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Two human genes homologous to the raf/mil oncogene have been cloned and sequenced. One, c-raf-2, is a
processed pseudogene; the other, c-raf-1, contains nine exons homologous to both raf and mil and two
additional exons homologous to mil. A 3' portion of c-raf-1 containing six of the seven amino acid differences
relative to murine v-raf can substitute for the 3’ portion of v-raf in a transformation assay. Sequence
homologies between c-raf-1 and Moloney leukemia virus at both ends of v-raf indicate that the viral gene was
acquired by homologous recombination. Although the data are consistent with the traditional model of
retroviral transduction, they also raise the possibility that the transduction occurred in a double crossover

event between proviral DNA and the murine gene.

Oncogenes are evolutionarily conserved genes which have
been identified because they induce cellular transformation
either when naturally incorporated into a retrovirus or when
their DNA is transfected into tissue culture cells (4). Most of
the approximately 20 known oncogenes were originally
isolated as viruses containing genes of nonprimate origin.
However, their conservation allows the identification of the
homologous genes in other vertebrate species, including
humans, thereby facilitating the study of their role in human
tumorigenesis. Jansen et al. recently reported (9) that the raf
oncogene isolated from the murine transforming retrovirus
3611-MSV (20) and the mil (or mht) oncogene isolated from
the avian transforming virus MH2 (8, 10, 11) are homologous
genes derived from different species. This observation has
been confirmed by direct sequence comparison (12, 27).
Their deduced amino acid sequences are distantly related to
the oncogenes which encode tyrosine-specific kinases as
well as others such as erb-B, fms, and mos which apparently
do not (14, 27). Although it was initially reported that the
viral raf and mil gene products do not have tyrosine-specific
kinase activity (21, 27), both are associated with a protein
kinase which phosphorylates serine and threonine (17, 27).
In this report, we describe the structure of two human genes
which contain raf- and mil-related sequences and show that
one of these genes, c-raf-1, is capable of causing transfor-
mation. Since it has been shown (6) that this gene is located
at human chromosomal band 3p25, its structure should be
useful in determining whether the gene is rearranged in
human tumors which involve chromosomal rearrangements
in this region. Sequences from within the gene should also be
useful in characterizing alternately spliced messages.

MATERIALS AND METHODS

Selection of A clones and restriction mapping. The human
genomic library of Lawn et al. (13) obtained from Haelll and
Alul partial digests of Human DNA inserted in Charon 4A
was screened by hybridization to the Xhol-BstE2 fragment of
cloned v-raf (20). Plaque lift filters were hybridized and
washed at 60°C in 3x SSC (1x SSCis 0.15 M NacCl plus 0.015
M sodium citrate), conditions which had previously been
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shown to be capable of detecting the human genes on ge-
nomic blots. Restriction fragments, usually EcoRI frag-
ments, from the cloned A\ DNAs were nick translated and
used as substrates for restriction mapping as previously
described (3).

Sequencing. The sequence of c-raf-2 and exons 2 and 3 of
c-raf-1 were determined by the chemical cleavage riethod
(15). The sequence of the remainder of c-raf-1 was deter-
mined by the dideoxynucleotide chain téermination method
(23) on appropriate restriction fragments inserted into
pBR322. Sequencing reactions were performed as described
previously (32), with primers appropriate for the EcoRI,
Hindlll, and Sal sites of pBR322, except that chain elonga-
tion reactions were done at 37°C.

Immunoprecipitation of gag-raf proteins. Since the aniino
terminal of the Moloney leukemia virus (MoLV) gag poly-
protein is myristilated, ‘[3H]myristate was used to label
NIH/3T3 cells which had been transfected with 3611-MSV/c-
raf-1 hybrid DNA. This choice of label results in the labeling
of relatively few proteins, resulting in very clean immuno-
precipitation gels. The cells were radioactively labeled by
incubation for 2 h in medium containing 100 nCi of
[*H]myristic acid (5.22 pCi/nmol; New England Nuclear
Corp., Boston, Mass.) per ml. Immunoprecipitation and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on 5 to 20% gradient gels were performed as previously
described (21).

RESULTS

Two human genes homologous to raf/mil. The human
genomic library was screened by moderate-stringency hy-
bridization with a cloned v-raf sequence as probe. Restric-
tion mapping of the seven positive clones revealed that they
represented two distinct sets of overlapping sequences (Fig.
1). When these clones were used as probes for hybridization
to restriction digests of cloned 3611-MSV DNA, it was clear
that both sets of clones contained sequences homologous to
the 5’ and 3’ portions of v-raf. This observation was con-
firmed by nucleotide sequencing (see below). Thus the two
sets of clones represent two different loci, which we hereaf-
ter refer to as c-raf-1 and c-raf-2. The EcoRI, Sphl, and Pst1
fragments of these two sets of clones which hybridized to the
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FIG. 1. Restriction maps of the human c-raf loci derived from
overlapping A phage clones. The c-raf-1 locus is defined by two
clones, A2 and A13. The positions of the two clones and the exons
which they contain are shown above the restriction map. Sizes of
restriction fragments are shown in kilobases. The c-raf-2 locus is
defined by clones Al and A11, which contain a single region of
homology to v-raf indicated by the black box. Three other clones
which were similar to A1 are not shown.

v-raf probe corresponded to the human restriction fragments
which were previously detected (20) in Southern blots of
human DNA. It therefore appeared that the two loci repre-
sent all the v-raf-related sequences in the human genome. To
determine whether there are any other distantly related
sequences in human DNA, we used the v-raf probe to
hybridize at low stringency (3x SSC, 60°C) to EcoRI and
Sphl digests of human DNA. The results (Fig. 2) show
strong EcoRI bands at 8.4 and 3.0 kilobases (kb) and Sphl
bands at 9.4 and 5.9 kb which correspond to the fragments of
c-raf-1. Somewhat fainter bands are detected at 6.6 and 7.4
kb for EcoRI and Sphl, respectively, which correspond to
the fragments of c-raf-2. No other significant bands are
evident in this blot, although we have detected the 0.45-kb
Sph fragment of c-raf-2 in other blots. Similar blots (data not
shown) with Hindlll, Xbal, Bglll, EcoRV, Bgll, Pvull, Ps!l,
and Kpnl revealed no bands which are not accounted for by
the restriction maps of c-raf-1 and c-raf-2. We therefore
conclude that there are no other loci in the human genome
which are as closely related to v-raf as the c-raf-2 locus is.
However, screening a human cDNA library at lower strin-
gency has yielded clones which indicate the presence of
additional raf related gene(s) (G. Mark, unpublished obser-
vations).
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FIG. 2. Blot of v-raf related sequences in human cellular DNA.
Human DNA (2 pg) was digested with Sphl (lane 1) or EcoRI (lane
2), electrophoresed in a 0.7% agarose gel, transferred to nitrocellu-
lose, and hybridized to the v-raf probe in 3x SSC at 60°C. Lane 3
contains a marker composed of 3*P-end labeled restriction fragments
from HindlII digestion of A DNA and Tagl digestion of $X 174
DNA.

c-raf-1 is a gene with introns. The approximate positions of
the v-raf- and v-mil-related sequences within the clones
were determined by a combination of electron microscopy of
heteroduplexes of v-raf DNA with subclones of c-raf-1 and
c-raf-2 and hybridization of v-raf and v-mil probes to restric-
tion digests of the clones. The appropriate regions of the
clones were then sequenced and compared with each other
and with the v-raf and v-mil sequences (Fig. 3). The se-
quence of the c-raf-1 clones demonstrates that 11 exons are
homologous to the v-mil sequence. Since the homology to
v-mil begins within exon 1, the 5’ end of this exon was
defined as the point at which homology to the c-raf-2
sequence disappears. This point corresponds to a sequence
which appears to be a splice acceptor sequence, i.e., an AG
preceded by 10 to 12 nucleotides of pyrimidine-rich se-
quence (18). All the other exon-intron boundaries are de-
fined by a break in homology to v-mil or v-raf and show
characteristic splice acceptor sequences as just described for
exon 1 and splice donor sequences beginning with a GT and
usually followed by 8AG. The 5’ boundary of exon 1 has
recently been verified by comparison with a human cDNA
sequence (T. I. Bonner, H. Oppermann, P. Seeburg, S. B.
Kerby, M. A. Gunnell, R. Nalewaik, and U. R. Rapp,
submitted for publication). Homology to v-raf begins within
exon 3. Homology to both v-raf and v-mil continues through
the termination codon in exon 11. As previously noted (27),
v-mil homology terminates 12 nucleotides beyond the termi-
nator, whereas v-raf homology extends ca. 190 nucleotides
into the 3’ untranslated sequence. The overall homology of
the coding regions of c-raf-1 and v-raf is 9%, and their
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Exon 1
c-raf-1 TGCCAATCAT GG---AATTT GCTTTCT-CC TCCT. TCT CAGCACAGAT ATTCTACACC TCACGCCTTC ACCTTCAACA CCTCCAGTCC CTCATCTGAA
c-raf-2 AT TAG ACAGTIC C GGAG  GT c - c - T T TA T T - -
intron v-mil start
c-raf-1 GGTTCCCTCT CCCAGAGGCA GAGGTCGACA TCCACACCTA ATGTCCAC-- -ATGGTCAGC ACCACCCTGC CTGTGGACAG CAGGATGATT GAfl‘MTA.
v-mil AA A A C A
c-raf-2 T - ~= TAC T GTC GT G CAG T A-——- G
Exon 2 Exon 3
c-raf-1 «.CCTTTTCT GTTTC. AT GCAATTCGAA GTCACAGCGA ATCAQGTACT T...TTTGTC TTGTCTATTA AGCCTCACCT T--CAGCCCT G-TCCAGTAG
v-mil AC T T 0.11 kb T cC -—-C TIC - TG G
c-raf-2 3.7 kb CAC TCG T intron TC CA ACC G
intron v-raf start
c-raf-l CCCCAACAAT CTGAGCCCAA CAGGCTGGTC ACAG--CCGA AAACCCCCGT GCCAGCACAA AGAGAGCGGG CACCAGTATE TGHEGACCCAG GAGAAAAACA
v-mil/raf T T CA G T T - G A C C G G AA C CGA A
c-raf-2 TT GCCcC Cc G TGA - CAA C - T C AG AA -T TGAGC T -
Exon 4
c-raf-1 AAATTGTGAG T...TCTCTA CTTGTTTCAG AGGCCTCGTG GACAGAGAGA TTCAAGCTAT TATTGGGAAA TAGAAGCCAG TGAAGTGATG CTGTCCACTC
v-raf 0.35 kb G cC G T C A G G
c-raf-2 CG intron A A — C TTC cCG C CA AT GCA GC G T
Exon 5
c-raf-1 GGATTGGGTC AGGCTCTTTT GGAACTGTTT ATAAGGGTAA ATGGCACGET AAGC...CCA ACTAATTTTGG GAGATGT TGCAGTAAAG ATCCTA-AAG
v-raf c T C C G C C G T 8 kb -
c-raf-2 A CA ACA - T G - intron -- GCA A [ cc
Exon 6
c-raf-1 GTTGTCGACC CAACCCC-AG AGCAATTCCA GGCCTTCAGG AATGAGGTGG CTGTTCTGCG |GTGAGT...C CCCTCCCCTC CCCAGCAAAA CACGGCATGT
v-raf G T T - CT C T 0.7 kb
c-raf-2 A TG C G AG cC A intron GTGT G A
c-raf-1 GAACATTCTG CTTTTCATGG GGTACATGAC AAAGGACAAC CTGGCAATTG TGACCCAGTG GTGCGAGGGC AGCAGCCTCT ACAAACACCT GCATGTCCAG
v-raf T Cc G G T T A T G
c-raf-2 G [ T C - C T A o GCT
Exon 7
c-raf-1 GAGACCAAGT TTCAGATGTT TCCAGCTAAT TGACATTGCC CGGCAGACGG CTCAGGGAAT GGAGTGAGT. ..CTTTTCCC TTCACAQCTA TTT-GCATCG
v-raf A C A A 3.3 kb -
c-raf-2 CA T T A G intron G G
Exon 8
c-raf-1 AAAGAACATC ATCCATAGAG ACATGAAATC CAACAPTATC CT...TTAAC AAGCATTGA® ATATATTTCT CCATGAAGGC TTAACAGTGA AAATTGGAG-
v-raf C 1.9 kb cc G -
c-raf-2 [ c- A intron --- CCT6 TG CA A
Exon 9
c-raf-1  -ATTTTGGTT TGGCAACAGT AAAGTCACGC TGGAGTGGTT CTCAGCAGGT TGAAC-AACC TACTGGCTCT GTCCTCTGGA TGTGAGA...TGTAGCCCC
v-raf - G -G C G G 0.2 kb
c-raf-2 4 G A CA A A A GGA [ A A---—- intron
c-raf-1 AGAGGTGATC CGAATGCAGG ATAACAACCC ATTCAGTTTC CAGTCGGATG TCTACTCCTA TGGCATCGTA TTGTATGAAC TGATCACGGG GGAGCTTCCT
v-raf A G G G c C G G C G C CcC G GG T C
c-raf-2 C T CA G A c C cc A TG TC T G GGGA CA
c-raf-1 TATTCTCACA TCAACAACCG AGATCAGGTA AGTCTGTGCT GGTGCGAAAG GACCCAACTC GTGGGAGCCC CTGGCCTCCG CCAGCCTAAG CAGCTAGAGG
v-raf CG C C
c-raf-2 ™ C cc ¢ intron
Exon 10
c-raf-1 GTTAGGAGTT GTTATTAGTC TGTTGTTCCA TTCACCCCCC ATTAGCTCAG CTGTTTTCTT TCCCTTAGAT CATCTTCATG GTGGGCCGAG GATATGCCTC
v-raf A cC G T
c-raf-2 T T ACA TG G c C
c-raf-1 C---CC-AGA TCTTAGTAAG CTATATAAGA ACTGCCCCAA AGCAATGAAG AGGCTGGTAG CTGACTGTGT GAAGAAAGTA AAGGAAGAGA GGCCTCTTTT
v-raf - -T cC CG c C G A T G cG A C A A TG
c-raf-2 ATT T C A CC G CC--- - A G CC TCT - A CA AG
c-raf-1 TCCCCAGFTA AGGCTCAGGG CTGCTAGAAT GTGATTAAAG CATGGGTTGG TTCGTAAAGA TGGCAATATA AGGTGGTGGG AGTGTTTGTT TTGTTTTATA
v-raf
c-raf-2 TG ‘intron
c-raf-1 GGGAGGGGAC CCAGGTCCTC TACAAGATGG TGGGGGGCAG GGTACATCCT GTGTCTTTGA GACACAGCTA ATGAGAGCAT TCTTGGGCTT TGT’I‘TCA}T
v-raf
. Exon 11
c-raf-1 CCTGTCTTCC ATTGAGCTGC TCCAACACTC TCTACCGAAG ATCAACCGGA GCGCTTCCGA GCCATCCTTG CATCGGGCAG CCCACACTGA GGATATCAAT
v-raf C T G G A A cCT T C T C
c-raf-1 GCTTGCACGC TGACCACGTC CCCGAGGCTG CCTGTCTT 'TGACTTT GCACCTGTCT TCAGGCTGCC AGGGGAGGAG GAGAAGCCAG CAGGCACCAC
v-raf T A A A A TGA TG TC T CA AC AAA GT- G
c-raf-1 TTTTCTGCTC CCTTTCTCCA GAGGCAGAAC ACATGTTTTC AGAGAAGCT- --CTGCTAAG GACCTTCTAG ACTGCTCACA GGGCCTTAAC TTCATGTTGC
v-raf - TT ----=G G TG TG A G CT —— A A
v-raf end
c-raf-1 CTTCTTTTCT ATCCCTTTGG GCCCTGGGAG|AAGGAAGQCA TTTGCAGTGC TGGTGTGTCC TGCTCCCTCC CCACATTCCC CATGCTCAAG GCCCAGCCTT
v-raf [ CCT- - ALT
c-raf-1 GTGTAGATGC GCAAGTGGAT GTTGATGGTA GTACAAAAAG CAGGGGCCCA GCCCAGCTGT TGGCTACATG AGTATTTANA GGAAGTAAGG TAGCAGGCAT
v-raf
c-raf-1 TCCAGCCCTG ATNTGGAGAC ACATGGGATT TTGGAAATTC AGCTTCTTGG AGGAATGCAT TGT
v-raf
c-raf-2 alternate Exon 11
GAGCCAACTG CATTGACCAA GACCATTGCA TGCATTCAAC ATCCTCAGCC CAGAAAGCCT TGCTGTTCTG ACTGGCAGCT GCTTCCACAT TACAAGAGTC
CTCCGGCTCA TGCTCTTACC CTGCAGTAGC CAGGCAGGCC CTGCATTAAG ACATGCTGAT GGGAATGATT TCAGATTTCT GTTCCATGGA TTGAAGAATC
CTGAGCCTTT TCTGGCCGGA GAAGGAGCAA TTGTTGACCA TAGAGCTGTA AGCTTCTCTT TCAATATGTT TGCTATGAAT CAAACATTCT ATCATAAAGT
CTGTGGATAG TACTGATTAT TCATACTATC ATTTCCTTCC TCAGGGTGAA TTATGAAGCC TCTACTCCAA CCACAGAGTT TCCCTGAAGT GGCCAGAACA
GATTTAAGTC TTGCAGCATG GAAACACCTA CTTTACAAAG TATACTGACA TTTAGGAGAC TCGACGCTCT GAATGGCCCA AGGAGGAAAT AAACAGTTAC

AGAAAAAAAA A

FIG. 3. Sequences of c-raf-1 and c-raf-2 compared with the viral mil or raf sequences. The exon sequences of c-raf are shown, along with
part of the adjacent intron sequence. The other sequences are shown only where they differ from the exons c-raf-1. Dashes indicate gaps
introduced to align the sequences. The beginning and ending of v-raf homology as well as the terminator codon, TAG, are boxed. The
sequence for v-mil is used for comparison 5’ of the beginning of v-raf homology. A putative alternate exon sequence for c-raf-2 is shown at
the bottom, with the poly(A) signal sequence and the presumptive poly(A) sequence underlined.
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v-raf start
c-raf-1 CGGG[CJACCA[GITAT[CTG-GGACCCAGGA|GIAAAAACAA
a v-raf ACTCCTTATGACCCTG-GGACCCAGGAJAJAAAAACAA
MolLV ACTCCTTATGACCCTG/AIGGACCCAGG[GC/AA[GIAAJACT
c-raf-1
b v-raf
MolLV TGGTACACG|IGATGGAAGCAGTCTCT

——

v-raf end

FIG. 4. Comparison of the c-raf-1 sequence with those of v-raf and MoLV at the junctions between viral sequence and raf sequence. (a)

5’ junction; (b) 3’ junction. Homologous nucleotides are boxed.

homology in the 3’ untranslated region is 73%. The 3’ end of
the message has been identified by cloning of cDNAs from
normal human liver and placenta (Bonner et al., submitted
for publication). Sequence comparisons with c-raf-1 indicate
that exon 11 has about 900 nucleotides of 3’ untranslated
sequence ending with a polyadenylate [poly(A)] addition site
which is located 90 nucleotides 5’ of the EcoRlI site at 21.7 kb
on the restriction map. Since a 2.97-kb liver cDNA clone
extends 810 nucleotides 5’ of the beginning of exon 1, there
is a substantial amount of sequence corresponding to the 5’
end of the message which has yet to be identified within the
genome. The size of the exons, excluding the 3’ untranslated
sequence of exon 11, ranges from 28 to 177 nucleotides and
is consistent with the observation that the number of amino
acids encoded by the average exon is approximately 45 (5).
The introns range in size from 141 nucleotides to 8 kb and
are generally larger than their counterparts in chicken (10)
and mouse genes (M. Goldsborough, personal communica-
tion). Since raf is distantly related to the avian src gene, we
have examined whether the exon boundaries are conserved.
Using a previously published amino acid sequence alignment
(27), which spans the junctions between rafimil exons 4 to 10
and src exons 7 to 12, we found that although some of these
boundaries occur within the more conserved regions of the
amino acid sequences, none of the boundaries coincide.
c-raf-2 is a processed pseudogene. The sequence of the
c-raf-2 locus indicates the absence of any introns. With the
exception of numerous small deletions and insertions, the
c-raf-2 sequence is homologous with exons 1 to 10 of c-raf-1.
These insertions and deletions introduce numerous shifts in
the reading frame of c-raf-2 relative to that of c-raf-1. In
addition, there are approximately 20 termination codons in
each of the three possible reading frames, with only three
open reading frame stretches of more than 200 nucleotides,
the largest being 350 nucleotides. Thus, c-raf-2 is a pseudo-
gene. Similar pseudogenes which lack the introns found in
their normal counterparts have been termed processed pseu-
dogenes and are thought to have been generated by a reverse
transcription of spliced mRNA (24). Until the 5’ end of
c-raf-1 is defined, it is not possible to determine whether
c-raf-2 is a complete copy of the 5’ end of the message.
However, it is clear that c-raf-2 does not maintain homology
with c-raf-1 all the way to its 3’ end. It is difficult to precisely
locate the point at which the homology is lost, since the
homology goes from ca. 95% in the middle of exon 10 to
unrecognizable at approximately 50 nucleotides into exon
11. However, the point of divergence appears to be near the
boundary between exons 10 and 11. This suggests that
c-raf-2 might have arisen from a message with an alternative
splicing pattern of its 3’ end. Such alternative splicing was

originally observed in the calcitonin (1) gene and has since
been observed in the k-ras oncogene (16). We have therefore
presented the remaining c-raf-2 sequence as a putative
alternate exon 11. This sequence terminates with a string of
nine A residues which might represent the poly(A) tail of the
message from which c-raf-2 was derived. The oligoadenylate
sequence is preceded, with nine intervening nucleotides, by
the sequence AATAAA which generally appears about 20
nucleotides 5’ of the poly(A) addition site in previously
described mRNA sequences (19). If c-raf-2 is actually de-
rived from alternative splicing, then the related exon(s)
should be found in the c-raf-1 locus. To test for the presence
of such exons, we used the Sphl-HindIlI fragment of the
alternative c-raf-2 exon (spanning nucleotides 28 to 255 of
the alternate exon 11) as probe. Low-stringency hybridiza-
tion to restriction digests of human DNA reveals the pres-
ence of one or two bands in each digest which are not
accounted for by the c-raf-2 locus. However, this probe does
not hybridize to the cloned DNA of the c-raf-1 locus.
Therefore, if there is such an alternative exon 11 at the
c-raf-1 locus, it is located beyond the 3’ end of the existing
clones.

Although the overall homology of c-raf-2 to c-raf-1 (com-
paring exons 1 to 10) is only ca. 80%, c-raf-2 is considerably
more closely related to c-raf-1 than to v-raf. Considering
only exons 4 to 10, where all three sequences can be
compared, there are 26 nucleotide positions at which c-raf-2
matches v-raf but not c-raf-1, 54 positions at which it
matches c-raf-1 but not v-raf, and 160 positions at which it
differs from both. There are in addition 10 positions at which
all three differ from one another. Since a pseudogene does
not appear to exist in mice (M. Goldsborough, personal
communication), the pseudogene was formed after the evo-
lutionary divergence of the rodent and primate lineages. The
existence of a substantial number of positions at which
c-raf-2 matches v-raf but not c-raf-1, coupled with the large
number of positions at which c-raf-2 differs from v-raf and
c-raf-1, suggests that the pseudogene was formed relatively
early in primate evolution.

Transduction of v-raf. The transforming retroviruses are
generally considered to have arisen from a recombination
event between a nontransforming retrovirus and a normal
cellular gene (4). In the case of the 3611-MSV virus, this
recombination event would have involved a murine retro-
virus which is closely related to the Moloney leukemia virus
(MoLYV) and the mouse gene which is homologous to the
human c-raf-1. In comparing the sequences of c-raf-1, v-raf,
and MoLV (25) (Fig. 4) to determine the precise points at
which this recombination would have occurred, we find that
there is a stretch of approximately 10 nucleotides at each end
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30
TCT CAG CAC AGA TAT TCT ACA CCT CAC GCC TTC ACC TTG AAC ACC TCC AGT CCC TCA TCT GAA GGT TCC CTC TCC CAG AGG CAG AGG TCG

Ser Gin His Arg Tyr Ser Thr Pro

Thr Ser Thr Pro Asn Val His MET Val Ser Thr Thr Leu Pro

Pto MET

2.3

Ala Leu Ser Ser Ser Pro Asn Asn Leu Ser

Ser Gty

a Ser Pro Ser

23

34

CGG GCA CCA GTA Td‘; GGG ACC CAG GAG AAA AAC AAA ATT|AGG CCT CGT GGA CAG AGA GAT TCA AGC TAT TAT TGG GAA ATA GAA GCC AGT
Pro Arg

Arg Ala Pro Val Ser Gly Thr Gin Glu

Gly Thr Asn

Lys Asn Lys lle [Arg

3--4

His Ala Phe Thr Phe Asn Thr Ser

Val

Pro Thr

Ser Pro Ser Ser Glu Gly Ser Leu Ser Gin Arg Gin Arg Ser

Asp Ser Arg MET lle Glu|Asp Ala lle

Arg Ser His Ser Glu Ser
tie 4

2 v

L2 i 142 60
ACA TCC ACA CCT AAT GTC CAC ATG GTC AGC|ACC ACC CTG CCT GTG GAC AGC AGG ATG ATT GAGIGAT GCA ATT CGA AGT CAC AGC GAA TCA

1

Gly Trp Ser GIn Pro Lys Thr Pro Val Pro Ala Gin Arg Glu

90
%C TCA CCT TCA GCC CTG TCC AGT AGC CCC AAC AAT CTG AGC CCA ACA GGC TGG TCA CAG CCG AAA ACC CCC GTG CCA GCA CAA AGA GAG
|

120

Gly Gin Arg Asp Ser Ser Glu Ile Glu Ala Ser

Lys MET

Tyr Tyr Trp

45 150

GAA GTG ATG CTG TCC ACT CGG ATT GGG TCA GGC TCT TTT GGA ACT GTT TAT AAG GGT AAA TGG CAC|GGA GAT GTT GCA GTA AAG ATC CTA

Glu Val MET Leu Ser Thr

sy

Arg lle Gly Ser Gly Ser Phe Gly

AAG GTT GTC GAC CCA ACC CCA GAG CAA TTC CAG GCC TTC AGG AAT GAG GTG GCT GTT CTG C
Asn Glu

Val Val Pro Glu Gin Phe Gin

Leu

Lys Asp Pro Thr Ala Phe Arg

Thr Val

Tyr Lys Gly Lys Trp His|Gly Asp Val

45

Ala Val Lys lle Leu

56 180

AAA ACA CGG CAT GTG AAC ATT CTG CTT
Val Lys Thr Arg His Val Asn lle Leu Leu

Ala Val Leu Ar

5--6
210

TTC ATG GGG TAC ATG ACA AAG GAC AAC CTG GCA ATT GTG ACC CAG TGG TGC GAG GGC AGC AGC CTC TAC AAA CAC CTG CAT GTC CAG GAG

Phe MET Gly Tyr MET Thr Lys Asp Asn Leu Ala Ile Val Thr

Thr Lys Phe Gin MET Phe Gin Leu lle Asp Ile Ala Arg Gin

Gin Trp

ACC AAG TTT CAG ATG TTC CAG CTA ATT GAC ATT GCC CGG CAG ACG GCT CAG GGA ATG G? TAT TTG CAT GCA AAG AAC ATC ATC CAT AGA
Thr Ala 8|

Cys Glu Gly Ser Ser His Leu His Val Gin Glu

240

Leu Tyr Lys
67

Gin Gly MET Asp Tyr Leu His Ala Lys Asn lle lle His Arg

718 67 270

GAC ATG AAA TCC AAC AAT ATA TTT CTC CAT GAA GGC TTA ACA GTG AAA ATT GGA GAT TTT GGT TTG GCA ACA GTA AAG TCA CGC TGG AGT

Asp MET Lys Ser Asn nlle Phe Leu His Glu Gly Leu Thr Val Lys Ile Gly Asp Phe Gly Leu Ala Thr Val Lys Ser Arg Trp Ser
7 8 at’

89 300

GGT TCT CAG CAG GTT GAA CAA CCT ACT GGC TCT GTC CTC TGG ATG|GCC CCA GAG GTG ATC CGA ATG CAG GAT AAC AAC CCA TTC AGT TTC

Gly Ser GIn Gin Val Glu Gin Pro Thr Gly Ser Val Leu Trp MET|Ala Pro Glu Val Ile Arg MET Gin Asp Asn Asn Pro Phe Ser Phe

e 9 Aw 9_10
Ser 330

CAG TCG GAT GTC TAC TCC TAT GGC ATC GTA TTG TAT GAA CTG ATG ACG GGG GAG CTT CCT TAT TCT CAC ATC AAC AAC CGA GAT CAG|ATC

Gin Ser Asp Val Tyr Ser Tyr Gly lle Val Leu Tyr Glu Leu

MET Thr

Glu Leu Ser His lle

Ats

Gly Pro Tyr Asn Asn Arg Asp Ginflle

Als 9L 10

ATC TTC ATG GTG GGC CGA GGA TAT GCC TCC CCA GAT CTT AGT AAG CTA TAT AAG AAC TGC CCC AAA GCA ATG AAG AGG CTG GTA GCT GAC

Ile Phe MET Val Gly Arg Gly Tyr Ala Ser Pro Asp Leu Ser

Lys Pro Leu Phe Pro Gin

10

1011
TGT GTG AAG AAA GTA AAG GAA GAG AGG CCT CTT TTT ccC CAG:I:ATC CTG TCT TCC ATT GAG CTG CTC CAA CAC TCT CTA CCG AAG ATC AAC

Cys Val Lys Val Lys Glu Glu Arg
=7 Arg

"

Lys Leu Tyr
Arg

Ile Leu

Lys Asn Cys Pro Lys Ala MET Lys Ala

tte

Arg Leu Val Asp

390

Glu
Ala

Ser Ser lle Leu Leu Gin His Ser Leu Pro Lys lle Asn

420

CGG ACG GCT TCC GAG CCA TCC TTG CAT CGG GCA GCC CAC ACT GAG GAT ATC AAT GCT TGC ACG CTG ACC ACG TCC CCG AGG CTG CCT GTC

Arg Ser Ala Ser Glu Pro Ser Leu His Arg Ala Ala His Thr Glu Asp Ile Asn Ala Cys Thr Leu Thr Thr Ser Pro Arg Leu Pro Val
Pis Ser Ser — Thr

TTC TAG

Phe

FIG. 5. Deduced amino acid sequence that would be encoded by exons 1 through 11 of c-raf-1. Amino acids which are different in v-mil
or v-raf are shown below the c-raf-1 amino acid sequence and are shaded with slashes or stippling, respectively. The exon boundaries are
indicated by brackets, and the beginnings of the v-mil and v-raf sequences are indicated by arrows.

of the v-raf sequence in which the c-raf-1, v-raf, and MoLV
sequences are nearly identical. Therefore, the beginning of
v-raf homology occurs in exon 3 of c-raf-1 within the
sequence CTGGGACCCAGG, which is identical in c-raf-1
and v-raf and differs from the corresponding MoLV se-
quence only by an extra A in the MoLV sequence (Fig. 4a).
Allowing additional mismatch, this homology region can be
extended in the 3’ direction to include 20 nucleotides with 16
matches. On the basis of a comparison of only the v-raf and
MoLYV sequences, Rapp et al. had previously identified (20)
the beginning of the raf-specific sequence in v-raf as occur-
ring immediately after this 12-nucleotide sequence. Further-
more, Rapp et al. hypothesized that the A which is present in
MoLV but absent in v-raf was deleted after the recombina-
tion event to place the v-raf sequence in the proper reading
frame. However, since this A is missing in the human c-raf-1
sequence, it is likely that it is also missing in the murine
homolog. It therefore appears that the point of recombina-

tion is within the CTG which is common to the three
sequences. Similarly, the end of v-raf homology occurs
within the 3’ untranslated sequence of exon 11 (Fig. 4b)
within the sequence AAGGAAGC, which is nearly (7 of
8 nucleotides) identical to the corresponding sequence,
ATGGAAGC, of v-raf and MoLV. The single nucleotide
difference presumably reflects evolutionary divergence be-
tween the human and mouse genes.

These sequence homologies imply that the point of recom-
bination cannot be assigned to a specific nucleotide at either
end of the v-raf sequence. More importantly, the sequence
homologies provide clear evidence that the transduction
occurred via homologous recombination. Although short
stretches of homology between viral and cellular sequences
have been observed in other transforming retroviruses, only
in the case of Finkel-Biskis-Jinkins virus, which contains the
fos oncogene, has such homology been observed at both
ends of the acquired sequence (31). The sequence data for
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FIG. 6. Presence of transfected DNA in transformd NIH/3T3
colonies. NIH/3T3 cells were transfected with the hybrid v-rafic-
raf-1 DNA depicted at the bottom. The open box, the solid line, and
the closed box represent the long terminal repeat, gag, and v-raf
sequences of the cloned DNA of 3611-MSV virus. The open circles
represent exons 7 through 11 of c-raf~1, and the dashed line
represents the intervening intron and 3’ flanking sequence. The
4.0-kb EcoRI and 6.8-kb PstI restriction fragments which are
characteristic of hybrid DNA are also indicated. These fragments
are detected in DNA isolated from transformed colonies (lanes B
through D above) but not in the control NIH/3T3 DNA (lane A) with
a v-raf probe (the 0.7-kb Xhol-SstII fragment of 3611-MSV) hybrid-
ized in 3x SSC at 60°C and washed in 1x SSC at 60°C.

raf and fos are consistent with the current model of retro-
viral transduction of oncogenes (28), which envisions (i) the
integration of a retroviral provirus upstream of the gene, (ii)
deletion of the 3’ end of the provirus and the 5’ end of the
gene to form the 5’ virus oncogene junction, (iii) transcrip-
tion and splicing to remove the introns from the gene, (iv)
packaging of the transcript into heterozygous virions, and
(v) recombination between the chimeric RNA and parental
viral RN A during subsequent reverse transcription to estab-
lish the 3’ junction. The presence of clear homology between
the parental virus and the gene at both junctions for v-raf
and v-fos suggests a simpler model in which there is (i) a
double crossover via homologous recombination between
the gene and either integrated or unintegrated proviral DNA,
followed by (ii) transcription and splicing to remove the
introns and (iii) packaging of the RNA in a virion to establish
the new viral genome. In this case, the homologous recom-
bination is presumably not based on long stretches of
near-perfect homology as is the case for chromosomal
crossover during meiosis. Instead, we suggest that it is
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FIG. 7. Immunoprecipitation of gag-raf proteins from NIH/3T3
cells transfected with hybrid DNA described in Fig. 6. Cells were
labeled with [PH]myristate, lysed, and immunoprecipitated with
anti-gag and anti-raf sera as described previously (A. Schultz, T.
Copeland, G. Mark, U. Rapp, and S. Oroszlan, Virology, in press).
Panel A, Cells transformed by 3611 MSV; panel B, cells trans-
formed with hybrid DNA; panel C, untransfected NIH/3T3 control
cells. Lanes: 1, anti-p30 (gag) serum; 2, anti-SP63 serum competed
with SP63 peptide; 3, anti-SP63 serum; 4, anti-v-raf protein serum;
marker lane contains myosin (200 kilodaltons [kd]), phosphorylase
B (97 kd), bovine serum albumin (69 kd), carbonic anhydrase (30
kd), and cytochrome ¢ (12 kd). Anti-SP63 is a rabbit antiserum to a
synthetic peptide corresponding to the 12 carboxy-terminal amino
acids of the v-raf or c-raf-1 protein. Anti-v-raf is a rabbit serum
against v-raf protein (corresponding to amino acids 178421 of Fig.
4) expressed in Escherichia coli (H. Oppermann, unpublished
observations).

similar to the partially homologous recombination which
occurs when mammalian cells are transfected with two
nonhomologous DNAs (2). In this case it has been shown
that recombination junctions between integrated copies of
the exogenous DNAs occur within 20- to 50-nucleotide
stretches of partial (62 to 75%) homology. However, in
formation of the junction, some or all of the homology region
may be deleted in multiples of 13 to 14 nucleotides, deletions
of 0 to 54 nucleotides having been observed. It is not clear
from the published report whether the recombination took
place before or after the exogenous DNAs were integrated,
and it is therefore not clear that it is directly applicable to the
process of transduction. It does, however, suggest that there
is a mammalian recombination protein which recognizes
homologous DNA regions and produces staggered recombi-
nation joints. If such a protein were active in oncogene
transduction, the relatively poor homology at a sizeable
distance from the apparent joint may have been overlooked
in previous examinations of oncogene sequences.
Transforming activity of the raf gene. Since the ras onco-
genes appear to acquire their transforming ability through
mutation of a single amino acid (7, 22, 29, 30), it is of some
interest to know whether the c-raf-1 gene is capable of
transformation or whether the v-raf gene is transforming
because of an altered amino acid sequence. The amino acid
sequence encoded by exons 1 to 11 of the c-raf-1 gene (Fig.
5) shows seven amino acid changes relative to v-raf and 22
amino acid changes relative to v-mil. Of the changes relative
to v-raf, one occurs in exon 5 and the remaining six are
clustered at the carboxy terminal in exons 9 to 11. To test
whether any of the last six changes are essential for the
transforming activity of v-raf, we have constructed a hybrid
DNA making use of the conserved Sphl restriction site
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which occurs at the beginning of exon 7 in c-raf-1. This
hybrid DNA was made by ligating the 2.3-kb EcoRI-Sphl
fragment of viral 3611-MSV DNA and the 5.6-kb Sphl-Sall
fragment of c-raf-1 into the EcoRI and Sall sites of pBR322.
The resulting plasmid (Fig. 6) thus contains the 5’ long
terminal repeat of 3611-MSV, the viral gag gene sequences,
and the portion of v-raf which is 5’ of the Sph site followed
by exons 7 to 11 of c-raf-1, the poly(A) addition site at the
end of exon 11, and an additional 1.5 kb of 3’ flanking
sequence. When NIH/3T3 cells were transfected with the
plasmid DNA (linearized by cutting with Sall), transformed
colonies appeared. Although the transformation efficiency of
3611-MSV DNA was 4,000 FFU/ug of DNA and that of the
EcoRI-HindIII fragment containing the 5’ half of 3611-MSV
was 1,000 FFU/pg, the hybrid DNA gave only 4 to 5
FFU/pg. There were no spontaneous foci in an equivalent
number of untransfected cells.

To verify that the colonies resulted from expression of the
hybrid gene, single-cell clones from individual foci were
grown and tested for the presence of the transfected DNA
and expression of hybrid protein. When tested by Southern
blotting with a v-raf probe, all foci showed the presence of
EcoRI and PstI bands characteristic of the hybrid DNA (Fig.
6). The intensity of these bands indicated that they were
present at approximately 1 copy per cell. The absence of
bands corresponding to those of 3611-MSV viral DNA
eliminated the possibility that the transformation results
from a contamination with either 3611-MSV virus or a
plasmid containing v-raf. Seven cell clones were also tested
for the presence of a polyprotein analogous to the 3611-MSV
gag-raf polyprotein. As shown for a representative clone in
Fig. 7, there is a 75,000-dalton protein present in five of the
clones which, like the similar protein of 3611-MSV-trans-
formed cells, is immunoprecipitated by gag (MoLV p30) and
raf antisera. We therefore conclude that the cells are trans-
formed as a result of the presence of the transfected DNA.
However, the very low transformation efficiency requires an
explanation. A clue can be found in the results of Sodroski et
al. (26), who found a similar low efficiency (1 to 2 FFU/ug)
for a similar hybrid (Rec-Kpn) between viral fes and its
homologous human gene. With a selectable marker
(pSV2gpt, which confers resistance to mycophenolic acid)
linked to the fes DNAs, they found that fewer of the
resistant cells were transformed with the hybrid DNA than
with the viral DNA. Furthermore, when untransformed but
resistant clones were examined, they were found to have
either entirely deleted or rearranged the fes DNA. This
observation suggests that the transforming region of the
hybrid DNA, which is more extended as a result of the
presence of introns, may be more susceptible to breakage or
other rearrangement, thereby lowering its transformation
efficiency. To test this possibility, the human c-raf-1 DNA in
the hybrid was replaced with the corresponding portion of a
human cDNA clone (Bonner et al., submitted for publica-
tion). This new hybrid is identical to the original hybrid
except for the removal of the intron sequences and the 1.5 kb
of 3’ flanking sequence. On transfection, this DNA trans-
forms NIH/3T3 cells with an efficiency (2,000 FFU/pg)
comparable to that of the 3611-MSV controls. Although this
experiment does not establish the mechanism by which the
transformation efficiency is reduced when the introns and
flanking sequence are present, it does allow us to conclude
that the last six amino acid differences between murine v-raf
and human c-raf-1 are not essential to the transforming
ability.

The remaining amino acid difference in exon 5 is presum-

MoL. CeLL. BioL.

ably also not essential, since the phenylalanine of c-raf-1
also occurs in v-mil. This supposition is consistent with the
report (18) that the transforming potential of the mouse c-raf
gene can be activated by insertion of an MoLV long terminal
repeat within the genome. Preliminary attempts to test this
last amino acid difference by substituting exons 4 to 6 into
v-raf did not result in transformation. However, this hybrid
DNA was constructed by deleting 5 kb from the 8-kb intron
between exons 4 and 5. Analysis of the transfected cells by
neomycin selection indicates that abnormally small hybrid
proteins of molecular weight 65,000 and 58,000, which react
with both gag and raf antisera, are produced. Since the raf
antiserum is against sequences found in exons 6 to 11, this
result suggests that the deletion has induced aberrant splic-
ing of the RNA.

DISCUSSION

We have shown that there are two human genes homolo-
gous to the rafimil oncogenes. One of these two genes,
c-raf-2, is a processed pseudogene which appears to have
been formed early in the evolution of the primates. It has
been shown elsewhere that this gene is located on chromo-
some 4, whereas the c-raf-1 gene is located on chromosome
3 (6). Since c-raf-2 contains numerous insertions and dele-
tions relative to c-raf-1 as well as numerous termination
codons in all reading frames, it is unlikely to be functional.
The location of the ¢c-raf-1 gene at band p25 of chromosome
3 suggests that it might be involved in some types of human
tumors which contain characteristic chromosomal aberra-
tions in this region (6). The restriction maps of this locus
should prove useful in evaluating these possibilities, as
should the probes provided by the clones. The clones as
described here contain all the sequences which are homolo-
gous to the viral transforming genes, v-raf and v-mil, and
contain the 3’ end of the gene as defined by the poly(A)
position of cDNA clones from placental and liver mRNAs
(Bonner et al., submitted for publication). However, the
sequence of the c-raf-2 gene suggests that it may have been
produced from an alternatively spliced message in which
exon 11 was replaced by another exon(s). If such an exon
exists, it is not located in the present clones and must be at
least 5.5 kb 3’ of the end of the present exon 11.

The exon sequences of the present clones account for 2.2
kb of a 2.97-kb human liver cDNA (Bonner et al., submitted
for publication) and there must therefore be more of the gene
to be identified beyond the 5’ end of the present clones.
Analysis of cDNA clones indicates that only 0.6 kb of the
additional 0.8 kb is actually coding sequence. Preliminary
analysis of clones from the 5’ end of c-raf-1 indicates that
these additional coding sequences are distributed over an-
other 19 kb. Thus, the entire gene spans more than 40 kb. As
a first step in assessing what changes in the gene are
necessary to activate its tumorigenic potential, we have
shown that the c-raf-1 gene can be substituted for the 3’
two-thirds of v-raf without impairing its transformation
capability in transfection assays. This eliminates all but one
of the seven amino acid changes between murine v-raf and
human c-raf-1 as being essential for transformation. Since
transformation of mouse NIH/3T3 cells by promoter inser-
tion activation of the cellular mouse gene has been achieved
(17a), it is unlikely that isolated amino acid changes are
necessary to activate the raf gene. It therefore appears that
the raf genes cause transformation either by an inappropri-
ately high level of expression of the normal gene product or
by expression of a truncated gene product which does not
function normally. )
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