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Abstract A genomic analysis of the slIp,llpc;/Edgé mouse
sphingosine-1-phosphate (S1P) G protein-coupled receptor
gene revealed it to be located on central chromosome 10 and
to consist of two exons with an intronless coding region. Sur-
prisingly, we found the gene encoding the promiscuously cou-
pling G5 protein (Gnal5) located in tandem just upstream, an
arrangement conserved in the human genome (on chromosome
19p13.3). Given that Northern blots demonstrated similar tissue
distributions of the mouse sIp, and Gnal5 transcripts, we pro-
pose that transcription of the two genes may be under control of
the same enhancer elements and that their protein products may
couple in vivo.

© 2002 Federation of European Biochemical Societies. Pub-
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1. Introduction

The sip,/lpc;/Edg6 gene is part of a family of eight related
genes that encode G protein-coupled receptors (GPCRs) spe-
cifically activated by lysophospholipid molecules such as lyso-
phosphatidic acid (LPA) and sphingosine-1-phosphate (S1P).
Various cell types such as activated platelets and postmitotic
neurons produce LPA and/or S1P [1,2]. These signaling mol-
ecules induce proliferative, morphological, and cell migratory
changes on most cells and are believed to be involved in multi-
ple biological processes, including neurogenesis, myelination,
wound healing, angiogenesis, and immune system functions
[3-5]. Of the eight related genes encoding receptors for LPA
and S1P, three are specific for LPA (lpa;_3) and five for S1P
(sIp;—s). Sequence relationships among the mouse genes
clearly group the three LPA receptor genes (with 45-55%
amino acid sequence identity), but only do so for four of
the five SI1P receptor genes (also with 43-55% amino acid
sequence identity) [4]. The sip; gene was difficult to place
into either of these subclasses, with slightly more identity to
S1P receptor genes (~38%) than to LPA receptor genes
(~34%), suggesting it was an S1P receptor gene. Subsequent
ligand activation studies confirmed that it encodes a receptor
specifically activated by SIP [6,7].
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Genomic structure analysis of s/ps could provide insight
into the evolution of the eight lysophospholipid receptor
genes. The coding regions for each of the Ipa genes are divided
between two exons, whereas for the s/p;_; genes, the coding
region of each gene is within single exon, with only non-cod-
ing exon(s) upstream [8—12]. One would expect the genomic
structure of s/py to be similar to the other s/p genes. How-
ever, to date, genomic structure information has not been
reported for sip,.

Lysophospholipid receptors, as well as all GPCRs, couple
to heterotrimeric G proteins, which consist of a, B and y sub-
units. There are 15 types of mammalian G, subunits, which
are classified into four groups based on sequence similarity
and general function [13]. Heterologous expression studies
have demonstrated that most LP receptors can couple to mul-
tiple types of G, proteins, including those in the Gi/, Giz/13,
and Gg classes, but not in the Gy class [4,5]. Although the
S1P4 receptor can couple to G, class proteins, its coupling to
Gy class proteins has not been thoroughly examined [6,7].

The Gy class of G proteins (including Gq, Gii, Gis, and
Gis/16) activates phospholipase C (PLC). PLC hydrolyzes
membrane phospholipids, leading to production of inositol
phosphates and diacylglycerol, which in turn induce protein
kinase C activation and increases in cytosolic Ca?>*. G pro-
teins typically show receptor specificity, in that they will cou-
ple only subsets of receptors to their effector proteins. Such
receptor specificity is necessary, given the ubiquitous expres-
sion of most Gy, proteins. The G5 protein is unique in that it
couples promiscuously to nearly all GPCRs examined [14,15].
This promiscuous coupling of the G5 protein to GPCRs has
been used to identify novel ligands for orphan GPCRs [16,17].
It is hypothesized that the receptor specificity of Ggs lies in
its highly restricted expression pattern, which is confined to
hematopoietic tissues and lung [14].

We set out to characterize the mouse s/p; gene in order to
understand its evolution, regulation, and function. In the pro-
cess of analyzing the promoter, we discovered that the Gnal$
gene (encoding Gy;s5) was located in tandem immediately up-
stream. We then showed that the two genes were coexpressed
in the same tissues, suggesting that the same local enhancer
elements control transcription of both genes. If the dual ex-
pression is in the same cells, SIP4, may functionally couple to
Gy in vivo.

2. Materials and methods

2.1. Chromosomal mapping
An Mspl restriction fragment length polymorphism between Mus
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musculus (C5TBL6/JEi) and M. spretus (SPRET/Ei) genomic DNA
was identified 3’ of the poly(A) site in the s/p, gene. PCR, restriction
digestion, and backcross panel analysis were done as described pre-
viously [9], except primers used to amplify genomic DNA were edg7h
(5'-CGTGTTTAAGAATGAAAGGG-3") and edg7n (5'-GGAG-
TTGTAGGCACACTTA-3"). Raw data can be viewed at http://
www.jax.org/resources/documents/cmdata.

2.2. Genomic clone isolation and characterization

A PCR strategy [8] was used to isolate five mouse 129/SvJ genomic
A clones containing the s/p, gene. Primers were used that amplified a
single 324 bp product from the s/p, gene coding region: edg7a (5'-
CTGCTGCCCCTCTACTCCAA-3") and edg7b (5'-ATTAATGGCT-
GAGTTGAACAC-3"). A 7.0 kb Xhol/Notl subclone containing the
entire s/p, gene was manually sequenced entirely in both directions
and was deposited in the EMBL database (accession number
AJ489247).

2.3. ¢<DNA clone analysis

5" and 3’ rapid amplification of cDNA ends (RACE) was per-
formed as described previously [9], with the exception of different
gene-specific primers and adult spleen cDNA as template. The prod-
ucts were identical to a previously sequenced mouse cDNA clone
(accession number AJ006074), although the 5'-RACE products termi-
nated ~400 bp downstream. Expressed sequence tags were also used
to align and determine gene transcript sequences of s/p; (accession
numbers AA155468, AA155471, AA254425, AA451451, AI158066,
AI158682, Al463732, Al481372, Al613663, Al645838, Al661326,
AV079456, AV081387, AVO081616, AV315591) and Gnal5
(AA571788, AAT62974, AA959901, AI461852, AW492116).

2.4. Human sequence analysis

All sequences were downloaded from GenBank and analyzed using
DNasis software. Accession numbers of human genomic clones con-
taining the Gnall, Gnal5, and slp; (EDG6) genes were, respectively:
AC005262, AC005264, and AC011547. Accession numbers of sequen-
ces used to determine the entire transcript sequences were Gnall
(XM_009221, BFS514534, BES873173, BE795320, BE39576l,
BE275993, AW375193, Al344423, A1097506, AA471045, BE885460),
Gnal5 (NM_002068, AI660568, AI817049), and s/p, (NM_003775,
BF663028, BF974516, AI869921, AI1766542).
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Fig. 1. Copy number and chromosomal mapping of the sl/p,/Edg6
gene. a: Southern blot of M. musculus genomic DNA (10 pg/lane)
digested with the indicated restriction enzymes and probed with a
fragment from the open reading frame of the sip, gene. A single
fragment hybridizing in each lane indicates the gene is single copy.
b: Linkage map showing the s/p,/Edg6 gene in the context of other
genes mapped using the Jackson BSS panel (to the right) and their
cM positions in the Mouse Genome Database (to the left). Genes
also mapping to cM 43 include gz, ji, mh, Gnall, and Gnal5 (not
shown).
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consensus:
CCCCCCCeeCe.
5! = PP TTTTTTTNCA TAAGT-3'
Gnal1exons
L 193 bp _TQGTGAGC
TH): ------meoo - - 328 bp CJGTGAGT

2 (M): GTGCGCGGTCTGCAGGC 185 bp AGBTGAGGG

2 (H): TGCCCCGTCCCCCAGGC 185 bp  AGETGAGCCC

3 (M): CCCTTCCTCCCTCAGGC 155 bp TAGTGAGTG
3 (H): TGCCCGCCCTCGCAGGC 155 bp TAGTAAGTG

4 (M): ACCTCTACGTTGTAGCT 129 bp AGETGATGG
4 (H): ACCGCTGTGTTGCAGCT 129 bp CGRETACCGC

5 (M): CTTTGATCTCCCTAGGA 130 bp AGETGAGCT
5(H): GCTGTGTCCTTTCAGIGA 130 bp AGETGGGCC

6 (M): ACGTGTCTGCTTTAGRA 154 bp TGBTGAGCA
6 (H): cTTCGCTCCCGCCAGRA 154 bp  TGRETGCGCC

7 (M) TGTGCTCATCTGCAGGG 415 bp (polyA not det.)
7 (H): TCTGCCCTCCCCCAGGT 3013 bp AATAAATTTTGTTCC

Gna15 exons
T(M): —----o-mmomeee TGAGT
TH: -----mommoooeee - 363 bp GdeTeacrt

2 (M): CGCTGTTGTCCCCAGGG 185 bp AGETGAGAC
2 (H): CTGCTCCATCCCCAGIGC 185 bp AGETGAGCC

3(M): CCTGTCCCTCCACAG[CA 155 bp TABTGAGTC
3(H): GTCCTCCCTCCCCAG[CA 155 bp  TARTGAGTC

4 (M): AGTCTCCCTCCACAGTT 129 bp CGETGAGCA
4 (H): CTCCTTGCTCTGCAGCT 129 bp CGETGAGCG

5 (M): CTCATTTCTCTTCAGICA 130 bp AGBTGAGGG
5 (H): CTCGGTTCCCTGTAGGA 130 bp AGBTGCGCC

6 (M): TCTGTCCCCACCCAGRA 154 bp GGPTGAGTT
6 (H): CTGCCCCCAACACAGRAA 154 bp GGETAAGTA

7 (M): TCTCCCTCTCTGCAGGA 790 bp AATAAATGTAATTTA
7 (H): ACACTGTTTCCCCAGGC 2240 bp ATTAAAGATTTCTTA

S1p4 exons
1(M): 91 bp GCETCCCAA
- (H): NO CORRESPONDING EXON

2 (M): AATCGCTCGCTCTCGCT 2287 bp ATTAAAATGAACGAA |

1 (H): 1565 bp ATTGAAGTTCGATCA |

Fig. 2. Intron/exon boundaries and polyadenylation sites in the
mouse (M) and human (H) Gnall, Gnal5, and sips; genes. Boxes
indicate exons found in ¢cDNA sequences with total bp in the exon
noted. The nearly invariant AG and GT sequences that flank exons
are shown in bold, as are the putative polyadenylation signal se-
quences of the terminal exons. The consensus polyadenylation signal
sequence is AATAAA or ATTAAA.

2.5. Southern and Northern blot analysis

Preparation and probing of both the Southern and Northern blots
were previously described [8,12]. To detect sip; and Gnal5 genes,
DNA fragments amplified from coding regions of the cDNAs were
used.

3. Results and discussion

3.1. Chromosomal mapping of the mouse slpy gene

To further characterize the sip, gene, we first determined
that it was present as a single copy (Fig. la) and that it
cosegregated with various markers and genes at cM 43.0 of
chromosome 10 (Fig. 1b). Several genes that have not been
identified are localized to this chromosomal region, including
mocha (mh), grizzled (gr), and jittery (ji), which might be
related to mutations in the s/p, gene. Interestingly, three oth-
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Fig. 3. Genomic maps. a: Genomic restriction map of the sequenced subclone containing the mouse s/p, gene, including part of the Gnal5
gene. Large rectangles represent exons and shading within them open reading frame (ORF). Smaller shaded rectangles represent repetitive ele-
ments. b,c: Genomic maps of the mouse (b) and human (c) regions containing the Gnall, Gnal5, and sips genes. All distances are shown to

scale.

er genes previously mapped to ¢cM 43.0 encode G proteins to
which S1P4 might couple: Gnall and Gnal5, which encode
the G class G11 and G5 proteins, and Gng7, which encodes
the Gy7 protein [18,19]. Each of the sipy, Gnall, Gnal5, and
Gng?7 genes is also located at the same chromosomal locus on
human chromosome 19p13.3 [20], suggesting conserved ge-
nomic arrangements in mammals.

3.2. ¢DNA sequence and genomic structure of the slpy gene

To fully characterize the mouse s/p, gene, we compared
cDNA with genomic sequences. The complete cDNA se-
quence was determined by aligning 5'- and 3’-RACE prod-
ucts, cDNA clones, and expressed sequence tags. All clones
consistently terminated just downstream of the same polyade-
nylation signal sequence (Fig. 2). The 5’ end of the longest
cDNA clone was 492 bp upstream of the start codon,
although all RACE products terminated <100 bp upstream
of the start codon. To determine the structure of the gene,
genomic clones were isolated from a mouse 129/SvJ] genomic
DNA library. A 7.0 kb subclone, containing the complete s/p,
gene, was sequenced entirely in both directions (Fig. 3a). The
longest cDNA sequence was distributed between two exons of
91 and 2294 bp, with the intron located 401 bp upstream of
the start codon (Fig. 3a). There was no TATA box in the
vicinity of the putative transcription start site. Interestingly,
the intron/exon boundary sequences did not conform to
known consensus sequences, although the polyadenylation
signal sequence did (Fig. 2). The coding region was uninter-
rupted, similar to other s/p genes, supporting the hypothesis
that the sIp, gene diverged from an ancestral SIP receptor
gene rather than from an ancestral LPA receptor gene.

We also compared human sip; cDNA with genomic se-
quences. Like the mouse sIp; gene coding region, the human
slp4 gene coding region is intronless. However, unlike mouse,
the human gene does not have an initial exon encoding 5’'-
untranslated region (UTR) (Fig. 2). In addition, the polyade-
nylation signal sequence differed slightly from the consensus
(Fig. 2).

3.3. Tandem genomic arrangement of the Gnal5 and slp, genes
in human and mouse

Surprisingly, BLAST searches of the s/p, putative promoter
area revealed part of the deposited Gnal5 cDNA sequence to
be located just upstream of s/p, exon 1 (Fig. 3a). By aligning
expressed sequence tag sequences with the cDNA, we deter-
mined the remaining ~ 600 bp of the Gnal5 cDNA sequence
(ie. 3’-UTR sequence through the polyadenylation site),
which terminated ~ 800 bp upstream of s/ps exon 1 (Fig. 2).
The Gnal5 polyadenylation signal sequence conformed
strongly to the consensus sequence (Fig. 2). It was previously
determined that both the mouse Gnal5 and Gnall genes con-
sisted of seven exons and were arranged in tandem over a
total of 45 kb [21]. A genomic map of the region is shown
in Fig. 3b.

We also characterized the human genomic region contain-
ing the slpy, Gnal5, and Gnall genes, using sequences depos-
ited as part of the human genome project, expressed sequence
tags, and cDNAs (Figs. 2 and 3c). Like the mouse genes,
human Gnall and Gnal5 genes also had seven exons in the
same relative positions of the cDNA, although the 3'-UTRs
were significantly longer in both genes. All of the intron/exon
boundaries conformed to consensus sequences (Fig. 2). As
described above, the human s/p, gene consisted of only a
single exon, without TATA box elements in the putative tran-
scription initiation region. All three genes (Gnall, Gnal5, and
slps) were arranged in tandem, as in mouse (Fig. 3c). How-
ever, the spacing between the genes and many of the exons
was larger, making the entire three-gene cluster occupy 80 kb
rather than 50 kb.

3.4. Similar expression patterns of the Gnal5 and slp; genes
Previous analyses demonstrated the mouse Gnall gene to
be ubiquitously expressed [22] and the mouse Gnal5 and hu-
man s/p, genes expressed primarily in hematopoietic areas
[22,23]. This suggested that the mouse Gnal5 and sip; genes
might have identical tissue distribution patterns. We com-
pared the expression pattern of the two genes using Northern
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Fig. 4. Expression of the mouse s/p; and Gnal5 gene transcripts. A
Northern blot of total adult mouse RNA (20 pg/lane) was first hy-
bridized with a s/p; gene probe, then with a cyclophilin probe, and
finally with a Gnal5 gene probe (the blot was exposed and stripped
in between each hybridization). The differently sized sip, and Gnal5
gene transcripts have identical tissue distribution levels, with highest
levels found in spleen and lung and faint levels found in thymus.

blot, which demonstrated that the two transcripts were coex-
pressed at the same relative levels in all tissues examined, with
the highest levels in adult spleen and lung (Fig. 4).

3.5. Discussion of coexpression of the Gnal5 and slpy genes

Although our results suggest that the Gnal5 and slp, tran-
scripts are expressed in the same cells, definitive conclusions
can only be drawn after further analyses using high resolution
in situ hybridization or single cell transcript analysis. How-
ever, should it be true, it would implicate the same local
enhancer elements in controlling transcription of both genes.
This might occur through enhancers acting on two distinct
promoters: one at the transcription start site of the Gnal5
gene and another at the transcription start site of the s/py
gene. Alternatively, both mature Gnal5 and slp, gene tran-
scripts might be produced from a single transcription unit,
with enhancers acting on a single promoter at the start of
the Gnal5 gene. In support of this mechanism is the report
that transcription in mammalian cells often continues several
kb past a polyadenylation site before RNA polymerase II
disengages the DNA [24].

In addition, because Ggs is known to couple promiscu-
ously to GPCRs [14,15], coexpression of S1P4 and Gg;s in
the same cells would implicate Gy5s as a normal coupling
partner to S1P4 in vivo. Such coupling would link extracellu-
lar S1P signals to pertussis toxin-insensitive increases in cyto-
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solic Ca?*, which SI1P is known to stimulate in many cell
types [5]. This might explain the finding that erythroid cell
differentiation is decreased when the human Gg;s protein
(called Gygj6) is inhibited or downregulated in the presence
of serum [25], which is known to contain S1P [1].
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