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Summary
The individuals carrying melanocortin-1-receptor (MC1R) variants, especially those associated
with red hair color, fair skin and poor tanning ability (RHC-trait), are more prone to melanoma
while the underlying mechanism is poorly defined. Here, we report that UVB exposure triggers
PTEN interaction with wild-type (WT), but not RHC-associated MC1R variants, which protects
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PTEN from WWP2-mediated degradation, leading to AKT inactivation. Strikingly, the biological
consequences of the failure of MC1R variants to suppress PI3K/AKT signaling are highly context
dependent. In primary melanocytes, hyperactivation of PI3K/AKT signaling leads to premature
senescence; in the presence of BRAFV600E, MC1R deficiency-induced elevated PI3K/AKT
signaling drives oncogenic transformation. These studies establish the MC1R-PTEN axis as a
central regulator for melanocytes’ response to UVB exposure, and reveal the molecular basis
underlying the association between MC1R variants and melanomagenesis.

Introduction
Environmental UV radiation exposure, fair skin, family history of melanoma and a high
number of melanocytic nevi are all well-characterized risk factors for developing melanoma
(Miller and Mihm, 2006). Notably, molecular and genetic data indicate that variations in the
coding region of the melanocortin-1-receptor (MC1R) play important roles in tanning, as
well as pigmentation and melanoma development (Raimondi et al., 2008). Consistent with
its critical role in melanocyte biological processes, MC1R is mainly expressed in
melanocytes and activated by its physiological ligand, α-melanocyte-stimulating hormone
(α-MSH) upon UVB exposure (D'Orazio et al., 2006).

Melanoma risk, attributable to MC1R genetic status, is associated with the tanning response
of skin to ultraviolet (UV) light (Thomas et al., 2010). Specific MC1R variants, such as
V60L, I40T, R142H, R151C, R162P, R160W and D294H, cannot stimulate cAMP
production as strongly as WT-MC1R in response to α-MSH, thereby resulting in decreased
pigmentation (Schioth et al., 1999). To this end, the MC1R-RHC variants are found to be
associated with phenotypes such as red hair, fair skin, poor tanning ability, and skin
sensitivity to UV (Goldstein et al., 2005). Recent studies revealed that several MC1R-RHC
variants are also associated with severity of melanocytic nevi (Kinsler et al., 2012) and
increased melanoma risk (Goldstein et al., 2005). These findings suggest that UV-induced
MC1R signaling might play an important role in melanoma development, possibly via both
the pigmentary and non-pigmentary pathways.

Phosphatase and tensin homolog (PTEN) is a well-characterized tumor suppressor
(Hollander et al., 2011) that inhibits the phosphatidylinositol 3-kinase (PI3K) oncogenic
pathway (Maehama and Dixon, 1998). Decreased PTEN expression is observed in 30–50%
of melanoma cell lines and in 5–20% of primary melanoma tumors (Wu et al., 2003). Recent
studies revealed PTEN as a key player in mediating the signaling pathways of both DNA
repair and melanocyte viability in the context of UV exposure (Ming et al., 2010). More
importantly, loss of PTEN leads to the onset of premature senescence presumably by super-
physiological activation of the AKT oncoprotein (Chen et al., 2005), a phenotype termed
oncogene-induced senescence (OIS) (Braig et al., 2005). Similarly, overexpression of
BRAFV600E also triggers premature senescence that is tightly associated with nevi formation
(Michaloglou et al., 2005). Therefore, OIS has been recently proposed to be a natural barrier
to oncogene-induced cellular transformation and bypass of this protection mechanism results
in tumorigenesis (Peeper, 2011). Here, we further examine if α-MSH/MC1R participates in
regulating the PI3K/PTEN/AKT signaling pathway after UV exposure and its potential
contribution to the development of melanoma.

Results
The Involvement of MC1R in UVB-induced PTEN and AKT Phosphorylation in vivo

To define the molecular mechanism by which α-MSH/MC1R maintains melanocyte
viability, we evaluated the phosphorylation status of several GPCR-regulated proteins,
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including p-ERK1/2, p-MEK, p-p38/MAPK, p-JNK, p-AKT and p-PTEN (Garcia-Borron et
al., 2005) (Figure S1A) in UV-irradiated mouse skin samples derived from the engineered
K14/SCF transgenic mice (Kunisada et al., 1998) expressing either wild-type MC1R or the
loss-of-function frameshift MC1R mutation.

Notably, phosphorylation of PTEN at Ser380 and Thr382/383 (indicators of inactive PTEN),
and phosphorylation of AKT at Ser473 (indicator of active AKT), were much more
significantly induced by UVB in epidermal cells expressing the MC1R mutant, compared to
cells expressing wild-type (WT) MC1R (Figure 1A). However, no significant difference was
detected for other examined proteins (Figure S1A) (data not shown). Consistently, pSer380/
pThr382/383-PTEN and pSer473-AKT were significantly induced by UVB in human
epidermal cells expressing R151C-, but not WT-MC1R (Figure 1A). However, no
significant changes in AKT abundance were observed before and after UVB exposure
regardless of the MC1R genetic status (Figures S1B–C). On the other hand, compared to
WT-MC1R expressing melanocytes, there was a significant reduction of PTEN expression
following UVB exposure in melanocytes with mutant MC1R (Figures S1B–C). Therefore,
these results collectively indicate that MC1R signaling may regulate UV-induced PTEN/
AKT actions in vivo.

To further confirm these results in melanocytes in vivo, twenty healthy volunteers with
Fitzpatrick skin type Classification I-III, whose MC1R and PTEN genetic status have been
determined (Supplemental Table 1), were exposed to 2 MED dose of UVR at the AusSun
Laboratory in Australia. Notably, immunofluorescence staining for PTEN and tyrosinase, a
reliable marker for melanocytes, revealed that 24 hours after SS-UVR exposure, there was a
reduction in the number of melanocytes expressing PTEN in human skin (Figure 1C and
Supplemental Table 2). On the other hand, compared to baseline pre-treatment levels, the
expression of PTEN in melanocytes at both 24 hr and 14 days following SS-UVR exposure
was lower among subjects carrying MC1R variants (Figures 1D and Supplemental Table 3).
These in vivo results confirm our IHC results (Figures 1A–B), further revealing that MC1R
genetic status impacts PTEN expression in melanocytes at the physiological setting after
UVR exposure.

MC1R Regulates UVB-induced PTEN Inactivation and AKT Phosphorylation in vitro
Importantly, elevation of both pS473-AKT and pS380/pT382/383-PTEN were observed
after UVB exposure, especially in MC1R-depleted melanocytes (Figures 2A–B and S2C–
D). Moreover, in MC1R-depleted cells, we observed a dose-dependent decrease of PTEN
abundance and elevated levels of PTEN oxidation that correlates with a concomitant
elevation of pS473-AKT (Figures 2C–D and S2E). These findings suggest that MC1R might
regulate PTEN phosphatase activity or PTEN stability to influence UVB-induced AKT
activation in melanocytes.

Furthermore, UVB-exposure in the presence of MC1R silencing augmented AKT
phosphorylation even when the cAMP pathway was inhibited by 2’, 5’-DDA (Figure 2E) or
by depletion of endogenous adenylyl cyclase (Figure 2F) in melanocytes. Thus, these results
indicate that MC1R silencing might augment UV-induced AKT phosphorylation
independent of the downstream cAMP pathway.

MC1R Interacts with PTEN after UVB Exposure
Given the critical role of PTEN in tumorigenesis, its function and stability are tightly
controlled in vivo (Song et al., 2012). Therefore, next we explored whether MC1R is a novel
upstream PTEN regulator. To this end, we found that endogenous PTEN complexes with
endogenous MC1R after UV exposure (Figures 3A–B). Notably, both α-MSH addition and
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UVB exposure are required for induced MC1R/PTEN interaction in melanocytes (Figures
S3A–B). For simplification, both UVB exposure and α-MSH addition were used in the
following experiments to induce MC1R/PTEN interaction.

In support of this finding, we also detected the interaction of exogenous PTEN and MC1R
upon UV exposure (Figures S3C–D) in a dose-dependent manner (Figure 3C). Strikingly,
the PTEN-MC1R complexes formed 5 min after low dose UVB (100 J/m2) exposure and
persisted up to 24 hr (Figure 3D). Moreover, gel filtration results indicated that in the
absence of UV exposure, both MC1R and PTEN mainly migrate as monomers while UV
exposure led to the formation of a large complex composed of MC1R and PTEN as well as
other unidentified components (Rabinovsky et al., 2009) (Figure 3E). We further showed
that following UV exposure, there was more detectable membrane-bound fraction of PTEN
(Figure 3F). Moreover, we found that the PTEN C2-domain (amino acids 186–274) was
necessary for mediating the interaction with full-length MC1R (Figures S3E–F), and the two
MC1R intra-membrane domains (amino acids 144–160 and 277–297, respectively) were
largely necessary for mediating the interaction with full-length PTEN (Figures S3G–I).

MC1R Variants Impair Their Ability to Interact with PTEN
Next, we explored whether RHC variants in MC1R might affect its physical interaction with
PTEN. In support of this notion, compared to SK-Mel2 cells with WT-MC1R (Tap et al.,
2010), the strong interaction between endogenous WT-MC1R and PTEN following UV
exposure was completely abolished in A375 cells harboring MC1R-R151C (Tap et al.,
2010) (Figures 4A and S4A–B). Consistently, an interaction was observed between
endogenous PTEN and MC1R in human primary melanocytes (HPMs) derived from
discarded foreskin with WT-MC1R, but not MC1R-R151C (Figure 4B). These findings
were further supported by co-immunoprecipitation and GST-pull down experiments
showing that various MC1R-RHC variants (R151C, R160W and D294H) are defective in
binding to PTEN both in vivo and in vitro (Figures 4C–E).

Interestingly, MC1R interaction with the C124S phosphatase-deficient PTEN was weaker
than with wild-type PTEN (Figure 4F). Furthermore, even without UV treatment, 4A-PTEN,
a non-phosphorylatable and constantly active form of PTEN (Rabinovsky et al., 2009) could
efficiently interact with MC1R (Figure 4G). On the other hand, the phospho-mimetic mutant
(4E) form of PTEN failed to interact with MC1R even following UV exposure. These results
strongly suggest that MC1R preferentially interacts with, and protects the non-
phosphorylated, active form of PTEN from destruction to suppress AKT activation. In
keeping with this notion, following UV exposure, compared to cells expressing WT-MC1R,
cells expressing various variants of MC1R that failed to interact with PTEN (Figures 4A–D)
at levels comparable to WT-MC1R (Figures S4C–D), exhibited a rapid destruction of PTEN
and a corresponding elevation of p-AKT (Figures 4H and S4E). Unlike the impaired
interaction between PTEN and the MC1R-RHC variants such as R151C, R160W and
D294H, there was no detectable reduction in the interaction between PTEN and non-RHC
variants we examined, including F76Y, V174I and P230L (Figures S4F–G). These results
support a unique feature associated with MC1R-RHC variants in their deficiency to protect
PTEN stability, thereby predisposing melanocytes to melanomagenesis.

MC1R Regulates PTEN Activity after UVB Exposure
Notably, PTEN phosphatase activity was repressed by UVB exposure, especially in MC1R-
depleted melanocytes infected with the EV control (Figures 4I–J). Importantly, re-
introducing wild-type MC1R prevented UVB-induced repression of PTEN phosphatase
activity, suggesting that MC1R protects PTEN activity after UVB exposure. However,
PTEN phosphatase activity was still repressed in cells expressing MC1R-RHC variants
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defective in associating with PTEN (Figures 4I–J), indicating that these MC1R variants lost
protective activity for PTEN following UVB exposure.

MC1R Protects PTEN from Proteolysis under UVB Exposure Conditions
Notably, compared to control cells, the half-life of PTEN protein was much shorter in
MC1R-depleted cells (Figures 5A–B and S5A–B). Re-introduction of WT-MC1R in MC1R-
depleted cells stabilized PTEN (Figures 5C–D), indicating that MC1R protects UVB-
induced PTEN degradation in melanocytes. Consistently, compared to shScr-treated control
cells, there is a significant decrease of PTEN abundance in MC1R-depleted cells, which
could be reversed by MG132 (Figures 5E–F). To further evaluate the contribution of the
ubiquitination pathway in this process, PTEN ubiquitination was examined in B16 cells or
human primary melanocytes before and after depletion of endogenous MC1R. Compared to
control cells, ubiquitinated PTEN was much more readily detected in MC1R-depleted cells,
especially after UVB exposure (Figures 5G–H and S5C–D). Furthermore, reintroducing
WT-, but not MC1R-RHC variants, could suppress in vivo PTEN ubiquitination following
UVB exposure (Figures S5E–F). These results suggest that MC1R might protect PTEN from
UV-induced ubiquitination.

MC1R Competes with WWP2 to Interact with PTEN after UVB Exposure
Next, we sought to further pinpoint the exact molecular mechanisms underlying MC1R-
mediated protection of PTEN ubiquitination following UVB exposure. We reasoned that
UVB-induced MC1R/PTEN interaction might affect the interaction between PTEN and its
physiological E3 ligases such as NEDD4 (Wang et al., 2007) and WWP2 (Maddika et al.,
2011) in melanocytes. As both NEDD4 and WWP2 belong to the NEDD4 family of E3
ligases, we explored the specificity among NEDD4 family members that interact with
PTEN. Consistent with previous reports (Maddika et al., 2011; Trotman et al., 2007; Wang
et al., 2007), PTEN strongly interacted with WWP2, but weakly with NEDD4 (Figure S5G).
More importantly, in both B16 and human primary melanocytes, UV exposure dramatically
reduced the interaction between endogenous PTEN and WWP2 (Figures 3A–B),
concomitantly inducing the interaction between endogenous PTEN and MC1R (Figures 3A–
B).

As both WWP2 (Maddika et al., 2011) and MC1R (Figures S3E–F) interact with the C2-
domain of PTEN, as well as preferentially bind to the non-phosphorylated, active form of
PTEN (Figures 4G and S5H), these results suggest a model by which MC1R competes with
WWP2 to interact with PTEN, thereby protecting PTEN from WWP2-mediated
ubiquitination and subsequent destruction (Figure 5J). In support of this model, following
UVB exposure, WT, but not MC1R variants, competes with WWP2 to interact with PTEN
(Figures 4A and Figure 5I). Intriguingly, no significant reduction in PTEN/NEDD4
interaction was observed either under ectopic expression (Figure S5I) or physiological
(Figure 4A) conditions. These results indicate that at least in melanocytes following UVB
exposure, WWP2, but not NEDD4 is the physiological E3 ligase for PTEN, and UVB-
triggered MC1R/PTEN interaction, in part by elevated secretion of α-MSH, protects PTEN
from WWP2-mediated ubiquitination (Figure 5J).

MC1R Deficiency Triggers the Onset of UVB-induced Premature Senescence Largely via
the PTEN/AKT Signaling Pathway

In keeping with the notion that melanocyte senescence is prevalent in melanocytic nevus,
which is frequently found in individuals with MC1R variants (Ha et al., 2008), upon UVB
exposure, depletion of MC1R severly reduced cell proliferation (Figures 6A–D and S6A–B)
that correlated with elevated expression of cell cycle inhibitors, p16INK4a and p21 (Figures
6E–F). Consistently, compared to control cells, we observed a significant increase of the G1
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cell population in MC1R-depleted cells following UVB exposure (Figures S6C). Further
studies revealed no significant difference in apoptosis between control and MC1R-depleted
cells following UVB exposure (Figure S6D–H). To eradicate possible off-target effects of
shMC1R, we reintroduced WT-MC1R or various MC1R variants in MC1R-depleted cells
and found that WT, but not MC1R-RHC variants could rescue UVB-induced cell growth
retardation (Figures S6I–K). These results argue for a causal relationship between depletion
of MC1R and reduced cell proliferation following UVB exposure to cause G1 cell cycle
arrest.

In keeping with the correlation between melanocyte senescence prevalent in melanocytic
nevus and individuals with MC1R-RHC variants (Ha et al., 2008), depletion of endogenous
MC1R induced the accumulation of SA-β-gal-positive cells (Figures 6G–H) that correlated
with reduction in colony formation (Figures 6C–D). To further validate the role of MC1R in
UV-induced melanocyte senescence, we reintroduced WT and MC1R-RHC variants into
MC1R-depleted B16 cells and human primary melanocytes. Notably, there was a 75%
reduction in UVB-induced SA-β-gal positive cells in those expressing WT-MC1R,
compared to empty vector controls (Figures 6I–J). In contrast, cells expressing MC1R-RHC
variants did not obviously repress the onset of premature senescence (Figures 6I–J), in part
due to failure to suppress p16INK4a and p21 induction following UVB (Figures 6K–L).
These results provide molecular insights into the observation that reintroduction of WT-
MC1R, but not MC1R-RHC variants, could accelerate cell growth in MC1R-depleted cells
as judged by MTT (Figures S6I) or colony formation (Figures S6J) assays.

Importantly, consistent with the Pandolfi group (Chen et al., 2005), we found that
phenocopying MC1R depletion, depletion of endogenous PTEN in human primary
melanocytes (Figure S6L) or mouse B16 melanocytes (Figure S6M) led to a significant
increase in SA-β-gal-positive cells as well as p16INK4a and p21 expression levels. These
findings indicate that depletion of MC1R-induced premature senescence after UVB
exposure is largely via the PTEN pathway. Consistently, re-introducing WT-PTEN, but not
the inactive, C124S–PTEN (Figures S6N–O), into MC1R-depleted melanocytes efficiently
rescued premature senescence (Figures 6M–N). However, depletion of p16INK4a itself was
not sufficient to bypass UVB-induced premature senescence in MC1R-depleted cells (Figure
S6P), indicating that besides the p16INK4a/Rb pathway, other tumor suppressor pathways
such as the p53/p21 pathway (Ben-Porath and Weinberg, 2005) might be also involved.
Intriguingly, depletion of p21 alone (Figures S6R–T) or in combination with p16INK4a

depletion (Figures S6U–W) could not rescue the premature senescence phenotype induced
by depletion of MC1R. As simultaneous inhibition of Rb/p53 pathway has been reported to
facilitate cellular transformation by bypassing oncogene-induced premature senescence
(OIS) in various cellular contexts including melanocytes (Garraway et al., 2005), these
results suggest that besides p16INK4a and p21 CDK inhibitors, other downstream targets of
the Rb/p53 tumor suppressor pathways (Sherr and McCormick, 2002) might participate in
OIS. Nonetheless, in the following studies, rather than co-depletion of p21 and p16INK4a, we
chose to use ectopic expression of p53DD and R24C–Cdk4 to inactivate both the Rb and
p53 tumor suppressor pathways in melanocytes (Garraway et al., 2005).

BRAFV600E Cooperates with MC1R Deficiency to Drive Melanomagenesis
Notably, using genetically engineered human immortal melanocytes (hTERT/p53DD/
CDK4(R24C) melanocytes) (Garraway et al., 2005), we demonstrated that depletion of
MC1R could not initiate the onset of premature senescence even after UVB exposure
(Figures 7A–C). Although bypassing premature senescence is necessary for oncogene-
induced transformation, depletion of the MC1R tumor suppressor was not sufficient to
confer cellular transformation in hTERT/p53DD/CDK4(R24C) melanocytes (Figures 7G
and I). These results indicate that additional genetic alterations are required for cellular
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transformation of human melanocytes. As oncogenic mutation of BRAFV600E is detected in
over 70% of human melanomas and is considered as a driving force to facilitate melanoma
development (Vredeveld et al., 2012), we intended to further investigate the potential role of
BRAFV600E in MC1R deficiency-induced melanoma.

In keeping with previous reports (Vredeveld et al., 2012), ectopic expression of BRAFV600E

efficiently triggered the onset of premature senescence (Figure S7A), in part through
upregulating both p16INK4a and p21 (Figure S7B). Correspondingly, inhibition of the p53
and Rb pathways by ectopic expression of p53DD and R24C–Cdk4 also bypassed
BRAFV600E-induced premature senescence (Figures 7D–F). However, in primary human
melanocytes, depletion of either MC1R or PTEN could not rescue the senescent phenotype
exhibited by BRAFV600E expression (Figures S7C and S7E), as depletion of either PTEN or
MC1R could not suppress BRAFV600E-elevated expression of p16INK4a and p21 (Figures
S7D and S7F). Since abrogation of the p53 and Rb pathways allows both MC1R-depleted
cells and BRAFV600E-expressing cells to bypass senescence, we further explored whether
BRAFV600E cooperates with MC1R deficiency to induce cellular transformation. Notably,
we found that unlike ectopic expression of BRAFV600E alone, or singular depletion of
MC1R, genetically engineered human melanocytes with simultaneous depletion of MC1R
and ectopic expression of BRAFV600E resulted in robust melanocyte media-independent
growth in vitro (Figures 7G–H). Mechanistically, only in experimental conditions with
depletion of MC1R and overexpression of BRAFV600E, there was a significant co-induction
of both p-AKT and p-ERK, both of which could facilitate cellular transformation (Figure
7H). In support of these results, only cells engineered to express BRAFV600E in conjunction
with MC1R depletion readily formed anchorage-independent colonies (Figure 7I), or
significantly promoted in vivo tumor formation in mouse xenograft (Figures 7J–K and S7G–
H).

Lastly, to eliminate possible off-target effects of shRNA treatment, we reintroduced WT-
MC1R and various MC1R variants into the BRAFV600E-expressing, MC1R-depleted
hTERT/p53DD/CDK4(R24C) melanocytes and further demonstrated that reintroducing WT,
but not MC1R-RHC variants that are defective in associating with PTEN, could efficiently
block the cellular transformation phenotype (Figures 7L–N). Interestingly, comparing to
WT-MC1R, reintroduction of MC1R-RHC variants resulted in elevated sensitivity to AKT
inhibitor treatment (Figures S7I–N), presumably due to their deficiency to protect PTEN
from WWP2-induced destruction (Figure S7P). These results also indicate that multiple
genetic alterations are required for transforming human primary melanocytes. More
importantly, our results demonstrated that MC1R variants could synergize with BRAFV600E

to facilitate cellular transformation. In keeping with our results, the Fisher group recently
demonstrated that melanocyte-targeted expression of BRAFV600E in mice carrying an
inactivating MC1R variant that is analogous to red hair-fair skin humans, led to a high
incidence of invasive melanomas in vivo (Mitra et al., 2012). These findings altogether
provide a possible molecular mechanism for the observation that red-haired individuals
harboring MC1R mutations, are more susceptible to UV-induced skin damage than
individuals with darker skin, resulting in a 10- to 100-fold higher frequency of non-
melanoma and melanoma skin cancers.

PTEN Aberrations are Frequently Detected in Melanomas with Wild-type MC1R
To identify possible correlations between MC1R genetic status and PTEN activity in
melanomas, PTEN mutations and homozygous deletions were determined in 79 melanoma
cell lines derived from human melanoma samples collected in Brisbane, Australia
(Supplemental Table 5). We found that 68 of 79 melanoma cell lines (86%) have wild-type
PTEN and of these, only 10 are MC1R wild-type (14.7%). In contrast, of 11 melanoma cell
lines carrying PTEN aberrations, 7 (64%) are MC1R wild-type (Supplemental Table 5).
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Therefore, there seems to exist a significant association between MC1R variants and PTEN
activity in melanomas (χ2=8.8, p=0.00301 by Pearson’s Chi-squared test) (Figure S7O).
These results suggest that MC1R and PTEN defects are complementary in melanoma
development and furthermore, the host genotypes might condition the somatic mutation
spectrum in melanoma. Importantly, this phenomenon has previously been postulated for
germline MC1R status influencing BRAF mutations in a similar fashion in melanoma
(Landi et al., 2006).

Discussion
We show here that the α-MSH/MC1R signaling receptor/ligand pair protects against UV
damage by a direct interaction with PTEN, protecting PTEN from proteolysis and
consequently acts to suppress the PI3K/AKT signaling. Thus, the MC1R-RHC variants that
do not interact with PTEN allow elevated levels of PI3K/AKT signaling following UV
irradiation. Strikingly, the consequences of MC1R-RHC variants in failing to suppress the
PI3K/AKT signaling are highly context dependent. In primary melanocytes, the
hyperactivation of the PI3K/AKT signaling, arising as a consequence of the failure of
MC1R-RHC variants to stabilize PTEN following UV irradiation, leading to premature
senescence. On the other hand, in the presence of activated BRAF, the same elevated PI3K/
AKT signaling drives oncogenic transformation. These data go a long way to explain
previous observations that certain MC1R variants promote UV-induced senescence, and
delay DNA repair (Dong et al., 2010) and ROS clearance (Henri et al., 2011) following UV
exposure.

Importantly, PTEN dysfunctions are frequently detected in melanomas with wild-type
MC1R. Our demonstration that MC1R could govern the activity of PTEN under UV
exposure provides a mechanistic explanation for the role of MC1R in protecting against UV-
induced melanocyte premature senescence, a critical natural barrier for the subsequent
cellular transformation induced by additional acquisition of the BRAFV600E mutation, an
event detected in nearly 70% of human melanomas. Hence, the identification of the MC1R
protective interaction with PTEN will be a starting point for future studies on pigment-
independent mechanisms governing UV response and oncogenesis. Furthermore, we found
that unlike WT-MC1R, MC1R-RHC variants are defective in associating with PTEN, and
do not protect PTEN upon UV exposure, which could adversely affect various cellular
functions. Although our studies indicated that UVB-induced secretion of α-MSH might
trigger PTEN/MC1R interaction, it remains not fully understood why RHC-type, but not all
MC1R sequence variants, are defective in associating with PTEN following UVB exposure.
Further crystallization studies are required to identify the crystal structure of the MC1R
protein and how this is altered by MC1R-RHC variants to potentially impair its PTEN
association.

Notably, similar to loss of other tumor suppressors including TSC2 (Zhang et al., 2003),
PTEN (Chen et al., 2005; Nardella et al., 2008) or VHL (Young et al., 2008), we found that
loss of the MC1R tumor suppressor in primary human melanocytes induces the onset of
premature senescence upon UVB exposure. Importantly, several senescence pathways are
usually activated in benign nevi where they work to prevent to further transformation
(Michaloglou et al., 2005). Nevi and melanoma are genetically linked (Hayward, 2000).
Both of them are more frequent in Caucasians with light-skin than those with a dark-skin
phenotype (Halder and Bridgeman-Shah, 1995). Further studies revealed that abrogation of
the downstream p53 and Rb tumor suppressor pathways allows primary human melanocytes
to bypass MC1R deficiency-induced premature senescence, but are not sufficient to gain a
transformation phenotype (Figures 7G–K). These findings further impinge on additional
genetic alterations that might be required for melanomagenesis. To this end, we found that
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additional expression of BRAFV600E efficiently transformed the MC1R-depleted hTERT/
p53DD/CDK4(R24C) human melanocytes, but not the control cell lines, and promoted in
vivo tumorigenesis in a xenograft model. Consistent with this result, a recent report showed
that abrogation of BRAFV600E-induced senescence by PI3K pathway activation (e.g. PTEN
deletion) contributes to melanomagenesis (Vredeveld et al., 2012). More importantly, the
synergistic effects of gain of BRAFV600E oncogenic function and loss of MC1R tumor
suppressor function in facilitating melanoma development in vivo are further illustrated by
the Fisher group using elegant engineered mice models (Mitra et al., 2012). These data
further indicate the tumor suppressor role of MC1R and the tight connections between
MC1R and PTEN in melanocytes.

Experimental Procedures
Cell Lines, Animals and UV Exposure

Mouse strains, cell lines and UV exposure were described previously (Cui et al., 2007;
D'Orazio et al., 2006). Primary melanocytes were isolated from normal discarded foreskins
as described before (Dunham et al., 1996). Human primary melanocytes were cultured in
Medium 254 (Gibco). Immortal human melanocytes (hTERT/p53DD/CDK4(R24C))
(Garraway et al., 2005) were cultured in glutamine containing Ham’s F12 media
supplemented with 7% FBS, 0.1 mM IBMX, 50 ng/mL TPA, 1 µM Na3VO4 and 1 µM
dbcAMP.

Quantitative Real-time RT-PCR Analysis
Quantitative real-time RT-PCR was utilized to determine relative mRNA expression as
described previously (Cui et al., 2007; D'Orazio et al., 2006). The primers used for human
MC1R are: Forward, 5’- ACCTGCACTCGCCCATGTATTACT-3’; Reverse, 5’-
AATGATGCCCAGGAAGCAGAGACT-3’; Mouse MC1R: Forward, 5’-
TGGGCATCATTGCTATAGACCGCT-3’; Reverse, 5’-
AACGGCTGTGTGCTTGTAGTAGGT-3’.

BrdU, SA- β-Gal Assays, and Crystal Violet Staining
BrdU labeling was performed at 16 hr after UV irradiation. SA β-Gal and crystal violet
staining were performed as described previously (Banito et al., 2009).

Subcellular Fractionations
Saponin subcellular fractionation for MC1R and PTEN were performed as described
previously (Odriozola et al., 2007).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• UVB exposure triggers PTEN interaction with wild-type, but not MC1R RHC
variants

• WT, but not MC1R RHC variants protect PTEN from WWP2-mediated
ubiquitination

• MC1R deficiency leads to the onset of premature senescence in primary
melanocytes

• MC1R deficiency cooperates with BRAFV600E to drive melanomagenesis
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Figure 1. PTEN Expression is Reduced in Human Skin Carrying MC1R Variants Following UV
Exposure
A–B. Immunohistochemistry (IHC) staining of phospho-PTEN (Ser380/Thr382/383) and
phospho-AKT (Ser473) in Albino mouse skin (wild-type [WT] MC1R or loss-of-function
MC1R frameshift mutation [Mut]) (A) or human foreskin (collected from Caucasian with
wild-type MC1R [WT] or MC1R [R151C]) (B) with or without UVB irradiation.
C. Immunofluorescent staining (IF) identifying PTEN expression (green), melanocytes
(tyrosinase, red) and nuclei (DAPI, blue). Arrows indicate PTEN expressing melanocytes.
(a) Non-UVR; (b) SS-UVR.
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D. The expression of PTEN was determined by IF in melanocytes of human volunteers
harboring MC1R variants (n=10) or wild-type MC1R (n=10) at 24 hr and 14 days after UV
irradiation. (* p = 0.03 and ** p = 0.008 by paired t test. Data are represented as mean ±
SEM, n=10).
(See also Figure S1 and Supplemental Table 1–3)
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Figure 2. MC1R Depletion Augments UVB-induced AKT Phosphorylation by Inactivating
PTEN
A–B. B16 cells (A) and human primary melanocytes (HPMs) (B) stably expressing control
shRNA (shScr) or multiple independent shMC1Rs (mouse or human MC1R-specific,
respectively) were pre-incubated with 1 µM α-MSH for 30 min, exposed to 100 J/m2 UVB
as indicated, and then harvested at 3 hr after UVB exposure for immunoblot (IB) analysis.
C–D. Whole cell lysates (WCL) derived from the B16 cells (C) and HPMs (D) generated in
A and B with UVB treatment at the doses of 0, 50 and 100 J/m2 were used to detect PTEN
oxidation by performing non-reducing SDS-PAGE followed by IB analysis.
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E–F. MC1R silencing induced PTEN oxidation and PTEN phosphorylation following UVB
exposure are independent of the cAMP pathway. HPMs were infected with shMC1R (with
shScr as a negative control) to deplete endogenous MC1R. The resulting cells were treated
with 1 µM α-MSH for 30 min followed by 100 J/m2 UVB exposure before harvesting for IB
analysis. The cAMP pathway was inhibited by using either 2’, 5’-dideoxyadenosine (2’,5’-
DDA, 2.5 mM) (E) or siRNA against endogenous adenylyl cyclase (F) as indicated.
(See also Figure S2)
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Figure 3. UVB Irradiation Promotes the Physical Interaction Between MC1R and PTEN in
Melanocytes
A–B. B16 cells (A) or HPMs (B) were pre-incubated with 1 µM α-MSH for 30 min,
irradiated with 100 J/m2 UVB, and harvested 3 hr post UVB exposure. WCL were then
subjected to immunoprecipitation (IP) and IB analysis.
C. MC1R interacts with PTEN in a UVB dose-dependent manner. MC1R-depleted B16 cells
were infected with retrovirus encoding Flag-MC1R WT. The resulting cells were transfected
with HAPTEN, then pretreated with the proteasomal inhibitor MG132 (25 µM) for 3 hr and
with 1 µM α-MSH for 30 min followed by irradiation at the indicated doses. Cells were then
harvested for IP and IB analysis at 3 hr after UVB exposure.
D. MC1R and PTEN interactions were detected after UVB exposure for up to 24 hr. B16
cells were generated and treated with MG132 and α-MSH as described in C before
harvesting for IP and IB analysis at the indicated time points post UVB exposure.
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E. B16 cells were treated with 1 µM α-MSH for 30 min followed by irradiation with 100 J/
m2 UVB. WCL were subjected to the Superdex 200 size exclusion column to separate
proteins at different sizes. The lysates collected at various fractions were separated by SDS-
PAGE before IB analysis.
F. B16 cells were pretreated with MG132 (25 µM) for 3 hours and with 1 µM α-MSH for 30
min followed by irradiation with 100 J/m2 UVB. Cells were then harvested and subjected to
subcellular fractionation at 3 hr after UV exposure. The fractionated lysates were subjected
to IP and IB analysis. MB indicates membrane-associated fractions, CYT indicates cytosolic
fractions.
(See also Figure S3)
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Figure 4. MC1R Variants are Defective in Association with PTEN Following UVB Irradiation
A. IP and IB analysis of the WCL derived from SK-Mel2 (WT-MC1R) or A375 (R151C–
MC1R) cells with or without UVB exposure (100 J/m2). Cells were pretreated with the
MG132 (25 µM) for 3 hours and with 1 µM α-MSH for 30 min before UV exposure and
harvested at 3 hr after UVB exposure.
B. IP and IB analysis of HPMs derived from discarded foreskin with WT-MC1R, or the
R151C MC1R variant. The melanocytes were treated with 1 µM α-MSH for 30 min before
UVB exposure (100 J/m2).
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C. IP and IB analysis of WCL derived from shMC1R-B16 cells transfected with the
indicated Flag-MC1R plasmids. Cells were pretreated with the MG132 (25 µM) for 3 hours
and with 1 µM α-MSH for 30 min before UVB exposure (100 J/m2).
D. IP and IB analysis of WCL derived from MC1R-depleted B16 cells co-transfected with
the indicated Flag-MC1R plasmids and GFP-PTEN-C2. Cells were pretreated with MG132
(25 µM) for 3 hours and with 1 µM α-MSH for 30 min before UVB exposure (100 J/m2).
E. Direct physical interactions between MC1R and PTEN were detected by GST pull-down
assays. Recombinant His-PTEN (100 nM) was incubated with GST alone or the indicated
GST-MC1R fusion proteins overnight. The bound PTEN protein was detected by IB
analysis. Input represents 10% of the total amount of protein subjected to the GST pull-
down assays.
F. IP and IB analysis of WCL derived from MC1R-depleted B16 cells transfected with Flag-
MC1R and the indicated HA-PTEN plasmids. Cells were pretreated with MG132 (25 µM)
for 3 hours and with 1 µM α-MSH for 30 min before UVB exposure (100 J/m2).
G. IP and IB analysis of WCL derived from MC1R-depleted B16 cells transfected with
Flag-MC1R and the indicated HA-PTEN plasmids. Where indicated, cells were pretreated
with MG132 (25 µM) for 3 hours and with 1 µM α-MSH for 30 min before UVB exposure
(100 J/m2).
H. IP and IB analysis of WCL derived from MC1R-depleted HPMs infected with the
indicated Flag-MC1R encoding retro-viral constructs. Cells were treated with 1 µM α-MSH
for 30 min before UVB exposure (100 J/m2).
I–J. MC1R-depleted B16 (I) or HPMs (J) were reintroduced with retrovirus encoding Flag-
tagged WT-MC1R or the indicated MC1R variants. These generated cell lines were
transfected with HA-PTEN. 48 hr post-transfection, cells were treated with 1µM α-MSH for
30 min, irradiated with 100 J/m2 UVB, and then harvested 5 min or at 3 hr after UV
irradiation. PTEN was then immuno-purified from the harvested lysates, and PTEN activity
was measured by using a malachite green assay kit. The lower panel shows the amount of
PTEN loaded for the ELISA analysis (Data are represented as mean ± SEM, n=3, the p
values are listed in Supplemental Table 4).
(See also Figure S4 and Supplemental Table 4)
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Figure 5. MC1R Protects PTEN from Ubiquitination and Subsequent Proteosome-mediated
Destruction Following UVB Exposure
A–B. B16 cells (A) or HPMs (B) were infected with the shMC1R lentiviral construct (with
shScr as a negative control) to deplete endogenous MC1R. The resulting cells were
pretreated with 1 µM α-MSH for 30 min before UVB irradiation (100 J/m2), and then
cultured in media containing 50 µg/ml cycloheximide (CHX). The cells were then harvested
at the indicated time points for IB analysis.
C–D. MC1R-depleted B16 cells (C) or HPMs (D) were infected with Flag-WT-MC1R
encoding retrovirus. The resulting B16 cells (C) or human primary melanocytes (D) were
pretreated with 1 µM α-MSH for 30 min followed by treatment with 50 µg/ml CHX before
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and during UVB irradiation (100 J/m2). The cells were then harvested at the indicated time
points for IB analysis.
E–F. B16 cells (E) or HPMs (F) were infected with the shMC1R lentiviral construct (with
shScr as a negative control) to deplete endogenous MC1R. The resulting cells were
pretreated with 1 µM α-MSH for 30 min before UVB exposure (100 J/m2), followed by
treatment with 25 µM MG132 during UVB irradiation, and then cultured in DMEM with
MG132 for 4 hr. WCL were then collected for IB analysis.
G–H. B16 cells (A) or HPMs (B) were infected with the shMC1R lentiviral construct (with
shScr as a negative control) to deplete endogenous MC1R. The resulting cells were
transfected with HA-ubiquitin, 40 hr post-transfection, cells were pretreated with 25 µM
MG132 for 6 hr and 1 µM α-MSH for 30 min prior to UVB irradiation (100 J/m2). The cells
were harvested 3 hr after UVR and then immunoprecipitated with HA-conjugated agarose
beads. Ubiquitin bound PTEN was analyzed by SDS-PAGE and IB analysis using anti-
PTEN antibody.
I. IP and IB analysis of WCL derived from MC1R-depleted B16 cells transfected with
HAPTEN, Myc-WWP2 and increasing amount of Flag-MC1R WT or R151C mutant. 48
hours post-transfection, cells were pretreated with MG132 (25 µM) for 3 hours and with 1
µM α-MSH for 30 min before UVB exposure (100 J/m2) and harvested 3 hr post UVB
exposure.
J. Schematic diagram of the mechanism through which MC1R protects PTEN from WWP2-
mediated degradation upon UVB exposure in the presence of α-MSH.
(See also Figure S5)
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Figure 6. MC1R Deficiency Triggers Premature Senescence Following UVB Exposure in
Primary Human Melanocytes
A–B. Control of MC1R depleted B16 cells (A) or HPMs (B) were treated with 1 µM α-MSH
for 30min, and irradiated with 25 J/m2 UVB followed by MTT assays to evaluate the
relative cell numbers at different time points. Data shown represent mean ± SEM, n=3.
C–F. The cells generated in A-B were pre-treated with 1 µM α-MSH for 30 min and then
irradiated with or without UVB (25 J/m2). Cells were then seeded at equal densities after
UVR and fixed and stained with crystal violet after 10 days (C–D). The pictures shown are
representative of three experiments. IB analyses were also performed 10 days after UVR
with the indicated antibodies (E–F).
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G–H. The cells generated in A–B were subjected to SA-β-gal staining assay 6 days after
UVR. The quantification of the percentage of SA-β-gal positive cells was indicated within
the pictures. The pictures show one representative experiment out of three independent
experiments. Data are represented as mean ± SEM, n=3.
I–J. MC1R-depleted B16 cells (I) or HPMs (J) were infected with retro-viruses encoding
wild-type MC1R or MC1R variants (R151C, R160W or D294H). The resulting cells were
exposed to 25 J/m2 UVB, and stained for SA-β-gal activity at day 6 after UVR. The
quantification of the percentage of SA-β-gal positive cells was indicated within the pictures.
The pictures show one representative experiment out of three independent experiments. Data
are represented as mean ± SEM, n=3.
K-L. The cells generated in I–J were subjected to IB analysis.
M–N. MC1R-depleted B16 cells (M) or HPMs (N) were infected with lenti-viruses
encoding wild-type PTEN or phosphatase dead, C124S PTEN as indicated. The resulting
cells were exposed to 25 J/m2 UVB, and stained for SA-β-gal activity at day 6 after UVR.
The quantification of the percentage of SA-β-gal positive cells was indicated within the
pictures. The pictures show one representative experiment out of three independent
experiments. Data are represented as mean ± SEM, n=3.
(See also Figure S6)
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Figure 7. BRAFV600E Cooperates with MC1R Deficiency to Drive Melanomagenesis
A. Control or MC1R depleted hTERT/p53DD/CDK4(R24C) human melanocytes were
treated with 1 µM α-MSH for 30 min and irradiated with or without UVB (20 J/m2). Cells
were then subjected to SA-β-gal staining 10 days after UVR. The quantification of the
percentage of SA-β-gal positive cells is indicated within the pictures. The pictures show one
representative experiment out of three independent experiments. Data are represented as
mean ± SEM, n=3.
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B. The cells generated in A were subjected to BrdU incorporation assays. The quantification
of the percentage of BrdU positive cells was plotted as mean ± SEM from three independent
experiments.
C. The cells generated in A were harvested for IB analysis.
D. Control or BRAFV600E expressing hTERT/p53DD/CDK4(R24C) human melanocytes
were subjected to SA-β-gal staining assays 10 days after infection, and quantification of the
percentage of SA-β-gal positive cells was indicated within the pictures. The pictures show
one representative experiment out of three independent experiments. Data are represented as
mean ± SEM, n=3.
E. The cells generated in D were subjected to BrdU incorporation assays, and quantification
of the percentage of BrdU positive cells was plotted as mean ± SEM from three independent
experiments.
F. The cells generated in D were harvested for IB analysis.
G–H. The BRAFV600E (or EV) expressing cells generated in D were further infected with
the shMC1R lentiviral construct (with shScr as a negative control) to deplete endogenous
MC1R. The resulting cells were subjected to clonogenic survival assays 15 days after UVR.
Crystal violet was used to stain the formed colonies and the colony numbers were counted
from three independent experiments. The relative colony numbers were calculated as mean
± SEM, n=3 (G). The resulting cells were also subjected to IB analysis (H).
I. The cells generated in G were seeded (10,000 cells per well) in 0.5% low-melting-point
agarose in DMEM with 10% FBS, layered onto 0.8% agarose in DMEM/10% FBS. The
plates were cultured for 30 days whereupon the colonies >50 µm were counted under a light
microscope. The colony numbers were plotted as mean ± SEM from three independent
experiments.
J. Growth curves for the xenograft experiments with the indicated tumor cells that were
inoculated subcutaneously. In each flank of ten nude mice, 3×106 cells were injected. The
visible tumors were measured at the indicated days. Error bars represent ±SEM, n=10 and *
p < 0.05, ** p < 0.01 (Student’s t test).
K. Dissected tumors from the xenograft experiments (J).
L–M. MC1R-depleted hTERT/p53DD/CDK4(R24C)/BRAFV600E melanocytes expressing
EV, WT, R151C, R160W or D294H-MC1R were pre-incubated with 1 µM α-MSH for
30min before being irradiated with 20 J/m2 UVB, and were then subjected to clonogenic
survival assays 15 days after UVR. Crystal violet was used to stain the formed colonies and
the colony numbers were counted from three independent experiments. The relative colony
numbers were calculated as mean ± SEM (L), n=3. The resulting cells were also subjected
to IB analysis (M).
N. The cells generated in L were seeded (10,000 cells per well) in 0.5% low-melting-point
agarose in DMEM with 10% FBS, layered onto 0.8% agarose in DMEM+10% FBS. The
plates were cultured for 30 days whereupon the colonies >50 µm were counted under a light
microscope. The colony numbers were plotted as mean ± SEM from three independent
experiments.
(See also Figure S7 and Supplemental Table 5)
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