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Calcitonin (CT)/CT gene-related peptide (CGRP) family peptides (CT/CGRP family
peptides) including CT, CGRP, adrenomedullin, amylin, and CT receptor-stimulating
peptide have been identified from various vertebrates and perform a variety of important
physiological functions. These peptides bind to two types of receptors including
CT receptor (CTR) and CTR-like receptor (CLR). Receptor recognition of CT/CGRP
family peptides is determined by the heterodimer between CTR/CLR and receptor
activity-modifying protein (RAMP). Comparative studies of the CT/CGRP family have
been exclusively performed in vertebrates from teleost fishes to mammals and strongly
manifest that the CGRP family system containing peptides, their receptors, and RAMPs
was derived from a common ancestor. In addition, CT/CGRP family peptides and their
receptors are also identified and inferred from various invertebrate species. However, the
evolutionary process of the CT/CGRP family from invertebrates to vertebrates remains
enigmatic. In this review, | principally summarize the CT/CGRP family peptides and
their receptors in invertebrate deuterostomes, highlighting the study of invertebrate
chordates including ascidians and amphioxi. The CT/CGRP family peptide that shows
similar molecular structure and function with that of vertebrate CT has been identified
from ascidian, Ciona intestinalis. Amphioxus, Branchiostoma floridae also possessed
three CT/CGRP family peptides, one CTR/CLR receptor, and three RAMP-like proteins.
The molecular function of the receptor complex formed by amphioxus CTR/CLR and a
RAMP-like protein was clarified. Moreover, CT/CGRP family peptides have been identified
in the superphylum Ambulacraria, which is close to Chordata. Finally, this review provides
potential hypotheses of the evolution of CGRP family peptides and their receptors from
invertebrates to vertebrates.

Keywords: calcitonin/calcitonin gene-related peptide family, invertebrate deuterostome, evolution, amphioxus,
ascidian

INTRODUCTION

Calcitonin (CT)/CT gene-related peptide (CGRP) family peptides including CT, CGRP,
adrenomedullin (AM), amylin (AMY), and CT receptor-stimulating peptide (CRSP)
exhibit various functions in vertebrates such as the bone homeostasis, circulatory
homeostasis, glucose metabolism, and feeding behavior. CT, discovered by Copp and
Cheney in 1962 (1), represents the first identified CT/CGRP family peptide followed by
the discovery of CGRP (1982) (2), AMY (1987) (3), AM (1993) (4), and CRSP (2003)
(5). Although the numerous CT/CGRP family peptides possess multiple physiological
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functions, they share common molecular characteristics and the
same receptor complex (6). Consistent with this, comparative
genome analysis suggests that all CT/CGRP family peptide
genes are originated from a small number of genes on
ancestral proto-chromosomes (7). To date, comprehensive and
partial representation of the CT/CGRP family peptide has been
found from cyclostomes to mammals (7-13). In addition, the
biological functions of CT/CGRP family peptides have been
intensively investigated in mammals and teleosts (6, 7, 11-
19). In addition, the molecular function of their receptors has
been primarily studied in mammals. Overview of the ligand-
receptor relationships between CT/CGRP family peptides and
their corresponding receptors have been elucidated with a few
exceptions in rodents and human (6, 7, 11-19). In teleost,
this ligand-receptor relationship has been partially characterized
(14, 20). Additionally, CT/CGRP family peptides have also been
observed from protostomes to invertebrate deuterostomes (21—
28). Therefore, CT/CGRP family peptides form a large peptide
superfamily that exists extensively within bilaterians.

This review summarizes the basic and latest information of
CT/CGRP family peptides and their receptors in deuterostomes
including  Chordata  (vertebrates and protochordates),
Ambulacraria, and Xenotubulla. I first introduce the CT/CGRP
family peptides and their corresponding receptor recognition
in vertebrates, with the subsequent focus in particular on the
CT/CGRP family in protochordates including ascidians and
amphioxi. Moreover, recent progress in the characterization
of Ambulacraria CT/CGRP family peptides is also described.
Finally, this review provides possible evolutionary scenarios of
CT/CGRP family system from invertebrates to vertebrates.

THE CT/CGRP FAMILY IN VERTEBRATES

The CT/CGRP family has been primarily investigated in
mammals and teleosts. In mammals, CT comprises 32-amino
acids and plays a role in bone homeostasis by repressing
bone resorption through the inhibition of osteoclastic activity
(Figure 1A) (18, 29). In turn, CGRP is a 37-amino acid
neuropeptide that is expressed in the central and peripheral
nervous systems and implicated in vasodilation (Figure 1A) (11).
Moreover, CGRP is predominantly expressed in the sensory
nerves and functions as a pain transmitter as well as a vasodilator
(11). Two CGRP genes, designated as CGRP « and B, have
been identified in mammals (11, 30). The gene for CGRPa
(CALCA) synthesizes mRNA encoding CT and CGRP by tissue
dependent alternative splicing, which are expressed in C cells
of the thyroid gland and neural tissues, respectively (2, 31). In
contrast, the gene for CGRPB (CALCB) generates only CGRP
peptide (11, 30). Mature peptides of CGRPa exhibit high amino
acid sequence identity with CGRPB (e.g., 92% identity in human
CGRPa and B) (11). Mammals also have three AM paralogous
genes, encoding AM, AM2/intermedin (AM2/IMD), and AM5
(Figure 1A) (4, 32-34). Although AM5 gene has been observed
in Artiodactyla and Carnivora (7), AM5 gene is absent in
rodents. In human and chimpanzee, a 2 bp deletion in the AM5
gene results in a frameshift mutation (7). AM exhibits various

functions including vasodilation, hypotension, angiogenesis, and
body fluid homeostasis (13, 35, 36). AMY is a 37-amino acid
peptide that is released from islet B cells together with insulin
when blood glucose levels increase (Figure 1A). AMY elicits the
decrease of blood glucose level and loss of body weight through
the suppression of glucagon release, food intake, and gastric
emptying (12). CRSP is 37 or 38-amino acid peptide that is
observed in Laurasiatheria such as cattle, dogs, goats, sheep, and
horses, and is believed to be involved in food intake (Figure 1A)
(5, 16). Notably, there are three CRSP isoforms in porcine (16),
with these species predominantly lacking the gene for CGRPS
in favor of the CRSP gene (7). Moreover, comparative genome
analysis indicates that CRSP gene is orthologous to CGRPS
gene (7). Thus, mammalian CT/CGRP family peptides consist of
multiple peptides possessing different biological activities.

In teleosts, the number of CT/CGRP family peptide members
is larger than that of mammals, owing to a third-round whole
genomic duplication (BRWGD) (7). There are two CGRP genes,
referred to as CGRPI and CGRP2, which encode CT and CGRP
in different exons as with the mammalian CGRPw« gene, giving
rise to mRNA for CT and CGRP by alternative splicing in
the ultimobranchial gland and central and peripheral nervous
systems, respectively. The association of CT activity with calcium
homeostasis remains controversial in teleosts, unlike mammals
(37). CGRP acts as a vasodilator and is likely to be involved
in osmotic and ionic regulation (38-40). Teleost fish (e.g.,
medaka, zebrafish, and Japanese pufferfish) possess five AMs
(7, 41). Teleost AMs also exhibit cardiovascular function and
osmoregulatory activity (15, 34). Notably, AM2 and 5 are more
potent than AMI1 in teleost fish (15, 34). An AMY has also
been reported in teleost fish (7, 42); however, no paralogous
gene has been reported. CRSP gene has not been extracted from
the teleost fish genome. Altogether, findings of mammalian and
teleost CT/CGRP family peptides reveal that they demonstrate
variable distribution and possess multiple physiological functions
in vertebrates.

Comparisons of each CT/CGRP family peptide members
in the same vertebrate spices show low primary amino
acid sequence identity, whereas these peptides share common
secondary amino acid structures such as the N-terminal circular
structure formed by a disulfide bond, a-helical structure
following the N-terminal region, and an amidated residue in the
C-terminus (Figure 1B) (35, 43, 44). Moreover, synteny analysis
of teleost and mammalian CT/CGRP family peptides suggests
that CT/CGRP family peptide genes are derived from a common
ancestral gene and diversified in teleost and mammalian lineages
through genome duplication and rearrangement (7).

CT/CGRP family peptides function via two types of receptors
containing the CT receptor (CTR) and CTR-like receptor (CLR)
(19), which belong to secretin type (or family B) G-protein
coupled receptors (GPCR). CTR and CLR has a long N-
terminal extracellular domain that is involved in peptide binding
(19). Molecular phylogenetic analysis of vertebrate CTR/CLR
demonstrated that the CTR gene is paralogous to CLR gene (45).
Moreover, peptide-receptor recognition is determined by the
heterodimer between CTR/CLR and receptor activity-modifying
protein (RAMP) (6). RAMP is a single-pass transmembrane
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FIGURE 1 | Molecular features of vertebrate CT/CGRP family peptides. (A) Primary structure of CT/CGRP family peptides in mammals. All identical and more than
half of similar amino acid residues are denoted as a red and yellow box, respectively. The GenBank accession numbers of sequences are as follows: human CT,
NP_001029124.1; human CGRP, CAA34070.1; human AMY, NP_001316130.1; human AM, AAC60642.1; human AM2, BAE46395.1; pig AM5, BAF64272.1; pig
CRSP, NP_998907.1. Pig AM5 and CRSP were selected owing to the lack of human AM and CRSP sequences. The mature form of pig AM5 was predicted by using
the signalP4.1 web server (http://www.cbs.dtu.dk/services/SignalP/). (B) The secondary structure of CT/CGRP family peptides. The N-terminal circular region, the
central a-helical region, and the C-terminal amidated residue are conserved in vertebrates. The schematic diagram is based on the structure of CT.
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protein that has four Cys residues which are conserved in
vertebrates (46, 47). In mammals, a CTR, a CLR, and three
RAMPs have been observed (19, 48). The heterodimer of CLR
and RAMP1 generates a CGRP receptor (19, 48). In turn, the
AM]1 receptor is formed by the complex of CLR and RAMP2/3
(19, 48), whereas the existence of an AM2/IMD preferential
receptor remains unclear (19). The AMY receptor consists of the
heterodimer of CTR and RAMP1-3. Of interest, CGRP and AMY
possess the same potency with regard to the CTR and RAMP1
complex (19). In contrast, both CT and CRSP activate CTR, with
CRSP being more potent than CT (16).

Multiple CLRs and RAMPs have been observed in teleost
fish (14). Mefugu, Takifugu obscurus possesses three CLRs
and five RAMPs (14). Mefugu RAMPs have been divided
into three groups including RAMP1/4, RAMP2/5, and RAMP3
by molecular phylogenetic analysis (14). The ligand-receptor
relationship between CT/CGRP family peptides and their
receptor complexes in teleosts is likely to be similar to that
in mammals. For example, mefugu RAMPs are associated
with the ligand selectivity of mefugu CLRs and CTR (14,
20). The heterodimer of mefugu CLR1 and mefugu RAMP1/4
forms the CGRP receptor. AM paralogs are recognized by the
following combinations of mefugu CLR and RAMPs: CLR1-
RAMP2/3/5 (AM1), CLR2-RAMP2 (AM1), CLR3-RAMP3

(AM2), and CLR1-RAMP3 (AMS5). In addition, salmon CT
recognizes mefugu CTR and human AMY can activate the
complex of mefugu CTR-RAMP1-5 (14, 20). Consequently, the
various physiological functions of CT/CGRP family peptides are
determined by the complex combination of the CT/CGRP family
peptide, its receptor (CTR or CLR), and RAMP in both mammals
and teleosts.

Furthermore, RAMPs are also involved in the cell surface
trafficking of CLR. The solo CLR is not transported from the
endoplasmic reticulum (ER) to the golgi apparatus, whereas the
binding of RAMP to CLR in the ER helps to translocate the CLR-
RAMP complex to the cell surface. The cell surface trafficking
activity of RAMP is conserved from teleosts to mammals (6, 49).
Taken together, these findings suggest that the ligand-receptor
system formed by CT/CGRP family peptides, their receptors, and
RAMPs is conserved in vertebrates.

CT/CGRP FAMILY PEPTIDE AND ITS
PUTATIVE RECEPTOR IN ASCIDIANS

Ascidians are regarded as an extant invertebrate group that
is the closest to vertebrates (50, 51). In the ascidian Ciona
intestinalis, Sekiguchi et al. (21) cloned a CT/CGRP family
peptide, designated as Ciona CT (Ci-CT), and evaluated its
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molecular features. Ci-CT consist of 30-amino acid residues that
possesses the N-terminal circular region formed by a disulfide
bond between Cysl and Cys7 along with an amidated Pro
residue in the C-terminus, which is similar to vertebrate CTs
(Figure 2) (21). Although most vertebrate CGRP genes have a six
exon and five intron structure, the gene for Ci-CT is composed
of four exons and three introns. Moreover, it encodes only
the Ci-CT peptide (21), rather than being alternatively spliced
to generate the mRNA for CT and CGRP as for mammalian
CGRPa gene (2). Consequently, the gene structure of Ci-CT is
simple, suggesting that the complexity of the vertebrate CGRP
gene was subsequently acquired during the process of vertebrate
evolution.

Considering that the central region following the N-terminal
ring structure in vertebrate CT/CGRP family peptides results in
the formation of an o helix structure in lipophilic conditions such
as the plasma membrane (52-54), the secondary structure of Ci-
CT was measured using circular dichroism analysis. Titration of
sodium dodecyl sulfate, which serves as a mimic of the plasma
membrane, induced an a-helical structure in Ci-CT as well
as salmon CT, suggesting that Ci-CT has a similar secondary
structure as salmon CT (21). Moreover, Ci-CT also possesses
vertebrate CT-like activity, as shown by its ability to evoke cAMP
accumulation in COS-7 cells expressed by human CTR (21).
Similar CT-like activity was also observed in an analysis using
goldfish scales. The scales of teleost fishes are a dermal skeleton
and contain osteoblasts and osteoclasts similar to mammalian
bone (55, 56). Osteoblasts and osteoclasts are implicated in bone
formation and bone resorption in response to calcemic hormone,
respectively (57, 58). In the scale culture system, salmon CT
significantly suppressed the osteoclastic activity, with a similar
activity being detected upon Ci-CT treatment (21).

A Ciona gene that shows similarity with vertebrate CTR/CLR
has also been identified by expressed sequence tag (EST) analysis
of the neural complex (59). Molecular phylogenetic analysis
revealed that the deduced Ciona CTR/CLR protein was located
at the same clade as vertebrate CTR/CLR, suggesting that this
protein is likely to be Ci-CT receptor (Ci-CT-R) (21). On the
other hand, no RAMP ortholog has been detected in the Ciona
genome by homology search (21). The RAMP gene is thus
likely to have been lost in the Ciona lineage because large-scale
gene loss (60) was predicted to occur in the ascidian lineage.
However, it remains a possibility that homology searches failed
to detect a RAMP ortholog gene, given that the amino acid
sequence similarity of RAMP is low among species. Moreover,
the receptor activity of Ci-CT-R has not yet been clarified, due to
the lack of cell surface expression in mammalian and insect cell
lines (21).

The physiological function of Ci-CT has not yet been
evaluated, whereas Ci-CT expression analysis has been
performed. In situ hybridization analysis of the Ci-CT mRNA
in Ciona juveniles demonstrated that it could be detected
in the neural complex, gill, digestive tract, blood cells, and
endostyle (21). In addition, mRNA localization analysis for
Ci-CT in the adult neural complex revealed that this mRNA
is exclusively expressed in the neural gland (21), which is
a non-neuronal tissue and is expected to be an exocrine

gland. Therefore, Ci-CT is likely to act as a paracrine peptide
and/or endocrine peptide. Further study of Ci-CT biological
activity in C. intestinalis would therefore lay the foundation for
assessing the functional evolution of chordate CT/CGRP family
peptides.

Consequently, investigation of Ci-CT revealed that Ci-CT
possesses CT-like properties including primary and secondary
structure and biological activity. However, physiological function
and genuine receptor of Ci-CT remain unclear. Therefore,
although it is highly possible that Ci-CT belongs to a member
of the CT/CGRP family peptides, it is difficult to define the
orthology between Ci-CT and vertebrate CT.

CT/CGRP FAMILY PEPTIDES AND THEIR
GENUINE RECEPTOR COMPLEXES IN
AMPHIOXI

Amphioxi are considered to be the most basal member in
extant chordates (51, 61). Three CT/CGRP family peptides have
been identified from the amphioxus, Branchiostoma floridae and
designated as B. floridae CT/CGRP family peptides (Bf-CTFPs)
(26). These genes are located on the same scaffold in the B.
floridae genome database (Sekiguchi T. unpublished data). Bf-
CTFP1, 2, and 3 comprise 31, 33, and 33-amino acid residues,
respectively. All Bf-CTFPs contain the C-terminal Pro-amide,
which is conserved in vertebrate CT (Figure 2) (26). However,
the primary sequences of Bf-CTFPs are also reminiscent of CGRP,
AM, AMY, and CRSP in terms of the amino acid length of the
N-terminal circular region and the N-terminal extension flanked
by a circular domain (26). Therefore, Bf-CTFPs possess hybrid
features of the vertebrate CT/CGRP family in terms of primary
structure.

To evaluate the secondary structure of Bf-CTFPs, a homology
modeling study was performed using Bf-CTFPs, eel CT, salmon
CT, human CT, and mutated salmon CT, which has a longer a-
helical region and exhibits lower potency and affinity than wild-
type salmon CT (62). This study revealed that Bf-CTFP1, 2, and
3 contained o-helical structure in the central region following
an N-terminal circular region. The length and location of the a-
helical structure of Bf-CTFPs was closer to that of eel CT and
salmon CT than that of human CT and mutated salmon CT
(62), which is in good agreement with the biological effects of Bf-
CTFPs on vertebrates. In cultured goldfish scales, treatment of Bf-
CTEFPs repressed the osteoclastic activity similar to salmon CT.
Moreover, this activity was antagonized by treatment with an N-
terminal circular structure-truncated salmon CT. These findings
strongly suggest that Bf-CTFEPs bind to the goldfish CTR and
function in osteoclastic cells, and further indicate that Bf-CTFPs
share a similar secondary structure and biological activity with
vertebrate CT (62). However, this structure-activity data should
be carefully interpreted, as the a-helical structure in the central
region of the peptide represents a common feature of CT/CGRP
family peptides rather than a specific feature of CT. Thus, these
findings strongly support that Bf-CTFPs are possible members of
CT/CGRP family peptides in chordates. Furthermore, expression
analysis of Bf-CTFPs using in situ hybridization revealed that the
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FIGURE 2 | Multiple alignment of CT/CGRP family peptides in invertebrate deuterostomes. (A) Multiple alignment of CT/CGRP family peptides of protochordates and
human. The GenBank accession numbers of sequences are as follows: Ci-CT, BAI63095.1; Bf-CTFP1, BAU51800.1; Bf-CTFP2, BAU51801.1; Bf-CTFP3,
BAU51802.1; human CT, NP_001029124.1; human CGRP, CAA34070.1; human AMY, NP_001316130.1; human AM, AAC60642.1. (B) Multiple alignment of
CT/CGRP family peptides of Ambulacraria and human. Accession numbers for the corresponding precursors are as follows: SpCTLP, XP_001177490.1 (GenBank);
ArCTP, ALJ99957.1 (GenBank); OvCT1 and 2, MF15231 and MF15235 (GenBank). Amino acid sequences of SkCTLP1-2, AiCTLP1-2, and HscCTP1-2 were
obtained from the following publications: SKCTLP1-2, Rowe et al. (25); AJCTLP1-2, Rowe et al. (25); HscCTP1-2, Suwansa-Ard et al. (36).

all Bf-CTFPs mRNAs were localized to the rostral part of the
central nervous system, and Bf-CTFP2 and 3 were expressed in
the midgut and hindgut, respectively (26). These findings suggest
that Bf-CTFPs act as brain/gut peptides.

Candidates for a Bf-CTFP receptor (Bf-CTFP-R) and three
RAMP-like proteins (Bf-RMAP-LPs) have also been cloned
from adult amphioxus ¢cDNA (26). Molecular phylogenetic
analysis of chordate CTRs and CLRs indicated that Bf-CTFP-
R is included in the same group as vertebrate CTR and CLR
with high bootstrap support (26). Alignment of Bf-CTEFP-
R and human CTR/CLR revealed that Bf-CTFP-R exhibits
61.8 and 64.3% sequence similarity with the human CTR
and CLR, respectively (26). Notably, Bf-RAMP-LPs possess a
predicted transmembrane domain and four Cys residues that are
conserved in the vertebrate RAMPs. Comparison of amino acid
sequence of Bf-RAMP-LPs with human RAMP1-3 demonstrated
that the three RAMP-LPs exhibit low amino acid sequence
similarity (15.4-39.3%) (26). Consistent with this, molecular
phylogenetic analysis of chordate RAMPs disclosed that the
three Bf-RAMP-LPs diverged independently in the amphioxus
lineage (26).

The function of Bf-RAMP-LPs as an escort protein has been
evaluated by fluorescence activated cell sorting analysis (26).
An N-terminal V5-tagged Bf-CTFP-R transfected into COS-7
cells was not detected by a V5 antibody without detergent,
indicating that Bf-CTFP-R is not able to localize on the cell

surface. In contrast, co-expression of wild-type Bf-RAMP-LPs
with V5-tagged Bf-CTFP-R induced the translocation of V5-
tagged Bf-CTFP-R to the cell membrane (26). These results
strongly suggest that Bf-RAMP-LP acts as an escort protein
and that Bf-CTFP-R is a RAMP-dependent receptor with
regard to cell surface localization, similar to vertebrate CLR
(26). The molecular function of the Bf-CTFP-R-Bf-RAMP-LP
complex has also been uncovered. The ligand-receptor assay
demonstrated that all Bf-CTFPs were not able to activate COS-
7 cells expressed by Bf-CTFP-R. Moreover, Bf-CTFPs activated
the COS-7 cells transfected with Bf-CTFP-R in conjunction
with each Bf-RAMP-LPs in a dose-dependent manner (26).
Comparison of the pECsy values of the receptor complexes
revealed that the order of potency of Bf-CTFPs depended
on each Bf-RAMP-LP as follows: Bf-CTFP2 > Bf-CTFP3
= Bf-CTFP1 in Bf-CTFP-R-Bf-RAMP-LP1, Bf-CTFP2 = Bf-
CTFP3 > Bf-CTFP1 in Bf-CTFP-R-Bf-RAMP-LP2; and Bf-
CTFP2 > Bf-CTFP3 = Bf-CTFP1 in Bf-CTFP-R-Bf-RAMP-
LP3 (26).

Altogether, these findings demonstrate that Bf-CTFPs are
authentic ligands of the Bf-CTFP-R-Bf-RAMP-LP complexes,
and that Bf-CTFP-R functions as a RAMP-dependent receptor
similar to vertebrate CLR. Moreover, Bf-RAMP-LPs could be
implicated in the formation of active receptor complex, in the
trafficking of Bf-CTFP-R, and in the Bf-CTFPs selectivity of
Bf-CTFP-R.
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THE CT/CGRP FAMILY IN AMBULACRARIA

Ambulacraria, including hemichordates and echinoderms,
constitutes a sister group to the chordates in deuterostomes
(63). Recent genomic, and transcriptomic research has
described the CT/CGRP family peptides in the Ambulacraria
(22, 24, 25, 27, 28, 36). For example, in hemichordates, the
acorn worm (Saccoglossus kowalevskii) possesses two CT/CGRP
family peptides according to the genomic database (24, 25)
(Figure 2). The first discovery of a CT/CGRP family peptide
in echinoderms, a phylum consisting of crinoids, asteroids,
ophiuroids, sea urchin, and sea cucumber, was obtained from
a radial nerve and larval ¢cDNA library in the sea urchin,
Strongylocentrotus purpuratus (22). It comprised 37-amino acid
residues designated as S. purpuratus CT-like peptide (SpCTLP).
Furthermore, a 40-amino acid CT-type neuropeptide (CTP) was
identified from transcriptome data of radial nerve cords in the
Asteroidea, Asterias rubens (27). In A. rubens, larval localization
of CTP elucidated by whole mount in situ hybridization has been
reported (64). A. rubens CTP (ArCTP) mRNA was distributed
in the adhesive disk and adjacent tissue in the brachiolariae
stage (64). The existence of a CT/CGRP family peptide has also
been reported based on transcriptomic information of three
ophiuroid species (Ophionotus victoriae, Amphiura filiformis,
and Ophiopsila aranea) (28). A. filiformis and O. aranea possess
two transcriptional variants of a CT-type peptide precursor
(28), with variant 1 and variant 2 including CT2 and CT1/2
peptides, respectively; however, O. victoriae lacks variant 1 (28).
Moreover, a CT/CGRP family peptide of sea cucumber has been
reported from two species (25, 36). A comprehensive peptide
search of a ¢cDNA library including different developmental
stages and adult organs in the sea cucumber, Apostichopus
japonicus, detected a transcript encoding a CT/CGRP family
peptide precursor, termed A. japonicus CT-like peptide precursor
(AjCTLPP) (25). The deduced amino acid sequence of AjJCTLPP
contains AjJCTLP1 and AjCTLP2 peptides of 35 and 37-amino
acid residues, respectively (25). In another sea cucumber,
Holothuria scabra, two CT-type peptide precursor (CTPP)
isoforms, designated as H. scabra CTPP long (HscCTPP-long)
and HscCTPP-short, were detected from both neural and gonad
cDNA library (36). The HscCTPP-long and short isoform
contained both the 35-amino acid CT-type peptide 1 (CTPI1)
and 36-amino acid CTP2, and only CTP2, respectively (36).
Reverse transcription-polymerase chain reaction (RT-PCR)
analysis demonstrated that HscCTPP-long and short mRNAs
are distributed in the circumoral nerve ring, radial nerve cord,
longitudinal muscle, and intestine (36).

Overall, the primary amino acid sequence of Ambulacraria
peptides resembles that of vertebrate CT (Figure2). All
Ambulacraria CT/CGRP family peptides and vertebrate CTs
share the common primary structures of N-terminal circular
region amino acid length and the C-terminal amidated Pro
residue (Figure 2), except for only AjCTLP1, which has one
amino acid longer circular region than that of vertebrate CTs
(Figure 2). In contrast, the extension connecting the N-terminal
circular region of Ambulacraria CT/CGRP family peptides is
reminiscent of those of vertebrate CGRP, AM, AMY, and

CRSP. Collectively, these observations suggest that Ambulacraria
CT/CGRP family peptides also exhibit hybrid features of the
various vertebrate CT/CGRP peptide family members.

Finally, although the presence of a CTR/CLR gene has been
reported in acorn worm and sea urchin by genome search
(24, 65), the ligand-receptor relationship between the CT/CGRP
family peptide and CTR/CLR has not yet been reported in
Ambulacraria. Further study will be required to elucidate the
evolutionary process of CT/CGRP family peptide receptors
during invertebrate deuterostome evolution.

POSSIBLE EVOLUTIONARY PROCESS OF
CT/CGRP FAMILY SYSTEM FROM
INVERTEBRATES TO VERTEBRATES

Accumulation of the data of CT/CGRP family from vertebrates
and invertebrate chordates allows us to describe the evolutionary
scenario of CT/CGRP family peptide. Given that Takei et al.
reported a splendid evolutionary model of CT/CGRP family
peptide gene in vertebrates (66), I propose an evolutionary
scenario of CT/CGRP family peptide in chordates based on the
Takei’s model (Figure 3).

It is presumed that a common chordate ancestor possessed a
single CT/CGRP family peptide gene (Figure 3). As shown above,
three amphioxus CT/CGRP family peptide (Bf-CTFP) genes are
tandemly arranged on the same chromosome, suggesting that
amphioxus lineage-specific gene duplication occurred (Figure 3).
On the other hand, ascidian CT/CGRP family peptide (Ci-
CT) gene might be derived from the ancestral gene without
duplication event.

After the occurrence of vertebrates, an ancestral gene might
tandemly duplicate and form two genes, which are ancestral
AMI1/AM?2 gene and CGRP/AMY gene (Figure 3). AM5 gene
ancestor might be generated from an ancestral AMI1/AM2 gene
by gene duplication (Figure3). There is a widely accepted
theory that second-round WGD (2RWGD) occurred after the
appearance of vertebrates (67). Although 2RWGD is considered
to occur before or after the emergence of cyclostome ancestor,
the conclusion remains unclear (68-70). Cyclostomes are the
basal vertebrates, which are the jawless animals and comprise
lamprey and hagfish (71). AM gene has been identified in lamprey
and hagfish (9). However, the other CT/CGRP family members
have not been reported. Therefore, diversification process of
CT/CGRP family peptide gene in extant cyclostomes from
ancestral vertebrates remains to be clarified. Further study using
currently available genomic information of lamprey and hagfish
is necessary.

The comparative genome analysis of teleost fishes and
tetrapods demonstrated that CT/CGRP family peptide gene
located on the three proto-chromosomes, which is predicted by
analyzing medaka genome (7, 72). In the common ancestor of
teleosts and tetrapods, AMI and CGRP gene would be located
on the proto-chromosome E. Moreover, AM2 and AMY gene
would be encoded on the proto-chromosome F. Localization of
AMS5 gene is likely to be on unidentified chromosome except
for proto-chromosome E and F. In teleost lineage, 3RWGD is
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FIGURE 3 | A schema predicting the diversification process of the CT/CGRP family peptide gene during chordate evolution. This schema is described as a
modification of Takei’s report (66). The dotted line and dotted box represent uncertain pathway and unidentified gene, respectively. Question mark on dotted line
depicts the ambiguous pathway. Dotted boxes with a question mark exhibit that comprehensive identification of cartilaginous fish and cyclostome CT/CGRP family
peptide is incomplete. 2R and 3R show second-round whole genome duplication and third-round whole genome duplication, respectively. CT, calcitonin; CGRP, CT
gene-related peptide, AM, adrenomedullin; AMY, amylin; CRSP, CT receptor-stimulating peptide.

expected to occur. The 3RWGD results in the formation of a
new chromosome encoding AM4 and CGRP2 gene from proto-
chromosome E (Figure 3). Additionally, duplication of proto-
chromosome F gave rise to a new chromosome on which AM3
gene is localized (Figure 3). The descendant of AMY gene in
the vicinity of AM3 gene might be lost (Figure 3). Although
chromosome encoding AM5 gene is likely to be duplicated, the
counterpart of AM5 gene has not been detected (Figure 3).

On the other hand, in the tetrapods lineage, CGRP gene of
proto-chromosome E would tandemly duplicate and form new
CGRPS gene (Figure 3). CRSP gene exists in the proximity of
CGRPu gene on the same chromosome in the pig, horse, and
dog (7, 73, 74). Dog CRSP gene resembles CGRPa gene in
terms of generating CT mRNA by alternative splicing (73). These
issues strongly support that CRSP gene is likely to be generated
from CGRP« gene by tandem duplication and is an ortholog
of CGRPB gene. Further, Tetrapods are likely to possess AM2,
AMY, and AM5 gene in the similar chromosomal position with
proto-chromosome (Figure 3).

In cartilaginous fish, it is assumed that the chromosomal
location of CT/CGRP family peptide gene is similar to
that of CT/CGRP family peptide gene in ancestral proto-
chromosome. Two AM genes have been identified in

elasmobranch and holocephalans (9), and a partial CT sequence
has been determined in stingray (8). AMY is identified from
transcriptomic analysis using the lesser spotted shark (10). No
report of CGRP gene from these fishes has been published. Thus,
the search of CT/CGRP family peptide member is expected
to be incomplete. Moreover, the chromosomal localization of
identified CT/CGRP family peptide genes remains enigmatic.
Comprehensive identification of CT/CGRP family peptide gene
and their chromosomal localization using cartilaginous fish
genome is necessary.

Next, I propose three possible evolutionary scenarios of
CT/CGRP family peptide receptor from invertebrates to
vertebrates (Figure4). The first scenario presumes that the
ancestral chordates already possessed both RAMP-independent
CTR-type and RAMP-dependent CLR-type genes (Figure 4A).
CTR-type gene can form an active receptor without heterodimer
of RAMP, whereas CLR-type gene is not able to create an
active receptor without RAMP. Subsequently, the CTR-type
and CLR-type gene may have been lost in the amphioxus
and ascidian lineage, respectively. This notion is in accordance
with the previous findings that the amphioxus and ascidian
peptide exhibit hybrid characteristics of CT and other family
members and CT-like features, respectively. In turn, a common
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ancestor of vertebrates might have preserved CTR-type, CLR-
type, and RAMP genes. The formation of CTR/CLR-RAMP
complexes enabled the recognition of multiple CT/CGRP family
peptides and the fulfillment of multiple functions of CT/CGRP
family peptides in the vertebrate lineage. The second scenario
speculates that the receptor type of a common ancestor of
chordates only comprised a RAMP-dependent CLR-type gene
(Figure 4B). Considering that the amino acid sequence similarity
of Bf-RAMP-LPs with human RAMPs was low, the following
possibility exists: although ascidians may possess a protein that
acts as a RAMP-like escort protein for its CLR-type protein,
this protein is not detected by homology search owing to
low sequence similarity with vertebrate RAMPs. In turn, a
RAMP-independent CTR-type gene might be newly acquired
in the vertebrate lineage, which would assist vertebrates in
responding to various CT/CGRP family peptides. The third
scenario implies that a common ancestor of chordates carried
a RAMP-independent CTR-type gene (Figure 4C). Amphioxus
acquired the RAMP-dependent CLR-type gene and lost the CTR-
type gene, whereas ascidians maintained the RAMP-independent
CTR-type gene. In vertebrates, the CLR-type gene was newly
generated from the CTR-type gene by gene duplication. To verify
these hypotheses, evaluation of the ligand-receptor recognition
and exploration of RAMP in Ambulacraria, which is a more
primitive phylum than chordates, is required. Moreover, the
molecular function of CTR/CLR in a primitive vertebrate such as
cyclostome would further assist in evaluating the diversification
process in the vertebrate CT/CGRP family system.

CONCLUSIONS AND PERSPECTIVES

In vertebrates, the investigation of CT/CGRP family peptide
and their receptor complexes has been intensively performed
particularly in mammals. However, the knowledge of CT/CGRP
family in cartilaginous fishes and cyclostomes is insufficient
because comprehensive identification of CT/CGRP family
peptide has not been completed yet. To describe a more precise
evolutionary story of CT/CGRP family, further research of
CT/CGRP family in cartilaginous fish and cyclostomes is
necessary. On the other hand, data for invertebrate deuterostome
CT/CGRP family peptides have been also accumulated.
Particularly, in protochordates, molecular characterization
and biological effects on vertebrates have been elucidated.
These investigations demonstrate the similar characteristics
between protochordate CT/CGRP family peptides and vertebrate
CT/CGRP family peptides. Moreover, the ligand-receptor
relationship and RAMP function have been clarified in an
amphioxus. Notably, the molecular function of amphioxus
CT/CGRP family receptors is not reminiscent of vertebrate
CTR but rather of CLR. Moreover, RAMP functions are also
conserved between amphioxi and vertebrates. However, no
molecular functional data of receptors and RAMPs have been
reported for C. intestinalis. Thus, further investigation of
receptor function and evaluation of the existence of RAMP-like
proteins are necessary. In the case of molecular function analysis
of Ciona CT/CGRP family receptor, the Ciona CT/CGRP family

A
amphioxus ascidian vertebrate
wan D a6 i
nnn i
B

ascidian vertebrate

iﬂfﬂﬁﬂl i @ﬁﬂl

N

Wﬂﬁﬁ[

ascidian

fin

amphioxus

i

vertebrate

o i

amphioxus

). i .

CLR-type 1';ceptor

CTR-type réceptor
R

RAMP

fimn

FIGURE 4 | Three possible evolutionary scenarios of the CT/CGRP family
receptors and RAMPs in chordates. (A) A common ancestor of chordates
might have already possessed the RAMP-independent CTR-type gene,
RAMP-dependent CLR-type gene, and RAMP gene. Gene loss of the
CTR-type gene and CLR-type gene might have occurred in the amphioxus
and ascidian lineage, respectively. (B) A primitive chordate might have had
only a CLR-type gene and RAMP gene. Although an ascidian RAMP-like gene
exists, this gene has not yet been identified. A CTR-type gene might have
arisen in the vertebrate lineage. (C) A common ancestor of chordates might
have possessed a CTR-type gene. CTR-type gene might have been lost in
extant amphioxus. Furthermore, both amphioxus and vertebrates might have
independently acquired the RAMP-like gene and CLR-type gene.

receptor candidate has not been expressed in mammalian and
insect cells. Therefore, it would be necessary to establish the
primary culture and cell lines from Ciona individuals and utilize
them in the forced expression system of Ciona CT/CGRP family
receptor. Regarding the exploration of RAMP candidates, motif
searches appear to represent an effective approach because
chordate RAMPs show low primary amino acid sequence
similarity and conserve structurally relevant motifs such as
the single transmembrane domain and four Cys residues.
Furthermore, the physiological activity of CT/CGRP family
peptides in invertebrate chordates remains to be determined.
Further clarification of receptor and physiological function in
protochordates will likely provide insight into the evolutionary
process of CT/CGRP family peptides from invertebrates to
vertebrates.

Frontiers in Endocrinology | www.frontiersin.org

November 2018 | Volume 9 | Article 695


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sekiguchi

The CT/CGRP Family in Invertebrate Deuterostomes

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Copp DH, Cheney B. Calcitonin-a hormone from the parathyroid

which lowers the calcium-level of the blood. Nature (1962) 193:381-2.
doi: 10.1038/193381a0

. Amara SG, Jonas V, Rosenfeld MG, Ong ES, Evans RM. Alternative RNA

processing in calcitonin gene expression generates mRNAs encoding different
polypeptide products. Nature (1982) 298:240-4. doi: 10.1038/298240a0

. Cooper GJ, Willis AC, Clark A, Turner RC, Sim RB, Reid KB. Purification

and characterization of a peptide from amyloid-rich pancreases of
type 2 diabetic patients. Proc Natl Acad Sci USA. (1987) 84:8628-32.
doi: 10.1073/pnas.84.23.8628

. Kitamura K, Kangawa K, Kawamoto M, Ichiki Y, Nakamura S, Matsuo H,

et al. Adrenomedullin: a novel hypotensive peptide isolated from human
pheochromocytoma. Biochem Biophys Res Commun. (1993) 192:553-60.
doi: 10.1006/bbrc.1993.1451

. Katafuchi T, Kikumoto K, Hamano K, Kangawa K, Matsuo H, Minamino

N. Calcitonin receptor-stimulating peptide, a new member of the calcitonin
gene-related peptide family. Its isolation from porcine brain, structure,
tissue distribution, and biological activity. ] Biol Chem. (2003) 278:12046-54.
doi: 10.1074/jbc.M207970200

. Hay DL, Pioszak AA. Receptor activity-modifying proteins (RAMPs):

new insights and roles. Annu Rev Pharmacol Toxicol. (2016) 56:469-87.
doi: 10.1146/annurev-pharmtox-010715-103120

. Ogoshi M, Inoue K, Naruse K, Takei Y. Evolutionary history of the calcitonin

gene-related peptide family in vertebrates revealed by comparative genomic
analyses. Peptides (2006) 27:3154-64. doi: 10.1016/j.peptides.2006.09.011

. Suzuki N, Ueda K, Sakamoto H, Sasayama Y. Fish calcitonin genes: primitive

bony fish genes have been conserved in some lower vertebrates. Gen Comp
Endocrinol. (1999) 113:369-73. doi: 10.1006/gcen.1998.7215

. Wong MK, Takei Y. Cyclostome and chondrichthyan adrenomedullins reveal

ancestral features of the adrenomedullin family. Comp Biochem Physiol B
Biochem Mol Biol. (2009) 154:317-25. doi: 10.1016/j.cbpb.2009.07.006
Mulley JE, Hargreaves AD, Hegarty M]J, Heller RS, Swain MT. Transcriptomic
analysis of the lesser spotted catshark (Scyliorhinus canicula) pancreas,
liver and brain reveals molecular level conservation of vertebrate pancreas
function. BMC Genomics (2014) 15:1074. doi: 10.1186/1471-2164-15-1074
Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related
peptide: physiology and pathophysiology. Physiol Rev. (2014) 94:1099-142.
doi: 10.1152/physrev.00034.2013

Hay DL. Amylin. Headache (2017) 57:89-96. doi: 10.1111/head.13077
Tsuruda T, Kato J, Kuwasako K, Kitamura K. Adrenomedullin: continuing to
explore cardioprotection. Peptides (2018). doi: 10.1016/j.peptides.2018.03.012
Nag K, Kato A, Nakada T, Hoshijima K, Mistry AC, Takei Y, et al.
Molecular and functional characterization of adrenomedullin receptors in
pufferfish. Am ] Physiol Regul Integr Comp Physiol. (2006) 290:R467-78.
doi: 10.1152/ajpregu.00507.2005

Nobata S, Ogoshi M, Takei Y. Potent cardiovascular actions of homologous
adrenomedullins in eels. Am J Physiol Regul Integr Comp Physiol. (2008)
294:R1544-53. doi: 10.1152/ajpregu.00707.2007

Katafuchi T, Yasue H, Osaki T, Minamino N. Calcitonin receptor-
stimulating peptide: its evolutionary and functional relationship with
calcitonin/calcitonin gene-related peptide based on gene structure. Peptides
(2009) 30:1753-62. doi: 10.1016/j.peptides.2009.06.012

Shahbazi F, Holmgren S, Jensen J. Cod CGRP and tachykinins in coeliac artery
innervation of the Atlantic cod, Gadus morhua: presence and vasoactivity. Fish
Physiol Biochem. (2009) 35:369-76. doi: 10.1007/s10695-008-9257-7
Ostrovskaya A,  Findlay DM, Sexton PM, Furness SG.
Calcitonin. In: J. Stein editor. Reference Module in Neuroscience

FUNDING

This study was supported in part by grants to TS (Scientific
Research [C] No. 18K06312 by JSPS).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

and Biobehavioral Psychology. Amsterdam: Elsevier (2017). PP. 1-12.
doi: 10.1016/B978-0-12-809324-5.03223-5

Hay DL, Garelja ML, Poyner DR, Walker CS. Update on the pharmacology
of calcitonin/CGRP family of peptides: IUPHAR Review 25. Br ] Pharmacol.
(2018) 175:3-17. doi: 10.1111/bph.14075

Nag K, Kato A, Sultana N, Ogoshi M, Takei Y, Hirose S. Fish calcitonin
receptor has novel features. Gen Comp Endocrinol. (2007) 154:48-58.
doi: 10.1016/j.ygcen.2007.06.017

Sekiguchi T, Suzuki N, Fujiwara N, Aoyama M, Kawada T, Sugase K,
et al. Calcitonin in a protochordate, Ciona intestinalis—the prototype of the
vertebrate calcitonin/calcitonin gene-related peptide superfamily. FEBS J.
(2009) 276:4437-47. doi: 10.1111/j.1742-4658.2009.07151.x

Rowe ML, Elphick MR. The neuropeptide transcriptome of a model
echinoderm, the sea urchin Strongylocentrotus purpuratus. Gen Comp
Endocrinol. (2012) 179:331-44. doi: 10.1016/j.ygcen.2012.09.009
Conzelmann M, Williams EA, Krug K, Franz-Wachtel M, Macek B, Jékely G.
The neuropeptide complement of the marine annelid Platynereis dumerilii.
BMC Genomics (2013) 14:906. doi: 10.1186/1471-2164-14-906

Mirabeau O, Joly JS. Molecular evolution of peptidergic signaling
systems in bilaterians. Proc Natl Acad Sci USA. (2013) 110:E2028-37.
doi: 10.1073/pnas.1219956110

Rowe ML, Achhala S, Elphick MR. Neuropeptides and polypeptide hormones
in echinoderms: new insights from analysis of the transcriptome of the sea
cucumber Apostichopus japonicus. Gen Comp Endocrinol. (2014) 197:43-55.
doi: 10.1016/j.ygcen.2013.12.002

Sekiguchi T, Kuwasako K, Ogasawara M, Takahashi H, Matsubara S, Osugi
T, et al. Evidence for conservation of the calcitonin superfamily and activity-
regulating mechanisms in the basal chordate Branchiostoma floridae: insights
into the molecular and functional evolution in chordates. J Biol Chem. (2016)
291:2345-56. doi: 10.1017/jbc.M115.664003

Semmens DC, Mirabeau O, Moghul I, Pancholi MR, Wurm Y, Elphick
MR. Transcriptomic identification of starfish neuropeptide precursors yields
new insights into neuropeptide evolution. Open Biol. (2016) 6:150224.
doi: 10.1098/rsob.150224

Zandawala M, Moghul I, Yafiez Guerra LA, Delroisse ], Abylkassimova N,
Hugall AF, et al. Discovery of novel representatives of bilaterian neuropeptide
families and reconstruction of neuropeptide precursor evolution in ophiuroid
echinoderms. Open Biol. (2017) 7:170129. doi: 10.1098/rsob.170129

Findlay DM, Sexton PM. Calcitonin. Growth Factors (2004) 22:217-24.
doi: 10.1080/08977190410001728033

Amara SG, Arriza JL, Leff SE, Swanson LW, Evans RM, Rosenfeld MG.
Expression in brain of a messenger RNA encoding a novel neuropeptide
homologous to calcitonin gene-related peptide. Science (1985) 229:1094-7.
doi: 10.1126/science.2994212

Rosenfeld MG, Mermod JJ, Amara SG, Swanson LW, Sawchenko PE,
Rivier J, et al. Production of a novel neuropeptide encoded by the
calcitonin gene via tissue-specific RNA processing. Nature (1983) 304:129-35.
doi: 10.1038/304129a0

Roh ], Chang CL, Bhalla A, Klein C, Hsu SY. Intermedin is a
calcitonin/calcitonin gene-related peptide family peptide acting through the
calcitonin receptor-like receptor/receptor activity-modifying protein receptor
complexes. ] Biol Chem. (2004) 279:7264-74. doi:10.1074/jbc.M305332200
Takei Y, Inoue K, Ogoshi M, Kawahara T, Bannai H, Miyano S. Identification
of novel adrenomedullin in mammals: a potent cardiovascular and renal
regulator. FEBS Lett. (2004) 556:53-8. doi: 10.1016/S0014-5793(03)01368-1
Ogoshi M, Nobata S, Takei Y. Potent osmoregulatory actions of
homologous adrenomedullins administered peripherally and centrally
in eels. Am ] Physiol Regul Integr Comp Physiol. (2008) 295:R2075-83.
doi: 10.1152/ajpregu.90688.2008

Frontiers in Endocrinology | www.frontiersin.org

November 2018 | Volume 9 | Article 695


https://doi.org/10.1038/193381a0
https://doi.org/10.1038/298240a0
https://doi.org/10.1073/pnas.84.23.8628
https://doi.org/10.1006/bbrc.1993.1451
https://doi.org/10.1074/jbc.M207970200
https://doi.org/10.1146/annurev-pharmtox-010715-103120
https://doi.org/10.1016/j.peptides.2006.09.011
https://doi.org/10.1006/gcen.1998.7215
https://doi.org/10.1016/j.cbpb.2009.07.006
https://doi.org/10.1186/1471-2164-15-1074
https://doi.org/10.1152/physrev.00034.2013
https://doi.org/10.1111/head.13077
https://doi.org/10.1016/j.peptides.2018.03.012
https://doi.org/10.1152/ajpregu.00507.2005
https://doi.org/10.1152/ajpregu.00707.2007
https://doi.org/10.1016/j.peptides.2009.06.012
https://doi.org/10.1007/s10695-008-9257-7
https://doi.org/10.1016/B978-0-12-809324-5.03223-5
https://doi.org/10.1111/bph.14075
https://doi.org/10.1016/j.ygcen.2007.06.017
https://doi.org/10.1111/j.1742-4658.2009.07151.x
https://doi.org/10.1016/j.ygcen.2012.09.009
https://doi.org/10.1186/1471-2164-14-906
https://doi.org/10.1073/pnas.1219956110
https://doi.org/10.1016/j.ygcen.2013.12.002
https://doi.org/10.1017/jbc.M115.664003
https://doi.org/10.1098/rsob.150224
https://doi.org/10.1098/rsob.170129
https://doi.org/10.1080/08977190410001728033
https://doi.org/10.1126/science.2994212
https://doi.org/10.1038/304129a0
https://doi.org/10.1016/S0014-5793(03)01368-1
https://doi.org/10.1152/ajpregu.90688.2008
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sekiguchi

The CT/CGRP Family in Invertebrate Deuterostomes

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Schonauer R, Els-Heindl S, Beck-Sickinger AG. Adrenomedullin - new
perspectives of a potent peptide hormone. J Pept Sci. (2017) 23:472-85.
doi: 10.1002/psc.2953

Suwansa-Ard S, Chaiyamoon A, Talarovicova A, Tinikul R, Tinikul Y,
Poomtong T, et al Transcriptomic discovery and comparative analysis of
neuropeptide precursors in sea cucumbers (Holothuroidea). Peptides (2018)
99:231-40. 10.1016/j.peptides.2017.10.008

Lafont AG, Dufour S, Fouchereau-Peron M. Evolution of the CT/CGRP
family: comparative study with new data from models of teleosts, the eel, and
cephalopod molluscs, the cuttlefish and the nautilus. Gen Comp Endocrinol.
(2007) 153:155-69. doi: 10.1016/j.ygcen.2007.01.027

Kégstrom J, Holmgren S. Calcitonin gene-related peptide (CGRP), but not
tachykinins, causes relaxation of small arteries from the rainbow trout gut.
Peptides (1998) 19:577-84. doi: 10.1016/50196-9781(97)00456-7

Suzuki N, Suzuki T, Kurokawa T. Possible involvement of calcitonin
gene-related peptide in seawater adaptation of flounder: Expression
analysis of its receptor mRNA in the gill. Fish Sci. (2002) 68:425-9.
doi: 10.1046/j.1444-2906.2002.00441

Lafont AG, Fitzpatrick T, Cliff Rankin J, Dufour S, Fouchereau-Peron M.
Possible role of calcitonin gene-related peptide in osmoregulation via the
endocrine control of the gill in a teleost, the eel, Anguilla anguilla. Peptides
(2006) 27:812-9. doi: 10.1016/j.peptides.2005.09.009

Ogoshi M, Inoue K, Takei Y. Identification of a novel adrenomedullin gene
family in teleost fish. Biochem Biophys Res Commun. (2003) 311:1072-7.
doi: 10.1016/j.bbrc.2003.10.111

Martinez-Alvarez RM, Volkoff H, Cueto JA, Delgado MJ. Molecular
characterization of calcitonin gene-related peptide (CGRP) related peptides
(CGRP, amylin, adrenomedullin and adrenomedullin-2/intermedin) in
goldfish (Carassius auratus): cloning and distribution. Peptides (2008)
29:1534-43. doi: 10.1016/j.peptides.2008.04.013

Watkins HA, Au M, Hay DL. The structure of secretin family GPCR peptide
ligands: implications for receptor pharmacology and drug development.
Drug Discov Today (2012) 17:1006-14. doi: 10.1016/j.drudis.2012.
05.005

Bower RL, Hay DL. Amylin structure-function relationships and receptor
pharmacology: implications for amylin mimetic drug development. Br |
Pharmacol. (2016) 173:1883-98. doi: 10.1111/bph.13496

R, Vieira FA, Power DM. Calcitonin receptor family
evolution and fishing for function using in silico promoter analysis.
Gen Comp Endocrinol. (2014) 209:61-73. doi: 10.1016/j.ygcen.2014.
04.025

McLatchie LM, Fraser NJ, Main M], Wise A, Brown J, Thompson
N, et al. RAMPs regulate the transport and ligand specificity of the
calcitonin-receptor-like receptor. Nature (1998) 393:333-9. doi: 10.1038/
30666

Benitez-Pdez A, Cardenas-Brito S. Dissection of functional residues in
receptor activity-modifying proteins through phylogenetic and statistical
analyses. Evol Bioinform Online (2008) 4:153-69. doi: 10.4137/EBO.S705
Sexton PM, Morfis M, Tilakaratne N, Hay DL, Udawela M, Christopoulos G,
et al. Complexing receptor pharmacology: modulation of family B G protein-
coupled receptor function by RAMPs. Ann N Y Acad Sci. (2006) 1070:90-104.
doi: 10.1196/annals.1317.076

Nag K, Sultana N, Hirose S. Calcitonin receptor-like receptor (CLR)
influences  posttranslational ~events of receptor activity-modifying
proteins (RAMPs). Biochem Biophys Res Commun. (2012) 418:824-9.
doi: 10.1016/j.bbrc.2012.01.116

Delsuc F, Brinkmann H, Chourrout D, Philippe H. Tunicates and not
cephalochordates are the closest living relatives of vertebrates. Nature (2006)
439:965-8. doi: 10.1038/nature04336

Delsuc F, Tsagkogeorga G, Lartillot N, Philippe H. Additional molecular
support for the new chordate phylogeny. Genesis (2008) 46:592-604.
doi: 10.1002/dvg.20450

Castiglione Morelli MA, Pastore A, Motta A. Dynamic properties of
salmon calcitonin bound to sodium dodecyl sulfate micelles: a restrained
molecular dynamics study from NMR data. ] Biomol NMR (1992) 2:335-48.
doi: 10.1007/BF01874812

Siligardi G, Samori B, Melandri S, Visconti M, Drake AF. Correlations
between biological activities and conformational properties for human,

Martins

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

salmon, eel, porcine calcitonins and Elcatonin elucidated by CD spectroscopy.
Eur ] Biochem. (1994) 221:1117-25. doi: 10.1111/j.1432-1033.1994.tb18832.x
Pham V, Dong,M, Wade JD, Miller L], Morton CJ], Ng HL, et al.
Insights into interactions between the alpha-helical region of the salmon
calcitonin antagonists and the human calcitonin receptor using photoaffinity
labeling. J Biol Chem. (2005) 280:28610-22. doi: 10.1074/jbc.M5032
72200

Bereiter-Hahn ], Zylberberg L. Regeneration of teleost fish scale. Comp
Biochem Physiol A Physiol. (1993) 105:625-41.

Sire JY, Akimenko MA. Scale development in fish: a review, with
description of sonic hedgehog (shh) expression in the zebrafish
(Danio rerio). Int ] Dev Biol. (2004) 48:233-47. doi: 10.1387/ijdb.031
767js

Suzuki N, Suzuki T, Kurokawa T. Suppression of osteoclastic
activities by calcitonin in the scales of goldfish (freshwater teleost)
and nibbler fish (seawater teleost). Peptides (2000) 21:115-24.
doi: 10.1016/S0196-9781(99)00181-3

Suzuki N, Danks JA, Maruyama Y, Ikegame M, Sasayama Y, Hattori
A, et al. Parathyroid hormone 1 (1-34) acts on the scales and
involves calcium metabolism in goldfish. Bone (2011) 48:1186-93.
doi: 10.1016/j.bone.2011.02.004

Sekiguchi T, Kawashima T, Satou Y, Satoh N. Further EST analysis of
endocrine genes that are preferentially expressed in the neural complex of
Ciona intestinalis: receptor and enzyme genes associated with endocrine
system in the neural complex. Gen Comp Endocrinol. (2007) 150:233-45.
doi: 10.1016/j.ygcen.2006.08.010

Berna L, Alvarez-Valin F. Evolutionary genomics of fast evolving tunicates.
Genome Biol Evol. (2014) 6:1724-38. doi: 10.1093/gbe/evul22

Telford MJ, Copley RR. Improving animal phylogenies with genomic
data.  Trends Genet. (2011) 27:186-95. doi: 10.1016/j.tig.2011.
02.003

Sekiguchi T, Shiraishi A, Satake H, Kuwasako K, Takahashi H, Sato M,
et al. Calcitonin-typical suppression of osteoclastic activity by amphioxus
calcitonin  superfamily peptides and insights into the evolutionary
conservation and diversity of their structures. Gen Comp Endocrinol.
(2017) 246:294-300. doi: 10.1016/j.ygcen.2017.01.004

Satoh N, Rokhsar D, Nishikawa T. Chordate evolution and the three-
phylum system. Proc Biol Sci. (2014) 281:20141729. doi: 10.1098/rspb.2014.
1729

Mayorova TD, Tian S, Cai W, Semmens DC, Odekunle EA, Zandawala
M, et al. Localization of neuropeptide gene expression in larvae of an
echinoderm, the starfish Asterias rubens. Front Neurosci. (2016) 10:553.
doi: 10.3389/fnins.2016.00553

Burke RD, Angerer LM, Elphick MR, Humphrey GW, Yaguchi S, Kiyama
T, et al. A genomic view of the sea urchin nervous system. Dev Biol. (2006)
300:434-60. doi: 10.1016/j.ydbi0.2006.08.007

Takei Y, Ogoshi M, Wong MK, Nobata, S. Molecular and functional evolution
of the adrenomedullin family in vertebrates: what do fish studies tell us? In: D.
L. Hay and I. Dickerson editors. The Calcitonin Gene-Related Peptide Family:
Form, Function and Future Perspectives. Berlin: Springer Verlag (2009). p.
1-21.

Dehal P, Boore JL. Two rounds of whole genome duplication in the
ancestral vertebrate. PLoS Biol. (2005) 10:e314. doi: 10.1371/journal.pbio.00
30314

Furlong RE Holland PW. Bayesian phylogenetic analysis supports
monophyly of ambulacraria and of cyclostomes. Zool Sci. (2002) 19:593-9.
doi: 10.2108/zsj.19.593

Escriva H, Manzon L, Youson ], Laudet V. Analysis of lamprey
and hagfish genes reveals a complex history of gene duplications
during early vertebrate evolution. Mol Biol Evol. (2002) 19:1440-50.
doi: 10.1093/oxfordjournals.molbev.a004207

Kuraku S, Meyer A, Kuratani S. Timing of genome duplications
relative to the origin of the vertebrates: did cyclostomes diverge
before or after? Mol Biol Evol. (2009) 26:47-59. doi: 10.1093/molbev/
msn222

Shimeld SM, Donoghue PC. Evolutionary crossroads in developmental
biology: cyclostomes (lamprey and hagfish). Development (2012) 12:2091-9.
doi: 10.1242/dev.074716.

Frontiers in Endocrinology | www.frontiersin.org

November 2018 | Volume 9 | Article 695


https://doi.org/10.1002/psc.2953
https://doi.org/10.1016/j.ygcen.2007.01.027
https://doi.org/10.1016/S0196-9781(97)00456-7
https://doi.org/10.1046/j.1444-2906.2002.00441
https://doi.org/10.1016/j.peptides.2005.09.009
https://doi.org/10.1016/j.bbrc.2003.10.111
https://doi.org/10.1016/j.peptides.2008.04.013
https://doi.org/10.1016/j.drudis.2012.05.005
https://doi.org/10.1111/bph.13496
https://doi.org/10.1016/j.ygcen.2014.04.025
https://doi.org/10.1038/30666
https://doi.org/10.4137/EBO.S705
https://doi.org/10.1196/annals.1317.076
https://doi.org/10.1016/j.bbrc.2012.01.116
https://doi.org/10.1038/nature04336
https://doi.org/10.1002/dvg.20450
https://doi.org/10.1007/BF01874812
https://doi.org/10.1111/j.1432-1033.1994.tb18832.x
https://doi.org/10.1074/jbc.M503272200
https://doi.org/10.1387/ijdb.031767js
https://doi.org/10.1016/S0196-9781(99)00181-3
https://doi.org/10.1016/j.bone.2011.02.004
https://doi.org/10.1016/j.ygcen.2006.08.010
https://doi.org/10.1093/gbe/evu122
https://doi.org/10.1016/j.tig.2011.02.003
https://doi.org/10.1016/j.ygcen.2017.01.004
https://doi.org/10.1098/rspb.2014.1729
https://doi.org/10.3389/fnins.2016.00553
https://doi.org/10.1016/j.ydbio.2006.08.007
https://doi.org/10.1371/journal.pbio.0030314
https://doi.org/10.2108/zsj.19.593
https://doi.org/10.1093/oxfordjournals.molbev.a004207
https://doi.org/10.1093/molbev/msn222
https://doi.org/10.1242/dev.074716.
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sekiguchi

The CT/CGRP Family in Invertebrate Deuterostomes

72. Kasahara M, Naruse K, Sasaki S, Nakatani Y, Qu W, Ahsan B, et al. The
medaka draft genome and insights into vertebrate genome evolution. Nature
(2007) 447:714-9. doi: 10.1038/nature05846

73. Osaki T, Katafuchi T, Minamino N. Genomic and expression analysis of
canine calcitonin receptor-stimulating peptides and calcitonin/calcitonin
gene-related peptide. J Biochem. (2008) 144:419-30. doi: 10.1093/jb/
mvn084

74. Rezaeian AH, Katafuchi T, Yoshizawa M, Hiraiwa N, Saito T, Nishibori M,
et al. Genomic organization, expression and evolution of porcine CRSP1, 2,
and 3. Cytogenet Genome Res. (2008) 121:41-9. doi: 10.1159/000124380

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Sekiguchi. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

11

November 2018 | Volume 9 | Article 695


https://doi.org/10.1038/nature05846
https://doi.org/10.1093/jb/mvn084
https://doi.org/10.1159/000124380
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	The Calcitonin/Calcitonin Gene-Related Peptide Family in Invertebrate Deuterostomes
	Introduction
	The CT/CGRP Family In Vertebrates
	CT/CGRP Family Peptide And Its Putative Receptor in Ascidians
	CT/CGRP Family Peptides And Their Genuine Receptor Complexes in Amphioxi
	The CT/CGRP Family in Ambulacraria
	Possible Evolutionary Process of CT/CGRP Family System From Invertebrates to Vertebrates
	Conclusions and Perspectives
	Author Contributions
	Funding
	References


