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Transcriptional activation of the melanoma inducing Xmrk oncogene in
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The melanoma inducing locus of Xiphophorus encodes a
tumorigenic version of a novel putative receptor tyrosine
kinase (Xmrk). To elucidate the mechanism of oncogenic
activation of Xmrk, we compared the structure and
expression of two oncogenic loci with the corresponding
proto-oncogene. Only minor structural alterations were
found to be specific for the oncogenic Xmrk genes.
Marked overexpression of the oncogene transcripts in
melanoma, which are approximately 1kb shorter than
the proto-oncogene transcript, correlates with the malig-
nancy of the tumors. The tumor transcripts are derived
from an alternative transcription start site that is used
only in the oncogenic loci. Thus, oncogenic activation of
the melanoma inducing Xmrk gene appears primarily to
be due' to novel transcriptional control and over-
expression.

Introduction

Proto-oncogenes constitute essential members of the
vertebrate genome. Upon quantitative and/or qualitat-
Ive alteration they become involved in tumor develop-
ment as oncogenes (reviewed in Sinkovics, 1988;
Tronick & Aaronson, 1988; Boettiger, 1989). Most acti-
vated oncogenes have been detected and isolated from
solid tumors or tumor-derived cell lines. Such tumor
cells have undergone a dramatic evolution which makes
them different from the first neoplastically transformed
cell, bqing the tumor founder cell. It has been shown in
many incidences that a variety of cooperative events has
to occur to enable such a founder cell (or founder cell
populatlon) to give rise to what is recognized as a
tumor (Weinberg, 1989). In studying the primary events
of neoplastic transformation, the problem arises as to
whether the activated oncogene isolated from the tumor
is .actually involved in the primary steps of transform-
ation or in later steps of tumor progression. The situ-
ation is much better in experimental systems where the
gene causally responsible for tumor induction is clearly
defqu by classical Mendelian genetics. The Central
American teleost genus X iphophorus represents such a
vertebrate model uniquely suited for studies on the
primary events of melanoma formation (for review see
Anders et al., 1984; Schwab, 1987; Vielkind et al., 1989).

The pigmentation of Xiphophorus is composed of two
melanopghore types: micromelanophores responsible for
the uniform grey body coloration and macro-
melanophores which form characteristic spot patterns
e.g. present in X. maculatus (Gordon, 1927) however
absent in several populations of X. helleri. In hybrid
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crosses of X. maculatus with unspotted X, helleri, the
F,-offspring show enhanced macromelanophore pig-
mentation diagnosed as benign melanoma. Back-
crossing of the F,-hybrids with X. helleri leads to an
uncontrolled macromelanophore growth associated
with malignant melanoma (Gordon, 1927; Hiussler,
1928; Kosswig, 1928) which was explained by abnormal
‘regulation’ of a single sex chromosomal genetic locus of
X. maculatus (Gordon, 1958; Atz, 1962; Kosswig, 1965;
Zander, 1969), designated Tu (Anders, 1978). Based on
extensive genetic studies, it has been proposed that Tu
is normally under the control of one or several regula-
tory genes (R) acting as tumor suppressors (Ahuja &
Anders, 1976). In X. helleri these suppressor genes are
absent. Thus, the Tu locus might become activated in
hybrid fish in which the suppressor genes have been
diluted out by two or more backcrosses with X. helleri.
Reintroduction of R by repeated backcrossing to X.
maculatus leads to the benign phenotype of non-
proliferative macromelanophore spots indicating that
the Tu locus remains structurally unchanged during the
process of hybridization conditioned oncogenic activa-
tion (Schwab, 1987).

We have recently cloned the melanoma inducing gene
from the Tu locus of X. maculatus. It encodes a novel
receptor tyrosine kinase which is closely related to the
EGF-receptor (Wittbrodt et al., 1989). This gene, which
we designated Xmrk, is present in one copy each on the
X- and Y-chromosome (designated X and Y), and both
copies are shown to cause melanoma in the absence of
the other gene. In addition, a third copy of Xmrk is
present in all individuals including the hybrids of X.
maculatus and X. helleri (designated INV). This copy
shows no association with melanoma formation and
may represent the proto-oncogene.

To obtain information on the possible mode of
melanoma oncogene activation in the hybrid genome
versus the situation in the purebred parental fish, we
have analysed structure and expression of the proto-
oncogene locus INV and the sex-chromosomal
oncogene loci X and Y. Here, we present evidence that
oncogenic activation is linked to overexpression of the
oncogene loci due to an altered transcriptional control.

Results

Structural features of the three Xmrk loci of
X. maculatus

The restriction fragment length polymorphism of the
three Xmrk genes (Schartl, 1988; Adam et al. 1988,
Zechel et al., 1988) originates from polymorphic EcoRI
sites within their 3’ regions (Wittbrodt et al., 1989). We
have cloned genomic DNA which represents the INV-,




74 D. ADAM et al.
§ 3
° s 10 15 20 23 0 kb
I 1 1 " 1 B I
Xmrk locus
C -]
- = T == E ] =
Ot 1 81 %383 33 %1 & 3
Y 1 c-redcacaocan 4 INV
0 1 2 3 4 s 6 7%b
| — 1 1 A - ' A
1 809 1356 1912 3236 4650 4659 5424 6107
7 - £ - § &
L gv o s 15'4"' 18 2 K} Y z Az At A & v
[ e B 1 o 11 11 TIL AT T/ R 1 o "
1 809 1351 1907 Dalitiw s wewinl 4696 4715 5470 5574
2 S 4 E g g 2
816w I Suws 3. 2 Y1 x nE En &
(5010 5011 Dt - ~ = = - = - = - Y
i ' E— T 1T 4 T4 1 ]
1 809 1356 1912 2613 33013310 40614163
3 3 i - . g
1 6u aw 3 3 x 3z LF TA E
3 2 {2377 n7l)—-%;as 3616)-—-:- -------- ) X
C A T T I N I D G 7w}

Figure 1 Top: The genomic region of the Xmrk gene (shown for the INV-locus). The open bar represents the extent of the Xmrk
gene. The area represented by a solid line is cloned. Center: The polymorphic 3’ ends of the INV-, X- and Y-locus. The sequenced
part is shown by solid lines. Exons t to 2 are indicated by black boxes, the intervening introns are numbered 1-6. The distribution of
point mutations is indicated by bars in the boxes below cach locus. Minor deletions in the X- or Y-locus are given by triangles,
additional sequence present in the Y-locus by inverted triangles. Large deletions in the oncogenic loci are bounded by semi-circles.
Sequence differences between the INV- and Y-locus located in the fragment deleted in the X-locus are shown in between both loci.
Positions of polyadenylation consensus sites are indicated by A*. The location of oligonucleotides A and B is represented by arrows

X- and Y loci. Figure 1 shows the physical maps of the
genomic DNA of the three Xmrk loci. No structural dif-
ferences between the three loci have been detected at the
5" end of the Sacl site (nt 1912) so far. Polymorphic sites
were restricted to the 3’ part of the Xmrk loci, suggest-
ing only minor alterations, if any, in the region
upstream of the Sacl site. As the physical mapping
already indicated structural differences between the
INYV, Y- and X-loci, we determined the sequence of the
polymorphic regions (Figure 2).

The exon/intron arrangement of the Xmrk gene is
identical to the human EGF-receptor and neu gene
(Semba et al., 1985) as well as to ERBB3 (Kraus et al,,
1989). Splice donor and acceptor sites correspond to the
published consensus (Mount, 1982). The most striking
difference between the three Xmrk loci is a deletion of
1344 bp in the X-locus which comprises most of intron
2, the entire exon y and intron 1. Two imperfect direct
repeats of 13/12nt at the borders of the missing
sequence are indicative of a recombinative deletion
(Jeffreys & Harris, 1982) in the X-chromosomal copy.

The large deleted fragment in the X-locus includes the
regular splice acceptor site of exon z (Figure 2). Com-
parison of the X-locus cDNA (B. Malitschek, personal
communication) to the genomic sequence revealed that
for splicing of the X-locus transcript a cryptic acceptor
site 14nt downstream of the regular acceptor site in
exon z is used, thus generating an in-frame deletion. A
second large deletion in the trailer removes 581 bp from
the two oncogenic loci (see below).

Including several minor insertions and deletions,
122 sequence differences were found in all three loci, 23
of which affect the coding sequence. Ten mutations
result in amino acid changes: three conservative, four
semiconservative and three nonconservative changes.
Two of the nonconservative changes consist of the X-
and Y-loci having proline converted to leucine (aa 960,
exon x) and leucine converted to glutamine (aa 1132,
exon z). The Y-locus has a tyrosine converted to an
asparagine (aa 1014, exon y) which is totally missing in
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the X-locus (positions refer to the previously character-
ized Y-chromosomal cDNA sequence [Wittbrodt et al.,
1989]). The position of this tyrosine does not corre-
spond to one of the five published autophosphorylation
sites of the EGF-receptor (Margolis et al., 1989; Walton
et al., 1990) but could represent a Xmrk homolog of
other potential, as yet uncharacterized autophosphory-
lation sites that have also been proposed for the EGF-
receptor (Honegger et al., 1989). ' .
To obtain information on the phylogenetic relation-
ship between the three Xmrk loci, the nuclcotu!e
sequences were compared. Based on the distance matrix
method of Fitch and Margoliash (Fitch & Margoliash,
1967), the INV-locus shows a larger genetic distance
from the X- (69 differences) and Y-locus (58 differences)
than these loci display to each other (35 differences).

Different expression of the Xmrk loci

In all non-tumorous fish carrying only the INV-locus,
low expression of Xmrk was found in skin, fins and gills
represented by a 5.8kb transcript (Figure 3a, lanes 1-3).
All other tissues tested showed no detectable expression.
Northern analyses of melanoma bearing fish revealed
two major transcripts, one of 5.8kb in the correspond-
ing non-tumorous tissues and an additional one of
47kb within the tumorous tissues (Figure 3a, lanes
4-8). To find out if the melanoma-specific 4.7kb tran-
script was actually derived from the melanoma inducing
X- or Y-locus, we used oligonucleotide A specific for an
exon (y) which is present in the INV- and Y loci but not
in the X-locus (see Figure 1). Even after overexposure of
the filter, oligonucleotide A did not detect the 4.7kb
transcript in melanoma caused by the presence of the
X-chromosomal gene locus, while in Y-chromosomal
melanoma this transcript was readily detected (Figure
3b, lanes 1 and 2). In a control experiment with oligonu-
cleotide B which is specific for all three Xmrk loci (see
Figure 1), the 4.7kb transcripts were detected in both
tumor RNAs (Figure 3b, lanes 3 and 4). This shows that
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INV GGGAGGCGCA CIGTACACTC CTGTCCGGTA GGGGGCAGCA GCGCTCCGAC TGAACCTGCTG GCTTTGCTCA GATAACAGT GGTCTGTTTT AAATTGGACA GATAACTGGA TTTAACTCAG 4200
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INV ATGGTTCACT GTCGGTICTC CAGAGGAACT GAAACAGAAC AAGAACTTCC TGTTCCTTCA GGCAAAGGTC CAATCTTTGG CTCTAAGCTG ACGGGATGAA CGCATCTGGA AAATGGAGOC 4320
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Figure 2 Nucleotide sequence of the INV-, X- and Y-locus: Bases identical in all three loci are shown only for the INV locus. Exons
appear in uppercase, introns in lowercase letters. Trailer regions in exon z are represented by italics. Asterisks indicate nucleotides
not present in the corresponding locus. The imperfect direct repeats at the beginning and at the end of the large deletion in the
X-locus are marked by arrows. Polyadenylation sites appearing to represent the 3’ termini arc boxed. Numbering of nucleotides
refers to the sequence of the INV locus
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Figure 2 Continued

in the X-chromosomal melanoma the 4.7kb mRNA is
derived from the X-chromosomal Xmrk locus and lacks
the 91 bases of exon y. By analogy we conclude that the
4.7kb transcript observed in Y-chromosomal
melanomas —as it does carry exon y—is derived from

the Y-chromosomal Xmrk locus. Therefore, the 5.8kb

transcript originates from the proto-oncogene locus
(INYV), while the X- and Y-loci produce shorter mRNAs
of similar size (4.7 kb) with internal structural differences
(lack or presence of the 91 bases of exon y).

In tumor bearing fish, the oncogenic X- or Y-
transcripts were found at high level in malignant
melanoma (Figure 3a, lanes 5, 8, 9), while benign
melanoma showed lower amounts of the oncogenic
transcripts (Figure 3a, lane 4), The INV-locus was tran-
scribed at low level in all melanomas irrespective of the
degree of malignancy. Together with earlier findings
(Wittbrodt et al., 1989), these data show that the abun-
dance of the oncogenic X- and Y-locus transcripts cor-
relates with the malignancy of melanoma. To see if
elevated expression of Xmrk can be detected in tissue
other than malignant melanoma, we analysed gills of
several Xiphophorus genotypes either without melano-
ma or with melanoma of differing malignancies. Only
transcripts of the INV-locus were detected (Figure 3a,
lanes 3, 6, 7) at uniform levels regardless of the presence
or absence of melanoma or of tumor malignancy. '

To determine if the observed size difference between
- proto-oncogene and oncogene transcripts was due to
different 3’ ends we analysed the sequence of the corre-
sponding regions of all three loci. Due to the 581bp
deletion the corresponding polyadenylation consensus
present in the INV locus is removed from the oncogenic
loci. However, the next following consensus sequence
683 bp downstream is used (see Figure 1) giving rise to a
trailer being even 88/102bp longer than in the INV
locus transcript. Northern hybridizations using oligonu-
cleotides confirmed these results (data not shown). This
excludes the possibility that the observed size difference
is due to alternate 3’ end formation in the oncogene
transcripts.

We performed primer extension analyses to deter-
mine the extent of the 5' noncoding leader sequence of

the different transcripts. We found that the 5 untrans-
lated regions of both X- and Y-locus transcripts com-
prisc 68bp while the corresponding region of the
proto-oncogene mRNA is approximately 1kb long
(Figure 4, lanes 1, 2, 4, 5). The position of the tran-
scription start site of the oncogenic transcripts was con-
firmed using a different primer (Figure 4, lane 3).
Sequencing of RNA from the tumor cell ling PSM
revealed exactly the same 5’ end for the oncogenic tran-
scripts as was detected by the primer extension analyses
(Figure 5). In addition, the RNA sequence gave an
explanation for the 5’ truncation of the Xmrk cDNA
sequence described elsewhere (Wittbrodt et al., 1989) by
displaying strong unspecific terminations at a position
corresponding to the incomplete 5' end of the cDNA
sequence. )

Thus, the size difference between the two transcripts
is explained by additional sequence in the INV tran-
script and points to alternative transcription start sites
in the tumorigenic mRNAs.

Discussion

In the Xiphophorus genome three different copies of the
Xmrk gene coexist, one of which—as a proto-
oncogene — appears to serve a so far unknown physio-
logical function, and two additional ones which are
oncogenic. In order to contribute to an understanding
of the molecular basis of the oncogene activation
process, we studied the structural organization and
transcription of these Xmrk loci.

Based on the phylogenetic analysis of the sequence
differences, we propose a duplication of the ancestral
INV-locus creating a new sex-chromosomal Xmrk copy
which subsequently diverged into the recent X- and Y-
copies. This is in agreement with INV being the precur-
sor locus of X and Y as a proto-oncogene. Further
evidence for this issue comes from the observation that
INV is expressed in very early embryogenesis at high
levels and at low levels in several normal tissues without
leading to transformation. In the absence of the tumor
suppressor locus R expression of INV is not altered in
any tissue of melanomatous fish. In addition, in an



AT R

MELANOMA ONCOGENE ACTIVATION IN XIPHOPHORUS 177

mel. SdDr mal.
gills SdDr ben.
gills SdDr mal

c
]
Q
e
[a]
°
wn
©
E

skin
fins
gills

> o

-

N

w

o~ 0e
¥

[¢)]

N

~

mel. SdDr mal.
mel. SdDr mal.

PSM

1 2 3 4
Figure 3 Northern analysis of the three Xmrk loci. a) Lanes 1-3
(exposure 6 days): Expression of Xmrk in skin, fins and gills of X.
helleri (Rio Lancetilla stock) carrying only the INV-locus. Lanes 4,
5 (exposure 14h): Expression of Xmrk in benign or malignant
melanoma from hybrid fish carrying the X-locus and in gills from
these hybrids (lanes 6, 7; exposure 2.5 days). Lanes 8, 9 (exposure
5h): Expression of the Y-locus from X. maculatus (N?) and from
PSM cells. Transcripts below 3kb represent polyadenylated tran-
scripts of different length from the same gene generated by differ-
ential splicing or alternate transcription starts and
polyadenylation signals, respectively. This phenomenon is
observed frequently with highly expressed genes in tumor cell lines.
For hybridization, the Y-locus cDNA served as a probe. (b) Lanes
1, 2: Hybridization with oligonucleotide A. Lanes 3, 4: Control
hybridization with oligonucleotide B using the same filter. Over-
exposure for 5 days. The 5.8 kb INV transcript which is also recog-
nized by both oligonucleotides is not visible due to its low
abundance as compared to the 4.7kb transcripts, In each case
20 ug of total RNA were analysed, except in (a), lanes 8 and 9
(polyA*-RNA)

extensive survey on over 500 wildtype fish from feral
populations the INV locus was always found without
exception in all individuals, while X and Y alleles were
found only in those few animals which are predisposed
to develop melanoma following the appropriate cross-
ing (Schartl, 1990).
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Figure 4 Primer extension analyses using RNA from melanoma
containing the X locus transcript (lanes 1, 4), from oocytes con-
taining the INV locus transcript (lane 2) or from PSM cells con-
taining the Y locus transcript (lanes 3, 5) and primers C (lanes 1, 2,
4, 5) or D (lane 3). Major start sites are marked by arrows, multi-
ple bands below 80 bp in lanes 4 and 5 as well as the band at 90 bp
in lane 3 are located already in the coding region of the gene and
therefore likely to be unspecific. Included size markers were
labeled pBR322 cut with Hinfl (lane M1) or pUCIS8 cut with
Haelll (lane M2). Gels were exposed for 3 weeks (lanes 1, 2), 5h
(lane 3) or overnight (lanes 4, 5). The obscrved start site at 220bp
(lane 3) using primer D located farther 3’ corresponds to the start
sites at 90bp (lanes 1, 4, 5) obtained with primer C which is
located more §'

The additional potentially tumorigenic Xmrk copies
did not evolve as pseudogenes, as they show a ratio of
effective to silent changes of 1:1 each instead of 3:1
which is the expected rate for pseudogenes (Nei, 1987).
The clustered distribution of the mutations displays
selection against mutations in certain areas of the genes,
e.g. the kinase domain, where the X- and Y-locus show
only two silent mutations. Therefore, the tumorigenic
copies of Xmrk may serve a physiological role in wild-
type fish (e.g. directing macromelanophore pigmen-
tation or pattern formation) as long as they are under
control of the R locus.

The question if the X- and Y-copies have acquired a
so called ‘activating’ mutation during the process of
gene duplication and divergence is not of primary rele-
vance to the understanding of the process of tumor for-
mation in the R-lacking hybrid. Also the wildtype fish
which never develop tumors would carry such an ‘acti-
vated’ allele as is clear from the formal genetics, but this
will not lead to a phenotypic effect. We concentrated on
the activation of the potentially tumorigenic Xmrk X
and Y alleles in the hybrids after loss of the R locus, not
on a possible ‘activation’ of such alleles by acquiring
mutations during the process of their generation by
duplication of the INV locus. However, such informa-
tion will be important to understand how neoplastic
transformation of pigment cells is mediated by Xmrk.
Therefore the structure of all three loci concerning the
region encoding the intracellular portion of the receptor
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Transcription
start site

Primer

Figure 5 RNA sequence of the Y-locus transcript. 20 ug of total
RNA from PSM cxlls were analysed using primer C. The position
of primer C and the transcription start sitc is indicated. The region
of unspecific termination (see ‘Results’ section) is clearly visible

and the untranslated 3’ trailer was analysed in detail
because of the obvious divergence of this region. Physi-
cal mapping revealed considerable structural differences
only in the 3’ regions of the Xmrk loci. Sequencing of
the polymorphic regions led —besides one other large
deletion affecting the trailer regions of both oncogenic
transcripts —to the detection of a large deletion in the
X-locus which includes one carboxyterminal exon of the
~ encoded receptor tyrosine kinase. However, this struc-
tural alteration cannot be the cause for the trans-
forming potential, as the Y-chromosomal Xmrk copy,
which is tumorigenic as well, does contain this exon. On
the other hand, loss of this exon, which contains one (aa
1032) of the five putative tyrosine phosphorylation sites
of EGFR-like receptor tyrosine kinases (Margolis et al.,
1989; Walton et al., 1990), may explain the observed
higher malignancy of X-chromosome encoded melano-
mas as compared to Y-chromosomal copies. For the
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EGF-receptor it has been shown i: vitro that C
terminal deletions affecting autophc:»horylated tyro-
sines do not alter the transforming pc:.ntial in general,
but confer higher sensitivity to liganc aduced mitoge-
nesis when compared to the wii  type situation
(Honegger et al,, 1988; Khazaie et a:., 1988). On the
other hand, minor structural alterz‘ ons, e.g. point
mutations, have been found to be re:: onsible for the
transforming potential of a gene (Bargn: .nn et al., 1986;
Seeburg et al, 1984; Hunter, 198’. Within the
sequenced regions we detected a total ¢ 10 amino acid
changes, only three of which are non-c.:nservative and
therefore likely to alter the biochemical properties of the
Xmrk protein. At present, we cannot decide if these or
other, so far unknown point mutations in the 5' region
of the gene contribute to the oncogenic potential of the
X- and Y-locus, as these sorts of questions can only be
addressed by functional assays, e.g. by production of
transgenic fish. It has been shown for the closely related
EGF receptor that only the cytoplasmic domains carry
the structural determinants that define its transforming
potential (Riedel et al., 1989). Therefore, point muta-
tions in the 5’ region of Xmrk are unlikely to contributc
to the transforming mechanism. Concerning the loss of
tyrosine 1014 in the oncogenic loci, differences in carb-
oxyterminal tyrosine phosphorylation of receptor tyro-
sine kinases are not regarded as instrumental in primary
oncogenic activation (Honegger et al., 1988; Khazaie et
al., 1988) but may modulate the tumorigenicity of recep-
tor tyrosine kinases. At present, it is not clear if any of
the observed point mutations do contribute at all to the
oncogenic potential of the X- and Y-locus. The differ-
ence in tumorigenicity between X and Y on one, and
INYV on the other side after loss of the R locus may as
well be due solely to the degree of expression of these
loci.

The X- and Y-locus transcripts are 1.1kb smaller
than the proto-oncogene transcript. This is not exclu-
sively due to differences in 3’ end formation, because all
three Xmrk loci terminate within 102 bp. Primer exten-
sion analyses revealed that the size differences are due
to a different start site of the INV-transcript, giving rise
to a transcript of approximately the size determined
from Northern analyses. At present it is not possible to
define the exact position of the INV start site, as the
corresponding genomic regions are not cloned. There-
fore, it is not possible to perform primer extension
analyses with primers located more 5. However, it is
clear that the oncogenic Xmrk copiés use a start site
definitely different from the INV start site, as they were
extended only by 68 nt, which is in perfect accordance
to the observed size of 4.7kb. The observed differences
in the 5’ end of the transcripts affect only untranslated
sequence and do not lead to a structurally altered
protein.

The INV-locus is expressed at low level only in skin,
fins and gills and its expression is not influenced by the
presence of melanoma. The low expression of the INV-
locus in the melanotic tissue itself is—unlike the
expression of the X- and Y-locus—not correlated to
the state of malignancy. Therefore, the elements govern-
ing expression of the INV-locus must be different from
those of the X- and Y-locus. The finding of two different
start sites of transcription for the oncogenic and proto-
oncogenic loci points to two different potential pro-
moters. Southern analyses showed that the overall
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structure of the 5’ region of all three loci is alike. This
weakens, but does not rule out the possibility that the
X- and Y-loci have acquired new regulatory sequences
from the gene duplication/translocation event that led
to their generation which would be reminiscent of the
situation found with c-myc in Burkitt’'s Lymphoma
(reviewed in Bornkamm et al., 1988). As outlined above,
the genomic region containing the promoter of the
INV-locus is not cloned. The possibility of an addi-
tional intron in the 5 region of the INV-locus cannot be
ruled out at present. Therefore it is possible that one of
the breakpoints of the proposed duplication/
translocation event affects genomic regions farther
upstream which are not yet accessible to Southern
analyses. On the other hand, we cannot exclude that
minor structural changes (e.g. point mutations) have
occurred, which created the new potential promoter in
the 5’ region of the oncogenic Xmrk loci.

Accumulation of tumor specific transcripts in
melanoma can be explained by enhanced transcription
from these tumor specific promoters. The observed
overexpression of the oncogenic loci and its correlation
with the malignancy of the tumors is intriguing in the
light of findings that for RTKs of subclass I over-
expression in tissue-culture has been shown to lead
potentially to oncogenesis, and increased levels are fre-
quently associated with certain human malignancies
(reviewed in Yarden & Ullrich, 1988). Such over-
expression obviously would result from the activity of
the potential X- and Y-locus tumor specific promoters,
thus giving an explanation for the mode of Xmrk acti-
vation.

Again, it is important to note that the structure of the
tumorigenic Xmrk loci including the 5’ regions in the
tumorous hybrids is not different from that of the non-
tumorous X. maculatus wildtype. Therefore, minor
structural changes in the Xmrk gene product are not
sufficient to explain the mode of oncogenic activation
because a structurally altered Xmrk protein would exert
its action in the parental fish as well as in the hybrid.
Differences in gene regulation leading to overexpression
are, on the other hand, in accordance with the genetic
data. The most important difference between the
hybrids and the wildtype fish with regard to melanoma
formation is the absence of the tumor-suppressor locus.
It is therefore tempting to speculate that this locus is
somehow involved in a negative control of the potential
promoters of the oncogenic Xmrk loci.

Materials and methods

Cloning of the Xmrk loci

The polymorphic EcoRI fragments of the INV-, X- and
Y-locus were cloned as previously described (Wittbrodt et al.,
. 1989). The INV-, X- and Y-loci were derived from male X.
maculatus (stock Rio Jamapa X: Tu-Sd, Y: Tu-Sr). Sub-
fragments of the INV, Y- and X-locus were subcloned into
pBluescript (Stratagene) for sequencing.

Sequencing

Nested deletions were generated using either T4 DNA poly-
merase (with oligonucleotides adapted for pBluescript) (Dale
et al., 1985), or Exonuclease III (Henikoff, 1984). Sequences

were determined by dideoxy-sequencing using T7 polymerase
(Pharmacia) or Sequenase (United States Biochemical
Corporation). Sequence analysis was performed using the
GCG sequence analysis software package (Devereux et al.,
1984). The BESTFIT alignment of the GCG package was
used to determine if an amino acid change was conservative,
semi- and nonconservative.

RNA sequencing

RNA was sequenced using dideoxynucleotides and AMV
reverse transcriptase (New England Biolabs) in a modified
primer extension reaction (Carpenter & Simon, 1990).

Northern blot analyses

RNA preparation, Northern blots and quantitation of trans-
ferred RNA were pcrformed essentially as described (Médueler
et al, 1988). For size calibration a RNA-ladder (BRL,
Bethcsda) was included. Probes were random priming labeled
(Feinberg & Vogelstein, 1983). For hybridization with the
Y<DNA probe, filters were washed at 65°C, 0.1 x SSC, 1%
SDS. Kinased oligonucleotides were hybridized at 42°C in
6 x SSC, 1% SDS with subsequent washing done at 45°C,
6 x SSC, 1% SDS. Oligonucleotides were kinased according
to Chaconas and van de Sande (Chaconas & van de Sande,

1980).

Oligonucleotides

Oligonucleotides A and B were designed as antisense probes
complementary to nt 3530 to 3569 and nt 4832 to 4860 of the
Y-locus, respectively (see Figure 1). Oligonucleotides C, span-
ning nt 35 to 56 (in antisense orientation) and D, spanning nt
160 to 179 (in antisense orientation) of the Y-chromosomal
cDNA sequence (Wittbrodt et al. 1989), were used for primer
extension reactions.

Primer extension analyses

20 ug total RNA from X. helleri oocytes and from PSM cells
(Wakamatsu, 1981) together with 20 ug poly A* RNA from X.
maculatus melanoma (Tu-Sd), containing abundant transcripts
of either INV-, Y- or X-locus, were added to 1.5 x 10%cpm of
kinased primer C or D (770fmoles), precipitated in 300 ul
0.3M NaOAc (pH 5.2), rinsed sequentially with 80% and with
96% EtOH and then dried. The precipitates were resuspended
in 1041 of 10mm Tris-HCl (pH 8.0), 1 mM EDTA, 250 mm
K(C], incubated for 60 min at 60°C and brought to 42°C to
anneal the primers. After addition of 23 ul of a freshly pre-
pared buffer containing 10mM Tris-HCI (pH 8.3), 10mm
MgCl,, 5mMm DTT, 330um dNTPs, 100 ugml ™! actinomycin
D, 20 units RNAsin (Amersham) and 10 units MMLY reverse
transcriptase (New England Biolabs), the primer extension
reactions were incubated for 60min at 42°C and precipitated
with 300l EtOH. Pellets were rinsed with 30041 of 70%
EtOH, dried and loaded onto 16 cm polyacrylamide gels (8%).
Dried gels were exposed with intensifying screens at —70°C.,

Acknowledgements

We thank Herbert Jickle for discussions and critical com-
ments, Christof Steiner for valuable support concerning
primer extensions, Catherine Schindewolf for critical reading
of the manuscript and Andrea Oswald for quick and expert
synthesis of oligonucleotides.

This work was supported by grants to M.S. from the Bun-
desministerium fir Forschung und Technologie through
‘Schwerpunkt: Grundlagen und Anwendungen der Gentech-
nologie’, the Deutsche Forschungsgemeinschaft through ‘Sch-
werpunkt: Klassische und molekulare Tumorzytogenetik’ and
the Max-Planck-Gesellschaft. D.A. is a fellow of the Fonds
der Chemischen Industrie.




80 D. ADAM et al.

References

Adam, D., Wittbrodt, J., Telling, A. & Schartl, M. (1988).
Nucleic Acids Res., 16, 7212.

Ahuja, M.R. & Anders, F. (1976). Prog. Exp. Tumor Res., 20,
380-397.

Anders, A. & Anders, F. (1978). Biochim. Biophys. Acta, 516,
61-95.

Anders, F., Schartl, M., Barnekow, A. & Anders, A. (1984).
Adv. Cancer Res., 42, 191-275.

Atz, J.W.(1962). Zoologica, 47, 153-181.

Bargmann, CI., Hung, M. & Weinberg, R.A. (1986). Cell, 45,
649-657.

Boettiger, D. (1989). Curr. Top. Microbiol. Immunol., 147,
31-78.

Bornkamm, G.W., Polack, A. & Eick, D. (1988). Cellular
Oncogene Activation. G. Klein (ed.) Marcel Dekker: NY,
pp. 223-273.

Carpenter, CD. & Simon, A.E. (1990). BioTechniques, 8,
26-27.

Chaconas, G. & van de Sande, J. (1980). Meth. Enzymol,, 65,
75-85.

Dale, RMK, McClure, BA. & Houchins, J.P. (1985).

. Plasmid, 13, 31-40.

Devereux, J., Haeberli, P. & Smithies, O. (1984). Nucleic Acids

4 Res., 12, 387-395,

Feinberg, A.P. & Vogelstein, B. (1983). Anal. Biochem., 132,

Y 6-13.

: Fitch, WM. & Margoliash, E. (1967). Science, 155, 279-284.
- . Gordon, M. (1927). Genetics, 12, 253-283.

.Gordon, M, (1958). Ann. NY Acad. Sci., 71, 1213-1222,

Haussler, G. (1928). Klin. Wochenschr., 33, 1561-1562,

HenikofT, S. (1984). Gene, 28, 351-359,

Honegger, A, Dull, T.J, Bellot, F, Van Obberghen, E.,
Szapary, D., Schmidt, A., Ullrich, A. & Schlessinger, J.

.. (1988). EMBO J., 7, 3045-3052.

Honegger, A, Kris, R.M,, Ullrich, A. & Schlessinger, J. (1989).

- i Proc. Natl. Acad. Sci. US A, 86, 925-929.

Hunter, T. (1987). Cell, 49, 1-4.

Jeflreys, A.J. & Harris, S. (1982). Nature, 296, 9-10.

Khazaie, K., Dull, TJ,, Graf, T, Schlessinger, J., Ullrich, A.,

" Beug, H. & Vennstrém, B. (1988). EMBO J., 7, 3061-3071.

-

Kosswig, C. (1965). Zool. Anz., 175, 21-50.

Kosswig, C. (1928). Z. Indukt. Abstammungs-V- rbungsl., 47,
150-158.

Kraus, M.H,, Issing, W., Miki, T. & Popesc: N.C. (1989).
Proc. Natl. Acad. Sci. USA, 86, 9193-9197.

Margolis, B.L.,, Lax, I, Kris, R.M., Dombalagi: M., Honeg-
ger, A, Howk, R., Givol, D., Ullrich, A. & ; -lessinger, J.
(1989). J. Biol. Chem., 264, 10667-10671.

Miuecler, W, Raulf, F. & Schartl, M. (1988). On:  ene, 2, 421-

430,

Mount, S.M. (1982). Nucleic Acids Res., 10, 459 ),

Nei, M. (1987). Molecular Evolutionary Genet . . Columbia
University Press: NY.

Riedel, H., Dull, T.J.,, Honegger, A., Schlessinge:
A. (1989). EMBO J., 8, 2943-2954.

Schartl, M. (1988). Genetics, 119, 679—68S.

Schartl, M. (1990). Genetics, (in press).

Schwab, M. (1987). Trends Genet., 3, 38-42.

Seeburg, P.H., Colby, W.W., Capon, D.J., Goe:'el, D.W. &
Levinson, A.D. (1984). Nature, 312, 71-74.

Semba, K., Kamata, N., Toyoshima, K. & Yzmamoto, T.
(1985). Proc. Natl. Acad. Sci. USA, 82, 6497-65::1.

Sinkovics, J.G. (1988). Crit. Rev. Immunol., 8, 217-798.

Tronick, S.R. & Aaronson, S.A. (1988). Adv. Sec. fess. Phos-
phoprot. Res., 21, 201-214.

Vielkind, J.R., Kallman, K.D. & Morizot, D..". (1989). J.
Aquat. Anim, Health, 1, 69-77.

Wakamatsu, Y. (1981). Cancer Res., 41, 679-680.

Walton, G.M,, Chen, W.S,, Rosenfeld, M.G. & Gill, GN.
(1990). J. Biol. Chem., 256, 1750-1754.

Weinberg, R.A. (1989). Cancer Res., 49, 3713-3721

Wittbrodt, J., Adam, D., Malitschek, B., Miueler 'W., Raulf,
F. Telling, A., Robertson, SM. & Schartl, . (1989).
Nature, 341, 415-421. .

Yarden, Y. & Ullrich, A. (1988). Ann. Rev. Biocheni., 5T, 443-
478.

Zander, C.D. (1969). Mitt. Hamburg. Zool. Mus. Inst., 66, 241-
271.

Zechel, C., Schleenbecker, U., Anders, A. & Anders, F. (1988).
Oncogene, 3, 605-617.

. & Ullrich,

The sequences have been deposited in the EMBL/Ganan
database and are available under the following accession
numbers: INV: X56317; X: X56318; Y: X56319.




