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to follistatin [3,4], studies suggest that Flik and follistatin
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Recently, several proteins which have a follistatin
odule have been isolated. One of them, the follistatin-

elated protein (FRP), is encoded by TSC-36 (TGF-b-
timulated clone 36) in mouse, originally isolated as a
DNA clone up-regulated by TGF-b1 in mouse osteo-
enic MC3T3E1 cells. To determine the physiological
ole of FRP in early Xenopus embryonic development,
e cloned the Xenopus FRP (xFRP) cDNA. The resulting

DNA clone was a secreted glycoprotein consisting of
99 amino acid residues with about 70% similarity to the
ammalian and avian FRPs. Northern blotting analysis

evealed that xFRP gene expression started at stage 10,
he onset of gastrulation, gradually increased during the
lastula and neurula stages and was sustained through
he tail-bud stage. Whole-mount in situ hybridization
nalysis showed the localization of xFRP mRNAs in the
pemann organizer, notochord, neural floor plate, hypo-
hord and somite. The similarities with the pattern of
xpression of Xenopus follistatin mRNA suggests that
FRP may play a role in neuralization. © 1999 Academic Press

The recently cloned TSC-36 (TGF-ß-stimulated clone
6) gene was originally isolated as a cDNA that was
p-regulated by TGF-ß1 in mouse osteogenic MC3T3E1
ells [1], and contains a follistatin module. The TSC-36
rotein is a secreted protein of 306 amino acids and four
otential N-glycosylation sites and an apparent molecu-
ar mass of 38 kDa. TSC-36 is a member of the follistatin-
elated-protein (FRP) family which includes rat FRP,
uman FRP [2] and chicken Flik (follistatin-like) [3].
lthough the temporal and spatial expression of the Flik
ene in chicken embryogenesis is fundamentally similar
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re differently modulated, and no function has been as-
igned to FRP to date.

Follistatin, initially isolated from follicular fluid as
n inhibitor of follicle-stimulating hormone (FSH) se-
retion [5,6], is an activin-binding protein [7]. Follista-
in was found to have a neutralizing effect on various
ctivin activities, including its dorsal mesoderm induc-
ng activity [8,9,10], and has been known as an activin
ntagonist [11,12,13]. During early Xenopus develop-
ent, follistatin (XFS319) is expressed in the Spemann

rganizer, prechordal and chordal mesoderm, and was
ound to have an excess XFS319 direct neural inducing
ctivity in Xenopus embryos [14]. These findings sug-
est an important role for follistatin in anteroposterior
xis formation. Follistatin has a four closely related
ystein-rich domains, previously reported as follistatin
odules [15]. Follistatin modules have been recognized

n several proteins including agrin, the well investi-
ated mediator of the motor-neuron-induced aggrega-
ion of acetylcholine receptors [16,17,18], and SPARC
osteonectin), the secreted glycoprotein which modu-
ates cell shape and cell-matrix [19,20].

In this study, we cloned the Xenopus FRP homologue
xFRP) and determined its expression to elucidate the
hysiological function of FRP in Xenopus embryogenesis.

ATERIALS AND METHODS

Xenopus embryos. Eggs of Xenopus laevis were obtained by in-
ecting 600 IU of human chorionic gonadotropin (Gestron, Denka-
eiyaku, Japan) into Xenopus. Fertilized eggs were dejellied with 4%
ysteine hydrochloride in the Steinberg’s solution (pH 7.8), washed
ith sterilized Steinberg’s solution (pH 7.4), and cultured at 20°C.
he embryos were staged according to Nieuwkoop and Farber [21].

Construction and screening of a cDNA library. Total RNA was
xtracted from 170 Xenopus laevis stage 24-26 embryos by the acid
uanidine thiocyanate-phenol-chloroform method [22]. Poly A(1)
RNA was purified by Oligotex dT30 (Super) (Takara Co. Japan)

ccording to the manufacturer’s protocols. cDNAs corresponding to
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he resulting mRNAs were synthesized using a cDNA Synthesis Kit
Pharmacia Biotech) and ligated to EcoRI/NotI adaptor (Life Tech-
ologies, Inc.). cDNAs longer than 1 kb were selected by Sephacryl
-500 chromatography, cloned into the lZAPII vector, and packaged
ith an in vitro packaging extract (Stratagene). About 8 3 105

laques were screened to isolate xFRP cDNA clones. Filters were
ybridized in hybridization buffer (6 3 SSC, 0.2% Denhardt’s solu-

FIG. 1. Nucleotide and predicted amino acid sequences derived fr
of the initiation codon. The putative signal sequence at the NH

-linked glycosylation site is underlined. The stop codon is indicate
43
ion, 0.1% SDS, 100 mg/ml salmon sperm DNA) with a 32P-labeled
SC-36 cDNA fragment at 65°C overnight, then washed twice in 1 3
SC and 0.1% SDS at 65°C. Positive clones were isolated, and the
lones containing inserts longer than 2 kb were excised by the
xAssist/SOLR System (Stratagene) in the form of pBluescript SK
ccording to the manufacturer’s protocols. Clones X-21, and X-29
ere used for further analysis.

Xenopus FRP cDNA clone. Numbering of nucleotides starts from the
rminus is boxed. The follistatin module is shadowed. A potential

y asterisks and the polyadenylation signal is heavily underlined.
om
2-te
d b
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Sequence analysis. Both strands of the isolated cDNA clones and
onstructed subclones were sequenced with a DNA sequencer model
73A using Dye Deoxy Terminator Cycle Sequencing Kits (Applied
iosystems). Nucleotide sequences were analyzed by the Gene
orks 2.5.1 program (Intelligenetics Inc.).

Northern blotting. Poly A(1) mRNA was directly prepared from
ysates of embryos in each stage using oligo-d(T) cellulose (TOYOBO,
apan) with proteinase K treatment. One mg poly A(1) mRNAs were
enatured at 70°C for 5 min in 50% formamide, 20% formaldehyde
nd 20 mM MOPS. These samples were electrophoresed in an
garose/formaldehyde denaturing gel and transferred to Hybond N1
ylon membrane (Amersham Corp.). The membrane was hybridized
ith 32P-labeled probes in hybridization buffer (50% formamide, 5 3
SPE (pH 7.4), 5 3 Denhardt’s solution, 0.1% SDS, 100 mg yeast
RNA) at 42°C for 12 hours. A 1.1 kb xFRP fragment named HcD at
ucleotide position 1366-2470 was radiolabeled and used as a probe.
ashing was performed in 1 3 SSPE and 0.1% SDS at room tem-

erature. The same membrane was reprobed with a 32P-labeled
DNA fragment of Xenopus ODC [23].

Whole-mount in situ hybridization. Albino Xenopus embryos at
arious stages were fixed in MEMFA for 5 hours and then placed in
00% methanol. Digoxigenin (DIG)-labeled RNA probes in sense and
ntisense orientations were prepared from the xFRP gene fragment
c? subcloned into pBluescript II SK-, with the DIG RNA Labeling

FIG. 2. (A) Alignment of the amino acid sequence of xFRP, TSC
epresents a gap inserted for maximal alignment. The follistatin
hadowed. (B) Alignment of the follistatin modules of XFS319, xFRP
lycosylation site of XFS319 is indicated by asterisks.
44
it (Boehringer Mannheim). Whole-mount in situ hybridization was
erformed by Harland’s method [24] with the following modifica-
ions. Embryos were washed with maleic acid buffer (MAB; 100 mM
aleic acid, 150 mM NaCl, pH 7.5) instead of the PBS-based solu-

ions, and incubated in MAB with anti-DIG antibody (Boehringer-
annheim) and 20% bovine serum. Stained samples were dehy-

rated with ethanol, transferred to xylene, embedded in paraffin, cut
nto 10-mm sections with a microtome, and examined in detail under

icroscope.

ESULTS AND DISCUSSION

A Xenopus tail-bud (stage 24-26) cDNA library was
creened using a 2637-bp cDNA fragment of mouse
SC-36 digested with EcoRI as a probe to obtain Xe-
opus FRP cDNA clone highly homologous to the
ouse TSC-36. About 30 positive clones were isolated

rom a total of 8 3 105 independent clones. The X-21
lone contained the entire open reading frame encoding
99 amino acid residues, the 59-noncoding region of 15
p nucleotides and the 39-noncoding region with the

6, and Flik. Identical residues are indicated by dots. The dash (2)
dule is shadowed, and the included cystein residues are heavily
d TSC-36. Identical residues are shadowed. The potential N-linked
-3
mo
, an



polyadenylation signal and poly A(1) tail. The X-29
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lone contained 40 bp of 59-nonreading region and the
ame open reading frame as X-21. The nucleotide se-
uence surrounding the ATG codon at positions 1-3
onformed to the initiation site consensus sequence
dentified by Kozak [25]. Moreover, there was no other
roximal ATG codon and 16 hydrophobic amino acids
ollowed the ATG codon. Therefore the initiation site
as assigned to this codon and based on the high

imilarity with mammalian FRPs, the resulting cDNA
as named xFRP (Fig. 1).
The alignment of the deduced amino acid sequence

howed that the identity of xFRP to mouse TSC-36,
uman FRP and chicken Flik was 70%, 71% and 68%,
espectively. The follistatin domain located in the
H2-terminal region showed particularly high homol-

gy of about 95%, and the positions of the characteris-
ic cystein residues were completely conserved among
hese homologues (Fig. 2A). xFRP protein contained
utative signal sequence as the other homologues, but
ad only one potential N-glycosylation site whereas the
ammalian FRPs and chicken Flik had 4 and 2 sites,

espectively. Alignment of the follistatin modules
howed that FRP lacked 2 amino acids residues (Asn-
le) at the potential N-glycosylation site of follistatin
Asn-Ile-Thr) (Fig. 2B). This may reflect some func-
ional differences between these two proteins.

Northern blotting analysis of Xenopus embryos from
tage 6 to 46 was carried out using the 1.1-kb xFRP
ragment (HcD) as a probe. The xFRP gene transcripts
ere detected as a single band at approximately 2.5 kb
osition. Expression was observed faintly at stage 11,
ncreased gradually during the proceeding of gastrula-
ion, peaked at stages 18 to 20, and then sustained
hrough tail-bud and tadpole stages (Fig. 3). The tem-
oral expression pattern suggested two peaks at stages
8 to 20 and stages 42-46, but it was unclear. The total
endency of these observations was similar to the
FS319 expression.
The spatial distribution of the xFRP gene was ana-

yzed by whole-mount in situ hybridization of various
mbryonic stages using DIG-labeled antisense RNA
robe corresponding to the xFRP cDNA fragment HcD
Figs. 4, 5). The first detectable expression of xFRP
NA was slightly observed in the Spemann organizer

egion at stage 10, as in the case of XFS319. This faint
xpression became sharpened in the central axis region
f the mesoderm during gastrulation, and clear expres-
ion was maintained in the notochord until late neu-
ula (stage 22). The hypochord cells were also slightly
tained. In ectoderm, simultaneous to the expression in
hordal mesoderm, faint expression was detected in
he predicted floor plate, the region adjacent to the
hordal mesoderm, and this expression also slightly
ntensified and was defined in the induced floor plate.
n the anterior neural tissues, xFRP RNAs were de-
45
ected in the floor region of the hindbrain. In the late
eurula stage (stage 18 to 20), weak expression was
lso observed in somites adjacent to the notochord.
fter stage 23, xFRP expression decreased in the no-

ochord, but simultaneously increased in the hypo-
hord, then strong expression in the floor plate and the
ypochord was maintained until stage 32. At the late
ail-bud stage, the expression in the trunk region was
onsiderably weakened, and observed to gradually
ove toward the anterior and posterior regions. As a

esult, xFRP transcripts remained in the notochord,
oor plate, hypochord and somite of the tail region and
heir counterparts and mesenchymal tissues of the
ead region at stage 36. These findings were coincident

n some points with the XFS319 RNA distribution re-
orted previously [14]. Initially, xFRP and XFS319
ere expressed in the Spemann organizer at the onset
f gastrulation, were continuously expressed in the
rechordal and anterior chordal mesoderm at gastrula
tage, then expression of both genes was observed in
he hypochord and the floor of the hindbrain and spinal
ord at the neurula stage. The differences between the
xpression of the two genes were as follows. (1) xFRP
as expressed in the entire notochord from the begin-
ing of notochord differentiation, but XFS319 expres-
ion was located in the anterior notochord at first,
uccessively extended posteriorly, and then included
he whole notochord by stage 21. (2) In the neural
issues, xFRP RNA was precisely localized in the floor
egion of the predicted hindbrain and spinal cord, in
pite of the broad XFS319 expression in the forebrain,
idbrain and hindbrain. (3) xFRP RNA expression was

bserved weakly in the somite, but XFS319 was not.
owever, XFS319 was expressed distinctly in the pro-
ephros, whereas xFRP was not. (4) xFRP expression
aded in the notochord as the vacuolization of the no-
ochord proceeded, whereas XFS319 expression was
aintained in the notochord even at the tadpole stage.

FIG. 3. Expression of xFRP mRNA during Xenopus develop-
ent. Northern blot anaysis was performed using one mg of stage-

pecific mRNA per lane. The blotting membrane was probed with
2P-labeled xFRP cDNA (upper) or Xenopus ODC cDNA (lower).
rrow indicates xFRP. Embryonic stages are indicated by numbers
ccording to Nieuwkoop and Farber [21].
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Since the spatial pattern of xFRP gene expression
as similar that of XFS319, we carried out microinjec-

ion of synthesized xFRP mRNA to test the neuralizing
ctivity of xFRP. xFRP mRNA and control mRNA (b-
lobin) were transcribed in vitro, dissolved in Gurdon’s
uffer (88 mM NaCl, 1 mM KCl, 15 mM Tris-HCl, pH
.5), and microinjected into blastomeres of the dorsal-
egetal or ventral-vegetal side of Xenopus 8-cell stage
mbryos at a rate of 0.1-1 ng mRNA per blastomere.
njected embryos were cultured for 1 week, but no
pparent changes were observed in the injected em-
ryos, compared with the controls or untreated em-
ryos. To clarify the effect of injected xFRP mRNA in
olecular marker gene expression, after the injection

FIG. 4. Spatial distribution of xFRP mRNA during Xenopus em
IG-labeled antisense xFRP RNA. (A) Stage 10 embryo, vegetal vie
tage 12 embryo, dorsal view. Signals were detected in prechordal a
mbryo, dorsal view. (E) Stage 21 embryo, dorsal view. (F) Stage 21
46
f mRNA into the animal side of the 2-cell stage em-
ryos, the animal caps from these embryos at stage 9
blastula) were dissected and total RNA from the caps
ultured for 1-2 days was extracted. RT-PCR analysis
ith the RNA showed that xFRP mRNA injection

aused no apparent up- or down-regulation of various
eural and notochordal marker genes such as N-CAM,
NF3-b, Pintallavis, Xwnt4, netrin-1, Xshh, and Xnot.
TSC-36 was originally isolated as a factor induced by

GFb1, and several studies suggested that TSC-36 did
ot mimic the growth inhibitory activity of TGFb1 nor
GFb1 signaling [2]. Interestingly, TSC-36 was extin-
uished in the v-ras transformed MC3T3 cells, but
ecovered to a normal level in the flat revertant [1],

yogenesis. Whole-mount in situ hybridization was performed with
FRP RNA was slightly detected in the organizer (arrowheads). (B)
chordal mesoderm. (C) Stage 15 embryo, dorsal view. (D) Stage 18
bryo, lateral view. (G) Stage 24 embryo. (H) Stage 30 embryo.
br
w. x
nd
em
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ndicating that activated ras or ras signaling might
own-regulate TSC-36 gene expression. In Xenopus de-
elopment, ras mediates the signaling between FGF
eceptor and Raf-1, and excess ras expression causes
ctopic mesoderm formation [26, 27, 28]. Considering
he relationship between TSC-36 and ras, the fact that
he xFRP gene is expressed in mesodermal tissues is

FIG. 5. Transverse or vertical sections of the embryos stained b
gure. (A) Transverse section of stage 12 embryo. Faint signal is loca
f stage 14 and 17 embryos, respectively. Notochord and predicted n
mbryo. The middle, anterior, and posterior region of the trunk r
ypochord. Faint signal is also observed in somites. xFRP expression
2 embryo. Prechordal and chordal mesoderm are clearly stained (ar
hroughout the notochord. Abbreviations: not, notochord; fp, floor pl
47
pparently inconsistent with the mesoderm inducing
ctivity of ras. Moreover, in the Xenopus embryo
nimal-cap assay, TGFb1 has no mesoderm inducing
ctivity [29]. It must be clarified whether xFRP is
nduced by TGFb1 in Xenopus and whether xFRP
inds to any growth factor to elucidate the biological
unctions of xFRP.

hole-mount in situ hybridization. Dorsal side is at the top in each
d in the chordal mesoderm (arrowheads). (B, C) Transverse sections
al floor plate are stained. (D, E, F) Transverse sections of stage 30
n. xFRP mRNA is localized in notochord, neural floor plate, and
es in the middle region of notochord (D). (G) Vertical section of stage
heads). (H) Vertical section of stage 22 embryo. xFRP is expressed

; hp, hypochord; sm, somite.
y w
lize
eur

egio
fad
row
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