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ABSTRACT We have sequenced two overlapping cDNA
clones from a murine pre-B cell library to generate a composite
sequence that includes 3413 bases of the murine c-myb mRNA.
There is a single long open reading frame, beginning at the first
base of this sequence, and continuing from the first methionine
codon at nucleotide 265 to a TGA termination codon at
nucleotide 2173. The predicted murine translation product
contains 636 amino acid residues and is about 71 kDa long,
which is in good agreement with the 75-kDa molecular size
determined for the avian c-myb protein. The murine c-myb
protein shows a striking 82% amino acid homology in the
region (amino acids 71-444) where it can be compared to the
published avian c-myb gene sequence. S1 nuclease protection
analysis indicates extreme heterogeneity at the 5’ end of
steady-state murine c-myb mRNA.

The myb protooncogene, which appears to encode a nuclear
DNA binding protein (1-3), is expressed predominantly in
hematopoietic cells (4-9). Expression of c-myb occurs in
both normal and transformed cells derived from all species
and hematopoietic lineages examined. Moreover, in each
hematopoietic lineage (erythroid, myeloid, and lymphoid)
examined, c-myb mRNA expression is much greater in
immature cells than in more differentiated cells (7-11). The
specificity of c-myb expression in hematopoietic cells corre-
lates with the specific transformation of hematopoietic cells
by replication-defective avian acute leukemia viruses that
express an internal portion of the avian c-myb gene as a fusion
product (12-18). Avian myeloblastosis virus (AMV) causes
myeloblastic or monocytic leukemia in chickens. Avian
erythroblastosis virus E26, which contains a smaller internal
segment of the avian c-myb gene than AMV but also contains
a portion of the avian c-ets gene, fused to the 3’ end of c-myb,
causes erythroblastic as well as myeloblastic or monocytic
leukemia in chickens. Changes in endogenous c-myb genes
have also been observed in both human and murine hema-
topoietic tumors. First, at least four independent murine
plasmacytoid lymphosarcomas are associated with insertion
of a defective Moloney murine leukemia virus into a c-myb
gene and with expression of an abnormal c-myb transcription
product (19). Second, amplification of c-myb has been re-
ported in a single case of human myeloid leukemia (20).

We began to determine the structure and transcription unit
of the murine c-myb mRNA as a first step in attempting to
understand the function of c-myb in normal and transformed
hematopoietic cells. In this report, we present the nucleotide
sequence of murine c-myb mRNA. We also provide evidence
suggesting that there is extreme heterogeneity at the 5’ end of
murine c-myb mRNA.
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MATERIALS AND METHODS

¢DNA Cloning and Isolation of c-myb cDNA Clones.
Poly(A)-positive -total cellular RNA was isolated from the
70Z/3B cell line (21-23). Double-stranded cDNA was made
using RNase H and DNA polymerase I for second-strand
synthesis (24, 25). The cDNA was made blunt ended with T4
DNA polymerase, methylated, and ligated to EcoRI linkers
(Collaborative Research, Lexington, MA). After digestion
with EcoRI the cDNA was fractionated on a 5% polyacryl-
amide gel and cDNA >500 base pairs (bp) was ligated into
lambda gt10 and gt11 phage cloning vectors as described by
Young and Davis (26). Phage plaques transferred to nitro-
cellulose filters were screened using the Kpn I-Xba 1 frag-
ment from AMV (ref. 15; provided by E. P. Reddy). The
filters were washed at 45°C in 0.1x SSC/0.1% NaDodSO,
(1x SSC = 0.15 M Na(l, 0.015 M sodium citrate, pH 7.0).
Approximately 250,000 recombinant plaques were screened
from each library.

Nucleotide Sequence Analysis. The DNA sequence was
determined by isolation and subcloning of specific restriction
fragments into M13mpl0 and mpll vectors essentially as
described by Bethesda Research Laboratory. The entire
protein coding region and >95% of the composite message
described were sequenced from both strands, and all sites
used for cloning were crossed in the sequencing.

S1 Nuclease Analysis. Total cellular RNA was used for
protection studies. Single-stranded DNA probes complemen-
tary to transcribed sequences were prepared by primer
extension of M13 clones as described (27) in the presence of
[**P]dATP. After annealing and S1 digestion, protected
species were fractionated on 8 M urea/5% polyacrylamide
gels.

RESULTS

RNA blot hybridization analysis of mRNA from various
murine pre-B cell lymphomas shows at least two forms of
c-myb mRNA, a major species of approximately 3.8
kilobases (kb) and a minor species of approximately 4.2 kb
(ref. 28 and T.P.B., unpublished data). Using mRNA from the
70Z/3B murine pre-B cell lymphoma line (21), which ex-
presses high levels of these two species of c-myb mRNA, two
c¢DNA libraries (Agt10 and Agt11) were prepared. Five clones
from the gt11 library and four clones from the gt10 library
were isolated by screening with an avian v-myb probe. One
clone, gtl0-10, contains approximately 3.2 kb of cDNA
insert. Restriction mapping of the other eight clones indicates
that, although all of the clones overlap the gt10-10 clone, a
second clone, gt11-15, contains about 300 bp that extend to
the 5’ side of the gt10-10 clone (Fig. 1).

Structure of c-myb mRNA. The gt10-10 and gt11-15 cDNA
clones were sequenced. The composite c-myb mRNA se-

Abbreviations: kb, kilobase(s); bp, base pair(s); AMV, avian
myeloblastosis virus.
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quence includes 3413 nucleotides, not including 19 adenine
residues that are presumably derived from the poly(A) tail
(Fig. 2). There is a single long open reading frame that begins
at the first base of this sequence and extends to a TGA
termination codon at nucleotide 2173. The first methionine
codon in the long open reading frame is found at position 265.
Since this methionine codon occurs in a stretch of sequence
that fits the consensus eukaryotic translation start sequence,
it very likely represents the translation initiation site (30). The
methionine codon at position 26 would not serve as a
translation initiation site because it does not occur in a
context that fits the consensus eukaryotic translation start
sequence and is also followed by a TAA termination codon
in frame at position 53 (Fig. 2). If the methionine at position
265 is the correct site of initiation of translation, the primary
translation product would contain 636 amino acid residues
and have a size of about 71 kDa, in good agreement with the
75-kDa molecular size determined for the avian c-myb
protein (18). Twenty-six residues upstream from the 3’
stretch of adenine residues, at residue 3388, is an AATAAA
consensus polyadenylylation signal (31). When additional
cDNA clones were selected by screening with a 3’ Sst
I/EcoRI (nucleotides 2678-3349) probe, three of the four new
clones identified terminated just after the polyadenylylation
signal at position 3388, and one clone terminated substan-
tially before this signal. A second AATAAA sequence is
noted at position 2468, but at present we have no evidence
that this site is used as a polyadenylylation signal. The c-myb
mRNA includes 1241 nucleotides of 3’-untranslated se-
quence.

Detection of Genomic c-myb Sequences. BALB/c genomic
DNA was digested with either EcoRI or BamHI endonu-
cleases, fractionated on 0.8% agarose gels, and transferred to
nitrocellulose filters. As shown in Fig. 3, murine cDNA
probes identified the following eight EcoRI fragments: 7.8-
and 4.2-kb fragments with the 5’ probe I (nucleotides 1-820);
13.6-, 3.3-, 2.1-, 1.7-, and 1.4-kb fragments with probe II
(nucleotides 821-3350); and a 4.0-kb fragment with the 3’
probe III (nucleotides 3351-3432). Four of these fragments
(4.2,2.1, 1.7, and 1.4 kb) are also seen when hybridized to a
v-myb probe (ref. 19 and T.P.B., unpublished data).

To better define the 5’ end of the murine c-myb transcrip-
tion unit, genomic c-myb clones were isolated from an
embryonic BALB/c library (provided by P. Leder). A §'
c-myb cDNA probe (nucleotides 1-232 in Fig. 2) hybridized
to the 7.8-kb EcoRI genomic fragment but not to the 4.2-kb

* Hincll; Hp, Hpa 1I; Hf, Hinfll;

— — T, Taq1; Ah, Aha III; Rs, Rsa l.

Not all restriction sites are

— shown in the sequencing strat-
200bp egy.

EcoRI genomic fragment (data not shown). A 1.1-kb BamHI
subfragment which hybridized to this 5' c-myb cDNA probe,
was isolated from the 7.8-kb genomic fragment. The 1136-bp
sequence of this BamHI genomic subfragment, shown in Fig.
4, includes 799 bp to the 5’ side of and 50 bp to the 3’ side of
a sequence identical to nucleotides 1-287 of the murine
cDNA (Fig. 2).

$1 Nuclease Protection Studies Indicate Heterogeneity at the
5’ End of c-myb mRNA. We have used the 1136-bp BamHI
genomic fragment for S1 nuclease protection studies. The
fragment was annealed to 70Z/3B total cellular RNA, digest-
ed with S1 nuclease, and the protected products fractionated
on a denaturing polyacrylamide gel. As shown in Fig. 54, at
least 13 protected products were detected, with approximate
sizes as follows: 184, 195, 211, 224, 235, 250, 278, 306, 346,
368, 495, 680, and 970 nucleotides (as depicted in Fig. 4). A
similar pattern of protected products was found with other
preparations of total, total poly(A)-positive, nuclear and
cytoplasmic 70Z/3B RNA as well as with 1881 and LS8.T2
pre-B-cell total cellular RNA (data not shown). We have also
used a 592-base Sma I/EcoRI fragment corresponding to
bases 233-824 of our composite cDNA sequence for S1
nuclease protection studies. This probe, probe B in Fig. 5B,
contains 36 nucleotides of 5'-untranslated sequence, and 556
nucleotides of protein coding sequence. As shown in Fig. 5B,
a single full-length protected species was detected after S1
nuclease digestion showing that all of the detected hetero-
geneity occurs 5’ of the translation initiation codon.

The longest product (950 nucleotides) protected by probe
A (Fig. 5A), together with the appropriate region of the
composite cDNA sequence, predicts a mRNA species of
about 4.2 kb. Thus, this region may include the 5’ most
genomic sequences transcribed into murine c-myb mRNA.
With the smaller protected species, which range in size from
about 188-680 bases, it can be predicted that they would
derive from mRNA species of 3.5-4.0 kb. The major 3.8-kb
mRNA species seen on RNA blots may represent an average
of multiple species.

DISCUSSION

Addition of 150 adenine residues to the 3413 nucleotide
murine c-myb cDNA (Fig. 2) predicts a mRNA containing
3563 nucleotides. This is somewhat shorter than the major
3.8-kb mRNA species and substantially shorter than the
minor 4.2-kb mRNA species detected on RNA blots of c-myb
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GGGAGTGTCCAAACCTCTTTGTTTGATGGCATCTGTTTACAGAGTTACACTTTAATATCAACCTGTTTCCTCCTCCTCCTTCTCCTCCTTCTCCTCCTCC
TCCTCGGTGACCTCCTTCTCCTCCCCTTTCTCCGGAGAAACTTGCCCCCGGCGGTGCGGAGCGCCGTGCGCAGCCGGGGGAGGACGCAGGCAAGGCGGAG
GGCAGCGGGAGGCGGCAACCGGTGCGGTCCCCGGGGCTCTTGGCGGAGCCCGGCCCGCCTCGCCATGGCCCGGAGACCCCGACACAGCATCTACAGTAGC

MetAlaArqgArgProArgHisSerIleTyrSerSer

GATGAAGATGATGAAGACATTGAGATGTGTGACCATGACTACGATGGGCTGCTGCCCAAATCTGGAAAGCGTCACTTGGGGAAAACTAGGTGGACAAGGG
AspGluAspAspGluAspIleGluMetCysAspHisAspTyrAspGlyLeuLeuProLysSerGlyLysAroHisleuGlyLysThrAqurpThrAqu

AAGAGGATGAGAAGCTGAAGAAGCTGGTGGAACAGAACGGAACAGACGACTGGAAAGTCATTGCCAATTATCTGCCJAACCGGACAGATGTGCAGTGCCA|
1uGluAspGlulysleulyslysleuValGluGlnAsnGlyThrAspAspTrplysVallleAlaAsnTyrlLeuPr snArqThrAspValGlnCysGl

ACACCGGTGGCAGAAAGTGCTGAACCCTGAACTCATCAAAGGTCCCTGGACCAAAGAAGAAGATCAGAGAGTCATAGAGCTTGTCCAGAAATATGGTCCG
nHisAqurpGlnlysValLeuAsnProGluleuI1elysGlyProTrpThrLysGluGluAspGlnAqualIleGluleuValGlnLysTyrGlyPro

AAGCGTTGGTCTGTTATTGCCAAGCACTTAAAAGGGAGAATTGGAAAGCAGTGTCGGGAGAGGTGGCACAACCATTTGAATCCAGAAGTTAAGAAAACCT
LysArgTrpSerValIleAlaLysHisLeuLysGlyArqueGlylysGlnCysAquluAqurpHisAanisLeuAsnProGluValLysLysThrS

CCTGGACAGAAGAGGAGGACAGAATCATTTACCAGGCACACAAGCGTCTGGGGAACAGATGGGCAGAGATCGCAAAGCTGCTGCCCGGACGGACTGATAA
erTrpThrGluGluGluAspArqI1eIleTyrGlnAlaHisLysAqueuGlyAsnAqurpAlaGluI1eAlaLysLeuLeuProGlyAquhrAspAs

TGCTATCAAGAACCACTGGAATTCCACCATGCGTCGCAAGGTGGAACAGGAAGGCTACCTGCAGGAGCCTTCCAAAGCCAGCCAGACGCCAGTGGCCACG)
nAlallelysAsnHisTrpAsnSerThrMetArqArqlysValGluGlnGluGlyTyrleuGlnGluProSerlysAlaSerGinThrProValAlaThr
Ser GlyleuProSerAlaThr

AGCTTCCAGAAGAACAATCATTTGATGGGGTTTGGGCATGCCTCACCTCCATCTCAGCTCTCTCCAAGTGGCCAGTCCTCCGTCAACAGCGAATATCCCT
SerPheGlnLysAsnAanisLeuMetGlyPheGlyHisA1aSerProProSerGlnLeuSerProSerGlyGlnSerSerValAsnSerGluTerroT
Gly SerSer Ile Ala Ala AsnPro AlaGlyPro ProGlyAla AlaProleuGly Asp

ATTACCACATCGCCGAAGCACAAAACATCTCCAGTCACGTTCCCTATCCTGTCGCATTGCATGCTAATATAGTCAACGTCCCTCAGCCGGCTGCGGCAGC)
yrTyrHisIleAlaGluAlaGlnAsnlleSerSerHisValProTyrProValAlaleuHisAlaAsnIleValAsnValProGlnProAlaAlaAlaAl
Pro ValProGlyGlnlle Val

CATCCAGAGACACTATAACGACGAAGACCCTGAGAAGGAAAAGCGAATAAAGGAGCTGGAGTTGCTCCTGATGTCAACAGAGAACGAGCTGAAGGGACAG
aIleGlnArqusTyrAsnAspGluAspProGluLysGluLysArqIlelysGluLeuGluLeuleuLeuMetSerThrGluAsnGluLeuLysGlyGln

CAGGCATTACCAACACAGAACCACACTTGCAGCTACCCCGGGTGGCACAGCACCTCCATTGTGGACCAGACCAGACCTCATGGGGATAGTGCACCTGTTT
GlnAlaLeuProThrGlnAanisThrCysSerTerroGlyTrpHisSerThrSerIleValAspGlnThrArqProHisGlyAspSerAlaProValS
AlaAsn ThrValAla Asn ThrSer Asn

CCTGTTTGGGAGAACACCATGCCACCCCATCTCTGCCTGCAGATCCCGGCTCCCTACCTGAAGAAAGTGCCTCACCAGCAAGGTGCATGATCGTCCACCA
erCysLeuGlyGluHisHisﬁ}a;hrProSerkeuPrOCI:AspﬁfoGlygerleuProGluGluSorAlaSerProAlaAquysMetIleVelHisGl
is ro a is ys

GGGCACCATTCTGGACAATGTTAAGAACCTCTTAGAATTTGCAGAAACACTCCAGTTTATAGATTCTTTCTTGAACACTTCCAGCAACCATGAAAGCTC
ngly;hrlleLeuAspAanalLysAsnleuLeuGluPheAlaGluThrLeuGlntheIleAspSerPheLeuAsnThrSerSurAanisGluSerSer
erAsn eu Asnleu

GGCTTAGATGCACCTACCTTACCCTCCACTCCTCTCATTGGTCACAAACTGACACCATGTCGAGACCAGACTGTGAAAACCCAGAAGGAAAATTCCAT
GlyleuAspAlaProThrLouProSerThrProLeuIleGlyHisLysLeuThrProCysArgAspGlnThrValLysThrGlnLysGluAsnSerIl
Asn Asn Ala The ValCys MetSerValThr# AlaPhe HisVa

TTAGAACTCCAGCTATCAAAAGGTCAATCCTCGAAAGCTCTCCTCGAACTCCCACACCATTCAAACATGCCCTTGCAGCTCAAGAAATTAAATACGGTCC
heArgThrProAlaIleLysArgSerI1eLeuGluSerSerProArgThrProThrProPheLysHisAlaLeuAlaAlaGlnGluIleLysTyrGlyPr

CCTGAAGATGCTACCTCAGACCCCCTCCCATGCAGTGGAGGACCTACAAGATGTGATTAAGCAGGAATCGGATGAATCTGGAATTGTGGCTGAGTTTCAA
oleulysMetLeuProGlnThrProSerHisAlaValGluAspleuGlnAspValllelysGlnGluSerAspGluSerGlyIleValAlaGluPheGln

GAGAGTGGACCACCGTTACTGAAAAAAATCAAGCAGGAGGTGGAGTCGCCAACTGAGAAATCGGGAAACTTCTTCTGCTCAAACCACTGGGCAGAGAACA
GluSerGlyProProLeuLeulyslyslleLysGlnGluValGluSerProThrGluLysSerGlyAsnPhePheCysSerAanisTrpAlaGluAsnS

GCCTGAGCACCCAGCTGTTCTCGCAGGCGTCTCCTGTGGCAGATGCCCCAAATATTCTTACAAGCTCTGTTTTAATGACACCTGTATCAGAAGATGAAGA
erleuSerThrGlnleuPheSerGlnAlaSerProValAlaAspAlaProAsn!leLeuThrSerSerValLeuMe{ThrProVaISerGluAspGluAs

CAATGTCCTCAAAGCCTTTACCGTACCTAAGAACAGGCCCCTGGTGGGTCCCTTGCAGCCATGCAGTGGTGCCTGGGAGCCAGCATCCTGTGGGAAGACA
pAanalLeulysAlaPheThrValProLysAsnArqProLeuValGlyProLeuGlnProCysSerGlyA1aTrpGluProAlaSerCysGlylysThr

GAGGACCAGATGACGGCCTCCGGTCCGGCTCGGAAATACGTGAACGCGTTCTCAGCTCGAACTCTGGTCATGTGAGACATTTCCAGAAAAGCATTATGGT
GluAspGlnMetThrAlaSerGlyProAlaArqlysTyrValAsnAlaPheSerAlaArqThrleuValMetTer

TTTCAGAACACTTAAAAGTTGACTTTCGACACATGGCTCCTCAGCGTGGAGCGCTCCATGGCTGAGAGAAGAGCCTGATTTTGTTGTGGTACAACAGTTG
AGAGCAGCACCAAGTGCATTTTTAGTTGCTTGAGATCTCACTTGATTTCACACAACTAAAAAGGATTTTTTTTTTTTAAAATAATAATAATGAATAACAG
TCTTACCTAAATTATTAGGTAATGAATTGTGACCATTTGTTAATATCATAATCAGATTTTTTAAAAAAAATAAAATGATTTATTTGTATTTTAGAGGATA
CAACAGATCAGTATTTTTGACTGTGGTGAATTTAAAAAAAAAATTTACACAAAGAAATATCCCAGTATTCCATGTATCTCAGTCACTAAACATACACAGA
GAGATTTTTAAAAACCAGGAGAAGCATTATTTTGAATGTTAGCTAAATCCCAAGTAATACTTAATGCAACCCTCTAGGAGCTCATTTGTGGCTAATAATC
TTGGAAATATCTTTATTATACTAAACCATTTCATGAGGAGAATTTTGTTGTCAGCTTGCTTGAAAAGTTATTACTGTATGAAATAGTTTTATTGAAAAAA
TTATATTTTTATTCAGTAATTTAATTTTGTAAATGCCAAATGGAGAAATGTGTTCGCTGCTATGGTTTTAGCCTGTAGTCATGCTGCTAGCTTGTGTCAG
GGGGCAATAGAGCTTAGATGGAAAAAAGAGAAAGAGACTCGGTGTTAGATAACGGACTATGCACTAGTATTCCAGACTTTTTTATTTTTATATATATGTA
CCTTTTCCTTTTGTAATTGGAAAACTTATTTGGGAGAATTTTGCATTTGTTGTACATTTTTGTTTTTITAGGATTTTTTTTITTTTTIGTTGTTATTGTCGAT
TTATAAAAGCATTGCACTTICTTTITCTTTITTTTGGGAGATTTGTGTTGTTTATGTCATATGTTTTGTTTTGAGTTCAGCCTGAATGTTCATCCGTTTGGG
CGTTTTTCTGACTTGGAAGAACATTCTCTGTAGGTTTCTAAGTGTACAGAGCCGGAACTGCCTCGTGGTTCCTGGGCTTCAGGGAAGACAAATATGGAAG
TCAACAGCCAGTTTCTGCCTTGAGAGCATTTGCAAGAATGCTGGCCTTGAATTCTGAAATGACAGTGTATCTACTGCCTTGTAGCAAAATAAAGCTATCC
TCTTATTTTACATAAAAAAAAAAAAAAAAAAA

F1G. 2. Nucleotide sequence of the murine c-myb mRNA. The amino acid sequence of the single long open reading frame, beginning at the
first in frame initiation codon, is shown directly below the nucleotide sequence. The boxed region indicates the available amino acid sequence
of the avian c-myb (16). Amino acid differences between the murine and avian sequence are indicated beneath the murine amino acid sequence.
Deletions in the murine sequence relative to the avian sequence are marked * (one amino acid) and # (four amino acids). The two potential
AATAAA polyadenylylation signals are underlined. Discordances with the published murine c-myb mRNA sequence (ref. 29; corresponding
to positions 230-3020 in our sequence) are indicated as the position in our sequence. The nucleotide difference in the published sequence and
the amino acid change in the published sequence in parentheses are as follows: 251/252, insert C; 492, substitute A; 577, substitute A (Lys);
865, substitute A (Lys); 1064, substitute T (Val); 1496, substitute A (Asn); 1763, substitute G (Arg); 1788, substitute T; 1838, substitute C (Ala);
1914, substitute A; 2376, delete T; 2377, substitute A; 2497, substitute A; 2721, delete C; 2724-5, delete AA; 2726, substitute G; 2732, delete
C; 2742, delete A; 2766, delete A; 2774, delete C; 2783, delete A; 2875, substitute A; 2893, substitute A; 2989/2990, insert T; 3014/3015, insert

C; 3020, substitute A.

mRNA from various murine hematopoietic cells (ref. 28 and
T.P.B., unpublished data). The apparent 5’ heterogeneity
indicated by S1 nuclease protection studies (Figs. 4 and 5)
may account for the discrepancy between the size of c-myb
mRNA as determined by RNA blots and the size predicted

from our composite sequence of two cDNA clones. At
present we have no evidence as to whether the apparent 5’
heterogeneity is due to multiple sites of transcription initia-
tion, to posttranscriptional cleavage at the 5’ end of the
mRNA, or to alternative splicing of a 5'-leader sequence.
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F1G. 3. Southern blot analysis of BALB/c genomic DNA. The
DNA was digested with either EcoRI (R) or BamHI (B), fractionated
on 0.8% agarose gels, and transferred to nitrocellulose (32). The
fragment sizes are listed to the side of each digest in kilobases. EcoRI
sites which are the result of EcoRlI linkers are indicated as (R1).
Nick-translated probes were prepared from specific fragments as
indicated above and include the following bases relative to the c-myb
mRNA sequence in Fig. 2: probe I, nucleotides 1-820; probe II,
nucleotides 821-3350; probe III, nucleotides 3351-3432. Filters were
hybridized at 42°C and washed in 0.1x SSC/0.1% NaDodSO, at 58°C
(probes I and II) or 50°C (probe III).

The published murine c-myb mRNA sequence of Gonda et
al. (29) (corresponding to positions 230-3020 in our se-
quence) predicts essentially the same coding sequence but
does not define either the 5’ or 3’ ends of the mRNA. As
indicated in Fig. 2, it differs at 9 coding positions (resulting
in six amino acid differences) and 18 noncoding positions.
These differences may reflect sequencing errors, cloning
artifacts, somatic mutations of c-myb in the cell lines, or
genetic polymorphisms. We can provide some additional
evidence regarding our sequence. First, all putative coding
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sequences and most noncoding sequences were sequenced in
two directions (Fig. 1). Second, positions 472, 577, and 865
were identical for independent cDNA clones. However, two
independent cDNA clones differed at position 1064, with one
clone identical to the Gonda et al. (29) sequence. Third, our
sequence lacks a HindIII site (position 577) and contains a
Pvu 11 site (position 1914), which are discrepant with the
sequence of Gonda et al. (29). Both discrepancies were
verified by restriction enzyme analysis on two or more
independent cDNA clones.

A comparison of the murine c-myb mRNA and published
portions of the avian c-myb (16) gene are shown boxed in Fig.
2. The homologous region occurs at nucleotides 478-1599
(amino acid residues 71-444) in our murine c-myb mRNA
sequence. There is 82% amino acid and 77% nucleotide
sequence homology over this region. It is possible to identify
three subregions that have even more striking homology than
is apparent for the entire region by arbitarily dividing this
1122 nucleotide stretch into six subregions as follows: I
(478-867); II (868-1041); III (1042-1227); IV (1228-1353); V
(1354-1494); and VI (1495-1599). The amino acid homologies
for these six subregions are 100, 45, 99, 67, 94, and 55%,
respectively. In fact the minimal nonhomology in subregions
III and V results from conservative amino acid substitutions
in each case. Since the avian c-myb sequence was inferred by
homology to the AMV v-myb sequence (16), both sequences
are homologous to the same section of the murine c-myb
sequence (nucleotides 478-1599). We note that the only
nonconservative changes between the avian c-myb and
v-myb are four amino acid differences spread throughout
subregion I. The E26 virus v-myb sequence (17) is homolo-
gous to nucleotides 506—1350 (amino acid residues 81-361) in
the mouse c-myb sequence and thus lacks the first 10 amino
acids in subregion I and all of subregions V and VI. It was
initially reported that avian c-myb and v-myb contain two
tandem repeats of approximately 50 amino acids each in
subregion I (33). Gonda et al. (29) have pointed out that their
murine ¢cDNA sequence and the published Drosophila
genomic sequence (34) include three tandem repeats of amino
acids (corresponding to nucleotides 377-532, 533-688, and
689-841 in our sequence). In addition to this intriguing
observation regarding tandem repeats in subregion I, the
remarkable amino acid sequence conservation of subregions
I, I1I, and V suggests that there may be multiple noncontigu-
ous regions in the c-myb protein that are important for its
functions.

All of the apparent heterogeneity detected by S1 nuclease
analysis of c-myb mRNA (Figs. 4 and 5) occurs to the 5’ side

0 GGATCCAG'}’2GGTTTGTCEXGCAAGTGT%gGACGCAGG:gCCAGGACngAGCGCACTg’?GCAGAGGCZgAAGTGCGngTAGGCACC?’gCTGGGGTGGG
100 TGGGCCCGGCGTGTGTTAAGTGAGGGAGGAAGGGCTTATGACAAAAAGCCGGTGGTGTGTGGGCTGCAGGATCTGGGAGGAGATTGAAAAATGAGCCCG
200 GGGCTCGATCTGTCAAAGGCTGTAGCCACAGGGCTGACTGTATTTAAGTATCCTTTGTCGCTTACCAGTGAATTAAAGATGTCCCTTTAAAATTAAAACA
300 TGAAAAACTGGACCTAGTCAAAAATCGTTGGGGGT TGGGGAAGTACGCTCACTCTATTCAACCGATCATCCCTCACACTCTCTGCTCCCGGGTGTGTTGA
400 AGTCGG‘GGCGCAGTTGAAACCCTGAAGGCAGAAGTGTGTCACCCAA'CCCCATCGAGGTGCCCTTGAATGGAAGCGCTGCTGATTCGGGCTCGGGAGCCCC
500 GGAGCCTACGGAGAGGAGCGACCGCGTAGCCCCGAAAGCGGTAACAGCGGGACCCGGTGTGAGCCGCGCCACCQGGCCAAGGAGCGGGGTUGCGCAGGA
600 AAAGGCGCCACGCCCCGGCCGCCCCTCCCCAGCCCGGGCTCCCCGCCCGCCCGCCGTCCCGGCCGCGCTGCGCGCAGGAGCAGCTCCGCGGCGCGAGAGG
700 CGAATGGGAGCGGCGGCCAAGGCGGGCTGCAGCTCGGGCGA‘CCGCGGAGGCGGCGGGCAGGGCGCGTGCGCACTGCAGGGG‘CGCCAGATTTGGCGGGAGGG
800 GGAGTGT(}:AAACCTCTTTGTTTGATGGCATCTGTT‘TACAGAGTTACACTTATAATA?CAAC(;GTTTCCTCCTCCATCCTTCTCCTCCTTC-’I"CCTCCTCCT
900 CC"I'CGGTGACCTCCTTCTCCTCCCCTTTCTCCGGAGAAACTTGCCCCCGGCGGTGCGGAGCGCCGTGCGCAGCCGGGGGAGGACGCAGGCAAGGCGGAGG

1000 GCAGCGGGAGGCGGCAACCGGTGCGGTCCCCGGGGCTCTTGGCGGAGCCCGGCCCGCCTCGCCﬁGCCCGGAGACCCCGACACA
1100 [GAGAGGGCGGCCTCGGGCTAGGGCGCGCGGGGATCCI

Fi1G. 4. Nucleotide sequence and organization of the 1136-bp BamHI murine c-myb genomic fragment containing the translation initiation
codon. The sequence includes bases 1-287 of the composite mRNA at positions 800-1086. The translation initiation codon is underlined. The
boxed region contains 50 bp of intron sequence that begins at a consensus splice donor site. This sequence also includes 799 bp of putative
5'-untranslated region and flanking sequence. The 5’ extremities of S1 nuclease resistant products seen in Fig. 5 are marked (a). A potential

TATA sequence is marked by dashes.



3208 Biochemistry: Bender and Kuehl

% N
A & B &
@ @
SIS NAY
s o T o
M /A M /A
1600—
. 1600 —
517 g
396— ,
344 : -
298 — . 517—
: 396
o . 34—
. .
298—
154—
220—
1136 Bases 592 Bases
s
I | -+ Probe A . - Probe B

Fi1G. 5. S1 nuclease protection assay by 70Z/3B total cellular
RNA of single-stranded DNA probes prepared by primer extension
of M13 clones. (A) Probe A is the 1136-base BamHI genomic
fragment described in Fig. 4. It contains bases 1-287 of our c-myb
mRNA sequence and 799 bases of putative 5'-untranslated region and
flanking sequence (solid portion) plus 50 bases of intron (open
portion). As indicated by thin lines the probe carries 22 bases of
M13-polylinker DNA on the 3’ side of the genomic fragment and 46
bases at its 5’ end including the 17-base primer. Specific S1 nuclease
resistant products are marked to the right with dots. A band
representing undigested probe is marked with a dash. (B) Probe B
contains bases 233-824 of the cDN A sequence (solid region) plus the
17-base primer at its 5’ end (thin line). Molecular size markers (M)
are Hinfl restricted pBR322 in bases.

of the proposed translation initiation codon and thus repre-
sents mRNA capable of being translated into a single protein.
However, the mechanism and biological relevance of this
extreme heterogeneity is not readily apparent though 5’
heterogeneity has been reported in viral and eukaryotic
cellular genes (35-39). Some of these examples (35-37) have
been shown to be due to multiple transcription initiation sites,
with transcripts generally initiating in association with clas-
sical promoter structures. Though there is a single TATA
type of structure at position 852 (Fig. 4), no CAAT box is
associated with it. The promoter regions of an increasing
number of cellular genes, as well as of simian virus 40, have
been shown to be very G+C-rich and to contain multiple
copies of GC box sequences (i.e., CCGCCC or its inverted
repeat) in lieu of or in addition to TATA and/or CAAT box
structures (38, 39). We note that the 5'-untranslated/S’-
flanking region of murine c-myb (Fig. 4) is very G+C rich
(64%) and also contains three CCGCCC sequences (begin-
ning at nucleotides 619, 643, and 647 in Fig. 4).

Our results on the genomic organization of the c-myb locus
indicate that the 7.8-kb EcoRI genomic fragment is located on
the S5’ side of the 4.2-kb EcoRI genomic fragment and
contains the methionine codon at which translation is initi-
ated (Fig. 4). Thus, the murine plasmacytoid lymphosarcoma
tumors with Moloney murine leukemia virus insertions into
the 4.2-kb EcoRI c-myb fragment (19) are disrupted in the
c-myb coding region, so that the abnormal c-myb RNA
products observed in these tumors probably lack the coding

Proc. Natl. Acad. Sci. USA 83 (1986)

region for the normal amino terminus of the c-myb protein.
The abnormality at the amino terminus of c-myb in these
tumors would then be analogous to the deletion of the amino
terminus of c-myb that exists for the v-myb proteins pro-
duced by both the AMV and E26 avian leukemia viruses (18).
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