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Hepatocyte growth factor (HGF), a ligand for c-Met receptor tyrosine kinase, regulates the
cell growth, migration and morphogenesis of a wide variety of cells, and plays important
roles in organogenesis in embryos as well as regeneration of organs. HGF is structurally
conserved in Xenopus laevis, and the Xenopus HGF gene is expressed in neurula and
tailbud embryos. In the present work, we cloned complementary DNA for the Xenopus Met/
HGF receptor and analyzed its expression during embryogenesis. The open reading frame
of Xenopus c-met is 4,125 base pairs long and encodes a putative polypeptide of 1,375 amino
acids. The deduced amino acid sequences of the Xenopus and human Met proteins are 63%
identical, the tyrosine kinase domains in the intracellular regions showing particular
homology, over 90% identity in the amino acid sequences between Xenopus and human.
During Xenopus embryogenesis, c-met mRNA was expressed at a high level from the
gastrula to the neurula stage, while HGF mRNA expression was seen from the early neurula
stage. Whole mount in situ hybridization showed that c-met mRNA was specifically
localized in the foregut region, mesenchymal tissue of the tailbud, and neural tissues in
neurula embryos. Thus, c-Met is a highly conserved molecule in a wide range of species, as
is its ligand, HGF. The HGF-Met system may be involved in early multiple organogenesis
in Xenopus embryos.
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factor, Xenopus laevis.

Hepatocyte growth factor (HGF), originally identified and
purified as a potent mitogen for mature hepatocytes (1-5),
18 composed of a four kringle-containing «-chain and a
pseudo serine protease-like S-chain (6, 7). Further exten-
sive studies focusing on the biological functions of HGF
revealed multi-potent characteristics for a wide variety of
cells. HGF exhibits mitogenic activity toward various types
of epithelial cells (8-10), and also exhibits motogenic
activities toward certain types of epithelial cells, promoting
cell scattering and motility (11, 12). HGF also functions as
an epithelial morphogen, inducing branching tubule forma-
tion (13-15). These biological activities of HGF are
mediated by the high affinity cell surface receptor, Met
membrane-spanning tyrosine kinase (16-18). Binding of
HGF to the extracellular domain of Met leads to autophos-
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phorylation, which elicits further activation of an intracel-
lular tyrosine kinase and the following activation of specific
downstream signal-transduction pathways through its
unique docking sites (phosphorylated tyrosine residues)
that interact with intracellular molecules containing the Src
homology 2 (SH-2) domain (19).

Together with the unique multipotent characteristics of
HGF, the preferential expression patterns of the HGF and
c-met genes in embryogenesis of vertebrates means that
HGF is likely to be a mesenchymal-derived paracrine
mediator for cell-cell interactions between epithelial and
mesenchymal tissues during embryonic organogenesis (9,
13, 20). The epithelial histogenesis of liver and placental
tissues in HGF gene knock-out mouse embryos are speci-
fically disrupted (21, 22), and the same disruption of
epithelial histogenesis was observed in mice lacking the
HGF receptor/c-met gene (23). Likewise, disruption of the
coupling between HGF and Met inhibited organogenesis of
kidney and tooth tissues in organ culture systems (24, 25).

The Xenopus embryo is an appropriate system for
studies on the molecular mechanisms of embryonic events,
e.g., mesoderm induction and neural induction. The con-
ventional transgene techniques of microinjection of syn-
thetic RNAs and numerous molecular markers for cellular
differentiation all facilitate investigation of early embryo-
genesis. Activation and inhibition experiments on Xenopus
embryos successfully revealed the function of various
molecules including growth factors, receptors, transcrip-
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tional factors, etc. To better understand the roles of signals
mediated by HGF and HGF receptor/c-Met in embryo-
genesis, particularly in the process of multiple organo-
genesis, cDNA encoding Xenopus HGF was cloned and the
pattern of gene expression during embryogenesis was
analyzed (26). It appears that HGF may regulate early
embryogenesis in Xenopus laevis, being a highly conserved
molecule from amphibians to mammalians. In the present
study, we isolated cDNA encoding a Xernopus homologue of
the c-Met/HGF receptor gene, and analyzed the embryonic
expression of the c-met gene during embryogenesis. The
expression of the Xenopus c-met gene was detectable from
the gastrula to the neurula stage, and was localized in the
foregut region, mesenchymal tissue of the posterior region,
and neural tissues. These findings suggest that the HGF-
Met system may be involved in early processes of multiple
organogenesis.

MATERIALS AND METHODS

Preparation of Xenopus Embryos— X. laevis were pur-
chased from Hamamatsu Seibutsu Kyouzai (Hamamatsu).
The embryos were prepared by standard methods. The
jelly coat of the embryos was removed by treatment with
3% cysteine-hydrochloride/MMR (pH 7.3-7.4). The Xeno-
pus embryonic development stage was determined accord-
ing to the normal stage table presented by Niewkoop and
Faber (27).

Isolation of Xenopus c-met ¢cDNA—PCR comprised
three step reactions. A set of degenerate oligonucleotide
primers was designed in tyrosine kinase domains, based on
the amino acid sequences of mouse and human c-met (16,
28). The primers used for the first PCR were 5'- AGAAAG-
CTTTT(TC)GG(ATGC)TG(TC)CT(ATGC)TA(TC)CA(TC)-
GG-3’, and 5-CGTTCTAGAACT(TC)TC(ATGC)A(AG)-
(ATGC)GCCATCCA-3'. The primers for the second PCR
were 5 -AGAAAGCTTTT(TC)GG(ATGC)TG(TC)CT-
(ATGC)TA(TC)CA(TC)GG-3’, and 5 -TGTTCTAGATA-
(TC)TC(TC)TT(AG)TC(AG)TACAT(GA)TC-3'. The
primers for the third PCR were 5-AATAAGCTTAA(AG)-
AA(AG)AT(ATC)CA(TC)TG(TC)GC-3’, and 5-TGTTC-
TAGATA(TC)TC(TC)TT(AG)TC(AG)TACAT(GA)TC-3".
The expected 400 bp PCR products in the agarose gel were
purified and then subcloned into pBluescript I1 SK(—). One
of the plasmid clones was tentatively named pXM1.

Approximately 1.0X 10 recombinant phases in a Xeno-
pus liver library were screened by plaque hybridization,
using the [a-*?P]dCTP labeled 400 bp cDNA fragment of
pXM1 as a probe. Consequently, five independent positive
clones were identified and tentatively named pXMA,
pXMB, pXMC, pXMD, and pXME, respectively. The
deleted clones, pXMC and pXME, were sequenced, and the
entire nucleotide sequence of the open reading frame was
determined by the dideoxynucleotide chain termination
method using a Dye Deoxy™ cycle sequencing kit with an
ABI 373A automated DNA sequencer (Perkin-Elmer).

RNA Isolation and RT-PCR Analysis—Total RNA was
purified from various Xenopus organs and embryos by the
acid guanidium thiocyanate/phenol-chloroform method
(29). RT-PCR were performed as described in the litera-
ture (30). Complementary DNA for RNA, used for PCR,
was synthesized with MoMLV RTase (Gibco BRL). The
oligos used for PCR in this assay were as follows. Xenopus
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c-met; sense primer: 5 -AGGTGAAGTTCTGAAAGTT-
GG-3', and antisense primer: 5-GACTAATGCTTCTGGC-
ACTCA-3'. The Xenopus HGF sense primer: 5 -TCAAGA-
TGTGAAGGCGATAC-3', and antisense primer: 5 -TCC-
AACAATATGCAGAGTACC-3’ (26). The Xenopus ornith-
ine decarboxylase (ODC) sense primer: 5 -AATGGATTT-
CAGAGACCA-3’, and antisense primer: 5 -CCAAGGCT-
AAAGTTGCAG-3" (31). The histone H4 sense primer:
5-GACAACATCCAGGGCATCACC-3’, and antisense
primer: 5'-GAGAGCGTACACCACATCCAT-3 (32). The
conditions used for PCR were as follows: denaturation at
94°C for 30 s, followed by annealing at 60°C (48°C for ODC)
for 1 min and extension at 72°C for 1.5 min. Twenty-five
reaction cycles were performed in the presence of [a-3?P]-
dCTP. The PCR products were separated in 4.8% poly-
acrylamide gels, and the gels were dried for autoradiogra-
phy.

Whole Mount In Situ Hybridization—Whole mount in
situ hybridization was performed as described previously
(33), except that BM purple AP substrate (Boeringer) was
used as a substrate for alkaline phosphatase. A 4.0 kbp
Xenopus c-Met cDNA clone was used as a template for the

~synthesis of cRNA probes. The anti-sense and sense probes
were synthesized using T3 RNA polymerase (Gibco/BRL)
and T7 RNA polymerase (Gibco/BRL), respectively.

RESULTS

Isolation and Characterization of Xenopus c-met cDNA—
A Xenopus homologue of the c-met gene was initially
isolated from embryonic cDNA by PCR with degenerate
oligonucleotide primers designed on the basis of mam-
malian c-met sequences (16, 28). Complete cDNA clones
were obtained from a Xenopus liver library, using the
cloned PCR product as a probe. The open reading frame of
Xenopus c-met is 4,125 base pairs long and encodes a
putative polypeptide of 1,375 amino acids (Fig. 1). The
deduced amino acid sequences of the Met proteins of human
and Xenopus are 63% identical (Fig. 2A). Conversely, the
identity of the Xenopus Met amino acid sequence to those
of other members of the mammalian and avian Met fam-
ilies is relatively low. Human Ron, a receptor for HGF-like
protein (HLP)/macrophage stimulating protein (MSP) (34,
35), and chick c-Sea (36) are 31 and 30% identical to
Xenopus Met, respectively.

The N-terminal hydrophobic stretch of 20 amino acid
residues is likely to be a signal sequence, and an intramole-
cular hydrophobic stretch of 925-949 amino acid residues
to be the transmembrane domain. Cleavage of proteins at a
cluster of basic amino acid residues (296-300) is one of the
posttranslational modifications common to Met family
proteins, and the basic amino acid cluster, KRRKR, is
conserved in this Xenopus homologue of the Met protein.
Thus, putative Xenopus Met may be a heterodimeric
molecule composed of an extracellular «-chain and a
membrane spanning S-chain, which contains a cysteine-
rich domain in the extracellular region and an intracellular
tyrosine kinase domain. These domain structures are
consistent with those of human Met (Fig. 3).

Although the sequence homology of the extracellular
region between human and Xenopus Met is relatively low;
56% in the a-chain and 54% in the extracellular 8-chain,
the number and locations of extracellular cysteine residues,
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Cloning and Expression of Xenopus Met/HGF Receptor
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XENOPUS M. ...LVAVPVALLFLS LNLKLNLONFTTDTPIQSIIMFEGYVYVGAVNKI 66
MOUSE ~-KAPTVL-PGILV-L-~--VQRSH-H-K--LVKS--NV-M-YQ-P---AB--—-NVVLHGHHIYL--T-Y- 70
HUMAN ~KAPAVL-PGILV-LFT-VQRSN-H-K--LAKS --NV-M-YQ-P- - -AE--—-NV-LHEHHIFL--T-Y- 70
XENOPUS YVLN . ENLTKISEYKTGPLLKHS DNLLS PNGTWKDSVNMA LFVQDFYDDQLI IRKGE 135
MOUSE ----DKD-Q-V--F-~--V-E-P SKAN-SG-V---NI----L-DTY------ SVNR-T 140
HUMAN ----E-D-Q-VA---~--V-E-P SKANLSG-V---NI----V-DTY------ SVNR-T 140
XENOPUS RHTLHSDKPWDIAS YSSQMVEDKDSCPIXY VSTAGSKILVTVGDRFVEKFFVGSTLTGQ . .P. S 202
MOUSE --V-PP-NSA--Q-B- -PEEE- -SGQ---44/--AL-A-V-LSEK---IN----N- INSSYP-GY 210
HUMAN --VFPHNHTA--Q-E~ -P-IE-PS-Q---+J--AL-A-V-SSVK---IN----N-INSSYF-DH 210
XENOPUS TWMQNMTmsnwmmmmnmmmmwsqumw 272
MOUSE SL--I-----—mmceecKP--—= ===~ BFL-5---K--HA------J------K-T--A-TP----1I 280
HUMAN PL--I-—-—---- x-~-m? ----------- EP--S---K-VHA------ I-—m—m- T--A-TP----1I 280
cleavage site
XENOPUS SDSELRSYIEMP wmmmmmmmmnmwcmqs 342
MOUSE V--G-H--M---- REB----L----VSKP-AN--KQI-AS-§----F------ 350
HUMAN IN-G-H--M--~- --—-L----VSKP-AQ--RQI-ASLN----F------ 350
XENOPUS KPDSPEPNNRSAVCAVSVKT INEFFNSAADKQNT GKD] NNKRFLRNAS PIDEYRV 412
MOUSE -=--A--V----11FPI-YV-D---KIVN-N- Q---- -RTL.---S- -S----T 419
HUMAN ----A--MD---M} FPI-YV-D---KIVN-N- Q---- -RTL.---S- -R----T 419
XENOPUS EVTTVLRRLDLFMDQFRNVLLTSISVFTQGRLT IANLGTSEGRFMQVIISRTGQPKPHVNFLLEARPISP 482
MOUSE -F--A-Q-V----GRLNQ------~ T-IK-D-~mmmmmmmmeme e VL---AHLT------- DSH-V-- 489
HUMAN -F--A-Q-V----G-~SE------- T-IK-D-~mmmm o memmm o VV--S-PST---=--~ DSH-V-- 489
XENOPUS EIVINTASEESGYTLVNTGMQIIKVPLVVLTERHI SPS. S OFfLNEEWIQ 551
MOUSE -VIVEHP-NQN----- V--KX-T-I--NG-G-}-FQ -A-YPIQ---CH- PSGT-T- 559
HUMAN -VIVEHTLNQN----~ I--KK-T-I--NG-GLR-FQ -A-PF -CHD; | SGT-T- 559
XENOPUS PAVYEVFPSSAPLEGGTQLT DFVLSENNNFPDLKNTVVII K TEGKFSNQNKL DS 621
MOUSE ~-O-p----K-=-T--nmeee- V--+4} W--GFR---K---RK-K-LL- TLTLSE-TT-T- P 629
HUMAN QItf.--I-K-~-N-—=w----R--+4}W--GFRR--K----K-R-LL- FLTLSE-TM-T- P 629
XENOPUS SVSSVFNMSSSVENGKQUVNFTTPSYVNPIITS IRPSYGPRAGRTLLTIKGHYLDSGKDRKVYIG 651
MOUSE AM-EH--V-VII--SRETTQYSA----D-V----SPR--—Q--G----LT-K--N--NS-HIS-- 699
HUMAN AMNKH----III--GHGTTQYS----~ D-V----SPK---M--G----LT-N--N--NS5-HIS-- 699
XENOPUS IKSVSSAA TPGQGTTGTYLVALKIDNANRESSTRFTYMEDPSVSSIKPVKSFL. . .. . ovvvvn.. 748
MOUSE L----DSI --A-T-SDEFP-K----L----T-S.-S-R---V-YB-H-T---I............. 755
HUMAN L----NSI --A~TISTEFA-K----L----T-I,-S-R---I-YE-H-T---ISTWWKEPLNIVSF 768
XENOPUS ..... SGGSSITAYGKNLNAVASPLMVIHLSKLEV HRSTSEL TPSLKELNLEPPITTRV 813
MOUSE veg..~===T--GI-~T--5-SL-KL--DVHEVG-N-TVA-D---N-- -----Q-G-QL-LK-KA 820
HUMAN L@A----’r——cv ----- S-SV-R---NVHEA ——-N--I ----Q0Q---QL-LR-KA 818
XENOPUS FFILDGVISNNFELSYVNNPIFETFGKPVVFPIGNKNILEIKGDHIDSEAVRG IVQSKS 883
MOUSE = ------ IL-KH-D-T~-H--V--P-E---MISM--E-VV----NN--P---K--——---- Q-+ SLHWH- 890
HUMAN --M---IL-KY-D-I--H-~V-KP-E---MISM--E-V~--~-ND--P-~-K--------- NIHLH- 908
™
XENOPUS S PTOLFRSNG BLETFFVEHVPS T T IGR MY TU CNFTG L ITGVY SCYVLLLLMFG ILTWHF FRY 953
MOUSE -5 -L --N- WE-A-$-TVL- I-UP-  A-L-1-A--1§-\V--L§-1PL--F--- 960
HUMAN N L-l--==N- WE-AIS-TVL---1-QP-- -w-L-A-- - T&TA---LI~FPL-L --- 978
XENOPUS QLKDLGGDMVLYDGRVHTPHLDRLVSARSISPTTEMVSSESVDYRSTVQEDPFPNSSQNGSCRPAQYAHR 1023
MOUSE .H----SEL-R--A--cme=ommcoeem A e e A-FP--Q-----—=-- A--QV--PLT 1029
HUMAN -I---2SEL-R-~A-a-=c-m—mmeeeee Vommmmme s N------ A- FP-—Q ---------- -QV--PLT 1048
XENOPUS DiSPILSS SRS IASELIASYWHI DISALSTOLMFETFeM. I RVDRL Vru-mvic.mbst. VEHOTLHD 1093
MOUSE -7 Q G ==--R-=----HPF---¥=----1.- 1099
HUMAN - ===-T-- - -NPK- ¥ -G - B ---HF -¥----L- 1118
XENOPUS TRGFNIHCAVES INKITUIREY scwm:r ITMEDFSHPNVLSLLGICLPTRGS PLVY LPPNEHGDLENF Y 1163
MOUSE T -1-__;...-____... P - ey 1169
HUMAN N---Fm e e e ememmme o e T 1 T L 2R T y——— 1188
XENOPUS RNETHNPTVE DL IGPGTLGVARMIY LASKEFVHRDLAAPN. LLDENFTVEVADFGLARIVYLRRYYSVHN - 1233
MOUSE B e L R | I Rl LI e T 1231
HUMAN ------------------=---A-R------7---_7-_---'--M-----' ----------- T 1258
XENOPUS K"‘(“-AFLFJI’.h?.ALl-“'.a.\,,FFI'! S INVWSPC TLLNELMTRGAPPY POVESFRITT n.u;ch.P.LLQPE YOP 1303
MOUSE - mgen - ...--..--______-_-------l]---_-_--.._--___--T_._._.__.__-._.. 1309
HUMAN e e mm e f mmemmemmmmm - et Weee.. miimm. .===T. v-....:...‘._-._ . 1328
XENOPUS PP LF R WHPRISLUPTFSRLVSE I SS LESTPIGEITYS }N..?WNIKCAAPYPSLL.SPBGNIEFSI 1373
MOUSE -A-Y --- S R R | LA A PSQD--DGEG 1379
HUMAN ---% -A Teee-iiiy¥ - --=-V--V--------S-D-ADDEV 1398
XENOPUS DT* 1376
MOUSE N-* 1382
HUMAN --RPASFWETS* 1410

Fig. 2. Alignment of the amino acid sequences of Xenopus, mouse, and human Met. Amino acid numbers are given on the right. Identical
amino acids are indicated by dashes in the sequences of mouse and human Met. The transmembrane domain, the putative cleavage site and a
cytoplasmic tyrosine kinase domain are indicated by shaded boxes.
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Fig. 3. Schematic representation of the structures of Xenopus boxes indicate transmembrane and tyrosine kinase domains. TM,

Met, human Met, human Ron, Xenopus Ron, and chick Sea. The
cysteine residues in extracellular regions are represented by bars. The

- B

Met ol
9.4 1 o
&
- - < mRNA S i 1
-— 9.5kb

— Met - - -

= HGF

13 oDC

transmembrane domain; JM, juxta-membrane domain; TK, tyrosine
kinase domain; MDS, multiple-docking site for SH-2 molecules.

C Fig. 4. Expression of Xeno-
neurula (stage 18) pus Met and HGF mRNAs
during early development.
(A) Northern analysis of Xeno-
pus c-met transcripts in an em-
venfral bryo (tadpole) and liver (from
an adult frog). The amount of
total RNA for blotting was thirty
micrograms. E, embryo; L,
liver. (B) Developmental change
in the expression of Xenopus
Met c-met. The expression of c-met
and HGF mRNA during embryo-

é genesis was analyzed by RT-

dorsal

— "3 PCR. An internal control PCR

HGF -, with Xenopus ornithine decar-
boxylase (ODC) and the same
¢DNAs was performed. (C)
Regional expression of Met and
HGF mRNA in Xenopus neurula
embryos. The expression of
c-met and HGF mRNA was ana-

lyzed by RT-PCR. Neurula embryos (stage 18) were micro-dissected (dorsal and ventral regions). Internal control PCR with histone H4 and the

same ¢cDNAs was performed to confirm the RT reactions.

which restrict the tertiary structure of Met and thus may
determine its ligand specificity, are conserved (Fig. 3). In
contrast, the amino acid sequence of the tyrosine kinase
domain in the intracellular region is well conserved. The
homology of Met between mammalians and Xenopus in thig
region is 90%. Moreover, the C-terminal region containing
the docking site for multiple SH-2 molecules is also highly
conserved (Fig. 3). Likewise, the juxtamembrane region,
located between the transmembrane domain and the tyro-
sine kinase domain, is highly conserved between the human
and Xenopus Met proteins. Although the biological function
of this juxtamembrane domain has yet to be determined,
the juxtamembrane region of Xenopus Met is 72% identical
to that of human Met (Fig. 3).

Temporal and Regional Expression Patterns of Xenopus
c-met—We then analyzed, by RT-PCR, the temporal
expression pattern of c-met during Xenopus embryogene-
sis, and compared it to the pattern of gene expression of its
ligand, HGF (Fig. 4). A 9.5 kb transcript of the Xenopus
c-met gene was expressed in both adult liver and embryos
(Fig. 4A). The zygotic expression of the Xenopus c-met

Vol. 120, No. 5, 1996

gene begins at the gastrula stage (stage 13), reaches a
plateau at the early neurula stage (stage 15), and then
decreases gradually until the tail bud stage (stage 35) (Fig.
4B). When an embryo develops to the tadpole stage, the
expression again increases (Fig. 4B). On the other hand,
HGF mRNA expression begins at the early neurula stage
(stage 15), and becomes maximum during the middle
neurula (stage 18) and late neurula (stage 28) stages. It
then decreases at the tailbud stage (stage 35), and increases
in the tadpole stage (Fig. 4B). Therefore, the zygotic
expression of both the HGF and c-met genes is evident
following the early neurula stage during the course of
Xenopus embryonic development.

The regional pattern of expression of HGF and c-met in
Xenopus embryos was also analyzed by RT-PCR using
tissues dissected from developing embryos (Fig. 4C).
Embryos at the neurula stage were dissected into ventral
and dorsal regions (Fig. 4C). The expression of the HGF
gene was higher in the ventral than the dorsal region, as
previously reported (26). The c-met gene expression was
detectable on both dorsal and ventral sides of neurula
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Fig. 5. Whole mount in situ analysis of c-met and ron mRNAs
in Xenopus embryos. (A) Hybridization with the antisense c-met
probe (stage 18, side view). Arrowheads indicate staining in the
ventral foregut, posterior tail mesenchyme and head. (B) Hybridiza-
tion with the sense c-met probe (stage 18, side view). (C) Hybridiza-
tion with the antisense Xenopus ron probe (stage 17, side view).
Arrowheads indicate staining in the eye placode and forebrain.

embryos, and it was slightly higher in the ventral than the
dorsal region (Fig. 4C).

Localization of Gene Expression of Xenopus c-met in
Neurula Embryos—In order to know the localization of
c-met mRNA in Xenopus embryos in more detail, we
carried out whole mount in situ hybridization analysis. The
specificity of hybridization signals seen with an antisense
probe of Xenopus c-met was examined by using as the sense
probe as a negative control, and also by using a specific
probe for Xenopus ron (Xron), which is a closely related
Met family gene and is a receptor for HGF-like protein
(37). Because of the background staining in gastrula and
early neurula embryos, Xenopus ¢-met mRNA could not be
detected unequivocally before the early neurula stage, but
we could detect, specific signals in late neurula embryos. A
lateral side view of a neurula embryo (stage 18) hybridized
with the anti-sense probe indicated that c-met mRNA was
localized in an anterior-ventral region, a posterior region
and anterior neural tissues (Fig. 5A). A sense probe for
Xenopus c-met gave no signals (Fig. 5B). In contrast, ron
was expressed in neural tissues, this clearly being distinct

S. Aoki et al.

from the localization of c-met mRNA (Fig. 5C), and these
results indicate that the probes for both c-met and ron
mRNAs specifically detect the respective mRNAs without
cross-hybridization.

Regions expressing the ¢-met gene in the anterior-ventral
region of neurula embryos are likely to be located along the
foregut, thus we suspect that the expression corresponds to
the region which will develop into multiple endodermal
organs, e.g. liver, pancreas, and gut. In the posterior tail
region of neurula embryos, ¢c-met mRNA is expressed in
mesenchymal cells and the expression level is the highest in
the posterior region. The expression of the c-met gene is
also detectable in the dorsal region of neurula embryos
(Fig. 4C). Likewise, whole mount in situ hybridization
showed that the dorsal expression of the c-met gene is
localized in the anterior region of prospective neural tissue
(Fig. 5A). In contrast, ron mRNA is also detectable in the
anterior region of prospective neural tissue, however, the
expression in this region is restricted to the forebrain and
eye placode (Fig. 5C).

DISCUSSION

Growth factors and related receptors expressed in early
embryos play critical roles in the regulation of cell growth
and migration, and in inductive processes. Growth factors
belonging to the fibroblast growth factor family and to the
transforming growth factor superfamily play key roles in
the first process, i.e., mesoderm induction. Later studies
indicated that secreted proteins such as noggin and chordin
are expressed in the organizer region, and are involved in
the second inductive process, neural induction. Thus,
identification of growth factors and their receptors express-
ed during embryogenesis, as well as disruption of functional
coupling, shed light on molecular mechanisms underlying
successive inductive processes and morphogenic processes
needed to construct normal tissue structures. In the present
study, we cloned the cDNA encoding Xenopus c-met, and
analyzed the expression of both the HGF and Met genes
during early development of Xenopus embryos.

The nucleotide and deduced amino acid sequences of
Xenopus c-Met are conserved along the entire coding
region, compared with the mammalian counterparts. In
particular, a set of intracellular domains, i.e., the juxta-
membrane domain, tyrosine kinase domain and a specific
region containing a multiple docking site (binding motif for
SH-2 molecules), are highly conserved between Xenopus
and mammalian Met. The marked structural conservation
in intracellular domains of the Met/HGF receptor likely
indicates that these domains play critical roles in transduc-
tion of the unique intracellular signals of HGF, including
mitogenic, motogenic and morphogenic signals, all essential
for the construction of normal multicellular structures in
embryonic organogenesis, as well as for tissue regenera-
tion. In contrast, the overall sequence homology in the
extracellular region between human and Xenopus c-Met is
relatively low compared to that in the intracellular region.
However, it should be emphasized that the locations of the
30 extracellular cysteine residues of Xenopus c-Met are
completely conserved (Figs. 2 and 3). We recently cloned
Xenopus homologues of HGF-like protein/macrophage
stimulating protein (HLP/MSP) and Ron/HLP receptor
tyrosine kinase (37). The heterodimeric structure and each
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domain structure, i.e., an extracellular cysteine-rich
domain, a juxtamembrane domain and a tyrosine kinase
domain, are conserved in both Met and Ron. However, the
positions and clustering of cysteine residues in the extracel-
lular region, particularly the presence of two juxtamem-
brane cysteine residues in Ron tyrosine kinase are likely to
specify different structural properties in Met family pro-
teins (Fig. 3). Additionally, the number of extracellular
cysteine residues of c-Met differs from those of Ron and
c-Sea (34, 36). Human Ron, Xenopus Ron-like proteins and
chick c-Sea have 38, 40, and 36 extracellular cysteine
residues, respectively. Both HGF and HLP are composed of
a four kringle-containing «-chain and a serine protease-
like B-chain, and exhibit a 50% amino acid sequence
homology, yet cross-interaction between HGF and Ron, as
well as HLLP and Met does not occur (35). Thus, the distinct
positional and clustering features of extracellular cysteine
residues between Met and Ron are likely to determine the
tertiary structures required for the specific recognition and
binding of each ligand. The conserved structures of the
extracellular regions of Xenopus c-Met also indicate that
the ligand-binding specificity of c-Met seems to be highly
conserved between Xenopus and mammalians.

Members of the growth factor family, several growth
factors among the same family, show a common cross
reaction with known receptors and hence show overlapping
biological activities. Two members of the met family,
c-Met and Ron respectively, receive the signals of HGF and
HLP/MSP, members of the HGF family, however, no cross
reactions occur among these ligands and receptors, at least
in cultured cells, hence Met and Ron may have distinct
biological functions. In Xenopus embryos, c-met is express-
ed in multiple tissues, the ventral foregut region, mesen-
chyme of posterior tailbud, and anterior neural tissues. The
ventral foregut expressing c-met is likely to give rise to
endodermal organs, e.g. liver, pancreas, and gut, the
posterior mesenchyme will develop into tail structure in
the tadpole stage, and the anterior neural tube gives rise to
segmental brain structures. Thus, c-met is likely to play
important roles in multiple organogenesis in embryos. In
contrast, ron is expressed in the restricted region of
presumptive neuronal tissues, the eye placode and the
forebrain in neurula embryos (Fig. 5C and Ref. 37), and
this expression pattern suggests the specialized biological
function of Ron in neuronal development. Therefore, the
biological functions of the HGF-Met and HLP-Ron systems
are distinct from each other during embryogenesis.

Interaction between the epithelium and mesenchyme,
e.g., epithelial-mesenchymal interaction, mediates crucial
aspects of normal development, affecting tissue induction,
organogenesis, and morphogenesis of specific multicellular
constructions (38-40). Studies focusing on localization of
HGF and Met in the embryo suggested that these molecules
are responsible for signal exchange between epithelial and
mesenchymal (or stromal) tissues (20, 41). The expression
of the HGF and c-met genes is evident during murine
embryogenesis, and epithelial cells in various developing
organs express Met, while neighboring mesenchymal cells
express HGF (20, 41). In Xenopus embryos, both the HGF
and c-Met genes are expressed during early embryonic
development. The embryonic expression of the HGF gene is
localized in the ventral mesoderm surrounding the endo-
dermal epithelium (26). Together with the present ob-
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servations that temporal and regional expression of the
Xenopus c-met gene is significantly coupled with the
expression of the HGF gene on the ventral side of the
foregut region in neurula embryos, we speculate that the
HGF-Met system may play a role in the endodermal
organogenesis in Xenopus embryos. The dominant expres-
sion of the tyrosine kinase-minus Met/HGF receptor on the
ventral side of Xenopus embryos blocks epithelial histo-
genesis of the liver, pronephros, and gut (manuscript in
preparation). It is worth noting that certain epithelia of the
liver and placenta were not formed in mice lacking the HGF
or ¢c-met gene (21, 23). The similarity in the loss-of-func-
tion phenotypes between Xenopus and mouse suggests that
esgential functions of HGF and Met in epithelial-mesen-
chymal interactions for organogenesis may be highly con-
served over a wide range of species, as are their conserved
molecular structures.

HGF was initially considered to be a hepatotrophic factor
for liver regenerations (I-5, 8-10), and ongoing studies
show that this factor has a vital role in the regeneraton of
various organs including the liver, kidney and lung (8, 9),
and is involved in the organogenesis of various developing
organs (21-25). In light of our present results, the HGF and
Met system may also play an important role in the develop-
ment of X. laevis, and specific functions of the HGF-Met
system seem to be conserved from amphibians to mam-
malians. In ongoing studies we hope to determine the
biological functions of HGF and its family member, HLP,
during the early development of X. laevis, using strategies
to disrupt functional coupling between these ligands and
their receptor kinases.

We wish to thank M. Ohara for the helpful comments regarding the
manuscript.

REFERENCES

1. Nakamura, T., Nawa, K., and Ichihara, A. (1984) Partial
purification and characterization of hepatocyte growth factor
from serum of hepatectomized rats. Biochem. Biophys. Res.
Commun. 122, 1450-1459

2. Nakamura, T., Teramoto, H., and Ichihara, A. (1986) Purification
and characterization of a growth factor from rat platelets for
mature parenchymal hepatocytes in culture. Proc. Natl. Acad.
Sci. USA 83, 6489-6493

3. Nakamura, T., Nawa, K., Ichihara, A., Kaise, N., and Nishino, T.
(1987) Purification and subunit structure of hepatocyte growth
factor from rat platelets. FEBS Lett. 224, 311-316

4. Gohda, E., Tsubouchi, H., Nakayama, S., Hirano, O., Sakiyama,
K., Takahashi, H., Miyazaki, H., Hashimoto, S., and Daikuhara,
Y. (1988) Purification and partial characterization of hepatocyte
growth factor from plasma of patient with hepatic failure. J. Clin.
Invest. 81, 414-419

5. Zarnegar, G. and Michalopoulos, G.K. (1989) Purification and
biological characterization of human hepatopoietin A, a polypep-
tide growth factor for hepatocytes. Cancer Res. 49, 3314-3320

6. Nakamura, T., Nishizawa, T., Hagiya, M., Seki, T., Shimonishi,
M., Sugimura, A., Taghiro, K., and Shimizu, S. (1989) Molecular
cloning and expression of human hepatocyte growth factor.
Nature 342, 440-443

7. Miyazawa, K., Tsubouchi, H., Naka, D., Takahashi, K., Okigaki,
M., Gohda, E., Daikuhara, Y., and Kitamura, N. (1989) Molecu-
lar cloning and sequence analysis of cDNA for human hepatocyte
growth factor. Biochem. Biophys. Res. Commun. 163, 967-973

8. Nakamura, T. (1991) Structure and function of hepatocyte
growth factor. Prog. Growth Factor Res. 3, 67-85

9. Matsumoto, K. and Nakamura, T. (1996) Emerging multipotent

2T0Z ‘2 1800100 U0 feridsoH UensuyD enybuey) e /Bio'seulnolpiosxoqly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

968

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

aspects of hepatocyte growth factor. J. Biochem. 119, 591-600
Zarnegar, R. and Michalopoulos, G.K. (1996) The many faces of
hepatocyte growth factor: From hepatopoiesis to hematopoiesis.
J. Cell Biol. 129, 1177-1180

Gerardi, E. and Stoker, M. (1990) Hepatocytes and scatter
factor. Nature 346, 228

Naldini, L., Weidner, K.M., Vigna, E., Gaudino, G., Bardelli, A.,
Ponzetto, C., Narsimhan, R.P., Hartmann, G., Zarnegar, R.,
Michalopoulos, G.K., Birchmeier, W., and Comoglio, P.M.
(1991) Scatter factor and hepatocyte growth factor are indistin-
guishable ligands for the MET receptor. EMBO J. 10, 2867-2878
Montesano, R., Matsumoto, K., Nakamura, T., and Orci, L.
(1991) Identification of a fibroblast-derived epithelial morphogen
as hepatocyte growth factor. Cell 67, 901-908

Johnson, M., Koukoulis, G., Matsumoto, K., Nakamura, T., and
Iyer, A. (1993) Hepatocyte growth factor induces proliferation
and morphogenesis in nonparenchymal epithelial liver cells.
Hepatology 17, 1052-1061

Soriano, J.V., Pepper, M.S., Naekamura, T., Orci, L., and
Montesano, R. (1995) Hepatocyte growth factor stimulates
extensive development of branching duct-like structure by cloned
mammary gland epithelial cells. J. Cell Sci. 108, 413-430
Park, M., Dean, M., Kaul, K., Braun, M.J., Gonda, M.A., and
Vande Woude, G. (1987) Sequence of met protooncogene cDNA
has features characteristic of the tyrosine kinase family of
growth-factor receptors. Proc. Natl. Acad. Sci. USA 84, 6379-
6383

Bottaro, D.P., Rubin, J.S., Faletto, D.L., Chan, M.A., Kmiecik,
T.E., Vande Woude, G.F., and Aaronson, S.A. (1991) Identifica-
tion of the hepatocyte growth factor receptor as the c-met
proto-oncogene product. Science 251, 802-804

Higuchi, O., Mizuno, K., Vande Woude, G.F., and Nakamura, T.
(1992) Expression of the c-met proto-oncogene in COS cells is
required for hepatocyte growth factor high affinity binding and
mitogenic signal transduction. FEBS Lett. 301, 282-286
Ponzetto, C., Bardelli, A., Zhen, Z., Maina, F., Zonca, P.D.,
Giordano, S., Graziani, A., Panayotou, G., and Comoglio, P.M.
(1994) A multifunctional docking site mediates signaling and
transformation by the hepatocyte growth factor/scatter factor
receptor family. Cell 77, 261-271

Sonnenberg, E., Meyer, D., Weidner, K.M., and Birchmeier, C.
(1993) Scatter factor/hepatocyte growth factor and its receptor,
the c-met tyrosine kinase can mediate a signal exchange between
mesenchyme and epithelia during mouse development. J. Cell
Biol. 123, 223-235

Schmidt, C., Bladt, F., Goedecke, S., Brinkmann, Y., Zschiesche,
W., Sharpe, M., Gherardi, E., and Birchmeier, C. (1995) Scatter
factor/hepatocyte growth factor is essential for liver develop-
ment. Nature 373, 699-702

Uehara, Y., Minowa, O., Mori, C., Shiota, K., Kuno, J., Noda, T.,
and Kitamura, N. (1995) Placental defect and embryonic lethal-
ity in mice lacking hepatocyte growth factor/scatter factor.
Nature 378, 702-705

Baldt, F., Reithmacher, D., Isenmann, S., Aguzzi, A., and
Birchmeier, C. (1995) Essential role for the migration of
myogenetic precursor cells into the limb bud. Nature 376, 768-
771

Santos, O.P.F., Barros, E.J.G., Yang, X.M., Matsumoto, K.,
Nakamura, T., and Nigam, S.K. (1994) Involvement of hepato-
cyte growth factor in kidney development. Dev. Biol. 183, 525-
529

Tabata, M.J., Kim, K., Liu, J., Yamashita, K., Matsuura, T.,
Kato, J., Iwamoto, M., Wakisaka, S., Matsumoto, K., Nakamura,

26.

27.

29.

30.

31.

32.

3s.

35.

36.

317.

38.

39.

40.

41.

S. Aoki et al.

T., Kumegawa, M., and Kurisu, K. (1996) Hepatocyte growth
factor is involved in the morphogenesis of tooth germ in murine
molars. Development 122, 1243-1251

Nakamura, H., Tashiro, K., Nakamura, T., and Shiokawa, K.
(1995) Molecular cloning of Xenopus HGF cDNA and its expres-
sion studies in Xenopus early embryogenesis. Mech. Dev. 49,
123-131

Niewkoop, P.D. and Faber, J. (1967) Normal Table of Xenopus
laevis (Daudin), 2nd ed. North-Holland, Amsterdam

. Chan, A.M.L., King, H.W.S., Deakin, E.A., Tempest, P.R.,

Hilkens, J., Kroezen, V., Edwards, D.R., Wills, A.J., Cooper,
C.S., and Brooke, P. (1988) Characterization of the mouse met
proto-oncogene. Oncogene 2, 493-599

Chomezynski, P. and Sacchi, N. (1987) Single-step method of
RNA isolation by acid guanidium-thiocyanate phenol chloroform
extraction. Anal. Biochem. 162, 156-159

Hemmati-Brivanlou, A., Kelly, 0.G., and Melton, D.A. (1994)
Follistatin, an antagonist of activin, is expressed in the spemann
organizer and display direct neuralizing activity. Cell 77, 283-
295

Kinoshita, N., Minshull, J., and Kirschner, M.W. (1995) The
identification of two novel ligands of FGF receptor by a yeast
screening method and their activity in Xenopus development.
Cell 83, 621-630

Roger, G.C., Philip, B., Katharina, S., and Max, L.B. (1983)
Transcription of a cloned Xenopus laevis H4 histone gene in the
homologous frog oocyte system depends on an evolutionary
conserved sequence motif in the —50 region. Nucleic Acids Res.
11, 8641-8667

Harland, R.M. (1991) In situ hybridization: An improved whole-
mount method for Xenopus embryos. Methods Cell Biol. 38, 685~
695

. Ronsin, C., Muscateli, F., Mattei, M.G., and Breathnach, R.

(1993) A novel putative receptor protein tyrosine kinase of the
met family. Oncogene 8, 1195-1202

Wang, M.H., Ronsin, C., Gesnel, M.C., Coupey, L., Skeel, A.,
Leonard, E.J., and Breathnach, R. (1994) Identification of the ron
gene product as the receptor for the human macrophage stimula-
tion protein. Science 268, 117-119

Huff, J.L., Jelinek, M.A., Borgman, C.A., Lansing, T.J., and
Parsons, J.T. (1993) The proto-oncogene c-sea encodes a trans-
membrane protein-tyrosine kinase related to the Met/hepatocyte
growth factor/scatter factor receptor. Proc. Natl. Acad. Sci. USA
80, 6140-6144

Nakamura, T., Aoki, S., Takahashi, T., Matsumoto, K., Kiyo-
hara, T., and Nakamura, T. (1996) Cloning and expression of
HGF-like protein (HLP) and Ron/HLP receptor implicate their
involvement in early neural development. Biochem. Biophys.
Res. Commun. 224, 564-573

Grobstein, C. (1967) Mechanism of organogenetic tissue interac-
tion. Natl. Cancer Inst. Monogr. 26, 279-299

Slavkin, H.C. and Bringas, P. (1976) Epithelial-mesenchymal
cell interactions during odontogenesis. Morphological evidence
for direct heterotypic cell-cell contacts. Dev. Biol. 50, 428-442

Nogawa, H. and Mizuno, T. (1981) Mesenchymal control over
elongating and branching morphogenesis in salivary gland devel-
opment. J. Embryol. Exp. 68, 209-221

Myokai, F., Washo, N., Asahara, Y., Yamaai, T., Tanda, N.,
Ishikawa, T., Aoki, S., Kurihara, H., Murayamas, Y., Saito, T.,

Matsumoto, K., Nakamura, T., Noji, S., and Nohno, T. (1995) -

Expression of the hepatocyte growth factor gene during develop-
ment of the chicken limb. Dev. Dyn. 202, 80-90

dJ. Biochem.

2T0Z ‘2 $0g0100 U0 feridsoH uensuyD enybuey) e /Bio'seulnolpioxo ql//:dny wouy pspeoumoq


http://jb.oxfordjournals.org/

