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ABSTRACT We developed an expression cDNA cloning
system capable of generating high-complexity libraries with
unidirectionally inserted cDNA fragments and allowing effi-
cient plasmid rescue. As an application of this system, a cDNA
library was constructed from an NIH 3T3 transformant in-
duced by mouse hepatocellular carcinoma DNA. Transfection
of NIH 3T3 cells by the library DNA led to the detection of
several transformed foci from which identical plasmids with
transforming ability could be rescued. Structure and sequence
analysis of the cDNA clones revealed that the oncogene was
created by recombinational events involving an unknown gene
and the mouse homologue of the B-raf protooncogene. Detec-
tion of the same genetic rearrangement in independent primary
transformants implied that generation of the oncogene oc-
curred within the tumor rather than during DNA transfection
or cDNA library construction. The high frequency at which
clones were identified and the large sizes of some of the
transforming cDNA inserts isolated suggest wide applicability
of this mammalian expression cloning system for isolating
cDNAs of biologic interest.

In bacterial and yeast systems, genes can be cloned by
complementing mutant alleles with introduced genes. Simi-
larly, in mammalian systems, introduction of cDNAs placed
under a suitable promoter can complement mutations in
recipient cells or allow for selection of any identifiable
phenotype. We have recently reported the development of an
efficient system to construct unidirectional cDNA libraries
(1), which has made it possible to isolate full-length coding
sequences of several genes (1-6). In this report, we refined
the vector to allow for high-level cDNA expression in mam-
malian cells and the ability to perform efficient plasmid
rescue. We tested the potential of this expression cloning
system by cloning an oncogene cDNA from a mouse hepato-
cellular carcinoma (7).**

EXPERIMENTAL PROCEDURES
cDNA Library Construction. cDNA libraries were con-

structed as reported (1), except for use of a designed vector
and adaptor more suitable for expression cloning (see Re-
sults). The revised Sfi I adaptor consisted of two oligonucle-
otides, 5'-CCAATCGCGACC-3' and 5'-GGTCGCGATTG-
GTAA-3'. Amplification of the library and preparation of the
DNA were done by standard procedures (8).

Cell Culture and DNA Transfection. All cells used were
derivatives of NIH 3T3 cells (9). Calcium phosphate trans-
fection (10) was used to stably introduce DNA into cells.

Cells were maintained in Dulbecco's modified Eagle's me-
dium (DMEM)/5% calf serum.

Plasmid Rescue. GenomicDNA (1.22g) was cleaved byXho
I and ligated at the concentration of 3 ng/,ul. Four aliquots (100
Al each) of PLK-F' competent cells (Stratagene) were trans-
formed by the ligated DNA, as directed by the manufacturer.
After heat shock, the cells were diluted 10-fold with S.O.C.
medium (BRL) containing 1 mM isopropyl /8-D-thiogalacto-
pyranoside to induce expression of the neo gene driven by the
tac promoter. The culture was incubated for 2 hr with shaking
and plated on NZY hard agar (8) containing ampicillin (100
,ug/ml), kanamycin (25 ,ug/ml), and isopropyl /B-D-thiogalac-
topyranoside (100 MM).
Recombinant DNA Techniques. Preparation of A and plas-

mid DNA was performed as described (1). Genomic DNA
was extracted by the standard procedure (8). Total RNA was
isolated and poly(A)-selected as described (1). DNA frag-
ments were isolated by Geneclean (Bio 101 Inc., La Jolla,
CA) and labeled by random priming using an Oligo labeling
kit (Pharmacia). Hybridizations were performed at 420C in
50% (wt/vol) formamide/5 x standard saline citrate (8)/2.5x
Denhardt's solution (8)/7 mM Tris hydrochloride, pH 7.5;
denatured calfthymus DNA at 0.1 mg/ml/tRNA at 0.1 mg/mi.
Nucleotide sequence was determined by the dideoxynucleo-
tide chain-termination method (11).

RESULTS
Development of an Efflicient Expression cDNA Cloning Sys-

tem. The ApCEV27 system was developed to clone cDNAs
by means of stable phenotypic changes induced by a specific
cDNA. Use ofa A-plasmid composite vector made it possible
to generate high-complexity cDNA libraries and to efficiently
excise the plasmid from the stably integrated phagemid DNA.
This phagemid vector (Fig. 1) contained several features
including two Sfi I sites for construction ofcDNA libraries by
using the automatic directional cloning (ADC) method (1), a
Moloney murine leukemia virus long terminal repeat pro-
moter suitable for cDNA expression in mammalian cells, the
simian virus 40 (SV40) promoter-driven neo gene as a select-
able marker, and multiple excision sites for plasmid rescue
from genomic DNA. The ApCEV27 vector also incorporated
the rat pre-pro-insulin poly(A) signal downstream from the
cDNA cloning site (Fig. 1).

Abbreviation: SV40, simian virus 40.
tPresent address: Dipartimento di Biologia Cellulare e Dello Svi-
luppo, Universita di Roma "La Sapienza", 00185 Rome, Italy.
tPresent address: Department ofCardiovascular Biochemistry, Bris-
tol-Myers Squibb Pharmaceutical Research Institute, Princeton, NJ
08543-4000.
§Present address: Berlex Biosciences, Alameda, CA 94501.
'lTo whom reprint requests should be addressed.
**The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M64429).
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FIG. 1. Structure of the cDNA cloning-expression vector
ApCEV27. Structure of the ApCEV27 vector is shown above with
location of A genes. Plasmid portion is enlarged and shown below as
circular map. The multiple excision site (MES) contains restriction
sites for infrequent cutters: Not I, Xho 1, Pvu I, and Mlu I. The
multiple cloning site (MCS) contains restriction sites forBamHI, Sal
I, Sfi I(A), EcoRI, Bgl II, HindIII, Sfi I(B), Sal I, and BstEII in
clockwise order. The two Sfi I sites are used to insert cDNA
molecules by the automatic directional cloning method (1), and the
two Sal I sites are used to release the inserts. SP6-P and T7-P
represent phage promoters for SP6 and T7 RNA polymerases,
respectively. The trp-lac fused promoter tac and SV40 early pro-
moter are used to express the neo structural gene in Escherichia coli
(kanamycin resistance) and eukaryotic cells (G-418 resistance),
respectively. In contrast to ApCEV15 (1), the bonafide promoter of
the neo gene was removed so as to fuse the SV40 early promoter
directly to the neo structural gene. Thus, in ApCEV27, expression of
the neo gene in E. coli was achieved by transcription from the tac
promoter, inserted upstream from the SV40 early promoter. Direc-
tions of transcription from the promoters are shown by arrows.
Polyadenylylation signals are labeled as poly(A). In earlier vectors
(1), replication of rescued plasmids in E. coli was unstable. In
ApCEV27, the replication origin ofpUC19 was used to increase copy
number. Locations of replication origins (ori) and ampicillin resistant
gene (amp) are shown. M-MLV LTR, Moloney murine leukemia
virus long terminal repeat.

The strategy for expression cloning of oncogene cDNAs is
summarized in Fig. 2. When library cDNA is used to transfect
mammalian cells, cDNA clones are integrated with recom-
bination between A DNA and host genomic DNA. For
plasmid rescue, genomic DNA extracted from the transform-
ant is subjected to digestion with an enzyme that can cleave
the A-plasmid junctions. The resulting DNA can then be
circularized and used for bacterial transformation. For this
purpose, the sites for two additional infrequent cutters, Xho
I and Mlu I, were included along with the Not I site.

Expression cDNA Cloning of an Oncogene in a Furfural-
Induced Hepatoma. We had analyzed (7) hepatocellular tu-
mors of the mouse strain B6C3F1 for presence of activated
oncogenes. Although the majority were activated ras or c-raf
oncogenes, four could not be identified. The sources of these
oncogenes were tumors designated T4, T18, T23, and T28.
One (T23) was spontaneously generated, whereas the others
were associated with chronic furfural exposure (7). Genomic
DNAs of NIH 3T3 transformants containing each of the
unidentified oncogenes were examined under low-stringency
hybridization conditions by using a number of known and
potential oncogene probes. None showed DNA fragments
with either increased intensity or abnormal sizes relative to
those detected in NIH 3T3 control DNA (data not shown).
Thus, none of these transforming genes appeared closely
related to any of the genes used as probes.

XpCEV27 cDNA library (-) (+)

Transfection LITransfection
_
_ A~~~~~~~~l:asmid

DNA

Focus | _ _ _
Soft agar assay A E. coli
G-418 selection Transformation
DNA extraction

~~~~ ~~~Digestion
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FIG. 2. Strategy for expression cloning of transforming gene
cDNAs. NIH 3T3 cells are transfected by ApCEV27 cDNA library
DNA and scored at 14-17 days for transformed foci. Transformed
cells can then be assayed for G-418 resistance and colony formation
in soft agar. After expansion to mass culture, genomic DNA is
isolated and subjected to plasmid rescue by digestion with either Not
I, Xho I, orMlu I, followed by ligation at low DNA concentration and
transformation to a suitable bacterial strain. Bacterial colonies
resistant to both ampicillin and kanamycin are isolated. Plasmid
DNA extracted from each colony is tested by transfection analysis
on NIH 3T3 cells to identify the transforming cDNA clone.

Conventional approaches for molecular cloning of trans-
forming genes identified by transfection analysis have gen-
erally taken advantage of differences in repetitive sequences
between the transfecting DNA and those of the recipient cell.
Such sequences provide molecular probes for use in identi-
fying and isolating genomic fragments of the transforming
genes. Rodent oncogenes have been particularly difficult to
molecularly clone because relatedness of their repetitive
sequences precludes discrimination of such genes from ge-
nomic DNA of mouse NIH 3T3, commonly used to isolate
oncogenes by DNA transfection. To overcome such inherent
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FIG. 3. Detection of T18 oncogene cDNA inserts in the library-
induced transformants. Genomic DNAs from individual transform-
ants (T18-A to T18-G) were digested with Sal I to release cDNA
inserts (see Fig. 1). Digested DNA (5 ;Lg) was separated on a 0.5%
agarose gel by electrophoresis and transferred to nitrocellulose
membrane (Nitrocellulose GTG; FMC). The Southern blot was
probed with the cDNA insert rescued from transformant T18-B. NIH
3T3 genomic DNA was used as control. Location of each fragment
of the molecular-size-marker (1-kb ladder; BRL) is shown at right in
kb.
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difficulties, we attempted to use the ApCEV27 expression
cloning system to isolate transforming cDNA from one
furfural-induced mouse tumor, T18. A cDNA library (3 x 106
independent clones) was constructed from poly(A)+ RNA
extracted from a second-cycle DNA transfectant of the
tumor. Transfection of 80 plates of NIH 3T3 cells with the
expression cDNA library at 5 jig per plate led to the detection
of seven foci that demonstrated G-418 resistance. These
results indicated that each transformant had taken up and
stably integrated vector DNA, making it likely that the
transformed foci were induced by exogenous cDNA, rather
than arising as a result of spontaneous transformation.
Two of these transformants, designated T18-B and T18-C,

were selected for plasmid rescue. By restriction mapping of
several distinct plasmids obtained from each transformant, it
was possible to establish that one plasmid rescued from each
had the identical insert. These results suggested that this
cDNA might encode the oncogene product. Transfection
analysis of each rescued plasmid DNA demonstrated that
these same two cDNA clones possessed high-titered trans-

A 0

forming activity of ==103focus-forming units per nmol of
DNA, whereas none of the other plasmids rescued from the
same transformants showed detectable activity.
To determine whether other transformants induced by the

cDNA library contained the T18 oncogene, genomic DNA
extracted from each primary transformant was digested with
Sal I to release cDNA inserts from the vector and subjected
to Southern blotting analysis with the rescued T18-B cDNA
insert as probe. Because Sal I is an infrequent cutter for
mammalian DNA, genomic DNA was cleaved to very large
fragments, which remained near the origin of the gel. Thus,
the relatively small cDNA fragments released from cellular
DNAs by Sal I cleavage could be separated from the bulk of
genomic fragments. Fig. 3 shows that each of the cDNA
library transformants contained the T18 oncogene cDNA
insert. The sizes ranged from z2.1 kilobases (kb) to 7 kb,
suggesting that several of the inserts represented independent
cDNA clones of the oncogene.

Structural Analysis of T18 Oncogene cDNA. A detailed
restriction map of the 2.1-kb insert of one of the transforming
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B 1 AC CAA TCG CGA CCG AGC GCG CTC CCG CTT CCC CGG CGG CGG CGC AGG ACA ATG GAG GGT GGC TGT GGA GAA GGC GGC GGC GGC ACG GGC TCC GGC CGG AGC GCC GCA
1 Gln Ser Arg Pro Ser Ala Leu Pro Leu Pro Arg Arg Arg Arg Arg Thr MET Giu Gly Gly Cys Gly Glu Gly Gly Gly Gly Thr Gly Ser Gly Arg Ser Ala Ala

108 GCG GCG CGC CGA GCG GGG AGA ATG AGG CCG AGA GCG CAG GGC CCG GAC TCG GAG AGC GGC GGC GAG GCG TCC CGG CTC AAC CTG TTG GAG ACT TGC GCC GTG TGC CAC
36 Ala Ala Arg Arg Ala Gly Arg MET Arg Pro Arg Ala Gln Gly Pro Asp Ser Glu Ser Gly Gly Glu Ala Ser Arg Leu Asn Leu Leu Asp Thr Cys Ala Val Cys His

216 CAG AAC ATC CAG AGC CGG GTG CCC AAG CTG CTG CCC TGC CTG CAC TCG TTC TGC CAG CGC TGT TTG CCC GCG CCG CAG CGC TAT CTC ATG CTG ACG GCG CCC GCG CTG
72 Gln Asn Ile Gin Ser Arg Val Pro Lys Leu Leu Pro Cys Leu His Ser Phe Cys Gln Arg Cys Leu Pro Ala Pro Gln Arg Tyr Leu MET Leu Thr Ala Pro Ala Leu

324 GGC TCG GCA GAG ACC CCT CCA CCC GCT CCC GCC CCC GCC CCC GCC CCG GGC TCC CCG GCC GGT GGT CCT TCG CCA TTC GCC ACC CAA GTT GGA GTC ATT CGA TGC CCA
108 Gly Ser Ala Glu Thr Pro Pro Pro Ala Pro Ala Pro Ala Pro Ala Pro Gly Ser Pro Ala Gly Gly Pro Ser Pro Phe Ala Thr Gln Val Gly Val Ile Arg Cys Pro

432 GTT TGC AGT CAA GAG TGT GCT GAG AGA CAC ATC ATA GAC AAC TTT TTT GTG AAG GAC ACC ACT GAA GTT CCT AGT AGT ACA GTA GAA AAG TCT AAT CAG GTA TGT ACA
144 Val Cys Ser Gln Glu Cys Ala Glu Arg His Ile Ile Asp Asn Phe Phe Val Lys Asp Thr Thr Glu Val Pro Ser Ser Thr Val Glu Lys Ser Asn Gln Val Cys Thr

540 AGC TGT GAA GAC AAT GCA GAA GCT AAT GGG TTT TGT GTA GAG TGT GTT GAA TGG CTC TGC AAG ACA TGT ATT AGA GCT CAC CAG AGG GTG AAG TTC ACA AAA GAC CAC
180 Ser Cys Glu Asp Asn Ala Glu Ala Asn Gly Phe Cys Val Glu Cys Val Glu Trp Leu Cys Lys Thr Cys Ile Arg Ala His Gln Arg Val Lys Phe Thr Lys Asp His

648 ACA GTC AGG CAG AAA GAA GAA GTA TCT CCA GAG GCA GTT GGG GTG ACC AGT CAG CGA CCA GTG TTT iGT CCC TTC CAT AAA AAG GAG CAG TTG AAA CTT TAC TGT GAA
216 Thr Val Arg Gln Lys Glu Glu Val Ser Pro Glu Ala Val Gly Val Thr Ser Gln Arg Pro Val Phe Cys Pro Phe His Lys Lys Glu Gln Leu Lys Leu Tyr Cys Glu

756 ACA TGT GAT AAA CTG ACC TGT CGA GAC TGC CAG CTG CTA GAA CAC AAA GAA CAC AGG TAT CAA TTT ATA GAA GAA GCT TTT CAG AAT CAA AAA GTG ATC ATA GAT ACT
252 Thr Cys Asp Lys Leu Thr Cys Arg Asp Cys Gln Leu Leu Glu His Lys Glu His Arg Tyr Gln Phe Ile Glu Glu Ala Phe Gln Asn Gln Lys Val Ile Ile Asp Thr

864 CTA AT ACC AAA CTG ATG GM 'AAA ACA AAA TAT ATA AAG TAT ACA GGA AAT CAG ATC CAA AAT AGG ATA ATT GAA ATA AAT CAA AC CAA AAG CAG GTG GAA CAG GAT
288 Leu Ile Thr Lys Leu MET Glu Lys Thr Lys Tyr Ile Lys Tyr Thr Gly Asn Gln Ile Gln Asn Arg Ile Ile Glu Ile Asn Gln Asn Gln Lys Gln Val Glu Gln Asp

,- B-raf£
972 ATT AAA GTT GCC ATC TTC ACA TTG ATG GTG GAG ATA AAC AAA AAA GGG AAA GCT CTG CTG CAC CAG CTT GAG AAA ACA CTT GGT AGA AGA GAT TCA AGT GAT GAC TGG
324 Ile Lys Val Ala Ile Phe Thr Leu MET Val Glu Ile Asn Lys Lys Gly Lys Ala Leu Leu His Gln Leu Glu Lys Thr Leu Gly Arg Arg Asp Ser Ser Asp Asp Trp

1080 GAG ATT CCT GAT GGA CAG ATT ACA GTG GGA CAG AGA ATT GGA TCT GGG TCA TTT GGA ACT GTC TAC AAG GGA AAG TGG CAT GGT GAT GTG GCA GTG AAA ATG TTG AAT
360 Glu Ile Pro Asp Gly Gln Ile Thr Val Gly Gln Arg Ile Gly Ser Gly Ser Phe Gly Thr Val Tyr Lys Gly Lys Trp His Gly Asp Val Ala Val Lys MET Leu Asn

1188 GTG ACA GCA CCC ACA CCT CAA CAG CTA CAG GCC TTC AAA AAT GAA GTA GGA GTG CTC AGG AAA ACT CGA CAT GTG AAT ATC CTC CTT TTC ATG GGC TAT TCT ACA AAG
396 Val Thr Ala Pro Thr Pro Gln Gln Leu Gln Ala Phe Lys Asn Glu Val Gly Val Leu Arg Lys Thr Arg His Val Asn Ile Leu Leu Phe MET Gly Tyr Ser Thr Lys

1296 CCA CAA CTG GCA ATT GTT ACA CAG TGG TGT GAG GGC TCC AGC TTA TAT CAC CAT CTC CAC ATC ATT GAG ACC AAA TT GAG ATG ATC AAA CTT ATA GAT ATT GCT CGG
432 Pro Gln Leu Ala Ile Val Thr Gln Trp Cys Glu Gly Ser Ser Leu Tyr His His Leu His Ile Ile Glu Thr Lys Phe Glu MET Ile Lys Leu Ile Asp Ile Ala Arg

1404 CAG ACT GCA CAG GGC ATG GAT TAC TTA CAC GCC AAG TCA ATC ATC CAC AGA GAC CTC AAG AGT AAT AAT ATA TmT CTT CAT GAA GAC CTC ACG GTA AAA ATA GGT GAC
468 Gln Thr Ala Gln Gly MET Asp Tyr Leu His Ala Lys Ser Ile Ile His Arg Asp Leu Lys Ser Asn Asn Ile Phe Leu His Glu Asp Leu Thr Val Lys Ile Gly Asp

1512 TTT GGT CTA GCC ACA GTG AAA TCT CGG TGG AGT GGG TCC CAT CAG TTT GAA CAG TTG TCT GGA TCT ATT TTG TGG ATG GCA CCA GAA GTA ATC AGA ATG CAA GAT AAA
504 Phe Gly Leu Ala Thr Val Lys Ser Arg Trp Ser Gly Ser His Gln Phe Glu Gln Leu Ser Gly Ser Ile Leu Trp MET Ala Pro Glu Val Ile Arg MET Gln Asp Lys

1620 AAC CCG TAT AGC TTT CAG TCA GAT GTG TAT GCG TTT GGG ATT GTT CTG TAC GAA CTG ATG ACC GGC CAG CTA CCT TAT TCA AAC AtAMC AAC AGG GAT CAG ATA ATT
540 Asn Pro Tyr Ser Phe Gln Ser Asp Val Tyr Ala Phe Gly Ile Val Leu Tyr Glu Leu MET Thr Gly Gln Leu Pro Tyr Ser Asn Ile Asn Asn Arg Asp Gln Ile Ile

1728 TmT ATG GTG GGA CGA GGA TAC CTA TCT CCA GAT CTC AGT AAG GTA CGG AGT AAC TGT CCA AAA GCC ATG AAG AGA TTA ATG GCA GAG TGC CTC AAA AA MAAA AGA GAC
576 Phe MET Val Gly Arg Gly Tyr Leu Ser Pro Asp Leu Ser Lys Val Arg Ser Asn Cys Pro Lys Ala MET Lys Arg Leu MET Ala Glu Cys Leu Lys Lys Lys Arg Asp

1836 GAG AGA CCA CTC TTT CCC CAA ATT CTC GCC TCC ATT GAG CTG CTG GCC CGC TCA TTG CCA AAA ATT CAG CGC AGT GCA TCA GAA CCT TCC TTG AAT CGG GCT GGT TTC
612 Glu Arg Pro Leu Phe Pro Gln Ile Leu Ala Ser Ile Glu Leu Leu Ala Arg Ser Leu Pro Lys Ile His Arg Ser Ala Ser Glu Pro Ser Leu Asn Arg Ala Gly Phe

1944 CAA ACA GAA GAT TTT AGT CTG TAT GCT TGT GCT TCT CCG AAA ACA CCC ATC CAA GCA GGG GGA TAT GGT GGG TTT CCA GTC CAG TGA AACACCCTGAGTiAGACATTAAAGTAA
648 Gln Thr Glu Asp Phe Ser Leu Tyr Ala Cys Ala Ser Pro Lys Thr Pro Ile Gln Ala Gly Gly Tyr Gly Gly Phe Pro Val His

Ala
2059 GGTX;CC

FIG. 4. Nucleotide and deduced amino acid sequences of the T18 oncogene cDNA. (A) Restriction map of the transforming cDNA insert
rescued from the T18-B transformant. Locations of the DNA probes used are shown below map. M-MLV LTR, Moloney murine leukemia virus
long terminal repeat. (B) Nucleotide sequence of the entire T18-B cDNA insert. Nucleotides 1-13 are from the Sfi I adaptor sequence. The
presumable initiation codon is underlined. The function between the unknown and B-rafgenes is indicated. Amino acid residue differing from
that of human B-RAF product is shown below residue. Residues that are substituted by the env sequence in R-mil are underlined.
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FIG. 5. Rearrangement and amplification of the T18 oncogene in
the primary and secondary transformants. Sources of DNA and
restriction enzymes used are shown at top. PT-1 and PT-2 are
primary transformants induced by original T18 tumor DNA. 18-1 is
a second-cycle transformant induced by PT-2 DNA and was the
source of the cDNA library. Genomic DNA (5 .g) was digested by
Sal I to release the cDNA inserts, separated on a 0.5% agarose gel
by electrophoresis, and transferred to nitrocellulose membrane. The
Southern blot was probed by the cDNA insert rescued from T18-B.
NIH 3T3 genomic DNA was used as control.

plasmids was constructed (Fig. 4A), and the clone was

subjected to sequence analysis. The cDNA clone contained
a large open reading frame starting from the 5'-end (Fig. 4B).
The first methionine codon at positions 51-53 is likely to be
the translation start site because it matched well the consen-
sus sequence (12). Larger cDNAs (Fig. 3) may contain other
initiation sites. No poly(A) signal was found near the 3' end,
suggesting that the cDNA was synthesized by internal prim-
ing. A database search indicated that the 5' portion of the
cDNA contained an unknown sequence, whereas the 3'
region was closely related to human B-RAF (13) and avian
R-mil (14) genes (Fig. 4). To determine the breakpoint, we

compared the T18 nucleotide sequence with that of proto-B-
raf (T. Yamamoto, personal communication) and v-R-mil
(14). There was no homology with either sequence upstream
from position 1044 in the T18 oncogene. Thus, position 1044
represents the junction between an unknown sequence and
the B-raf gene. R-mil is a viral oncogene and encodes a

gag-R-mil-env fusion protein. The junction ofgag and R-mil
has been mapped 144 nucleotides upstream from the T18
break point (14), whereas there was a junction of a different
sequence and the human B-RAF oncogene (T. Yamamoto,
personal communication) 174 nucleotides upstream from the
junction in the T18 oncogene. In each ofthe B-rafoncogenes,
including T18, the breakpoints did not disrupt the predicted
kinase domain of the protein. Comparison of the predicted
amino acid sequences with that of B-raf indicated identity,
except for a single amino acid difference at position 671, in
which glycine was substituted for alanine in human B-RAF
(Fig. 4B). There was also complete identity with avian R-mil,
except for a small stretch of nine amino acids at the R-mil
COOH terminus (Fig. 4B), where recombination with an
avian retroviral env gene caused this substitution.

Evidence for in Vivo Oncogene Activation. The human
B-RAF gene product is -84% related to the amino acid
sequence of the c-rafoncogene (13); another member of the
raf family, A-raf, is also structurally similar (15). Most raf
oncogenes have been activated by mechanisms involving
structural rearrangements due to recombination and loss of
NH2-terminal sequences of the raf-coding sequence (16).
Moreover, most reported instances have involved in vitro

T18 (probe A T18 kprobe B 3-actm

FIG. 6. Detection of mRNAs of the T18 oncogene. Poly(A)+
RNAs extracted from the cell lines indicated were denatured and
separated on a formaldehyde gel. 18-1 is a second-cycle transformant
derived from T18 tumor. Primary transformants 23-1 and 28-1 were
induced by T23 and T28 tumor DNAs, respectively. RNA was
transferred to a nitrocellulose membrane for analysis with each
probe. The 5' probe was isolated as the Sal I-HindIll fragment (Fig.
4A). The 3' probe was prepared by PCR (19) with the B-raf primer
(5'-CCTCGAGATTCAAGTGATGAC-3') and the T7 primer (5'-
CTAATACGACTCACTATAGGGG-3').

activation of these genes during DNA transfection, rather
than by mechanisms leading to oncogene activation within
the tumor itself (13, 17, 18). Thus, the rearrangement acti-
vating the T18 oncogene might have occurred during the
course ofcDNA library construction or as an artifact ofDNA
transfection with the original-tumor DNA. Alternatively, the
oncogene might have been activated within the original tumor
itself.
Although original-tumor DNA was not available, two pri-

mary transformants that had been independently induced by
this tumor DNA could be analyzed. Fig. 5 shows that
rearrangement as well as amplification of both non-B-rafand
related B-rafportions of the gene were found not only in the
secondary transfectant, which was the source of the cDNA
library, but in both primary transformants, PT-1 and PT-2.
Because such in vitro rearrangements are very rare, these
findings strongly argue that the oncogene was activated in
vivo in the hepatoma as part of the neoplastic process.
Evidence for Activation of Other B-raf Oncogenes. In an

effort to characterize its transcript and search for evidence of
additional B-rafoncogenes among the three other hepatoma
transforming genes, we subjected poly(A)-selected RNAs
from primary or secondary NIH 3T3 transfectants containing
each oncogene to analysis with DNA probes from 5' (B-raf-
unrelated) and 3' (B-raf-related) portions of the T18 onco-
gene. Fig. 6 shows that control NIH 3T3 cells contained a
4.2-kb RNA that hybridized with the 5' non-B-raf-related
portion of the oncogene, but there was no detectable B-raf
transcript. In contrast, the second-cycle T18 transfectant,
which was the source of the expression cDNA library,
showed a major 4.2-kb as well as minor 10- and 3-kb tran-
scripts, which appeared to hybridize with both probes. Fig.
6 further shows that a primary T23 oncogene transfectant
contained multiple B-raf hybridizing transcripts, indicating
that it was induced by B-raf oncogene as well. Of note, the
multiple transcripts detected differed in sizes from those of
the T18 oncogene. Moreover, no abnormal transcript was
detected by the B-raf-unrelated probe derived from the T18
oncogene (Fig. 6). Thus, if the T23 oncogene arose by a
mechanism involving B-raf gene rearrangement, this rear-
rangement was different from that associated with activation
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of the T18 oncogene. A transfectant induced by the T28
oncogene did not show abnormal B-raf-hybridizing RNAs
(Fig. 6), arguing that this oncogene must be distinct from
B-raf.

DISCUSSION
The present study describes the development of a stable
mammalian expression cloning system and its successful
application to the molecular cloning of oncogenes. Although
mammalian cell expression has been used to isolate cDNAs
for cell-surface antigens (20), growth factors (21), and their
receptors (22), these systems have often been based on
transient expression from the SV40 promoter in COS cells. In
the COS cell system (20, 23), expression is very efficient due
to replication of introduced vectors from SV40 origin of
replication. However, selection of cells showing a specific
phenotype is generally practical only by means of stable
expression. Efficient synthesis of full-length cDNAs, unidi-
rectional insertion of cDNA fragments into vectors, and
high-level expression of cDNA inserts are all required to
establish such a system. Each of these features was designed
into the ApCEV27 vector.
The capacity for efficient rescue of cDNA clones from

mammalian cells is another important function of a stable
expression cloning system. When plasmid cDNA libraries are
used to transfect mammalian cells, single plasmids integrated
in genomic DNA are difficult to release. Plasmid rescue is
readily achieved only when multiple copies are clustered at
a single integration site (24, 25). Excision of the plasmid by
induction of replication from the SV40 origin using COS cell
fusion often results in rearrangement or truncation ofcDNA
inserts (26). To rescue cDNA clones efficiently from stable
integration sites within mammalian host cells, we used a
strategy involving A-plasmid composite vectors. The pres-
ence of sites for three infrequent cutters at the plasmid-A
junctions facilitated the plasmid-rescue step and minimized
possibility of cleavage within the cDNA insert.
The largest oncogene cDNA insert identified was 7 kb,

indicating that very large cDNAs can be isolated by this
technique. We estimate that the frequency at which the
oncogene was represented in the library was -1 per 104-105
cDNAs. The oncogene was identified as the mouse homo-
logue of human B-RAF, a recently described third member of
the raf protooncogene family. A human B-RAF oncogene
arose as an artifact of DNA transfection (13), and the other
occurred as a result of retroviral transduction of the avian
oncogene, R-mil (14). We showed that at least two indepen-
dent primary transfectants of the original tumor DNA con-
tained the identical rearrangement involving B-raf and the
same unknown sequence. Thus, this B-raf oncogene likely
originated as part of the neoplastic process.
Sequence analysis revealed that the mechanism of B-raf

activation was due to genetic rearrangement involving its 3'
kinase domain with an unknown upstream sequence. This
rearrangement resulted in NH2-terminal truncation of the
B-raf product, consistent with analogous rearrangements
truncating the human B-RAF and avian R-mil products (13,
14). With c-raf, NH2-terminal truncation at a similar position
has been demonstrated to activate its inherent serine/
threonine kinase activity (27). Thus, their NH2-terminal
domains probably play important roles in regulating the
catalytic domains of raf family members. Removal of the
inhibitory influence of the upstream domain by genetic rear-
rangements, such as the one described in our study, repre-
sents the likely mechanism responsible for activation of
transforming function. However, further studies will be re-
quired to directly establish the validity of this hypothesis.
The ability to use this stable expression cloning approach

to rapidly isolate and characterize oncogenes associated with

rodent models should aid in studying mechanisms of carcino-
genic action. More importantly, our demonstration of the
feasibility of this stable-expression cDNA cloning approach
suggests its wide applicability to the isolation of other mol-
ecules of biologic interest. This applicability could include
growth factors or receptors where introduction into a suitable
cell might create an autocrine transforming loop and allow for
selection of cells with a growth advantage (28). The same
strategy might also lead to isolation of other limiting mole-
cules in mitogenic signaling pathways or any cDNA the stable
expression of which confers a phenotype that allows for its
selection.
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