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We isolated molecular clones of the provirus-host cell junctions (tumorjunction
fragments) from two avian leukosis virus-induced lymphomas and compared the
structures of these clones with a clone of the normal c-myc gene. Restriction
mapping and DNA sequencing demonstrated that normal proviral integration
events occurred adjacent to c-myc in both tumors, without gross structural
alteration of c-myc. The right long terminal repeat of an avian leukosis virus
provirus is integrated upstream from the bulk of the c-myc coding sequences and
oriented such that transcription can initiate within the long terminal repeat and
proceed downstream into c-myc. A comparison of a tumor junction fragment with
the v-myc gene showed that there are two regions of v-myc-related sequences

(which are probably exons) separated by 1 kilobase of sequences unrelated to v-

myc (probably an intron). A DNA sequence analysis of the tumor junction
fragments suggested that integration had occurred in exons adjacent to splice
donor sites. This suggests that there are additional exons and introns in c-myc.
Based on these findings, a model is proposed for the genesis of the tumor-specific
RNAs containing viral 5' and c-myc information in avian leukosis virus-induced
lymphomas.

The avian leukosis viruses (ALV) are a group
of slowly transforming RNA tumor viruses that
usually cause B-cell lymphomas in infected birds
after a latent period of 4 to 12 months. Slowly
transforming viruses lack specific transforming
genes (onc genes), and until recently the mech-
anism by which these viruses induce neoplasia
was obscure. These viruses differ from the rap-
idly transforming viruses, such as Rous sarcoma
virus and the avian acute leukemia viruses,
which contain transforming genes in their ge-
nomes (v-onc genes). All of these transforming
genes are homologous to, and presumably de-
rived from, normal cellular counterparts (c-onc
genes) that are present in the genomes of all
vertebrates. Rapidly transforming viruses usual-
ly cause neoplasia within a few weeks after
infection and transform appropriate target cells
in tissue culture. A wide variety of biochemical
and genetic evidence suggests that rapidly trans-
forming viruses induce neoplasia as a result of
constitutive expression of v-onc genes or high
expression of v-onc genes or both.

In the vast majority of ALV-induced lympho-
t Present address: Sloan-Kettering Institute for Cancer

Research, New York, NY 10021.

mas, oncogenesis results from the occasional
chance integration of an ALV provirus adjacent
to a specific cellular gene (12, 26, 28). In nearly
all cases, this gene is c-myc, the cellular counter-
part of v-myc, the transforming gene of MC29
virus (14). This finding has been confirmed by
workers in other laboratories (7, 12, 27). The
ALV provirus has its structural and replicative
genes gag, pol, and env flanked by long terminal
repeats (LTRs). The LTRs contain sequences
that are implicated in the initiation of transcrip-
tion by RNA polymerase 11 (8, 17, 41), and
normal viral mRNA synthesis initiates in the left
LTR. Integration of an ALV provirus upstream
from c-myc permits an LTR to activate down-
stream transcription of c-myc, with the produc-
tion of new mRNAs containing ALV 5'-terminal
and c-myc information. Such transcripts are
found in most ALV-induced lymphomas (14).
However, recent evidence suggests that in some
cases the LTR can activate transcription of c-
myc by mechanisms that do not appeaK to in-
volve transcription that initiates in the LTR
(27). In any case, the constitutive expression of
c-myc at high levels presumably results in neo-
plasia.
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To explore the mechanism of ALV oncogene-
sis in more detail, we compared the structures of
the c-myc locus in normal tissue and in ALV-
induced lymphomas. In this report we describe
the molecular cloning of provirus-host cell tu-
mor junction fragments from two independent
lymphomas that each contained a portion of a
single ALV provirus (26). Also, a clone of the c-
myc gene of normal cells was selected from a
chicken genomic library. The structures of these
clones were compared with each other and with
a clone containing the v-myc gene. Mapping and
DNA sequence analysis showed that in the two
tumors used a normal proviral integration event
had occurred upstream from the bulk of the c-
myc coding sequences and without gross struc-
tural rearrangement of c-myc. The ALV provi-
rus in both tumors is oriented such that the viral
LTR can promote downstream transcription of
c-myc.

MATERIALS AND METHODS
Cells and viruses. Escherichia coli ED8654 (25) was

used for the isolation and propagation of recombinant
bacteriophage. A lambda library of Rhode Island Red
chicken genomic DNA (10) was obtained from R.
Axel, Columbia University. The bacteriophage vector
AgtWES * XB (19) was used to construct recombinant
bacteriophage. This vector was digested with EcoRI
and Sac, and the EcoRI arms were purified from the
dispensable XB fragments by sucrose density gradient
centrifugation.

Restriction endonuclease digestions. All restriction
enzymes except ClaI were obtained from New En-
gland Biolabs or Bethesda Research Laboratories;
ClaI was obtained from Boehringer Mannheim Corp.
The conditions used for digestion were those de-
scribed by the manufacturers, except that excess
enzyme (2 to 5 U/,ug) was usually used.

Molecular cloning of tumor junction fragments. Tu-
mor DNA was digested to completion with EcoRI.
Approximately 600 ,ug of digested DNA from a splenic
nodule in bird 7 (26) was fractionated by discontinuous
electrophoresis in a "gene machine" (11). The gel
contained 0.5% agarose (Seakem LE; Marine Col-
loids) in E buffer (40 mM Tris, 5 mM sodium acetate, 1
mM EDTA, pH 7.8). Electrophoresis was at 40 V for
15 min, and this was followed by a collection and
filling cycle of 5 min. One fraction was collected every
20 min, and the procedure was carried out for 40 h.
Three fractions in the expected molecular weight
range (-3 kb kilobases [kb]) were precipitated and
used separately in ligation reactions. EcoRI-digested
tumor 10 DNA was size fractionated by electrophore-
sis in low-melting-point agarose (Sea Plaque; Marine
Colloids). The techniques used for isolating DNA from
low-melting-point agarose have been described previ-
ously (38). DNA from the appropriate size range was
pooled and used for ligation. The insert DNAs were
ligated to the EcoRI arms of AgtWES * XB (1 Rg). The
molar ratio of arms to insert was 1:0.2. Details of the
procedures used for in vitro packaging (3, 15), screen-
ing (4), phage purification, amplification, and prepara-
tion of phage DNA have been described previously

(16). The efficiencies of packaging of recombinant
bacteriophage ranged from 10' to 106 infectious parti-
cles per ,g of phage DNA. Recombinant bacterio-
phage (200,000 to 400,000 phage) were plated onto 150-
mm petri dishes (20,000 phage per plate) and screened.
Before hybridization, filters containing phage DNA
imprints were prewashed at 37°C in 5 x SSC (1 x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) containing
20 mM Tris-hydrochloride (pH 7.4) and 0.5% sodium
dodecyl sulfate for at least 45 min. Hybridization was
to a 5' probe (see below) and was carried out at 37°C in
a solution containing 50%o formamide, Sx SSC, 20 mM
Tris-hydrochloride (pH 7.4), 0.5% sodium dodecyl
sulfate, and at least 200 ,ug of yeast RNA per ml for 18
to 24 h. A 10-ml sample of hybrid mixture containing 2
x 105 Cerenkov counts per min of 5' probe was used
for each filter. After hybridization, the filters were
washed three times briefly in 0.2x SSC containing
0.2% sodium dodecyl sulfate and then incubated once
or twice (45 min each time) at 37°C in the same
solution. Washed filters were dried and exposed to
Kodak XR-5 or XAR-5 film for 4 to 24 h with an
intensifying screen. Positive plaques were purified
three times before amplification.

Isolation of c-myc clones. Approximately 4 x 105
recombinant bacteriophage from the chicken genomic
library were plated onto 150-mm petri dishes. Screen-
ing with the appropriate probe (see below) and phage
isolation and purification were performed as described
above.

Preparation of 32P-labeled DNA probes. A cDNA
probe homologous to the first 101 nucleotides of Rous-
associated virus-2 (5' probe) was prepared as de-
scribed previously (13, 26). High-specific-activity
nick-translated probes were prepared by the method of
Maniatis et al. (21), using aqueous [a-32P]dCTP
(>2,000 Ci/mmol; Amersham Corp.). We routinely
obtained specific activities of 1 x 108 to 2 x 10'
Cerenkov counts per min per p,g. Low-specific-activi-
ty radiolabeled restriction fragments were prepared by
nick-translation for use in restriction mapping; the
procedure was the same as that used for preparing
high-specific-activity probes, except that the reaction
buffer contained all four deoxynucleoside triphos-
phates at concentrations of 20 ,M and one-half the
amount of [a-32P]dCTP was used per reaction. The
specific activities obtained ranged from 5 x 105 to 5 x
106 Cerenkov counts per min per ,ug.
Nudeic acid blot hybridizations. DNA samples were

electrophoresed in submerged horizontal agarose
(Seakem) gels (0.8 to 2%, depending on the size range
of the fragments to be analyzed) in E buffer. 32p_
labeled HindIII fragments or X174 HaeIII fragments
were used as molecular weight markers. DNA was
blotted onto nitrocellulose filters by the technique of
Southern (36). The prewashing and hybridization con-
ditions used were the same as those described above
for filters containing phage DNA imprints.

Polyadenylated RNA was analyzed by electrophore-
sis followed by transfer to diazobenzyloxymethyl pa-
per (2) or nitrocellulose paper (39) and by hybridiza-
tion as described previously (26).

Restriction mapping. Appropriate inserts from mo-
lecular clones were purified by preparative electropho-
resis in low-melting-point agarose. These fragments
were nick-translated to low specific activity. Mapping
was performed by standard procedures involving di-
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gestions with one or a combination of restriction
enzymes, followed by electrophoresis on agarose gels.
The gels were dried onto DEAE paper and autoradio-
graphed. The size values reported below are accurate
to ±50 nucleotides.
DNA sequencing. All DNA sequence determinations

were performed by the method of Maxam and Gilbert
(22, 23). Both strands of DNA were sequenced. The
Xtjf-7 and Xtjf-10 clones (containing tumor junction
fragments from birds 7 and 10, respectively) were
digested with EcoRI, and the inserts were purified on
low-melting-point agarose gels. The inserts were la-
beled with 32P at their 5' ends by using [a-32P]ATP
(>3,000 Ci/mmol; Amersham Corp.) and T4 polynu-
cleotide kinase or at their 3' ends by using [a-
32P]dATP and the Klenow fragment of E. coli DNA
polymerase I. After digestion with SacI, the smaller
fragments (containing LTR sequences) were isolated
for sequencing.

RESULTS
Molecular cloning of tumor junction fragments.

Tumor DNAs from birds 7 and 10 (26) were
digested with restriction endonuclease EcoRI,
blotted onto nitrocellulose filters (36), and hy-
bridized to a probe specific for the first 101
nucleotides of ALV RNA (5' probe). As de-
scribed previously, EcoRI fragments that repre-
sent ALV provirus-host cell junctions (junction
fragments) can be identified by virtue of their
hybridization to 5' probe but not to a probe
representative of the total ALV genome. The
tumor from bird 7 had a 3.1-kb junction frag-
ment, and the tumor from bird 10 had a 3.6-kb
junction fragment. Both tumors expressed 2.5-
kb tumor-specific polyadenylated RNAs that
contained ALV 5' and myc information (14, 26).
Based on this size analysis, each EcoRI-di-

gested tumor DNA was size fractionated, ligated
to EcoRI-digested AgtWES - XB (19), packaged in
vitro (3, 15), and screened by the procedure of
Benton and Davis (4), using a 5' probe. Two of
the clones obtained, Xtjf-7 and Atjf-10, were
chosen for further analysis. Xtjf-7 contains a 3.1-
kb EcoRI fragment that hybridizes to the 5'
probe (Fig. 1A, arrow); this fragment is the
tumor junction fragment. In addition, this clone
contains a 4.8-kb EcoRI fragment that does not
hybridize to the 5' probe (Fig. 1A, asterisk); this
fragment was not analyzed further. Atjf-10 con-
tains the expected 3.6-kb tumor junction frag-
ment, which hybridizes to the 5' probe (data not
shown).
The 3.1-kb EcoRI fragment of Xtjf-7 hybrid-

izes to the v-myc probe, as well as to the 5'
probe (Fig. 1A). A similar result was obtained
for the 3.6-kb Atjf-10 insert (data not shown).
This confirms unambiguously that viral 5' and c-
myc sequences are covalently linked in the
DNAs of these tumors.

Isolation of a clone for the normal c-myc gene.
A chicken genomic library (10) was kindly pro-
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FIG. 1. Molecular cloning of a tumorjunction frag-

ment and the normal c-myc gene. (A) The EcoRI-
generated tumor junction fragment from a lymphoma
in bird 7 was molecularly cloned into XgtWES (19) to
give clone Xtjf-7. Bacteriophage DNA was isolated,
digested with EcoRI, transferred to a nitrocellulose
filter (36), and hybridized to either a 5' probe or a v-
myc probe (see text). The arrow indicates the 3.1-kb
tumor junction fragment. The asterisk indicates the
position of a 4.8-kb band, identified by ethidium
bromide staining, which was present in the Xtjf-7 clone
but did not hybridize to the 5' or myc probe. The
HindIII fragments of lambda DNA were used as size
markers. Numbers indicate length in kilobases. (B) A
molecular clone containing the c-myc gene from nor-
mal chickens was selected from a chicken genomic
library (see text). DNA from this clone (Ac-myc-2) was
digested with EcoRI, transferred to nitrocellulose, and
hybridized to either a v-myc probe or to the 2.4-kb
Sacl fragment of the Xtjf-7 clone, which lacks ALV
sequences (see text and Fig. 2). The arrow indicates
the myc-containing EcoRI fragment. The position of a
5.8-kb fragment of Ac-myc-2 that did not contain myc
information is indicated by the asterisk.

vided by Richard Axel. This library consists of
15- to 20-kb fragments from a partial HaeIII-
AluI digestion of chicken DNA that have been
tailed with EcoRI oligonucleotide linkers and
inserted into bacteriophage Charon 4A (6). Re-
combinants were screened by the Benton-Dav-is
method. The probe used was the 2.4-kb frag-
ment of a SacI digest of the Atjf-7 insert. This
fragment contains c-myc sequences but not
ALV sequences (Fig. 2 and 3). Several clones
that hybridized to this probe were obtained, and
one of these, Ac-myc-2, was selected for further
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FIG. 2. Restriction maps of tumor junction fragments: comparison with the c-myc gene. The 3.1-kb EcoRI
insert of Atjf-7 and the 3.6-kb insert of Xtjf-10 were isolated by preparative electrophoresis, as was the 9.6-kb
myc-specific fragment from Xc-myc-2. After low-specific-activity labeling of the fragments with [a3-2P]dCTP, the
restriction endonuclease cleavage maps of these inserts were determined and compared. The LTR sequences in
the tumorjunction fragments are represented by solid boxes. The left end of the c-myc clone (asterisk) is defined
by either a HaeIII site or an AluI site. The cleavage positions are accurate to within 50 nucleotides. There are no
KpnI, PvuI, XbaI, or XhoI sites in any of the clones.

analysis because it contained the largest myc-
specific fragment. An EcoRI digest of Xc-myc-2
produced two restriction fragments in addition
to the Charon 4A arms, a 9.6-kb fragment that
contains all of the c-myc sequences homologous
to v-myc (Fig. 1B, arrow) and a 5.5-kb fragment
that does not contain myc-related sequences
(Fig. 1B, asterisk). The restriction map of the
9.6-kb insert (see below) corresponds to ear-
lier restriction data on the c-myc locus (33;
Astrin, unpublished data).

Restriction mapping of tumor junction frag-
ment and c-myc clones. To compare the struc-
tures of the c-myc locus in normal tissue and
ALV-induced lymphomas, restriction maps of
the c-myc clone and two tumor junction frag-
ment clones were prepared. A comparison of
these maps (Fig. 2) revealed that (i) the tumor
junction fragment clones were colinear with the
right end of the c-myc clone (thus, proviral
integration in birds 7 and 10 occurred without
gross structural alteration of the c-myc locus)
and (ii) the orientation of the integrated provirus
in the tumor junction fragment clones was such
that the LTR (Fig. 2, solid boxes) could be used
to initiate transcription at the viral initiation site
that would proceed downstream into c-myc.
Orientation of the provirus was confirmed by
digestion of the tumor junction fragment clones
with Sacl, followed by Southern blotting and
hybridization to 5' or myc probes. As expected

(Fig. 2), the left Sacl fragment (0.7 kb) hybrid-
ized both to the 5' probe and to the v-myc probe,
whereas the right Sacl fragment (2.4 kb) hybrid-
ized only to the myc probe (data not shown).

Localization of putative coding domains in c-
myc. The c-myc and v-myc genes share exten-
sive nucleotide sequence homology (31, 32). It is
generally thought that MC29, which contains v-
myc, arose as a result of recombination between
a slowly transforming virus and c-myc. The v-
myc gene is translated as part of a gag-myc
fusion protein in MC29-infected cells; thus, the
entire v-myc gene may represent protein-encod-
ing sequences (5). We reasoned that sequences
in common between v-myc and c-myc might
represent coding sequences in the c-myc locus.
Therefore, we prepared a detailed restriction
map of a clone containing the v-myc gene and a
more detailed restriction map of the Atjf-10 in-
sert than is shown in Fig. 2.
The clone containing the v-myc gene has a 2.9-

kb BamHI fragment of an integrated MC29
provirus (18) inserted into pBR322. The map of
this insert is shown in Fig. 3. This insert contains
some viral gag sequences at the left end, fol-
lowed by the v-myc gene, and a small amount of
sequence to the right of v-myc. A comparison of
this insert with the Xtjf-10 insert shows the fol-
lowing. (i) There are regions on the left (-0.7 kb)
and right (-0.85 kb) of the Xtjf-10 insert in which
the restriction map corresponds exactly to the
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FIG. 3. Identification of putative coding and noncoding domains in c-myc. A more detailed restriction map
of the 3.6-kb Atjf-10 insert was determined and was compared with the map of part of an integrated MC29 provirus
containing the entire v-myc gene (18). The positions of the MC29 gag and myc genes are indicated above the
clone. The regions of the two clones having identical restriction maps are shown as thick bars. Restriction sites
were determined by using low-specific-activity-labeled insert DNAs, as described in the legend to Fig. 2.
Abbreviations: B, BamHI; Bg, BglI; Bl, Balt; C, Clal; E, EcoRI; H, Hindlll; Hc, HincII; Hp, HpaI; P, PstI; Pv,
PvuII; S, Sac!; Sc, Sacll; Sl, SatI; Sm, SmaI; Sp, SphI; T, TaqI.

left and right of v-myc. (ii) These two regions in
Atjf-10 are separated by a region of about 1 kb
that appears to be absent from the v-myc clone.
The simplest interpretation of these results is
that there is a 1-kb noncoding domain separating
two coding domains. S1 deletion mapping ex-
periments using the technique of Shenk et al.
(34) with the v-myc and Xtjf-10 clones indicated
that the putative coding domains are 0.72 and
0.85 kb long, respectively, whereas the noncod-
ing domain is 0.96 kb long (data not shown). (iii)
The v-myc and Xtjf-10 clones also diverge at their
extreme left ends. This suggests that proviral
integration in tumor 10 had occurred upstream
from the bulk of the c-myc coding sequences.
However, there may be coding sequences or
leader sequences or both in c-myc that are not
represented in v-myc.

Nucleotide sequencing of the left ends of the
tumor junction fragment clones. The DNA se-
quences of the left ends ofboth the Atjf-7 and the
Atjf-10 inserts were determined by the technique
of Maxam and Gilbert (22, 23). These sequences
have several interesting characteristics (Fig. 4).
The first 152 nucleotides of both clones are

identical to each other and to the known se-
quence of the right half of the viral LTR (17, 37).
The last two nucleotides of the viral LTR (thy-
mine-thymine at positions 100 and 101) are ab-
sent from the tumor junction fragment clones-
(cytosine-cytosine in Atjf-7 and guanine-guanine
in Atjf-10). Deletion of the terminal two nucleo-
tides of each LTR has been reported previously
in sequence analyses of integrated proviruses (9,

17, 35, 40) and probably reflects a normal fea-
ture of the integration event. The deletion of
LTR nucleotides in the tumor junction fragment
clones suggests that a normal integration event
had occurred. The sequence following the LTR
is different in Xtjf-10 and Xtjf-7, since the provi-
ruses in tumors 7 and 10 are integrated at
different sites, which are about 500 nucleotides
apart. As expected for a right LTR, the se-
quence following the LTR bears no resemblance
to the viral sequence (37). Thus, no viral se-
quences appear to be interposed between the
LTR and c-myc, so no other viral information
besides the LTR-derived sequence should be
present in tumor-specific transcripts, in agree-
ment with previous results (14, 26). Interesting-
ly, in both tumor junction fragment clones (Fig.
5) the LTR is located upstream from cellular
sequence similar to the consensus splice donor
sequence of eucaryotes (20, 30) and the adenovi-
rus type 2 major late leader splice donor se-
quence (1, 42). If these are functional splice
donor sites in vivo, then they may serve as
splice sites for processing the primary transcript
of the c-myc gene of normal cells. In this case,
integration in both tumor 7 and tumor 10 has
occurred in exons. In the Xtjf-7 insert, there is an
adenine-thymine-rich stretch beyond the puta-
tive splice donor site consisting ofTTA and ATT
repeats, which continues for about 35 nucleo-
tides.

This finding suggests a possible explanation
for why tumors with proviruses integrated at
different sites upstream from c-myc produce
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-80 -50 -40 -30 -20
*******AAT TCCGCATTGC AGAGATATTG TATTTAAGTG CCTAGCTCGA

AAT TCCGCATTGC AGAGATATTG TATTTAAGTG CCTAGCTCGA

AAT TCCGCATTGC AGAGATATTG TATTTAAGTG CCTAGCTCGA

cap

-10 I 10 20 30 40
RSV : TACAATAAAC CCCATTTGAC CATTCACCAC ATTGGTGTGC ACCTGGGTTG

tjf-7 : TACAATAAAC CCCATTTGAC CATTCACCAC ATTGGTGTGC ACCTGGGTTG

tjf-10: TACAATAAAC CCCATTTGAC CATTCACCAC ATTGGTGTGC ACCTGGGTTG

50 60

RSV : ATGGCCGGAC CGTTGATTCC
70

CTGACGACTA
80 90

CGAGCACCTG CATGAAGCAG

tjf-7 : ATGGCCGGAC CGTTGATTCC CTGACGACTA CGAGCACCTG CATGAAGCAG

tjf-10: ATGGCCGGAC CGTTGATTCC CTGACGACTA CGAGCACCTG CATGAAGCAG

100 110 120 130 140
RSV : AAGGCTTCAT TTGGTGACCC CGACGTGATA GTTAGGGAAT AGTGGTCGGC

tjf-7 : AAGGCTTCAC CCCGCTGAGC TGGGGAGGGG GTGAGGCGGG GGGCTCACGA

tjf-10: AAGGCTTCAG GTGAGTGGCG GGGCCGG

150 160 170 180 190
RSV CACAGACGGC GTGGCGATCC TGTCTCCATC CGTCTCGTCT ATCGGGAGGC

tjf-7 GGGGGTCGTG CTCTTTTATT ATTATTATTA TTTTATTATT ATTTAACCAA

FIG. 4. Comparison of viral and tumor junction fragment DNA sequences. The DNA sequences of the two
tumor junction fragnents (Xtjf-7 and Xtjf-10) were determined by the technique of Maxam and Gilbert (22, 23).
These sequences were aligned with the sequence of Schmidt-Ruppin A Rous sarcoma virus (RSV) (37) that
begins to the right of the EcoRI site in the LTR. This viral strain was chosen for comparison because the tumors
in birds 7 and 10 were induced by tdlO3, a src deletion mutant of the Schmidt-Ruppin A strain. The sequences are

numbered such that the cap site (initiation site for viral RNA synthesis) within the LTR is at position 1. The
sequence of the positive strand is shown for each DNA. The sequences upstream from the cap site are given
negative numbers, and those downstream are given positive numbers. The boldface letters indicate the positions
of (i) the TATA box (positions -30 to -24), (ii) the LTR-cell junction (positions 100 and 101), showing deletion of
the two terminal LTR nucleotides in the tumor junction fragment clones, and (iii) putative splice donor sites in
Atjf-7 (positions 119 to 125) and Atjf-10 (positions 99 to 107).

new, tumor-specific RNAs of approximately the
same size (2.5 to 2.9 kb) (14, 26). It may be that
c-myc can be activated more efficiently when the
provirus integrates into a c-myc exon. The exon
could then provide a splice donor site to enable
transcripts initiated in the LTR (which lacks a
splice donor site) to be spliced to the bulk of c-
myc coding information located further down-
stream. If splicing eliminated the majority of the
sequence between the integration site and the
0.72-kb coding domain, the mRNAs from tu-
mors with proviruses integrated at different sites
could be about the same size. Overexposures of
Northern blots of tumor polyadenylated RNA
hybridized to myc or 5' probes revealed larger
RNAs, which appeared to be precursors of the
2.5- and 2.9-kb myc-containing mRNAs. We

have performed preliminary analyses of the ge-
netic content of these RNAs using restriction
fragments of the c-myc locus that map upstream
from the regions homologous to v-myc. The
results of these studies suggest that there are
additional exons and introns in the c-myc pri-
mary transcript (B. G. Neel, C.-K. Shih, and
W. S. Hayward, unpublished data).

DISCUSSION
We isolated molecular clones containing pro-

virus-host cell junctions from the DNAs of two
independent ALV-induced lymphomas and
compared the structures of these clones with the
structure of a clone of the normal chicken c-myc
gene. The results of restriction mapping (Fig. 2),
Southern blot hybridizations (data not shown),

RSV

t jf-7:

t j f-10:
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and DNA sequencing (Fig. 4) show that in the
two tumors used, the right LTR of an ALV
provirus has integrated adjacent to and upstream
from the bulk of the c-myc coding sequences.
Integration has occurred without gross structur-
al rearrangement of the c-myc locus. The provi-
ruses in these clones are oriented such that the
LTR could activate downstream transcription of
c-myc, as suggested previously (14, 26).
To help localize potential coding sequences in

the c-myc locus, the Atjf-10 clone was compared
with a clone containing the v-myc gene by
restriction mapping. There are two regions of v-
myc-related sequences (we feel that these are
probably exons), separated by about 1 kb of
sequences unrelated to v-myc, which is probably
an intron. The exon sizes are 0.72 kb (left) and
0.85 kb (right). The total amount of coding
information (-1.6 kb) shared between v-myc
and c-myc is essentially identical to previously
reported estimates of the size of the v-myc gene
(24). Also, Robins et al. (29) have recently
reported similar values for these putative c-myc
exons based upon heteroduplex mapping of c-
myclv-myc hybrids. In the v-myc-related regions
the restriction maps of the c-myc clone (derived
from a Rhode Island Red chicken) and the tumor
junction fragment clones (derived from White
Leghorn chickens) are identical to each other
and to the map of the v-myc clone. This suggests
that c-myc information is highly conserved in
chickens, which is in agreement with previous
data (32).

It is formally possible that the 1 kb of se-
quence between the two coding regions in c-myc
that is not present in v-myc, which we have
suggested is an intron, is actually present in the
tumor-specific mRNAs. However, this is highly
unlikely. The size of the tumor-specific mRNA
produced in tumors 7 and 10 is 2.5 kb (26). This
RNA is not big enough to encode all of the
information present in the 0.72-, 0.85-, and 0.96-
kb regions in addition to 100 to 200 nucleotides
of polyadenylic acid and at least 99 nucleotides
from the ALV LTR. It seems highly unlikely
that sequences in c-myc that are also present in
v-myc are absent from c-myc mRNA. Current
evidence (S. Braverman and W. S. Hayward,
manuscript in preparation) suggests that recom-
bination between RNA tumor viruses occurs
after packaging of the heterologous RNAs into
virus particles. It is likely that recombination
between slowly transforming viruses and c-onc
genes involves packaging of the c-onc mRNA. If
recombination involves a processed RNA inter-
mediate, introns could not be regenerated, and
v-myc should only contain sequences present in
c-myc mRNA.
Based on these studies, we have constructed a

model of what is now known about the c-myc

Consensus:

Ad-2 Major Late leader:
tj f-7:
tj f-10:

spl ice

CAGGTAAGT
TTGCGGTGAGTAC
AGGGGGTGAGGCG
TCAGGTGAGTG

FIG. 5. Putative splice donor sites in the tumor
junction fragments. In Xtjf-7, a sequence strongly sug-
gestive of a splice donor site is found approximately 20
nucleotides downstream from the LTR, whereas a
similar sequence lies immediately adjacent to the LTR
in Xtjf-10 (see Fig. 4). The adenovirus type 2 (Ad-2)
major late leader splice donor sequence (1, 42) and the
consensus splice donor sequence (20) are shown for
comparison. Agreement between the sequence of the
tumorjunction fragments and the consensus sequence
is shown in boldface letters, whereas agreement with
the adenovirus type 2 splice donor is shown in italics.

locus and its putative transcript after integration
of an ALV provirus. The 0.85- and 0.72-kb
exons account for about 1.6 kb of information in
the 2.5-kb mRNA produced in tumors 7 and 10.
Whether the mRNA proceeds past the right end
of the 0.85-kb exon has not been established yet.
However, Payne et al. (27) have presented some
evidence that tumor-specific mRNAs may ex-
tend beyond the EcoRI site in c-myc. Also, the
tumor-specific RNA contains at least 99 nucleo-
tides from the ALV LTR and 100 to 200 nucleo-
tides of polyadenylic acid. Therefore, most of
the region from the LTR to the 0.72-kb exon
probably is not present in the 2.5-kb RNA.
Instead, there is probably at least one more exon
and one more intron, both of unknown length,
within this region of c-myc. The finding of
putative splice donor sites in both the Xtjf-7 and
the Xtjf-10 inserts suggests that there may be at
least four exons and three introns in c-myc. The
additional c-myc exons are probably small (not
more than a few hundred nucleotides long) and
may form part of a leader sequence in c-myc
mRNA. The results of preliminary analyses of
putative precursors to the 2.5- and 2.9-kb tumor-
specific mRNAs are consistent with this inter-
pretation.
Our data suggest that proviral integration in

tumors 7 and 10 occurred upstream from all of
the c-myc information that is found in v-myc,
which presumably represents the bulk of the c-
myc coding sequences as well. All other tumors
which we studied had EcoRI tumor junction
fragments at least 2.7 kb long (14, 26; Astrin,
unpublished data). Assuming that integration in
these tumors also occurred without gross alter-
ation of c-myc, then integration in these tumors
occurred upstream from these putative coding
sequences. However, our data also suggest that
there may be additional exons in c-myc. It is
unclear whether these exons contain coding or
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leader sequences. This issue cannot be resolved
conclusively at present because the protein en-
coded by the c-myc gene has not been identified
yet and the DNA sequence of the entire c-myc
locus (and thus the start codon for c-myc pro-
tein) has not been determined. We cannot unam-
biguously state that there is no alteration in c-
myc coding information in tumors 7 and 10.
However, there are a few tumors that have
considerably larger tumor junction fragments,
on the order of 5 kb (Astrin, unpublished data).
Recently, we have located putative RNA poly-
merase II initiation sites for c-myc RNA synthe-
sis by means of in vitro transcription experi-
ments, using the c-myc clone as the template.
The furthest initiation site is 4.4 kb upstream
from the EcoRI site at the right of c-myc (Neel
and Hayward, manuscript in preparation). Thus,
it is likely that, at least in these few tumors,
proviral integration has occurred without any
alteration of c-myc.
We initially proposed that the ALV provirus

activates c-myc by inserting the strong viral
promoter present in the LTR upstream from c-
myc. The two tumors studied in detail here are
clearly consistent with this mechanism. Payne et
al. (27) have reported that other orientations of
the LTR are also associated with activation of c-
myc. In some tumors, the LTR is upstream from
c-myc but in the opposite orientation, and in one
tumor it is downstream from c-myc. We checked
all of our previous tumors for which samples
were still available. In about 85% of those tu-
mors where the provirus was integrated adjacent
to c-myc, proviral orientation was such that the
LTR could initiate downstream transcription. In
about 15% of the tumors it is still possible that
alternative orientations exist. At present, we
cannot explain why Payne et al. found such a
high percentage (-40%) of alternative orienta-
tions. The only differences between the proto-
cols of these authors and ours are in time of
injection and virus strain used. Nevertheless,
the fundamental lymphomagenic mechanism of
ALV remains the activation of c-myc by inser-
tion of the viral LTR.
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