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cyclase via Gi/o protein (15). Edg5, couples also to Gq/11
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Sphingosine 1-phosphate elicits a variety of re-
ponses in mammals via at least five G protein-coupled
dg receptors. We cloned zebrafish edg1 and ex-
ressed it in Rh7777 cells. In these cultures, S1P inhib-

ted forskolin-driven rises in cAMP and this response
as eliminated by pretreatment of the cultures with
ertussis toxin. In Rh7777 membranes, S1P stimulated
TPg[35S] binding 2–3 fold. Zebrafish edg1 is expressed

n embryonic brain, particularly ventral diencepha-
on, optic stalks, and anterior hindbrain. Our findings
uggest that nonmammalian vertebrates use S1P to
ignal during embryogenesis and that the properties
f Edg1 receptor have been conserved for 400 million
ears. © 2000 Academic Press

Key Words: zebrafish; Edg1; sphingosine 1-phos-
hate; G protein-coupled receptor; signal transduc-
ion; evolution.

Sphingosine 1-phosphate (S1P), a metabolite of
phingosine, is one of the biologically active lysophos-
holipids that evokes a variety of cellular responses,
ncluding cell proliferation, anti-apoptosis, and neurite
etraction (1–3). The actions of S1P are mediated via
ts specific interaction with cell-surface receptors. Re-
ently, five mammalian G protein-coupled receptors
GPCRs), named Edg1, 3, 5, 6, and 8, have been found
o be S1P receptors and their signaling properties char-
cterized (4–14). Edg1 was shown to mediate S1P ac-
ivation of MAP kinase and inhibition of adenylyl cy-
lase in a pertussis toxin (PTX)-dependent manner (4).
ikewise, Edg8 is coupled to inhibition of adenylyl
yclase in a PTX-dependent manner (11). S1P activa-
ion of Edg3 results in calcium mobilization in a PTX-
ndependent manner (8, 15), and inhibition of adenylyl

Abbreviations used: zEdg1, zebrafish endothelial differentiation
ene 1; S1P, sphingosine 1-phosphate; H2S1P, dihydro-sphingosine
-phosphate; SPC, sphingosylphoshorylcholine; LPA, lysophospha-
idic acid; PCR, polymerase chain reaction; GPCR, G protein-coupled
eceptor; PTX, pertussis toxin.
139
roteins (9, 15). All four S1P receptors signal in Xeno-
us oocytes, although Edg1 and Edg8 signaling were
ependent on co-injection with a chimeric Gq/Gi protein
11, 16). Lysophosphatidic acid, a structurally-similar
lycerol-based lysophospholipid, is a high affinity li-
and for the other segment of the Edg family (Edg2, 4,
nd 7) (17–20).
Edg1 (endothelial differentiation gene) was cloned

riginally as an immediate-early response gene prod-
ct (21). Since the ligand, S1P, was identified from
erum via a morphologic change assay system in Edg1-
verexpressing human embryonic kidney HEK293
ells, intensive studies have shown roles for S1P/Edg1
nd Edg3 receptors in angiogenesis, stimulating inter-
st in the pharmacology of these receptors (4, 22).
owever most of these studies have been carried out in

ell culture lines and relatively little is known about
he role of Edg receptors in embryonic development. In
articular, localized expression of Edg1 has not been
etected until fairly late in embryogenesis in mice and
ats (23, 24).
These findings of bioactive lysophospholipids and the

ariety of their receptors evoke fundamental ques-
ions. When have bioorganisms started to use lysolip-
ds as intercellular signaling molecules evolutionarily?

hen did the Edg GPCR subfamily evolve from com-
on ancestral GPCRs and when did it diversify to its

resent complexity? What developmental events is the
dg receptor family involved in and is the biological

unction of these receptors conserved through evolu-
ion? To address these questions, we need to identify
dg receptors from simpler organisms. We have been
nable to identify Edg orthologues by sequence simi-

arity in the Caenorhabditis elegans or Drosophila
elanogaster genomes, perhaps because GPCRs in

hese organisms are, in general, quite dissimilar to
ammalian GPCRs. From the zebrafish EST database,
e cloned an orthologue of the mammalian Edg1 re-

eptor. In this report, we show that the signaling prop-
rties of zebrafish edg1 are well-conserved through
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



v
E
s
b

M

q
s
E
G
t
p
p
w
g

t
c
p
(
l
c
a

a
v

5 3 104 cells stimulated with 1 mM forskolin in the presence of the
p
m

s
b
c
C
r
e

A
c
1
A
E
s
t
w
S

d
f
i
H
h
t
2
i
H
r

a
a
t
a

R

C

t

z
u
w

c
t
t

Vol. 279, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ertebrate evolution whereas, in contrast to rodent
dg1 genes, localized zebrafish edg1 expression starts
oon after gastrulation and is restricted largely to the
rain.

ATERIALS AND METHODS

Molecular cloning. During a scan of the Genbank Expressed Se-
uence Tags (ESTs) database using FAST_PAN (25), we found a
equence encoding a zebrafish protein that is 70% identical to human
dg1. We retrieved the underlying cDNA (clone fb98f05.y1, Research
enetics, Birmingham, AL), verified its DNA sequence and amplified

he full length open reading frame of zebrafish edg1 with a forward
rimer, 59-CGG TAC CAT GGA TGA CCT AAT CG-39 and a reverse
rimer, 59-GTT CTA GAA TAG TCC CTT TAA GAA G-39. The DNA
as subcloned into the plasmid expression vector pCR3.1 (Invitro-
en) and its sequence determined.

Stable expression in Rh7777 cells. Rh7777 cell monolayers were
ransfected with pZedg1-pCR3.1 using the calcium phosphate pre-
ipitate method and clonal populations expressing the neomycin
hosphotransferase gene were selected by addition of geneticin
G418) to the culture media. The Rh7777 cells were grown in mono-
ayers at 37°C in a 5% CO2/95% air atmosphere in a growth media
onsisting of 90% MEM, 10% fetal bovine serum, 2 mM glutamine,
nd 1 mM sodium pyruvate.

Measurement of cAMP accumulation. Assay of adenylyl cyclase
ctivity (i.e., cAMP accumulation) was performed as described pre-
iously by us (11). These assays were conducted on populations of

FIG. 1. Alignment of the deduced amino acid sequences of the
ebrafish, mouse, rat, and human Edg1 genes. The putative TMs are
nderlined. The zebrafish Edg1 DNA sequence has been deposited
ith GenBank (Accession No. AF321294).
140
hosphodiesterase inhibitor isomethylbutylxanthine. cAMP was
easured by automated radioimmunoassay.

GTPg[35S] binding. Briefly, 25 mg of membranes from edg1
tably-transfected Rh7777 cells were incubated in 1.0 ml GTP-
inding buffer (in mM: HEPES 50, NaCl 100, MgCl2 5, pH 7.5)
ontaining 25 mg saponin, 10 mM GDP, 0.1 nM GTPg[35S] (1200
i/mmol), and indicated lipid for 30 min at 30°C. Membrane bound
adionuclide was collected using a Brandel Cell Harvester (Gaith-
rsburg, MD).

Sources of materials. Rh7777 cells (CRL 1601) were from the
merican Type Culture Collection (Manassas, VA), human Edg1
DNA was a gift from Dr. Timothy Hla (University of Connecticut),
-oleoyl LPA was purchased from Avanti Polar Lipids (Alabaster,
L), S1P from Biomol (Plymouth Meeting, PA), GTPg[35S] from New
ngland Nuclear (Boston, MA), geneticin, cell culture media and
era from GibcoBRL Life Technologies (Bethesda, MD), oligonucleo-
ides from Operon Technologies (Alabama, CA), expression plasmids
ere from Invitrogen (La Jolla, CA), other chemicals were from
igma (St. Louis, MO).

In situ hybridization and histology. Antisense and control sense
igoxigenin-UTP-labeled edg1 RNA probes were transcribed in vitro
rom XbaI (or KpnI for sense) linearized pZedg1-pCR3.1 (from clones
n antisense and sense orientation) by T7 polymerase, following
arland (26) except that probes were not alkali-hydrolyzed. In situ
ybridization was performed as described in Ungar et al. (27), except
hat embryos were permeabilized for 1–6 min, depending on stage, in
.5 mg/ml Proteinase K in phosphate buffered saline (PBS) contain-
ng 0.1% Tween 20, and postfixed in 4% formaldehyde in PBS.
ybridization overnight and washing at 60 or 64°C yielded similar

esults.
For sectioning, labeled embryos were fixed overnight in 4% form-

ldehyde in PBS, dehydrated through methanol, ethanol, 1:1 eth-
nol:xylenes, xylenes, and 1:1 xylenes:paraplast plus, then infil-
rated overnight in paraplast plus, incubated twice in paraplast plus,
nd embedded. 10 mm sections were cut.

ESULTS

loning of Zebrafish edg1

We found in the Expressed Sequence Tag (EST) da-
abase a sequence encoding a zebrafish protein that is

FIG. 2. Dose–response curve of inhibition of forskolin-induced
AMP production in response to S1P. Insert shows effect of PTX on
he inhibitory actions of lysosphingolipids. Closed blocks are PTX
reated (100 ng, 24 h). Open boxes are represent untreated cells.
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bout 70% identical to human Edg1. We amplified the
ull-length translational open reading frame of ze-
rafish edg1 and determined nucleotide sequence. The

FIG. 3. Dose–response curves of GTPg[35S] binding to zEdg1-
h7777 cell membranes in response to S1P, dihydro-S1P and SPC.

FIG. 4. Edg1 is transcribed during embryogenesis, primarily in
or the embryo shown in F, which was hybridized with edg1 sense pr
ere added to outline the evaginating optic vesicles. (B) Optical cros
iew of the head of a 24 h embryo. The dots outline the eyes. (D) Late
F) Lateral view of a 34 h embryo hybridized with control sense probe
ection through the forebrain of a 34 h embryo. (I) Cross section thro
bbreviations: hy, hypothalamus; mv, mesencephalic ventricle; mhb
esicle; ov, optic vesicle; pre, pigmented retinal epithelium; tg, tegm
e, yolk extension.
141
eptor is shown in Fig. 1, along with an alignment to
dg protein sequences from other species. The protein
equence of zebrafish DNA shares 71% identical amino
cids with human Edg1, is 47–54% identical to Edg3, 5,
nd 8 but only 33–37% identical to Edg2, 4, and 7.
ecause the zebrafish gene is clearly most similar to
dg1, we have named it zebrafish edg1.

ebrafish edg1 Encodes a Functional
G Protein-Coupled S1P Receptor

From its sequence similarity to mammalian Edg1,
e hypothesized that zebrafish edg1 encodes a recep-

or for S1P. To test whether the recombinant zEdg1
ould transduce a cellular signal in response to S1P,
e transfected zebrafish edg1 stably into rat hepa-

oma Rh7777 cells—a cell line that shows only small
esponses to applied S1P (11). Rh7777 cells stably
xpressing the zebrafish edg1 receptor were assayed
or inhibition of forskolin-stimulated cAMP produc-

brain. Embryos were hybridized with edg1 antisense probe, except
as a control. (A) Animal pole view of a 4 somite stage embryo. Dots

ection through the forebrain of a 4 somite stage embryo. (C) Dorsal
view of the head of a 24 h embryo. (E) Lateral view of a 34 h embryo.
) Parasaggital section through the head of a 34 h embryo. (H) Cross
the anterior hindbrain of a 34 h embryo. (J) Tail of a 34 h embryo.

idbrain-hindbrain boundary; nc, notochord; os, optic stalk; ot, otic
um; tv, third (diencephalic) ventricle; vt, ventral thalamus; y, yolk;
the
obe
s s

ral
. (G
ugh
, m
ent
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PA at concentration as high as 10 mM, was able to
nhibit intracellular cAMP production significantly
n the receptor-transfected cells. The inhibitory ef-
ect of S1P was found to be dose-dependent with an
C50 value of 1 nM (Fig. 2). Furthermore, dihydro-
1P and sphingosylphosphorylcholine (SPC), which
re structurally-related agonists at mammalian S1P
eceptors, show inhibition of cAMP accumulation.
ther structurally related lysophospholipids, e.g. ly-

ophosphatidylserine, lysophosphatidylcholine, lyso-
hosphatidylinositol, lysophosphatidylethanolamine
nd lysophosphatidylglycerol were not active on
hese cells (data not shown). Therefore, the ligand
pecificity of zebrafish edg1 appears to be similar to
ammalian S1P Edg receptors.
G proteins were implicated in the S1P-zebrafish

dg1 signaling using two assays. In the first assay,
h7777 cells stably transfected with edg1 were

reated with pertussis toxin (PTX), which ADP ribo-
ylates Gi/o proteins specifically and inhibits them.
reatment with 100 ng of PTX for 24 h blocked
ntirely the ability of S1P, dihydro-S1P, and SPC to
nhibit cAMP accumulation (Fig. 2, inset). This re-
ult suggests the involvement of Gi/o proteins in edg1
ignaling. Secondly, a GTPgS binding assay was per-
ormed with membranes prepared from zebrafish
dg1-Rh7777 cells. S1P, dihydro-S1P and SPC in-
reased the binding in a dose-dependent manner and
he EC50 values were about 1.2 nM, 0.8 nM, and 100
M respectively (Fig. 3).

mbryonic Expression of edg1

To determine when and where edg1 might function
n development, we examined edg1 expression in ze-
rafish embryos by in situ hybridization. We did not
etect edg1 expression in blastula or gastrula stage
mbryos (data not shown). At 4–5 somites (about 2 h
fter gastrulation), edg1 transcript is found in a
arrow row of cells in the diencephalon just posterior
o the optic vesicles (Fig. 4A). Only the most dorsal
eural cells are expressing edg1 at this stage, as shown

n the optical section in Fig. 4B. Weak expression is
lso visible in the hindbrain at this stage (data not
hown). We also detected faint staining in the tailbud
data not shown), which was not observed at later
omitogenesis stages.
By 14 somites, edg1 expression has become more
idespread in the CNS and the pattern of edg1 expres-

ion appears similar at 24 h (Figs. 4C and 4D). In the
orebrain, edg1 is expressed in most of the diencepha-
on, with strongest expression in the hypothalamus
nd in the optic stalks. Edg1 expression is low or ab-
ent in the eyes and in the telencephalon. Edg1 is
xpressed at the forebrain-midbrain and midbrain-
indbrain boundaries. In the hindbrain, edg1 expres-
142
bsent from the posterior hindbrain. Edg1 is also ex-
ressed in the anterior spinal cord.
By 34 h, edg1 staining is prominent in cells near the

entricles of the brain (Figs. 4E and 4G). This staining
as not observed in control embryos hybridized with a

ense edg1 probe (Fig. 4F). There are also several
roups of cells expressing edg1 in the diencephalon,
ust medial to the eyes, seen in the parasaggital section
n Fig. 4G, and in the cross section in Fig. 4H. In the
indbrain, edg1 expression extends from rhombomeres
through 4 (Figs. 4E and 4G). This hindbrain expres-

ion is only present lateral to the midline and is most
ntense at an intermediate dorso-ventral position (Fig.
G). Also at this stage, edg1 staining is present ven-
rally in the tail (Fig. 4H).

ISCUSSION

In this study, we show four findings, (i) molecular
loning of the zebrafish edg1 receptor, (ii) functional
ctivation of the receptor with S1P in intact mamma-
ian cells by inhibition of adenylyl cyclase, (iii) G
rotein-couplings of the receptor by GTPgS binding in
embrane preparations and PTX treatment, and (iv)

xpression of edg1 in the developing zebrafish brain.
The inhibitory effect of S1P on adenylyl cyclases are
well-characterized response of mammalian S1P re-

eptors, Edg1, 3, and 8 (6, 11, 15). The effects of
ihydro-S1P and SPC on zebrafish edg1 are not differ-
nt from those on human Edg1 (data not shown).
ihydro-S1P is equipotent and SPC is a lower potency,
artial agonist at both Edg receptors, suggesting that
igand specificity of Edg1 receptors may be highly con-
erved throughout evolution. Because the medicinal
hemistry of this ligand is not well developed, we could
ot compare a variety of agonists and antagonists. Our
esults furthermore imply a conservation of the func-
ional characteristics of the S1P in fish and mamma-
ian species in terms of PTX-sensitive G-protein acti-
ation and provide a clue for understanding of the
olecular evolution of the Edg receptor cluster and

hysiological function in vertebrates of lysolipid phos-
horic acids.
Eight different receptor subtypes for lysolipid phos-

horic acids have been cloned in mammals. Recently,
uffer fish edg3 was cloned and found to be 65% iden-
ical to human Edg3 (28), but functional couplings and
xpression patterns of the receptor were not character-
zed. To consider the evolutionary events that have
enerated the various lysophospholipid phosphoric
cid receptor subtypes, though, we need to wait for
ore genes cloned from teleost fishes and other simpler

ertebrates. Our data indicate that the S1P receptor
as present early in the evolution of vertebrates and

hat pharmacological and functional properties of this
eceptor have been conserved over a period of 400
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ween teleost fish and modern mammals.
We have shown that zebrafish edg1 expression ap-

ears in discrete regions of the brain shortly after the
ompletion of gastrulation. At this time, the initial
egionalization of the brain has already occurred, but
n zebrafish, edg1 appears early enough to play any of
variety of roles in subsequent developmental events.
ased on studies of the activity of S1P in cell culture
ystems, edg1 may function in the developing CNS in
ell proliferation, apoptosis, morphogenesis, adhesion,
r axon guidance (1–4).
This early, localized neural expression in zebrafish

ontrasts with reports from rodent edg1 genes. In
ouse embryos, edg1 is expressed only diffusely and at

ow levels prior to E15.5, when higher level expression
as observed throughout the entire brain and in the

iver, lung, heart, and developing skeleton, becoming
articularly abundant in the newborn hippocampus
23). In the rat, edg1 expression appears to be similar
o that in the mouse; in particular, transcript is first
etected at E15 (24).
Edg1 was first identified as an endothelial differen-

iation gene in mammals. In contrast to mammalian
ndings, we did not detect much expression of edg1
utside of the CNS in zebrafish embryos. It is possible
hat a second zebrafish edg1 orthologue exists, since a
hole-genome duplication occurred sometime after the
ivergence of the zebrafish and mammalian lineages
nd the expression domains of the two duplicated ze-
rafish orthologues frequently have diverged from one
nother (reviewed in (29)).
Our work describing the cloning, pharmacology, and

evelopmental expression of zebrafish edg1 should be a
seful basis to explore the role of S1P and its receptors

n vertebrate development. Furthermore, our finding of
he edg1 receptor may help to develop the medicinal
hemistry of S1P and to find receptor subtype selective
gonists and antagonists, because evolutionarily con-
erved residues of Edg1 could elucidate the interaction
ites of the receptor with S1P.
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