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Mahogunin ring finger-1 (MGRN1) is a RINGdomain-contain-
ing ubiquitin ligase mutated in mahoganoid, a mouse mutation
causingcoatcolordarkening,congenitalheartdefects,highembry-
onic lethality, and spongiform neurodegeneration. The melano-
cortin hormones regulate pigmentation, cortisol production, food
intake, and body weight by signaling through five G protein-cou-
pled receptors positively coupled to the cAMP pathway (MC1R–
MC5R).Genetic analysis has shown thatmouseMgrn1 is an acces-
soryprotein formelanocortinsignalingthatmay inhibitMC1Rand
MC4R by unknown mechanisms. These melanocortin receptors
(MCRs) regulate pigmentation and body weight, respectively.
We show that humanmelanoma cells express 4MGRN1 isoforms
differing in the C-terminal exon 17 and in usage of exon 12. This
exon contains nuclear localization signals. MGRN1 isoforms
decreasedMC1R andMC4R signaling to cAMP, without effect on
�2-adrenergic receptor. Inhibition was independent on receptor
plasma membrane expression, ubiquitylation, internalization, or
stability and occurred upstream of G�s binding to/activation of
adenylyl cyclase. MGRN1 co-immunoprecipitated with MCRs,
suggesting a physical interaction of the proteins. Significantly,
overexpression of G�s abolished the inhibitory effect of MGRN1
and decreased co-immunoprecipitation with MCRs, suggesting
competition between MGRN1 and G�s for binding to MCRs.
Although allMGRN1swere located in the cytosol in the absence of
MCRs, exon 12-containing isoforms accumulated in the nuclei
upon co-expression with the receptors. Therefore,MGRN1 inhib-
its MCR signaling by a newmechanism involving displacement of
G�s, thus accounting for key features of the mahoganoid pheno-
type.Moreover,MGRN1might provide a novel pathway formela-
nocortin signaling from the cell surface to the nucleus.

The melanocortin receptors (MCRs)3 form a subfamily of
class A G protein-coupled receptors (GPCRs) comprised of 5

members (MC1R–MC5R) (1). Their specific ligands, the mela-
nocortins (MCs), are peptide hormones formed by proteolytic
cleavage of proopiomelanocortin. TheMCsystem regulates key
physiological functions such as pigmentation, food intake,
energy balance and body weight, cortisol production, sexual
behavior, and exocrine secretion (2). The MCRs display par-
tially overlapping but distinct pharmacological properties and
expression profiles, and share key signaling properties includ-
ing positive functional coupling to adenylyl cyclase (AC) via the
Gs protein.
MCR signaling is tightly regulated by a variety of mechanisms

best known for the MC1R (3). MC1R is expressed in epidermal
melanocytes, where it regulates the amount and type of melanin
pigments produced in response to�melanocyte-stimulating hor-
mone (�MSH). Mammalian melanins are of two types: black-
brown eumelanins and red-yellowish pheomelanins (4). Human
MC1R is an unusually polymorphic gene (5), and several hypo-
morphic alleles are strongly associated with the complex RHC
phenotype consisting of pheomelanin-rich red hair, abundant
freckles, inefficient tanning upon sun exposure, high sensitivity
to ultraviolet radiation-induced skin damage, and increased
skin cancer risk (6). In mice, high MC1R signaling due to high
levels of agonists (7) or gain-of-function mutations (8) leads to
eumelanogenesis and dark coats. Conversely, absent or poor
MC1R signaling due to loss-of-function mutations or expres-
sion of the endogenous inhibitor Agouti signal protein leads to
pheomelanogenesis (9–11). Normal mouse hair has a charac-
teristic banding pattern due to transient expression of the
Agouti signal protein that switches pigment production from
eumelanin to pheomelanin. Accordingly, mutations at the
Agouti locus such as lethal yellow (Ay), that causes deregulated,
ectopic and continuous expression of Agouti signal protein,
produce a yellow coat color (12). Furthermore, Ay is associated
with increased body size, obesity, and diabetes, due to interfer-
ence of the Agouti signal protein with the central MC3R and
MC4R receptors (13, 14). This shows that theMCRs share com-
mon regulatory mechanisms.
Genetic studies of pigment type switching in mice identified

two accessory proteins for MC signaling (15, 16). One of them,
Mahogunin ring finger-1 (MGRN1), was identified by posi-
tional cloning ofmahoganoid (md) (16, 17), a mutation charac-
terized by darkening of the back, ears, and tail of mice that also
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affects body weight and decreases the obesity associated with
Ay. Moreover,mdmice show alterations in the levels of expres-
sion and activity ofmitochondrial proteins in the brain (18) that
precedes the development of spongiform neurodegeneration
with many features of prion diseases (19). Mutant mice also
exhibit abnormal patterning of the left-right axis with congen-
ital heart defects (20), thus suggesting amultiplicity ofMGRN1
biological roles. Mouse MGRN1 and its human orthologue
KIAA0544 contain a RING finger domain characteristic of E3
ubiquitin ligases, and the mouse protein has been shown to
display ubiquitin ligase activity (19, 21). Ubiquitylation is a fre-
quent modification of proteins, whereby the 76-amino acid
ubiquitin (Ub) is coupled to the �-amino group of a Lys residue
in a protein substrate by the sequential actions of 3 enzymes: a
Ub activating enzyme, aUb conjugating enzymes, andUb ligase
(E3) (22). Its best characterized function is to target proteins for
proteasomal degradation, but it also regulates other functions
such as endocytosis, lysosomal targeting, nuclear export, DNA
repair, histone remodeling, and activation of kinases and tran-
scription factors (23). In addition, ubiquitylation of GPCRs or
other proteins involved inGPCR-initiated pathways has impor-
tant effects on their signaling (24, 25).
The coat color phenotype ofmdmice is very similar toMC1R

gain-of-function mutants (15–17). Moreover, the coat of mice
doubly mutant for the loss-of-function MC1Re allele and
MGRN1md is identical to single MC1Re mutants (16), suggest-
ing thatMGRN1 lies functionally at the same level or upstream
ofMC1R. Thus, MGRN1might inhibit MC1R signaling by reg-
ulating MC1R levels, subcellular distribution, or signaling (15).
We report here the characterization and functional analysis

of human MGRN1. We show that human melanoma cells
express 4 alternative splicing forms of MGRN1 similar to
mouse cells (26). All the isoforms inhibitMC1R functional cou-
pling to the cAMP cascade without decreasing MC1R plasma
membrane density or intracellular stability. Inhibition is inde-
pendent on receptor ubiquitylation or internalization, and
might be specific for the MCR subfamily of GPCRs, as it is also
observed for the MC4R but not for the �2-adrenergic receptor.
Inhibition ofMCR signalingmight involve a newmechanism of
uncoupling based on a physical interaction of the receptor and
MGRN1 that would prevent productive association of the
GPCR and Gs. We also show that 2 MGRN1 isoforms contain
nuclear localization signals that are silent in the absence of
MCRs but become activated in the presence of MC1R or
MC4R, thus promoting a relocalization of MGRN1. Therefore,
theMGRN1smight provide a new and still unexplored pathway
between the MCRs and the nucleus.

EXPERIMENTAL PROCEDURES

Materials—[125I]NDP-MSH (specific activity 2000 Ci/mmol)
and a cAMP radioimmunoassay kit were from Amersham Bio-
sciences. Lipofectamine 2000 was from Invitrogen. The following
immunological reagents were used: anti-FLAG M2 monoclonal,
anti-FLAGM2-peroxidase conjugate, anti-HAmonoclonal, anti-
HA-peroxidase conjugate, and anti-c-Myc rabbit polyclonal IgG
fromSigma; anti-ubiquitin P4D1monoclonal, anti-G�s A-16 goat
polyclonal, anti-actin (I-19) B, and anti-ERK2 rabbit polyclonal
from Santa Cruz Biotechnology (Santa Cruz, CA); and �MACs

Protein Gmicrobeads were fromMiltenyi Biotec (Bergisch Glad-
bach, Germany).
Expression Constructs—All expression constructs were done

on the pcDNA3 vector, and labeled with suitable epitopes if
required. The ubiquitylation-null K0-MC1R mutant was
obtained by site-directed mutagenesis, using the QuikChange
XL Site-directedMutagenesis kit (Stratagene, La Jolla, CA) and
FLAG epitope-labeled MC1R as template. The MGRN1s were
amplified from cDNA obtained from human melanoma cells.
Amplification products were cloned into pcDNA3. The c-Myc
epitope sequencewas then introduced in-frame at the 5� end by
PCR. TheHA-MC4R, 3�HA-�2-adrenergic receptor, G�s, and
constitutively active G�s (Q227L-G�s) constructs were from
the Missouri University of Science and Technology cDNA
Resource Center (Rolla,MO). HA-TxA2Rwas a gift fromDr. C.
Martinez (Centro de Hemodonacion, Hospital Reina Sofia,
Murcia, Spain). Expression constructs for FLAG epitope-la-
beled p53 and the E3 Ub ligaseMdm2 were a gift fromDrs. Xin
Lu and Colin Goding (Ludwig Institute, Oxford, UK). All con-
structs were verified by automated sequencing in both strands.
Cell Culture and Transfection—Cell culture reagents were

from TPP (Trasadingen, Switzerland) or Invitrogen. HEK293T
cells were grown in Dulbecco’s modified Eagle’s medium
enriched with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 �g/ml streptomycin sulfate. HBL cells were grown in
minimal essential medium. Cells were transfected with Lipo-
fectamine 2000 according to the manufacturer’s instructions.
Functional Assays—Radioligand binding assays were done

with 10�10 M [125I]NDP-MSH and increasing concentrations of
unlabeled NDP-MSH up to 10�7 M when required (27). For
cAMP production assays, cells were grown in 12-well plates,
transfected as required, and serum-deprived for 24 h. They
were then incubated with NDP-MSH (10�7 M), or 50 �M iso-
proterenol as appropriate for 30 min. The medium was aspi-
rated and the cells quickly washed with 800 �l of ice-cold PBS.
Cells were lysed with 200 �l of preheated 0.1 N HCl (70 °C) per
well. The lysate was freeze-dried, washed with 100 �l of H2O,
and freeze-dried again. cAMPwasmeasuredwith a commercial
radioimmunoassay. Parallel dishes were used for protein deter-
mination with the bicinchoninic acid method.
Electrophoresis and Western Blot—Transfected cells were

washed twice with PBS and solubilized in 200 �l of solubiliza-
tion buffer (50 mM Tris-HCl, pH 8, 1% Igepal, 1 mM EDTA, 0.1
mM phenylmethylsulfonyl fluoride, 10 mM iodoacetamide).
When preservation of protein ubiquitylation was required, the
solubilization buffer was supplemented with 100 mM N-ethyl-
maleimide. Sampleswere centrifuged (105,000� g, 30min) and
a volume of supernatant containing 10�g of protein wasmixed
(2:1 ratio) with sample buffer (180 mM Tris-HCl, pH 6.8, 15%
glycerol, 9% SDS, 0.075% bromphenol blue, and 7.5% �-mer-
captoethanol). Electrophoresis andWestern blotting were per-
formed as described (28, 29). Comparable loading was ascer-
tained by stripping and reprobing the membranes with an
anti-ERK2 antibody.
Immunoprecipitation Assays—HEK293T cells were trans-

fected with FLAG-MC1R, HA-MC4R, or HA-TxA2R, alone or
in combination with the Myc-labeled MGRN1s. 2 � 106 cells
were washed twice with PBS, solubilized in 200 �l of solubili-
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zation buffer, and centrifuged (105,000 � g, 30 min). Superna-
tants were precleared with 40 �l of �Macs protein G
microbeads slurry for 1 h. The mixture was then loaded onto a
�Column and the flow-through pre-cleared lysate was incu-
bated with the required antibody (1–2 �g) and 50 �l of �Macs
microbeads for 1 h at 4 °C. Samples were then applied to the

column, extensively washed, and elutedwith pre-heated (95 °C)
electrophoresis sample buffer.
Confocal Microscopy—Cells grown on coverslips were trans-

fected, fixedwith4%paraformaldehyde inPBS, andpermeabilized
with 0.5% Igepal. Cells were then labeled with anti-FLAG mono-
clonal (1:7000) or anti-Myc polyclonal (1:2000), followed byAlexa

FIGURE 1. Genomic structure and heterologous expression of human MGRN1 isoforms. A, genomic structure of human MGRN1 indicating exons (num-
bered boxes) and introns (lines) and scheme of MGRN1 protein isoforms generated by alternative splicing of exons 12 and 17. (�)- and (�)-forms contain or lack
exon 12, respectively. L and S isoforms possess a long or shorter exon 17 generated by the use of an alternative exon junction. RF, C3HC4 RING finger domain
(residues 278 –316 encoded by exon 10). The peptide sequence encoded by exon 12, containing a bipartite nuclear localization signal highlighted with bold
characters, is shown. B, Myc epitope-tagged MGRN1 isoforms were transfected in HEK293T cells and HA epitope-labeled forms were used in melanoma cells.
MGRN1 expression was compared by Western blot. Cells transfected with empty vector (lanes labeled pcDNA) are shown as controls for specificity. For HEK
cells, endogenous Myc provided an internal loading control. For HBL cells, blots were stripped and stained for ERK2 as loading control (not shown). C, confocal
microscopy of HEK293T cells expressing Myc epitope-tagged MGRN1 isoforms. Transfected cells were fixed, permeabilized, and stained with �Myc.
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568- orAlexa 488-conjugated secondary antibodies (emissionwas
gated in ranges of 550–707 and 500–550 nm, respectively). Sam-
ples were mounted using a mounting medium from Dako
(Glostrup, Denmark) and examined with a Leica laser scanning
confocal microscope AOBS and software (Leica Microsystems
GmbH, Wetzlar, Germany). The images were acquired in a
1024�1024pixel format in sequential scanmodebetween frames
to avoid cross-talk. The objective usedwasHCXPLAPOCS�63
and the pinhole value was 1, corresponding to 114.73 �m.
Subcellular Fractionation—HEK293T cells grown in 6-well

plates were transfected as required. Monolayers were washed
twice with ice-cold PBS, scraped in 2 ml of lysis buffer (10 mM

Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.3% Igepal, 1 mM

phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 10 �g/ml
aprotinin), and incubated on ice for 30min prior to centrifugation
at 500� g for 5min topellet nuclei.The supernatantswereusedas
the cytosolic fraction. Pellets were washed in lysis buffer without
Igepal, resuspended in 10 �l of 40 mM Tris-HCl, pH 8.0, 10 mM

MgSO4, 1 mM CaCl2, and digested for 1 h at 37 °C with 1 unit of
DNase (Promega). The reaction was stopped by addition of elec-
trophoresis sample buffer at 95 °C. Aliquots of the cytosolic and

nuclear fractions were electropho-
resed, and Myc-MGRN1s were ana-
lyzed by immunoblotting. The purity
of nuclear and cytosolic fractions was
verified by the presence or absence of
immunoreactive bands correspond-
ing toendogenousMycandby immu-
noblotting with an anti-�-actin
antibody.
Determination of MC1R Intra-

cellular Stability—HEK293T cells
were transfected with FLAG-MC1R
or theK0-MC1Rmutant, alone or in
combination with (�)S MGRN1.
Protein synthesis was blocked with
cycloheximide (0.1 mM). At selected
times up to 8 h cells were harvested,
lysed, andmixed with electrophore-
sis sample buffer. MC1R levels were
estimated by Western blot. Quanti-
fication of band intensities was done
with Image J version 1.29 (rbs.info.
nih.gov/ij). Residual MC1R levels
were plotted against the incubation
time, and the plots were fitted to a
single exponential decay for calcula-
tion of the half-life.

RESULTS AND DISCUSSION

Human Melanoma Cells Express
4 MGRN Isoforms—The mouse
MGRN1 locus is comprised of 18
exons, and alternative splicing of
exons 12 and 17 yields 4 isoforms
(26). The human MGRN1 locus
consists of 17 exons, and only 2
splice forms have been reported

(ensembl). These forms arise from the use of alternative exon-
exon junctions between exons 16 and 17, and the predicted
proteins were identical up to amino acid residue 540. We
designed PCR primers to amplify and clone these isoforms.
Amplification of cDNA from two human melanoma cell lines
yielded broad bands that were cloned, and individual clones
were sequenced. In addition to the reported isoforms we
found 2 new splice forms lacking exon 12 (GenBankTM
accession numbers ABO69623 and ABO69624) (Fig. 1A).
Therefore, human melanoma cells express 4 MGRN1 isoforms
differing in theusageofexon12and in the junctionofexons16and
17.The isoformswerenamedaccording to the lengthof thecoding
sequence specified by exon 17 (L for long, S for short) and the
presence (�) or absence (�) of exon 12. Thus (�)L and (�)L are
the isoforms with a long exon 17, containing or lacking exon 12,
respectively, and (�)S and (�)S are the isoforms containing a
short exon 17, with or without exon 12.
The 4 MGRN1 isoforms were expressed in HEK293T cells or

HBL human melanoma cells, and expression levels were com-
pared by Western blot. For HEK293T cells, we used the Myc
epitope-labeled constructs, and the comparatively weak endoge-

FIGURE 2. MGRN1 inhibits functional coupling of MC1R and MC4R to the cAMP pathway. A, functional
coupling of exogenous MC1R in the presence of MGRN1 isoforms. HEK293T transfected with MC1R and either
empty pcDNA or the indicated MGRN1 isoforms were stimulated (10�7

M NDP-MSH, 30 min), lysed, and cAMP
was measured. Empty bars correspond to controls and filled bars to stimulated cells. ***, p � 0.001. B, inhibition
by MGRN1s of endogenous MC1R in HBL melanoma cells. Cells were transfected with empty vector or with
MGRN1 isoforms, treated with vehicle or NDP-MSH as in panel A, and cAMP contents were determined. **, p �
0.01; *, p � 0.1. C, functional coupling of MC4R is inhibited by MGRN1. HEK293T cells transfected with MC4R
with or without the MGRN1s were analyzed for functional coupling as in A. D, lack of effect of MGRN1 on
signaling from �2-adrenergic receptor (AR). HEK cells were co-transfected with �2-adrenergic receptor and
empty vector or (�)S MGRN1, stimulated with isoproterenol (ISO, 50 �M, 30 min), and cAMP was measured.
Error bars represent S.D., n � 5.
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nousMyc signal provided a convenient loading control. However,
Myc amplification is a relatively commonevent inmelanoma (30),
and in preliminary experimentswe observed highMyc expression
in HBL cells. Therefore, these cells were transfected with HA

epitope-labeledMGRNstoavoidarti-
facts. In both cell types, the relative
electrophoretic mobility of the pro-
teins was consistent with their pre-
dicted size, with the bigger and
smaller size corresponding to the
(�)L and (�)S forms, respectively
(Fig. 1B). Comparable signal intensity
for all MGRN1 forms indicated simi-
lar intracellular stabilities. Thus, the
presence of exon 12 and the C-termi-
nal sequence did not have a major
impact on the turnover of MGRN1
isoforms.
Exon 12 codes for a 19-amino

acid sequence with a canonical
nuclear localization signal (Fig. 1A)
consisting of 2 stretches of basic
amino acids separated by a short
intervening sequence (31). There-
fore, it was of interest to compare
the subcellular distribution of (�)-
and (�)-isoforms. HEK293T cells
expressing the different MGRN1s
were examined in a confocal micro-
scope. The staining pattern was
similar in all cases, in that the 4
MGRNs were equally excluded
from the nuclei and showed compa-
rable staining intensities (Fig. 1C).
The MGRNs Inhibit MCR Signal-

ing to the cAMPPathway—To study
the effects of MGRN1s on MC1R
signaling to cAMP, we coexpressed
MC1R and each MGRN1 in
HEK293T cells. Cells were stimu-
lated with the �-MSH analogue
[Nle4,D-Phe7]�MSH (NDP-MSH),
and cAMP was measured. All

MGRN1s decreased agonist-induced cAMP production by
as much as 50% (Fig. 2A). Expression of the MGRN1s in HBL
melanoma cells also decreased significantly the endogenous
MC1R signaling (Fig. 2B). The apparently smaller inhibition

FIGURE 3. Effects of MGRN1 on plasma membrane availability and intracellular stability of MC1R and inhibition of functional coupling of the K0-MC1R
ubiquitylation null MC1R mutant. A, lack of down-regulation of NDP-MSH binding sites by MGRN1. HEK cells were transfected with WT or K0-MC1R and with
(�)S MGRN1 (closed bars) or empty pcDNA3 (open bars). Cells were incubated with 10�10

M [125I]NDP-MSH for 1 h, washed, and bound radioactivity was
counted. B, competition binding analysis for MC1R in the presence of two MGRN1 variants. Cells expressing MC1R alone or with (�)S or (�)S were incubated
with 10�10

M [125I]NDP-MSH and increasing concentrations of unlabeled ligand, as indicated. The specifically bound radioactivity was measured. Results are
given as % maximal binding in the absence of competitor. C, effect of MGRN1 isoforms on MC1R internalization. HEK293T cells were transfected with WT or
K0-MC1R and the indicated MGRN1 isoforms (closed bars) or empty pcDNA as control (open bars). Transfected cells were incubated with [125I]NDP-MSH for 1.5 h.
The amount of internalized radioligand was determined by an acid-wash procedure and an internalization index (percentage of agonist internalized relative
to total binding) was calculated. D, effect of (�)S on the intracellular stability of MC1R. HEK293T cells expressing FLAG-tagged WT or K0-MC1R with or without
(�)S MGRN1 were treated with 10�4

M cycloheximide and harvested at the times shown. Solubilized cell extracts were electrophoresed and immunoblotted
with �FLAG. A representative blot is shown out of three experiments with similar results. E, comparable electrophoretic pattern of WT and K0-MC1R. HEK293T
cells transfected to express WT or mutant MC1R with or without Myc epitope-labeled (�)S MGRN1 were analyzed for MC1R by Western blot (left blot, upper).
Blots were stripped and probed for ERK2 as a loading control (left blot, middle), and for MGRN1 as a control for comparable expression of (�)S (left blot, lower).
As a positive control for recovery and detection of the ubiquitylated species, HEK cells were transfected with empty vector or FLAG-labeled p53 alone or with
its E3 Ub ligase Mdm2. Cell extracts were analyzed for p53 to detect ubiquitylated forms (right blot, upper) and for ERK2 (right gel, lower) as a loading control.
F, functional coupling of K0-MC1R in the presence or absence of (�)S MGRN1. HEK293T transfected with K0-MC1R and empty vector (pcDNA) or (�)S were
stimulated (10�7

M NDP-MSH, 30 min), and cAMP was measured. Empty bars correspond to vehicle-treated controls and filled bars to agonist-stimulated cells.
Error bars represent S.D., n � 5.

FIGURE 4. MGRN1 does not ubiquitylate MC1R expressed in HEK293T cells. A, immunoprecipitation of native
MC1R by an antibody against Ub. HEK293T cells were transfected with FLAG-tagged WT MC1R or K0-MC1R, alone or
with (�)S. Cell lysates were analyzed by immunoprecipitation with an anti-Ub antibody (�Ub), followed by immu-
noblotting for MC1R with anti-FLAG (upper blot). As controls for specificity, cells transfected with empty pcDNA were
used, and lysates from cells expressing FLAG-tagged WT MC1R were treated with a preimmune IgG. Untreated
aliquots of cell extracts were electrophoresed in parallel and blotted for MC1R with �FLAG as a control for compa-
rable input (lower blot). B, immunoprecipitation of ubiquitylated proteins with an antibody to MC1R. Extracts from
HEK293T cells expressing FLAG-tagged WT MC1R or K0-MC1R were immunoprecipitated for MC1R with anti-FLAG
and the pellets were Western blotted with �Ub. Comparable input was ascertained by Western blot (WB) with
�FLAG. C, increased protein ubiquitylation in cells expressing the MGRN1s. HEK293T cells transfected with empty
vector or with MGRN1 isoforms were analyzed for ubiquitylated proteins by Western blot with �Ub. Comparable
loading was verified by reprobing the stripped membrane with �ERK2 (lower blot).
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compared with HEK cells likely resulted from lower trans-
fection efficiency (10–20% assessed by confocal microscopy
of cells transfected with a green fluorescent protein-MC1R
fusion construct).
We next analyzed the specificity of MGRN1 action. In HEK

cells transfected to express MGRN1 isoforms and MC4R, sig-
nalingwas strongly inhibited (Fig. 2C). Conversely, (�)S did not
inhibit signaling from the �2-adrenergic receptor. Indeed,
cAMP levels after stimulationwith isoproterenolwere the same
in cells expressing �2-adrenergic receptor alone or with (�)S
MGRN1 (Fig. 2D). Therefore, the inhibitory effect of the
MGRN1s was not restricted to MC1R, but might be specific of
the MCR subfamily of GPCRs.
Inhibition ofMCR Signaling by theMGRNs Is Independent on

Receptor Down-regulation or Ubiquitylation—Mouse MGRN1
has E3 ubiquitin ligase activity (19, 21) and several GPCRs are
known to undergo ubiquitylation followed by internalization
and degradation in the proteasomes (32) or the lysosomes (33).
Accordingly, it was conceivable that the MGRNs might down-
regulate MCRs on the cell surface by promoting their internal-
ization and/or degradation, thus inhibiting signaling (15). We
compared the cell surface expression, internalization index,
and intracellular stability of wild type (WT)MC1R inHEK cells
expressing the receptor alone or with the MGRN1s. Moreover,
we obtained a ubiquitylation-nullMC1Rmutant, K0-MC1R, by
changing all intracellular Lys residues (Lys-65, Lys-226, Lys-
238, and Lys-310) to Arg, which cannot act as a Ub acceptor.
The behavior of this mutant was also compared with WT
MC1R.
The density of MC1R receptors available on the plasma

membrane was estimated by equilibrium binding assays.When
cells were incubated with a subsaturating concentration of
labeled agonist, (�)SMGRN1 did not decrease significantly the
amount of specifically bound ligand for cells expressing either
WT or K0-MC1R (Fig. 3A). Similar results were obtained for
the other MGRN1 isoforms (not shown). This suggested that
neither receptor number nor affinity for the ligandwere altered
byMGRN1s. This was confirmed by competition binding experi-
ments (Fig. 3B). Equilibrium binding parameters obtained from
displacement datawere the same for cells expressingMC1R alone

or with the MGRN1s. We next com-
pared agonist-induced internaliza-
tion. We used an acid wash protocol
that distinguishes acid-sensitive
radiolabeled agonist bound to the
MC1R at the cell surface from acid
wash-resistant internalized ligand
(29). Only minor differences in the
internalization rate were detected for
WT or K0-MC1R, in the presence or
absence ofMGRN1s (Fig. 3C).
To analyze the effect of MGRN1

on the rate of intracellular degrada-
tion of the receptor, HEK cells
expressing WT or K0-MC1R alone
or with (�)S MGRN1 were treated
with the protein synthesis inhibitor
cycloheximide. Residual MC1R lev-

els at different times after addition of the antibiotic were com-
pared by Western blot (Fig. 3D). Band intensities were quanti-
fied by densitometry and plotted against time, and the half-life
of the protein was determined from these plots. MGRN1 did
not destabilize theMC1R, as shown by a slightly higher half-life
in the presence of (�)S, for eitherWT or K0-MC1R (WT, 3.5 h
in the presence of MGRN1, versus 3.2 h in controls; K0-MC1R,
3.7 h withMGRN1 and 2.7 h in controls). Identical results were
obtained for otherMGRN1 isoforms. These data demonstrated
that inhibition of MC1R signaling by the MGRN1s was not
dependent on receptor down-regulation as a result of internal-
ization or degradation.
Inspection of the gels shown in Fig. 3D failed to reveal clear

differences in the electrophoretic pattern of WT and
K0-MC1R, or high molecular weight bands indicative of the
ubiquitylated species. Absence of detectable ubiquitylated
MC1R forms was confirmed by comparing side-by-side the
electrophoretic behavior ofWTandK0-MC1R expressed alone
or in combination with (�)S. The pattern was similar in all
cases, with two major 30- and 36-kDa bands corresponding to
the de novo and glycosylated species, and minor bands of SDS-
resistant dimers and oligomers (5, 28) (Fig. 3E, left gel). The
slightly higher steady-state MC1R protein levels in extracts
from cells expressing (�)S were consistent with the small
increases in half-life obtained in the presence of the MGRN1
(Fig. 3D). As a positive control for extraction and detection of
ubiquitylated proteins, we used p53 expressed in combination
with the E3 Ub ligase Mdm2 (34). The successful identification
ofMdm2-dependent p53 ubiquitylation confirmed the suitabil-
ity of our sample preparation protocol (Fig. 3E, right gel).

These results suggested that receptor ubiquitylation was
not a requisite for inhibition of signaling. To confirm this
point, we tested the effect of MGRN1 on signaling from the
ubiquitylation incompetent K0-MC1R mutant. (�)S MGRN1
decreased signaling from K0-MC1R at least as potently as from
WT (Fig. 3F).
As a final evidence for the failure of MGRN1 to ubiquitylate

MC1R, we analyzed receptor recognition by an anti-Ub (�Ub)
antiserum. We co-expressed (�)S and FLAG epitope-labeled
WT or K0-MC1R. Cell extracts were immunoprecipitated with

FIGURE 5. MGRN1 does not inhibit adenylyl cyclase activation by forskolin or a constitutively active Gs
protein. A, cAMP levels in HEK293T cells expressing MC1R alone (empty bars) or with (�)S (filled bars), following
stimulation with forskolin (10�5

M, 30 min). B, cAMP levels in HEK cells expressing a constitutively active G�s
mutant (Gs*) alone or in combination with (�)S MGRN1. Error bars represent S.D., n � 5.
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�Ub or anti-FLAG (�FLAG) anti-
sera, and the pellets were analyzed
for MC1R by Western blot using
�FLAG or for ubiquitylated pro-
teins with �Ub. �Ub specifically
immunoprecipitated MC1R bands
corresponding to the non-ubiquity-
lated monomeric and dimeric spe-
cies, according to their size and
presence for both WT and
K0-MC1R (Fig. 4A). Therefore,
MC1R was not ubiquitylated by
MGRN1 but it interacted with an
ubiquitylated protein. Interestingly,
this interaction appeared enhanced
by MGRN1 as shown by higher
amounts of co-precipitated recep-
tor in cells co-expressingMC1R and
MGRN1 compared with MC1R
alone. Association of MC1R with
ubiquitylated partners was further
shown by immunoprecipitation of
high Mr ubiquitylated species by
�FLAG in extracts from cells trans-
fected with WT or K0-MC1R (Fig.
4B). The identification of the ubiq-
uitylated species again confirmed
the preservation of protein-bound
Ub chains under our experimental
conditions. Finally, although the
MGRN1s did not ubiquitylate
MC1R, they likely displayed Ub
ligase activity as suggested by
increased levels of highMr ubiquity-
lated species in cells transfected
with the different isoforms, com-
pared with cells transfected with
empty vector (Fig. 4C). Taken
together, the results shown in Figs. 3
and 4 demonstrate that the effects of
the MGRNs on MC1R signaling
were not dependent on receptor
ubiquitylation.
MGRN1 Acts Upstream of G�s

Binding to andActivation of AC and
Competes with Gs for Binding to the
MCR—Because down-regulation of
cell surface MCRs or receptor deg-
radation were not the mechanisms
accounting for inhibition of signal-
ing, we tried to identify the steps of
the cAMP cascade targeted by the
MGRN1s. The cAMP pathway is
initiated by interaction of activated
receptors with the Gs ��� hetero-
trimer, followed by GTP loading
into the G�s subunit, dissociation
of GTP-bound G�s from the

FIGURE 6. Efficient co-immunoprecipitation of MC1R and MC4R and MGRN1 isoforms. A, interaction
between FLAG-MC1R and Myc-MGRN1 isoforms. Extracts from HEK cells expressing WT MC1R or the K0-MC1R
mutant, alone or in combination with the MGRN1s were immunoprecipitated (IP) for the MGRN1s with �Myc
and Western blotted (WB) for MC1R with �FLAG. Extracts from cells expressing MC1R or S(�) alone were used
as negative controls. Input controls were performed by Western blotting aliquots of the cell lysates, with
detection with �FLAG for MC1R (middle blot) or �Myc for MGRN1 (lower blot). B, same as in A, except that
extracts were immunoprecipitated for MC1R with �FLAG and immune pellets were blotted for MGRN1 with
�Myc. As a further control for specificity, cells expressing the FLAG epitope-labeled ADP-ribosylation factor
ARF6 were also analyzed. An input control was performed by blotting aliquots of cell lysates with �FLAG and
�Myc. C, co-immunoprecipitation of MGRN1 and MC4R, but not TxA2R. HEK cells were transfected with HA
epitope-labeled MC4R or TxA2R, alone or with (�)S. Cell extracts were immunoprecipitated for the MGRN1 and
the pellets blotted for the receptors with an �HA antibody.
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��-dimer, and activation of AC by free G�s (35). HEK cells
expressing (�)SMGRN1 responded to theACactivator forsko-
lin with cAMP increases higher than control cells (Fig. 5A).
Thus, AC activitywas not inhibited byMGRN1.Next, we tested
the effect of MGRN1 on a constitutively active G�s mutant.
Thismutant exists as aGTP-boundmonomer, which binds and
stimulates AC in the absence of active GPCR partners (36).
When expressed in HEK293T cells, the mutant activated

strongly cAMP synthesis and was
not inhibited by (�)S MGRN1 (Fig.
5B). Therefore, MGRN1 did not
interfere with binding of active G�s
to AC.
On the other hand, because the

MGRN1s did not inhibit signaling
from the �2-adrenergic receptor, it
appears that they did not block the
Gs heterotrimer in an inactive state,
nor did they alter the functionality
of RGS proteins. Taken together,
the observations reported thus far
showed that MGRN1 should act
downstream of the formation of the
hormone-receptor complex but
upstream of the G�s binding to and
activation of AC. We hypothesized
that MGRN1s might block activa-
tion of restingGs by competing with
this protein for binding to the
MCRs. Several predictions could be
used to test this model: (i) MCRs
and MGRN1s should interact phys-
ically; (ii) overexpression of G�s
should displace MGRN1s from
MCRs; and (iii) overexpression of
G�s should relieve inhibition of sig-
naling. To test these predictions, the
Myc-MGRN1s and FLAG-MC1R
were co-expressed in HEK293T
cells. Extractswere immunoprecipi-
tated for MGRN1 with anti-Myc
(�Myc), and pellets were analyzed
for MC1R with �FLAG. WT and
K0-MC1R co-immunoprecipitated
efficientlywith allMGRN1 isoforms
(Fig. 6A). We obtained the same
pattern when MC1R was immuno-
precipitated with �FLAG and the
pellets were probed for MGRN1s
with �Myc (Fig. 6B). We analyzed
the specificity of the receptor-
MGRN1 interaction by immuno-
precipitation of extracts from cells
co-expressing (�)S MGRN1 and
MC4R or a thromboxane receptor
(TxA2R) (Fig. 6C). MC4R but not
TxA2R co-precipitatedwithMGRN1.

We next analyzed the effect of
G�s overexpression on the interaction of MGRN1 and MC1R.
HEK cells were transfected to express MC1R, Myc epitope-
tagged (�)S, or native G�s, alone or in suitable combinations.
Extracts were immunoprecipitated forMGRN1with�Myc and
co-precipitated MC1R was analyzed by Western blot with
�FLAG (Fig. 7A). The amount of MC1R co-immunoprecipi-
tated with (�)S MGRN1 decreased markedly upon transfec-
tion with G�s. Similar results were obtained with other

FIGURE 7. Decreased interaction of MGRN1 and MCRs in the presence of excess G�s. A, expression of
exogenous G�s inhibits co-precipitation of MGRN1s and MC1R. Myc-tagged (�)S was expressed in HEK293T
cells alone or in combination with FLAG-MC1R and exogenous G�s, as indicated. Extracts were immunopre-
cipitated (IP) for MGRN1 with �Myc, and the immune pellets were analyzed for MC1R by Western blot (WB) with
�FLAG. The experiment was performed after stimulation with NDP-MSH to encourage interaction between
MC1R and Gs, and was repeated 3 times with similar results. Input controls consisted of blots of suitable aliquots
of cell lysates with �Myc (for detection of MGRN1, middle blot) or �FLAG (for detection of MC1R, lower blot).
B, expression of (�)S MGRN1 disrupts the interaction of endogenous G�s and MC1R. Extracts from HEK cells
transfected with FLAG-MC1R with or without (�)S MGRN1 were immunoprecipitated for endogenous G�s and
the amount of MC1R associated with the G protein was estimated by Western blotting the pellets with �FLAG.
Input controls consisted of blots of suitable aliquots of cell lysates with �FLAG (for detection of MC1R, middle
blot) or �G�s (lower blot). C, overexpression of G�s rescues the MCRs from inhibition by MGRN1s. HEK cells were
transfected to express MC1R (left graph) or MC4R (right graph), with or without S MGRN1 isoforms and/or G�s,
as indicated. Cells were stimulated with NDP-MSH, lysed, and cAMP was determined.
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MGRN1 isoforms (not shown). Moreover, when we immuno-
precipitated extracts of cells expressingMC1Rwith an anti-G�s
antiserum, MC1R was detected in the pellets, indicative of its
association with endogenous G�s (Fig. 7B). Co-transfection of
MC1R and (�)S decreased the amount of MC1R co-immuno-
precipitated with G�s, consistent with competition between Gs
andMGRN1 for binding toMC1R. Finally we tested the effects
of MGRN1 on cAMP production in cells expressing MC1R or
MC4R alone, or with G�s (Fig. 7C). Increasing the concentra-
tion of G�s by transfection blocked the inhibitory action of the
MGRN1s. These data supported a model for MGRN1 action

based on competitive inhibition of
MCR coupling to Gs. This mecha-
nism would be reminiscent of the
mode of action of arrestins (37).
However, failure to inhibit �2-adre-
nergic receptor signaling or to inter-
act with the TxA2R suggests that
MGRN1 could be less promiscuous
than arrestins. In this respect, it will
be very interesting to assess care-
fully the specificity of the MGRN1s
by testing their effects on receptors
more closely related to MC1R than
the �2-adrenergic receptor, such as
endothelial differentiation GPCRs,
receptors for endogenous cannabi-
noids, adenosine binding receptors
(38), or MCRs other than MC1R
and MC4R. In particular, it will be
worth analyzing MGRN1md mice
for alterations in glucocorticoid
levels or in response to stress condi-
tions, which would point to a regu-
latory role on MC2R. This possibil-
ity is further suggested by the strong
MGRN1 expression observed in the
kidney (17).
MGRN1 Isoforms Containing

Exon 12 Are Targeted to the Nucleus
by the MCRs—To obtain further
evidence of anMCR-MGRN1 inter-
action, cells co-expressing MC1R
or MC4R and the MGRN1s were
analyzed by confocal microscopy,
because a physical interaction
would result in detectable co-local-
ization. Surprisingly, a very different
pattern was observed for (�)-iso-
forms compared with exon 12-ex-
pressing (�)-isoforms (Fig. 8A).
The staining pattern of (�)-forms
was the same as in the absence of
receptors (Fig. 1C), with labeling of
the cytoplasm and plasma mem-
brane. Conversely, the (�)-MGRN1
forms were found preferentially in
the nucleuswhen co-expressedwith

MCRs. Nuclear staining was specific because: (i) it was only
observed for (�)-forms; (ii) intranuclear structures corre-
sponding to nucleoli were not labeled; and (iii) relocalization of
(�)-MGRN1s from the cytosol to the nucleus was not triggered
by theTxA2R. Therefore, nuclear localization signals of exon 12
were silent in cells expressing the MGRN1s alone but became
active in the presence of MCRs.
To confirm these findings, we isolated nuclei from cells

expressing (�)S or (�)S. The presence of MGRN1 in nuclear
and cytosolic fractions was compared by Western blot (Fig.
8B). Nuclear (�)S increased dramatically upon coexpression

FIGURE 8. Nuclear targeting of (�)-MGRN1 isoforms by MC1R and MC4R. A, HEK293T cells were transfected
with MC1R, MC4R, or TxA2R and with Myc epitope-labeled MGRN1 isoforms, as indicated. The distribution of
the proteins was visualized by confocal microscopy. Receptors are shown in red (left panel of each group).
Middle panels, Myc-MGRN1s shown in green. The right columns in each group show the overlays. B, effect of
MC1R on the presence of S isoforms in nuclear extracts. HEK cells transfected with Myc-labeled (�)S or (�)S
MGRN1, alone or with MC1R, were fractionated into cytosolic and nuclear fractions. The fractions were ana-
lyzed for MGRN1 by blotting with �Myc. Also, blots were stripped and stained for �-actin. C, nuclear accumu-
lation of (�)-MGRN1s in human melanoma cells. HBL cells were transfected with HA-labeled MGRN1s, perme-
abilized, stained with �HA, and analyzed by confocal microscopy.
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with MC1R, consistent with confocal microscopy images.
The purity of the fractions was shown by the presence of an
endogenous Myc signal exclusively in the nuclear fraction
and by the higher intensity of the �-actin signal in cytosolic
fractions (Fig. 8B, left). On the other hand, (�)SMGRN1 was
preferentially found in the cytosol and expression of MC1R
did not increase its levels in the nucleus (Fig. 8B, right). Sim-
ilar results were obtained for (�)L and (�)L isoforms (not
shown).
Finally, we assessed the effects of physiological levels of

endogenous MC1R on the subcellular distribution of the
MGRN1s. HBL human melanoma cells expressing 3500
NDP-MSH binding sites/cell (39) were transfected with HA-
labeled MGRN1 isoforms and observed at the confocal
microscope. The (�)-forms were detected in the nuclei and
cytosol, whereas (�)-forms were found in the cytoplasm and
in association with the plasma membrane (Fig. 8C), but
seemed excluded from the nuclei. This finding suggests that
physiological levels of theMC1Rmight be sufficient to target
(�)-MGRN1s to the nucleus.
The occurrence ofMGRN1 isoformswith different subcellu-

lar compartmentalization suggests that the various MGRNs
may have partially non-redundant functions, a possibility high-
lighted by recent studies (40). All MGRN1 isoforms were
approximately equipotent in inhibiting signaling from MC1R
or MC4R to cAMP production. However, in addition to inhib-
iting MCR signaling on the cell surface, (�)-MGRN1s but not
the (�)-forms might display specific functions within the
nucleus. In keeping with this possibility ubiquitylation regu-
lates the stability or transactivating activity of many transcrip-
tion factors (41), at least two of which, p53 and MITF, play key
roles in the regulation of pigmentation (42, 43). Therefore, it is
possible that (�)-MGRN1 isoforms might fulfill specific func-
tions not present in (�)-forms by providing a novel signaling
pathway from the plasma membrane to the cell nucleus. A key
role of the (�)-MGRN1s inMCR signaling is further suggested
by the observation that these isoforms are normally expressed
at much higher levels than the (�)-forms in normal adult
mouse skin (26). However, this possibility must be taken with
caution until putative nuclear targets ofMGRN1 are identified.
Conclusions—We have shown that all the MGRN1 isoforms

inhibited cAMP production in HEK293T cells expressing
MC1R or MC4R, and in human melanoma cells expressing
endogenous MC1R. No evidence of MC1R ubiquitylation was
found, and inhibition did not depend on receptor down-regu-
lation. Moreover, the MGRN1s were equally active on WT
MC1R and the ubiquitylation-incompetentmutant. Thus, inhi-
bition of MCR signaling by the MGRN1s should be due to a
reduction of the signaling potential, likely by interference with
binding of the agonist-receptor complex to G�s. In support of
this hypothesis, increasing the G�s intracellular concentration
by transfection with an expression construct decreased
MGRN1 inhibition. More conclusively, the amount of MC1R
that co-immunoprecipitated withMGRN1 decreased when the
concentration of G�s increased. However, most of our results
were obtained under conditions of protein overexpression fol-
lowing transient transfections of melanoma or heterologous
cells. Therefore, the proposed mechanism should be con-

firmed, ideally by knocking down endogenousMGRN1 expres-
sion with specific small interfering RNAs. In any case, our
observation that MGRN1s inhibit MC1R and MC4R signaling
accounts well for some phenotypic characteristics of MGRN1
mutant mice. By relieving the inhibition of MC1R signaling in
melanocytes, hypomorphicMGRN1 alleles would increase the
ratio of eumelanin to pheomelanin pigments, thus promoting
darker furs. A similar effect on signaling by hypothalamic
MC4R would decrease body weight. It is likely that an effect of
theMGRN1s onMC3Rwould contribute to the control of food
intake, energy expenditure, and body mass, but a definite
assessment of this possibility must wait until the effects of
MGRN1onMC3R signaling are studied.On the other hand, the
relationship of our findingswith other aspects of theMGRN1md

phenotype is less clear-cut. MC4R expression is relatively high
in the heart (44), thus suggesting that altered MC4R signaling
might contribute to the congenital heart defects in MGRN1md

mice. However, a role of MC4R in heart development has not
yet been reported. In addition, it has been suggested that the
spongiform degeneration found with a graded penetrance in
theMGRN1 allelic series might be related to a general dysregu-
lation of endosomal trafficking as a result of ubiquitylation of
TSG101, a key component of the endosomal sorting complex
required for transport-I (21). The relative contributions to the
MGRN1md phenotype of alterations in endosomal trafficking
versusMCR signaling remain unknown.
Furthermore, two MGRN1 isoforms were targeted to the

nucleus upon interactionwithMCRs. Thismight provide a new
signaling mechanism from a GPCR to the nucleus. Identifica-
tion of the putative nuclear targets of the MGRN1s might yield
new insights on the regulation of processes such as skin pig-
mentation, neurodegeneration and regulation of food intake,
energy homeostasis, and body weight.
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Escribano, J. A., Benítez, J., Lozano Teruel, J. A., García-Borrón, J. C.,
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