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The heparin-binding growth factors constitute a family of homologous polypeptides including basic and
acidic fibroblast growth factors (FGFs). These factors participate in a variety of processes, including wound
healing, angiogenesis, neuronal survival, and inductive events in the early amphibian embryo. We have isolated
three closely related species of cDNA clones for Xenopus FGF receptors. One of these, designated XFGFR-A1,
encodes an open reading frame of 814 amino acids. A second class encodes an identical amino acid sequence
with the exception of an 88-amino-acid deletion near the 5’ end. This species probably arises through
alternative splicing. A third class of cDNA corresponding to the shorter form of XFGFR-A1 was isolated and
shown to be 95% homologous and is designated XFGFR-A2. Xenopus FGF receptors are similar to FGF
receptors from other species in that they contain a transmembrane domain, a tyresine kinase domain split by
a 14-amino-acid insertion, and a unique conserved stretch of eight acidic residues in the extracellular domain.
Overexpression of Xenopus FGF receptor protein by transfection of COS1 cells with the corresponding cDNA
in a transient expression vector leads to the appearance of new FGF binding sites on transfected cells, consistent
with these cDNAs encoding for FGF receptors. RNA gel blot analysis demonstrates that Xenopus FGF receptor
mRNA is a maternal message and is expressed throughout early development. When blastula-stage ectoderm
is cultured in control amphibian salt solutions, Xenopus FGF receptor mRNA declines to undetectable levels by
late neurula stages. However, when cultured in the presence of FGF of XTC mesoderm-inducing factor,
Xenopus FGF receptor RNA expression is maintained.

The heparin-binding growth factors (HBFGs) constitute a
family of homologous genes that includes the genes for
acidic (aFGF) and basic (bFGF) fibroblast growth factors (1,
22), hst/KS (kFGF) (3, 60, 64), int-2 (8), FGF-5 (65), KGF
(12), and FGF-6 (33). Although these genes are related
structurally to one another, the highest degree of similarity is
between aFGF and bFGF. aFGF and bFGF were originally
purified from a variety of tissues on the basis of their high
affinity for heparin (31, 55). Both polypeptides have been
shown to be potent mediators of mitogenesis, angiogenesis,
and differentiation (reviewed in references 4 and 13). The
biological activities of aFGF and bFGF are mediated
through high-affinity cell surface receptors of 150 and 130
kDa (6, 15, 21, 24, 30, 34, 36, 40) that have an associated
tyrosine kinase activity (6, 14, 20). Experiments using radio-
labeled aFGF and bFGF suggest that these ligands interact
with the same or very similar receptors (9, 23, 36, 40).
Recently, a bFGF receptor (FGFR) was purified and cloned
from chicken embryonic tissue (29) and shown to be identi-
cal to the developmentally regulated tyrosine kinase gene
cek-1 (42). Both the chicken FGFR (CFGFR) and cek-1 are
homologous to the human tyrosine kinase gene flg (50). flg
has subsequently been shown to encode the human FGFR
(9, 49). In addition, two FGFR-like genes have been cloned
from the mouse. One is homologous to the human FGFR (44,
51); the other one (called bek [27]), although distinct, has
extensive homology to the other FGFRs and may be a
member of an FGFR family of genes.

During normal amphibian embryonic development, signals
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originating from the vegetal hemisphere of the embryo
specify cells of the equatorial marginal zone to become
mesoderm (38; reviewed in references 7 and 58). Explanted
animal pole ectoderm, which in control culture forms only
epidermis, can be induced to form mesoderm when placed in
close proximity to vegetal pole endoderm (18, 38). Meso-
derm induction may be scored by morphological criteria (38,
56) and by molecular markers such as activation of a-actin
mRNA expression (18, 26, 53). Several growth factors from
homologous or heterologous sources can mimic the meso-
derm-inducing effect of the vegetal pole cells in this assay
system (reviewed in references 7 and 58). These factors
include bovine aFGF and bFGF (26, 56) and bFGF from
Xenopus laevis (25, 57). In addition, two FGF-like proto-
oncogenes, KFGF and int-2, also possess mesoderm-induc-
ing activity (43). Transforming growth factor Bl (TGF-81)
has been reported to potentiate the mesoderm-inducing
activity of bFGF while having no mesoderm inducing activ-
ity alone (26). Porcine and Xenopus TGF-B2 and recombi-
nant TGF-B3 are able to induce mesoderm in animal explants
without the presence of FGF, although a modest synergism
has been observed (45, 47). The most potent mesoderm
inducer known is the factor (MIF) secreted by XTC cells
which has been shown recently to be a frog homolog of
mammalian activin A (59). Activin A is a member of the
TGF-B superfamily of factors (59). Thus, mesoderm induc-
ers can be divided into two classes, FGF-like and TGF-B-
like. There are not only differences in effectiveness in certain
induction assays between these inducers but also qualitative
differences: FGF class inducers generate ventral mesoderm
like mesenchyme and some muscle (17, 56), while TGF-B-
like inducers yield more dorsoanterior derivatives, including
large amounts of muscle and notochord (17, 45, 47). There
are also differences in molecular responses to the different
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inducing factors: the homeobox gene Mix.1 is activated by
XTC MIF (i.e., activin A) but not by FGF (46), whereas the
homeobox gene Xhox3 is strongly activated by FGF and
only weakly by XTC MIF (activin A) (48). Thus, there is
good reason to believe that both classes of inducing factors
are involved in vivo in mesoderm induction and establish-
ment of polarity in the embryo.

Recently, FGFRs have been identified in the developing
Xenopus embryo by ligand binding assays and affinity cross-
linking experiments (16). Here we report cDNA cloning and
expression during embryogenesis of FGFR RNAs in X.
laevis. We find that the Xenopus FGFR (XFGFR) mRNA is
expressed throughout early development and that expres-
sion can be regulated by growth factors in animal cap
explants.

MATERIALS AND METHODS

Library screening. A cDNA library containing approxi-
mately 10° recombinants was constructed by using poly(A)*
RNA isolated from the Xenopus XTC cell line and inserted
into the N\ Zap vector (Stratagene). A synthetic degenerate
oligonucleotide corresponding to a conserved region of the
intracellular domain of the CFGFR (29, 42) and flg (50)
sequences was used as a probe. The nucleotide sequence is
5'-TA(C/T) ATG ATG ATG (C/A)GG GA(C/T) TGG CAT
GC(A/T) GTC CC-3'. A second oligonucleotide probe, up-
stream from the first probe, was used to confirm clones as
being members of the tyrosine kinase family: 5'-GTG ACA
GAG (G/A)AC AA(T/C) GTG ATG AA(G/A) AT(A/G/T)
GCA GA(C/T) TT(T/C) GG-3'. The oligonucleotide probes
were labeled with T4 polynucleotide kinase and [y->2P]ATP
(>5,000 Ci/mmol; Amersham) and used to screen the library
as described by Maniatis et al. (32) at 42°C for 16 h. Filters
were washed sequentially in 6x SSC-0.1% SDS at room
temperature for 30 min, 42°C for 30 min, and 50°C for 30 min
and received a final wash at 65°C for 30 min. Filters were
dried and exposed to Kodak XAR-5 film at —70°C with a
Dupont Cronex intensifying screen.

Analysis of clones. Positive clones were purified according
to published procedures (32). Phagemid clones were rescued
into plasmid form in XL-1 Blue cells as instructed by the
manufacturer (Stratagene). Clones were mapped with sev-
eral restriction enzymes, and several overlapping clones
were identified. Nucleotide sequencing was done by the
dideoxy-chain termination method (52), using a Sequenase
kit (United States Biochemicals) and [a->S]JdATP (>1,000
Ci/mmol; Amersham) on double-stranded templates (28).
For sequencing clones >2 kb, sets of nested deletions were
prepared with exonuclease III and S1 nuclease (Erase-a-
base; Promega). Second-strand sequencing was performed
by using synthetic oligonucleotide primers and Sequenase.
Sequences were compiled and analyzed with the University
of Wisconsin Genetics Computer Group sequence analysis
package and PC Gene (Intelligenetics).

RNA gel blot analysis. RNAs were prepared from Xenopus
embryos at different stages of development, from XTC cells,
and from ectodermal explants as described previously (53).
RNA was denatured with glyoxal, separated by electropho-
resis through 1.0% agarose gels, and blotted as described
previously (61) except that Nytran (Schleicher & Schuell)
was substituted for nitrocellulose. Hybridization of filter-
bound RNA to DNA probes prepared by random primer
labeling of full-length XFGFR cDNAs (11) was carried out
by the method of Church and Gilbert (5) in buffer containing
0.5 M sodium phosphate (pH 7.0), 7% sodium dodecyl
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sulfate (SDS), 1% bovine serum albumin, and 10 mM EDTA
at 65°C for 16 h. Filters were washed in 0.2x SSPE at 65°C
for 30 min, dried, and exposed to X-ray film as described
above. In some instances, blots were rehybridized with a
probe corresponding to X. laevis cardiac a-actin (pSPAC-9)
cDNA. Labeling, hybridization, and washing were per-
formed as described above. To confirm that equivalent
amounts of RNA were loaded, blots were hybridized to an
oligonucleotide probe corresponding to a sequence of X.
laevis 18S rRNA. The sequence of the 18S oligonucleotide
probe is 5'-GGT CAG CGC TCG TCG GCA TGT AAT
AG-3'. Blots were hybridized as described above and
washed in 2X SSPE for 30 min at 22°C.

. Xenopus eggs and embryos. Embryos were staged accord-
ing to Nieuwkoop and Faber (39). Culture of embryos,
preparation of ectodermal explants, and induction with
conditioned medium from XTC cells (XTC-CM) were car-
ried out essentially as described previously (46, 47). Growth
factors and other compounds were obtained from the follow-
ing sources: recombinant human bFGF, Amgen; retinoic
acid and phorbol 12-myristate 13-acetate (PMA), Sigma.
Retinoic acid was prepared as a 1 mM stock in ethanol and
stored at —70°C protected from light. PMA was prepared as
a 1-mg/ml stock in dimethyl sulfoxide and stored at —20°C.

In vitro transcription and translation. A full-length cDNA
clone encoding the two-immunoglobulinlike (Ig-like)-domain
form of XFGFR was linearized by digestion with BamHI,
which cuts within the multiple cloning site of Bluescript at
the 3’ end of the cDNA insert. In vitro transcripts were
obtained by using the Riboprobe system (Promega) and T7
RNA polymerase. In vitro-synthesized RNA transcripts (~1
ng) of the XFGFR construct were translated in a rabbit
reticulocyte lysate system (Promega) in the presence of
[**SImethionine (Amersham). Samples were dissolved in
SDS sample buffer and run on 10% SDS-polyacrylamide
gels. The gels were stained, destained, treated with Enhance
(New England Nuclear), dried, and subjected to autoradiog-
raphy.

Cell culture and DNA transfection. COS1 cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) (Irvine
Scientific) supplemented with 10% fetal bovine serum (FBS)
(Irvine Scientific). A full-length cDNA clone corresponding
to the two-Ig-like-domain form of the receptor was cloned
into a Xhol-Notl site of the mammalian expression vector
CDMS8 (54). The clone was confirmed to be in the correct
orientation relative to the cytomegalovirus promoter of the
vector by restriction enzyme mapping. The construct was
designated CDM8-28.1. For transient expression, COS1
cells were plated at 5 % 10° cells per dish into 10-cm culture
dishes. The next day, plasmid DNAs were transfected into
cells by the DEAE-dextran method (32). After transfection,
the cells were incubated in DMEM-10% fetal bovine serum
for 2 days at 37°C.

Covalent ligand affinity cross-linking. Recombinant human
bFGF was iodinated by published procedures (34). For
affinity cross-linking experiments, monolayer of COS1 cells
transfected with either the control plasmid (CDMS8) or XF-
GFR construct (CDM8-28.1) were washed with cold DMEM
containing 25 mM N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid (HEPES; pH 7.4), heparin (10 pg/ml), and 0.1%
bovine serum albumin (binding buffer). Cells were incubated
at 4°C for 1 h in the presence of binding buffer containing 600
pM ZLI-bFGF in the presence or absence of a 200-fold
excess of unlabeled ligand. Cells were washed three times
with ice-cold binding buffer and exposed to disuccinimidyl
suberate at a final concentration of 0.3 mM in phosphate-
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Y
XFGFR-Al MFSGRSLLLWGVLLGAALSVARPPSTLPDEVAPKTKTEVEPY SARPGDTVTLQCRLREDV 60
XFGFR-A2 M

Y

XFGFR-Al QSISWVKNGVQLLETNRTRITGEEIQISNAGPEDNGLYACVTIGPSGTYTVLFSINVSDA 120
XFGFR-A2
XFGFR-Al QPSAEDDDDDDDNSSSEEKASENSKPNRPFWSHPEKMEKKLHAVPAAKTVKFRCPANGTP 180
XFGFR-A2 L E A L
XFGFR-Al SPALRWLKNGKEFRPDQRIGGYKVRSQTWSLIMDSVVPSDKGNYTCIVENKYGTLNHTYQ 240
XFGFR-A2 TT RA QQ AI
XFGFR-Al LDVVERSPHRPILQAGLPANTSVTVGSTAEFSCKVYSDPQPHIQWLRHIEINGSRVASDG 300
XFGFR-A2 T
XFGFR-Al FPYVEILKTAGVNTSDKDMEVLHLRNVTFEDAGQYTCLAANSIGISHHSAWLTVLEVEDD 360
XFGFR-A2 N
XFGFR-Al KPALLASPLQLEIIIYCTGAAFVSAMVVTIIIFKMKHPSKKSDFNSQLAVHKLAKSIPLR 420
XFGFR-A2
XFGFR-Al RQVTVSGDSNSSMHSGVILVRPSRLSSSGTPMLSGVSEYELPEDPRWEVARDRLILGKPL 480
XFGFR-A2 s N - L
XFGFR-Al GEGCFGQVVMAEAIGLDKEKPNRVTKVALKMLKSDANEKDLSDLISEMEMMKMIGKHKNI 540
XFGFR-A2 K v
XFGFR-Al INLLGACTQDGPLYVIVEYASKGNLREYLRARRPPGMEYCYNPMCAPDQLLSFKDLVSCA 600
XFGFR-A2 T A TV
XFGFR-Al YQVARGMEYLASKKCIHRDLAARNVLVTEDNVMKIADFGLARDIHHIDYYKKTTNGRLPV 660
XFGFR-A2 D I
XFGFR-Al KWMAPEALFDRIYTHQSDVWSFGVLLWEIFTLGGSPYPGVPMEELFKLLKEGHRMDKPTN 720
XFGFR-A2
XFGFR-A1l CTNELYMMMKDCWHAMPSQRPTFNQLVEDLDRILALSSNQEYLDLSMPVNQYSPCFPDTR 780
XFGFR-A2
XFGFR-Al SSTCSSGEDSVFSHDPLPDEPCLPKYSNGGLKKR 814
XFGFR-A2
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FIG. 1. Predicted amino acid sequences of XFGFR-A1 and XFGFR-A2. The sequences were aligned by using PC Gene (Intelligenetics).
Gaps in the sequence are positioned with dashes. The arrowheads indicate deleted regions found in some XFGFR-A1 clones and correspond

to the first Ig-like domain. Amino acids are numbered at the right.

buffered saline. After 20 min at 4°C, the cross-linking reagent
was removed and cells were solubilized in SDS sample
buffer and heated to 95°C for 5 min. Samples were subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) and au-
toradiography.

Nucleotide sequence accession number. The DNA se-
quences for XFGFR-A1l and -A2 are in the GenBank and
EMBL data bases under accession numbers M55163 and
M62322.

RESULTS

Isolation and sequences of XFGFR cDNAs. To isolate
Xenopus homologs of the CFGFR and the human tyrosine
kinase gene flg, 10° clones from an XTC cDNA library were
screened with degenerate oligonucleotide probes corre-
sponding to two regions of the cytoplasmic domain of the
CFGFR (29, 42) and human flg (50). Fourteen clones were
isolated that hybridized to both probes, and restriction
enzyme analysis showed that several of these were overlap-
ping. Sequence analysis of several clones revealed three
closely related species of cDNAs. One of these, designated
XFGFR-A1 (Fig. 1), encodes an open reading frame of 814
amino acids. A second class has an identical amino acid
sequence with the exception of an 88-amino-acid (264-bp)
deletion (indicated by arrowheads in Fig. 1). The shorter
cDNA species probably correspond to an alternative RNA
splicing product, as discussed below. A third class of cDNA
corresponding to the shorter form of XFGFR-Al was se-
quenced and shown to be 95% homologous; it is designated
XFGFR-A2. The presence of two highly homologous
cDNAs such as XFGFR-A1 and XFGFR-A2 most likely is

the result of a complete genome duplication during the
evolution of X. laevis, as previously suggested (2).

The deduced amino acid sequence of XFGFR shows
overall identities of 82, 80, and 79% to the chicken, mouse,
and human FGFRs, respectively (Fig. 2). The highest degree
of sequence similarity between species lies in the tyrosine
kinase domain, with lower levels of homology in the Ig-like
domains.

The XFGFR has several features that are characteristic of
tyrosine kinase receptors in general and FGFRs in particu-
lar. These include a stretch of hydrophobic amino acids
corresponding to a putative transmembrane domain. Like
the CFGFR, the extracellular domain is arranged into Ig-like
domains with two variant forms, one consisting of three
Ig-like domains and a second containing two Ig-like domains
(29, 42). The XFGFR has 10 consensus sequences for
asparagine-linked glycosylation in the extracellular domain.
Nine of these sites are conserved between Xenopus,
chicken, mouse, and human FGFRs. The 10th site arises as
a result of an asparagine insertion immediately following a
stretch of eight acidic residues in the extracellular domain;
this asparagine is not found in the chicken, mouse, or human
FGFR (Fig. 2). The XFGFR has a unique stretch of eight
acidic residues in the extracellular domain, a feature that is
conserved among all FGFR sequences reported so far (9, 23,
29, 42, 44, 51). The XFGFR contains the sequence
GXGXXG, a known consensus sequence for tyrosine ki-
nases (9, 23, 29, 42, 44, 51), and contains a 14-amino-acid
insertion within the tyrosine kinase catalytic domain, a
characteristic of many receptor tyrosine kinases (9, 23, 29,
42, 44, 51).
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X FGF-R MFSGRSLLLWGVLLGAALSVARPPSTLPDEVAPKTKT . EVEPYSARPGD TVTLQCRLRED 60
CFGF-R TWCI A VIT A AP QAL ANI. SH H LLQR 0
M FGF-R WGWKC F A VI TCT AP [EQAQ WGVPV  SLLVH LLQ R -]
HFGF-R WWKC FA VI TCT SP EQAQ WGAPV SFLVH LLQ R ]

FGF-R VQSISWVKNGVQLLETNRTRITGEEIQISNAGPEDNGLYACVTIGPSGTYTVLFSINVSD 120

X

C FGF-R N RD PN VEVRO V S MNS SETY Vv
M FGF-R N LRD Vs VEVRDOSI A S $$ SO TY V
H FGF-R N LRD AS VEVQDSV A S §$ SOTY Vv

X FGF-R AQPSAEDDDDODDNSSSEEKASENSKPNR. . . .PFWSHPEKMEKKLHAVPAAKTVKFRCP 180
C FGF-R L E . EAD T QAVA Y TY K

M FGF-R L S . ETD T RPVA Y TS K

H FGF-R L S . ETD T MPVA Y TS K

X FGF-R ANGTPSPALRWLKNGKEFRPDQRIGGYKVRSQTWSL IMDSVVPSOKGNYTCIVENKYGTL 240
CFGF-R SG N T K H YA S

M FGF-R SS N T K W YA 1 E SI

H FGF-R S§ N T K H YA I E SI

X FGF-R NHTYQLDVVERSPHRPILQAGLPANTSVTVGSTAEFSCKVYSDPQPHIQWLRHIEINGSR 300
C FGF-R KT AL NV V K VvV K

M FGF-R HPS KT AL NV M K Vv K

H FGF-R KT AL NV M K Vv K

X FGF-R VASOGFPYVE!ILKTAGVNTSDKDMEVLHLRNVTFEDAGQYTCLAANSIGISHHSAWLTVL 360
C FGF-R IGP NL @ T E S E G

M FGF-R IGP NL Q T E S E G L

H FGF-R IGP NL Q T E S E [ L

X FGF-R EVEDDKPALLASPLQLEIITYCTGAAFVSAMVVTI1IFKMKHPSKKSOFNSQLAVHKLAK 420
C FGF-R ATEQS MMT Y FLI C vy SsITrT

M FGF-R ALEER WMT Y FLI C LGSV Y  SGT H M

H FGF-R ALEER WMT Y FLI C GSV VY  SGT L]

X FGF-R SIPLRRQVTVSGDSNSSMHSGVILVRPSRLSSSGTPMLSGVSEYELPEDPRWEVARDRL ! 4«80
C FGF-R AS N M A

M FGF-R A SA N L A LP v

H FGF-R A SA N L A LP v

X FGF-R LGKPLGEGCFGQVVMAEAIGLOKEKPNRVTKVALKMLKSDANEKDL SDL I SEMEMMKNIG 540
C FGF-R L 0 v T

M FGF-R L 0 v T

H FGF-R L ] v T

X FGF-R KHKNIINLLGACTQDGPLYVIVEYASKGNLREYLRARRPPGMEYCYNPMCAPDQLLSFKD 600
C FGF-R Q TRI EEQ

M FGF-R Q L SHN EEQ S

H FGF-R Q L SHN EEQ S

X FGF-R LVSCAYQVARGMEYLASKKCINRDLAARNVLVTEDNVMKIADFGLARD INHIDYYKKTTN 660
C FGF-R

M FGF-R

H FGF-R

X FGF-R GRLPVKWMAPEALFOR1YTHQSOVWSFGVLLWEIFTLGGSPYPGVPMEEL FKLLKEGHRM 720
C FGF-R L] v

M FGF-R v

H FGF-R v

X FGF-R DKPTNCTNELYMMMKDCWHAMPSQORPTFNQLVEDLDRILALSSNQEYLDLSMPVNQYSPC 780
C FGF-R S R v K vV uY Vi 6

M FGF-R S R v K HV T 1L S

H FGF-R S R v K v T Lo S

X FGF-R FPOTRSSTCSSGEDSVFSHDPLPDEPCLPK. . ..YSNGGLKKR 822

C FGF-R A RCPPH. H A RM

M FGF-R E E RWPTALA § R

H FGF-R E E RHPAQLA RR

FIG. 2. Amino acid sequence comparisons of Xenopus, chicken,
mouse, and human FGFRs. Sequences were compared and aligned
with the GAP program of the University of Wisconsin Genetics
Computer Group sequence analysis package. The XFGFR-A1 se-
quence is shown on the top line. For the chicken, mouse, and human
receptors, only the differences are shown. Gaps have been intro-
duced to maximize alignment and are indicated by dots. Amino
acids are numbered at the right.

Functional expression of XFGFR. To confirm the coding
potential of XFGFR cDNAs, we transcribed full-length
sense transcripts from one of them (XFGFR-A2) with T7
RNA polymerase and translated them in vitro with a rabbit
reticulocyte lysate system. Transcripts prepared from this
cDNA direct the synthesis of a major translation product of
~85 kDa (Fig. 3). This value is consistent with the molecular
mass predicted from the open reading frame of this clone.

The XFGFR-A2 cDNA was cloned into the CDMS8 vector
(54) and transiently expressed by transfection into COS1
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FIG. 3. In vitro translation of XFGFR cDNA. The XFGFR-A2
cDNA was linearized and transcribed with T7 polymerase and
translated in a reticulocyte lysate system. Ten-microliter samples
were run on 10% SDS-polyacrylamide gels. Lanes: 1, no RNA; 2,
XFGFR-A2 RNA. Migration of the molecular weight standards is
indicated on the right in kilodaltons.

cells by the DEAE-dextran method (32). Expression of the
XFGFR was tested by the ability of transfected cells to bind
125]_bFGF in ligand affinity cross-linking assay. COS1 cells
transfected with the CDMS vector alone served as controls.
125]_bFGF can be cross-linked to a protein of ~120 kDa that
is present in COSI cells transfected with CDM8-28.1 (Fig. 4,
lane 3) but not in cells transfected with control CDMS8 (lane
1). Upon longer autoradiographic exposure of these gels (>5
days), a cross-linked band of ~145 kDa can be detected in
control CDM8-transfected cells and probably represents low
levels of endogenous FGFR. However, these cells do not
express the 120-kDa band seen in COS1 cells transfected
with the XFGFR cDNA. Cross-linking of ?’I-bFGF to
XFGFR-transfected COS1 cells is specific, since cross-
linking to this band is absent in the presence of a 200-fold
excess of unlabeled bFGF (lane 4) and unlabeled aFGF (not
shown). The size of the protein expressed in transfected
COSI cells is larger than that shown by the in vitro transla-
tion product but can be accounted for by the presence of
multiple glycosylation sites predicted from the cDNA se-

1. 28834
<200
<116
<97
<66

: |I| <45

FIG. 4. Cross-linking of - bFGF to COS1 cells expressing
XFGFR. COS1 cells transfected with control plasmid CDMS (lanes
1 and 2) or with XFGFR construct CDMS8-28.1 (lanes 3 and 4) were
exposed to >’I-bFGF in the presence (lanes 2 and 4) or absence
(lanes 1 and 3) of excess unlabeled bFGF at 4°C for 1 h. Cells were
washed and exposed to the cross-linking reagent disuccinimidyl
suberate at a final concentration of 0.3 mM for 20 min at 4°C. Cells
were solubilized in SDS sample buffer and subjected to 7.5%
SDS-PAGE and autoradiography. Migration of the molecular weight
standards is shown at the right in kilodaltons.
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FIG. 5. RNA gel blot analysis of XFGFR mRNA in frog embryos
and XTC cells. (A) Total RNAs of fertilized eggs, embryos at the
stages indicated, and XTC cells were subjected to gel blot analysis
and hybridized with a full-length XFGFR probe. One embryo
equivalent, or 10 pg of XTC cell RNA, was loaded per lane.
Positions of 28S and 18S rRNAs are indicated at the left. (B) Blots
were rehybridized to an 18S rRNA oligonucleotide probe to show
equivalence of RN As loaded as described in Materials and Methods.

quence. These results are consistent with the isolated
XFGFR cDNAs encoding functional FGF receptors.

Developmental expression of XFGFR RNA. Expression of
XFGFR was assessed by RNA gel blot analysis using total
RNA from Xenopus embryos at different stages of develop-
ment (Fig. 5). A major transcript of about 4.3 kb was
detected in the unfertilized egg and at all embryonic stages
up to the swimming tadpole stage. There is a reproducible
decline ranging from 30 to 50% in the expression of this
mRNA at about stage 10 (beginning of gastrulation), as
determined by densitometric analysis of the autoradiograms
(data not shown). High levels of expression were also
detected in the Xenopus XTC cell line from which the RNA
was obtained to derive the cDNAs. Rehybridization of these
blots to a synthetic oligonucleotide probe corresponding to a
sequence of Xenopus 18S rRNA demonstrates that approx-
imately equal amounts of RNA were loaded in each lane.
Although not well resolved, a doublet band was often
detected, consistent with the use of alternative splicing or
alternative polyadenylation signals; evidence from cDNA
sequencing supports the former hypothesis.

Regulation of XFGFR expression by mesoderm inducers.
To determine whether XFGFR mRNA expression is regu-
lated by polypeptide growth factors that are also mesoderm
inducers, we incubated stage 8 ectodermal explants in con-
trol medium or in diluted XTC-CM. At the indicated control
embryonic stages, animal caps were harvested and RNA was
isolated and subjected to RNA gel blot analysis. Animal caps
were shown to express XFGFR mRNA at the time of
explantation (data not shown). XFGFR mRNA expression
was maintained in control explants through early neurula
stages but declined to undetectable levels by late neurula
stages (Fig. 6). However, animal caps that were cultured in
the presence of XTC-CM maintained expression of XFGFR
mRNA through late neurula stages. To determine what other
inducers or morphogenic substances would also maintain
XFGFR expression, stage 8 ectodermal explants were cul-
tured in the presence of the indicated concentrations of
bFGF, XTC-CM, retinoic acid, or PMA to control stage 20,
and RNA was isolated and analyzed (Fig. 7A). Both bFGF
and XTC-CM maintained approximately constant levels of
XFGFR mRNA in ectodermal explants up to control stage
20, a stage at which control explants no longer express
detectable levels of this mRNA. Retinoic acid and PMA
were also tested since they have been shown to have
morphogenic effects on early Xenopus embryos although not
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FIG. 6. Regulation of expression of XFGFR mRNA by XTC-CM
in explanted animal caps. (A) Animal pole ectoderm was dissected
from stage 8 embryos and incubated in 67% L-15 medium containing
0.1% bovine serum albumin in the presence (X) or absence (C) of a
1:10 dilution of XTC-CM. Animal caps (four per lane) were collected
at control stage stages 10, 15, and 18, and total RNA was isolated.
RNAs were subjected to RNA gel blot analysis and hybridized with
a labeled XFGFR probe. (B) Blots were rehybridized to an 18S
rRNA oligonucleotide probe to show equivalence of RNA loads.

directly related to mesoderm induction (10, 41); neither
retinoic acid nor PMA showed any effect on the maintenance
of XFGFR expression. Rehybridization with an «-actin
probe showed that XTC-CM induced a high level, FGF
induced a low level, and retinoic acid and PMA had no
detectable a-actin mRNA (Fig. 7B). Interestingly, at the
concentrations tested, bFGF and XTC-CM maintained sim-
ilar levels of XFGFR expression despite the superior ability
of XTC-CM to induce a-actin mRNA (17).

DISCUSSION

We have isolated several cDNAs from the Xenopus XTC
cell line that exhibit structural similarities to the receptors
for the FGF family of growth factors. These features include
a signal peptide, a conserved stretch of acidic residues in the
extracellular domain, a transmembrane domain, and a ty-
rosine kinase domain that is split by a 14-amino-acid inser-
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. —«-actin

FIG. 7. Effects of mesoderm inducers and other morphogens on
XFGFR mRNA expression in explanted animal caps. (A) Animal
pole ectoderm was dissected and incubated essentially as described
for Fig. 6. Animal caps were incubated either in XTC-CM or in the
presence of bFGF (50 ng/ml), a 1:10 dilution of XTC-CM, 10~ M
retinoic acid (RA), or PMA (100 ng/ml). Animal caps (eight per lane)
were collected at control stage 20 (Stg. 20), and RNA was isolated
and subjected to RNA gel blot analysis with a labeled XFGFR
probe. (B) Blots were reprobed with a labeled a-actin probe as
described in Materials and Methods. The cardiac a-actin band is
indicated.
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tion. Two classes of cDNAs were identified that are identical
by DNA sequence except for a 264-bp deletion near the 5’
end of the open reading frame; these classes probably
correspond to alternatively spliced transcripts from the same
gene. These two classes we have designated XFGFR-Al. A
third class of cDNA was isolated and sequenced and shown
to be 95% homologous to XFGFR-A1; we have designed this
class XFGFR-A2. The sequence of XFGFR-A?2 is identical
to the XFGFR sequence recently published by Musci et al.
(35) with the exception of a 264-bp deletion. Therefore, it
seems likely that XFGFR-A1 and XFGFR-A?2 both give rise
to alternatively spliced variants. The isolation and sequenc-
ing of two XFGFR genes is not surprising, since in all cases
thus far examined two or more copies of a given gene are
found in the X. laevis haploid genome, the result of a
genomic duplication event about 30 million years ago (2).

The deleted region of 88 amino acids (31 to 118) near the
amino terminus of the XFGFR corresponds to a deletion at
the same position in the mouse and human FGFRs, both of
which are thought to arise through alternative splicing (23,
44). Since it has been postulated that the FGFRs belong to
the immunoglobulin supergene family (29), the deleted re-
gion found in Xenopus, mouse, and human FGFRs would
correspond to the Ig-like domain nearest the amino terminus
of the receptor protein. The proposed splicing mechanism
would give rise to FGFRs that would be identical in their
intracellular domains but differ in consisting of either three
or two Ig-like domains in their extracellular domains. It is
tempting to speculate that the deletion of the amino-terminal
Ig-like domain may alter the affinity of the FGFR for its
ligand(s). In this regard, it has recently been shown that
human FGFRs expressed as either the three- or two-Ig-like-
domain form bind both aFGF and bFGF (23). Whether these
binding specificities extend to other FGFs remains to be
determined.

The expression of new binding sites for FGF on the
surface of COS1 cells transiently transfected with XFGFR
cDNAs indicates that these cDNAs encode functional
FGFRs. In addition, our data demonstrate that the two-Ig-
like-domain form of the XFGFR is able to bind FGF.
Recently, it was demonstrated that the three-Ig-like-domain
form of the XFGFR is able to bind FGF (35). Thus, as in the
human FGFR (9, 23), the first Ig-like domain of the XFGFR
seems to be dispensable for ligand binding. Although the
estimated molecular mass of the in vitro translation product
(Fig. 3) is approximately 30 kDa smaller than that of the
receptor detected in transfected COS1 cells, the differences
may be accounted for by posttranslational modifications
such as glycosylation. The size of the XFGFR expressed in
COS1 cells is similar to that detected by cross-linking
1251.bFGF to Xenopus embryos (15a, 16).

During embryogenesis in X. laevis, the levels of XFGFR
remain approximately constant with the exception of a
transient reduction by 30 to 50% at the beginning of gastru-
lation (stage 10). Identical results were obtained when either
full-length XFGFR-A1 or XFGFR-A2 was used as a probe.
It is possible that the decline in XFGFR mRNA around stage
10 reflects the decay of maternally derived RNAs, while
accumulation of newly transcribed XFGFR mRNAs has not
yet become significant. These data are generally consistent
with those of Gillespie et al. (16), who demonstrated that
1251.aFGF binds to high-affinity receptors in the early Xeno-
pus embryo. FGF binding to early embryos was reported to
follow a temporal pattern consistent with the period during
which animal pole cells are competent to be induced to
mesoderm by FGF. Whether the decline in XFGFR mRNA
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expression at stage 10 correlates with the decline in compe-
tence of animal pole cells to respond to FGFs is uncertain.
Animal cap explants contain XFGFR mRNA through gas-
trula stages even though they lose it later (see Results). It
appears that the loss of competence at about stage 10
depends on the behavior of the receptor protein or on
changes in signal transmission or cellular responses; how-
ever, the later decay of XFGFR mRNA in the ectoderm may
ensure the absence of FGF responsiveness in this tissue
during subsequent stages of development.

The ability of growth factors with mesoderm-inducing
activity (XTC MIF and FGF) to maintain XFGFR mRNA
expression in ectodermal explants (Fig. 7) suggests that
continued expression of XFGFR may be important for the
progressive development of mesodermal derivatives. Both
XTC MIF and FGF were able to maintain XFGFR mRNA
expression at approximately the same level, whereas XTC
MIF was more potent an inducer of a-actin expression, as
had been previously reported (17, 57). This finding suggests
that there are both common and different elements in the
signal transduction and cellular response mechanisms of
XTC MIF and FGF in embryonic ectoderm. These data are
largely consistent with those recently published by Musci et
al. (35) demonstrating regulation of expression of XFGFR
mRNA by mesoderm-inducing factors.

The fact that the XFGFR is a tyrosine kinase would
indicate that activation of tyrosine kinase activity by ligands
such as FGF plays a role in mesoderm induction in early
Xenopus development. Support for this notion was obtained
recently by the induction of mesoderm in explanted animal
caps derived from embryos that had been injected with
polyomavirus middle-T antigen mRNA and incubated in the
absence of exogenously added inducer (62). Middle-T anti-
gen presumably interacts with c-src and c-yes, two cytoplas-
mic tyrosine kinases, causing an increase in their tyrosine
kinase activities. Thus, available evidence suggests that
tyrosine phosphorylation is an important component of the
signalling mechanism of mesoderm induction.

The identification of several new members of the HBGF
family of growth factors and the identification of two (9, 27,
29, 51) or more (42, 44) different genes encoding receptors
for these growth factors suggest that differential regulation
and expression of these genes may be important to growth
and development. In this regard, Hebert et al. (19) recently
reported that several members of the HBGF family of
growth factors are differentially expressed in the developing
mouse embryo. The cloning and analysis of other HBGFs
and their receptors from X. laevis should facilitate an under-
standing of their role in embryonic inductive interactions.
We have recently cloned the Xenopus homolog of bek
(unpublished data), another FGFR-like gene (9, 27); this
suggests that HBGFs other than bFGF may play a role in
embryonic development in X. laevis.
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