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Two murine monocytic leukemia cell lines, WEHI-265 and WEHI-274, were found to carry a rearranged
c-myb gene. The rearrangements are due to insertion of a deleted Moloney murine leukemia virus (Mo-MLV)
provirus in the 5' region of the c-myb gene and thus are similar to rearrangements in the ABPL tumors
(G. L. C. Shen-Ong, M. Potter, J. F. Mushinski, S. Lavu, and E. P. Reddy, Science 226:1077-1080, 1984). In
each cell line, the retroviral insertion has induced high levels of two aberrant RNA species, which, as in the
ABPL tumors (G. L. C. Shen-Ong, H. C. Morse, M. Potter, and J. F. Mushinski, Mol. Cell. Biol. 6:380-392,
1986), contain both viral (Mo-MLV) and cellular (myb) sequences. Both species lack the sequences encoding the
amino terminus of the c-myb protein and thus could encode a protein which, like the v-myb gene products (and
the predicted ABPL myb proteins), is truncated at the amino terminus. We have found that the larger (5.3
kilobase [kb]) and more abundant of the tumor-specific myb RNAs was predominantly nuclear, while the
smaller species (3.9 kb) was cytoplasmic. Furthermore, our data imply that the 3.9-kb RNA was derived from
the 5.3-kb RNA by an additional splice which utilized a cryptic splice acceptor site within the viral gag
sequences. On the basis of subcellular distribution and predicted translational potential, we conclude that the
3.9-kb RNA is probably the mRNA which encodes a truncated myb protein. We also show that, due to different
insertion points in W265 and W274, the W274 myb RNAs contained sequences from a c-myb exon upstream of
the exons represented in the W265 (and ABPL) RNAs. The significance of our findings with regard to
transformation by myb in these tumors is discussed.

Transduction of coding sequences from the c-myb proto-
oncogene of chickens has generated the acute leukemia
viruses AMV and E26 (40), which transform cells of the
monocytic lineage (3, 28). Comparison of the viral myb
(v-myb) nucleotide sequences (19, 31, 41) with those of the
murine (1, 15) and avian (39) c-myb genes has revealed that
the v-myb genes lack coding sequences from both the 5' and
3' ends of c-myb. Thus, it has been suggested that truncation
at the amino and/or carboxy terminus of the c-myb protein
may be necessary or even sufficient to generate an oncogenic
protein. This notion is supported by the identification of
hematopoietic tumnors in which retroviruses have inserted
into the c-myb gene, in a manner predicted to lead to the
synthesis of myb proteins truncated at either the amino (45)
or carboxy terminus (45, 53).
The present report is concerned with two retrovirus-

induced murine myeloid tumor cell lines, which we show are
like the ABPL tumors (30, 46) in that they bear retroviral
insertions in the 5' region of c-myb. These lines, WEHI-265
and WEHI-274, clearly represent the monocytic lineage (50,
51), as do the ABPLs (45), although in earlier reports the
ABPL tumors were described as lymphoid (30). In each case
the retroviral insertions have induced the synthesis of aber-
rant myb transcripts which are expressed at high levels.
Shen-Ong et al. (45) have recently reported that both
Moloney murine leukemia virus (Mo-MLV) and myb se-
quences are present in the ABPL transcripts, suggesting that
these transcripts are generated by a "promoter insertion"
mechanism. Furthermore, their data imply that the fusion of
viral and cellular RNA sequences (which involves RNA
splicing from a "cryptic" donor site in the viral gag gene)
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occurred at the same position within c-myb that marks the 5'
boundary of the v-myb-related sequences. Thus, a protein
translated from such an RNA species would resemble the
v-myb proteins in lacking the same amino-terminal portion of
the c-myb gene product.

Here, we characterize the two major myb RNA species in
W265 and W274 and show that they lack sequences which
encode the amino-terminal region of the c-myb protein. Like
the RNAs of the ABPL tumors, both transcripts appear to be
generated by initiation within the viral long terminal repeat
(LTR) and splicing from a cryptic donor site in the viral gag
gene to an acceptor site in c-myb. We found that the larger
and more abundant species was predominantly nuclear,
while the smaller species was cytoplasmic. Furthermore, we
found that the smaller RNA species was generated by an
additional splice within the viral sequences and suggest that
this species is the mRNA encoding a truncated c-myb
protein. In addition, we show that due to different insertion
points in the two cell lines, the W274 myb RNAs contained
sequences from a c-myb exon upstream of those exons
represented in the W265 (and ABPL) RNAs. The presence
and nature of the rearrangements in W265 and W274 have a
number of interesting implications for our understanding of
transformation by myb.

MATERIALS AND METHODS
Cells. The monocytic leukemia cell lines W265 and W274

were derived from tumors induced in BALB/c mice by
infection with Abelson murine leukemia virus (Ab-MLV)
pseudotyped with Mo-MLV (N. Warner, personal commu-
nication). The myeloid characteristics of these cell lines have
been described previously (50, 51). W274.25 is a subclone of
W274 isolated from an early passage of the original tumor
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and was provided by K. Leslie and J. Schrader (Walter and
Eliza Hall Institute, Melbourne). The thymoma cell line
RB22 (5) is nonproductively infected with Ab-MLV and was
provided by W. Cook (Ludwig Institute, Melboune). Cells
were maintained in Dulbecco modified Eagle medium con-
taining 10% fetal calf serum.
Cloned DNAs and probes. The murine c-myh cDNA clones

MM49 and MM46 have been described (15). Murine genomic
c-m!vb clones covering the 5' region of the gene were isolated
by standard procedures (26) with the 0.7-kilobase (kb) EcoRI
fragment of MM49 to probe BALB/c genomic libraries.
These clones were analyzed by restriction mapping and
hybridization to oligonucleotide probes corresponding to
various parts of the c-inVb sequence, including those de-
scribed below. The c-mvc intron probe was the 0.8-kb
BglII-SacI fragment from intron 1 of the murine c-,m'c gene
and the Mo-MLV LTR probe was a 0.38-kb U3-specific
fragment generated by digestion of cloned Ab-MLV proviral
DNA with BamHI and XbaI (48).

Oligonucleotide probes. Oligonucleotide probes comple-
mentary to the following sequences were synthesized with
an Applied Biosystems model 380A DNA synthesizer. The
sequence numbers referred to are those given (15) for the
c-mvb cDNA and from Shinnick et al. (47) for Mo-MLV. In
each case, the probe sequence was complementary to the
following sequences. (i) c-m-'h probes: exon 1, nucleotides 1
to 25; exon 2, nucleotides 87 to 109; exon 3, nucleotides 211
to 231; exon 4, nucleotides 262 to 282. (ii) Mo-MLV probes:
US, nucleotides 71 to 120; U3, nucleotides 8168 to 8217; gaig.
nucleotides 1361 to 1400. (iii) Splice-bridging probes: SOl.
Mo-MLV nucleotides 194 to 205 and 1363 to 1374; S02.
Mo-MLV nucleotides 1585 to 1596 and c-mNvb nucleotides
177 to 188; S03, Mo-MLV nucleotides 1585 to 1596 and
c-rnvb nucleotides 250 to 261.
Cloned DNA fragments were radiolabeled by nick trans-

lation in the presence of [ox-32P]dATP. Oligonucleotides were
labeled with T4 polynucleotide kinase and [y-32P]ATP. Re-
action mixtures consisted of 13 to 16 pmol of oligonucleo-
tide, 55 kCi of [y-3-P]ATP (2,000 Ci/mmol), and 2 to 3 U of
T4 kinase in 20 [LI of 66 mM Tris, pH 7.6. 6.6 mM MgCl, and
5 mM dithiothreitol. After 30 min at 37°C, the reaction was
terminated by adding sodium dodecyl sulfate (SDS) to 0.5%
and EDTA to 10 mM and heating at 65°C for 5 min. Labeled
oligonucleotides were collected by precipitation with 3 vol-
umes of ethanol after adding ammonium acetate to 2 M and
20 Fg of carrier DNA. This procedure removed the bulk of
the unincorporated label.

Preparation and analysis of RNA. Total cellular poly-
adenylated [poly(A)t] RNA was isolated by proteinase K-
SDS treatment of cells followed by oligo(dT)-cellulose chro-
matography as described (16). Nuclear and cytoplasmic
RNAs were prepared by a modification of published proce-
dures (12, 26). Essentially, nuclear and cytoplasmic fractions
were prepared by lysis in Nonidet P-40 and digested with
proteinase K-SDS as described (26) except that (i) the
nuclear pellet was disrupted by high-speed homogenization
at the start of the proteinase K digestion to shear high-
molecular-weight DNA and (ii) RNase inhibitors were omit-
ted in most cases. Following proteinase K digestion.
poly(A)+ RNA was isolated directly from each fraction by
absorption onto oligo(dT)-cellulose as described for the
isolation of total poly(A)+ RNA (16). The RNAs (3 p.g per
lane) were fractionated by formaldehyde-agarose gel electro-
phoresis and transferred to nitrocellulose filters for subse-
quent hybridization following procedures described else-
where (16). RNA sizes were determined by using Mo-MLV

and Ab-MLV viral RNAs as internal standards: their sizes
were deduced from their DNA sequences (38, 47).

Hybridization conditions for RNA analysis. Hybridizations
to nick-translated probes were carried out for 16 to 20 h at
42°C in buffer containing 50%c formamide, Sx SSC (lx SSC
is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% Ficoll,
0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone, 100
Lg of denatured salmon sperm DNA per ml, 2 mM EDTA,
0.1% SDS, and 10 mM HEPES (N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid, pH 7.0). Usually 3 x 106 to
4 x 10" cpm of probe (specific activity, 1 x 108 to 4 x 108
cpm/[g) was added per ml. Filters were washed in 0.1%
SDS-0.lx SSC at 500C for several hours.

Hybridizations to the shorter (20 to 25 base) oligonucleo-
tide probes were carried out in a solution containing 6x
SSC. 0.1% Ficoll, 0.1% bovine serum albumin, 0.1%
polyvinylpyrrolidone. 100 kg of denatured salmon sperm
DNA per ml, 0.1% SDS, 2 mM EDTA. and 2 mM sodium
PP-. Usually 5 to 10 ng of labeled oligonucleotide was added
per ml. Hybridizations to the shorter oligonucleotides were
performed at 10 to 200C below the estimated melting tem-
perature for the hybrid: this was derived from the approxi-
mation: T,,. = 4(no. of G+C residues) + 2(no. of A+T
residues) (27). Filters were washed in 6x SSC-0.1% SDS at
the same temperature. The longer (40 or 50 base) oligonu-
cleotides were hybridized at 37°C in the formamide buffer
described above with the addition of 2 mM sodium PP-, and
filters were then washed at 50°C in 0.5x SSC-0.1% SDS.

RESULTS

c-myb rearrangements in murine hematopoietic cell lines.
To investigate the possible involvement of c-inyb in myeloid
leukemia, we surveyed 17 murine hematopoietic cell lines
for rearrangements and aberrant expression of the c-invb
gene (Table 1). An EcoRI digest of genomic DNA from each
line was probed with a murine c-mvyb cDNA clone, and in
some cases RNA was also examined by Northern blotting
(RNA blotting). Rearranged c-mnvh alleles (Fig. IA) and
abnormally sized mvhb transcripts (see below) were evident
in two of the lines, W265 and W274, both of which were
induced by the Ab-MLV/Mo-MLV complex (N. Warner,
personal communication). None of the other 15 lines exhib-
ited an aberrant c-mnyh EcoRI fragment, even though several
were derived by retroviral infection. The RAW264.7 line (37)
was of particular interest because, like W265 and W274, it
did not carry a v-ibl gene (Table 1), even though it was also
derived from a tumor induced by the Ab-MLV/Mo-MLV
complex.

During the course of this survey it became clear that the
murine c-invh gene displayed polymorphism, as has previ-
ously been reported for the human c-mvh gene (10). Tumors
derived from DBA/2 or C57BL/6 x DBA/2 mice (e.g.,
P388D1 and 416B in Fig. 1C) exhibited a novel 6.4-kb EcoRI
fragment and lacked the 3.4-kb fragment characteristic of
BALB/c lines such as WEHI-3B, W265, W274, and J774
(Fig. 1A). Analysis of liver DNA from the different mouse
strains (data not shown) confirmed our conclusion that
C57BL/6 and DBA/2 mice carry the same allele and also
demonstrated that, like BALB/c mice, A/J mice carry the
other c-invb allele.
W265 and W274 contain retroviral insertions in c-myb. In

both W265 and W274, hybridization to the 4.2-kb EcoRI
fragment containing exons 3 to 5 was diminished and an
additional band was seen at 8 kb (Fig. IA; revealed by
increased intensity in the case of W274). This observation
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TABLE 1. Status of c-myb in murine hematopoietic cell lines

Cell line Inducer v-abl" DNA" RNA' Reference(s)

Myelomonocytic
WEHI-265 Ab-MLV (Mo-MLV) - R R 50, 51
WEHI-274 Ab-MLV (Mo-MLV) - R R 50, 51
416B Friend MLV - N N 8
WEHI-3B Mineral oil - N N 52
FDC-P1 Spontaneous - N N 9
Raw 309 F1.1 Ab-MLV (Mo-MLV) + N ND 37d

Macrophage
RAW 309 Cr.1 Ab-MLV (Mo-MLV) + N - 37
RAW 264.7 Ab-MLV (Mo-MLV) - N - 37
WR 19M.1 Ab-MLV (Mo-MLV) + N - 37
P388 D1 Methylcholanthrene - N ND 21
PU-5-1.8 Spontaneous - N - 34
J774 Mineral oil - N - 35

Mastocytoma
HC.3 Spontaneous - N ND 13
P-815X-2.1 Methylcholanthrene - N ND 42

Mast cell
WW Spontaneous - N ND e

R6-XE.4 Spontaneous - N ND 43

Erythroleukemia (F4N) Friend MLV - N ND 7
a Presence (+) or absence (-) of v-abl sequences in the genome.
b Normal (N) or rearranged (R) configuration of c-mvb sequences as determined by EcoRI digestion.
c Presence of normal-sized (N) or aberrant (R) c-mvb transcripts or absence (-) of detectable c-mvb RNA. ND, Not determined.
dRAW 309F1.1 was originally designated lymphoid (37) but appears instead to be myeloid as it is MAC-1 positive and lacks rearrangement of immunoglobulin

loci or T cell y or , loci (S. Cory, A. Harris, and W. Langdon, unpublished).
e _, J. W. Schrader and S. Schrader, unpublished data.

suggested that one c-myb allele in each line may have
acquired an insert of approximately 4 kb within the 4.2-kb
EcoRI fragment, which lies in the 5' portion of the c-myb
locus (see below). Furthermore, the inserted DNA was
apparently related to Mo-MLV, since a probe specific for the
Mo-MLV LTR hybridized to fragments in W265 and W274
DNA (arrow in Fig. 1B) that were indistinguishable in size
from the altered c-myb fragments. Thus, the c-mvb rear-
rangements in W265 and W274 appeared similar to those
reported in the ABPL tumors (30, 46), in which deleted
Mo-MLV proviruses are inserted within this same 4.2-kb
c-myb EcoRI fragment. We estimate the sizes of the inserts
in W265 and W274 to be 4.0 and 3.5 kb, respectively.
To aid further characterization of the c-mvb rearrange-

ments, we determined the structure of the 5' region of the
normal murine c-myb gene. This was achieved by isolating
genomic clones encompassing this region and analyzing
them by hybridization with a series of oligonucleotide probes
representing sequences in the 5' portion of the c-myb
mRNA. The positions of exons 1, 2, and 3 were then
localized precisely by nucleotide sequencing. Our data are
essentially in agreement (see legend to Fig. 2) with other
recently published structural analyses of the murine c-myb
gene (1, 4, 24). The 12-kb region shown in Fig. 2 contains the
start site(s) for myb transcription (8; unpublished data) and
the first five exons of the c-myb gene. Exon 1 (designated
UEIII in reference 24) contains the probable initiation codon
for the c-myb protein (1, 14, 15). Sequences homologous to
v-myb were present in exons 4 and 5 (VE1 and VE2 [45]) but
not in exon 1, 2, or 3.
The sites of the retroviral insertions were deduced from

the restriction map of the 5' region of c-myb (Fig. 2) and the
sizes of the rearranged fragments detected in W265 and

W274 DNA by probes (a and b in Fig. 2) derived from the
genomic clones. Hybridization of EcoRI digests with probe b
confirmed that the insertions in both cell lines mapped within
the 4.2-kb EcoRI fragment (Fig. 3A). The sizes of the PstI
fragments detected by probe a (Fig. 3B) were used to
determine both the position and orientation of the inserts,
since there is a PstI site 1,014 base pairs (bp) from the 5' end
of the Mo-MLV provirus (47). These data were confirmed
and refined by analysis of additional digests (with EcoRI plus
PstI, SacI, and XbaI) with both probes (Fig. 3B). The
restriction sites used for these analyses and the resultant
localizations of the proviral inserts are shown in Fig. 2. The
insert in W265 lay within a region about 200 bp upstream of
exon 4, while that in W274 lay within a similar range near the
5' boundary of exon 3. These positions are consistent with
analyses of the myb RNAs in each cell line (see below).
Furthermore, it can be seen that the inserts in both W265 and
W274 had the same transcriptional orientation as c-myb, as
did those in the ABPL tumors (46).
Two altered myb transcripts in W265 and W274. Since

retroviral insertion in cellular genes often affects their tran-
scription (reviewed in reference 32), we examined W265 and
W274 for the presence of altered c-myb RNAs. For bQth cell
lines, hybridization of poly(A)+ RNA with a myb cDNA
probe revealed an abundant 5.3-kb species and smaller
amounts of a 3.9-kb species (Fig. 4A), neither of which
appeared to be a normal c-myb transcript (see below). (Since
W274 contained a large excess of the 5.3-kb RNA over the
3.9-kb species, the latter species was often not clearly
discernable in whole-cell RNA preparations such as that
shown in lane 2.) Furthermore, analysis of RNA from
nuclear and cytoplasmic fractions of each cell line revealed
that the 5.3-kb species was predominantly nuclear (Fig. 4A,
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FIG. 1. Detection of c-myb rearrangements due to proviral in-
sertion in W265 and W274. EcoRI-cut DNA from the indicated cell
lines (Table 1) was analyzed by Southern blotting as described
elsewhere (6). Hybridization was with (A) the murine c-myb cDNA
clone MM49 (15) and (B) an LTR-specific probe (see Materials and
Methods). The bands that comigrated with the additional fragments
detected by the myb probe (A) are arrowed. (C) Polymorphism of
c-myb between mouse strains. EcoRI digests were analyzed by
hybridization to the MM46 c-myb cDNA clone (15). The RAW 264.7
tumor (37) arose in a BAB/14 mouse, P388D1 (21) in a DBA/2
mouse, and 416B (8) in a C57BL/6 x DBA/2 F1 mouse. Note that the
increased intensity of hybridization to the 3.4-kb (and 6.4-kb)
fragments in panel C compared with panel A is due to the use of
different (but overlapping) cDNA clones.

lanes 5 and 6), whereas the 3.9-kb RNA was found prefer-
entially in the cytoplasm (Fig. 4A, lanes 3 and 4). This
observation suggests that the 5.3-kb RNA may be a nuclear
precursor of the 3.9-kb species. Moreover, at least some of
the 5.3-kb RNA which was found in the cytoplasmic fraction
resulted from its contamination with nuclear RNA (probably
due to lysis of nuclei during the fractionation procedure),
since unspliced c-myc precursor RNAs were also detectable
in the cytoplasmic fractions (Fig. 4B). However, we cannot
exclude the possibility that a small proportion of the 5.3-kb
RNA was transported to the cytoplasm. The presence of
some 3.9-kb RNA in the nucleus was not unexpected if the
3.9-kb species is a mature mRNA, as we suggest below.
Both the 3.9- and the 5.3-kb RNA species seen in W265

and W274 appeared to be aberrant c-myb transcripts. The
3.9-kb RNA did not comigrate precisely with either the
major or minor normal c-myb transcript (see Fig. 5, 6, and 7),
which we measured as 3.6 and 4.0 kb, respectively. More-
over, in contrast to the normal 3.6-kb and 4.0-kb c-myb
RNAs in the thymoma cell line RB22 (Fig. 5, lane 1), neither
the 5.3-kb nor the major 3.9-kb RNA species (Fig. 5, lanes 2
to 5) hybridized to oligonucleotide probes representing exon

1 or 2. Although these probes did detect a minor species of
3.8 kb (lanes 2 and 3), the latter species was of low
abundance and distinct from the major 3.9-kb RNA. This is
apparent from the low extent of hybridization of 3.8 to 3.9 kb
RNA to the exon 1 and 2 probes compared with the exon 4
probe (Fig. 5, lanes 2 and 3), particularly when one takes into
account the degree of hybridization of each probe to the
normal 3.6-kb c-myb RNA (lane 1). We suspect that the
3.8-kb species may be transcribed from the unrearranged
c-myb allele (possibly initiating at a position different from
those which give rise to the usual 3.6- and 4.0-kb c-myb
RNAs [1]). In any case, the hybridizations with the exon 1
and 2 probes revealed that the unrearranged c-myb alleles in
W265 and W274 were transcribed at a low level, if at all.
A clear difference between the RNAs of W265 and W274

was revealed by hybridization to the exon 3 probe (Fig. 5).
The major myb RNA species in W265 failed to react with this
probe (lanes 2 and 4), while those in W274 (and of course
RB22) hybridized strongly (lanes 3, 5, and 1). In contrast, the
exon 4 probe labeled the 5.3-kb and 3.9-kb RNAs from both
myeloid lines. The presence of exon 3 sequences in the myb
transcripts of W274 but not W265 was consistent with the
positions of the viral insertions in each line (Fig. 2) if the
transcripts were generated by a viral promoter insertion
mechanism (see below). Furthermore, the hybridization of
W265 and W274 RNAs to the exon 4 probe (which repre-
sents sequences at the 5' boundary of the v-myb-related
region of c-myb), as well as to both the 5' and 3' EcoRI
fragments of the cDNA clone MM49 (15) (Fig. 4 and 8, and
data not shown), suggests that the aberrant myb transcripts
contained all of the myb sequences homologous to the v-myb
genes.

Viral sequences in the myb RNAs of W265 and W274. We
next wished to determine whether the tumor-specific myb
RNAs contained viral (i.e., Mo-MLV) sequences. Synthetic
oligonucleotide probes were used for this purpose since they
allow detection of an RNA containing only a small propor-
tion of the relevant gene even in the presence of other RNAs
containing a much greater proportion, a situation in which
larger probes can give misleading results. As shown in Fig.
6, a probe representing the U5 region of the Mo-MLV LTR
hybridized to a predominantly nuclear 5.3-kb RNA in both
W265 and W274 (lanes 2 and 4), as well as to an unidentified
1.4-kb RNA in W274 (lane 3). The U5 probe also labeled the
abundant 8.5-kb Mo-MLV genomic and 3.2-kb subgenomic
viral transcripts in these cells (lanes 1 to 4) and the 5.3-kb
Ab-MLV genomic transcript in RB22 (lane 5). Similarly,
hybridization to a gag probe also revealed, in addition to the
Mo-MLV genomic RNA, a predominantly nuclear 5.3-kb
RNA in each cell line (lanes 2 and 4). In contrast, a probe
representing the U3 region of the LTR did not detect a 5.3-kb
RNA in either W265 or W274 (lanes 1 to 4), although, as
expected, it did label the Mo-MLV RNAs in these cells and
the Ab-MLV RNA (lane 5). Because the 5.3-kb RNAs
detected with the myb probes (Fig. 4 and 5) and the gag and
U5 probes (Fig. 6) not only comigrated precisely (data not
shown) but showed the same subcellular distribution and
relative levels in W265 and W274 (compare Fig. 5 and 6), we
conclude that in each case we were detecting the same RNA
species. Thus, the 5.3-kb RNAs of W265 and W274 con-
tained myb, gag, and U5 sequences, as was also found for
RNA from the ABPL tumors (45).
The data in Fig. 6 also indicated the origin of the proviral

insertions within c-myb. Since the gag oligonucleotide rep-
resents sequences absent from Ab-MLV, as illustrated by its
failure to hybridize to the Ab-MLV RNA in the RB22 cell
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line (lane 5), hybridization of the 5.3-kb RNAs in W265 and
W274 to the gag probe indicates that the proviral insertions
must have come from Mo-MLV rather than Ab-MLV. This
conclusion is consistent with the absence of v-abl sequences
from W265 and W274 (Table 1).
The analyses shown in Fig. 6 did not clearly reveal
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FIG. 3. Mapping of retroviral insertion sites within c-myb in
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W274, and W265 were digested with the indicated restriction
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2). (B) DNAs from W265 and W274 were digested with Pstl and
analyzed by hybridization to probe a (Fig. 2).
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c-mnvb transcripts in W265 and W274 by Northern blotting. The sizes
of the major species (in kilobases) are indicated at left. The probes
used were (A) c-mnvb cDNA and (B) c-myc intron. Lanes: 1, total
cellular RNA from W265; 2, total cellular RNA from W274; 3,
cytoplasmic RNA from W265; 4, cytoplasmic RNA from W274; 5,
nuclear RNA from W265; 6, nuclear RNA from W274. The W265
lanes represent longer autoradiographic exposures than the corre-
sponding W274 lanes in order to clearly illustrate the RNA species
present in W265. The smallest species in panel B represents mature
c-invc mRNA and was detected by contaminating exon sequences in
the probe, while the remaining species are nuclear precursors.
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FIG. 7. Analysis of v-myb hybrid transcripts in the W274 variant

W274.25 by Northern blotting. Lanes 1, 2, and 3, nuclear, cytoplas-
mic, and total RNAs, respectively, from W274.25; lanes 4, total
RNA from the standard W274 line for comparison. Lane 2' is a
longer autoradiographic exposure of lane 2. Hybridization was to
the c-myb exon 4 probe and to the U5 and gag probes, as indicated.
Sizes (in kilobases) are shown at the left.
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FIG. 5. Presence of c-myb exon sequences in normal and aber-

rant c-myb transcripts. Poly(A)+ RNAs were analyzed by Northern
blotting and hybridization to oligonucleotide probes representing
c-myb exons 1 to 4 as indicated. Sizes of the major normal and
aberrant myb transcripts (in kilobases) are indicated at the left.
Lanes: 1, cytoplasmic RNA from the thymoma cell line RB22; 2,
cytoplasmic RNA from W265; 3, cytoplasmic RNA from W274; 4,
nuclear RNA from W265; 5, nuclear RNA from W274.

similar variant of W265 was available to complete this
analysis, other data presented below show that the 3.9-kb
from W265 RNA contained some gag sequences.

Surprisingly, we could not detect transcripts correspond-
ing in size to the deleted proviruses in either line with any of
the viral probes (Fig. 6 and 7). Clearly, transcription pro-
ceeds beyond the 3' ends of these proviruses to generate the
hybrid viral-myb RNAs; we can only conclude that for
unknown reasons this readthrough is very efficient.

Splicing patterns of the tumor-specific myb RNAs. The
presence of viral U5 and gag sequences in the myb RNAs of

U5
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FIG. 6. Transcription of viral sequences in W265 and W274

analyzed by Northern blotting and hybridization to oligonucleotide
probes representing the indicated retroviral sequences. Lanes: 1,
cytoplasmic RNA from W265; 2, nuclear RNA from W265; 3,
cytoplasmic RNA from W274; 4, nuclear RNA from W274; 5,
cytoplasmic RNA from the thymoma cell line RB22. The sizes of the
major RNA species (in kilobases) are indicated at left.

W265 and W274 can most readily be explained by RNA
splicing, as suggested for the ABPL tumors (45). To estab-
lish this and to account for the two classes of myb RNA in
these lines, we designed bridging oligonucleotide probes to
detect the results of specific splicing events.
To test for specific gag-myb splices, we used 24-base

oligonucleotides complementary to (i) the 12 nucleotides 5'
to the cryptic splice donor site within gag (at position 1596 of
the Mo-MLV sequence) identified by Shen-Ong et al. (45)
(SDC in Fig. 8A) and (ii) the 12 nucleotides 3' to the c-myb
acceptor sites at the exon 3 or exon 4 boundary (oligonucle-
otides S02 and S03, Fig. 8A). Under the hybridization and
washing conditions used, these probes should hybridize only
to an RNA species in which the 24 nucleotides are contigu-
ous, i.e., only if the predicted splicing event has occurred.
Figure 8B shows that S02 hybridized to RNA from W274
(lanes 3 and 4) and S03 to RNA from W265 (lanes 1 and 2),
exactly as predicted from the insertion mapping (Fig. 2 and
3) and by the RNA hybridization from the insertion mapping
(Fig. 2 and 3) and by the RNA hybridization data of Fig. 5.
Moreover, the same gag-myb splices occurred in both the
5.3-kb and 3.9-kb RNAs. We cannot fully explain the weak
hybridization of S03 to the larger RNA species in W274
(Fig. 8B, lanes 3 and 4). These bands may be due to partial
homology between S03 and the W274 RNAs or may indicate
that a small proportion of the myb RNAs in W274 resulted
from splicing to exon 4. In any case, the 3.9-kb RNA which
we believe to be the functional myb mRNA was not detected
by S03 (lane 3), so splicing to exon 4 in W274 is unlikely to
be of consequence.

Since the 5.3-kb and 3.9-kb RNAs contained common
viral and myb sequences, we reasoned that the smaller
species might be derived from the larger by a further splicing
event. Because a transcript extending from the normal
Mo-MLV cap site to the cryptic splice donor at position 1596
(SDC in Fig. 8A) would retain the normal viral splice donor
site at position 206 (SDe in Fig. 8A), a splice from this site to
a cryptic acceptor site within the viral sequences could
generate the smaller RNA species. Inspection of the Mo-
MLV gag sequence revealed a number of potential (29)
splice acceptor sites; a few candidates were selected that
would maximize the size of the intron (i.e., to account for the
size difference between the major tumor-specific RNAs)
while retaining a potential initiation codon at position 1513
(see Discussion). Oligonucleotides spanning the predicted
splice junctions were again used as hybridization probes.
One of these, S01 (Fig. 8A), which contained Mo-MLV
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FIG. 8. Identification of splicing patterns of the abberrant viral-c-myc transcripts in W265 and W274. (A) The top of the figure represents
the Mo-MLV proviral genome and shows the positions of splice donor (SD) and splice acceptor (SA) sites. Also shown are the relevant
initiation (ATG) and termination (TAG) codons. Subscripts e, g. and c refer to envelope, gg,ag and cryptic, respectively. Numbers are
nucleotide positions from the sequence of Shinnick et al. (47). Beneath the Mo-MLV map, the sequences represented in the bridging
oligonucleotide probes S01, S02, and S03 are illustrated (not to scale); hatched boxes represent sequences from the 5' boundaries of the
indicated c-mnvb exons (see text and Materials and Methods). (B) Northern blotting analyses of W265 and W274 RNAs with these probes and,
for comparison, a c-mnvb cDNA probe. Lanes: 1, cytoplasmic RNA from W265; 2, nuclear RNA from W265; 3, cytoplasmic RNA from W274;
4, nuclear RNA from W274; 5, cytoplasmic RNA from RB22.

nucleotides 195 to 206 and 1362 to 1373, did in fact hybridize
to the 3.9-kb RNAs of both W265 and W274 (Fig. 8B) but not
to the 5.3-kb species, the Mo-MLV RNAs, or the normal
c-myb transcript. Hence, we conclude that in both cell lines,
the 3.9-kb species is generated from a 5.3-kb nuclear precur-
sor by a splice from the normal envelope splice donor site
(SDe) to a cryptic splice acceptor site (SAc) that removes
1,156 nucleotides of viral sequences.

DISCUSSION
We have shown here that the murine myeloid tumor lines

W265 and W274 but not 15 other myeloid cell lines examined
carry a rearranged c-myb gene (Table 1). In both cases
Mo-MLV proviral sequences have inserted within the 5'
portion of the c-myb gene and have induced high levels of
abnormal c-inyb transcripts which contain viral sequences
and lack sequences from the 5' end of c-mvb. Thus, as well
as inducing transcriptional deregulation, the viral insertion
has generated myb RNAs that lack sequences encoding the
amino terminus of the c-mvb protein. This truncation prob-
ably contributes to the oncogenicity of myb in these tumors,
as suggested previously (15, 45).
These results are very similar to those obtained by Shen-

Ong and co-workers with the ABPL tumors (30, 45, 46).
Those tumors are now assigned to the myeloid lineage and,
like W265 and W274, were induced in vivo by infection with
Ab-MLV. Our analysis of the myb RNAs in W265 and W274
extends their findings by identifying the RNA that probably
encodes the truncated myb protein and by demonstrating
that the W274 RNAs contain c-myb sequences additional to
those present in v-mnyb, W265, and the ABPL tumors.

Our RNA analysis was carried out with a combination of
Northern blotting, subcellular fractionation, and specific
oligonucleotide probes to identify and characterize the var-
ious mrNb RNAs in W265 and W274, since these techniques
complement and extend data obtained by others (45) with
cDNA cloning and SI nuclease mapping. In particular, our
approach allows the assignment of specific sequences to
each RNA species detected and (in contrast to analysis of a
single cDNA clone) can demonstrate that RNAs bearing
these sequences are present at significant levels in the cells.

Generation and translational potential of myb RNAs in
W265 and W274. Both W265 and W274 contain a high level
of a predominantly nuclear 5.3-kb myb RNA and lower
amounts of a predominantly cytoplasmic 3.9-kb species. Our
finding that the latter RNA is generated from the former by
a further splicing event may explain the subcellular distribu-
tion and relative abundance of these two species. That is, the
presence of unused splicing sites, i.e., an intron, within the
5.3-kb RNA may cause it to be treated as a pre-mRNA and
retained in the nucleus. Although retroviral genomic RNA
can clearly reach the cytoplasm without splicing, the 5.3-kb
inyb RNA is a hybrid viral-cellular species and may not be
processed and transported in the same way as authentic viral
transcripts. Alternatively, it is possible that the 5.3-kb RNA
retains some c-mnvb intron sequences and that these are
responsible for its retention in the nucleus. In any case, the
inefficiency of this unusual splicing step may reflect the fact
that the acceptor site at position 1362 (SAc in Fig. 8A) is not
normally utilized. Indeed, it may only be used in this
instance because the normal enm' acceptor site (SAe in Fig.
8A) is probably absent from the deleted Mo-MLV proviruses
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FIG. 9. (A) Model for the origin and translational potential of the
viral-cellular hybrid RNAs of W265 and W274. The boxes represent
the two major RNAs described in the text, stippled portions indicate
viral sequences, while open portions indicate c-mnyb sequences.
Wavy lines indicate the proteins encoded in the major open reading
frames (R.F.); the corresponding initiation (AUG) and termination
(UGA) codons are also shown. Also indicated on the 5.3-kb RNA
are the splice sites (SD, and SA,. see Fig. 8) involved in the
generation of the smaller species. For further explanation, see the
text. (B) Relationship between predicted amino-terminal regions of
niyvb-encoded proteins. The three hatched sections of each box
represent the three 51- to 52-amino-acid repeats of the c-mnYb
protein. amino acid numbers are those of the murine c-nmyb protein
sequence.

in this class of tumors (46). The presence of cryptic splice
sites within the Mo-MLV gag gene may also have implica-
tions for normal viral function, since the RNAs produced by
infrequent splicing at these (or other) sites could give rise to
previously unidentified viral gene products.
The observation that the major invb RNA species in W265

and W274, the 5.3-kb species, is predominantly if not exclu-
sively nuclear implies that it may not be an mRNA. Indeed,
even if some of this RNA were present in the cytoplasm, its
translation is unlikely to yield a mnVb protein. Shen-Ong et al.
(45) suggested that translation initiates with the AUG codon
at Mo-MLV position 1513 (AUG, in Fig. 9A). However, in a
transcript retaining all viral sequences 5' to the cryptic splice
donor site (SDc in Fig. 8A), the 5'-most AUG, at which
translation of most eucaryotic mRNAs starts, would be that
used to initiate translation of the gaig gene product (47)
(AUGgag in Fig. 9A). Moreover, the gag reading frame is out
of phase with that of rnvb and would terminate within the
nmvb sequence downstream from AUGC (Fig. 9A), further
reducing the likelihood of initiation at that codon.
On the other hand, the splice demonstrated here between

the normal viral donor site (SDe) and the cryptic acceptor
(SAc) removes the normal gag initiation codon and much of
the remaining gag sequence from the 5.3-kb RNA (Fig. 9A).
Thus, the 3.9-kb invb RNA possesses only one major open
reading frame, starting at the AUG at position 1513 (AUGc:;
Fig. 9A). For this reason, and because of the predominantly
cytoplasmic location of the 3.9-kb RNA, we propose that it

is this mRNA which encodes the transforming mvh proteins
in W265 and W274 and probably also in the ABPL tumors.

Implications for transformation by myb. The invh proteins
of AMV, E26, and the ABPL tumors are truncated at or near
the boundary of the region encoded by c-nzvb exon 4 (19, 24,
31, 41, 45) and therefore lack about two-thirds of the first of
three highly conserved 51 to 52-amino-acid tandem repeats
(15) that lie near the amino terminus of the c-invb protein
(Fig. 9B). Our data imply that the predicted mnvb protein in
W265 is similarly truncated at the exon 4 boundary. How-
ever, the tnNvb RNAs of W274 also contain the exon 3
sequence, and therefore the invb protein in W274 should
contain all but 10 amino acids of the first repeat (Fig. 9B)
(since the exon 3 boundary corresponds to residue 48 of the
c-mnvb protein [15. 24; unpublished data]). I'hus, it appears
that truncation of the c-mvyb protein further toward the
amino terminus may also activate its oncogenic potential,
i.e., that there is no special significance to truncation pre-
cisely at the exon 4 boundary. Rather, activation may simply
require disruption of the tandem repeat structure or, alter-
natively, loss of (all or part of) the 38-amino-acid sequence
that precedes the repeats. Other structural alterations, such
as the carboxy-terminal truncation predicted for the prod-
ucts of the rearranged c-invb gene in the NFS-60 cell line (45,
53) and of the v-mnvb genes (19, 31, 41) may also activate
c-/n vb.
Our results also bear on the quantitative requirements for

transformation by invb. The level of the 3.9-kb mRNA in
W265 is similar to that of the normal 3.6-kb c-mnv,b RNA in
cells such as the thymoma cell line RB22 (e.g., Fig. 5), the
myelomonocytic leukemia WEHI-3B, and normal myeloid
progenitor cells (T.J.G., unpublished observations), suggest-
ing that an abnormally high level of invh expression is not
necessary for transformation. Similarly. Duprey and
Boettiger (11) have noted that the level of c-nmvb RNA in a
highly enriched population of chicken myeloid progenitor
cells is similar to that of v-nmv,b RNA in chicken 'myelo-
blasts"' transformed by E26.

In contrast to a number of other myeloid cell lines (Table
1) (54), the normal c-mvh genes of W265 and W274 are
expressed at low levels (or not at all), as also noted by Lavu
and Reddy (24) for the ABPL2 tumor. This may reflect the
differentiation state of the target cells for transformation by
inyh: for example, neither normal chicken macrophages nor
macrophages transformed by AMV express the c-mnh gene
(16, 20). Alternatively, the low level of normal c-mv,b tran-
scripts may reflect repression of the c-mvyh gene by the nzo'b
product itself, as has previously been suggested for c-rnvc
(25).

Finally, the presence of an activated mnivb gene in W274
has interesting implications for oncogene cooperativity in
the transformation of myeloid cells. While evidence for
cooperativity between oncogenes in the transformation of
fibroblasts and hematopoietic cells (17, 18, 22, 36, 44) is
accumulating, it remains unclear which genes can augment
the oncogenicity of invh. Therefore, it is probably pertinent
that W274 also bears an activated Ha-ras gene (49), partic-
ularly since cooperativity between v-mvyb and -tas in trans-
forming primary fibroblasts has been mentioned in one

report (33). Other oncogenes that may cooperate with mnh
could be involved in releasing the cells from dependence on

colony-stimulating factors (CSFs). since cells transformed
by v-mvhb (2) and truncated c-miivb (53) genes remain CSF
dependent. Release of hematopoietic cells from CSF depen-
dence has been shown to induce or enhance tumorigenicity
and can occur by a number of mechanisms, including
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autocrine CSF production (17, 23, 43). Moreover, early-
passage subclones of W274 that bear rearrangements of CSF
genes and exhibit autocrine growth stimulation have recently
been characterized (K. Leslie and J. Schrader, personal
communication), suggesting that autocrine CSF production
may indeed cooperate with myb in the malignant transfor-
mation of myeloid cells. Whether these subclones also
possess activated ras genes is not known, but in any case
these findings suggest that activation of ras and CSF genes
may represent stages in the progression of myeloid leukemia
induced by activation of c-myb.
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