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Evidence for the relevance of genetic factors in me
lanoma formation is threefold: Firstly, there are numer
ous reports that melanoma occurs more frequently in 
certain families {1, 2, 3) suggesting a genetic predis
position .to develop the malignant disease. Secondly, 
specific chromosomal abnormalities have been ob
served accompanying early and progressing stages of 
melanoma (4, 5, 6, 7, 8}, with chromosome 1 and 6 
being the most abundantly affected ones. lntroduction 
of a normal chromosome 6 into melanoma cells led to 
reversion of the malignant phenotype (9). Thirdly, 
known oncogenes have been found to be activated in 
melanoma and melanoma derived cell lines, e. g. 
members of the ras-gene family (1 0) or the src gene 
(11). All experimental data aimed at specifying the ge
netic changes that determine the neoplastic pigment 
cell are derived from camparisans of advanced stages 
of the tumor or even metastases to non-transformed 
melanocytes, nevi or even less weil defined "normal 
counterparts" of the melanoma cells. The biochemical 
and molecular biological differences obtained through 
such analyses are numerous. However, it appears in 
generat impossible to decide which of those differen
ces are due to the primary genetic events instrumental 
in the causation of neoplastic transformation. Others 
might be important in secondary steps of tumor pro
gression and metastases. Finally, some of the charac
teristics observed may be totally irrelevant for estab
lishing and maintaining the neoplastic phenotype. 
They may reflect simply the chaotic molecular biology 
of the cancer cell. The melanoma system of 
Xiphophorus can be used for studies on pigment cell 
tumor formation with the advantage of circumventing 
such problems. This is because the genesthat are re
sponsible for tumor induction are clearly defined by 
classical genetics. ln a first step towards a molecular 
understanding we have attempted to clone and func
tionally characterize the melanoma inducing onco
gene. 

GENETICS OF MELANOMA FORMATION IN 
XIPHOPHORUS 

ln Xiphophorus, some individuals exhibit spot patterns, 
composed of large, intensily black pigment cells. 
These cells have been termed macromelanophores 
while the normal sized black pigment cells that make 
up the uniform greyish body coloration have been 
designated micromelanophores (12). Already more 
than 60 years ago it was discavared that certain hy
brids of macromelanophore pattern carrying platyfish 
(Xiphophorus maculatus) and of unspotted swordtail 
(X. he/leri) develop spontaneously malignant me
lanoma (12, 13, 14). Shortly thereafter it was recog
nized that occurrence of tumors in hybrids is due to a 
single locus (the macromelanophore locus) of X. 
maculatus that "interacted" with the X. helleri genome 
(15, 16). This interaction was later on defined as the 
effect of modifying genas (presence of intensifying 
genas contributed by X. helleri andlor absence of re
pressing genes from X. maculatus (in the hybrid 
genome) which act specifically on the macrome
lanophore locus (17, 18, 19, 20, 21). 

ln a typical crossing experiment (see Fig. 1) a fe
male X. maculatus which 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 hybrid 
shows enhancement of the Sd phenotype. 
Backcrossing of the F1 hybrid to X. helleri results in 
offspring that segregate into 50 % which have not in
herited the Sd-locus and are phenotypically like the X. 
helleri parental strain and 50 % which carry the 
macromelanophore locus and develop melanoma. 
The severity of melanoma ranges from very benign in 
some individuals {phenotype like the F1 hybrids) to 
highly malignant in others. Highly malignant me
lanomas of such fish grow invasive and exophytic and 
are fatal to the individuum. They even grow progres
sively following transplantation to thymusaplastic 
(nude) mice (22). Based on a variety of such classical 
crossing experiments a genetic modal has been de-
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Figure 1: a) Current model to explain the classical crossing experiment leading to hybrids that develop 
malignant melanoma. For details see text. Tu, tumor gene, R, tumor suppressor gene. Note that the 
parental platyfish (Xiphophorus maculatus) carries two pigment spots in the dorsal fin that develop 
into melanoma in the hybrids. 
b) Alternative model employing R as an intensifier gene contributed by X. helleri in the crossing 
experiment. 

veloped to explain tumor formation in Xiphophorus 
(23). The macromelanophore locus was formally 
equated to a sex chromosomal melanoma oncogene 
locus, whose critical constituent was designated 
"tumor-gene" (Tu). Melanoma formation then was at
tributed to the uncontrolled activity of Tu. ln non-tumor
aus fish Tu activity was proposed to be negatively 
controlled by cellular regulatory genes or tumor sup
pressor genes (R-genes, corresponding to the repress
ing modifying genes mentioned above). For the 
crossing experiment outlined above this means that X. 
maculatus contains the Tu-Sd locus on the X-chromo
some and the corresponding major R on an autosome, 
while X. helleri is proposed not to contain this particu
lar Tu-locus and its corresponding R. According to the 
modal 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 elimina-
tion of regulatory genas is thought to allow expression 
of the Tu phenotype, leading to benign melanoma if 
one functional allele of R is still present or malignant 
melanoma if R is absent (for review see 24). 

lt should be noted, however, that it is similarly 
compatible with the crossing data to attribute Tu activi
ty to the presence of intensifying genes contributed by 
X. helleri chromosomes in the hybrid genome. 

Reintroduction of suppressor genas or diluting 

out activating genas, respectively, by crossing malig
nant melanoma bearing hybrids to parental X. macula
tus was shown to Iead to a reversion of the malignant 
phenotype resulting in totally tumor-free fish in the 
succeeding backcross generations using again X. 
maculatus as the recurrent parent (24). This demon
strates that the melanoma oncogene Tu itself remains 
structurally unaltered during the process of activation 
via hybridization. 

REVERSE GENETIC APPROACHES TO· 
WARDS ISOLATION OF THE DOMINANT ME· 
LANOMA INDUCING GENE 

ln order to understand the molecuiar basis of heredi
tary melanoma isolation and characterization of the 
genes involved was attempted. We first concentrated 
on Tu because in the past a I arge variety of different 
alleles from natural populations (see 25) and several 
spontaneaus and X-ray induced mutants had been 
isolated and characterized (26) . .To that point no can
didate gene produd of Tu had been characterized 
precluding cloning by conventional recombinant DNA 
technology. We therefore applied a strategy that has 
been termed "reverse genetics" (27) to isolate the me
lanoma inducing gene of X. maculatus. This strategy 
included the following steps: 1.) Determination of the 
chromosomal location of Tu. 2.) ldentification and 
cloning of a molecular marker sequence for the Tu-lo-
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cus, which is apparently due to a restriction fragment 
length polymorphism (RFLP). 3.) Cloning of the Tu
containing region by chromosome walking or jumping. 
4.) ldentification and isolation of a candidate gene. 5.) 
Verification that the candidate gene is indeed respon
sible for the Tu-phenotype, namely melanoma induc
tion in the hybrids, thereby proving that the cloned 
gene is actually the sought Tu gene. 

After the chromosomal localization of Tu had 
been clearly defined by recombination and mutation 
analyses as to reside within the distal portion of the 
sex-chromosomes (25, 26}, the most critical step was 
to identify a molecular marker sequence. One of 
several approaches (see 28) was to use heterologous 
oncogene/proto-oncogene probes for Southern hy
bridizations under conditions of low stringency. The 
rationale for this was that most oncogenes/proto-onco
genes of higher vertebrates fall into one of several 
classes of multigene families. The members of such 
gene families share highly conserved regions, e. g. ki
nase domains, DNA-binding domains etc. A molecular 
probe of such a conserved region detects not only all 
members of the gene family of the same organism un
der conditions of reduced stringency in Southern hy
~ridization, but also from distantly related species, e.g. 
fash (29, 30, 31 ). As a Iot of sequences are identified in 
such experiments with a single probe, these are very 
informative with respect to the detection of RFLPs, that 
can be used as molecular markers. ln addition, it ap
peared not totally illusionistic to expect that the sought 
dominant melanoma oncogene of Xiphophorus might 
be a member of one of the known oncogene/proto
oncogene multigene families. 

From all probes tested, the viral erb B (v-erb 8) 
probe was most informative. lt is derived from the B 
oncogene of avian erythoblastosis virus and repre
sents an oncogenically activated version of the avian 
epidermal growth factor receptor (EGFR) gene (32). A 
probe that encompasses most ot the higly conserved 
kinase domain, detects in EcoRI digests besides other 
strongly hybridizing bands two weaker bands that are 
only detected in the DNA of fish carrying a sex-chro
mosomal Tu-locus, one of 6.5 kb cosegregating with Y
chromosomal Tu-loci and one of 5 kb, cosegregating 
with X-chromosomal Tu-loci (33). ln Iinkaga analysis 
employing more than 500 individual fish no recombi
nant between this RFLP and the Tu-locus was found 
(33, 34, 35, 36) indicating that this sequence is either 
intimately linked to Tu or even an integral part of the 
locus. The 5 kb band was cloned and found to detect 
besides the V-chromosomal 6.5 kb band a third hy
bridizing sequence of 7 kb which was invariably pre
sent in DNA of all fish irrespective of the presence or 
absence of a Tu-locus (37 •. 34) (Tab. 1). With the ge
nomic sequence as a probe a corresponding full 
lenght c-DNA (35) was cloned from melanoma cells 
and found to encode a typical growth factor receptor 
protein with an extracellular Iigand binding domain, a 
transmembrane domain and an intracellular catalytic 
domain, that contains all eleven structural motifs diag
nostic for the protein kinase moiety of receptor tyrosine 
kinases (RTK). The gene was designated Xmrk tor 

Xiphophorus melanoma receptor kinase. lt is closest 
related to the EGFR of higher vertebrates, but it does 
not represent the fish homologue of this gene (35). 
Xmrk is a bona fide new member of the RTK gene 
family, whose physiologicalligand is unknown to date. 

STRUCTURE AND GENOMIC ORGANIZATION 
OFXMRK 

ln the Xiphophorus genome three different copies of 
the Xmrk gene coexist at independent genetic loci 
(35,34). They share as far as analysed an identical 
exonlintron arrangement. Each locus comprises ap
proximately 25 kb (see fig. 2). Xmrk also has an identi
cal exonlintron arrangement and exon sizes as EGFR, 
HER 2/neu and ERB B 3 (38). 

All fish, regardless of the presence or absence of 
the Tu-locus. contain one copy of Xmrk (recognized by 
the invariably present 7 kb EcoRI fragment, therefore 
called INV) on each sex-chromosome. lt obviously re
presents a typical proto-oncogene (35, 38, 34). The 
remaining two copies - named X or Y according to their 
sex-chromosomal location - are associated with 
macromelanophore spot pattern loci that can give rise 
to melanoma in the appropriate crossings (34) and are 
regarded as oncogenic versions of the INV copy. 

All three copies of Xmrk show a strong sequence 
conservation including non-coding regions (99%). The 
kinase domain of the oncogenic copies does not show 
a single mutation which could Iead to an altered pro
tein, such mutations are restricted to the carboxy-ter
minus. From 122 sequence differences between the 
proto-oncogene and the two oncogenes found in a to
tal of 18 kb of genomic sequence (exons and introns), 
1 0 Iead to amino acid exchanges. only three of which 
are nonconservative (38). 

lt is not clear at present if the observed sequence 
differences. or possible mutations in the so far not 
analysed extracellular, transmembrane and juxta
membrane domains in the Y- and X-locus do con
tribute to the process of neoplastic transformation. 
Anyway, the mutations in the oncogenic copies of 
Xmrk are not effective as long as the genas are sup· 
pressed by the R-locus or not stimulated by the corre
~ponding "activating" locus of the swordtail, respec
tlvely. Therefore such differences are not primarily re· 
sponsible for bringing about the appearance of me
lanoma in the hybrids. 

Evaluation with respect to phylogeny of the se
quence differences found in all three Xmrk loci strongly 
supports the idea of a gene duplication event which 
created a new copy of the INV gene. This copy was 
translocated 2 cM apart on the Y-chromosome during 
this duplication process and at a later stagetransferred 
also to the X-chromosome by sex chromosomal 
crossing-over (38, see fig. 3). 

Verification that the additional X- or V-chromoso
mal copies of Xmrk are actually the critical, l.e. me
lanoma inducing constituent of the Tu-locus, came 



176 M. Schartl et al. 

Table 1: Presence of the proto-oncogene locus (INV) and the oncogene loci (X, Y) in different species and 
genotypes of Xiphophorus fish. 

Genetype 

X. maculatus 

X. maculatus 

X. helleri 

Geographical origin 

Rio Jamapa 
Rio Usumacinta 
Rio Coatzecoalcos 
Rio Papaloapan 
Belize River 
Lago Catazaja 
Rio Tulija 

Rio Tonala 

Rio Lancetilla 
Rio Agua fria 
Rio San Juan 
Rio Tonala 

-

-

sex chromoso
mal Tu-locusa 

+ (Y) 
f- c +(X) 

-(X, Y, W) 

+ 

X.mac/X.he/1/X. mac: Rio Jamapa t- d + (X) 
hell BC4-6 hell: Rio Lancetilla .J 

X. variatus 

X. var/X.he/11 
X. hell 

X.xiphidium 

X.xiph/X.he/1 
F1/X.he// BC1 

X. cortezi 

Rio Panuco 
Rio Gay 

var. Rio Panuco 
hell: Rio Lancetilla 

Rio Purification 
Rio Soto Ia Marina 

Santa Engracia 

xiph: Rio Purification 
hell: Rio Lancetilla 

Rio Axtla 

+(X) 
- (X, Y) 

I- c +(X) 
_J -(X) 

+(Y) 

} -(Y) 

+(Y) 

+ 

a known sex-chromosomal location in brackets 

Xmrk Xmrk 
oncogene proto-oncogene 
~b ~b 7.0 b 

+ + 
+ + 

+ 

+ 

12 kb b 

+ 

+ 

10 5 kb e 
+ 

+ 

6.5kb 
+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

8.5 kb e 
+ 

+ 

+ 
+ 

. 9.5kb 
+ 
+ 

n 

75 
100 
69 

5 
5 

21 
3 
3 
2 

76 
41 

7 
6 

24 
20 

4 

12 

37 
34 

8 
5 

b diagnostic EcoRI restriction fragment obtained in Southern blot hybridizations with the kinase domain probes 
pXX21 (37) and p17-2 (35) 

c for specification see ref. 34 
d for details .see ref. 35 
e diagnostic BamHI restriction fragment obtained in Southern analyses, probes see b 
f diagnostic Hindill restriction fragment obtained in Southern analyses, probes see b 

from analyses of "loss of function" mutants of Tu. Such 
mutants arise spontaneously with a very low frequency 

to carry an insertion within one exon of the additional 
X-chromosomal Xmrk locus (35), resulting in the in
ability to develop hereditary melanoma. This showed 
that the Xmrk oncogene is necessary for tumorigenesis 
and therefore is the critical constituent of the Tu-locus. 

(<1 o-5) in broods of melanoma-bearing hybrids and 
are characterized by a lass of the ability to develop 
spontaneaus melanoma. One such mutantwas found 
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Figura 2: Restrietion map of the Xmrk locus (shown by example of the INV locus). Cloned regions a~e indicated 
by solid lines, the gray bar indicates the promoter region, the black bar marks the transenbad part of 
the locus. 

TRANSCRIPTIONAL ACTIVATION OF THE 
XMRK ONCOGENE 

The Xmrk genes give rise to two transcripts of different 
size, one of 5.8 kb and one of 4. 7 kb. The shorter tran
scripts are product of the oncogenic X- and V-chromo
somal Xmrk copies while the 5.8 kb mRNA is tran
scribed from the proto-oncogenic INV copy (35, 38}. 

The proto-oncogene transcript is highly abundant 
as matemal RNA in unfertilized eggs and is differen
tially expressed during organogenesis. ln adult non
tumoraus fish, expression of the INV gene is restricted 
to low Ieveis of transcripts in skin, fins and gills. Low 
Ieveis of the 5.8 kb transcript are also found in me
lanoma (38).This expression is not influenced by pre
sence or absence of the R-locus, as the 5.8 kb tran
script is found at similar Ieveis in melanomas of differ
ing malignancy. 

ln contrast, expression of the X- and V-copy of 
Xmrk is depending on the absence or presence of the 
R-locus. Expression of the 4.7 kb transcript is limited to 
melanoma, it cannot be detected in any other tissue. 
The degree of Xmrk oncogene expression and the 
malignancy of melanoma are definitely correlated: the 
amount of the 4.7 kb transcript is low in benign and 
very high in malignant melanomas (35, 38). 
Ovarexpression of the oncogenic Xmrk copies seems 
tobe a prerequisite for tumor formation. 

Analysis of the genomic sequences to explain the 
size difference of 1.1 kb of the INV transcript on the 
one, and the X- and Y-transcript on the other side, re
vealed intruiging differences in the S'region. Both 
oncogenic copies of Xmrk use a transcription start site 
located closer to the ATG codon than that used by the 
proto-oncogene. This is due to the presence of two 
different promoters in the different Xmrk genes (38). 
The promoter of the oncogenic Xmrk loci is obviously 
only active in the melanoma cells of the hybrid fish but 
appears inactive in the purebred parental fish. 

Based on this results, it is conceivable to argue 
that the R-locus is somehow involved in transcriptional 
control of the promoter of the oncogenic Xmrk loci (X, 
Y). Loss of the R-locus from the platyfish or gain of its 
swordtail counterpart, rospectively, then would Iead to 
uncontrolled expression of X and Y resulting in me
lanoma formation. 

IMPLICATIONS AND PERSPECTIVES 

The classical model (23) to explain spontaneaus me
lanoma formation in platyfish/swordtail hybrids 
employing the sex-chromosomal dominant acting 
oncogene locus Tu, which we have shown to encode a 
copy of the Xmrk gene, and the autosomal tumor 
suppressor locus R, has been extended to explain also 
a variety of other phenomena and experimental 
observations such as the formation of carcinogen- and 
X-ray-induced tumors of all histiotypes in Xiphophorus 
hybrids, and the occurence of macromelanophore spot 
pattern in several other Xiphophorus species besides 
X. maculatus, some of which predispose to 
spontaneaus melanoma formation in hybrids while 
others do not (39). After cloning of the Xmrk gene from 
the Tu-locus these problems can now be approached 
experimentally. 

The extended modal to explain induction of tu
mors of all etiologies, which was even stretched to a 
unified concept for the origins of cancers in all multi
cellular organisms ranging from plants to man (39), 
was faced with the problern that carcinogen treatment 
led to tumor induction also in hybrids that did not con
tain a sex-chromosomal Tu-locus associated with the 
macromelanophore locus. lt was therefore proposed 
that Tu is present in the genome of Xiphophorus in 
multiple copies, spread over all Chromosomes. The 
macromelanophore locus associated Tu-copy was 
termed "accessory Ttf, because it is obviously lacking 
in a variety of genotypes, e. g. the unspotted sword
tails, without any negative effect, while the autosomal 
copies were termed "indispensable". These were pro-

., . • 
y \--v..c..._ 

J t ., . .. x '\lt.-- x.a.ro-

Figura 3: Model for the generation of the oncogenic 
Xmrk copies (X, V) by gene duplication of 
the proto-oncogenic INV Xmrk gene and sex 
chromosomal erossing-ever (indicated by 
arrows). Large deletions are indicated by 
gaps. 
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posed to encode the information for neoplastic trans
formation realized in most of the carcinogen-induced 
tumors in addition to their so far undefined important 
physiological function. Because tha indispensable 
copias of Tu were not aasily recognizable by 
macromelanophore patterns, their existance remained 
hypothetical. The genomic organization of Xmrk clearly 
is not in accordanca with these considerations on 
"accessory" and "indispensable" Tu copies. Xmrk is 
only present on the sex-chromosomes (34). lf activated 
oncogenes responsible tor tumor induction after car
cinogen treatment could not be mapped to the sex
chromoso.ma (40), they are definitely distinct from Xmrk 
and are consequently not encoded by Tu. Further evi
dence for this issue may be obtained from studies on 
Xmrk expression in tumors of different etiology and 
also from molecular analysis of tha tactors responsible 
for tumor formation following carcinogen treatment. 

Tha idea that one oncogene, namely Tu, should 
be responsible for a large variety of tumors of different 
histogenesis, is also not supported by findings in other 
systams. Melanoma in transgenic mice were obtained 
due to the activity of the SV40 T -antigen, which is 
clearly not responsible for most other melanoma (41 ). 
Different oncogenas have been found activated in tu
mors even of identical histiotype (10, 42). 

With respect to the phenotypic diversity of 
macromelanophore patterns in the feral Xiphophorus 
populations it was reasoned that Tu itself specifies the 
phenotype of the macromelanophore. Pattern informa
tion was proposed to be encoded in a series of closely 
linked "compartment" genes. The potential for me
lanoma induction was thought to depend on the chro
mosomal location of the major R-gene being closely 
linkad to the Tu-locus in those cases, where a 
macromalanophore locus does not have a malignant 
potential. ln the case of melanoma predisposing loci R 
was proposed to be located on an autosome, thus 
being separatad from Tu in backcross hybrids, analo
gaus to the Situation described for "Spotted dorsal" of 
tha Rio Jamapa platyfish. Again studies on the ge
nomic organization of Xmrk led to a different view (34). 
The genas determining the phenotype of the 
macromelanophore are different trom Xmrk although 
closaly linked. ln a total of 13 sex-chromosomal 
macromelanophore loci, that give rise to enhanced 
pigmentation and melanoma following the appropriate 
crossings, always an additonal copy of Xmrk was 
found (Table 1). Those macromelanophore Joci, which 
do not predispose for melanoma formation simply do 
not contain the additional, oncogenic copy of Xmrk. ln 
fish with those loci only the proto-oncogene INV of 
Xmrk is prasent (34). ln the melanoma predisposing 
macromelanophore loci the linkage of the oncogenic 
Xmrk copy to the pigmentation gene(s) is so tight, that 
it appears possible to identify these genes by chromo
some walking or jumping using Xmrk as a starting 
point. 

The identity of the Xmrk gene product as a puta
tive novel growth factor receptor with a tyrosine kinase 
activity implicates further questions the answers to 

which should help to understand how overexpression 
of the gene mediates tha initiation and maintanance of 
tha neoplastic phenotype of pigment cells. lt will be 
important to find those cellular Substrates for the Xmrk 
kinase that transduce the mitogenic signal exerted by 
the Xmrk Iigand to the nucleus as weil as to identify the 
genas that are activated 1ollowing Xmrk Stimulation. 
Isolation and characterization of the Iigand will not only 
help to elucidate the normal, physiological function of 
Xmrk but also help to investigate if the melanoma cells 
constituta an autocrine growth stimulatory loop sansu 
Todare and/or if the oncogenic Xmrk loci encode an 
"activated" mutant protein, that is constitutively active. 

So far, it was not possible to decide if Tu activity 
is supprassed by R-allales from platyfish or enhanced 
by corresponding allelas of the swordtail. Analysis of 
the promoter of the oncogenic Xmrk copies will reveal 
"enhancer" or "silencer" elements, that are involved in 
the transcriptional control of the gene in the melanoma 
cells. This will help to decide which modal (see Fig. 1) 
is correct. 

T o obtain information how tha oncogenic activity 
of the X- and Y-copies of Xmrk is suppressed in the 
parental purebred fish or, altarnatively, is enhanced in 
the hybrids, isolation and characterization of the Ren
coded gane{s) is required. The finding that transcrip
tional control may be the mechanism through which R 
regulates Xmrk emphasises tha importance of idantify
ing the factors that control transcription of the onco
genic Xmrk copies. An alternative approach will be to 
use also for cloning of the R encoded gane(s) the 
methodology of reversa genetics. 

Melanomas in feral Xiphophorus populations are 
extramely rare (43,44), however, their existance gives 
additional significance to the reasoning that the dupli~ 
cated Xmrk genas that reside closely to the macrome
lanophore locus, are potantially lnjurious. lt will ba im
portant to exploit also from an evolutionary and social 
behavioural genetic point of view how such a potential 
deleterious gene has been maintained in tha natural 
populations of most species of Xiphophorus. 
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