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A B S T R A C T

The presence of Mrap1 and Mrap2 orthologs in the genome of the elephant shark (es), a cartilaginous fish,
presented an opportunity to evaluate the potential interactions between these accessory proteins and melano-
cortin receptors of a cartilaginous fish. RT-PCR analysis indicated that Mrap1 mRNA was present in interrenal,
brain, and pituitary tissue with mRNA for Mc2R, Mc3R, Mc4R, and Mc5r. Co-expression of esMrap1 cDNA with
esMc2r cDNA or esMc5r cDNA in CHO cells increased sensitivity to stimulation with ACTH(1–24) 10 fold and
100 fold, respectfully, but had no effect on sensitivity to stimulation with DesAc-αMSH [i.e., ACTH(1–13)NH2]
for either receptor, and had no effect on the ligand sensitivity of either esMc3r or esMc4r. Fluorescence image
analysis indicated co-localization of esMrap1/esMc2r, and esMrap1/esMc5r on the plasma membrane; however,
cell surface ELISA analysis indicated that co-expression with esMrap1 had no effect, positive or negative, on the
trafficking of either esMc2r or esMc5r to the plasma membrane. RT-PCR analysis also indicated that Mrap2
mRNA, as well as, mRNAs for Mc2r, Mc3r, Mc4r, and Mc5r could be detected in brain tissue, however no Mrap2
mRNA was detected in interrenal tissue. Co-expression of esMrap2 in CHO cells with, respectively, esMc2r,
esMc4r, or esMc5r had no effect on ligand sensitivity. However, co-expression of esMrap2 with esMc3r did lower
sensitivity to stimulation by DesAc-αMSH 10 fold. These observations are discussed in the context of the parallel
evolution of melanocortin receptors and their accessory proteins, and the hypothalamus/pituitary/adrenal axis
and the hypothalamus/pituitary/interrenal axis in bony vertebrates and cartilaginous fishes.

1. Introduction

A defining feature of teleost and tetrapod melanocortin-2 receptor
(Mc2r) orthologs is the formation of a heterodimer with Mrap1 (mel-
anocortin receptor-2 accessory protein 1) (Metherell et al., 2005; Hinkle
and Sebag, 2009; Webb and Clark, 2010). This obligatory interaction
facilitates the trafficking of the Mc2r ortholog from the endoplasmic
reticulum to the plasma membrane. This interaction also places the
Mc2r ortholog in the proper conformation for activation by ACTH, but
not by any of the MSH-sized peptides (i.e., αMSH, βMSH, or γMSH)
(Dores and Garcia, 2015).

The Mc2r ortholog of the cartilaginous fish, Callorhynchus milii
(subclass Holocephali; elephant shark; es) is an exception to the pre-
ceding generalization. When esMc2r was expressed in Chinese Hamster
Ovary (CHO) cells in the absence of an exogenous Mrap1 ortholog, the

receptor trafficked to the plasma membrane. In addition, esMc2r could
be activated by ACTH(1–24) as well as αMSH, βMSH, γMSH or δMSH
(Renick et al., 2012). These observations suggested that the functional
activation of esMc2r was Mrap1 independent (Dores and Garcia, 2015).
However, a recent update of the elephant shark genome project re-
vealed an Mrap1-like ortholog (Dores, 2016) in addition to an Mrap2-
like ortholog (Vastermark and Schiöth, 2011). The presence of both
Mrap1 and Mrap2 genes in the elephant shark genome would suggest
that these genes were present in the ancestral gnathostomes prior to the
divergence of the ancestral cartilaginous fish and the ancestral bony
fish lineages (Dores, 2016). Hence, during the early evolution of the
ancestral cartilaginous fish lineage, interactions between melanocortin
receptors (Mcrs) and the Mraps may have developed independent of the
interactions that emerged between Mcrs and Mraps in the common
ancestors to the modern bony fishes and tetrapods.
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To address this issue, various elephant shark tissues were analyzed
by RT-PCR to determine whether esMrap1, esMrap2, and any of the
other esMcrs mRNAs are found in the same tissues. Next pharmacolo-
gical studies were done to determine whether co-expression of esMcrs
with either esMrap1 or esMrap2 had any effect on sensitivity for acti-
vation by either a cartilaginous fish ACTH(1–24) or Des-Acetyl-αMSH.
Experiments were also done to determine whether an esMc2r/esMrap1
heterodimer or an esMc5r/esMrap1 heterodimer could be visualized
immunocytochemically, and to determine whether co-expression of
esMc2r or esMc5r with esMrap1 has any effect on the trafficking of
these receptors to the plasma membrane.

2. Materials and methods

2.1. Elephant shark cDNA sequences

The nucleotide sequences for elephant shark melanocortin receptors
were obtained from the elephant shark genome database (http://
esharkgenome.imcb.a-star.edu.sg): esMC1R (AAVX0145647.1),
esMC2R (AAVX01069419.1), esMC3R (AAVX01131453.1), esMC4R
(XM_007895520), and esMC5R (KI 635891.1). The nucleotide se-
quences for esMc2r, esMc3r, esMc4r, and esMc5r were individually
synthesized with an N-terminal V5 epitope tag, and the cDNA con-
structs were individually inserted into a pcDNA3.1+ expression vector
by GenScript (Piscataway, NJ). The nucleotide sequences for esMrap1
(XM_007903550.1) and esMrap2 (XP_007906624.1) were synthesized
with an N-terminal FLAG epitope tag, and individually inserted into a
pcDNA3.1+ expression vector by GenScript.

2.2. RT-PCR analysis

Sampling of the elephant shark tissues was described previously
(Hasegawa et al., 2016). Elephant sharks of both sexes were collected in
Western Port Bay, Victoria, Australia, using recreational fishing
equipment, and were transported to the Primary Industries Research
Queenscliff station (Queenscliff, Victoria, Australia). Fish were kept in a
10,000 L round tank with running seawater under a natural photo-
period. For sampling, fish were anesthetized in 0.1% 3-amino benzoic
acid ethyl ester (Sigma-Aldrich, St. Louis, MO). After decapitation of the
fish, tissues were dissected out and quickly frozen in liquid nitrogen and
stored at −80 °C. All animal experiments were conducted according to
the “Guidelines for the Care and Use of Animals” approval for this
project was obtained from the Animal Care and Use Committee of the
University of Tokyo.

Total RNA was extracted from the obtained tissues with Isogen
(Nippon Gene, Toyama, Japan). Two micrograms of total RNA was
treated using a TURBO DNA-free kit (Life Technologies, Carlsbad, CA)
and reverse-transcribed to first-strand cDNA using a high-capacity
cDNA reverse transcription kit (Life Technologies), following the
manufacturer's instructions. To examine tissue distribution of mRNAs,
RT-PCR was carried out with Kapa Taq Extra DNA polymerase (Kapa
Biosystems, Boston, MA). Primer sets were designed using Primer
Express software, and their sequences are shown in Supplemental
Table 1. As internal controls, elephant shark β-actin (esACTB) mRNA
was used. PCR products were separated on 1% agarose gel, and stained
with ethidium bromide.

2.3. Transient expression of esMcrs in CHO cells & CRE-Luciferase reporter
assay

The elephant shark cDNAs were transiently transfected into Chinese
Hamster Ovary (CHO) cells as described in Liang et al. (2011) and
maintained at 37 °C in a CO2 incubator. To analyze the potential effect
of esMrap1 and esMrap2 on the ligand selectivity of esMc2r, esMc3r,
esMc4r, and esMc5r, each receptor was individually expressed in CHO
cells, with the cAMP reporter construct, CRE-Luciferase (Chepurny and

Holz, 2007), either in the presence or absence of an esmrap1 cDNA or
an esmrap2 cDNA. The transient transfections were done using a So-
lution T kit (Lonza, Portsmouth, NH) and the Amaxa Cell Line Nu-
cleofector II system (Lonza, Portsmouth, NH). The transfected CHO
cells were grown in a white 96-well plate (Corning Life Sciences,
Manassas, VA) at a final density of 1×105 cells/well. After a 48-hour
incubation at 37 °C, the cells were stimulated with either synthetic
stingray (subclass Elasmobrachii; Dasyatis akajei; sr) srACTH(1–24) or
srDes-Acetyl-αMSH [i.e., srACTH(1–13)NH2] (New England Peptide,
Gardiner, MA) in serum-free CHO media at concentrations ranging from
10−13 M to 10−6 M. The rationale for using stingray derived melano-
cortin peptides was that these sequences are nearly identical in elas-
mobranchs and holocephalans. The amino acid sequence of stingray
ACTH(1–24) is SYSMEHFRWGKPKGRKRRPIKVYP (Amemiya et al.,
2000) and the sequence of elephant shark ACTH(1–24) is SYSMEHFR-
WGKPVGRKRRPIKVSP (accession number: XP_0070905). In addition,
the non-acetylated form of αMSH [i.e., Des-Acetyl-αMSH=ACTH
(1–13)NH2] was used due to the fact that the intermediate pituitary
cells of cartilaginous fishes apparently do not N-acetylate this peptide
(Takahashi et al., 2004).

Following a 4-hour incubation at 37 °C, luciferase substrate reagent
(Bright GLO; Promega, WI) was added to each well as described in
Liang et al. (2011). A Bio-Tek Synergy HTX plate reader (Winooski, VT)
measured the luminescence generated after a five-minute incubation
period at room temperature. Transfected CHO cells incubated with
serum-free media, but no ACTH(1–24) or Des-Acetyl-αMSH, were
analyzed along with each experimental group to determine basal cAMP
levels.

Luminescence readings were corrected by subtracting the average
basal cAMP readings (serum-free media/no ligand) for each transfec-
tion dose response curve. The data for each dose response curve were
fitted to the Michaelis-Menton equation to obtain EC50 values using
Kaleidograph software (www.synergy.com). Data points are expressed
as the mean ±SEM (n=3). To analyze the treatment effects of co-ex-
pression with esMRAP1 and esMRAP2 on ligand sensitivity, the cor-
rected data sets were analyzed using a one-way ANOVA followed by
Tukey’s multi-comparison test using GraphPad Prism 2 software
(GraphPad Inc, La Jolla, CA, USA). Significance was set at p≤ 0.05.

2.4. Cell surface ELISA protocol

COS-7 cells were plated at 0.75×105 cells/well in a 24-well culture
dish, and grown overnight. Cells were transfected with cDNAs encoding
esMc2r or esMc5r in combination with pcDNA3.1 vector, esMrap1 or
esMrap2 using jetPRIME transfection reagents (Polyplus transfection,
Illkirch, France). After 48 h, cells were fixed in 4% Paraformaldehyde,
washed and then incubated with polyclonal V5-epitope antibody
(Genetex, Irvine, CA, USA) or HA-epitope antibody (Rockland
Immunochemicals, Limerick, PA, USA) followed by secondary HRP-
conjugated goat anti-rabbit antibody. Cells were washed and treated
with one-step 2,2′azinobis-3ethylbenzthiazoline-6-sulfonic acid (one-
step ABTS) (Thermo Fisher Scientific, Waltham, MA, USA). An aliquot
of supernatant was removed and absorbance at 405 nm was determined
using a Spectramax i3 plate reader (Molecular Devices, San Jose, CA,
USA). Data was analyzed using a one-way ANOVA with Tukey’s multi-
comparison post-test using GraphPad Prism software (GraphPad Inc, La
Jolla, CA, USA) and the threshold for significance was set at p < 0.05.

2.5. Imaging of esMC2R and esMC5R with esMRAP1 and esMRAP2

COS-7 cells were seeded on fibronectin-coated glass coverslips in a
12-well culture dish at a density of 1.5× 105 cells/well. Cells were
transfected with cDNAs encoding esMc2r or esMc5r in combination
with pcDNA3.3+ vector, esMrap1 or esMrap2 using jetPRIME trans-
fection reagents (Polyplus transfection). After 48 hr, cells were fixed in
4% Paraformaldehyde and permeabilized using 100% methanol. Cells
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were then incubated with monoclonal FLAG-epitope antibody (Sigma-
Aldrich, St. Louis, MO, USA) and either polyclonal V5-epitope antibody
(Genetex) or HA-epitope antibody (Rockland Immunochemicals). Cells
were then incubated with DyLight 488 and DyLight 594 secondary
antibodies (Rockland Immunochemicals). Stained coverslips were pre-
served on glass slides using FluorSave Reagent (Millipore Sigma, St.
Louis, MO, USA) and images were collected using a Fluoview FV10i
confocal microscope (Olympus, Center Valley, PA, USA).

3. Results

3.1. RT-PCR analysis of elephant shark tissues

Earlier studies have provided evidence for a hypothalamus/pitui-
tary/interrenal axis (HPI) in cartilaginous fishes (for review see
Geisleicher, 2004), and more recently Mc2r and Mc5r orthologs were
detected in the interrenal cells of the red stingray, Dasyatis akajei
(Takahashi et al., 2016). To gain insights into the melanocortin com-
ponents associated with elephant shark interrenal cells, an RT-PCR
analysis was done. As shown in Fig. 1, intense signals for esmc2r and
esmc5r mRNAs, and to a lesser extent esmc3r mRNA were detected in
the elephant shark interrenal tissue. In addition, esmrap1 mRNA was
also detected in this tissue, however esmrap2 mRNA was not detected
(Fig. 1).

RT-PCR analysis was also done on other elephant shark tissues, and
the results are presented in Fig. 2. In these analyses, repeated attempts
to detect an esmc1r cDNA using different primer combinations were
unsuccessful. In the elephant shark genome data base, the cDNA

sequence for an esmc1r paralog is incomplete (http://esharkgenome.
imcb.a-star.edu.sg). Hence, it would appear that Mc1r may be a pseudo-
gene in this species.

Since studies on a teleost and a mammal have shown interactions
between Mrap2 and Mc4r in the hypothalamus (Sebag et al., 2017;
Agulleiro et al., 2013; Asai et al, 2013), the intact brain of the elephant
shark was separated into hypothalamus and brain minus hypothalamus.
In the hypothalamus (Fig. 2A and B), a strong signal was detected for
mRNAs corresponding to esmrap1, esmrap2, esmc3r, esmc4r and
esmc5r, respectively. A much weaker signal was detected for the mRNA
corresponding to esmc2r. In the brain minus hypothalamus (Fig. 2A and
B), mRNAs corresponding to esmrap1, esmrap2, and esmc4r were
clearly detected.

The pituitary was another tissue in which multiple mRNAs were
intensely detected including esmrap1, esmrap2, esmc2r, esmc4r and
esmc5r (Fig. 2A and B), and to a lesser intensity, esmc3r (Fig. 2A).
These observations are in contrast to the gill, spleen, kidney, and
muscle (male only) in which only the esmrap1 mRNA was intensely
detected. Finally, no mRNAs were apparent in the liver, intestine,
muscle (female), and rectal gland.

In the remaining tissues, an esmc2r was the only melanocortin re-
ceptor mRNA detected in the atrium (female only) and the ventricle
(both sexes) (Fig. 2A and B). In the ovary and uterus, the only mela-
nocortin receptor mRNA detected was esmc3r and esmrap1mRNA.

3.2. Co-Expression of elephant shark Mcrs with elephant shark Mrap1

Since esmc2r, esmc5r, esmc3r, esmc4r, as well as esmrap1 cDNAs
were detected in interrenal tissue or hypothalamus by RT-PCR analysis
(Figs. 1 and 2Aand B), the objective of this phase of the study was to
determine whether co-expression with esMrap1 had any effect on the
ligand selectivity of the esMcrs. To this end, individual esMcrs were
transiently transfected into CHO cells and stimulated with either
srACTH(1–24) or srDes-Acetyl-αMSH.

As shown in Fig. 3A, esMc2r expressed alone could be stimulated
with either srACTH(1–24) (EC50 value=6.2×10−10

M ± 1.0×10−10) or srDes-Acetyl-αMSH (EC50= 8.7×10−11

M ± 1.9×10−11); an outcome in agreement with our previous study
on esMc2r (Reinick et al., 2012). Note that when expressed alone,
esMc2r has higher sensitivity for Des-Acetyl-αMSH than for srACTH
(1–24) (p > 0.0002).

Fig. 1. Expression of esMrap and esMcr mRNAs in interrenal tissue. Interrenal
tissues from two individuals were subjected to RT-PCR analysis. Expected sizes
of amplicons are 294 bp (Mrap1), 345 bp (Mrap2), 552 bp (Mc2r), 596 bp
(Mc3r), 755 bp (Mc4r), 872 (Mc5r), and 882 bp (Actin). GeneRuler Mix
(ThermoFisher) was used as a molecular marker, and a filled circle represents
500 bp.

Fig. 2. RTPCR other tissues. Various tissues from two individuals (A, female; B, male) were subjected to RT-PCR analysis. Expected sizes of amplicons are 294 bp
(Mrap1), 345 bp (Mrap2), 552 bp (Mc2r), 596 bp (Mc3r), 755 bp (Mc4r), 872 (Mc5r), and 882 bp (Actin). GeneRuler Mix (ThermoFisher) was used as a molecular
marker, and a filled circle represents 500 bp.
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Fig. 3. Co-expression of esMc2r, esMc3r, esMc4r, and esMc5r with esMrap1. CHO cells were either co-transfected with a esMcr cDNA and a Cre/luciferase cAMP
reporter cDNA, or co-transfected with a esMcr cDNA, esMrap1 cDNA, and a Cre/luciferase cAMP reporter cDNA as described in METHODS. After 48 h in culture the
transfected cells were either stimulated with srACTH(1–24) at concentrations ranging from 10−12 M to 10−6 M or srDes-Acetyl-αMSH at concentrations ranging from
10−13 M to 10−7 M. All experiments were done in triplicate, and the data are presented as mean ± SEM. A) esMc2r transfected cells; B) esMc5r transfected cells; C)
esMc3r transfected cells; D) esMc4r transfected cells. n= 3 for all data points. srDes-AcMSH= srDes-Acetyl-αMSH.

Table 1
Summary of ligand sensitivity studies: The EC50 values for the dose response curves presented in Figs. 3 and 4 are listed in this table, as well as the statistical
analysis of each receptor expressed alone or co-expressed with either esMrap1 or esMrap2.

A. Elephant Shark MCRs co-expressed with Elephant Shark MRAP1

Receptor Alone +esMRAP1 p Value*

srACTH(1–24)
MC2R 6.2×10−10 M ± 1.0× 10−10 3.7× 10−11 M ± 5.4× 10−12 < 0.001
MC3R 3.4×10−10 M ± 4.4× 10−11 1.4× 10−10 M ± 5.1× 10−11 0.91
MC4R 6.0×10−10 M ± 3.4× 10−10 5.6× 10−11 M ± 3.2× 10−11 0.52
MC5R 3.0×10−09 M ± 1.2× 10−09 5.5× 10−11 M ± 1.0× 10−11 < 0.001

srACTH(1–13)NH2

MC2R 8.7×10−11 M ± 1.9× 10−11 1.4× 10−10 M+3.5× 10−11 0.79
MC3R 4.2×10−10 M ± 6.1× 10−11 5.7× 10−10 M ± 3.8× 10−10 0.90
MC4R 9.6×10−10 M ± 9.0× 10−10 2.4× 10−10 M ± 8.0× 10−11 0.99
MC5R 1.6×10−09 M ± 4.4× 10−10 4.5× 10−10 M ± 1.0× 10−11 0.17

B. Elephant Shark MCRs co-expressed with Elephant Shark MRAP2

Receptor Alone +esMRAP2 p Value*

srACTH(1–24)
MC2R 7.4×10−10 M ± 1.7× 10−10 5.8× 10−10 M ± 1.9× 10−10 0.33
MC3R 5.3×10−11 M ± 1.1× 10−11 6.1× 10−11 M ± 1.5× 10−11 0.82
MC4R 6.0×10−10 M ± 3.4× 10−10 5.6× 10−11 M ± 3.2× 10−11 0.83
MC5R 2.6×10−10 M ± 8.1× 10−11 1.4× 10−10 M ± 5.0× 10−11 0.16

srACTH(1–13)NH2

MC2R 1.7×10−10 M ± 2.4× 10−11 1.2× 10−10 M ± 1.5× 10−11 0.88
MC3R 5.5×10−11 M ± 2.3× 10−11 1.2× 10−10 M ± 3.7× 10−11 < 0.001
MC4R 1.1×10−10 M ± 4.4× 10−11 1.1× 10−10 M ± 3.4× 10−11 0.96
MC5R 5.0×10−10 M ± 1.0× 10−10 4.8× 10−10 M ± 1.3× 10−10 0.98

* One-Way ANOVA followed by Tuckey’s multi-comparison test.
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However co-expression of esMc2r with esMrap1 increased sensi-
tivity to stimulation by srACTH(1–24) over 10 fold (Fig. 3A and
Table 1A) as compared to esMc2r expressed alone (p < 0.0001).
Conversely, co-expression with esMrap1 had no effect on sensitivity to
stimulation by srDes-Acetyl-αMSH (Fig. 3A and Table 1A; p= 0.79).

• When esMc5r was co-expressed with esMrap1, sensitivity to stimu-
lation by srACTH(1–24) was more robust (Fig. 3B), and increased
nearly two orders of magnitude (Fig. 3B and Table 1A; p < 0.001).
The same effect was not seen when esMc5r was stimulated with
srDes-Acetyl-αMSH. Co-expression with esMrap1 did not increase
sensitivity for stimulation by Des-Acetyl-αMSH (Fig. 3B and Table 1;
p=0.17).

• Stimulation of esMc3r with either srACTH(1–24) or srDes-Acetyl-
αMSH (Fig. 3C) was not affected in either a positive or negative
manner by co-expression with esMrap1 (Fig. 3C and Table 1A). A
similar lack of interaction was also observed for esMC4R. Once
again, co-expression with esMRAP1 has neither a positive or nega-
tive effect on stimulation by either srACTH(1–124) or srDes-Acetyl-
αMSH (Fig. 3D and Table 1A).

3.3. Expression of elephant shark Mcrs with elephant shark Mrap2

Since esMc2r, esMc3r, esMc4r, esMc5r as well as esMrap2 cDNAs
were detected in brain and pituitary, an analysis was done to determine
whether esMrap2 had any effect on ligand sensitivity when co-ex-
pressed with either esMc2r, esMc3r, esMc4r, or esMc5r. For example, as
shown in Fig. 4A, when esMc2r was co-expressed with esMrap2 and the
transfected cells were stimulated with srACTH(1–24), esMrap2 did not
cause an increase in sensitivity (Table 1B; p= 0.33). Co-expression

with esMrap2 also did not have an effect on ligand sensitivity following
simulation with srDes-Acetyl-αMSH (Fig. 4A and Table 1B; p= 0.88).
Co-expression of esMc5r and esMrap2 also did not appear to have an
effect on ligand sensitivity for stimulation by either either srACTH
(1–24) or srDes-Acetyl-αMSH (Fig. 4B and Table 1B).

Co-expression of esMc3r with esMrap2 did not have an effect on
sensitivity for stimulation by srACTH(1–24) (Fig. 4C and Table 1B;
p=0.82). However, when esMc3r was stimulated with srDes-Acetyl-
αMSH an effect on ligand sensitivity was observed (Fig. 4C and
Table 1B). When co-expressed with esMrap2 there was a 10 fold drop in
sensitivity to stimulation by srDes-Acetyl-αMSH (p < 0.001). In con-
trast to esMc3r, co-expression of esMc4r with esMrap2 did not have an
effect on sensitivity to either ligand (Fig. 4D and Table 1B).

3.4. Evaluating the effect of esMrap1 on the trafficking of esMc2r and
esMc5r

The trafficking of teleost and tetrapod Mc2r orthologs to the plasma
membrane is dependent on interaction with Mrap1 (reviewed in Dores
and Garcia (2015)). To determine whether the trafficking of esMc2r and
esMc5r is influenced by co-expression with either esMrap1 or esMrap2,
a cell surface ELISA assay was done (Fig. 5). In cells expressing esMc2r
alone, the average absorbance at 405 nm was 0.51 ± 0.09 (n=8),
which is comparable to receptor levels at the surface of cells co-ex-
pressing esMc2r and esMrap1 (0.56 ± 0.11, n= 8) or esMrap2
(0.51 ± 0.09, n=8) (Fig. 5A). We found that the effect of esMrap1 on
the surface expression of esMc2r was not significant (p= 0.59). Simi-
larly, we observed that receptor levels in cells expressing esMc5r alone
(0.38 ± 0.11, n=9) was comparable to receptor expression in cells
co-transfected with esMc5r and esMrap1 (0.35 ± 0.09) or esMrap2

Fig. 4. Co-expression of esMc2r, esMc5r, esMc3r, and esMc4r with esMrap2. CHO cells were either co-transfected with a esMcr cDNA and a Cre/luciferase cAMP
reporter cDNA, or co-transfected with a esMcr cDNA, esMrap2 cDNA, and a Cre/luciferase cAMP reporter cDNA as described in Methods. After 48 h in culture the
transfected cells were either stimulated with srACTH(1–24) at concentrations ranging from 10−12 M to 10−6 M or srDes-Acetyl-αMSH at concentrations ranging from
10−12 M to 10−6 M. All experiments were done in triplicate, and the data are presented as mean ± SEM. A) esMc2r transfected cells; B) esMc5r transfected cells; C)
esMc3r transfected cells; and D) esMc4r transfected cells. n= 3 for all data points. srDes-aca-MSH= srDes-Acetyl-αMSH.
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(0.32 ± 0.09) (Fig. 5B). Co-expression of Mrap1 with esMc5r did not
significantly affect receptor surface expression (p=0.71). These find-
ings suggest that Mrap1 enhancement of esMc2r and esMc5r signaling
is not due to an increase in receptor surface expression.

3.5. Imaging of esMC2R/esMRAP1 and esMC5R/esMRAP1

Immunofluorescence confocal microscopy was used to confirm that
esMc2r and esMc5r localize to the plasma membrane with esMrap1.
Cells transfected with esMc2r (V5 epitope tagged) and either esMrap1
(Flag epitope tagged) or esMrap2 (Flag epitope tagged) were fixed and
labeled with V5-epitope and FLAG-epitope primary antibodies, re-
spectively. In permeabilized cells, esMc2r and esMrap1 localize to both
the plasma membrane and to perinuclear regions consistent with en-
doplasmic reticulum (Fig. 6A). Under non-permeabilizing conditions,
only proteins trafficking to the plasma membrane of the cell are labeled
with antibody. We observe that esMc2r and esMrap1 co-localize at the
plasma membrane in non-permeabilized cells (Fig. 6A). In contrast,
esMrap2 appears to localize primarily to structures consistent with the
ER in permeabilized cells, and is not labeled by antibody under non-
permeabilizing conditions (Fig. 6B).

Similarly, cells expressing esMc5r V5 epitope tagged and either
esMrap1 or esMrap2 were co-labeled and imaged using fluorescence
confocal microscopy. In permeabilized cells, esMc5r co-localizes with
esMrap1 at the plasma membrane and at perinuclear regions (Fig. 7a).
Under non-permeabilizing conditions, esMc5r is observed at the plasma
membrane in regions containing esMrap1 (Fig. 7A). Consistent with our
previous observations, esMrap2 is localized primarily to ER, and is not

expressed at the cell surface (Fig. 7B).
As a control, we examined the expression of esMc2r and esMc5r in

cells co-transfected with pcDNA3.3+ vector (no co-expression with
MRAP1). Both esMc2r and esMc5r are expressed at the cell surface
(Supplemental Fig. 1), demonstrating that neither esMc2r or esMc5r
require co-expression with an exogenous Mrap for sorting of these re-
ceptors to the plasma membrane. The esMc2r results are consistent with
our previous study on esMc2r trafficking in CHO cells (Reinick et al.,
2012).

4. Discussion

The divergence of the ancestral cartilaginous fishes and the ances-
tral bony fishes from a common ancestral gnathostome lineage
(Brazeau and Friedman, 2015) set the stage for the parallel evolution of
the melanocortin receptors and the Mrap accessory proteins in extant
cartilaginous fishes (i.e., holocephalans and elasmobranchs) and extant
bony vertebrates (i.e., ray-finned fishes, lobe-finned fishes, and tetra-
pods; Dores, 2016). For the bony vertebrates, studies on representative
ray-finned fishes, an amphibian, a reptile, a bird, and a mammal present
a very uniform relationship (Metherell et al., 2005; Liang et al., 2011;
Davis et al., 2013; Barlock et al., 2014; Liang et al., 2015). These Mc2r
orthologs form a heterodimer complex with an Mrap1 ortholog to fa-
cilitate trafficking of the Mc2r/Mrap1 heterodimer from the ER to the
plasma membrane. In addition, the heterodimer places the Mc2r or-
tholog in the proper conformation to allow for an ACTH binding event.
The later event involves two motifs in the primary sequence of ACTH,
the H6F7R8W9 motif, and the K/R15K16R17R18 motif (Schwyzer, 1977)
binding to two respective sites (the HFRW binding site and the pro-
posed KKRR binding site) on the bony vertebrate Mc2r ortholog (Dores,
2018). In addition, MSH-sized ligands which uniformly lack the R/
KKRR motif cannot activate bony vertebrate Mc2r orthologs.

As noted in the Introduction, cartilaginous fish Mc2r orthologs from
the elephant shark (Reinick et al., 2012) and the red stingray
(Takahashi et al., 2016) can be activated by either ACTH(1–24) or Des-
Acetyl-αMSH, and these Mc2r orthologs could be functionally ex-
pressed in CHO cells without co-expression with an exogenous Mrap1
ortholog. As a result both Mc2r orthologs were designated as being
Mrap1 independent (Dores et al., 2016). However, the recent detection
of an Mrap1 gene in the genome of the elephant shark (Dores, 2016),
required a re-evaluation of the possible role of Mrap1 with respect to
the pharmacology of elephant Mc2r, and served as the rationale for the
current study.

4.1. Observations on interrenal tissue and implications for the HPI axis

In the current study RT-PCR analysis of various elephant shark tis-
sues for melanocortin receptor mRNAs or melanocortin receptor ac-
cessory protein mRNAs revealed a tissue distribution pattern, not unlike
the tissue distribution pattern observed for teleosts and tetrapods
(Klovins et al., 2004; Cone, 2006; Agulleiro et al., 2010; Hinkle and
Sebag, 2009), and similar to the tissue distribution pattern for the red
stingray (Takahashi et al., 2016) with a few notable exceptions and
additions.

Of particular interest for this study was whether melanocortin re-
ceptors and accessory proteins are present in elephant shark interrenal
tissue. The RT-PCR analysis revealed mRNAs for esMc2r, esMc5r, and to
a lesser extent, esMc3r. The same melanocortin receptor mRNAs were
also present in red stingray interrenal tissue (Takahashi et al., 2016).
The presence of multiple melanocortin receptors associated with glu-
cocorticoid-secreting cells has also been observed for the chicken
(Gallus gallus) adrenal gland, where all five melanocortin receptor
mRNAs were detected (Thomas et al., 2017).

However, of greater interest was the observation that in the ele-
phant shark interrenal tissue esMrap1 mRNA was clearly present
(Fig. 1), while esMRAP2 mRNA was below the level of detection. These

Fig. 5. Cell Surface ELISA. Cos 7 cells were co-transfected with a esMcr cDNA
and either pcDNA3.3+ vector plasmid, esMrap1 or esMrap2 cDNA. After 48 h,
transfected cells were fixed and labeled with primary antibody specific for the
epitope fused to each esMcr, and the amount of antibody bound was quantified
by measuring absorbance at 405 nm. All experiments were performed in tri-
plicate, and data are presented as mean ± SD. A) V5-esMc2R transfected cells
labeled with anti-V5 antibody; B) HA-esMc5r transfected cells labeled with anti-
HA antibody.
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observations are consistent with observations made for a teleost inter-
renal tissue (Agulleiro et al., 2010), an avian adrenal cortex tissue
(Thomas et al., 2017), and mammalian adrenal cortex tissue (for review
see Gallo-Payet and Batista (2014)).

Since bony vertebrate glucocorticoid-synthesizing cells require
Mrap1 for the activation of the respective Mc2r ortholog, a pharma-
cological analysis was done to evaluate whether co-expression of
esMrap1 with esMc2r, esMc5r, esMc3r, or esMc4r would affect the li-
gand sensitivity of these receptors for stimulation by either srACTH
(1–24) or srDes-Acetyl-MSH (Fig. 3 and Table 1A). While sensitivity to
stimulation by srACTH(1–24) was statistically increased for esMc2r
(over 10 fold) and esMc5r (over 100 fold) when these receptors were
co-expressed in CHO cells with esMrap1, co-expression with esMrap1
had no apparent effect on ligand sensitivity for either esMc3r or esMc4r.

In support of the pharmacological experiments, imaging analysis
provided evidence for heterodimer formation between esMc2r and
esMrap1, and esMc5r and esMrap1, respectively (Figs. 6 and 7, re-
spectively). Hence, it would appear that the apparent heterodimer
formation may be affecting the three dimensional structure of esMc2r

and esMc5r to make these receptors more accommodating for docking
with ACTH(1–24). However, a somewhat surprising outcome of this
analysis was that sensitivity to Des-Acetyl-αMSH was not affected in
either a positive or negative manner by co-expression with esMrap1 for
either esMc2r or esMc5r (Fig. 3A and B). At this stage it may be rea-
sonable to assume that both esMc2r and esMc5r have a single binding
site for melanocortin ligands (i.e. the HFRW binding site); whereas,
teleost and tetrapod Mc2r orthologs require two binding sites to facil-
itate interaction with ACTH (for review see Dores, 2018). That said, it is
possible that formation of an esMc2r/Mrap1 heterodimer and an
esMc5r/Mrap1 heterodimer may expose a site on these receptors that
facilitates enhanced interaction between the heterodimer and ACTH
(1–24), but has no apparent effect on interaction with srDes-Acetyl-
αMSH. To begin to resolve these issues, an understanding of the contact
site(s) between these melanocortin receptors and esMRAP1 is required.

A final issue with respect to the interactions between esMc2r,
esMc5r and esMrap1 in elephant shark interrenal cells is whether for-
mation of the heterodimer has any effect on the trafficking of the re-
ceptor to the plasma membrane. As seen in Fig. 5, a cell surface ELISA

Fig. 6. Imaging of esMC2R & esMRAP1 or
esMRAP2. Cos 7 cells were grown on glass
coverslips and co-transfected with esMc2r
cDNA and either plasmids containing
Mrap1, Mrap2, or pcDNA3.3+ vector
plasmid. After 48 h, transfected cells were
fixed and either incubated with 100% me-
thanol (permeabilized) or washed with 1x
PBS (non-permeabilized) prior to labeling
with anti-V5 and anti-Flag antibodies.
Images are representative of three in-
dependent experiments. A) V5-esMc2r
(magenta) co-transfected with FLAG-
esMrap1 (cyan); B) V5-esMc2r (magenta)
co-transfected with FLAG-esMrap2 (cyan).
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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analysis did not indicate an additive effect on either esMc2r or esMc5r
trafficking as a result of co-expression with esMrap1. This observation
highlights a major difference between the Mrap1 interaction for ele-
phant shark Mc2r as compared to the interaction for bony vertebrate
Mc2r orthologs. For the latter Mc2r orthologs, formation of the Mc2r/
Mrap1 heterodimer is required for efficient trafficking of the Mc2r or-
tholog to plasma membrane (Hinkle and Sebag, 2009; Webb and Clark,
2010).

Collectively, these observations on the elephant shark interrenal
tissue, coupled with the presence of a Pomc gene in the elephant shark
genome, and the detection of a Crf-like gene in the genome of the
elephant shark (Nock et al., 2011) are consistent with the conclusion
that the elephant shark has a hypothalamus/pituitary/interrenal axis.
Whether this putative HPI axis is involved in osmoregulation (Evans
et al., 2010), chronic stress regulation (Geisleicher, 2004), or both
functions has not been determined. In addition, since esMc2r can be
activated by either ACTH(1–24) or Des-Acetyl-αMSH, there is the
possibility that for the elephant shark, a distinct hypothalamus/anterior
pituitary/interrenal circuit (ACTH-driven) and a distinct

hypothalamus/intermediate pituitary/interrenal circuit (Des-Acetyl-
αMSH/βMSH/γMSH/δMSH driven) may be present.

4.2. Observations on melanocortin receptors and Mraps in the CNS

Another focal point for melanocortin receptor/melanocortin re-
ceptor accessory protein interaction has been the central nervous
system of vertebrates. In mammals, Mrap2 is highly expressed in the
CNS (Chan et al., 2009), and there are very clear roles for neurons in the
hypothalamus that express Mc3r and Mc4r in energy mobilization and
feeding behavior (Cone 2006; Renquist et al., 2011; Begriche et al.,
2013). For example, studies on a teleost (Sebag et al., 2017; Agulleiro
et al., 2013) and a mammal (Asai et al., 2013) indicate that interaction
with Mrap2 has effects on Mc4r ligand sensitivity and selectivity. RT-
PCR analysis of the hypothalamus of the red stingray detected mRNAs
for Mc3r, Mc4r, and Mc5r, but attempts to identify a srMrap2 mRNA
were negative (Takahashi et al., 2016).

For elephant shark, a different mRNA pattern was detected. As
shown in Fig. 2A and B, esMrap1 and esMrap2 mRNAs were detected,

Fig. 7. Imaging of esMc5r & esMrap1 or
esMrap2. Cos 7 cells were grown on glass
coverslips and co-transfected with esMc5r
cDNA and either plasmids containing Mrap1
or Mrap2. After 48 h, transfected cells were
fixed and either incubated with 100% me-
thanol (permeabilized) or washed with 1x
PBS (non-permeabilized) prior to labeling
with anti-HA and anti-Flag antibodies.
Images are representative of three in-
dependent experiments. A) HA-esMc2r
(magenta) co-transfected with FLAG-
esMrap1 (cyan); B) HA-esMc5r (magenta)
co-transfected with FLAG-esMrap2 (cyan);
C) HA-esMc5r co-transfected with
pcDNA3.3+ vector plasmid. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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as well as mRNAs for esMc2r, esMc3r, esMc4r, and esMc5r in the hy-
pothalamus. In the remainder of the elephant shark brain, esMrap1,
esMrap2, esMc4r mRNA was clearly detected, however, the levels of
esMc2r, esMc3r, and esMc5r mRNA were just barely detected, or below
the level of detection (Fig. 2A and B).

The presence of esMrap1 mRNA in the CNS was not expected.
However, as noted co-expression of either esMc3r or esMc4r with
esMrap1 in CHO cells had no apparent effect on selectivity or sensitivity
following stimulation with either srACTH(1–24) or srDes-Acetyl-αMSH
(Fig. 4C and D). However, co-expression of esMc3r with esMrap2 in
CHO cells while having no effect on sensitivity following stimulation
with srACTH(1–24), did result in approximately a 10 fold drop in
sensitivity to stimulation by srDes-Acetyl-αMSH (Fig. 4C). This type of
an effect was also observed when human Mc3r was co-expressed with
human Mrap2 in CHO cells (Chan et al., 2009). By comparison, co-
expression with esMrap1 had no effect, either positive or negative, on
the ligand sensitivity of esMc4r.

At present it is not clear whether melanocortin receptors in the
hypothalamus of the elephant shark are playing a role in energy mo-
bilization and feeding behavior, nor is it known whether either Mrap1
or Mrap2 are expressed in the same neurons with melanocortin re-
ceptors in the elephant shark CNS. That said, the presence of Mrap2 in
the CNS may involve other protein/protein interactions. For example in
the mouse CNS, Mrap2 was observed to interact with the Ghrelin-
GHSR1 receptor (Srisai et al., 2017) and the Prokineticin Receptor-1
(Chaly et al., 2016).

4.3. Melanocortin receptors and MRAPs in other tissues

RT-PCR analysis also revealed the presence of melanocortin-related
and MRAP-related mRNAs in gill, atrium (heart), ventricle (heart),
spleen, kidney, ovary, uterus, testes, and muscle. At present, the phy-
siological significance of these observations is not apparent. However,
the detection of melanocortin-related and Mrap-related mRNAs in the
pituitary may be of interest. In the female pituitary (Fig. 2A), Mrap1,
Mrap2, Mc2r, Mc4r, and Mc5r mRNAs were very clearly present. In the
male pituitary, Mrap1, Mc2r, Mc4r, and Mc5r mRNAs were also de-
tected. At present it is not known which pituitary cell types express
these receptor genes. However, these observations do raise the possi-
bility that putative Pomc-neurons may terminate at the median emi-
nence of the elephant shark, and melanocortin peptides may function as
hypophysiotropic factors. This possibility is also not unprecedented. A
recent study has detected a melanocortin hypophysiotropic network in
the anterior pituitary of the zebrafish (Zhang et al., 2012).

4.4. Conclusions

The outcomes of the current study indicate that esMrap1 facilitates
the functionality of esMc2r by increasing the sensitivity of the receptor
to stimulation by ACTH(1–24), but does not appear to be required for
the trafficking of esMC2R to the plasma membrane. In addition, inter-
action with esMrap1 did not make esMc2r exclusively selective for
ACTH(1–24) as compared to Des-Acetyl-αMSH. These features are in
sharp contrast to teleost and tetrapod Mc2r/Mrap1 heterodimers which
are exclusively selective for activation by ACTH(1–24), and cannot be
activated by any of the MSH-sized melanocortin peptides (Mountjoy
et al., 1992; Dores and Garcia, 2015). In addition the teleost and tet-
rapod Mc2r/Mrap1 heterodimer is required for trafficking to the plasma
membrane. These novel features of the esMc2r/Mrap1 heterodimer
may have implications with respect to the regulation of the HPI axis by
the elephant shark pituitary gland.

In addition, formation of an esMc5r/MRAP1 heterodimer also in-
creased sensitivity of the receptor for stimulation by ACTH(1–24). Since
esMc5r and esMc2r mRNAs were both detected in the elephant shark
interrenal tissue, both receptors may be playing a role in regulating the
physiology of these glucocorticoid-producing cells. This possibility may

reflect the close evolutionary relationship between the Mc2r and the
Mc5r paralogs since these two receptors appear to have originated as a
result of a local gene duplication event (for review see Dores (2013)).
Additional studies are needed to determine whether interaction with
Mrap1 is a feature common for other cartilaginous fish Mc5r orthologs.
In this regard, studies on the interaction between Mrap1 and Mc5r in
teleosts and tetrapods are limited. For example, co-expression of Gallus
gallus Mc5r with Gallus gallus Mrap1 in CHO cells increased sensitivity
of the chicken receptor for stimulation by ACTH(1–24) (Thomas et al.,
2017). However, co-expression of human Mc5r and mouse Mrap1 in
CHO cells decreased the trafficking of human Mc5r to the plasma
membrane (Sebag and Hinkle, 2009). Clearly additional studies are
needed on other bony vertebrate Mc5r orthologs before any general-
izations can be made on the interaction between Mrap1 and Mc5r in
bony vertebrates.

Finally, esMRAP2 did not have any effect on the sensitivity of either
esMC2R or esMC5R to stimulation by either ACTH or Des-Acetyl-αMSH
(Fig. 4), and did not have an effect on the trafficking of either receptor
(Fig. 5). In addition, in the imaging analysis (Figs. 6 and 7), esMRAP2
does not appear to traffic to the plasma membrane with either esMc2r
or esMc5r. Perhaps, during the parallel evolution of melanocortin re-
ceptor networks in cartilaginous fishes and bony vertebrates, a novel
role for Mrap2 orthologs may have emerged that does not involve
melanocortin receptors to any significant extent.

Acknowledgements

This research was supported by the Long Research Fund (R.M.D.;
University of Denver), a Grant-in-Aid for Scientific Research (B) and (C)
(S.H.; the Japan Society for the Promotion of Science), and the Hofstra
University Faculty Research and Development Grant (M.R.D, Hofstra
University). We wish to thank Ms. Brianne Hoglin for her careful
reading of the manuscript and helpful suggestions.

Conflict of interests

The authors have nothing to disclose.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygcen.2018.11.009.

References

Agulleiro, M.J., Roy, S., Sanchez, E., Puchol, P., Gallo-Payet, N., Cerda-Reverter, J.M.,
2010. Role of melanocortin receptor accessory proteins in the function of zebrafish
melanocortin receptor type 2. Mol. Cell. Endocrinol. 320, 145–152.

Agulleiro, M.J., Cortes, R., Fernandez-Duran, B., Navarro, S., Guillot, R., Meimaridon, E.,
Clark, A.J., Cerda-Reverter, J.M., 2013. Melanocortin 4 receptor becomes an ACTH
receptor by coexpression of melanocortin receptor accessory protein 2. Mol.
Endocrinol. 27, 1934–1945.

Amemiya, Y., Takahashi, A., Suzuki, N., Sasayama, Y., Kawauchi, H., 2000. Molecular
cloning of proopiomelanocortin cDNA from an Elasmobranch, Dasyatis akajei. Gen.
Comp. Endocrinol. 118, 105–112.

Asai, M., Ramachandrappa, S., Joachim, M., Shen, Y., Zhang, R., Nuthalapati, N.,
Ramanathan, V., Strochlic, D.E., Ferket, P., Linhart, K., Ho, C., Novoselova, T.V.,
Garg, S., Ridderstråle, M., Marcus, C., Hirschhorn, J.N., Keogh, J.M., O’Rahilly, S.,
Chan, L.F., Clark, A.J., Farooqi, S., Majzoub, J.A., 2013. Loss of function of the
Melanocortin 2 receptor accessory protein 2 is associated with mammalian obesity.
Science 34, 275–278.

Barlock, T.K., Gehr, D.T., Dores, R.M., 2014. Analysis of the pharmacological properties
of chicken melanocortin-2 receptor (cMC2R) and chicken melanocortin-2 accessory
protein (cMRAP). Gen. Comp. Endocrinol. 205, 260–267.

Begriche, K., Girardet, C., McDonald, P., Butler, A.A., 2013. Melanocortin-3 receptors and
metabolic homeostasis. Prog. Mol. Biol. Translat. Sci. 114, 109–146.

Brazeau, M.D., Friedman, M., 2015. The origin and early phylogenetic history of jawed
vertebrates. Nature 20, 490–497.

Chaly, A.L., Srisai, D., Gardner, E., Sebag, J.E., 2016. The Melanocortin Receptor
Accessory Protein 2 promotes food intake through inhibition of the Prokineticin
Receptor-1. eLife 5, e12397. https://doi.org/10.7554/eLife.12397.

Chan, L.F., Webb, T.R., Chung, T.-T., Meimaridou, E., Cooray, S.N., Guasti, L., Chapple,

E. Barney et al. General and Comparative Endocrinology 272 (2019) 42–51

50

https://doi.org/10.1016/j.ygcen.2018.11.009
https://doi.org/10.1016/j.ygcen.2018.11.009
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0005
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0005
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0005
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0010
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0010
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0010
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0010
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0015
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0015
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0015
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0020
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0025
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0025
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0025
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0030
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0030
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0035
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0035
https://doi.org/10.7554/eLife.12397
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0045


J.P., Egertova, M., Elphick, M.R., Cheethamc, M.E., Metherell, L.A., Clark, A.J.L.,
2009. MRAP and MRAP2 are bidirectional regulators of the melanocortin receptor
family. Proc. Natl. Acad. Sci. USA 106, 6146–6151.

Chepurny, O.G., Holz, G.G., 2007. A novel cyclic adenosine monophosphate responsive
luciferase reporter incorporating a nonpalindromic cyclic adenosine monophosphate
response element provides optimal performance for use in G protein coupled receptor
drug discovery efforts. J. Biomol. Screen. 12, 740–746.

Cone, R.D., 2006. Studies on the physiological studies of the melanocortin system.
Endocr. Rev. 27, 736–749.

Davis, P., Franquemont, S., Liang, L., Angleson, J.K., Dores, R.M., 2013. Review: evolu-
tion of the melanocortin-2 receptor in tetrapods: studies on Xenopus tropicalis MC2R
and Anolis carolinensis MC2R. Gen. Comp. Endocrinol. 188, 75–84.

Dores, R.M., 2013. Observations on the evolution of the melanocortin receptor gene fa-
mily: distinctive features of the melanocortin-2 receptor. Front. Endocrinol. 2013.
https://doi.org/10.3389/fnins.201300028. eCollection.

Dores, R.M., 2016. Hypothesis and Theory: revisiting views on the co-evolution of the
melanocortin receptors and the accessory proteins, MRAP1 and MRAP2. Front.
Endocrinol. https://doi.org/10.3389/fendo.2016.00079.

Dores, R.M., 2018. ACTH, melanocortin receptors, MRAP accessory proteins. Encycl.
Endocr. Dis. 2, 1–10.

Dores, R.M., Garcia, Y., 2015. Views on the co-evolution of the melanocortin-2 receptor,
MRAPs, and the hypothalamus/pituitary/adrenal-interrenal axis. Mol. Cell.
Endocrinol. 408, 12–22.

Dores, R.M., Liang, L., Davis, P., Thomas, A.L., Petko, B., 2016. Melanocortin receptors:
evolution of ligand selectivity for melanocortin peptides. J. Mol. Endocrinol. 56,
T1–T15.

Evans, A.N., Rimoldi, J.M., Gadepalli, S.V., Numez, B.S., 2010. Adaptation of a corti-
costerone ELISA to demonstrate sequence-specific effects of angiotensin II peptides
and C-Type natriuretic peptide on 1 α-hydroxycorticosterone synthesis and ster-
oidogenic mRNAs in the elasmobranch interrenal glad. J. Steroid Biochem. Mol. Biol.
120, 149–154.

Gallo-Payet, N., Batista, M.-C., 2014. Steroidogenesis – adrenal cell signal transduction.
Compreh. Physiol. 4, 889–964.

Geisleicher, J., 2004. Hormonal regulation of elasmobranch physiology. In: Carrier, J.C.,
Musick, J.A., Heithaus, M.R. (Eds.), Biology of Sharks and Their Relatives. CRC Press,
Boca Raton, pp. 294–295.

Hasegawa, K., Kato, A., Watanabe, T., Takagi, W., Romero, M.F., Bell, J.D., Toop, T.,
Donald, J.A., Hyodo, S., 2016. Sulfate transporters involved in sulfate secretion in the
kidney are localized in the renal proximal tubule II of the elephant fish (Callorhinchus
milii). American J. 311, R66–R78.

Hinkle, P.M., Sebag, J.A., 2009. Structure and function of the melanocortin 2 receptor
accessory protein. Mol. Cell. Endocrinol. 300, 25–31.

Klovins, J., Haitina, T., Ringholm, A., Lowgren, M., Fridmanis, D., Slaidina, M., Stier, S.,
Schiöth, H.B., 2004. Cloning of two melanocortin (MC) receptors in spiny dogfish.
European J. Biochem. 271, 4320–4331.

Liang, L., Sebag, J.A., Eagelston, L., Serasinghe, M.N., Veo, K., Reinick, C., Angleson, J.,
Hinkle, P.M., Dores, R.M., 2011. Functional expression of frog and rainbow trout
melanocortin 2 receptors using heterologous MRAP1s. Gen. Comp. Endocrinol. 174,
5–14.

Liang, L., Schmid, K., Sandhu, N., Angleson, J.K., Vijayan, M.M., Dores, R.M., 2015.

Structure/function studies on the activation of the rainbow trout melanocortin-2
receptor. Gen Comp. Endocrinol. 210, 145–151.

Metherell, L.A., Chapple, J.P., Cooray, S., David, A., Becker, C., Ruschendorf, F., Naville,
D., Begeot, M., Khoo, B., Nurnberg, P., Huebner, A., Cheethan, M.E., Clark, A.J.,
2005. Mutations in MRAP, encoding a new interacting partner of the ACTH receptor,
cause familial glucocorticoid deficiency type 2. Nat. Genet. 37, 166–170.

Mountjoy, K.G., Robbins, L.S., Mortrud, M.T., Cone, R.D., 1992. The cloning of a family of
genes that encode the melanocortin receptors. Science 257, 1248–1251.

Nock, T.G., Chand, D., Lovejoy, D.A., 2011. Identification of members of the gonado-
tropin-releasing hormone (GnRH), corticotropin-releasing factor (CRF) families in the
genome of the holocephalan, Callorhinchus milii (elephant shark). Gen. Comp.
Endocrinol. 171, 237–244.

Reinick, C.L., Liang, L., Angleson, J.K., Dores, R.M., 2012. Identification of an MRAP-
independent melanocortin-2 receptor: functional expression of the cartilaginous fish,
Callorhinchus milii, melanocortin-2 receptor in CHO cells. Endocrinol. 153,
4757–4765.

Renquist, B.J., Lippert, R.N., Sebag, J.A., Ellacott, K.L., Cone, R.D., 2011. Physiological
roles of the melanocortin MC3 receptor. Eur. J. Pharm. 660, 13–20.

Schwyzer, R., 1977. ACTH: a short introductory review. Ann. N. Y. Acad. Sci. 297, 3–26.
Sebag, J.A., Hinkle, P.M., 2009. Opposite effects of themelanocortin-2 (MC2) receptor

accessory protein MRAP on MC2 and MC5 receptor dimerization and trafficking. J.
Biol. Chem. 284, 22641–22648.

Sebag, J.A., Zhang, C., Hinkle, P.M., Bradshaw, A.M., Cone, R.D., 2017. Developmental
control of the melanocortin-4 receptor by MRAP2 proteins in Zebrafish. Science 341,
278–281.

Srisai, D., Yin, T.C., Lee, A.A., Rouault, A.A., Pearson, N.A., Sebag, J.A., 2017. MRAP2
regulates ghrelin receptor signaling and hunger sensing. Nat. Comm. https://doi.org/
10.1038/s41467-017-00747-6.

Takahashi, A., Itoh, T., Nakanishi, A., Amemiya, Y., Ida, H., Meguro, H., Kawauchi, H.,
2004. Molecular cloning of proopiomelanocortin cDNA in the ratfish a holocephalan.
Gen. Comp. Endocrinol. 135, 159–165.

Takahashi, A., Davis, P., Reinick, C., Mizusawa, K., Sakamoto, T., Dores, R.M., 2016.
Characterization of melanocortin receptors from stingray Dasyatis akajei, a cartila-
ginous fish. Gen. Comp. Endocrinol. 232, 115–124.

Thomas, A.L., Maekawa, F., Kawashima, T., Sakamoto, H., Sakamoto, T., Davis, P., Dores,
R.M., 2017. Analyzing the effects of co-expression of chick (Gallus gallus) melano-
cortin receptors with either chick MRAP1 or MRAP2 in CHO cells on sensitivity to
ACTH(1–24) or ACTH(1–13)NH2: implications for the HPA axis and melanocortin
circuits in the hypothalamus of the chick. Gen. Comp. Endocrinol S0016-6480(17)
30268-X. 10.1016/j.ygcen.2017.09.002.

Vastermark, A., Schiöth, H.B., 2011. The early origin of melanocortin receptors, agouti-
related peptide, agouti signaling peptide, and melanocortin receptor-accessory pro-
teins, with emphasis on pufferfishes, elephant shark, lampreys, and amphioxus. Eur.
J. Pharm. 660, 61–69.

Webb, R.R., Clark, J.L., 2010. Minireview: the melanocortin 2 receptor accessory pro-
teins. Mole. Endocrinol. 24, 475–484.

Zhang, C., Forlano, P.M., Cone, R.D., 2012. AgRP and POMC neurons are hypophysio-
tropic and coordinately regulate multiple endocrine axes in a larval teleost. Cell.
Metabol. 15, 256–264.

E. Barney et al. General and Comparative Endocrinology 272 (2019) 42–51

51

http://refhub.elsevier.com/S0016-6480(18)30490-8/h0045
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0045
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0045
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0050
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0050
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0050
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0050
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0055
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0055
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0060
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0060
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0060
https://doi.org/10.3389/fnins.201300028. eCollection
https://doi.org/10.3389/fendo.2016.00079
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0075
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0075
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0080
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0080
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0080
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0085
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0085
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0085
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0090
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0090
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0090
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0090
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0090
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0095
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0095
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0100
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0100
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0100
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0105
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0105
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0105
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0105
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0110
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0110
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0115
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0115
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0115
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0120
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0120
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0120
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0120
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0125
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0125
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0125
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0130
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0130
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0130
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0130
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0135
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0135
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0140
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0140
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0140
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0140
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0145
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0145
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0145
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0145
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0150
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0150
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0155
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0160
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0160
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0160
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0165
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0165
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0165
https://doi.org/10.1038/s41467-017-00747-6
https://doi.org/10.1038/s41467-017-00747-6
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0175
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0175
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0175
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0180
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0180
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0180
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0185
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0190
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0190
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0190
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0190
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0195
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0195
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0200
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0200
http://refhub.elsevier.com/S0016-6480(18)30490-8/h0200

	Elephant shark melanocortin receptors: Novel interactions with MRAP1 and implication for the HPI axis
	Introduction
	Materials and methods
	Elephant shark cDNA sequences
	RT-PCR analysis
	Transient expression of esMcrs in CHO cells &#x200B;&&#x200B; CRE-Luciferase reporter assay
	Cell surface ELISA protocol
	Imaging of esMC2R and esMC5R with esMRAP1 and esMRAP2

	Results
	RT-PCR analysis of elephant shark tissues
	Co-Expression of elephant shark Mcrs with elephant shark Mrap1
	Expression of elephant shark Mcrs with elephant shark Mrap2
	Evaluating the effect of esMrap1 on the trafficking of esMc2r and esMc5r
	Imaging of esMC2R/esMRAP1 and esMC5R/esMRAP1

	Discussion
	Observations on interrenal tissue and implications for the HPI axis
	Observations on melanocortin receptors and Mraps in the CNS
	Melanocortin receptors and MRAPs in other tissues
	Conclusions

	Acknowledgements
	Conflict of interests
	Supplementary data
	References




