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Novel putative receptor tyrosine kinase
encoded by the melanoma-inducing

Tu locus in Xiphophorus

Joachim Wittbrodt, Dieter Adam, Barbara Malitschek, Winfried Maueler,
Friedrich Raulf, Agnes Telling, Scott M. Robertson & Manfred Schartl*

Genzentrum, Max-Planck-Institut fur Biochemie, Am Kiopferspitz 18a, D-8033 Martinsried, FRG

Malignant melanoma in Xiphophorus fish hybrids
is caused by the activity of a dominant oncogene
Tu. By combining genetic and molecular
approaches, we have isolated the melanoma
oncogene. We show that its level of expression
correlates with the degree of malignancy of the
tumour. The corresponding proto-oncogene is
developmentally regulated. The Tu gene codes for
a novel receptor tyrosine kinase which is closely
related to the receptor for epidermal growth factor.

TUMORIGENESIS is generally considered to be controlled by
oncogenes, which specify many of the malignant features of
tumour cells. Oncogenes arise mainly by activation of their
normal cellular counterparts, proto-oncogenes, which them-
selves seem to have essential roles in normal cellular physiology
and are often involved in the regulation of normal cell prolifer-
ation and differentiation. By contrast, there are other genes,
which are believed to be critically involved in the negative
control of cell growth', that must be mutated at both alleles for
the neoplastic phenotype of the cell to develop”?. These observa-
tions have led to the distinction between recessive oncogenes
(otherwise known as tumour suppressors or anti-oncogenes)
and dominant oncogenes. Although the structure and molecular
function of many oncogenes are well established, the evidence
that their activation is indeed the primary cause and not a
consequence of tumorigenesis in the intact organism is generally
circumstantial rather than direct. In Drosophila, genetic and
molecular techniques have defined the causative role of the
recessive oncogene lethal (2) giant larvae in tumorigenesis®’.
Until now, however, comparable studies of dominant oncogenes
have been limited to tumour viruses and tissue- and organ
culture. Here we describe a genetic system, melanoma formation
in the fish Xiphophorus, which allows the study of the induction
and progression of malignant melanoma in vertebrates. We used
this system to clone and characterize the dominant tumour-
inducing gene, which we show encodes a novel putative receptor
tyrosine kinase (RTK) of epidermal growth factor (EGF)-
receptor type.

Genetics of melanoma formation

The platyfish (Xiphophorus maculatus) and the swordtail
(Xiphophorus helleri) have a uniform grey body colouration due
to small black pigment cells (‘micromelanophores’). Some
platyfish, however, exhibit spot patterns of melanophores that
are much larger than normal (‘macromelanophores’)®. In hybrid
oftspring that result from the mating of spotted platyfish with
non-spotted swordtails, these macromelanophore spots develop
into malignant melanomas®®. Genetic analyses showed that this

* To whom correspandence should be addressed.
NATURE - VOL 341 - 5 OCTOBER 1989

tumour formation depends on the abnormal regulation of a
single genetic locus, the macromelanophore locus of the
platyfish in hybrids®-'2. Further genetic studies led to a model
for this melanoma development'®, in which a dominant turnour
gene Tu (equated with the macromelanophore locus) is under
the control of a regulatory gene R which acts as a tumour
suppressor. The gene Tu is located on sex chromosomes,
whereas R is located on an autosome’*'*, In the platyfish both
Tu and R are present, but they are both presumed to be absent
in the swordtail. The concerted action of Tu and R results in
non-proliferating macromelanophore spots. A variety of spot
patterns have been identified in wild-type fish'®, and the corre-
sponding gene loci are accordingly named Tu-Sd (spotted
dorsal pattern), Tu- N (nigra pattern), Tu-Sr (striped pattern),
and so on. These loci are located either on the platyfish X or
Y chromosome. In this report we mainly look at the Tu-Sd
locus, which maps to the X chromosome. Serially repeated
backcrossing of Tu-Sd-bearing platyfish to swordtails results in
the progressive replacement of R-bearing platyfish chromo-
somes by R-free swordtail chromosomes (Fig. 1a). The stepwise
elimination of regulatory genes is thought to lead to a corre-
sponding stepwise deregulation of Tu. This leads to either benign
melanoma if only one functional allele of R remains, or to
malignant melanoma if R istotally absent (for review seeref. 17).

Mapping of a marker to the Tu-Sd gene locus

The Tu-Sd locus has been mapped relative to several other
known loci on the X chromosome of the platyfish as follows:
cen-P-1% -Ir-(Pt- Dr)-0.03% - ( Tu=Sd)-ter, where the physical
distance between the loci is represented by the recombination
fraction (%) between them, as indicated (see refs 16, 18-20,
and our own unpublished data). We have previously identified
a restriction fragment length polymorphism (RFLP)?, with
limited sequence similarity to a v-erb-B gene probe, as a diagnos-
tic marker for sex chromosomes bearing Tu. We have cloned a
fragment?? of the corresponding RFLP sequence of the platyfish
and used it for Southemn blot analyses. DNA digested with
EcoRI gave an invariant band of 7.0 kilobases (kb), which we
have called INV, in all platyfish, swordtails and their hybrids
tested (n = 135), regardless of the presence or absence of a Tu
locus. For fish with the X-chromosomal Tu-Sd locus (n = 84)
an additional 5.0 kb band was detected, whereas for fish with
the Y-chromosomal Tu-Sr locus (n=6), a 6.5 kb band was
detected in addition to the 7.0-kb band (Fig. 1b).

To further define the linkage between the Tu-Sd locus and
the 5.0 kb RFLP marker, we analysed backcross (BC) hybrids
of platyfish and swordtails for segregation; swordtails were used
as the recurrent parent (BC,-BC,, crossed as in Fig. 1a). No
recombination between the 5.0 kb RFLP marker and the Tu-Sd
locus was observed for all 117 fish tested (Table 1). Both markers,
therefore, map on the X chromosome of the platyfish with a
maximal separation of 0.85 centimorgans (a recombination frac-
tion of 1% between loci indicates a physical map distance of 1
centimorgan). Our data therefore localize the 5.0 kb marker to
the Tu-Sd-containing region of the X chromosome. Whereas
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FIG. 1 a Crossing scheme of platyfish a

(X maculatus) and swordtails (X he~

lerf) with the corresponding Tu/R con-
stellations (see text). A female X Tu/Tu
maculatus (A) homozygous for the X- R/R
chromosomal macromelanophore Tu-
Sad-gene (spotted dorsal, small spots
in the dorsal.fin) is mated to X. helleri
(B), which does not carry the corre-
sponding locus and exhibits the uniform
wild-type pigmentation. The heterozy-
gous F, hybrid (C) shows enhancement
of the spotted dorsal phenotype. Back-
crossing of the F, hybrid to X. helleri
results in offspring, 50% of which have
not inherited the Tu-Sd locus and are
phenotypically like the X heller! paren-
tal strain (F), and 50% of which carry
the macromelanophore locus and
develop melanoma. The malignancy
grade ranges from very benign in some
Individuals (D) (phenotype like the F,
hybrids), to highly malignant in other
individuals (E). Highly malignant metanomas occurring in such fish grow
invasively and are fatai. b, Southern-blot analyses of X. maculatus, X. helleri
and their hybrids for segregation analyses of invariant and Tu-associated
RFLP foci. EcoRl-digested DNA from single fish was separated on 0.8%
agarose gels, blotted and probed with random priming-labelied pXX21 (ref.
22). Hybridization was at 42 °C in 50% formamide, 5 X SSC solution and the
filters were washed at 68 °C in 0.1 XSSC, 1% SDS. Lane 1; X. maculatus,
male, Tu-Sr (Y-chromosome)/ Tu-Sd (X-chromosome). Lane 2; X. maculatus,
female, Tu-Sd/Tu-Sd. Lane 3; X. maculatus/X. hellerl Fy hybrid, Tu-Sd/-.
Lane 4; X. helleri male, -/-, Lane 5; BC4-hybrid, melanoma free, -/-. Lane 6;
BC,-hybrid with melanoma, Tu-Sd/-.
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Tu/-
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Tu/-
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the invariant 7.0-kb sequence is present in all fish, the Tu-Sd-
specific 5.0kb sequence seems to be an additional genomic
constituent of fish that have the Tu-Sd gene locus. By analogy
we conclude that the 6.5 kb marker can be assigned to the
Tu-Sd-containing region of the platyfish Y chromosome (Fig.
1b).

Cloning of the Tu-linked RFLP sequences

To clarify the relationship of the RFLP sequences to Tu, the
invariant (INV), Y chromosomal (Y) and X chromosomal (X)
EcoRI restriction fragments were cloned from a sub-genomic
library of male platyfish (X™-5¢/Y™-%), The corresponding
partial complementary DNAs, incomplete for the 5' end of the
gene, were isolated from two separate cDNA libraries. The first
library was generated from a melanoma that had arisen because
of the presence of the X-chromosomal Tu-Sd locus, and the
second library from a cell line (PSM; ref. 23) derived from a
melanoma that had arisen because of the presence of a Y
chromosomal Tu locus. To obtain the entire sequence of one
of the cDNAs we used oligonucleotides for preparation of a
primer extension library. A 2.4-kb clone, which overlapped the
1.7-kb PSM clone by 98 nucleotides, was isolated and found to
contain the missing 5’ sequence. The sequencing of the three

TABLE 1 Segregation of Tu-Sd and the 5.0 kb marker sequence

n
5.0-kb RFLP marker 76

Parental class 1 Tu-Sd

Parental class 2 + +* 41

Recombinant class 1 Tu-Sd + 0

Recombinant class 2 + 5.0-kb RFLP marker V]
Total=117

* The 5.0-kb EcoRl fragment is additional to the invariant 7.0-kb fragment
of wild-type fish, therefore fack of the 5.0-kb RFLP marker is regarded as
the wild-type situation (+).
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genomic EcoRI fragments and their comparison with the cDNA
sequences revealed that each genomic clone contained the 3'
portion of the same gene (Fig. 2b, c). Despite a high degree of
sequence conservation throughout the exons and the introns
(99%) as well as their common arrangements and sizes in
homologous regions, several structural differences confirmed
the independent nature of the three clones and allowed their
assignment to the individual cDNAs. The three EcoRI fragments
are therefore regarded as deriving from three different genomic
loci. Although all the three loci have almost identical restriction-
site maps upstream of the Sacl site (at nucleotide 1,915) their
physical maps downstream of this position differ. Most striking
are the additional sequences in the loci of the INV fragment
and the Y fragment of 1,349 and 1,395 bp, respectively (Fig.
2b). These additions contain intron sequences, exon y and the
first five nucleotides of the large 3’ exon (exon z) encoding the
trailer region. These sequences are deleted from the X chromo-
somal locus. The cDNA clone from a melanoma that contained
the X-chromosomal Tu-Sd locus, lacked exon y as expected,
whereas the Y-chromosomal ¢cDNA did not (Fig. 2c); this
confirmed the genomic locus arrangement. The amino-acid
sequence predicted from the X-chromosomal cDNA sequence
indicated that the deletion does not change the reading frame,
and thus represented a polypeptide with an internal deletion of
35 amino acids (see below). Neither cDNA extended to the
poly(A) tail, although all three genomic loci contain a poly-
adenylation-site signal at corresponding positions. This would
add another 229 nucleotides downstream of the cDNA sequence
(Fig. 3).

RFLPs are a structural component of the Tu locus

That the sex-chromosomal genes are actually encoded by the
Tu locus is shown by the presence of ‘loss of function’ Tu alleles.
We analysed two spontaneous Tu mutants that do not exhibit
asingle macromelanophore and have lost the capacity to develop
malignant melanoma in backcross hybrids. In one mutant
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derived from the Y-chromosomal Tu-Sr locus, the 6.5-kb frag-
ment is totally-deleted (Fig. 2d). In another mutant, a rearranged
EcoRI fragment of 12kb instead of the expected 5.0kb, in
addition to the invariant 7-kb fragment, was detected with the
RFLP probe (Fig. 2d). Because we have so far detected no
intra-strain polymorphism for the X- or Y-chromosomal marker
sequences (see Table 1, ref. 21, and unpublished data) this 12-kb
fragment was cloned and analysed. Restriction mapping and
sequence analysis precisely defined an insertion of ~7kb
between base-pairs 1,652 and 1,653 in exon w (Fig. 2e). This
insertion, therefore, interrupts the coding sequence of the

e

X-chromosomal gene. The result of this alteration is the loss of
the Tu-phenotype. We conclude therefore that the X-chromo-
somal 5.0-kb marker sequence is the 3’ part of the Tu-Sd gene
locus, the Y-chromosomal 6.5-kb marker by analogy is the |
homologous part of Tu-Sr, whereas the 7.0-kb marker represents
agene found in all fish independent of sex-chromosomal Tu loci.

A novel putative receptor tyrosine kinase

The almost full-length cDNA clone isolated from the PSM cell
line contains a single long open-reading frame (ORF) of 3498
nucleotides, which starts with ATG and terminates with an
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FIG. 2 Partial structure of the genomic region of INV-, Y- and X-linked RFLP
loci and corresponding cDNAs. a, Restriction map of the genomic loci. b,
Exon-intron arrangements in the 3' region of INV-, Y- and X-genomic loci.
Differing positions of exons, stop codons, restriction sites and polyadenyla-
tion consensus sites downstream of nucleotide 1,277 between INV-, X- and
Y loci result from sequence differences in the corresponding trailer and
intron regions. ¢; Comparison of X- and Y-loci transcripts. Sequenced cDNAs
are marked in black. d; RFLP analysis of the loss-of-function mutants.
Southern-blot analysis of EcoRI-digested DNA of X. maculatus/X. helleri BC
hybrids (recurrent parent X. helleri) carrying the parentat wild-type Tu-Sd-
bearing X chromosome (BC,, lane 1), Tu-Sr-bearing Y chromosome (BC,,
lane 2) and the two independent mutant chromosomes (BC,, lanes 3 and
4). For methods see Fig. 1. e; Restriction map of the rearranged 12-kb
fragment from the loss-of-function mutant (see Fig. 24, lane 3). Relevant
stop codons are marked by arrows; deleted fragments are bounded by
semi-circles; cloned fragments are indicated by solid lines; structural data
obtained by Southern- or Northern-blot hybridizations are shown by broken
lines; probes used for screening shown by hatched boxes.

METHODS. INV-, Y- and X-linked fragments were cloned as follows: High
molecular weight genomic DNA from male X, maculatus (stock Rio Jamapa
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?Bam Hl YEcoR.l *Hin din P ATG-codon ? Polyadenylation consensus

XTu-S¢ yTu-57) was prepared by standard methods**. The DNA was digested
to completion with EcoRI. Fragments were separated on a LMP-agarose gel.
Gel fractions with sizes of ~5kb, 6.5kb and 7 kb were cut out; purified DNA
was ligated into Agt10 arms and packaged. The sub-libraries were screened
with a v-erb B probe (600-bp BamH! fragment D of pAE11 ref. 42) as well
as with pXX21 (ref. 22). Hybridization conditions were 42 °C, 40% formamide,
5xSSC (wash at 60 °C, 2 xSSC) for pAE11, and as described in Fig. 1 for
pXX21. Genomic EcoRI-Hindlll sub-fragments of INV, Y and X and the
corresponding cDNAs were subcloned into pBluescript (Stratagene). For
cloning of the 12-kb fragment from the loss-of-function mutant, DNA from
a BC, hybrid containing the mutant chromosome was cloned as outlined
above into AEMBL4. The subgenomic library was screened with the 17-2
the probe (Fig. 2¢) under high stringency conditions. Sequencing: nested
deletions were generated using either Exonuclease 11 (ref. 43), or T4 DNA
polymerase** (using oligonucleotides adapted for pBluescript). Sequences
were determined by dideoxy chain-termination sequencing using Sequenase
(US Biochemical Corporation) or T7 DNA polymerase (Pharmacia). Sequence
analysis was performed using the GCG sequence analysis software
package*®.
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amber codon (Fig. 3). The deduced amino-acid sequence corre-
sponding to this ORF is a polypeptide of 1,166 amino acids

with
This

(Fig.
exhibits several features typical of signal peptides®*. A possible
cleavage site in the uncleaved peptide for signal peptidase,
deduced from the —3 /-1 rule?, is after residue 25. There is a
second strongly hydrophobic region, of 23 amino acids, between
residues 618 and 640 of the cleaved peptide. By the criteria of
Klein et al?®, this segment has a high probability of spanning
a membrane. It is preceded by a positively charged histidine
and is followed by four positively charged arginines that could
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serve as a transfer-stop signal. These features of the primary
structure indicate that the protein traverses a cellular membrane

a predicted relative molecular mass of 130,000 (Fig. 3). and is therefore comprised of an extracellular domain of 617
hypothetical protein has two strongly hydrophobic regions amino acids, a single transmembrane domain of 23 amino acids
3). One of these regions at the N terminus of the protein and’ a cytoplasmic domain of 501 amino acids. There are 12

CCGGACTCTAGTTTCTAACCGGACCGTCTTCATGGAGT TTCTGCGCGGAGGAGCGGCGCTGCTGCAGCTGC TGCTCGTGCTCAGCATCAG
-25 M E F L R G G A A L L Q L L L V L S I s
CCGCTGCTGCAGCACAGACCCGGACAGAAAGGTGTGCCAGGGGACGAGCAACCAGATGACCATGCTGGACAATCACTACCTCAAAATGAA
R c C s .TJjp P D R K V C Q G T S N QM T ML D NUHY L K MK
GAAGATGTACTCCGGCTGCAATGTGGTTCTGGAGAACCTGGAGATCACCTACACCCAGGAGAACCAGGACCTCTCCTTCCTTCAGTCCAT
K MY s 6 C NV VL ENTILZETITYTOQENUQDIULSTFLOQS I
CCAGGAAGT TGGGGGTTACGTCCTGATCGCCATGAACGAAGTGTCCACCATCCCTCTGGTCAATCTGCGTCTGATCCGAGGACAGAATCT
Q EVGG6GY VLI AMNEUWVSTTIPILVNILRILTIRGHA OQNL
CTACGAGGGCAACTTCACCCTGCTAGTCATGTCCAACTACCAAAAGAACCCGTCATCACCAGATGTTTACCAGGTTGGCCTGAAGCAGCT
Y E G F T L L VM S NUY QK P S S P DV Y QV G L K QL
GCAGCTCAGCAACCTGACCGAGATTCTGTCAGGAGGAGTGAARGGTCAGCCACAACCCTCTGCTGTGCAACGTAGARACCATCAACTGGTG
QL s LT EI LS GGV KV S HNUPILULTCGCNUVETTINWW
GGATATCGTGGATAAAACCAGTAATCCCACCATGAACCTCATACCACACGCGTTTGAACGCCAATGTCAGAAGTGTGACCACGGCTGTGT
DI VD K T s P T M N L I P HATFEURU QCQZKTCDUHGTCV
TAATGGGTCGTGTTGGGCTCCCGGACCAGGTCACTGCCAAAAARTTCACCAAGC TGCTGTGTGCCGAGCAGTGCAACAGGAGGTGCCGCGG
G § C WA PGP G R COQXKT FTI KTILLTCAEZ QTCNIR RIRBRTCR RSG
TCCCAAACCCATCGACTGCTGCAACGAACACTGTGCTGGCGGCTGCACCGGACCCAGAGCCACAGACTGTCTGGCCTGCAGGGACTTCAA
P K P I DCCNEWUHTCAGSGTCTSGZPRATUDTCLATCTRDTFN
CGATGATGGAACCTGTARGGACACCTGTCCTCCGCCGAARATCTATGACATCGTCAGCCACCAGGTGGTGGACAACCCCAACATCAAGTA
D DGTCXKDTTCP®PZPIXKTIZYDTIVSHAQQVVDNZPNTIK.Y
CACTTTCGGAGCCGCTTGTGTCAAGGAATGCCC TAGTAACTACGTGGTGACAGAGGGCGCATGTGTTCGTTCTTGCAGTGCAGGAATGCT
T F GA ACV KEC?P S NY VVTESGA AT CVRSCSsS AGML
TGAGGTAGATGAGAATGGCAAACGAAGCTGCAAGCCATGCGACGGAGTCTGTCCCAAAGTGTGTGATGGARTTGGAATCGGGTCTCTGAG
E VDENGI KZ®RS CZKZPOCDGV CZPIEKUVCDGTIGTI G S L s
CAACACTATTGCTGTCAACTCAACCAACATCAGGTCCTTCAGCAACTGCACCARGATCAACGGCGACATCATCCTCAACAGGAACTCCTT
N T I AV S T N I R S F s C T X I N G D I I L N RN S F
TGAAGGGGATCCACATTACARAATCGGGACGATGGATCCTGAGCATC TGTGGARCCTGACGACAGTGAAGGARATCACTGGTTATCTGGT
E G D P H Y K I 6TMDUPEHTLW L TTV KETITGY L V
GATCATGTGGTGGCCTGAAAACATGACGTCTCTGTCGGTGTTCCAGAACCTGGARATTATCAGAGGAAGARCTACGTTTTCCAGAGGGTT
I M W W P E M T S L S VF QNILETITIRGRTTTFSRGTF
CAGCTTTGTGGTGGTTCAGGTGCGTCACCTGCAGTGGCTCGGTCTGCGCTCCCTGAAGGAGGTGAGCGCTGGGAATGTGATCCTGAAGAA
S F VVVQVRHLA QW®WULGTULZRSULIXKEUWV S AGNUVIL KN
CACGCTGCAGCTGCGCTACGCCAACACCATCAACTGGAGGCGC TTGTTCCGGTCTGAGGACCAGAGCATAGAGTATGACGCCAGGACTGA
T L QLR Y ANTTINWMWR RRILTEFWRSEDTGQSTETYDARTE
GAATCAAACCTGCAACAACGAGTGCTCAGAGGATGGCTGCTGGCCGGGGCCCACAATGTGTGTCTCCTGTCTGCATGTGGACAGAGGGGG
Q T CNWNZETCSEDGTCWZPG?PTMCV S CLHUVDRGSG
GCGCTGTGTGGCATCCTGCAACCTGCTGCAGGGTGAACCCAGAGAGGCCCAGGTGGATGGCAGGTGTGT TCAGTGTCACCAGGAGTGTTT
R C VA S CNILLWGQGEUZPREAQVDGRCVQCHAQETCL
GGTGCAGACTGACAGCCTGACCTGCTACGGTCCGGGGCCAGCCAACTGCTCCAAGAGTGCACACTTTCARGATGGCCCCCAATGCATCCC
v eTDSLTCYG P G P A C S X S AHF QDGUPOQCTITP
TCGCTGCCCTCACGGCATACTGGGAGACGGAGACACTCTGATCTGGAARTATGCAGATAAGATGGGCCAATGCCAGCCGTGTCATCAGAA
R ¢C P H G I L GDGDT L I WK YADIEKMGO OQCOGQ®PTCHDOQ
CTGCACCCAAGGGTGTTCTGGTCCTGGACTGTCTGGCTGCAGAGGCGATATCGTTTCCCACTCCTCTCTIGGCAGTCGGGTTAGTCAGTGG
€Cc T QGC S G?PGL S GC®RGDT1V S H S S {L AV GLV S G
G CGGCGCCGGCGAATCAAACGGAAGAGGACAATACGCTGCCTGCT
L L I T ¥ I v A L L I v vV L LIR R R R I KR KURTIRZCTULL
CCAAGAGAAGGAGCTGGTGGAGCCGTTGACTCCGAGCGGTCAGGC TCCCAATCAGGCCTTCCTGAGAATCC TGAAGGAGACGGAATTCAA
Q E KELVETPLTT?PSGQAPNOQATFTLRTITLIEKTETETFK
GAAGGACCGAGTTCTGGGCTCCGGGGCAT TTGGGACGGTCTACAAGGGTTTATGGAACCCTGACGGAGARARCATCCGGATCCCAGTCGE
K DRVLGSGAVFGTVYKGLWNZPUDGTENTIRTIPUVA
JATCAARGTTCTGAGAGAGGCTACGTCACCGAAAGTCAACCAGGAAGTTCTGGACGAGGCGTACGTGATGGCGAGCGTGGACCATCCTCA
I K VLREA AT S?PKUVNQEUVLDTEARAYVMASVDHPH
CGTCTGCCGCCTGCTGGGCATCTGCCTGACGTCGGCCGTGCAGCTGGTGACGCAGCTGATGCCGTACGGCTGCCTGCTGGACTACGTCCG
VCRLLGICCLTSAVQLUVTOQLMP]TYGOGCCLLDY VR
GCAGCACCAGGAGCGAATCTGTGGCCAGTGGCTGCTGAACTGGTGTGTTCAGATCGCCAAGGGGATGAACTACCTGGAAGAGCGCCACCT
Q HQ ER1I CGOQWULLNWCUV QIR AIKTGMNYTLETETRTUHL
GGTGCACCGCGACCTGGCAGCCAGGAACGTCCTGCTGAARARCCCGAACCACGTCAAGATCACAGACTTCGGTCTGTCCAAGCTGCTGAC
VHRDILAARNUVLL N P NHVKTITDTFEGLSIZ KTULTLT
GGCTGACGAGAAGGAAT ACCAAGCCGACGGAGGAAAGGT TCCCATTAAGTGGATGGCTT TGGAGTCGATCCTCCAGTGGACCTACACCCA
ADEKEYQAPGGKVPIKNMALESILONTYTH
TCAGAGCGACGTGTGGAGCTACGGTGTGACGGTTTGGGAGT TGATGACATTCGGATCCAAACCATACGACGGCATCCCGGCCAAGGAGAT
QSDVHSYGVTVNELMTFGSKPYDGXPA.KEI
CGCCTCGGTGCTGGAGAACGGGGAGCGGC TGCCGCAGCC TCCCATCTGCACCATCGARGTCTACATGATCATCCTGAAGTGCTGGATGAT
A S VL.LENGEHRTLZPOQP®PICTTIEVYMI1ITIILKTGCWM]I
CGACCCGTCCAGCAGACCCAGGT TCAGAGAGCTGGTGGGCGAGTTCTCCCAGATGGCCCGGGACCCGTCCAGGTACCTGGTCATACAGGG
D P S SRPRTFIRETLVGETF S QMARIDTPSHR RYLVIOQG
CAACCTGCCGAGTCTGTCTGATCGGAGGCTTTTCTCCCGCCTGCTGAGCTC TGATGACGACGTGGTCGACGCCGATGAATACCTGCTGCC
N L P SLSDRRLTFSRILULSSsSDDDUVVDADETYTLTLTFEP
ATACAAACGGATAAACCGCCAGGGCAGCGAGCCCTGCATCCCGCCGACTGGACATCCAGTGAGAGAGAACAGCATCACTCTCCGGAACAT
YKRINRQ&SSEPCIPPT.GHPVRENSITLRNI
CTCCGACCCGACCCAGAACGCGCTGGAGAARGACCTGGATGGTCACGAGTACGTTAACCAGCC TGGGAGTGAARCCAGCAGCAGGCTGTC
S D P T QN ALYEI KT DTLUDGHET YV NOQPGSETS S RL S
GGATATCTACAATCCCAACTACGAGGACCTGACAGACGGCTGGGGCCCGGTGTCGCTGTCCTCCCAGGAGGCGGAGACCAACTTCTCCAG
DI YNZPNYEDTULTUDGHWG?®P VS LS s QEAETNTF SR
ACCAGAGTACCTGAACACCAACCAAAACTCGCTCCCCCTGGTGTCCAGTGGCAGCATGGACGACCCCGACTACCAGGCCGGCTACCAGGE
P E Y LNTNO ONSTULTPWLUV S S G S MDDUZPDYQAGY QA
TGCCTTCCTACCGCAGACTGGAGCGCTCACTGGGAACGGCATGTTCCTCCCTGCAGCAGAGAACCTGGAGTACCTGGGACAGGGAGGCGC
A FLPQTGALTGNGMMTFTILPA AAENTLTETYLSGAI QGGA
ACTGTACAC TCCTGTCCGCTAGGGGGCAGCAGCGC TCCGACTGAAGCTGTGGCTTTGCTCAGATAAACAGTGGTCTGTTTTAAATTGGAC
L Y T P V R END
AGATAACTGGATTTAACTCAGATGGTTCACTGTCGGT TCTCCAGAGGARCTGAAACAGAACAAGAACTTCCTGTTCCTTCAGGCAAAGGT
CCAATCTTTGGCTCTAAGCTGACGGGATGAACGCATCTGGARAATGAACATTACCCAGATAAACTGTARAAACATARGCTAATTCAGGTT
ACATTAARAAARGACTCGCTCAACTCTCCTGCTCTCACCTGTGGGTTTGGATGC TGCAGGACGATGCAGATGTTTTAATCCTGGGCGCTTC
TGTTTCCAACATTTACATTCATGAACTGAAAACATTtaagttttctgaagatatgatttgactgtcagtcaacatgatctatgcaacctt
aaatctttcagaataagagaaaacaggtgaaactggattctcaggeccacactgctctactccagatatttataactgecattttgraata
aatctgcatt tctgttggttttctatcagaacaattttatacaagecttgcaagagcaggtggagataaa

© 1989 Nature Publishing Group

25

55

85

115

145

205
235
265
295
325
355
385
415
445
475
505
535

565

625

655

685

715

745

775

805

835

865

895

925

95%

985

1015

1045

1075

1105

1135

1141

putative glycosylation sites, all located in the hypothetical
extracellular domain of the protein (Fig. 3). Comparison of the
predicted polypeptide sequence with sequence data-banks indi-
cates that this polypeptide has significant similarity with receptor
tyrosine kinases (RTKs), most markedly with the human EGF-
receptor”’. All other RTKs such as the insulin receptor, the
insulin-like growth-factor receptor, the platelet-derived growth
factor (PDGF) receptor, and those encoded by HER2/neu and

FIG. 3 Nucleotide sequence of the Tu gene and
the predicted protein sequence. (Single letter
amino acid code.) The nucleotide sequences (num-
bered left) of the overlapping cDNA clones 3-2
and 17-2 are in upper case. The sequence of the
3' end of exon z, which is not represented in the
cDNA is derived from genomic DNA and shown in
lower case. The predicted amino-acid sequence
(numbered right) is shown below the nucleotide
sequence. Potential glycosylation sites (N-X-(S/T)-
X) are circled. The hydrophobic leader peptide
(residues —25 to —1) and transmembrane domain
(residues 618-640) are boxed. Oligonucleotides
complementary to the sequences underlined were
used for generation of a specifically-primed cDNA
library (nt 2,281-2,250) and screening (nt 2,181-
2,153), respectively. The putative polyadenylation
signal at the 3’ end is underlined. Exon boundaries
derived from the genomic sequences are indicated
by an asterisk (see also Fig. 2).

METHODS. An oligo(dT)-primed c¢DNA library was
prepared by standard methods from the melanoma
cell line {(PSM) poly(A)* RNA. The library was
screened with random priming-labelled v-erb B
probe (600-bp BamHI fragment D of pAE11; ref.
42) and pXX21 (ref. 22) under the conditions
described in Fig. 2. The specifically-primed library
was prepared from total RNA of PSM cells using
an oligonucleotide complementary to nt 2,281-
2250 (see above). After denaturation of the RNA
and pre-annealing of the oligonucleotide a cDNA-
kit (Pharmacia) was used for preparation of double-
stranded cDNA. Following ligation to A, t10 arms,
the DNA was packaged with Gigapack plus
(Stratagene). The library was screened with a
32p_jabelled oligonucleotide complementary to
nt 2181-2153 (see above). Generation of
nested deletions and sequencing was performed
as in Fig. 2.
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c-kit, were significantly less similar. Like the EGF receptor, the
Tu-encoded polypeptide is preceded by a signal peptide (25
amino acids compared with 24 amino acids in EGF receptor).
In both proteins the extracellular domain is composed of two
cysteine-rich domains. Most cysteine residues (all 24 in domain
I, 19 of 21 in domain II) in the domains of the EGF receptor
are conserved between the two proteins (Fig. 4a). As with the
EGF receptor, the Tu-encoded protein contains a single trans-
membrane domain, followed by a cytoplasmic juxtamembrane
domain of 41 amino acids. The amino acids in this region are
very highly conserved when compared with those of the corre-
sponding region of the EGF receptor (95% similarity), including
Thr 654 of the EGF receptor, which is a target for protein kinase
C phosphorylation®®, The remaining C-terminal portion of the
predicted protein shows all the structural features of a functional
tyrosme -kinase domain. All diagnostic structural motifs are con-
served®””. The C-terminal tail is less well-conserved on com-
parison wnth that of the EGF receptor and is heterogeneous in
the predicted proteins encoded by the X- and Y chromosomes
(see above). The Y-chromosomal C-terminus consists of 193
amino acids compared with 158 amino acids for the X-

chromosmal C-terminus and 235 for the EGF receptor. The
Y-chromosomal Tu-encoded protein contains three tyrosine
residues in the 3' domain which, by analogy for the EGF recep-
tor, may serve as auto-phosphorylation sites (Fig. 4a), whereas
the X-chromosomal Tu-encoded protein lacks the tyrosine
residue corresponding to Tyr 1068 of the HER (human EGF-
receptor) because of the in-frame deletion (see above).

We suggest, therefore, that the Tu oncogene encodes a trans-
membrane RTK with high similarity to the EGF receptor of
higher vertebrates. We have called this gene Xmrk (Xiphophorus
melanoma receptor tyrosine kinase).

Does Xmrk represent the fish EGF-receptor gene or is it a
novel member of the subclass I RTK gene family, so far known
to comprise the genes encoding the human, chicken and
Drosophila EGF receptors (HER, CER and DER, respectively)
and HER2/ neu®®? Sequences that hybridize most strongly with
the v-erb-B probe have been isolated from a Xiphophorus
genomic library and have been further characterized. In the
central portion of the tyrosine-kinase domain, for which
sequence information is available from the gene that encodes
the Xiphophorus EGF-receptor (XER), there are motifs that the

a 1 65
Xmrk GGAALLQLLLVLSISRCCSTDPDRKVCGGTSNQMTML . . . DNHYLKMKKMY SGCNVVLENLEITYTQENQDLSFLQS IQEVGGYVLIA
HER PSGTA A AR ..CPASRALEEK KL Q GTFED FLSLQR FNN E G VR Y KT
CER  GVRSPLSASGPR V .V L GVAL S.AVEEK N KL Q GHVED FTSIQR YNN E S VEHR T XKI A
66 165
Xmrk MNEVSTIPLVNLRLIRGONLYEGNFTLLVMSNYQKNPSSPDVYQVGLKQLOLSNLTEILSGGVKVSHNP LLCNVETINWWD XVDKTSNPTMNLIPHAFER
FIG 4 Compa . ( th X rk g HER L T ER E QI NMY NSYA AL DA ...... KT E PMR Q HARFN A SQR SSDFLSN SMDFQNHLG
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product with human EGF receptor 166 265
27 : 46
(EGF-R) ' chICKen EGF'R and the Xxmrk QCQKCDHGCVNGSCWAPGPGHCQKFTKLLCAEQCNRRCRGPKP IDCCNEHCAGGCTGPRATDC LACRDFNDDGTCKDTCPPPKIYDIVSHQVVDNPNIKY
Xiphophorus EGF receptor homologue GR 5P WNTEHW GAZGN TL VI § 50 EvS MO A 5 XA A IVL NeTTY MOV £G
(partial), and structural organization of £F SE@TEVLE Wb: HRA B KRR 2L oy
the predicted Xmrk-encoded protein. &, 266 T LNRNSFEGD 3?2
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between all proteins are shown only in 265 164
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. . K¢
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IV) are hatched; the tyrosine-kinase Xmrk  QGN....LPSLSDRRLFSRLLSSDD..DVVDADEYLLP. .. ;
domain (TK, subdomains 1-XI according HER DERMH  PT SNFYRA MDEE MD 1 oosFFsspsrsn:rprI:tssLs:;:m«s'rvn L 0
. s . . NSPSTSRTPLLSS. SATN RN .
to ref. 29) is cross hatched. Similarity CER  DERMH BT SKEYRT JERE ME I V HQGFENSPSTSRIPLLSSISATSNNSATN DRN .26  RIVQX3 &F E
values shown above the domains are | 1109
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XER protein has in common with the HER- and the CER
proteins that are not common to the Xmrk-encoded protein
(Fig. 4a). Within this region, Xmrk has only 76% identity to
the gene that encodes XER, and the two proteins that these
genes encode have 83% identity. Sequence comparisons shows
that the chicken and human EGF-receptor proteins have exten-
ded motifs in common throughout their extracellular domains
and C-terminal tails, which are divergent from the corresponding
sequences predicted for the Xmrk-encoded protein (Fig. 4a).
The Xmrk-encoded protein is not therefore, the fish EGF-
receptor homologue, but a novel putative receptor tyrosine
kinase. :

Elevated expression in melanoma

To investigate the physiological function of Xmrk we studied
its expression pattern during embryogenesis, in normal adult
tissue and in melanomas, induced by sex-chromosomal Tu loci,
that differ in their degree of malignancy. Northern-blot hybridiz-
ations of RNA obtained from swordtail embryos containing
only the INV Xmrk locus revealed a single Xmrk transcript of
5.8 kb (Fig. 5a). This transcript was highly abundant as a mater-
nal messenger RNA in unfertilized eggs (Fig. 5a, lane 1). The
level decreased during early development (cleavage to neurula
stages), increased during organogenesis and from then on
decreased. In 4-week-old neonate fish, only barely detectable
hybridization signals were obtained (Fig. 5a, lane 10). In normal
organs of adult fish the transcript was seen at low levels in gills,
fins and skin but not in any other organ tested (data not shown).
In all melanomas that originated from six different Tu alleles
from hybrid fish and in the melanoma cell line (PSM)*, high
levels of Xmrk transcripts were found (Fig. 5b). The RNA
preparations included both early- and late-onset melanomas®,
as well as amelanotic tumours from fish homozygous for the
albino (a) gene. Two large transcripts were seen, one that
corresponds in size to the transcript from the INV locus (5.8 kb;
see above) and a smaller transcript (4.7 kb) which is specific for
the melanoma (Fig. 5b). Shorter transcripts (less than 3 kb)
represented either specific degradation products, or transcripts
of different length, but from the same gene, generated by
differential splicing, alternative transcription start sites or
alternative polyadenylation signals. The steady-state level of the
4.7 kb mRNA and the shorter transcripts was highly correlated
to the the degree of malignancy of the melanoma. This was most
obvious for tumours due to the Tu-Sd allele, for which back-
cross genotypes of defined malignancy were available. In
extremely benign lesions, which occur in the presence of one
intact allele of the melanoma suppressor gene R, only very low
amounts of Xmrk mRNA were seen (Fig. 5c, lane 9) compared
with the amounts seen in more malignant melanoma from fish
that lacked both alleles of R (Fig. 5S¢, lane 10). In addition, fish
that were heterozygous for a, which further enhances melanoma
malignancy, had even higher transcript levels (Fig. 5b, lane 11).
Expression of the INV locus was at a similarly low level in all
tumours irrespective of their state of malignancy. The observa-
tion of a 5.8 kb INV Xmrk transcript in several normal tissues
and the absence of the tumour-specific 4.7 kb transcripts indi-
cates that the INV locus bears the Xmrk proto-oncogene.

Discussion , )
We have made use of the Xiphophorus melanoma system to
study malignant tumours by both genetic and molecular tech-
niques. We have cloned the oncogene Tu of Xiphophorus, known
to induce malignant melanoma in the absence of the anti-
oncogene R, and found that it encodes a novel transmembrane
tyrosine kinase. We have called this gene Xmrk. In addition to
the oncogenic Xmrk loci on the X- and Y chromosomes of
platyfish, we found that another copy of Xmrk at the INV locus
is a normal constituent of the genome of all Xiphophorus fish,
independent of the melanoma oncogene. This copy is probably
the Xmrk proto-oncogene, which could have a normal physio-
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logical function during development and in specific tissues.
The proposed structure of the protein encoded by Xmrk and
its similarity to the subclass I growth-factor-receptor tyrosine
kinases indicates that it is a transmembrane protein with an
extracellular domain acting as a receptor, and a cytoplasmic
tyrosine-kinase domain. RTKs are normally activated by the
binding of a specific ligand which results in the phosphorylation
of specific cellular proteins, thus producing a pleiotropic
response, including proliferation and/or differentiation’®. It is
probable that Xmrk participates in such a signal-transduction
mechanism. Although the predicted protein encoded by Xmrk
shows structural similarity to the EGF-receptor of higher verte-
brates, our data show that it does not represent the fish EGF-
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FIG. 5 Northern-blot analyses. a,Profile of Xmrk expression during embryonic
development (for staging see ref. 47) (lanes 1-8), and at two different
postnatal times (lanes 9 and 10) in fish containing only Xmrk at the INV
locus. In each case, 20 pg of total RNA was analysed by Northern-blot
hybridization. b, Xmrk expression in melanomas and in gills (lane 15). Total
RNA (20 p.g) from single tumours (lanes 1-4, 6, 11) or pooled melanoma
biopsies (lanes 5, 7-10, 12) and a melanoma cell line (lanes 13 and 14)
were analysed. PSM, melanoma cell line; a, albino gene; ben, benign; mal,
malignant; all other abbreviations refer to melanomas due to different Tu
alleles (lanes 1-5, Y-chromosomal; lanes 6, 9-12, X-chromosomal; lanes 7,
8, autosomal); Sr”, mutant striped; N2, nigra-2; Sb, spotted belly; DrLi, mutant
lineatus; Sd", spotted dorsal translocation; Sd, spotted dorsal.

METHODS. RNA preparation, Northern blots and hybridizations for
homologous probes were performed as described 32, Probes used were
random-priming-labelled 17-2 DNA (b) or a riboprobe of 17-2 (a). For size
calibration a RNA ladder (BRL, Bethesda) was included. As a control for the
amount of RNA blotted onto the membranes, the ubiquitously expressed Xr
gene*® was used as a hybridization probe.
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receptor. The Xmrk-protein therefore, probably does not bind
the fish EGF homologue. The HER2/neu gene product, which
so far in mammals is the most closely related protein to the
EGF-receptor, does not recognize EGF as its physiological
ligand but binds to an as yet unidentified molecule®*'*. Further
experiments are needed to identify the possible ligand of the
Xmrk-gene product RTK.

No satisfactory candidate for a RTK substrate has been iden-
tified*®. The normal physiological function of the Xmrk encoded
RTK is therefore beyond speculation, although the abundant
Xmrk maternal message is intriguing with regard to recent
reports that RTKs, like the Drosophila EGF-receptor and the
torso-gene product, function as maternal-effect genes during
early embryonic development®*-3¢,

The existence of the sex-chromosomal oncogenic Xmrk loci
as additional genomic constituents in the platyfish poses the
question of their evolutionary origin. It is conceivable that an
allelic or duplicated copy of the INV-locus Xmrk gene was
translocated to the sex-chromosomal pigmentary loci thereby
acquiring an oncogenic potential. This is supported by the
identification of macromelanophore pigment patterns in several
poeciliid fish species and even in the genus Xiphophorus that
never give rise to tumour formation after the hybridization (ref.
10, and our own unpublished data). In purebred platyfish the
malignant phenotype is suppressed because of the presence of
the R gene. After crossing-conditioned elimination of the R
gene, melanoma develops. We have shown that the steady-state
levels of sex-chromosomal Xmrk transcripts correlate with the
genetically determined malignancy of the tumour, raising the
possibility that transformation is affected by an increase in the
level of Xmrk transcription. Such a situation is reminiscent of
c-myc activation in Burkitt’s lymphoma (reviewed in ref. 37) in
which inappropriate regulation of myc is a consequence of a
translocation.

Over-expression of RTKs of subclass I in tissue-culture leads
potentially to oncogenesis, and increased levels are frequently,
associated with certain human malignancies (for a review see

ref. 30). It should be noted, however, that in these tumours
increased expression is mostly due to gene amplification,
whereas in Xiphophorus melanomas no evidence for an
amplification of Xmrk or related genes was obtained?!-*%, Recent
studies indicate that in addition to over-expression of RTKs (in
conjunction with autocrine ligand production), structural alter-
ations may have a key role in the initiation as well as the
progression of certain neoplasms (for a review see ref. 30). The
Xmrk melanoma-specific transcripts are ~1 kb shorter than the
transcript from the proto-oncogenic Xmrk at the INV locus.
This points to such a structural alteration, possibly associated
with the proposed translocation event. The full significance of
the differing transcripts awaits further elucidation. The C-
terminal deletion observed for the Xmrk-gene products encoded
by the X-chromosomal locus seems not to affect its transforming
capability in general, because in this region the potentially
oncogenic Xmrk at the Y-chromosomal locus contains an iden-
tical exon as the proto-oncogenic Xmrk at the INV locus. This
difterence, however, may account for an observed variability in
the malignancy of the resulting melanoma; the X-chromosomal
Tu-Sd locus is responsible for much more severe tumourous
lesions than the Y-chromosomal Tu-Sr locus. For the subclass I
RTKs of higher vertebrates, a variety of minor or severe alter-
ations of the C-terminal domains do not alter transforming
potentials in general, but confer higher sensitivity to ligand-
induced mitogenesis than that found in the wild-type situ-
ation®** (for a discussion see ref. 30).

We propose that the melanoma oncogene of Xiphophorus
encodes an activated version of a novel putative RTK, whose
oncogenic potential is suppressed in wild-type platyfish. The
suitability of fish for developmental biological studies and the
availability of numerous mutants and wild-type alleles that affect
the melanoma oncogene itself (or the phenotype of the resulting
melanoma) makes Xiphophorus a unique in vivo system for
studies of RTK-mediated oncogenesis as well as possible
mechanisms for the suppression of this process. O
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