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ARTICLE INFO ABSTRACT

The melanocortin-3 receptor (MC3R) is a member of the G protein-coupled receptor superfamily that plays a
critical role in controlling energy balance and metabolism. Although pharmacological characterization of MC3R
has been reported previously in several other species, there is no report on the MC3R from giant panda
(Ailuropoda melanoleuca). This ancient species is known as a ‘living fossil’ and is among the most endangered
animals in the world. Giant panda survive on a specialized diet of bamboo despite possessing a typical carni-
vorous digestive system. We report herein the molecular cloning and pharmacological characterization of
amMC3R. Homology and phylogenetic analysis showed that amMC3R was highly homologous (> 85%) to
several other mammalian MC3Rs. Using human MC3R (hMC3R) as a control, the binding of five agonists, [Nle*,
D-Phe7]—a—melanocyte stimulating hormone (NDP-MSH), a-, 3-, y-, and D—Trps—y—MSH, was investigated, as well
as Gs-cAMP and pERK1/2 signaling. The results showed that amMC3R bound NDP- and D-Trp®-y-MSH with the
highest affinity, followed by a-, B-, and y-MSH, with the same rank order as hMC3R. When stimulated with
agonists, amMC3R displayed increased intracellular cAMP and activation of pERK1/2. These data suggest that
the cloned amMC3R was a functional receptor. The availability of amMC3R and knowledge of its pharmaco-
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logical functions will assist further investigation of its role in controlling energy balance and metabolism.

1. Introduction

The melanocortin system consists of melanocortin peptides derived
from tissue-specific post-translational processing of proopiomelano-
cortin (POMCQ), including adrenocorticotropic hormone (ACTH) and a-,
B-, and y-melanocyte-stimulating hormones (MSHs), and five known
melanocortin receptor (MCR) subtypes (MC1R — MC5R) (Dores et al.,
2014; Tao, 2017). MCRs have seven transmembrane domains and are
typical members of Family A, rhodopsin-like G protein-coupled re-
ceptors (GPCRs). The MCIR, previously referred to as the MSH re-
ceptor, is expressed on melanocytes and melanophores, and plays a key
role in regulating the synthesis of epidermal melanin pigments (Herraiz
et al., 2017). The MC2R, also referred as the ACTH receptor, is located
on mammalian adrenal cortex, and is an important component of the
hypothalamus-pituitary-adrenal gland axis responding to stress. The
MCS5R is expressed in some exocrine glands and regulates synthesis and
secretion of exocrine gland products (Cone, 2006).

The MC3R and MC4R play critical roles in the regulation of energy
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homeostasis. The MC4R is critical in regulating food intake and energy
expenditure, and mice lacking Mc4r exhibit severe obesity due to in-
creased food intake and decreased energy expenditure, as well as hy-
perinsulinemia (Huszar et al., 1997). The MC3R was first cloned from
human and rat in 1993 (Gantz et al., 1993; Roselli-Rehfuss et al., 1993),
and is expressed in multiple brain regions, and co-expressed with MC4R
specifically in the arcuate nucleus and ventromedial nuclei of the hy-
pothalamus and limbic system. It is also expressed in intestine and
placenta but not in several other peripheral tissues such as heart, liver,
lung, testes, and thyroid (Gantz et al., 1993; Roselli-Rehfuss et al.,
1993). More recent data detected MC3R at both the mRNA and protein
levels in mouse immune cells including macrophages (Getting et al.,
2003).

Known endogenous agonists of MC3R include a-, - and y-MSHs,
and Agouti-related protein (AgRP) is an endogenous antagonist
(Ollmann et al., 1997). Upon agonist stimulation, MC3R couples to the
stimulatory heterotrimeric G protein (Gs) and activates adenylyl cyclase
to promote the intracellular accumulation of cAMP. In situ
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Fig. 1. Nucleotide and deduced amino acid sequences of the giant panda (Ailuropoda melanoleuca) MC3R (amMC3R) and comparison with MC3Rs from other species.
(A) Sequence of the full-length amMC3R cDNA and in silico translation. The sequence of the myc tag is underlined. The seven transmembrane domains are shaded in
grey. The highly conserved DRY and N/DPxxY motif (DPLIY in MC3R) are highlighted in italics. (B) Homology and (C) phylogenetic analysis of MC3R nucleotide

sequences from several species.

hybridization studies indicated that like POMC mRNA, MC3R mRNA is
also expressed in the arcuate nucleus, suggesting that MC3R can also
act as an inhibitory auto-receptor in POMC neurons (Marks et al.,
2006). However, unlike MC4R, when treated with D-Trp®-y-MSH,
MC3R dampens POMC neuronal activity (Marks et al., 2006). A pre-
vious study showed that Mc3r knockout mice do not exhibit increased
food intake or weight gain (Chen et al., 2000), but although the total
body weight remains the same, the ratio of fat is increased by ~40%
compared with wild-type mice (Butler et al., 2000). Although Mc3r
knockout mice display an increase in adiposity, these animals are
protected against the development of metabolic syndrome compared
with other mouse models with comparable levels of adiposity
(Trevaskis et al., 2007). In humans, despite earlier failures in identi-
fying clinically relevant mutations in the MC3R (see (Hani et al., 2001;
Li et al., 2000) for examples), a series of subsequent investigations have
identified mutations and polymorphisms in the MC3R that are asso-
ciated with obesity, especially increased adiposity (Calton et al., 2009;
Feng et al., 2005; Lee et al., 2007; Lee et al., 2002; Rached et al., 2004;
Savastano et al., 2009; Tao, 2007; Tao and Segaloff, 2004; Yang et al.,
2015; Yang and Tao, 2012) (see (Demidowich et al., 2017; Tao, 2005,
2010; Yang and Tao, 2016b) for reviews). These studies highlight the
importance of the MC3R in regulating energy balance in humans.

The giant panda (Ailuropoda melanoleuca), an ancient species known
as a ‘living fossil’ with a history of ~7 million years, is one of the most
endangered animals in China (Tang et al., 2008). This species survives
on a specialized diet of bamboo, even though it has retained a typical
carnivorous digestive system (Xue et al., 2015). This highly specialized
feeding habit contributes to its endangered status, with less than 3000
giant pandas remaining in the wild (Zhan et al., 2006).

Since the melanocortin system is believed to play a significant role
in the regulation of energy balance in mammals and other animals, we
hypothesized that it may also be important for energy homeostasis in
giant panda. We previously reported pharmacological studies on giant
panda MC4R, demonstrating that panda MC4R and human MC4R share
the same rank order for the binding of several melanocortin peptides
(Wang et al., 2016). However, there is no report on giant panda MC3R
yet. To investigate the role of MC3R in regulating energy homeostasis
and other physiological functions in giant panda, we report herein the
molecular cloning and pharmacological characterization of the giant
panda MC3R (amMC3R). We analyzed the sequence characteristics of
the protein encoded by the amMC3R gene and compared it with
homologs from human and other species. Using the human MC3R
(hMC3R) as a control, the ligand binding and signaling properties of
amMC3R were investigated using several MC3R agonists, including
[Nle*, D-Phe”]-a-MSH (NDP-MSH), and a-, B-, y-, and D-Trp®-y-MSH.

Although the MC3R pharmacology have been studied in several
species, the panda MC3R pharmacology was still unknown. Previous
studies have highlighted important differences in orthologs of the same
GPCR from different species. For example, dramatic differences in wild-
type or mutation-induced constitutive activities have been observed in
cholecystokinin-B/gastrin receptor (Schaffer et al., 1998), follitropin
receptor (Tao et al., 2002), MC3R (Renquist et al., 2012), and MC4R (Li
et al., 2016; Li et al., 2017; Yi et al., 2018). Drug efficacy and potency
can also be different between species homologs (Jiang et al., 2008;
Kopin et al., 1997; Ndong et al., 2011), important considerations when
using different animal models and potential applications in animal
production. Porcine somatostatin receptor 2 has been shown to have
different pharmacological properties compared with the human
homolog (Duran-Prado et al., 2007). Significant difference in receptor
pharmacology has even been observed in homologs from very closely
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related species such as cynomolgus monkey and human (Hipkin et al.,
2004). Therefore the present study on panda MC3R pharmacology was
relevant.

2. Materials and methods
2.1. Hormones and supplies

NDP-MSH and D-Trp®-y-MSH were purchased from Peptides
International (Louisville, KY, USA). a-MSH and y-MSH were purchased
from Pi Proteomics (Huntsville, AL, USA). 3-MSH was purchased from
CHI Scientific (Maynard, MA, USA). '*>I-NDP-MSH was iodinated as
previously described (Mo et al., 2012). 1251.cAMP was iodinated using
the chloramine T method (Tao et al., 2010). Tissue culture plasticware
was purchased from Corning (Corning, NY, USA). Cell culture media,
newborn calf serum, and other reagents for cell culture were obtained
from Invitrogen (Carlsbad, CA, USA). Human MC3R expression vector
was described in our previous article (Tao and Segaloff, 2004).

2.2. Molecular cloning of amMC3R

The sequence of amMC3R in the NCBI database indicated a putative
coding region with a single exon of 972 bp. The coding DNA sequence
was amplified directly from giant panda genomic DNA using sense
primer 5-CCGGAATTCATGAACGCTTCGCGCTGCCTGCTGCC-3" and
antisense primer 5’-CCTCTAGACTACCCCAGGTTAATGCCGTCGCAG
CTG-3’ based on the published nucleotide sequence of amMC3R (NCBI
reference sequence number XM_002921212.2), incorporating EcoRI and
Xbal restriction sites in sense and antisense primers (underlined), re-
spectively. PCR amplification was performed in a 25 pl mixture con-
taining 100 ng of giant panda genomic DNA (Wang et al., 2016), 0.4 uM
of each primer, and 12.5pul 2 x Easy Taq PCR SuperMix (Trans-Gen
Biotech, Nanjing, China), with the following cycling parameters: 5 min
at 94 °C for one cycle, followed by 60 s at 94 °C, 60 s at 56 °C, and 90 s at
72°C for 35 cycles, then a final extension at 72°C for 10 min. After
amplification, PCR products were separated by electrophoresis on a
1.5% agarose gel with 1 x TAE buffer, stained with ethidium bromide,
and visualized under UV light. PCR products of the expected size were
excised and purified from the gel using an Axygen PCR purification kit
(Axygen, Beijing, China), double digested with EcoRI and Xbal
(Promega, Shanghai, China), and ligated into the expression vector
pcDNA3.1(+) using T4 DNA ligase (Trans-Gen Biotech) at 16 °C over-
night.

Recombinant plasmids were transformed into competent Escherichia
coli DH5a cells and spread on an LB-agar plate containing 50 pug/ml
ampicillin. Plasmid DNA was extracted from cultures grown from single
colonies using an Axygen mini-preparation kit, and clones were
screened for an insert of the expected size by digestion with EcoRI and
Xbal. The nucleotide sequence of the cloned amMC3R was determined
for three independent plasmids at Sangon Biotech Co. Ltd (Shanghai,
China). After verifying that the entire coding region was intact by au-
tomated DNA sequencing, amMC3R tagged at its N-terminus (after the
initiating Met codon) with a myc tag was generated by Sangon Biotech.
The addition of a myc epitope tag facilitates future experiments such as
immunofluorescence or immunoblotting when an antibody is needed
because the antibodies for GPCRs are mostly of poor quality and the
antibodies for myc epitope tag have been validated in numerous pub-
lications. Extensive studies including our own on the MC4R have shown
that small epitope tags like myc do not affect receptor pharmacology
(Tao and Segaloff, 2003). Plasmid DNA containing a myc epitope tag
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TMD1 v
MNASCCLLPAQPTLPNSSEHLAAPSFSNQSSSGFCEQVFIKPEVFLALGIVSLLENILVILAVVRNGNLHSPMVFFLCSLAVA 83
MNASCCLPSVQPTLPNGSEHLQAPFFSNQSSSAFCEQVFIKPEVFLSLGIVSLLENILVILAVVRNGNLHSPMYFFLCSLAVA 83
MNSSCCLSSVSPMLPNLSEHPAAPPASNRSGSGFCEQVFIKPEVFLALGIVSLMENILVILAVVRNGNLHSPMYFFLCSLAAA 83
MNSSCCPSSSYPTLPNLSQHPAAPSASNRSGSGFCEQVFIKPEVFLALGIVSLMENILVILAVVRNGNLHSPMYFFLCSLAAA 83
MNASCCLLSAPPALPNSSEHLPAPSFSNQSSSGFCEQVVIQPEVFLALGILSLLENVLVILAVARNGNLHSPMYLFLCSLAVA 83
MNASCCLHSAQPKLPNSSEHVAAPSFSNQSSSFFCEQVFIKPEVFLALGI ISLLENILVILAVVRNGNLHSPMYFFLCSLAVA 83
MNASCCLHSAQPMLPNSSEHVAAPSFSNQSSSFFCEQVFIKPEVFLALGI ISLLENILVILAVVRNGNLHSPMYFFLCSLAVA 83
MNASCCLLSAQPTLPNSSEHLAAASFGNQSGSGFCEQVFIKPEVFLALGIVSLLENILVILAVARNGNLHSPMYFFLCSLAVA 83
MNASCCLPSVHPTLPNGSEHPASPAFGNQSGSGFCEQVFVKPEVFLALGIVSLLENILVILAVVKNSNLHSPMYFFLCSLAAA 83
MNSTHFTFSFQPVLLNVTEDISDSILNNRSSDGFCEQVF IKAEVFLTLGI ISLMENILVILAVVKNGNLHSPMYFFLCSLAVA 83
MNDSHLQFLKGQKSVNSTSLPPNGSLADSPAGTLCEQVQIQAEVFLTLGIVSLLENILVISAVVKNKNLHSPMYFFLCSLAAA 83
v TMD2 EL1 TMD3 v L2

84 DMLVSVSNALETIMIAI INSNYLTFEDQF I QHMDNVFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMSVRKALAWIV 166
84 DMLVSVSNALETIMIAIVHSDYLTFEDHFIQHMDNIFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALTLIV 166
8 DMLVSLSNSLETIMIAVINSDSLTLEDQFIQHMDNIFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALTLIG 166
84 DMLVSLSNSLETIMIVVINSDSLTLEDQFIQHMDNIFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALSLIV 166
84 DLLVSVSNALETIMIAVVNSDALTFEDQFVQHMDNVFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKAGALIA 166
84 DMLVSVSNALETIMIAVVNSDYLTLEDQF IQHMDNVFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALALIV 166
84 DMLVSVSNALETVMIAVVNSDYLTLEDQF I QHMDNVFDSMTCISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALALIA 166
84 DMLVSVSNALETVMIAIVNSNYLTFEDRFVQHMDNVFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMTVRKALAWIV 166
84 DMLVSVSNALETVTIAVVNSNSLALGDRLIQHMDNVFDSLICISLVASICNLLAIAVDRYVTIFYALRYHSIMTARKALAWIA 166
84 DMLVSTSNALETIMIAILSSGYLIIDDHFIQHMDNVFDSMICISLVASICNLLVIAIDRYITIFYALLYHSIMTVKKALTLIV 166
Zebrafish 84 DMLVSVSNSLETIVIAVLNSRLLVASDQFVRLMDNVCDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIVTVRRALAVIA 166
v TMD4 EL2 TMD5 v L3
Panda 167 AIWVCCGVCGVVFIVYSESKMVIVCLITMFFAMLLLMGTLYVHMFLFARLHVQRIAALPPAD-GV - APPQHSCMKGAVTIT 245
Human 167 AIWVCCGVCGVVFIVYSESKMVIVCLITMFFAMMLLMGTLYVHMFLFARLHVKRIAALPPAD-GV - APQQHSCMKGAVTIT 245
Mouse 167 VIWVCCGICGVMF I I YSESKMVIVCLITMFFAMVLLMGTLYVHMFLFARLHVQRIAALPPAG-VV - APQQHSCMKGAVTIT 245
Rat 167 AIWVCCGICGVMF IVYSESKMV IVCLI TMFFAMVLLMGTLYVHMFLFARLHVQRIAALPPAD-GV - APQQHSCMKGAVTIT 245
Pig 167 AIWVCCGVCGVVFIVYSESKMV IVCLVVIFFAMLLLMGTLYVHMFLFARLHVQRIAALPPAD -GG - PPPQRSCLKGAVTIS 245
Cattle 167 AIWLGCGICGVVFIVYSESKMVIVCLVTMFLAMLLLMGTLYVHMFLFARLHVKRIAALPPAD-GA - APPQHSCMKGAVTIT 245
Sheep 167 AIWLGCGICGVVFIVYSESKMVIVCLVTMFLAMLLLMGTLYVHMFLFARLHVKRIAALPPAD-GA - APPQHSCMKGAVTIT 245
Dog 167 AIWVCCGVCGVVFIVYSESKMVIVCLI TMFFAMLLLMGTLYVHMFLFARLHVQRIAALPPAD-GV - APPQHSCMKGAVTIT 245
Cat 167 AIWVSCGVCGVVF I IYSESKMVIVCLITMFFAMLLLMGALYVHMFLFARLHVQRIAALPPAD-GA - APPQHSCMKGAVTIT 245
Chicken 167 LIWISCIICGI IFIAYSESKTVIVCLITMFFTMLFLMASLYVHMFLFARLHVKRIAALP-VD-G- - VPSQRTCMKGAITIT 244
Zebrafish 167 VIWLVCVVCGIVF IVYSESKTVIVCLI TMFFAMLVLMATLYVHMFLLARLHVQRIAALPPAAPGAGNPAPRQRSCMKGAVTIS 249
TMD6 v EL3 TMD7 v Cytoplasmic Tail
Panda 246 | LLGVFIFCWAPFFLHLILIITCPTNPYCVCYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCSCDGMNLG 323
Human 246 I LLGVFIFCWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCGCNGMNLG 323
Mouse 246 | LLGVFIFCWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCGCNSMNLG 323
Rat 246 ILLGVFIFCWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCGCNGMNLG 323
Pig 246 LLLGVFIFCWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCSCNA 319
Cattle 246 | LLGVFVFCWAPFFLHLVLIITCPTNPYCVCYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCSCNGMNLG 323
Sheep 246 | LLGVFVFCWAPFFLHLVLIITCPTNPYCVCYTAHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFKEILCSCNGMNLG 323
Dog 246 |LLGVFIFCWAPFFLHLVLIITCPTNPYCVCYTAHFNTYLVLIMCNSI| IDPLIYAFRSLELRNTFKEILCSCNGMNLG 323
Cat 246 | LLGVFICCWAPFFLHLILIITCPTNPYCICYTAHFNTYLVLIMCNSI| IDPLIYAFRSLELRTTFKEILCSCNGMNLG 323
Chicken 245 | LLGVFIVCWAPFFLHLILIISCPMNPYCVCYTSHFNTYLVLIMCNSVIDPLIYAFRSLEMRKTFKEIVCCCYGVSVGQCML 325
Zebrafish 250 | LLGVFVCCWAPFFLHLILLVSCPHHPLCLCYMSHFTTYLVLIMCNSVIDPLIYACRSLEMRKTFKEILC-CFGCQPAL 327
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Chicken 100 79.8
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Fig. 2. Comparison of the amino acid sequence of amMC3R with those of MC3Rs from other species. The amMC3R sequence is aligned with those of human (hMC3R),
mouse (mMC3R), rat (rMC3R), pig (pMC3R), cattle (cMC3R), sheep (sMC3R), dog (dMC3R), cat (cMC3R), chicken (gMC3R), and zebrafish (zMC3R). Positions of
different regions are indicated above the sequences and labelled as follows: transmembrane domain, TMD; extracellular loop, EL; intracellular loop, IL; amino and
carboxyl termini, extracellular amino terminus and intracellular cytoplasmic tail, respectively. Conserved residues are indicated with an asterisk (*). The trans-
membrane domains are shaded grey, with the most conserved residue in each transmembrane domain indicated by an inverted filled triangle. (B) Homology and (C)

phylogenetic analysis of MC3R amino acid sequences from several species.
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Fig. 3. Ligand binding properties of the cloned amMC3R in HEK293T cells. HEK293T cells were transiently transfected with the cloned amMC3R (hMC3R was used as
a control), and binding properties of the MC3Rs were measured as described in Section 2. Different concentrations of unlabeled agonists were used to displace the
binding of '?*I-NDP-MSH to MC3Rs in intact cells (A, NDP-MSH; B, a-MSH; C, B-MSH; D, y-MSH; E, D-Trp®-y-MSH). Results are expressed as mean % of hMC3R
binding * range from duplicate determinations within one experiment. All experiments were performed three times.

Table 1
Ligand binding properties of amMC3R.
n Bax (%) ICso (nM)
NDP-MSH a-MSH B-MSH y-MSH D-Trps-y-MSH
hMC3R 3 100 9.26 + 1.12 95.85 + 1.89 90.27 + 3.51 609.47 *= 18.47 19.61 + 4.21
amMC3R 3 148 * 6.56 8.33 = 1.55 123.48 + 17.54 104.06 + 7.54 1755.3 + 265.9° 29.08 + 8.02

Abbreviations: Bmax, binding capacity; ICso, concentration of unlabeled ligand resulted in 50% displacement.

Values are expressed as the mean +
* Significant differences from the hMC3R control, p < 0.05.

and the correct amMC3R sequence (myc-amMC3R-pcDNA3.1) was
prepared with an Axygen Plasmid Maxi kit for transfection as described
below.

2.3. Homology and phylogenetic analysis of amMC3R

Homology and phylogenetic analyses at nucleotide and amino acid
levels were performed for sequences from various species including
giant panda (A. melanoleuca), human (Homo sapiens), mouse (Mus
musculus), rat (Rattus norvegicus), cattle (Bos taurus), pig (Sus scrofa),
sheep (Ovis aries), dog (Canis lupus), cat (Felis catus), chicken (Gallus
gallus), and zebrafish (Danio rerio) using the DNASTAR 7.0.0 program
according to the manufacturer’s protocol (Madison, WI, USA).

2.4. Cells and transfections

Human embryonic kidney (HEK) 293T cells, purchased from
American Type Culture Collection (Manassas, VA, USA), were grown at
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S.E.M. of at least three independent experiments.

5% CO, in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 50 ug/ml of gentamicin, 100IU/ml of penicillin, 100 pg/ml of
streptomycin, 20 ug/ml of amphotericin B, 10 mM HEPES, and 10%
newborn calf serum. Cells were plated on gelatin-coated 35 mm six-well
clusters from Corning. For transient expression of myc-amMC3R, when
cells reached 50-70% confluency, plasmids were transfected using the
calcium phosphate precipitation method (Chen and Okayama, 1987).
At ~48h after transient transfection, measurement of ligand binding
and ligand-stimulated cAMP generation and phosphorylated ERK1/2
were performed.

2.5. Radioligand binding assay

Ligand binding assays were performed as described previously (Tao
and Segaloff, 2003). Briefly, at 48h after transient transfection,
HEK293T cells were washed twice with pre-warmed Waymouth’s media
(Sigma-Aldrich, St. Louis, MO, USA) containing 1 mg/ml bovine serum
albumin (BSA; referred herein as Waymouth/BSA). Fresh Waymouth/
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Fig. 4. Signaling properties of the cloned amMC3R in HEK293T cells. HEK293T cells were transiently transfected with the cloned amMC3R (hMC3R was used as a
control), and signaling assays were performed as described in Section 2. For measurement of cAMP accumulation, transfected cells were stimulated with various
concentrations of agonists (A, NDP-MSH; B, a-MSH; C, B-MSH; D, y-MSH; E, D-Trp®-y-MSH). Intracellular cAMP levels were measured by radioimmunoassay. Results

+

are expressed as the mean

S.E.M. of triplicate determinations within one experiment, and all experiments were performed three times.

Table 2
Agonist-stimulated cAMP responses of hMC3R and amMC3R.
n NDP-MSH a-MSH B-MSH y-MSH D-Trp®-y-MSH
ECso (nM) Rumax ECso (nM) Ruax ECso (nM) Rumax ECso (nM) Rumax ECso (nM) Rumax
hMC3R 3 0.58 = 0.12 100 3.68 = 1.00 100 2.10 = 0.43 100 2.80 = 0.44 100 0.46 = 0.18 100
amMC3R 3 0.63 + 0.12 109 + 4 4.99 = 217 116 = 10 471 = 1.48 102 + 4 5.06 * 1.29 97 £ 6 0.57 + 0.10" 98 + 2

Abbreviations: ECso, concentration of agonist causing 50% stimulation of the maximal response; Rmax, maximal response.

+

Data are expressed as the mean

S.E.M. of three independent experiments. The Ry, was 3238 + 276 pmol/106 cells for hMC3R under NDP-MSH stimulation,

1565 + 104 pmol/10° cells under o-MSH stimulation, 1735 = 29pmol under B-MSH stimulation, 1648 + 222pmol under y-MSH stimulation, and

1595 + 174 pmol/10° cells under D-Trp®-y-MSH stimulation.

BSA with or without different concentrations of unlabeled ligands
(NDP-, a-, B-, y- or D-Trp®-y-MSH) containing 100,000 cpm of *>°I-NDP-
MSH was then incubated at 37 °C for 1 h. The total volume was 1 ml in
each well, and the final concentrations of unlabeled ligands are in-
dicated in the figures. After incubation, plates were placed directly on
ice and washed twice with cold Hanks’ balanced salt solution con-
taining 1 mg/ml BSA to terminate the reaction. Cells were then solu-
bilized with 100 ul of 0.5 M NaOH, and cell lysates were collected with
cotton swabs and counted in a gamma counter. All determinations were
performed in duplicate, and the experiment was repeated at least three
times. B, (maximal binding) and ICs, (the concentration of unlabeled
ligand resulting in 50% displacement) were calculated using GraphPad
Prism 4.0 software (San Diego, CA, USA).

2.6. Ligand-stimulated cAMP generation

Transient transfection of HEK293T cells was performed as described
above. At about 48 h after transient transfection, HEK293T cells were
washed twice with warm Waymouth/BSA, and fresh Waymouth/BSA
containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) was added
to each well and incubated at 37 °C for 15 min. Next, either buffer alone
or different concentrations of ligands (NDP-, a-, B-, y- or D-Trp®-y-MSH)
were added to each well, with the final volume adjusted to 1 ml, and
cells were incubated at 37°C for another 1h. The final ligand
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concentrations are indicated in the figures. After incubation, cells were
placed on ice to terminate the reaction, media were aspirated, and in-
tracellular cAMP was extracted with 0.5M perchloric acid containing
180 mg/ml theophylline. The cAMP concentration was measured by
radioimmunoassay (Tao et al., 2010). All determinations were per-
formed in triplicate, and the experiment was repeated at least three
times. Rp,ax (maximal response) and ECs, (the concentration of agonist
causing 50% maximal cAMP production) were calculated using Prism
4.0 software.

2.7. Western blotting analysis

At 18 h after transient transfection, cells in 100-mm dish were wa-
shed twice and starved with Waymouth/BSA without serum. At 24h
after starvation, 4.5 ml of fresh Waymouth/BSA and 500 pl of the dif-
ferent ligands were added to each dish and cells were incubated at 37 °C
for 5 min before cellular extraction. Cellular extracts were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a PVDF membrane for immunoblotting.
Specific rabbit primary antibodies were used for detection of phos-
phorylated forms of ERK1/2 (Thr?°2/Tyr?*%; 1:2500, Cell Signaling
Technology, Danvers, MA, USA). Equal protein loading was verified by
mouse B-tubulin antibody (1:2500, Developmental Studies Hybridoma
Bank at the University of Iowa, IA, USA). Blots were probed with
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Fig. 5. ERK1/2 signaling of the cloned amMC3R in HEK293T cells. HEK293T cells were transiently transfected with the cloned amMC3R (hMC3R was used as a
control), and western blots were performed as described in Section 2. For measurement of the activation of pERK1/2, transfected cells were stimulated with various
agonists at different concentrations (NDP-MSH and D-Trp®-y-MSH at 10~ °M; a-MSH, B-MSH and y-MSH at 10~ °M). Results are expressed as the mean + S.E.M. of
four independent experiments. Asterisks (*) indicate significant differences from basal pERK1/2 levels (p < 0.05).

horseradish peroxidase-conjugated anti-rabbit (1:2500) and anti-mouse
(1:2500, Jackson ImmunoResearch Inc., West Grove, PA, USA) anti-
bodies at room temperature for 1h. Bound antibodies were detected
using ECL reagent (Thermo Scientific, Waltham, IL, USA) and quanti-
fied by ImageJ 1.49 software (NIH, MD, USA).

2.8. Statistical analysis

GraphPad Prism 4.0 Software was used to calculate ligand binding,
signaling, and pERK1/2 activation parameters including ICsy, ECso,
Bmax, and Ry« Significance of differences in binding, signaling, and
PERK1/2 activation parameters between human and giant panda WT
MC3Rs were analyzed using Student’s t-tests with Prism 4.0.

3. Results
3.1. Nucleotide and deduced amino acid sequences of putative amMC3R

The putative amMC3R gene published in the NCBI database
(100469853) is intronless and contains one reading frame of 972 bp en-
coding a polypeptide of 323 amino acids (Fig. 1A). We designed forward
and reverse primers to amplify the full-length amMC3R coding sequence,
and the cloned sequence matched the predicted sequence perfectly. We
performed nucleotide sequence alignment of the obtained nucleotide se-
quence of the amMC3R gene with nucleotide sequences of human, mouse,
rat, pig, cattle, sheep, dog, cat, chicken, and zebrafish MC3Rs (GenBank
accession number or NCBI reference sequence number NM_019888.3,
NM_008561.3, NM_001025270.3, JQ828976.1, XM_002692426.1,
XP_004014499.1, NP_001128596.1, XM_019826334.1, AB017137.1, and
NP_851303.2, respectively). The comparison showed that giant panda
MC3R shared 91.3%, 87.8%, 89.4%, 91.4%, 91.6%, 92.4%, 96.2%,
92.2%, 74.5%, and 68.2% homology with these other species at the nu-
cleotide level (Fig. 1B). At the amino acid level, homology between giant
panda MC3R was over 95.5% for dog, 92.0% for human, cattle, and
sheep, 87.3-89.3% for mouse, rat, pig, and cat, 76.3% for chicken, and
72.4% for zebrafish (Fig. 2B). Like other GPCRs, amMC3R had seven
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transmembrane domains that are the most highly conserved regions
among the different species.

3.2. Ligand binding properties of amMC3R with five MC3R ligands

In order to investigate the binding properties of amMC3R, compe-
titive binding assays were preformed using whole-cell binding assays in
HEK293T cells, using hMC3R for comparison. Different concentrations
of five unlabeled ligands were used as competitors with a fixed amount
of '2°L.NDP-MSH. NDP-MSH, a highly potent analog of the natural
agonist (a-MSH), and D—Trps—y—MSH, a selective analog of the natural
agonist y-MSH of MC3R, are widely used in MC3R studies. The en-
dogenous ligands a-, 3- and y-MSHs were also used. As shown in Fig. 3,
the maximal binding of the amMC3R was 148 = 6.56% that of hMC3R,
and the difference was statistically significant (p < 0.05). The
amMC3R protein yielded significantly higher ICsq values compared to
hMCS3R for a-, B-, y-, and D-Trp®-y-MSH ligands. However, when NDP-
MSH was used, the two MC3Rs shared similar IC5o values (Table 1).

3.3. Signaling properties of amMC3R with five MC3R ligands

To further investigate whether the cloned amMC3R could respond to
ligand stimulation to increase cAMP generation, radioimmunoassay
was performed. We transiently transfected the amMC3R construct into
HEK293T cells and analyzed the signaling properties using five MC3R
ligands at different concentrations. As shown in Fig. 4, amMC3R caused
a dose-dependent increase in intracellular cAMP when stimulated with
all five agonists. Although the ligand binding assays revealed that the
cloned amMC3R had relatively higher affinity compared with hMC3R,
both receptors shared similar maximal responses when treated with
NDP-, a-, B-, y-, and D-Trp®-y-MSH and the ECs, values of the five li-
gands with amMC3R were comparable with those of hMC3R (Table 2).
NDP-MSH and D-Trp®-y-MSH were more potent agonists at stimulating
cAMP generation than the other agonists. Furthermore, the basal ac-
tivity of amMC3R was similar to that of hMC3R.
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3.4. pERK1/2 signaling efficacies of five MC3R agonists

To further evaluate the signaling properties of amMC3R, we mea-
sured the efficacy of several agonists in MAPK signaling. Previous stu-
dies found that activation of ERK1/2 induced by NDP-MSH is increased
significantly at 5 min after stimulation with 1 uM NDP-MSH (Mo et al.,
2012). We therefore chose 5 min as the stimulation duration, and used
107°M as the final concentration for both NDP-MSH and D-Trp®-y-
MSH, since both are potent agonists of MC3Rs, whereas 10> M was
used for the other agonists (a-, B-, and y-MSH). As shown in Fig. 5, with
amMC3R, all five agonists induced phosphorylation of ERK1/2, by ~ 2-
fold. However, at the same concentration, phosphorylation of pERK1/2
was increased ~ 3-fold with hMC3R, and both receptors yielded com-
parable responses to all five agonists. The basal activity of amMC3R was
similar to that of hMC3R.

4. Discussion

By bioinformatic analyses of giant panda genome, we identified the
putative full-length coding region of amMC3R. Homology and phylo-
genetic analyses showed that among MC3Rs in different species,
amMC3R was the most similar to the dog sequence, while unsurpris-
ingly, the zebrafish sequence was the least similar to amMC3R, fol-
lowed by chicken. The amino acid sequences of mammalian MC3Rs
shared high conservation, including length and presumably structure,
except for the pig MC3R (Fan et al., 2008), which is four amino acids
shorter than other mammalian sequences. Previous studies showed that
pig MC3R binds NDP-MSH with the highest affinity, followed by D-
Trp®-y-MSH, y-, and a-MSH, with the same ranking order as observed
for hMC3R, although the affinity of pig MC3R for these ligands is be-
tween two- and nine-fold higher than that of hMC3R (Fan et al., 2008).

To further investigate the pharmacological function and physiolo-
gical role in energy homeostasis of giant panda MC3R, ligand binding
was performed using hMC3R for comparison. We wanted to find out
whether amMC3R had similar affinity as hMC3R for the ligands. The
experiments showed that amMC3R bound these ligands with the same
rank order as the hMC3R, with the highest affinity for NDP-MSH, fol-
lowed by D-Trp®-y-, a-, -MSH, and y-MSH. Comparison between the
two receptors revealed that the affinities for all of the five ligands for
hMC3R was higher than those for amMC3R. Our results showed that the
ICso values for these ligands were of the same order of magnitude as
values determined in previous studies (Fan et al., 2008; Wang et al.,
2008; Yang and Tao, 2012). Although amMC3R exhibited a compara-
tively high ICsq value, it displayed higher B,,, compared with hMC3R.

MC3Rs regulate energy homoeostasis by receiving stimulation from
certain POMC-derived peptides. As a member of the GPCR superfamily,
the conventional signaling pathway of MC3R involves stimulation of
adenylyl cyclase activity and consequent protein kinase A activation by
coupling to Gs (Gantz et al., 1993; Roselli-Rehfuss et al., 1993). In the
present study, we performed transient transfection of amMC3R in
HEK293T cells. NDP-MSH and D-Trp®-y-MSH are long-lasting analogs
of natural agonists a-MSH and y-MSH, respectively, and the results
revealed that the two analogs were more potent than the endogenous
ligands. Among the five subtypes of MCRs, MC3R is the only one with
high affinity for y-MSH at physiological concentrations, and y-MSH is
widely considered as the probable endogenous ligand for this receptor
(Humphreys et al., 2011). In our signaling experiments, when treated
with 3-MSH, the ECsq value was almost the same as a-MSH and y-MSH,
suggesting that 3-MSH might also be an endogenous ligand of MC3R,
and may play an important role in energy homoeostasis. Although the
Bax value of amMC3R was higher than that of hMC3R, the Ry, of the
two receptors was comparable (Li et al., 2016), likely due to the pre-
sence of spare receptor in the transient transfection system (Tao, 2015).

In addition to the classical Gs-cAMP signaling pathway, other
pathways could be activated by MC3R stimulation, including the MAPK
pathway. HEK293T cells transiently transfected with MC3R can
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activate extracellular signal-regulated kinases 1 and 2 (ERK1/2) phos-
phorylation when treated with NDP-MSH (Chai et al., 2007), and cAMP
production and ERK1/2 activation are not necessarily related (Yang and
Tao, 2016a). Thus, to learn more about amMC3R, we further assessed
the effects of the five ligands on ERK1/2, and all five agonists could
induce ERK1/2 activation. Based on these and previously reported re-
sults, we used 10 ~® M NDP-MSH and D-Trp®-y-MSH, and 10> M a-, B-,
and y-MSH as the final concentration for stimulating cells. The results
showed that activation of ERK1/2 with amMC3R increased ~ two-fold
upon stimulation by agonists, while the increase with hMC3R was
~ three-fold.

Previous studies showed that MC3R is expressed in several other
tissues in addition to the brain, including gastrointestinal tract, pitui-
tary gland, placenta, immune cells and but not in several other per-
ipheral tissues such as heart, liver, lung, testes, and thyroid (Gantz
et al., 1993; Getting et al., 1999; Regard et al., 2008; Roselli-Rehfuss
et al., 1993). However, because of the endangered status of the giant
panda, we cannot obtain tissues from giant panda. Therefore we cannot
study tissue expression of amMC3R. This is a limitation of the current
study.

In conclusion, giant panda MC3R was successfully cloned and in-
serted into the eukaryotic expression vector pcDNA3.1. The re-
combinant plasmid was transiently transfected into HEK293T cells, and
pharmacological experiments revealed that amMC3R exhibited full
functionality upon stimulation with agonists in vitro. Compared with
hMC3R, the two receptors shared the same rank order for the binding of
five tested agonists, and yielded similar signaling results in two path-
ways. These findings lay the foundation for further study of the role of
amMC3R in giant panda physiology.
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