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A myc-containing recombinant feline leukemia provirus, designated FTT, was molecularly cloned from the
cat T-cell lymphoma line F422. Its transforming activity, as well as the nucleotide sequence of the 3' 2.7
kilobases of FTT, including v-myc, was determined. The predicted v-myc protein differs from feline c-myc by
three amino acid changes and is truncated by two amino acids at the carboxyl terminus. Comparison with feline
leukemia virus (FeLV), feline c-myc, and other FeLV proviruses indicates that recombination junctions
involved in the generation of FeLV-onc viruses occur at preferred locations within the virus. They usually
follow or occur within the sequence ACCCC at 5' junctions and may result from homologous recombination
between sequences of marked purine-pyrimidine strand bias, especially at 3' junctions. Some recombination
sites also resemble recombinase recognition sequences utilized in immunoglobulin and T-cell receptor
variable-region joining. Transfection of primary rat embryo fibroblasts and subsequent in vivo analysis
revealed that morphologic and tumorigenic transformation require cotransfection of FTT with human EJ-ras
DNA; neither gene alone is sufficient. FTT v-myc is expressed in these transformed rat cells as a 3.0-kilobase
subgenomic RNA; however, in contrast to the depressed level of c-myc expression in v-myc-involved feline
tumors, steady-state levels of rat c-myc RNA and protein are apparently unaltered.

Experimental induction of lymphoid tumors by non-onco-
gene-bearing feline and avian retroviruses involves provirus
insertion near the myc proto-oncogene in about 80 and 90%
of the cases examined, respectively (44, 64). In contrast,
about 20% of naturally occurring feline leukemia virus
(FeLV)-positive cat T-cell tumors have been shown to
involve rearrangements of the myc gene, and about half of
these possess FeLV-myc recombinant proviruses (34, 39,
43). In addition, experimental induction of erythroblastosis
by avian leukosis virus in 151 chickens has been shown to
involve transduction of the c-erbB proto-oncogene (36).
These latter findings challenge the prevailing view that
oncogene-bearing viruses arise only very rarely in retrovirus
infections (6, 64) and allow analysis of multiple instances of
transduction of the same proto-oncogene and the viral and
target cellular sequences involved, as well as their resultant
transforming capability. Such analyses may be expected to
yield new insight into the molecular mechanisms of trans-
duction and the requirements for proto-oncogene activation.
F422 is a T-cell line established from a cat thymic lym-

phosarcoma (52). An FeLV-myc recombinant virus is shed
from these cells and can be transmitted along with its helper
virus, FeLV-Rickard, to mink lung cells without causing
obvious morphological alteration (39). Neither the F422-
derived virus, which we will refer to as FTT, nor four other
FeLV-myc viruses morphologically transform feline embryo
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cells (43) or NIH 3T3 cells (34, 43). In this report, we present
evidence which indicates that v-myc may transform cells
through synergistic actions with other gene products, rather
than as the sole causative agent. In addition, structural
differences between v-myc and c-myc are assessed, and data
are presented which suggest that some FeLV-myc junctions
arise via mechanisms similar to homologous recombination
and that some junctions may involve recognition sequences
similar to those involved in immunoglobulin and T-cell
receptor variable-region joining.

MATERIALS AND METHODS
Molecular cloning. A partial MboI digest of F422 DNA was

cloned into XJ1 (39) by using methods described previously
(39, 40). Clones were selected which hybridized both to
probe exU3, derived from the FeLV U3 region and specific
for exogenous, horizontally transmitted FeLV (39), and to
probes BBC and HBE, derived from the feline c-myc exons
2 and 3, respectively (39). One clone, XFTT, contained two
long terminal repeats (LTRs) and was mapped with restric-
tion enzymes by using methods described previously (41).
DNA sequencing. A restriction fragment of the XFTT clone

extending from the BamHI site near the 3' end of the pol
open reading frame to a BglII site in cellular DNA down-
stream from the 3' LTR was partially digested with BAL 31
double-stranded exonuclease. The resulting overlapping
fragments were cloned into M13 and sequenced by using the
dideoxynucleotide-chain termination method (47, 57).

Transfection of RECs. We used methods similar to the rat
embryo cell (REC) transformation assay of Land, Parada,
and Weinberg (31). Fisher rat embryo (14 day) torsos were
minced, trypsinized, pooled, and plated at 2.5 x 107 viable
cells per 150-cm2 dish in Dulbecco minimal essential me-
dium, supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and 100 FLg of gentamycin-sulfate per ml. Cells
were grown to confluency (3 to 4 days) and replated at 1.2 x
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106 viable cells per 10-cm dish, and transfections were
performed about 20 h later. The transfection mixture con-
sisted of 0.4 mM Na2HPO4, 150 mM CaCl2, 140 mM NaCl,
21 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) buffer (pH 6.95), 37.5 ,ug of carrier DNA per
dish, 1 p,g of pxfMoAneo DNA (20) per dish, and 5 ,ug of
each experimental DNA per dish. After CaCl2 was added to
this mixture, a precipitate was allowed to form for 15 to 30
min, and then 1.25 ml of this was added dropwise to 5 ml of
medium in each plate. After about 10 h, the cells were
washed with phosphate-buffered saline (140 mM NaCl, 3.0
mM KCl, 8.0 mM Na2HPO4, 1.5 mM KH2PO4 [pH 7.2]) and
covered with 10 ml of fresh medium. After another 2 h,
duplicate plates were trypsinized, pooled, split 1:3, and
replated in six 10-cm plates. One day later G-418 (geneticin,
GIBCO), a neomycin analog, was added to a concentration
of 250 ,ug/ml to half of the plates. Cells were fed every 3 to
4 days with normal medium or G-418 medium. Transformed
foci or G-418-resistant colonies were scored by phase-
contrast microscopy 14 to 21 days following transfection.
DNA used in transfections. pFRB, a plasmid containing

FRB (Mullins et al., manuscript in preparation), the replica-
tion-competent FeLV-Rickard subgroup B provirus, was
derived from the same T-cell line, F422, from which the FTT
provirus was derived, in plasmid pK125. pEJ6.6, a plasmid
containing the tumorigenically active ras oncogene, was
derived from the human EJ bladder carcinoma cell line (31).
pSVc-myc-1 is a chimeric myc plasmid (31) combining the
simian virus 40 early promoter with mouse c-myc exons 2
and 3, including the intervening intron. pxfMoAneo is a
eucaryotic expression plasmid (20) combining the Mo-
MuLV promoter with the neomycin resistance gene. Carrier
DNA was rat spleen DNA sheared by passage five times
through a 21-gauge needle.

In vivo tumorigenicity assay. Transfected or control un-
transfected RECs were injected subcutaneously into 12-
day-old syngeneic rat pups. Injected cells were taken either
from eighth-passage subcultures of transformed foci or di-
rectly from transformed foci 17 days following transfection.
In the former case, 8 x 105 transformed cells were injected
per rat, and in the latter case, all (approximately 2 x 106)
cells in a 10-cm dish were injected, including a small but
variable and unknown number of transformed cells (31).
Transformed foci from plates treated with G-418 had few
cells and were therefore combined with 2 x 106 control
RECs prior to injection.

Soft-agar assay. Cells (1 x 105 per ml) were plated in 0.3%
agarose over a base of 0.5% agarose in 6-cm dishes. Colonies
were scored by phase-contrast microscopy at 7 and 14 days.

Nucleic acid isolation and analysis. Cells were washed once
with phosphate-buffered saline and lysed with a guanidinium
isothiocyanate solution (11). RNA was separated from DNA
by pelleting through 5.7 M CsCl. The RNA pellet was
redissolved and further purified by two ethanol precipita-
tions. The DNA band was further purified by phenol-chlo-
roform extraction and ethanol precipitation. Restriction en-
zyme digestion, agarose gel electrophoresis, nitrocellulose
transfer, hybridization with 32P-labeled nick-translated
probes, and autoradiography were as described previously
(41) (hybridizations: 42°C in buffer containing 50% formam-
ide-10% dextran sulfate; washes: 50°C in buffer containing
0.2x SSC [lx SSC is 0.15 M NaCl and 0.015 M sodium
citrate]). To rehybridize filters, bound probe was first re-
moved by incubation in two changes of 50% formamide-
0.2x SSC wash mix at 70°C for 30 min each. RNA was

analyzed by methyl mercury gel electrophoresis (3) and
detected as described for DNA.

Immunoprecipitation and gel electrophoresis. Cells were
incubated for 1 h with 0.5 mCi of L-[35S]methionine per ml,
washed with phosphate-buffered saline, trypsinized, and
counted in a hemacytometer. Following a second wash, cells
were lysed in RIPA buffer (0.05 M Tris hydrochloride [pH
7.2], 0.15 M NaCl, 0.1% sodium dodecyl sulfate, 1% Triton
X-100) with 1% sodium deoxycholate and 1 mM phenylmeth-
ylsulfonyl fluoride. The lysate was cleared by centrifugation
at 100,000 x g for 1 h, and the volume was adjusted to 106
lysed cells per ml of cleared lysate. Each milliliter of lysate
was precleared for 4 h at 4°C with 10 RI1 of nonimmune rabbit
serum preadsorbed to protein A-Sepharose CL-4B beads
(Sigma). Anti-human c-myc rabbit serum (1 RI) or nonim-
mune rabbit serum (for controls) was preadsorbed to protein
A beads and incubated with 1.0 ml of precleared lysate for 34
h at 4°C. The beads were washed five times with RIPA buffer
and once with 50 mM Tris hydrochloride (pH 7.2) and stored
overnight at -20°C. Immunoprecipitated protein was re-
leased from the beads by incubation in a boiling water bath
for 2 to 3 min in loading buffer (0.08 M Tris hydrochloride
[pH 6.8], 0.1 M dithiothreitol, 2% sodium dodecyl sulfate,
10% glycerol, 0.2% bromphenol blue) and electrophoresed
on a 10% polyacrylamide resolving gel with a 3% stacking
gel. The gel was fixed overnight (10% tricarboxylic acid, 10%
glacial acetic acid, 30% methanol), incubated 1 h in
En3Hance (New England Nuclear), and exposed at -70°C to
Kodak SB-5 film (Eastman Kodak).

Antisera. Rabbit antiserum against a synthetic peptide
corresponding to the 12 carboxyl-terminal amino acids of
human c-myc (48) was kindly provided by Gary Ramsay and
J. M. Bishop. Rabbit antiserum against complete human
c-myc protein (25) was kindly provided by R. N. Eisenman.

RESULTS

Structure of the FTT genome and coding potential of v-myc.
The nucleotide sequence of the 3' 2.7-kilobase (kb) fragment
of FTT is presented in Fig. 1, and its relationship to the feline
c-myc gene (34, 39, 43, 61) and to its putative FeLV parent,
FRB, is schematically shown in Fig. 2. The sequence ex-
tends from a BamHI site near the 3' end of the polymerase
open reading frame through v-myc, the 3'-most 351 nucleo-
tides of the plSE gene, and the 3' LTR. One hundred bases
upstream of the 5' v-myc junction is a splice acceptor
consensus sequence (38) (Fig. 1). It has been found that
splice acceptor sites are preceded by one or more 3' splice
signals with the consensus sequence CTGAC (29). The
putative splice acceptor site of FTT is preceded by redun-
dant 3' splice signals, CTGAT and CTCAC, 32 and 47 bases
upstream, respectively (Fig. 1). These sequences are con-
served in FRB and are the only consensus splice acceptor
and 3' splice signals found in the 739 nucleotides of FRB
preceding the start of the predicted gp7O leader sequence
(data not shown). Furthermore, RNA blot hybridizations
place the actual splice acceptor site within a 250-base-pair
sequence including this region (Mullins, unpublished
results). Thus, the splice sequences found in FTT upstream
of v-myc likely correspond to the normal envelope splice
acceptor found in the parent virus.
The 5' FeLV-myc junction of FTT occurs 183 bases

upstream of the predicted gp7O leader of FRB and 30 bases
upstream of the 3' end of c-myc exon 1 (61). The splice
acceptor for c-myc exon 2 is within the sequence 5'-
CCCCCTTCAGCAGGCG-3' (61), which provides two alter-
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1 20 40 60 80 100 120
GGATC CC TCAGGTATTGGGTTC AGATAATGGACCCGCCTTTATC TC CCAGGTAAGTCAGTCTGTGGC CACC CTACTGGGGATTAATTGGAAGTTAC ATTGTGCATACCGACCCCAAAGTTCAGGTCAGGTA

140 160 180 200 220 240
GAAAGAATGAATAGATCAATTAAGGAGAC TTTAAC TAAATTAACGC TAGAAACTGGC TCTAAGGATTGGG TGC TCC TCC TGCCC CTGGTTTTATACC GGG TACGTAAC ACGCCAGGCCCC CACGGTTAACT

splice signals splice acceptor consensus
280 300 320 340 360 380

CC TTTTGAAATCC TGTACGGGGCACCCACC TATGGCTCAC TTC TTTGATAC TGATATC TC TAGC TTCGCTACC TCCCCAC TATGCAGGCAC ATTTACGCGCCC TGCAGCTGGTCCAAGAAGAGATCCAGA

v-myc (exon 1) exon 2
400 420 440 1 480 (1) 500 (10)

GACC TCTCAGCGGCGGCCTAC CGAGAAAAACTTGAAACC CC GGTTGTGC CTCAC CCC TGG ATTTC CTTCGGATAGTGGAAAACCCGGC TGC CGCGATGCC CC TCAACGTCAGCTTCGCCAACAGGAAC
MetP roL euAsnV al SerP heAl aAsnArgAsn

520 540(20) 560 (30) 580 600(40) 620 (50) 640
TATGACCTCGAC TACGAC TCGGTGCAGCCCTATTTC TAC TGCGAC GAGGAGGAGAAC TTC TACC AGC AGC AGC AGCAGAGCGAGCTGCAGCCGC CGGCGCCCAGCGAGGATATCTGGAAGAAATTCGAG
TyrAspL euAspTyrAspSerVal 61 nP roTyrP heTyrCysAspGl uGl uGl uAsnP heTyrGl nG nGl nGl nGl nSerGl uL euGl nProProAl aP roSerGl uAspIl eTrpLysLysP heGl u

660(60) 680 (70) 700 720(80) 740 (90) 760
CTGC TGCCCACCCCGCCGCTATCCCCGAGCCGCCGCTCCGGGC TCTGCTCGCCCTC CTACGTCGCCTTCGCGTCCTTC TCCCCCCGGGGGGACGACGACGGCGGCGGCGGCAGCTTTTCCACGGCCGAC
LeuL euProThrP roProL euSerProSerArgArgSerGl yLeuCysSerP roSerTyrVal Al aP heAl aSerP heSerProArgGlyAspAspAspGl yGlyGl yGl ySerPheSerThrAl aAsp

780(100) 800 (110) 820 840(120) 860 (130) 880 900(140)
CAGTTGGAGATGGTGACCGAGC TGCTGGGAGGAGACATGGTGAATC AGAGC TTCATC TGCGACCCGGACGACGAGAC CTTC ATC AAAAAC ATC ATCATCC AGGAC TGCATGTGGAGCGGC TTCTCGGCC
G6 nLeuGl uMetV al ThrGl uL euL euGlyGlyAspMetV al As nGl nSerP heIl eCysAspProAspAspGl uThrP heIl eLys As n I el alel eGl nAspCysMetTrpSerGl yPheSerAl a

920 (150) 940 960(160) 980 (170) 1000 1020(180)
GCCGCCAAGCTCGTCTCGGAGAAGCTGGCCTCCTACCAGGCTGCGCGCAAAGACAGCGGCAGCCCGAGCCCCGCCCGCGGGCCCGGAGGC TGCCCCACCTCCAGC TTGTACCTGCAGGACCTGACCGCC
Al aAl aLysLeuValSerGl uLysLeuAl aSerTyrGl nAl aAl aArgLysAspSerGl ySerProSerProAl aArgGlyProGlyGlyCysProThrSerSerLeuTyrLeuGl nAspLeuThrAl a

1040 (190) 1060 1080(200) 1100 (210) 1120 1140(220) 1160
GCCGCCTCCGAGTGCATCGACCCCTCCGTGGTCTTCCCC TACCCGC TCAACGACAGCAGCTCGCCCAAGCCC TGCGCC TCCCCCGACTCCGCCGCCTTC TCCCCGTCCTCGGACTCTC TGCTC TCCTCG
Al aAl aSerGl uCysIleAspProSerVal Val PheProTyrProL euAsnAspSerSerSerP roLysProCysAl aSerProAspSerAl aAl aP heSerP roSerSerAspSerL euLeuSerSer

Ser
axon 3

(230) 1180 1200(240) 1220 (250) 1240 1260(260) 1280
GCGGAGTCC TCCCCGCGGGCCAGCCCCAAGCCCCTGGCGC TCC ACGAGGAGAC AC CGC C CACC AC CAGC AGC GAC TC TGAGGAAGAACAAGAGGAAGAAGAAGAAATTGATGTCGTTTCTGTGGAGAAA
Al aGl uSerSerProArgAl aSerProLysProLeuAl aLeuHisGl uGl uThrProProThrThrSerSerAspSerGl uGl uGl uGl nGl uGt uGl uGl uGl ul 1eAspValVal SerVal 1G uLys

Gl u

(270) 1300 1320(280) 1340 (290) 1380(300) 1400 (310) 1420
AGGCAGCCCCCTGCCAAAAGGTCGGAATCGGGGTCACCCTC TGCCGGAGGCCACAGCAAACC TCC TC ACAGCCCGCTGGTCC TTAAGAGATGC CACGTGCCC ACCCACCAGCACAATTACGCAGCGCCC
ArgGl nP roP roAl aLysArgSerGl uSerGl ySerP roSerAl aGl yGl yHtisSerLysP roP roHtisSe rP roL euV alILeuL ys ArgCysHlisV al ProThrHtisGl nHtisAsnTyrAl aAl aP ro

1440(320) 1460 (330) 14480 1500(340) 1520 (350) 1540
CCCTCCAC TAGGAAGGAC TACCCAGCCGC CAAGAGGGC TAAGTTGG AC AGTGGC AGGGTC CTGAAAC AGATC AGC AACAAC CGC AAATGTATC AGC CCC AGGTC TTCGGACACGGAGGAGAACGACAAG
P roSerThrArgL ysAspTyrP roAl aAl aLysArgAl aL ysL euAspSerGl yArgV alILeuL ysGlIn I leSerAsnAs nArgL ysCys I leS erP roArgSerSerAspThrGl uGl uAsnAspLys

1560(360) 1580 (370) 1600 1620(380) 1640 (390) 1660
AGGCGGACCGACAACGTCTTGGAACGCCAGAGGAGAAACGAGC TGAAACGGAGC TT TTT TGCCC TGC GCGACC AGATCC CAGAG TTGGAAAAC AAC GAAAAGGCC CC CAAGGTGG TGATC CTTAAAAAG
ArgArgThrAspAsnValLeuGl uArgGl nArgArgAsnGl uLeuLysArgSerPhePheAl aLeuArgAspGl nIl eProGl uLeuGl uAsnAsnGl uLysAl aProLysValVal II eLeuLysLys

His

(400) 1700 (410) 1720 1740(420) 1760 (430) 1780 1800
GCCACCGCGTACATCCTGTCCG TCC AAGCAGGGGAGC AAAAGC TC ATTTCGGAAAAGGAC CTG TTGAGGAAGCGACGAGAAC AG TTGAAAC AC AAAC TTGAACAGC TAAGGAAC TC TTGAGC ATAAGTCC
Al aThrAl aTyrI leL euSerVal G1 nAl aGl yGl uGl nLysL eul 1eSerGl uLysAspLeuL euArgLysArgArgGl uGl nL euLysHi sLysL euGl uGl nL euArgAsnSer

CysAla
IplSE (amino acid 82)
1820 1840 1860 1880 1900 1920

ACC TATTAGAGGGAGGGCTC TG TGC CGCATTAAAAGAAGAATG TTGC TTC TATGCGG ATC ACACCGG AC TCG TGC CAGAC AATATGGC TAAATTAAGAGAAAGAC TAAAAC AGC GGCAACAAC TGTTTGA

1960 1980 2000 2020 2040 2060
CTCCCAACAAGGATGGTTTGAAGGATGGTTCAACAAGTCCCCCTGGTTC ACAACC TTAATTTCC TCC ATTATGGGCCC CTTAC TAATCC TACTC CTAATTC TCC TC TTGGGCCCATGCATCCTTAACAGA

I pl5E stop codon
2080 2100 2120 2140 2160 2180

TTAGTACAATTCGTAAAAGACAGAATATC TGTGGTACAAGCC TTAATTTTAACCC AAC AG TACC AAC AGATAAAGC AATACGATCCGGAC CGAC CATGAT TTCC AATTAAATGTATGATTCCATTTAGTC

LTR starts
12220 2240 2260 2280 2300 2320

CCC AGAAAAAGGGGGGAATGAAAGACCCC CTACCC CAAAATTTAGCC AGC TAC TGC AGTGGTGCC ATT TC ACAAGGC ATGGAAAAT TACTC AAGTATGTTCC CATGAGATAC AAGGAAGTTAGAGGCGAA

2340 2360 2380 2400 2420 2440
AAC AGGATATC TGTGG TTAAGC ACC TGGGCCCCGGC TTGAGGC CAAGAACAGTTAAACCCCGGATATAGC TGAAAC AGC AGAAGTTTC AAGGC CGC TACC AGCAG TC TCC AGGC TCCCCAGTTGACCAGG

2480 2500 2520 2540 2560 2580
*TTCGAC C TTCCGCC TCATT TAAAC TAACC AATCCCC ACGCCTrcTCCGCTTtCTGTGC GCGCGC TTTC TGC TATAAAAC GAGCC ATC AGC C CCAACGGGCGCGC AAGTC TTTGC TGAGAC TTGACCGC CCCGG

tTR ends
2600 2620 2640 2660 2680

GTACCCGTGTACGAATAAACC TC TTGC TGATTGCATC TGAC TCGTGGTC TCGGTGTTCTGTGGGCGCGGGGTC TCATTGCCGAGGAAGACC TAGTTCGGGGGTCTTTCACTAGTACCTAACATAAATTGT

FIG. 1. DNA sequence of the 3' end of FTT. The sequence is numbered beginning at the BamHI site near the 3' end of the polymerase
open reading frame. Splice acceptor consensus sequences are indicated and underlined. The predicted translation of the v-myc coding region
is given, and the amino acids are numbered in parentheses. The predicted amino acids in feline c-inv (61) which diverge from FTT v-myc
are given below those of v-myc. The viral cellular recombination sites, myc exon boundaries, and the beginning and end of the 3' LTR are
indicated by vertical lines above the sequence.
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FIG. 2. (A) Restriction enzyme map of FeLV-myc recombinant
provirus FTT and adjacent cellular DNA. The double-headed arrow
under the map indicates the region subcloned for DNA sequencing
(Fig. 1). The stippled area in FTT indicates the transduced inyc
sequence. Abbreviations: B, BamHI; B2, BgltI; E, EcoRI; H,
HindlIl; K, KpnI; S1, Sacl; S2, SacII; Sm, SmaI; X, XbaI. (B)
Comparison of FTT with the feline c-myc region and FeLV-B-R
genome. The triangle below FTT pol indicates an approximately
0.35-kb deletion in the polymerase open reading frame. The aster-
isks indicate a splice donor consensus sequence in the leader
sequence of the core protein genes (gag) of FeLV-61E and FeLV-
B-ST (16, 32) and a splice acceptor consensus sequence between the
pol and env genes of FeLV-61E and FeLV-B-R (16; J. Elder,
unpublished results). Processing of the FTT genomic RNA at these
splice sites would result in a subgenomic transcript, which after
polyadenylation would be similar in size to the smaller transcript
detected in the Northern (RNA) blots shown in Fig. 4.

native splice sites. Nucleotide sequence comparisons indi-
cate that the FTT splice occurs after the second AG, while in
two other FeLV-myc viruses the splice occurs after the first
AG (10, 61). These alternative splice sites occur in a region
believed to be noncoding and so have no effect on the
predicted amino acid sequence of v-myc. Otherwise, no
predicted c-myc intron sequences are present in FTT v-myc.
The first methionine codon in v-myc is found 10 bases

within exon 2, beginning an open reading frame of 1,311
bases (437 codons) extending through exons 2 and 3, which
are joined in frame at the expected splice junction of c-myc.
No uninterrupted coding sequences longer than 30 codons
are found in any other reading frame. Four codon changes
are found in FTT v-myc relative to feline c-myc, and in three
of these cases (positions 214, 236, and 359), FTT v-myc is
identical to human c-myc. The fourth change is a stop codon
terminating the FTT v-myc open reading frame two amino
acids upstream of the c-myc termination codon, thus trun-
cating the predicted protein by two amino acids (cysteine
and alanine). Sequences identical to c-myc extend 18 bases
following the v-myc stop codon, whereupon FeLV se-
quences begin in frame at what would be codon 82 of the
FRB piSE gene. Over the remaining 882 bases of pl5E and
the 3' LTR, there are 13 nucleotide changes between FTT
and FRB (98.5% homology).

TABLE 1. Results of transfection of RECs and injection of
transfected cells into syngeneic young rats

Transformed No. of tumor-
Transfected DNA G-418 foci per 106 bearing rats/

transfected cells' rats injected

FTT + EJ-ras + neo - 22 1/3
+ 41 8/9

pSVc-myc-1 + EJ-ras - 41 3/3
+ neo + 3

FeLV-B-R + EJ-ras - 0
+ neo + 4b

FTT+neo - 0
+ 0

pSVc-myc-1 + neo - 0
+ 0

FeLV-B-R + neo - 0
+ 0

EJ-ras + neo 4b 0/1
+ 3b 0/1

neo 0 0/3
+ 0 0/3

Carrier alone - 0 0/3
+ 0

Average of three transfected plates, 106 cells each.
b Could not be maintained in culture.

Transforming activity of FTT. We next investigated the
biological function of FTT in transfection experiments.
Avian MC29 v-myc and simian virus 40 promoter-activated
mouse c-myc (pSVc-myc-1) sequences have been shown to
transform primary RECs when cotransfected with human
EJ-ras DNA (pEJ6.6) (31). Cells which take up and express
both myc and ras sequences become morphologically trans-
formed, grow in soft agar, and cause fatal tumors when
injected into irradiated nude mice. To evaluate the potential
oncogenic activity of FTT, we carried out similar REC
assays using XFTT and pEJ6.6. As a positive control, we
cotransfected pSVc-myc-1 and pEJ6.6. These results are
shown in Table 1.
By 14 days following transfection, dishes of cells trans-

fected with carrier DNA only and grown in medium contain-
ing the neomycin analog G-418 were depleted of all cells;
however, dishes transfected with a plasmid containipg the
neomycin resistance gene (pxfMoAneo) contained isolated
colonies, indicating successful transfection and expression
of the neo marker. These resistant colonies were not mor-
phologically transformed or immortalized. Similarly, no
morphologically transformed or immortalized colonies were
observed in dishes individually transfected with pSVc-myc-
1, XFTT, or pFRB. There were occasional morphologically
transformed foci in dishes transfected with ras alone or with
ras in conjunction with FRB; however, these grew slowly
and could not be maintained. In contrast, prominent foci of
morphologically transformed cells were observed in dishes
cotransfected with ras and either pSVc-myc-1 or XFTT.
Subcultures of foci transformed with XFTT plus ras grew
more rapidly than untransformed RECs and appeared to be
immortal (they have subsequently undergone over 200 dou-
blings).

Cells from subcultures of FTT-ras-transformed foci also
grew in soft agar (data not shown). Growth in soft agar was
originally introduced as an in vitro test for malignancy (35)
and correlates with tumor formation in nude mice (37). To
test directly the in vivo tumorigenicity of FTT-ras-trans-
formed cells, they were injected subcutaneously into 12-
day-old syngeneic rat pups. Tumors were evident in most
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FIG. 3. Detection of transfected DNA in transformed REC
DNA. DNA from cells subcultured from two different foci, numbers
1 and 2 (lanes 1 and 2), transformed by cotransfection with XFTT
and the ras sequence pEJ6.6, was digested with KpnI, and a

Southern blot was hybridized with the feline c-myc exon 3 probe,
HBE (left panel). Lane C was loaded with normal rat spleen control
DNA. Lanes 1 and C were loaded with equivalent amounts of DNA
(20 p.g); lane 2 was loaded with half this amount (10 ,ug). In the right
panel, the same filter as on the left was washed and rehybridized
with a probe made from the same ras sequence as that used in the
transfections.

exU3 probe myc probe

1 2 1 2 3 4 5
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FIG. 4. Detection of RNA transcripts of transfected sequences
in transformed-cell RNAs. In the left panel, a Northern blot ofRNA
from two transformed-cell lines (same as in legend to Fig. 3) was
hybridized with exU3, a probe specific for exogenous FeLV (39;
Mullins, unpublished results). Additional lanes loaded with normal
REC RNA failed to hybridize with this probe and are not shown. In
the right panel, RNAs were hybridized with HBE, a probe derived
from feline c-myc exon 3. Lane 1 was loaded with RNA from normal
REC quiescent cells. Lane 2 was loaded with RNA from normal
REC asynchronously proliferating cells. Lane 3 was loaded with
RNA from normal RECs synchronously stimulated into Gl of the
cell cycle. The FTT-ras-transformed RECs in lanes 4 and 5 (from the
same cells as in lanes 1 and 2 in the left panel) are analogous in
growth state to the asynchronously proliferating cells in lane 2.
Equivalent amounts of whole-cell RNA were loaded in all lanes (25
,ug); however, lanes 1 and 3 (right panel) represent about twice as
many cells as all the other lanes.

cases, but their persistence and lethality depended on both
the number of cells injected and the particular transformed
focus chosen for injection. For example, rats injected with 8
x 105 transformed cells which had been subcultured from a

large, fast-growing focus (focus number 1) died within 18
days, while 8 x 105 cells subcultured from a small, slowly
growing focus (focus number 2) produced tumors which
regressed within 14 days. Rats injected with the entire
contents of a plate containing several small, slowly growing
foci (approximately 2 x 105 transformed cells) developed
large tumors, but some were still alive after 45 days, even

though they carried tumors as large as 4 cm in diameter. This
type of variability was observed whether the myc sequence
used in the original transfection was XFTT or pSVc-myc-1.

Expression of the FTT provirus in transformed cells. DNA
and RNA derived from subcultures of transformed foci were
analyzed for evidence of integration and transcription of
transfected sequences. In the left panel of Fig. 3, DNA from
FTT-ras-transformed cells subcultured (six additional pas-
sages) from two different foci, numbers 1 and 2 described
above, was digested with the restriction endonuclease KpnI,
which cleaves within the FTT provirus LTRs, and a resulting
nitrocellulose blot was hybridized with the feline c-myc exon
3 probe, HBE (39). In lanes loaded with FTT-ras-trans-
formed-cell DNA (lanes 1 and 2), the prominent 3.25-kb
band corresponds to multiple copies of the internal KpnI
fragment found at the 3' end of the FTT provirus. The
additional myc-hybridizing bands in focus number 1 (lane 1)
apparently represent transfected sequences which had un-

dergone rearrangement. The normal rat c-myc KpnI frag-
ment of 9.5 kb is faintly visible in control DNA (lane C).
The right panel of Fig. 3 shows the same filter as above

with the previously bound probe removed and rehybridized

with a pEJ6.6 ras probe. The human ras probe does not
hybridize to normal rat DNA (lane C) under these condi-
tions. However, both transformed-cell DNAs contain at
least one ras-hybridizing fragment, indicating the presence
of transfected human ras DNA.

Expression of FeLV and myc RNA in transformed cells
was also examined by RNA blot analysis. In the left panel of
Fig. 4, RNA from the two transformed-cell lines described in
Fig. 3 was hybridized with exU3, a probe specific for
exogenous, horizontally transmitted FeLV. The intense 7.2-
kb bands correspond to the entire FTT genomic transcript.
The faint 3.0-kb bands correspond to a subgenomic RNA,
which is expected if processing occurs utilizing the predicted
FTT-env splice acceptor consensus sequence. In the right
panel, the same RNA samples as above were hybridized
with the feline c-myc exon 3 probe. Lane 1 contains RNA
from confluent, normal RECs. Lane 2 contains RNA from
continuously, asynchronously proliferating normal RECs.
Lane 3 contains RNA from synchronously proliferating
normal RECs 3 h after dispersing confluent cultures 1:2; that
is, 3 h after stimulating cells from GO into Gl, when c-myc
transcription is expected to be at a peak level (30). FTT-
ras-transformed RECs (lanes 4 and 5) are not contact inhib-
ited and so proliferate continuously; thus, they may be
considered somewhat analogous in growth state to the
asynchronously proliferating normal RECs (lane 2). Equiv-
alent amounts of whole-cell RNA were loaded in all lanes (25
jig); however, cell counts revealed that quiescent RECs
(lane 1) and synchronized RECs just entering Gl (lane 3)
have only about half as much RNA per cell as do asynchro-
nously proliferating RECs (lane 2) and FTT-ras-transformed
RECs (lanes 4 and 5) (data not shown). Thus, lanes 1 and 3
represent about twice as many cells as all of the other lanes.
The 2.5-kb rat c-rnyc transcript is detectable at low levels
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FIG. 5. Cross-reactivity of antiserum against the carboxyl termi-
nus of human c-myc with c-myc and v-myc in RECs and RECs
transformed with FTT-ras, FEF, and F422 cells. Cell extracts,
radioimmunoprecipitations, and gel electrophoreses were prepared
as described in Materials and Methods. Since c-myc expression is
cell cycle dependent, REC and FEF cell extracts were prepared
from cells labeled in GO, early Gl, and asynchronously proliferating
cultures. FTT-ras-transformed RECs and F422 were asynchro-
nously proliferating cultures. Cell extracts from 5 x 105 cells were

used for each lane except lane 7, in which 2 x 105 cells were used.
Lane 1, Untransfected RECs confluent at least 3 days, i.e., in GO of
the cell cycle; lane 2, untransfected RECs subconfluent and asyn-
chronously proliferating; lane 3, untransfected RECs confluent for
at least 3 days, then split 1:2 2.5 h before labeling, i.e., synchronized
in early Gl; lane 4, as in lane 2, but immunoprecipitated with
nonimmune rabbit serum; lane 5, FTT-ras-transformed RECs asyn-
chronously proliferating; lane 6, as in lane 5, but immunoprecipi-
tated with nonimmune rabbit serum; lane 7, confluent or GO FEF;
lane 8, asynchronously proliferating FEF; lane 9, as in lane 8, but
inimunoprecipitated with nonimmune rabbit serum; lane 10, FEF
synchronized in early Gl; lane 11, F422 asynchronously proliferat-
ing; lane 12, as in lane 11, but immunoprecipitated with nonimmune
rabbit serum; lane 13, molecular weight markers.

in normal quiescent and asynchronously proliferating cell
RNA (lanes 1 and 2) and in transformed-cell RNA (lanes 4
and 5) and at a much higher level in normal synchronously
proliferating Gl cell RNA (lane 3). In FTT-ras-transformed
cells (lanes 4 and 5), both feline v-myc RNAs (the 7.2-kb
full-length transcript and the 3-kb spliced, subgenomic tran-
script) appear more abundant than the 2.5-kb rat c-myc RNA
in the same cells and in normal resting or asynchronously
proliferating cells. However, imperfect homology between
rat c-myc and the feline c-myc probe results in a consistent
underestimation of the relative abundance of rat c-myc
transcripts.

In an attempt to determine the amount of myc protein in
the cells under study, we initially carried out radioimmuno-
precipitation of cell extracts using a rabbit antiserum against
a synthetic peptide corresponding to the 12 carboxyl-ter-
minal amino acids of human c-myc (48). Figure 5.shows that
the major protein precipitated from REC extracts by this
antiserum (lanes 1, 2, and 3) and not by nonimmune rabbit
serum (lane 4) has a relative molecular weight (Mr) of 64,000.
This corresponds to c-myc proteins with MrS of 62,000 to
67,000 reported in avian, murine, and human cells (25, 48).
There is no detectable signal in this autoradiograph exposure

or a longer exposure (data not shown) with an Mr in the
above range in feline embryo fibroblasts (lanes 7 through 10)
or in F422 (lanes 11 and 12), the cat lymphoma T-cell line
from which FTT was cloned; thus it appears that this
antiserum does not cross-react with cat c-myc or FTT
v-myc. However, a prominent band with an Mr of 64,000 is
present in REC cells both untransformed and transformed by
FTT-ras transfection (lane 5).

In an additional attempt to detect feline myc proteins, we
carried out analogous immunoprecipitations using a rabbit
serum against complete human c-myc protein produced in a
bacterial expression vector (25). This antiserum failed to
precipitate specifically a prominent c-myc protein in any of
the cells investigated (data not shown).

DISCUSSION

DNA sequence analysis predicts that FTT encodes a
v-myc protein in place of env but utilizing the env splice
acceptor. In contrast, L115 (10) and the avian tumor viruses
MC29, OK10, and CMII (7) encode v-myc fusion proteins
linked to viral gag or gag-pol genes. The FTT v-myc protein
is predicted to be two amino acids shorter at the carboxyl
terminus than feline c-myc. There are three other coding
variations between FTT v-myc and feline c-myc; however, in
each case the FTT amino acid sequence agrees with that of
human c-myc. Papas and Lautenberger (46) observed that a
threonine codon corresponding to position 61 of chicken
c-myc has been altered in each of three avian v-myc se-
quences, while it is conserved in chicken, human, mouse,
and fish c-myc. They suggested that this substitution may
increase the oncogenic potential of myc transducing viruses.
Nevertheless, we find that the amino acid at the analogous
site (codon 58 in Fig. 1) in both FTT and L115 is identical to
feline c-myc and to the other known c-myc sequences. Our
findings are consistent with the prevailing view (53) that
altered regulation of myc expression can tumorigenically
activate myc in the absence of protein-coding alterations.
While it is not clear whether alterations in FTT v-myc
enhance its observed tumorigenicity, it does appear that the
truncation of the carboxyl terminus does not inactivate the
product. This may place constraints on the proposal that the
carboxyl-terminal portion of the myc product is involved in
a DNA-binding function (2).
The level of v-mnyc RNA expression in FTT-ras-trans-

formed RECs appears to be much higher than that of c-myc
in normal quiescent or proliferating RECs; however, it is
similar to a peak level of c-myc expression found in normal
RECs a few hours after quiescent cells have been stimulated
to proliferate. Others have observed a temporary peak of
c-myc expression following the removal of chicken embryo
fibroblasts from serum deprivation (13, 15). We found that a
similar temporary peak of c-myc expression can be observed
without serum deprivation, by simply replating cells which
have remained confluent for two or more days. However, we
do not know whether the peak we observed is of the same
magnitude as that observed after serum deprivation.
c-myc RNA expression was about the same in normal

asynchronously proliferating RECs as in FTT-ras-trans-
formed RECs. Since we presume these transformed cells to
be somewhat analogous in growth state to the normal
asynchronously proliferating cells, this indicates that c-myc
expression in the transformed cells is not significantly down
regulated. This is in contrast to reports that c-myc RNA
expression is depressed by the presence of extra copies of
c-myc coupled to the immunoglobulin ,u or K enhancer in cell
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c-myc

FTT

FeLV (pol)

1st exon 1st intron 3rd exon
GCTCCTCGCCGCTTTTCGGACG -IGGATTTCCTTCGGATAGGGGAAAACCCGGTAAG ........... AAGTCCACCTATI AGAGGGAGG ACTGGAGTT

AAACCCCGGTTGTGCCTCACCCC-IGGATTTCCTTCGGATAGTGGAAAACCCGqiCTG .... ........ AAGTCCACCTATIIAGAGGGAGG CTCTGTGCC

A1ACCCCGGTTGTGCCTCA1 CLTA11 i 1..11511111111111111111
st intron

c-nyc AGGGAG1TCCGGAGTGA .................. GGATAGTGGAAAACCCGGPrAAG

CT4 GAACCCCTCCGGAGTGA CCG
1111 11

FeLV (pol) AAACCC ,GGTTGTGCCTCACCCCTTCAAACCAGGAG

CB2 (mouse)........ , AGACTAAATCAA
V region D region 1III 11111

T17T AAACCCCGGTTGTGCCCCACCCCTGAGCTGGATGAT ..... TCTCTGTGCCAGCAGCCCTAATGAGGAC ..... TGACTGAATCA
JIIIIIlIIIIIIII 11111I I

FeLV (pol) AAACCCCGGTTGTGCCTCACCCCTTCAAACCAGGAG .... .............. (pl SE) AGTTCAGACAAC

grAAAAAFATGGAGT

rAAAAAfrGGCCATG

rAcAAArGGCCATG

c-myc ACGCTGGATTTCCTTC3GATAGGG CCG ............................... CAGAACTGTAGCAP(CTCCTCA TATGAACTTGTTT
H il 11111 II

L115 AAGCAAGTTGTACAAG'3GATAGTGGAAA CCCG ............................... CAGAACTGTAGCAP4CTCCTCAT GGACTACATCACA
IFegagIA IG GITIIIT IG IT HI 11A1IGIC GI TIAIIAII
FeLV (gag ) AAGCAAGTTGTAC A AG AGGaa-GCCA...............................................( gp7 0)TATTGGAGACCCACICTCCTCAIGGACTACATCACA

CCTCACTCGCCGCAGCCGGCCCGTGCTCTGTGTCGT .....

li1 11111111111 11 i 1
CCTCTATCGCCGCAGCCCTCCGCCCCTCTTACCTCT .......

1 1 1 11 1111111111 1111111111
(gp7 0) GCCTTAAATGCCACCGACCCCAACAAAACTAAAGAC

........... GGCAAGATCGTACtTCCTC( i :CAGTCCAGCCCA
A_____- ~%,W % %4- X, W-%.7 ___ .. .. .. .. .. .. .. .. .. .. .. . . . . . . . . . . ..

II II II II II II IIIIIIIIIIIIHimimf77mrlII
GAAACGCCGCAGcArGCCCGCGCG...................... GGCAAGCTCGTAC'TCCTCU
1111111g111111 GI111111A
GAAACGCC kGCAGC TTTCTAGAG .............................. (gp7 0) TAAGGATTGGGTG 'TCCTCCI........... ..

GCAGAACCCAC CCCjGGGAGCG.
II 1 (ii

. GAAGLuATCGLTAITCTC
lI t1_1

FeSV-ST CCCCTT*CCCCCC -GGGAGCA ..................................... GGCAAGCTCGTACFTCCTCC4rGCCCCTTGTTCT
IIIIIIIIIIII IIII 111111 1111111 III

FeLV(gag) CCCCTTGE2CCGCCC kACTGGGA..................................... (gp7 0)TAAGGATTGGGTG:TCCTC rGCCCCTGGTTTT

FIG. 6. FeLV-onc recombination sites. DNA sequences are given across recombination sites for FTT and FeLV-myc isolates L115 (10)
and CT4 (61) and FeLV-tcr recombinant T17T (22). Also given where appropriate are the corresponding sequences of feline c-myc (61), FeLV
(16, 18, 19, 32), FeSV-GA, FeSV-ST, and FeSV-GR (42). Sequences resembling the consensus ACCCC are underlined. Regions of homology
between viral and cellular sequences at points of recombination are boxed.

lines derived from B-cell tumors of transgenic mice (1) and
that feline c-myc RNA expression is depressed in feline
T-cell tumors containing an FeLV-myc virus (21). Our
results suggest that recognition sequences involved in down
regulation are not present in FTT (perhaps they are located
in exon 1) or they may be species specific. Antiserum to the
human c-myc carboxyl terminus appears to cross-react with
rat c-myc protein but not with feline c-myc or FTT v-myc. In
agreement with the RNA data, immunoprecipitation with
this antiserum indicates that rat c-myc protein levels are

equivalent in untransfected RECs and FTT-ras-transformed
RECs; i.e., there appears to be no suppression of rat c-myc
in the transformed cells. However, these antisera did not
permit analysis of feline c-myc or FTT v-myc protein levels.
The availability of feline c-myc, FeLV, and FRB sequence

data makes possible a comparison (Fig. 6) of cellular and
parental viral sequences at v-myc junctions of FTT and two
other FeLV-myc recombinant viruses, L115 and CT4. We
also compared the virus junctions and V-D joining region of
the FeLV-tcr recombinant virus T17T, which transduced the
feline T-cell receptor (tcr) ,B-chain gene and which, like the
FeLV-myc viruses, was derived from a naturally occurring
feline lymphoma (22). Ten bases of a twelve-nucleotide
stretch of homology between feline c-myc and the parental
virus are found at the 5' recombination point of L115 (boxed
in Fig. 6). At 3' junctions, short regions of homology are

found between cellular and parental virus sequences in FTT,
T17T, and L115, (9 of 9, 5 of 6, and 8 of 8 bases of homology,
respectively). While fortuitous microhomology may facili-
tate recombination between retroviruses and cellular se-

quences, it is obviously not required in all cases, since there
is no stretch of homology longer than 2 base pairs at the 5'
recombination point of FTT or the CT4 virus. Furthermore,
no homology has been found at many other retrovirus-
oncogene junctions (data not shown).
When the v-fes-containing feline sarcoma viruses FeSV-

ST and FeSV-GA were examined, the 3' recombination site
was found to be identical in both the parental viruses and
cellular sequences (24, 54), yet the two transducing viruses
seem to have arisen separately (10). FeSV-GA (24), FeSV-
HZ2 and -HZ4 (containing v-abl and v-kit, respectively) (4,
5), and L115 have 5' recombination sites within a 24-
base-pair region of gag p30. Some cellular recombination
sites also occur within close proximity (Fig. 6). In exon 1 of
feline c-myc, the 5' L115 junction is approximately 15 bases
downstream from that of FTT. In exon 3, the 3' L115
recombination site is 87 bases downstream from that of FTT.
It is possible that the major reasons for the proximity of
these recombination sites include (i) positional constraints
imposed by the architecture of the viral genome, for exam-

ple, the location of splice donor and acceptor sites; (ii)
protein coding requirements of the oncogene product; or (iii)
size constraints imposed on the transduced cellular sequence
by the viral packaging process. Nevertheless, certain se-

quences in these preferred regions may facilitate recombina-
tion. The sequence CTCCTC has been noted (10) at the 3'
recombination sites of L115, FeSV-ST, and FeSV-GA, and
GAGG or its complement CCTC has been noted (5) near the
5' recombination site of a number of oncogene-bearing
retroviruses. A sequence similar to the consensus ACCCC is

FeSV-GR

FeLV (gag)

c-fes

FeSV-GA

FeLV (gag)

c-fes

AaG rC rc&GG-c-AG &GCCCGCGCG.

AA e-X AmerooFnm FrratofmtorM:AGTCCWAGCCCA
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Feline viruses

FTT (5')

FTT (3')

CT4/Tl7T (5'-pol)

FeSV-GR (5')

T17T (V-D join)

CCGGTTaTGCCTCACCCICTIGGATTT

TACA AGAGGGAGGIGGcITT.TaCr

ACCCI GG2aTGCCTCACC

AGCCGGCCCGTGCTCTGTGTGTGT

TCTCTGTGCAGCAGCICCT

murine viruses

c-mos at Mo-MSV (3') TTTTTTITAAAGAAGTAAGGAIGGTaTa
mouse Ig JH2 - TAGTGTG

Mo-MSV (deletion) T.ITITIGCCCGACCTGAGIGAAGGGAGTDGATGTG
mouse Ig JH4 - TATTGTG mouse IgJH - CAATaGTG

mouse Ig JH -TAGTGTG
c-raf-1 at 3611-MSV (3') GAAGGAAGCICATTTGCA=CMGTGTG

analog of mouse TCR J - TGATGTG

SR-A RSV (5') CTTTITGTCTGTG
mouse Ig JH1 - GACTGTG

FBJ-MuSV (3') TICTGTGTTCCTGGCAAIA.C = TTCCAATTTAAAAIGA
mouse Ig D - TACTGTG AGTGTG - mouse Ig JH

Avian viruses

MC29 (5') CACAGTaCACGGCICAGGCA
chicken Ig Jx - CACAGTG

MH2 (3') AGATICC1G.T
analog of chicken Ig Vk - XA CCGTG

c-myc at MC29 (5') CC_C_GITCCCCTCCCGCCCG/CAGGCA
analog of chicken Ig Vl - CACCGTG

FIG. 7. Potential recombinase recognition sequences found at or near retrovirus-oncogene recombination sites. Junction sites are marked
by a vertical bar or by two vertical bars indicating the area over which recombination likely occurred (Fig. 6). The nonamer related to the
murine consensus recognition heptamer found near the feline tcr V-D junction in T17T is underlined. Bases found in other feline viruses which
match this sequence are also underlined. Junction regions of other onc-bearing retroviruses are shown along with related Ig and ter
recombinase recognition heptamer sequences. Sequences are from Mo-MSV (66), mouse immunoglobulin JH' (56), Mo-MSV deletion site
(50), mouse immunoglobulin JH4 (56), mouse immunoglobulin JH (17, 56), 3611-MSV (9), TCR JB (70), SR-A RSV (63), mouse immunoglobulin
JHI (56), MC29 (49), chicken immunoglobulin J1i and V1A (51), MH2 (62), FBJ-MuSV (67), and mouse immunoglobulin D (55).

found in the FeLV parent at or within a few bases of
FeLV-onc junctions in 7 of 11 transducing feline retroviruses
for which sequences are available and at the deduced V-D
joining region found within the T-cell receptor-related se-
quences in T17T (Fig. 6). Also, the sequence ACCGC is
found in both the parental virus and the cellular sequence at
the 5' recombination site of FBJ-MuSV and c-fos (67). At all
of the virus cell recombination sites above and also in T17T
and CT4, we notice regions of purine-pyrimidine strand bias.
Similar strand bias can also be found at recombination sites
in a number of other published retrovirus sequences (e.g.,
references 5, 9, 14, 23, 24, 27, 42, 49, 50, 62, 66, 68, 69), and
others have noted that purine (or pyrimidine)-repeated se-
quences (26, 28, 33, 45, 59) and "simple sequence''-repeated
sequences with no strand bias (12, 28, 60) occur at recom-
bination hotspots. It has also recently been reported (58) that
stretches of guanine-rich DNA can align in a parallel fashion
in structures which might facilitate tetrad formation during
meiosis. Perhaps the G-rich stretches we note above may be
involved in aligning retrovirus and cellular DNAs in a
parallel fashion, which facilitates recombination between
regions of fortuitous microhomology.
Gene rearrangements within immunoglobulin (Ig) and

T-cell receptor (tcr) loci are known to involve heptamer

recombinase recognition sequences (reviewed in reference
65). Interestingly, the nonamer CTCTGTGCC, which in-
cludes a seven-base stretch that differs from the murine
consensus (CACTGTG) by one base, precedes the V-D
joining region in T17T (Fig. 7), and closely related sequences
are found at most of the FeLV-mvc recombination points
examined (Fig. 7 [22]). A potential recognition heptamer,
CTCTGTG, can also be seen just upstream of the feline tcr
V-D joining region in the tcr sequence captured by T17T
(Fig. 6). The identical heptamer is found adjacent to the
FTT-v-myc 3' junction and the FeSV-GR-v-fgr 5' junction
(Fig. 7). Similar sequences are also found near the FTT 5'
junction and, as earlier noted (61), near the 5' junction of
CT4 and T17T. Most of these heptamers are also followed by
CC, suggesting a potential nonameric recognition sequence.
Thus, a cryptic recombinase recognition heptamer or similar
sequence is located adjacent to a viral oncogene recombina-
tion site in 5 of 11 transducing feline retroviruses for which
sequences are available. We also notice (Fig. 7) possible
recombinase recognition heptamers near recombination sites
in 6 of 13 avian and murine transducing retroviruses or their
corresponding c-oncogenes. Transcriptional activity of
genes such as c-myc, immunoglobulin, and tcr in pre-B and
pre-T cells is believed to enhance their involvement in
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recombination (8). This potentially enhanced availability for
recombination plus the presence in the same cells of both
recombinases and retroviruses containing cryptic recombi-
nase recognition heptamers may partially explain the high
rate of oncogene transduction in FeLV-lymphomagenesis.
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