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In a previous study, activated rat c-raf was detected by an NIH 3T3 cell transfection assay, and a
rearrangement was demonstrated in the 5' half of the sequence of the gene. In the present study, the cDNAs
of normal and activated rat c-raf were analyzed. Results showed that the activated c-raf gene is transcribed to
produce a fused mRNA, in which the 5' half of the sequence is replaced by an unknown rat sequence. This
mRNA codes a fused c-raf protein. The normal and activated c-raf cDNAs were each connected to the long
terminal repeat of Rous sarcoma virus and transfected into NIH 3T3 cells. Only the activated form had
transforming activity. We conclude that the rearrangement is responsible for the activation of c-raf.

More than 40 oncogenes have been identified by retroviral
transduction or NIH 3T3 cell transfection assay (3). Many of
these were found to encode protein kinases that phosphor-
ylate serine, threonine, or tyrosine residues. Some of the
tyrosine kinases were shown to be receptors of a growth
factor and receptor-related proteins (11, 37). The physiolog-
ical functions of others are still unknown, but they are
thought to be important in intracellular signal transduction
(16, 40).

v-rafwas identified as an oncogene of a murine transform-
ing retrovirus, 3611-MSV (33). c-raf is its cellular counter-
part. Recently it was reported that activated c-raf was
identified in transformants induced by a human gastric
cancer and a glioblastoma line (13, 38). The genomic and
cDNA structures of human c-raf were reported (6, 7), but
little is known about its physiological function except that
viral raf protein fused with gag shows serine-threonine
kinase activity in vitro (26).

Previously we found that rat c-raf is activated during
transfection of rat hepatocellular carcinoma DNA into NIH
3T3 cells (19), that the activated c-raf has a rearrangement,
and that its 5' half is replaced by another sequence (18). Here
we report that cDNA structures of the normal and activated
rat c-raf and show that the rearrangement is responsible for
the acquirement of transforming activity.

MATERIALS AND METHODS

cDNA cloning. Poly(A)+ RNA was prepared as described
previously (12) from the liver of a normal Fischer 344 rat 2
months old and a primary NIH 3T3 cell transformant, IQ7-2,
which was shown to have active rat c-raf (19). cDNA
libraries were constructed from poly(A)+ RNA from both
sources with X gtlO as described previously (17). Normal rat
c-rafcDNAs were cloned by screening the cDNA library of
normal Fischer 344 rat liver with the v-raf-specific probe
v-rafXB (32). cDNAs of activated rat c-raf were cloned by
screening the IQ7-2 cDNA library with v-raf XB and the
pRAH insert as probes. pRAH is a subclone of the activated
rat c-raf genomic sequence containing the recombination

* Corresponding author.

point (18). The cDNA inserts obtained were subcloned in
pGEM2 (Promega Biotec, Madison, Wis.).
DNA sequencing. The DNAs to be sequenced were

subcloned in mpl8, and the inserts were progressively
deleted with exonucleases III and VII as described previ-
ously (42). Each deletant was sequenced by the dideoxy-
termination method (34). All sequences were determined by
analyzing both complementary strands.

Computer-assisted analysis of DNA and protein sequences.
Sequence homology was searched with the GenBank (2)
database using the programs of SEQF and SEQFP, IDEAS
(21).
DNA transfection. Samples of 0.01 to 10 ,ug of purified

plasmids were supplemented with carrier salmon sperm
DNA to 60 ,ug and transfected into NIH 3T3 cells by the
calcium phosphate precipitation method (41). Transformants
were scored after 14 to 21 days.

RESULTS
Molecular cloning of normal and activated rat c-rafcDNAs.

We have reported that c-raf is actively expressed in normal
rat liver (18). To obtain normal rat c-raf cDNA, we con-
structed a cDNA library of normal Fischer 344 rat liver.
Eight of 100,000 clones of this cDNA library hybridized with
the v-raf-specific probe, and the clone with the longest insert
was subcloned in pGEM2 and named pR3.
To obtain activated c-raf cDNA clones, we screened the

cDNA library made from the primary NIH 3T3 transformant
IQ7-2. We have reported that the activated rat c-rafof IQ7-2
has a rearrangement and that its 5' half sequence is replaced
by an unrelated sequence. The insert of pRAH is derived
from the genomic DNA of activated rat c-raf. The insert
contains the recombination point, but not a sequence homol-
ogous to v-rafXB. RNA blot analysis with pRAH as a probe
indicated that the insert hybridized with a 3.0-kilobase (kb)
transcript specific to IQ7-2. This 3.0-kb transcript seemed
also to be hybridized with v-rafXB (18), so we could clone
the activated c-raf cDNA by the criterion of hybridization
with both v-rafXB and pRAH and exclude normal NIH 3T3,
mouse c-rafcDNA clones.
About 150 of 90,000 clones of the IQ7-2 cDNA library

hybridized with both v-raf XB and pRAH. Eight of them
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FIG. 1. Restriction maps of the normal rat c-raf cDNA pR3
insert and activated rat c-rafcDNA pA5 insert. The hatched boxes
indicate the fragments that were shown to be homologous to v-raf
XB by Southern blot analysis. The strategies of sequencing are
indicated above and below the maps. Restriction enzymes: Bg, BglI;
H, Hindlll; Ps, PstI; Sm, SmaI.

were cloned, and the clone with the longest insert was
subcloned in pGEM2 and named pA5. The high cloning
efficiency of the activated form relative to the normal form
was thought to be due to the amplification and overexpres-
sion of the activated rat c-raf in IQ7-2.

Structures of normal and activated rat c-raf cDNAs. pR3
and pA5 have 2.5- and 2.9-kb inserts, respectively. The
restriction maps of the inserts in Fig. 1 show that the
activated and normal forms have different sequences in one
half. This, together with our previous data (18), clearly
indicates that the activated rat c-rafhas a rearrangement and
forms a fused mRNA.
We determined the complete nucleotide sequences of the

inserts of pR3 and pA5 (Fig. 2). The sequencing strategies
are indicated in Fig. 1. pR3 has a 2,525-base-pair (bp) insert
without a poly(A) tail, and pA5 has an insert of about 2.9 kb
with a poly(A) tail. RNA blot analysis revealed that the
normal and activated c-raf transcripts are 3.2 and 3.0 kb,
respectively (18). So, pA5 is a nearly full-length cDNA,
whereas pR3 is a partial one, missing about 0.7 kb.
Comparison of the two sequences showed that the 3'-half

nucleotide sequences of the pR3 and pA5 inserts are identi-
cal. The breakpoints of this identity are located between
nucleotides 872 and 873 in pR3 and 898 and 899 in pA5. The
5' sequences of the two beyond these points are quite
different, and the sequence of pA5 is transcribed from the
sequence recombined to c-raf.
The pR3 insert has a long open reading frame starting at

nucleotide 42 and ending at nucleotide 1985. We could not
find a stop codon in frame with this open reading frame from
nucleotide 1 to 41. So we could not define the translation
start point as definitely nucleotide 42. However, recently
Bonner et al. reported the nucleotide sequence of a human
c-raf cDNA clone (7) and determined a unique long open
reading frame with an in-frame stop codon 12 nucleotides
upstream of the initiating ATG. Our tentative open reading
frame has the same nucleotide number and shows high
homology with the human sequence, and this homology
diminishes in the region upstream of nucleotide 42 of the pR3
insert. Moreover, the predicted molecular weight of the
protein deduced from this open reading frame is consistent
with the value of the rat c-raf protein observed with im-
munoblot analysis (27). Thus we concluded that the open

reading frame of pR3 is the coding sequence of the normal
rat c-raf product.

In pA5, we could find only one long open reading frame,
starting at nucleotide 206 and ending at nucleotide 2011.
There is an in-frame stop codon TAG 195 bp upstream of this
ATG codon. We assumed that this open reading frame is
actually translated.
Deduced amino acid sequences of normal and activated rat

c-raf proteins. Figure 3 shows the deduced amino acid
sequences of the normal and activated rat c-raf proteins. The
putative molecular weights of the normal and activated
products are 72,927 and 69,209 respectively. These values
may represent the actual molecular weights of the proteins,
because these proteins are unlikely to be subject to post-
translational modification as described below.
The normal c-raf product of rats differs from the reported

human sequence in 11 amino acids but has the same total
number of residues, 648 amino acids (7). The rafprotein is a
member of the kinase family and has two sequences con-
served in this family. One is a consensus sequence of the
ATP-binding site, Gly-X-Gly-XX-Gly-(X)1022-Lys (20),
which starts at amino acid residue 356. The other is a
conserved kinase domain sequence (16), and a putative
autophosphorylated serine is identified at residue 499 (7).
The activated c-raf product has 602 amino acid residues.

Its carboxyl half is identical with that of the normal product.
This identity starts at amino acid residues 278 and 232 of the
normal and activated products, respectively. The sequences
of the amino halves of the two c-raf products beyond these
points show no homology. Thus in the amino terminal, about
half the sequence of the normal c-raf product is replaced by
an unrelated sequence to form a fused protein of activated
c-raf. The ATP-binding site and kinase domain are also
found in the deduced amino acid sequence of activated rat
c-raf. The rearrangement in the activated form leaves these
two domains intact, at least as a primary structure.
We examined the local hydrophobicities of these two

deduced amino acid sequences by the method of Kyte and
Doolittle (24), but we found no markedly hydrophobic
region. Since a hydrophobic sequence is a hallmark of
signals of transfer to the membrane and anchoring in the
membrane (5, 30), these normal and activated c-raf proteins
are unlikely to be bound to the membrane with these signal
sequences. The transforming protein of Rous sarcoma virus,
pp6src, is known to be myristylated and to become bound to
the membrane (14, 36). In that case, the amino-terminal
glycine next to the initiating methionine is myristylated. In
the normal and activated forms of the c-raf product, the
amino acid residue next to the initiating methionine is not
glycine, and these proteins are also unlikely to be myristyl-
ated at their amino termini. These observations suggest that
both forms of the c-raf product are soluble proteins present
in the cytosol and that the localization of the protein is not
changed by activation. The presence of the normal rat c-raf
product in the cytosol was shown by Molders et al. (27).
Upstream sequence of activated rat c-raf cDNA is derived

from an unknown rat sequence. As previously reported, no
rearrangement of activated rat c-raf was detected in the
original tumor, and so probably it occurred during the
transfection assay (18). Thus the DNA sequence upstream of
the recombination junction may be derived from NIH 3T3 or
transfected Fischer 344 rat tumor DNA. To determine which
is the case, we used a 0.7-kb EcoRI-HindIII fragment of pAS
as a probe (Fig. 4). This fragment is located upstream of the
recombination junction. On hybridization of the gel-
fractionated HindIll digest ofDNA of primary transformant
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555 -------------------------------------------------- 602

FIG. 3. Deduced amino acid sequences of normal and activated rat c-raf products. The amino acid residue numbers are indicated. The two
sequences are aligned to show the identical carboxyl halves. Homologous residues are indicated by dashes. Consensus sequences of the
ATP-binding site (20) are indicated by boxes. The putative autophosphorylation site (6) is indicated by an asterisk.

IQ7-2 with this probe, we detected two bands of 6.0 and 4.5
kb besides NIH 3T3-specific bands (lanes b and c). These
additional bands were exactly the same as those obtained
from Fischer 344 rat DNA (lane a). Thus the upstream
sequence was derived from rat genomic DNA.
To test whether the upstream sequence was derived from

an actively transcribed gene, RNA blot analysis was per-
formed with the 0.7-kb EcoRI-HindIII fragment of pA5 as a
probe (Fig. 5). Two transcripts of 9 to 10 kb and 7 to 8 kb
were detected in NIH 3T3 cells (lane a). In the primary
transformant, 4.9- and 3.0-kb transcripts were found in
addition to those found in NIH 3T3 cells (lane b), and the
v-rafprobe also hybridized with the mRNAs of the same size
(18). In contrast to NIH 3T3 cells, the upstream sequence
was scarcely transcribed in normal rat liver (lane c). Thus,
c-raf was rearranged to a gene which is expressed in NIH
3T3 cells but not in normal rat liver. The abundance of 4.9-
and 3.0-kb fused mRNA relative to 9- to 10- and 7- to 8-kb
mRNAs in the primary transformant was thought to be due
in part to the amplification of activated c-raf in the
transformant. Since we have some transformants in which
activated t-raf was not amplified (data not shown), we

believe that the amplification itself is not responsible for the
transformation.
To obtain information about the upstream sequence, we

searched for homologous DNA and protein sequences in the
GenBank (2) database using the programs of SEQF and
SEQFP, IDEAS (21). No significantly homologous sequence
was detected in the database, so the nature of the protein
coded by the upstream sequence is unknown.
Recombination occurs in the intron between exons 7 and 8 of

c-raf. As stated above, the rat and human c-raf cDNA
sequences show high homology. Assuming that the exon-
intron organizations in these two species are similar, we
located the exon-intron junctions to our sequence according
to those of humans (7). We found that the normal and
activated rat c-rafcDNA sequences start identically at three
nucleotides upstream of the junction of exons 7 and 8 of c-raf
(Fig. 6A; the numbering of exons is according to reference
7). To determine whether the recombination actually oc-
curred in exon 7, we determined the partial nucleotide
sequences of the c-raf intron between exons 7 and 8 and of
its counterpart in the activated form. These sequences are
present in the inserts of pNAH and pRAH, which were

FIG. 2. Nucleotide sequences of pR3 and pA5 inserts. The nucleotide numbers of both sequences are indicated. The two sequences are
aligned to show the identical 3' halves. Homologous nucleotides are indicated by dashes. The initiating ATGs and stop codon TAGs of the
long open reading frames are boxed. An in-frame stop codon TAG, 195 bp upstream of the initiating ATG of the pA5 insert, is indicated by
a wavy underline. The start point of identity of the two sequences is indicated by a heavy arrow. The point at which the homology with v-raf
starts (6) is indicated by a thin arrow. Two polyadenylation signals of the pA5 insert are shown underlined.
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described previously (18). We found that the 3' halves of
these introns have identical sequences but that their 5'-half
sequences are quite different (Fig. 6B). As the nucleotide
sequence of the normal gene containing the region recom-
bined to c-rafhas not been determined, the absolute position
of recombination is still unknown. However, we concluded
that the recombination occurred in the intron between exons
7 and 8 of c-raf.
We could determine the splice donor site of the exon just

upstream of the recombination point in the activated form.
The sequence has good consistency with the reported con-
sensus sequence (28), and the exon(s) upstream of this donor
site is derived from the gene recombined to c-raf. The last
three nucleotides of exon 7 of c-raf and of the preceding
exon of this donor site were thought to be the same by
chance. Identity of the introns of the normal and activated
forms starts 141 bp downstream of this donor site.

In the intron of normal rat c-raf, we found an inverted
repeat, CAGGAT and ATCCTG, separated by one nucleo-
tide near the recombination point (Fig. 6B). These two
sequences have motifs which are partially identical with the
consensus sequences GAGG and CCTC found in retrovirus
recombination sites (see reference 1 for a review). GAGG
was also found to be present at the c-myc translocation site
in murine plasmacytomas (31). These sequences possibly
form a secondary structure and may have some relation with
the recombination.

Cloned activated rat c-raf cDNA has transforming activity.
To test whether cloned activated c-rafcDNA has a sequence
essential for transforming activity, we constructed plasmids
to be expressed in NIH 3T3 cells. We replaced the neomycin
resistant sequence of pRSVneo (15) with the inserts of pR3
and pA5. In the latter case, the insert was digested with PstI
before insertion. This process eliminates the polyadenyla-
tion signal and tail from the pA5 insert and ensures use of the
splicing and polyadenylation signal intrinsic to pRSVneo.
The pR3 insert has no polyadenylation signal, and the whole
insert was used. The plasmids constructed in this way were
transfected into NIH 3T3 cells with carrier salmon sperm
DNA (Table 1). The plasmid expressing the activated form
showed significant transforming activity (about 100 to 150
focus-forming units per ,ug of DNA), whereas up to 10 ,ug of
DNA from the vector alone or a plasmid expressing normal

a b c
23.1 kb-*

9.6 -*
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- 5.5
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O Hind m 2.9 kb

A A A

ATG Junction TGA

Activated c-rof cDNA

pA5 insert

FIG. 4. Southern blot analysis with a 5'-half cDNA probe. The
0.7-kb EcoRI-HindIII probe is indicated in the right panel. Samples
of 10 ,ug of DNA were digested with HindIll and analyzed by
Southern blot hybridization (18). Lanes: a, normal Fischer 344 rat
liver; b, primary transformant IQ7-2; c, NIH 3T3 cells. The posi-
tions of fragments of A c1857 DNA digested with HindIll are shown
by arrows.
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111.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

upa

S

kb
- 9'-Io
-7" 8
-4.9

-3.0

FIG. 5. RNA blot analysis with a 5'-half cDNA probe. Samples
of 2 ,ug of poly(A)+ RNAs were denatured, subjected to electropho-
resis in 0.8% denaturing gel, and analyzed by blot hybridization with
the 0.7-kb EcoRI-HindIII probe shown in Fig. 4. Lanes: a, NIH 3T3
cells; b, primary transformant IQ7-2; c, normal Fischer 344 rat liver.
The positions of 28S and 18S rRNA are indicated by triangles.

c-rafcDNA gave no transformants. Thus we concluded that
the pA5 insert has the entire sequence essential for trans-
forming activity. As pR3 and pA5 inserts have the same
coding sequences except in the substituted region, the rear-
rangement was responsible for activation of rat c-raf.

DISCUSSION

Because most oncogenes belonging to the kinase family
were identified by retroviral transduction, their activation
mechanisms were mainly investigated on retroviral v-onc
sequences (4). This approach has been fruitful, but it has one
disadvantage. During retroviral transduction, many muta-
tions are introduced in v-onc; some of these mutations may
actually render c-onc active, but others may not. Thus, in
studies on v-onc, it is somewhat difficult to identify the
genetic change actually responsible for transforming activ-
ity.

Recently some activated oncogenes of the kinase family
were found by using an NIH 3T3 cell transfection assay of
tumor DNA (1, 10, 13, 19, 35, 38). In these instances, the
genetic change is anticipated to be more simple than with
v-onc. Moreover, studies on the activatiop mechanism of
c-onc may provide information about not only the mecha-
nisms of cancer development but also the physiological roles
of these oncogene products.

In the present work, we showed that a rearrangement to
produce a fused protein is responsible for activation of c-raf.
Although this activation did not occur in the original cancer
tissue in vivo, we think that this is the first demonstration
that a rearrangement with another cellular sequence alone
can make c-onc active.
Many v-oncs have truncated 5' structures and form fused

proteins with viral elements. v-erbB is a 5'-truncated version
of the epidermal growth factor receptor gene (11). v-fgr fuses
with a cellular DNA sequence which codes cytoskeleton

MOL. CELL. BIOL.



c-raf ACTIVATION 1231

Normal c-raf cDNA

Activated c-raf cDNA

Normal c-raf genomic DNA

Activated c-raf genomic DNA

exon7 exon8

-- -ATGATTGAGGATGCA ---

--- -AAGGAAGAGGATGCA-- -

-- -CCAGGATCATCCTGTCACCATCTGCC- - -

- - -AAGGAGA TGAGT- - - --GTTTAGAGGATTTGTCACCATCTGCC- - -
exon I 141bp

splice donor site

FIG. 6. Regional nucleotide sequences around the recombination point. Identical nucleotides are indicated by dots. (A) cDNAs; (B)
genomic DNAs. The junction of exons 7 and 8 described previously (7) is indicated in A. An inverted repeat is indicated by underlining with
arrows in B.

protein in its 5' terminus (29). Recently c-abl was found to
recombine with bcr to form a fused transcript in chronic
myelogenous leukemia, although in this case, c-abl is not
"activated" to have transforming activity (39). More re-
cently, Martin-Zanka et al. identified a new oncogene, trk, as
a member of the tyrosine kinase family and found that it
forms a fused transcript with the tropomyosin gene by
rearrangement (25). Some workers have emphasized the role
of structural changes in 3' termini of tyrosine kinase genes.
Replacement of the extreme carboxyl terminus of v-src
seems important for its activation (8). The v-fms product has
a truncated carboxyl terminus (9). There is thus much
indirect evidence that altered 5'-half structures or 3'-
terminus truncation are common features of activation of
kinase oncogenes.
Thus, qualitative change in the amino termini seems

important for acquirement of transforming activity in some
kinases. Indeed a regulator element has been suggested to be
present in the amino-terminal half of c-raf (7). This element
may regulate the kinase activity of the c-raf protein and
inhibit the activation. In this sense, it is noteworthy that the
recombination point found in our study was upstream of the
ATP-binding domain and the kinase domain. The rearrange-
ment may leave the kinase machinery intact but remove or
change the regulatory element. It is also noteworthy that
v-raf is truncated at a position corresponding to that 133 bp
downstream of the recombination point found in our study.
Another possibility is that altered amino-terminal structures

TABLE 1. Transforming activities of normal and activated c-raf
cDNA in NIH 3T3 cells

Expt la Expt 2a

DNA DNA No. of DNA No. of
(p.g)b foci (p.g)b foci

Activated c-raf cDNAc 1 141 10 419
0.1 25 1 107
0.01 4

Normal c-rafcDNAc 1 0 10 0
0.1 0 1 0
0.01 0

Vector aloned 1 0 10 0
0.1 0 1 0
0.01 0

a results of two independent experiments are shown.
bSalmon sperm DNA was added to each plasmid in a total of 60 jig and was

transfected into cells in three dishes.
c Inserts of pR3 and pA5 were ligated to the HindIII-SmaI digest of

pRSVneo (15). Clones oriented correctly to be expressed were transfected.
d pRSVneo was digested with HindlIl and SmaI to delete most of the

sequence of the neomycin resistance gene. The plasmid was religated and
used in the transfection assay.

change the location and substrates of kinases. In our case,
there was no evidence for an altered location of the product
at the level of the primary structure. The substrates of
normal and activated c-raf kinases require identification.
The present findings do not exclude the possibility that a

quantitative change of the c-raf product resulting from the
rearrangement is important, whereas a qualitative change is
not. The normal c-raf transcript has an atypical sequence
just before its initiating ATG. According to Kozak (23), the
sequence CATCA is not a good candidate for translation
initiation by eucaryotic ribosomes. So the c-raf protein may
not be abundant in normal cells, although the transcript is
easily detected by RNA blot analysis. In contrast, the
activated form has a sequence that agrees with Kozak's
consensus sequence (22). Thus the rearrangement may en-
hance translation, resulting in production of abundant pro-
tein and activation of the gene.
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