Mahoganoid and Mahogany Mutations Rectify the Obesity
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The ubiquitous overexpression of agouti-signaling protein
(ASP), a paracrine-signaling molecule that regulates pigment-
type switching in the hair follicle of the mouse, is responsible for
the obesity and yellow pelage of the Yellow mouse (4”). Mahog-
any (Attractin, Atrn/mg) and mahoganoid (Mahogunin Ring
Finger-1, Mgrnl/md) are mutations epistatic to A”. These muta-
tions have been described as suppressors of ASP action, block-
ing its antagonizing effects on the melanocortin 1 and 4 recep-
tors (MCI1R and MC4R) in the skin and the brain, respectively,
via unknown mechanisms. Here, we describe the molecular
bases for the md- and mg-dependent rescue of the A” phenotype
at the MC4R. We show that overexpression of ASP inhibits the
rise in cAMP levels in response to a-melanocyte-stimulating
hormone, an MC4R agonist, by blocking ligand binding and by
directing MC4R trafficking to the lysosome. Loss-of-function of
either attractin or MGRN1 blocks ASP-dependent MC4R deg-
radation and promotes increased trafficking of internalized
MCA4R to the cell surface, but it does not restore a-melanocyte-
stimulating hormone-dependent cAMP signaling. We propose
that MGRN1 and attractin are components of an evolutionarily
conserved receptor trafficking pathway and that the md and mg
mutations rescue the A” phenotypes by a primarily cAMP-inde-
pendent mechanism promoting trafficking of MC4R and likely
MCIR away from the lysosome toward the cell surface.

The cardinal phenotypes of the yellow obese mouse (A”) are
due, at a molecular level, to antagonism of melanocortin 1 and
4 receptors by continuous overexpression of agouti-signaling
protein (ASP)? in the skin (MCIR) and brain (MC4R) (1, 2).
Hypomorphic mutations in either mahogany (Atrn) or mahog-
anoid (Mgrnl) are essentially fully epistatic to A”, resulting in a
dark coat and normal body weight in A” animals. The molecular
bases for these epistatic effects are largely unknown but have
important implications for the normal physiology of the regu-
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lation of these receptors. This study addresses the cellular
mechanisms for these effects on MC4R, a key hypothalamic
regulator of energy homeostasis in mice and humans.

The five G-protein-coupled receptors of the melanocortin
receptor (MCR) family regulate diverse physiological pro-
cesses, including pigmentation, corticosteroid production,
food intake and energy metabolism, sexual behavior, inflamma-
tion, and exocrine gland function (3—10). Naturally occurring
MCR agonists are derived from proopiomelanocortin, a pre-
cursor protein that is post-translationally processed in a tissue-
specific manner by the proprotein convertases PC1 and PC2
(11). At least 10 different biologically active peptides are pro-
cessed from proopiomelanocortin; among them are a-mela-
nocyte-stimulating hormone (a-MSH), which binds to and
activates MC1R, MC3R, MC4R, and MC5R, and adrenocor-
ticotropic hormone (ACTH), which exclusively stimulates
MC2R. MC1R, MC3R, and MC4R are unique in the G-pro-
tein-coupled receptor family by virtue of having naturally
occurring protein antagonists, i.e. ASP and agouti-related
protein (AGRP) (12-14). ASP binds with high affinity to
MCIR and MC4R and less avidly to MC3R; by contrast, AGRP
binds only MC3R and MC4R and not MCIR. In addition to
competitive antagonism, ASP and AGRP also act as inverse
agonists, decreasing basal cAMP levels in cells expressing
MCRs (15).

ASP is a paracrine-signaling molecule normally produced
intermittently by dermal cells at the base of a growing hair shaft
(16). Binding of ASP to the melanocyte MC1R produces the
common “agouti” coat color pattern, an otherwise black or
dark colored hair with subapical yellow or light colored
bands. The intermittent synthesis of ASP during the hair
growth cycle switches pigment production alternatively
from the black-brown pigment, eumelanin, to the yellow-red
pigment, pheomelanin. Mutations at the agouti locus result-
ing in the ubiquitous overexpression of ASP (e.g. A” and A™”)
produce a pleiotropic syndrome that is characterized not
only by the anticipated yellow (pheomelanin) coat color but
also by obesity secondary to hyperphagia (17, 18). In A” and
A" mice, ASP produced ectopically in the hypothalamus
mimics the normal function of AGRP and inhibits signaling
through the MCA4R, causing increased food intake and
decreased energy expenditure.

The mouse mutations mahogany (Atrn") and mahoganoid
(Mgrn1™?) were first described and named in the 1960s for their
identical effects on coat-related pigment-type switching in
mice (19, 20). Both mutations darken the Agouti wild-type coat
color similar to MCIR gain-of-function and ASP loss-of-func-
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FIGURE 1. MGRN1 and ATRN are required for ASP function. Based on
genetic crosses of A” and Mc4r-null mice with mahoganoid (Mgrn1™9) and
mahogany (Atrn™9) mutant animals, MGRN1 and ATRN could affect the fol-
lowing: 7) ASP secretion and/or processing; 2) the interaction of ASP with the
MCA4R; or 3) MC4R regulation/function in response to ASP binding. RING, really
interesting new gene.

) ATRN

tion mutations (19, 20). Null mutations of either mahogany
(Atrn™¢~¥) or mahoganoid (Mgrn1™*~"°) completely suppress
the effects of the A” mutation on coat color and obesity; the
double mutants are black and lean. However, neither the
Atrn™¢ ¥ nor the Mgrn1™ alleles (Mgrn1™ is a hypomorphic
allele of Mgrnl) can rescue the yellow coat color caused by
extension, an MCI1R null mutation (Mc1r°), or the obesity asso-
ciated with MC4R loss-of-function (21, 22). Consequently,
Atrn and Mgrnl must function “downstream” of Agouti and
“upstream” or at the level of MC1R/MCA4R, possibly affecting
ASP secretion and/or processing, the interaction of ASP with
these receptors, or regulation of receptor number/function
(Fig. 1).

Atrn (Attractin; formerly mahogany, mg) encodes attractin, a
widely expressed type I single-pass transmembrane-spanning
protein with a large putative extracellular domain and a short
cytoplasmic tail (23, 24). The extracellular domain of ATRN
binds with low affinity, 500-fold weaker than the interaction of
the ASP C-terminal domain with MCIR, to a stretch of basic
amino acids in the N-terminal domain of ASP, suggesting that
ATRN may act as a co-receptor for ASP (25, 26). ATRN shows
no affinity for AGRP, and Atrn mutations do not suppress the
obese phenotype associated with a ubiquitously expressed Agrp
transgene (26).

Mahogunin Ring Finger-1 (Mgrnl; formerly mahoganoid,
md) is an E3 ubiquitin ligase (22, 27). MGRN1 (mahogunin)
multiubiquitinates tumor suppressor gene 101 (7’sgl0I), an
essential component of the endosomal sorting complex
required for transport-I (ESCRT-I) that is necessary for the
proper trafficking of monoubiquitinated cell surface receptors
from the plasma membrane to the lysosome for degradation
(28, 29). The precise cell physiological consequences of
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MGRN1-dependent ubiquitination of TSG101 are unknown.
Like ATRN, MGRNT1 is absolutely necessary for ASP function
at MC1R/MCA4R; a possible requirement for MGRN1 in AGRP
signaling has not been explored.

MGRNI1 and ATRN are part of an evolutionarily conserved
molecular pathway. MGRN1 and ATRN orthologs have been
identified in Caenorhabditis elegans and Drosophila melano-
gaster, predating the emergence of the melanocortin-signaling
system and suggesting that both proteins have functions inde-
pendent of ASP and the MCRs; there are no readily apparent
orthologs in yeast (26, 27). Both genes show nearly identical
patterns of mRNA distribution and share similar loss-of-func-
tion phenotypes.

Here, we show that transgenic overexpression of ASP, but
not AGRP, promotes MC4R degradation in the lysosome and
that siRNA-mediated knockdown of MGRN1 or ATRN pre-
vents this process. Reduction of MGRN1 and ATRN function
restores MC4R levels in ASP-overexpressing cells. Thus, these
studies identify the cell molecular basis for the epistatic effects
of hypomorphic alleles of Mgrnl and Atrn on the effects of ASP
at MC4R and provide insights into the mechanism by which
MCHA4R signaling is regulated at the cellular level.

EXPERIMENTAL PROCEDURES

Cell Lines, Culture, and Transfection—Neuro-2a cells were
obtained from the ATCC, cultured in DMEM (Invitrogen) sup-
plemented with 10% fetal bovine serum (Gemimi Bio-Prod-
ucts), and transfected with Lipofectamine 2000 or RNAIMAX
(Invitrogen) according to the manufacturer’s suggestions. Sta-
bly transfected cells were selected with 1 mg/ml G418 (Invitro-
gen) for at least 2 weeks.

Plasmids—The mCherry-TSG101 plasmid was obtained
through Addgene (Addgene plasmid 21505) from Dr. James
Hurley (30). MGRN1(III)-GFP was generated by amplifying the
Mgrnl coding sequences from a C57BL/6] cDNA pool and
cloning the fragments into the pcDNA3.1/CT-GFP-TOPO
vector (Invitrogen). Specific primer pairs were used to isolate
Mgrnl isoform III by colony PCR. The HA-His-ubiquitin con-
struct was kindly provided by Dr. Wei Gu (Columbia Univer-
sity) (31). The ASP expression constructs were created by
amplifying the Asp coding sequence, with or without the
endogenous stop codon, from a C57BL/6] cDNA pool and
directionally cloning into the pcDNA3.1/V5-His-TOPO vector
(Invitrogen). The MC4R-eGFP plasmid was obtained from Dr.
Christian Vaisse (University of California, San Francisco) (32).
HA-MC4R-eGFP was created through sequential rounds of
site-directed mutagenesis, using the GeneTailor site-directed
mutagenesis kit (Invitrogen), to insert the HA epitope sequence
(YPYDVPDYA) at the N terminus of MC4R-eGFP. All plasmid
sequences were verified by DNA sequencing to contain no cod-
ing sequence mutations compared with the UCSC reference
genomes.

Reagents—The polyclonal anti-MGRN1 antibody was pur-
chased from Proteintech Group. The anti--actin antibody was
from Abcam. Polyclonal anti-GFP and monoclonal anti-V5
antibodies were from Invitrogen. Anti-mCherry was from
Clontech. Rat anti-HA and rat anti-HA-POD antibodies were
purchased from Roche Applied Science. a-MSH was from
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Phoenix Pharmaceuticals. Control, MGRN1, and ATRN siRNA
probes were purchased from Invitrogen and Sigma (sequences
available on request). All other chemicals and reagents were
obtained from Sigma.

MGRNI Detection in Neuro2a Cells—Total RNA was ex-
tracted from Neuro2a cells using an RNeasy kit (Qiagen) and
converted to cDNA using the Transcriptor first strand cDNA
synthesis kit (Roche Applied Science). Quantitative RT-PCR of
Mgrnl isoforms was performed in a LightCycler 2.0 (Roche
Applied Science) according to the manufacturer’s instructions.
Samples were heated at 95 °C for 10 min, followed by 45 cycles
of 95 °C for 10 s, 61 °C for 5 s, and 72 °C for 10 s. Primers for
the Mgrnl isoforms and control genes were as follows: Mgrnl
isoform I, F, gatgagcactctagttctgacagt, and R, cctcctctataccaa-
cagagcacga; Mgrnl isoform II, F, tgtccctttaaaaaatcaaa, and
R, cctectctataccaacagagcacga; Mgrnl isoform III, F, gatgag-
cactctagttctgacagt, and R, cgaatggggtcagctcagcaacte; Mgrnl
isoform IV, F, tgtccctttaaaaaatcaaa, and R, cgaatggggtcagctcag-
caactc; Actb, F, agccatgtacgtagecatec, and R, ctctcagetgtggtggt-
gaa. Transcript quantification was performed using the abso-
lute quantification mode of the LightCycler software. Standard
curves were calculated for each set of primers using Neuro2a
¢DNA and had amplification efficiencies of 1.8 or greater. For
detection of MGRNT1 protein, Neuro2a cells were rinsed with
cold PBS and lysed on ice in lysis buffer (150 mm NaCl, 20 mm
Tris, 1% Igepal, and HALT protease/phosphatase inhibitor
(Pierce)) for 30 min. Samples were centrifuged at 4°C at
12,000 X g for 10 min, and the protein concentration of
the supernatant was determined by the BCA method. Equal
amounts of protein were subjected to SDS-PAGE and Western
blotting using standard protocols. For confocal microscopy,
175,000 cells (Countess Automated Cell Counter, Invitrogen)
were plated on poly-p-lysine-coated culture slides (BD Biosci-
ences) and stained 24 h later. Cells were rinsed with PBS, fixed
with freshly prepared 3.7% paraformaldehyde, and permeabi-
lized with 0.1% Triton X-100 for 3 min. The samples were
blocked with 5% goat serum containing 1% bovine serum albu-
min (BSA) for at least 30 min at room temperature and labeled
with anti-MGRN1 primary antibody in 0.5% BSA overnight at
4 °C. The cells were incubated with the appropriate secondary
antibody for 30 min at room temperature and mounted with
SlowFade reagent containing DAPI (Invitrogen). The images
were collected using an inverted Zeiss LSM 5 confocal micro-
scope and acquired using a 63X oil immersion objective with
2X optical zoom with Zeiss Pascal software. Image processing
was done with Adobe Photoshop/Illustrator CS3 Premium
software (Adobe Systems).

TSGI101 Immunoprecipitation, Ubiquitination, and Local-
ization—For co-immunoprecipitation, Neuro2a cells were
transiently transfected with empty vector, MGRN1(III)-GFP,
and mCherry-TSG101 for 24 h. Cells were rinsed with cold PBS
and lysed in lysis buffer on ice for 30 min. Samples were centri-
fuged at 4 °C at 12,000 X g for 10 min; equal amounts of total
protein were incubated with anti-GFP or anti-mCherry over-
night at 4°C with gentle rocking. Immunocomplexes were
recovered with recombinant protein G-agarose beads (Pierce)
for 2 h at room temperature. After several washes in lysis buffer,
the complexes were dissociated by boiling in lithium dodecyl
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sulfate sample buffer and analyzed by SDS-PAGE and immu-
noblotting. For ubiquitination, Neuro2a cells previously trans-
fected with control, or Mgrnl siRNA were transfected with
mCherry-TSG101 and HA-His-ubiquitin for 18 h. Cells were
lysed in lysis buffer supplemented with 0.1% Triton X-100 and
10 mMm iodoacetamide, and equal amounts of total protein were
subjected to immunoprecipitation with anti-mCherry antibody
as described above. TSG101 ubiquitination was detected fol-
lowing SDS-PAGE and immunoblotting with anti-HA antibod-
ies. Confocal microscopy was performed as described above.
All results are representative of at least two independent
experiments.

ASP-V5/His Secretion—Neuro2a.MC4R-eGFP cells (250,000
cells/well) were plated in 6-well plates and transfected 24 h later
with control, Mgrnl, or Atrn siRNA using RNAIMAX. After
24 h, cells were transfected with empty vector or ASP-V5/His
with Lipofectamine-2000; experiments were performed 24 h
later. Immunoprecipitation buffer was added directly to equal
volumes of cell culture media (820 wl) to a final concentration
of 500 mm NaCl, 20 mm Tris (pH 8.0), 3 mm CaCl,, and 20 mm
imidazole (binding buffer). A slurry of equilibrated Ni-NTA
beads (Qiagen) equal to 5% of the total volume of the immuno-
precipitation was added, and the sample was gently rocked
overnight at 4 °C. Beads were washed five times with ice-cold
binding buffer and eluted by heating in LDS loading buffer
(Invitrogen). Transfected cells were rinsed with cold PBS and
lysed in lysis buffer on ice for 30 min. Samples were centrifuged
at 4 °C at 12,000 X g for 10 min to remove insoluble material.
Protein concentrations were determined by the BCA method
(Pierce). Results are representative of at least three independent
experiments.

AgRP Secretion—Neuro2a.MC4R-eGFP cells (75,000 cells/
well) were plated on poly-D-lysine-coated 24-well plates (BD
Biosciences) and transfected 24 h later with control, Mgrnl, or
Atrn siRNA using RNAIMAX. After 24 h, cells were transfected
with empty vector or AgRP with Lipofectamine-2000. Equal
volumes of cell culture media were collected and analyzed for
AgRP using the Quantikine human AgRP ELISA kit (R&D
Systems).

Measurement of cCAMP Levels—Plasmid and siRNA transfec-
tions were performed as described previously. cAMP was mea-
sured with the direct cAMP EIA kit according to the manufac-
turer’s instructions (Assay Designs). Cells were treated with
3-isobutyl-1-methylxanthine (Sigma) 10 min before adding 100
M a-MSH for 15 min. Total cell protein was determined by the
BCA method.

Determination of Cell Surface and Total HA-MC4R-eGFP
Levels—HA-MC4R-eGFP levels were determined according to
previously described methods with the following modifications
(33, 34). Briefly, to quantify MC4R cell surface levels, 75,000
Neuro2a.HA-MC4R-eGFP cells were plated on poly-p-lysine-
coated 24-well plates and sequentially transfected with RNAi
and plasmids as described previously. Cells were rinsed twice
with cold PBS and fixed with 3.7% freshly prepared paraform-
aldehyde for 15 min on ice, washed three times with PBS, and
blocked with PBS containing 5% goat serum and 1% BSA for 30
min. The cells were then incubated with an anti-HA-POD anti-
body (diluted 1:1000) for 1 h at room temperature in PBS with
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1% BSA. The cells were washed five times with PBS, and POD
activity was measured by incubating the cells with 400 ul of
o-phenylenediamine dihydrochloride reagent (Sigma) for 30
min at room temperature. The reaction was stopped with 100
wul of 3 M HCI, and the product was detected by reading its
absorbance at 492 nm. Native Neuro2a cells were used to deter-
mine nonspecific binding of the antibody and background
absorbance. Total HA-MC4R-eGFP levels were determined
using an antibody feeding approach as described by Moham-
mad et al. (33). Neuro2a.HA-MC4R-eGFP cells were trans-
fected as indicated above, and anti-HA-POD antibodies were
added directly to the cell culture media for 1 h at 37 °C. Cells
were rinsed, fixed, and washed as above and then permeabilized
with 0.2% Triton X-100 for 30 min at room temperature. POD
activity was determined as described previously.

MC4R Lysosomal Localization—For confocal microscopy,
175,000 Neuro2a.HA-MC4R-eGFP cells transfected with
empty vector or ASP were plated on poly-p-lysine-coated cul-
ture slides (BD Biosciences). Cells were incubated with 100 um
cycloheximide (Sigma) and Lysotracker Red DND-99 accord-
ing to the manufacturer’s recommendations (Molecular
Probes) for 1 h at 37 °C. Cells were rinsed with PBS, fixed with
freshly prepared 3.7% paraformaldehyde, and mounted with
SlowFade reagent (Invitrogen). The images were collected
using an inverted Zeiss LSM 5 confocal microscope and
acquired using a 63X oil immersion objective with 2X optical
zoom with Zeiss Pascal software. Image processing was done
with Adobe Photoshop/Illustrator CS3 Premium software
(Adobe Systems).

Statistical Analysis—All experiments were performed at
least twice; the numbers of independent samples comprising
each study are indicated in the figure legends. For most exper-
iments, the effects of empty vector, AGRP, or ASP expression
between control and Mgrnl/Atrn knockdown cells were com-
pared by using the paired Student’s ¢ test.

RESULTS

mRNA and Protein Isoforms of MGRNI in Neuro2a Cells—
Alternative splicing of Mgrnl produces four major MGRN1
isoforms (Fig. 24) (35). The inclusion of exon 12 in isoforms II
and IV results in the insertion of a bipartite nuclear localization
sequence; alternative splicing of exon 17 results in the final stop
codon containing exon of isoforms I and II to differ from iso-
forms III and IV. In a previous report, no endogenous MGRN1
protein was found in Neuro2a cells (mnRNA levels were not
reported) (36). However, we recovered all four Mgrnl isoforms
by RT-PCR (Fig. 2B) and detected MGRN1 protein by Western
blot (Fig. 2, B and E). Isoform III was the most highly expressed
Mgrnl transcript, followed by isoform I; isoform II was ex-
pressed at low levels, and isoform IV was nearly undetectable
(Fig. 2C). Mgrnl transcripts were reproducibly depleted by
greater than 85% by transient siRNA transfection (Fig. 2D) and
confirmed by Western blotting with a commercially available
antibody (Fig. 2E). Endogenous MGRN1 in Neuro2a cells has
an apparent molecular mass of ~71 kDa, larger than the pre-
dicted molecular mass of the 555 amino acids of isoform III (61
kDa); occasionally, a second band ~2 kDa lower in molecular
mass, possibly representing the less abundant MGRN1 isoform
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I (predicted molecular mass of 58.5 kDa), was detected. The
subcellular localization of endogenous MGRN1 to discrete
punctate structures (probably early and late endosomes, see
below) throughout the cytoplasm was consistent with previ-
ously published results (Fig. 2F) (29, 37).

MGRNI Interacts with and Ubiquitinates TSG101—TSG101
is an MGRN1 substrate (28, 29). MGRNT1 interacts with the
ubiquitin E2 variant domain of TSG101 via a P(S/T)AP motif (a
“late viral domain”) found in the C-terminal half of all verte-
brate MGRNI1 orthologs; invertebrate MGRN1 proteins lack
this motif. Co-immunoprecipitation of MGRN1-GFP followed
by immunoblotting for mCherry-TSG101 shows that the pro-
teins interact in Neuro2a cells (Fig. 3A). Transient co-transfec-
tion of MGRN1-GFP isoform III and mCherry-TSG101 shows
that the proteins co-localize on endosomal structures in the
cytoplasm (Fig. 3B).

To confirm that endogenous MGRN1 ubiquitinates TSG101,
Neuro2a cells were transfected with HA-His-ubiquitin,
mCherry-TSG101, and control or Mgrnl siRNAs. TSG101
ubiquitination was decreased (~85%) in cells transfected with
Mgrnl siRNA (Fig. 3C). The blot was stripped and re-probed
for the mCherry tag to confirm that equal amounts of TSG101
were transfected into and immunoprecipitated from each sam-
ple. This result confirms that MGRN1-dependent ubiquitina-
tion of TSG101 does not affect the absolute amount of TSG101
present in the cell, which would be anticipated if MGRN1 was
targeting TSG101 for degradation in the proteasome. MGRN1
may regulate the solubility and/or endosomal membrane tar-
geting of TSG101 (28), but the exact role of MGRN1 in TSG101
function is unknown.

ASP Processing and Secretion Are Unaffected by MGRNI or
ATRN Depletion—The correspondence between MGRN1 lev-
els and TSG101 ubiquitination suggests that the mahoganoid
mutation rescues MCIR and MC4R function in A” mice
through a direct effect on endosomal activity. Phenotypes of the
mahoganoid and mahogany mutations segregating in A” mice
place the functions of MGRN1 and ATRN downstream of
agouti (ASP) transcription and upstream or at the level of
MCA4R function. A simple explanation for the rescue of MC1R
and MCA4R function in Mgrn1™? and Atrn™¢ mice ubiquitously
overexpressing ASP would be reduced ASP protein production.
To assess the processing and secretion of ASP in MGRN1- and
ATRN-depleted cells, Neuro2a cells were transfected with
Mgrnl and Atrn siRNAs and V5/His-tagged ASP. The V5/His
tag was placed at the C terminus of ASP to avoid interference
with signal peptide processing. Two V5-positive bands were
detected in the lysate of Neuro2a cells transfected with ASP-
V5/His (Fig. 4, A and B). The predicted molecular mass of ASP
after signal peptide cleavage is 11.8 kDa; however, Western
blotting of mouse skin extracts for endogenous ASP detects a
protein of ~21.5 kDa (38). The upper V5-positive band
migrates at ~25 kDa, the anticipated molecular mass of the
ASP-V5/His construct; the lower band is probably ASP that has
not been fully processed (i.e. glycosylated). ASP secretion into
the cell culture media was assessed by Western blot for the V5
epitope following immunoprecipitation with Ni-NTA beads.
Only the upper band, corresponding to the molecular weight of
fully processed ASP detected in mouse skin extracts, was recov-
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FIGURE 2. MGRN1 expression in Neuro2a cells. A, Mgrn1 encodes an E3 ubiquitin ligase containing a centrally located RING domain (indicated by black box).
Alternative splicing produces four Mgrn1 transcripts identified as isoforms |, II, ll, and IV. Inclusion of exon 12 in isoforms Il and IV introduces a bipartite nuclear
localization sequence (NLS). Alternative splicing of the stop codon containing exons, exons 17 and 18 (indicated by gray boxes), causes the final 13 amino acids
of isoforms | and Il to differ from the last 37 amino acids of isoforms lll and IV. B, exon splice site-spanning primers were designed to specifically amplify each
Mgrn1 transcript by PCR. All four Mgrn1 transcripts are expressed in Neuro2a cells. C, quantitative real time-PCR analysis of Mgrn1 isoform expression in Neuro2a
cells. Expression levels are relative to Actb levels. Expression levels of isoform | are 60% lower than isoform IIl; isoforms Il and 1V, the nuclear localization
sequence-containing transcripts, are expressed at relatively low levels (98 and 90% lower, respectively, than isoform Ill). Data are expressed as mean = S.D. of
samples from four different cell passages run in triplicate. D, Neuro2a cells were transfected with either a nontargeting control or Mgrn1 siRNA for 48 h. Mgrn1
knockdown was confirmed by quantitative real time-PCR using primers common to all four Mgrn1 isoforms. Data are expressed as mean = S.D. of three
biological replicates from three independent experiments. E, cells transfected with siRNAs as outlined above were lysed in 1% Igepal buffer, and whole cell
lysates were subjected to SDS-PAGE followed by Western blot analysis for MGRN1. The membrane was stripped and re-probed for ACTB as a loading control.
F, MGRN1 was visualized in Neuro2a cells by confocal microscopy. /B, immunoblot. Bar, 10 um.
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were probed with anti-GFP, anti-mCherry, and anti-ACTB. ¥, p < 0.05. B, MGRN1 co-localizes with TSG101. MGRN 1-GFP and mCherry-TSG101 localizations were
directly visualized by confocal microscopy in Neuro2a cells by GFP and mCherry fluorescence. Both proteins localized to enlarged endosomal structures in the
cytoplasm. Insets show 2-fold magnification of the outlined area. Bar, 10 um. C, MGRN1 ubiquitinates TSG101. Lysates from Neuro2a cells transfected with
mCherry-tagged TSG101, HA-His-tagged ubiquitin, and control or Mgrn1 siRNA were immunoprecipitated with anti-mCherry antibody. Ubiquitinated TSG101
was detected by immunoblotting with anti-HA antibody. Cells transfected with Mgrn1 siRNA showed only low levels of ubiquitinated mCherry-TSG101. IP,

immunoprecipitation; /B, immunoblot.

ered from the cell culture media (Fig. 4, A and B). No bands
were detected in any of the controls transfected with empty
vector. Neither MGRN1 nor ATRN depletion appeared to sig-
nificantly affect the post-translational processing or secretion
of ASP (Fig. 4, A and B), indicating that mahoganoid and
mahogany block ASP function by preventing the ASP-MC4R
interaction and/or by altering the response of MC4R to ASP
binding.

As a positive control, full-length AGRP was overexpressed in
Mgrnl and Atrn siRNA-transfected Neuro2a cells, and protein
levels were measured by ELISA in equal volumes of the culture
media. There were no significant differences in the amount of
AGRP in the media versus the control following knockdown of
either Mgrnl or Atrn (Fig. 4C). AGRP levels in the media were
~15-17 ng/ml or 2.5-3.0 nM (based on the assumption that
full-length AGRP is processed in the cell to AGRP(82-131)),
which is similar to the amount of recombinant AGRP(82-131)
generally used in in vitro experiments of AGRP(82—131) action
at MC4R (1-10 nm), and are considered adequate to block
a-MSH function (33, 34).
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a-MSH-mediated Activation of cAMP and Effects of ASP—
The observation that ASP processing and secretion were inde-
pendent of either MGRN1 or ATRN function suggested that
md and mg effects on ASP action could be at the level of the
ASP-MC4R interaction. ATRN has been predicted to act as a
co-receptor for ASP, specifically binding to a region rich in
arginine and lysine residues in the N-terminal domain of
ASP. Atrn-null animals are completely resistant to ASP
effects in vivo (26). Thus, ATRN may be necessary for ASP
binding to the MC4R. MGRN1 is an intracellular protein and
not likely to be directly involved in the ASP-MC4R interac-
tion in the extracellular space; however, based on the nearly
identical phenotypic effects of the mahogany and mahog-
anoid mutations in A” mice, ATRN and MGRNT1 are likely
components of a conserved biochemical pathway involving
ASP and MC4R.

ASP binding to MC4R was indirectly assessed by measuring
cAMP levels following a-MSH treatment of Neuro2a cells sta-
bly expressing HA-MC4R-eGFP or MC4R-eGFP and trans-
fected with control, Mgrnl, or Atrn siRNAs 24 h before a sec-
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FIGURE 4. ASP processing and secretion are normal in MGRN1- and ATRN-depleted Neuro2a cells. A, MGRN1 depletion does not affect ASP post-
translational processing or secretion into the cell culture media. Neuro2a cells stably expressing MC4R-eGFP (Neuro2a.MC4R-eGFP) previously transfected with
control or Mgrn1 siRNA were transfected with empty vector or V5/His-tagged ASP (ASP-V5/His) for 24 h. ASP-V5/His was immunoprecipitated from equal
volumes of cell culture media with Ni-NTA beads followed by immunoblotting with anti-V5 antibody. Cells were lysed in 1% Igepal lysis buffer and whole cell
lysates probed for ASP-V5/His with anti-V5 antibody. The membrane was stripped and probed for MGRN1 to verify gene knockdown and B-actin (ACTB) as a
loading control. B, Atrn knockdown has no affect on ASP-V5/His processing or secretion. The above experiment was repeated in cells transfected with control
or Atrn siRNA. Atrn knockdown was confirmed by quantitative RT-PCR to be greater than 80% (data not shown). C, AGRP secretion was not disrupted in Mgrn1
or Atrn-depleted Neuro2a cells. Full-length AGRP was overexpressed in Neuro2a.MC4R-eGFP cells previously transfected with control, Mgrn1, or Atrn siRNA for
24 h and amount secreted into the cell culture media determined by ELISA. Data are expressed as mean = S.D. (n = 6 biological replicates) of samples run in
duplicate. There were no significant differences among the groups. /P, immunoprecipitation; /B, immunoblot.

ond round of transfections with an empty vector or untagged
ASP. Asp expression was confirmed by RT-PCR (data not
shown). AGRP overexpression was included as a positive con-
trol as neither Mgrnl nor Atrn loss-of-function affects its activ-
ity at MC4R. Attachment of a GFP tag to the C terminus of
MCA4R does not alter the ability of the receptor to respond to
a-MSH (33, 34, 39).

ASP and AGRP overexpression impaired a-MSH-induced
activation of cAMP levels; the a-MSH-dependent cAMP
response was consistently 3—5-fold lower in AGRP- and ASP-
transfected cells than in cells transfected with the empty vector
(Fig. 5, A and B). This result confirms that the transfected ASP
is functional and suggests that full-length AGRP is processed to
AGRP(82-131) in Neuro2a cells; full-length AGRP is 10-fold
less effective than AGRP(82-131) at blocking the a-MSH-de-
pendent generation of cAMP (40). Interestingly, neither Mgrnl
nor Atrn depletion restored a-MSH-dependent cAMP genera-
tion in the ASP-overexpressing cells (Fig. 5, A and B). As expected,
Mgrnl/Atrn depletion had no effect on AGRP action. These find-
ings show that ASP binding to the MC4R and antagonism of the
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a-MSH-dependent cAMP pathway are essentially independent of
MGRN1 and ATRN function, implying that there must be a
cAMP-independent component of ASP function at the MC4R
that is dependent on both MGRN1 and ATRN. Similar results
have been observed at MCIR in immortalized melanocytes from
Atrn™¢ 38~ and Mgrn1™?="<""4="¢ mice (41).

Depletion of MGRNI or ATRN Blocks ASP-dependent MC4R
Trafficking to the Lysosome—Because neither Mgrnl nor Atrn
depletion interrupts ASP processing, secretion, or binding to
MCA4R, the mahoganoid and mahogany mutations must rescue
MCA4R function in A” mice at the level of ASP-dependent MC4R
regulation (see Fig. 1). Pharmacological effects of ASP antago-
nism on the melanocortin receptor present in isolated Xenopus
melanophores indicate that ASP action involves both time- and
temperature-dependent inhibition of melanocortin signaling
(38). Similar conclusions were reached in B16-F1 murine mel-
anoma cells that express MCIR (42). These findings suggest
that, like a traditional receptor antagonist, ASP blocks agonist
binding but also, unconventionally, down-regulates receptor
levels.
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FIGURE 5. Mgrn1 and Atrn depletion do not restore a-MSH-dependent
generation of cAMP in ASP-overexpressing cells. A, ASP antagonism of
a-MSH-dependent cAMP pathway isindependent of MGRN1 function. Empty
vector, AGRP, or ASP was overexpressed in Neuro2a.HA-MC4R-eGFP cells pre-
viously transfected with control or Mgrn1 siRNA for 24 h. Cells were treated
with 0.5 mm 3-isobutyl-1-methylxanthine for 10 min and then stimulated with
100 nm a-MSH for 15 min at 37 °C. The amount of cCAMP generated was nor-
malized to total protein levels by the BCA method. Data are expressed as
mean = S.D. of sixindependent samples relative to empty vector transfected
controls. B, ASP antagonism of the a-MSH-dependent cAMP pathway is also
independent of ATRN function. The above experiment was repeated in cells
transfected with control or Atrn siRNA.

In Neuro2a cells, a-MSH down-regulates cell surface levels
of MC4R by sequestering the ligand-bound receptor in a cyto-
plasmic compartment; when the agonist is removed from the
media, the receptor is efficiently recycled back to the cell sur-
face (33). The effects of ASP and AGRP on MCA4R trafficking in
Neuro2a cells have not been thoroughly investigated. Neuro2a
cells stably expressing HA-MC4R-eGFP were generated to
characterize the distribution and trafficking of MC4R in
Mgrnl- and Atrn-depleted cells in response to ASP and AGRP
overexpression. Attachment of an HA tag to the N terminus of
MCA4R does not appear to alter a-MSH binding or change the
ability of the receptor to generate cCAMP (34). Again, AGRP-
overexpressing cells were included as positive controls because
neither MGRNI1 nor ATRN are expected to affect AGRP func-
tion (26, 43, 44). HA-MC4R-eGFP at the cell surface was
detected by an enzyme-linked immunoassay using anti-HA-
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POD as described previously (33, 34). siRNA-mediated reduc-
tion of MGRN1 did not have a significant effect on cell surface
levels of MCA4R in cells transfected with empty vector (Fig. 6A).
ASP overexpression for 24-h decreased the abundance of MC4R
on the cell surface by greater than 90% compared with the
empty vector in control siRNA cells; in MGRN1-knockdown
cells, surface MC4R was ~60% lower in ASP-transfected cells
versus empty vector-transfected cells, resulting in ~4-fold
more MC4R on the cell surface in ASP overexpressing Mgrnl-
depleted cells versus siRNA control (Fig. 64). No significant
differences in cell number or total cell protein between any of
the conditions tested (siRNA or plasmid) were observed (sup-
plemental Figs. S1 and S2). This finding confirms that ASP
down-regulates MC4R surface levels in Neuro2a cells by a
mechanism that is at least partially dependent on intact
MGRNT1 function.

Surprisingly, AGRP overexpression for 24 h increased the
amount of MC4R on the cell surface by 30 —40 and 50 — 60% in
control and Mgrnl siRNA-transfected cells, respectively (Fig.
6A). This result suggests that AGRP diverts MC4R trafficking
away from normal lysosomal degradation and/or increases the
number of receptors at the plasma membrane by depleting the
intracellular MC4R pool. Increased HA-MC4R-eGFP cell sur-
face levels in AGRP-overexpressing cells are unlikely to be
related to transcriptional effects as MC4R expression is under
the control of the cytomegalovirus promoter. Similar increases
in MCA4R cell surface levels in cells treated with AGRP have
been observed in HEK293 cells overexpressing HA-MC4R (34);
however, conflicting results in the same cell line have been
reported (45).

Because a fraction of MC4R is located intracellularly at
steady state in Neuro2a cells, the total amount of HA-MC4R-
eGFP was measured by a previously established antibody-feed-
ing approach (33). MGRN1 depletion had no effect on total
MCAR levels in cells transfected with empty vector (Fig. 6B).
ASP overexpression decreased the total amount of HA-MC4R-
eGFP by more than 90% (Fig. 6B), implying that ASP binding to
the MCA4R traffics the receptor toward the lysosomal degrada-
tion pathway. ASP-dependent reduction in MC4R levels in
Neuro2a cells was further confirmed by Western blot for the
receptor in empty vector and ASP-overexpressing cells (supple-
mental Fig. S3). ASP-dependent MC4R trafficking to the lyso-
some appears to be an MGRN1-dependent process; MGRN1
depletion increased the total amount of HA-MC4R-eGFP in
ASP-transfected cells ~5-fold compared with control siRNA
(Fig. 6B). MGRN1-dependent trafficking of MC4R to the lyso-
some in ASP-overexpressing cells was confirmed using three
different Mgrnl siRNA sequences; each probe decreased
Mgrnl mRNA levels by greater than 85% (Fig. 6D) and rescued
~40-50% of HA-MC4R-eGFP from ASP-dependent lysosomal
degradation (Fig. 6C).

An 8-h incubation with chloroquine, a weak base that
increases the pH of intracellular acidic compartments and
thereby reduces lysosomal degradation, blocked MC4R degra-
dation in ASP-transfected cells (Fig. 7A). Additionally, direct
confocal microscopy of Neuro2a.HA-MC4R-eGFP cells trans-
fected with empty vector shows MC4R predominantly localized
to both the plasma membrane and an endosomal compartment
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FIGURE 6. MGRN1 depletion blocks ASP-dependent trafficking of MC4R to the lysosome. A, ASP-dependent decrease in HA-MC4R-eGFP cell surface levels
is partially blocked by reduction of MGRN1. Neuro2a cells stably expressing HA-MC4R-eGFP (Neuro2a.HA-MC4R-eGFP) previously transfected with control or
Mgrn1 siRNA were transfected with empty vector, AGRP-, or ASP-expressing plasmids for ~24 h. Cells were fixed under nonpermeabilizing conditions,
incubated with POD-conjugated anti-HA antibodies (anti-HA-POD), and washed extensively. HA-MC4R-eGFP cell surface levels were determined colorimetri-
cally after incubation with the POD substrate o-phenylenediamine dihydrochloride. Unless otherwise indicated, data are presented relative to control
siRNA/empty vector transfected cells (100%) and represent the mean = S.D. of at least five independent samples. Both nonspecific binding and background
were measured and subtracted from HA-MC4R-eGFP samples in all experiments. *, p < 0.05; **, p < 0.001. B, ASP overexpression leads to MGRN1-dependent
MC4R degradation. Transfections were performed as above. Cells were incubated with anti-HA-POD antibodies for 1 h at 37 °C, fixed, and permeabilized to
measure total HA-MC4R-eGFP with the o-phenylenediamine dihydrochloride reagent. C, MGRN1 function is necessary for ASP-dependent MC4R degradation.
Upper panel, the total HA-MC4R-eGFP experiment in B was repeated with three different Mgrn1 siRNA probes against three different segments of the Mgrn1
sequence common to all four MgrnT isoforms. Lower panel, % decrease in total HA-MC4R-eGFP levels in Mgrn1 siRNA-transfected ASP-overexpressing cells
versus controls. D, Mgrn1 knockdown in C was confirmed by quantitative real time-PCR using primers common to all four Mgrn1 isoforms. Data are expressed
as mean = S.D. of three biological replicates from cells co-transfected with those in experiment C.

with very little or no overlap with lysosomes, although in cells
overexpressing ASP, the receptor is largely intracellular and
displays extensive co-localization with the lysosomal compart-
ment (Fig. 7B). These results strongly suggest that ASP overex-
pression targets MC4R for lysosomal degradation.

The total amount of HA-MC4R-eGFP in both control and
Mgrnl siRNA-transfected AGRP-overexpressing cells was
60—-70% higher than in empty vector controls, suggesting that
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AGRP enhances MC4R cell surface levels (Fig. 6A) primarily by
reducing receptor degradation and not by redistributing the
receptor from the intracellular pool to the cell surface. This
result is confirmed by Western blot for HA-MC4R-eGFP in
empty vector and AGRP-overexpressing cells (supplemental
Fig. 3).

Because genetic analysis indicates that MGRN1 and ATRN
are components of a conserved biochemical pathway, the effect

GRS

VOLUME 286+NUMBER 21+-MAY 27,2011


http://www.jbc.org/cgi/content/full/M111.224592/DC1
http://www.jbc.org/cgi/content/full/M111.224592/DC1

140 4 * m Vehicle

100 uM Chloroquine

120 4

100 4

20 4 *

60 4

Relative Total MC4R (%)

40 4

20 A

Empty ASP

MGRN1 Regulates ASP-dependent MC4R Trafficking

[ HA-MCaR-eGFP | [ Lysotracker Red ||

Merge |

Empty Vector

Agouti Signaling Protein

FIGURE 7. MC4R is degraded in the lysosome in ASP-overexpressing Neuro2a cells. A, lysosomal inhibition blocks ASP-dependent MC4R degradation.
Neuro2a.HA-MC4R-eGFP cells transfected with empty vector or ASP for 16 h were incubated with 100 um chloroquine for 8 h to block protein degradation in
the lysosome. Total HA-MC4R-eGFP levels were measured as indicated above. Data represent the mean = S.D. of eight independent samples. *, p < 0.05. B,
MCA4R co-localizes with lysosomes in ASP-overexpressing cells. Neuro2a.HA-MC4R-eGFP cells transfected with empty vector or ASP were incubated with 100
um cycloheximide and Lysotracker Red for 1 hat 37 °C. MC4R and lysosome co-localization was identified by confocal microscopy via direct fluorescence of GFP
and Lysotracker Red. HA-MC4R-eGFP in cells transfected with empty vector (upper two lines) localizes to the plasma membrane and an unidentified endosomal
compartment, while the receptor shows strong co-localization with lysosomes in cells overexpressing ASP (bottom two lines). Bar, 10 um.

of Atrn depletion on ASP-dependent MCA4R trafficking to the
lysosome was also examined. Atrn knockdown for 48 h
increased the absolute amount of HA-MC4R-eGFP present in
empty vector, AGRP-, and ASP-transfected cells by at least
2-fold without affecting cell number (data not shown), suggest-
ing that reduction of ATRN function disrupts normal receptor
turnover in the lysosome but does not affect cell survival or
replication. For this reason, changes in HA-MC4R-eGFP levels
in Atrn siRNA-transfected cells overexpressing AGRP or ASP
are expressed relative to Atrn siRNA cells transfected with
empty vector rather than to control (scrambled) siRNA. After
24 h of ASP overexpression, both cell surface and total
HA-MC4R-eGFP levels were decreased by 85-95%. Atrn
knockdown partially blocked ASP-dependent MC4R traffick-
ing to the lysosome; both cell surface and total HA-MC4R-
eGFP levels were ~50% of the empty vector-transfected con-
trols (Fig. 8, A and B). These results suggest that lysosomal
targeting of MC4R in ASP-overexpressing cells is dependent on
the presence of both MGRN1 and ATRN.

DISCUSSION

Mahogany (Atrn’€) and mahoganoid (Mgrnl™?), loss-of-
function mutations in ATRN and MGRN]1, rescue the func-
tional consequences at MC1R and MC4R of the constitutive
overexpression of ASP that results from gain-of-function muta-
tions at the agouti locus (22, 23). However, neither mg nor md
can rescue the obesity associated with MC4R-null mutations
(21), and neither mutant is protected from obesity caused by
ubiquitous overexpression of AGRP,* the physiological MC4R

4 Teresa M. Gunn, personal communication.
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antagonist. Thus, ATRN and MGRNT1 are specifically required
for ASP-mediated effects on MC4R (and MCIR) signaling.
Based on genetic models, MGRN1, an E3 ubiquitin ligase, and
ATRN, a transmembrane protein, must act downstream of ASP
and upstream or at the level of the MC4R to enable ASP-depen-
dent obesity. Consistent with this premise, we show here that
MGRNT1 and ATRN are required for ASP-dependent MC4R
degradation in the lysosome.

Several mechanisms have been proposed to account for the
loss-of-function of ASP at the MC4R in md and mg mice.
MGRN1 and ATRN may be required for the following: 1) ASP
processing and/or secretion; 2) ASP binding to MC4R; or 3)
ASP-dependent regulation of MC4R number/function (Fig. 1)
(22, 27). We used Neuro2a cells stably expressing MC4R con-
structs as a model system to examine each of these possibilities.
Reportedly, no MGRN1 is present in Neuro2a cells (36). How-
ever, we recovered mRNA for all four Mgrn1 isoforms, showed
the expected decrease in protein levels following siRNA trans-
fections, and, as reported by others, observed MGRNT1 localiza-
tion to the endosomal compartment (29). We and others have
yet to find a cell line in which Mgrun1 is not present,* strongly
suggesting that the protein performs an essential housekeeping
function(s).

Mechanism 1—Perhaps the simplest explanation for the
apparent loss-of-function of ASP in md and mg mice would be
an MGRN1-/ATRN-dependent effect on the secretion and/or
processing of ASP. ASP has been detected in the brains of
ATRN-null A” mice (23), arguing against mechanism 1. Al-
though ASP is present in equal amounts in hypothalamic
extracts of control and Atrn-null A” animals (23), it could have
been retained within the cells and never secreted, i.e. have been
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FIGURE 8. Atrn knockdown prevents ASP-dependent MC4R degradation
in the lysosome. A, ASP overexpression stimulates ATRN-dependent MC4R
degradation. Atrn depletion increases total HA-MC4R-eGFP levels in ASP-trans-
fected cells relative to control siRNA. Total HA-MC4R-eGFP levels were deter-
mined as described previously in cells transfected with control or Atrn siRNA. Atrn
deficiency increases the absolute amount of both total and cell surface
HA-MC4R-eGFP by ~2-fold (see text); therefore, data are presented relative to
control or Atrn siRNA empty vector transfected cells (each set to 100%). B, Atrn
depletion increases HA-MC4R-eGFP cell surface levels in ASP-transfected cells
relative to control siRNA. Cell surface HA-MC4R-eGFP was measured as described
in Fig. 6, and results are presented as described above. *, p < 0.05; **, p < 0.001.

functionally inactive. We were able to recover sufficient

ASP from the media of ASP-transfected cells, following
siRNA-mediated MGRN1/ATRN depletion, to conclude that

18924 JOURNAL OF BIOLOGICAL CHEMISTRY

neither MGRN1 nor ATRN is primarily involved in ASP secre-
tion. The apparent molecular weight of ASP immunoprecipi-
tated from the media of Mgrnl and Atrn siRNA-transfected
cells was indistinguishable from that from control cells and
consistent with ASP from mouse skin extracts (38), suggesting
that MGRN1 and ATRN are not involved in the post-transla-
tional processing of ASP.

Mechanism 2—ATRN binds ASP with low affinity, possibly
acting as a co-receptor to enhance ASP binding to MC4R
and/or to increase the local concentration of the ligand in the
vicinity of the receptor (26). Based on this observation, MGRN1
and ATRN loss-of-function mutations might prevent ASP from
binding to the MC4R, allowing increased a-MSH access to the
receptor. Surprisingly, neither MGRN1 nor ATRN depletion
had any effect on the ability of ASP to reduce a-MSH-depen-
dent cAMP levels, suggesting that ASP-MC4R signaling must
include an MGRN1-/ATRN-dependent, cAMP-independent,
signaling pathway. However, based on this negative result, we
cannot exclude the possibility that small amounts of cCAMP are
generated in specific subcellular locations. Similar conclusions
have been reached in experiments examining ASP-MCIR sig-
naling in melanocytes isolated from MGRN1- and ATRN-null
mice (41). Pérez-Oliva et al. (46) showed that MGRN1 overex-
pression in HEK293 cells transfected with MCIR or MC4R
blocks a-MSH-dependent cAMP signaling by interfering with
Ga, coupling to the receptors. Although interesting, this model
predicts that MGRN1 loss-of-function mutations would up-
regulate MC4R cAMP signaling, a result that we did not
observe. Additionally, MGRN1 overexpression in mice fails to
cause coat color darkening in wild-type (agouti) mice (37). Such
darkening, which is indicative of hyperactivity of the MCIR
pathway, would be predicted by the in vitro observations of
Pérez-Oliva et al. (46). The discrepancies that exist between the
work of Pérez-Oliva et al. (46) and those shown here and of
others (37, 41) could be a consequence of studying MCI1R/
MCAR function in a cell type (HEK293) in which neither MCIR
nor MC4R is endogenously expressed.

Mechanism 3—Based on the functional interaction between
MGRNT1 and TSG101 (28, 29), an essential component of the
endosomal machinery required for receptor trafficking to the
lysosome, we hypothesized that MGRN1 and likely ATRN are
required for MC4R degradation. ASP binding to the melano-
cortin receptor in Xenopus melanophores (38) and to MC1R in
B16 melanoma cells (42) blocks receptor signaling through
both competitive antagonism and receptor down-regulation.
The C-terminal end of ASP binds to MC1R/MC4R and blocks
agonist binding; the structurally homologous domain of AGRP
blocks agonist binding at MC4R but shows no affinity for
MCIR (14). ASP-dependent MC1R down-regulation occurs via
an unknown mechanism that requires both the C-terminal and
N-terminal domains of ASP (AGRP lacks a homologous N-ter-
minal domain (47)); MC4R down-regulation following ASP
binding has not been investigated. We found that ASP overex-
pression in Neuro2a cells stably transfected with MC4R
decreases both cell surface and total MC4R levels by stimulat-
ing receptor trafficking to the lysosome. This same response
was not observed in cells overexpressing AGRP, suggesting that
this effect is dependent on the N terminus of ASP. In agreement
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with the results of others (34), AGRP increased the amount of
MCA4R present at the cell surface independently of MC4R tran-
scription. Furthermore, we showed that AGRP overexpression
increased total MC4R levels, suggesting that AGRP blocks
a-MSH signaling at the cell surface and, surprisingly, stabilizes
overall receptor levels by diverting the MC4R away from deg-
radation, a process independent of MGRN1 and ATRN func-
tion. As an inverse agonist, AGRP may bind to and stabilize the
inactive conformation of MC4R (48) and that MC4R is traf-
ficked away from the lysosome when locked in its inactive state.
Whether C-terminal fragments of ASP (i.e. lacking the N-ter-
minal domain necessary for lysosomal targeting) have effects
on MCA4R trafficking similar to those of AGRP is unknown.
ASP-dependent MC4R lysosomal trafficking requires MGRN1
and ATRN and is partially blocked by suppressing the expres-
sion levels of either protein. Diversion of MC4R trafficking
away from lysosomal degradation is likely to be directly related
to the rescue of the A” metabolic phenotypes in mahogany and
mahoganoid mice.

Unexpectedly, suppression of ATRN greatly increased both
cell surface and total MC4R levels, even in the absence of ASP
overexpression. However, although the presence of MC4R on
the plasma membrane was increased, cAMP levels in response
to a-MSH were unchanged. Interestingly, mutations at the
Atrnlocus reportedly disrupt the structural integrity of special-
ized plasma membrane microdomains (e.g. lipid rafts) but have
no effect on signal transduction pathways (49). The increased
number of MC4Rs observed on the plasma membrane of Atrn
siRNA-transfected cells may represent a compensatory mech-
anism for the loss of a specific signaling microenvironment in
mahogany mutant cells, accounting to some extent for the
absence of increased body weight in A”/Atrn™¢ mice (26).
Receptor clustering in lipid rafts following ligand binding is an
important factor in the initiation of a variety of signal transduc-
tion events, including the generation of cAMP (50). Pretreat-
ment of Neuro2a.MC4R-eGFP cells with methyl-B-cyclodex-
trin, a reagent that removes cholesterol from the plasma
membrane and disrupts the formation of lipid rafts (51), re-
duced a-MSH-dependent cAMP generation by ~70% (data not
shown), suggesting a connection between lipid raft formation
and normal MC4R signaling function.

We were unable to show a direct physical interaction
between MGRN1 or ATRN and MC4R by co-immunopre-
cipitation in Neuro2a cells under basal conditions or transiently
transfected with ASP (data not shown). This result suggests
that ASP forms a bridge between ATRN and MC4R with
the two proteins interacting exclusively through the N and
C termini of ASP; ASP binding to ATRN may be too weak or too
transient to detect using conventional immunoprecipitation
approaches. It is also possible that additional molecules may
mediate some parts of this interaction. For example, ATRNL1
(attractin-like 1), is an ATRN homolog that has been shown to
interact with the C terminus of MC4R (52) and, when overex-
pressed, can compensate for loss of ATRN (53). However,
because loss-of-function mutations in A¢rn/1 show no pigmen-
tary or body weight phenotypes (53) its direct role, if any, in
melanocortin biology remains unclear.
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Our inability to demonstrate a direct physical interaction
between MGRN1 and MC4R disagrees with previous work (46);
it is possible that our system was not sufficiently sensitive to
detect this interaction and/or that the interaction is dependent
on differences in the cellular models used. The MC4R is consti-
tutively trafficked through the endosomal recycling pathway in
Neuro2a cells (33), but it does not appear to be recycled in
HEK293 cells (39). The physical interactions, if any, between
MGRN1 and MC4R in Neuro2a cells may be more transient or
less stringent than those observed in HEK293 cells (46), and
they eluded our detection. Lack of a specific physical interac-
tion between MGRN1/ATRN and the MC4R and the pleiotro-
pic nature of the phenotypes associated with the mahogany and
mahoganoid mutations that are independent of melanocortin
signaling strongly suggest that MGRN1 and ATRN are part of a
conserved protein trafficking pathway that is required for mul-
tiple signaling proteins. Further elucidation of this pathway will
likely explain the association of the md and mg mutations with
neurodegeneration (27, 54), mitochondrial dysfunction (55,
56), and abnormalities such as left-right embryonic patterning
defects (particularly in the heart) in MGRN1-null mice (57) and
compromised immune cell function in mahogany mutant ani-
mals (58).

We propose the following model for ASP action at the MC4R
in A” mice (and possibly the physiological ASP-MCIR interac-
tion in the skin) (Fig. 94). At the cell surface, ASP antagonizes
a-MSH signaling through direct binding of its C terminus to
the MC4R, and it initiates receptor trafficking to the lysosome
via the interaction of its N terminus with the extracellular
domain of ATRN. This step results in the degradation of MC4R
and recapitulates the obese phenotype observed in MC4R-null
mice (7). The ASP-ATRN interaction could stimulate MC4R
trafficking to the lysosome by inducing a conformational
change in the receptor or by recruiting accessory proteins, such
as MGRNI, that are necessary for lysosomal trafficking. Follow-
ing receptor internalization, MC4R proceeds to the lysosome
via the MGRN1-dependent multiubiquitination of TSG101,
effectively blocking any further possibility of a-MSH signaling
or recycling to the plasma membrane. It is likely that the MC1R
is physiologically regulated (i.e. in the presence of ASP pro-
duced normally in skin) by similar mechanisms as MC4R in the
brain. Increased degradation of the MC1/4R in the presence of
ASP fully explains why ubiquitous overexpression of ASP in the
A” mouse produces phenotypes resembling those of null alleles
for both MC1R and MC4R. Furthermore, this receptor degra-
dation hypothesis is consistent with the epistatic relationships
among the participating genes and explains why mg and md
cannot rescue MC1R- and MC4R-null mutations; both ATRN
and MGRNT1 act at the level of these receptors. In mg mutant A”
mice, the interaction between the N terminus of ASP and the
extracellular domain of ATRN is lost, eliminating the initial
stimulus required for ASP-dependent MC4R trafficking to the
lysosome (Fig. 9B). Loss of MGRN1 function in A” md mice
decreases TSG101 ubiquitination, which impairs the function
of TSG101, and prevents MC4R trafficking from early endo-
somes to lysosomes (Fig. 9C).

Additional work is necessary to determine how the restora-
tion of MCA4R levels in mahogany and mahoganoid mutant A”
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FIGURE 9. Proposed model. ASP-dependent MC4R trafficking to the lysosome in A” mice requires both ATRN and MGRN1 function. A, C-terminal
domain of ASP binds to MC4R at the cell surface, preventing a-MSH access to the receptor and blocking the generation of cAMP. A basic amino acid-rich
domain in the N terminus of ASP interacts with the extracellular domain of ATRN and initiates MC4R trafficking to the lysosome. Following internalization,
MGRN1-dependent TSG101 multiubiquitination is required for MC4R trafficking from early endosomes to the lysosome for degradation (see under “Discus-
sion” for further details). Similar mechanisms are likely to regulate ASP-dependent MC1R degradation in the skin. B, in mg mutant mice, the interaction between
the ASP N terminus and the extracellular domain of ATRN is lost eliminating the initial stimulus required for MC4R trafficking to the lysosome. Internalized MC4R
is then preferentially directed toward the default endosomal recycling pathway and returned to the cell surface. C, in md mutant mice, TSG101 is not
multiubiquitinated, and ASP-bound MC4R is diverted away from the lysosomal pathway and returned to the plasma membrane. Thus, both of these loss-of-
function mutations produce gain-of-function MC4R phenotypes in A” mice overexpressing ASP. Similar mechanisms are probably relevantat MC1R. In both mg
and md mice, the C terminus of ASP binds MC4R and prevents a-MSH-dependent cAMP generation. Ub, ubiquitin.

mice allows MC4R to resume its biological function(s). We pro-
pose dual signaling mechanisms for MC4R (see Fig. 10 for
details) as follows: 1) the classical cAMP-dependent pathway
that is inhibited by the C terminus of ASP, and 2) a second
signaling pathway that is blocked, independently, by the N ter-
minus of ASP. A similar mechanism has been recently proposed
by Bennett and co-workers (41) for the MC1R. Considering our
results, this second signaling pathway would be attenuated fol-
lowing ASP binding to MC4R via receptor degradation in the
lysosome. Multiple signaling intermediates are reportedly acti-
vated by MC4R signaling (59), the MAPK pathway being a
strong candidate as a second messenger in our proposed
cAMP-independent system. Following EGF binding at the EGF
receptor, ERK1/2 signaling is initiated at the cell surface and

18926 JOURNAL OF BIOLOGICAL CHEMISTRY

continues from within the cell until the EGF receptor is fully
encapsulated within a multivesicular body en route to the lyso-
some (60); a similar signaling pathway could exist for MC4R. A
“second candidate signaling pathway” (represented by pERK in
Fig. 10) could, hypothetically, be activated by the B-defensins,
additional melanocortin receptor ligands encoded by the K
locus (61). Transgenic mice expressing 3-defensins have a black
coat color and reduced body weight, mimicking the biological
function of a-MSH at the MCI1R and MC4R; these effects are
conveyed by cAMP-independent mechanisms (61).

Further understanding of the complex trafficking pathways
of the MCA4R, including those involving MGRN1 and ATRN,
could provide help in the treatment of human obesity. Muta-
tions in the MC4R coding sequence account for up to 5—-6% of
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FIGURE 10. Dual MC4R signaling model to account for “rescue” of A” phenotype by alterations in MC4R trafficking. A, MC4R is shown with constitutive
cAMP-dependent and hypothetical cAMP-independent activity (possibly the signaling pathway activated by p-defensins and represented in the figure by
PERK). B, a-MSH up-regulates both the cAMP-dependent and -independent signaling pathways (step 1) (arrow/text size indicates direction of effect). cAMP is
generated only while the MC4R is on the plasma membrane; pERK remains up-regulated following receptor internalization (step 2) until ligand and receptor
dissociate along the endocytic recycling pathway (step 3). Upon a-MSH withdrawal, cCAMP and pERK return to basal levels (step 4). C, ASP antagonizes cAMP
signaling through its C terminus (step 7) and pERK signaling through its N terminus (step 2) (requiring MGRN1 and ATRN). pERK is only completely attenuated
following ASP-dependent MC4R degradation in the lysosome (step 3). Loss-of-function mutations in ATRN or MGRN1 impair the ASP-dependent lysosomal
trafficking of MC4R, preventing the full reduction of pERK signaling and allowing basal cAMP-independent activity to be maintained. The hypothetical pERK
signaling pathway is analogous to that of the activated EGF receptor; ERK signaling initiated at the cell surface continues from within the cell until the EGF
receptor enters the lysosome.

severe obesity in humans (62). Functional characterization of ary to intracellular retention is among the most common
the many mutations that have been detected in MC4R in obese  molecular defects (59). These results should be interpreted with
humans indicates that reduced cell surface expression second- caution, however, as most MC4R mutations have been studied
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in HEK293 cells, a cell line in which MC4R function may not be
fully represented either qualitatively or quantitatively. Our
results and the findings of others (33) show that MC4R endo-
somal trafficking is dynamic; MC4R shows three unique signal-
ing/trafficking patterns in response to three separate ligands as
follows: 1) a-MSH, the physiological agonist of the receptor,
induces signaling and causes the receptor to be retained intra-
cellularly; 2) AGRP, the naturally occurring antagonist, blocks
agonist binding and stabilizes receptor levels by diverting the
MC4R away from the lysosome; and 3) ASP, an antagonist only
present in agouti mutant animals, blocks agonist binding and,
as opposed to AGRP, promotes receptor degradation in the
lysosome.
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