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Apelin receptor(s) (APLNR) are suggested to mediate the achs of apelin and
Elabela (ELA) peptides in many physiological processes, dluding cardiovascular
development and food intake in vertebrates. However, the fuctionality of APLNR has
not been examined in most vertebrate groups. Here, we charaerized two APLNRs
APLNR1, APLNR?2) in chickens and red-eared sliders, and theeAPLNRs in zebra sh
(APLNR2a, APLNR2b, APLNR3a), which are homologous to humaAPLNR. Using
luciferase-reporter assays or Western blot, we demonstrad that in chickens, APLNR1
(not APLNR2) expressed in HEK293 cells was potently actived by chicken apelin-36
and ELA-32 and coupled to Gi-cAMP and MAPK/ERK signaling patvays, indicating
a crucial role of APLNR1 in mediating apelin/ELA actions; ired-eared sliders, APLNR2
(not APLNR1) was potently activated by apelin-36/ELA-32,uggesting that APLNR2 may
mediate apelin/ELA actions; in zebra sh, both APLNR2a and RLNR2b were potently
activated by apelin-36/ELA-32 and coupled to Gi-cAMP signlng pathway, as previously
proposed, whereas the novel APLNR3a was speci cally and pantly activated by apelin.
Similarly, an apelin-speci ¢ receptor (APLNR3b) sharing B% sequence identity with
zebrash APLNR3a was identi ed in Nile tilapia. Collectivig, our data facilitates the
uncovering of the roles of APLNR signaling in different vetbrate groups and suggests a
key functional switch between APLNR1 and APLNR2/3 in mediatg the actions of ELA
and apelin during vertebrate evolution.

Keywords: chicken, turtle, zebra sh, Apelin, Elabela, APL NR

INTRODUCTION

Apelin receptor (APLNR) has been identi ed as a class A (rhodotike) G protein-coupled
receptor (GPCR) and originally named APJ, which shares a velgtihigh amino acid
sequence identity (31%) with angiotensin Il receptor (AT1)t blisplays no speci ¢ binding
toward angiotensin 1l peptidel( 2). A later study revealed that APLNR can bind a novel
peptide of 36 amino acids, “apelin-36,” which was rst extracfeom bovine stomach 3J).

In addition to apelin-36, multiple short forms of apelin peptide kian identical C-terminus,
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such as apelin-17, apelin-13, and pyroglutamyl form of apelinwater intake and diuresis in rat¢@) and angiogenesis in cultured
13 (pGlu-apelin-13), have been identi ed in mammalgd ¢— human umbilical vascular endothelial cell$l). Loss ofELA
6). All these peptides are derived from a large preproapeliin mice causes the defects in early mesodermal derivatives,
precursor encoded by the apelidiPLN) gene, and have been cardiovascular malformations, and embryonic lethality50%
shown to be capable of binding APLNR with high a nities incidence) ¢3 44). Interestingly, in human embryonic stem
(3, 6). It is reported that APLNR is capable of coupling to Gicells (hnESC)ELA is abundantly expressed and sustains hESC
protein(s) and its activation can modulate multiple signglin self-renewal via an unknown receptor coupled to PI3K/Akt
pathways, including the inhibition of cAMP signaling pathway pathway ¢5).
and activation of ERK signaling cascades-8). Since the Despite the identi cation of APLNR(s) and its two ligands
discovery of this ligand-receptor pair in 1998)( there has (i.e., apelin and ELA) in mammals and zebra sh, the structure,
been increasing evidence showing that APLN-APLNR is widelfunctionality and tissue expression of the APLNRs in many
expressed in mammalian tissues including the brain and heaxtertebrate groups including birds have not been fully
(7). Forinstances, inrats, both APLN and APLNR are reported tewharacterized. Therefore, in our present study, we aimed to
be expressed in various brain regions, with a high expressiai | characterize APLNR in several representative vertebrai@espe
noted in the supraoptic nucleus (SON) and the paraventriculamcluding chickens, turtles and zebra sh. Strikingly, wlenti ed
nucleus (PVN) of hypothalamu$€11). In humans, APLNR is two APLNRs (APLNR1 and APLNR2) in chickens and turtles,
expressed in the vascular endothelial and smooth muscle cefind three functional APLNRs in zebra sh, including a novel
and ventricular cardiomyocytes of the heart, while APLN isapelin-speci ¢ receptor (APLNR3), which has not been reported
expressed in the vascular and endocardial endothelial ¢ells in any vertebrate before. Undoubtedly, our study estabishe
13). Moreover, APLN-APLNR is also expressed in the endotheliad molecular basis to elucidate the roles of APLNRs and their
cells and/or smooth muscle cells of the vasculature of othdigands in di erent vertebrate groups.
human tissues, including the pulmonary vessels, smalliatral
vessels, and the surrounded arteries of adrenal glands ( MATERIALS AND METHODS
14). The wide tissue expression of APLN-APLNR suggests their . ) . .
involvement in the regulation of many physiological processe Peptides, Antibodies, Primers, and
such as cardiovascular development and functiof) {6), blood Chemicals
pressure {7, 18), uid homeostasis {9), angiogenesis2(), Chicken apelin-36, apelin-13, ELA32a (with an intra-molecular
neuroendocrine activityq1), heart development22-24), food  disul de bond), ELA32b (without a disul de bond), and ELA-11
intake (25, 26), drinking behavior £7, 28), pituitary hormone and zebra sh apelin-36 and ELA-36/ELA-22 (without a disul de
secretion g7, 29, metabolism 80), and neuroprotection 1)  bond) peptides were synthesized45% purity) by GL Biochem
in the central nervous system (CNS) and peripheral tissuegShanghai, China) and their structures were veri ed by mass
although some of these ndings are contradicto).(Similar  spectrometry. Restriction enzymes afielq DNA polymerase
to these mammalian ndings APLN/APLNR knockdown in  were purchased from Takara (Dalian, China). Primers usedi# th
zebra sh or Xenopus laevigauses abnormalities in vascular study were synthesized by TSINGKE (Beijing, China) anédist
development §2, 33), myocardial cell specication and heart in Supplementary Table 2 Monoclonal antibodies fob-actin
formation (24, 34, 39), further highlighting the ancient and and ERK1/2 were purchased from Cell Signaling Technology
conserved roles oAPLN-APLNR signaling in the regulation of Inc., (CST, Beverly, MA, USA). All chemicals and reagents were
cardiovascular development in vertebrat@s)( purchased from Sigma Aldrich (Shanghai, China) unless dtate
Recently, a novel ligand for APLNR named Elabela (ELAptherwise.
(also called “Toddler” or “Apela’) has been identi ed in zelsh
(37, 39). Zebrash ELA has a temporal expression patternAnimal Experiments
distinct from that of apelin during embryogenesis, and likel Adult chickens (Lohmann layer&allus gallu zebra sh Danio
acts as an early developmental signal to regulate the movemererio), Nile tilapia (Oreochromis niloticjsand red-eared sliders
of mesoendodermal cells, heart development, and angioblaStrachemys scripta elegapsirchased from local suppliers were
migration (37-39). ELA is a 32-amino acid peptide conserved insacri ced and various tissues were collected. Zebra sh ryod
vertebrates37, 38). Despite the little homology shared betweenat consecutive developmental stages (0, 2, 4, 6, 8, 10, Ehd4,
ELA and apelin peptidesn vitro studies support that ELA can 48 hpf) were also collected. All these animal experiments were
bind to the two APLNRs (APLNRa and APLNRDb) in zebra sh conducted in accordance with the Guidelines for Experimenta
and cause receptor internalizatio®q 38). Moreoverjnvivodata Animals issued by the Ministry of Science and Technology of
show thatAPLNRmutants are phenotypically indistinguishable People's Republic of China. The experimental protocol used in
from ELAnull zebra sh embryos, both displaying abnormalities this study was approved by the Animal Ethics Committee of
in cardiovascular developmer&1-39). All these ndingstendto College of Life Sciences, Sichuan University (Chengdu, Ghina
support the notion that ELA is a potential alternative ligand fo .
APLNRs in zebra sh, though this idea awaits further veri cat. ~ 10tal RNA Extraction, RT-PCR, and
Consistent with the ndings in zebra sh, ELA has been redgnt Quantitative Real-Time PCR (qPCR)
shown to be capable of binding and activating APLNR inTotal RNA was extracted from animal tissues with RNAzol
mammals {0-42). Like apelin, ELA is also suggested to regulat&keagent (Molecular Research Center, Cincinnati, OH, USA) and
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dissolved in DEPC-treated4®. Reverse transcription (RT) was serum (HyClone, Logan, UT, USA), 100 U/ml penicillin
performed using MMLV Reverse Transcriptase (Takara, DaliarG and 100ng/ml streptomycin (Life Technologies, Grand
China) from 2mg total RNA. These RT samples were then usedsland, NY, USA) in a 90-cm culture dish (Nunc, Rochester,
in PCR ampli cation of target genes, or subjected to quatitiea NY, USA). Cells were cultured at 3Z in a humidied
real-time PCR assay (qPCR) of gene expression in chicken atmosphere with 5% Cg&®and routinely sub-cultured every
zebra sh tissues on the CFX96 Real-time PCR Detection Systeddays.

(Bio-Rad, Hercules, CA, USA), as described in our recentistud

(46,47, Functional Characterization of APLNRs in
Rapid Ampli cation of 5 %cDNA and 3 © Cultured HEK293 Cells
cDNA Ends (RACE) According to our previously established method, the

. . . functionality of APLNRs from chickens, red-eared sliders,
To determine the gene structure of chickdRLNandELA rapid zebra sh, Nile tilapia and humans was examined in HEK293

ampli cation of 52 or 32cDNA ends (RACE) was performed to . .
amplify cDNAs of both genes from brain tissue using SMART-Ce”S by a pGL3-CRE-luciferase reporter or pGL4-SRE-luciferase

RACE cDNA ampli cation Kit (Clontech, Palo Alto, CA, USA) :ﬁopr?irt fr:n;ysrfcrzbt;\:h;ir:ivzztigg (bﬁehri]bif:g)w 2 Atl\(jIPbeorc"ls\l/Ip,zglli of
according to the manufacturer's instruction. The ampli ed RC ignaling pathwayst6-51). In brief, HEK293 cells were cultured

) |
| TA2 T k ) :
products were cloned into p vector (Toyobo, Osaka, Japagn a six-well plate and grown for 24h before transfection.

and sequenced (BGI, Beijing, China). The gene structure he cells were then transfected with a mixture containing 70
APLN and ELAwas then determined by comparing their cDNA .
was ! Y paring ‘el pGL3-CRE-Luciferase reporter construct (or pGL4-SRE-

sequences with genomic sequences from the chicken geno d ifer reporter construc). 200 nd of r tor expression
database (www.ensembl.org/gallus_gallus). uciferase reporter construct), g of receplor expressio

plasmid [or empty pcDNA3.1%) vector as a negative control],
; ; ; ; and 2 m jetPRIME (Polyplus Transfection, lllkirch, France)
gjnedntéfr?él:)\r}e?'{ebgfel_sNR Genes in Chickens in 200 m bu er. Twenty-four hour later, HEK293 cells were

. sub-cultured into a 96-well plate at 3Z for an additional 24 h
Using human APLNR cDNA (NM_005161) as a reference, pefore treatment. After removal of medium from the 96-well

we search its homologous gene(s) in the genome of severglie the cells were treated with 106 peptide-containing
representative vertebrate species, including chickenglesuyr medium (or peptide-free medium) for 6h in the presence or
Xenopus tropicaligebra sh, Nile tilapia, spotted gatefraodons  gpsence of forskolin (M). Finally, HEK293 cells were lysed
takifugu rubripes(http://www.en;embl.org).. The aminq acid \ith 1 passive lysis buer for luciferase assay (Promega,
sequences OAPLNR(s)were either predicted according 10 pagison, Wi, USA) and the luciferase activity of the cell lgsat
their genomic sequences or retrieved from GenBank. Ayas measured by a Multimode microplate Reader (TriStar LB

phylogenetic tree of APLNRs was constructed using thgsy gGe&G Berthold, Germany) according to the manufactsirer
Neighbor-Joining Method supplied in MEGAG software (http:// nstruction.

www.megasoftware.net).

Construction of the Expression Plasmid of Western Blot
APLNR(s) From Humans, Chickens HEK293 cells cultured in a 60-mm culture dish (Nunc,
Red-Ear Slider. and Zebrz;l sh ' Rochester, NY, USA) with 70% con uence were transfected by

Pri desianed based inf " 1frrg of receptor expression plasmid using jetPRIME reagent
AETSE fwere hgsklgne aset on sgqtugn;:etlln om;a '0?] %ccording to manufacturers' instruction (Polyplus Transfenti
Nile tiIZpric():\T ;elrclo(ranne (Oéagizsgn (priglelwwcvr eer;sz?nbrlaos;g,/)mkimh’ France). After the 24-h transfection, HEK293 sell
) ) : ) wer -cultur int 24-well plate, rum- rived for
Then the open reading frame (ORF) of ea&PLNR was ere sub-cultured into a ell plate, serum-deprived fo

. . - . 12h and then treated by peptides for 10min. These cells
ampli ed from the animal [chicken, red-eared slideFrachemys were washed with cold PyBSp a?nd lysed by RIPA Lysis Bu er
scripta elegais zebra sh, tilapia] heart tissue with the use

. . (Roche, Basel, Switzerland) on ice. Western blot was used to
of high-delity KOD DNA polymerase (Toyobo, Osaka, : : : ;
: ERK1/2 phosphorylat tin level Il
Japan). The PCR products were cloned into pcDNA3.eX{jlrnlne /2 phosphorylation anbtactin levels in ce

(C) expression vector (Invitrogen, Carlsbad, CA, USA) sates.

and sequenced (BGI, Beijing, China). Using genomic DNA

extracted from human embryonic kidney 293 (HEK293)Data Analysis

cells as the template, humarAPLNR ORF was also The luciferase activity in each treatment group was
amplied by PCR and cloned into pcDNA3.1C( expression expressed as the relative fold changes as compared with

vector. their respective control groups. The data were analyzed by
non-linear regression followed by one-way ANOVA using
Cell Culture GraphPad Prism 5 (GraphPad, San Diego, CA, USA). To

Human embryonic kidney 293 (HEK293) cells were maintainedralidate the results, all experiments were repeated at least
in DMEM supplemented with 10% (vol/vol) fetal bovine twice.
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RESULTS 7 transmembrane domains and an ERY motiFigure 2

Cloning the Full-Length cDNAs of Chicken Supplementary Figure

APLN and ELA o
Although APLN and ELA were predicted to exist in birds, Identi cation of a Novel APLNR (APLNR3)

their full-length cDNAs have not been determined in anyin Zebra sh, Tilapia, and Other Teleost Fish
avian species. In this study, we cloned the full-length cDNA$n this study, we also searched the genome database of akbra
of APLN and ELA from the chicken heart. Chicke®PLN  andidenti ed threeAPLNRIike genes. Among the thre&PLNR
cDNA is 878 bp in length (KX017222) and predicted tojike genes, two of them have been reported previously. They
encode a 78-amino acid (a.a.) precursor, which shows 42re namedAPLNRa (aliased asagtrila, NP_001068573) and
73% aa. sequence identities with preproapelin of othesPLNRbaliased aagtrilh NP_001025368), respectivedyi(35
vertebrate species, including humans, turtles, tropicalis  52). As revealed by synteny analysis showRigure 3, zebra sh
spotted gars, and zebrash. As in mammals, chicken apelinpL.NRaand APLNRbare orthologous to chickelAPLNR2
precursor is likely to produce multiple forms of mature put not to chicken APLNRLor human APLNR (hAPLNR).
apelin peptide, such as apelin-36 (36 amino acids) and apelithus, we re-named zebra shPLNRaand APLNRbasAPLNR2a
13 (13 amino acids), after removal of its signal peptidegnd APLNR2brespectively in this study. Interestingly, the third
and proteolytic processing at the dibasic residugyre 1,  receptor gene we found encodes a novel APLNR-like receptor of
Supplementary Figure ). 408 a.a. (KU887750), which shows low a.a. identities withdrum
The cloned chickenELA cDNA (KX017223) encodes a APLNR (36%), and zebra SAPLNR2#APLNR2K{41%). Hence,
precursor of 54 amino acids, which shows 52-87% a.a. idesititithis novel receptor was designatedid® _NR3a
with that of ducks, zebra nches, American alligators, Gige As in zebra sh, bothAPLNR2a(APLNRa,XP_005473185)
soft-shelled turtles,X. tropicalis spotted gars, coelacanths,and APLNR2b(APLNRb, XP_013126265) were identied in
zebra sh, mice, rats, and humans. Like chicken apelin, CELAile tilapia. In addition, we also identi ed and cloned a novel
precursor also contains a signal peptide at its N-terminussthuAPLNRIlike gene in tilapia. This gene encodes a receptor of
it is predicted to generate a 32-a.a. ELA peptide (ELA-32) aftef93a.a. (KU887751), which shows relatively high a.a. sequen
removal of its signal peptide. The mature chicken ELA-32 showglentity (57%) to zebra sStAPLNR3abut a low degree of identity
63-97% a.a. sequence identities with ELA from other veatebr to human APLNR (34%), zebrash APLNR2s 38%), and

species examinedrigure 1). chicken APLNR1/2 (35-37%)S(ipplementary Table L Thus,

. . . we named this receptoAPLNR3b Similar to the nding in
Identi cation of APLNR1 and APLNR2 in zebrash and tilapia, APLNR3aor APLNR3bcould also be
Chickens and Red-Eared Sliders identi ed in a number of teleost sh, including medaka andgu

Using humanAPLNRcDNA (NM_005161, also callePLNR1 (Supplementary Figure 3.
in this study) as the query sequence, we searched the genomeLike human APLNR, zebrash APLNR3a and tilapia
database of chickens and western painted turtles. Inteiglgti  APLNR3b contain 7 typical transmembrane domains, an ERY
we identi ed two APLNRIike genes in chickens and turtles. motif, and two cysteine residues for disul de bond formation
Based on these sequence information, we designed primers (@igure 2), indicating that APLNR3a/APLNR3b also belong to
amplify and clone the cDNAs of the twhPLNRdSrom chickens class A GPCR.
and red-eared sliders, con rming the existence of both geine
these species. According to their evolutionary origin, weed . .
them asAPLNR1and APLNR2espectively. Synteny Analysis of APLNR Gene(s) in

Chicken APLNR1 cDNA is predicted to encode a 370- Vertebrates
a.a. receptor (KU887746), which shares high a.a. sequendsing synteny analysis, we traced the evolutionary histdry o
identities with human APLNR (64%). Chicke®WPLNR2cDNA  these APLNRs in vertebrate species including humans, chickens,
encodes a receptor of 365a.a. (KU887747), which shows |oXv tropicalis zebra sh, and spotted gars. We found that chicken
amino acid identity (43%) with human APLNR. However, like APLNR1is orthologous to humam®\PLNR This APLNR1 could
human APLNR, both cAPLNR1 and cAPLNR2 contain severlso be identi ed in turtles, coelacanths and spotted gausitlis
transmembrane domains, a DRY/ERY motif near the end of théikely lost in teleosts (e.g., zebra sh) aXdtropicaligFigure 3).
3rd transmembrane domain, and a cysteine pair for disul de Interestingly, APLNR2identi ed in chickens appears to be
bond formation known to be critical for receptor conformatio lost in humans and mice, but it can still be identied in
(Figure 2). all non-mammalian vertebrate species examined, including

The cloned red-eared slider APLNR1 (374 a.a., KU887748)opicalis zebra sh and spotted gars. Furthermore, our synteny
and APLNR2 (365a.a., KU887749) share high a.a. sequeraralysis indicates that zebra $kPLNRaand APLNRbreported
identities with chicken APLNR1 (73%) and APLNR2 (67%),n previous studies34, 36-38, 52) are orthologous to chicken
respectively. In addition, like chicken APLNR1 and APLNR2APLNR2 Hence, we re-name them a®LNR2aand APLNR2b
they also share relatively high structural similarity withman  respectively Kigure 3). Moreover, we also found aALPNR2
APLNR (67; 47% identity) and contain many conservedragment in the opossum genomé&ypplementary Figure %,
structural motifs characteristic of class A GPCR, such amdicating the existence &PLNR2n some mammalian species.
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A
Chicken 1
Duck 1
Finch 1
Alligator J.
Turtle 1
Xenopus 1
Human 1
Rat 1
Mouse 4.
Coelacanth 1
Gar 1 ————EHEFNIB3 ¥
Zebrafish 1 SADKHGTKHDER LF Y- KNNRHNC
B Apelin-36
Chicken
Alligator A € . G R
Turtle 5 ’ ) \ PRLSHKGPMPF]
Xenopus INTIRT SR P ! VR . LSHKGPMPF]
Human IBCIRTAVC ILI PLPBE NG| N "RLSHKGPMPF]
Mouse LLL LN 5 DG B NT|€ \ N 2 HKGPMPF]
Rat GWP 5 NT€ ) 3 LSHKGPMPF]
Gar —TVIREVSTCSASA 5 NGE N "RLSHKGPMPEF]
Coelacanth CKSLLEFG-VIFIRFETETSVWEEAS SEDLEEG 00 ' RIGH PRLSHKGPMPF]
Zebrafish = 5 Z‘ R SWR > 1KGPMPF]
Tilapia . 5 PIIZ 5 :RPRPRLSHKGPMPF]
Apelin-13
FIGURE 1 | Alignment of ELA/apelin precursors of chickens and other spees. (A) Amino acid alignment of chicken Elabela (ELA) precursor (RX7223) with that of
ducks (XP_012952131), zebra nches (XP_012428876), Amerim alligators (XP_014449490), Chinese soft-shelled tue8 (XP_014430475) Xenopus tropicalis
(XP_012811093), humans (NP_001284479), mice (NP_00128838), rats (XP_008770257), coelacanths (XP_014352760), sfted gars (XP_015199913), and
zebra sh (NP_001284476). Arrowheads indicate the dibasiceasidues for proteolytic processing (i.e., RLR32; R42R*3). The dotted arrows indicate the two cysteine
residues, which may be required for a tentative intra-moladar disul de bond formation in ELA peptides.(B) Amino acid alignment of chicken apelin precursor
(KX017222) with that of American alligators (XP_01446543Avestern painted turtles (XP_005310961)Xenopus tropicalis(NP_001165146), humans (NP_059109),
mice (NP_038940), rats (NP_113800), spotted gars (XP_0182270), coelacanths (XP_014341585), zebra sh (NP_0011595), and Nile tilapia (XP_013126785).
Arrowheads denote the dibasic residues for proteolytic proessing (i.e., FPLR62, R64R65). All sequences were retrieved from the GenBank.

Although APLNR3a/APLNR3bould be identi ed in teleosts, these peptides in activating cCAPLNR1 is: apelin-3650.18
it is likely lost in tetrapods including chickens, as evidetdy 0.10nM)> ELA32a (EGp: 0.59 0.13nM) ELA32b (EGo:
synteny analysis. 0.87 0.23nM)> apelin-13 (EGy: 7.86 2.73nM)> ELA-11
(EGs0:42.1 18.96 nM). As a positive control, all peptides could
. . . dose-dependently inhibit forskolin-induced luciferaseities
Functional Characterization of APLNRs of HEK293 cells expressing human APLNRalfle 1). These
From Chickens, Turtles, and Zebra sh ndings clearly indicate that like human APLNR, chicken
To test whether APLNRs identi ed in chickens, turtles andAPLNR1 can function as a receptor common for apelin and
zebra sh are functional, each receptor was transiently esggd ELA peptides and is functionally coupled to Gi-cAMP signaling
in HEK293 cells and treated with various concentrations opathway. Unlike cAPLNR1, cAPLNR2 could only be activated
synthetic chicken peptides [apelin-36, apelin-13, ELA-32&y high concentrations of apelin-36/ELA peptides100 nM),
(with the intra-molecular disul de bond), ELA-32b (withdu implying that cAPLNR2 could not transmit signals e ectivety
the disul de bond) and ELA-11] Figure 4A). The receptor Vvitro.
activation (or inhibition) of the cAMP and MAPK signaling Strikingly, in red-eared sliders, APLNR2 (but not APLNR1)
pathways were then monitored by pGL3-CRE-luciferasexpressedin HEK293 cells could be potently activated by apelin-
or pGL4-SRE-luciferase reporter systems, respectively, @ and ELA-32 Table 1), and its activation results in the
established in our previous studie&3(51). inhibition of forskolin-stimulated luciferase activisgFigure 4),
As shown inFigure 4, using pGL3-CRE-luciferase reporter suggesting that APLNR2, rather than APLNRL1, is likely the
system, we demonstrated that chicken apelin-36, apelin-143; EL functional receptor common for both peptides in turtles.
32a, ELA-32b, and ELA-11 treatment dose-dependently inddbit ~ In zebra sh, APLNR2a (APLNRa), and APLNR2b (APLNRDb)
forskolin (5mM)-stimulated luciferase activities of HEK293 cellscould be activated by chicken apelin-36, apelin-13, ELA-32a,
via activating chicken APLNR1. The order of the potencies odnd ELA-32b with high potencies, whereas ELA-11 is much
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FIGURE 2 | Alignment of APLNR(s) from chickens and other specie¢A) Alignment of chicken APLNR1 (cAPLNR1, KU887746) with thatfaed-eared sliders
(slAPLNR1, KU887748), humans (huAPLNR, NP_005152), and etacanths (COAPLNR1, XP_005999317)B) Alignment of chicken APLNR2 (cCAPLNR2, KU887747)
with that of red-eared sliders (SIAPLNR2, KU887749)Xenopus tropicalis(xtAPLNR2, NP_001027492), coelacanths (coAPLNR2, XP_0080330), and zebra sh
(zfAPLNR2a: NP_001068573; zfAPLNR2b; NP_001025368JC) Alignment of zebra sh APLNR3a (zfAPLNR3a, KU887750) with &t of common carp (cpAPLNR3a,
KTG31429), or with APLNR3Db of Nile tilapia (HAPLNR3b, KU8851), zebra mbuna (mbAPLNR3b, XP_004563916), and medakandAPLNR3b, XP_011474208).
The conserved “D/ERY motif” and cysteine residues (for disdle bond formation) are boxed and the seven transmembrane dorains (TMD1-7) are shaded; the
potential N-glycosylation site (NXT/S, X represents any residue exceptoline) is underlined; dots indicate amino acids identiddo chicken APLNR1/APLNR2 or
zebra sh APLNR3a; dashes denote gaps in the alignment.
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FIGURE 3 | Synteny analysis ofAPLNRsin vertebrates. Synteny analyses show thatA) APLNR1, (B) APLNR2,and (C) APLNR3 (APLNR3a or APLNR3bare located
in three syntenic regions conserved in most vertebrate spees examined. Dotted lines indicate the syntenic genes; ddmd lines denote genes of interestAPLNR1
exists in the genomes of humans, chickens and spotted gars, Wile it is likely lost in zebra sh andXenopus tropicalis APLNR2exists in zebra sh @APLNR2aand
APLNR2b), spotted gars, Xenopus tropicalis chickens, and opossums Supplementary Figure 4 ), while it is likely lost in most mammalian species (includj
humans); APLNR3(APLNR3aor APLNR3b) exist in teleosts, but it is likely lost in tetrapods (e.gchickens) and spotted gars. The existence of two copies oAPLNR2
(APLNR23 APLNR2b) and APLNR3(APLNR3a APLNR3D) in teleosts was likely originated from a teleost-speci ¢ ggome duplication event (WGD)53). Genes
(colored in red) adjacent toAPLNR1/APLNR2are paralogous (e.g.,.SMTN-SMTNL, RTN4R-RTN4R2l), which were likely generated by a whole genome duplication
event during vertebrate evolution§4).
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FIGURE 4 | Functional analysis of chicken, human and turtle APLNR()A) Amino acid sequences of chicken apelin-36 (36 amino acidsppelin-13 (13 amino acids),
ELA-32a (32 amino acids with the tentative disul de bond), EA-32b (without the tentative disul de bond), and ELA-11 pepides used in this experiment. The identical
C-terminal regions between apelin-36 and apelin-13, or beteen ELA-32b and ELA-11, are shaded(B—F) Effects of chicken apelin-36(B), apelin-13 (C), ELA-32a
(D), ELA-32b (E), and ELA-11(F) (10 2t010 7 M, or 10 12t0 10 © M, 6h) on forskolin (5mM)-stimulated luciferase activity of HEK293 cells expreasg chicken
APLNR1 (cAPLNR1), APLNR2 (cAPLNRZ2), or human APLNR (hAPLNRmonitored by a pGL3-CRE-luciferase reporter system(G,H) Effects of chicken apelin-36

(A) and ELA-32b (B) on forskolin (5mM)-stimulated luciferase activity of HEK293 cells expregsy red-ear slider APLNR1 (tuAPLNR1) and APLNR2 (tuAPLNR2)
monitored by a pGL3-CRE-luciferase reporter system. As a rgative control, peptide treatment did not inhibit forskofi-stimulated luciferase activity of HEK293 cells
transfected with the empty pcDNA3.1C) vector. Each data point represents mean SEM of three replicates il D 3).

less potentkigure 5 Table 1). These ndings suggest that both zebra sh APLNR3a or tilapia APLNR3b expressed in HEK293
receptors may function as the receptors common to apelirells could be potently activated by synthetic zebra sh apeli
and ELA peptides. Interestingly, zebra sh APLNR3a could b&6, but not by zebrash ELA-36/ELA-22, whereas zebra sh
potently activated by chicken apelin-36 (5£1.88 0.54nM), APLNR2a/APLNR2b could be activated potently by both apelin
but not by ELA peptide, suggesting that APLNR3a may functiorand ELA Figure 5 Table J).

as a receptor speci c to apelin. Like zebra sh APLNR3a, tilapia Using the pGL4-SRE-luciferase reporter systdfigire 6),
APLNR3b could also be potently activated by apelin-365¢=C we demonstrated that like human APLNR (hAPLNR1),
1.36 0.96 nM), but not by ELA-32, suggesting that APLNR3bchicken APLNR1, zebra sh APLNR2a, and APLNR2b, turtle
may also function as an apelin-speci c receptdfigure 5. APLNR2, and zebrash APLNR3a, and tilapia APLNR3b
In support of this notion, we further demonstrated that are functionally coupled to MAPK/ERK signaling cascade.
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TABLE 1 | ECgq values of chicken (c) and zebra sh (zf) apelin/ELA peptides ctivating APLNR(s) of chickens (c), humans (h), zebra shffztilapia (ti), and red-eared
sliders (tu), examined by the pGL3-CRE-luciferease repent assay.

Ligands ECs5o (nM)
hAPLNR CAPLNR1 CAPLNR2 zfAPLNR2a zfAPLNR2b zfAPLNR3a tIAPLNR  3b tUAPLNR1 tuAPLNR2

cApelin-36 0.16 0.06 0.18 0.10 >100 296 1.26 0.90 0.33 1.88 0.54 1.36 0.96 N 258 1.36
cApelin-13 0.55 0.21 7.86 2.73 N 282 118 12.7 521 >100 174 115.61 - .
cELA-32a 0.26 0.07 059 0.13 N 181 0.74 255 0.11 N N - -
cELA-32b 0.28 0.05 0.87 0.23 >100 1.68 0.58 1.02 0.23 N N N 26.4 10.11
CcELA-11 6.94 293 42.1 18.96 N >100 >100 N N - -
zfApelin-36 - - - 0.89 0.44 051 0.31 0.45 0.12 0.77 0.24 - -
zfELA-22 - - - 1.43 0.57 1.78 117 >100 N - -
zfELA-36 - - - 1.61 0.80 1.29 0.90 >100 N - -

“N" means that the EGsp (mean S.E. of 3 independent experiments) value cannot be evaluated based on the perimental data; cELA-32a denotes the synthetic chicken ELA-32
peptide with the tentative intra-molecular disul de bond; cELA-32b represents ta synthetic peptide without the tentative intra-molecular disul de bridge; zfEL-B6/zfELA-22 represents
the synthetic peptides of 36/22 a.a. without the intra-molecular disul debridge (seeFigure 1 for details); -, not tested.

In agreement with this nding, Western blot analysis alsothe spleen and heart, and weakly in other tissues examined

revealed that apelin/ELA treatment could rapidly enhance théFigure 7).

ERKZ1/2 phosphorylation in HEK293 cells expressing chicken Since APLNR3a is a novel apelin-specic receptor, thus,

APLNR1/zebrash APLNR2a/APLNR3aFigures6J-). In the mRNA expression oAPLNR3ain developing zebra sh

sharp contrast, chicken APLNR2 and turtle APLNR1 showe@mbryos was also examined to determine whether like APLNR2s,

little or no response to peptide treatmeriigure 6). APLNR3a signaling is involved in zebra sh embryogenesis. As
shown inFigure 8 the mRNA level oAPLNR3ais low at early
embryonic stages (0—10 hpf), but increases rapidly at 12 hgésta

Tissue Expression of APLNRs. APLN. and ( 15-fold increase vs. 10 hpf), and then drops sharply at later

ELA in Chickens and Zebra sh stages (24 and 48 hpf).
Using quantitative real-time PCR (qPCR), we examined the

mMRNA expression ofAPLN, ELA APLNR1, and APLNR2 DI ION
(Figures 7A-D), in 13 chicken tissues. BotocAPLNR1and SCUSSIO

CAPLNR2were detected to be widely expressed in all chickefy this study, we identi ed and characterized two APLNRS in
tissues examined, including the brain, abdominal fat, héang,  chickens and turtles. Moreover, we identi ed three function
muscle, spleen and pancreas. L&&PLNRSCAPLN,andcELA  Ap|NRs in zebra sh, including a novel apelin-speci ¢ receptor.
were detected to be widely expressed in chicken tisedd3.N T4 our knowledge, this study represents the rstto systenaly

is abundantly expressed in the brain, heart and lung, and lyeakcharacterize all APLNRs in several representative vertebrat
expressed in other remaining tissues, wheisAis expressed  gpecies, including chickens and zebra sh. Undoubtedly, aiad

highly in the pancreas and liver, moderately in the kidneysgl il aid to elucidate the physiological roles of APLNRs and their
spleen and testes, and weakly in other tissues examined. ligands in di erent classes of vertebrates.

Zebrash APLN, ELA, and APLNRs are reported to
play crucial roles in cardiovascular development during . .
embryogenesis3@, 35, 37, 39), however, their expression has ldenti cation of ~ APLN, ELA, APLNR1, and a
not been fully characterized in adult zebra sh tissues. een Novel APLNR2 in Chickens
using gPCR, we examined the mRNA expressioABEN, ELA, In this study, we cloned the full-length cDNAs &PLN, ELA,
and APLNRsin adult zebra sh tissuegFigure 7). As shown APLNR1 andAPLNR2from chicken heart. Like humaAPLN,
in Figure 7, APLN is widely expressed in all tissues examined¢chickenAPLN cDNA consists of three exons, including a non-
with a relatively higher expression noted in the brain, heartcoding exon at its 8UTR (Supplementary Figure 1A (3). It
muscle and spleen. Interestingly, unlik®LN, ELAis expressed encodes a preproapelin of 78a.a. As in mammals, chicken
predominantly in the testes and weakly in other tissues erathi preproapelin may generate multiple forms of apelin, such as
including the intestine, brain and heart. LikkPLN and ELA,  apelin-36, apelin-16, and apelin-13, after proteolytic processin
the threeAPLNRswere found to be widely, but di erentially, at various dibasic residues (e.g8'R2, RE*R%%) (Figure 1B). It
expressed in zebrash tissueBPLNR2a(alias: APLNRa is s reported that pyroGlu-apelin-13 is predominantly synthesliz
highly expressed in the brain and heart and weakly in othem rat brain or human cardiac tissuel9, 55. This molecule
tissues examined®PLNR2b(alias:APLNRD is highly expressed displays strong biological activity botim vitro and in vivo,
in the heart, liver and spleen, moderately in the brain ande®s however the rst residue at the N-terminus of apelin-13 is Pro
and weakly in other tissue®APLNR3ais highly expressed in in chickens and other non-mammalian species, instead of GIn,
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FIGURE 5 | Functional analysis of zebra sh APLNRs(A-E) Effects of chicken ELA-32a(A), ELA-32b (B), ELA-11 (C), apelin-36 (D), and apelin-13 (E) on forskolin
(5mM)-stimulated luciferase activity of HEK293 cells expressg zebra sh APLNR2a (zfAPLNR2a), APLNR2b (zfFAPLNR2b), arPLNR3a (zfAPLNR3a), monitored by
a pGL3-CRE-luciferase reporter system(F) Effects of chicken apelin and ELA peptides (1012 to 10 6 M, 6h) on forskolin (5mM)-stimulated luciferase activity of
HEK?293 cells expressing tilapia APLNR3b (tiAPLNR3b), maaied by a pGL3-CRE-luciferase reporter system(G-I) Effects of zebra sh apelin G: zfApelin-36) and
ELA H: zfELA-36; I: zZfELA-22) peptides on forskolin (5nM)-stimulated luciferase activity of HEK293 cells expregsy zebra sh (zf) APLNR2a/APLNR2b/APLNR3a or
tilapia APLNR3b (tiAPLNR3b), monitored by a pGL3-CRE-Iferase reporter system. Each data point represents mean SEM of three replicatesl D 3).

indicating that pyroGlu-apelin-13 does not exist in these gg®c it may be required for its full biological activity. Howeyer
(Figure 1B). our functional study prove that the absence of this disul de
Like cAPLN chicken ELA cDNA contains three exons bond does not impair the biological activity of ELA-32, inwie
and encodes a precursor of 54 a@ugplementary Figure 18 of the comparably high potencies of both forms of ELA-32
Similar to zebra sh ELA, chicken ELA precursor may generatén activating human APLNR, chicken APLNR1 and zebra sh
multiple forms of ELA peptides, such as ELA-32, ELA-APLNR2sFigures45).
22, and ELA-11 after removal of its signal peptide and In this study, we identied two APLNRs in chickens.
proteolytic processing at multiple dibasic residues’l®2% cAPLNR1 is orthologous to human APLNR and shows
RA2R*3) (Figure 1) (37). Two cysteine residues were found tostructural conservation with its mammalian counterparts,
be fully conserved among ELA-32 of all vertebrate specigscluding a DRY motif characteristic of class A GPCR
examined. This led us to speculate that an intra-moleculafamily and a serine/threonine-rich C-terminus critical rfo
disul de bond (Cys®°-Cys$*) may exist in ELA-32 peptide and receptor internalization and desensitizatios6(57). Apart from
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FIGURE 6 | Functional coupling of vertebrate APLNRs to the MAPK signialg pathway. (A—I) Functional characterization of chicken APLNR1A; cAPLNR1) and
APLNR2 B: cAPLNR?2), red-eared slider APLNR 1G: tuAPLNR1) and APLNR2[D: tuAPLNR?2), zebra sh APLNR2 [: zZfAPLNR2a;F: zfFAPLNR2b) and APLNR3a
(G: zZfAPLNR3a), and tilapia APLNR3bH: tiAPLNR3b), and human APLNRI{ hAPLNRL1) using a pGL4-SRE luciferase reporter system. Theageptor-activated MAPK
signaling pathway was monitored by a system of co-transfeeon of pGL4-SRE luciferase reporter construct and the respaive receptor expression plasmid in
HEK293 cells upon 6-h treatment of apelin-36 or ELA-32b (1012 to10 © M). Each data point represents mean SEM of three replicates il D 3). (J) Western blot
showed that in HEK293 cells expressing chicken APLNR1 (notAPLNR2), chicken apelin-13 treatment (100 nM, 10 min, 3 refglates) can strongly enhance ERK1/2
phosphorylation (pbERK1/2)(K) Both zebra sh apelin-36 and ELA-36 treatment (100 nM, dupliates) can enhance phosphorylation of ERK1/2 in HEK293 cells
expressing zebra sh APLNR2a in a time-dependent manner (5,d, 20 min). (L) In HEK293 cells expressing zebra sh APLNR3a, zebra sh apelir36, not ELA-36, can
induce ERK1/2 phosphorylation.

cAPLNR1, a novel APLNR-like receptor (named APLNR2) wascluding turtles, coelacanths, spotted gars, zebra shtéagia,
alsoidenti ed in chickens. It shows 41-48% a.a. sequertily  and we designated them #PLNR1 APLNR2,and APLNR3
with cAPLNR1 and human APLNR. Like chicken APLNR1,respectively. Synteny analyses further revealed ARINR1,
chicken APLNR2 contains conserved structural motifs, such APLNR2,and APLNR3are localized in three separate syntenic
D/ERY motif and a serine/threonine-rich C-terminal taib€)  regions conserved in vertebratdddure 3). This nding led us

(Figure 2). to hypothesize that an ancestral vertebré&ELNR may have

. . . undergone gene/genome duplication events, resulting in the
Identi cation of APLNRs in Other emergence of multipleAPLNRsin modern vertebrates 5¢).
Non-mammalian Vertebrates: Implications The relatively high structural and functional similarityetween
for Their Evolutionary History vertebrate APLNR1 and APLNR2 also hints that APLNR1 and

As in chickens, two (or threeAPLNRs homologous to human APLNR2 were most likely originated from a recent genome
APLNR were identi ed in other non-mammalian vertebrates duplication event. This idea is supported by the identi cation
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FIGURE 7 | Tissue expression ofAPLN, ELA, and APLNRsin adult chickens and zebra sh.(A-D) Quantitative real-time RT-PCR assay oAPLN (A), ELA(B),
APLNR1(C), and APLNR2 (D) mRNA levels in adult chicken tissues. The mRNA level of tarygenes were normalized byb-actin and expressed as the relative fold
difference compared to that of whole brain tissue(E—I) Quantitative real-time RT-PCR assay oAPLN (E), ELA (F), APLNR2a(G), APLNR2b (H), and APLNR3a(l)
mMRNA levels in adult zebra sh tissues. The mRNA level of targgenes were normalized by that ob-actin and expressed as the percentage of zebra sh heart or
testis. Each data point represents the mean SEM of four adult chickens/zebra sh N D 4).

FIGURE 8 | Expression ofAPLNR3a, APLN,and ELAin zebra sh embryos. (A—-C) gPCR assay of APLNR3a(A), APLN (B), and ELA (C) mRNA expression in
zebra sh embryos at different stages (0, 2, 4, 6, 8, 10, 12, 24 and 48 hpf). The mRNA levels of target genes were normalizedytb-actin and expressed as the fold
change compared with that of 10 hpf embryos. hpf, hour post-értilization. Each data point represents as mean SEM of 6—15 embryos N D 6-15). Values

signi cantly different @ < 0.05) between stages are indicated by different letters.

of many paralogous genes adjacent APLNRIAPLNRZ have given rise to the two copies &PLNR2 (APLNR2a
such as SMTN'SMTNL1 and RTN4RRTN4RL2. Moreover, and APLNR2p and APLNR3(APLNR3#APLNR3D in teleosts.
the hypothetic teleost-speci c genome duplication event (3RPur hypotheses are further supported by the phylogenetic
which occurred around 350 million years ago (myap)(may analysis, in whichAPLNRsfrom di erent vertebrate species
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is a receptor common for both peptides and coupled to the
Gi-cAMP signaling pathway.

It is reported that in mammals, apelin-13 is a potent ligand
for APLNR (3) and regulates cardiovascular function. In this
study, we demonstrated that chicken apelin-13 and apelin-36
have similarly high potencies in activating human APLNR,
however, chicken apelin-13 is 40-fold less potent than apedin-3
in activating chicken APLNRL1. This interesting nding impéie
that unlike that in mammals, the long form(s) of apelin (e.g.,
apelin-36), rather than apelin-13, may be the potent ligand
of chicken APLNR1 &, 19). Similarly, we also noted that the
long form of ELA (e.g., ELA-32) is much more potent than
the short form (i.e., ELA-11), hinting that the long form(s)
of ELA (e.g., ELA-32/ELA-22) may be the potent ligand(s) of
CAPLNRL1. Clearly, the isolation of apelin/ELA peptides from
chicken tissues in the future will help to de ne the precise
structure of endogenous ligands of CAPLNRL1.

Although chicken APLNR2 shows 48% a.a. sequence identity
to chicken APLNRZ1, it could only be activated by chicken apelin
36 or ELA-32 at high concentrations (L00 nM) far beyond the
physiological range. This nding implies that APLNR2 may play
aless signi cantrole in mediating apelin/ELA actions inckens
in vivo.

APLNRZ2 Is a Functional Receptor Common
for Apelin and ELA in Turtles/Zebra sh: A
Functional Switch Between APLNR1 and
APLNRZ2 During Vertebrate Evolution

The ine ectiveness of chicken APLNRZ2 in signal transmission
led us to further question whether APLNR2 of turtles or
zebra sh are functional. Strikingly, we found that turtléPANR2,

FIGURE 9 | Phylogenetic analysis of vertebrate APLNRs. Phylogeneticee but not APLNR1, can be activated by apelin—36 and ELA-32
(con_structgd by Neighboring-Joining method) shows the eviationary potently. This suggests that in turtles, APLNR2 may act as a
relationship of APLNR1, APLNR2 (APLNR2a/APLNR2b), and APRS for both id Similarlv. both b h
(APLNR3a/APLNR3b) from chickens and other vertebrate spees. Numbers common receptor or bot peptl es. Im'_ar Y, oth ze _ras
near each branch point indicates the bootstrap values. Theraino acid APLNR2a and APLNR2b are potently activated by apelin and

sequences of APLNRsfrom different species were retrieved from the GenBank| ELA (Table 1), indicating that both receptors can act as receptors
common to both peptides, and are functionally coupled to the

-cAMP signaling pathway, as previously proposéd, (39).

V\:e(rje Clxﬁf:\?gzmt? :jhrez‘;iﬁg;tz/;gfﬁ;Zlamilgt,z%gpIl‘Nd%Ierestingly, we also noted that onlxPLNR2 exists in X.
clade, clade ( ), cla opicalisgenome, whileAPLNRUis likely lost, as evidenced by

(APLNR3a/APLNR3p), and AP'TNRl.and APLNR2 plades Sho\gur synteny analysis{gure 3). Moreover, this APLNR2 has been
a much closer gvoluﬂonary relationship to each qtrﬁg@re 9. proven to be a functional receptor iKenopus laeviand bull
Although mu!tlple APLNR.SMG expected to exist in modern frogs, which can be activated by apelinib3vitro (33 58). In
}[/k(]artebra_tes, Ilneige-sp:gllj\l%enetljc_)ss e\;ent(f)bme;y h“m'_“”a view of the facts that: (1) APLNR?2 is functional in zebra sh,
€ varying numbers o sin di erent veriebrate Species frogs and turtles, and APLNRL is likely lost, or non-functional

e vty ieu i e rs o vy T 112 Spaces: () APLNRA ' fncionl n chikens an
the evolutionary history cAPLNRsn ner details humans, we hypothesize that there exists a dramatic fundtiona
’ switch between APLNR1 and APLNR2 in mediating apelin/ELA
. actions across vertebrates. In zebra sh and frogs, APLN la
APLNR:_I' Is a Functl_onal Receptor Common a key role in mediating apelin/ELA actions, wrgllile in bir(ig;nd
for Apelin and ELA in Chickens and mammals, APLNR1 (aliased as APLNR in humans) may play a
Humans crucial role in mediating actions of both peptidesidure 10).
In this study, we found that chicken APLNR1 can be potentlyThe functional switch between APLNR1 and APLNR2 reminds
activated by apelin-36 and ELA-32 with high potencies andis that the reported actions of APLNR(S) in teleosts, frogs and
its activation results in the inhibition of the cAMP signatin mammals should be interpreted with caution, sid@LNR1and
pathway, indicating that like human APLNR@, 41), cAPLNR1 APLNRZ2 per se are non-identical genes, both of which were
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FIGURE 10 | APLNR(s) in representative vertebrate species. In zebra skhree functional APLNRs (APLNR2a, APLNR2b, and APLNR3a)rfapelin/ELA peptides
(encoded by APLN/ELA genes) were identi ed. Among them, APLNR2a (APLNRa) and APLR2b (APLNRDb) are receptors common for ELA and apelin, while
APLNR3a is an apelin-speci c receptor. InXenopus tropicalis(or turtles), APLNR2 may act as a receptor common for both petides, while APLNR1 may be either lost,
or non-functional. In chickens, APLNR1 and APLNR2 have beedénti ed. APLNR1 can be activated by apelin and ELA potently ad thus functions as a receptor
common to both peptides, whereas APLNR2 can only be activate by both peptides at high concentrations, implying it has adss signi cant role in mediating
apelin/ELA actions. In humans, only a single APLNR (APLNR1)ists and it can be activated by apelin/ELA potently, indicatg a crucial role of APLNR1 in mediating
apelin/ELA actions. Activation of these APLNR(s) can actitemultiple intracellular signaling pathways, includindie inhibition of cAMP signaling pathway and
activation of the MAPK/ERK signaling cascade?).

likely duplicated from a common ancesti@PLNRgene around addition,cCAPLNMRNA is also weakly expressed in other tissues
400 mya and have diverged for their own speci ¢ physiologicaéxamined, including adipose tissue, kidneys, liver, musuaid,

functions ever sinces{d). spleen. This nding also suggests an autocrine/paracrin@mct

of apelin in these tissues, such as regulation of lipid metabolism
Existence of a Novel Functional muscle glucose uptake, and spleen cytokine expression, as
Apelin-Speci ¢ Receptor in Zebra sh and reported in mammalsg, 30, 62).

Since ELA is a novel ligand of APLNR identi ed recently
37), the information regarding its expression in vertebrates
s extremely limited. In adult ratsELA mRNA is exclusively

néxpressed in kidneys and is capable of increasing water iatake
urine ow rate (40). In humans ELAis reported to be expressed
only in adult kidneys, prostates, and embryonic stem cells

Tilapia

In this study, a novel APLNR, named APLNR3a, was identi e
in zebra sh. Functional assay proved that APLNR3a is an apeli
speci ¢ receptor and functionally coupled to both Gi-cAMP
and MAPK signaling pathways. Similarly, we also identi ed

a?l nqve_lr functfnal lrc:jcept%r_ (API&NRBb) spemﬁ to apelin in (hECS) 87,41). In zebra sh,ELAis transiently expressed during
tilapia. To our knowledge, this study represents the rst tpoet embryogenesis, which is believed to act as a developmegnal si

an apelin-speci c receptor in vertebrates. The high strudturam control cardiovascular developmerg7 39). In this study,

and functional S'm'lam,y of APLNR3a and APLNR3b aISOELAwas detected to be widely expressed in adult chicken tissues,
s_upports our hypothesis thaAPLl\_IRSaand APLNR3byvere with a high mRNA level noted in the pancreas, kidneys, liver
Ilk_ely generated by a teleost-speci ¢ genome duplicatiomeve and spleen. The wide expressionaffLAnot only suggests that
(Figure 3) (59 cELA may regulate kidney functions in chickens, such as diare

. . previously demonstrated in rats, but also implies that cELA may
Expression of ALPN/ELA/APLNRSs in play active roles in non-kidney tissues, including pancréaer,
Chickens and Zebra sh and spleen in a way analogous to apefind?).
As a functional receptor common for apelin and ELAAPLNR1 Like cAPLNR1 cAPLNR2mMRNA is widely expressed in
is widely expressed in all chicken tissues examiriégufe 7).  chicken tissues, including the brain and heart. Similaravidsue
This nding is consistent with the wide distribution odAPLNR  expression pattern oAPLNR2has also been reported in adult
in humans, rats and mice4( 7). It also suggests that APLNR1 bullfrogs £8). Considering that cAPLNR2 can only be activated
can mediate the actions of apelin/ELA in various chickernugss by high concentrations of apelin-36 or ELA-32, it remains a
As in rats and mice{, 7, 28, 40), CAPLNmRNA is also widely mystery whether APLNR2 alone can play a substantial role in
expressed in all tissues examined with a high mRNA level noteglediating actions of apelin/ELA in chickens.
in the brain, heart and lung. SimilarlyAPLN has also been In zebra sh, three APLNRsare widely, but di erentially,
reported to be widely expressed in gold sh tissues, includingxpressed in adult tissues. SimilaryPLN is also widely
the brain and heartg9). The abundant expression &PLN in  expressed in zebra sh tissugSidure 7). This is consistent with
chicken brain, heart, and lung also highlights the importesies  the nding in chickens, in which bothAPLN and APLNRs
of apelin-APLNR1 axis in these tissues, such as the controbof f are expressed in diverse tissues, suggesting a broad spectrum
intake and stress in the CNS and cardiovascular developnrent of actions associated with the apelin-APLNR axis in both the
function, as demonstrated in sh and mammalg, €0, 61). In CNS and peripheral tissues of non-mammalian vertebrates, as
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demonstrated in mammals2( 30, 61, 62). It is of particular (APLNR3a/APLNR3b) was identi ed in zebra sh and tilapia.
interest to note thaELAis predominantly expressed in zebra sh The identi cation and functional characterization of APIR¢
testes, suggesting that in addition to being a developmesigahl  in model vertebrates not only provides a clear molecular basis
in regulating cardiovascular developmeri7£39), ELA may for interpreting the actions of APLNR in dierent classes
act as an autocrine/paracrine signal to regulate testistions,  of vertebrates, but also suggests a functional switch legtwe
such as spermatogenesis or steroidogenesis at adult stage APLNR1 and APLNR2/3 in mediating apelin and ELA actions
this study, we also noted tha&8PLNRs(APLNR2b, APLNR3a during vertebrate evolutionHigure 10.
are abundantly expressed in zebra sh spleéiggre 7). The
high mRNA level ofAPLNRwas also detected in the spleen of AUTHOR'S NOTE
chickens Figure 7) and humans T), implying the importance
of ALPNR signaling in vertebrate spleen, which warrantsHart The major content of this work was presented in the 11th
investigation. International Symposium in Avian Endocrinology (Oct. 11+14

It is reported thatAPLNR2sand ELA are transiently and 2016, Niagara, Canada), p70 (Abstract).
abundantly expressed at gastrulation stage (5.25-10 hpf)
and regulate the movement of mesoendodermal cells, heaKUTHOR CONTRIBUTIONS
development, and angioblast migration (37-39). Unlike
APLNR2sand ELA, APLNRS3ais highly expressed during JZ, YZ, CW, Yiw, CF, JiL, WF, RY, and GZ conducted
segmentation period (10-24 hpf) of zebrash embryos. Thighe experiments. JZ, JuL, and YaW designed and drafted
nding, together with the expression oAPLN (not ELA) the manuscript. All authors read and approved the nal
at the later stageFfgure 8), suggests a yet-to-be-identied manuscript and joined the analysis and interpretation of
role of apelin-APLNR3a signaling in late embryogenesis ofiata.
zebra sh.

In summary, we characterized two APLNRs in chickens anlACKNOWLEDGMENTS
turtles, and three APLNRs in zebra sh. Functional study prdve
that chicken APLNR1 (and not APLNR2) can be activated bylhis work was supported by grants from the National Natural
apelin-36 and ELA-32 potently, indicating that it is a major Science Foundation of China (31472089, 31572391, 31771375
functional receptor common for both peptides in chickens.
In sharp contrast, in turtles and zebra sh, APLNR2(s) can beSUPPLEMENTARY MATERIAL
activated by apelin-36 and ELA-32 potently, supporting the
notion that it is the major functional receptor(s) common for The Supplementary Material for this article can be found
both peptides, while APLNR1 is likely lost, or non-functionalonline at: https://www.frontiersin.org/articles/10.38&ndo.
in these lineages. Strikingly, a novel apelin-specic recepto2018.00756/full#supplementary-material
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