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I. Introduction and Historical Background 

<jncogenes are genes that code for neoplastic transformation and poss ibly 
for the maintenance of the neoplastic state of acelI. Although they have been 

1 Dedicated to Pe te r Karlson on the occasion 01' his 65th birthday. 
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deduced fi'om the inheritance of certain tumors many decades aga by genet
icists (see Strong, 1958; Lynch, 1967; Bauer, 1968; Heston, 1974), their 
general significance for tumor development remained widely unnoticed un
til they became identified as constituents of the genomes of tumor viruses 
and cells in recent years by virologists (see Bishop, 1982a, b). 

The history of the discovery of the oncogenes considered in this article can 
be traced back to the year 1928, when Kurt Kosswig in Muenster , Georg 
Haeussler in Heidelberg, and Myron Gordon in New York found that certain 
hybrids between the ornamental platyfish (Xiphophorus maculatus) and the 
ornamental swordtail (Xiphophorus helleri) are capable of developing mela
noma spontaneously. Subsequently these authors showed that the melano
mas of the hybrids originated from black spots that were inherited from the 
platyfish following Mendelian laws. Both the spots and the melanomas were 
formally assigned to Mendelian genes which were designated as "color 
genes" (because of the black coloration of the spots and of the melanomas), or 
"macromelanophore genes" (because of the giant pigment cells found in the 
spots and in the melanomas). The enhancement of the spots to melanomas 
was initially believed to be the result of enhanced color gene expressivity in 
the pigment cells exerted by "intensifier genes" that were assumed to be 
contributed to the hybrid genome by the swordtail. Thus, positive control of 
the color genes was believed to be the major cause for melanoma formation 
in Xiphophorus (Kosswig, 1929, 1937; GOI'don, 1931, 1958). Sporadically 
occurring hybr{dization-conditioned tumors involving tissues other than the 
pigment cell system, e . g., ocular tumors (GOI'don , 1947b), thyroid tumors 
(Aronowitz et al. , 1951; Berg et al. , 1953), and kidney tumors (Baker et al., 
1953), were difficult to interpret in terms of formal genetics. 

üur group started its research on cancer in the platyfish- swordtail system 
in 1957 when Gordon and Kosswig provided us with some of their fish 
stocks. During the following 10 years it became clear that development of 
melanoma and some other types of neoplasia in the fi sh is due to a certain 
gene that is endowed with the capacity to mediate neoplastic transformation 
(F. Anders , 1967). This gene is an oncogene by definition (A. Anders et al., 
1973a, b; see Heston, 1974), and was designated as "tumor gene" (Tu) (F. 
Anders et al. , 1974). In contrast to the initial concept of positive control of 
"color genes" mentioned above it was shown that Tu is normally under 
negative control by certain linked and nonlinked regulatory genes (R genes). 
Following hybridization, chromosomes carrying nonlinked R genes may be 
replaced by chromosomes lacking them: the oncogene Tu, then may become 
derepressed to a certain degree and may mediate neoplasiä. Thus, spon
taneous tumor formation in platyfish-swordtail hybrids was finally recog
nized as a problem of negative regulation of an oncogene (F. Anders, 1967). 
Some positive control on tumor growth detected in the derepressed Tu 
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system could be related to metabolites such as amino acids which may serve 
as nutrient factors in the transform ed cells (F. Anders et al. , 1962b, 1963, 
1969; F . Anders and Klinke, 1965; M. Sieger et al., 1968; F . Sieger et al., 
1969), and to hormonal influences (Siciliano and Perlmutter , 1972; A. An
ders et al., 1973a; A. Schartl et al., 1982). 

During the second decade of our studies we found that Tu is not only 
responsible for the spontaneous development of neoplasms in hybrids but 
also for germ line mutation-conditioned tumors as weIl as for the large 
variety of neurogenic, epithelial , and mesenchymal neoplasms (Abdo, 1979) 
that can be triggered in somatic cells by mutagenic (A. Anders et al., 1973a; 
Schwab et al., 1978a, b, 1979; Schwab and A. Anders, 1981) and chromatin
damaging agents (F. Anders et al. , 1981a), and by tumor promoters (A. 
Schartl et al., 1982). 

While genetically conditioned and environmentally triggered neoplasia in 
Xiphophorus became rather weil understood in terms of formal genetics, 
population genetics, cytogenetics, and developmental genetics (A. Anders 
and F. Anders, 1978; F . Anders, 1981; F. Anders et al., 1981b; Prescott and 
Flexer, 1982), its molecular basis remained extremely resistant to any 
el ucidation . 

New directions for our research arose when we related the concept of the 
oncogene of endogenous viruses freshly developed by Bentvelzen (1972) to 
our earlier concept of the tumor gene in the fi sh genome (see the discussions 
in A. Anders et al. , 1973a; Heston , 1974; Kollinger et al. , 1979). The appro
priate experiments were undertaken on ce tumor virologists realized that the 
oncogenes of certain tumor-mediating retroviruses such as the src oncogene 
from Rous sarcoma virus (RSV) of chicken are also present in the noninfected 
cells of the host organisms which are not taxonomically related to the host 
(see Bishop, 1982a, b). In Xiphophorus the cellular counterparts (c-onc 
genes) of 10 different avian and mammalian retroviral oncogenes (v-onc 
genes) were detected in a cooperative work of the labOl'atories of the Genet
ics Institute (Giessen) with the laboratories of H . Bauer (Giessen) and R. 
Gallo (Bethesda), by M. Schartl , A. P. Czernilofsky, and G. Franchini (see 
F. Anders, 1982; M. Schartl and Barnekow, 1982). üne of these onc-genes, 
namely c-src (the cellular counterpart of the oncogene of Rous sarcoma 
virus, v-src), was studied in more detail and its expression could be corre
lated with that of the oncogene Tu (Barnekow et al. , 1982; M. Schartl et al. , 
198, Bauer et al., 1982; F . Anders, 1982, 1983; F . Anders et al., 1983). 

The present article aims to unify our populational, morphological, devel
opmental, and cell biological findings obtained during research on the biolo
gy of the oncogene Tu of Xiphophorus. Furthermore, it aims to show that 
neoplasia of multicellular animals including humans results from elimina
tion , deletion , impairment, 01' insufficiency of regulatory genes that no 1'-
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FIG. 1. Map of Mexico and adjacent parts of Central America showing the distribution of 
these species of Xiphophorus wh ich were mainly used in this study. For details see Kallman 
(1975). 

mally control the oncogene , or from the introduction of uncontrolled ac
cessory oncogenes into the genome. 

Many earlier and recent findings cited in this article were to date unpub
lished. 

11. Ubiquity of Oncogenes in Purebred Animals Derived 
from Wild Populations 

We shall first report some basic facts on Xiphophorus (see Rosen and 
Bailey, 1963; Kallman, 1975) that are important for an understanding of the 
model character of our system for studies on neoplasia in general. 

A. BIOLOGY AND TAXONOMY OF Xiphophorus 

Xiphophorus is a viviparous genus of topminnows inhabiting ditches, 
rivers, lakes, brooks, ponds, and pools in the AtiantiG coastal drainage sys
tems from northern Mexico southeast to northern Honduras (Fig. 1). The 
peninsula of Yucatan is not inhabited by these animals indicating that the 
ancestors of the recent genus Xiphophorus were already present in the 
pliocenic Central America before Yucatan emerged from the sea. 

Xiphophorus reproduces in closed populations and has evolved into innu-
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FIG. 2. Cladogenetic dive rgence of the presently described species of the genus 
Xiphopho-rus . From Radda (1980), modiBed. 

merable , phenotypically distinguishable groups which are isolated geo
graphically or ecologically (see Atz, 1962; Zander, 1967). Seventeen of these 
groups which differ clearly from each other by their phenotype have been 
classified as species (Rosen, 1979; Radda, 1980) (Fig. 2). They can be ar
ranged in species groups , as folIows: the maculatus species group (the 
platyfish), e. g., X. maculatus (Fig. 3A), X. variatus, and X. couchianus; the 
helleri species group (the swordtails) , e.g., X. helleri (Fig. 3B), X. clemen
ciae, and X. signum; and the montezumae species group (the montezuma 
swordtails) , e .g., X. cortezi, X. montezumae, and X. pygmaeus. Some of 
these species are endemic to only an extremely restricted area, occupying at 
best a few spring pools or lakes; others inhabit a single river system; and still 
others , such as X. maculatus and X. helleri which are the main species of this 
researcf ' can be found from the Rio Jamapa (Mexico, near Veracruz; north
west from Yucatan) , eastward to the Belize River (British Honduras ; south
east from Yucatan), which represents a distance of over 3500 km (Fig. 1). 
Some species, e.g., X. maculatus and X. helleri, are sympatric, for instance 
in the Belize River and in the Rio Jamapa; but interspecific hybrids have 
never been found in the natural habitat (see Kallman and Atz, 1967; Zander, 
1967). 
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FIG. 3. Male (top) and fe male (bottom) of (A) Xiphophorus //laGulatus (fi'OIn a population 01' 
the Rio Usumacinta) and (B) Xiphophorus helleri (from Rio Lancetilla) (up to about 8 cm in 
length). 

• 
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The animals of all taxonomie groups of Xiphophorus can be hybridized in 
the laboratory, and all hybrids are fertile . This , together with the findings 
that the degree of enzyme polymorphism is low (A. Scholl , 1973; A. Scholl 
and F. Anders , 1973a; E. Scholl , 1977; Morizot and Siciliano, 1982), that 
pairing of the chromosomes in the hybrids during meiosis is normal (Sieg
mund, 1982; Kollinger and Siegmund, 1981), and that genome organization 
shows conformity in all cases tested (Schwab, 1982b; Herbert, 1983), led us 
to the conclusion that the relationship between these taxonomie groups 
known as species in the literature, actually is at the level of geographical and 
ecological populations and races comparable to the populations and races of 
most of the wild animal species and the human species (F. Anders et al., 
1981b). Even the large morphological differences between X. helleri and X. 
maculatus (compare Fig. 3A with 3B) that culminate in the development 01' 

lack, respectively, of a "sword" (an elongation of the lower part of the tail fin 
in the adult males) is of minor taxonomie value: following treatment of new
born X. maculatus with methyl-testosterone a sword develops indicating 
that even the sword-Iacking fish carry the genetic information for the devel
opment of the sword like their sword-carrying taxonomie counterparts (Dz
willo, 1964; A. Schartl , 1981). 

B. INSUSCEPTIBILITY OF ANIMALS FROM WILD POPULATIONS 

TO DEVELOPMENT OF NEOPLASIA 

Tens of thousands of individuals from wild populations of the different 
taxonomie groups of Xiphophorus have been collected by several authors 
(GOI'don , Kallman , Borowsky, Siciliano, Zander, and ourselves), but no tu
mors were detected. Furthermore, almost all species listed in Figs. 1 and 2 
have been inbred 01' bred in closed stocks in our laboratories (e.g., X. helleri 
from Rio Lancetilla and X. maculatus from Rio Jamapa, collected by Gordon 
in 1939; inbred for about 90 and 130 generations, respectively), but no 
tumors developed. 

The pure-bred descendants of the wild populations also proved to be 
highly insensitive to carcinogens such as X rays (A. Anders et al., 1971, 
1973a, b; Pursglove et al. , 1971; Pursglove, 1972; Haas, 1981), Benzo(a)py
rene (Maas, 1967), N-methyl-N-nitrosourea (MNU) (Schwab et al., 1978a,b; 
C. R. Scl midt, 1983), N-ethyl-N-nitrosourea (ENU), diethylnitrosamine 
(DENA), dimethyl sulfoxide (DMSO) (C . R. Schmidt, 1983; Herbert, 1983), 
and to tumor promoters such as 12-0-tetradecanoylphorbol-13-acetate (TPA) 
(Schwab, 1982a; C. R. Schmidt, 1983; Herbert, 1983), 17 -meth
yltestosterone, and other steroids (A. Schart!, 1981; A. Schart! et al., 1982) as 
weil as to potential tumor promoters such as saccharine, cyclamate and 
diazepam (C. R. Schmidt, 1983; Herbert, 1983). The first part of Table I 
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summarizes material, methods, and results of a recent broad-scale treatment 
experiment of this kind: about 7200 pure-bred individuals survived treat
ment with X rays and MNU , but none developed neoplasia (for germ line 
mutation-conditioned neoplasms that develop in the offspring of the treated 
wild animals see Seetion' IV,A,2) . 

C . O CC URRE NCE O F N EOPLASTIC ALLY TRAN SF O RM ED C E LLS IN A NJMALS 

FRO M WILD POPULATIO NS 

While neoplasms have never been observed in wild Xiphophorus there 
are strong indications that neoplastic transformation of a certain number of 
cells is a common process in these animals (F . Anders et al., 1980). Up to the 
present, however, this process could only be determined in pigment cells of 
the skin which, because of their natural pigmentation, can easily be ob
served in vivo. 

Evidence for transformation of pigment cells in the nontumorous wild fish 
comes from studies on certain population-specific and species-specific pat
terns of black spots (Fig. 4) . Gross inspection of the spots showed that they 
are composed of abnormal melanophores which differ from the regular 
melanophores of the skin by their enormous size and their heavy black 
pigmentation (Figs. 5 and 6). Gordon (1958) has considered them as an 
additional type of melanophore in the pigment cell system, namely the 
"macromelanophore," which develops following a process of "macromelano
phore differentiation. " Out of 9000 adults of X. maculatus collected by him, 
1879 had these macromelanophore spots . 

Morphologieal, ultrastructural, biochemieal, and developmental studies 
revealed similarities and differences between the regular and the abnormal 
melanophores wh ich led to the disclosure of the true nature of the abnormal 
melanophores and of the spots. 

The regular melanophores of the skin (Fig. 5) can easily be recognized by 
their lobulated or dendritic shape and by their content of melanin (Becker
Carus , 1965; Ilueken et al., 1973; E. R. Schmidt, 1978). They contain com
pletely melanized melanosomes but lack other cytoplasmic structures such 
as the endoplasmatic reticulum and the Golgi complexes (Weissenfeis et al., 
1970; U. Vielkind, 1972). Tyrosinase activity has not been found in the 
melanophores. They do not proliferate . These features suggest that the 
melanophores have reached the final stage of pigment cell differentiation . 
After having reached a certain age, they are removed by macrophages and 
become replaced by younger melanophores (see Fig. 8). 

It is important to note that the melanophores are spaced singly and keep a 
certain distance between each other (Lueken and Kaeser, 1972; Lueken et 
al., 1973; E. R. Schmidt, 1978). One can assume, therefore, that the dis-
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B 

c 
FIG. 4. Patterns of spots in Xiphophorus consisting of terminally difTerentiated neoplastically 

transformed pigment cells. (A) "Spotted dorsal" of X. maculatus from Rio Jamapa; (B) "Spotted" 
pattern of the same population; (C) "Nigra" 01' X. maculatlls from Belize River; (0) "Lineatus" 
and "Punctatus" patterns 01' X. variatus li'om Bio Panuco; (E) "Flecked" of X. xiphidium from 
Rio Soto La Marina; (F) "Oabbed" of X. helleri from Belize River. See Figs. 1 and 2. 
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FIG. 40- F. 

tances between the particular melanophores are controlled by a mechanism 
Iike density-dependent regulation in the sense proposed by Holley (1975) for 
control of cell growth in cultures. 

The abnormal melanophores of the spots of the skin (Fig. 6A and B), also 
lobulated and heavily pigmented, can easily be recognized by their enor-



FIG. 5. Regular melanophores in the skin. Note the equal distances between the cells . 

B ~ 
- - ... 

FIG. 6. The accumulations of neoplastically transformed melanophores (Tr melanophores) in 
the skin. (A) Two interlacing TI' melanophores in the early development of a spot; note the 
surl'Ounding distance-regulated regular melanophores. (B) Spot, composed of many Tr melano
phores. 
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mous size as compared to that of the normal melanophores (Breider and 
Seeliger, 1938; F . Anders et al. , 1980). They are multinucleated and highly 
endopolyploid , and can enlarge up to 0.5 mm in diameter. Like the regular 
melanophores and abnormal melanophores are not able to divide, show no 
tyrosinase activity (Schlage, 1978; U. Vielkind et al., 1977), contain only 
mature melanosomes, and lack the other cytoplasmatic structures (U. 
Vielkind, 1972, 1976) indicating that they have also reached their final stage 
of cell differentiation. After they have reached a certain age, they are also 
removed by macrophages and replaced by younger abnormal melanophores 
(Lueken et al., 1973; U. Vielkind, 1976; E. R. Schmidt, 1978; Diehl , 1982) 
(see Fig. 8, Tr cells). The radically different feature of the abnormal melano
phores as compared to the regular melanophores is, however, that they are 
not subjected to distance-dependent regulation. Their lobules and dendrites 
interlace (Fig. 6A) and the cells grow onto each other, thus forming compact 
three-dimensional accumulations of some hundred cells each, which appear 
as the heavily pigmented black spots in the skin (Fig. 6B). 

As gene rally accepted by tumor cell biologists, normal cells after having 
reached a certain density become terminally differentiated and stop divid
ing, whereas tumor cells are not regulated by density dependency; they 
remain poorly differentiated and continue to proliferate (see Pierce and 
Wallace, 1971; Holley, 1975; Prescott, 1976; Prescott and Flexer, 1982). 
Dysfunction of density-dependent regulation is a fundamental process un
derlying the change of a cell from the normal to a neoplastic state. The 
abnormal pigment cells of Xiphophorus, however, although not regulated by 
density dependency or distance dependency, respectively, are completely 
differentiated an~ are incapable of dividing further. These facts suggest that 
the early pigment cells, after being neoplastically transformed, become re
strained from proliferation by genes that constrain them to differentiate to 
the final stage of abnormal melanophores. Dysfunction of distance-depen
dent regulation of the abnormal pigment cells, therefore, appears reminis
cent of an early transformation event that was posttransformationally "neu
tralized" by cell differentiation . We will show later that diffe rentiation of the 
transformed cells is exerted by a certain "differentiation gene" (see Section 
IV,D). 

There are also indications for neoplastic transformation of pigment cells in 
nonspotted animals, for instance in X. maculatus from Bio Usumacinto. 
Studies on late embryos and neonates of these animals have shown that 
during the time in which the immune system matures, single heavily pig
mented cells that occur in the skin are rejected as pigmented aggregates of 
dead cell masses from the surface of the skin (Fig. 7) (M. Schartl, 1979). This 
process is interpreted at present as an autoimmune rejection of transformed 
pigment cells. It can be suppressed by the immune-suppressive steroid 
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FIG. 7. Rejected aggregates of dead pigment ce ll masses (arrows) presumably originating 
from transformed cells. The flsh is a neonate ofX. maculatus li'om Rio Usumacinto. Adults are 
shown in Fig. 3A. 

prednisolon . Treatment with testosterone (A. Schartl, 1981) or BUdH. (I-Iaas
Andela, 1978) leads to an acceleration of the rejection of the melanin 
aggregates. 

D. COMPETENCE FOR NEOPLASTIC TRANSFORM ATION 

The occurrence of neoplastically transformed melanophores (Tr melano
phores; all transformed cells are designated TI' cells in the following sections) 
in the fish raises the question of the stage of differentiation in which the 
pigment cells are capable of changing from the normal state to the neoplastic 
state. This stage of cell diHerentiation is considered the competent stage for 
neoplastic transformation. To detect this stage we studied first the normal 
differentiation of the pigment cells . According to Fitzpatrick and Lerner 
(1953) and Bagnara and I-Iadley (1973), we denote the very early common 
precursors of all types of pigment cells as chromatoblasts, the embryonie 
cells potentially capable of producing melanine as melanoblasts, the mature 
but not yet terminally differentiated melanin -producing cells as 
melanocytes, and the terminally differentiated melanin-containing cells as 
melanophores (for these latter ce li-types see Seetion 11, C). 

The pigment cells of vertebrates originate from neural crest cells (Du
Shane, 1938; Weston , 1970). In Xiphophorus (see Fig. 8) (I-I umm and 
Young, 1956; F . Anders et al., 1979a; Diehl, 1982) at the fourth day of 
embryonie life the neural crest cells start migrating. Those entering their 
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FIG. 8. Schematic presentation ofthe diHe rentiation ofnormal and neoplas tically transformed 
pigment cells. S, I, and A melanoblasts are stem, intermediate, and advanced melanoblasts, 
respectively. The TI' cells represent the transformed cell s. Only I melanoblasts are cOIupetent 
for neoplastic transformation . Tu , tumor gene (oncogene) (see Section IV,A); R,\1<:I , regulatory 
gene for control of Tu in the melanophore system (see Section IV,B); RNerv , RE,,;, RM es' 

regulatory genes controlling Tu in the nervous cell system, the epithelial tissues and the 
mesenchymal tissues, respectively; Rc", compartment-specific regulatory genes (see Section 
IV,C); g, "golden" gene that blocks pigment cell diffe rentiation; Diff, differentiation gene (see 
Seetion IV,D); I genes, intensifler genes, which support proliferation of poorly differentiated 
transformed pigment cells. Macrophages attack melanophores and TI' melanophores . From A. 
Anders and F. Anders (1978), modifled. 

final locations, including the corium of the skin and the extracutaneous 
connective tissues of the peritoneum, pericardium, dura mater, fascia ab
dominalis , chorioidea, and vascular structures (Peter, 1982, 1983), become 
determined to differentiate to pigment cells. These cells are considered to 
be chromatoblasts, which are the common precursors of all pigment cells 
(chromatophores) including pterinophores, purinophores, and melano
phores. Those chromatoblasts committed to diHe rentiate to melanophores 
give rise to stem cells for melanophore differentiation (S melanoblasts). 
These may reproduce throughout the life of the fish , but mayaIso differenti-
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ate to an intermediate stage of melanoblasts (I rnelanoblasts) . All cells that 
have reached this stage continue differentiation to the most advanced stage 
of melanoblasts (A melanoblasts). These cells can be distinguished from their 
precursors by their reaction to dopa. The first A melanoblasts occur in the 
skin of the 5-day-old embryos . They may differentiate within about 15 hr to 
rnelanocytes. The melanocytes differentiate to rnelanophores, the first of 
which occur in the 11-day-old embryo. In contrast to their precursors , they 
do not divide and are removed by macrophages after they have reached a 
certain age. A hOlneostasis exists between the different stages of 
melanophore differentiation, which is controlled by distance-dependent reg
ulation (see Section 11, C) . 

Evidence for the restriction of competence for neoplastic transformation to 
a certain stage of pigment cell differentiation comes from two lines of observa
tions (F. Anders et al. , 1972). (1) A certain mutant (golden gg) (A. Anders et 
al. , 1973a), in which the melanophore differentiation is almost completely 
blocked at the stage of the S melanoblasts (see g in Fig. 8) , fails to differentiate 
Tl' cells , indicating that S melanoblasts as weil as earlier stages (chromato
blasts , neural crest cells) are noncompetent for neoplastic transformation. (2) 
A melanoblasts , melanocytes, and melanophores, which can easily be recog
nized, have never been found to undergo neoplastic transformation . These 
cells appeal' to be too advanced in the normal process of differentiation , and 
therefore have lost the competence for transformation. 

The cells competent for neoplastic transformation , therefore, are the I 
melanoblas ts . 

The I melanoblasts, after being transfonn ed to TrI melanoblasts , differ
entiate to the easily recognizable , proliferating TrA melanoblasts. These Tl' 
cells differentiate to the heavily pigmented, endopolyploid TI' melanocytes 
which proceed to the terminal stage of differentiation of transformed pig
ment cells, represented by the abnormal melanophores (see Section II ,C), 
i. e ., the TI' melanophores . 

As will be shown later, spots and melanomas differ in the different propor
tions of TI' cells found in the different stages of pigment cell differentiation: 
TI' melanophores represent the predominant cells of the spots and the be
nign melanomas while TrA melanoblasts and TI' melanocytes represent the 
majority of cells of the malignant melanoma. 

We assume that competence to neoplastic transformation is, in general, 
restricted in all organisms to a certain stage of cell differentiation in any one 
of the organisms systems, and that TI' cells in any case may differentiate to a 
terminal stage, in which they, although still neoplastically transformed, are 
no longer deleterious to the organism; this assumption is supported by many 
observations from under systems (see Pierce and Wallace, 1971; Sachs , 
1978, 1982) . 

CO NT ROL OF ONCOCENES 

E. CE LLU LAR H O MOLO C S O F R ETRO VIHAL ONCOCENES I N A NIMALS 

F ROM WIL D P O P U LATIO NS. 
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Our interest in the cellular homologs of re troviral oncogenes in Xiphoph
orus came from severalloosely connected lines of observations, and from the 
literature : (1) the ubiquity of transformed cells in all individuals of the fish 
(Section 11, C), (2) the inheritance of genetic information for neoplastic trans
formation (Sections 111,0(; , D), and (3) the identification of c-src, i. e., the 
cellular homolog of the Rous sarcoma virus transforming gene, in the ge
nome of various vertebrates such as uninfected chicken (Stehelin et al., 
1976), mouse, calf, humans, and salmons (Spector et al ., 1978). These facts 
raised the question whether cellular oncogenes (c-onc genes), equivalent or 
even homologous to retroviral oncogenes (v-onc genes), are ubiquitously 
present in Xiphophorus , and whether they play any role in neoplasia. 

The cellular copnterparts of all 10 V-OllC genes tested by moleculaI' 
hybridization have been detected in DNA from X. helleri and X. rnaculatus 
with v-onc probes (Fig. 9) carried out by M. Schartl and Czernilofsky (1982) 
and M. Schart! and Franchini (1982) (see F. Anders , 1982; M. Schartl and 
Barnekow, 1982). From one ofthese c-onc genes, namely the c-src, the RNA 
transcript was identified (M . Schart! and Franchini, 1984), and a phos
phoprotein was detected that, as shown by its antigenic, biophysical , and 
enzymatic properties is closely related to the transforming protein of the 
RSV v-src oncogene (pp60v -s rc ) (Fig. 10): it was immunoprecipitated with 
antiserum against pp60v -src , has an estimated moleculaI' weight of 60,000, 
and is associated with a kinase activity which phosphorylates the tyrosine 
residue in the heavy chain of anti-pp60s rc IgG. This phosphoprotein is, 
therefore, assumed to be the product of c-src of the fish, i. e. , the pp60c

-
src 

(Barnekow et al., 1982). 
As measured by means of the pp60c-src kinase assay according to Collet 

and Erikson (1978) (see Collet et al. , 1980) (Fig. 11), c-src is active in all 
individuals of all wild populations of the different taxonomic groups of 
Xiphophorus tested (Table 11) . Brain tissue shows always a considerably 
higher kinase activity as compared to that of skin, liver , spleen, and testes. 
Muscle tissue showed no 01' a barely detectable kinase activity (Fig. 12). 

The fact that the oncogenes c-src is active in the nonneoplastic cells of the 
pure-bred animals indicates that neither the oncogene itself nor its product 
is necessarily correlated with tumor development (Barnekow et al., 1982; M. 
Schart! et al., 1982). 

F. THE c-src ONCO C EN E I N T H E ANIMAL KINC DOM 

The identification of c-src in the genome of various vertebrates such as 
chicken (Stehelin et al., 1976), mouse, calf, humans, sahnon (Spector et al. , 
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A B 
c - o nc Protypic virus 

c-erb Avian erythroblastosis virus (0) 

c- s rc Rous sarcoma virus (b) 

c-myc Avian rnyelocytornatosis virus (c) 

c-abl Abelson ffiurine leukernia virus 

c-fes Gardner-Arnstein feline sarcoma virus 

c-myb Avian rnyeloblastosis virus 

3.5- H 
c-ras Harve y rnurine sar c orna virus 

K c -ras Kirst e n rnurine sarcorna viru s 

c-sis Simian sarcorna virus 

c-yes Y73 sarcorna virus 

a b c 

FIG. 9. Cellular homologs of viral oncogenes detected in Xiphophorus. (A) Southern blots of 
Xiphophorus total genomic DNA digested with EcoRI , hybridized to nick-translated viral one 
prob es (a, v-erb; b, v-src; c, v-mye). (B) c-one genes so [ar found in Xiphophorus. Viral one 
probes were gifts li'om R. C. Gallo and K. Toyoshima, in collaboration with G. Franchini . 

1978\ and four different species of Xiphophorus from eight different 10-
calities (Barnekow et al., 1982; M. Schartl et al. , 1982) ('fable 11) led us to a 
more systematic sem'ch for this oncogene in additional taxonomic groups of 
the animal kingdom, and in the plant kingdom . First, different fish genera of 
the family of Poeciliidae that are more or less taxonomically related to 
Xiphophorus were investigated. All fish tested showed a pp60c-src kinase 
activity indicating that c-src is present in their genome (Barnekow et al. , 
1982). Second, c-src has been detected partly by molecular hybridization , 
partly by serological identification of pp60c-s rc , and partly by the tyrosine 
kinase activity of pp60c-src in a large variety of other m etazoa ranging from 
mammals , coelenterates (Fig. 13), down to the sponges (Schartl and Barn
ekow, 1982). Our results together with those ofSpector et al. (1978) obtained 
with humans, calf, and salmon and those of Shilo and Weinberg (1981) 
obtained with Drosophila are listed in Table III. 

All unicellular eukaryotes tested , including the protists Euglena, Cryp-

,. 
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c-src 
pp60 -

62K 
-:!60K 

53K 
~52K 
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FI G. 10. Demonstration of 32P-Iabeled pp60c-., ... c in fish brain extracts. Left track: Immu
noprecipitation of fi sh brain extracts , labeled belore with [32pjP j in vitra , with antisera from 
RSV tumor-bearing rabbits (TBR serum). The M,. 50,000 protein is presumably a degradatIOn 
product of pp60c-src . Right track: Immunoprecipitation of the same extracts with normal rabbit 
serum. Both 60K and 52K proteins could not be detected . From Barnekow et al. (1982). 

tornonas, Chlorogoniurn, Pararneciurn, Tetrahyrnena as weIl as the colony 
forming Volvox, were negative for the tyrosine phosphorylating kinase ac
tivity. The same is true for Trichoplax adhaerens, which is regarded to 
represent an intermediate form between the protozoan and metazoan orga
nization . Algae and higher plants also showed no kin ase activity. 

The ubiquity of c-src in metazoa raises the idea that this homolog of the 
viral oncogene v-src might have still unknown basic functions closely related 
to the evolution of the multicellular organization of the animals, and that 
neoplasia might be a character that is closely related to this evolution . As the 
sponges are known to have evolved in the proterozoicum, the origin of the c
src oncogene has to be estimated at over 1.5 X 109 years ago. 

At present several groups are trying to determine whether a cellular 
oncogene, such as c-src, is capable of mediating neoplastic transformation 
like its viral counterpart (Oskarsson et al., 1980; Pulciani et (Li ., 1980; Reddy 
et (Li . , 1982; de Feo et (LI., 1981; Takeya and Hanafusa, 1982; de Klein et ai., 
1982; Tabin et al. , 1982). If this should be proven we suggest that all indi
viduals of all metazoa are endowed with the capacity to develop neoplasia. 
Support for this idea comes from the fact that neoplasia is distributed
although sporadically- in all groups of multicellular animals (Huxley, 1958; 
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. v-src 
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FIG. 11. Assay far pp60c-src kinase activity accarding ta Callet and Erikson (1978). See 
Barnekow et al. (1982). 

Dawe and Harshbarger, 1969, 1975; Krieg, 1973; Kraybill et al. , 1977; Dawe 
et al., 1981; Kaiser, 1981). Ubiquity of oncogenes in the wild animals on the 
one hand and the infrequent occurrence of neoplasia in these animals on the 
other hand raises the question of the mechanisms that protect the majority of 
the individuals of all metazoans from the action of their own oncogenes (F. 
Anders , 1981; F. Anders et al., 1979a, b, 1981b). The Xiphophorus model 
provides an opportunity to contribute to the study of this problem. This 

TABLE II 
EXPHESSION OF pp60c -src-AsSOCIATED KI N ASE IN BHAIN EXTHACTS 

OF Xiphophorus OF DIFFEHENT PnO VENANCE 

Species Population Kinase activity" 

X. helleri Belize River + ++ 
X. helleri Rio Lancetilla +++ 
X. maculatus Belize River +++ 
X. maculatus Rio Jamapa ++ 
X. maculatus Rio Usumacinta ++ 
X. corlez-i Rio Axtla +++ 
X. variatus Rio Coy ++ 
X. variatus Rio Panuco ++ 

" + +. 100- 200 cpm/mg prote in ; + + +. 200-400 cpm/mg prote in . 
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-53K 

FIG. 12. Demonstration of pp60c-src associated protein kinase activity in extracts of diffe rent 
fish organs. 53K = 32P-labeled IgG heavy chain . de tected by autoradiography (see Fig. 11). 
Autoradiograms show equal amounts of protein for each sampIe. Note that brain shows the 
highest kinase activity. See Fig. 28. 

contribution comes from studies on defective control of the oncogenes which 
has been observed in certain hybrids (see Seetion 111). 

111. Defective Contra I of Oncogenes in Hybrids 

In contrast to the purebred descendents of wild populations of Xiphoph
orus that are highly insusceptible to neoplasia (see Seetion II,B), certain 
interpopulational, interracial, and interspecific hybrids are susceptible. 

A. SUSGEPTIBILITY OF HYBHIDS TO DEVELOPMENT OF NEOPLASIA 

Following treatment with carcinogens , depending on the wild populations 
used for hybridization, abou t 1 to 4% of the first hybrid generation (F 1) 
develop neoplasia. Tumor incidence increases in the second hybrid genera
tion (F 2) and the first backeross generation (BC l) up to about 8% and remains 
stable in the succeeding generations, which in the case of the backerosses 
have been tested up to BC24 (Table I , second part) . 

As compiled from the results of several investigators in our laboratories (A. 
Anders et al. , 1973a, 1983; Schwab et al., 1978a, b, 1979; Kollinger et al., 
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Flc . 13 . Identification of phospho-amino acids in 32P-labeled IgG heavy chain ofTBR serum 
precipitated sea ane mone extracts anel subsequent pe rformance 01' the kinase assay. Note that 
the phosphorylation site is exclusively tyrosine. See legends F igs. 10- 12, anel Barnekow et al. 
(1982). 

1979; Haas, 1981; C. R. Schmidt, 1983), 805 of 10,195 (8%) hybrids which 
survived treatment with MNU and X rays developed a large variety of 
different neoplasms (Table IV; Fig. 14). Most of the neoplasms were classi
fied as neurogenie and mesenchymal, with melanoma, neuroblastoma, and 
fibrosarcoma being the predominating types (Schwab et al., 1978a, b; Sch
wab and A. Anders , 1981; Abdo, 1979) . Epithelial neoplasms were less 
frequent but comprised those with the largest diversity . Some individuals 
developed several tumors of different types, for instance melanoma, neu
roblastoma, and rhabdomyosarcoma. Almost all tissues including the respi
ratory, endocrine, exocrine, excretory , reproductive, gastrointestinal , re-

Mammals 
Humans 
Calf 
Rat 
Mouse 

Birds 
Chicken 
Quai! 

Frogs 
Xenopus 

CONTROL OF ONCOGENES 

TABLE III 
c-src IN EUKAHYOTES 

Bony fish 
Poeciliidae 

Xiphophorus 
Girardinus 
Poecilia 
Belonesox 
I-I eterandria 
Xenotoca 

Flat fish 
Sea robin 
Mackerel 
Roach 
Gudgeon 
Salmon 
Codfish 
Cichlid 

Cartilaginous fi sh 
Shark 

Jawless fish 
Lamprey 

Acrania 
Amphioxus 

Insects 
Cockroach 
Drosophila 

Mollucs 
Cuttle fish (?) 

Coelen te rates 
Sea anemone 

Sponges 
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Marine sponge 
Freshwater sponge 

ticuloendothelial, hepatobiliary, skeletal, muscular, nervous cell, and pig
ment cell system developed tumors . The tumors show some fish-specific 
features, but their specific structure and growth are essentially identical to 
that of the corresponding tumors of other vertebrates (see Schlumberger and 
Luch~, 1948; Schlumberger, 1957; Scarpelli, 1969; Abdo, 1979) including 
humans (Sobel et al., 1975; Riehl et al. , 1984). 

B. HYBRIDIZATION AS A STEP TOWARD NEOPLASIA 

The occurrence of individuals susceptible to neoplasia among hybrids 
brings about the question whether this phenomenon is unique for Xiphoph
orus or represents a more or less general phenomenon in the animal king
dom. A survey of the literature (F. Anders , 1968, 1981; F . Anders et al., 
1979b, 1981b,c) and the experience of pathologists (see Weiss , 1972) illus
trates the general rule that (1) the incidence of spontaneously developing 
neoplasms is low in pure-bred animals from wild populations, and neoplasia 
is difficult to induce in these same animals, while (2) the incidence of spon
taneously developing neoplasms is high in animals of hybrid origin, and 
neoplasia is easily inducible in these animals (e. g., naturally occurring or 
experimentally produced interspecific and interpopulational hybrids , do
mestic, laboratory, and ornamental animals , pets) (see Stünzi, 1972; Hayes, 
1978). Many examples of neoplasia in hybrids and improved breeds ofhybrid 
origin in the animal kingdom have been cited in the literature: (1) insects: 
experimental hybrids and laboratory stocks, e . g., Drosophila (Gateff, 1978, 
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TABLE IV 
NEOPLASIA IN Xiphophorus HYß HIDS (F2- F Il ; BC j - BC24) 1 YEAH AFTEH THEATMENT WITI-I 

MNU AND X RAYS",1>·c.d 

Type of neoplasm 

Neurogenic 
Melanoma (benign) 
Melanoma (malignant) 
Neuroblastoma 

Epithelial 
Squamous cell carinoma 
Epithelioma 
Carcinoma (Iow-differentiated) 
Carcinoma (high-difIe rentiated) 
Adenocarcinoma (kidney) 
Adenocarcinoma (thyroid) 
Papilloma 
Hepatoma 
Acanthoma 

Mesenchymal 
Fibrosarcoma 
Rhabdomyosarcoma 
Lymphosarcoma 
Reticulosarcoma 

Total 

Number of animals wh ich 
developed neoplasms" 

MNU X Rays 

135 93 
138 34 
84 7 

} 491 

6 0 
19 6 
3 4 
2 5 
8 2 78 
2 3 
9 0 
5 1 
3 0 

190 6 
33 2 

1 0 
4 0 

642 163 805 

<I Classification according to Mawdesley-Thomas (1975). 
b Total number 01' sllI'vivors: 10,195 (MNU, 6608; X rays, 3587). 

Percentage 
incidence based on 

total number of 
survivors 

MNU X Rays 

2.12 2.6 
2.09 0.95 
1.27 0. 2 

0.09 0 
0.28 0.17 
0.05 0.11 
0.03 0.14 
0.12 0.05 
0.03 0.08 
0.14 0 
0.07 0.03 
0.04 0 

2.87 0.17 
0.5 0.05 
0.01 0 
0.06 0 

c MNU , 10 - 3 M; foul' times for 1 hr in 2-week intervals (Schwab et al. , 1979). X Rays, 1000 R; 
three times for 45 min in 6-week intervals (PlII'sglove et al., 1971). 

d Out 01' 10,195, 805 (7.9%) hybrids developed neoplasia. 
e Several animals developed several diffe rent kinds 01' neoplasms. 

1982), Solenobia (Seiler et al., 1958); (2) fish: naturally occurring hybrids , 
e. g., Lake Ontario hybrid carp (Leatherland and Sonstegard, 1978), orna
mental fish , e. g., red swordtail (Xiphophorus), guppy (Poecilia reticulata) 
(Sato et al., 1973), Girardinus (A. Schartl et al., 1982), orange medaka 
(Oryzias) (Takayama and Ishikawa, 1977), goldfish (Ishikawa et al., 1978a), 
ornamental carp (Ishikawa and Takayama, 1977), domestic fish bred for eco
nomic reasons , e. g., domestic carp (Ishikawa et al., 1978b), domestic trout 
(Halver and Mitchel, 1967; Sinnhuber et al., 1977); (3) birds: ornamental 
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hybrids, e. g., musk duck X mallm'd duck (Crew and Koller, 1936), peacock 
X guinea fowl (PoIl, 1920), improved breeds of domestic chicken (Weiss, 
1972); and (4) mammals: interspecific hybrid mice, e. g., Mus musculus X M. 
bactrianus (Little, 1947), laboratory mice strains, e. g., blue ribbon mice 
(Heston and Vlahakis , 1968), hybrids between laboratory rat strains , e . g., 
BALB/c X NZB (Warner et al., 1974), hybrids between laboratory rat 
strains, e.g., Sprague-Dawley X Long-Evans (Gross and Dreyfuss, 1979), 
domestic dogs , e.g., boxer dog (Stünzi, 1972; Weiss , 1972; Denlinger et al., 
1978), cats . cattle, swine, e. g., Sinclair swine (Hook et al., 1979), hOl'ses, 
e.g., Lippizaner (Gebhard and Niebauer, 1979), etc . 

The phenomenon of introducing susceptibility to neoplasia by means of 
hybridization is not linJited to the animal kingdom . Susceptibility to neo
plasia has also been observed in a large varie ty of plant hybrids, especially in 
cultivated plants that are mainly bred by hybridization. Hybrids of cabbage, 
lilies, tobacco, tomatoes, calanchoe, thorn-apples, poplaI', etc ., are well
known examples (see Ahuja, 1965; F. Anders, 1968; F. Anders et al., 
1981b,c; Beiderbeck, 1977; Braun, 1978). 

While there are no data on the relation between hybridization and cancer 
in human beings comparable to those in animals and plants, it is interesting 
to speculate whether the many facts on the high tumor incidence in humans 
that do not agree with the concept of the primacy of environmental factors 
and life style in carcinogenesis (Burch, 1976; Higginson, 1969; Maugh , 1979; 
Oeser and Koeppe, 1979; Koeppe, 1980) may be explained by civilization
conditioned interpopulational and interracial hybridization in our preceding 
generations. Such speculations are probably oflittle value in the fight against 
cancer. They might, however, help to find those factors that make a particu
laI' individual susceptible 01' insusceptible to cancer, 01' sensitive 01' in sen
sitive to carcinogens (Heston, 1974). 

Interpopulational and interracial human mating (we use the term popula
tion and race in the sense of "Mendelian population" and "Mendelian race" 
proposed by Dobzhansky, 1937) may have occurred at any time and place. 
Because of the high mobility of humans as compared to other mammals one 
should expect high values of genetic heterogeneity. Various estimates based 
on enzyme variation showed that heterogeneity in humans (Schull, 1979) is 
comparable to that of domestic mammals, such as cats (O'Brien, 1980), but is 
about 6 tünes higher than that of wild macaques, about 10 times higher than 
that observed in big wild mammals such as elk, moose, polar bear, black 
bear, and elephant seal, and about twice as high as that of most feral rodents 
studied so far (Fuerst et al., 1977). On the basis of these data one could 
assume that the high tumor incidence in humans might also be related to 
hybridization like that in domestic animals. 

There are also some data on chromosomal heteromorphisms in human 



A 

a 

B 

FIG. 14. Xiphophorus maculatus-X. helle-ri hybrids exhibiting A: MNU-triggered fibrosar
coma; B: diffe rent MNU-triggered fibrosarcoma (a) and rhabclomyosarcoma (b); C: MNU-trig-
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gerecl signet ring cell carcinoma; D: spontaneolls amelanotic melanoma on an albino (note 
vasclllarization). From C. R. Schmidt (1983). 
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populations that might be useful for estimates of heterogeneity within and 
between different populations. According to such estimates it appears that, 
for instance, Japanese populations exhibit a low degree of Q- and C-band 
chromosome heteromorphisms, whereas Americans have a much higher de
gree of this heteromorphisms, with blacks showing even more variability 
than whites (Lubs et al. , 1977; Yamada and Hasegawa, 1978). The same 
gradation is also reported for the incidence of neoplasia in Japanese and 
Americans (Higginson, 1969; see Maugh, 1979; Muir and Nectoux, 1982; 
Young and Pollack, 1982). One is tempted to propose that the chromosomal 
heteromorphism refl ects differences in the degree of heterogeneity and 
therefore differences in tumor incidence between the Japanese and the 
white and black United States populations . We suggest that these dif
ferences in tumor incidence are due to different degrees of interpopulational 
and interracial matings in nations thereby affecting genetic heterogeneity as 
it does in Xiphophorus . On the other hand, the extremely low tumor inci
dence of active Monnons and Seventh-Day Adventists, as compared to total 
United States whites (see Cairns et al., 1980; Gardner, 1980) might be due to 
the biological homogeneity of their populations (wh ich favors insusceptibility 
to cancer) rather than to environmental factors . The same could apply to the 
low tumor incidence in Japan as compared to that of the other industrial 
nations. We feel these differences in tumor incidence cannot be explained 
sufficiently by environmental carcinogenic influences, because the environ
ment differs only to a low degree. They also cannot be explained sufficiently 
by racial differences: natural selection will not favor one race and discrimi
nate against the other but it will work against susceptibility to cancer in all 
populations and all races (for details see F . Anders, 1981; F . Anders et al., 
1979b, 1981b,c) . 

Neoplasia in Xiphophorus may serve as a model system suitable for study
ing how much hybridization between members of differently evolved human 
populations might have influenced tumor incidence in our modern industrial 
nations. 

C . ASSIG NMENT O F N E OPLASIA TO CHROMOSOM ES 

To study the crucial differences between the fish that are insusceptible to 
neoplasia and those that develop neoplasia following treatment with car
cinogens, we attempted to assign the susceptibility to specific tumors to 
specific chromosomes. For this purpose 65 defin ed genotypes of X. mac
ulatus, X. xiphidium, X. variatus, X. cortezi, X. helleri, and their hybrids 
were employed (Schwab, 1980; Schwab et al., 1978a, b , 1979; Schwab and 
Anders, 1981). These genotypes exhibit, 01' lack, specific color patterns (Gor
don, 1947a; Atz, 1962; Kallman, 1968; Kallman and Atz, 1967; A. Anders et 

MNU or 
X rays 

MNU or 
X rays 

MNU or 
X rays 

CONT HO L OF ONC OGENES 219 

~.".,~,~:.,,, ~ 
~;~~~ • X • KJ , .. . ~ 

X. maculatus-~ X. heller; - J' 
~ 

~~ '~-""""' . • x~ 

Backeross generation 

F lc. 15. Crossing scheme showing the assignment of carcinogen-trigge red neoplasms 
(melanomas, neuroblas tomas , epitheliomas , carcinomas, fribromas, sarcomas) to backeross seg
regants exhibiting a reddish coloration togethe r with pale black stripes. Both patte rn of colora
tion anel susceptibility to neoplasia (sensitivity to carcinogens) in the backeross hybrids depend 
on the same chromosome which, in this experiment, is an X chromosome inhe rited [rom 
Xiphophorus macultatus. 

al., 1973a, b) or enzyme markers (A. Scholl , 1973; A. Scholl and Anders, 
1973a, b; Ahuja et al., 1980; E. Scholl, 1979; Siciliano and Wright, 1976; 
Morizot and Siciliano, 1979, 1982) which are due to the expression of specific 
genes located on different chromosomes. We used mainly backcrosses, 
which were selectively bred for a specific phenotypic marker, and thereby 
for a specific chromosome. Such backcross generations (Be) segregate into 
50% animals carrying the chromosome marker, and 50% lacking this 
chromosome. 

Depending on the wild populations used in the crossings, neoplasia could 
be assigned specifically to defined chromosomes . The crossing scheme of 
Fig. 15 shows an example: in the cross of the insusceptible X. macul(ttus 
exhibiting a pale reddish coloration and some longitudinal dark stripes, with 
the also insusceptible X. helleri exhibiting a homogeneous gray coloration , 
almost exclusively the BC segregants exhibiting the reddish coloration and 
the stripes were sensitive to the carcinogens while the homogeneous gray 
segregants were, with few exceptions, insensitive. The susceptible fi sh de-
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veloped those kinds of neoplasms which are Iisted in Table IV; some of these 
hybrid individuals developed several tumors of different tissue types, for 
instance fibrosarcoma and rhabdomyosarcoma (Fig. 14B), or melanoma, 
neuroblastoma, and carcinoma. This experiment c1early shows that the loci 
coding for the pattern of coloration and for susceptibility to develop different 
neoplasms are linked to the same chromosome. This is not to say that all BC 
segregants exhibiting the reddish coloration and the stripes develop neo
plasia; but the fish in wh ich the neoplasms developed belong almost ex
c1usively to that group of BC segregants that exhibits the reddish coloration 
and the stripes. In the present experiment both characters , susceptibility to 
neoplasia and the color pattern , belong to Iinkage group I (the sex chro
mosomes); they also contain loci coding for the enzymes adenosine de
aminase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate de
hydrogen ase (Morizot et ai., 1977). Analysis of sex determination of the fish 
used in this experiment revealed that the sex chromosome to which the 
different kinds of neoplasms could be assigned is the X chromosome of X. 
macuiatus (A. Anders and F . Anders, 1963; Schwab, 1980) . Other crossing 
protocols using different pure-bred strains of Xiphophorus have shown that 
the chromosome on which susceptibility to develop neoplasia depends may 
be a Y chromosome, or an autosome. Other examples, again, have shown 
that susceptibility to neurogenic and epithelial neoplasms depends on a 
certain chromosome (e. g., and X chromosome) while susceptibility to neo
plasms of mesenchymal origin depends on another chromosome (e. g. , a Y 
chromosome or an autosome) (Schwab et ai., 1978b; Schwab and Anders , 

1981). 

D. A SSI G NMENT OF CANC ER S USCEPTIBILITY 1'0 ONC OGE N E S 

AND REGULATOHY G ENES 

The assignment of carcinogen-triggered neoplasia to specific chromo
somes raised the question whether the neoplasms could be assigned to 
specific genes. The pursuit of this problem proved to be extremely difficult 
because the development of carcinogen-triggered neoplasia is a rather rare 
event (see Table I) and, although assignable to chromosomes, would require 
immense efforts for the production of sufficient experimental material for a 
fin er genetic analysis . The rationale for the design of the experiments that 
raised the opportunity to assign the carcinogen-triggered neoplasms to genes 
is based on studies on the occurrence ofhereditary neoplasms such as mela
nomas, pterinophoromas (pigment cell tumors that consist predominantly of 
drosopterine-containing cells ; Henze et ai. , 1977; Rempeters et ai. , 1981), 
neuroblastomas, thyroid carcinomas, kidney adenocarcinomas, and re
ticulosarcomas, in certain hybrids. 
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The individuals of laboratory hybrid populations of Xiphophorus (wild 
hybrid populations do not exist; Kallman and Atz, 1967; Zander, 1967; see 
Section II ,A) that develop neoplasia spontaneously are extremely rare . They 
can, however, be propagated in large numbers at the will of the experiment
er , because they and their descendants develop neoplasia exactly following 
Mendelian predictions (Kosswig, 1937; GOI"don , 1947a, 1958; F . Anders , 
1967; Kallman , 1975). Hundreds of thousands of individuals that develop 
neoplasia following Mendelian laws have been studied . 

To illustrate the assignment of cancer susceptibility to distinct genes we 
used melanoma because development of this type of tumor can easily be 
observed. Even a singly transformed pigment cell can be distinguished from 
a regular pigment cell by gross examination of the living animal (see Section 
II ,C ,D). Furthermore, morphological, ultrastructural , and histochemical 
markers specific to the successive stages of pigment cell differentiation facili
tate the detection of the first events involved in neoplastic transformation 
(see Section 11, D). These facts , and the ease with which crossings in 
Xiphophorus can be accomplished, provided the background for the design 
of the two series of crossing experiments that elucidated the existence of 
oncogenes and regulatory genes by formal genetics (F. Anders , 1967) (Figs. 
16 and 17). 

(1) The animals used for the initial crosses were females of a mutant stock 
of X. macuiatus (platyfish) derived fi"om the wild population of Rio Jamapa 
(Fig. 16A), and males of X. helleri (swordtail) from Rio Lancetilla (Fig. 16B; 
see Section II ,A) . The platyfish infrequently exhibit spots consisting of trans
form ed pigment cells that are terminally differentiated (Tr melanophores) 
whereas the swordtails are never spotted (see Section 11, C). The develop
ment of the spots is restricted to the dorsal fin and to the skin of the posterior 
part of the body of the platyfish, and is X chromosome linked. 

Crosses of the platyfish (A) with the swordtail (B) result in F 1 hybrids (C) 
that develop uniformly in all individuals melanomas consisting mainly ofTr 
melanophores that are similar to those of the spots of the parental platyfish . 
These melanomas are benign. They occur only in those compartments of the 
body where the platyfish parent infrequently exhibits the spots. In older F 1 

animals, the melanoma of the dorsal fin and that of the posterior part of the 
body combine to form a large superficially spreading benign melanoma. 
Backcrosses of the F 1 hybrids with the swordtails as the recurrent parent (D) 
result in oflspring (BC 1) exhibiting three types of segregants: 25% of the BC 1 
(E) develop benign melanoma like that of the F l ' 25% (F) develop malignant 
melanoma consisting mainly of incompletely differentiated Tl' cells which 
invade other tissues (except for brain, gonads, intestine) and kill the fish , 
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D 

G H 
FIG. 17. Crossing procedure for the suppression 01' melanoma in Xiphophorus. (A) Malignant 

melanoma bearing backeross hybrid according to Fig. 16F. (B) X. maclIlatus according to Fig. 
16A as the recurrent parent. (C) Quas i-F 1 exhibiting benign melanoma. (D) X, maculatus as the 
recurrent parent. (E, F, G, H) Backeross hybrids (quas i-X. maclIlatus) exhibiting spots only. 
From F. Anders et al. (1984), modilled. 

whereas 50% (G and H) develop neither spots nor melanomas. Further 
backcrosses (not shown in Fig. 16) of the fish carrying benign melanoma, 
with the swordtail, result in a BC2 that exhibits the same segregation pattern 
as the BC I . The same applies for further backerosses of this kind. Back
crosses of the fish carrying the malignant melanoma with the swordtail show 
a different result: 50% of the BC segregants develop malignant melanoma, 
whereas the remaining 50% are melanoma free; benign melanomas do not 
occur. Whenever melanomas occur in these crossing experiments, they de
velop in both the compartment of the dorsal fin and the compartment of the 
posterior part of the body. 

(2) In contrast to the above results (Fig. 17 A-H), backcrosses of malignant 
melanoma bearing hybrids (a) with platyHsh (B) (like those of Fig. 16A, but 
lacking the spot factor by deletion of a Giemsa band; see Section IV,A,3) 
result in a quasi-F I that segregates in 50% animals displaying benign mela
noma (C) and 50% exhibiting neither melanomas nor spots (not shown in the 
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FIG. 18. Crossing scheme according to Fig. 16, which displays the genetic conditions for the 
"spontaneous" development 01' spots, benign melanoma, and malignant melanoma. Solid lines, 
chromosomes of X. maculatus; dashed Iines, chromosomes of X. helleri; Tu , tumo'r gene; R' Me!, 

impaired regulatory gene specific to the pigment cell system; R' PI' and R' Df, impaired regulato
ry genes controling Tu in the compartments ofthe poste rior part ofthe body (Pp) and the dorsal 
fin (Df); Diff, regulatory gene controlling diHe rentiation 01' neoplastically transformed cells; 
Est-l, locus for esterase- l ofX. maculatus. Note that Tu, R'Mc[, R' PI" amI R' Dfare Iinked to the 
X chromosome, whereas Diff and Est-l are Iinked to an autosome. Est, este rase profiles 
(polyacrylamide gels stained using a -naphthyl-acetate as substrate) . Note Est-l isozyme in the 
X. maculatus, the F 1 hybrid , and half of the backcross segregants , which include fish with 
benign melanoma and others without melanoma (see arrows pointing to the gels). Data [rom 
Ahuja et al. (1980). c-src (cellular counterpart of the viral src oncogene), pp60c-src kinase activity 
expressed as counts per minute/milligram protein. Note basic and excessive activity and cor
relation be tween c-src expression and Tu expression. Data from Barnekow et al. (1982); M. 
Schartl et al. (1982); see Section IV,A,5. Diff, activity of Diff expressed as the replacement of 
guanine in position 34 (first position of the anticodon) 01' the tRNAs for Asp, Asn, His , and Tyr 
by labeled guanine, pmol Cua incorporated/A260 tRNA. Note that high values indicate high 
contents 01' guanosine (C), whereas low values indicate high values of queuosine (Q) in position 
34. Data from Dess (1983); Kersten et al. (1983); see Section IV,D,4. Arrows be tween the 
backcross segregants, design of transplantation experiments described in Section IV,D,3. 

scheme). Further backcrosses of the benign melanoma bearing quasi-F 1 

hybrids with the platyfish (D) result in spotted and nonspotted fish that are 
similar to the purebred platyfish (E, F, G, H). Genetically they segregate 
into those that inherit the capability to develop melanoma after crossings 
with swordtails and those that do not inherit the capability to develop mela
noma (not shown in the scheme). These two genotypes are hard to dis
tinguish phenotypically. 

The results obtained in these two se ries of crossing experiments revealed 
several genetic components that are involved in melanoma formation, or 

CONTROL OF ONCOCENES 225 

protection from melanoma, respectively. They shall be outl:ned in the fol
lowing, and discussed in more detail in Section IV. 

The platyfish genome (see Fig. 18) contains the genetic information for the 
development of spots which apparently is lacking in the swordtail genome. 
Since the spots consist of transformed pigment cells (Section 11, C), this 
information is considered to be encoded by an oncogene, Tu . From about 70 
structural changes involving crossovers, deletions, duplications, and trans
locations, we know that Tu is normally located at the end of the X chro
mosome of X. maculatus (A. Anders et al. , 1973b; Förster and F . Anders, 
1977; Ahuja et al., 1979; Chatteljee et al. , 1981), and is apparently also 
responsible for the large variety of the carcinogen-triggered neurogenic, 
epithelial, and mesenchymal neoplasms (A. Anders and F. Anders, 1978; 
Schwab, 1980; Schwab et al., 1978a, b, 1979) listed in Table IV (in other 
crossings the susceptibility to neoplasms of mesenchymal origin could be 
assigned to aseparate chromosome; see Sections III,C and E) . 

The protection of the platyfish from the activity of its own Tu oncogene is 
apparently exerted by regulatory genes. Following hybridization with the 
swordtail, Tu becomes deregulated, indicating that the swordtail lacks not 
only the oncogene Tu but also the regulatory genes (F. Anders, 1967). 
Several types of regulatory genes can formally be deduced from the outcome 
of the crossing experiments. (1) The restriction of crossing-conditioned neo
plasia to melanoma indicates the presence of a Tu-linked pigment cell-specif
ic regulatory gene which, as known from mutagenesis studies (A. Anders et 
al., 1973a; A. Anders and F. Anders, 1978; Ahuja, 1979), is impaired by 
mutation. Out of the tissue-specific regulatory genes only the impaired pig
ment cell-specific regulatory gene for Tu, i. e ., R' Mel' is shown in the scheme 
(Fig. 18). (2) The restriction of the crossing-conditioned melanomas to the 
posterior part of the body and to the dorsal fin indicates the presence of Tu
linked regulatory genes that are specific to certain compartments of the 
body. In additional experiments corresponding to those shown in Figs. 16-
18, depending on the genotype (mutant) of the platyfish used for the initial 
crosses, melanoma develops, for instance, in the anterior part of the body, 
the anal fin , tail fin , the mouth, the eye, the peritoneum , the meninx etc. 
Thirteen compartments have been identified that correspond to different 
genes which in turn correspond to sites of the body where the melanomas 
occur (A. Anders and F. Anders, 1978). Of these compartment-specific reg
ulatory genes which have been designated in total as Rco (Fig. 8) only the 
impaired dorsal fin -specific regulatory gene, i. e ., R' DI' and the impaired 
posterior part-specific regulatory gene, i. e ., R' Pp' are shown in the scheme. 
(3) The clearcut 1:1 segregation between the Be hybrids bearing malignant 
melanomas and those bearing benign melanomas indicates the existance of a 
prominent regulatory gene derived from X. maculatus that is nonlinked to 
the oncogene Tu. Since the benign melal10mas consist, in contrast to the 



226 FRITZ ANDERS ET AL. 

malignant melanoma, predominantly of terminally differentiated trans
form ed pigment cells (U. Vielkind, 1972, 1976; Diehl, 1982; F. Anders et 
al., 1980) this regulatory gene is considered to be involved in differentiation 
of these cells, and was, therefore, designated as Diff The Diff-containing 
chromosome can easily be detected by an esterase marker, Est-l wh ich is 
closely linked to Diff (Siciliano and Wright, 1976; E. Scholl, 1977; Ahuja et 
al., 1980; Morizot and Siciliano, 1982). Additional genes of minor im por
tance involved in melanoma formation have been identified but are not 
taken into consideration in this study. 

Following crossings and backcrossings according to Fig. 18, the chro
mosomes of the platyfish (continuous lines) are replaced by the homologous 
chromosomes of the swordtail (broken lines), resulting in the gradual disin
tegration of the regulatory gene system for Tu . Thus the Tu hybrids develop 
spontaneously benign melanoma if some regulatory genes such as Diff are 
still present in the system, and malignant melanoma if the regulatory genes 
are lacking. If Tu is lacking, no melanomas occur. 

In contrast, after backcrossings of the melanoma-bearing hybrids with the 
platyfish as the recurrent parent (see Fig. 17) the chromosomes carrying 
regulatory genes for Tu are reintroduced into the descendants . This results 
in a reconstruction of the original regulatory gene system that suppresses the 
activity of Tu. 

2. Oncogenes and Regulatory Genes in Animals Requiring Carcinogenic 
Triggers for the Development of Melanoma 

To reIate the genes that are responsible for the development of spon
taneous melanoma to the genes that are involved in the development of the 
carcinogen-dependent neoplasms, we replaced the R' OfR' Pp R' M el Tu chro
mosome by another one the crucial difference of which is that RMel is 
nonmutated and active (Rof R' Bs RMel TU) (Fig. 19). Because RM el is inher
ited along with Tu, melanoma does not develop spontaneously in the 
hybrids . Following treatment with carcinogens, those hybrids carrying the 
ROf R' Bs RM el Tu chromosome but lacking the nonlinked regulatory genes 
including Diff are highly sensitive to the carcinogens because development 
of melanoma requires only impairment 01' deletion of the crucial pigment 
cell-specific RM el gene in a melanophore precursor at the side of the body. 

Crosses between two BC hybrids of this genotype were the basis for the 
establishment of astrain homozygous for the RofR' Bs RM el Tu chromosome 
(Fig. 20). Because of the fact that each of the two copies of the Tu oncogene 
is repressed by its own linked RMel which acts in cis position only (see 
Section IV,B) the incidence of animals developing melanoma following treat
ment with carcinogens potentially doubles . These animals are highly suit
able as test animals for mutagenic carcinogens in the wate I' (F. Anders et al., 
1981d, 1983; A. Anders et al., 1983; Schmidt, 1983). 

Est-1 c-src 

X ROI RRsB MelTiJ 
X ROI RRs'RMe/Tu 

DiffEs t-1 • 
Diff~_! 

CONTHOL OF ONCOGENES 

c-src 

227 

ROl RBSRMel Tu X 

._----- -w-------

-1=== ==== 
j---- - - -
- -- -----

FIG. 19. Cross ing scheme displaying the genetic conelitions of susceptibility to carcinogen
elependent neoplas ia. The highly susceptible genotype is extremely sensitive to the ca 1'
cino'genic (m utagenic) inducer. See legenel to Fig. 18 101' explanation of abbreviations. R' IJ s, 

impaireel regulatory gene controlling Tu in the compartment of the enti re siele of the boely (Bs). 
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FIG, 20. Breeeling proceelure of an establisheel tes te r strain which is very highly sensitive to 
mutagenic carcinogens. Both X anel Y chromosome contain Tu anel RMe!' This strain was eleriveel 
from the highly susceptible segregants shown in F ig. 19, See legen els to Figs. 18 anel 19 101' 
explanation of abbreviations. 
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FI G. 21. Schematic presentation ofcrossings anel backcrossings between X. variatus (Fig. 4D) 
and X. helleri (Fig. 3B) with X. helleri as the recurrent parent that have shown spontaneous 
development of benign melanoma in 50% of the BC gene ration , and a high rate of carcinogen
triggered malignant melanoma, neuroblastoma anel diffe rent kinds of benign and malignant 
epithelial tumors in the same segregants. Carcinogen-triggered neoplasms of mesenchymal 
origin occur in both the melanomatous and the nonmelanomatolls segregants indicating that 
they are genetically independent li'om neurogenie and epithelial neoplas ms. 

E. TISSU E SPECIFICITY OR TISSUE NONSPEC I F ICITY 

OF ONCOGENES AND R EGULATORY GENES 

The hybrid segregants that were highly susceptible for carcinogen-trig
gered melanoma (see Fig. 19) were also susceptible to many kinds of car
cinogen-triggered neurogenic, epithelial, and mesenthymal neoplasm (see 
Fig. 15; Sections III ,A and D). Furthermore, many hybrid individuals treat
ed with carcinogens, in addition to the melanoma, developed multiple neo
plasms such as neuroblastoma, retinoblastoma, carcinoma, and sarcoma 
(Abdo, 1979; Kollinger, 1980; Schmid, 1983). Therefore, the development of 
the different carcinogen-triggered neoplasms apparently depends on the 
same Tu (Schwab et al., 1978a, b). 

Additional information about the assignment of the diffe rent kinds of neo
plasms to the oncogene Tu came from crosses and backcrosses be tween X. 
variatus (Fig. 4D) and X. helleri (Fig. 3B) (Fig. 21) that correspond to those 
between X. maculatus anel X. helleri (see Fig. 19). In this experiment 50% of 
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FIG. 22. Backeross hybrids be tween X. variatus and X. helleri according to Fig. 21. (A) Fish 
exhibiting crossing-conditioned (germ li ne he reditary) superficial spread benign melanoma, and 
MNU-trigge red invas ive malignant melanoma. (B) Fish exhibiting the crossing-conditioned 
benign melanoma only. 

the animals of the BC generation develop superficial spreading benign mela
noma but maintain their normal vitality and fertility; the melanoma is not 
invasive in these animals (Altmaier and F . Anders, 1968). The remaining 
50% of the animals of the BC generation are melanoma free. After treatment 
with X rays and MNU the melanomatous segregants may develop foci of 
malignan t melanoma on the skin and even on the superficial spreading be
nign melanoma (Fig. 22). Furthermore, these animals may develop diffe rent 
kinds of neurogenic (mostly neuroblastoma) and epithelial neoplasms . The 
crossing-conditioned benign melanoma as weil as the carcinogen-triggered 
malignant melanoma, neurogenic, and epithelial neoplasms can be assigned 
to the same chromosome. Neoplasms of mesenchymal origin, however, de
velop in both the melanomatous and the nonmelanomatous segregants. Fur
ther crossing analysis of the potential of the fish to develop neoplasia follow
ing the carcinogenic trigger has shown that the mesenchymal tumors are 
mediated by oncogenes other than those that mediate the neurogenic (in
chlding melanoma) and epithelial neoplasms (Schwab et al., 1979; Schwab 
and A. Anders, 1981). 

Additional studies are required before we can decide whether (1) Tu is 



230 FRlTZ ANDEHS ET AL. 

tissue-nonspecific whereas tissue specificity of the tumor comes from Tu
linked tissue-specific regulatory genes, or (2) whether there are different onc 
genes that are under the control of linked regulatory genes specific to the 
tissue-specific onc genes. 

It would be extremely important to know whether the 10 different onc 
genes (see Fig. 9) that have been identified in the genome of Xiphophorus 
by molecular hybridization are involved in neoplasia, especially in the prob
lem of tissue-specificity or tissue nonspecificity of the genetically deter
mined oncogene Tu (see Seetion IV,A,5). 

IV. Oncogenes and Regulatory Genes 

Gordon (1947a, 1958) and Kosswig (1937) have shown that the gene sys
tem involved in melanoma formation in Xiphophorus is highly polygenie. X
ray mutagenesis studies have confirmed these results, and revealed that the 
constituents of the polygenie system are distributed throughout all chro
mosomes (Pursglove et al. , 1971; Pursglove, 1972; A. Anders et al., 1971; F. 
Anders et al., 1981a). However, among these genes there are only few 
prominent genes that predominatly determine whether melanoma develops 
or not (Section III,D). These genes are Tu , the oncogene; RM el , the pigment 
cell-specific regulatory gene; ReD (e.g., RDp Rpp), the se ries of compart
ment-specific regulatory genes (Df = dorsal fin; Pp = posterior part of the 
body); and Viff, the differentiation gene. 

Studies on 48 structural changes of sex chromosomes of X. maculatus, X. 
variatus, and X. xiphidium (19 deletions, 14 duplications , 4 translocations, 
and 11 X-Y crossovers) indicate that Tu, at least as far as the sex chro
mosomes are concerned, is located terminally, and that RMel and the ReD 
series are closely linked to Tu (Fig. 23) (A. Anders et al., 1973a, b; and 
unpublished data). Some of the major chromosome aberrations involving 
loss and translocation of both Tu and its linked regulatory genes controlling 
Tu in the melanophore system (the region including ReD' RM el , and Tu), 
were, in addition to their genetic identification, also observed cytologically 
(Ahuja, 1979; Ahuja et al., 1979). Diff is not Iinked to Tu and is located 
together with the loci for esterases-l and -4, and malatedehydrogenase-2 on 
an autosome corresponding to linkage group V according to Morizot and 
Siciliano (1983). 

A. THE ONCOGENE 

1. General Features of Tu 

All deletions of Tu are nonlethaI in both the heterozygous and the homo
zygous state, indicating that this sex chromosome-Iinked oncogene is not 
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FIG. 23. Preliminary map 01' the sex chromosomes (X and Y) of the platyfish (X. maculatus, X. 
variatus, and X. xiphidiu11l; Section II ,A) based on 48 structural changes (11 X- Y crossovers, 19 
deletions, 14 duplications , 4 translocations) and Giemsa banding studies, in which oncogene Tu 
and its regulatory genes are involved. The bracke ts indicate the regions within which the 
structural changes occurred (7, 10,48); one translocation separated Tu from alllinked l:egulatory 
genes (Section IV,A,2, Fig. 24). sex, sex determining region ; RM es' REpi ' RN erv , sets 01 regulato
ry genes controlling Tu in mesenchymal , epithelial tissues, anel in the nervOl.ls cell system. Pter, 
pterinophore locus; Rco, region containing at leas t 13 compartment-specific regulatory genes 
such as RD! (dorsal fin-specific) , Rpp (posterior part-specific) etc. (Section IV,C); RMeI , 

melanophore-specific regulatory gene. The unit including Rco, RMe/, and Tu corresponds to the 
specific "color genes" known as Sd (spotted dorsal), Sp (spotted), .:tc. in the literature. The unit 
including Pter corresponds to the so-called "erythrophore genes known as Dr (dorsal red). Ar 
(anal red) . Or (orange). etc. in the literature (see Kallman, 1975). Additional regulatory genes for 
Tu are distributed throughout other chromosomes, e.g., Diff(nonlinked to Tu). From A. Anders 
and F. Anders (1978), modified. 

essential for the fish. One could, for instance, assume that additional copies 
of Tu present in the autosomes may compensate for the loss of the sex 
chromosome-linked Tu locus according to a gene dosage compensation 
mechanism, which permits normal cellular functions to continue. Such a 
function might possibly be the normal outburst and control of cell reproduc
tion in different tissues at different periods during different stages of embry
onie and postembryonie development as weil as in regeneration processes. 
Impairment or loss of control of this function might give rise to the initial 
phase of tumor formation . Nevertheless, the only function of Tu known so far 
is that it mediates neoplastic transformation. 

Up to the present we have not found any mutation of Tu itself although 
one may expect this to be possible based on the findings of the laboratories of 
Weinberg (Tabin et al., 1982) and Barbacid (Reddy et al., 1982) that muta
tion converts a silent onc gene to the transforming state . Tu of Xiphophorus 
displays its transforming activity as anormal nonmutated gene which, how
ever, is deregulated following elimination, deletion, or impairment of reg
ulatory genes (see Seetion IV,B,3). 

Tu might be related to virus particles found in the crossing-conditioned 
and in the MNU-triggered neuroblastomas and melanomas (Kollinger et al., 
1979). Normally these particles are not present in the neoplasms but occur 
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following the treatment of BUdH. Up to the present there is no indication 
that these partieIes may trigger neoplastic transformation 01' may stimulate 
tumor growth. In most neoplasms the virus particles resemble small virions 
of the DNA tumor virus SV40 01' polyoma virus . In addition to these parti
eIes, B-type- and C-type-like partieIes were also found. üne could speculate 
that Tu normally governs normal functions in the cell as mentioned above, 
but mayaIso generate virus partieIes, if the cell is treated with an inducing 
chemical. According to Gillespie and Gallo (1975), who refer to the B-type 
and C-type partieIes, such a gene would be a "elass I gene" that can create a 
"elass I virus ." Normal tissues of nontumorous and tumorous fish as weil as 
the tumors showed HNA-dependent DNA polymerase activity. This activity, 
however, could not be assigned to the supposed endogenous virus reverse 
transcriptase activity (Lueke, 1984; Lueke and F . Anders, 1983). Hegardless 
of any future findings , that might relate Tu to an endogenous oncogenic 
virus , Tu acts, is regulated, and is inherited as a chromosomal gene of the 
natural gene pool of the Xiphophorine fish (Section III ,D) . 

Tu was transferred by purified DNA (Haas-Andela, 1978; J. Vielkind et 
al., 1982): donor DNA of various fish strains carrying copies of deregulated 
Tu was injected into recipient embryos lacking these Tu copies. Up to 8% of 
the treated embryos and the resulting young flsh developed colonies of 
neoplastically transformed cells . If embryos were treated with DNA from 
strains lacking these Tu copies, no such colonies were observed (see Section 
IV,B). 

In accordance with Breider (1939) we found that Tu may mediate mela
noma formation in albinos (Fig. 14D). The developing amelanotic melano
mas revealed defective premelanosomes and a lack of melanosomes and 
melanin (U. Vielkind, 1972, 1976; J. Vielkind et al., 1971). The occurrence of 
the albino melanomas indicates that Tu acts independently from melanin 
synthesis, and that the black pigmentation of the melanotic melanoma is an 
epiphenomenon of melanoma development. 

2. The Completely Deregulated Oncogenic Effect of Tu 
in the Pigment C ell System 

Information about the genuine oncogenic effect of Tu comes from a bal
anced laboratory stock carrying alethal Tu translocation (Fig. 24). The Tu 
gene , minus all linked regulatory genes, became translocated from an X 
chromosome of X. maculatus to an autosome of X. helleri and, in its new 
position, is no longer controlled by its formerly linked regulatory genes that 
act in cis position only (A. Anders et al., 1973a, b). Nonlinked regulatory 
genes are not present in the system except for Diff The Tu-carrying progeny 
of the stocks segregate into 50% animals carrying Diff wh ich survive, where
as the corresponding 50% lacking Diff are lethaI. As a consequence of the 

• 
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A --- ---
Tu 

A --------------
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X ~/ Ptel' I Co I Met 

FI G. 24. Translocation ofTu from the X chromosome (X) of X . maculatus to an autosome (A) of 
X. helleri. Note separation of Tu li'om its linked regulatory genes (see Fig. 23). F , fe male 
dete rmining region of the X chromosome. See legend to Fig. 23 for fl1l'the r ahbreviations. 

transmission of the unrestrained Tu through the germ line, the pigment cell 
precursors become transformed in the embryo as soon as they become com
petent for neoplastic transformation by cell differentiation (F. Anders et al. , 
1979a). During the first days of embryogenesis, differentiation of pigment 
cells still undergoes the normal course. After the embryo is 5 days old, some 
single cells become transformed, and at a later time about 10- 20 dividing 
transformed melanoblasts appeal' in the pedunele of the tail fin. These differ
entiate within about 15 hr to transformed melanocytes (Fig. 25A), which 
represent the predominant cells of the growing melanoma. During the fur
ther development of the embryo, neoplastic transformation contineus in all 
areas where pigment cell precursors become competent (Fig. 25B) and the 
melanoma grows by both transformation and proliferation , thus developing 
into a "wh oie body melanoma" (Fig. 25C), which will kill the fish before 01' 

shortly after birth. The development of melanoma in the early embryo re
fl ects the genuine oncogenic effect of the completely derepressed Tu on the 
pigment cell system. These observations suggest to us that Tu exerts impor
tant normal functions in cytodifferentiation and proliferation in the early 
embryo that are related to the neural crest where the pigment cell precur
sors originate . Moreover, we assume that in normal embryogenesis these 
functions become switched off' 01' choked by the regulatory genes before the 
fifth day of embryonic life. If, however, the regulatory genes (i. e ., the entire 
switch in the lethaI Tu translocation) are lacking, Tu continues to exert its 
early embryo-specific functions which, as an extension of the cellular devel
opment in the early embryo, appears as transformation of the competent 
cells to the neoplastic state. 

The assumption of normal nononcogenic functions of Tu in early embryo
genesis raises the ques tion regarding the genes that might exert these func
tions in the animals lacking Tu , such as swordtails used in the crossing 
experiments (Section III,D) 01' the dele tion animals mentioned above. This 
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FIG. 25. Completely dereglllated oncogenic effect of the oncogene Tu in the melanophore 
system following Tu translocation shown in Fig. 24. (A) Ten-day-old embryo (3 mm long) 
exhibiting some TI' melanocytes at the pedllncle of the tail /'in . (B) Same /'ish , 5 days later (4 mm 
long). (C) Neonate 01' the same genotype (6 mm long). 

question leads to the problem of indispensable and accessory copies of the 
oncogenes, and to the problem of oncogene dosage. 

3. Indispensable and Accessory Copies 01 Tu 

In total, about 30 deletions of Tu copies have been observed in our Tu
containing stocks of X. maculatus, X. vanatus, X. xiphidium, X. hellen, and 
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X. montezumae. All deletions , even the loss of a Tu-containing Giemsa band 
in the homozygous condition in the female, or in the heterozygous state in 
the male (observed in the X chromosome of X. maculatus) have no detect
able effect on the viability of the fish (Ahuja, 1979; Ahuja et al., 1979). This 
observation and the fact that wild populations may lack Tu in total led us to 
the conclusion that the Tu oncogene considered so far is accessory for the 
fish . This does not imply that the accessory Tu is lacking normal functioning. 
One could, for instance, assume that certain copies of Tu are present in the 
genome which are indispensable and may compensate the loss of the ac
cessory Tu loci . On the other hand, one could also expect that indispensable 
copies of Tu might mediate neoplastic transformation after disturbance of 
their regulation. Support for the assumption of the existence of indispens
able Tu copies comes from the following experiment . Platyfish carrying the 
X chromosomal deletion of the Giemsa band that includes the accessory Tu 
(Ahuja, 1979) were crossed with the swordtail according to the procedure 
outlined in J"igs. 16 and 18. As was expected no X chromosomal inherited 
tumors developed spontaneously in the hybrid offspring, but after treatment 
with MNU in rare cases, the backcross hybrids developed different kinds of 
neoplasms (including melanoma) that could be assigned partly to the deleted 
X chromosome of X. maculatus (42/408) and partly to autosomes of unknown 
origin (20/470). Thus it appears that the platyfish, besides the easily detect
able accessory Tu copies, also contains indispensable ones that require more 
intricate experiments for their detection (Schmidt, 1983). 

Accessory copies of the oncogenes may be present but are not essential. If 
they are present, special regulatory gene systems are required for their 
control. We introduced up to 10 known potentially tumorigenic copies of Tu 
(four copies in homozygous duplications in both X chromosomes of the 
female, six copies in three nonhomologous pairs of autosomes) together with 
their linked regulatory genes into a genome containing nonlinked regulatory 
genes, but no tumors developed spontaneously nor could any effect on 
vi ability be observed . We assume that the Tu copies present in a certain 
genome are not strongly limited in number if their control is maintained by 
regulatory genes. 

4. Oncogene Dosage 

More information about control of the Tu oncogene comes from studies on 
oncogene dosage compensation and oncogene dosage effect. We shall refer 
first to dosage compensation: An X chromosome showing the Tu deletion 
according to Fig. 24 (XDel; the chromosome originates hom X. maculatus but 
occurred in an X. maculatus-X. hellen hybrid) was introduced by intro
gressive breeding into a stock of X. maculatus, the X chromosome of which 
contains the accessory Tu (X1'u) which, because of the impairment of its 
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linked regulatory genes RN/ei and RD!, exhibits the "spotted dorsal" phe
notype (see Fig. 18). Both X chromosomes are identical except for the Tu 
deletion. The autosomal regulatory system for Tu is complete. The resulting 
animals contain none , one, or two copies of the accessory Tu (Fig. 26A- C). 
The animals lacking the Tu oncogene (A) do not show any neoplastically 
transformed cell , whereas the littermates containing one (B) or two (C) Tu 
copies, due to the impairment of RN/ei and RDJ, exhibit spots in the dorsal fin 
that are phenotypically identical. If the experiment was modified by using 
autosomes of X. helleri that lack the nonlinked regulatory genes for Tu as the 
genetic background (Fig. 27 A-C), the animals lacking the Tu oncogene, as 
expected , do also not show any neoplastically transformed cell (A), whereas 
the littermates containing one Tu copy exhibit malignan t melanoma (B) 
while those having inherited the double dosage of Tu develop extreme 
malignant melanoma (C). Oncogene dosage compensation (Fig. 26B and C) 
and oncogene dosage eH"ect (Fig. 27B and C) have been observed in many 
experiments of this kind (F . Anders and Klinke , 1966). 

5. Tu and c-src 

After the cellular homologs of re troviral oncogenes, particularly c-src (Sec
tion II ,E) , and the Mendelian oncogene Tu (Section III,D) were identified 
in all individuals of all groups of Xip hophorus tested, we combined the 
molecular studies on c-src with the genetic stuclies on Tu. 

Based on the assumption that the activity of the pp60c-src associated phos
phokinase monitors the activity of the c-src oncogene, we carried out com
parisons between kinase activity (Section II,E), i.e., c-src expression, ancl 
tumor clevelopment, i. e., Tu expression (Section III). In somatic mutation
conditionecl neoplasms (melanomas ancl others) triggered by MNU and X 
rays (Seetion III ,A) we found elevated levels of kinase activity as compared 
to the corresponding nontumorous tissues (M. Schartl et ai. , 1983). The 
results are compatible with those obtainecl by other au thors in other systems 
(see Jacobs and Rübsamen, 1983), but still left it unclear to determine 
whether the kin ase activity in tumors is causally related to neoplasia or is 
only one of the l1Umerous epiphenomena associated with neoplasia (see 
Seetion IV, D). 

More informative data come fi'om studies on hybrids cleveloping melano
ma spontaneously accorcling to Mencle lian laws (Section III ,D,1; Figs . 16 
and 18). These hybrids show tissue-specificity in kinase activity like the 
nontumorous fish (see Fig. 12). This activity is high in melanoma ancl in 
brain , and varies genotype specifically in both melanoma and brain in the 
same direction (Fig. 28) (Barnekow et ai. , 1982; M. Schm·t1 et ai ., 1982). The 
genotype-specific similarity ofkinase activity in brain ancl melanoma was not 
found in the an imals developing the somatic mutation-conditionecl neo-
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Flc. 26. Gene elosage compensation in the "spotted dorsal" phenotype (Tu. expression in the 
elorsal Bn) in litte rmates that are gene tically ielentical except I() r the elosage of the accessory 1'11. 
Tu is controlled hy the comple te nonlinked regulatory gene system. (A) No Tu , no spots . (ß) 
One copy 01' Tu , spots in the dorsal [in. (C) Two copies 01'1'11 , spots do not eliffer li'om those 01' ß. 



238 FRITZ ANDEHS ET AL. 

B 

c 
FIG. 27. Gene dosage elfect of the same Tu as used in the experiments shows in Fig. 26 

except that the nonlinked regulatory gene system is lacking. (A) No Tu , no neoplastically 
trans/armed cell. (B) One copy of Tu , malignant melanoma originates at the dorsal !'in. (G) Two 
copies of Tu , extreme malignant melanoma develops. 
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1 2 3 

-53K 

FIG. 28. Demonstration of pp60c-s/,c-associated protein kinase activity in extracts ofbrain and 
melanoma. Track 1: brain from benign melanoma bearing BG hybrids. Track 2: brain li'om 
malignant melanoma bearing BG hybrids. Track 3: benign melanoma. Track 4: malignant 
melanoma. 53K indicates the heavy chain of immunoglobulin G of the pp60c -s /,c immu
nocomplex. Note that kinase activity in both brain and melanoma changes in the same direction. 
BG hybricls according to Figs. 16, 18, and 36. See legends to Figs. 11 and 12 for kinase assay. 

plasms indicating that there is no secondary interdependence between 
kinase activity in brain and melanoma (M. Schartl et al., 1983). Hence, we 
could determine pp60c -src associated protein kinase activity mainly in brain 
extracts and relate the activity observed to the expression of Tu ascertained 
by the development of melanoma (M. Schart! et al. , 1982). The possibility 
that the differences in kinase activity measured in the fish of different Tu 
genotypes are due to epiphenomena of the melanoma appears unlikely. 
Therefore, the results reflect the actual genetic activity of the c-src oncogene 
in the nontumorous brain tissue of the tumorous and nontumorous fish . 

To study possible relations between Tu-conditioned neoplasia and c-src 
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A -/- 90cpm/mg 

B - /Tu 200cpm/mg 

C Tu /Tu 390cpm/mg 

FI G, 29. Correlation be tween gene dosage effect of Tu (specified as the phenotype of the 
tumor) and gene dosage e fTect 01' c-src (pp60e-s re kinase activity expressed as counts per min
ute /milligram protein) in litte rmates containing (A) no accessory Tu , (B) single dose 01' Tu, (C) 
double dose 01'1'1.1 . The genetic background ol'the flsh is identical ; the pigment cell -speciflc RMcI 
wh ich is linked to Tu is impaired by germ line mutation. F rom F. Anders et al. (1984), 
modified . 
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TABLE V 
pp60e-sre ASSOCIATED KINAS E ACTI VITY IN BI\AI N EXTHACTS SPI,C IFIED BY cpm/ mg 

SOLUBLE PI\OTEI N" IN F2 SEGHEGANTS HAVING NONE, O NE, 0 1\ Two, RESPI, CTI VELY, 
ACCESSOI\Y CO I'IES 01' 1'/./ 

1'/./ gene complex 
corresponding to 

phentype b 

striped d 

dabbed" 
dabbedf 

No Tu 
(cpm/mg) 

90 (18)g 
170 (11) 
200 (5) 

Dosage 01' the accessory Tu e 

One dosage 
(cpm/ mg) 

200 (4) 
190 (10) 
260 (3) 

" Three to eight brains per measure me nt were used . 
b Different gels each were measured. 
c One gel each was measured. 

Double dosage 
(cpm / mg) 

390 (8) 
390 (51) 

1240 (4) 

cl The Tu copy 01' striped originates from the X and Y chromosomes 01' X. maclliatus from Rio 
Jamapa, Mexico; the linked R '\'/el and R n s are impaired resulting in the phe notype shown in Fig. 
29B and C (this is a mutant 01' X, maclliatus shown in Fig. 19). 

e The Tu copy 01' dllbbed originates from an autosome ol'X, helleri I'rom Belize Rive r, British 
Honduras; Tu control is partly impaired in the compartment of the side 01' the body. 

f Phenotype and genotype are similar to those of e, but X, heller; originates from Hio Lance
tilla, Mexico, 

g Total I1llmbe r 01' brains is indicated in parentheses . 

expression we took advantage of the three genetic experiments outlined in 
Figs . 18, 19, and 29. 

In the experiment outlined in Fig, 18, the pure-bred X. maculatus carry
ing two repressed copies of the accessory Tu , as weIl as the pure-bred X. 
helleri and the BC hybrids lacking the accessory Tu , display the same ac
tivity of c-src kinase (about 300 cpm /mg protein). This activity we interpret 
to be the basic expression of c-src . In contrast, the melanoma-bearing 
hybrids which contain the derepressed Tu show an increase of c-src activity, 
with the malignant melanoma-bearing BC hybrids displaying the highest 
activities (about 600 cpm/mg protein). 

In the experiment outlined in Fig. 19, all pure-bred and hybrid animals, 
irrespective of the dosage of the accessory Tu , but dependent on their 
nontumorous state maintained by several nonlinked regulatory genes or by a 
single linked regulatory gene (see the highly susceptible genotype), displaya 
similar uniform base-level c-src activity. 

In littennates (Fig. 29 A-C), however, genetically identical except for the 
absence (A) 01' presence of one (B) or two (C) partially derepressed accessory 
Tu copies, pp60c-src displays a kinase activity that increases stepwise and in 
parallel with the dosage of Tu . This Tu gene dosage, in turn, determines 
whether the animals will develop no tumors or slow or rapidly growing 
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tumors. Table V shows additional experiments of the same kind that yielded 

similar results. 
The main results of these experiments are that the nontumorous fish display 

a basic expression of c-src, which, in the tumorous fish , may increase stepwise 
under two conditions, i. e., one, the stepwise derepression of an accessory Tu, 
and two, the stepwise introduction of additional copies of a derepressed 
accessory Tu . These findings suggest several possible interpretations of the 
relationship between Tu and c-src: (1) Tu might be independent from c-src, 
and the correspondence between both Tu and c-src is due to Iinkage rela
tionships . (2) the c-src might represent a regulatory gene for Tu or vice versa. 
(3) Tu might be identical to c-src, and this oncogene can code for a large 
variety of neoplasms. (4) Tu might consist of different oncogenes responsible 
for different kinds of neoplasia, and c-src is one of these genes. At present, we 
cannot make a firm interpretation; additional data are required. Two points 
favor the idea that the accessory Tu oncogene is composed of several c-onc 
genes homologous to the retroviral v-onc genes. These are (1) the fact that all 
types of neoplasia inc1uding epithelial, neurogenic, and mesenchymal neo
plasms could be assigned, for instance, to an accessory Tu located on a 
particular Giemsa band of an X chromosome, and (2) the assumption that each 
of the different c-onc genes identified by molecular hybridization codes for a 
different type of neoplasia. Those crossing experiments , in which the back
cross hybrids segregated into one group of animals susceptible to epithelial 
and neurogenic neoplasms , and into the other group susceptible to mes
enchymal tumors (see Section III, E) could be explained by the assumption 
that part of the tissue-specific onc genes that normally might compose Tu 
were translocated to a nonhomologues chromosome. 

B. TH E PIGMENT CELL-SPEGIFIC REGULATOHY GENE 

1. Significance of Regulatory Genes in Neoplasia 

Emphasis is being placed at present in cancer research on the moleculaI' 
characterization, amplification, rearrangement, mutation, and overexpres
sion of oncogenes, and on their normal and abnormal functions. We know 
from the Xiphophorus model, on the other hand, that the most important 
process involved in neoplasia in these animals is probably loss , deletion, 
impairment, 01' any other dysfunction of the regulatory gene system permit
ting the abnormal expression of the ubiquitously present oncogenes. De
regulation of an oncogene caused by spontaneous 01' environmentally in
duced moleculaI' 01' structural changes in the regulatory gene system is the 
biological basis for the development of neoplasia in Xiphophorus. It is these 
regulatory genes and not the Tu oncogene itself that the carcinogens act on 
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when they trigger neoplasia in Xiphophorus (A Anders et al., 1973a, b; A. 
Anders and F. Anders, 1978). 

Based on this insight our group has considered the possibility (Ahuja and 
F. Anders, 1976, 1977) that the specific chromosome abnormalities which 
have been found to be associated with chemically (Mitelman and Levan, 
1972; Levan et al., 1974) and virally (Mitelman et al., 1972) induced neo
plasms of mammals, and with certain neoplasms of humans (Rowley, 1973, 
1974, 1977; Zech et al. , 1976; Mark, 1977; Sandberg, 1980), might arise as a 
result of moleculaI' change, chromosome translocation, 01' deletion of tissue
specific regulatory genes which control oncogene expression in those tissues . 
Thus, impairment 01' deletion of regulatory genes, on the one hand, presum
ably leads to neoplas tic development, whereas loss 01' impairment of on
cogenes, on the other hand, would lead to a decrease ofthe tumor-mediating 
potential in a specific tissue. Recent results on chromosomal location of 
oncogenes and on specific chromosome aberrations associated with certain 
tumors (Dalla-Favera et al. , 1982a, b; de Klein et al., 1982; Neel et al., 1982; 
Rowley, 1982, 1983; Taub et al., 1982) mayaIso be interpreted by the 
assumption that the development of many human neoplasms results fi'om 
the release of oncogenes from their regulatory genes caused by chromosome 
aberration and impairments. 

2. General Features of R M el 

The pigment cell-specifi c regulatory gene RM el was first detected by Kall
man (1970) when he observed an unequal crossover that separated a Tu 
oncogene-containing chromosome segment from its linked RM el . Muta
genesis studies (A. Anders et al. , 1973a, b) confirmed that RMei is c10sely 
linked to Tu (Fig. 23) . RM el controls Tu in the cis position only, i. e ., the RM el 

gene controlling the c10sely linked Tu of a specific chromosome does not 
influence the Tu located on the homologous chromosome 01' any other chro
mosome. Based on these findings we developed an extensive breeding pro
gram to produce donor and recipient fish for gene transfer (transfection) 
experiments . These were expected to furni sh new data on the functional 
interrelationship between RM el and Tu . 

3. Cotransfer of RM el and Tu by DNA Injection 

Total genomic DNA extracted from nontumorous male gonads oflaborato
ry stocks of X. maculatus carrying accessory copies of Tu and normal , im 
paired, 01' dele ted RM el genes was injected into the neural crest region of 
early embryos (0.05 to 0.9 /-Lg DNA per embryo) of X. helleri which appar
ently lack both the accessory Tu copies and the RM el genes (Fig. 30) (Haas
Andela, 1978; J. Vielkind, 1979; J. Vielkind et al. , 1982). In some of the 
experiments DNA from animals that contained six additional but rigidly 
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RECIPIENTS DONORS TRANSFORMANTS 

LATE EMBRYO YOUNG F I SM 

" ...... _-..... --/' ...... _---/ 
NORMAL ADDI TIONAL CLONES OF TRAN SFORMED CELLS 

PROLI FERAT I ON 

NEURAL CREST 

CELLS 

S INGLE REGULAR MELANOPMORE S 

FI G. 30. Outline 01' the transfeetion expe rime nts. See tex t. From Haas-Andela (1978) and J. 
Viel kind e l al. (1982), modiflecI. 

repressed accessory Tu copies was also used . The injected DNA maintains 
its high molecular weight for about 2 hr (Schwab, 1974; Schwab el al. , 1976b) 
and thereafter becomes degraded to pieces which are too small to contain 
genetic information O. Vielkind, 1971; J. Vielkind et al. , 1973a; Schwab el 

al. , 1976b). Therefore, the timing of DNA injection with the appropriate 
developmental state of the embryo , i.e . , the stage just prior to the migration 
of neural crest cells and their descendants to their final location in the skin 
and the extracutaneous tissues (Sections 11 , D and IV, C) is very important for 
the outcome of the experiments. A neural crest cell or its early descendant 
still close to the neural crest region may take up the donor DNA, and may 
divide and diffe rentiate to I melanoblas ts, the only pigment cell precursors 
that are competent to the transformin g Tu. activity (Section 11, D ; F ig. 8). 
These cells eventually may become transformed to TrI melanoblasts. Addi
tional proliferation of the Tr cells lllay alllplify the transfected Tu in the 
pigment cell population , and the expected result should become visible after 
differentiation of the still nonpiglll ented Tri melanoblasts to the heavily 
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pigmented and large TI' melanocytes and TI' melanophores that form black 
cell colonies on the greenish-gray normal skin. Similar colonies consisting of 
transformed pigment cells were also expected to occur in extracutaneous 
tissues that normally are also populated by regular melanophores (see Sec
tion IV,C). 

Most of the transformants (embryos and young Hsh) developed single Tr 
cells or small colonies ofTr cells (Fig. 31A) that were indistinguishable from 
those of the first stages of inherited melanoma in embryos and young fish 
(Fig. 31C) (Haas-Andela, 1978; J. Vielkind et al. , 1982), and from those 
developing from transplanted stem-melanoblasts containing an active Tu 
(Fig. 3lB) (M. Schartl, 1979). It is important to note that most of the Tr cell 
colonies observed had about the same size indicating that they had under
gone the same number of cell divisions . Several transfonnants exhibited 
large amounts of melanoma cells that grew along the meninx primitiva of the 
spinal cord (Fig. 32) and killed the embryos. 

The transfo!'ming activity of the DNA of different donor breeds (Fig. 33A
E) lacking the accessory Tu and RM e l (A), or exhibiting phenotypically 
different degrees of control of Tu by RM el (B- D) was compared. If a donor 
was used wh!ch lacks RM el Tu (A), no recipient exhibited transformed pig
ment cells . If a donor strain was used that carries a Tu slightly derepressed in 
the pigment cell system by a "weak" mutation of its linked R i e R' ,.-, Meb .. , M el 

1 u (B), then 0.4% of the recipients developed colonies of neoplastically 
transformed cells . If the DNA originated from astrain that caJ'ries a Tu 
derepressed to a greater degree, due to a "stronger" mutation of RM el , i. e., 
R"!'del (C), the incidence of recipients exhibiting transfonned pigment cells 
increased to 2.6%. If, finally , a donor was used in which the Tu lacks the 
RM el (due to a chromosomal translocation) (D) this incidence increased to 
6.3%. DNase degradation prior to inj ection eliminates the transforming ac
tivity of the DNA (E). DNA from animals carrying additional but rigidly 
repressed accessory Tu copies (not shown in the figure) did not influence the 
incidence of transformants . 

These results obtained by the gene transfer experiments in Xiphophorus 
may be helpful in our efforts to analyze the processes leading to neoplasia. 

Besides the fact that the information for neoplastic transformation, pre
sumably Tu itself, was transferecl via total genolllic DNA injection , it is 
important to note that the transforming donor DNA did not originate from 
tumor cells but from the nonneoplastic testes indicating that ongocenes must 
not necessarily be changed or amplified in order to acquire the transforming 
potential. The many oncogene transfection experim ents accolllplished dur
ing the last years by several authors with other systems (Der et al., 1982; 
Goldfarb et al., 1982; Krontiris et al. , 1981; Perucho et al., 1981; Reddy et 
al. , 1982; Tabin et al., 1982) in which DNA extracts from tumors were used 
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FIG. 31. Cola nies of neoplastically transformed pigment cells in embryos and fry normally not capable of developing transformed cells (A and B). 
(A) Tr melanocytes induced by injection ofl'u DNA into an early embryo_ From Haas-Andela (1978). (B) Control experiment by M. Schartl (1979): Tr 
melanocytes differentiating from stern cells of melanoma transplanted into an embryo. (C) Unmanipulated controL Tr melanocytes normally 
differentiating in Tu-containing genotypes capable of developing transformed cells . Note that the Tr cells are all alike. For details see J. Vielkind et 
al. (1982). See also Fig. 38. 
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FIG. 32. Twelve-day-old embryo (3 mm lang) raised in vitro with pigment cells of the embryos populating the dura mater of the spinal cord. (A) 
Transformant of a transfection experiment outlined in Fig. 30. Note the neoplastically transformed cells. (B) Control with regular pigment cells . 
From Haas-Andela (1978). 
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DON 0 R S 

PHENOTYPE 

A 

B 

D 

E 

CHROMOSOMES 

x----
y 

1'u A --------
Tu A --------

DNASE DEGRADED 
DNA OF C AND D 

NO, OF R E C I PIE N T S 

SURVIVED 

2,010 

535 

1,052 

1,032 

710 

SHOWING 
TR CELLS 

o 

2<0,4%) 

27(2,6%) 

65(6,3%) 

o 
Flc. 33. Transfeetion activity of donor DNA extracted li'om male gonacls of fl sh difle ring in 

gene dosage of Tu , and in Tu control by the pigment cell-speciflc regulatory gene liMcl' See 
text. Data from Haas-Andela (1978) anel J. Vielkincl et al., (1982) . 

under the expectation that tumor DNA differs from DNA from normal 
tissues should be, in our opinion, reconsidered under the viewpoint of re
pression and derepression of oncogenes exerted by intact and defective 
regulatory genes. The main factors responsible für neoplasia are, in view of 
our results on Xiphophorus, not the onc genes, but their regulatory genes. 

This view is supported by the fact that the incidence of transformants, i. e ., 
the incidence of the transformation events mediated by Tu , was indepen
dent from the number of Tu copies in the donor DNA (we tested DNA 
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containing up to eight copies), but was exclusively dependent on the degree 
of impairment of RM e l (see Fig. 33). In this view it appears also reasonable to 
assume that RM e l , if present, is so closely linked to Tu that both Tu and RM el 

were apparently always cotransferred (Vielkind et al. , 1982). 
Although the donor DNA üriginated hom fish exhibiting different degrees 

of Tu expression (Fig. 33B, C, and D), the transformed cells of the recipients 
looked all alike, and the TI' cell colonies all were about the same size. This 
indicates that neoplastic transformation of a certain cell is more an all-or
nothing process than a multistep process that releases this cell and its de
scendants früm negative control by regulatory genes. On the other hand, 
growth of the tumor is neither influenced by Tu nor by the intact 01' impaired 
RM el· 

C. COMPARTMENT-SPECI F I C H ECULATOHY GENES 

Most of the neoplasms are preferentially located in certain compartments 
of the büdy of the Hsh. Für instance, the different kinds of carcinomas, as 
weil as sarcomas, and melanomas originate preferentially in the area aJ'ound 
the peduncle of the dorsal fin and tai! fin; epitheliomas develop frequently in 
the region aJ'ound the posterior part of the operculum (see Figs. 15- 18, 21, 
26, and 27). 

The compartmentation has been studied in more detail mainly by means 
ofX-ray-induced germ line mutations (a total of28) that affect one 01' several 
sites of the crossing-conditioned melanomas (Fig. 34A- I-I). These melano
mas develop, für instance, in the tail Hn (A), the dorsal Hn (B), in both tail fin 
and dorsal fin (C) , in the anal fin (D), in the tail fin , dorsal fin , anal fin, mouth 
tip, and the posterior part of the side of the body (E; mutations of five 
compartment-specific regulatory genes are involved), in the anterior and 
poste rio I' parts of the side of the body (F), in all compartments except for the 
mouth, belly, eye, dorsal Hn , and tail fin (G), 01' even in all compartments of 
the body (H) . The phenotypes of additional combinations of impaired Reo 
genes were depicted earlier (A. Anders and F. Anders, 1978). 

The cümpartment-speciHc distribution of these melanomas is inherited 
according to the segregation üf the parental Tu-carrying chromosome, indi
cating that the respective Re(J genes are linked to Tu, and structural changes 
of the chromosome have veriHed that this linkage is very close (see Fig. 23) . 
At least 14 genes corresponding to 14 different compartments have been 
identiHed (Fig. 35). They represent regulatory genes that were designated 
Reo in total and RAp (anterior part) , Rpl' (posterior part) , RDf(dorsal fin) , R11 
(tai] fin), etc. in reference to each speciHc body compartment . Intact Reo 
genes repress Tu , and impaired Reo genes permit Tu activity. They act, 
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FIC. 35. Compartments for the development of melanomas in the fish (see Fig. 34) that are 
due to compartment-specific regulatory genes (Reo genes). Mo, mouth; Ey, eye; Bm, brain 
membrane; Ap, anterior part; Df, dorsal fin; Pt, peritoneum; Af, anal fin; Sc, spinal cord; Pp, 
posterior part; Cr, crescent region; Pd, peduncle of the tail fin; Cf, caudal fin stripe; Tf, tail fin . 
From A. Anders and F. Anders (1978). 

however, in the cis position only, indicating that the compartment-specific 
regulation of Tu exerted by the Reo genes acts at the DNA level. 

In the active state the Reo genes appear to delay the differentiation of 
pigment cells in the stern cell stage (S melanoblasts; see Reo in Fig. 8; Diehl, 
1982). Additional mechanisms that are not understood provide the fish with 
differentiating pigment cells that mostly escape neoplastic transformation, 
but very exceptionally may be transformed. If, however, one 01' several Reo 
genes are impaired by mutation, compartment-specific melanomas develop 
in the hybrids and are inherited according to Mendelian prediction. 

There are many observations cited in the literature indicating that human 
melanomas are also preferentially located in certain areas of the body (Olsen, 
1966). Xiphophorus, therefore, may provide a model to study this phenome
non. 

D. THE DIFFEH'ENTIATION GENE 

1. General Features 

As shown in Section III,D and Figs. 16 and 18 benignancy and malignancy 
in the hybridization-conditioned melanomas depend upon the presence or 
absence, respectively, of the chromosome carrying Diff. Linkage rela
tionship studies using biochemical markers for this chromosome, i. e., the 
esterase Est-1 and the isozyme A of the glyceraldehyde-3-phosphate de
hydrogenase, have confirmed that the Diff-carrying chromosome, like the 
accessory Tu, is derived from the platyfish. Animals from those wild popula-
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F IG. 36. Melanoma bearing backcross segregants according to the schematic drawings of Fig. 
18. (A) Benign melanoma bearing fi sh con taining one dose 01' the diffe ren tiation gene Diff (B) 
Malignant melanoma bearing Iitte rmates that lack the Diff gene. 

tions that apparently lack the accessory Tu oncogene also apparently lack the 
Diff gene (E. Scholl, 1977; Ahuja et al., 1980) . 

Diff may be present in double dosage, single dosage, or be lacking, emd 
the Tu-containing animals carrying two, one, or no Diff can easily be dis
tinguished by gross examination of their phenotype . If Diff is present in 
double dosage (DiffiDiff! the oncogene Tu phenotypically may express at 
the most some occasional spots which are considered to be extreme benign 
melanomas (Section 11, C); if present in single dosage (Diffl -) the Tu on
cogene may express benign melanoma. If, however, Diff is lacking (- / -) 
the oncogene Tu expresses alm ost always malignant melanoma. 

2. Diff-Dependent Characters 

To study the basic difference between the benign and the malignant state 
of the melanoma, thousands of melanoma bearing BC segregants have been 
produced according to the crossing scheme shown in Fig. 18, and all showed 
a clem'cut 1:1 segregation into animals developing spontaneously benign or 
malignant melanomas (Fig. 36; Table VI). BC hybrids that require the car
cinogenic trigger for the development of carcinoma (see Fig. 19) show also a 
clem'cut Diff effect: The Diff-carrying segregants (identified by este rase 1) 
that are moderately susceptible to neoplasia develop benign melanoma, 
whereas the Diff-Iacking segregants that are extremely susceptible develop 
malignant melanoma (Fig. 37). 
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TABLE VI 
SEGHEGATION OF FIS II CAH HYI NG BENIGN AND MALIGNANT MELANOMA 

IN BC GENEHATIONS 

Melanoma 

253 

Stock from which Tu BC Benign Malignant 
and Diff originated generation Diff/- - / -

Spotted Sp 1- 4 173 207 
Spotted dorsal Sei 1- 12 1.358 1.344 
Spotted dorsal mutant Sei' 1- 4 1.270 1. 235 
Spotted dorsal mutant Seir"C 1- 5 1.831 1.806 
Stripe sided mutant Sr' 1 263 251 
Lineatus mutant l " J ! 1-2 232 228 

Total 5.118 5.071 

The cytological, fine structural, biochemical, and biological data obtained 
by the comparison of benign (with Diff! and malignant (without Diff! mela
noma are li sted in Table VII. The data show that the ceIls of the benign 
melanoma are weIl differentiated whereas those of the malignant melanoma 
are poorly diff'e rentiated, and that differentiation of the Tr cells is controlled 
by Diff This, together with the findin gs on pigment cell differentiation 
(Section II ,D ; Fig. 8) led us to the following conclusions: (1) if Diffis lacking, 
the majority of the melanoma cells persist in the stage of the poorly differ
entiated, continuously dividing TrA melanoblasts and Tr melanocytes, and 
only a few ceIls differentiate to Tr melanophores which are incapable of 
dividing and, at a certain age, are removed by macrophages; (2) if, however, 
the Diff is present, the majority of the melanoma cells become terminally 
differentiated to Tr melanophores, whereas only a few ceIls remain in the 
stage ofTrA melanoblasts and Tr melanocytes . Terminal differentiation and 
removal of the melanoma cells are antagonistic to the permanent supply of 
melanoma cells from S melanoblasts by transformation , and the melanoma 
renders benign. This observation is in accordance with the outcome of ex
periments in which newborn BC segregants were treated with meth
yltestosterone which strongly promotes pigment cell differentiation from the 
precompetent to the cOlnpetent state for neoplastic transformation (A. 
Schmt\, 1981): both , Diff-carrying and Diff-lacking newborn segregants, 
developed malignant melanomas that killed them. A benign period of the 
melanoma in the Diff-carrying fish was not observed. Consequently, the 
level of Diff-controlled benignancy is not at the premalignant stage but at 
the malignant stage of the tumor. On the other hand, if one considers the 
stepwise disintegration of the regulatory gene system for Tu , which is re-
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A 

B 
FIG. 37. Backcross hybrids according to Fig. 19 after MNU treatment. (A) Diff-carrying 

segregant (identified by esterase- l) developing benign melanoma. (B) Diff-Iacking segregant 
(identified by lack 01' esterase- l) developing malignant melanoma. 

quired for neoplasia, and considers elimination, deletion, or impairment, 
respectively, of the Vif! as the last step of disintegration, benignancy might 
appear as the premalignant state of a malignant melanoma. The existence of 
animals carrying malignant melanoma on the surface of a benign melanoma 
like that shown in Fig. 22 might support this concept; actually, however, 
such a malignant melanoma is an additional, independently derived malig
nant melanoma that initiates following a mutation of Viff in an early pigment 
cell precursor. The concept of the change of a tumor from the benign to the 
malignant state which is generally accepted in cancer research could not be 
verified in Xiphophorus , because such a change has never been observed in 
Xiphophorus , and is even unlikely to exist. Malignant melanoma (and the 
malignant state of other neoplasms) in Xiphophorus is malignant from the 
very beginning, even in its initial stage consisting of one or only several cells 
(Section II, D). 

Diff/ -

Benign melanoma 
Weil differentiated 
Slow growing 
Noninvasive 
NonlethaI 
Difficult to transplant 
No vascularization 
Difficult to trigger by pro-

moters 

Hegression following tes
tosterone treatment, 
etc. 

Weak effect of external 
factors on growth rate 

No effect of nlltrient fac
tors 

Many macrophages 
TI' melanophores are pre

vailing 

Endopolyploid and 
multinllcleated 

Mature melanosomes 
Lack of EH and Golgi 

complexes 
Low enzyme activities 

Less complex 
glycosphingolipids 

Low rate of thymidine in
corporation 

Tumorous and nontumorous 
tissues 
Low c-src activity 
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TABLE VII 
TI-IE GENE Diff IN Xiphopho'I"US 

-/-

Malignant melanoma 
Poorly differentiated 
Fast growing 
Invasive 
LethaI 
Easily transplantable 
Vascularization 
Sensitive to promoters 

(testosterone, cAMP, 
corticotropin, BUdR, 
TPA, cyclamate, sac
charin, phenobarbital, 
etc. ) 

No regression 

Drastic effect 01' external 
factors on growth rate 
(temperature, salinity, 
UV, etc.) 

Drastic eflect of nutrient 
factors (amino acids) 

Few macrophages 
TrA melanoblasts and TI' 

melanocytes are pre
vailing 

Diploid anel uninucleateel 

Immature melanosomes 
Well-developed EH and 

Golgi complexes 
High enzyme activities 

(tyrosinase, LOH B4, 
MDH etc.) 

More complex 
glycosphingolipiels 

High rate of thymidine in
corporation 

Tumorolls and nontllmorous 
tissues 
High c-src activity 
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Heference 

U. Vielkinel (1976) 
A. Anders et al. (1973a,b) 

M. Schartl et al. (1981); C. 
H. Schmielt (1983); Her
bert (1983) 

A. Schartl et al. (1982) 

F. Anders et al. (1962b); F. 
Sieger et al. (1969) 

M. Sieger et al. (1968); F. 
Anders et al. (1969); F. 
Sieger et al. (1969) 

Diehl (1982) 
U. Vielkind (1976) 

Schwab et al. (1976a); E. 
Scholl (1977); U. Vielkind 
et al. (1977) 

Feleling-Habermann et al. 
(1983) 

M. Sieger et al. (1968); J. 
Vielkind et al. (1973b) 

M. Schart! et al. (1982) 

...., 
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DifI/ -

Dispersed chromatin 

High rate of DNA nu
c1ease digestion 

Low pteridine contents 
First position of the anti

codon of tRNAAsp, 
tRNAAsn, tRNATy,', 
tRNAl-lis contains pre
dominantly Queuosine 

Dif! product is diffusible 

FRITZ ANDEHS EI' AL. 

TABLE VII (Continued) 

- / -

Condensed chromatin 

Low rate of DNA nu
c1ease digestion 

High pteridine contents 
First position of the anti

codon 01' tRNAAsp, 
tRNAAsn, tRNATy,', 
tRNAHis contains pre
dominantly guanosine 

No product 

Reference 

F. Anders et al. (1981a); 
Heil (1983) 

Heil (1983) 

Henze et al. (1977) 
Dess (1982); Kersten et al. 

(1983) 

M. Schartl (1979) 

3. A Differentiation-Promoting Diff-Dependent Produet 

The most convincing data supporting Diff-dependent control of pigment 
cell differentiation come from transplantation experiments which were de
signed according to the arrows drawn in Fig. 18 between the Be hybrids (M. 
Schartl, 1979). The crucial transplantation experiments, including the com
position of secondary chimeras by fusion of parts of early embryos, have 
shown that pigment cell precursors present in the transplant taken from fish 
carrying Tu but lacking Diff (material of still tumor-free early em bryos of the 
malignant melanoma developing genotype) become transformed and remain 
incompletely differentiated Tl' cells if transplanted into embryos lacking Tu 
and Difl the resulting animals develop malignant melanoma. If, however, 
the pigment cell precursors of the same genotype were transplanted into Tu
lacking embryos that contain the Diff, the cells of the developing melanoma 
become terminally differentiated and regain their distance regulation (Fig. 
38): these resulting animals develop extreme benign melanomas which re
gress and eventually may become removed by macrophages. Thus the effect 
of Diff on the differentiation of the neoplastically transformed pigment cells 
can be traced to a diffusible substance. The nature of this substance is 
unknown at present. 

4. Modified tRNAs in Diff-Dependent Differentiation 

There is considerable evidence for the involvement of modified nu
cleosides containing tRNAs in the process of cell differentiation in eubac
teria, slime molds, and normal neoplastic tissues of vertebrates (Nishimura 
and Kuchino, 1979; Kersten, 1982a, 1983; Katze et al., 1983; see Nass, 
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-/- ·Diff/-
' .. r , 

, ••• : ~ .. f • 

FIG. 38. Secondm'y chimera composed by transplantation of tissues containing precursor cells 
of malignant melanoma that originated li'om a young backcross hybrid containing Tu but lacking 
Dif!(malignant melanoma developing BC segregant according to Fig. 18), to an embryo lacking 
Tu but containing Dif! (nontumorous BC segregant in Fig. 18 at bottom left). Note te rminal 
differentiation and distance (clensity) regulation of the transformed cells of the transplant ac
cording to the Dif! genotype 01' the host. From M. Schartl (1979). 

1983). The modified nucleosides occur at well-defined positions in specific 
tRNAs (Fig. 39A) (see Kersten, 1982b; Spritzel and Gauss, 1982). Many 
studies were focused on a family of tRNAs including tRNAAsn, tRNAAsp, 
tRNAI-lis, and tRNATYI' which may contain queuosine (Q) instead of 
guanosine (G) in the first position of the anticodon (position 34; see arrow in 
Fig. 39A). The Q nucleoside (7-{[(4,5-cis-dihydroxy-2-cyclopenten-1-yl)-ami
no]methyl}-7-deazaguanosine) is unique in that its purine skeleton is modi
fied to a 7-deaza structure (Fig. 39B). Eubacteria synthesize the base 
queuine de novo (see Nishimura, 1983) whereas vertebrates are supplied 
with queuine by nutrition 01' the intestinal flora (Reyniers et al., 1981), and 
queuine itself is inserted into the nucleotide chain of tRN A by exchange with 
guanine by tRNA-guanine transglycosylases. The more the differentiation 
progresses, the more G is replaced by Q in position 34 (see Nass, 1983). 

The method to estimate the G:Q ratio in a given population of the tRNA 
family consisted of following the replacement of guanine in position 34 by a 
labeled guanine exerted by a guanine transglycosylase (insertase) of E. eoli 
(Okada and Nishimura, 1979; Dess, 1982, 1983; Kersten et al., 1983). 

The results obtained in Xiphophorus by measurement of [3H]guanine 
incorporation in the tRNAs for Asn, Asp, His , and Tyr, differing in the ratio 
of G:Q in position 34 are summarized in Fig. 40. The graphs show the 
kinetics ofthe exchange ofG 34 ofthe tRNA family by [3H]Gua, wh ich is the 
reaction used to evaluate the amount of (Q)-tRNA (Okada and Nishimura, 
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1979). The fish genotypes and phenotypes are identical to those shown in 
Fig. 18. For each measurement several hundred individuals were used . 

In accordance with the findings of many inves tigators working in other 
differentiation systems (see Nass, 1983) [3H]guanine incorporation is high if 
the tRNAs are prepared from malignant melanomas that consist predomi
nantly of poorly differentiated cells. In contrast, the incorporation is low if 
the tRNAs are derived from benign melanomas that consist predominantly of 
well-differentiated cells. The tRNAs for Asn , Asp, His, and Tyr of the malig
nant melanomas, therefore, are G-rich, whereas those of the benign melano
mas are Q-rich (Fig. 40B). 

To decide whether the distinct difference in G:Q ratios between benign 
and malignant melanoma is Diff dependent 01' represents an epiphe
nomenon of benignancy and malignancy, the skin of nontumorous Iitter
mates that segregate into animals carrying Diff and lacking Diff like the 
tumorous fish in a 1:1 ratio (see Fig. 18) was used for the measurement (Fig. 
40C). The Diff-Iacking segregants (specified by the lack of Est-l) had always 
high er amounts of Q-Iacking tRNA than the Diff-carrying ones. The skin of 
corresponding segregants derived from crossings between stocks other than 
that used in Fig. 40 showed the same differences in [3H]guanine incorpora
tion (Dess, 1982; Kersten, 1982a; F. Anders , 1982). The skin of the parent 
animals used for the initial crosses showed the same differences: X. helleri 
that lacks the Diffhas a high [3H]Gua incorporation (i. e ., is G-rich) whereas 
X. maculatus that contains the Diffhas a lower [3h]Gua incorporation (i .e., is 
Q-rich). Similar differences , although not as pronounced as in the skin and 
tumors, were also found in the nontumorous liver. From these results we 
conclude that the differences of G:Q ratios between benign and malignant 
melanoma are no epiphenomena ofbenignancy and malignancy, but are very 
c10sely related to the primary efFect of Diffthat in tumorous fish converts the 
malignant to the benign state. 

The differences in the functional properties of Q-containing and Q-Iacking 
tRNAs requires further elucidation. The (Q)tRNAs are suggested to prefer 
condons NAV over NAC, whereas the Q-Iacking tRNAs read NAC and NAV 
equally weil (Nishimura, 1983). This can be an important mechanism in the 
regulation oftranslation. For eukaryotic tRNATyr it has been shown that the 
Q-lacking species reads a terminator codon, probably VAG (Bienz and 
Kubli, 1981). Therefore the Q-Iacking and Q-containing tRNAs of verte
brates might select mRNAs for translation by a regulatory mechanism, a 

FIG. 39. (A) General cloverleaf structure 01' tRNA ancl positions 01' modified nucleosides. 
Positions and abbreviations of modifications in Sprinzel ancl Gauss (1982). (B) Structure 01' 
queuosine. From Kersten et al. (1983). 
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process already de monstrated for bacteria and designated as termination 
transcription control (Yanofsky, 1976; for details see Kersten et (Li., 1983). 

V. Theoretical Considerations on a General Concept 
of Neoplasia 

A mllnber of theories have been put forth concerning the origin of neo
plasia; some have suggested that tumors are caused by viruses (Huebner and 
Todaro, 1969), while others have proposed that altered control mechanisms 
of cell differentiation are the main cause (Markert, 1968; Pitot, 1968), often 
brought about by promoters (Cairns, 1982; Weinstein et (Li. , 1982). Further, 
it has been suggested that somatic mutations induced by physical or chem
ical agents might have relevance to the origin of tumors (Boveri, 1929; 
Bauer, 1928), but there are also genetically conditioned tumors that arise 
apparently independent of any external influence (Knudson, 1973, 1982). 
Evaluating these theories, it appears that, regardless of what causes neo
plasia, three basic events leading to neoplasia are always the same, namely 
(1) neoplastic transformation, followed by (2) restrained cell differentiation , 
and (3) contimIed cell proliferation. This implies that the principle underly
ing neoplasia must be also always the same (Holley, 1975; Ahuja and F . 
Anders, 1976). 

A. THE COMMON BASIS OF NEOPLASIA IN M ETAZOA 

There is a considerable accumulation of evidence that the basic pr'erequi
site of tumor form ation is a genetic factor which, under normally regulated 
conditions probably exerts essential but unknown normal functions in the 
multicellular organization of apparently all metazoa (Sections 11, Fand 111, B); 
if deregulated , however, it appears as an oncogene or an accumulation of 
oncogenes, respectively (Section IV,A). Whether the oncogene is primarily a 
cellular gene or is contributed as a viral oncogene which is anyway derived 
from a cellular gene, is of minor importance in this context. 

B. Tl-lE COMMON BASIS OF NEO PLASIA OF DIFFERENT TrSSUES 

While the development of the large variety of mesenchymal , epithelial , 
and neurogenic neoplasms observed in vertebrates is mostly considered as 
completely independent , the Xiphophorus model provides some new per
spectives for a unified consideration of this diversity. The different kinds of 
neoplasia are possibly mediated by a common Tu oncogene, or set of on
cogenes that compose Tu, which is probably present in all tissues (Fig. 8). 
Tissue specificity of the activi ty of Tu , however, comes apparently from 
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tissue-specific sets of regulatory genes (RM es; RE pi; RNe rv ; RM el in Fig. 8) 
which, if impaired or dele ted , permit further events leading to the neo
plasms in the respective ti ssue(s). In addition , there also seems to exist a 
genetic mechanism that controls Tu independently from the respective 
tissue . This is derived from the observation that, following treatment with a 
carcinogen, fish like the BC hybrids shown in Figs . 15 and 21, may develop 
multiple tumors such as melanoma, neuroblastoma, rhabdomyosarcoma, 
and epithelioma. Our results , therefore, may unify the origin of the different 
kinds of neoplasia in Xiphophorus to a common principle. It would be worth
while to examine whether the unity of neoplasia suggested in the Xiphoph
orus model may be also valid for neoplasia in other vertebrates including 
humans . 

C. TH E COMMON BASIS OF TUMOH ETIOLOGY 

8ince there are many factors that regulate the oncogene, many events are 
required for the disturbance of this regulation: the process leading to neo
plasia is , necessarily, a multistep process. This is not to say that the final 
event, i. e., neoplastic transformation of a cell itself, is a multistep process. 
The Xiphophorus model has rather shown that neoplastic transformation of a 
particular cell is an all -or-nothing-process which represents the last step of a 
long chain of events that dismantle the regulatory gene system for Tu . This 
dismantlement may start with a series of hybridization , may accumulate 
through many generations , and, finally , may complete it in a somatic cell 
during the period from youth to senescence of a particular individual. The 
sequence of events leading to the last step, however, may be specific to the 
particular individual, and to the nature of the carcinogenic trigger, thus 
providing the basis for the singularity of a particular tumor. 

The laboratory fish stocks derived from wild populations require a large 
variety of events to dismantle the regulatory gene system for the Tu on
cogene. They develop neoplasia only if the many steps leading to neoplasia 
are completed by a combination of different carcinogenic influences, such as 
(1) elimination of regulatory genes from the germ line by selective mating, 
(2) impairment or dele tion of regulatory genes in the germ line by mutagens , 
(3) impairment or dele tion of the last active regulatory gene in a somatic cell 
by mutagens, and (4) promotion of noncOlllpetent cells to competence for 
neoplastic transformation . It is easy to see that the specific cancer etiology 
that finall y comes to our notice after the animals are treated is determined by 
the next to last step completing the multistage process penllitting that last 
step, i. e., neoplastic transformation that initiates tumor formation (A. An
ders and F. Anders , 1978). 

-
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D . A UNIFIED V IEW O F TUM OR ETIOLOGY 

80 far we have recognized six main types of tumor etiology all of which are 
based on deregulation of the Tu oncogene. These types are neoplasia condi
tioned by (1) carcinogen-dependent somatic mutation , (2) carcinogen-depen
dent germ line mutation, (3) crossing-conditioned gene elimination , (4) pro
moter-dependent cell differentiation , (5) carcinogen-dependent chromatin 
condensation, and (6) increase of ongocene dosage in somatic cells or germ 
line . This will be demonstrated in genotypes showing a high susceptibility to 
melanoma based on the presence of one copy of an accessory Tu that is 
repressed by only one regulatory gene (Fig. 41 ; for genotype see Fig. 19). 

1. Neoplasia Conditioned by Carcinogen-Dependent Somatic Mutation 

If the only regulatory gene present in the system remains unchanged (Fig. 
41 , left) , or becomes impaired or deleted in a postcompetent cell like an A 
melanoblast (Aa), no melanoma will develop. Melanoma will , however, de
velop if the mutation of the regulatory gene occurs in an I melanoblast (Ab) . 
This cell is cOlllpetent and becomes neoplastically transformed . Following 
the processes of cell division and cell differentiation , the TrI melanoblast 
gives rise to an easily detectable Tr cell clone . These Tr cells may continue to 
divide, but finall y differentiate to Tr melanophores; these, after having 
reached a certain age, are removed by macrophages . Because less differenti
ated Tr cells are not present, the development of the melanoma stops . 
Eventually the melanoma regresses. As is demonstrated in the scheme, the 
origin of such a somatic mutation-conditioned melanoma is unicellular and 
its growth proceeds only by proliferation . Following complete removal, we 
observe no relapse. This was expected because the system lacks supply with 
cells cOlllpetent for transformation. 

The mutation of the regulatory gene mayaIso occur in an 8 melanoblast 
(Ac), or an earlier precompetent pigment cel\. This cell remains non
transformed and may multiply over a long period ("latent period") as a 
normal stem cell. Those descendants reaching the stage of competence by 
differentiation are transformed simultaneously. After some cell divisions , 
paralleled by cell differentiation, they become visible as a large cell clone 
consisting of hundreds or thousands of dividing TrA melanoblasts and Tr 
melanocytes, which give rise to the melanoma. Those melanoma cells , that 
complete differentiation to Tr melanophores, are attacked and removed by 
macrophages. Those 8 melanoblasts , however, which do not further differ
entiate may reproduce identically throughout the further life of the fish and 
may serve as a permanent source of I melanoblasts, which then becomes 
neoplastically transformed. As explained by means of the scheme, the origin 
of such a melanoma is multicellular, although it can be traced back to a single 
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mutational event in a somatic cel\. It grows by both permanent transforma
tion and prolife ration of the descendants of the mutated cell. Afte r complete 
rem oval of the melanoma there may or may not be a relapse. We aSSllJne that 
relapse occurs if some mutated stem cells in the surroundings of the melano
ma escape removal and diffe rentiate to the competent I melanoblasts , which 
become neoplastically transformed . No relapse, however, has ever been 
observed afte r extirpation of entire Hns or large parts of the skin that carry 
the localized c10nal melanomas. 

2. Neoplasia Conditioned by Carcinogen-Dependent Germ Line Mutation 

The same genotype that develops the somatic mutation-conditioned mela
nomas mayaiso produce germ line mutation-conditioned neoplasms (Fig. 
41B) (A. Anders et al., 1981; Chatte ljee et al., 1981). In this case melanoma 
develops following carcinogen-induced impairment or deletion of the only 
regulatory gene in a germ line cell , and is inherited according to Mendelian 
rules. As a consequence of the inheritance of the mutation through the germ 
line, the Tu oncogene becomes active in the developing progeny as soon as 
the melanophore precursor cells diffe rentiate to the competent I 
melanoblasts, and melanoma develops "spontaneously" in embryos and 
young individuals . This type of neoplasm is of multicellular origin and grows 
by both transformation and prolife ration . In the event that it is restricted to a 
certain compartment ofthe body (see Section IV,C) removal is possible . The 
melanoma shown , however, relapse, because stem cells still remain avail
able for diffe rentiation to the competent cells , which become transformed . 

Although the somatic mutation-conditioned and the germ line mutation
conditioned melanomas are apparently of completely different etiology (they 
are hereditary or nonhereditary tumors , respectively) their cells must be 
genetically identical if one considers that they originate from the mutation of 
the same regulatory gene and the activity of the same Tu oncogene. Mor
phological, pathological, and cytological studies, however, unexpectedly 
revealed many differences be tween these two types of melanomas. For in
stance, germ line mutation-conditioned melanomas lack chromosome aber
rations whereas such aberrations are typical for somatic mutation-condi
tioned melanoma (Chatteljee et al., 1981). These diffe rences, we believe, 
represent epiphenomena of tumor development and may be useful for diag
nosis and prognosis of tumors of unknown etiology in the Hsh . 

3. Neoplasia Conditioned by Crossings 

Although the etiology of this type of tumor (Fig. 41C) is quite different 
from that of the germ line mutation -conditioned melanoma, both these types 
of melanoma are, however, c10sely related (Fig. 41, compare Band C) . The 
solitm"y regulatory gene present in the system, if nonlinked to Tu, can be 
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eliminated by crossings with animals that do not carry this gene (Figs. 16 and 
18) . Neoplasms of this type are always passed on to the offspring if the crucial 
regulatory gene remains lacking, and are not passed on (and therefore ap
peal' nonhereditary) if chromosomes lacking the regulatory gene are re
substituted by those carrying them. Like the germ line mutation-condi
tioned melanomas, the crossing-conditioned ones occur as the cells become 
competent for neoplastic transformation. The resulting tumor is of multi
cellular origin and grows and invades the nontumorous tissues by both trans
formation and proliferation. Following complete removal, which is possible 
in the case of compartment-specific tumors , they show relapse because stem 
cells differentiate to the competent stage and become transformed. In our 
laboratory we harvest tissues of melanoma of this type several times during 
the life of the fish . Harvest of the melanoma results in a postponement of 
death caused by neoplasia. 

4. Neoplasia Conditioned by Promoter-Dependent Cell Differentiation 

Neoplasia of this type can be induced in fish of certain genotypes the Tu of 
which is pigment cell-specifically derepressed by impairment 01' deletion of 
the only regulatory gene , but cannot become active because melanophore 
differentiation is delayed in the stage of the noncompetent S melanoblasts 
(see g and R eD in Fig. 8, and D in Fig. 41) (A. Anders et al. , 1983). Chemical 
agents and drugs, such as 27-methyltestosterone and other steroids (A 
Schart!, 1981; A. Schartl et al. , 1982; M. Schartl et al. , 1981), cyclic AMP, 
corticotropin , BUdR, 12-0-te tradecanoylphorbol-13-acetate (TPA) , sac
charine , cyclamate , diazepam, and others (Herbert, 1983; Schmidt, 1983), as 
weil as general environmental changes, such as the decrease of the tem
perature and the increase of the salinity of the water in the tank, promote 
alm ost simultaneously the differentiation oflarge amounts of the noncompe
tent cells to competent onces, which subsequently become neoplastically 
transformed. X Rays and N-methyl-N-nitrosourea (MNU), which are power
ful mutagenic carcinogens, mayaIso trigger neoplasms of this type . It ap
pears , however, that in this case neither of these agents acts as a mutagen, 
but as a differentiation-promoting agent, such as methyltestosterone , cyclic 
AMP, low temperature, etc. , which certainly are not mutagens. 

The melanoma of this type of etiology may develop simultaneously within 
the whole skin and inside the body wherever the differentiation of the 
pigment cell precursors is promoted from the noncompetent to the compe
tent stage. They are of multicellular origin and grow permanently by both 
transformation of normal cells and proliferation of Tl' cells. They are non
hereditary. We use the fish developing neoplasia of this kind of etiology as 
tester fish for tumor promoters (A. Anders et al., 1983; Schmidt, 1983). 

CON T HO L OF ONCOGEN ES 

5. Neoplasia Conditioned by Carcinogen-Dependent 
Chromatin Condensation 
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The principle underlying this etiological type of neoplasia was first recog
nized when pure-bred spotted X. maculatus from Rio Jamapa were treated 
as embryos with X rays. The developing animals exhibited an enhancement 
of spots to benign melanoma (Pursglove, 1972; Pursglove et al., 1971) and 
have inherited this change of phenotype for about 45 generations. Genetic 
analysis showed that all chromosomes were involved in the phenotypic 
change (A. Anders et al., 1971), and phenogenetic, cytological (Lueken and 
KnolI, 1968), electron microscopic, and biochemical studies revealed a cor
relation between the hereditary enhancement of oncogene expression and a 
hereditary change in interphase chromatin appearance from a dispersed to a 
condensed state (F. Anders et al., 1981a; Heil , 1983). 

Similar experiments were done by treatment of the hybrid fi sh carrying 
only one regulatory gene for its Tu oncogene with several carcinogens . 
Almost all ti'eated fish developed hereditary melanomas indicating that the 
regulatory gene is affected rather by a general hereditary change of the 
chromatin than by mutation (Schmidt, 1983). 

Neoplasia based on a general change of the genome following treatment 
with X rays and chemicals has also apparently been observed in mice 
(Nomura, 1982) . Additional studies are required for an understanding of this 
phenomenon . 

6. Neoplasia Conditioned by Additionallntroduction 
01 Uncontrolled Oncogenes 

Many genotypes have been produced fi'Ol11 the Tu oncogenes wh ich are 
derepressed either by mutation-conditioned impairment 01' hybridization
conditioned elimination of the regulatory gene, but these animals only de
veloped some neoplastically transformed cells instead of malignant melano
ma. Following inbreeding, the offspring carrying the double dosage of Tu 
(the fi sh homozygous for Tu) developed malignant melanoma (F . Anders and 
Klinke, 1966). The genetic situation is similaI' to that of the oncogene dosage 
effect shown in Figs. 27 and 29. It is easy to see that the etiology of 
hybridization-conditioned and that of inbreeding-conditioned neoplasms is 
closely related . The crucial event in the inbreeding-conditioned neoplasms 
is, however, the introduction of an additional oncogene into the system. 

Introduction of additional oncogenes that are derepressed is also the basis 
of experimental oncogene transfer by DNA injection of embryos that led to 
the induction of neoplastically transform ed cells (Section IV,A,3). 

Additional types of tumor etiology are conceivable, for instance neoplasia 
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following the deficiency of repair of damage to DNA or following the defi
ciency of immune surveillance . These and other deficiencies however are 
involved in contral of tumor growth rather than in the ac~ual proce~s of 
neoplastic transformation. 

VI. Conclusions 

The Xiphophorus tumor system has provided the opportunity to reduce 
the enormous complexity of cancer etiology to a few biological elements 
basically involved in neoplasia. The development of a tumor requires an 
oncogene which, after impairment, deletion, or elimination of its regulatory 
genes is permitted to mediate neoplastic transformation. Emphasis is being 
placed today in cancer research on the actual oncogenes themselves, but, in 
our opinion, the most important genes involved in neoplasia are these reg
ulatory genes . However, although detected by c1assical genetics in the 
Xiphophorus system, these genes are not at present open to a more finely 
detailed molecular biological analysis . Their actual mode of action is there
fore still far from being understood. 
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