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Melanoma formation in platyfish/swordtail hybrids of genus Xiphophorus is due to 
overexpression of the receptor tyrosine kinase oncogene Xmrk. This gene is the molecu­
lar equivalent to the Tu-locus of platyfish, formerly identified by Mendelian genetics. 
The supposed evolutionary origin of the Xmrk oncogene is a nonhomologous recomhi· 
nation event in the 5' region of the corresponding Xmrk protooncogene with an anony­
mous sequence, D. This event led to a gene duplication of Xmrk, whereby the new copy 
obtained a novel promoter derived from D. Inactivity of this promoter in parental fish 
warrants Iack of tumorigenicity of the Xmrk oncogene in wild playfish. In hybrids, how­
ever, the promoter is active. This Ieads to the pigment cell transforming overexpression 
ofXmrk. 
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GENETIC CONTROL OF SPONTANEOUS 
MELANOMA FORMATION IN XIPHOPHORUS 
Fish of the genus Xiphophorus inhabit fresh water 

biotopes of the Atlantic drainage of Mexico, Honduras, and 
Guatemala. In several species, some individuals (ranging 
from 1 to 40% of a given population) exhibit spot patterns 
composed of large, intensely black pigment cells. These 
cells have been termed macromelanophores to distinguish 
them from micromelanophores, the normal-sized black pig­
ment cells that make up the uniform greyish body colora­
tion (Gordon, 1927). More than 60 years ago it was 
discovered that certain hybrids of macromelanophore pat­
tern-carrying platyfish (Xiphophorus maculatus) and 
of unspotted swordtail (X. helleri) spontaneously de­
velop malignant melanoma (Gordon, 1927; Häussler, 
1928; Kosswig, 1928). 

Shortly thereafter it was recognized that occurrence of 
tumors in hybrids is dependent on a single locus, the 
macromelanophore locus of X. maculatus, which "inter­
acted" with the X. helleri genome (Kosswig, 1929; Gordon, 
1931). This interaction was later on defined as the effect of 
modifying genes. It has been a debate over the decades 
whether these modifying genes are "intensifiers" contrib­
uted by X. helleri to the hybrid offspring genome or if they 
are "suppressors," originally present in the X. maculatus 
genome, that are eliminated by the selective breeding pro­
cess through substitution of the corresponding platyfish 
chromosomes by those from the swordtail (Gordon, 1958; 

Atz, 1962; Kosswig, 1965; Zander, 1969; Kallman, 1970). 
Supposing multiple modifier genes melanoma formation 
was explained by the lass of ''inhibitory" genes suppress­
ing species-specifically the macromelanophore genes in 
the hybrid genome (Breider, 1952). The current, generally 
accepted explanation for the observed phenomena of he­
reditary melanoma by Anders and coworkers formalizes 
such considerations on the bases of numerous genetic ex­
periments (Anders, 1990). 

In a typical crossing experiment, a female X. maculatus 
that carries the X-chromosomal macromelanophore locus 
Sd (spotted dorsal, small spots in the dorsal fin) is mated 
to X. helleri, which does not carry the corresponding 
locus.The F1 hybrids show enhancement of the Sd pheno­
type. Backcrossing of the F 1 hybrid to X. helleri results in 
offspring that segregate into 50% that have not inherited 
the Sd-locus and are phenotypically like the X. helleri pa­
rental strain and 50% that carry the macromelanophore 
locus and develop melanoma. The severity of melanoma 
ranges from very benign in some individuals (phenotype 
like the F 1 hybrids) to highly malignant in others. Highly 
malignant melanomas of such fish grow invasive and 
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exophytic and are fatal to the individuum. They even grow 
progressively following transplantation to thymusaplastic 
(nude) mice (Schartl and Peter, 1988). 

Based on a variety of such classical crossing experiments, 
a genetic model has been developed to explain tumor for­
mation in Xiphophorus (Ahuja and Anders, 1976). The 
macromelanophore locus was formally equated to a sex 
chromosomal multigene locus, whose critical constituent 
was designated "tumor-gene" (Tu). Melanoma formation 
then was attributed to the uncontrolled activity of Tu. In 
non-tumorous fish Tu activity was proposed to be nega­
tively controlled by cellular regulatory genes or tumor sup­
pressor genes (R-genes, corresponding to the repressing 
modifying genes mentioned above). In the crossing experi­
ment outlined above this means that X. maculatus con­
tains the Tu-Sd locus on the X-chromosome and the 
corresponding major R on an autosome, while X. helleri is 
proposed not to contain this particular Tu-locus and its cor­
responding R. According to the model, backcrossing of the 
Tu-containing hybrids to X. helleri results, in effect, in the 
progressive replacement of R-bearing chromosomes from 
X maculatus by R-free chromosomes of X. helleri. The 
stepwise elimination of regulatory genes is thought to al­
low expression of the Tu phenotype, leading to benign pig­
ment cell lesions if one functior.al allele of R is still present 
or malignant melanoma if R is absent. 

It is, however, similarly compatible with the crossing data 
to attribute Tu activity to the presence ofintensifying genes 
contributed by X helleri chromosomes to the hybrid ge­
nome, although this explanation has not been appreciated 
to the same extent as the suppressor hypothesis. To our 
knowledge, there is no crossing experiment that would help 
to decide between both possibilities. 

Reintroduction of suppressor genes or diluting out acti­
vating genes, respectively, by crossing malignant melanoma 
bearing hybrids to parental X. maculatus was shown to 
Iead to a reversion of the malignant phenotype resulting 
in totallyotumor-free fish in the succeeding backcross gen­
erations using X. maculatus as the recurrent parent 
(Anders et al., 1984). This demonstrates that the melanoma 
oncogene Tu itself remains structurally unaltered during 
the process of activation via hybridization. 

THE Tu-LOCUS ENCODED Xmrk GENE 
Using strategies of positional cloning that were aided 

by precise knowledge of the chromosomal Iocation of Tu 
and a plethora of chromosomal mutants affecting this re­
gion, a candidate gene was isolated that maps to the Tu 
locus (Schart!, 1988; Wittbrodt et al., 1989; Zechel et al., 
1988). A full-length cDNA was isolated from a melanoma 
cell line (Wittbrodt et al., 1989). The cDNA sequence shows 
a highest similarity to the human epidermal growth factor 
receptor gene (HER). Because it was demonstrated that 
the isolated sequence is not the fish homolog of HER 
(Wittbrodt et al., 1989), it is consequently a novel member 
of subclass I of the multigene family of reccptor tyroaine 
kinases (RTKs) and was designated Xmrk, for Xiphophorus 
melanoma receptor kinase. 

Two copies of Xmrk are located on the sex chromosomes, 

both of approximately 2~0 kb. They show identical exon/ 
intron arrangements and exon sizes and match the genomic 
organization of higher vertebrate subclass I RTKs (Adam 
et al., 1991). One copy ofXmrk (INV) is invariably present 
in all Xiphophorus fish representing the protooncogenic 
version of Xmrk. The second _copy is the oncogenic version 
of Xmrk and maps to the Tu-locus. lt exists as X- and Y­
specific alleles. The INV-encoded 5.8 kb message is found 
at low Ievels in all tissues tested including melanoma 
(Mäueler et al., 1988; Wittbrodt et al., 1989; Dimitrijevic, 
unpublished). Fbrthermore, this transcript is differentially 
regulated during embryonie development (Wittbrodt et al., 
1989). This implies anormal physiological function of INV 
and corroborates its identification as the protooncogene. 

In contrast, the oncogenic mRNA of 4.7 kb is only ex­
pressed in melanoma but at very high Ievels. The Ievel of 
transcription correlates with the degree of malignancy. In 
benign melanoma expression of the oncogene seems to be 
downregulated due to the activity of the modifying locus R 
(Adam et al., 1991). 

In contrast to the high degree of sequence conservation 
and structural similarity in the transcribed regions, the pro­
moter of the Xmrk oncogene (Adam et al., 1993) diverges 
completely from the typical GC-rich promoters of genes 
betonging to the RTK family (Ishü et al., 1985). Unexpected 
structural elements like a TATA and CAAT box typical for 
"non-house-keeping" genes (Dynan, 1986) specify the Xmrk 
promoter. Sequence analysis of the Xmrk protaoneogene 
cDNA isolated from a Xiphophorus embryonie cellline and 
comparison to the oncogenic version revealed overall se­
quence identity in the translated and 3 · untranslated re­
gion, but this terminates in the first exon (Adam et al., 
1993). This led to the conclusion that the 5 · dissimilarity 
reflects a genomic breakpoint, i.e., the oncogenic and 
protooncogenic versions of Xmrk must have different pro­
moter regions. In Southern blots of Eco RI-digested DNA, 
a specific molecular probe from the oncogene promoter hy­
bridized strongly to a 2.1-kb band in addition to the onco­
gene promoter fragment. This signalwas present in DNA 
of all fish tested regardless of the presence or absence of 
the Tu-locus. The 2.1 kb band was cloned and shown tobe 
almost identical in sequence to- the oncogene promoter from 
its 5 · end to the transcription start site. There was no fur­
ther sequence similarity 3 · of this point. This locus was 
called D (for donor). 

The sequence identity between the oncogene and the 
protooncogene over nearly the entire coding region on 
the one hand and the fact that the Xmrk oncogene and 
the D-locus share the same promoter region on the 
other band gave rise to the following model for the ori­
gin of the Xmrk oncogene (Fig. 1). During evolution of 
Xiphophorus, an unprogrammed nonhomologous recom­
bination event of the protooneogene with the D-locus 
has occurred . .A15 a result the duplicated copy from the 
protooncogene obtained a novel 5 • region, namely the 
promoter region of the D-locus, but retained the cod­
ing part of the receptor tyrosine kinase gene (Adam et 
al., 1993). In consequence, the new chimeric gene locus 
is subjected to altered transcriptional regulation due to 
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Fig. 1. Schematic representation of the genomic rearrangement 
leading to the Xm:rk oncogene. Rectangles represent genes. The 
dashed line indicates the rccombination cvent. Regulation by the modi­
fying locus R is indicated assuming that R acts as a suppressor of Th. 
The promoter of the Xmrk protaoneogene is white, the promoter of 
the D-locus is black. a: An unequal meiotic crossing over between the 
X and Y chromosome transfers the Xmrk protaoneogene to a new 

its new promoter. While the oncogcne promoter is quiet 
in wild-type fish due to the action of R, it becomes hyper­
active in the hybrids as a result of the stepwise elimina­
tion of R by crossing. This leads to overexpression of the 
Xm1'k oncogene in pigment cells and to a nonphysiological 
overproduction of the Xmrk gene product resulting in 
increased cell division and malignant melanoma. Until 
now, it has not been clear if unscheduled transcription of 
Xmrk is the only reason for tumor formation, because com­
parison of the cDNAs of oncogene and protaoneogene re­
vealed some critical amino acid changes (Dimitrijevic, 
unpublished) that have to be tested functionally. Nev­
ertheless, the change in transcriptional regulation 
seems to be the first and crucial step of melanogenesis. 

Xmrk 
oncogene 

X chromosome 

location on the Y chromosorne, fusing it to the D locus promoter. The 
truncated X chromosome is lost. b: Regulation of expression in wild­
type X. maculatus. The Xmrk oncogene is kept silent by R via its 
new, D-derived promoter. c: Gene regulation in macromelanophores 
of hybrids lacking the R locus due to crossing conditioned elimina­
tion. The Xmrk oncogene is overexpressed and exerts its transform­
ing function. 

THE Xmrk PROTEIN 
As predicted from the cDNA sequence, Xmrk encodes a 

functional receptor tyrosine kinase. Experiments with chi­
meric receptors in which the extracellular domain of Xmrk 
was replaced by the corresponding part of the human EGF 
receptor (HER) indicated that the Xmrk oncoprotein car­
ries an activating mutation in its extracellular or transmem­
brane domain, which Ieads to a low level of constitutive 
autophosphorylation. Whether this feature contributes to 
the transforming activity of Xmrk is so far unknown. 

The in-vitro transforming capability of Xmrk was shown 
by introducing the HER/mrk chimera in NIH 3T3 cells. 
Afterstimulation with EGF a high nurober offoci oftrans­
formed cells was observed comparable to the frequency 
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after transformation with the viral erbB oncogene (Witt­
brodt et al., 1992). 

Xmrk is the most abundant phosphotyrosine protein in 
melanoma of Xiphophorus and thus is a highly activated 
growth factor receptor. Although the molecular structure 
of the Iigand is still unknown, biochemical experiments have 
revealed that Xiphophorus melanoma cells secrete a pro­
tein factor that stimulates the Xmrk protein to become a 
highly active signal transducer (Malitschek et al., 1994). 
Thus the Xiphophorus melanoma cells are an.autocrine and, 
thereby, growth autonomaus system. 

Xmrk IS Tu 
All properties of Xmrk analyzed so far are in accordance 

with what can be expected for a dominant oncogene and 
its protein product. M, with all other genes that have been 
clonedas "candidate genes", more evidence is expected to 
confirm that it is, indeed, the sought-after genetic entity 
responsible for the phenotype for which the locus has been 
assigned to, rather than just fulfilling a selection of crite­
ria that theoretically could be met also by other genes or 
their products. The most stringent conditions to define 
Xmrk as the Tu gene are given by the question: Is Xmrk 
necessary and sufficient for tumor formation? The first part 
was readily answered by analyzing the genomic organiza­
tion of Xmrk in a mutant that had lost the capacity to de­
velop melarioma. This mutantwas found to be due to a large 
insertion in one exon in the kinase domain of Xmrk 
(Wittbrodt et al., 1989). The gene disruption of Xmrk abol­
ishes the Tu phenotype, thereby proving that Xmrk is nec­
essary for melanoma formation. For answering the second 
part of the question, transgenic fish were employed. An 
Xmrk minigene was introduced into a closely related fish 
species, the Japanese Medakafish, Oryzias latipes, which­
other than the Iive-hearing Xiphophorus-is egg-laying and 
therefore more suited for gene transfer experiments. Th­
mors appeared after a few days in the injected embryos 
(Winkler et al., 1994). The remarkably short latency pe­
riod excludes the possibility that additional events, for in­
stance mutations that Iead to activation of host oncogenes 
or inactivation of tumor suppressor genes, were required 
for tumor formation in the Xmrk transgenics. Thus Xmrk 
alone is sufficient for tumor formation. 

The transgenic experiments provided also other inter­
esting information. For expression of the Xmrk transgene 
a promoterwas used that is constitutively active in all tis­
sues and organs of fish embryos. However tumors were 
detected only in those cell types in which the Xmrk proto­
oncogene is found to be expressed (Winkler et al., 1994). 
This indicated that the Xmrk oncoprotein is dependent 
on a specific signal transducing machinery that acts 
downstream of the receptor to mediate its transform­
ing capability. 

IS Xmrk THE MACROMELANOPHORE GENE? 
Dependin~ on the macromelanophore pattern of the pa­

rental platyfish, the melanoma of the hybrids are localized 
in specific body compartments, e.g., in crosses where the 
Sd locus that causes macromelanophore spots in the dor-

sal fin of the parental platyfish was introduced into the 
hybrid genome, melanoma spread from the dorsal fin. In 
fish with an Sp (spotted) locus which causes macro­
melanophore spots on the flanks of the parental platyfish, 
melanoma of the corresponding hybrids originate exactly 
from this region. This pattern information and the neoplas­
tic transformation locus Tu are extremely closely linked 
and only few mutants exist which affect the original 
macromelanophore pattern and, consequently, the mela­
noma compartment (Anders et al., 1973; Kallman, 1975). 
According to Kallman's work the different patterns are due 
to a series of alleles, or pseudoalleles, of macromelanophore 
genes each harboring the capacity for melanoma forma­
tion (Kallman, 1975), while Anders proposed that a single 
Tu-locus is closely linked to a series of nonallelic, com­
partment-specific genes that suppress appearance of 
macromelanophores in the various body regions. The dif­
ferent patterns then should be due to mutational impair­
ment of one of the cis-acting compartment genes (Anders, 
1991). The implication from both explanations isthat the 
gene that determines the macromelanophore phenotype is 
identical to the dominant oncogene. 

Because the Xmrk oncogene is the molecular equivalent 
of the genetically defined Tu-gene, the question can be 
asked: Is Xmrk the macromelanophore gene? The avail­
able evidence for answering "yes" or "no" is conflicting. 
On the one hand, fish of the "loss of function" mutation 
that do not develop melanoma due to an insertion in the 
Xmrk oncogene (Wittbrodt et al., 1989) have also lost the 
macromelanophore cell lineage. This would argue that 
Xmrk is the macromelanophore gene. On the other hand, 
in a preliminary analysis, several populations of different 
Xiphophorus species that exhibit macromelanophore pat­
terns have been found to contain only the Xmrk protoon­
cogene, but not a functional oncogene. Interestingly, 
following the appropriate crossing, these genotypes never 
develop melanoma indicating that the macromelanophore 
is specified by a separate locus, while Xmrk mediates the 
capacity for neoplastic transformation. The strict cosegre­
gation without imperceptible recombination of the macro­
melanophore phenotype and the Xmrk oncogene in those 
genotypes that give rise to hybrid melanoma has thus to 
be interpreted in the way that if Xmrk and the macro­
melanophore gene are indeed separate entities, they have 
to be linked very, very tightly. Certainly much more work 
is needed to answer these questions. 

DOES Xmrk PLAYA SOLO PART IN 
TUMORIGENESIS OF XIPHOPHORUS? 

Although Xmrk is causative for hereditary melanoma in 
Xiphophorus, other known oncogenes are expressed as weil 
as was shown by N orthern blot analyses. Obviously, these 
oncogenes are adventitiously acti~ated following Xmrk 
overexpression (Mäueler et al., 1993). Thus, multiple mo­
lecular occurrences are instrumental in generating the com­
plete malignant phenotype of melanoma. The sequence of 
events, however, remains obscure. 

It has been hypothesized that the Tu-locus is responsi­
ble for induction of tumors of all histiotypes and different 
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etiologies in Xiphophorus (Anders, 1991). In a preliminary 
analysis of chemically induced tumors, i.e. fibrosarcoma and 
melanoma, no expression of Xmrk could be detected 
(Mäueler et al., 1993). This indicates that different molecu­
lar pathways can Iead to a common tumor phenotype and 
that activation of oncogenes other than Xmrk can cause 
tumors in Xiphophorus. The availability of molecular tools 
that have been developed in the past few years will help to 
elucidate the complex network of events that finally result 
in malignant tumors. 
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