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Reticuloendotheliosis virus strain T (Rev-T) is a highly oncogenic replication-defective retrovirus which
contains the oncogene v-rel. It is thought that Rev-T arose when a virus similar to Rev-A, the helper virus of
Rev-T, infected a turkey and recombined with c-rel from that turkey. There is one large c-rel locus in the
turkey genome which contains all of the sequences homologous to v-rel (K. C. Wilhelmsen and H. M. Temin, J.
Virol. 49:521-529, 1984). We have sequenced v-rel and its flanking sequences, each of the regions of the c-rel
locus from turkey that are homologous to v-rel and their flanking sequences, and the coding sequence for env

and part of pol of Rev-A. The v-rel coding sequences can be translated into a 503-amino acid env-v-rel-out-of-
frame-env fusion polypeptide. We have not detected any sequences in the Los Alamos or University of
California-San Diego data bases that are more significantly related to the amino acid or nucleic acid sequence of
v-rel than to the randomized sequence of v-rel. Comparison of Rev-A, Rev-T, and c-rel indicates that the v-rel
sequences may have been transduced from the c-rel (turkey) locus by a novel mechanism. There are sequences
in Rev-A and c-rel that are similar to splicing signals, indicating that the 5' virus-rel junction of Rev-T may

have been formed by cellular RNA splicing machinery. Eight presumed introns have presumably been spliced
out of c-rel to generate v-rel. There are also short imperfect regions of homology between sequences at the
boundaries of v-rel and sequences in Rev-A and c-rel (turkey), indicating that c-rel may have been transduced
by homologous recombination. There are many differences between the amino acid sequences of the predicted
translational products of v-rel and c-rel which may account for their difference in transformation potential.
These sequence differences between v-rel and c-rel include 10 missense transitions, four missense transversions,
and three places where Rev-T has a small in-frame deletion of sequences relative to c-rel. Most of the coding
sequence differences between c-rel and v-rel are nonconservative amino acid changes.

Highly oncogenic retroviruses are retrovirus vectors that
contain inserted sequences called oncogenes. Oncogenes are

not necessary for virus replication, but they cause the
transformation of infected target cells. With one exception
(Rous sarcoma virus [RSV]), all highly oncogenic retrovi-
ruses are replication defective because their oncogenes are
substituted for sequences that encode trans-acting viral
replication functions.
Oncogenes are derived from normal cellular DNA se-

quences called proto-oncogenes. The mechanism by which
these cellular DNA sequences are incorporated into retrovi-
ruses is unclear. It has been postulated that the incorpo-
ration of proto-oncogene sequences into a retrovirus to form
a highly oncogenic retrovirus involves homologous or non-

homologous recombination (10, 16, 17, 21, 25, 27, 29, 31, 34).
Highly oncogenic retroviruses cause transformation of

infected target cells shortly after infection as a result of
expression of their oncogenes. In contrast, the normal
expression of the related proto-oncogene sequences in situ in
normal cells does not cause transformation. Therefore, there
must be some qualitative or quantitative differences or both
between the expression of oncogenes and proto-oncogenes.
In one case, it was shown that there is a qualitative differ-
ence between the gene product of an oncogene and that of the
related proto-oncogene that can account for their difference
in transformation potential for NIH-3T3 cells (26). In anoth-
er case, the difference in transformation potential for a rat
cell line between an oncogene and the related proto-onco-
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gene appears to be the result of a quantitative difference in
the level of their expression (13, 30).
We have been studying the highly oncogenic retrovirus

reticuloendotheliosis virus strain T (Rev-T), which contains
the oncogene v-rel. Rev-T was first isolated from a turkey
(28). It is thought that Rev-T arose when a virus similar to
Rev-A infected a turkey and recombined with c-rel from that
turkey. Analysis of molecular clones of proviruses of Rev-T
and Rev-A (Rev-A is the nondefective helper virus of Rev-T)
shows that in Rev-T, v-rel is substituted for most of env in
Rev-A (see Fig. 1) (3, 8, 18). Rev-T also has a large deletion
of sequences which encode much of gag and pol in Rev-A.
This deletion is necessary for transformation of cells by v-rel
(4). In Rev-T-infected cells, there are two viral RNA tran-
scripts that contain v-rel sequences: a full-length genomic
size transcript and a subgenomic RNA transcript which is
similar in size to the subgenomic env mRNA in Rev-A (32;
K. C. Wilhelmsen, unpublished data). The subgenomic v-

rel-containing transcript in Rev-T-infected cells is thought
to be translated to make the v-rel gene product. The posi-
tions of the subgenomic env mRNA splicing sequences in
Rev-A are shown in Fig. 1 (32; Wilhelmsen, unpublished
data).
To determine the nature of the v-rel gene product and to

determine whether it is expressed as a fusion product with
viral genes, we sequenced v-rel and its flanking sequences in
Rev-T as well as the 3' half of Rev-A. We wanted to
determine (i) whether the acquisition of the rel sequences
was by the recombination mechanism postulated for other
oncogenes, (ii) whether all of the v-rel-specific sequences in
Rev-T came from the previously identified c-rel turkey locus
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(37), and (iii) whether sequence differences exist that may
explain the difference in transformation potential of v-rel in
Rev-T and c-rel in situ. To answer these questions, we
determined the nucleotide sequence of each of the regions of
c-rel that are homologous to v-rel.

MATERIALS AND METHODS
Sources of DNA clones. Rev-A, Rev-T, and c-rel (turkey)

clones have been described previously (3-5, 36, 37). Many
subclones were made of c-rel sequences for this study.
Details of the c-rel subclones can be obtained from us.

Nucleic acid sequence analysis. DNA sequencing was done
by the method of Maxam and Gilbert (12). Data analysis was
done by using the University of Wisconsin Genetics Com-
puter Users Group programs (6) and the programs of Staden
(23).

RESULTS
To predict the size, amino acid (AA) sequence, and

transcriptional program of v-rel and the relationship of v-rel
to env, we sequenced from 4.60 to 7.74 kilobase pairs (kbp)
of Rev-A and from 2.91 to 4.83 kbp of Rev-T (see Fig. 2). To
determine more precisely the relationship of v-rel to c-rel,
we also sequenced the regions of c-rel that are homologous
to v-rel. The sequencing strategies for Rev-A, Rev-T, and c-
rel are shown in Fig. 2.
Rev-A. Figure 3 shows the sequence of part of Rev-A and

the predicted protein translation product for two large over-
lapping open reading frames. No other open reading frames
longer than 100 nucleotides were detected that also had a
translational initiation codon. The reading frame that begins
at 4,600 base pairs (bp) is presumed to be the 3' coding
sequence of the pol gene. The translational termination
signal for pol is at 6,019 bp, which is 3' to the predicted

translational initiation codon for the env gene at 5,958 bp.
The transcriptional termination signal for the env gene is at
7,704 bp. The position of the env RNA splice acceptor site
has previously been mapped to 5,702 bp (Fig. 1). There are
two sequences which are similar to the consensus sequence
for RNA splice acceptors very close to 5,702 bp: one at 5,698
bp and another at 5,707 bp.
The long terminal repeats (LTRs) in spleen necrosis virus,

another reticuloendotheliosis virus, have been sequenced
previously and are bounded by 5-bp inverted repeats with
the sequence AATGT (19). The 5' end of the 3' LTR of Rev-
A begins at 7,731 bp. A polypurine tract, which is needed to
prime plus-strand viral DNA synthesis, is found 5' to the
LTR between 7,718 and 7,730 bp.

Previous enzymological and immunological studies have
indicated that reticuloendotheliosis viruses are more closely
related to the C type murine retroviruses than to avian
leukosis-sarcoma viruses (reviewed in reference 35). Com-
parison of the predicted amino acid sequences of the pol and
env genes of Prague C strain of RSV, Moloney murine
leukemia virus (MLV), and Rev-A support these studies
(Fig. 4; other data not shown). The pol and env genes of
MLV and Rev-A are much more closely related than are the
genes of MLV and RSV or Rev-A and RSV. The pol gene
products of Rev-A and MLV are more closely related than
their env gene pruducts. The greatest homology of the env
genes of MLV and Rev-A is at the 3' end of the predicted
polyproteins. The env polyproteins of MLV and Rev-A are
cleaved into a leader peptide, a large peptide (gp7O and gp73,
respectively), and a smaller peptide (p15 and gp22, respec-
tively) (reviewed in reference 35). The sequences of the
smaller peptides, p15 and gp22, are coded by the 3' end of
the env genes and are more closely related than are the larger
gp7O and gp73 peptides.

PBS

REV-A Eh
sd.

P E

REV-T
elm
s.d.

0c-ref # F
0 l

909

I -

21

l

-

I- -II

2 3
2 3

PPT

7TG

TGA

PPT
v-re e

en T
ATG TGA TGA

2 3

6 17
I

2

4 5 6a6b 7 exon

21 22 23 24 kbp
FIG. 1. Structures of Rev-A, Rev-T, and c-rel (turkey). The positions of the cis-acting sequences in Rev-T and Rev-A that are required for

virus replication are labeled as follows: LTR for long terminal repeat; PBS for primer binding site; E for encapsidation sequences; and PPT for
polypurine tract (32). Also indicated are the relative positions of the gag, pol, and env coding sequences, and the v-rel substitution. The dotted
lines indicate the position of the large deletion in Rev-T relative to Rev-A. The positions of the splicing control sequences for env and v-rel are
indicated by env s.d. for the env transcript splice donor and env s.a. for the env transcript splice acceptor (32; Wilhelmsen, unpublished data).
The positions of the translational initiation and termination codons for env and the rel-env fusion product are shown (see Fig. 3 and 5 for
details). The black bars on the c-rel map indicate regions of c-rel that are homologous to v-rel. Sequences similar to consensus RNA splice ac-
ceptor and donors were found at the 5' and 3' boundaries, respectively, of each of the regions of c-rel that are homologous to v-rel, except at
the 3' boundary of region 7 (see Table 2 for details). The maps of Rev-A and Rev-T have marks at 1-kbp intervals. The map of c-rel is
discontinuous, but the correct coordinates are indicated with marks at 1-kbp intervals for each segment.
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4600 AAAGGGGAACTGTTGACGGCGGGGAAAAG6CTATCUAACGCCCCCGAMATTCTAGCCTTGCTGACCGCGGTCTGGCTACCTAAACGGaTAGCTGTGATGCATTGCAAaGGACACCAG
LysG lyGLtuLeuLeuThrA laG lyG luLysALlatleLysAsnAlaPro6 luI leLeuA I aLeuLeuThrA laVa lTrpLeuProLysA rgVa l A laVa lMetH i sCys LysG lyH i sG ln
pol

4720 AAAGACGATGEACCCACATCAACTGGTAACC6.AC66rCAGATr.AGGTGGCTCGAGAAGTAaCTATACGTCErTTTGAGCACCCAAGCCACCATCTCCGATGCACCGGATATaCCAGATACC
LysAspAspAlaProThrSerThrGLyAsnArgArgAlaAspGLuVaLALaArgGLuValALaIleArgProLeuSerThrGlnAtaThrlteSerAspAlaProAspMetProAspThr

4840 aAAACCCCTCAGTATTCGCAGTGTGAGGAG6CTCTAGr.ACiTCGACTGAGaGGGAC CAAAGACTCTGCTGaGTGGTGGCAECTTC CTGAC'GGGCGCCTCTTGCTTC CCAGAGCAGTGGGG
G luThrProG lnTyrSerHi sValG luGluAlaL"l6yHi sArgLeuArgG lyThrLysAspSerA laG LyTrpTrpH i sLeuProAspG lyArgLeuLeuLeuProA rgA laVa l Gtly

4960 AGAAAGGTCCTAGAGCAAACTCACAGAGCCiCACAMG6sTGAATCAATTGACTGAGTTAGTTAGWACACTATCCTATCTGTGGG6TTTATCGAGCAGCTAGAGATATCAC CAC C
ArgLysValLeuGLuGLnThrHi sArgALaThrHisLeuGLyGLuSerLysLeuThrGluLeuValArgLysHi sTyrProI LeCysGlyI leTyrArgAlaAlaArgAspl eThrThr

S080 CGCTGTGTGGEATGTGC CCAaGTAAACCCTGAG6CAGCTCECGTGGAGA GGGCTCAATTC CCGCATCAaAGGTGCG6GCaCCAGGGGAACACTGGGAGGTGGATTTCACAGAAATGATA
ArgCysVa lA laCysA laGlnVa LAsnProArgAlaA laProValG luLysGlyLeuAsnSerArgI leArgGlyAlaA LaProGLyG luHi sTrp6GluVa lAspPheThr6GluMet I le

5200 ACAG C CAAAG6GGGGTATAAATACCTGCTTaTACTGGTAGACACATTCTCaGG6CTGGGTAaAGGCATATCEAGCAAAAAGiGAAAC CTCCCAAGTGGTGAT'TAAGCATCTAATT CTTGAT
ThrA laLysGLyGLyTyrLysTyrLeuLeuValLeuVaLAspThrPheSerGlyTrpValGLuALaTyrProALaLysArgGluThrSerG lnValVal I leLysHi sLeu Il eLeuAsp

5320 ATTATC CCCAGGTTTGGGTTAC CGGTCCAGATCGGGTCCGACAATGGGC CaGCCTTTGTGGCAAAAGTGACACAGCAGTTaTGTGAGGC CCTAAATGTCTCCTGGAAGCTCCATTGTGCA
I lel eProArgPheGlyLeuProValGlnI LeGLySerAspAsnGlyProALaPheVa lAlaLysValThrG lnGlnLeuCysGluAlaLeuAsnValSerTrpLysLeuHi sCysAla

5440 TA C CGACCTCAAAG CTCGGGACAGGTGGAAGGATGAACCaAACCCTAAAaAAAGC CATCaCTAAATTG6G6GATAGAGACAGGAGGGGACTGGGTCTCCCTCCTC C CTCAGGCTTTGCT
TyrArgProGLnSerSerGLyG6 nVaLGLuArgMetAsnArgThrLeuLysLysAl a I leA I aLysLeuGluAspArgAspArgArgG lyLeuGlyLeuProProProSerGLyPheAl a

5560 C CGGGCACGGTGTAC CCCGGAGGGAGGGATTGTCACC CTTCGAGATATTATATGGTCTCAAG CCTCCTGTAGTTC CCC6TGTAGGATGTGACAAGCTTGC CAGCATAA CCAA C CAAACC
ProGlyThrVaLTyrProGlyArgGluGlyLeuSerProPheGluI leLeuTyrGlyLeuLysProProValValProArgValGlyCysAspLysLeuAlaSer ILeThrAsnGlnThr

5680 TTGCTTAAGTCCCTACAGGC CCTCCAGGCTACTAGGTCTCTGGCTCGGGCAGCTGCGCGAC CAACtGCCCCAGAAAGAAGCTCAGCAAGACCGTAC CCCACTGTC CCCAACCTGGTGAC C
LeuLeuLysSer LeuGl nA laLeuG lnA laThrArgSer LeuA laArgA laA laA laArgProThrA laPro6GluArgSerSerA laArgProTyrProThrVa lProAsn LeuVa lTh r

5800 TCGTTCTTCG'TTAAGAAGCACGACTT CCAGCAGTTGGGGCCACGGTGGGACGGAC CCTACACTGTAGTC CTAAGTAC C C C CACCGCGGTAAAGGCC GCTGGGAAGAC C C CGTGGAT C CAC
SerPhePheVa l Lys LysH i sAspPheG lnG lnLeu6GlyProArgTrpAsp6GlyProTyrTh rVa lVa lLeuSerTh rProTh rA laVa lLysA l aA laGly LysTh rProT rpI leHi s

5920 TACTCTCGACTCAAGAAAGCTC CTGACAACCAAGAAGAATaGACTGTCTCAC CGACCTC CGATCCACTGAGGGTAAAGTTGACCAGGCGGGCAAAAC CCTAATTCTTCTTGTGGTTTGGTG6
TyrSerArgLeuLysLysAlaProAspAsnGlnGluGluTrpThrValSerProThrSerAspProLeuArgValLysLeuThrArgArgAlaLysProEnd pot TERMINATrION

env INITIATION MetAspCysLeuThrAspLeuArgSerThrGluGlyLysValAspGlnALaGlyLysThrLeuILeLeuLeuVaLVaLTrpTrp

6042 GGGTTTGGaAC CACTGC CGAGGGTCAC CCCTTGCAGCAACTTTGGGAACTGC CTTGTGA'CTG CT C CGG6GGGATATGT CT C CC CCGAC CTACCTATTACA C CAACT C CCiTC GATTGCGG;A
GlyPheGlyThrThrAlaGluGlyHi sProLeuGlnGlnLeuTrpGluLeuProCysAspCysSerGlyGlyTyrVaLSerProAspLeuProI0leThrProThrProSer IleAlaVal
env

6162 GCTTCAC C G CTACCTGACTTACGGGTCTGGTTGCAG6GGTAGTTGGGGC 'TGGGGAGGGGGATTTAGACAACAGTGGGAGTGTGTGTTTAMAC CCAAGATCATAC CCTCTGTG CAGGAGCAG
A laSerProLeuProAspLeuArgVa lTrpLeuG lnGlySerTrpG lyTrpGlIyGlyG lyPheArgG lnG lnTrpG luCysVa lPheLysProLys I leI leProSerVaLl6 nG lu6Gln

6282 CCAGGGCC CTGCGAATGCCTCACGATAGCCACCCAAATGCATTCCACCTGTTACGAAAAGGCTCAGGAATGCACCCTCCTGGGAAAAACTTATTTTACTGCCATCCTACAGAAAACAAAG
ProGlyProCysG luCysLeuThr I LeA laThrGInMetHi sSerThrCysTyrGluLysAlaGlnGluCysThrLeuLeuGlyLysThrTyrPheThrALa I LeLeuG LnLysThrLys

6402 CTAGGTTCGTATGAAGACGGG CCTAATAAACTGCTC CAAGCCTCTTGCACGGGAATCTGGGAAAC CAGTATGTTGGGAC CCCGCTGCCCCTGTGTATGTCTCGATGGGGGC GGTC CCACT
LeuGlySerTyrGluAspG lyProAsnLysLeuLeuGLnAlaSerCysThrGlyl LeTrpGluThrSerMetLeuGlyProArgCysProCysValCysLeuAspGlyG LyGLyProThr

6522 GACAGATTCGGAAvGAATCTGTGC GGAAGaACTGGAGGAAATCAT CAGG'CACAG CTACCCCTCCGTACAGTATCAC CCTTTAGC CCTGCCCCGACCAAGAGGAGTAGATCTGGAT CCCCAG
AspArgPheGlyArg IleCysAlaGluGlyLeuGluG I e IleArgHi sSerTyrProSerValGlnTyrHi sProLeuAlaLeuProArgProArgGlyValAspLeuAspProGln

6642 ACGTCTGACATACTGGAAaCTACTCAC C'AGGTCCTTAACGCCACTAATC CTCAGCTAGCAGAGAACTGCTGGCTTTGCATGACTCTT6GGMCTCAATCC CCGCAGC CATC CCGGCGAATG
ThrSerAsp I leLeuGLuAlaThrHi sGlnValLeuAsnAlaThrAsnProGlnLeuAlaGluAsnCysTrpLeuCysMetThrLeuGlyThrGlnSerProGlnProSerArgArgMet

6762 GCAATGTCACTCTCGATGaAATTGCAGTCTTAGCCTCC CTTTCGGGTaCAACC CACCGGGTCAATAGATGTCAACTGCTATGCA6GGGMGCAGACATA6AGACTGGTATACC CGTA6Ga
A laMetSerLeuSerMet6GluI leALtaVa lLeuA laSer LeuSerG l yAltaThrH i sArgVa LAsnArgCysGLknLeuLeuCysA rgG luA laAspAsnArgTh rG ly S leProVa lGLty

6882 TATGTTCATTTCACTAACTGCACTAGCATCCAAGAGTCTCTAACGAGAEGAGTCATATATGAAATCTTiCGAGACTATGTCCTC CACCiGGTCATGTATTTGTTGTGTGaAACAACATGZC
TyrValHi sPheThrAsnCysThrSer IleGlnGluSerLeuThrArgArgVaLt teTyrGluI leLeuArgAspTyrVa I LeuHi sArgVaLMetTyrLeuCysVa lGluGlnHi sAla

7002 TACACGGCaCTCCCTAATAMTGGATAGGGTTGTGCATiCTGGCATCAA'TCGTACCCGACATGAGCATAATACCCGGGGAAGAGCCTATCCCACTCCCATCCATCGAGTACAC CGCTGaGG
TyrThrAtaLeuProAsnLysTrpl LeGlyLeuCysI LeLeuALaSerI leVaLProAspMetSerI leI leProGLyGluGLuProl LeProLeuProSerI LeGLuTyrThrAlaGly

7122 CGTCATAAaAGGGCAGTCCAGMATCCCCCTGCTTGTAGGTCTAGGGATTACAGGGGCTACACTTGCTGGTGGAACTGGACTTGGGGiTCCGTTCAEACTTATCACAAGCTTTCTAiT
ArgHi sLysArgAlaValGlnPheI leProLeuLeuValGlyLeuGly ILeThrG LyALaThrLeuAlaGlyGlyThrGlyLeuGLyValSerVaLHi sThrTyrHi sLysLeuSerAsn

7242 CAATTGATTGAAGATGTCCAGGCTCTTTCAGGGACCATCAATGACCTACAGGACCAGATTGACTC CCTAGCTGAGGTTGTCTTACA AMTAGAAGGGGaTTAGACCTATTGACTGCCGiAGLnLeuI LeGluAspValGlnAlaLeuSerGlyThrIleAsnAspLeuGtnAspGlnI leAspSerLeuALaGluValVatLeuGlnAsnArgArgGLyLeuAspLeuLeuThrAlaGlu

7362 CAAGGAGGAATATGTCTCaCACTCCAGCGAAMGTGCTGTTTTTACGC CAACAAGTCG6GaTATAGTACGTGACAAGATCCGGAAACTCCiGGAGGACCTTCTCGCGAGGAAACGTGCACTG
GlnGlyGlyIleCysLeuAtaLeuGLnGluLysCysCysPheTyrALaAsnLysSerGly I LeVaLArgAspLys IleArgLysLeuGlnGLuAspLeuLeuALaArgLysArgA laLeu

7482 TACGACAACCCCCTGTGGMACGGCTTGAMCGGCTTCCTTC CATATTTG'CTACCCTCGTTGGGCCCCCTGTTTGGGCTCATATTGTTCCTGACCCTCGGCCCGTGCATCAGGAAGACC CTG
TyrAspAsnProLeuTrpAsnGlyLeuAsnGlyPheLeuProTyrLeuLeuProSerLeuGlyProLeuPheGlyLeul eLeuPheLeuThrLeuGlyProCys ILeArgLysThrLeu

7602 ACTCGCATTATCCATGACMMTTCAGGaCAGTAAAT'CCTCGCATTAGTC CCGCAGTACAAGCCACTCCCAACAGAGATGGATACCCTAGGTCAATGGTTTGAC CAGAACATACAAGA
ThrArgIl el leHi sAspLysI leGlnG(ySerLysAsnProArgIl eSerProAlaValGlnAlaThrProAsnArgAspGtyTyrProArgSerMetVaLEnd env TERMINATION

7722 GCAGTGGGaAATGTGGGAaGGAGCTCT
LTR

FIG. 3. Sequence of the 3' coding sequence of Rev-A. The DNA sequence of the 3' half of the pol gene, the env gene, and the 3'
nontranslated sequences before the LTR of Rev-A are shown. The predicted AA sequences of part of pol and all of env are shown below the
DNA sequence. The sequence has been given the initial starting coordinate of 4600, which corresponds to the coordinate system in Fig. 1 and
2.
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Codons of amino acids that are potential glycosylation
sites (AsnXxxThr or AsnXxxSer) in the pol gene were found
at 5,419, 5,482, and 5,677 bp. Codons of amino acids that are

potential glycosylation sites in the env gene were found at
6,864, 6,903, and 7,416 bp.

Rev-T. Figure 5 shows the sequence of Rev-T between
2,898 and 4,832 bp. Comparison of the Rev-T sequence with
the sequence of the env region of Rev-A shows that the v-rel
sequences in Rev-T are between approximately 3,255 and
4,675 bp, confirming previous reports (3, 8, 18).

Both the 5' and 3' sequences that flank v-rel have multiple
transitions, transversions, and frame shift mutations relative
to Rev-A. The env RNA splice acceptor(s), if they func-
tioned as they do in Rev-A, would be at 2,953 or 2,962 bp or

both in Rev-T. One of these projected splice acceptors, at
2,962 bp, contains a G to A transition and now has a

sequence inconsistent with the consensus sequence for RNA
splice acceptors.
One reading frame is open for the entire length of v-rel. It

has the putative env transcriptional initiation codon in phase
upstream approximately 35 bp (at 3,221 bp) and a transla-
tional termination codon downstream of v-rel approximately
55 bp in the env coding sequences but in a different reading
frame from the putative env gene. No other translational
initiation signals are found 3' to the major subgenomic RNA
splice acceptor and 5' to the env transcriptional initiation
signal. The env-v-rel-out-of-frame-env fusion polypeptide is
predicted to be 503 AAs long. Two other reading frames
were also found which could be translated to generate
peptides longer than 50 AAs. One is from upstream of 2,898
to 3,126 bp and begins in the same reading frame as the
putative pol gene but ends in a different reading frame than
pol due to the multiple frame shift mutations relative to Rev-
A between 2,985 and 3,070 bp in Rev-T, and another is a

small open reading frame within the v-rel sequences which
has a translational initiation codon at 4,312 bp and a transla-
tional termination codon 56 AAs later at 4,483 bp.
The 503-AA rel fusion polypeptide appears to be the

MLV po/

A 4500 4750 5000 5250 5500 5750
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transforming product of Rev-T, since mutations which inter-
fere with translation initiated at the env start signal or are in
the coding sequences of the rel fusion polypeptide inhibit
transformation by Rev-T (3, 4). The rel gene product is
unusually rich in serine (9.1%) and proline (8.7%) compared
with other proteins and oncogenes (see reference 24).
Charged residues account for 23% of the total AAs, and only
15% of the charged residues are in the carboxy 30% of the
predicted rel fusion polypeptide. Hydrophobic residues are
evenly distributed throughout the predicted polyprotein. The
codons of AAs that are potential glycosylation sites
(AsnXxxThr or AsnXxxSer) are at 3,380, 3,734, and 4,535 bp
in Rev-T.

Large nucleic acid and peptide data bases have been
searched to determine whether there are nucleic acid or
peptide sequences that are related to the v-rel coding se-
quences (personal communications from C. Burks at Los

Alamos National Laboratory, Los Alamos, N.M., and R.
Doolittle at the University of California at San Diego). No
sequences were found that were more significantly related to
v-rel than to the best alignment of independent randomiza-
tions of the v-rel sequence.

c-rel. All of the regions of c-rel that are homologous to v-
rel have been sequenced by using the sequencing strategy
shown in Fig. 2. The sequence of the regions of c-rel that are
homologous to v-rel has been aligned next to the sequence of
Rev-T in Fig. 5. All of the v-rel-specific sequences in Rev-T
have homologous sequences in c-rel, indicating that the c-rel
locus previously identified in turkey DNA is the source of all
of the v-rel-specific sequences in Rev-T. Table 1 is a
summary of the differences between the coding sequences of
v-rel and c-rel. The sequence differences between v-rel and
c-rel include: 10 missense transitions, four missense trans-
versions, three places where Rev-T has a small in-frame

MLV env

B 6000 6250 6500 6750 7000 7250 7500 7750

- 7500

- 7250

- 7000 m

c
I

- 6750 x

-6500

- 6250

- 6000

FIG. 4. Comparison of MLV and Rev-A pol and env AA sequences. Dot matrix comparisons of the predicted AA sequences of the pol and
env genes of MLV and the pol and env genes of Rev-A are shown. (A) Comparison of the pol genes; (B) comparison of the env genes. In both A
and B, the Rev-A sequences are on the ordinate and the MLV sequences are on the abscissa. Only the 3' parts of the Rev-A pol sequences
were available for this comparison. Each dot represents a window in which at least 7 of 20 AAs are identical. The coordinates at the edge of
each matrix are the nucleotide coordinates used in Fig. 3 for Rev-A and by Shinnick et al. (21) for MLV.

/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#

4p~~~~~~~~~~~~~~~~

.0

0~~~~

#4~~~~~~~~

VOL. 52, 1984



REV-A T G

REV-T AAGCTTGCCAGCATAACCAACCAMCCTCGCTTAAGTCCCTACAGGCCCTCCMAGCTACTAGGTCTCTGGCTC 2980

REV-A XX A C XX XXXXXX C TT T T

REV-T GGGCAGCGCTGCGCGCCMCTGCCCCAGAMGMGCTCAGTMGACCGTACCCCACTGTTCCCACTGTTCAACCTGGTGATCTCGCCTTCGTTAGGMGCACGACTACCAGCAGTCGGG 3100

REV-A A A C A T A

REV-T GCCACGGTG3GACGGACCC2ACACTGTAG2CCTCAGTGC0CCCACCGCGaTAAGGTCGCTGGGAGACCCCGTGGGTCEACCACTCTCaACTCTAGAMGCTCCTGACACCAGAGA3220

REV-A G G C AAGTT C AGGCGGGCA CCC AATT TT TTGT GTM T GGG TT GGG CCAC GCCGAG GTCACCCC TGCAG
Cys Asp Ser LysVaLAspGlnAlaGlyLysThrLeuIleLeuLeuValValTrpTrpGlyPheGlyThrThrAlaGluGLyHisProLeuGln

env NIHIlATZONa
c-ret GCTCTAAAT A AA GTT TGTT GTT T A[ T C

.Stop Met
REV-T ATGGAC33TCACCAACCCCGATTCACTGAGGGTATCTCAGAGCCCTACATTGATM4GA0CAACCAGGCAAGGGGTACGCGTTTCAGATATAATGTGAGGAGATCAGCT3340

MetAspPheLeuThrAsnLeuArgPheThrGLuGLyl leSerGLuProTyrI leGLuILlePheGluGlnProArgGlnArgGlyThrArgPheArgTyrLysCysGLuGLyArgSerAla
rel POLYPROTEIN INITIATION

c-rel exon 0 exon 1 T
REV-T GGTAGCATT3CAGGAG6AC0AGTACTGAEACACAAGCATTCCCAT4CATACAGAT4CTAACTA60TTGGAMGTCAATAGACTACATTGaTACAAGACGACCCTAi 3460

GLySerI LeProGLyGLuHi sSerThrAspAsnAsnLysThrPheProSerI LeGLnI LeLeuAsnTyrPheGlyLysValLysI leArgThrThrLeuVaLThrLysAsnGluProTyr

c-ret A G G
.Asp . Arg .

REV-T 8GCCACACECTCACGATC0AGTTGGAAAGGCTGCAGAGATGGCTACTATGAGCAGAGTGGGCCCGACGGCAGTCTTGTCTTTTCAGATGGGATTCATGTGTGAGM 3580
LysProHi sProHi sAspLeuVaLGLyLysGtyCysArgAspGLyTyrTyrGluAlaGluPheGlyProGluArgGlnValLeuSerPheGLnAsnLeuGLyl leGlnCysValLysLys

c-ret exon 2 ] c c
REV-T 30AGACCTG0AGATCATCM GCGMTCTCMMGMMTCMTCCCTTTMTGTaCCTGAGGMCAGTTGCATMCATCGATGAGTACGATCTCMCGTTGTCCaCCTCTGTTTC 3700

LysAspLeuLysGluSerlteSerLeuArgI LeSerLysLysI LeAsnProPheAsnValProGLuGLuGlnLeuHi sAsnI LeAspGluTyrAspLeuAsnValVaLArgLeuCysPhe
c-ret exon 3 1t
REV-T CAAGCTTTC3TCCCTGATG82CATGGCATACACATTGaCTCTTCCTCCTTTGATCEACCCAATCTATGACACAGAGCTCCCAAACGGCAGAATGAGGATaTCGTGTGAA3820

GlnA laPheLeuProAspG luHi sG lyAsnTyrThrLeuA laLeuProProLeulLeSerAsnProI LeTyrAspAsnArgA LaProAsnThrA laG LuLeuArgI LeCysArgVa lAsn
c-ret exon 4 ..
REV-T AAG3CTGTaGAAGTGT94GGGAGGAGA0GAATTTTTETTCTGTGTGACAAGTTCAGATGACATAGAGGTCAaATGTCTTaGGCACTGGaAGGCAAGGaCTCCTTCTCi3940

LysAsnCysGLySerVaLLysGlyGlyAspGLuIlePheLeuLeuCysAspLysValGLnLysAspAspI LeGluValArgPheValLeuGlyAsnTrpGluALaLysGlySerPheSer
c-ret A exon 5 A A

Arg .Asp
REV-T CAGCTGATaTTCATCGCCiGGTCGCATTGTATTTAGACACCGCCGTTCCTCGGAGACATCACAGACCCATCACGGTGAGATGCAGTTACGAGGCCTTCAGACCAGGCAGTCAGT 4060

GLnALaAspValHisArgGlnValAlaI leValPheArgThrProProPheLeuGlyAspI LeThrGluProIleThrVatLysMetGlnLeuArgArgProSerAspGtnAlaValSer
c-re ]T A exon 6a T

SerTyr . . . . .Leu
REV-T GACCAGTGaATTTCAGATATTTACCAGATGAGAGGATCCGTCTGGCACAAGCAAAGGCAAGATCACACTGGCTTGGCAACCCATACAGGACTGCGGATCAGCTGTGACA 4180

GluProVaLAspPheArgTyrLeuProAspGLuGluAspProSerGlyAsnLysAlaLysArgGtnArgSerThrLeuAlaTrpGLnLysProlLeGLnAspCysGLySerAlaVaLThr
LL ~~~~ATT 7GCGc-rel exon 6b I.te exon 7 ta

REV-T GAGAGGCCA40GCGGCTC0TATCCCCAC0GTCACCCTGGAAAGCTGAGAAGACCAATATGTMCACCTACGCTGATGCTGCCTGGGCTAGGACACTGAGCTCCAGTCAG4300
GluArgProLysALaALaProIleProThrVaLAsnProGluGlyLysLeuLysLysGluProAsnNetPheSerProThrLeuMetLeuProGlyLeuGLyThrLeuSerSerSerGln

c-ret

REV-T AT4TACCCTaCATGCAGCC4GATGCCCAC2CAGCCTGCGEAGCTTGGCCETGGGAGCAaGACACACTCEATTCCTGCTaGCAGCAGCTaTACAGCCCC4CCCCTTCAGECAGCAGCCTa4420
MetTyrProAlaCysSerGLnMetProThrGtnProAlaGlnLeuGLyProGlyLysGlnAspThrLeuHi sSerCysTrpGlnGLnLeuTyrSerProSerProSerAlaSerSerLeu

CCACGA
c-ret A A TyrHisAsp G

Met. Asn . . . . . . . Asp
REV-T CTCA6CTTGCACTCACACAGCAGCTTCACAGCGG40GTGCCTCAGCCTGGTGCTCAGGGCAGTAGCTCTETCCCGGCCTATAACCCACTMCTGGCCTaATGAGAGATTCCAGTTTT4540

LeuSerLeuHi sSerHisSerSerPheThrAlaGluValProGlnProGlyAlaGlnGlySerSerSerLeuProALaTyrAsnProLeuAsnTrpProAspGluLysAsnSerSerPhe
c-rel A G

Asp . ALa
REV-T TACAGGATTTTGGCACAEACATGGGATaGGAGCAGCGTTGGTGTCAGCTGCAGGCATGCAGAGTTTCCAGTAGCAGCATCGTCCAGGGCACTCATCAGGCCAGTGCCACTACTGCA 4660

TyrArgAsnPheGLyAsnThrHisGltyNetGlyAlaAlaLeuVatSerAlaAlaGlyN4etGtnSerVaLSerSerSerSerIleVaLGLnGLyThrHisGLnALaSerAlaThrThrAla
CTGTACGACAA
LeuTyrAspAsn

REV-A CA GG G AT T T A A G A C 1
GLnGLyGLyI leCysLeuAlaLeuGtnGluLysCysCysPheTyrALaAsnLysSerGLyI LeVaLArgAspLysI leArgLysLeuGlnGluAspLeuLeuAlaArgLysArgALa Pro

c-ret A GAAAC A GACATGA CTGCA CAG C CM MTG AAGTATAC AGAT T A T TAAGCA CCACAGGCA CAG TCCA AG T CCTG AACATGT
Asn GluThrAsnAsp4etAsnCysThrMetLeuAsnPheGluLysTyrThrGln4etLeuAsnVaLSerAsnHi sArgGlnGtnLeuHi sGlnVaLProALaThrCys

REV-T AGCATCATGACCATGCCTCGCACTCCAGGAG8GTGCCGTTTTTACGCC0CAGTCGGGTATCGTTCGTGACAGATCCGGAACTCCAGGGGACCTTGTCGCGAGGAACGTGCACC4780
Ser Lef4etThrMetProArgThrProG LyG LuVa LProPheLeuArgG LnG LnVa l6 LyTyrArgSerEnd rel POLYPROTEIN TERMINATION

REV-A C env CONTINUES
LeuTrpAsnG lyLeuAsnG lyPheLeuProTyrLeuLeuProSerLeu

c-ret TCC CAGC C GCA CAC C AG TCACAACCAAA GTAGCT c-rel CONTINUES
ProProGlySerAtaTrpGLnHi sSerLeuletSerGLnProAsnValAla

REV-T CCCTGTG6MCGGCTTGAACGGCTTCCTTCCATAMGCTACCCTTGTTG env CODING SEQUENCE CONTINUES
FIG. 5. Comparison of the Rev-T sequence with Rev-A and c-rel. The sequence of Rev-T is shown with the AA sequence of the predicted

rel protein. Some of the sequences of Rev-A and c-rel have been put above the Rev-T sequence as indicated. The positions where the
sequences of Rev-A or c-rel are the same as Rev-T are blank. The positions where they differ from Rev-T are indicated with the letter of the
nucleotide. An x indicates that there is a nucleotide present in Rev-T that is not present in Rev-A. Short horizontal lines indicate a position
where either c-rel or Rev-A has nucleotides not present in Rev-T. All three reading frames are closed 5' to the transcriptional initiation codon
for the predicted rel polyprotein of Rev-T. 5' and 3' to the transcriptional initiation codon for env there is another open reading which appears
to code for the pol gene (Fig. 3). The translations of the pol and env genes of Rev-A are shown in Fig. 3. The symbol ][ indicates the presumed
recombination sites at the boundaries of regions of c-rel that are homologous to v-rel. When the boundary position is ambiguous, these marks
have been placed at a position consistent with the cleavage site in a consensus RNA splice donor and acceptor (see Fig. 6). The first nucleotide
of the translational initiation codon for the predicted env and rel polypeptides has been given the coordinate 3221, which corresponds to 3.220
kbp on the map of Rev-T in Fig. 2; 0.034 kbp on the map of c-rel in Fig. 2; and 5.958 kbp on the map of Rev-A in Fig. 2. The termination of the
predicted rel polypeptide corresponds to 4.732 kbp in the map of Rev-T in Fig. 2 and 7.432 kbp in the map of Rev-A in Fig. 2; 4855 corresponds
to 23.73 kbp in the map of c-rel in Fig. 2.

178



NUCLEIC ACID SEQUENCES OF v-rel AND ITS HOMOLOG c-rel 179

TABLE 1. Differences between v-rel and c-rel

Position Type of difference and Sequence in:position v-rel c-rel

5' end in Rev-T env fusion
Missense differences

transitions
3306 C Thr T Met
3492 G Gly A Asp
3537 A Gln G Arg
3995 G Gly A Arg
4100 C Pro T Ser
4152 C Pro T Leu
4440 G Ser A Asp
4529 A Asn G Asp
4596 G Gly A Asp
4655 A Thr G Ala

Transversions
4053 C Ala A Asp
4104 C Ser A Tyr
4427 T Leu A Met
4471 C Thr A Asn

Insertions and deletionsa
4332 CTGAAG CTGATTAAG

LeuLys LeulleLys
4289 CTGAGC CTGGCGAGC

LeuLys LeuAlaLys
4401 TATAAC TACCACGATAAC

TyrAsn TyrHisAspAsn

3' end Out-of-frame env fusion
Silent differences

Transitions
3219 T C
3351 C T
3480 A G
3553 T C
3558 T C
4049 G A
4165 C T

a The positions of the deletions and insertions are ambiguous.

deletion of sequences relative to c-rel, and seven silent
transitions. Most of the coding sequence differences be-
tween c-rel and v-rel are nonconservative AA changes.
The boundaries between the regions of c-rel that are

homologous to v-rel have been placed in Fig. 5 at the
cleavage site in an RNA transcript which would be used by
the cell RNA splicing machinery. Table 2 shows the flanking
sequences of the regions of c-rel that are homologous to v-rel
and the predicted cleavage site that would be made in an
RNA transcript by the cell RNA splicing machinery. Each of
the boundaries of regions of c-rel that are homologous to v-
rel, except for the 3' boundary of exon 7, is consistent with
their being exon-intron boundaries. Furthermore, the read-
ing frame 5' or 3' or both to many of the regions of c-rel that
are homologous to v-rel has a termination codon in the
sequences in the close vicinity of the presumed exon-intron
boundaries. Within a few rounds of replication, retroviruses
splice out introduced intervening sequences (20, 22). There-
fore, it is very likely that in the c-rel locus, the regions that
are homologous to v-rel are exons and the intervening
regions between these homologous sequences are introns.

Transduction of c-rel. Figure 6 shows the nucleotide
sequences at the 5' and 3' junctions of Rev-A, Rev-T, and c-
rel. At one site in the 5' junction sequences between c-rel
and the parental retrovirus, there is in Rev-T the remnant of
a possible splice donor and acceptor, AGGG. c-rel at this
site has the sequence TTTTGTTTTGTTAAG/G, which is

similar to the consensus sequence for a splice acceptor
(Y,,NYAG/G) (14). A plausible, presumably cryptic, splice
donor can also be identified at the recombination site in Rev-
A (at 3,255 bp in Fig. 5 and at 5,991 bp in Fig. 3). The
se4uence in Rev-A at the junction is AGG/GTAA, which is
similar to the consensus sequence for a splice donor
(MG/GTRT). It is possible that Rev-T was formed by the use
of the cellular RNA splicing machinery to generate a recom-
binant between the parental virus and c-rel. This process
would be analogous to the loss of the sequences between the
regions of c-rel that are homologous to v-rel. However, both
the 5' and 3' sequences contain small regions of homology
between Rev-A, Rev-T, and c-rel. Therefore, it is possible
that homologous recombination was involved in the forma-
tion of Rev-T.

DISCUSSION
Rev-A. We have identified two large open reading frames

between 4.6 and 7.74 kpb in Rev-A which presumably
encode the 3' part of the pol gene product and the env
polyprotein. The predicted amino acid sequences are more
related to the predicted amino acid'coding sequence for the
pol and env genes of MLV than to those of the Prague C
strain of RSV. It has been shown previously that there is
little sequence homology (9) and little antigenic relationship
(28) between reticuloendotheliosis viruses and avian leuko-
sis-sarcoma viruses. Reverse transcriptase from avian leuko-
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TABLE 2. Nucleic acid sequences of junctions of regions of c-rel
that are homologous to v-rel

Flanking sequences of homologous regions
Region

end 3' end

Exon 0
Exon 1
Exon 2
Exon 3
Exon 4
Exon 5
Exon 6a
Exon 6b
Exon 7

TTGTTTTGTTTTAAG/G. .C AG/GT AAT A
CTCTTATTCTTGTAG/A. .GT C/GT GAGT
TCATGTGTACTTCAG/T. .AT G/GT GAGT
CCTTTTGCTGTCCAG/T. .AC A/GT AAGT
CCTGTTTATTTCCAG/G. .AAG/GT AAC G
TTTCTAATGAACTAG/A. .AGG/GT AT GG
CTCCTTTCATTATAG/A. .GT G/GT AAGG
TTTCTTCTGTCGCAG/G. .AAG/GT AAAT
CTTTCCTTTTCACAG/A. .AT GAAC AT GG

RNA splice Acceptor Donor
consensusaYYYYYYYYYYYNYAG/G. .MAG/GT R AGTb
a See reference 14.
b M is A or C; R is A or G; Y is C or T; N is A or G or C or T.

sis-sarcoma viruses is antigenically unrelated to reticuloen-
dotheliosis virus reverse transcriptase (1). In contrast,
reverse transcriptase from reticuloendotheliosis virus is anti-
genically related to reverse transcriptase of murine leukemia
viruses (2).
The coding sequences of the pol and env genes in both

Rev-A and MLV overlap by ca. 60 nucleotides. The coding
sequences of pol and env overlap by ca. 120 nucleotides in
the Prague C strain of RSV, but unlike Rev-A and MLV, the
translational initiation codon for the env polyprotein is 5' to
the RNA cleavage site in the gag coding sequences. Rev-A
and MLV have RNA splice acceptors ca. 260 and 280
nucleotides, respectively, upstream of the translational initi-
ation codon for env. The organization of env and pol
transcription and translation in Rev-A is additional evidence
that reticuloendotheliosis viruses are more closely related to
murine leukemia viruses than to avian leukosis-sarcoma
viruses. Previously, tRNAPro has been identified as the

REV-A
REV-T
c-rel (turkey)

5'

REV-A
REV-T
c-re/ (turkey)

primer associated with virion RNA of reticuloendotheliosis
viruses and murine leukemia viruses (15, 33). In contrast,
avian leukosis-sarcoma viruses have tRNATTrp primers (7).
Avian leukosis-sarcoma virus virions contain reverse tran-

scriptase of the form a-P. The P peptide has an endonuclease
activity and can be cleaved by a virus-coded protease into an
a peptide and p32 which has endonuclease activity (35). In
murine type C viruses, all virion reverse transcriptase activi-
ty is separable from peptides which have endonuclease
activity, but as in avian leukosis-sarcoma viruses, both
peptides are believed to be cleaved from a precursor poly-
peptide (11). In avian leukosis-sarcoma viruses, the endonu-
clease activity associated with p32 and reverse transcriptase
is from the carboxy end of the P peptide. Therefore, it is
likely that the endonuclease activity is coded by sequences
at the 3' end of the pol gene. Further, it is likely that at least
some of the Rev-A sequence we have determined codes for a
virion-associated endonuclease. Infectious integration-de-
fective mutants of spleen necrosis virus, a reticuloendothe-
liosis virus, have been made by mutating within the portion
of pol that we have sequenced (A. Panganiban, personal
communication). It is possible that these integration-defec-
tive mutants have lost the endonuclease activity without loss
of reverse transcriptase activity.

Rev-T. We have predicted that v-rel is expressed as an
env-v-rel-out-of-frame-env fusion polypeptide with 503 AAs.
We have not detected in large computer searches any
sequences that are significantly related to v-rel.

Recently, Stephens et al. (24) reported the sequence of v-
rel based on the sequence of a recombinant DNA clone that
contained the 5' 30% of v-rel and a provirus obtained by
Chen et al. (3) that is known to be infectious but is defective
for transformation. Their sequence and ours are the same.
The predicted rel fusion polypeptide is predicted to be

expressed from the previously identified subgenomic RNA
transcript (Wilhelmsen, unpublished data). It was expected
that the subgenomic transcript was spliced by using the same
signals as env. Sequence analysis has allowed us to identify

CONSENSUS SPUCE
DONOR

C/AAG/GT%A G T

ATGGACTGTCTCACCGACCTCCGATCCACTGAGGGTAAAGTTGACCAG
1111111 1111111 111111111 11111111111 11
ATGGACTTTCTCACCAACCTCCGATTCACTGAGGGTATCTCAGAGCCC

I I I I
AGCTCTAAATTAAAAAGTTTTGTTTTGTTTTAAGGTATCTCAGAGCCC

%%%9t%Wi%%Nc/TAG,G CONSENSUS SPLICE

AcTGCCGAACAAOGAGGAATATGTCTCGCACTccAGGAGAAGTGcTGT
11 1 lI 1 III 1111

CTACTGCAAGCATCATGACCATGCCTCGCACTCCAGGAGAAGTGCCGT
l1 IIIIIIIIIIIIIII 111 I
CTGCTGCAAGCATCATGAACATGGAAACCAATGACATGAACTGCACCA

FIG. 6. Nucleic acid sequences of Rev-A, Rev-T, and c-rel (turkey) at the junction of c-rel with the ancestral virus of Rev-T. The upper
three sequences in this figure show the 5' junction sites used to form Rev-T from c-rel and an ancestral virus. Rev-A is believed to be similar to
the ancestral virus of Rev-T. Above and below the sequences of Rev-A, Rev-T, and c-rel (turkey) are consensus sequences for RNA splice
donors and acceptors, respectively. The cleavage sites used in RNA splicing are indicated by a dotted slash in the consensus sequences.
Sequence identities between Rev-A and Rev-T or Rev-T and c-rel (turkey) are indicated with vertical lines. The lower sequences in this figure
show the 3' junction site used to form Rev-T from c-rel (turkey) and an ancestral virus.

J. VIROL.



NUCLEIC ACID SEQUENCES OF v-rel AND ITS HOMOLOG c-rel 181

the position of the env RNA splice sequences in Rev-T and
to identify a significant mutation that might affect their usage
by Rev-T. Chen and Temin have previously determined that
the expression of the transformation phenotype is dependent
on a large deletion of Rev-T relative to Rev-A (4). The use of
a splice acceptor other than the env splice acceptor by Rev-T
may also be necessary for the proper level of expression of
v-rel. Other oncogenes are expressed from spliced subgeno-
mic RNA transcripts (36). Whether an oncogene is ex-
pressed from a spliced or an unspliced RNA may be impor-
tant in determining the level of its expression (G. Tarpley
and H. M. Temin, manuscript in preparation).

c-rel. There are nine regions in the c-rel (turkey) locus that
are homologous to v-rel. We previously reported that there
are eight regions of c-rel that are homologous to v-rel (37).
The sequence data presented here indicate that region 6 is
divided by DNA sequences that are not homologous to v-rel
(Fig. 1). All of the v-rel sequences could have come from the
one c-rel locus of turkeys we identified.

Proto-oncogenes have been found that are colinear with
oncogenes. Other proto-oncogenes have a few small regions
ofDNA (putative introns) between regions of DNA homolo-
gous to oncogenes (putative exons). c-rel is like other
complex proto-oncogenes which have many exons that are
separated by introns. v-src is unusual because it is derived
from cellular sequences of two transcriptional domains (27).
We have previously determined that c-rel is transcribed at

low levels in many tissues. Analysis of c-rel mRNA from
chicken spleen cells indicates that more of the c-rel locus is
transcribed than the sequences of c-rel that are homologous
to v-rel (5).

Expression of the v-rel sequences by Rev-T in appropriate
target cells changes the phenotype of those cells from normal
controlled growth to uncontrolled growth. There are three
models for explaining why expression of v-rel in target cells
causes transformation: (i) the products of v-rel and c-rel are
functionally similar but there is a quantitative difference in
the level of expression of c-rel and v-rel; (ii) the gene
products of c-rel and v-rel are qualitatively different in
function; or (iii) there are both qualitative and quantitative
differences between c-rel and v-rel expression.
For some oncogenes, it has been possible to distinguish in

a qualified manner between the quantitative and qualitative
difference models. The modification of the 3'-most coding
sequences of the proto-oncogene c-src has previously been
implicated as the only possible significant structural differ-
ence between v-src that is transforming and c-src that is
nontransforming (27). c-src may be different qualitatively or
quantitatively or both from v-src. The ras oncogenes in the
T24 bladder carcinoma cell line v-Ha-ras and the v-Ki-ras
gene products have been shown to have a qualitative differ-
ence from c-Ha-ras for transformation of NIH-3T3 cells due
to the substitution of one AA (for example, see reference
26). The coding sequence differences between the oncogene
v-fos and the proto-oncogene c-fos do not affect their ability
to transform a rat cell line (13, 30). v-fos is postulated to
transform cells because it is expressed in a quantitatively
different manner.
There are many differences between v-rel expression by

Rev-T and c-rel expression in situ that could cause a
qualitative difference in the function of their gene products.
The 5' end of the c-rel gene product differs from the 5' end of
the v-rel gene product, which is a fusion with env sequences.
The v-rel gene product has out-of-frame-env coding se-
quences substituted for the 3' coding sequences of c-rel.

Fourteen-base-pair changes have been identified that would
cause the v-rel and c-rel gene products to contain different
AAs. v-rel also has three very small in-frame deletions
relative to c-rel.
The codon differences and the in-frame deletion differ-

ences may be of no consequence and may be due to
sequence differences between the c-rel locus in turkey 7 and
the specific locus from which v-rel was acquired. We have
previously observed dimorphism of the c-rel locus in tur-
keys, but there may be other alleles of c-rel that are more
similar to v-rel (36, 37).

Alternatively, it is possible that c-rel expression is very
closely regulated in different cell populations and that trans-
formation by Rev-T is the result of inappropriate expression
of a gene functionally equivalent to c-rel. v-rel is expressed
by transcription promoted by the LTR promoter and by
translation initiated and terminated in viral sequences. It is
plausible that, if c-rel expression is regulated at the level of
transcription or translation, v-rel expression has escaped
regulation. c-rel expression could also be regulated by its
position on a chromosome. Since Rev-T integrates at ran-
dom in the genome, v-rel may be released from normal
regulation.
The models for acquisition of proto-oncogenes by retrovi-

ruses (35) include: integration followed by deletion between
viral and cell DNA sequences; virus integration 5' to the
target sequences with a large read-through transcript being
spliced; and RNA-RNA recombination. The structural rela-
tionships of Rev-A, Rev-T, and c-rel do not allow discrimi-
nation between the various models for acquisition of se-
quences by retroviruses. Since there are plausible splice
sequences in both c-rel and Rev-A at the 5' junction, it is
most likely that v-rel was acquired by the use of the cellular
RNA splicing machinery and then homologous recombina-
tion at the 3' junction. However, examination of the consen-
sus sequences for RNA splice donors and acceptors aligned
with respect to their cleavage sites shows that the alignment
of actual RNA splice donors and acceptors has a high
probability of having a short region of homology. There are
short regions of homology at the 5' and 3' junctions of the
proto-oncogene c-rel and Rev-A, a virus similar to the
ancestor of Rev-T. The short regions of homology at the
junctions may indicate that homologous recombination was
responsible for the acquisition of v-rel.
Other highly oncogenic retroviruses do not appear to have

used RNA splicing to acquire their oncogenes. At least one
highly oncogenic retrovirus has short regions of homology at
the virus-oncogene boundary when the sequences of helper
virus or related virus, the oncogene, and the proto-oncogene
are compared (30). Other highly oncogenic retroviruses have
little if any sequence homology among helper virus, onco-
gene, and proto-oncogene at the virus-oncogene boundary
(10, 16, 17, 21, 25, 27, 29, 31, 34).
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