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Abstract The melanocortin system is composed by the
agonists adrenocorticotropic hormone and o, B and v-
melanocyte-stimulating hormone, and two naturally
occurring antagonists, agouti and agouti-related protein.
These ligands act by interaction with a family of five
melanocortin receptors (MCRs), assisted by MCRs acces-
sory proteins (MRAPs). MCRs stimulation activates
different signaling pathways that mediate a diverse array of
physiological processes, including pigmentation, energy
metabolism, inflammation and exocrine secretion. This
review focuses on the regulatory mechanisms of MCRs
signaling, highlighting the differences among the five
receptors. MCRs signal through G-dependent and inde-
pendent mechanisms and their functional coupling to
agonists at the cell surface is regulated by interacting
proteins, namely MRAPs and B-arrestins. The knowledge
of the distinct modulation pattern of MCRs signaling and
function may be helpful for the future design of novel
drugs able to combine specificity, safety and effectiveness
in the course of their therapeutic use.
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Introduction

The intracellular mechanisms triggered by an activated
receptor at the plasma membrane are complex. They differ
according to the type and duration of the stimulus, which
defines the specificity of a given physiological response. It
is self-evident that a solid knowledge of the signaling
events activated by a diversity of receptors becomes an
asset for the development of pathway modulators, aimed at
specific targets. Eventually, they become a challenge to the
pharmaceutical industry in the search for efficient and
specific drugs. Regarding the melanocortin receptors
(MCRs), members of the G-protein-coupled receptors
(GPCRs) family, functional selectivity of signaling is
particularly difficult to accomplish: melanocortins are able
to cross-react with various receptors and more than one
MCR is generally expressed in the same tissue. Neverthe-
less, in the last decade remarkable efforts helped to
elucidate some of the molecular mechanisms behind mel-
anocortin signaling, promising the possibility to modulate
them and benefit human health.

The melanocortin system

The melanocortin system has an important role in the
regulation of a variety of biological functions like pig-
mentation, inflammation, stress response, sexual behavior
and energy homeostasis [1]. This multiplicity of actions of
the melanocortin system is possible due to a highly
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regulated interaction of different biological molecules,
namely different agonists, two naturally occurring antag-
onists, five different receptors and specific accessory
proteins, which all integrate the melanocortin system.

Agonists: the melanocortins

The melanocortin peptides include the adrenocorticotropic
hormone (ACTH) and o, B and y-melanocyte-stimulating
hormones (o, B, y-MSH) (Table 1). They are generated
upon successive cleavages of the polyprotein proopiomel-
anocortin (POMC), mainly expressed in the pituitary and
arcuate nucleus of the hypothalamus. Melanocortins are
then released into the blood stream or move through the
sympathetic nervous system to the whole organism. POMC
was also found in other regions of the central nervous
system and in a variety of peripheral tissues like skin, lung,
kidney, adrenal glands, gastrointestinal and genitourinary
tract [2]. The ubiquitous expression and the tissue-specific
proteolytic cleavage of POMC surely contribute to the
extraordinary complexity of functions associated to
melanocortins.

Antagonists: agouti and agouti-related protein (AgRP)

One of the most interesting aspects of the melanocortin
system is the presence of two naturally occurring antago-
nists, the agouti and the agouti-related protein (AgRP)
(Table 1). A great interest in agouti emerged when it was
discovered that dominant mutations in the mice gene
induce obesity, insulin resistance, yellow coat and predis-
position for tumors [3]. In mice, the agouti protein is
mainly expressed in the skin, but in those mutants, agouti is
ectopically expressed in other tissues. Due to agouti affinity
for different MCRs, pleiotropic phenotypes associated with

the ectopic expression of agouti were indeed predictable
(Table 1). In fact, the coat pigmentation arises from an
antagonic effect on MCIR whereas the other effects may
result from the antagonism of other MCRs in different
tissues. For instance, the obesity syndrome may derive
from the blockade of MC4R signaling in the central ner-
vous system.

The agouti-signaling protein (ASIP) is the human
homolog of the mouse agouti gene. It was detected in the
skin, heart, ovary, testis, foreskin, adipose tissue, liver and
kidney [4] and, although not so well characterized, it also
appears to regulate human pigmentation [5].

The AgRP was later discovered based on its sequence
homology to agouti. It is mainly expressed in the adrenal
gland and hypothalamus, where it acts as a potent orexi-
genic factor by antagonizing MC3R and MC4R (Table 1).
In fact, the effect of AgRP overexpression is similar to that
described for agouti, excluding the pigmentation changes,
because it does not antagonize MCI1R [6]. Its function in
adrenal glands remains to be elucidated since it has a lower
antagonic effect on MC5R and no binding affinity for
MC2R, the MCRs with major expression in this tissue [7].

The melanocortin receptors (MCRs): physiological role

The research in the melanocortin field has gained new
insights with the identification of high levels of binding
sites for a-MSH in human melanoma cells by Tatro and
colleagues [8]. Later on, a cDNA library from these cells
allowed cloning the first MCR, initially named o-MSH
receptor [9, 10]. Concomitantly, a second receptor was
cloned from human adrenal cells and termed ACTH
receptor due to its high affinity for ACTH binding [10].
Afterwards, three more MCRs were discovered [11-15]
and then all were numbered from 1 to 5 according to the

Table 1 Melanocortin receptor family: agonist affinity, antagonists, tissue distribution and main functions

MCR Agonist affinity Antagonists Tissue expression Main function
MCIR o-MSH > ACTH = Agouti Skin; immune cells; brain; pituitary; Pigmentation; anti-
B-MSH > y-MSH corpus luteum; placenta; testis; inflammatory
adipocytes
MC2R ACTH Agouti Adrenal gland; skin; adipocytes Adrenal steroidogenesis
MC3R v-MSH = o-MSH = Agouti; AgRP Brain; placenta; stomach; pancreas; Energy homeostasis;
ACTH > B-MSH duodenum; heart; testis; mammary anti-inflammatory
gland; muscle cells; kidney; immune
cells
MC4R o-MSH > ACTH > -MSH Agouti; AgRP Brain; sympathetic nervous system; Energy homeostasis
> y-MSH muscles; adipocytes
MC5R o-MSH > ACTH > Agouti; AgRP Exocrine glands; adrenal gland; pituitary; Exocrine gland
B-MSH > y-MSH kidney; liver; lung; lymphatic system; secretion; fatty acid
testis; ovary; uterus; gastrointestinal -oxidation;
tract; skin; skeletal muscle cells; adipocyte lipid
adipocytes; B-lymphocytes; brain metabolism

@ Springer



MCRs signaling mechanisms

1333

order of their cloning (MCIR-MC5R). Structurally, all
MCRs belong to the class of the GPCRs, which have an
N-terminal extracellular domain, seven transmembrane
regions and a C-terminal cytoplasmic domain [16].

The most exciting characteristics of MCRs regard the
different binding affinities for the diverse melanocortins
and antagonists and the absence of functional uniformity
(Table 1). In fact, no other receptors have their activity
regulated by both agonists and antagonists, making the
MCRs unique among the superfamily of GPCRs. This type
of modulation allows the increase on specificity and
accuracy of melanocortin’s biological functions.

The MCIR is recognized as the classic receptor of
melanocytes because it is particularly involved in the
regulation of skin and hair pigmentation. The activation of
MCIR promotes the synthesis of eumelanin (dark pigment)
and decreases the production of pheomelanin (yellow
pigment) which results in the darkness of skin and hair
[17]. MCIR was also described in a large number of dif-
ferent immune cells where it exerts an anti-inflammatory
effect [18, 19].

The main function of MC2R is the control of steroi-
dogenesis in the adrenal gland and, consequently,
mutations in MC2R gene accounts for 25 % of all cases
of the familial glucocorticoid deficiency (FGD), a rare
autosomal recessive disorder characterized by a severe
glucocorticoid deficiency, associated with failure of
adrenal responsiveness to ACTH [20-22]. This deficiency
is also observed in the MC2R knockout mice [23].
Moreover, MC2R is present in human skin cells [24] and
in mouse adipocytes [25-28], where it was suggested to
regulate lipolysis [29].

MC3R and MC4R are expressed at the nervous system
and are intimately related with the central regulation of
energy homeostasis. Human mutations on MC3R gene are
frequently related to obesity and type 2 diabetes [30] and
some reports indicate that MC3R polymorphisms are
associated with increased risk of childhood obesity [31-
34]. Genetic disruption of the MC4R has been found to
cause obesity in mice and mutations on MC4R human gene
are responsible for up to 6 % of morbid obese individuals
[35]. MCA4R is also involved in the regulation of the sexual
behavior and erectile function [36, 37] and pain [38, 39].

The MC5SR was the last receptor of this family to be
cloned and was found to be expressed in a variety of organs
and tissues. The MC5R knockout mice revealed a deficient
function of the sebaceous and other exocrine glands.
Additional roles to MC5R have been attributed, namely the
activation of regulatory T-lymphocytes during ocular
immunity [40—43], immunomodulatory functions in
B-lymphocytes [44] and stimulation of cytokine secretion
in adipocytes [45]. In skeletal muscle cells, MC5R was
specifically implicated on the regulation of fatty acid

oxidation [46], while in adipocytes MC5R promotes
lipolysis and impairs fatty acid re-esterification [26, 28,
47].

Accessory proteins for MCRs cell surface targeting

Two melanocortin receptor accessory proteins (MRAPI
and MRAP2) regulate the transport of the MCRs towards
the cell membrane and also the ligand-induced signaling
[48] (Table 2). The presence of interacting factors for
MCRs function was first suggested by Noon et al. [49] who
failed to obtain a correct trafficking of MC2R to cell sur-
face when the receptor was expressed in cells that lack
endogenous expression of the melanocortin system inter-
veners. MRAP1 was further established as essential for
MC2R trafficking and signaling [21, 50-53], a reason why
20 % of FGD type 2 patients have mutations in MRAP
gene [1]. Later on, a closely related protein, named
MRAP2, was found in adrenal gland and hypothalamus
[48, 52]. Whereas MRAPI is essential for MC2R-signaling
activation, MRAP2 seems to be a competitive inhibitor of
MRAPI, decreasing its ability to bind MC2R [52, 54]
(Table 2). MRAPs assist MC2R targeting to cell membrane
by facilitating ER export and further post-translational
processing at Golgi apparatus, most probably glycosylation
[55].

Although MRAPs are only essential for MC2R targeting
to cell surface [48, 56], they are able to interact with all five
MCRs regulating their trafficking and cell surface expres-
sion (Table 2) [57, 58]. When MRAPI is present, it impairs
the MC4R and MCS5R trafficking to plasma membrane
while having no effect on cell surface expression of MC1R
and MC3R [48, 51]. Intriguingly, Chan et al. [48] dem-
onstrated that both MRAPs act as negative regulators of
MCIR, MC3R, MC4R and MC5R signaling, but recently,
Asai et al. [59] showed that MRAP2 expression increases
MC3R and MCH4R signaling. The use of different agonists
can explain the conflicting results: Chan et al. used NDP-
MSH, a synthetic analogue of a-MSH, whereas Asai et al.
used o-MSH [48, 59]. MRAP2 deletion causes obesity in
mice and heterozygous variants of MRAP2 gene are
associated with early onset obesity in humans [59].
Although not yet clear, MRAP2 seems to regulate body
weight by facilitating MC4R function but may also act
through other receptors expressed in peripheral tissues
since MRAP2-null mice develop the obesity syndrome
without hyperphagia [59, 60].

Besides MRAPs, other proteins were identified as
potential accessory proteins for MCRs, namely attractin,
attractin-like protein (ALP) and mahogunin ring finger 1
(MGRN1) [1, 61, 62]. MGRNI1 contains a “really inter-
esting new gene” (RING) finger domain characteristic of
the E3 ubiquitin ligases. In fact, ubiquitination is a frequent
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Table 2 The role of MRAPs on MCRs cell surface expression and
signaling capacity

MRAP1 MRAP2
Cell surface Cell Cell surface Cell
expression signaling  expression signaling
MCIR = [48, 55] = [48] = [48] = [48]
MC2R 1 [48, 51-55] 1 [48, 1148, 52, 54] 1148, 52,
51-55] 54]
MC3R = [48, 55] = [48] = [48] 1 [48]
11591
MC4R | [48, 54] 1 [48] 1 [48, 54] 1 [48]
= [55] = [54] = [54]
11591
MCS5R | [48, 51, 55] 1 [48] 1 [48, 51] 1 [48]

modification of GPCRs important for their targeting for
proteasome degradation, but also regulates GPCRs signal-
ing, internalization and lysosomal degradation [63-65]. It
was recently demonstrated that MGRN1 impairs MCIR
and MC4R function by inhibiting receptor functional
coupling to the cyclic adenosine monophosphate (cAMP)
pathway [66]. These authors also suggested that signaling
inhibition by MGRNI occurs independently of receptor
ubiquitination or internalization and might be specific for
the MCR subfamily of GPCRs since it is not observed for
the B,-adrenergic receptor (B,-AR) [66]. However, the role
of MGRN1 on MC2R function was postulated to be related
with trafficking and/or degradation rather than with sig-
naling since MC2R became ubiquitinated in the presence
of MGRNI1 but did not exhibit differences in cAMP pro-
duction [61].

Endoplasmic reticulum-resident chaperones, such as
calnexin and calreticulin, the 70 kDa heat-shock protein
(Hsp70) family, the receptor activity modifying proteins
(RAMPs) and the GTPases family of Rab and Sar1/ARF all
function broadly to facilitate folding and ER export of
numerous GPCRs [57, 67]. It was recently shown that
Hsc70, the cognate cytosolic Hsp70 protein, promotes cell
surface expression and signaling of intracellular retained
obesity-related MC4R mutants [68].

MCRs intracellular signaling

At the plasma membrane, MCRs are activated by ligand
binding and undergo conformational changes, which trig-
ger a complex intracellular network that translates
extracellular signals into biological responses. Since MCRs
belong to the GPCRs family, much of the research and
progress on the field of MCRs signaling was inspired on
GPCRs data.

@ Springer

G protein-dependent signaling

Classically, GPCRs signaling is primary mediated by the
interaction with the heterotrimeric G-proteins, which con-
sist of an o-subunit that binds GDP and a non-dissociable
complex composed by B and y-subunits. Ligand binding
facilitates the exchange of GDP to GTP on o-subunit
promoting the dissociation of G-protein from the receptor
and the dissociation of the Py heterodimer from GTP-
bound a-subunit. Induction of signaling is terminated with
the hydrolysis of GTP and subsequent re-association of
inactive GDP-bound o-subunit with By complex, waiting
for a new cycle of receptor activation.

According to the sequence homology and functional
similarities, G-protein o-subunits are divided into four
classes: Gs, Gi/o, Gg/11 and G12/13 (Fig. 1) [69]. The
signaling cascades generated by GPCRs activation are
particularly dependent on the subtype of G-protein that
couples to the receptor. For example, the protein Gs
interacts with adenylyl cyclase (AC) thus mediating the
increase in intracellular cAMP levels and subsequent
activation of protein kinase A (PKA), whereas Gi protein
inactivates AC and blocks PKA activation (Fig. 1) [69, 70].
Conversely, downstream effectors for Gq/l1 comprise
inositol 1,4,5 triphosphate (IP;) and diacylglycerol (DAG),
both originated from the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) by phospholipase C-f3 (PLCP), and
their signaling is conveyed mainly through the activation of
protein kinase C (PKC) and Ca®" pathways (Fig. 1) [69].
While G12/13 signaling is thought to be mediated by Rho-
GTPases, it also modulates PKA and PKC activity [69, 71,
72].

Notwithstanding, GPCRs frequently couple to more than
one G-protein subtype, thereby initiating a complex intra-
cellular signaling network rather than a simple cascade
sequence [69, 72, 73]. For instance, B,-AR is able to couple
to both Gs and Gi [74], orexin-2 receptor is functionally
coupled to Gs, Gi and Gq [75] and the thrombin protease-
activated receptor 1 couples to Gi/o, Gq/11 and G12/13
[76, 77]. For this, the quantification of specific early mes-
sengers like intracellular cAMP for Gs, or Ca®t for Gq, is
no longer sufficient to measure receptor activity, which
requires the evaluation of multiple signaling pathways.

In addition to the o-subunits, the By dimer also has
regulatory functions, although initially thought to have no
relevance on GPCR signaling. It has been demonstrated
that By-subunits modulate several intracellular pathways
like phosphoinositide 3-kinase (PI3K), extracellular signal-
regulated kinase 1/2 (ERK1/2), PKA and PKC (Fig. 1) [72,
78-80].

As part of the GPCRs family, all MCRs are functionally
coupled to Gs and stimulate the cAMP/PKA pathway [81].
Additionally, MC3R, MC4R and MC5R were found to



MCRs signaling mechanisms

1335

GPCR <i- agonist

\
\
v
\
\
\
\
|
‘ \
\
v

~

Rap1 Ras /
B — \ | PKC
\/ / l l \ /
C-Raf B-Raf C-Raf . \Ras
~N S MEK1/2 c Raf
{MEKl/z (ERK1/2 [MEKl/z
{ERKl/z ~ \ ERK1/2
\ /
(P
{ ERK1/2 |,
( CREB . ‘C-Fo/s

Fig. 1 Integrated mechanisms for G-protein-mediated signaling. Gs
signaling is mainly conveyed through activation of AC/cAMP/PKA
pathway, which inhibits C-Raf, but also leads to the activation of
Rapl that relays in B-Raf stimulation of ERK1/2 signaling. Gi
inhibits AC activity blocking its inhibitory effect on C-Raf and
concomitantly stimulates ERK1/2 signaling by a Ras-dependent
mechanism. G12/13 strongly stimulates JNK activity but can also
activate ERK1/2 through Ras or by DAG/PKC pathway. Gq can
stimulate ERK1/2 via PLCB/DAG/PKC as well as PLCB/IP;/Ca>*-
signaling mechanisms, either by direct phosphorylation of C-Raf by
PKC or by a Ras-dependent manner, which may involve the
recruitment of Src. Besides o-subunit, the complex By released from
o subunit during GPCR activation is also able to promote ERK1/2
signaling through stimulation of PLCP or PI3K. PI3K usually relays
in Akt phosphorylation, but also leads to Src and/or Ras stimulation of

signal through Gi/o [82-84] and the Gq was also associated
with MC4R activation [85]. MCRs also induce Ca>" levels
and promote ERK1/2 activation both in native and in
overexpressing cell systems, although conveyed by differ-
ent mechanisms [82, 86—-94]. Indeed, many recent studies
have highlighted a wide diversity of signaling partners
downstream of MCRs (Figs. 2, 3, 4, 5, 6).

MCIR activation triggers the cAMP pathway, induces
Ca®" levels and stimulates ERK1/2 but it seems to have no
effect on PKC pathway [86, 87, 95, 96] (Fig.2). In
HEK?293 cells expressing MCI1R and also in human mel-
anoma cells, a-MSH-mediated PKA activation induces the
phosphorylation of the transcription factor CREB [96]. In
rodent melanocytes, the interaction of different pathways
and specific interveners was described: cAMP activates

ERK1/2. In addition, G-proteins can mediate the transactivation of
RTK through its PBy-subunits. Activation of PI3K leads to Src-
mediated receptor tyrosine kinase phosphorylation and subsequent
recruitment of She, Grb2 proteins and SOS to stimulate Ras activity
and ERK1/2 phosphorylation. RTK transactivation mediated by By-
subunits may also occur through an inside-out model. This mecha-
nism is well described for the epidermal growth factor (EGF)
receptor, in which Py activates matrix metalloprotease (MMP)
proteins that cleave the ectodomains of membrane-bound growth
factors (HB-EGF) to generate soluble EGF ligands that are released
from the cell to activate its RTK. Whatever the mechanism of ERK1/
2 activation is, these kinases are then able to phosphorylate a wide
variety of cytoplasmic and nuclear targets. When translocating to the
nucleus, ERK1/2 initiate gene transcription by phosphorylating
several transcription factors like CREB and c-Fos

RAP-1 through PKA and additionally induces RAS phos-
phorylation, which activates B-RAF, MEK and ERK1/2
[93] (Fig. 2). a-MSH-dependent cAMP activation mediates
biosynthesis of photoprotective melanin pigments whereas
ERK1/2 pathway seems to downregulate melanogenesis
[93]. Human MCIR mutants expressed in heterologous
systems present a reduced cAMP signaling in response to
o-MSH but activate ERK1/2 with the same efficiency as
MCIR wild type, suggesting no dependence between
ERK1/2 and cAMP pathways [86, 87, 97]. This combined
signaling might assume a protective role in skin cancers,
where MCIR mutations are highly frequent and compro-
mise cAMP signaling, but ERK1/2 pathway is still able to
regulate cell survival by decreasing melanogenic activity.
In retinal pigment epithelium cells, o-MSH activates
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Fig. 2 Signaling mechanisms of melanocortin 1 receptor (MCIR).
MCIR couples to Gs stimulating cAMP/PKA and increasing intra-
cellular Ca®* levels. Ligand binding to MCIR promotes a cAMP-
dependent activation of Rapl and Ras, which leads to ERKI1/2
phosphorylation through B-Raf signaling. By c-KIT transactivation,
MCIR is also able to activate ERK1/2. B-arrestin 2 mediates MC1R
internalization and desensitization, decreasing cAMP production but

ERK1/2 and AKT/mTOR signaling pathways, reducing the
hydrogen peroxide induced cell damage [98] (Fig. 2), a
function that might be crucial to promote cell survival
under oxidative stress conditions.

Besides Gs/cAMP/PKA pathway, MC2R is also able to
signal through Ca*", PKC and ERK1/2 [88-90, 99-101],
activating several transcriptional factors like CREB, c-Fos
and c-Jun [102-105] (Fig. 3). In HEK293/FRT cells
overexpressing MC2R and in human fasciculata cells,
ACTH-induced ERK1/2 activation is PKA dependent [89].
By contrast, in Y1 and H295R adrenocortical cells, ERK1/
2 signaling revealed to be independent from PKA [88, 90].
Additionally, PKC is not involved in ERK1/2 phosphory-
lation in both H295R and HEK293/FRT cells expressing
MC2R [89, 90]. In H295R cells, Janes et al. [90] showed no
interference of Ca>" on ERKI/2 activation and did not
observe any differences in p38 pathway after ACTH
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not affecting ERK1/2 activation. B-arrestin 1 competes with -arrestin
2 for MCIR binding, which blocks B-arrestin 2-mediated cAMP
inhibition. cAMP/PKA signaling increases synthesis of melanogenic
pigments whereas ERK1/2 seems to have an inhibitory effect on this
process. Akt/mTOR apparently increases cell survival during oxida-
tive stress

stimuli, however, Roy et al. [89] have demonstrated sus-
tained p38 activation in HEK293/FRT cells expressing
MC2R. The key factors that define which mechanisms
might be activated under different situations seem to be the
potency and duration of stimuli that may depend not only
on the cell type and agonist concentration, but also on
MC2R surface expression and occupancy that can be
temporally regulated by the synchronization of different
signaling pathways. In Y1 cells, for example, ACTH-
stimulated ERK1/2 activation leads to a cyclic phosphor-
ylation of SF-1, a transcription factor important for the
transcriptional regulation of several steroidogenic enzymes
and the MC2R itself, but, in parallel, ACTH activation of
PKA is able to decrease ERK1/2 phosphorylation thereby
reducing SF-1 function and MC2R expression [101].
ERK1/2 signaling has been closely associated with prolif-
eration and differentiation processes, important to maintain
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Fig. 3 Signaling mechanisms
of melanocortin 2 receptor
(MC2R). MC2R couples to Gs
and stimulates cAMP/PKA.
Activation of ERK1/2 is
dependent on PKA and MC2R
internalization. MC2R also
leads to the phosphorylation of
p38 and PKC. MC2R promotes
biphasic ERK1/2 activation,
with a first transient wave,
dependent from receptor
internalization, but independent
of B-arrestins. ERK1/2 seems to
be related with proliferation and
differentiation processes
regulating the trophic and
steroidogenic properties of
ACTH in adrenal glands. PKA
and PKC are also mediators of
adrenal steroidogenesis
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adrenal structure and function. Using the Y1 cell line, Lotfi
et al. [102] demonstrated that acute stimulations of ACTH
induce cell cycle progression independently of cAMP,
possibly mediated by ERK1/2, however, chronic exposure
to ACTH had a cAMP-dependent inhibitory effect on cell
proliferation. Together, the data demonstrate a dual effect
of MC2R in adrenal function, coordinating both cAMP/
PKA and ERK1/2 pathways through a compensatory
mechanism to counterbalance the hypertrophic and steroi-
dogenic capacity of adrenal glands (Fig. 3).

MC3R is also able to induce cell proliferation [82, 106]
and to signal through both cAMP/PKA and ERK1/2 [82,
107] (Fig. 4). In HEK293 cells, NDP-MSH binding to
overexpressed MC3R increases cell growth rate upon
activation of ERK1/2 signaling by a PI3K- and Gi/o-
dependent mechanism, but independently from PKA, Ca®"
and PKC [82] (Fig. 4). Similarly, in a neuronal cell line,
the presence of MC3R is associated with an increase in
cellular proliferation regulated by AKT [106]. In fact, an
important neurotrophic role has been attributed to the
melanocortins [108] and although the physiological sig-
nificance of MC3R-mediated proliferation it still unsolved,

C-Fos

1 Adrenal hypertrophy

it is possible to be related with neuronal regeneration.
MC3R can also increase the intracellular Ca>* levels [95,
107, 109] and interact with PKC pathway [109] (Fig. 4).
Some authors report that the increased Ca’" influx is
dependent from IP3 [107] whereas others do not indicate
the involvement of IP3 during calcium mobilization [95].

MC4R can couple to Gi/o and Gq, besides Gs, and
switches from second messengers such as cAMP and Ca**
to trigger other downstream pathways than PKA, like PKC,
PI3K and ERK1/2 [84, 85, 91, 92, 95, 110, 111] (Fig. 5).
MC4R promotes Ca®" formation through a mechanism
mediated by PLCP and IP; [85]. NDP-o-MSH stimulation
of MC4R endogenously expressed in hypothalamic cells
promotes cAMP activation and transient ERK1/2 phos-
phorylation through Ca?*/PKC pathway but independently
of PKA, PI3K and Gi protein [91] (Fig. 5). By contrast, in
CHO cells stably transfected with MC4R, NDP-a-MSH
induces a PKA-independent but PI3K-dependent phos-
phorylation of ERKI1/2 [92] and in HEK293 cells
expressing MC4R, Gi protein mediates NDP-o-MSH-
induced ERK1/2 phosphorylation [91]. Structurally, the
MC4R cytoplasmic tail was found to be necessary for the
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Fig. 4 Signaling mechanisms MC3R

of melanocortin 3 receptor
(MC3R). MC3R couples to Gs
stimulating cAMP/PKA but is
also able to couple to Gi driving
to ERK1/2 pathway through
activation of PI3K. MC3R GDP
receptor is also known to GTP
increase intracellular Ca>*

levels and to interact with PKC

and IP;. MC3R activation

induces cell proliferation

through a PI3K/ERK1/2-

mediated mechanism that may /
be related to neuronal
regeneration

PKC

activation of ERKI1/2 signaling [112]. Regarding the
functional consequences of the different signaling mecha-
nisms, a PKA-dependent increase of ERKI1/2
phosphorylation was reported in solitary nucleus neurons
after central administration of MTII in rats as a required
mechanism for MC4R suppression of appetite, possibly
mediated by CREB phosphorylation [111]. Notwithstand-
ing, Chai et al. [91] showed a PKA-independent ERK1/2
signaling important to mediate the anti-apoptotic effects of
melanocortins in hypothalamic cells. In fact, the neuro-
trophic role of melanocortin peptides has been widely
associated to a neuroprotective effect, which reduces cell
damage induced by neuronal injuries and increases recov-
ery from nerve lesions [108]. Additionally, NDP-a-MSH
inhibits c-Jun NH,-terminal kinases (JNK) activity and
Insulin receptor substrate 1 phosphorylation in HEK293
cells expressing human MC4R. This interaction of the
melanocortinergic system with the insulin signaling
involves AKT phosphorylation and increases insulin-
stimulated glucose uptake [113].

In an heterologous cell system stably expressing MC5R,
the receptor activation promotes cAMP and Ca*" increase,
independently of IP; [114]. In a similar cellular system,
MC5R was found to elicit two parallel signals when acti-
vated by a-MSH: cAMP/PKA and ERKI1/2 pathways
(Fig. 6). In adipocytes, cAMP/PKA revealed to be impor-
tant for lipolysis activation by o-MSH/MC5R whereas
ERK1/2 pathway seems to be crucial for decreasing adi-
pocyte fatty acid re-esterification [47]. ERK1/2 activation
occurs independently of PKA, PKC and AKT but requires
PI3K and leads to a downstream phosphorylation of

@ Springer

g

l < Barr 1/2

cAMP
- Endosome
|, o
ca» = [ PKA  ERKI/2 UUU!
parr 172

 Cell proliferation

90-kDa ribosomal S6 kinases (p90RSK) and mitogen- and
stress-activated protein kinase 1 (MSKI1) [94] (Fig. 6).
Moreover, only a small fraction (10 %) of activated
p90RSK and ERKI1/2 translocates to the cell nucleus
inducing c-Fos expression. The cAMP/PKA activation by
MCS5R is dependent of Gs protein and induces nuclear
CREB phosphorylation whereas ERK1/2 pathway is reg-
ulated through a biphasic mechanism with an early
transient and a late sustained activation, both mediated by
Gi protein [83] (Fig. 6).

G-protein-independent signaling

In the past few years, many GPCRs were found to signal
independently from G-proteins, involving a broad set of
binding molecules such as GPCR kinases (GRKs), [B-ar-
restins, Src-family tyrosine kinases, Janus protein kinase/
signal transducers and activators of transcription (JAK/
STAT) and PDZ domain-containing proteins [115]. Addi-
tionally, it is now well established that GPCRs activation
can lead to receptor tyrosine kinase (RTK) signaling, by a
process termed transactivation. Briefly, ligand binding to
GPCRs induces RTK activation, which dimerizes and au-
tophosphorylates itself on cytoplasmic tyrosine residues,
creating binding sites to assemble signaling partners at cell
membrane, like the Src-homologous and collagen (Shc)
protein.

Some G-independent mechanisms were described for
MCRs, although the majority of signaling data involves
G-protein-mediated mechanisms. For instance, in human
melanoma cells, the binding of NDP-a-MSH to MCIR
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Fig. 5 Signaling mechanisms of melanocortin 4 receptor (MC4R).
MCA4R couples to Gs stimulating cAMP/PKA and to Gq activating
PKC dependently from PLCJ and IP;. It also activates ERK1/2 via Gi
or through mechanisms dependent from Ca>*, PKA, PKC or PI3K.

induces ERK1/2 signaling by a mechanism independent
from cAMP, PKA, PKC or Ca** but involving Src phos-
phorylation and transactivation of the RTK stem cell factor
receptor (c-KIT) [86] (Fig.2). By contrast, in H295R
adrenal cells, ACTH/MC2R-mediated ERK1/2 signaling
does not involve transactivation of RTKs neither Src
phosphorylation [90]. MCS5SR activates the JAK/STAT
pathway in lymphocytes [44] (Fig. 6) which seems to be
involved in cytokine-mediated inflammatory regulation. In
fact, in adipocytes 3T3-L1, MC5R activation by o-MSH
induces IL-6 expression and secretion [45].

B-Arrestins-driven-signaling mechanisms

Beyond G-protein-independent mechanisms, [-arrestins
have been pointed out as one of the major molecules that
control GPCR signaling [116]. Arrestins family is com-
prised of two visual arrestins expressed only in retina and,
more importantly, two non-visual arrestins, B-arrestin 1 and
B-arrestin 2, expressed in numerous tissues [117]. The
recruitment of B-arrestins requires GPCRs phosphorylation

{ Appetite

Endosome

i

(PP

Barr 1/2 |

J Apoptosis

A PKA-dependent ERK1/2 signaling is associated with food intake
suppression, whereas a PKA-independent ERK1/2 seems to decrease
cell apoptosis upon neuronal damage. MC4R also inhibits JNK
activity, possibly to increase insulin-stimulated glucose uptake

on cytosolic serine and tyrosine residues by GRKSs, an
event that disrupts receptors signaling to G-proteins [118].
GPCRs are then internalized within endosomal vesicles
and become dephosphorylated. Clathrin-coated pits (CCPs)
constitute the main pathway for GPCR internalization: -
arrestins binding to GPCR facilitate the recruitment of
clathrin complexes to the plasma membrane and other
regulatory proteins that coordinate CCPs formation and
budding leading to receptor internalization [119]. After-
wards, receptors return to the cell surface through recycling
endosomes, or are addressed for lysosomal degradation.

It is clear for all the five MCRs that agonist binding
induces the recruitment of p-arrestins and promotes
receptor internalization by CCPs [83, 99, 106, 120-126]
and not by a caveolae-dependent mechanism (Figs. 2, 3, 4,
5, 6) [99, 120, 127]. Moreover, GRKs were found to
mediate internalization of MCIR [128] and MC4R [121].
Both MC2R [99] and MC4R [121, 122] internalize through
PKA-dependent mechanisms, though Cai et al. [120]
revealed that PKA is not required for B-arrestin recruitment
by the MC1, 3, 4 and 5 receptors.
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Fig. 6 Signaling mechanisms of melanocortin 5 receptor (MC5R).
MCS5R activates two parallel signaling pathways, Gs/cAMP/PKA and
Gi/PI3K/ERK1/2 that promote CREB phosphorylation and c-fos
expression, respectively. MC5R is also known to increase intracel-
lular Ca*" levels and promote JAK/STAT activation. ERK1/2
signaling occurs through a biphasic fashion with an early transient

Additionally to the known role of B-arrestins in GPCR
internalization, they are also recognized as central scaf-
fold proteins for signal transduction of many GPCRs even
after receptor internalization and desensitization. B-arres-
tins act as adapters for Src-family tyrosine kinases and
have a major role as scaffolds for ERK1/2 signaling. In
some cases, internalized GPCRs form complexes with -
arrestins and all the components of the ERK1/2 cascade
that anchor signaling to intracellular endocytic vesicles
for long periods of time [116, 117, 129, 130]. In this
situation, P-arrestins interaction induces a slow ERKI1/2
activation, more sustained in time and restricted to the
cytoplasm [131]. Otherwise, other GPCRs dissociate from
B-arrestins shortly after movement of the receptor into
CCPs and do not colocalize with B-arrestin complexes in
endosomes [130, 132, 133]. In this case, duration and
distribution of ERK1/2 pathway activated by B-arrestins is
quite similar to the G-protein-dependent mechanisms,
which lead to a rapid and transient phosphorylation of
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peak dependent from Gi protein and a second one, more sustained in
time, regulated by Gi and B-arrestins. MC5R internalizes indepen-
dently from B-arrestins but these scaffold molecules seem to retain
ERK1/2 signaling in the cytoplasm to mediate MC5R-dependent
decrease of fatty acid re-esterification in adipocytes. MC5R-depen-
dent increase of lipolysis rate is regulated by PKA activation

ERK1/2 that, in translocate to nuclear
compartments.

The B-arrestins-dependent ERK1/2 activation was firstly
demonstrated for B,-AR by Daaka et al. [134] and Luttrell
et al. [135]. B,-AR was shown to activate ERK1/2 through
a biphasic mechanism, comprising a rapid and transient
phase dependent from G-protein and a second one more
sustained in time and driven by B-arrestins [132]. Intrigu-
ingly, the B,-AR rapidly dissociates from B-arrestins upon
internalization and does not form stable receptor-fB-arrestin
complexes on endosomes, even though it is able to promote
a sustained ERK1/2 activation [133].

The MC5R seems to behave similar to B,-AR [83].
Although B-arrestins are not involved in MC5R internali-
zation, they appear to function as scaffolds to prolong
ERK1/2 signaling in the cytoplasmic compartment and
prevent their nuclear translocation [83]. A difference
between MC5R and B,-AR arises in the type of G-protein
involved: 3,-AR activation induces an early Gs/Gi proteins

general,
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dependent before the last B-arrestins-dependent ERK1/2
signaling [132], whereas MC5R promotes a transient and a
sustained ERK1/2 activity, both dependent on Gi but not on
Gs protein [83]. The earlier phase of ERK1/2 activation
occurs independently of p-arrestins and seems to be
important for nuclear translocation and c-Fos expression
whereas the late sustained ERK1/2 activation, Gi and B-
arrestins driven, may be associated with cytoplasmic
functions [83] (Fig. 6). In fact, in adipocytes, a decrease in
the cytoplasmic activity of phosphoenolpyruvate carboxy-
kinase (PEPCK), important to glyceroneogenesis, was
linked to the o-MSH-mediated ERK1/2 phosphorylation
[47].

Similarly to MC5R, MC2R also promotes a biphasic
ERK1/2 signaling [101] with the first transient activation
being independent from B-arrestins [89]. It is still unknown
whether the second wave of ERKI1/2 phosphorylation
requires B-arrestins, however, we can speculate a similar
mechanism between MC2R and MCSR. Indeed, MC2R
internalization is needed to promote a transient ERK1/2
activation [90] which occurs independently from B-arres-
tins [89], suggesting that B-arrestins recruitment might be a
later event occurring after ERK1/2 activation. In this
regard, it is still possible that B-arrestins binding to MC2R
might form an intracellular complex retaining receptor
signaling in cytoplasmic endosomes and thus being
responsible for the second period of ERK1/2 phosphory-
lation. This mechanism could be an explanation for the
lower nuclear translocation of ERK1/2 observed by Roy
and colleagues [89].

Even though [-arrestin 1 and 2 have an apparent
redundant function in MC5R signaling, recent data impli-
cated B-arrestins in MCIR internalization and signaling in
an isoform specific way: B-arrestin 2 inhibits MCIR ago-
nist-dependent cAMP production, but not ERK activation,
and colocalizes with the receptor in endocytic vesicles
promoting internalization. B-arrestin 1, by contrast, func-
tionally competes with B-arrestin 2 for binding to MCIR
and consequently increases signaling upon displacement of
B-arrestin 2 [136] (Fig. 2).

Conclusions

Given the physiological significance of the melanocortins,
they are now recognized as a target for the pharmacological
treatment of different disorders like obesity, diabetes and
erectile dysfunction [37, 137]. Their therapeutic potential
was, so far, only attained by designing analogues of MCRs
agonists. However, MCRs present high homology between
each other [16] and cross-reactions of their agonists,
causing unwanted side-effects, are frequently observed. For

instance, AstraZeneca in collaboration with Palatin tech-
nologies developed a melanocortin analogue for the
treatment of obesity, AZD2820, but it was discontinued
following serious adverse effects observed in phase I
clinical trials. Moreover, bremelatonide (PT-141), initially
developed for the treatment of obesity, promises efficacy
for the treatment of sexual dysfunction and the phase III
clinical trials are expected soon [37, 138]. MC4-NN2-0453
developed by Novo Nordisk, also failed to demonstrate
effects in weight loss causing several skin-related adverse
effects, headache and sexual disturbances [139].

Considering all these data, a promising approach for
generating more effective and safer drugs may involve the
management of a specific pathway step. Indeed, many
GPCRs have been shown to elicit different responses when
activated by distinct ligands, a phenomenon that was
recently named as “biased agonism” [140, 141]. This
concept arises from the discovery that the same receptor is
able to activate both G-protein and B-arrestins-dependent-
signaling pathways. Compared to a “normal ligand” that
signals with similar efficacy through all the pathways
available for the receptor, a “biased ligand” favors one
pathway over another [142, 143]. This property has high-
lighted the therapeutic potential of “biased ligands” and
the opportunity to design and produce selective drugs with
improved efficacy and less unwanted effects [144]. A
diversity of biased ligands for GPCRs has been identified
so far [144]. In the setting of MCRs, biased agonism may
constitute an encouraging challenge in drug development.
An alternative approach considers the specific intracellular,
instead of extracellular, delivery of melanocortin peptides.
Innovative data revealed that o-MSH complexes with
MC4R at the endoplasmic reticulum, a condition that
induces maximal amplitude and constant signaling of
cAMP production at the cell surface. In that complex,
MCA4R acquires a stable active conformation that does not
become desensitized [145]. Development of agonists for
intracellular targeting, instead of binding to MCRs at cell
surface, is thus an attractive challenge aiming drug
specificity.

All the data discussed in this review stresses out the
strategical importance to study the molecular mechanisms
and signaling pathways activated by receptors and agonists
in the different tissues and cells. In fact, the intervention in
a particular signaling cascade activated by a specific MCR
seems to be the rational way to improve the efficacy and
long-term safety of the pharmacological therapies.
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