at a slower rate than dephosphorylated cdc25C.  Cells were 

synchronized and released in nocodazole with DMSO or forksolin.  Forskolin treated 

cells showed delayed accumulation of mitotic cdc25C (figure 6a).  However, this delayed 

phosphorylation could simply be another marker of delayed mitotic entry as opposed to a 

direct result of cAMP or PKA activity.  To test whether cAMP signaling inactivates this 

protein directly, we probed for phospho-ser 216.  Forskolin-treatment did not lead to 

increased levels of inhibitory phosphorylated cdc25c, and instead resulted in decreased 

phospho- S216 (figure 6a).   
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Figure 6a: Cdc25C activity is delayed by forskolin treatment, but inhibitory phosphorylation 

is not increased. 

Cdc25C activity is regulated by activating phosphorylations on its nuclear export sequence (top 

panel-green) and inhibitory phosphorylation (top panel-red), a reported target of DNA damage, 

stress and, in meiosis, PKA.  MM370 cells were synchronized and released into nocodazole with 

DMSO or forskolin.  Lysates were separated by SDS-PAGE and the active, poly-phosphorylated 

form of cdc25C was visualized by total cdc25C antibody as a slower-running, mobility-shifted 

band (middle panel).  To test inhibitory phosphorylation, MM370 cells were synchronized, 

released in DMSO or forskolin, lysed and separated as described.  Total and P-cdc25C S323 were 

probed (bottom panel).   
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The decreased levels of phospho-S216 showed a strong correlation to the total 

protein levels of cdc25C, which were also decreased by forskolin treatment.  This 

downregulation of cdc25C levels was also found at the RNA level by QPCR (figure 6b).   

 

 

 

Figure 6b: Cdc25C is inhibited at the RNA and protein levels. 

MM370 cells were synchronized and released into DMSO or forkolin (50uM).  At the indicated 

timepoints, duplicate wells were lysed or pelleted for RNA extraction.  Lysates were subjected to 

SDS-PAGE and probed with total cdc25C antibodies.  Cdc25C mRNA levels were determined by 

qPCR. 
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To test the possibility that forskolin causes a delay in mitotic entry by decreasing 

levels of cdc25c, GFP-reporter cdc25C constructs were used to transfect a melanoma cell 

line.  Because there was only 28% transfection efficiency, we were able to sort between 

cdc25C (GFP) positive, and control cells within a single well, adding a valuable internal 

control.  Overexpression of cdc25C did not rescue the mitotic-entry defect despite the 

fact that the total levels of cdc25C were significantly higher and no longer downregulated 

by forskolin treatment (figures 6c,d).  In a duplicate experiment, we found that increased 

levels of cdc25C did not impact the levels of phospho-CDK1.  Together, these data 

suggest that, in human melanoma cell lines, the cAMP-dependent mitotic entry delay is 

not mediated by inhibition of cdc25c activity.  
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Figure 6c: Cdc25C overexpression does not rescue mitotic entry delay. 

MM370 cells were transfected with FG12 GFP empty and cdc25C.  Cells were synchronized as 

described and released into DMSO or forskolin (50uM).  Cells were trypsinized and fixed in 2% 

PFA every three hours.  DNA content was determined by 7-AAD staining. 

 

 

PI 
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Figure 6d: Overexpressed cdc25C is not phosphorylated and inhibited by forskolin 

treatment, however, it does not activate CDK1 

Lysates were collected from duplicate wells from the experiment in 6c and separated by SDS-

PAGE.  Despite increased levels of cdc25C, there is no increased P-cdc25C (top panel).  Because 

the percentage of cdc25C-overexpressing cells was low in the experiment shown in figure 6c and 

figure 6d (top panel), it was not possible to determine what effect cdc25C overexpression might 

have on CDK1 phosphorylation.  To increase the percentage of cdc25C-positivity, MM370 cells 

were transduced with virus made from FG12 GFP empty or cdc25C.  The percentage of GFP-

positive cells following transduction was over 50%.  These cells were synchronized, released into 

DMSO or forskolin and cells were fixed and lysed at the indicated time points.  Cell cycle 

analysis showed no effect as in figure 6c (data not shown).  Lysates were separated by SDS-

PAGE and probed with indicated abs.  Although, this is not a pure population of cdc25C-

overexpressing cells, if there was an effect on CDK1 phosphorylation, it should be apparent in 

this western blot. 
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Cdc25B is phosphorylated by forskolin treatment and PKA 

 Paradoxically, although cdc25C is thought to dephosphorylate and activate the 

majority of CDK1, it requires phosphorylation by CDK1 in order to become active itself.  

It is thought that cdc25B dephosphorylates and activates this initial pool of CDK1 and 

serves as a trigger for mitotic entry.  Like cdc25C, cdc25B has an inhibitory 

phosphorylation site (ser 323) that causes binding to 14-3-3 proteins, is a target of CHK1 

and has been demonstrated to be phosphorylated and inhibited by PKA causing delayed 

meiotic resumption in mice[52, 53].  Using phospho-specific antibodies to ser323 we 

found that forskolin treatment of synchronized cells led to increased cdc25B 

phosphorylation which showed a positive correlation with P-CDK1 (Y15) levels and 

delayed entry into mitosis (figure 7a). 
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Figure 7a: Forskolin-induced cdc25B phosphorylation is associated with increased P-CDK1 

and delayed progression through the cell cycle. 

MM485 cells were synchronized, released and treated with DMSO or forskolin 7 hours post-

release.  Cells were lysed or ethanol-fixed in duplicate at the indicated time points.  In the upper 

panel, lysates were separated by SDS-PAGE and probed with indicated antibodies.  In the bottom 

panel, cell cycle profiles were determined by propidium iodide staining followed by flow 

cytometry. 

PI 
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   To determine whether cdc25B could be a direct target of PKA, GST-tagged 

cdc25B was expressed in 293FT cells and purified on glutathione beads.  Basal cdc25B 

phosphorylation was removed by calf intestinal phosphatase treatment and purified 

protein was either left untreated or incubated with recombinant PKA for one hour.  The 

protein was run on an SDS-PAGE gel and probed for P-cdc25B.  In CIP treated or 

untreated wells, a massive increase in cdc25B phosphorylation was seen in PKA treated 

wells, confirming that cdc2B can be phosphorylated at S323 by PKA in vitro (figure 7b).  

 

         

Figure 7b: PKA phosphorylates cdc25B S323 in vitro. 

As described in the main text and experimental methods, GST-tagged cdc25B was purified from 

293FT cells, CIP-treated and incubated with 2,500 units of PKA for 1.5 hrs.  Protein was 

separated by SDS-PAGE and probed with indicated antibodies. 
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It has been reported that phosphorylation at this residue leads to 14-3-3 binding 

and cytoplasmic sequestration [54].  To test the effects of cAMP on subcellular 

localization, cells were transfected with doxycycline inducible GFP-tagged cdc25B or 

GFP-tagged cdc25B S323A.  Cells were synchronized and released with doxycycline and 

DMSO or forskolin and subcellular localization was determined by live cell fluorescence 

imaging (figure 7c).  Wildtype cdc25B initially showed a mix of cytoplasmic and nuclear 

localization.  By 10 hours post-release, the DMSO-treated cells showed predominantly 

nuclear fluorescence, however, the forskolin-treated cells showed primarily cytoplasmic 

cdc25B.  Like wildtype, the S323A mutant of cdc25B showed primarily nuclear 

fluorescence following DMSO treatment, however, forskolin treatment had no effect on 

the localization of the mutant.  Western blotting showed that cytoplasmic localization 

correlated with phosphorylation at S323 (data not shown).  Together these data show that 

cdc25B becomes phosphorylated in the presence of cAMP signaling, that this 

phosphorylation can be carried out directly by PKA and that it results in mislocalization 

of cdc25B to the cytoplasm during the G2/M transition.     
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Figure 7d: Forskolin treatment causes prolonged cytoplasmic localization of cdc25B during 

G2. 

MM370 tet on cells were transfected with inducible, GFP-tagged cdc25B, synchronized and 

released in the presence of DMSO or forskolin (50uM).  Subcellular localization was observed 

and photographed at various time points after release.  At eight hours post-release, cdc25B 

showed a mix of cytoplasmic and nuclear staining that shifted towards nuclear in DMSO –treated 

wells by ten hours post-release (data not shown).   

 

 

Restoring cdc25B activity rescues forskolin-induced delay in mitotic entry 

 To determine if forskolin’s effect on mitotic entry was mediated by inhibition of 

cdc25B activity, we overexpressed GFP-tagged cdc25B and cdc25B S323A and assessed 

cell cycle progression following forskolin stimulation.  Prolonged high-level expression 

of cdc25B or its mutant caused mitotic defects (data not shown) so a doxycycline-
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inducible system was utilized in order to control the levels and timing of cdc25B 

expression.  A mixed population of MM370 tet-on and MM370 tet-on pLVX GFP-

cdc25B or -cdc25B S323A were synchronized by thymidine double block, released in the 

presence of doxycycline and treated at five hours post-release with DMSO or forskolin to 

a final concentration of 50uM.  Because these cells were a mixed population we were 

able to compare the cell cycles of cdc25B overexpressing (GFP+) and normal (GFP-) 

cells in the same well.  Cdc25B wt and S323A caused rapid progression through the cell 

cycle in the presence of DMSO with fewer 4N cells at 10 hours post-release than 

uninfected counterparts (figure 8a).  However, cdc25B wildtype was unable to rescue the 

forskolin-induced cell cycle delay and cdc25B-expressing cells showed a similar 

percentage of 4N cells as the non-expressing cells at 10 and 12-hours post-release.  

Cdc25B S323A, on the other hand, was able to rescue the forskolin effect and cdc25B 

S323A-expressing cells did not show delayed cell cycle progression following forskolin 

treatment.  The effects of cdc25B wildtype and S323A on 4N DNA content were 

mirrored by their effects on mitotic entry.  Following DMSO treatment, cdc25B wildtype 

or mutant expression caused P-H3 levels to begin to peak two hours earlier than in 

uninfected cells (figure 8b).  Following forskolin treatment, wildtype cdc25B-expressing 

cells lost this premature mitosis entry, however, they did show enhanced mitosis relative 

to the uninfected, forskolin-treated cells.  We analyzed the levels of GFP in this 

population of P-H3-positive cells and found that in the cdc25B wildtype, but not S323A 

mutant, there was a 2-fold increase in median fluorescence intensity of the forskolin 

treated cells relative to the DMSO treated cells at the eight and ten hour timepoints 

(figure 8c).  At these time points, there was no difference in the median fluorescence 
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intensity in the total population of GFP+ cells.  This suggests cdc25B’s ability to drive 

mitosis is subject to regulation by cAMP and PKA but that the cells that expressed the 

highest levels of cdc25B were able to overwhelm PKA’s ability to inhibit it.  Cdc25B 

S323A expression was able to induce premature mitotic entry even in the presence of 

forskolin and the P-H3 curves look identical following DMSO or forskolin treatment. 

 

Western blots on lysates from these experiments showed enhanced 

phosphorylation of the GFP-tagged wildtype cdc25B in the presence of forskolin relative 

to DMSO and no phosphorylation of the S323A mutant regardless of the stimulation 

(figure 8d).  Western blots showed decreased P-CDK1 in conditions where there was 

increased activity of cdc25B (data not shown), however, because the lysates represented a 

mixed population of cdc25B-overexpressing and normal cells, P-CDK1 levels do not 

accurately reflect cdc25Bs ability to decrease CDK1 phosphorylation.  Flow cytometry 

was used to assess CDK1 phosphorylation levels specifically in the cdc25B-expressing 

cells.  Cdc25B-expressing cells showed a shift towards lower CDK1 phosphorylation in 

DMSO-, but not forskolin-treated conditions (figure 8e).   In cdc25B S323A-expressing 

cells, there was an even more pronounced effect on CDK1 dephosphorylation and this 

was not altered by treatment with forskolin.  
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Figure 8a: Expression of cdc25B S323A rescues the forskolin-induced delay in mitotic entry 

and cell cycle progression. 

MM370 tet on GFP-cdc25B or GFP-cdc25B S323A cells were synchronized and released in the 

presence of DMSO.  Five hours post-release, cells were stimulated with DMSO or forskolin to a 

final concentration of 50uM.  Although these were stably selected cells, approximately 70% of 

the cells were GFP-positive by the end of the assay so there was an internal control of GFP- 

cdc25B-non-expressing cells (gray lines) within each well.  Cells were harvested and fixed in 

ethanol as described.  Cells were stained for DNA content with propidium iodide and for mitosis 

with P-H3 (figure 8b)   
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Figure 8b: Cdc25B drives rapid progression into mitosis and through the cell cycle in the 

absence of inhibitory phosphorylation. 

These graphs quantify the data presented in figure 8a.  The top panel is the gated percentage of 

cells with 4N DNA content.  The bottom panel represents the percentage of cells with positive P-

H3 staining. 
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Figure 8c: At early timepoints, only high level-expression of cdc25B can drive mitotic entry 

in the presence of forskolin. 

Using the same data from figure 8a,b, we gated on the P-H3 positive cells and determined the 

levels of GFP intensity within that population.  In the dot plots and histograms in the upper panel 

(10 hours post-release), there is a shift towards higher GFP fluorescence, which corresponds to 

cdc25B expression, in the forskolin-treated cells.  This shift was not seen in cdc25B S323A-

expressing cells.  The bottom left panel represents the ratio of median fluorescence intensity of all 

GFP-positive cells in forskolin-treated wells versus DMSO-treated wells.  The lower right panel 

quantifies the same ratio, but only in the GFP+/P-H3+ wells. 
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Figure 8d: Cdc25B wildtype, but not S323A, is highly phosphorylated following forskolin 

treatment. 

Western blots from duplicate wells from the experiment descried in 8a,b,c were performed as 

described.  The relative levels of cdc25B/and Pcdc25B were quantified in the bar graph below the 

overlay.  GFP (total cdc25B) is represented by the green bands and bars and P-cdc25B is 

represented by the red bands and bars. 
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Figure 8e: Cdc25B decreases phosphorylation of CDK1 Y15 only when it is not 

phosphorylated at S323. 

Duplicate wells from the above experiment were fixed in 4% PFA for ten minutes, permeabilized 

with methanol and stained with antibodies to P-CDK1.  The green lines represent the GFP-

positive cells and the gray lines represent the non-expressing internal controls.  The black line at 

the bottom represents cells that were treated with the same secondary antibody, but no primary 

antibody. 
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 We also attempted to ascertain whether cdc25B activity could reverse the 

forskolin-induced decrease in long-term proliferation of melanoma cell cultures, 

however, prolonged and deregulated cdc25B activity causes severe problems such as 

mitotic catastrophe [55], and these experiments could not adequately address whether 

decreased proliferation results from cdc25B-associated delayed mitotic entry (figure 9).  

The fact that the cdc25B-overexpressing cells grew better in the presence of forskolin 

than DMSO suggests that forskolin was able to inhibit cdc25B’s ability to cause mitotic 

catastrophe, and confirms that cdc25B activity is regulated by cAMP signaling.  These 

experiments have shown a role for cAMP signaling in delaying mitotic entry and cell 

cycle progression.  This effect results from phosphorylation and inhibition of cdc25B and 

a mutant form of cdc25B that cannot be phosphorylated allows cells to progress through 

the cell cycle normally in the presence of cAMP agonists.   
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Figure 9: Prolonged cdc25B activity causes cell death. 

GFP, GFP-cdc25B and GFP-cdc25B S323A cells were subjected to the same experimental 

protocol from figure 1a to determine if cdc25B could rescue the forskolin-induced growth 

inhibition.  Total cell numbers are quantified in the top panel, the percentage of GFP positive 

cells as determined by FACS is quantified in the middle panel and the growth curves of the GFP+ 

and negative cells for each condition are depicted in the bottom panel.  Active cdc25B has 

deleterious effects on the cells which was inhibited by treatment with forskolin (middle panel).  

Cdc25B S323A expression had equally deleterious effects in the presence or absence of forskolin.   
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Discussion 

 We have investigated the role of MC1R and cAMP signaling in the proliferation 

and cell cycle of melanoma cell lines.  We found that sustained activation of MC1R or 

upregulation of cAMP levels by forskolin slows the proliferation of melanoma cell lines.  

Melanoma cells ectopically expressing wildtype MC1R were at a selective disadvantage 

with respect to cells expressing only endogenous red hair alleles of MC1R, an effect that 

was enhanced by stimulation of the receptor by the ligand MSH.  This is the first 

evidence that wildtype MC1R can inhibit tumor cell growth directly.  Loss of function 

MC1R RHC alleles confer an increased risk to melanoma which has been associated with 

increased UV-associated mutagenesis either directly or through increased oxidative DNA 

damage, however, these data suggest that loss of MC1R activity may also increase 

melanoma risk by allowing for increased proliferation.   

 

While this work shows that MC1R activity is capable of inhibiting proliferation in 

melanoma cell lines, it does not conclusively prove that MC1R signaling has a role in 

suppressing the development of melanoma independently from its reported function as a 

protector of genomic integrity.  One potential drawback of this work is that the effects on 

proliferation and the cell cycle were seen most strongly in response to overexpressed 

MC1R or chemical activation of cAMP signaling, whereas activation of the endogenous 

receptor by MSH resulted in only a modest delay in proliferation.  One explanation for 

the necessity of high-level cAMP signaling is that the tumor cell lines may have evolved 

to suppress cAMP signaling from the endogenous receptor.  This could be facilitated by 

uncoupling of G-proteins from the receptor or upregulation of phosphodiesterases 
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(PDEs), an adaptation that has been reported in melanoma and other cell lines [24, 41].  

In line with these observations, we found that activation of the endogenous receptor had a 

stronger effect on delayed mitotic entry in the context PDE inhibition and cells treated 

with MSH and IBMX showed very similar kinetics of cell cycle progression to forskolin 

treated cells.   

 

The idea that MC1R activity can directly inhibit melanoma cell proliferation 

opens up an interesting paradox: UV exposure is the strongest environmental risk factor 

for melanoma, yet our results indicate that the activation of the MC1R pathway that is 

induced by UV-damage should inhibit melanoma proliferation.  If this were the case, 

exposure to UV should actually slow melanoma growth as opposed to increasing 

melanoma risk.  In fact, as the association between levels and duration of UV exposure 

and melanoma risk have been more carefully mined, an interesting dichotomy has arisen 

in which intermittent high level exposure to UV leads to increased melanoma risk 

whereas consistent exposure, such as occupational sun exposure, confers a degree of 

protection against melanoma [56].  With relation to MC1R activity, this suggests that 

intermittent activity of the receptor is not capable of inhibiting melanoma growth, but that 

sustained signaling might be.  In our own experiments, we found that daily treatment with 

forskolin caused the decreased growth kinetics of melanoma cell lines that we show in 

chapter II: figure 1, however, when treatment was limited to once every two days, this 

effect was substantially diminished.  Furthermore, this suggests the possibility that it is 

not MC1R’s ability to respond to acute ligand stimulation that defines an MC1R allele’s 

ability to protect against melanoma, but its steady state, basal activity.  MC1R is known 
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to have high basal activity that is diminished in MC1R RHC alleles [57].  This is 

consistent with the results discussed in chapter I in which we found that an MC1R RHC 

primary melanocyte line was more sensitive to removal of MSH from the growth media 

than non-RHC-expressing lines (chapter I: figure 2c).    

 

While it is informative in terms of basic biology and intriguing from the 

perspective of treatment, activation of cAMP signaling in existing melanomas and 

melanoma cell lines is not the ideal way to understand the role of MC1R RHC alleles in 

increased melanoma incidence.  In order to understand the role of MC1R signaling in the 

early stages of melanoma development and in cells that have not evolved to regulate 

cAMP levels, we performed a number of experiments in primary human melanocyte 

cultures transduced with BRaf V600E.  In these experiments we found evidence that 

active BRaf-transduced cells, like melanoma lines treated with cAMP agonists, arrested 

with 4N DNA content.  In one cell line, this effect could be reduced by decreasing MC1R 

signaling (chapter I: figure 5a), however these results varied widely between the different 

melanocyte lines.  For these varied results, it may be that one of the key differences 

between the cell lines was in basal signaling from their particular MC1R alleles.  In order 

to properly address the role of MC1R activity in early melanoma development, it will be 

necessary to remove genetic background effects and work within a system with well-

defined, physiological MC1R signaling.  While mouse models do not always accurately 

recapitulate human signaling, they will probably be the best way of addressing the non-

mutagenic roles of MC1R loss of function in melanoma development.   
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 In addition to showing that MC1R and cAMP can play an inhibitory role in 

melanoma cell lines, and suggesting that the direct action of these pathways may 

contribute to the increased melanoma susceptibility associated with MC1R RHC alleles, 

this work also elucidates a novel role for cAMP signaling in the regulation of the mitotic 

G2/M checkpoint (figure 10).   

 

Figure 10: Model of the role of MC1R and cAMP signaling in the G2/M checkpoint. 

The left side of the panel depicts the G2/M checkpoint under normal cycling condition.  Cdc25B 

dephosphorylates and activates a pool of CyclinB/CDK1 complexes.  Active CDK1 

phosphorylates and activates cdc25C, which activates more CDK1 in a positive feedback loop 

which drives rapid and irreversible entry into mitosis.  In the presence of cAMP signaling, 

cdc25B is phosphorylated and inactivated, presumably through the activity of PKA (right side of 

the cartoon).  This causes delayed activation of CDK1 and cdc25C and delayed progression into 

mitosis.  This represents a novel mechanism of regulation of mitotic entry in somatic cells. 



73 
 

cAMP signaling has been implicated in the regulation of the G1/S checkpoint 

through inhibition of the Ras/MAPK pathway and has been implicated in regulation of 

meiotic resumption through similar mechanisms to those presented in this paper; 

however, this is the first time this mechanism has been identified in progression through 

the somatic cell cycle.  This adds yet another layer of complexity to the regulation of 

cdc25B and particularly to S323 which is already known to be the target of many 

regulators of mitotic entry.  Phosphorylation of the S323 residue can be carried out by the 

CHK proteins downstream of ATM and ATR and by p38 and MK2  [58, 59].  All of 

these proteins are activated in the context of DNA damage and can cause significant 

delays in mitotic entry of 30 hours or more depending on the strength of the genomic 

insult [58].  One of the interesting aspects of the cAMP-induced cell cycle delay is that it 

is relatively short in duration, lasting from two to six hours depending on the cell line and 

the timing of activation of the pathway.  One explanation for this discrepancy is that 

cAMP induction is transient and the signal is short-lived relative to that which is induced 

by DNA damage.  This hypothesis is supported by the result that the duration of the 

mitotic entry delay is longest when forskolin or other cAMP agonists are added late in S-

phase so that cAMP levels are just starting to peak as the cells enter G2 (chapter II: figure 

5a).    On the other hand, chapter II:figure 8d shows that there was still strong induction 

of cdc25B phosphorylation at 14 hours post-release when the majority of the cells had 

completed the cell cycle.  This suggests that the cells may be able to enter mitosis while 

cdc25B is still phosphorylated, although with delayed kinetics.  One possibility is that 

cdc25C is able to compensate for cdc25B triggering of CDK1 albeit at a lower efficiency.  

This could also explain the difference in duration between DNA damage- and cAMP-
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induced mitotic entry delays.  DNA damage is known to lead to inhibitory 

phosphorylation of both cdc25B and cdc25C whereas our experiments indicated that only 

cdc25B was phosphorylated following cAMP signaling.    

  

Although these experiments show that cAMP signaling is able to delay mitotic 

entry through cdc25B inhibition in melanoma cell lines, they do not address the question 

of what role cAMP plays in regulating the G2/M checkpoint in other types of cancer cell 

lines, normal cells and in vivo.  Published reports and our own experiments on the role of 

MC1R and cAMP signaling in primary melanocytes underscore the dual nature of cAMP 

signaling with respect to proliferation, cell cycle inhibition and differentiation.  Whereas 

activity of this pathway in melanoma cell lines inhibits the cell cycle and proliferation, 

MC1R or cAMP signaling is required for the proliferation and survival of primary 

melanocytes in culture, and MSH or cholera toxin (an irreversible activator of adenylyl 

cyclase) are components of most primary melanocyte growth mediums.  One explanation 

for this is that primary melanocytes lack the constitutive growth signals found in 

melanoma cells and that cAMP signaling, which in the case of primary cultured 

melanocytes induces MAPK pathway activation, provides a mitogenic stimuli [23].  The 

delay in mitotic entry could still be activated in these cells, but, in terms of enhancing 

proliferation, entry into the cell cycle may be the more stringent checkpoint.  Another 

possibility is that oncogene activation causes global or specific signaling changes that 

make cells susceptible to cAMP-induced cdc25B inhibition and mitotic entry delay.  

Erk1/2 are reported to have a central role in the G2/M checkpoint in response to various 

forms of genotoxic stress [60, 61] and there is also a report that connects MAPK activity 
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directly to cdc25B expression levels[62].  These reports suggest that the Ras/Raf/MAPK 

pathways, which are commonly activated in melanoma, could enhance the cAMP-

associated G2/M checkpoint delay.   

 

In terms of basic melanocyte and melanoma biology, there is a tidy convergence 

between cAMP and DNA damaging signals.  DNA damage in keratinocytes induces 

MSH expression which activates MC1R and cAMP signaling in melanocytes, leading to 

enhanced eumelanin production and protection from UV and oxidative damage to the 

DNA.  At the same time, this signal causes a mitotic entry delay through similar 

mechanisms to those found after a cis-DNA damaging event, essentially putting the 

whole skin tissue on alert for DNA damage.  Going forward it will be interesting to see 

whether cAMP activation in different cell and tissue types has similar effects on the cell 

cycle and whether it represents a conserved DNA-protective stress response in other 

systems. 

 

In conclusion, we have found evidence that MC1R signaling can have a direct 

inhibitory role on melanoma cell line proliferation, and that MC1R and cAMP signaling 

can regulate progression from G2 into mitosis through a cdc25B-dependent mechanism.  

This work helps to further our understanding of the role of cAMP signaling in 

proliferation and cell cycle arrest.  Additionally, it suggests that activation of cAMP 

signaling could be a potential melanoma therapeutic and could be made highly specific 

by combining treatment with a broad spectrum PDE inhibitor with an MC1R-activating 
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ligand that would localize the highest levels of cAMP to cells expressing the 

melanocortin receptor.  
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Experimental Procedures: 

Antibodies: 

GFP (B2), GST (B14),MC1R (N19) and CyclinB1 (H-433) were purchased from Santa 

Cruz Biotechnologies and used at dilutions ranging from 1:500 to 1,000.  MITF (D5), P-

cdc25B S323, P-cdc2 (CDK1) T14 and Y15 (western) antibodies were purchased from 

abcam and used at dilutions ranging from 1:250-1:1,000.  P-CREB S133, cdc25C, P-

cdc25C S216, cdc25B, P-Erk1/2 T202/Y204, and P-cdc2 (CDK1) Y15 (FACS) were 

purchased from cell signaling and used at 1:500-1:1000 for western and 1:50 for FACS 

where applicable.   

Cell Lines and Plasmids: 

 MM200, MM370, MM415 and MM485 cell lines were part of a panel of cell lines 

generously given by Nick Hayward at the Queensland Institute of Medical Research.  

A375 cells were obtained from the ATCC.  Melanoma lines were cultured in RPMI or 

DMEM supplemented with 10% FBS.  1056-c, 1292-c and 1307-c primary melanocyte 

lines were generously donated by Zalfa Abdel-Malek at the University of Cincinnati.  

FM-271, FM-313 and FM-837 primary melanocyte lines were kindly donated by Birgit 

Schittek at the University of Tübingen.  914-c and HEMA-LP primary melanocyte lines 

were both obtained from cascade biologics.  Primary melanocyte lines were cultured in 

Media 254 supplemented with HMGS (cascade biologics/invitrogen).  
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The FG12 GFP and RFP, FG12 GFP BRaf V600E and the H59, H60 and H61 

plasmids were generously given by Marisol Soengas of the CNIO.  MC1R R151C and 

I155T, cdc25B and cdc25C cDNAs as well shRNAs were purchased from 

OpenBiosystems.  The wildtype allele was generated by mutation of the threonine in the 

I155T allele that was purchased from OpenBiosystems back to an isoleucine.  Other 

mutants were generated by site-directed muatgenesis performed on the wildtype allele 

using the following primers (reverse complement not included): 

WT:  CGCACTGCGCTACCACAGCATCGTGACCCTGCCGCGGGCGCGGC 

V60L: CTTGGTGGAGAACGCGCTGGTGTTGGCCACCATCGCCAAGAAC 

V92M:  GGCTCTTCCTCAGCCTGGGGCTGATGAGCTTGGTGGAGAACGCGC 

R142H:  GGGCGCCATCGCCGTGGACCACTACATCTCCATCTTCTACGC 

R160W:  CACAGCACCGTGACCCTGCCGTGGGCGCGGCGAGCCGTTGCGGC 

R163Q:  GTGACCCTGCCGCGGGCGCGGCAAGCCGTTGCGGCCATCTGGGTGG 

 D294H:  CATCATCTGCAATGCCATCATCCACCCCCTCATCTACGCCTTCC 

 

The pLVX tet on and tight-puro vectors were purchased from clontech.  MC1R 

wt, Cdc25B and C were first GFP-tagged using the gateway cloning system, and then 

subcloned into the pLVX tight-puro vector.  Stable, inducible MM485 and MM370 cell 

lines were generated by infection with pLVX tet on, selection with G418, infection with 

pLVX tight-puro-derived vectors, and selection with puromycin. 
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cAMP Induction Assay: 

Primary melanocytes were plated at 10-15,000 cells/well in 96-well plates and 

grown overnight in Media 254 plus HMGS-3 or HMGS-4 (supplements made according 

to the recipe for HMGS but lacking transferrin (HMGS 3 and 4) and BPE, which is the 

source of MSH (HMGS-4 only).  Media was replaced the following day with media 

containing the indicated supplements and forskolin was added to the wells to a final 

concentration of 20uM periodically in order to generate the time course shown above.  

All wells were washed at the same time and subjected to the cAMP Hithunter HS assay 

(discoverX). For the MC1R overexpression cAMP assays, 1307-c (MC1R RHC) cells 

were lentivirally infected with FG12 RFP MC1R (with varying genotypes) and collected 

by FACS to isolate RFP-positive cells.  Cells were plated at 15,000 cells/well in 96 well 

plates in media 254 supplemented with HMGS.  Cells were stimulated with forskolin and 

cAMP induction was determined as described above.  For the MC1R knockdown 

experiment, 1292-c melanocytes (MC1R non-RHC) cells were transduced with pOTB7 

shMC1R and selected using puromycin.  Cells were plated at 15,000 cells/well and the 

assay was conducted as described above. 

 

Cell Counting: 

 For growth curve assays, cells were plated at 50,000 cells/well in 6-well plates.  

The next day, two wells were trypsinized in .5ml trypsin which was the neutralized with 

1ml media with 10% FBS.  30ul cells were added to 30ul trypan blue, pippetted up and 

down ten times and counted on a hemacytometer.  Cells were tallied from a total of 10 
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grids for each of two biological replicates.  The total number of cells in the ten large grids 

was multiplied by 3,500 to get the total number of cells/well.  In some cases, at later time 

points, cells were trypsinized with 1ml of trypsin and neutralized with 2ml media+FBS.  

In these cases the cell count from ten grids was multiplied by a factor of 7,000 to get the 

total number of cells in each well. 

 

Western Blots and GST Pulldowns: 

 Cells were lysed on plates in TNM-LB with protease and phosphatase inhibitors 

added.  Cells were incubated for five minutes at room temperature or on ice, and put at -

20 until ready for SDS-PAGE.  Lysates were spun down, protein concentration was 

determined using the Bradford assay and the supernatant was added to 4X sample buffer.  

Samples were then boiled at 70 degrees for 10-15 minutes unless they were to be used to 

analyze MC1R levels, in which case the cells were not heated prior to running on a gel.  

Samples were loaded to equal total protein amounts based on the Bradford assay and run 

on Novex NuPAGE bis-tris gels.  Gels were transferred to nitrocellulose and, after 

antibody treatment, proteins were visualized using fluorescent secondary antibodies and 

the licor system. 

 For the GST pulldown, 293FT cells were transfected with GST-tagged cdc25B in 

6-well plates.  48 hours post-transfection, cells were lysed on ice as described and spun 

down.  Protein concentrations were normalized and 900ugs of protein were added to 

glutathione-conjugated sepharose beads.  Beads were rocked overnight at 4 degrees, 

washed three times in TNM+.1% triton, resuspended in 1X NEB3 with 0, 10 or 50 units 
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of calf intestinal phosphatase (CIP) and incubated for one hour at 37 degrees.  Beads 

were washed again three times in TNM wash buffer, resuspended in PKA buffer with 

200uM dATP with or without 2,500 units of PKA (as per manufacturer’s instructions), 

and incubated at 30 degrees for 1.5 hours.  After 1.5 hours the reaction was quenched by 

the addition of sample buffer.   

 

Cell Cycle Assays and Flow Cytometry: 

 BrdU incorporation assays were done using the BD Pharmingen APC-BrdU kit or 

a modified protocol in which NEB DNAseI was substituted for the included DNAseI.  

Briefly, cells are PFA-fixed, permeabilized in PFA and saponin, refixed, treated with 

DNAse from one to two hours at 37 degrees, treated with anti-BrdU-647, resuspended in 

7-AAD solution and run on a FACScalibur or LSRII. 

  

Thymidine double block experiments were performed as follows: Cells were 

plated at a density of 125,000 to 175,000 cells/well in 12-well plates.  The day after 

plating, the media was changed to RPMI + 10% FBS with 2mM thymidine.  Fourteen 

hours later, the plates were washed from one to three times with PBS (head to head 

comparisons showed no appreciable difference between one wash and three washes in 

terms of degree and kinetics of cell cycle entry) and released into media lacking 

thymidine for ten hours at which point the media was again replaced with 2mM 

thymidine containing media.  Fourteen hours later, the plates were washed again in PBS 

and released into normal media with or without stimuli as described in the individual 
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experiments and figures above.  Cells were harvested by trypsinization and fixed in 70% 

ethanol.  Briefly, cells were resuspended in 1.5ml cold PBS in 15ml falcon tubes.  This 

was followed by the dropwise addition of ice-cold 95% ethanol while vortexing.  Cells 

were put at four degrees until processing within two weeks.  Alternatively, for some 

GFP-expressing cell lines, the cells were harvested, spun down, washed once in PBS and 

resuspended in 2% paraformaldehyde in PBS overnight.   

 

 In order to determine cell cycle profiles, the ethanol-fixed cells were washed 

twice in PBS and resuspended in propidium iodide in the range of 2.5-10ug/ml.  PFA-

fixed cells were permeabilized in .3% triton in PBS for five minutes, washed twice in 

PBS and resuspended in PI at between 2.5 and 10ug/ml or 7-AAD at 1ug/ul.  In 

experiments where the cells were stained for P-H3, the fixed cells were permeabilized if 

PFA-fixed, washed once in PBS, once in PBS-T (PBS with 1% tween-20), incubated with 

anti-PH3-647 for 45 minutes on ice in the dark, washed twice with PBS-T and 

resuspended in PI or 7-AAD at indicated concentrations. 

 

 To stain for intracellular antigens such as P-CDK1, cells were fixed for ten 

minutes in the dark with rocking in 4% PFA.  Cells were washed once in PBS, 

permeabilized in ice cold methanol and put at -20 degrees for up to two weeks.  When 

ready for staining, cells were spun down, incubated in PBS-B (PBS+2% tween-20 and 

1% BSA) for five minutes and washed twice in PBS-B, incubated with P-CDK1 Y15 at 

1:25 in PBS-B for 35 minutes at room temperature in the dark, washed twice with PBS-
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B, incubated with anti-rabbit-APC at 1:200 in PBS-B for 35 minutes, washed twice in 

PBS-B, resuspended in 7-AAD at 1ug/ml in PBS and read on an LSRII. 

 

 To determine the percentage of GFP positive cells in chapter II:figure 1a and 

chapter II: figure 8f , cells  were harvested by trypsinization, counted as described, spun 

down, resuspended in PBS and run live on a FACScalibur. 
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