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The melanocortin 1 receptor (MC1R) mediates the tanning response
through induction of cAMP and downstream pigmentary enzymes.
Diminished function alleles of MC1R are associated with decreased
tanning and increased melanoma risk, which has been attributed
to increased rates of mutation. We have found that MC1R or cAMP
signaling also directly decreases proliferation in melanoma cell
lines. MC1R overexpression, treatment with the MC1R ligand, or
treatment with small-molecule activators of cAMP signaling causes
delayed progression from G2 into mitosis. This delay is caused by
phosphorylation and inhibition of cdc25B, a cyclin dependent ki-
nase 1-activating phosphatase, and is rescued by expression of
a cdc25B mutant that cannot be phosphorylated at the serine 323
residue. These results show that MC1R and cAMP signaling can di-
rectly inhibit melanoma growth through regulation of the G2/M
checkpoint.

skin cancer | genetic risk factors | g-protein coupled receptors

Melanoma is an extremely aggressive skin tumor of the
pigment-producing melanocyte lineage. As with other skin

tumors, there is a close link between melanoma risk, sun expo-
sure, skin tone and the skin’s ability to respond to sun exposure
by inducing the pigmentation response (1, 2). This response is
mediated by melanocytes following α-melanocyte–stimulating
hormone (MSH) binding and activation of the melanocortin
1 receptor (MC1R) and the cAMP cascade (3, 4). MC1R and
cAMP activation leads to induction of pigment producing
enzymes such as tyrosinase, and a switch from the production of
the red pigment phaeomelanin to the black pigment eumelanin.
MC1R is a highly polymorphic gene with over 50 variants

found in humans (5). A subset of these variants, termed red hair
color (RHC) alleles, are closely associated with a phenotype that
includes red hair, freckling, and decreased tanning response (6).
These RHC alleles have diminished function with respect to
cAMP signaling, although it is not clear whether this loss of
function is complete or partial (7–9). The red hair phenotype is
a strong risk factor for skin cancers of both the keratinocyte and
melanocyte lineages (10). Because the red hair phenotype is
marked by decreased tanning and associated UV protection, it
has been hypothesized that the risk associated with the RHC
phenotype is linked to increased UV damage and mutation. In
mice, rescuing defective MC1R activity by small molecule in-
duction of cAMP signaling restores tanning and confers pro-
tection against UV-induced epithelial tumors (11). However, in
melanoma, it is less clear what role the loss of pigment and UV-
protection play in the increased risk associated with RHC alleles
of MC1R. RHC variants of MC1R are associated with melanoma
risk (12, 13); however, individuals who possess RHC alleles, but
do not show an RHC phenotype, have equal or increased sus-
ceptibility to melanoma compared with individuals with RHC
alleles and RHC phenotype (14, 15). These findings suggest that
MC1R’s protective effect against melanoma extends beyond the
induction of tanning and the prevention of UV-induced photo
damage.
Adding to this complexity, a recent report has shown that

phaeomelanin, which is up-regulated in MC1R RHC individuals,

can directly drive oxidative damage and can contribute to mel-
anoma development independent from UV damage (16). Al-
though there is strong evidence that active MC1R and cAMP
signaling can have a protective effect against mutation through
pigmentary and nonpigmentary mechanisms (17), the role of
cAMP signaling as a direct modulator of cancer-related pheno-
types in relation to MC1R and melanoma is still not clear.
Depending on cell type, cAMP can act as an inducer or an in-
hibitor of proliferation (18). Of particular interest in relation to
melanoma, which has a high frequency of up-regulated MAPK
signaling through mutation of the upstream kinase BRaf (60–
70%) and small GTPase NRas (15–20%), cAMP blocks MAPK
signaling through Raf- and Ras-dependent mechanisms (19).
Alongside its role in inhibiting proliferation at the level of

S-phase entry, cAMP signaling may influence other stages of the
cell cycle. In frogs and mice, protein kinase A (PKA), which is
a key transducer of cAMP signals, inhibits meiotic resumption at
the G2/M checkpoint. In mitosis and meiosis, the G2/M check-
point is regulated by cyclin B/cyclin dependent kinase 1 (CDK1)
complexes. Cyclin B accumulates during late S phase and G2 and
forms complexes with CDK1 which are held inactive by phos-
phorylation at residues Thr14 and Tyr15 on CDK1 (20). CDK1
dephosphorylation allows cyclin B-associated CDK1 to become
active and phosphorylate various targets, leading to mitotic en-
try. These phosphates are removed by the dual-specificity phos-
phatases cdc25B and C (21). Cdc25C, which is thought to
dephosphorylate the majority of CDK1, is phosphorylated and
inhibited by PKA during Xenopus meiosis (22). Cdc25B, which is
thought to act as a trigger for CDK1 activation has also been
reported to be phosphorylated and inhibited by PKA during
mouse meiosis (23, 24).
Because of the genetic evidence linking decreased MC1R

function and cAMP signaling to melanoma risk independently
from pigmentary effects, and the well documented roles for
cAMP signaling in inhibiting tumor growth, we sought to in-
vestigate the role of MC1R and cAMP signaling in the pro-
liferation of melanoma cell lines. We show that expression of
active MC1R or induction of cAMP slows the growth of mela-
noma cell lines in culture. cAMP signaling can inhibit MAPK
signaling in NRas, but not BRaf mutant melanoma lines; how-
ever, even when the MAPK pathway is inhibited, there is no
effect on S-phase entry. In all melanoma lines tested, we iden-
tified a delay in G2/M progression following activation of cAMP
signaling. This G2/M delay is caused by increased inhibitory
phosphorylation of cdc25B and can be rescued by expression of
a PKA insensitive mutant of cdc25B. These findings describe
a method of cell cycle regulation by cAMP that is distinct from
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previously described mechanisms of G1/S phase regulation.
Additionally, they raise the possibility that, alongside the path-
way’s roles in modulating mutation rates, MC1R and cAMP
signaling may directly regulate proliferation in developing
melanomas.

Results
MC1R and cAMP Signaling Inhibit Melanoma Cell Cycle Progression.
To test whether MC1R and cAMP signaling could influence
melanoma susceptibility independently from their effects on
pigmentation and mutation, we assessed the roles of MC1R and
the adenylyl cyclase agonist forskolin on the growth of melanoma
cells in culture. We first tested the effects of restoration of wild-
type MC1R in an MC1R RHC cell line. MM485 cells stably
expressing inducible GFP or GFP-tagged MC1R were diluted
with the parental non-GFP–expressing cell line and treated with
doxycycline or doxycycline plus the MC1R ligand MSH. Fig. 1A
shows that, during 12 d of growth in the presence of doxycycline,
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), suggesting that MC1R
activity inhibited the proliferation of these cells relative to the
nontransduced cells. The percentage of cells expressing GFP
alone decreased only slightly, and showed no MSH dependence.
For the first four time points, cells were counted before flow
cytometry and the total numbers of GFP+ and GFP− cells were
calculated. Growth curves showed no significant changes in
proliferation in uninfected and GFP+ cells following MSH
treatment. However, GFP-MC1R–expressing cells had de-
creased cell number relative to GFP cells, and this effect was
significantly enhanced by MSH treatment (Fig. S1). Expression
of the GFP-tagged receptor is shown in Fig. 1B and the activity
of the GFP-tagged receptor was confirmed by glosensor cAMP
assay (Fig. S2).
To determine whether this effect could be recapitulated by

cAMP signaling alone, the nontransduced parental MM485 cells
were plated at low density and treated daily with DMSO or
forskolin. Fig. 1C shows that forskolin dramatically reduced cell
number. This experiment was repeated in several different
melanoma lines including A375 (RHC), MM370 (non-RHC),
and MM415 (non-RHC). In all of the lines tested, we found
decreased cell number relative to unstimulated controls follow-
ing forskolin treatment, although the magnitude of this effect
varied from cell line to cell line. The cell lines tested had a range
of MC1R, NRAS, and BRAF genotypes, but there was no clear
correlation between genotype and forskolin response. Instead,
baseline proliferative rate was the greatest predictor of forskolin
response, with faster growing cell lines showing diminished
sensitivity to growth inhibition.
To inhibit the growth kinetics of the melanoma cultures, for-

skolin had to be replaced in the media on a daily basis. Addi-
tionally, there was no visual evidence of apoptosis or cell death in
the treated wells so we investigated the possibility that the for-
skolin effect on cell number resulted from changes in pro-
liferation and the cell cycle. MM370 cells were synchronized in
G1 by thymidine double block, released in the presence of
DMSO or forskolin, and progression through the cell cycle was
determined by DNA content analysis. There was no difference
between DMSO- and forskolin-treated cells with respect to
S-phase entry and the cells accumulated equally with 4N DNA
content. At 12 h postrelease, the majority of the DMSO-treated
cells had completed the cell cycle and returned to a 2N DNA
content; however, the forskolin-treated cells maintained a 4N
DNA content and did not complete the cell cycle until 15 h
postrelease (Fig. 1D). A similar, although attenuated effect was
seen following activation of MC1R. MM485 GFP-MC1R–

inducible cells (Fig. 1A) were synchronized in G1 by thymidine
double block and released in the presence or absence of doxycycline

and MSH, and progression through the cell cycle was determined
by DNA content analysis. GFP-MC1R–expressing cells accumu-
lated with a 4N DNA content similar to uninduced cells, but
showed a 5% increase in 4N cells at 12 h, suggesting that they were
delayed in progression through mitosis (Fig. 1E). MSH treatment
also resulted in delayed progression through the cell cycle in both
uninduced and GFP-MC1R–expressing cells, although to a greater
extent in the MC1R-overexpressing cells.
In other systems, cAMP signaling can delay entry into S phase,

in part through inhibition of the MAPK cascade (18, 25, 26). In
all of the melanoma lines tested, delayed progression through
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Fig. 1. MC1R and cAMP signaling decrease proliferation and delay cell cycle
progression. (A) MM485 cells were lentivirally transduced and selected for
expression of pLVX tet on and pLVX tight puro GFP or GFP-MC1R. GFP-
expressing cells were diluted with the parental (pLVX tet on) cells, plated
at 50,000 cells per well and treated daily with doxycycline (1 μg/mL) with
or without MSH (100 nM). Every other day, duplicate wells were trypsi-
nized and the percentage of GFP-positive cells was measured by flow
cytometry. (B) MM485 tet-on GFP or GFP-MC1R cells were grown for 48 h
with or without doxycycline and lysed. Protein levels were assessed by
Western blot. (C ) A panel of melanoma cell lines was plated at 50,000 cells
per well in six-well plates. Starting 24 h after plating, cells were treated
daily with DMSO or forskolin (50 μM). Wells were counted in duplicate
every two days. (D) MM370 cells were synchronized by thymidine double
block and released in the presence of DMSO or forskolin (50 μM). Cells
were harvested and fixed every 3 h. Cells were stained with propidium
iodide (PI), and cell cycle was assessed by DNA content analysis. All PI
experiments were replicated multiple times. Shown is one representative
experiment. (E ) MM485 pLVX tet on GFP-MC1R cells were synchronized by
thymidine double block and released in the presence or absence of
doxycycline. MSH was added 6 h postrelease where indicated. Cells were
collected and fixed every 2 h beginning 6 h postrelease. Cell cycle was
analyzed by PI staining. The percentage of 4N cells was determined by
gating and is quantified in Right.
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the cell cycle was not associated with delayed rates of S-phase
entry (Fig. 2A). Forskolin treatment decreased MAPK signaling
in NRas mutant 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 7 h postrelease,
when the cells were reaching the end of S phase. A similar but
more pronounced delay in cell cycle progression was seen fol-
lowing delayed stimulation, and the cell cycle delay extended to
4 h or longer (Fig. 2B). These experiments were repeated with
several different inducers of cAMP signaling, including physio-
logical activators of MC1R and cAMP signaling (MSH) and
a broad-spectrum inhibitor of phosphodiesterases, the enzymes
that catalyze the breakdown of cAMP (IBMX). All of these
cAMP-enhancing agents caused a delay in cell cycle progression
that did not require interference with S phase. Of note, and
confirming previous reports that cAMP levels can be uncoupled
from receptor signaling by the activity of phosphodiesterases in
melanoma cell lines (25, 27), activation of endogenous signaling

through MSH treatment had only a modest effect on cell cycle
delay. However, this delay was comparable to that seen with
forskolin treatment when MSH was combined with the phos-
phodiesterase inhibitor IBMX (Fig. 2C).

cAMP Signaling Causes a Defect in Mitotic Entry. Because the delay
in cell cycle progression manifested itself as an accumulation of
cells with 4N DNA content and was independent of the presence
of cAMP agonists during G0, G1, or S phases, we reasoned that
the delay was the result of a defect in mitotic entry, mitosis or
cytokinesis. To determine whether the accumulation of cells with
4N DNA was the result of a defect in mitotic entry, cells were
synchronized in G1 and released in the presence of DMSO or
forskolin, or treated with forskolin 7 h postrelease (forskolin
7hrs). Fixed cells were stained for phospho-histone H3 S10
(P-H3: a marker of condensed chromatin and mitosis) and DNA
content. Twelve hours postrelease, DMSO-, forskolin-, and for-
skolin 7hrs-treated cells had similar percentages of 4N cells;
however, DMSO-treated cells had a 4- to 7.6-fold higher per-
centage of P-H3–positive cells (Fig. 3A). At 14 h, 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% P-H3/
33.2% 4N). The cells that were released in the presence of for-
skolin 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 per-
centage 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 wells, the 4N mitotic fraction increased and peaked with
a 2-h delay in cells released in the presence of forskolin and a 4-h
delay in cells treated with forskolin at the G2/M transition. This
delay in phospho-H3 staining strongly suggests that the delay in
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cell cycle progression seen upon forskolin treatment was caused
by delayed entry into mitosis.
Entry into mitosis is controlled primarily by the G2/M check-

point proteins cyclin B and CDK1. Like other checkpoint kinases,
CDK1 activity requires binding to its cyclin partner; however,
CDK1must also be dephosphorylated at two key inhibitory residues
(T14 and Y15) to become fully active. To test whether this check-
point complex was inhibited by forskolin treatment, lysates from
synchronized cells were probed for levels of phospho-CDK1 Y15
and cyclin B (Fig. 3B). Forskolin treatment delayed dephosphory-
lation of CDK1 relative to DMSO-treated cells by more than 4 h.
Cyclin B expression was stronger and sustained in forskolin-
treated relative to DMSO-treated cells. Cyclin B is degraded
after the metaphase to anaphase transition, and these increased
levels of cyclin B serve as another marker of delayed mitosis.

Cdc25B Is Phosphorylated and Mislocalized by Forskolin Treatment
and PKA. Cdc25B and C are responsible for dephosphorylating
and activating CDK1. Cdc25C is thought to dephosphorylate and
activate the majority of CDK1, however, it requires phosphory-
lation by CDK1 to become active itself. Cdc25B dephosphor-
ylates and activates this initial pool of CDK1 and serves as
a trigger for mitotic entry. Both cdc25s have an inhibitory
phosphorylation site (S323 and S216, respectively) that causes
binding to 14-3-3 proteins, is a target of CHK1 and has been
demonstrated to be phosphorylated and inhibited by PKA during
meiosis in mice and frogs respectively (23, 24). We first tested
whether cdc25C could be the target of cAMP signaling causing
delayed mitotic entry following forskolin treatment (Fig. S3). We
found that forskolin treatment delayed the activation of cdc25C
(Fig. S3B) and caused decreased protein and mRNA expression
of cdc25C (Fig. S3 C and D). In contrast to what has been
reported in Xenopus meiosis, we did not detect increased in-
hibitory phosphorylation (Fig. S3 C, F, and G). Replacement of
cdc25C did not rescue the forskolin effect, indicating that cdc25C
inhibition was not mediating the cell cycle delay (Fig. S3E). On
the other hand, we found that forskolin treatment of synchronized
cells led to increased cdc25B S323 inhibitory phosphorylation.
This increase was correlated with increased P-CDK1 (Y15) levels
and delayed entry into mitosis (Fig. 4 A and B).
To determine whether cdc25B is a direct target of PKA, an in

vitro kinase assay was performed on GST-tagged cdc25B purified
from 293FT cells. Basal cdc25B phosphorylation was removed by
calf intestinal phosphatase treatment, and purified protein was
incubated with recombinant PKA for 1 h. Western blots with
phospho-specific antibodies showed a massive increase in cdc25B
S323 phosphorylation following PKA treatment, indicating that
PKA can directly phosphorylate cdc25B on this inhibitory resi-
due (Fig. 4C). Furthermore, we tested the ability of the PKA
inhibitor H-89 to block the phosphorylation of cdc25B in the
presence of forskolin and found that PKA inhibition does reduce
the amount of phosphorylated cdc25B in cell synchronization
experiments (Fig. S4).
Phosphorylation at S323 leads to 14-3-3 binding and cyto-

plasmic sequestration (28). 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 (Fig. 4D). By 10 h postrelease,
the DMSO-treated wild-type cdc25B showed predominantly
nuclear fluorescence; however, the forskolin-treated cells showed
primarily cytoplasmic cdc25B. Like wild type, a S323A mutant of
cdc25B showed primarily nuclear fluorescence following DMSO
treatment; however, forskolin treatment had no effect on local-
ization of the mutant. Together, these data show that cdc25B
becomes phosphorylated at S323 in the presence of cAMP sig-
naling, that this phosphorylation can be carried out directly by

PKA, and that this results in localization of cdc25B to the cy-
toplasm during the G2/M transition.

Restoring cdc25B Activity Rescues Forskolin-Induced Delay in Mitotic
Entry. To determine whether forskolin’s effect on mitotic entry
was mediated by inhibition of cdc25B activity, we overexpressed
GFP-tagged cdc25B and cdc25B S323A and assessed mitotic
entry following forskolin stimulation. Prolonged overexpression
of cdc25B or its mutant caused mitotic defects, so a doxycycline-
inducible system was used to control the levels and timing of
cdc25B expression. Mixed populations of MM370 tet-on and
MM370 tet-on pLVX GFP-cdc25B or -cdc25B S323A were
synchronized by thymidine double block, released in the pres-
ence of doxycycline and treated at 5 h postrelease with DMSO or
forskolin to a final concentration of 50 μM. Because these cells
were a mixed population we were able to compare the cell cycles
of cdc25B overexpressing (GFP+) and normal (GFP−) cells
growing 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 h postrelease than uninfected counterparts
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13848 | www.pnas.org/cgi/doi/10.1073/pnas.1201917110 Lyons et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201917110/-/DCSupplemental/pnas.201201917SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1201917110


(Fig. 5A). However, cdc25B wild-type was unable to rescue the
forskolin-induced cell cycle delay, and following forskolin treat-
ment, cdc25B-expressing cells showed a similar percentage of 4N
cells to the nontransduced cells at 10, 12 and 14 h postrelease.
Cdc25B S323A, on the other hand, was able to rescue the for-
skolin effect, and cdc25B S323A-expressing cells did not show
delayed cell cycle progression following forskolin treatment.
The effects of cdc25B wild-type and S323A on 4N DNA con-
tent were mirrored by their effects on mitotic entry. Following
DMSO treatment, cdc25B wild-type or mutant expression caused
P-H3 levels to begin to peak 2 h earlier than in uninfected cells.
Following forskolin treatment, wild-type cdc25B-expressing cells
lost this premature mitotic entry; however, they did show en-
hanced mitosis relative to the uninfected, forskolin-treated cells
(Fig. 5A). We analyzed the levels of GFP in this population of P-
H3–positive cells and found that in the cdc25B wild-type, but not
S323A mutant, there was a twofold increase in mean fluorescence
intensity of the forskolin treated cells relative to the DMSO
treated cells (Fig. 5B and Fig. S5). This finding suggests cdc25B’s
ability to drive mitosis is subject to regulation by cAMP and PKA
but, at very high levels of cdc25B expression, PKA is not able to

inhibit all of the cdc25B and this remaining pool is able to drive
mitotic entry. Cdc25B S323A was able to induce premature
mitotic entry equally well in the presence or absence of forskolin
treatment as seen in the P-H3 graph in Fig. 5A.
Western blots on lysates from these experiments showed en-

hanced S323 phosphorylation of the GFP-tagged wild-type
cdc25B in the presence of forskolin relative to DMSO and no
phosphorylation of the S323A mutant regardless of the stimu-
lation (Fig. 5C). We used flow cytometry to compare the levels
of CDK1 inhibitory phosphorylation in normal cells and cells
overexpressing the wild-type or mutant forms of cdc25B. Cdc25B-
expressing cells showed a shift toward lower CDK1 phosphoryla-
tion in DMSO-treated, but not forskolin-treated conditions (Fig.
5D). In cdc25B S323A-expressing cells, there was an even more
pronounced effect on CDK1 dephosphorylation, and this was not
altered by treatment with forskolin. We attempted to determine
whether cdc25B activity could reverse the forskolin-induced
decrease in long-term proliferation of melanoma cell cultures;
however, prolonged and deregulated cdc25B activity caused
cell death, and these experiments could not adequately address
whether the inhibition of cdc25B by forskolin is responsible for
the decreased proliferation of melanoma cell lines (Fig. S6). To-
gether, 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 mu-
tant form of cdc25B that cannot be phosphorylated allows cells to
progress through the cell cycle normally in the presence of cAMP
signaling.

Discussion
We have investigated the role of MC1R and cAMP signaling in
the proliferation and cell cycle of melanoma. We found that
sustained activation of MC1R or up-regulation of cAMP levels
by forskolin slows the proliferation of melanoma cell lines.
Experiments testing the effects of sustained up-regulation of
MC1R activity showed that cells ectopically expressing wild type
MC1R were at a selective disadvantage relative to cells expressing
only endogenous RHC alleles of MC1R, and that this effect was
enhanced by stimulation of the receptor by MSH. This finding
provides evidence that wild-type MC1R can inhibit melanoma cell
growth directly. Loss of function MC1R RHC alleles confer an
increased risk to melanoma that has been associated with in-
creased UV-associated mutagenesis or increased oxidative
DNA damage; however, these results suggest that the activity
of functional MC1R could directly inhibit the proliferation
and growth of melanomas.
Besides suggesting a potential role and mechanism for MC1R

signaling in directly inhibiting melanoma proliferation, this work
also elucidates a role for cAMP signaling in the regulation of the
mitotic G2/M checkpoint. cAMP signaling has been linked to
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. Here we show that this mechanism is also operative in
the somatic cell cycle. The question remains whether this mech-
anism is generalizable to primary melanocytes and other cell types,
or if the cAMP-dependent inhibition of the cell cycle is specific to
cancer. We attempted to address this question in primary mela-
nocytes using the approaches described above. However, because
cultured melanocytes are not primed for proliferation, the syn-
chronization experiments that reveal the cell cycle effects of
MC1R and cAMP signaling were not feasible. An additional
confounding factor that has been previously published by other
groups and observed in our own laboratory, is the fact that
MC1R and cAMP signaling induce transient MAPK activation
and are proproliferative in cultured primary melanocytes (29,
30). It is possible that the cdc25B response is present in these
cells, but that the mitogenic MAPK signal has a greater impact
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Fig. 5. Forskolin-induced cell cycle delay is rescued by expression of active
cdc25B. (A) MM370 pLVX tet on/pLVX tight puro GFP-cdc25B or GFP-cdc25B
323A cells were synchronized, released into doxycycline and treated with
DMSO or forskolin 5 h postrelease. Cells were fixed at indicated time points
and stained for DNA content and P-H3. The percentages of 4N cells and P-H3+
cells are quantified in Right. (B) GFP levels were assessed in the P-H3–positive
population of cells from A. In the cdc25B wild type, but not S323A mutant,
there was a nearly twofold increase in median fluorescence intensity in the
forskolin treated wells compared with the DMSO-treated wells. There was
no change in median fluorescence intensity in GFP-positive cells that were
ungated for P-H3 (Fig. S1). (C) Duplicate wells from the above experiment
were lysed and protein was visualized by immunoblot. Fluorescence in-
tensities of the green (GFP/total cdc25B) and red (P-cdc25B S323) bands were
quantified and graphed below the overlay blot. Transfection conditions are
identified as: G = GFP, B = cdc25B, A = cdc25B S323A. (D) Duplicate wells
from the above experiment were fixed in formaldehyde, methanol-per-
meabilized, stained for P-CDK1 (Y15), and analyzed by flow cytometry.
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on the overall proliferation of these slow-growing cultures.
Alternatively, oncogene activation may cause global or specific
signaling changes that make cells susceptible to cAMP-induced
cdc25B inhibition and mitotic entry delay. High MAPK activity
can decrease the levels of cdc25B (31); and in developing
melanomas, MC1R and cAMP signaling could cooperate with
BRaf or NRas mutation and MAPK activation to inhibit the
activity of cdc25B, causing decreased proliferation. Going for-
ward, it will be important to determine whether cAMP’s in-
hibition of cdc25B activity is specific to cells experiencing
oncogenic stress, or if this represents a mechanism of cell cycle
regulation in response to physiological stress signals in other cell
and tissue types.
In conclusion, we have found evidence that MC1R signaling

can have a direct inhibitory role on melanoma cell line pro-
liferation, and that MC1R and cAMP signaling can regulate
progression from G2 into mitosis through a cdc25B-dependent
mechanism. This work helps further our understanding of the
role of MC1R and cAMP signaling in proliferation and cell cycle
arrest, and its potential as a target of therapeutic intervention.

Materials and Methods
Cell Culture, Synchronization, and Drug Treatment. MM200, MM370, MM485,
MM415, and A375 cell lines were grown in RPMI +10% (vol/vol) FBS. Cells
were synchronized by thymidine double block. Cells were grown in media
containing 2 mM thymidine for 14 h, washed with PBS and grown in normal
media for 10 h, returned to 2 mM thymidine for 14 h and then washed with
PBS and released into thymidine-free media with various drug treatments.
Dox induction was carried out in 1 μg/mL doxycycline. Forskolin was used in

concentrations ranging from 20 to 50 μM. IBMX was used at 100 μM. MSH
was used at a concentration of 100 nM. DMSO was added to wells where
necessary to bring the concentration of DMSO up to that of the treated wells.

Flow Cytometry. Cells were fixed by one of three different protocols
depending on the cells and application (for details, see SI Materials and
Methods). For DNA content analysis, cells were stained with 10 μg/mL pro-
pidium iodide with RNaseA. P-H3 staining was carried out with anti P-H3
S10-Alexa 647 (molecular probes) at 1:100 dilution for 1 h on ice. All cell cycle
experiments were replicated a minimum of three times. Because of vari-
ability in synchronization, we have shown one representative experiment in
each case. P-CDK1 staining was performed with anti-CDK1 Y15 (Cell Sig-
naling) and an anti-rabbit–Alexa647 secondary from molecular probes. Cells
were collected on the Beckman Dickson LSRII flow cytometer and analyzed
in FlowJo.

Pull Downs and Western Blot. Cells were lysed in TNM lysis buffer (TNM+
protease and phosphatase inhibitors, DTT, and 1% triton). For GST pull-
down, lysates were added to Glutathione-conjugated Sepharose beads and
agitated for 2 h at 4 °C. Following incubation, beads were washed three
times with ice cold TNM + 0.3% triton, drained and resuspended in sample
buffer. Blots were visualized and quantified using the licor fluorescent de-
tection system and Alexa 680-conjugated anti-rabbit and Alexa 800-conju-
gated anti-mouse secondary antibodies.
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