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Abstract
The melanocortin receptor (MCR) family consists of five G-protein-coupled receptors
(MC1R–MC5R) with diverse physiological roles. MC1R controls pigmentation, MC2R is a
critical component of the hypothalamic–pituitary–adrenal axis, MC3R and MC4R have a vital
role in energy homeostasis and MC5R is involved in exocrine function. The melanocortin
receptor accessory protein (MRAP) and its paralogue MRAP2 are small single-pass
transmembrane proteins that have been shown to regulate MCR expression and function. In
the adrenal gland, MRAP is an essential accessory factor for the functional expression of the
MC2R/ACTH receptor. The importance of MRAP in adrenal gland physiology is demonstrated
by the clinical condition familial glucocorticoid deficiency, where inactivating MRAP
mutations account for w20% of cases. MRAP is highly expressed in both the zona fasciculata
and the undifferentiated zone. Expression in the undifferentiated zone suggests that MRAP
could also be important in adrenal cell differentiation and/or maintenance. In contrast, the
role of adrenal MRAP2, which is highly expressed in the foetal gland, is unclear. The
expression of MRAPs outside the adrenal gland is suggestive of a wider physiological
purpose, beyond MC2R-mediated adrenal steroidogenesis. In vitro, MRAPs have been shown
to reduce surface expression and signalling of all the other MCRs (MC1,3,4,5R). MRAP2 is
predominantly expressed in the hypothalamus, a site that also expresses a high level of MC3R
and MC4R. This raises the intriguing possibility of a CNS role for the MRAPs.

Hypothalamic–pituitary–adrenal axis
The adrenal glands are responsible for releasing different
classes of hormones. The inner part of the glands,
the medulla, secretes catecholamines under the control
of the sympathetic nervous system. The outer part, the
cortex, has three functionally distinct layers – the outer
zona glomerulosa that secretes aldosterone, the middle
zona fasciculata that produces glucocorticoids and the
inner zona reticularis that is responsible for the production of adrenal androgens. Production and release of
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glucocorticoids by the zona fasciculata are tightly
regulated by the hypothalamus and pituitary to control
diurnal cortisol levels and the rapid increase of cortisol
secretion during emotional or physical stress. Stress
triggers a number of brain circuits such as brainstem
catecholamine-producing pathways that cause excitation
of the parvocellular neurons of the hypothalamic paraventricular nucleus (PVN; reviewed in Herman & Cullinan
(1997) and Arnsten (2009)). In response to stress, these
neurons start secreting corticotropin-releasing hormone
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(CRH) and arginine vasopressin (AVP) (Sawchenko &
Swanson 1985) into the hypophyseal portal circulation.
Both CRH and AVP trigger secretion of ACTH by cells of
the anterior pituitary gland (Vale et al. 1981, Aguilera
et al. 1983). ACTH is produced by cleavage from its
precursor proopiomelanocortin (POMC), as are a-, b- and
g-melanocyte-stimulating hormones (MSHs). ACTH is
released into the circulation to act on peripheral sites,
mainly the adrenal glands, to stimulate glucocorticoid
hormone production. Glucocorticoids negatively feedback to regulate the release of CRH and AVP at the
hypothalamus and ACTH at the pituitary, thus providing
tight regulation of cortisol production (Fig. 1). This
regulatory system is termed the hypothalamic–pituitary–
adrenal (HPA) axis, and perturbations of this system have
been shown to be involved in a wide range of physiological processes and diseases such as Cushing’s syndrome,
adrenal insufficiency, depression and sepsis.
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Melanocortin 2 receptor is a critical
component of the HPA axis
Melanocortin receptors (MCRs) are a subfamily of
seven-transmembrane (TM)-domain G-protein-coupled
receptors (GPCRs) that mediate signalling of hormones
derived from POMC such as ACTH and MSHs (Mountjoy
et al. 1992, Cone et al. 1993). To date, five MCRs have been
described, and they have been shown to have a diverse
range of functions. MC1R controls skin pigmentation
(Valverde et al. 1995), MC3R and MC4R are major
contributors to the regulation of food intake and energy
homeostasis (Marsh et al. 1999, Butler et al. 2000, Chen
et al. 2000) and MC5R is highly expressed during
embryogenesis but in adults is believed to be involved in
exocrine function (Labbe et al. 1994, Chagnon et al. 1997,
Ogawa et al. 2004). MC1,3,4,5R respond to all POMCderived hormones (ACTH and a-, b- and g-MSH) but differ
in ligand preference, whereas MC2R responds to ACTH
only (Cone et al. 1993). Binding of ACTH to MC2R results
in increase of cAMP and activation of protein kinase A,
which is essential for the expression of steroidogenic
enzymes and cortisol production. MC2R appears to be
positively regulated by its ligand (Hofland et al. 2012), and
some studies have suggested a rare involvement of MC2R
in adrenal cortisol-secreting tumours (Latronico et al.
1995, Arnaldi et al. 1998). MC2R is predominantly
expressed in all zones of the adrenal cortex, but ACTH
mostly acts on the zona fasciculata (Mountjoy et al. 1992).
ACTH activation in zona reticularis stimulates the
production of adrenal androgens (Weber et al. 1997).
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Figure 1
Schematic overview of the HPA axis and the sites of predominant
MRAP/MRAP2 action. In short, CRH and AVP at the hypothalamus stimulate
ACTH production in the anterior pituitary gland. ACTH released into the
circulation acts on the adrenal cortex to produce glucocorticoids (cortisol in
humans and corticosterone in rodents). Glucocorticoids negatively feedback to regulate the release of CRH and AVP at the hypothalamus and
ACTH at the pituitary. MC2R and MRAP act predominantly in the adrenal
cortex as demonstrated by patients with isolated cortisol deficiency caused
by deleterious mutations in MC2R and MRAP. The function of MRAP2 is yet
unclear, although it is thought to have a predominant central effect due to
its expression in the hypothalamus.

Failure of MC2R to activate in response to ACTH causes
familial glucocorticoid deficiency (FGD; Clark et al.
1993), a rare autosomal recessive disorder characterised
by severe cortisol deficiency with high plasma ACTH
levels and normal mineralocorticoid levels (Shepard et al.
1959, Clark & Weber 1998). Untreated, FGD is lethal in
early childhood, usually due to profound hypoglycaemia
or overwhelming infection. MC2R mutations resulting in
effective loss of the receptor function are responsible for
FGD type 1, which accounts for up to 25% of all FGD cases
(Clark et al. 2005). MC2R activating mutations are
extremely rare, and to date only one (F278C) has been
reported, which was found in a patient with cyclical
Cushing’s syndrome (Swords et al. 2002). The same
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mutation was found in conjunction with a non-activating
mutation presenting with FGD (Chan et al. 2009a).
The majority of MC2R mutations result in defective
trafficking of the receptor to the plasma membrane
(Chung et al. 2008).
Functional expression of MC2R in cell lines of nonadrenal origin (heterologous cells) is notoriously difficult
and results in retention of MC2R in the endoplasmic
reticulum (ER) and unresponsiveness of such cells to
ACTH (Schimmer et al. 1995). It was suggested that a
specific factor, present in the adrenal gland, is essential for
human MC2R function (Noon et al. 2002). This phenomenon is observed with all described MC2Rs in vertebrates
apart from cartilaginous fish (elephant shark) where the
MC2R can reach the plasma membrane and function in
non-adrenal cells and responds not only to ACTH but to
MSHs as well. It is suggested that the unique properties of
MC2R such as selectivity to ACTH and requirement of the
adrenal specific factor emerged after the divergence of the
ancestral cartilaginous and bony fishes more than 400
million years ago (Reinick et al. 2012).

Melanocortin 2 receptor accessory protein and
adrenal gland physiology
A genetic screening of patients with FGD but with normal
MC2R identified a number of nonsense and splice site
mutations in the C21ORF61 gene that would result in a
complete absence or a short truncated protein thought to
undergo rapid degradation if translated at all (Metherell
et al. 2005). The gene product had previously been named
fat tissue-specific low molecular weight protein due to its
expression in differentiating adipocyte cells, but its
function had been unknown (Xu et al. 2002). Further
expression analysis revealed that this protein was highly
expressed in the adrenal gland with lower expression
levels in other tissues such as brain, thyroid, ovary, testis
and breast (Metherell et al. 2005). From finding that
mutations of this gene underlie w20% cases of FGD, now
known as FGD type 2, and that the protein was
predominantly expressed in the adrenal gland, it was
hypothesised that it could be the adrenal specific factor
required for MC2R functional expression. It was shown
that this protein was able to interact with MC2R and thus,
the new protein was named melanocortin receptor 2
accessory protein (MRAP; Metherell et al. 2005). MRAP was
shown to localise to the ER and plasma membrane, and its
co-expression with MC2R in heterologous cells resulted in
a significant proportion of the receptor being delivered to
the plasma membrane. Moreover, such cells became ACTH
http://joe.endocrinology-journals.org
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responsive, thus showing that MRAP was the adrenal
specific factor required for MC2R function (Metherell et al.
2005). Later studies confirmed that MRAP is essential for
trafficking of MC2R to the plasma membrane and its
function. In the mouse adrenocortical Y1 cell line that
endogenously expresses both MC2R and MRAP and
responds to ACTH stimulation, knockdown of MRAP by
shRNA resulted in loss of response to ACTH, which was
rescued by overexpression of the shRNA-insensitive
human MRAP (Cooray et al. 2008). Both MRAP and
MC2R are highly expressed in the zona fasciculata in
glucocorticoid-producing cells, with the highest
expression levels in undifferentiated zone (Gorrigan et al.
2011), which is directly adjacent to zona fasciculata and is
believed to contain stem cells that contribute to steroidogenic cell maintenance (Mitani et al. 2003). These data
suggest that MC2R and MRAP are important for adrenal
gland development, and the adrenal histology of FGD
supports this hypothesis as the glands from deceased
patients demonstrate disorganisation of glomerulosa cells
with almost complete absence of fasciculata and reticularis
cells (Clark & Weber 1998). It has also been demonstrated
that in vivo, mRNA levels of both MC2R and MRAP in the
adrenal gland are regulated by ACTH (Xing et al. 2010,
Hofland et al. 2012). However, at times of acute stress, the
immediate steroidogenic response would depend on
adequate levels of MRAP and MC2R at the surface and
that can be readily trafficked to the plasma membrane.
MRAP and MC2R that can be readily trafficked to the
plasma membrane. Furthermore, pulsatility of MRAP
transcription induced by pulsatile administration of
ACTH in rats leads to the suggestion that adrenocortical
responsiveness and expression of steroidogenic enzymes
are ultimately determined by the availability of MC2R at
the cell surface (Spiga et al. 2011).
The MRAP protein comprises 172 amino acids and
consists of a highly evolutionarily conserved N-terminus
and a single TM domain followed by a less conserved
C-terminus (reviewed in Webb & Clark (2010)). MRAP has
a unique previously uncharacterised topology (Sebag &
Hinkle 2007). It forms a stable antiparallel homodimer at
the plasma membrane and in the ER. The seven amino
acids flanking the TM domain from the N-terminus are
essential for this dual topology (Sebag & Hinkle 2007,
2009a,b, Cooray et al. 2008; Fig. 2). Importantly, MRAP
forms a stable heterodimer with MC2R and this heterodimer is present at the plasma membrane (Sebag & Hinkle
2009b). Co-immunoprecipitation studies using MRAP
fragments mapped the interaction domain to between
amino acids 36 and 62; this region includes the entire TM
Published by Bioscientifica Ltd.
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Figure 2
Regions of MRAP action. (A) Protein alignment of mouse and human MRAP
proteins with schematic representation of identified functional domains.
Work on human MRAP by Webb et al. identified two functional domains
involved in MC2R trafficking and MRAP/MC2R interaction. There was also a
possible suggestion that the C-terminus could regulate MC2R surface
expression (Webb et al. 2009). In comparison, work on mouse MRAP has

revealed three possible essential domains involved with ACTH binding of
MC2R, dual topology and MC2R trafficking (Sebag & Hinkle 2009a,b).
Hs, Homo sapiens; Mm, Mus musculus. (B) Schematic representation of
human MRAP adopting an antiparallel form. Dark green boxes denote
amino acid regions of interest whilst the light green area demonstrates the
transmembrane domain.

domain and several flanking amino acids (Webb et al.
2009). It is suggested that the dual topology of MRAP is
important for trafficking of MC2R as deletion of the
residues responsible for antiparallel dimerisation resulted
in failure to traffic the receptor to the plasma membrane
(Sebag & Hinkle 2009b). However, the deletion of the
dimerisation region also removes a residue in the MC2R
binding domain, which may affect MRAP/receptor binding
and hence trafficking. Interestingly, a tyrosine-rich region
in the N-terminus (amino acids 9–24) is required for MC2R
trafficking to the plasma membrane and this region is
similar to those in other GPCR accessory proteins, such as
odorant receptor accessory protein REEP1 (Saito et al. 2004,
Webb et al. 2009). Moreover, upon deletion within this
region, at residues 18–21 (LDYI), MRAP was able to traffic
MC2R to the plasma membrane surface but MC2R failed to
respond to ACTH, indicating that probably these four
amino acids facilitate receptor–ligand binding (Sebag &
Hinkle 2009b).
Two MRAP isoforms with differing C-termini have
been described in humans – MRAPa (19 kDa) and MRAPb

(14 kDa), a shorter isoform produced by alternative
splicing. The precise function of the variable C-terminal
domain of MRAP remains to be fully elucidated. The
isoforms are expressed in the adrenal gland at similar
levels, but the precise role of each isoform remains
unclear (Metherell et al. 2005, Webb et al. 2009). Deletion
of the whole C-terminus causes a decrease in the
ACTH response of MC2R-expressing cells (Roy et al.
2012). Some studies have demonstrated that expression
of the shorter isoform, MRAPb, leads to higher MC2R
surface expression, suggesting it may regulate MC2R
internalisation rate (Roy et al. 2007, Webb et al. 2009).
Recently, another study (Roy et al. 2012) demonstrated
that MRAPa localised mainly in the ER, whereas MRAPb
exhibited a strong localisation at the plasma membrane.
Although both MRAP isoforms and the C-terminally
truncated construct were able to facilitate surface
expression of MC2R, it was co-expression of MRAPb and
MC2R that resulted in the highest cAMP production upon
stimulation with ACTH (Roy et al. 2012). These data
suggest that the C-terminus may determine intracellular
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localisation of MRAP and potentially increase MC2R
affinity to its ligand or facilitate MC2R signalling, but
this hypothesis needs further validation.

Journal of Endocrinology

MRAP2 in the adrenal gland
Recently, a homologue of MRAP highly conserved
through vertebrates was identified having 39% amino
acid sequence identity within the N-terminus, again with
a single-pass TM domain, and it was named MRAP2 (Chan
et al. 2009b). The degree of conservation of MRAP2 across
species is much higher compared with MRAP, suggesting
that MRAP2 is the ancestral gene (Webb & Clark 2010). It
has been shown that in rodents, MRAP2 is expressed in
developing adrenals, but the expression levels are very low
in adulthood (Gorrigan et al. 2011). Expression has also
been demonstrated in brain, mainly in the hypothalamus
(Lein et al. 2007, Chan et al. 2009b, Gorrigan et al. 2011).
In contrast, a more ubiquitous pattern of expression has
been shown in zebrafish MRAP2 (Agulleiro et al. 2010).
MRAP2 is slightly bigger than MRAP, comprising 205
amino acids (23.5 kDa), and has a glycosylation site
NRTS at positions 9–12. It is likely to form antiparallel
homodimers, and intracellular localisation of MRAP2 also
matches the intracellular distribution of its homologue
MRAP (Chan et al. 2009b). Cell expression studies showed
that MRAP2 was able to form a complex with MC2R,
facilitate its trafficking, and enable receptor signalling in
response to ACTH. MRAP2 is also able to form stable
heterodimers with MRAP when co-expressed in cell lines
(Chan et al. 2009b). However, the role of MRAP/MRAP2
heterodimers remains to be elucidated as one study
demonstrated negative regulation of the MRAP/MC2R
complex by MRAP2 (Sebag & Hinkle 2010), whereas other
studies demonstrated either no effect on the signalling
properties of the MC2R/MRAP complex (Gorrigan et al.
2011) or that MRAP2 augments MC2R signalling
(Agulleiro et al. 2010). A study of human adrenocortical
tissues demonstrated an association between patient
ACTH and cortisol levels and adrenal expression of
MRAP and MC2R, but not MRAP2 (Hofland et al. 2012).
Mutation of the glycosylation site of MRAP2 abolishes
MC2R response to ACTH but does not affect facilitation of
MC2R surface expression, suggesting that MRAP2 might
have two separate accessory roles (Chan et al. 2009b).
Interestingly, MC2R–MRAP2 complex requires 1000 times
higher ACTH concentration than the ACTH amount
needed for the MC2R–MRAP complex to trigger the same
cAMP production (Gorrigan et al. 2011). This difference
can be reversed by inserting residues LDYI, not conserved
http://joe.endocrinology-journals.org
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between MRAP and MRAP2, into the MRAP2 protein
sequence (Sebag & Hinkle 2009b). Based on all the data
described above, it would be tempting to hypothesise that
both MRAPs regulate the dose response of MC2R to ACTH.
However, patients with FGD type 2 have plasma ACTH
levels elevated hundreds of times above normal, and
according to this hypothesis, such levels would enable
signalling via the MC2R–MRAP2 complex in the absence
of MRAP, whereas in fact intact MRAP2 is unable to
compensate for the loss of MRAP, suggesting that
interaction with MC2R is not the main function of
MRAP2 in vivo. However, an MRAP2 adrenal role cannot
be excluded, as MRAP2 is expressed in the developing
adrenal gland, which suggests its involvement in the
adrenal development (Gorrigan et al. 2011). Thus, the
function of MRAP2 interaction with MC2R and its
relationships with MRAP require further investigation
using in vivo models.

MRAP and MRAP2 function beyond the
adrenal gland
The relatively wide expression patterns of both MRAP and
MRAP2 suggest that they may have other functions.
Although MC2R expression is mostly restricted to the
adrenal glands, low levels are also detected in the skin and
lymphocytes (Mountjoy et al. 1992, Slominski et al. 1996,
Andersen et al. 2005), and the role of MC2R and MRAPs in
these tissues is unknown. The importance of MC2R
expression in lymphocytes such as natural killer and T
helper (CD4C) cells (Andersen et al. 2005) is difficult to
assess as lack of glucocorticoids in FGD patients compromises the immune system via a number of mechanisms
(Clark et al. 1993, Lowenberg et al. 2008).
MC2R is also expressed in adipose tissue together with
MC5R where they mediate the potent lipolytic effects of
ACTH and a-MSH (reviewed in Boston (1999) and Wikberg
(1999)). At the same time, there is evidence that signalling
mediated by MC2R and MC5R in adipocytes inhibits
production of leptin, a hormone that completes a
nutritional feedback loop to the hypothalamus (Zhang
et al. 1994, Maffei et al. 1995), indicating that possibly
there is a control mechanism for modulation of adipose
tissue function via a melanocortin–leptin axis (Norman
et al. 2003). MRAP was initially identified as a small protein
upregulated in the differentiating mouse adipocyte 3T3-L1
cell line (Xu et al. 2002) and more recently was shown
to be highly upregulated in the differentiation of
mesenchymal stem cells into adipocytes, pointing to a
role in adipogenesis (Menssen et al. 2011).
Published by Bioscientifica Ltd.
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Interestingly, MC2R has a wide expression pattern
during embryonic development and is also present in
placenta in rodents (Izumi et al. 2004, Nimura et al. 2006).
Placenta produces ACTH along with other pituitary-like
peptides, and human foetal plasma ACTH levels are higher
than those in maternal plasma (Krieger 1982, Petraglia
et al. 1987), indicating the importance of ACTH during
embryogenesis. In rodents, MC2R is highly expressed in a
developing adrenal gland and is also found in lung where
its function may be important for glucocorticoidmediated lung maturation (Simard et al. 2010). MC2R is
detected in developing testes where it may have a role in
testosterone production by Leydig cells at an early stage of
embryogenesis (O’Shaughnessy et al. 2003). MC2R is also
found at different stages in the foetal brain, choroid
plexus, genital ridge, mesonephros, metanephros and
dorsal root and trigeminal ganglia, but its role in these
tissues has not been investigated (Nimura et al. 2006).
However, FGD type 1 patients with MC2R mutations are
not known to have any congenital abnormalities other
than glucocorticoid deficiency. Detailed study of MRAP
and MRAP2 expression patterns during development
would probably shed light on MC2R function regulation
in the foetus.
Importantly, MRAP and MRAP2 are able to interact
with all other MCRs, which broadens the potential range
of MRAP function (Chan et al. 2009b; Fig. 3). For instance,
in vitro, both MRAPs interact with MC4R but act in the
opposite way to their effect on MC2R. Co-expression of
MRAP and/or MRAP2 with MC4R in heterologous cells
results in decreased surface expression of the receptor and
reduction of signalling in response to NDP–MSH (Chan
et al. 2009b). MC4R is highly expressed in PVN of the
hypothalamus and nucleus accumbens and is involved in
food intake regulation. Mutations in the MC4R gene are
associated with severe obesity in early childhood (Vaisse
et al. 1998, Yeo et al. 1998, Lee et al. 2008), and studies
using knockout Mc4r mice showed that this obesity is due
to hyperphagia (Huszar et al. 1997, Marsh et al. 1999). The
majority of these mutations lead to intracellular retention
of the receptor and lack of MC4R signalling (Farooqi et al.
2003, Lubrano-Berthelier et al. 2003) and have been
reported in w2–6% of the population. Polymorphisms
V103I and I251L are thought to increase MC4R signalling,
and affected individuals exhibit low body mass index
(Stutzmann et al. 2007). MC4R signalling mediates some
pathways of the stress response, and MC4R activation has
been shown to result in anhedonia with weight loss (Lim
et al. 2012). Hence, future drug targeting of MRAPs/MC4R
could potentially alter appetite intake and body weight.
http://joe.endocrinology-journals.org
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Both MRAPs interact with MC3R, which is involved
in body weight and energy metabolism regulation. MRAPs
regulate MC3R signalling but not surface expression,
supporting the hypothesis of a dual functional role for
MRAP proteins (Chan et al. 2009b). MC3R is highly
expressed in ventromedial and arcuate nuclei of the
hypothalamus. In knockout mice lacking the Mc3r gene,
nutrients are preferentially partitioned into fat at the
expense of lean mass, resulting in a reduction in
locomotor activity and fine movements (Chen et al.
2000). Importantly, increased feed efficiency, not hyperphagia, causes weight increase in these mice (Chen et al.
2000). In humans, several polymorphisms of the MC3R
gene are associated with high insulin levels and obesity in
children (Feng et al. 2005). Although both MRAPs reduce
MC3R signalling, it is more likely that MRAP2 regulates
MC3R in vivo as both are mostly expressed in the
hypothalamus. With the exception of one family, altered
body weight has not been observed in patients with MRAP
mutations, suggesting that MRAP may not be the key
hypothalamic player (Rumie et al. 2007). However, this
does not exclude the possibility of MC3R regulation by
MRAP in other tissues where MC3R is also expressed such
as in adipose tissue, heart (Chagnon et al. 1997), skeletal
muscle, kidney (Chhajlani 1996), stomach, duodenum,
placenta, pancreas (Gantz et al. 1993) and immunocompetent cells (Getting et al. 1999, Lindberg et al. 2005).
Another interesting interaction is with MC5R where
both MRAPs have a significant negative effect on this
receptor’s surface expression and signalling. Despite a very
wide expression pattern, the function of MC5R is mostly
associated with exocrine regulation, and Mc5r knockout
mice exhibit severe defects in water repulsion and thermoregulation due to decreased production of sebaceous lipids
(Chen et al. 1997). Interestingly, MC5R mediates a
pheromonal signal for aggression in mice (Morgan &
Cone 2006). Previous work has indicated the requirement
of a-MSH in aldosterone production from the zona
glomerulosa (Vinson et al. 1980, Shenker et al. 1985, Costa
et al. 2011). As MC5R is expressed in the zona fasciculata, it
has been suggested that a-MSH may act through the MC5R,
although this has yet to be verified. Along with MC2R,
MC5R is also believed to play an important part in
embryogenesis, having a similar tissue distribution.
However, MC5R unlike MC2R is not found in placenta, is
expressed at different stages, and therefore probably has a
different role from MC2R (Nimura et al. 2006, Simamura
et al. 2010). Mouse embryonic stem cells express MC5R
instead of other MCRs and MC5R is suggested to be
involved in the regulation of stem cell propagation
Published by Bioscientifica Ltd.
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Figure 3
Conservation of the melanocortin receptors. (A) Alignment (ClustalW) of
the protein sequences of human melanocortin receptors (NCBI, MC1R
NP_002377.4, MC2R NP_000520.1, MC3R NP_063941.3, MC4R NP_005903.2
and MC5R NP_005904.1). The classical feature of the GPCR family, seven
predicted TM regions, is highlighted in red. The amino acids identical
between all five receptors are shown above the alignment. Because MRAPs
interact with all the melanocortin receptors, it is tempting to suggest
that via a single TM domain, MRAPs bind MCRs within the regions of
highest similarity between the receptors such as TM2, TM5 and TM6.
(B) Phylogenetic tree of the melanocortin receptors showing evolutionary
relationships within this GPCR family.
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(Ogawa et al. 2004). In cultured B-lymphocytes, a-MSH
binding to MC5R activates the Jak/Stat pathway that is
normally activated by cytokines, indicating that MC5R
might have some function during immune response (Buggy
1998). It would be interesting to investigate whether
regulation of MC5R by MRAPs has any role in the above
functions of MC5R, perhaps revealing another level of
GPCR regulation in vivo.
There is little suggestion of a role for MRAP in MC1R
regulation as there is no significant effect on its surface
expression and signalling. MRAP2 has a slight inhibitory
effect on MC1R signalling without affecting the receptor
presence on the plasma membrane (Chan et al. 2009b).
There is no evidence for MRAP2 being expressed in the skin
where MC1R is believed to function (Robbins et al. 1993).
Using immunohistochemistry, it was shown that MC1R
might be expressed in the placenta (Thornwall et al. 1997),
but whether MRAP2 is expressed in this tissue or whether
it has a regulatory role there is not known.
Interestingly, patients with FGD exhibit a dark skin
colour, which is thought to be due to elevated ACTH levels
acting on MC1R receptors expressed in melanocytes
(Chung et al. 2010). This suggestion is supported by the
recent case of a patient with FGD with mutations in both
MC2R and MC1R who exhibited normal skin colour
(Turan et al. 2012). It has also been proposed that changes
in MC1R function can be associated with poor tanning
response and melanoma (Valverde et al. 1995, 1996).
There is some evidence that skin has an equivalent of the
HPA regulated by MC1R and MC2R and is able to secrete
cortisol (Ito et al. 2005), and MRAPs may potentially have a
regulatory function on MCRs here.
Another potential role of MRAPs in signalling
mediated by MCRs could be in manipulating their ligand
preference. It is known that only MC2R responds to ACTH
alone, whereas all the other MCRs also bind other POMCderived peptides but with different affinities (Cone et al.
1993). The effect of MRAPs on the other MCRs’ signalling
has mostly been studied using a synthetic a-MSH (Chan
et al. 2009b, Sebag & Hinkle 2009b, 2010). However, it is
known that MC3R is activated by g-MSH and ACTH rather
than a-MSH, and MRAPs possibly have a different effect on
MC3R signalling in response to these two hormones rather
than the suppression shown for a-MSH (Roselli-Rehfuss
et al. 1993, Chan et al. 2009b). MC4R responds to a-MSH
with the same affinity as for ACTH, but the binding to
these different ligands may result in distinct pathways
being triggered within the cell. How accessory proteins
regulate the affinity of these receptors for different POMC
peptides needs further elucidation. The interaction of
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Downloaded from Bioscientifica.com at 05/28/2020 09:53:29PM
via Massachusetts Inst of Technology

Review

T V NOVOSELOVA

and others

MRAP2 with MC3R and MC4R is particularly intriguing as
they all have hypothalamic expression; future studies will
uncover physiological functions of MRAP2. The interplay
between MRAP and MRAP2 in MCR regulation during
embryonic development and into adulthood requires
further investigation.

Journal of Endocrinology

Conclusions
The melanocortin family of proteins has diverse roles
in the regulation of physiological processes. Identifying
mutations in MC2R as causative of FGD triggered years of
intensive research on MC2R regulation. Finding its
accessory protein MRAP, where mutations result in FGD
type 2, provided further insight into the regulation of
MC2R function. MRAP regulates MC2R surface expression
and facilitates its signalling. The role of the MRAP
homologue, MRAP2, in relation to MC2R regulation
needs exploration. However, it is more likely that the
function of MRAP2 lies beyond MC2R and adrenal
physiology. It is likely that MRAP2 is involved in the
functioning of other MCRs such as MC4R and/or MC3R,
thereby in the central regulation of energy metabolism
and food intake. MRAP and MRAP2 may also have a role as
regulators of MCRs during embryonic development.
Further studies using animal transgenic models and
genetic analysis are needed to elucidate in vivo functions
of MRAP and MRAP2 and their importance. Understanding these functions will allow future research to develop
new therapies for diseases caused by MCR dysfunction.
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