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ABSTRACT We have investigated the molecular basis for
a 25- to 30-fold overexpression of the c-Ki-ras oncogene in a
mouse bone marrow-derived, early myeloid cell line, 416B.
Southern blot hybridizations revealed that the 416B cells
contain a rearranged c-Ki-ras gene in addition to an apparently
normal gene. Molecular cloning and DNA sequence analyses
demonstrated that the rearrangement involves the insertion of
a 3.5-kilobase-pair segment of Friend virus that includes the
envelope gene (env) and 3' long terminal repeat. The Friend
provirus is positioned between a 5' nontranslated exon (exon 0)
and the first coding exon (exon 1) of the c-Ki-ras gene in the
same transcriptional orientation. Results ofRNA blot analyses
indicate that transcription from the rearranged gene initiates at
a promoter that excludes sequences in exon 4. The data
support the hypothesis that enhanced c-Ki-ras expression in the
416B cells results from integration of a Friend provirus within
this gene.

The cellular c-Ki-ras protooncogene was originally identified
by homology to the transforming gene (v-Ki-ras) of the
Kirsten murine sarcoma virus (Ki-MuSV) (1, 2). The Ki-
MuSV is a rat-derived virus that can cause sarcomas and
erythroleukemias in susceptible mice as well as transform
fibroblasts in culture (1, 2). Although its normal cellular
function has not been identified, an altered or activated
c-Ki-ras gene has been implicated as a transforming gene in
a large number ofhuman and animal tumors of diverse origin
(3-10). In most of the cases described to date, activation of
c-Ki-ras involves a single nucleotide change affecting amino
acid 12 or 61 of the 21,000-dalton, GTP-binding protein (p21)
encoded by this gene (7, 9, 10-12). Appropriately elevated
levels of normal c-ras genes also can transform certain
recipient cells (13, 14). In the case of the Y1 mouse adrenal
tumor cell line, there is a 25- to 30-fold amplification and
overexpression of this gene (15) and no evidence for the
presence of point mutations previously associated with the
activation of its transforming potential (16).
A 25- to 30-fold overexpression of c-Ki-ras also has been

reported in the 416B mouse cell line (17). This early myeloid
cell line was isolated from a BDF1 (C57BL/6 x DBA/2) bone
marrow culture infected with Friend virus complex consist-
ing of a replication-competent type C retrovirus (Friend
murine leukemia virus, Fr-MuLV) and a replication-defec-
tive spleen focus-forming virus (SFFV) (18). 416B cells
produce Fr-MuLV but not SFFV (17). The elevated c-Ki-ras
expression in the 416B cells is not associated with amplifi-
cation of the gene (17), and our cytogenetic analysis does not
support the hypothesis that a chromosome translocation
involving this locus has occurred in these cells (19).
We have explored the molecular basis for the enhanced

c-Ki-ras expression in the 416B cells. Here we report that in

the 416B cells a segment of Friend proviral DNA, including
the env gene and 3' long terminal repeat (LTR), is inserted in
a c-Ki-ras gene upstream of the first coding exon in the same
transcriptional orientation. The data support the hypothesis
that elevated c-Ki-ras expression in the 416B cells results
from the integration of Friend proviral DNA.

MATERIALS AND METHODS
Cell Lines. The 416B and 427E cell lines (kindly provided

by R. Goldberg and E. Scolnick) were derived from the same
Friend virus-infected female BDF1 bone marrow cells (18).
A9 is an unrelated, C3H-derived mouse cell line. The prop-
erties of the Y1-HSR cells, in which there is a 25- to 30-fold
amplification and overexpression of the c-Ki-ras gene, have
been presented (16, 20).
Recombinant Plasmids and Bacteriophage. Vector EMBL3

was obtained from Promega Biotech and its use in the
construction of a recombinant library of 416B DNA followed
protocols (21) described by the supplier. Subcloning ofDNA
fragments into the plasmid pBR322 and the isolation and
growth of bacteria and bacteriophage have been described
(16, 20). Plasmid pHiHi3 contains a 1-kilobase (kb) EcoRI
insert fragment derived from Ki-MuSV clone KBE-2 (2) and
includes sequences homologous to exons 1, 2, 3, and 4A of
the cellular gene. Plasmid pY195 contains mouse c-Ki-ras
exon 1 and adjacent flanking material in a 640-base-pair (bp)
EcoRI fragment (16). Plasmid pFMuLV-57 contains an 8.5-
kilobase-pair (kbp) subgenomic fragment of cloned Fr-MuLV
DNA (22).

Southern Blot Analysis and DNA Sequencing. Conditions
for the Southern blot analysis ofDNA have been detailed (16,
20) but slightly modified to include the prehybridization of
nitrocellulose filters in the presence of heparin (23). Nucle-
otide sequences were determined by the method of Sanger et
al. (24) after subcloning of appropriate restriction fragments
into phage M13 (25).

RESULTS
Rearrangement of the c-Ki-ras Gene. We explored the

possibility that a DNA rearrangement might be associated
with c-Ki-ras overexpression in the 416B cells. Southern
blotting analyses were initially performed with a v-Ki-ras
probe (pHiHi3) that contains sequences homologous to exons
1, 2, 3, and 4A of the cellular gene. When genomic DNA
samples were digested with a number of restriction endonu-
cleases, including Bgl II, Pst I, Pvu II, and Xba I, an ad-
ditional hybridizing fragment was detected in the 416B DNA

Abbreviations: kbp, kilobase pair(s); Fr-MuLV, Friend murine
leukemia virus; bp, base pair(s); kb, kilobase(s); LTR, long terminal
repeat; Ki-MuSV, Kirsten murine sarcoma virus.
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FIG. 1. Southern blot analysis of genomic DNA samples from
mouse cell lines A9 (lane 1), 416B (lane 2), and 427E (lane 3). DNA
samples digested with the restriction endonucleases indicated were
hybridized to [32P]DNA from a c-Ki-ras exon 1 probe (pY195).

compared to DNA from control mouse cell lines A9 and 427E
(data not shown). When similar analyses were performed
with molecular probes specific for different regions of the
mouse c-Ki-ras gene (16), we found that the additional
hybridizing fragment in each digest was detected with a probe
(pY195) for the first coding exon (exon 1) of c-Ki-ras (Fig. 1).
These results indicated that aDNA rearrangement associated
with the 5' portion ofa c-Ki-ras gene has occurred in the 416B
cells.
To characterize the nature of the rearrangement, we

constructed a partial genomic library ofthe 416B DNA. After
digestion with the restriction enzyme Bgi II, DNA fragments
7-22 kb in size were isolated from low-melting agarose and
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ligated to BamHI-digested DNA from the vector EMBL3.
The library was screened for recombinant phage having
homology to c-Ki-ras exon 1. Two classes of recombinants
were isolated, represented by clones X104 and X105. Clone
X104 has a restriction map consistent with that of the normal
c-Ki-ras gene, whereas clone X105 exhibits a pattern like that
of the rearranged gene.
Because the 416B cell line had been derived from a culture

of bone marrow cells infected with Friend virus complex, we
used Southern blot analysis to determine if viral sequences
were associated with the rearranged c-Ki-ras gene. As shown
in Fig. 2, clone X105, but not X104, hybridized to a Friend
virus probe (pFMuLV-57) demonstrating linkage between
viral sequences and c-Ki-ras exon 1. Restriction endonucle-
ase-digested DNA from clones X104 and X105 (or plasmids
derived from them) allowed construction of a partial restric-
tion map of the unaltered and of the rearranged c-Ki-ras
fragments (Fig. 3). Restriction fragments hybridizing to the
Friend virus probe correlated well with the published restric-
tion map ofthe pFMuLV-57 clone for the region that includes
the env gene and 3' LTR (26, 27). The provirus insert is not
full-size; a segment of approximately 5 kbp, encompassing
the 5' LTR-gag-pol region, is not present. The truncated
Friend proviral fragment is inserted in the c-Ki-ras gene
approximately 360 bp upstream of the first coding exon (Fig.
3) in the same transcriptional orientation. Limited DNA
sequence analysis on a portion ofthe 850-bp BamHI fragment
of X105 and comparison to the published sequence of the env
gene of Fr-MuLV (26) supported the conclusion that the
inserted sequences were derived from Fr-MuLV, although a
few differences in sequence composition were noted (data not
shown).
DNA Sequence Analysis on Regions of the Rearranged

c-Ki-ras Gene. We also determined the DNA sequence at the
provirus-cell junctions, using the strategy shown in Fig. 3.
We compared the junction sequences to the corresponding
c-Ki-ras cellular sequence in the =400-bp 5' Sal I-Stu I
fragment of clone X104 as well as to the published sequence
of pFMuLV-57 (26, 28, 29). Results of this DNA sequence
analysis are shown in Fig. 4 and reveal that the proviral insert
is bounded by a 130-bp direct repeat of cellular DNA. The
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FIG. 2. DNA fragments generated by Sal I(S) orEcoRI (E) digestion ofrecombinants X104 and A105. (a)DNA stained with ethidium bromide.
(b) Southern blot hybridized to c-Ki-ras exon 1 probe. (c) Southern blot hybridized to Friend virus probe pFMuLV-57.
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FIG. 3. Restriction maps of the normal and rearranged c-Ki-ras genes in the 416B cells. The exon 1 coding region is indicated by the solid
box. Friend proviral DNA, including the env gene and 3' LTR (dashed lines), is represented by stippling. The sequencing strategy is indicated
by arrows. Abbreviations for restriction sites: B, BamHI; C, Cla I; E, EcoRI; K, Kpn I; P, Pst I; S, Sal I; Sp, Sph I; St, Stu I; X, Xba I.

same sequence occurs only once in the Sal I-Stu I fragment
of c-Ki-ras clone X104 and presumably in the normal gene.
Thus, it appears that a duplication of cellular DNA was
generated some time during or after the viral integration
event. However, we cannot rule out the possibility that the
130-bp sequence was duplicated in the normal gene and one
copy ofthe sequence was deleted during the cloning ofthe Sal
I fragment X104.
The nucleotide sequence of c-Ki-ras exon 1, located

downstream ofthe provirus-celljunction, was investigated to
determine if it contained any changes implicated previously
in activation of the transforming potential of c-Ki-ras. None
was detected. We found that the DNA sequence of this exon
1 was indistinguishable from that reported previously for a
c-Ki-ras exon 1 isolated from normal mouse cells (9) and from
Y1 mouse adrenal tumor cells (16) that contain amplified
copies of an apparently normal gene.

SaI'
GTCGACAAGCTCATGCGCCGTGTTCCACAGGGTATAGCGTACTATGCAGAATATTTGTAC

IVA LU-A-I AT- TAlaiT I I I1UA UCU1ATTIUC1CUlT[ACAAUTAATCTUU
I 0 Friend virus

CTGTTTAGATCAACAAQCTAAATGATAGAAGATGAAAGAAAGAAACTGCCAAAGTTGTAA
SphI

CCAAGAAGCTACTAGAAGAAATCTTCCCTAGATTCGGCATGC.... >3kb.... AATTAA

CCAATCAGCCTGCTTCTCGCTTCTGTTCOCOCGCTTCTGCTTCCCGAGCTCTATsAAAGA

GCTCACAACCCCTCACTCGGCGCGCCAcTCCTCCGAcAGACTGAGTCGCCC83GTACCCG
TGTATCCAATAAATCCTCTTGCTGTTGCATCCGACTCGTGGTCTCGCTGTTCCTTGGGAG

Friend virus . .- t
GOTCTCCTCAGAOTGATTGACTA dbcTCTCaGGGGTCTT AGOTATACCTACT*TOCAG

CAGT&ATCTOGCTGTTTAGATCAACAAGCT&AATGATAGAAGATGAAAGTACTGGTTTCC

*TGTATTTTTATTAAGTGTTGATGAGAAAQTTGGTAACTGACTTIC~aQTTACTCTGTAC
EcoRI

ATCTGTAGTCACTGAATTCGGAATATCTTAaGaTCTTACACACAAAGGTGAGTGTTAAAA

TATTGATAAAGTTTTTGATAATCTTGTGTGAGACATGTTCTAATTT~aTTGTATTTTATT
ITC AAonI

ATTTTTATTaT^AACCCTOCTOAAAITGACTOACTATAAACTTOTOOTOOTTOAO~CTOO

Analysis of c-Ki-ras Transcripts in the 416B Cells. From
studies on the human c-Ki-ras gene, evidence has been
obtained for the presence of an untranslated exon (exon ))
located upstream of exon 1 (6, 11). Because the organization
and nucleotide sequence of the coding regions of the mouse
and human genes are highly conserved (16), it was expected
that a homologous exon 4 is present in the mouse gene.
Preliminary data supporting that conclusion have been ob-
tained (unpublished results). The mouse exon 4 is located >3
kbp upstream of exon 1, and in the 416B cells the Friend
proviral insert is situated between the two exons. The
c-Ki-ras transcripts (approximately 5.2 and 2.0 kb) in the
416B cells are similar in size to those in normal mouse cells
and in the Y1 cells (15, 17). To determine if c-Ki-ras RNAs
in the 416B cells contain sequences from exon 4 we used as
a probe in RNA blot analyses a homologous region (-'400-bp
Pvu II-Sst II fragment) isolated from the Ki-MuSV clone
pKBE-2 (2, 6, 11). In the Y1 sample, this exon 4 probe
hybridized to two RNA species the size of c-Ki-ras mRNAs;
however, we detected no hybridization to the 416B RNA
(Fig. SA). When the same filter was subsequently hybridized
to a probe containing exon 1 (pY195), c-Ki-ras transcripts
were evident in the 416B cells (Fig. SB). Therefore, the
results of the RNA blot analyses indicate that transcription
from the rearranged c-Ki-ras gene initiates at a promoter that
excludes sequences in exon 4.
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FIG. 4. Nucleotide sequence of provirus-cell junction regions.
The sequencing strategy is indicated in Fig. 3. A 130-bp duplication
of cellular DNA (underlined) flanks the provirus insert. Only one
base-pair difference (t) was detected between the 5' and 3' copies of
this sequence. Arrows indicate the beginning and end of the provirus
insert and ofc-Ki-ras exon 1. Putative control elements (28, 29) in the
3' LTR include a "CAT" box (CCAAT) and "TATA" box
(TATAAAA) (dashed lines). Nucleotides that differ from those ofthe
published Fr-MuLV sequence (28, 29) are noted (*).

FIG. 5. RNA blot analysis. Samples (5 gg) of poly(A)+ RNA
isolated from 416B cells or Y1 cells were separated on formal-
dehyde/agarose gels, transferred to nitrocellulose, and hybridized to
[32P]DNA from the 400-bp Pvu II-Sst II fragment from KBE-2,
containing sequences homologous to c-Ki-ras exon (A), or the
640-bp EcoRI insert fragment from probe pY195, containing mouse
c-Ki-ras exon 1 (B). [Under the hybridization conditions used in A,
the lower level of c-Ki-ras expression (by a factor of 25-30) from a
normal allele in the 416B cells would not be detected.]
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DISCUSSION

Recent investigations have provided evidence that certain
retroviruses that lack oncogenes may promote one or more
steps of cellular transformation by insertion in the vicinity of
a cellular protooncogene, activating the latter through the
action of strong promoter and/or enhancer elements. For
example, activation of the c-myc protooncogene via proviral
integration has been described in tumors induced by murine
leukemia virus (MuLV) (30-33) and avian leukosis virus
(ALV) (34-37). Proviral activation of c-erb has occurred in
ALV-induced erythroblastosis (38), activation of the cellular
genes int-i (39, 40) and int-2 (41, 42) occurs in some tumors
induced by mouse mammary tumor virus (MMTV), and
activation of the cellular gene pim-1 has been described in
MuLV-induced tumors (43, 44). Such activation of cellular
genes by integrated proviruses can occur by transcription
from the viral promoter (35, 36) and/or through proviral-
mediated enhanced transcription from nearby cellular pro-
moters (30, 32, 40-44). (For additional examples and discus-
sion, see refs. 29 and 44).
Because Fr-MuLV does not have its own oncogene, it has

been suggested that this retrovirus may also induce
neoplasia, at least in part, by insertional activation of cellular
genes. In this report, we have presented evidence that
elevated expression of the c-Ki-ras protooncogene in the
bone marrow-derived 416B cell line results from integration
of Friend proviral DNA within this gene. Data we obtained
in RNA blot analyses suggest that transcripts from the
rearranged c-Ki-ras gene do not include sequences from a
nontranslated exon 4 located upstream of the integrated
provirus. At present, little is known about the organization or
nucleotide composition of the promoter elements and regu-
latory signals for the c-Ki-ras gene. Also, the possible cellular
function of the 5' nontranslated exon 4 and the potential
consequences resulting from its exclusion remain to be
determined. Given that in the 416B cells the Friend provirus
is present upstream of the c-Ki-ras coding region, transcrip-
tion may be initiating within the proviral LTR. However,
results obtained in an earlier study failed to provide evidence
that such LTR sequences were linked to c-Ki-ras RNAs in
the 416B cells (17). Investigations designed to determine the
site(s) of transcription initiation in the rearranged and normal
c-Ki-ras gene are necessary to resolve this issue.

Cellular transformation associated with elevated c-Ki-ras
expression has been noted (13-16), and it seems likely that
increased expression of this gene in the 416B cells contributes
to their transformed properties. We have found that the 416B
cells under investigation in our laboratory rapidly cause
tumors (growth evident within 3 days) when injected subcu-
taneously in nude mice (unpublished results). It has been
reported that early-passage 416B cells, although exhibiting
elevated c-Ki-ras expression, failed to produce tumors when
injected intravenously into syngeneic irradiated BDF1 mice
(18, 45). It is not clear whether the apparent change in the
tumorigenic properties of the 416B cells is related to alter-
ations in their differentiation potential seen with continued in
vitro passage (18, 45) or to the activation of other cellular
protooncogenes. DNA transfection studies should be useful
in determining if the transfer of the Friend proviral-linked
c-Ki-ras gene mediates transformation of recipient cells and
if this occurs in a tissue-specific manner.
The expression of c-Ki-ras has been examined in other

leukemic cells isolated from Friend virus-infected mice. In
one study (46), two early myeloid cell lines and leukemia cells
(stage 1) were found to have elevated levels of c-Ki-ras RNA
compared to normal bone marrow. There was no report on
possible rearrangements of the gene in these cells. In another
analysis of preleukemia cells and leukemia cells obtained
from Friend virus-infected mice, no evidence was obtained

for altered c-Ki-ras RNA levels (47). Continued investigation
of the causes and consequences of altered c-Ki-ras expres-
sion should provide a better understanding of the role of this
gene in normal and neoplastic cells.
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