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Using a PCR-based cloning strategy we have iso-
ated a cDNA from mouse brain and named it fex,
ecause it codes for a novel putative G protein-
oupled receptor expressed in follicles. The deduced
mino acid sequence shows a higher degree of homol-
gy to the family of glycoprotein receptors, namely
hose for FSH, LH, and TSH, than to other G protein-
oupled receptors. With 18 leucine-rich repeats FEX
xhibits features in its N-terminal portion character-
zing it as unique within the glycoprotein receptor
amily. In the adult mouse fex expression was detected
n the male and female gonads, the adrenal medulla,
nd the olfactory bulb of the brain. During embryonic
evelopment fex transcripts were detected transiently

n various tissues, particularly in selected regions of
he central nervous system, the developing face, the
ntervertebral discs anlagen, and the limb buds. Be-
ause fex was expressed during periods of active mor-
hogenesis, it may be an important receptor for sig-
als controlling growth and differentiation of specific
mbryonic tissues. © 1999 Academic Press

Key Words: G protein-coupled glycoprotein receptor;
xpression pattern; mouse development; brain; gonads;
esenchyme.

Vertebrate embryonic development involves a se-
uence of specific interactions between different tis-
ues and cell types. A variety of different proteins is
nvolved in these processes. Among those are members
f the G protein-coupled receptor family which upon
inding of a specific ligand transmit their signal by
nteraction with heterotrimeric G proteins (3). Some

embers of this family have been shown to be essential
or proper embryonic development (7). All G protein-
oupled receptors are characterized by seven trans-
embrane spanning regions preceded by an extracel-

ular N-terminal portion of variable length. Depending
1 To whom correspondence should be addressed. Fax: 149 40

7175101. E-mail: hermans@uke.uni-hamburg.de.
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equence motifs they are grouped into different fami-
ies. The receptors for the large glycoprotein hormones
H, TSH, and FSH show extended extracellular do-
ains containing leucine-rich repeat regions, which

re thought to be involved in ligand binding (8). We
escribe in this paper the isolation of a novel member
f this receptor family which may be involved in signal
ransduction in the nervous system, in endocrine or-
ans, and during embryonic development.

ATERIALS AND METHODS

PCR amplification of the human fex fragment. In an attempt to
dentify fragments of genes coding for new G protein-coupled receptors
xpressed in brain, we performed PCR on a cDNA derived from unin-
uced NT2-cells (Stratagene) as template. NT2-cells are derived from a
uman teratocarcinoma and represent precursor cells committed to
euronal fates (2). Degenerate primers were designed from conserved
egions of the extracellular loop 1 and the transmembrane domain VII
f known heptameric receptors (12). The degenerate primers had the
ollowing sequence: sense, 59-GGCC(G/T)TT(T/C) GG(G/C)(G/T)(A/
)I(G/C)(T/C)(C/G)(I/C)T(C/G)TG-39 and antisense, 59-(C/A)(C/G)GG
AG(C/G)CGTA(G/C)AG(G/C)A(T/G)IGG(G/A)TT-39. The thermal cy-
ling parameters were one minute of denaturation, followed by 35 cycles
f 93°C (30 s), 50°C (30 s), and 72°C (30 s). Amplified DNA of the
xpected size of 600 bp was excised and cloned into the PCRII vector
Invitrogen). Several clones were sequenced and a data-bank search
sing the Blast algorithm (1) on the nonredundant NCBI data base was
erformed. One gene fragment, that revealed high homology to G
rotein-coupled receptors, was cloned in full length.

Cloning of the full-length fex cDNA. A newborn mouse brain
DNA library (Stratagene) was used as template. Gene-specific in-
ernal sense and antisense primers were designed from the cloned
equence, and anchored PCR was performed using either the T7 or
he T3 primer. Products were cloned into the pGEM-T easy vector
Promega) and sequenced. The 39-end of the cDNA was obtained in
ne step, the 59-end required four sequential PCRs.

In situ hybridization. Embryos (E6.5–E18.5) from natural mat-
ngs between inbred CD-1 mice (Charles River Laboratories, Wil-

ington, MA) were used. The midday of the occurrence of the vaginal
lug was defined as E0.5. For in situ hybridizations on sections the
nimals were frozen on dry ice, and 10 mm sections were prepared on
cryostat (Leitz). Adult brains were sectioned at 15 mm. Antisense
NA probes, labeled with [a-35S]UTP, were generated with Sp6
olymerase from the XhoI linearized 570-bp PCR clone correspond-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ng to nucleotides 2140 to 2710 of the fex cDNA. A sense control was
enerated using T7 polymerase. In situ hybridization was performed
s described (17).
For whole-mount in situ hybridizations (9) the 570-bp probe, de-

cribed above, was labeled with digoxygenin-UTP (Boehringer-
annheim). Adult tissues were cut into halves to facilitate the

enetration of the probe and the antibodies. Specificity of the signals
as verified by using sense probes.

ESULTS

Identification of fex. We constructed degenerate
rimers based on the conserved regions of the first

FIG. 1. Deduced amino acid sequence of the mouse orphan re-
eptor FEX. The predicted signal peptide sequence is boxed, the
even transmembrane domains (TM) are overlined. Putative glyco-
ylation sites are indicated by filled circles. Accession number.

TAB

Amino Acid Sequence Comparison of Murine FEZ with Its
Similarity (in Parentheses) of the Total Sequ

Receptor
(organism)

HG38
(human)

FSH-R
(rat)

Total sequence 86 (89) 27 (37)
TM domains 82 (87) 28 (40)
274
xtracellular loop and the seventh transmembrane do-
ain of several G protein- coupled neuropeptide recep-

ors. PCR was performed using an uninduced NT2-cell
DNA library as template. NT2 cells represent a com-
itted neuronal precursor stage of differentiation and

xpress neuroepithelial markers (10). We chose this
ell line, because we wanted to identify receptors ex-
ressed in neuroepithelia. One of the subcloned PCR
roducts coded for an amino-acid sequence with homol-
gy to the transmembrane domains of G protein-
oupled glycoprotein receptors and was named fex, be-
ause of its follicular expression. A full-length murine
DNA sequence was obtained by PCR from a cDNA
ibrary derived from newborn mouse brain. The open

FIG. 2. Leu (Ile/Val)-rich repeats in the N-terminal region of
EX. Consecutive segments of the N-terminal region were aligned,
aps (dashed lines) where introduced to optimize the periodicity of
he conserved leucine (isoleucine/valine) residues. These conserved
esidues are printed in bold. Amino acid positions are given at the
ight. Marked in black is the consensus sequence of the leucin-rich
epetitive motif found in FEX.

1

sest Related Homologues Shown as Percentage Identity or
e and of the Transmembrane (TM) Domains

LH-R
(mouse)

TSH-R
(mouse)

pGPCR
(sea anemone)

27 (37) 30 (40) 28 (40)
28 (39) 30 (41) 29 (41)
Clo
enc
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eading frame of the isolated cDNA is 2721 bp long and
odes for a protein of 907 amino acids. The deduced
mino acid sequence (Fig. 1) and hydrophobicity anal-
sis revealed seven putative transmembrane domains
nd a signal peptide at the amino terminus. The large
mino-terminal extracellular domain contains 18
eucine-rich repeats (Fig. 2), the typical landmark for
he binding domain of glycoprotein receptors (4). The
EX sequence revealed high homology to other verte-

FIG. 3. Localization of the fex gene transcripts in the gonads of ad
is a whole-mount in situ hybridization using a digoxygenin-UTP la

abeled with a prime (9). In a section of an ovary (A, A9) expression (
rimary or secondary follicles (sf). (B) Testis were cut in halves to s

FIG. 4. Distribution of the fex mRNA in the adrenal gland (A, A
5S-UTP labeled riboprobe, C is a whole-mount in situ hybridization
land (A, A9) expression (white) is restricted to the medulla (m) while
B) shows a magnification of the border between the adrenal cortex (
he chromaffin cells of the medulla. In the olfactory bulb (C) expressi
n the granule (gc) and mitral cell layer (mc).
275
rate G protein-coupled glycoprotein receptors, such as
he luteinizing hormone receptor (LH-R) (6), the thy-
oid stimulating hormone receptor (TSH-R) (16), and
he follicle stimulating hormone receptor (FSH-R) (15)
Table 1). A homology in the same range was found to
he invertebrate probable glycoprotein receptor (pGPCR)
13) from the cnidaria Anthopleura elegantissima. Af-
er this work was completed, a human receptor, termed
G38, was reported (11). Because of its 89% similarity

mice. A, A9 is a section hybridized with a 35S-UTP labeled riboprobe,
led riboprobe. The darkfield photomicrograph of the same section is
te) is visible in the majority of the Graafian follicles (gf), but not in
hybridization (dark stain) in the seminiferous tubules.

) and the olfactory bulb (C). A, A9, B are sections hybridized with a
ng a digoxygenin-UTP labeled riboprobe. In a section of an adrenal
e adrenal cortex (ac) is not labeled. Phase contrast photomicrograph
and the medulla (m). Note the silver grains (black) associated with
dark stain) is found in all neuronal cell types and most prominently
ult
be

whi
how
9, B
usi
th

ac)
on (
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o the murine FEX, HG38 may be the human ortho-
ogue of FEX.

Expression of fex in the adult mouse. The high ho-
ology of FEX to glycoprotein receptors suggested that

t might have similar functions. Therefore we analyzed
ts expression in the gonads and other peripheral tis-
ues of adult mice. Due to the fact that we had identi-
ed fex in a cDNA library derived from newborn mouse
rain, we also analyzed its expression in adult brain.
e found that in the ovary most of the Graafian folli-

les contained fex transcripts, while primary and sec-
ndary follicles were devoid of hybridization signals
Fig. 3A). In the testis hybridization signals were de-
ected in a subpopulation of the seminiferous tubules
Fig. 3B). Because of the uneven distribution of tran-
cripts in the seminiferous tubules, we assume that
nly specific stages of spermatocytes were labeled. Fex
as expressed in the adrenal gland, where the chro-
affin cells of the medulla were labeled (Figs. 4A and

B). In the adult brain we detected transcripts exclu-
ively in the olfactory bulb, not in other regions. All
euronal cell layers of the olfactory bulb exhibited hy-
ridization signals, while fiber tracts did not express
he fex gene (Fig. 4C).

Expression of fex during early embryogenesis. Dur-
ng early embryonic development fex was not ex-
ressed in the embryo proper up to embryonic day 9.5
E9.5). A few cells of the ectoplacental cone exhibited
ybridization signals at E8.5 (Fig. 5A) and at E9.5 a
reater number of cells in the labyrinthine region of
he forming placenta strongly expressed the fex gene
Fig. 5B). Very weak hybridization signals were seen
ver the whole embryo.
At E10.5 the distribution of transcripts in the embryo

ad become highly specific (Fig. 6A). Strong signals were

FIG. 5. Expression of fex during early mouse development. At
8.5 (A, A9) a few cells of the ectoplacental cone (ec) strongly express

he Fez gene. At E9.5 (B, B9) signal intensity in the forming placenta
p) increased and the embryo proper exhibited only very weak hy-
ridization signals.
276
andibular cleft and in the optic cup. In the central
ervous system the neuroepithelium at the roof of the
esencephalon expressed fex (Figs. 6A and 6B), and the

pinal cord was unevenly labeled. In the ventral and
orsal spinal cord a small stripe of cells extending later-
lly from the ventricular zone exhibited hybridization
ignals (Fig. 6A). At E11.5 in the central nervous system
ntense hybridization was detected over the neuroepithe-
ium at the border between mes- and metencephalon
Fig. 7C). The neuroepithelium lining the fourth ventricle
nd the retina expressed fex (Figs. 7C and 8C). In the
pinal cord the hybridization signals already observed at
10.5 (Fig. 6A) were still present. The ventral stripe was
ow broader than before and did not extend to the mar-
inal zone (Fig. 8A). Outside the nervous system most
rominent signals were seen over the mesenchyme over-

FIG. 6. Distribution of fex transcripts at E10.5. Brightfield (A, B)
nd their corresponding darkfield photomicrographs (A9, B9) are
hown. A section through an E10.5 embryo in utero is seen in A, A9.
ccumulation of transcripts was detected over the facial process (fp),

he optic cup (oc), the neuroepithelium of the third ventricle (III), and
ells in the ventral and dorsal spinal cord (sc). (B, B9) Magnification
f the area framed in A, A9, showing strong hybridizing signals in the
euroepithelium of the third ventricle.
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aying the mandibular cleft (Fig. 7C). The distal limb
uds, especially the hind limb buds were strongly labeled
Fig. 7A). In the rostral region of the embryo the peri-
hordal mesenchyme, which will give rise to the interver-
ebrate discs, was marked by fex expression (Fig. 8B).
igure 7B shows that at E12.5 hybridization signals in

he central nervous system were most prominent over the
hombencephalic isthmus. In the facial area the mesen-
hyme surrounding the olfactory epithelium and the
orming vibrissae expressed fex. In the hind and front
imb buds hybridization intensity had further increased
nd had spread to more proximal directions, but was
estricted to the area were the digits develop (Fig. 7B).

Expression of fex during early organogenesis. At
13.5 the expression in the brain had decreased sig-
ificantly (Fig. 9A). Only the border between mes- and
iencephalon exhibited strong hybridization signals.
he neuroepithelium of the met- and myelencephalon
as weakly labeled (Fig. 9A), and in the pituitary

ranscripts were detected (Fig. 9C). The mesenchyme
djacent to the mandibular cleft was still strongly
arked by hybridization, and the most lateral aspects

FIG. 7. Expression pattern of fex at E11.5 and E12.5. (A, B)
hole mount embryos at E11.5 (A) and E12.5 (B) were hybridized to
digoxygenin-UTP labeled riboprobe revealing transcripts in the

ondensing mesenchyme, the limb buds (lb), and the nervous system.
t E12,5 the rhombic isthmus (ri) was highlighted by hybridization
ignals. (C, C9) A parasagittal section through an embryo at E11.5
hows an accumulation of transcripts over the rhombic isthmus (ri),
he dorsal and ventral areas of the spinal cord (sc), the optic cup (oc),
he neuroepithelium lining the IV. ventricle (IV), the mesenchyme
urrounding the mandibular cleft (mc), and the condensing mesen-
hyme of the somites (so). The neuroepithelium lining the third
entricle (III) did not show significant hybridization signals.
277
zing (Figs. 9A–9C). The body wall and mesenchyme
urrounding internal organs, e.g., the capsule of the
iver, exhibited weak hybridization signals. A frontal
ection through the head region demonstrated that
ctodermal as well as mesenchymal tissues expressed
he fex gene (Fig. 9C). Figure 9D shows that this was
lso true for the trunk region. Epithelia and their
djacent mesenchyme were labeled by the fex probe. At

FIG. 8. Higher magnification of sections through spinal cord and
ye at E11.5. (A, A9) In a sagittal section of the spinal cord tran-
cripts were detected in the ventral and dorsal area extending lat-
rally from the neuroepithelium lining the neural canal (nc). (B, B9)
n a dorsal section through an embryo hybridization signals were
ound in the spinal cord and in the condensing mesenchyme of the
ntervertebrate disc anlagen (id). (C, C9) In a transverse section
hrough an eye the neuronal retina is labeled, while no transcripts
ere detected in the lens (le).
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ystem. In the body increasing signal intensity was
etected in the perichondrium, but became rapidly
eaker with ongoing age (data not shown). During all

tages of embryonic development we could not detect
ybridization signals over background in the gonads.

ISCUSSION

In the present study we describe the identification of
cDNA from mouse brain encoding a novel putative

even transmembrane receptor with an as yet un-
nown ligand. The gene is follicularly expressed, there-
ore we named it fex. Among the different types of G
rotein-coupled receptors fex shows the highest degree
f homology to the family of glycoprotein receptors,
amely 37–41% identity to the LH, FSH, and TSH
eceptors. Although, the identity is significantly lower
han that between the already characterized glycopro-
ein receptors, FEX shows the typical features of a
ember of the glycoprotein receptor family. The seven

ransmembrane spanning region is preceded by a long
xtracellular domain containing 18 leucine-rich repet-
tive elements. For glycoprotein receptors with known
igands these repeats were shown to be involved in
igand binding (8). The number of repeats present is
hought to reflect the size of the ligand. In the LH,
SH, and FSH receptor ten to eleven repeats are
resent in the extracellular domain. Because FEX con-
ains more leucine-rich repetitive elements than any of
he so far characterized receptors, it is tempting to
peculate that its ligand has an unusually large size.
Expression of fex was studied in the adult mouse and

uring embryonic development. In the adult mouse
rominent fex expression was found in the gonads, the
drenal gland, and the brain. In the central nervous
ystem fex transcripts were restricted to the olfactory
ulb, where only neuronal cells were labeled. Similarly,
n the adrenal gland fex mRNA was detected in the
eural-crest derived chromaffin cells of the medulla, but
ot in the cells of the adrenal cortex, hinting at a neuro-
pecific expression. In the gonads fex transcripts were
resent at specific stages of sperm and oocyte develop-
ent. Thus fex expression was high in Graafian follicles,

ut absent from primary and secondary follicles. This is
n contrast to what was found for the LH and FSH recep-
ors, which are expressed in all stages of follicular devel-

ooth anlage (to) and the mesenchyme of the mandible and the
pithelium of the tongue (tg). (C, C9) Frontal section of the head
hows additional expression of fex in the pituitary (pi), the neural
etina (nr), the mesenchyme lining the olfactory epithelium (oe), and
he mesenchyme of the palatine process (pp). (D, D9) In a transverse
ection through an embryo, transcripts were detected in epithelia
nd mesenchymal tissues under the parachordal plate (pc) and
round the truncus pulmonaris (tp).
FIG. 9. Expression of fex in E13.5 mouse embryos. (A, A9) Sag-
ttal section through an embryo shows hybridization signals at the
order between di- and mesencephalon (arrow), the mesenchyme and
pithelium surrounding the mandibular cleft (mc), the tooth anlagen
to) and the intervertebrate discs. (B, B9) A magnification of the facial
egion of the embryo shown in (A, A9) reveals prominent hybridiza-
ion signals in the condensed mesenchyme and the ameloblast of the
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unction in oogenesis and spermatogenesis.
During very early murine embryonal development

ex transcript could not be discovered in the embryo
roper, but only in the placenta. Later, starting from
10.5 onward fex was expressed in the developing spi-
al cord and in the neuroepithelia of the myel-, met-,
es-, and diencephalon. Fex expression in the central
ervous system was transient and the pattern changed
apidly, hinting at a role for FEX in inductive pro-
esses. The fact that fex was cloned from a NT2-cell
DNA library, and that NT2 cells represent neural
recursor cells expressing neuroepithelial markers, is
onsistent with this notion.

With the onset of organogenesis fex was transiently
xpressed in a variety of regions of the embryo, predom-
nantly in mesenchymal structures, including those sur-
ounding the epithelia of internal organs, in a pattern
esembling that of the activin/inhibin subunit bA (5).
embers of the activin/inhibin family were originally

solated as gonadal proteins from follicular fluid regulat-
ng the release of FSH from the pituitary (18) and later
hown to act as morphogens during embryonal develop-
ent. This may suggest a similar role for FEX as mor-

hogen receptor in early organ development.
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