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The melanocortin-3 receptor (MC3R) is known to be involved in regulation of energy homeostasis, regulating
feed efficiency and nutrient partitioning in mammals. Its physiological roles in non-mammalian vertebrates,
especially economically important aquaculture species, are not well understood. Channel catfish (Ictalurus
punctatus) is the main freshwater aquaculture species in North America. In this study, we characterized the
channel catfish MC3R. The mc3r of channel catfish encoded a putative protein (ipMC3R) of 367 amino acids. We
transfected HEK293T cells with ipMC3R plasmid for functional studies. Five agonists, including adrenocorti-
cotropin, a-melanocyte stimulating hormone (a-MSH), -MSH, [Nle*, D-Phe”]-a-MSH, and D-Trp®-y-MSH, were
used in the pharmacological studies. Our results showed that ipMC3R bound -MSH with higher affinity and D-
Trp®-y-MSH with lower affinity compared with human MC3R. All agonists could stimulate ipMC3R and increase
intracellular cAMP production with sub-nanomolar potencies. The extracellular signal-regulated kinases 1 and 2
(ERK1/2) activation could also be triggered by ipMC3R. The ipMC3R exhibited constitutive activities in both
cAMP and ERK1/2 pathways, and Agouti-related protein served as an inverse agonist at ipMC3R, potently in-
hibiting the high basal cAMP level. Moreover, we showed that melanocortin receptor accessory protein 2
(MRAP2) preferentially modulated ipMC3R in cAMP production rather than ERK1/2 activation. Our study will
assist further investigation of the physiological roles of the ipMC3R, especially in energy homeostasis, in channel
catfish.

1. Introduction

The melanocortin receptors (MCRs), from melanocortin-1 to -5 re-
ceptors (MCIR to MC5R), are members of family A G protein-coupled
receptors (GPCRs) that play significant roles in regulating diverse
physiological processes, such as skin and hair pigmentation (MC1R)
(Valverde et al., 1995), adrenal steroidogenesis (MC2R) (Mountjoy
et al., 1992), energy homeostasis (MC3R and MC4R) (Cone, 2006), and
exocrine gland secretion (MC5R) (Chen et al., 1997) (reviewed in
(Cone, 2006; Tao, 2017).

MC3R and MC4R, with high expression in central nervous system,
are also known as neural MCRs (Gantz et al., 1993a,b; Mountjoy et al.,
1994; Roselli-Rehfuss et al., 1993). These two MCRs have been

extensively studied in obesity pathogenesis due to their important
functions in regulating energy homeostasis. Targeted deletion of either
Mc3r or Mc4r in mice results in the obesity phenotype (Butler et al.,
2000; Chen et al., 2000; Huszar et al., 1997). Human genetic studies
also showed that mutations in MC3R or MC4R are associated with
obesity (reviewed in (Demidowich et al., 2017; Hinney et al., 2013;
Tao, 2009, 2010b; Yang and Tao, 2016b)). Although both MC3R and
MC4R are important regulators of energy homeostasis, the mechanisms
involved are distinct. MC4R primarily regulates food intake and energy
expenditure (Balthasar et al., 2005; Tao, 2010a), whereas MC3R reg-
ulates feed efficiency (the ratio of weight gain to food intake) and nu-
trient partitioning (Butler et al., 2000; Chen et al., 2000; Zhang et al.,
2005), maintaining circadian rhythm, and adapting to fasting (Begriche
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Fig. 1. Nucleotide and deduced amino acid sequence of ipMC3R. Positions of nucleotide and amino acid sequences are indicated on both sides. The seven TMDs are
shaded in grey. The conserved motifs (PMY, DRY, and DPIIY) are highlighted in italic. Open boxes frame tripeptide sequences with the consensus sequence for N-

linked glycosylation sites. Asterisk (*) denotes stop codon.

et al.,, 2012; Girardet and Butler, 2014; Sutton et al., 2010). Mc3r
knockout mice display a moderate obesity phenotype with altered nu-
trient partitioning (increased fat mass and reduced lean mass) despite
normal food intake or even hypophagia, which may be explained by
subtle imbalance between fat intake and oxidation (Sutton et al., 2006).
Recent studies also showed that Mc3r knockout mice exhibit reduced
wakefulness before food presentation and abnormal rhythmic expres-
sion of clock genes (Girardet and Butler, 2014), as well as anomalous
metabolic adaption to restricted feeding (Begriche et al., 2012). Cone
and colleagues suggested that MC3R sets the upper and lower bound-
aries of energy homeostasis (Ghamari-Langroudi et al., 2018).

In addition to the central expression, MC3R has also been shown to
be expressed in several peripheral tissues, indicating other potential
physiological functions in the periphery. For example, the expression of
MC3R can be detected in immune cells, such as macrophages, including
both human and rodent macrophage cell lines and primary macro-
phages from different tissues (review in (Patel et al., 2011)). MC3R is an
important modulator in immune response with effective anti-in-
flammatory and pro-resolving actions (Patel et al., 2011).

MC3R primarily couples to the heterotrimeric stimulatory G protein
(Gs) to activate adenylyl cyclase, thereby increasing intracellular cAMP
production and subsequent protein kinase A (PKA) activation. MC3R
activation also triggers extracellular signal-regulated kinases 1 and 2
(ERK1/2) phosphorylation (Chai et al., 2007; Huang and Tao, 2014;
Yang et al., 2015a,b; Yang and Tao, 2016a). The endogenous ligands for
MC3R include four agonists (a-, B-, and y-melanocyte-stimulating
hormones (MSHs), and adrenocorticotropin (ACTH)) produced from
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post-translational processing of the precursor protein, proopiomelano-
cortin (POMC), and one antagonist, Agouti-related peptide (AgRP).

Recently, two small single transmembrane proteins, melanocortin
receptor accessory proteins (MRAPs), including MRAP1 and MRAP2,
have been shown to interact with and modulate MCR functions
(Rouault et al., 2017). MRAP2, with its highly central expression, is
more involved in regulation of energy homeostasis. Mice with Mrap2
deletion display severe obesity (Asai et al., 2013; Novoselova et al.,
2016). Potential pathogenic MRAP2 mutations have also been identi-
fied in humans with early-onset obesity (Asai et al., 2013; Schonnop
et al., 2016). MRAP2 modulation of MC4R signaling is an important
pathway for regulating energy homeostasis in mammals and other
species such as zebrafish and chicken (Sebag et al., 2013; Zhang et al.,
2017). In addition, the role of MRAP2 on modulation of energy
homeostasis through MC3R has also been suggested (Chan et al., 2009;
Zhang et al., 2017). Therefore, MC3R and MC4R, together with a-MSH,
AgRP, and MRAP2, form a complex system within the hypothalamus
which connects the neural pathways governing satiety and metabolism
with external signals of metabolic status to maintain energy home-
ostasis.

Although MC3R is well studied in humans and rodents, the func-
tional studies of teleost MC3Rs are still very limited, potentially due to
the absence of mc3r genes in some teleosts, such as fugu, medaka, and
stickleback (Klovins et al., 2004a; Logan et al., 2003; Selz et al., 2007).
Channel catfish (Ictalurus punctatus), belonging to the family of Icta-
luridae, is the most extensively cultured species in North America. The
genome and transcriptome data of this species have shown that channel
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Fig. 2. (continued)

catfish has a single intronless mc3r gene located on chromosome 5 (Liu
et al., 2016). Currently, the approaches for improving the growth and
feed efficiency are limited to the use of traditional selective breeding
methods that are time consuming. Therefore, understanding of endo-
crine regulation of energy metabolism in this economically important
species can potentially lead to novel approaches to achieve better
economic return.

Previous studies have reported the effects of several gut neuropep-
tides on feeding behavior, glycemia, and hypothalamic neuropeptide Y
and pomc expression in channel catfish (Kobayashi et al., 2008;
Peterson et al., 2012; Schroeter et al., 2015), suggesting potential roles
of central melanocortin system in the growth and feeding in this fish. In
the present study, we investigated the pharmacological properties of
channel catfish MC3R (ipMC3R). In addition, the modulatory role of
channel catfish MRAP2 (ipMRAP2) on ipMC3R signaling was also stu-
died. These experiments, as the first step towards elucidating the roles
of MC3R in energy homeostasis of channel catfish, laid a solid foun-
dation for future physiological studies.

2. Materials and methods
2.1. Ligands and plasmids

[Nle*, D-Phe’]-a-MSH (NDP-MSH) and D—Trps—y—MSH were pur-
chased from Peptides International (Louisville, KY, USA). a-MSH and
human (-MSH were purchased from Pi Proteomics (Huntsville, AL,
USA). Human ACTH (1-24) and AgRP were purchased from Phoenix
Pharmaceuticals (Burlingame, CA, USA). ['?°I]-NDP-MSH and [**°I]-
cAMP were iodinated using chloramine T method as described in pre-
vious publications (Mo et al., 2012; Steiner et al., 1969). The human
MC3R (hMC3R) subcloned into pcDNA3.1 vector was generated as
previously described (Tao and Segaloff, 2004). The coding sequences of
ipMC3R and ipMRAP2 were commercially synthesized and subcloned
into pcDNAS3.1 vector by GenScript (Piscataway, NJ, USA) to generate
the plasmids used for transfection.
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2.2. Homology, phylogenetic, and chromosome synteny analyses

Multiple alignments of amino acid sequences of MC3Rs, POMCs,
and MRAP2s from different species were performed with BioEdit soft-
ware using ClustalW multiple alignment. The putative transmembrane
domains (TMDs) of ipMC3R were predicted based on the crystal
structure of rhodopsin (Palczewski et al., 2000). A phylogenetic tree
based on the amino acid sequences was constructed by MEGA X soft-
ware with 1000 bootstrap replications using the neighbor-joining (NJ)
method (Kumar et al.,, 2018; Saitou and Nei, 1987). Chromosome
synteny analysis was performed between several fish and mammalian
species with Genomicus (http://www.genomicus.biologie.ens.fr/
genomicus) and National Center for Biotechnology Information
(NCBI) genome browser (https://www.ncbi.nlm.nih.gov).

2.3. Cell culture and transfection

Human Embryonic Kidney (HEK) 293 T cells (ATCC, Manassas, VA,
USA) were cultured in Dulbecco's Modified Eagle's medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) containing 10% newborn calf serum
(PAA Laboratories, Etobicoke, ON, Canada), 10 mM HEPES, 0.25 ug/mL
of amphotericin B, 50 ug/mL of gentamicin, 100 IU/mL of penicillin,
and 100 pug/mL of streptomycin at an incubator (37 °C and 5% CO»-
humidified atmosphere). The cells were plated into plates pre-coated
with 0.1% gelatin and cultured for about 24 h prior to transfection (24-
wells plates for cAMP assays and 6-well plates for ligand binding assay
and western blot). At approximately 70% confluency, the cells were
transfected or co-transfected with plasmids using calcium phosphate
precipitation method (Chen and Okayama, 1987). For ligand binding
and signaling assays, ipMC3R (0.25 pg/pL) and hMC3R (0.25 ug/uL)
plasmids were transfected into cells, respectively. To study the con-
stitutive activity, ipMC3R plasmids at different concentrations were
transfected into cells. To investigate the potential modulation of
ipMC3R signaling by ipMRAP2, cells were co-transfected with ipMC3R
(0.25 pg/uL) and ipMRAP2 plasmids at different ratios (1:0, 1:1, 1:3,
and 1:5). Total plasmid was kept identical for all groups by the addition
of empty vector pcDNA3.1.
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Fig. 3. Phylogenetic tree of MC3Rs. The tree was constructed using the neighbor-joining (NJ) method. Numbers at nodes indicate the bootstrap value, as percentages,
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(AWA81517.1), common carp (XP_018922723.1), goldfish (BAJ83473.1), zebrafish (NP 851303.2), Chinook salmon (XP 024229914.1), coho salmon
(XP_020360426.1), Arctic char (XP_023994975.1), Asian arowana (XP_018615783.1), Chinese softshell turtle (XP_006129463.1), common box turtle
(XP_024059166.1), Chinese alligator (XP_006018246.1), saltwater crocodile (XP_019403708.1), turquoise-fronted amazon (KQL61336.1), great cormorant
(XP_009512236.1), African bush elephant (XP_003419952.1), sifaka (XP_012501302.1), human (NP_063941.3), mouse (AAI03670.1), rat (NP_001020441.3), large
flying fox (XP_011368476.1), black flying fox (XP_006921991.1), nine-banded armadillo (XP_004447768.1), cat (XP_023106851.1), horse (NP_001243901.1),

gemsbok (AFH58734.1).

2.4. Ligand binding assay

Forty-eight hours after transfection, HEK293T cells were washed
twice with warm DMEM containing 1 mg/mL bovine serum albumin
(BSA, EMD Millipore Corporation, Billerica, MA, USA) (DMEM/BSA)
and then incubated at 37 °C with DMEM/BSA containing ~ 80,000 cpm
of [*2°1]-NDP-MSH without or with different concentrations of un-
labeled ligands for 1 h (Tao and Segaloff, 2003). The ligands and their
final concentrations used in this study were NDP-MSH 10~ to
107°M), a-MSH (10 '° to 10> M), B-MSH (10~ ' to 10> M), ACTH
(1-24) (10~ *! to 10~ M), and D-Trp®-y-MSH (10~ ! to 10 ~°M). After
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incubation, the plates were placed on ice, and then the cells were wa-
shed twice with cold Hank's balanced salt solution containing 1 mg/mL
BSA to terminate the reaction. The cells were lysed with 100 uL. 0.5 M
NaOH and collected using cotton swabs. The radioactivity was counted
by a gamma counter (Cobra II Auto-Gamma, Packard Bioscience,
Frankfurt, Germany).

2.5. cAMP assay

Forty-eight hours after transfection, HEK293T cells were washed
twice with warm DMEM/BSA and then incubated with DMEM/BSA
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Fig. 5. Ligand binding properties of ipMC3R in HEK293T cells. Different concentrations of unlabeled agonists including (A) NDP-MSH, (B) a-MSH, (C) 3-MSH, (D)
ACTH (1-24), and (E) D-Trp®-y-MSH, were used to displace the binding of [*2*I]-NDP-MSH to MC3Rs in intact cells. Data are expressed as % of hMG3R
binding * range from duplicate measurements within one experiment. The curves are representative of at least three independent experiments.

containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich, St. Louis,
MO, USA) at 37 °C for 30 min. To investigate agonist-stimulated cAMP
production, the cells were treated without or with different con-
centrations of agonists. After one hour incubation at 37 °C, the plates
were placed on ice to terminate the reaction, and the cells were lysed
with 0.5M perchloric acid containing 180 pg/mL theophylline (Sigma-
Aldrich) and neutralized by 0.72 M KOH/0.6 M KHCO3. The cAMP le-
vels were determined by radioimmunoassay (RIA) as described
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previously (Steiner et al., 1969).

2.6. ERK1/2 phosphorylation assay

The phosphorylated ERK1/2 (pERK1/2) activity was measured as
described previously (He and Tao, 2014; Mo et al., 2012). Briefly, at
24 h after transfection, cells were washed with warm DMEM/BSA once
and starved in DMEM/BSA at 37 °C for 24 h. On the day of experiment,
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Table 1
The ligand binding properties of ipMC3R.
MC3R Brmax (%) NDP-MSH a-MSH B-MSH ACTH (1-24) D-Trp®-y-MSH
ICso (nM) ICso (nM) ICso (nM) 1Cso (nM) ICs (nM)
hMC3R 100 3.17 = 1.13 110.91 + 24.93 309.00 = 60.51 33.22 + 5.30 7.91 = 0.75
ipMC3R 334.01 + 28.07" 5.23 + 1.27 106.15 + 17.57 110.33 + 44.03" 53.84 + 20.37 118.91 + 29.58"
Values are expressed as the mean + SEM of at least three independent experiments.
@ Significantly different from the corresponding parameter of hMC3R, P < 0.05.
b Significantly different from the corresponding parameter of hMC3R, P < 0.001.
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Fig. 6. cAMP signaling properties of ipMC3R in HEK293T cells. Different concentrations of agonists including (A) NDP-MSH, (B) a-MSH, (C) 3-MSH, (D) ACTH
(1-24), and (E) D-Trp®-y-MSH, were used to stimulate cells expressing MC3Rs. The intracellular cAMP levels were measured by RIA. Data are expressed as

+

mean

cells were treated with buffer alone or agonists (10°° M a-MSH or
107 M ACTH (1-24)) for 5 min at 37 °C. Cells were then solubilized in
lysis buffer and total protein concentrations of cell lysates were de-
termined using the Bradford protein assay. Samples containing 30 pg of
proteins were separated on 10% SDS-PAGE gel and transferred onto
PVDF membranes for immunoblotting. Membranes were incubated
with 10% non-fat dry milk (containing 0.2% Tween-20) for 4 h at room
temperature, and then immunoblotted with rabbit anti-pERK1/2 anti-
body (Cell Signaling, Beverly, MA) at a dilution of 1:5000, and mouse
anti-B-tubulin antibody (Developmental Studies Hybridoma Bank,
University of lowa, lowa City, IA) at a dilution of 1:5000, in Tris-buf-
fered saline (TBST) containing 0.1% Tween 20 and 5% BSA overnight at
4°C. Membranes were then incubated with horseradish peroxidase-
conjugated secondary antibodies, donkey anti-rabbit IgG (Jackson Im-
munoResearch Laboratories, West Grove, PA) at a dilution of 1:8000
and donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories) at
a dilution of 1:10000 in 10% non-fat dry milk (containing 0.2% Tween-
20) for one hour at room temperature. Specific bands were visualized
using enhanced chemiluminescence reagent (Thermo Scientific, Rock-
ford, IL) and staining intensity was quantified using ImageJ Software
(National Institute of Health, Bethesda, MD). The pERK1/2 levels were
normalized according to the loading of proteins by expressing the data
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SEM from triplicate measurements within one experiment. The curves are representative of at least three independent experiments.

as a ratio of pERK1/2 over p-tubulin.

2.7. Statistical analysis

—+

All data were presented as mean = SEM. GraphPad Prism 4.0
software (San Diego, CA, USA) was used to calculate parameters in li-
gand binding and cAMP signaling assays. Two-tailed Student’s t-test
was performed to determine the significant differences in ligand
binding and signaling parameters between hMC3R and ipMC3R, basal
cAMP levels between AgRP-treated and non-treated groups, and
pERK1/2 levels between agonist-treated and non-treated groups. One-
way analysis of variance (one-way ANOVA) and two-way analysis of
variance (two-way ANOVA) were performed in the investigation of
ipMRAP2 effects on ipMC3R signaling. Statistical significance was es-
tablished when P < 0.05.

3. Results

3.1. Sequence analyses of ipMC3R, ipPOMC, and ipMRAP2

The catfish mc3r gene contained an open reading frame of 1104 bp
(NCBI, XM_017467315.1) encoding a putative protein of 367 amino
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(9]
a g S acids (NCBI, XP_017322804.1) and 41.05 kDa molecular mass (Fig. 1).
& ~ % Multiple alignment of MC3Rs revealed that the predicated ipMC3R had
g ;' 3 fg the classical feature of Family A GPCRs, with seven hydrophobic TMDs
g S o E 3 and several conserved motifs (PMY, DRY, and DPIIY) at homologous
Gl I S g positions with MC3Rs of other species. The deduced amino acid se-
§ = quence of ipMC3R was significantly conserved to other species in the
cg i 7; é TMDs, intracellular loops, and extracellular loops, but the amino and
N i 'i’l ~ g carboxyl termini displayed the lowest identities to other species
0 <
E ‘é ~a | £ (Fig. 2A). The identities between ipMC3R and other piscine MC3R or-
al8]33 ; E thologs were 95% (iridescent shark, Pangasianodon hypophthalmus),
5 =, 84% (red piranha, Pygocentrus nattereri), 81% (Wuchang bream, Mega-
5, g’? lobrama amblycephala), 81% (common carp, Cyprinus carpio), 81%
b = _@ (goldfish, Carassius auratus), and 80% (zebrafish, Danio rerio). However,
S : E g ipMC3R had lower identities with mammalian MC3Rs (70% to mouse,
&é o2 g g 69% to rat, and 67% to human).
£ 3% 2 & POMC is the precursor of several melanocortins including a-, B-, y-
o MSH and ACTH. In humans and rodents, all melanocortins share the
F ~ R % § pharmacophore (HFWR) that is necessary to bind to MCRs. Consistent
§ g g 0; o with one previous study identifying pomc gene in channel catfish (Karsi
e CH I N g et al., 2004), multiple alignment of amino acid sequences of POMCs in
518|392 g A, this study also suggested that a-MSHs, B-MSHs, and ACTHs might exist
< |E| TS & ;J; in channel catfish and other fishes with potential absence of y-MSHs
f zE.j (the core sequence was not found in the region that is supposed to
E}.f Hog produce y-MSH) (Supplementary Fig. 1). Although there were differ-
= ‘:I N ences in the sequences of ACTH and B-MSH (74% and 59% identity
3\; S s % between human and catfish ACTH and B-MSH, respectively), it is in-
mﬁ § 8| g2z teresting to note that a-MSH of channel catfish was identical to those of
‘z g other fish and mammals, indicating that a-MSH is highly conserved in
. 82 structure during evolution and potentially functions similarly in both
&S| =% mammals and fish (Supplementary Fig. 1).
S|Sc | =09 . . . . . .
R R RS The ipMRAP2 was also highly conserved with an identical TMD in
gl 3|as e N the species analyzed (Fig. 2B). We did not find MRAP1 sequence in
| E|~S | g g channel catfish based on the genome data, suggesting the absence of
% § this gene in channel catfish.
L] < .
B | 9B
R
S # | 8 : 3.2. Phylogenetic and chromosome synteny analyses of ipMC3R
9 ) Y ©
ilsx|ES
€| =8 I’ § Phylogenetic analysis was conducted with full-length amino acid
E b . sequences of ipMC3R and other MC3Rs to evaluate the evolutionary
Q= E S8g § relationships between the predicted ipMC3R and other vertebrate
|2 | 5as222 . L -
S|“°S|ggees MC3Rs. We showed that ipMC3R was nested within a clade of ir-
= EO ;I :rrl 2 E (VARVARY] idescent shark, red piranha and Mexican tetra (Fig. 3). Chromosome
E;j g =3 @ H ;1 :‘1 I:. synteny analysis also revealed that ipMC3R was orthologous to those of
g 2 ERERE] other fishes. The mc3r gene neighbors exhibited a conserved synteny to
o 3 <[v\> E E E those of red piranha, coho salmon, and zebrafish, but not to those of
S f Re e b human, mouse, and rat (Fig. 4).
o
I + L8y
< S Y 0 0 o
<« =
sl |sSEE¢ igand bindi ies of i
= | =5 |3 L 888 3.3. Ligand binding properties of ipMC3R
— o0 B0 bo
T O o &8 g
ng |5 2 g E E Competitive ligand binding assay was performed to investigate the
. x % ss | ¢ § é 3.; 3.; binding properties of ipMC3R to different MC3R ligands, including
o E "% ;' :0' 53 R & £ three endogenous agonists (a-MSH, 3-MSH, and ACTH (1-24)), one
% glg|ds | " 2 § E E superpotent agonist (NDP-MSH), and one MC3R-selective agonist (D-
lg § & £ 5 5 Trps-y-MSH) (Grieco et al., 2000). Different concentrations of unlabeled
8 o E EEE ligands were used to compete for radiolabeled ligand (['?°I]-NDP-MSH)
5 2 % & & b & binding. In the same experiments, we included hMC3R for comparison
? ~ fl 4 % § § § to see whether ipMC3R has any unique pharmacological characteristics.
= § 2|8 &S As shown in Fig. 5 and Table 1, the maximal binding value (Byay) of
|2 guw [ EBHTTT ipMC3R was 334 + 28% of that of the hMC3R (P < 0.01). The two
— — e S
_Ec a © g b é ‘5 E MC3Rs had similar ICsos when NDP-MSH, a-MSH, and ACTH (1-24)
o °HE & 2 were used to compete for ['2°I]-NDP-MSH binding. However, ipMC3R
~ 5 o & g T8 555 had significantly higher and lower affinities to B-MSH and D-Trp®-y-
2918 S |36 G MSH, respectivel
g 2| = ZE|2ge o > respectively-
= B > N
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Fig. 7. Constitutive activities of ipMC3R in both cAMP and ERK1/2 pathways. (A) The cAMP levels of HEK293T cells transfected with increasing concentrations of
ipMC3R plasmids were measured by RIA. The curve is representative of three independent experiments. (B) HEK293T cells transfected with ipMC3R (plasmid
concentration: 0.25 ug/uL) were treated without or with 10”7 M AgRP. The intracellular cAMP levels were measured by RIA. The data are expressed as mean *+ SEM
from three independent experiments. Asterisk (*) indicates significant difference between control and ligand treatment (two-tailed Student’s t-test). (C) The ERK1/2
phosphorylation levels of HEK293T cells transfected with increasing concentrations of ipMC3R plasmids were measured by western blot. (D) Values are expressed as
mean * SEM of five independent experiments. Asterisk (*) indicates significant difference from the basal ERK1/2 phosphorylation level of cells transfected with
empty pcDNA3.1 vector (One-way ANOVA followed by Dunnett test). In (A), (C), and (D), different concentrations of empty vector pcDNA3.1 were added to maintain
the identical total plasmid amount.

3.4. Signaling properties of ipMC3R (Fig. 7A). The high basal cAMP level at plasmid concentration of

0.25 pg/mL could be reduced by AgRP by 63.83% (Fig. 7B), suggesting
RIA was performed to determine whether ipMC3R could respond to that AgRP was a potent inverse agonist at ipMC3R.

these agonists in cAMP pathway. All agonists were shown to dose-de- In addition to cAMP pathway, ERK1/2 signaling was also evaluated.

pendently stimulate ipMC3R and increase intracellular cAMP genera- ERK1/2 phosphorylation increased with increasing concentrations of

tion. Cells transfected with empty vector pcDNA3.1 alone did not re- plasmid transfected (Fig. 7C and D), suggesting that ipMC3R was also

spond to agonist stimulation (Supplementary Fig. 2). As shown in Fig. 6 constitutively active in the ERK1/2 pathway.

and Table 2, the maximal responses of ipMC3R to the five agonists were

significantly lower (~50% to 70% of hMC3R). The ECso of NDP-MSH

for ipMC3R was comparable to that of the hMC3R (Fig. 6A and 3.6. Modulation of ipMC3R signaling by ipMRAP2

Table 2), whereas the ECsos of a-MSH, 3-MSH, ACTH (1-24), and D-

Trp®-y-MSH for ipMC3R were significantly lower than those of hMC3R In the present study, we investigated the actions of ipMRAP2 on
(Fig. 6B-E, and Table 2). ipMC3R signaling. Cells were co-transfected with ipMC3R and

ipMRAP?2 at different ratios (1:0, 1:1, 1:3, and 1:5). Our results showed
that ipMRAP2 could dose-dependently reduce the basal cAMP levels

3.5. Constitutive activity of ipMC3R with maximal inhibition observed at the 1:5 ratio (56.66% of 1:0 group)
(Fig. 8A). Significant reduction in agonist-induced cAMP generation
In this experiment, we also found the basal cAMP level of ipMC3R was also observed (Fig. 8B and C). To further explore the mechanism,

was 7-fold higher than that of hMC3R (109.52 + 13.17 vs. cells co-transfected with ipMC3R and ipMRAP2 at the ratios of 1:0 and
15.74 = 1.63 pmol/10° cells, n = 20), suggesting that ipMC3R might 1:5 were stimulated with different concentrations of a-MSH. We

be constitutively active. To further study the constitutive activity of showed that ipMRAP2 significantly reduced the maximal response by
ipMC3R, we transfected cells with increasing concentrations of plasmid. ~25%, whereas it did not affect the ECsq significantly (Fig. 8D).
Empty vector pcDNA3.1 was used to normalize the amount of DNA In addition to cAMP production, both a-MSH and ACTH (1-24)

added to each well. Our data showed that even very low amount of could activate ERK1/2 pathway through ipMC3R (Fig. 9A and B). Cells
ipMC3R plasmid transfected resulted in high basal cAMP levels transfected with empty vector pcDNA3.1 or ipMRAP2 alone did not

98
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Fig. 8. The actions of ipMRAP2 on cAMP signaling of ipMC3R in HEK293T cells. The cAMP levels of ipMC3R stimulated without (A) or with agonists a-MSH (B) and
ACTH (1-24) (C), could be dose-dependently inhibited by ipMRAP2. Values are expressed as mean + SEM of four independent experiments. Values marked with
different lowercase letters are significantly different (One-way ANOVA followed by Tukey test). (D) The curve is representative of five independent experiments in
which different concentrations of a-MSH were used to stimulate cells co-transfected with ipMC3R and ipMRAP2 at the ratios of 1:0 and 1:5.

respond to a-MSH and ACTH (1-24) stimulation (Fig. 9A and B). When
ipMRAP2 were coexpressed with ipMC3R, ipMRAP2 had no effect on
basal and a-MSH- and ACTH (1-24)-stimulated pERK1/2 levels (Fig. 9C
and D), different from its actions on cAMP pathway (Fig. 8).

4. Discussion

The MC3Rs have been extensively studied in human and rodents
regarding their roles in regulating energy balance (such as regulation of
feed efficiency and nutrient partitioning, maintaining circadian rhythm,
and adaptation to fasting and overfeeding) as well as modulation of
immune response. Several groups also functionally studied MC3Rs in
some other mammals and non-mammalian vertebrates (Fan et al.,
2008; Zhang et al., 2019, 2017). Given the critical functions of MC3Rs
in regulation of energy homeostasis, it is also important to understand
the roles of MC3Rs in economically important aquaculture fishes.
However, to our knowledge, only a few studies investigated MC3Rs in
fishes, such as spiny dogfish (Klovins et al., 2004b) and red stingray
(Takahashi et al., 2016). In the present study, we characterized channel
catfish MC3R by performing several pharmacological and functional
studies, aiming to lay a foundation for future physiological studies that
could provide new strategies for enhancing channel catfish culture.

We found that ipMC3R had a typical structure of family A GPCR,
similar as MC3Rs of other species (Figs. 1 and 2A). The ipMC3R showed
a remarkable conservation with several other teleost MC3Rs at the
amino acid level (more than 80% identities). Seven TMDs were present
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in ipMC3R, which were highly conserved among MC3Rs from different
species. Several highly conserved motifs that are known to be important
for receptor structure and function, such as PMY in TMD2, DRY in
TMD3, and DPIIY in TMD7, were also identified in ipMC3R. It is in-
teresting to note that ipMC3R had a long C-terminal domain similar as
in iridescent shark and red piranha but different from those in other fish
and mammalian MC3Rs (Fig. 2A), which might account for its unique
properties. The ipMC3R was also evolutionarily conserved since phy-
logenetic tree revealed that ipMC3R was clustered with teleost MC3Rs
and chromosomal synteny analysis showed that the surrounding genes
of catfish mc3r were similar to those in red piranha, coho salmon, and
zebrafish (Figs. 3 and 4).

To investigate the pharmacology of ipMC3R, we first performed
competitive ligand binding assays in HEK293T cells transfected with
ipMC3R plasmid. As shown in Fig. 5 and Table 1, the super-potent
agonist NDP-MSH bound to ipMC3R with the highest affinity, com-
parable to that of hMC3R. The binding affinities of ipMC3R to a-MSH or
ACTH (1-24) were also comparable to those of hMC3R. Significant 15-
fold difference is observed between ICsys of hMC3R and ipMC3R when
D-Trp®-y-MSH, an analogue of y-MSH, was used (Fig. 5E and Table 1).
In mammals, among the five subtypes of MCRs, MC3R has the highest
affinity to y-MSH and is the only MCR that is fully activated by y-MSH
(Cone, 2006). However, potential y-MSH region was not found in
channel catfish POMC (Karsi et al., 2004) (Supplementary Fig. 1).
Therefore, the low affinity of D-Trp®-y-MSH to ipMC3R might be ex-
plained by the absence of y-MSH in this species.
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Fig. 9. The actions of ipMRAP2 on ERK1/2 signaling of ipMC3R in HEK293T cells. (A and B) Cells transfected with empty vector pcDNA3.1, ipMRAP2, and ipMC3R
were stimulated without or with a-MSH and ACTH (1-24). The ERK1/2 phosphorylation levels were measured by western blot. Asterisk (*) indicates significant
difference from the each basal ERK1/2 phosphorylation level (Two-tailed Student’s t-test). (C and D) Cells co-transfected with ipMC3R and ipMRAP2 at different
ratios were stimulated without or with a-MSH and ACTH (1-24). The ERK1/2 phosphorylation levels were measured by western blot. Hash symbol (#) indicates that
the ERK1/2 phosphorylation of all ligand-treated groups are significantly different from those of the corresponding control groups (two-way ANOVA followed by
Bonferroni test). All values are expressed as mean *+ SEM of at least five independent experiments.

The MC3R couples to both Gs-cAMP and ERK1/2 pathways. We next
investigated the signaling properties of ipMC3R on both cAMP pro-
duction and ERK1/2 activation. In cAMP assays, our data showed that
the maximal responses of ipMC3R to five agonists were about 50 to 70%
of those of hMC3R (Fig. 6 and Table 2). In addition, all five agonists
could stimulate ipMC3R with sub-nanomolar potencies. In particular,
the sub-nanomolar potency of ACTH (1-24) at ipMC3R, significantly
different from its nanomolar potency at hMC3R (Fig. 6D, and Table 2),
indicated that ACTH might be an important endogenous ligand for
ipMC3R. ACTH was proposed as the “original” ligand for the early
MCRs during vertebrate evolution, since ACTH could bind to and/or
stimulate MC4R with high affinity and/or potency in several fishes
(Haitina et al., 2004; Klovins et al., 2004a; Li et al., 2016, 2017; Yi
et al., 2018). Only one study reported the results on the MC3R (Klovins
et al., 2004b). Our results showing the high affinity and potency of
ACTH (1-24) to ipMC3R provide further support for the importance of
ACTH as an endogenous ligand for fish MC3R.

As another pathway triggered by MC3R, ERK1/2 activation was
shown to be involved in the regulation of energy homeostasis in terms
of food intake, feeding behaviors and long-lasting effects of melano-
cortins (Begriche et al., 2012; Daniels et al., 2003; Sutton et al., 2005).
In this study, ERK1/2 activation was also observed when cells were
stimulated by a-MSH and ACTH (1-24) (Fig. 9A and B), suggesting that
ipMC3R might trigger ERK1/2 pathway similar to hMC3R, thus con-
tributing to the regulation of energy homeostasis.

100

Previous studies showed that several fish MC4Rs are constitutively
active in cAMP pathway (Li et al., 2016, 2017; Sanchez et al., 2009;
Sebag et al., 2013; Yi et al.,, 2018). In cavefish, mutations of mc4r
leading to decreased constitutive activity was considered as one cause
of elevated appetite, growth, and starvation resistance, suggesting the
physiological relevance of constitutive activity (Aspiras et al., 2015).
Only zebrafish MC3R was shown to be constitutively active in the cAMP
pathway before (Renquist et al., 2013). We revealed that ipMC3R dis-
played constitutive activity in cAMP pathway (Fig. 7A and Table 2) in
contrast to hMC3R which has little or no constitutive activity in this
pathway (Tao, 2007; Tao et al., 2010). AgRP is orexigenic in fishes
(reviewed in (Volkoff, 2016)). The high basal cAMP level of ipMC3R
could be potently reduced by AgRP (Fig. 7B) in accordance with the
findings in chicken and zebrafish MC3Rs (Renquist et al., 2013; Zhang
et al., 2017), indicating that AgRP was also a potent inverse agonist for
ipMC3R. Therefore AgRP could potentially regulate energy balance
through MC3R in channel catfish. Furthermore, we showed that
ipMC3R was also constitutively active in ERK1/2 pathway (Fig. 7C and
D).

In mammals, MRAP1 is highly expressed in the adrenal gland with
the indispensable function in trafficking MC2R to the plasma mem-
brane. Mutations in MRAPI1 accounts for ~20% of cases of familial
glucocorticoid deficiency type 2 and causes earlier disease onset com-
pared with familial glucocorticoid deficiency type 1 resulting from
mutations in MC2R (Chung et al., 2010; Metherell et al., 2005).
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Fig. 9. (continued)

Different from MRAP1, MRAP2 is primarily expressed in the hypotha-
lamus and has impact on regulation of energy homeostasis through
interaction with MC4R (Asai et al., 2013; Sebag et al., 2013), as well as
prokineticin receptors (Chaly et al., 2016) and ghrelin receptor (Srisai
et al., 2017). Mice with Mrap2 deletion display severe obesity (Asai
et al., 2013). Potentially pathogenic MRAP2 mutations have also been
identified in humans with obesity (Asai et al., 2013), which impair the
function of MC4R and thus lead to obesity. In zebrafish, MC4R signaling
can be differentially modulated by two isoforms of MRAP2, MRAP2a
and MRAP2b, leading to distinct regulation on energy homeostasis
(Sebag et al., 2013). MRAP2a stimulates growth of zebrafish by strongly
inhibiting MC4R signaling, whereas MRAP2b increases ligand sensi-
tivity and potentiates MC4R signaling (Sebag et al., 2013).

As for the MC3R, there are only three previous studies reporting the
modulation of signaling by MRAPs (Chan et al., 2009; Kay et al., 2013;
Zhang et al., 2017). The first study showed that in CHO cells expressing
hMC3R, human MRAP?2 significantly reduces NDP-MSH-induced cAMP
production (Chan et al., 2009). Kay et al. showed that hMRAPa in-
creases agonist-induced signaling (Kay et al., 2013). Zhang et al. de-
monstrated that in chicken MC3R, MRAP2 decreases constitutive ac-
tivity but potentiates agonist-induced signaling in the cAMP pathway
(Zhang et al., 2017). In the present study, we investigated the role of
ipMRAP2 in modulating ipMC3R signaling in both cAMP and ERK1/2

pathways. As shown in Fig. 8, ipMRAP2 inhibited both constitutive and
agonist-induced signaling in cAMP pathway. However, the constitutive
activity and agonist-induced ERK1/2 activation in ERK1/2 pathway
were not affected (Fig. 9C and 9D). We suggest that ipMRAP2 pre-
ferentially stabilized ipMC3R in an inactive conformation for cAMP
production but not ERK1/2 activation.

In the present study, we used a mammalian cell line cultured at
37 °C to perform the pharmacological studies. Although this is a widely
used strategy, partly due to the lack of well-established piscine cell
expression system, we caution that the activities of fish receptors may
potentially be affected by the properties of the mammalian cells and
culture temperature, such as different viscosities of cell membrane at
different temperatures. Viscosity is known to affect receptor con-
formational changes and downstream adenylyl cyclase activity (Hirata
et al., 1979).

In summary, we showed that ipMC3R was evolutionarily conserved
in piscine MC3Rs. The cloned ipMC3R was a functional receptor with
unique pharmacological properties compared to hMC3R, such as high
constitutive activities and high sensitivities to a-MSH and ACTH
(1-24). We also showed that ipMRAP2 could preferentially modulate
the cAMP signaling rather than ERK1/2 pathway. Therefore, we pro-
posed that MC3R, melanocortins (a-MSH and ACTH), and MRAP2, as
well as inverse agonist AgRP, are important components in a complex
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network that contribute to the central regulation of energy homeostasis
in channel catfish. Novel strategies might be developed targeting each
of these components to improve the growth and quality of this cultured
fish.
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