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We isolated and characterized molecular clones containing the chicken cellular
homolog (c-myb) of the avian myeloblastosis virus oncogene (v-myb). Mapping of
the c-myb clones using restriction endonucleases and hybridization to radiola-
beled v-myb probes revealed that the sequences homologous to v-myb are
contained within four separate regions, which have since been shown by
nucleotide sequencing (Klempnauer et al., Cell 31:453-463, 1982) to carry seven
exons. Analysis of c-myb transcripts showed the presence of several large
precursor RNAs in addition to the 4.0-kilobase cytoplasmic mRNA. We also
determined the approximate positions of the c-myb sequences that are present in
the 4.0-kilobase c-myb mRNA but not present in v-myb. Some of these sequences
are found in a separate region 5' to the v-myb-related sequences, whereas the
remainder appear to be located immediately 3' to the v-myb-related sequences.
The data presented here, in conjunction with nucleotide sequence analysis
(Klempnauer et al., Cell 31:453-463, 1982), indicate that the c-myb gene contains
at least eight exons which span a total of about 16 kilobase pairs. The presence of
exon sequences in c-myb outside the regions of homology with v-myb raises the
possibility that the v-myb and c-myb gene products may differ significantly.

One of the major advances in the understand-
ing of the molecular basis of malignant cellular
transformation has been the discovery of a class
of genes that are present in rapidly oncogenic
retroviruses and also in normal cells (4). These
genes, termed oncogenes, are responsible for
the oncogenicity of the retroviruses which carry
them, and their presence in normal cells raises
two questions. (i) What is the role of the c-onc
genes in normal cells? (ii) Are c-onc genes
involved in tumors which are not caused by
rapidly oncogenic retroviruses? (In this paper
we will refer to viral oncogenes [in general] as v-
onc genes and their cellular homologs as c-onc
genes. Otherwise, the nomenclature of Coffin et
al. [8] will be used.) Recent evidence suggests
that the answer to the second question is posi-
tive (10, 18); however, the answer to the first is
not at all clear at the moment. Studies of the
transcriptional expression of c-onc genes (7, 13,
30) have suggested that one of these genes, c-
myb, the cellular homolog of the avian myelo-
blastosis virus (AMV) oncogene (v-myb), may
have a role in hemopoiesis. The c-myb gene is
also transcribed in several human hemopoietic
tumor cells (29), although there is no evidence to
suggest that c-myb expression in these cells has
any role in their transformation.

t Present address: Ludwig Institute for Cancer Research,
PO Royal Melbourne Hospital, Victoria 3050, Australia.

Several studies have reported the presence of
sequences homologous to v-myb in DNA from
normal chickens (14, 22, 27) and from other
vertebrates (2). In this report, we present an
analysis of the overall structure of the chicken c-
myb locus and a characterization of c-myb tran-
scripts. The results show that as in most cellular
genes, the coding sequences are interrupted by
several large regions of DNA ("introns") which
are transcribed but removed from the mature
mRNA. Recently Perbal and Baluda have also
reported the presence of at least one intron in
the c-myb gene (20). We have also located
sequences in the c-myb locus which are present
in the mature c-myb message but not in the v-
myb sequence.
The isolation of the c-myb clones described in

this report has permitted a comparison of the
nucleotide sequences of v-myb and the corre-
sponding regions of c-myb (16). The observa-
tions presented here, taken in conjunction with
this sequence analysis, suggest that there may
be significant differences between the v-myb and
c-myb gene products.

MATERIALS AND METHODS
Isolation of recombinant phage containing c-myb se-

quences. A library of chicken genomic DNA fragments
in bacteriophage Charon 4A, prepared by partial diges-
tion of the chicken DNA with AluI and HaeIII,
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followed by attachment of EcoRI linkers, was kindly
provided by J. Dodgson and J. Engel (11). The library
was screened, and recombinant phage were isolated as
described previously (17). The probe used was an
AMV-specific cDNA (cDNAmyb; see below). Large-
scale growth of purified phage was as follows. Bacteria
(DP50 SupF) were grown in NZYDT medium (6) to an
absorbance at 600 nm of 0.9, and 25 ml of the bacterial
suspension was mixed with 2 x I09 PFU of phage in 25
ml of 0.1 M NaCl-0.01 M MgCl,-0.01 M Tris-hydro-
chloride (pH 7.4). The mixture was added to 1 liter of
NZYDT, and incubation with shaking was continued
until lysis occurred (3 to 7 h). Phage were purified by
polyethylene glycol precipitation, followed by two
cycles of cesium chloride equilibrium centrifugation
(as described by F. Blattner in the protocol which
accompanies the Charon phages). DNA from the puri-
fied phage was isolated by proteinase K digestion in
the presence of 0.5% sodium dodecyl sulfate, foHowed
by phenol-chloroform extraction, and then was either
dialyzed against 0.01 M Tris-hydrochloride (pH 7.4)-
0.001 M EDTA or concentrated by ethanol precipita-
tion.

All work with recombinant DNA was carried out
according to National Institutes of Health guidelines.
Mapping of phage and genomic DNAs. Restriction

endonucleases were purchased from New England
Biolabs or Bethesda Research Laboratories and used
as recommended by the suppliers. Restriction endonu-
clease digests were analyzed by agarose gel electro-
phoresis; after the gels were stained with ethidium
bromide, DNA was transferred to nitrocellulose by the
procedure of Southern (26) and analyzed by hybridiza-
tion to cDNAmyb (see below). Chromosomal DNA
from a chicken lacking endogenous proviral sequences
(15) was similarly analyzed.

Analysis of c-myb RNA. RNA was prepared from
avian erythroblastosis virus (AEV)-transformed eryth-
roblasts (kindly provided by T. Graf) and analyzed by
formaldehyde-agarose gel electrophoresis, transfer to
nitrocellulose, and hybridization to radiolabeled DNA
probes, using procedures which have been described
previously (13). Sizes of RNA species were estimated
by comparison with rRNA markers, which were de-
tected by ethidium bromide staining of the gels.

Nuclear and cytoplasmic fractions from AEV-trans-
formed erythroblasts were prepared as follows. Cells
were collected by centrifugation and resuspended at
107/ml in cold RSB (10 mM Tris-hydrochloride [pH
7.4], 10 mM NaCl, 3 mM MgCI2, 0.5% Nonidet P-40).
After thorough mixing, nuclei were pelleted by centrif-
ugation (2,000 rpm, 5 min, 4°C). The supernatant
(cytoplasmic fraction) was adjusted to 0.1 M NaCl, 10
mM EDTA, 0.5% sodium dodecyl sulfate, and 200 ,ug
of proteinase K per ml and incubated at 37°C for 1 h.
The nuclear pellet was washed in cold RSB and then
resuspended in 0.1 M NaCl-1 mM EDTA-10 mM Tris
(pH 7.4). Proteinase K was added to 200 Lg/ml,
followed by sodium dodecyl sulfate to 0.5%, and the
sample was incubated at 37°C for 1 h. Polyadenylated
RNA was then isolated as described previously (13).

Hybridization probes. (i) AMV-specific cDNAmyb
was prepared from AMV virion RNA as described
previously (14). (ii) cDNA enriched for sequences
from the 3' portion of v-myb was prepared from AMV
70S virion RNA by procedures described previously
(14) for the preparation of a 3'-specific probe from

MAV 70S RNA, except that in the present work, the
length distribution of the cDNA was 300 to 1,000
bases. (iii) The cloned v-myb probe was prepared
using the 1.25-kilobase pair (kbp) KpnI-XbaI fragment
of cloned AMV DNA which contains mainly myb
sequences (27). This fragment was prepared from a
cloned BamHI fragment containing the 3' portion of an
AMV provirus (which has the entire v-myb region
[27]); the isolation of this clone is described elsewhere
(16). (iv) Probes A, B, C, D, and E (see Fig. 3) were
prepared with DNA isolated from the c-myb recombi-
nant phage. The 1.3-kbp HindlIl fragment used to
prepare probe A and the 1.0-kbp EcoRI fragment used
to prepare probe C were subcloned in plasmids. Probe
B was prepared by EcoRI-BstNI digestion of the probe
A fragment. The DNA fragment used to prepare probe
D was obtained by EcoRI-HindIII digestion of DNA
from the recombinant phage XCM-1 (see below and
Fig. 3), while that used to prepare probe E was
obtained by SacI digestion of XCM-2 DNA (see Fig.
3).

Preparative gel electrophoresis was performed with
low-melting-point agarose (Seaplaque, FMC Inc.).
Bands were visualized by ethidium bromide staining
and excised from the gel. The agarose slices were
melted at 68°C in the presence of 4 volumes of 0.3 M
NaCl-0.02 M Tris-hydrochloride (pH 7.4)-0.001 M
EDTA-0.1% sodium dodecyl sulfate and extracted
twice with phenol. The aqueous phase was concentrat-
ed with butanol-isopropanol (7:3), and DNA was re-
covered by ethanol precipitation.

Synthesis of radiolabeled probes from DNA frag-
ments using AMV polymerase and random primers
has been described (14). Filter hybridization, washing,
and autoradiography were carried out according to
published procedures as previously described (14).

RESULTS
Detection of myb sequences in the chicken

genome. DNA from a chicken which lacks en-
dogenous proviral sequences (15) was digested
with several restriction endonucleases, electro-
phoresed through an agarose gel, and trans-
ferred to a nitrocellulose filter by the Southern
blotting procedure (26). The filter was then
probed by hybridization to cDNAmyb (see
above). Several hybridizing fragments were de-
tected with most of the endonucleases used (Fig.
1). In many cases, three or more fragments
larger than 1.2 kbp (the size of v-myb) were
detected; this suggests that the regions of homol-
ogy to v-myb are separated by nonhomologous
sequences, i.e., by introns. (Note that EcoRI
digestion yielded four fragments, the band in
Fig. 1, lane 2, between 2.0 and 2.3 kbp, being a
doublet; this is apparent on the original autora-
diogram and is shown by the analysis of the
recombinant clones described below.)

Isolation of c-myb clones from a library of
chicken DNA-bacteriophage recombinants. To
further characterize c-myb, we isolated bacterio-
phage containing myb sequences from a library
of chicken DNA fragments cloned in bacterio-

VOL. 46, 1983



214 GONDA AND BISHOP

phage Charon 4A (11). Approximately 4 x 105
phage were screened by plaque hybridization
techniques (1) with cDNAmyb as a probe. Four
positive plaques were detected, and the phage
from each were purified; subsequent analysis
showed two to be identical. DNA from the three
nonidentical clones, XCM-1, XCM-2, and XCM-
3, was digested with EcoRI and with EcoRI plus
SacI (Fig. 2A). This analysis, when followed by
Southern blotting and hybridization to cDNAmyb
(Fig. 2B) showed the following. (i) XCM-1 plus
XCM-3 together contain all four c-myb EcoRI
fragments which are found in chicken chromo-
somal DNA (8.7, 5.5, 2.1, and 2.0 kbp; Fig. 1).
(ii) DNA from XCM-3 contains all four c-myb
EcoRI-SacI fragments found in the genome (1.6,
2.1, 2.0, and 0.9 kbp; Fig. 1), implying that all of
the sequences homologous to v-myb are present
in this clone. This has been confirmed in experi-
ments using a probe prepared from cloned v-
myb sequences (data not shown). (iii) These data
show that the three clones overlap, since all
three contain the 2.1-kbp EcoRI fragment, XCM-
1 and XCM-3 both contain the 2.0-kbp EcoRI
and 1.6-kbp EcoRI-SacI fragments, and XCM-2
and XCM-3 both contain the 8.7-kbp EcoRlI
fragment (Fig. 2B). The presence of a 1.9-kbp
EcoRI fragment in ACM-2 (Fig. 2, lanes 3 and 9)
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FIG. 2. Restriction analysis of DNA from c-myb
recombinant phage. DNA from ACM-1, XCM-2, and
XCM-3, as indicated, was digested with EcoRI (lanes
1, 3, 5, 7, 9, and 11) or EcoRl plus Sac (lanes 2, 4, 6,
8, 10, and 12) and electrophoresed through an agarose
gel. The DNA fragnents were detected by staining
with ethidium bromide (A) and then were transferred
to nitrocellulose and hybridized to cDNAmyb. The
resultant autoradiogram is shown in (B). The positions
of size markers are indicated between the two panels.
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FIG. 1. Detection of c-myb sequences in chicken
chromosomal DNA. DNA (8 ,ug per lane) was digested
with various restriction endonucleases and analyzed
by agarose gel electrophoresis, Southern blotting, and
hybridization to cDNAmyb. The restriction endonucle-
ases used were: Sacl (lane 1), EcoRI (lane 2), HindIII
(lane 3), BamHI (lane 4), XhoI (lane 5), PstI (lane 6),
Sacl plus EcoRI (lane 7), Sacl plus HindIll (lane 8),
and HindIll plus EcoRl (lane 9). The positions of size
markers are indicated at the left.

suggests that the c-myb insert in this clone
terminates within the 2.0-kbp EcoRI fragment
found in chromosomal DNA and in XCM-1 and
XCM-3. Similarly, the 4.0-kbp EcoRI fragment
in XCM-3 presumably arises because the c-myb
insert in this clone terminates within the 5.5-kbp
EcoRI fragment found in chromosomal DNA
and in XCM-1. Thus the data imply that the order
of the EcoRI fragments containing sequences
homologous to v-myb is 5.5 kbp-2.0 kbp-2.1 kbp-
8.7 kbp; this is confirmed by more detailed
restriction mapping (see below).

Detailed mapping of the c-myb locus. Having
established the relative positions of the se-
quences contained in the recombinants, XCM-1,
XCM-2, and XCM-3, we constructed a more
detailed map of the c-myb locus. Data were
obtained by single and double restriction endo-
nuclease digestion, followed by Southern blot-
ting and hybridization to cDNAmyb or to probes
prepared from cloned v-myb DNA. These data
were compared with genomic blotting data (Fig.
1). The resultant map is shown in Fig. 3 along
with the positions and orientations of the inserts
of the three c-myb phage clones.
The transcriptional orientation of the gene

relative to the restriction map was determined
with a cDNA probe enriched in sequences from

*qw. m



STRUCTURE OF THE c-myb GENE 215

5'- M 3'

ES K S E E E Bs BE

H Bg H H
a

S S SBa

X Bg HHH Bg

E

l

(E)
b km*~qk xCM-Ir~ kb

-EI R

{E)
_*_ CM 3XL-rm -- -

(E)
XRAwl$ ACM-2

(E)
-ISUUSPI XR

(E)
t/MXL

D C A E
cB
FIG. 3. (a) Restriction map of the c-myb locus. The sites of cleavage of the following restriction endonucle-

ases are shown: EcoRI (E), Sacl (S), HindIII (H), BamHI (Ba), BgIII (Bg), KpnI (K), and XbaI (X). In addition,
the position of one BstNI site (Bs*) is shown, as it defines one boundary of probe B; the locations of other BstNI
sites have not been determined. Also shown are the positions of the four regions of homology with v-myb
(stippled boxes), numbered II, III, IV, and V; the precise positions of the v-myb-related sequences within these
four regions were not determined in this study. The arrow indicates the direction of transcription (see text). (b)
Position and orientation (see text) of the three c-myb recombinant phage, XCM-1, XCM-2, and XCM-3, with
respect to the map of the c-myb locus. (Note that the EcoRI sites at the boundaries of the inserts in these phage
were created by addition of linkers used in constructing the library.) Wavy lines indicate the left (XL) and right
(XR) arms of the Charon 4A vector (not to scale). (c) Positions of the DNA fragments used to prepare probes A,
B, C, D, and E, in relation to the restriction map shown in (a) above.

the 3' portion of the v-myb gene. This probe was
prepared from AMV virion RNA by reverse
transcription with oligodeoxythymidylate as a
primer (see above). The final oligodeoxythymi-
dylate-containing cDNA had a length distribu-
tion of 300 to 1,000 bases, so that a proportion of
the DNA molecules extended into the v-myb
gene (about 600 bases from the 3' [polyadeny-
late] terminus of the RNA), but none of it
extended to the 5' end of the v-myb gene (about
1.8 kb from the 3' terminus of the RNA [12, 26]).
Hybridization of this probe to HindIII-EcoRI
digests of XCM-1, XCM-2, and XCM-3 (Fig. 4)
showed that 3' sequences were present in XCM-
2 and XCM-3 but not in XCM-1. Furthermore,
only the 4.6-kbp EcoRI-HindIII fragment hy-
bridized to the 3'-enriched probe in XCM-2 and
XCM-3; location of this fragment on the map
shown in Fig. 3 yields the orientation of the
gene. This is consistent with the relative orienta-
tion of the three clones (Fig. 3). Note that the
preferential reaction of the 3'-enriched probe
with one fragment rules out the possibility that
the four hybridizing EcoRI fragments detected
with cDNAmyb or cloned v-myb probes repre-
sent four separate copies of the complete myb
sequence. Southern blotting experiments with
chromosomal DNA and probes derived from the
recombinant molecules reinforce this conclusion
(data not shown). In the light of the restriction
map of c-myb shown in Fig. 3, the data of Souza

et al. (27) and Perbal and Baluda (20) are also
consistent with the orientation deduced here.
The data summarized in Fig. 3 reveal that the

c-myb sequences homologous to v-myb, which
have a total length of about 1.2 kbp, are distrib-
uted between at least four separate regions
(numbered II to V, Fig. 3) of the c-myb locus
which span a minimum of 8 kbp. Thus, these
data suggest that the c-myb gene contains at
least four exons; although the positions of the
exons could not be further localized within each
region by mapping the phage clones, nucleotide
sequencing has subsequently revealed that re-
gions II to V contain a total of seven exons (16).

Transcription of the c-myb locus. RNA from
several chicken tissues and cell lines has been
shown to contain myb sequences (7, 13). Previ-
ous work from this laboratory (13) has shown
the presence of a major polyadenylated tran-
script of 4.0 kb in these cells and tissues; in
addition, several larger RNA species were de-
tected. Further analysis of c-myb transcription
was performed with polyadenylated RNA from
AEV-transformed erythroid cells (erythro-
blasts), which was previously shown to contain
a relatively high level of c-myb sequences (13).
The RNA was fractionated on formaldehyde-
agarose gels, transferred to nitrocellulose, and
hybridized to probes prepared from cloned v-
myb DNA and from XCM-3 DNA.

Figure 5 shows that several RNA species
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hybridized to both probes (lanes 1 and 2). Earlier
studies, in which the single-stranded cDNA,myb
was used as a hybridization probe, also demon-
strated the presence of the two smaller RNA
species in polyadenylated RNA from uninfected
chicken tissues (data not shown). These obser-
vations show that the major transcripts from the
c-myb locus contain the sequences homologous
to v-myb and are of the same polarity as the v-
myb RNA species.
The relationship between the various species

was first investigated by examining RNA isolat-
ed from nuclear and cytoplasmic fractions of the
AEV-transformed erythroblasts. In this experi-
ment (Fig. 6), a 1.3-kbp HindIlI subclone from
the c-myb region (Fig. 3, probe A) was used; this
probe detects the same RNA species as v-myb
and XCM-3 probes (cf. Fig. 5, lanes 1 and 2, and
Fig. 6, lane 1) (the 7.9-kb RNA species can be
seen on longer exposures of the autoradiogram
shown in Fig. 6). Despite some degradation of
the RNA which occurred during the fraction-
ation, it is apparent from Fig. 6 that only 4.0-kb
species is present in the cytoplasm, whereas the
5.4-kb species and, presumably, the other, larg-
er RNAs are confined to the nucleus. This
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FIG. 4. Determination of the transcriptional orien-
tation of c-myb. DNA from XCM-1 (lane 2), XCM-2
(lane 3), and XCM-3 (lane 4) was digested with EcoRI
plus HindIII and analyzed by agarose gel electropho-
resis and Southern blotting and hybridized to cDNA
enriched for 3' myb sequences (see text). For compari-
son, DNA from a parallel EcoRI-plus-HindIII diges-
tion of XCM-3 was similarly analyzed by hybridization
to the cloned v-myb probe (lane 1). Note that the
fragments detected by this latter probe are the same as
those detected in an EcoRI-plus-HindIll digest of
chromosomal DNA (cf. with Fig. 1, lane 9). The sizes
of these fragments are indicated at the left.
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FIG. 5. Transcription from c-myb. Polyadenylated
RNA (4 ,ug per lane) from AEV-transformed erythro-
blasts was analyzed by gel electrophoresis and filter
hybridization as described in the text. The probes used
were cloned v-myb DNA (lane 1), XCM-3 DNA (lane
2), probe B (lane 3), probe C (lane 4), probe D (lane 5),
and probe E (lane 6). The sizes of several of the RNA
species detected are indicated at the left.

suggests that only the 4.0-kb species is a mature
mRNA and that the larger species may be pre-
cursors.
The nature of the c-myb transcripts was fur-

ther investigated by hybridization to several
probes prepared from the c-myb clones (see Fig.
3). As mentioned above, probe A detected many
of the same RNA species as did the v-myb and
XCM-3 probes; however, comparison of lane 1
of Fig. 5 with lane 1 of Fig. 6 shows that the
reaction of the 5.4-kb species was greater with
probe A than with the v-myb probe (relative to
the reactions of each of these probes with the
4.0-kb species). This suggests that the 5.4-kb
species contains sequences which are between
the v-myb-related (exon) sequences, i.e., inter-
vening or intron sequences. In support of this,
probe B reacted predominantly with the 5.4-kb
species (Fig. 5, lane 3); the reaction of the 4.0-kb
species with this probe was probably due to low-
level contamination of the probe with v-myb-
related sequences, which in turn probably origi-
nated with the preparative electrophoresis step
used in the isolation of the template for probe B.
(DNA sequencing has subsequently shown that
the exon in region IV [see Fig. 3] is outside the
region covered by probe B [16]; furthermore, a
probe prepared with cloned DNA from the re-
gion contained within Probe B does not react
with the 4.0-kb RNA [personal communication,
K.-H. Klempnauer]). Probe C, prepared from a
fragment which does not react detectably with v-
myb probes (see Fig. 2), reacts most extensively
with two of the larger c-myb RNAs (of 7.2 and
7.4 kb) and several other species (Fig. 5, lane 4).
A very faint reaction was also detected with the
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FIG. 6. Subcellular distribution of c-myb tran-
scripts. Polyadenylated RNA was prepared from nu-

clear and cytoplasmic fractions of AEV-transformed
erythroblasts as described in the text. The RNA was

analyzed by gel electrophoresis and filter hybridiza-
tion with probe A (see Fig. 3). Lane: 1, total polyaden-
ylated RNA; 2, RNA from the cytoplasmic fraction; 3,
RNA from the nuclear fraction. The sizes of the two
major transcripts detected are indicated at the left.

4.0-kb species; this is explained by the results of
DNA sequencing work (16) which has shown
that the EcoRI site at the 3' boundary of probe C
(see Fig. 3) actually lies 26 bases within one

exon in region III. (The failure of v-myb probes
to react with the 1.0-kb EcoRI fragment used to
prepare probe C, despite the 26-base region of
homology, may be due to [i] the lower stability
of DNA-DNA duplexes compared with RNA-
DNA hybrids or [ii] the 1-base mismatch be-
tween v-myb and c-myb in the center of this 26-
base sequence or both [16].)

Hybridization probes were also prepared from
fragments which map both 5' (probe D) and 3'
(probe E) to the regions homologous to v-myb
(see Fig. 3). Both of these probes reacted with
the 4.0-kb c-myb transcript and also with several
larger species; this demonstrates that the c-myb
transcriptional unit extends beyond the v-myb-
related sequences. The relative amounts of hy-
bridization of the 4.0-kb RNA compared with
the larger RNAs were similar for probe E and for
the v-myb probe (cf. Fig. 5, lanes 6 and 1). This
suggests that the sequences in probe E are not
removed by processing of the original transcript.
Probe D, however, hybridized disproportionate-
ly (compared with the v-myb probe) to two large
RNAs of 7.6 and 7.2 kb (Fig. 5, lane 5), suggest-
ing that some (but not all) of the sequences in
probe D which are present in the 7.6- and 7.2-kb
species are removed during processing of the
original transcript.

In addition, an experiment complementary to
those described above was performed, in which
a cDNA probe was prepared from polyadenylat-
ed RNA (from AEV-transformed erythroblasts)
which had been enriched (by sucrose gradient

centrifugation) for the 4.0-kb c-myb transcript.
This probe hybridized to sequences within the
EcoRI-HindlIl fragment used to prepare probe D
and to sequences immediately 5' to this frag-
ment, but not to sequences in XCM-3 which are
5' to region II (unpublished observations) (Fig. 3
and 7). This result limits the extent of region I
(Fig. 7) on the 3' side. Furthermore, the en-
riched cDNA did not hybridize to any sequences
3' to the Sacl fragment used to prepare probe E
(unpublished observations); thus, the c-myb
transcript does not extend beyond the 3' bound-
ary of this fragment (Fig. 3 and 7).

DISCUSSION
In this report, we have described the isolation

and characterization of recombinant bacterio-
phage clones containing chicken DNA homolo-
gous to the presumptive oncogene of AMV.
Since the sequences detected and cloned here
represent all of the myb sequences in the chick-
en genome, it is likely that this gene (c-myb)
represents the progenitor of v-myb. This conclu-
sion is strongly supported by nucleotide se-
quence analysis (16).
Our analysis of the c-myb locus has shown the

presence of a minimum of four separate regions
which contain sequences homologous to v-myb;
nucleotide sequencing has shown that there are,
in fact, seven exons within these four regions
(16). Since most of these sequences are present
in mature messenger-like RNA and probably
encode a protein (16), we have referred to them
as exons and to the sequences in between them
as introns. Thus, our analysis of the c-myb gene
has shown that it is organized and transcribed in
a manner similar to that of most eucaryotic
cellular genes, in that the sequences present in
the mature mRNA, including the presumptive
coding sequences, are interrupted by several
introns. In this respect, it resembles several
other c-onc genes, e.g., c-src (19, 25), c-myc (21,
27), c-Ha-rasl (9), and the two c-erb loci, c-
erbA and c-erbB (24, 28), although each of the c-
erb loci gives rise to more than one cytoplasmic
transcript (28). We have also presented evidence
for an additional exon located 5' to the v-myb-
related sequences and for the presence of c-myb
exon sequences 3' to the v-myb-related se-
quences. These 3' c-myb sequences may be
contiguous with the 3'-most v-myb-related exon,
or alternatively, they may comprise a separate
exon.
The 4.0-kb c-myb transcript is almost certain-

ly the mRNA encoding the c-myb gene product,
since it is polyadenylated and is the only c-myb
transcript present in the cytoplasm. The other c-
myb transcripts are thus likely to be precursors
of the 4.0-kb species, since they are larger,
contain intron sequences, and are associated
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FIG. 7. Possible locations of sequences found in mature c-myb RNA on the map of the c-myb locus. Only the

EcoRI (E) and SacI (S) sites are shown here (see Fig. 3). The locations of sequences present in the mature c-myb
mRNA are indicated by the boxed regions, numbered I to VI; regions II to IV contain sequences homologous to
v-myb (see text). The putative untranslated regions of the message are indicated by the open boxes; the putative
coding regions (see text) are within the regions shown in stippled boxes. Jagged boundaries are used where the
limits of a particular region have not been defined.

with the nucleus. The c-myb transcripts also
contain sequences located 5' and 3' to the v-
myb-related exons; these sequences are likely to
include the 5' and 3' untranslated regions of the
c-myb mRNA (see below).
Although the experiments described here do

not allow the precise mapping of the c-myb
transcripts onto the gene, they do suggest that
the c-myb transcriptional unit is arranged in a
manner similar to that illustrated in Fig. 7. The
main features of this scheme, which are dis-
cussed below, are the following. (i) The se-
quences detected by probe D include an exon in
region I (Fig. 7) which presumably includes the
5' untranslated region present in the c-myb
mRNA. (ii) There is a region of up to 2.6 kbp
(region VI, detected by probe E) which is adja-
cent to the 3'-most v-myb-related exon (in region
V) and presumably includes the 3' untranslated
region of the c-myb mRNA. (iii) The c-myb
protein coding sequences include those se-
quences in regions II to V which are homologous
to the coding sequences of v-myb. This last
feature is supported by comparison of the nucle-
otide sequences of v-myb and the homologous
exons of c-myb, in that these sequences contain
an open reading frame which comprises all but
the first 84 nucleotides of their length (of 1.2
kbp) (16). The scheme shown in Fig. 7 predicts a
primary c-myb transcript of about 16 kb; a
transcript of approximately this size (14 kb) has
been detected (a faint band of this size is visible
in Fig. 5, lane 6; the 14-kb species is also seen on
longer exposures [not shown] of other lanes
shown in Fig. 5). Note that the difference be-
tween the length of the v-myb sequence (1.2 kb)
and the size of the c-myb mRNA (4.0 kb) implies

that the exons in regions I and VI contain a total
of about 2.8 kb; the distribution of these 2.8 kb
between the 5' and 3' regions of the c-myb
mRNA is as yet unknown.
To date, the gene products of v-myb and c-

myb have not been identified, and the nucleotide
sequences of v-myb (16, 23) and the correspond-
ing regions of c-myb (16) do not allow conclusive
identification of the initiation codons for either
protein or of the termination codon for c-myb.
Since, as we have shown, there are exon se-
quences in c-myb both 5' (region I) and 3'
(region VI) to the sequences homologous to v-
myb, it is possible that protein coding sequences
are present in one or both of these regions.
Thus, the c-myb gene product may be signifi-
cantly larger than the v-myb product, since (as
mentioned above) regions I plus VI contain a
total of about 2.8 kb of exon sequences.

In view of the possibility that the c-myb gene
product may be larger than the v-myb gene
product, it is of interest to consider the genome
structure and protein coding capacity of E26, an
avian acute leukemia virus which carries v-myb-
related sequences (5, 12, 22). It appears likely
that more genetic information is required to
encode the E26-specific fusion protein P135 than
can be accounted for by gag- and v-myb-related
sequences in the E26 genome (5). E26 (like
AMV) probably arose by capture of part of c-
myb by a nondefective retrovirus; thus, we
might reasonably predict that the additional
P135 coding sequences in the E26 genome would
be derived from c-myb sequences other than
those homologous to v-myb, i.e., from se-
quences in region I or VI or both. (In fact, region
VI is a better candidate, since the v-myb-related
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sequences appear to be located in the 5' portion
of the E26 genome [5].) If this reasoning is
correct, it follows that there is a significant
amount of coding sequence in c-myb not present
in v-myb.

In summary, the data presented in this report
show that the c-myb gene spans about 16 kb and
comprises at least four regions of sequences
which are present in v-myb plus (at least) two
additional regions found in the c-myb mRNA.
Taken in conjunction with the results of nucleo-
tide sequence analysis (16), the data raise the
possibility that the c-myb gene product is signifi-
cantly larger than, and thus may differ function-
ally from, the v-myb gene product. These results
suggest that further analysis of the c-myb gene
should focus on the nucleotide sequences in
regions I and VI; for example, the 5' and 3'
termini of the c-myb mRNA could be located
using restriction fragments from these regions in
Si mapping (3) experiments.
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