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A new chimeric oncogene, trk-2h, has been generated by
recombination of two segments of MDA-MB231 human
breast carcinoma cell line DNA after transfection in
NIH/3T3 cells. The rearranged DNA segments form a
fused transcriptional unit. Sequences at the 3' end are
homologous to the tyrosine kinase receptor moiety found
in the trk oncogene which resembles a truncated growth
factor receptor lacking part of its extracellular domain
(Martin-Zanca et al., 1986). The 5' sequence of the
trk-2h oncogene is contributed by a gene which is ex-
pressed in all human cells tested, and is not related to
any known gene. Transfection of the receptor kinase do-
main DNA fragment into NIH/3T3 cells generated
another oncogene, trk-3'h, which contains a mouse-
specific sequence fused 5' to the receptor kiase. All three
trk recombinants have the receptor kinase moiety fused
to an activating amino terminus at the same nucleotide
in their transcriptional product.
Key words: genomic DNA transfection/tumorigenicity
assay/truncated receptor protein/tyrosine-kinase oncoprotein

Introduction
Transforming genes from human and animal tumors have
been identified by genomic DNA transfections in NIH/3T3
cells. The assay has identified oncogenes activated by point
mutations such as those of the ras gene family (Reddy et
al., 1982; Tabin et al., 1982) or the neu oncogene (Schechter
et al., 1984). In addition, oncogenes activated by rearrange-
ments have also been detected. The rearrangements are either
somatic and are observed in the original tumor cell DNA,
or they occur after the transfection. The trk oncogene was

generated in a human colon carcinoma by a somatic re-

arrangement of a receptor kinase sequence with the tropo-
myosin gene (Martin-Zanca et al., 1986). Other activating
rearrangements such as those forming the ret chimeric onco-

gene (Takahashi and Cooper, 1987) or involving the raf
oncogene (Stanton and Cooper, 1987; Tahira et al., 1987)
occurred after transfection. These rearrangements result in
the production of fusion oncoproteins with the amino ter-
minus of an apparently normal cellular protein fused to the
carboxy terminus of a tyrosine (ret, trk) or serine/threonine
(raJ) kinase.
We have detected two different transforming sequences
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by a tumorigenicity assay using NIH/3T3 cells transfected
with DNA isolated from the human breast carcinoma cell
line MDA-MB23 1. We have previously characterized one
of these transforming sequences as the human Ki-ras onco-
gene in which a point mutation at codon 13 led to an amino
acid change from glycine to aspartic acid in the transform-
ing protein (Kozma et al., 1987). The second transforming
sequence from the MDA-MB231 DNA was retained in four
consecutive cycles of transfection and tumorigenicity experi-
ments in NIH/3T3 cells. The oncogene was molecularly
cloned and its cDNA was sequenced. The oncogene encodes
the receptor kinase domain of the trk fusion oncoprotein at
its carboxy terminus. Unlike the original trk fusion onco-
gene which contains the first seven exons of the non-muscle
tropomyosin gene fused to the receptor kinase domain, the
novel trk-related oncogene which we describe here contains
at its 5' end human sequences which are not related to a
known gene. Oncogenic potential is probably conferred to
the trk receptor kinase by the human DNA sequences which
became linked during the transfection procedure. This
activating recombination event could be experimentally
mimicked a second time by transfection of the receptor
sequence portion of the gene in NIH/3T3 cells. A new trans-
forming sequence was generated in which the 5' activating
DNA was provided by yet another sequence of mouse DNA.

Results
Isolation of a transforming sequence from the MDA-
MB231 genomic DNA following transfection in
NIH/3T3 cells
Genomic DNA from the human breast tumor cell line MDA-
MB231 was transfected into NIH/3T3 cells and the transfec-
tants were assayed for tumorigenicity in nude mice (Kozma
et al., 1987). Two animals developed tumors within 4 weeks.
Hybridization to human genomic probes revealed a similar
pattern of human repetitive sequences in both primary tumors
(data not shown). We used the DNA of one primary tumor,
NIH/MDA-1, in a secondary transfection and tumorigenicity
assay. Secondary tumors appeared within 3 weeks in six out
of six mice injected. Tertiary and quarternary cycle transfec-
tants gave rise to tumors with the same efficiency. A blot
analysis with DNA from different transformants using human
genomic DNA as a probe revealed that specific fragments
were retained through successive transfection cycles (Figure
1). This implies that these fragments are associated with a
human transforming gene. All BamHI-digested DNA from
second, third and fourth round transformants contained three
fragments of 6.7, 3.8 and 2.8 kb (Figure IB) which hybridiz-
ed to human repetitive DNA sequences. A tertiary transfor-
mant had two human DNA-containing EcoRI fragments of
18 kb and 12 kb (Figure IA, lane f), which were cloned
into the X EMBL4 vector. The two genomic DNA inserts
were released from the vector DNA by EcoRI digestion,
ligated and transfected into N1H/3T3 cells. The transfectants

147



S.C.Kozma et al.

gave rise to tumors in nude mice, a result which shows that
the oncogene is contained within these two fragments.

Structure of the transforming genomic sequence and
of the corresponding transcrpt
The restriction maps of the genomic clones were establish-
ed (Figure 2). DNA blotting analyses using probes from the
18- and 12-kb clones revealed that the transforming
sequences arise from the rearrangement of two genomic frag-
ments which are not linked in the MDA-MB231 DNA or
in placenta DNA (not shown). The rearrangement occurred
within the 1.1-kb EcoRI-HindIII fragment at one end of
the 12-kb sequence (probe 4, Figure 2). The junction bet-
ween the two human DNA fragments is detected in all the
NIH/MDA transformants and in the tumors obtained from
cells transfected with in vitro ligated 18- and 12-kb clones
(not shown).
Using the entire 12-kb clone as a probe in an RNA blot-

ting analysis, a 1.8-kb transcript was detected in all trans-
formants, but neither in MDA-MB231 cells nor in NIH/3T3
cells. Subfragments of the genomic clones were then used
to delimit the transcribed sequence. Probe 5 from the 12-kb
genomic clone detected a 1.8-kb transcript in the transfor-
mants (Figure 3A, lanes b and c). Probe 1 from the 18-kb
clone also detected the 1.8-kb mRNA transcript in the trans-
formants (Figure 3B, lane b) and did not detect a transcript
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Fig. 1. Southern blot analysis of genomic DNAs isolated from
NIH/MDA transformants. The DNAs were isolated from the following
sources: NIH/MDA-2 transformants (a-c), NIH/MDA-3 transformants
(d-f) and NIH/MDA-4 transformants (g and h). The DNAs were
digested with EcoRI (panel A) or with BamHl (panel B) and
hybridized with 32P-labeled human placenta DNA. The human DNA
containting genomic clones was isolated from the NIH/MDA-3
transformant shown in lane f.

B
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in control RNA from NIH/3T3 cells (Figure 3B, lane e).
In addition, probe 1 detected a relatively abundant 1.2-kb
mRNA in the MDA-MB231 cells (Figure 3B, lane a). Probes
4 and 7 were negative in an RNA analysis. DNA sequences
5' to probe 1 did not detect transcripts in the transformants
or in MDA-MB231 cells (data not shown).
The direction of transcription was determined using probe

6 cloned in both orientations in an SP6 vector. The 5' end
of the gene is within probe 1 in Figure 2. From these results
it appears that a large fraction of the 1.8-kb mRNA transcript
is encoded by the 12-kb clone, while the 18-kb clone, in
particular probe 1, provides sequences at the 5' end. The
same 5' sequences are also present in a 1.2-kb transcript
found in MDA-MB231 RNA. This 1.2-kb transcript was
detected in all the human RNA samples that we examined,
including normal breast epithelium, normal fibroblast and
placental RNA (not shown).

cDNA cloning and sequencing of the oncogene-
specific transcrpt
We used poly(A)+ mRNA from NIH/MDA-2 cells to
prepare a cDNA library in XgtlO (Huynh et al., 1985). Six
clones were isolated from 9 x 1( recombinants after
screening the library consecutively with probes 3, 5 and 6,
shown in Figure 2. The longest cDNA obtained was 1.6-kb
in length. In an RNA blot analysis the cDNA hybridized
to the 1.8-kb transcript from the transformants (Figure 3C,
lanes b and c) and to the 1.2-kb transcript from MDA-
MB231 cells (Figure 3C, lane a), but did not hybridize to
NIH/3T3 RNA (Figure 3C, lane e). This cDNA was sub-
cloned in bacteriophage M13 and sequenced (Figure 4). The
sequence 3' of nucleotide 125 is homologous with the recep-
tor kinase part of the trk oncogene (Martin-Zanca et al.,
1986).
To avoid the addition of a new name to the list of onco-

genes, we propose to consider trk as the abbreviation for
transforming receptor kinase (rather than tropomyosin recep-
tor kinase, as proposed by Martin-Zanca et al., 1986). We
will refer to the previously described trk oncogene as trk-Ih,
whereby the 1 stands for the first chimera described and the
h for human, and will designate the chimera found in NIH/
MDA transformants as trk-2h. In both oncogene transcripts
the receptor kinase domain starts at the same nucleotide,
which corresponds to position 664 in trk-Ih and position
125 in trk-2h.
The receptor kinase domain of both trk-Ih and trk-2h

begins at the same amino acid, residue 42 in trk-2h. A
putative transmembrane domain spans residues 57-82. This
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Fig. 2. Scheme of the genomic DNA clones isolated from NIH/MDA-3. A partial map of the 18-kb EcoRI fragment is shown on the left and the
12-kb EcoRl fragment is shown on the right. The junction between the two human DNA sequences is marked by an arrow. The restriction
endonuclease sites shown are: EcoRI (E), SnaI (S), BamHI (B) and HindIll (H). The indicated DNA probes were tested on poly(A)+ RNA isolated
from the NIH/MDA transformants and MDA-MB231 cells: probes 1, 2, 3, 5 and 6 hybridized with the 1.8-kb oncogene specific transcript; probes
1-3 hybridized with the normal 1.2-kb transcript present in MDA-MB231 cells; probes 4 and 7 as well as DNA sequences 5' to probe 1 were
negative with all RNAs tested.
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Fig. 3. RNA blot analysis of poly(A)+ RNA isolated from NIH/MDA
transformants. Poly(A)+ RNA was isolated from: MDA-MB231 cell
line (a), NIH/MDA-2 transformant (b), NIH/MDA-4 transformant (c),
a transformant obtained by transfection of the 12-kb genomic clone (d)
and NIH/3T3 cells (e). The hybridization was carried out with probe 5

from the 12-kb genomic clone (panel A), probe 1 from the 18-kb
genomic clone (panel B) and the trk-2h cDNA probe (panel C).

is followed by a region which shows similarities with other
tyrosine kinases (Hunter and Cooper, 1986). The published
trk- Ih sequence and the trk-2h sequence are different at
some positions (indicated in Figure 4). Most of these dif-
ferences do not affect the amino acid sequence. The excep-

tions are the changes at positions 1224 and 1225, which lead
to a replacement of, respectively, histidine for glutamine and
glycine for arginine.
The most significant difference between the sequence of

trk-2h shown in Figure 4 and that reported for trk-Ih
(Martin-Zanca et al., 1986) is the presence of an additional
cytosine at position 1234 and a cytosine instead of a

thymidine at position 1285 in the trk-2h sequence. These
changes alter the open reading frame at the carboxy terminus
of the protein. Barbacid's group have recently re-examined
their sequence and have confirmed the existence of these
two cytosines in rk-1h (personal communication). The new

predicted carboxy terminal sequence enhances the homology
of the trk receptor kinase with other tyrosine kinases. In par-

ticular, there is now a leucine residue at position 424, the
carboxy boundary of the catalytic domain. All tyrosine
kinases have a hydrophobic residue (leucine or phenyl-
alanine) at this site (Hunter and Cooper, 1986). The single
tyrosine residue at 434 following the catalytic domain of
trk-2h may correspond to tyrosine 527 of c-src.

The open reading frame of the receptor kinase is preced-
ed by an open reading frame at the 5' end of the trk-2h
cDNA. This sequence is not homologous with tropomyosin,
which is present in the trk- 1h oncogene. The 5' sequence
of the trk-2h cDNA (nucleotides 20-124) is incomplete,
since it does not contain an ATG start codon in the open

reading frame. The sequence was extended in the 5' direc-
tion by a primer extension procedure. Primer 1 shown in
Figure 4 was annealed to poly(A) + RNA from
NIH/MDA-4 and elongated in the presence of dideox-
ynucleotides by reverse transcriptase. The sequence -30 to
+20 shown in Figure 4 was determined. This sequence con-
tains two 9-mer inverted repeats (nucleotides -20 to -22
and +6 to + 14) which could fold into a stem and loop struc-
ture and explain the incomplete length of the cDNA. Most
of the extended primers stopped at the C at position -20,
suggesting that this is the major RNA start site. The sequence
also contained an ATG in frame with the receptor kinase
domain. To determine if the ATG at position 1 corresponds
to the translational start of the molecule, we sequenced pro-
be 1 from the 18-kb genomic clone (Figure 2). It confirmed
the sequence found by primer extension. The ATG codon
is preceded by the sequence CCAAG. This sequence con-
tains three out of five nucleotides of the consensus transla-
tional start sequence CCACC and respects the key feature
of an adenosine at position -3 (Kozak, 1984). At the 3'
end of the trk-2h cDNA there are 208 untranslated
nucleotides. No consensus poly(A)+ addition site could be
detected (Wickens and Stephenson, 1984).
The deduced translational product of trk-2h consists of

439 residues, 398 of which encompass the receptor kinase.
The predicted mol. wt of the trk-2 protein is 48.6 kd and
corresponds reasonably well with the observed mol. wt of
44 kd (A.Ziemiecki et al., in preparation). The amino ter-
minus of trk-2h is rich in lysine and arginine residues and
contains neither putative glycosylation sites nor a
hydrophobic leader sequence.

Cloning and sequencing of the transcript homologous
to the 5' activating sequence of tt*-21'
A placenta cDNA library (Clontech) was screened with
probes 1 and 2 from the 18-kb genomic clone and a number
of positively hybridizing plaques were isolated. A 0.9-kb
placenta cDNA insert was subcloned in M13 and sequenced.
The entire cDNA sequence is shown in Figure 5. The cloned
placenta cDNA was also incomplete, stopping at nucleotide
15. Primer 1 was used to extend and sequence MDA-MB231
poly(A)+ RNA. Its sequence is the same at the 5' end as
the trk-2h sequence shown in Figure 4. The incomplete
length of the placenta cDNA might be due to the 5' stem
and loop structure mentioned earlier. The sequences of the
two cDNAs diverge 3' of nucleotide 124. Sequencing
genomic DNA probes 1 and 2 (Figure 2) revealed that the
124 coding nucleotides which are present at the 5' end of
trk-2h and the placenta cDNA are contained in two exons.
The first exon contains the 5' untranslated sequences plus
the ATG, while the second exon contains the remaining 121
nucleotides. The placenta cDNA has an open reading frame
coding for 266 amino acids. The most striking feature of
the putative protein is its high basic amino acid content (23%
lysine plus arginine). Data bank searches on the nucleotide
and amino acid level did not show any similarities between
the placenta cDNA sequence and stored sequences. Thus,
the receptor kinase domain of the trk-2h oncogene is fused
to a human sequence not yet described.

Generation of a mouse -human chimeric oncogene by
transfection of the receptor kinase domain of trk-2h
In order to determine the oncogenic potential of the two
human DNA-containing EcoRl fragments isolated from the
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-30- . 1 - primer 1 63
TTTCCTTTCTCTCCTCCCGCCGCCCAAGATGCCGAAAGGAAAGAAGGCCAAGGGAAAGAAGGTGGCTCCGGCCCCAGCTGTCGTGAAGAAG

M P K G K K A K G K K V A P A P A V V K K
1 20

64 t+rk 156
CAGGAGGCTAAGAAAGTGGTGAATCCCCTGTTTGAGAAAAGGCCTAAGAATTTTGGCATTGACACTAACAGCACATCTGGAGACCCGGTGGAG
Q E A K K V V N P L F E K R P K N F G I D T N S T S G D P V E

40
157 249
AAGAAGGACGAAACACCTTTTGGGGTCTCGGTGGCTGTGGGCCTGGCCGTCTTTGCCTGCCTCTTCCTCTCTACGCTGCTCCTTGTGCTCAAC
K K D E T P F G V S V A V G L A V F A C L F L S T L L L V L N

60 80
250 342
AAATGTGGACGGAGAAACAAGTTTGGGATCAACCGCCCGGCTGTGCTGGCTCCAGAGGATGGGCTGGCCATGTCCCTGCATTTCATGACATTG
K C G R R N K F G I N R P A V L A P E D G L A M S L H F M T L

100
343 435
GGTGGCAGCTCCCTGTCCCCCACCGAGGGCAAAGGCTCTGGGCTCCAAGGCCACATCATCGAGAACCCACAATACTTCAGTGATGCCTGTGTT
G G S S L S P T E G K G S G L Q G H I I E N P Q Y F S D A C V

120 140
436 528
CACCACATCAAGCGCCGGGACATCGTGCTCAAGTGGGAGCTGGGGGAGGGCGCCTTTGGGAAGGTCTTCCTTGCTGAGTGCCACMCCTCCTG
HH I K R R D I V L K W E L G E G A F G K V F L A E C H N L L

160
529 A 621
CCTGAGCAGGACAAGATGCTGGTGGCTGTCAAGGCACTGAAGGAGGCGTCCGAGAGTGCTCGGCAGGACTTCCAGCGTGAGGCTGAGCTGCTC
P E Q D K M L V A V K A L K E A S E S A R Q D F Q R E A E L L

180 200
622 C 714
ACCATGCTGCAGCACCAGCACATCGTGCGCTTCTTCGGCGTCTGCACCGAGGGCCGCCCCCTGCTCATGGTCTTTGAGTATATGCGGCACGGG
T M L Q H Q H I V R F F G V C T E G R P L L M V F E Y M R H G

220
715 C 807
GACCTCMCCGCTTCCTCCGATCCCATGGACCTGATGCCAAGCTGCTGGCTGGTGGGGAGGATGTGGCTCCAGGCCCCCTGGGTCTGGGGCAG
D L N R F L R S H G P D A K L L A G G E D V A P G P L G L GQ

240 260
808 C 900
CTGCTGGCTGTGGCTAGCCAGGTCGCTGCGGGGATGGTGTACCTGGCGGGTCTGCATTTTGTGCACCGGGACCTGGCCACACGCAACTGTCTA
L L A V A S Q V A A G M V Y L A G L H F V H R D L A T R N C L

280 300
901 993
GTGGTCCAGGGACTGGTGGTCAAGATTGGTGATTTTGGCATGAGCAGGGATATCTACAGCACCGACTATTACCGTGTGGGAGGCCGCACCATG
V G Q G L V V K I G D F G M S R D I Y S T D Y Y R V G G R T M

320
994 1086
CTGCCCATTCGCTGGATGCCGCCCGAGAGCATCCTGTACCGTAAGTTCACCACCGAGAGCGACGTGTGGAGCTTCGGCGTGGTGCTCTGGGAG
L P I R W M P P E S I L Y R K F T T E S D V W S F G V V L W E

340 360
1087 1179
ATCTTCACCTACGGCAAGCAGCCCTGGTACCAGCTCTCCAACACGGAGGCAATCGACTGCATCACGCAGGGACGTGAGTTGGAGCGGCCACGT

I F T Y G K Q P W Y Q L S N T E A I D C I T Q G R E L E R P R
380

1180 GC - 1272
GCCTGCCCACCAGAGGTCTACGCCATCATGCGGGGCTGCTGGCACGGGGAGCCCCAGCAACGCCACAGCATCAAGGATGTGCACGCCCGGCTG
A C P P E V Y A I M R G C W H G E P Q Q R H S I K D V H A R L

400 420
1273 T 1365
CAAGCCCTGGCCCAGGCACCTCCTGTCTACCTGGATGTCCTGGGCTAGGGGGCCGGCCCAGGGGCTGGGAGTGGTTAGCCGGAATACTGGGGC
Q A L A Q A P P V Y L D V L G*

439
1366 G 1458
CTGCCCTCAGCATCCCCCATAGCTCCCAGCAGCCCCAGGGTGATCTCAAAGTATCTAATTCACCCTCAGCATGTGGGAAGGGACAGGTGGGGG

1459 G 1538
CTGGGAGTAGAGGATGTTCCTGCTTCTCTAGGCAAGGTCCCGTCATAGCAAGTATATTTATTATCCCTTGAAAAAAAAA

Fig. 4. Nucleotide sequence and deduced amino acid sequence of the trk-2h oncogene. The entire sequence was obtained by cDNA sequencing
combined with primer extension and sequencing of NIH/MDA-4 and MDA-MB231 poly(A)+ RNAs. Differences between the trk-Ih (Martin-Zanca et
al., 1986) and our sequence are indicated above the line. The 28 amino acids at the carboxy terminus differ from the published sequence. The
corrected trk-lIh sequence (D.Martin-Zanca, personal communication) and the trk-2h sequence shown here are the same. Nucleotides are numbered
above the line. Position 1 marks the first ATG codon. A 9-mer inverted repeat sequence is marked between positions -30, -22 and +6, +14.
Amino acids are numbered below the line. Primer 1 was used to extend the sequence to the 5' end. The majority of the extended products stopped
at the C at position -20. The receptor kinase domain begins at amino acid 42 (indicated by -rk). The region with similarity to other tyrosine
kinases spans residues 159-424.

NIH/MDA transformant, we individually transfected the 18- 1.2-kb human mRNA. We assume that the 12-kb genomic
and 12-kb genomic fragments shown in Figure 2. The 18-kb clone contains only the receptor kinase domain of the onco-
fragment contains part of the sequence transcribed in the gene for two reasons. First, the 12-kb fragment hybridizes
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-30 1 primer 1 63
TTTCCTTTCTCTCTCCTCCCGCCGCCCAAGATGCCGAAAGGAAAGAAGGCCAAGGGAAAGAAGGTGGCTCCGGCCCCAGCTGTCGTGAAGAAG

M P K G K K A K G K K V A P A P A V V K K
1 20

64 156
CAGGAGGCTAAGAAAGTGGTGAATCCCCTGTTTGAGAAAAGGCCTAAGAATTTTGGCATTGGACAGGACATCCAGCCCAAAAGAGACCTCACC
Q E A K K V V N P L F E K R P K N F G I G Q D I Q P K R D L T

40
157 249
CGCTTTGTGAAATGGCCCCGCTATATCAGGTTGCAGCGGCAGAGAGCCATCCTCTATAAGCGGCTGAAAGTGCCTCCTGCGATTAACCAGTTC
R F V K W P R Y I R L Q R Q R A I L Y K R L K V P P A I N Q F

60 80
250 342
ACCCAGGCCCTGGACCGCCAAACAGCTACTCAGCTGCTTAAGCTGGCCCACAAGTACAGACCAGAGACAAAGCMGAGAAGAAGCAGAGACTG
T Q A L D R Q T A T Q L L K L A H K Y R P E T K Q E K K Q R L

100
343 435
TTGGCCCGGGCCGAGAAGAAGGCTGCTGGCAAAGGGGACGTCCCAACGAAGAGACCACCTGTCCTTCGAGCAGGAGTTAACACCGTCACCACC
L A R A E K K A A G K G D V P T K R P P V L R A G V N T V T T

120 140
436 528
TTGGTGGAGAACAAGAMGCTCAGCTGGTGGTGATTGCACACGACGTGGATCCCATCGAGCTGGTTGTCTTCTTGCCTGCCCTGTGTCGTMA
L V E N K K A Q L V V I A H D V D P I E L V V F L P A L C R K

160
529 621
ATGGGGGTCCCTTACTGCATTATCAAGGGAAAGGCAAGACTGGGACGTCTAGTCCACAGGAAGACCTGCACCACTGTCGCCTTCACACAGGTG
M G V P Y C I I K G K A R L G R L V H R K T C T T V A F T Q V

180 200
622 714
AACTCGGAAGACAAAGGCGCTTTGGCTAAGCTGGTGGAAGCTATCAGGACCAATTACAATGACAGATACGATGAGATCCGCCGTCACTGGGGT
N S E D K G A L A K L V E A I R T N Y N D R Y D E I R R H W G

220
715 807
GGCAATGTCCTGGGTCCTAAGTCTGTGGCTCGTATCGCCAAGCTCGAAAAGGCAAAGGCTAAAGAACTTGCCACTAAACTGGGTTAAATGTAC
G N V L G P K S V A R I A K L E K A KA K E L A T K L G*

240 260 266
808 853
ACTGTTGAGTTTTCTGGACATAAAAATAATTGAAATAAAAAAAAAA

Fig. 5. Nucleotide sequence and deduced amino acid sequence of the placenta cDNA. The entire sequence was obtained by cDNA sequencing
combined with primer extension and sequencing of NIH/MDA-4 and MDA-MB231 poly(A)+ RNAs. Nucleotides are numbered above the line.
Position 1 marks the first ATG codon. Amino acids are numbered below the line. The junction between the 5' activating sequences and the receptor
kinase of trk-2h is indicated at nucleotide 125. A variant form of the poly(A)+ addition signal (Wickens and Stephenson, 1984) is underlined at
position 826-831.

to the 1.8-kb trk-2h mRNA and not to the ubiquitous 1.2-kb
normal human transcript. Second, probe 4 (Figure 2), which
contains the junction of the two human genomic DNA frag-
ments, does not hybridize to poly(A)+ RNA from the
NIH/MDA transformants or from MDA-MB231 cells.

Cells transfected with the 12-kb genomic sequence were
tumorigenic with a low efficiency. Only one cell clone out
of - 1.3 x 103 which were cotransfected with pSV2neo
and the 12-kb genomic DNA sequence gave rise to tumors
in nude mice. Cells transfected with the 18-kb genomic DNA
sequence were not tumorigenic. A blot analysis on
poly(A)+ RNA isolated from the 12-kb genomic DNA-
induced tumors revealed a transcript of 2.5-kb which hybrid-
ized with the trk-2h cDNA probe (Figure 3C, lane d). The
receptor kinase moiety of trk is encoded within - 1.5-kb.
Therefore, we assume that the 2.5-kb transcript arose from
a rare recombination event between a mouse gene from the
NIH/3T3 recipient cells and the transfected human receptor
kinase domain. Primer extension and sequencing of tumor
poly(A)+ RNA was performed using a synthetic oligo-
nucleotide corresponding to the 5' end of the receptor kinase
sequence (primer 2, Figure 6). A partial sequence of 115
nucleotides located 5' of the junction with the receptor kinase
domain has been determined (Figure 6). This sequence con-
tains an open reading frame of 38 amino acids in frame with
the receptor kinase domain. Data bank searches did not
reveal homology between this sequence and known DNA

or protein sequences. We will refer to this chimeric onco-
gene as trk-3n'mh, whereby mh stands for mouse-human
chimera. The trk-3nh has the same junction between the 3'
receptor kinase sequences and the 5' activating sequences
as seen for the other two trk oncogenes. A comparison of
the sequences is shown in Figure 6.

Comparison of NIH/3T3 transformants obtained with
trk recombinants activated by different 5' sequences
Cell cultures established from tumors containing the trk-2h
and the trk-3"h oncogenes display different morphologies
(Figure 7). The trk-3""h transformants are rounded up and
very refractile (panel B), as are the cells transformed by
trk-1h (obtained from D.Martin-Zanca and M.Barbacid)
(panel C). The trk-2h transformants (panel A) exhibit a less
transformed phenotype and round up only when they are
crowded on the culture dish. The different morphologies may
be due to properties of the different amino termini.

Discussion
We have molecularly cloned and sequenced an oncogene
from transformed NIH/3T3 cells which were transfected with
genomic DNA from the human tumor cell line MDA-
MB231. The 3' part of the transforming sequence cor-
responds to the tyrosine kinase domain of the previously
described trk oncogene. The transforming potential of the
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trk 3mh -----ATCATCTCAATGCGTCTCAGACTACACTTGAAGCAG
I I S M R L R L H L K Q

I.rk primer 2
CTCCGAAGTAGAGCGTCAGCGCTGGGTGACAGCCTTAGAACTGCCAAGGCCAAGGCTGTGAAGATGCTGGCCGAATCAGACACTAACAGCACATCTGGAGACCCGGTGGAGAAGAAGGACGAAACACCT
L R S R A S A L G D S L R T A K A K A V K M L A E S D T N S T S G D P V E K K D E T P

hIrk
trk-2h ---- AGGCCTAAGAATTTTGGCATTGACACTAACAGCACATCTGGAGACCCGGTGGAGAAGAAGGACGAAACACCT

R P K N F G I D T N S T S G D P V E K K D E T P

hIrk
trk-1h -----AAGACAATTGATGACCTGGAAGACACTAACAGCACATCTGGAGACCCGGTGGAGAAGAAGGACGAAACACCT

K T I D D L E D T N S T S G D P V E K K D E T P

Fig. 6. Partial nucleotide and amino acid sequence of the trk-3mh oncogene. The sequence was obtained by extension of the indicated primer 2 and
dideoxy sequencing of poly(A)+ RNA isolated from the trk-3nh transformants. The junction between the trk-3mh receptor kinase domain and the
activating amino terminal sequences is shown by - rk. The junction is the same as seen for the trk-Ih and trk-2h proteins.
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Fig. 7. Cells containing the trk-2h oncogene (A), the trk-3mh oncogene (B) and the trk-Ih oncogene (C) (provided by D.Martin-Zanca and
M.Barbacid) display different morphologies. Panel D shows untransformed NIH/3T3 cells (x 188).

trk-2h oncogene was activated by a DNA rearrangement
after transfection. The trk- Ih oncogene which was generated
by a somatic rearrangement in a colon carcinoma (Martin-
Zanca et al., 1986) has the same junction between the 5'
activating sequences and the receptor kinase domain as has
the trk-2h oncogene. Perhaps the DNA near this break-point
contains sequences which favor recombination events. Tahira
et al. (1987) have shown that the c-rafgene which is usually
activated between exons seven and eight by recombination
with other DNA sequences contains inverted repeats near

the genomic break-point. Such sequences can produce secon-

dary structures which could play a role in recombination.
There are two mechanisms which could explain why the

trk-related oncoproteins are transforming. The amino ter-
minal truncation of the c-trk protein may be responsible, or

the truncation and the production of a novel fusion protein
may be necessary for activation. The many different
examples of chimeric transforming proteins suggest that a

fusion event may be important for activation. Many trans-
forming retroviruses contain oncogenes encoding members
of the tyrosine kinase family. The majority of the oncopro-

teins are chimeras containing parts of the viral structural pro-

teins fused to proteins with tyrosine kinase activity. These
retrovirally encoded fusion proteins include v-fgr of
Gardner-Rasheed feline sarcoma virus (Naharro et al.,
1984), v-erbB of avian erythroblastosis virus (Debuire et al.,
1984) and c-erbB activated by ALV insertion (Nielson et
al., 1985), v-abl of Abelson leukemia virus (Wang et al.,

1984), v-kit of the Hardy-Zuckerman 4 feline sarcoma virus
(Besmer et al., 1986) and v-fins of the McDonough feline
sarcoma virus (Hampe et al., 1984). Oncogenes generated
by recombination either somatically or after transfection also
include members of the tyrosine or serine/threonine kinase
family. These oncogenes also encode fusion proteins such
as the bcrlabl oncogene present in chronic myelogenous
leukemia cells (Konopka et al., 1984), the met (Park et al.,
1987), the ret (Takahashi and Cooper, 1987) and the fusion
raf (Stanton and Cooper, 1987; Tahira et al., 1987)
oncogenes.

It is not yet evident what the amino terminal activating
sequences which have been described have in common. The
trk-Ih and the v-fgr genes code for tyrosine kinases attach-
ed to domains of, respectively, tropomyosin (Martin-Zanca
et al., 1986) and the -y-actin (Naharro et al., 1984), both
of which are cytoskeletal proteins. The met protein appears

to contain a domain at its amino terminus which is related
to laminin, a glycoprotein present as a matrix component
of basement membrane (Chan et al., 1987). The activating
sequences of the fusion raf, ret, trk-2h and trk-3'" are from
genes whose proteins have not been described. The amino
terminal residues in trk-2h and trk-3h are not related but
both have a high percentage of the basic amino acids arginine

and lysine. We can speculate that these sequences are im-
portant for the stability, conformation and/or localization of
the transforming proteins. A novel localization could bring
the tyrosine kinase into contact with substrates with which
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trk-related oncogenes

it normally does not associate. This may be the case for the
family of the trk fusion oncoproteins. The protein product
of the non-rearranged c-trk locus has not yet been describ-
ed but, based upon the similarity of its structure with other
receptor proteins, it most likely resides in the plasma
membrane.
The definition of structural changes of receptor kinases

which result in oncogenic activation will be an important
question for future oncogene research. If there are numerous
cellular sequences which by recombination with a receptor
kinase domain can cause oncogenic activation, the number
of conceivable oncogenes might become very large. An ex-
perimental approach to this question is possible by provi-
sion of different kinase domains with the 5' segments present
in trk_lh, -2h and -3mh. Such gene constructs might become
useful to assess the contribution of cellular 5' sequences to
the oncogene function and possibly define a specificity with
respect to the different tyrosine kinase domains.

Materials and methods

transcriptase in the presence of the four deoxynucleotides to determine the
RNA start site and in the presence of dideoxynucleotides to determine the
sequence. A partial sequence of trk-3mh was determined using the same
method. The oligonucleotide labeled primer 2 in Figure 6 was annealed
to poly(A)+ RNA from NIH/3T3 cells transformed by the trk-3mh onco-
gene. The DNA sequence around the junction between the receptor kinase
and the mouse-specific sequences was determined. Both primers were syn-
thesized by Dr R.Simpson of the LICR, Melbourne Branch. The NBRK
DNA and Protein Data Bases and the Microgenie Program were used to
search for sequence homologies.
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