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Abstract

A novel transmembrane protein (designated X7365) containing two follistatin modules and an epidermal growth factor (EGF) domain has

been described in the hypothalamic-pituitary axis of Xenopus laevis. We have now cloned the highly conserved mouse orthologue (M7365),

and its mRNA was detected in many mesodermal and (neuro)ectodermal tissues in 8.5-day-old mouse embryos. During further development,

M7365 mRNA expression became restricted to certain regions in the brain and to ganglia. In the adult mouse, the brain is the major site of

M7365 expression. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Results and discussion

A brain cDNA encoding mouse 7365 (M7365; GenBank

accession number AJ400622) was isolated and found to

encode a protein displaying a high degree of conservation

with its Xenopus orthologue X7365 (71% identity and 82%

similarity; Fig. 1). Especially the unique EGF-like domain,

the transmembrane region, and the short cytoplasmic tail are

highly conserved. These regions are also present in tomo-

regulin, a recently described human protein of which the

EGF-domain is able to weakly stimulate tyrosine phospho-

rylation of the ErbB4 receptor (Uchida et al., 1999, GenBank

accession number BAA87897; also termed TMEFF2,

GenBank accession number AB004064). As we have

isolated a cDNA that encodes the human orthologue of

X7365 (H7365; Eib et al., unpublished results, GenBank

accession number U19878; also named TMEFF1, GenBank

accession number NM_003692), tomoregulin is not the

human counterpart of X7365, as suggested by Uchida et al.

(1999), but rather a 7365-like protein (Fig. 1). In both 7365

and tomoregulin, the crucial arginine at position 41 in the

EGF-domain is substituted; the replacement of Arg41 in solu-

ble human EGF results in a drastic decrease �,0:2%� of

EGF-receptor af®nity (Engler et al., 1990; Hommel et al.,

1991). Despite the lack of the important arginine, tomoregu-

lin is able to activate an ErbB receptor, and in view of their

high degree of amino acid sequence identity, 7365 may well

be a ligand for ErbB receptors as well.

We then examined the expression of M7365 mRNA in

mouse embryos by in situ hybridization. In embryonic day

(E) 8.5 mouse embryos, the ®rst branchial arch, somites,

splanchnic mesoderm, and the ventral foregut epithelium

contained high levels of M7365 mRNA, whereas the other

tissues expressed only low amounts of M7365 (Fig. 2a).

Sagittal sections of an E9.5 mouse embryo revealed that

the motor neurones and the super®cial neurones in the

developing neural tube, and the dorsal part of the dience-

phalon and mesencephalon were strongly labelled with the

M7365 probe (Fig. 2b). In E15.5 mouse embryos, most of

the hybridization signal was detected in the developing

brain and spinal cord (Fig. 3a). High concentrations of silver

grains were found over the lateral thalamic nucleus, the

inferior colliculus, the fastigial nucleus of the cerebellum,

many areas of the medulla oblongata, and the differentiating

cell layers of the neopallium and hippocampus (Fig. 3b±d).

Weaker hybridization signals were detectable in many other

brain regions. Many ganglia were found to be M7365-posi-
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tive, such as the trigeminal ganglia, the cochlear ganglia and

the superior cervical sympathic ganglia (Fig. 3b±d). Outside

the brain strong hybridization was found in the neural layer

of the retina, many dorsal root and sympathic ganglia (Fig.

3d), and autonomous ganglia in the lung, stomach, intestine,

abdominal aorta, heart and the prostatic region of the urethra

(Fig. 3a,e). Other organs, such as liver, kidney and muscle,

did not show speci®c hybridization with the M7365 probe

(Fig. 3a).

Reverse transcriptase±polymerase chain reaction (RT±

PCR) analysis revealed that in 6-week-old mice the brain,

neurointermediate lobe (NIL), pars distalis (PD), pancreas,

ovary and testis contain M7365 mRNA (Fig. 4A). In

contrast, in heart, liver, kidney, spleen and muscle tissue,

no M7365 mRNA was detected. Northern blot analysis of

adult mouse brain RNA showed a single messenger of ,2.3

kb (Fig. 4B), which is close to the estimated size of the

largest M7365 cDNA clone found during the screening

(2.2 kb).

In situ hybridization analysis of M7365 mRNA expres-

sion in adult mouse brain revealed high concentrations of

silver grains over the supraoptic, lateral preoptic and

magnocellular preoptic nuclei (Fig. 5a and data not

shown). In the pituitary, the most intense hybridization

signals were found in the dorsal-lateral periphery of the

pars distalis, weaker signals were detected in the extreme

ventral positions of the pars intermedia, while no speci®c

hybridization signal was detected in the pars nervosa (Fig.

5b). In addition, high hybridization signals were detected in

the bed nucleus of the stria terminalis (Fig. 5c), the granular

and Purkinje cell layers in the lobules of the cerebellum

(Fig. 5d) and an area located adjacent to the cerebellum

including the locus coeruleus and subcoeruleus (Fig. 5e).

In the hippocampus, all areas of Ammon's Horn and the

dentate gyrus hybridized with the probe, with more intense

signals in the regions of the CA1 and CA4 ®elds (Fig. 5f).

Furthermore, silver grains were found in the cingulate,

motor and piriform cortex (data not shown).

The neural expression of M7365 in the pre-, medial and

supraoptic, as well as the magnocellular nuclei in the

hypothalamus, together with its expression in the median

eminence and pituitary, correlates directly with the distribu-

tion of X7365 in the hypothalamic±pituitary axis of Xeno-

pus (Eib and Martens, 1996). However, in the adult mouse

brain additional sites of M7365 expression were found (e.g.

cerebellum, stria terminalis, hippocampus) which may

re¯ect the more highly evolved state of the rodent vs. the

amphibian brain.
Fig. 1. Sequence alignment of the deduced mouse, Xenopus and human

7365 proteins with human tomoregulin (hTRa). Asterisk indicates the resi-

due equivalent to arginine 41 in mature EGF, conserved cysteine residues

are boxed, black dots mark a potential G-protein activating motif (de®ned

by BXnBXnBBxB, where B is a basic residue; Okamoto et al., 1990), and

the black line indicates a potential glycosaminoglycan attachment site

(predicted to recognise heparin or highly sulphated regions within heparin

sulphate; Hileman et al., 1998). SP, signal peptide; FS, follistatin module;

EGF, EGF-like domain; TM, transmembrane region. (H7365 GenBank

accession number: U19878).

Fig. 2. In situ hybridization analysis of M7365 expression in E 8.5 and E 9.5

mouse embryos. Because of the ubiquitous expression of M7365, bright-

®eld images are shown. (a) Transverse section of an E 8.5 embryo. (b)

Sagittal section of an E 9.5 embryo. a, amnion; ba, branchial arches; fba,

®rst branchial arch; fg, foregut; fge, foregut epithelium; h, heart; hg, hind-

gut; m, myelocoel; mn, motor neurones; nt, neural tube; s, somite; sm,

splanchnic mesoderm; sn, super®cial neurones; t, telocoel; v, ventricular

chamber of the heart. Scale bars: 100 mm.



In conclusion, we show that M7365 mRNA is broadly

expressed in young mouse embryos, while during develop-

ment its expression becomes restricted to neuronal and

endocrine tissues. In view of the high degree of sequence

identity between 7365 and tomoregulin, we suggest the

name tomoregulin-1 for 7365 or TMEFF1 as the ®rst-iden-

ti®ed member, and tomoregulin-2 for the recently identi®ed

7365-like protein with ErbB4 receptor kinase activity

(earlier named tomoregulin or TMEFF2). Overall, the

tomoregulins emerge as an interesting set of proteins

because of their high degree of evolutionary conservation

and structural organization (the ®rst transmembrane

proteins with two follistatin modules and an EGF domain),

their expression pro®les during development and in adult

brain, and their possible role in ErbB receptor signalling.

2. Methods

2.1. Isolation of mouse brain 7365 cDNA

Approximately 3 £ 106 plaques of an oligo(dT)-primed,

C57 adult mouse brain cDNA library, constructed in lZAP

XR (Stratagene), were hybridized on duplicate ®lters

according to standard procedures (Sambrook et al., 1989)

with a random primed [a-32P]dATP-labelled H7365 probe

composed of a 918-bp, EcoRI±EcoRI fragment (nucleotides

Fig. 4. (A) RT±PCR analysis of M7365 tissue distribution in adult mouse.

Besides in the brain, neurointermediate lobe, pars distalis, pancreas and

ovary, increased exposure revealed also M7365 mRNA expression in the

testis. Equal loading of RNA and DNA was assured through the subjection

of each cDNA sample to PCR ampli®cation with mouse b-actin primers.

Omitting reverse transcriptase during the RT±PCR procedure showed that

the ampli®cation with M7365 and b-actin primers was speci®c (data not

shown). NIL, neurointermediate lobe of the pituitary; PD, pars distalis of

the pituitary. (B) Northern blot analysis of adult mouse brain RNA with a

randomly primed probe encompassing nearly the entire ectodomain of

M7365.

Fig. 3. In situ hybridization analysis of M7365 expression in E 15.5 mouse embryo. (a) Sagittal section of an E15.5 embryo. (b) Horizontal section through the

neocortex. (c) Horizontal section through the medulla oblongata. (d) Horizontal section at the level of the eyes. (e) Horizontal section through the uro-genital

system. c, cerebellum; csg, cervical sympathic ganglia; drg, dorsal root ganglia; fn, fastigial nucleus; h, heart; hp, hypothalamus; i, intestine; k, kidney; li, liver;

ltn, lateral thalamic nucleus; lu, lung; m, medulla oblongata; nr, neural retina; ol, olfactory lobe; p, neopallium; pr, prostatic region; rp, Ratkhe's pouch; sp,

spinal chord; Vg, trigeminal (V) ganglia. Scale bars: 500 mm.



118±1031) of the protein-coding region (GenBank acces-

sion number U19878).

2.2. RT±PCR, Northern blot and in situ hybridization

analysis

Total RNA was isolated from tissues of 8-week-old mice

using Trizol reagent (Gibco), according to the manufac-

turer's instructions, and 1 mg was processed for cDNA

synthesis in the presence or absence of reverse transcriptase

(Gibco), using random hexanucleotide primers. Each PCR

reaction sample (50 ml) contained 1£ Taq buffer, 250 nM 5 0

and 3 0 primers, 2 ml of the cDNA reaction, 0.2 mM dNTPs

and 0.5 U Taq polymerase (Pharmacia). Primer sequences

were: 5 0-CTAAGATCTATCGGAAGCCACATGCCTTG-

C-3 0 (M7365-5 0); 5 0-ACCCTCGAGCTAGAGAATAC-

TAAAGTCCGTCTT-3 0 (M7365-3 0); 5 0-TACTCCTGCT-

TGCTGATCCACAT-3 0 (mouse b-actin-5 0); 5 0-CGGGA-

CCTGACWGACTACCTCATG-3 0 (mouse b-actin-3 0).
The PCR reaction was performed using 30 cycles, each

consisting of 1 min at 94, 52 and 728C. Reaction products

were visualized on 1.2% ethidium bromide-stained agarose

gels. For Northern blot analysis, total RNA (15 mg) was

separated on a 1.2% agarose MOPS±formaldehyde gel and

transferred to a nitrocellulose ®lter (Schleicher and Schuell).

The ®lter was hybridized with a randomly primed

[a-32P]ATP-labelled M7365 fragment (800 bp EcoRI±

EcoRI fragment encompassing the entire protein-coding

region), washed to a ®nal stringency of 0.25£ SSPE, 0.1%

SDS at 658C, and autoradiographed for 1 week at 2708C
with two intensifying screens. For in situ hybridization

analysis, mouse embryos of E8.5, 9.5 and 15.5 were ®xed

with 4% paraformaldehyde in PBS. Brains of 6-week-old

mice were transcardially perfused with 0.9% saline for 15

min, followed by 4% paraformaldehyde in PBS for 30 min.

Following dissection, both brain and pituitary were immer-

sion ®xed in the same solution for 12 h and washed three

times with PBS. After dehydration and embedding, 5±8-mm

sections were cut of embryos and tissues and were mounted

on slides treated with 3-aminopropyltriethosyxline. The

used in situ hybridization procedure has been described by

Feijen et al. (1994) (E8.5, 9.5) and by Dewulf et al. (1995)

(E15.5 and adult brain), and sections were incubated with

the labelled M7365 probe (see above).

Fig. 5. In situ hybridization analysis of M7365 expression in adult mouse brain. (a) Sagittal section through medial forebrain. Scale bar: 100 mm. (b) Coronal

section through pituitary. Scale bar: 50 mm. (c) Coronal section through the bed nucleus of the stria terminalis. Scale bar: 100 mm. (d) Sagittal section through

cerebellum. Scale bar: 50 mm. (e) Sagittal section through locus coeruleus. Scale bar: 200 mm. (f) Sagittal section through hippocampus. Scale bar: 100 mm. ac,

anterior commissure; bn, bed nucleus of stria terminalis; CA1±CA4, CA1±CA4 ®elds of Ammon's horn; cer, cerebellum; DG, dentate gyrus; gcl, granular cell

layer; lc, locus coeruleus; lpo, lateral preoptic nucleus; mnpo, median preoptic nucleus; oc, optic chiasma; pcl, Purkinje cell layer; pd, pars distalis; pi, pars

intermedia; pn, pars nervosa; sc, sub coeruleus; so, supraoptic nucleus; 4v, fourth ventricle.
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