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Letter

G Protein-Coupled Receptor Genes in the

FANTOM2 Database

Yuka Kawasawa,'-® Louise M. McKenzie,? David P. Hill,> Hidemasa Bono,?
RIKEN GER Group? and GSL Members,** and Masashi Yanagisawa'

"Howard Hughes Medical Institute, Department of Molecular Genetics, University of Texas Southwestern Medical Center at
Dallas, Dallas, Texas 75390-9050, USA; The Jackson Laboratory, Bar Harbor, Maine 04609, USA; 3Laboratory for Genome
Exploration Research Group, RIKEN Genomic Sciences Center (GSC), RIKEN Yokohama Institute, Suehiro-cho, Tsurumi-ku,
Yokohama, Kanagawa 230-0045, Japan; *Genome Science Laboratory, RIKEN, Hirosawa, Wako, Saitama 351-0198, Japan

G protein-coupled receptors (GPCRs) comprise the largest family of receptor proteins in mammals and play
important roles in many physiological and pathological processes. Gene expression of GPCRs is temporally and
spatially regulated, and many splicing variants are also described. In many instances, different expression
profiles of GPCR gene are accountable for the changes of its biological function. Therefore, it is intriguing to
assess the complexity of the transcriptome of GPCRs in various mammalian organs. In this study, we took
advantage of the FANTOM2 (Functional Annotation Meeting of Mouse cDNA 2) project, which aimed to
collect full-length cDNAs inclusively from mouse tissues, and found 410 candidate GPCR cDNAs. Clustering of
these clones into transcriptional units (TUs) reduced this number to 213. Out of these, 165 genes were
represented within the known 308 GPCRs in the Mouse Genome Informatics (MGI) resource. The remaining 48
genes were new to mouse, and 14 of them had no clear mammalian ortholog. To dissect the detailed
characteristics of each transcript, tissue distribution pattern and alternative splicing were also ascertained. We
found many splicing variants of GPCRs that may have a relevance to disease occurrence. In addition, the

difficulty in cloning tissue-specific and infrequently transcribed GPCRs is discussed further.

[Supplemental material is available online at www.genome.org.]

G protein-coupled receptors (GPCRs) bind to and transduce a
large variety of extracellular stimuli (ligands) such as hor-
mones, neurotransmitters, autacoids, chemokines, enzymes,
odorant, taste, and even light, thus mediating many physi-
ological functions through interaction with heterotrimeric G
proteins. Given the fact that a very significant proportion of
known drugs interact with GPCRs (Wise et al. 2002), identi-
fication of mouse orthologs of human GPCRs is an important
contribution to future development of human therapeutic
agents. GPCRs are membrane-integrated receptor proteins
and possess a unique seven membrane-spanning region. Se-
quence similarity between each member of the GPCR family
is highly conserved, and the membrane-spanning region of-
ten shows the highest similarity, by which these receptor pro-
teins are discriminated from any other proteins. Moreover,
GPCR family genes are categorized into six subgroups based
on sequence similarity (Table 1; Kolakowski Jr. 1994; Horn et
al. 1998). Family A is a very large family containing rhodop-
sin, olfactory, biogenic amine, nucleic acid, bioactive lipid,
and peptide receptors. Family B consists of secretin, calcito-
nin, parathyroid hormone, glucagon, vasoactive intestinal
peptide receptors, etc. Family C contains metabotropic gluta-
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mate receptors (mGluRs), y-aminobutyric acid type B recep-
tors (GABA-B), Ca®*-sensing receptor, and vomeronasal recep-
tors type 2. Family D is fungal pheromone P- and a-factor
receptors (STE2/MAM2). Family E is fungal pheromone A- and
M-factor receptors (STE3/MAP3). Family F is related to slime
mold cyclic adenosine monophosphate (CAMP) receptors. Re-
cently, a growing number of new GPCR families have been
reported. These include the frizzled family (Vinson and Adler
1987), smoothened (Alcedo et al. 1996), vomeronasal recep-
tors type 1 (Dulac and Axel 1995), ocular albinism (Schiaffino
et al. 1996), and Arabidopsis thaliana receptor GCR1 (Josefsson
and Rask 1997). Although a receptor function or G protein
coupling has not been experimentally demonstrated in some
cases, we focused on collecting any probable cDNAs of GPCRs
that fulfill the criteria mentioned above.

Recent genomic analyses in human (Lander et al. 2001;
Venter et al. 2001) reported that there are ~600 GPCR genes
that belong to the Families A, B, and C. This number, how-
ever, excluded several putative GPCR families, such as a large
family of odorant receptors (nearly 350 odorant receptor
genes are estimated), taste receptors, frizzled/smoothened re-
ceptors, and Family D, E, and F receptors, implying that there
are nearly a thousand GPCRs in the human genome (Conklin
et al. 2000). Although the achievement of sequencing the
entire genome provides much information for exploring areas
such as gene number, polymorphisms, and gene structure
analysis, it is also quite important to acquire an overall view
of expressed sequences, the transcriptome. Gene expression
of GPCRs is regulated in a temporally and spatially specific
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Table 1. Family Classification of GPCRs

Number of Number of

Number known genes new genes Number of Number of

of genes (against MGI) (against MGI)? novel GPCRs" orphan GPCRs
Family A (rhodopsin-like) 165 134 31 8 45
Family B (secretin-like) 24 16 8 13
Family C (metabotropic glutamate/pheromone) 11 4 7 4 4
Family D (fungal pheromone-STE2/MAM2)
Family E (fungal pheromone-STE3/MAP3)
Family F (slime mold cAMP receptors) 1 1 1 1
Frizzled/smoothened family 8 8
Vomeronasal receptor (V1R & V3R) 1 1 1 1
Ocular albinism proteins 1 1 1
Others 2 2 2
Total 213 165 48 14 67

“These were not in the MGl database as of May 5, 2002, and therefore were hypothesized as representing homologs or paralogs to known genes.
PAmong the genes that were new to MGl (%), these had neither homologs nor paralogs registered in GenBank as of May 5, 2002 and were

judged as novel genes.

manner and can also be altered by physiological and patho-
logical conditions. Moreover, various alternative splice prod-
ucts are described for many GPCRs, but their biological sig-
nificance often remains elusive. Therefore, the GPCR family is
one of the most interesting gene families to assess with respect
to the complexity of the transcriptome in mammals.

The RIKEN Mouse Gene Encyclopaedia project involves
the development of a cap-trapper method to acquire full-
length cDNA libraries from various mouse tissues, the cre-
ation of automated systems for DNA sequencing, and a fully
computed system to infer other information such as chromo-
somal locations and gene expression patterns. This effort to
catalog overall transcriptional units in mouse is called
FANTOM (Bono et al. 2002), and its principal aims are to
create meaningful names for clones, identify coding regions,
and categorize clones based on the vocabularies of the Gene
Ontology Consortium (Ashburner et al. 2000). The initial re-
sults and validation of the FANTOM approach were reported
previously and generated the functional annotation of 21,076
full-length ¢cDNAs (Kawai et al. 2001). The second phase of
this project (FANTOM2) resulted in an additional 39,694-
cDNA set (total 60,770) and a more global analysis of
the mouse transcriptome (The FANTOM Consortium and
The RIKEN Genome Exploration Research Group Phase I and
II Team 2002). Along with the achievement of the mouse
genome sequencing project (Mouse Genome Sequencing
Consortium 2002), these results provide a comprehensive
grasp of the widespread transcripts encoded in the mouse ge-
nome.

By exploiting various search systems equipped with the
FANTOM2 data set, we retrieved all cDNAs that were pre-
dicted as GPCR genes. Clustering of those sequences (total
410) led to an identification of 213 individual transcriptional
units (TUs). Out of these, 165 TUs have been already repre-
sented in the set of known 308 GPCRs in the Mouse Genome
Informatics resource (MGI: http://www.informatics.jax.org).
The remaining 48 TUs represented novel mouse genes, and 14
of them had no clear mammalian ortholog. In the present
work, we classified these GPCRs into subgroups based on their
similarities and focused on describing novel 14 genes that
have been newly found in mammals. Moreover, tissue-
specific expression and alternative splicing of GPCRs were
also analyzed.

RESULTS AND DISCUSSION

Data Acquisition From the FANTOMZ2 Database

The detailed annotation process for the FANTOM2 clone set
was described elsewhere (The FANTOM Consortium and The
RIKEN Genome Exploration Research Group Phase I and II
Team 2002). A distinct feature of this process is the combina-
tion of two annotation strategies. First is automated annota-
tion, which uses computational searches against the majority
of publicly accessible databases, followed by automatic assign-
ments of controlled nomenclature vocabulary transferred
from the original literature and/or Gene Ontology (GO) terms
to clones (Ashburner et al. 2000). The second is manual an-
notation, which aims to qualify the automated annotation by
assigning the most informative name and coding sequence to
each transcript. During an international consortium (the
Mouse Annotation Teleconference for RIKEN cDNA se-
quences, MATRICS) many experts in bioinformatics and biol-
ogy worked to verify and enhance the computational anno-
tations. The Web-based FANTOM?2 interface provided inte-
grated graphical summaries of sequence similarity, motif
search results, ortholog search results, alignments against the
public draft mouse genome assemblies, and so on, and was
used by MATRICS curators to manually assess and refine the
automated annotations (Kasukawa et al. 2003). Furthermore,
it included various search systems allowing the retrieval of
genes of interest based on GO terms, Pfam name, protein
motif, source of cDNA library, gene length, etc. Taking advan-
tage of this system, we obtained probable GPCR genes.
Among these preselected cDNAs, we verified 410 clones as
putative GPCRs and annotated them using the guidelines de-
signed for the FANTOM2 interface.

Coverage of Mouse Transcriptome

The entire set of 60,770 FANTOM2 sequences was clustered
into 17,594 protein-coding TUs, excluding a substantial num-
ber of noncoding TUs (The FANTOM Consortium and The
RIKEN Genome Exploration Research Group Phase I and II
Team 2002). We found the 410 GPCR candidate clones clus-
tered into 213 TUs. Therefore, it is estimated that propor-
tional coverage of GPCR transcripts in mouse is equivalent to
0.67% (410 divided by 60,770) of total sequences or 1.21%
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Figure 1 Classification tree (Family A—small molecule). A rooted tree was constructed for 83 GPCRs. GPCRs that have cognate ligands are
distinguished in colored subgroups. Orphan GPCRs are shown in uncolored branches, and novel genes are indicated with black circles. Abbre-
viations are shown in Supplementary Information 1 (available online at www.genome.org).

(213 divided by 17,594) of total protein coding sequences,
respectively. Although the gene number (213) by itself is far
less than expected for the mouse genome (Mouse Genome
Sequencing Consortium 2002), this is the first attempt at es-
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timating the proportion of GPCR genes against the mouse
transcriptome and is probably influenced by the initial filter-
ing of the FANTOM2 cDNAs to try to remove redundancy
(The FANTOM Consortium and The RIKEN Genome Explora-
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in Supplementary Information 2.

tion Research Group Phase I and II Team 2002). Because
GPCRs exert their function in a temporally and spatially spe-
cific manner and some members of subfamilies recognize the
same ligand and act cooperatively, we believe it is very im-
portant to understand the transcriptome and/or proteome of

GPCRs to comprehensively evaluate their biological signifi-
cance.

To estimate the coverage of FANTOM?2 against a public
database, we chose the MGI GPCR data set because of its de-
tailed annotation descriptions and nonredundancy among re-
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containing protein
Weakly similar to arginine vasotocin receptor

MTR (91)

C030001A19 C030017E03

TF30450 AKO047609

(platichlhys fiesus)

A630011C19 9330128H10 A630017K07 Hypothetical rhodopsin-like GPCR superfamily

CG6111 gene product (90)

TF23990 AK033957

containing protein

agCP15215 (89), XP_147621 (44)

Hypothelical G-protein coupled receptors family 3

5330427M13

C630030A14

TD36669 AK083234

Family C

(metabotropic glutamate receptor-like)

containing protein

Hypothetical protein

(100)*

XP_147621
V2R2 (78)

5330439C02 A230072P15

4933425M15
4930518C23

TF22772  AK030625
TF22632 AK030224
TF22454 AK029734

Similar to putative pheromone receptor v2r2

V2R2 (69)

Weakly similar to putative pheromone receptor

v2r2

(100)

NP_598937

XP_144130

Hypothelical protein

F730108M23
C230065D10

AK089429

TF39458

Family F

(100)®

Similar to vomeronasal receptor v1Rc3 (Mus

TF36432 AK082576

Vomeronasal

musculus)

receptor type 1

Representative transcript (RTS) IDs and sequence IDs are provided to each gene cluster.

“These genes were registered in GenBank after the initial analyses had been done on May 5, 2002

ceptor genes that is often problematic in
many GPCR databases. Out of the 213 TUs in
FANTOM?2, 165 were represented within the
known 308 GPCRs in MGI (as of May 5, 2002;
Table 1). The coverage was calculated as
53.6%. The remaining 48 TUs were new to
MG, and 34 of these were hypothesized as rep-
resenting homologs or paralogs to known
genes. MGI curators will use these relation-
ships to coordinate appropriate official no-
menclature for these genes during the MGI
FANTOM?2 data load (Baldarelli et al. 2003).
The remaining 14 TUs represent novel GPCRs
that have no counterparts in public databases
(as of May 5, 2002). According to sequence
similarity, the 14 genes represented by these
TUs were classified into subgroups (Table 1).
Eight genes belong to Family A, four to Family
C, one to Family F, and one to vomeronasal
receptor type 1. Among these, Family A and C
receptors are represented in classification trees
(Figs. 1, 2, and 4 below), in an aim to illustrate
their relatedness to known GPCRs. Moreover,
we found several identical genes that have
been registered in GenBank (as of September
20, 2002) while we were preparing this manu-
script and updated this information to refine
our data (as discussed below and shown in
Table 2). In addition, 67 out of the 213 genes
are orphan GPCRs for which endogenous li-
gands have not been identified and the physi-
ological functions remain elusive (Table 1; Lee
et al. 2001).

Classification Trees

Representative clones from the 213 GPCRs
were classified into subgroups based on their
sequence similarity. Because Family A GPCRs
consist of many genes (165 genes; Table 1), we
divided them into two subgroups. One is the
GPCRs that recognize electromagnetic radia-
tion and small molecules such as light (rho-
dopsin), odors (olfactory receptors), biogenic
amines, nucleic acids, and bioactive lipids. The
other is peptide receptors including chemo-
kines, chemoattractants, protease-activated,
and hormone protein receptors. The data
shown in Figures 1 and 2 were internally con-
sistent, and the branching patterns agree well
with the relatedness within known receptor
gene (shaded in color). Moreover, there are a
substantial number of orphan GPCRs (un-
shaded) distributed in each clade. Sequence
alignments of orphan GPCRs with the use of
such dendrogams could help identify the rel-
evant subfamilies and point the way to iden-
tification of potential ligands and biological
functions.

Family B (secretin-like) contains 24 genes,
and more than half of them were revealed to
be orphan receptors (Table 1). Family B recep-
tors are characterized not only by the lack of
the structural signature sequences present in
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the Family A GPCRs but also by the presence of a large N-
terminal extracellular domain (exodomain; Laburthe et al.
1996). Because of the lack of similarity within the exodo-
mains of each receptor, the relatedness among this group is
hardly significant (Fig. 3). Additional analyses identifying
new members of this subgroup and dissection of the receptor
structure are needed to clarify the physiological relevance of
this family.

Likewise, Family C (mGluR/GABA-B/pheromone recep-
tors) is featured by a large N-terminal exodomain where the
receptor can capture its cognate ligand. There are four novel
genes found in the FANTOM2 data set (Fig. 4), two of which
(clones AK083234 and AK030625) share little homology with
other known GPCRs (Gustincich et al. 2003). They could
therefore comprise a distinct gene family and recognize a
novel ligand.

Novel GPCR cDNAs in FANTOM2 (as of May
5,2002)

Family A

Olfactory Receptors

Clone AKO01700S belongs to the olfactory receptor superfam-
ily and is most similar to “olfactory receptor MOR184-6 [Mus
musculus]” (accession no. AAL60754; Zhang and Firestein
2002). However, this transcript was cloned from testis, where
olfactory receptors are not thought to function. The receptor

GPR56
LPH3 GPR64
LPH2

EMR4

CD97

VLGR1

BAI3

SCT
GHRHR

0.1

Figure 3 Classification tree (Family B). An unrooted tree was constructed for 24 GPCRs. The scale bar
indicates a maximum likelihood branch length of 0.1 inferred substitutions per site. GPCRs that have
cognate ligands are distinguished in colored subgroups. Orphan GPCRs are shown in uncolored

branches. Abbreviations are shown in Supplementary Information 3.

4632435A09RIK

VIPR1

also appears to be too short to encode the primary structure of
a putative seven-transmembrane receptor. As evidenced by
Zhang and Firestein (2002), there are 1296 olfactory receptor
genes defined in the mouse genome, of which ~1000 are func-
tional and the rest are pseudogenes. Thus the clone AK017005
transcript may only exist as a nonfunctional pseudogene.

Similar to GPR34

Clone AK041317 shares a weak (25%) amino acid identity
with GPR34 (Fig. 1; Marchese et al. 1999; Schoneberg et al.
1999), but no further similarity to any other known GPCR is
detected. Although clone AK041317 and GPR34 are distinct
from any other GPCRs, they are placed in a clade of nucleic
acid receptor family (Fig. 1). Because GPR34 by itself is an
orphan GPCR, a biological relevance of this clone remains
uncertain.

Similar to Purinergic Receptor

Clone AK041740 is identical to “similar to purinergic receptor
[Mus musculus]” (accession no. XP_142039, registered on
May 20, 2002). It has prominent identities with “putative pu-
rinergic receptor P2Y10 [Homo sapiens]” (accession no.
NP_055314, 72% identity; Ralevic and Burnstock 1998) and
with “putative purinergic receptor FKSG79 [Homo sapiens]”
(accession no. NP_115942, 50% identity). Less similar se-
quences are also retrieved, such as “similar to P2Y purinocep-
tor 9 (P2Y9/Purinergic receptor 9/G protein-coupled receptor
GPR23/P2Y5-like receptor) [Homo sapiens]” (accession no.
XP_018505, 33% identity), “purin-
ergic receptor (family A group 5)
[Homo sapiens]” (accession no.
NP_005758, 32% identity), and
“G protein-coupled receptor 17
[Homo sapiens]” (accession no.
NP_005282, 31% identity). P2ry10,
P2ry5, and P2ry9 genes were also
identified in the FANTOM2 data-
base, and all of these genes were
clustered with clone AK041740 in
the classification tree (Fig. 1).

8430401C09RIK

5031409J19RIK

CSPRS  Similar to C512 (GPR7)

Clone AKO053187 is identical to
“similar to C5a anaphylatoxin che-
motactic receptor C5L2 [Mus mus-
culus]” (accession no. XP_145404,
registered on May 16, 2002) and
shares 56% identity with human
CS5L2 protein. C5L2 (also termed
GPR77) belongs to a subfamily of
C5a, C3a, and formyl peptide re-
ceptors that are related to the che-
moattractant receptor family and
clone AK053187 situates among the
chemoattractant receptor subgroup
in the classification tree (Fig. 2).
CS5L2 has recently been shown to
have a high binding affinity to C5a
(Cain and Monk 2002). Although
C5a is known as a potent chemoat-
tractant and anaphylatoxin that
acts on leukocytes and on many
other cell types, more work is nec-

FLJ14454

ADCYAP1R1

VIPR2
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GPRC1C GPRC1B

GPRC1H

GPRC1G GPRCIE

AK029734 @

GABBR1

AK030224 @

AK083234 @

AK030625 @
— 0.3

Figure 4 Classification tree (Family C). An unrooted tree was constructed for 11 GPCRs. The scale bar
indicates a maximum likelihood branch length of 0.1 inferred substitutions per site. GPCRs that have
cognate ligands are distinguished in colored subgroups. Orphan GPCRs are shown in uncolored
branches, and novel genes are indicated with black circles. Abbreviations are shown in Supplementary

ortholog of the human gene. Al-
though this gene is located in a hor-
mone receptor subgroup in the clas-
sification tree (Fig. 2), there is a
weak similarity (25%) between
clone AK048591 and galanin recep-
tor type 2 (accession no. AAC36589;
Pang et al. 1998). Galanin is a ubig-
uitously expressed neuropeptide
that exerts diverse modulatory
functions in the central and periph-
eral nervous systems (Tatemoto et
al. 1983; Bartfai et al. 1993). The
presence of a structurally related
peptide has been also recognized
and shown to act on galanin recep-
tors (Ohtaki et al. 1999). Thus,
clone AK048591 could encode a
novel type of receptor protein that
interacts with yet unidentified gala-
nin-related peptides.

Similar to Mesotocin Receptor

Clone AK047609 belongs to the ar-
ginine vasopressin receptor family
(Fig. 2) and is closely related to
“similar to mesotocin receptor
(MTR) [Mus musculus]” (accession
no. XP_138721, registered on May
17, 2002, chromosome=“13").
Gene mapping concludes that
clone AK047609 is intronless and is
localized on Chromosome 13. Its

Information 4.

essary to ascertain the relevance of this receptor to in vivo
chemotactic reaction.

Similar to GPR31

Clone AK036897 matches a partial sequence of T complex
responder 1 locus, which is described in UniGene Cluster
Mm.132359 (the cluster name is “Mus musculus T complex
responder 1 mRNA sequence”). As is consistent with a previ-
ous report (Schimenti 1999), this locus contains an intronless
open reading frame (ORF) of “G protein coupled receptor
[Mus musculus]” gene (accession no. AAF26668), and clone
AK036897 has 83% identity with this gene. It also holds 50%
identity with human GPR31, indicating that this could be a
murine paralog of GPR31. GPR31 is an orphan receptor that
shares 25%-33% homology with members of the chemokine,
nucleic acid, and somatostatin receptor gene families (Zin-
goni et al. 1997). Furthermore, the classification tree indi-
cated that clone AK036897 may have a relatedness to prote-
ase-activated receptors (Fig. 2). Despite these observations,
clone AK036897 is too short to encode a putative GPCR struc-
ture, indicating that this cDNA is likely a partial fragment.

Similar to Galanin Receptor Type 2

Clone AK048591 is identical to “similar to putative G-protein
coupled receptor [Mus musculus]” (accession no. XP_140302,
registered on May 17, 2002). It has a significant identity (78%)
with human sequence “similar to putative G-protein coupled
receptor [Homo sapiens]” (accession no. XP_068829, regis-
tered on Aug. 1, 2002), implying that this clone may be an
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DNA sequence fully matches

XP_138721, except for the gaps in
the 5’ terminus and an internal region of gene XP_138721
(data not shown). The difference in these particular regions of
the ORF, in turn, results in translating a shorter polypeptide.
Kyte and Doolittle hydropathicity plots (Kyte and Doolittle
1982) predict that this product carries only five or six mem-
brane-spanning domains, whereas clone AK047609 presum-
ably contains a seven-transmembrane structure (data not
shown). These observations postulate that clone AK047609
encodes a new member of the arginine vasopressin receptor
family, whereas clone XP_13871 is probably not a GPCR and
might be produced as a result of gene duplication or chromo-
somal remodeling. In addition, clone AK047609 has a pro-
spective ortholog that shares 70% identity and is termed
“seven transmembrane helix receptor [Homo sapiens]” (acces-
sion no. BAC05903, registered on July 23, 2002). Although
both of these murine and human orthologs are weakly similar
to the amphibian mesotocin receptor (accession no. Q90252,
26% identity; Akhundova et al. 1996), mesotocin itself has
not yet been identified in mammals. Therefore, the receptors
might bind to a novel peptide hormone that is partially simi-
lar to mesotocin or another member of the arginine vasopres-
sin peptide family.

Similar to CG6111 Gene Product

Together with clone AK047609, clone AK033957 belongs to
the arginine vasopressin receptor family (Fig. 2) and is highly
similar to “similar to CG6111 gene product [Homo sapiens]”
(accession no. XP_167325, registered on Aug. 1, 2002). Be-
cause the amino acid identity is 90%, this gene is likely the
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ortholog of the human gene. Moreover, there is a fly ortholog
named “putative CCAP receptor [Drosophila melanogaster]”
(accession no. AAN10041, registered on Sept. 16, 2002; Park et
al. 2002) that has 38% identity with clone AK033957. Al-
though this gene was originally considered as an orthologous
gene of the vasopressin and oxytocin receptor subgroup
(Broeck 2001; Hewes and Taghert 2001), it was recently
shown to be activated by crustacean cardioactive peptide
(CCAP; Park et al. 2002). CCAP was initially identified by its
cardioacceleratory action on the heart of the shore crab, and
its primary structure is strictly conserved across the arthro-
pods (Veenstra 1989). Although a mammalian ortholog of
CCAP has not yet been described, it is anticipated that a re-
lated peptide may be discovered as a cognate ligand for clone
AK033957.

Family C

We found two novel and unique genes that belong to Family
C GPCRs. One is clone AK083234, and the other is clone
AKO030625 (Fig. 4). Interestingly, they have a significant iden-
tity with each other (44%) but with any known receptor of
this family (Fig. 4), implying that they comprise a novel sub-
group of Family C GPCRs (Gustincich et al. 2003).

Clone AK083234 is highly similar to “hypothetical pro-
tein XP_158147 [Mus musculus]” (accession no. XP_158147,
registered on May 16, 2002) and “similar to agCP15215
[Homo sapiens]” (accession no. XP_168702, registered on
Aug. 1, 2002). Although clone AK083234 and XP_158147 are
identical from amino acid 1 to 300, they are mapped to dif-
ferent chromosomes (AK083234 is on chromosome = “2”;
XP_158147 is on chromosome = “1”). This indicates that they
were generated by gene duplication. In addition, gene
XP_158147 lacks the seven-transmembrane region, which is
essential to confer biological function to GPCRs. In contrast,
there is an overall similarity between clone AK083234 and
XP_168702, implying that they are orthologous.

Clone AKO030625 is identical to “hypothetical protein
XP_147621 [Mus musculus]” (accession no. XP_147621, reg-
istered on Nov. 19, 2002). Although this clone has a signifi-
cant identity to clone AK083234 (44%), it does not contain a
seven membrane-spanning segment and there is no polyade-
nylation signal in the 3’ noncoding region. Therefore, this
clone may be a truncated fragment of an unknown putative
GPCR.

Family F

Clone AK089429 belongs to Family F GPCR and is identical to
“similar to hypothetical protein FLJ12132 [Mus musculus]”
(accession no. XP_144130, registered on May 16, 2002). The
biological meaning of this gene product remains unclear.

Pheromone Receptor (Family C [V2R] and Other Group [VIR])

Clone AK030224 and AK029734 are placed in the Family C
GPCR subfamily (Fig. 4), with significant identities (78% and
69%, respectively) to “putative pheromone receptor V2R2
[Mus musculus]” (accession no. AAC08413; Ryba and Tirin-
delli 1997). Predicted CDS lengths (AK030224 is 1425 bp and
AKO029734 is 1966 bp), however, are substantially shorter than
that of the putative V2r2 transcript (ORF; 2739 bp). In addi-
tion, both of the predicted amino acid sequences lack the
putative seven membrane-spanning segment. Such partial se-
quences were frequently observed in the FANTOM2 database
despite the extensive effort to clone long mRNAs (The
FANTOM Consortium and The RIKEN Genome Exploration

Research Group Phase I and II Team 2002). It is anticipated
that further technical improvement can facilitate the full-
length cloning of longer mRNAs (Carninci et al. 2002).

Clone AK089429 is identical to “vomeronasal 1 receptor,
C21 [Mus musculus]” (accession no. NP_598937, registered
on July 10, 2002), which was found in a survey aimed at
identifying the vomeronasal type 1 receptor superfamily
genes in the mouse genome (Rodriguez et al. 2002).

Tissue-Specific GPCRs

As is the well-known case in rodents, odorant and pheromone
receptor families consist of extremely large and diverse reper-
toires of receptors, their variants, and pseudogenes. The di-
versity of sensory receptors is directly related to the perceptual
and behavioral abilities to detect and respond to an enormous
variety of sensory stimuli. In the present study, however, we
were able to find only three pheromone receptors and six
odorant receptors. Many of them were cloned from testis, and
some of them were from neonate cerebellum, eyeball, or skin.
Although the FANTOM2 project rigorously collected cDNA
libraries from various mouse tissues, neither vomeronasal or-
gan nor olfactory epithelium, in which the pheromone or the
odorant receptors are thought to be exclusively expressed,
were selected as RNA sources. A larger variety of cDNA librar-
ies needs to be produced to cover tissue-specific or infre-
quently generated transcripts. Nevertheless, it is intriguing
that some of the odorant or pheromone receptor genes are
expressed in testis and certain neonate tissues in which the
odorant receptors appear to have no biological function. This
observation is consistent with the previous reports (Par-
mentier et al. 1992; Thomas et al. 1996; Tatsura et al. 2001)
and raises a possibility that the sensory receptors could be
involved not only in olfactory sensing, but also in reproduc-
tion or development. Moreover, it is well characterized that
each olfactory neuron expresses only one odorant receptor
gene (Buck 2000). Although the exact mechanism underlying
this exclusivity of expression in olfactory neurons remains to
be defined (Kratz et al. 2002), it would be interesting to de-
termine if similar regulation occurs in these other tissues.

Splicing Variants

Many GPCR genes are known to be encoded by a single exon
(Gentles and Karlin 1999), which facilitates their discovery
from genomic sequence (Takeda et al. 2002). However, a large
number of GPCRs are transcribed from multiple exons and
consequently can result in the formation of alternatively
spliced variants (Kilpatrick et al. 1999). In many cases, they
are physiologically distinct with respect to gene distribution,
ligand-binding affinity, signaling profile, receptor recycling,
and so on (Kilpatrick et al. 1999). In addition, there are several
reports linking splice variants with disease, although a mecha-
nism responsible for the physiological abnormality remains
uncertain (Kilpatrick et al. 1999). By mapping each cDNA se-
quence to the draft mouse genome (Mouse Genome Sequenc-
ing Consortium 2002), Zavolan et al. constructed a compre-
hensive database of probable splice variants (http://
genomes.rockefeller.edu/MouSDB; Zavolan et al. 2003). By
retrieving the 213 GPCR gene clusters from this database, we
found 32 GPCR genes to be intronless and 180 to contain
introns. Because of the lack of accurate sequence information
for particular genomic sequences, one gene remained unclas-
sified. Among the 180 GPCR genes that possess multiple ex-
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Table 3. Analysis of Splicing Variants

Data type Number of genes
Not spliced (encoded by single exon) 32
Spliced, nonvariants 128
Spliced, variants 52
? (not determined) 1
Total 213

Data were obtained from http://genomes.rockefeller.edu/
MouSDB/(Zavolan et al. 2003).

Individual gene names and clone IDs are available in Supplemen-
tary Information 5 (available online at http://www.genome.org).

ons, we found 52 of splicing variant candidates (Table 3), and
a couple of examples are discussed further in the next section.

Gpr83; MGI:95712

One notable example is Gpr83 (glucocorticoid-induced recep-
tor, GIR; GPR72). Gpr83 was originally identified as a stress-
responsive gene in T-lymphocytes induced by glucocorticoids
and cAMP (Harrigan et al. 1989, 1991). The mouse Gpr83 gene
consists of 5 exons, and its mRNA is highly expressed in mam-
malian brain and thymus, in which several splicing variants
are also described (Harrigan et al. 1989, 1991; De Moerlooze et
al. 2000). According to the description given in the original
paper (Harrigan et al. 1989, 1991), the most abundant tran-
script in mouse tissues is called RP23 (Fig. 5), and it encodes a
putative seven transmembrane receptor. In contrast, the RP39
transcript undergoes exon skipping, resulting in the lack of a
region that expands from the third extracellular loop to the
third transmembrane region (Harrigan et al. 1991; De Moer-
looze et al. 2000). This variant appears to be nonfunctional
because it forms a six transmembrane receptor with inverted
receptor topology. Clones RP82 and RP105 contain an inser-
tion in the second intracellular loop, which presumably leads
to an altered coupling property to trimeric G proteins. In the
present study, we identified four distinct transcripts in the
Gpr83 TU (Fig. 5). Clones 9530022123 and C030041M14 are
identical to RP23 and encode a 423-amino-acid protein that

contains a putative seven transmembrane structure. Clone
A630019F13 corresponds to RP39, which results in an abnor-
mal form of GPR83. Although this aberrant receptor seems to
have no classical function, this transcript could serve a pos-
sible role in regulating gene expression or translation, causing
an indirect influence on GPCR function. Clone 5330401004
represents a novel variant of Gpr83 mRNA, containing an in-
sertion of unspliced intron sequence in its 5’ end, and fails to
encode a putative GPCR-like structure. This is one example of
many immature mRNA sequences described in FANTOM2 in-
cluding unspliced introns, frame shifts, or truncations, prima-
rily resulting from technical problems in cloning very long
transcripts (The FANTOM Consortium and The RIKEN Ge-
nome Exploration Research Group Phase I and II Team 2002).

Gpr37: MGI:1313297

We also identified probable variants of Gpr37 (Fig. 6). Al-
though GPR37 was initially cloned from a human brain cDNA
library based on the sequence similarity to endothelin recep-
tor subtype B (ETB) and herein also named as ETB-like protein
1 (ETB-LP1; Zeng et al. 1997), a significant homology can be
found neither with ETB nor with other known GPCRs. Com-
bined with the identification of a paralogous gene, termed
ETB-like protein 2 (ETB-LP2), the Gpr37 group seems to com-
prise a distinct gene subgroup. The Gpr37 gene is highly ex-
pressed in central nervous system and testis with a variety of
transcripts, as demonstrated by Northern blot analysis (Ma-
razziti et al. 1998). The genomic structure of Gpr37 revealed
the existence of two exons, but evidence for alternative splic-
ing has yet to be provided. In this analysis we found three
different transcript variants of the Gpr37 gene. Clone
6430580C01 (representative clone) is identical to the original
Gpr37 ¢cDNA and is derived from two exons (accession no.
NM_010338; Fig. 6; Marazziti et al. 1998). On the contrary,
clone E130007]18 is predicted to lack the precedent region of
exon 1, which might result in an N-terminal truncated form
of GPR37 (Fig. 6). The predicted 5" untranslated region of this
clone is identical to the corresponding ORF sequence of clone
6430580C01 (original form). In addition, the presence of an
in-frame stop codon upstream from the putative initiation
codon is not confirmed. These observations do not fulfill the

ID [strand] gene mapping (chr. #9) mature mRNA mature ORF
14,828,533 14,837,789 1 2,253 282 1,553
NM_010287 [+] I 'l mn — — s > s P23
1 2 3 4 5 1 245 —
7T™M
predicted mRNA predicted ORF
14,828,489 14,837,603 1 2,121 326 1,598
9530022123 [+] 1_ 1l ] h 5— - HS— — s RP23
14,828,522 14,837,714 1 2,199 204 1,565
C030041M14[+] 1 [ | [ | . — — RP23
1 2 5 1 245
14,828,519 14,839,130 1 2,953 297 1,442
A630019F13[+] i / " > ——— > ——
1 / 4 -] 67 1 45 67 RP39
14,833,621 14,839,609 1 4,258 1,516 2,268
5330401004[+] 1 [ R | =1
4 unspliced? 5 67 4? 5 6?

Figure 5 Predicted splicing variants of Gpr83. Schematic representation of the mouse GPR83 polypeptide and splicing alternatives generating
the different variants. Chromosomal localization was obtained by genome mapping. NM_010287 is the Gpr83 gene registered in the public
database, and blue bars represent each exon of Gpr83. Four RIKEN clones (9530022123, C030041M14, A630019F13, and 5330401A04) were
mapped against the Gpr83 gene; red bars represent the predicted coding region of each RIKEN clone. Edited mRNA and predicted ORF sequences
are also illustrated. The seven transmembrane (7TM) region is shown in black bar. Green bars show the predicted coding regions that do not match
data in the public database. Variants RP23 and RP39 have been described previously (Harrigan et al. 1991).
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ID [Strand] gene mapping (chr. #6) mature mRNA
25,624,907 25,647,528 1 4,372
NM_010338[-] : /I —s 1_2d
predicted mRNA
%5,625,384 25,646,615 1 2,979
6430580C01[-] 2- 1/ . — =
25,624,302 25,645,331 1 2,777
E130007J18[-]" i— I é —s ?F
2
25,622,677 25,646,592 1 3,037
A930017K23[-]3h 1 1 - — 1_?
1

Figure 6 Predicted variants of Gpr37. Schematic representation of the mouse GPR37
polypeptide and splicing alternatives that generate the different variants. Chromosomal
localization was obtained by genome mapping. NM_010338 is the Gpr37 gene registered
in the public database; blue bars represent each exon of Gpr37. Three RIKEN clones
(6430580C01, E130007)18, and A930017K23) were mapped against the Gpr37 gene; red

predicted ORF
721 2,523

mature ORF formatics (MGI, http://www.informatics.jax.
1,638 3:440 org/) and LocusLink/RefSeq (http://www.
— ncbi.nlm.nih.gov/LocusLink/; Pruitt and Ma-

glott 2001) databases were assigned the offi-
cial gene name and available Gene Ontology
(GO; Ashburner et al. 2000) terms. Sequences
that were identical to known mouse genes
were assigned the official gene name and
available GO terms. Taking advantage of the
computational GO assignment, we retrieved

7T™M

190 1,239 probable GPCR genes by searching GO terms

— related to GPCR against the FANTOM2 data-
base. Those that shared significant homology

698 2,020 with known genes in other species such as
human, rat, fly, or worm were classified into

“homolog to” categories. The others that had
no evident homology to any other known
gene were classified into the “similar to,”
“weakly similar to,” or “hypothetical pro-
tein” categories, indicating it likely they were
novel mouse genes.

bars represent the predicted coding region of each RIKEN clone. Edited mRNA and pre-

dicted ORF sequences are also illustrated. The seven transmembrane (7TM) region is shown
in black bar. Green bars show the predicted coding regions that do not match data in the
public database. Clone E130007)18 is predicted to lack the precedent region of exon 1, and

A930017K23 is predicted to have a shorter exon 2.

criteria of mature mRNA, indicating that this clone might be
a truncated form due to the technical limitations in cloning
longer mRNAs. Clone A930017K23 appears to be alternatively
spliced in the middle of exon 2, resulting in the insertion of
additional coding sequence (Fig. 6). As this novel splicing
variant can form a five transmembrane receptor, further stud-
ies must be performed to interpret its physiological function.
Interestingly, recent research hypothesized that GPR37 is in-
volved in stress-induced nerve cell damage, which is in part
mediated by the protein ubiquitination enzyme, Parkin (Imai
et al. 2001). PARK2 is one of the genes responsible for the
occurrence of Parkinson’s disease, and GPR37 can serve as one
of its endogenous substrates (Imai et al. 2001). The detailed
biological function of GPR37 remains elusive as it still awaits
the discovery of an endogenous ligand. In addition, it is pos-
sible that the transcriptional regulation of GPR37 serves as a
key event in disease occurrence.

In conclusion, we found 410 GPCR candidates from the
60,770-clone set generated by FANTOM2 and verified 213 TUs
out of them. In comparison to the human, the apparent cov-
erage of the GPCR family in the FANTOM2 set remains lim-
ited. This is a reflection of difficulties in full-length cloning of
very long GPCR transcripts and a lack of cDNA libraries from
the tissues where a large number of GPCRs such as olfactory
and pheromone receptors are expressed. Nevertheless, we suc-
cessfully identified a significant set of GPCRs with an empha-
sis on 14 novel genes and many possible splice variants.

METHODS

Mining GPCR Candidate Sequences From the
FANTOM2 Database

After the prediction of coding sequence (CDS; The FANTOM
Consortium and The RIKEN Genome Exploration Research
Group Phase I and II Team 2002), the cDNA and predicted
protein sequences were searched against publicly accessible
sequence and protein domain databases followed by auto-
mated assignment of a clone name and functional annotation
using a controlled vocabulary. Clone sequences that had a
high similarity to known genes in the Mouse Genome In-

Clustering of cDNA Clones Into TUs

The 60,770 FANTOM?2 clone set was clus-
tered using the ClusTrans method (The
FANTOM Consortium and The RIKEN Ge-
nome Exploration Research Group Phase I
and II Team 2002). Briefly, pairwise comparisons and global
alignment were performed for all cDNAs using the SSEARCH
program distributed with FASTA (Smith and Waterman 1981;
Pearson 1991) with the following parameters: A match score is
+1, a mismatch score is — 2, a penalty for the first residue in a
gap is —8, and a penalty for additional residues in a gap is 0.
The last option is critical for detecting long gaps in the align-
ment so that splicing variants can be clustered together. After
the global alignment, cDNA clusters were defined based on
percent sequence identity and match length. This method
allowed the initial 60,770 clones to be divided into 33,409
candidate clusters. For clustering of the FANTOM?2 data set
with known genes from the public databases, a modified ver-
sion of ClusTrans was used with SSEARCH replaced with BLAT
(Kent 2002), as BLAT produces identical clusters with a great
reduction in the time required for pairwise searches.

Genome Mapping

We mapped the cDNA sequences to the MGSCv3 assembly
(ftp://wolfram.wi.mit.edu/pub/mouse_contigs/MGSC_V3)
using BLAT (Kent 2002) with default parameters. This pro-
vided a basis for determining orthology between mouse and
human genes in the annotation process based on knowledge
of conserved linkage between these two species (Mural et al.
2002). Genome analysis also provided insight into the intron-
exon structure of mouse genes. The MGSCv3 assembly is from
a female mouse, whereas the FANTOM2 c¢DNA libraries are
from both male and female and include many testis-expressed
genes. For the alignment of these genes, we used the genomic
sequences from the mouse Y-chromosome available in the
public domain (~700 kb taken from ftp://ftp.ncbi.nih.gov/
genbank/genomes/M_musculus/CHR_Y/) and the human Y-
chromosome sequences (GoldenPath sequences; http://
genome.cse.ucsc.edu/goldenPath/22Dec2001). The remain-
ing unassigned sequences presumably represent mouse
genomic regions awaiting accurate assembly.

Tree Building

To make classification trees, we retrieved amino acid se-
quences of each GPCR and categorized them into four sub-
groups based on the similarity. Family A GPCRs (165 genes
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described) were divided into two independent groups for the
purpose of making a simple tree. One is the subgroup of rho-
dopsin, odorant, biogenic amine, nucleic acid, and bioactive
lipid receptors (Family A—small molecule group). The other is
the subgroup of peptide receptors (Family A—peptide group).
After completing the multiple alignments, we constructed
neighbor-joining phylogenetic trees for each family using
CLUSTAL W (Thompson et al. 1994). The dendrogram was
subsequently drawn using the Treeviewer program.

Analysis of Alternatively Spliced Genes

Data were obtained from http://genomes.rockefeller.edu/
MouSDB and the detailed method is described elsewhere
(Zavolan et al. 2003). Briefly, 60,770 RIKEN full-length cDNA
sequences and 44,122 public mRNA sequences (from the
mouse divisions of RefSeq and Mammalian Gene Collection
databases) were aligned to genomic loci of the mouse ge-
nome. cDNA sequences with at least 95% identity (or at most
five errors) in each exon were selected, and these yielded
11,677 loci with multiple spliced transcripts. Among these
sequences, the presence of cryptic exons and exons flanked by
alternative donor/acceptor splice site(s) was determined. Thus
4750 (41%) of the clusters were revealed to contain at least
one variant transcript. Taking advantage of this database, we
retrieved the corresponding cluster of GPCRs from each data
category. Only one cluster was not determined owing to the
lack of the complete genome mapping.
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