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B-cell lymphomas induced in chickens infected with avian leukosis viruses are characterized by integration
of the virus within the cellular myc locus and alteration of c-myc expression. Although avian leukosis viruses
are intact, replication-competent retroviruses, the structures of many myc-associated proviruses are altered by
deletions, raising the possibility that proviral defectiveness plays an essential role in oncogenesis. We found that
all myc-associated proviruses in 21 independent tumors had deletions, which were confined to the viral genome
and did not extend into adjacent cellular sequences. Deletions were not random but, in at least 85% of the
myc-associated proviruses, involved a region near the 5' end of the proviral genome where elements implicated
in control of viral gene expression have been localized. A second class of deletions involved sequences in the 3'
half of the viral genome and included the splice acceptor site used in generating viral env mRNA. Both the 5'
and 3' long terminal repeats of myc-associated proviruses appeared to be structurally intact in most tumors,
although the 5' long terminal repeats were not involved in expression of either U5-myc transcripts or detectable
steady-state viral RNAs. A complex array of repeated sequence elements surrounded the junctions of the
internal deletions in two myc-associated proviruses. The organization of the deleted proviruses was similar to
that of deleted unintegrated viral molecules, consistent with a model in which deletions occurred prior to
integration.

Infection of embryonic or newly hatched chickens with
avian leukosis virus (ALV) results in a high frequency of
B-cell lymphomas, which originate in the bursa of Fabricius
usually after a latency of 4 to 10 months (44). Bursal
lymphomas are characterized by ALV integration within the
c-myc locus (15, 16, 20, 26, 32, 39, 41), primarily between the
untranslated first exon and the coding exons (48, 54), in an

orientation that can result in expression of c-myc from one of
the long terminal repeats (LTRs). Consequently, most viral
tumor-specific myc transcripts contain proviral LTR se-

quences (20, 41) but not c-myc exon 1 (54), although excep-
tions have been identified in some bursal lymphoma cell lines
(26).
ALVs that induce bursal lymphomas in chickens are

intact, replication-competent viruses that do not harbor
oncogenes. Nevertheless, it has been observed that the
structure of myc-associated proviruses is altered by dele-
tions in most tumors (16, 33, 42, 48, 49). Thus, it has been
hypothesized that proviral defectiveness plays some essen-
tial role in oncogenesis, perhaps by contributing to the
altered myc expression found in these tumors (10, 16, 33,
42). Deletions involving the 5' LTR of the myc-associated
proviruses in at least two tumors have been reported by
Payne et al. (41), whereas deletions that apparently include
one or the other LTR have been reported for almost 35% of
myc-associated proviruses analyzed by Robinson and
Gagnon (48). If the viral 5' LTR were deleted, the appear-
ance of chimeric U5-myc transcripts in tumors could easily
be explained by initiation of transcription within the 3' LTR.
Alternatively, deletions involving the 3' LTR need not affect
normal transcription from the proviral 5' LTR, but might
result in tumor-specific myc RNAs if intervening viral se-

quences were removed by splicing. Such a mechanism has
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been proposed to account for the presence of LTR se-
quences on mvc RNAs in the RP9 cell line, in which the 3'
LTR of the myc-associated provirus is deleted (39).
However, it appears that both LTRs are present in ap-

proximately 40% of deleted myc-associated proviruses (48),
suggesting that LTR deletion may not always be a factor in
ALV-induced tumorigenesis and raising the question of
which LTR functions in the appearance of tumor-specific
US-myc transcripts. Downstream RNAs identified in two
ALV-induced lymphomas have been proposed to initiate
within the 3' LTRs of internally deleted myc-associated
proviruses in which the 5' LTRs are intact (21). Moloney
murine leukemia viruses (M-MuLVs) integrated within the
c-mvb locus in mouse myeloid tumor cells also have internal
deletions involving various extents of viral gag, pol, or env'
regions but not the LTRs (52, 53). Nevertheless, tumor-
specific U5-myb transcripts clearly originate within the 5'
LTR of the myb-associated MuLV and are processed to
remove downstream viral and myb intron sequences (52).
Novel RNA processing of transcripts initiated within the 5'
LTR of proviruses integrated within the c-erbB locus results
in U5-erbB RNAs, although deletions of proviral sequences
are not involved in ALV-induced erythroblastosis (35). The
possibility that some myc-associated proviruses are intact
and unaltered by deletion has not been completely ruled out
(16, 33, 42, 48, 60). Furthermore, whether U5-myc RNAs in
tumors originate within the 5' or 3' LTR of myc-associated
proviruses with both LTRs has not been extensively ex-

plored.
We have examined in detail the organization of 21 myc-

associated proviruses to assess the incidence of proviral
deletions, to define the extent and nature of the deletions,
and to determine the effect that deletions may have on

provirus and myc expression in ALV-induced tumors. We
found that all the myc-associated proviruses had deletions,

2489

Vol. 61, No. 8



2490 GOODENOW AND HAYWARD

which were confined to the viral genome and did not extend
into the adjacent c-myc locus. myc-associated proviruses
contained both 5' and 3' LTR sequences in most of the
tumors. Nevertheless, analysis of tumor RNAs indicated
that the 5' LTRs of internally deleted myc-associated provi-
ruses were not functional in expression of either detectable
steady-state viral RNAs or tumor-specific U5-myc tran-
scripts. Organization of the myc-associated proviruses was
consistent with a model in which deletions occurred prior to
integration.
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MATERIALS AND METHODS

DNA extraction, endonuclease restriction digestion, and
nucleic acid blot hybridization. ALVs and most of the tumors
used in this study have been described previously (33, 55,
56). High-molecular-weight DNA or RNA was extracted
from 0.5 to 1.0 g of tumor tissue (28) which had been quick-fro-
zen in liquid nitrogen and stored at -70°C. Tumor DNAs were

digested to completion with restriction endonucleases under
conditions recommended by the suppliers (Bethesda Research
Laboratories, Boehringer Mannheim, and New England
BioLabs), electrophoresed in 0.7% agarose gels in Tris-
borate-EDTA buffer, and transferred to NYTRAN mem-
branes (Schleicher & Schuell Co.) (57). Polyadenylated
[poly(A)+] RNA was selected by oligo(dT) chromatography,
glyoxal treated, and electrophoresed in 1% agarose gels in 10
mM phosphate buffer (pH 6.8) prior to transfer to NYTRAN
(29, 61).

After being dried in a vacuum oven for 1.5 h at 80°C, filters
were prehybridized at 65°C for 6 h with solutions containing
6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 2x Denhardt solution (lx Denhardt solution is
0.02% bovine serum albumin, 0.02% Ficoll, and 0.02%
polyvinylpyrrolidine), 0.5 mg of yeast RNA per ml, 50 mM
sodium phosphate (pH 6.8), and 1% sodium dodecyl sulfate
(SDS). Blots were hybridized at 65°C for 18 h with 106
Cerenkov cpm of 32P-labeled probe per ml of prehybridiza-
tion solution containing 5% dextran sulfate. Filters were
washed twice for 15 min each at room temperature and twice
for 60 min each at 650C in 0.1 x SSC-0.1% SDS. XAR-5 film
and intensifying screens were used for autoradiography.
Filters were placed in boiling H20 for 20 to 30 min and
autoradiographed for 5 to 7 days before hybridization with
another probe.

Preparation of 32P-labeled DNA probes. High-specific-
activity probes (>109 Cerenkov cpm/,ug of DNA) were
prepared by incorporation of [ot-32P]dCTP (3,000 Ci/mmol;
New England Nuclear Corp.) into double-stranded DNA
(13). The following c-myc probes were used: a 1.1-kilobase
(kb) SmaI subclone that includes exon 1; a 0.4-kb SmaI
subclone which contains the 5' region of intron 1; a 0.47-kb
SmaI-PstI subclone that includes the 3' region of intron 1
and a small portion of exon 2; and an 848-base-pair (bp)
ClaI-EcoRI fragment which contains most of exon 3. Viral
probes included USL, a 315-bp EcoRI-SacI subclone of
plasmid pS'NCR (from E. Stavnezer); U5, a 170-bp EcoRI-
BstEII suclone of pU5L; LDR, a 175-bp BstEII-SacI sub-
clone of pUSL; U3, a 450-bp PvuII-EcoRI fragment from
plasmid p3'NCR (from E. Stavnezer); pgag, a 2.0-kb Sacl-
EcoRI subclone of Rous-associated virus type 2 (RAV-2);
and ppol, a 2.6-kb EcoRI-KpnI subclone of RAV-2.

Cloning tumor DNA and analysis of phage clones. Tumor
DNA was digested to completion with Sacl and size frac-
tionated on sucrose gradients (28). DNA from appropriate
fractions was ligated into SacI-digested X2001 cloning vector
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FIG. 1. Restriction endonuclease sites in the avian c-myc locus,
ALV genome, and myc-associated proviruses used in these analy-
ses. (A) The avian c-myc locus contains three exons (32, 36, 47, 63).
A 7.0-kb Sacl fragment is detected with an exon 1 (EX1) probe,
while a 16.0-kb KpnI fragment is detected with exon 1 and exon 3
(EX3) probes. (B) The 7.8-kb ALV proviral genome contains a Sacl
site almost 500 bp from the 5' end and a KpnI site within its 3'
region. The U5L probe extends from EcoRI to SacI at the 5' end of
the genome. (C) myc-associated proviruses in 21 ALV-induced
tumors were examined for the presence of proviral Sacl and KpnI
restriction enzyme sites. Symbols: -, site absent; +, site present;
NT, not tested.

(24) and packaged in vitro. Libraries containing 5 x 105 to 1
x 106 recombinant phage were amplified once before screen-

ing with the exon 1 and USL probes (5). Inserts from
recombinant phage were first subcloned into pUC plasmids
for restriction analysis. Appropriate fragments were sub-
cloned into mpl8 and mpl9 bacteriophage M13 vectors (31,
68) for sequencing by the dideoxy chain termination method
(50).

RESULTS

Deletions in myc-associated proviruses. The 21 tumors
analyzed in these studies were induced with either RAV-1,
RAV-2, RP9, UR2-associated virus (UR2AV), ring-necked
pheasant virus (RPV), RU9, or transformation-defective
mutants of the Schmidt-Ruppin strain of Rous sarcoma virus
(RSV). Seventeen of these tumors were shown previously to
contain tumor-specific proviruses integrated upstream of
c-myc exon 2 (32, 54, 56). In the course of the present
experiments, myc-associated proviruses in four additional
tumors were mapped 3.1 to 3.4 kb upstream of the EcoRI site
in c-myc exon 3 (Fig. 1A). Among the 21 tumors, proviruses
were located within intron 1 in 15 tumors, within exon 1 in 4
tumors, or just upstream of exon 1 but within a region
detectable by the exon 1 probe in 2 tumors. Proviral integra-
tions in all but tumor 41 were in the same transcriptional
orientation as the c-myc gene (54).
The genomes of ALV proviruses are approximately 7.8 kb

long and contain a unique Sacl restriction endonuclease site
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near their 5' end and a unique KpnI restriction site just
upstream of the splice acceptor site in env (Fig. 1B). It was
possible to estimate the size of the provirus integrated within
the c-myc locus by hybridizing SacI-digested or KpnI-
digested tumor DNAs with c-myc exon 1 and exon 3 probes
and an ALV U5L probe (Fig. 1).

In 15 tumors, altered Sacl fragments, which were 2.0 to
7.0 kb larger than the 7.0-kb Sacl fragment of the normal
c-myc allele, were detected with the exon 1 and U5L probes.
These results indicated that the ALV Sacl site was missing
in more than 70% of the myc-related proviruses (Fig. 1C). In
most of these tumors (10 of 15), the myc-associated proviral
KpnI site was present, but a portion of the proviral se-
quences 5' of it were deleted. Three tumors contained
myc-associated proviruses in which neither the ALV Sacl
nor KpnI site was detected, indicating deletions involving
more than half of the viral genome.

In almost 30% of the tumors (6 of 21), altered c-myc Sacl
fragments that were very similar in size to the normal 7.0-kb
c-myc SacI fragment were detected with the exon 1 and U5L
probes. It was possible that these altered Sacl fragments
reflected the presence of a single LTR (330 bp) within the
c-myc locus. Alternatively, in tumors with proviruses inte-
grated 200 to 700 bp upstream of the Sacl site in c-myc exon
2, the 6.8- to 7.3-kb altered Sacl fragments might be due to
the presence of the proviral Sacl restriction site together
with the 500 bp of viral sequences 5' of it (Fig. 1B). The
results of analysis of KpnI-digested tumor DNAs with the
exon 1 and exon 3 probes were consistent with the latter
alternative (Fig. 1C). Both c-myc probes hybridized to a
normal 16.0-kb KpnI fragment. In three tumors (36, 32, and
33), additional KpnI fragments, which differed in size from
each other and were smaller than the normal KpnI fragment,
were detected with the exon 1 and exon 3 probes. These
results indicated the presence of the proviral KpnI site.
Based on the size of the altered KpnI fragments, it was
possible to localize the deletions in the myc-associated
proviruses to the region between the ALV Sacl and KpnI
restriction sites (Fig. 2). In the remaining three tumors (45,
419, and 373), a single KpnI fragment, which was larger than
the normal fragment, hybridized with both c-myc probes.
These results suggested that about 3.0 to 4.0 kb of the
myc-associated proviruses, including the proviral KpnI sites,
were deleted (Fig. 2).

This series of experiments indicated that all myc-
associated proviruses in ALV-induced tumors had deletions
and that the deletions ranged from approximately 1.0 to 6.0
kb of the viral genome. However, these results did not rule
out the possibility that the deletions in 15 proviruses that
lacked the Sacl site extended beyond the 5' proviral bound-
aries into adjacent host sequences or that additional rear-
rangements of either the c-myc locus or myc-associated
proviral sequences had occurred in any of the tumors.

Organization of myc-associated proviruses. To determine in
more detail the organization of myc-associated proviruses,
21 c-myc alleles altered by proviral integration in ALV-
induced tumors were examined by extensive restriction
analysis and hybridization with both c-myc and viral probes
(see Materials and Methods). The absence of the ALV-
specific Sacl site in 15 myc-associated proviruses raised the
possibility that the 5' LTR might have been deleted. How-
ever, 5' LTR sequences were demonstrated directly in 12
myc-associated proviruses by the presence of either PvuI or
EcoRI restriction sites within the LTR (Fig. 2). Moreover,
in these tumors and in tumor 28, 5' cell-virus junction
fragments generated by other restriction enzymes were
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FIG. 2. Organization of myc-associated proviruses in 21 ALV-
induced tumors. RAV-1 was used to induce tumors 18, 32, 33, 34,
35, 36, and 39; tdlO7a and tdlO9 (transformation-defective variants
of Schmidt-Ruppin A strain RSV) (64), tumors 17, 20, 21, and 28;
RAV-2, tumors 15 and 23; RAV-2-related virus from RP9 cell line,
tumor 45; RPV, tumors 327, 373, and 3142; UR2AV, 418 and 419;
RU9 (an in vitro recombinant in which all of gag and most ofpol or

UR2AV were replaced with the analogous regions from RPV) (55),
tumor 533. All proviruses, except that in tumor 41, integrated in the
same transcriptional orientation as c-myc. Restriction sites among
the viruses are essentially identical in gag and pol regions; polymor-
phism occurs in env. Symbols represent restriction sites used in
analysis of myc-associated proviruses. Deletions in the myc-
associated proviruses are indicated by parentheses. 5' LTR se-

quences of the myc-associated proviruses in tumors 17 or 3142 were
not detected by restriction analysis of genomic DNA with viral U3
or U5 probes. A portion of the 5' LTR was found when the
myc-associated provirus in tumor 17 was cloned and the 5' cellular-
viral junction was sequenced (see Results). Results of restriction
analyses of the myc-associated provirus in tumor 3142 were consist-
ent with the possibility that some LTR sequences remain at its 5'
end. Symbols: -, region in the myc-associated provirus in tumor 45
that could not be resolved by analysis of genomic DNA (see
Results); O, BamHI; A, BgII; 0, BglII; A, BstEII; *, EcoRI; O,
HindIII; *, KpnI; O, PvuI; *, Sacl; 0, XbaI.
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FIG. 3. Organization of the myc allele altered by proviral inte-
gration in tumor 17. (A) Normal avian c-myc allele. (B) Sacl
fragment cloned from tumor 17 includes a deleted myc-associated
provirus (solid box) with 5'- and 3'-flanking cellular sequences. The
provirus is integrated within the 3' region of c-myc exon 1. (C)
myc-associated provirus has an internal deletion of 1,537 bp of viral
sequences, including most of the 5' LTR and adjacent gag

sequences.

detected with both the c-myc exon 1 and ALV USL probes.
However, there was no evidence by these criteria for 5' LTR
sequences in either tumor 17 or tumor 3142.
The organization of approximately 25 kb of flanking cel-

lular DNA from each tumor-specific c-myc allele was as-

sessed by digestion with a number of restriction enzymes

and hybridization with probes extending over 4.5 kb of the
c-myc locus. Neither rearrangement nor deletion of cellular
myc sequences flanking the integrated provirus was detected
in any tumor (data not shown).
These experiments suggested, for all but tumors 17 and

3142, that deletions were confined to the viral genome and
that both 5' and 3' LTR sequences of myc-associated provi-
ruses were present. In general, deletions were not random
but in 85% of the tumors included a common region around
the BamHI site close to the 5' end of the provirus. A second
class of proviral deletions involving the 3' half of the viral
genome were identified. With the exception of tumor 45, the
deletions appeared to involve contiguous regions of the viral
genome and were not associated with other proviral rear-

rangements. Analyses of the myc-associated provirus in
tumor 45 genomic DNA suggested that two separate regions
of the viral genome might be deleted or that a single deletion
might be associated with an inversion of viral sequences.

To determine whether the 1.5-kb deletion in tumor 17
extended into adjacent cellular sequences and to resolve the
puzzling results for tumor 45, the myc-associated proviruses
together with flanking cellular sequences were cloned from
both tumors.

Organization of the myc-associated provirus in tumor 17.
Tumor 17 was induced by tdlO7A, a replication-competent
deletion mutant of RSV, which is transformation defective
because of loss of the v-src gene (64). Restriction analysis of
tumor DNA showed that the myc-associated provirus was

integrated near the 3' end of exon 1 and that the proviral
Sacl restriction site was deleted. Therefore, the altered myc
allele was cloned as a 13.5-kb Sacl fragment that included
the provirus plus 5'- and 3'-flanking cellular sequences (Fig.
3). Sequencing across the 5' cellular-viral junction revealed
that 61 bp at the extreme 5' end of U3 were present and
joined to the proviral gag region as a result of a 1,537-bp
deletion of viral sequences (Fig. 4). Although most of the 5'
LTR was deleted, the sequence of the 3' LTR was intact
(data not shown). Characteristic of integrated proviruses, 2

bp were missing from the distal ends of both LTRs and a
6-bp direct repeat of cellular sequences (nucleotides 1394 to
1399 [54]) flanked the provirus (Fig. 4). From these data, it
was clear that in tumor 17 the deletion was confined to
proviral sequences and did not extend into the adjacent
c-myc locus.
Three sequence motifs appeared in both the U3 and gag

regions surrounding the deletion junctions in tumor 17:
direct repeats, inverted repeats, and palindromic repeats
(Fig. 4). Long direct repeats with considerable homology (12
of 15 bp identical) flanked the deleted region. Short direct
repeats were present in U3 and gag close to the junction
formed by the deletion. As a result of the deletion, a 7-bp
sequence in U3 was juxtaposed to an inversion of an almost
identical sequence (6 of 7 bp) in the gag region. Two
arrangements of palindromic sequences appeared within the
5' and 3' boundaries of the deletion. Short palindromes,
present in U3 and in gag, were partially removed by the
deletion. However, long palindromes (13 of 19 bp identical),
originally located more than 1.5 kb apart in the U3 and gag
regions of the intact virus, were brought within 10 bp of each
other in the deleted provirus. It is possible that the repeated
sequence elements play some role in generation of the
deletions (see Discussion).

Organization of the myc-associated provirus in tumor 45.
Tumor 45 resulted from infection by a subgroup B retrovirus
(33) that had been isolated from a cell line (RP9) derived
from a RAV-2-induced lymphoma (37). One proviral integra-
tion in tumor 45 mapped to within 50 bp of c-myc exon 2, but
it was not clear from restriction analysis whether the inte-
gration site was 5' or 3' of the intron-exon boundary.
Although both 5' and 3' LTR U5 regions, as well as the
proviral Sacl site, were present, there appeared to be a
deletion of approximately 4 kb of viral sequences. However,
neither the precise extent nor the region(s) of the provirus
deleted could be determined by restriction analysis of tumor
genomic DNA.
Recombinant phage containing the altered myc allele and

proviral sequences were isolated from a bacteriophage X
library generated from SacI-digested tumor DNA. The 5'
host-virus junction was contained on a 7.3-kb Sacl fragment
that included 6.8 kb of upstream cellular sequences plus 500
bp of the myc-associated provirus (Fig. 5). The 3' junction
was contained on a 4.0-kb SacI fragment which included the
proviral 3' LTR and c-myc sequences extending into exon 2
(Fig. 5).
Sequencing across the host-virus junctions revealed that

the proviral integration had occurred 20 bp upstream of
c-myc exon 2 and was accompanied by the characteristic
loss of 2 bp at the distal end of each LTR and a 6-bp
duplication of cellular sequences immediately flanking the
integration site (nucleotides 2227 to 2232 [54]) (Fig. SD). The
sequence at the 5' end of the myc-associated provirus was
intact through the viral Sacl site (data not shown) and similar
to the same region of RAV-2 (23) except for several base
changes and two major differences (Fig. 5D). The U3 region
of the provirus from tumor 45 contained 10 bp that were not
present in RAV-2. In addition, an 11-bp sequence, which
includes a core sequence common to a number of enhancer
elements (25) and which ordinarily appears twice in the LTR
U3 region of RAV-2 (23), was found in triplicate in the
provirus from tumor 45. The sequence of the 3' LTR was
identical to that of the 5' LTR (data not shown).
A deletion of about 4.0 kb in the myc-associated provirus

in tumor 45 included most, if not all, of the pol and env
genes. Approximately 1.5 kb of viral gag sequences 3' of the
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FIG. 4. Partial sequence of the myc-associated provirus in tumor 17. Sequence of the 5' host-virus junction (top line). The integrated
provirus has lost 2 bp at the distal end of each LTR and is flanked by a 6-bp direct repeat of cellular sequences (underlined). Sequence across
the deletion (second line). U3 and gag sequences (51, 58, 59) surrounding the deletion junctions contain a number of repeated sequence
elements (third line). Symbols: -i, inverted repeats; =>, palliondrome5; -_ , direct repeats.

viral Sacd site were detected by restriction analysis of tumor
genomic DNA (Fig. 2) but were not included on the cloned 3'
Sacl fragment (Fig. 5B). Unexpectedly, at least 3.0 kb of the
sequences between the proviral LTRs were not viral (Fig.
5B) but were homologous with cellular sequences normally
present in single copy in the haploid avian genome (M. M.
Goodenow, unpublished results). Thus, the structure of the
myc-associated provirus in tumor 45 apparently resulted
from incorporation of a unique region from the avian genome
in place of the 3' region of the retrovirus and represents a
novel organization for a myc-associated provirus in ALV-
induced lymphomas.

Expression of myc-associated proviruses. Both 5' and 3'
LTRs of deleted myc-associated proviruses appeared to be
structurally intact in most of the tumors, raising the possi-
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FIG. 5. Organization of the myc allele altered by proviral inte-
gration in tumor 45. (A) Normal avian c-myc allele. (B) Altered
c-myc allele contains a provirus integrated 20 bp upstream of the
c-myc exon 2 boundary. The provirus has a deletion of approxi-
mately 4.0 kb of viral sequences but includes single-copy sequences
from the avian genome (open box). The 3' boundary between the
genomic and viral sequences, indicated by a diagonal line, has not
been precisely determined by sequencing. The wavy line indicates
that a portion of the internal sequences were not obtained due to the
cloning strategy. (C) myc-associated provirus (solid box) includes
both 5' and 3' LTRs, as well as most ofgag and a portion of env. (D)
Sequence of the 5' cellular-viral junction shows a loss of the distal 2
bp of LTR sequences and a 6-bp duplication of cellular sequences
(underlined). The sequence of U3 is essentially the same as RAV-2
(23), the presumed progenitor virus. Nucleotide differences in
RAV-2 are indicated under the sequence of the myc-associated
provirus. Symbols: (----), sequences not found in U3 of RAV-2;
boxes, sequences implicated as enhancer elements (25); H, region
with sequence homology to core enhancer elements which appears
only twice in RAV-2.

bility that the 5' LTR may be functional either in viral
expression or in tumor-specific myc expression or both.
Expression of myc-associated proviruses with structurally
intact 5' LTRs should result in viral transcripts ranging in
size from approximately 2.0 to 6.0 kb, depending on the
extent of proviral deletions. Such transcripts would include
U5 sequences but may or may not contain leader sequences,
depending on the location of deletions within the provirus
(Fig. 2). In addition to myc-associated proviruses, ALV-
induced tumors frequently have other exogenous proviruses
(20, 33, 34, 42, 48) which may be intact. Normal proviral
expression results in two major poly(A)+ RNA species of
approximately 8.0 and 3.0 kb, representing full-length and
env transcripts, respectively (19, 30, 66). Each viral RNA
contains both U5 and leader sequences.
To detect transcripts reflecting the organization of myc-

associated proviruses, poly(A)+ RNAs from 13 tumors were
analyzed by Northern (RNA) blotting with two probes, one
specific to the U5 region of the LTR and the other specific to
the ALV leader region (LDR probe) (Fig. 6A). Both probes
detected 8.0- and 3.0-kb viral RNAs, consistent; with the
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FIG. 6. Analysis of tumor poly(A)+ RNAs for expression of
myc-associated proviruses and tumor-specific myc transcripts. (A)
The 5' LTR contains U3 (O), R (-), and U5 (=77 ). The leader
region (-) extends from the BstEII site to the splice donor (SD)
sequence. The U5 (a) and LDR (b) probes were generated by
subcloning EcoRI-BstEII and BstEII-SacI fragments of the 5' LTR
of RAV-2. Subcloned fragments were purified from polyacrylamide
gels and labeled to high specific activity by the random priming
method (13). (B) Poly(A)+ RNA (5 p.g per lane) from the indicated
tumors was hybridized sequentially with the U5 (lanes a), LDR
(lanes b), and c-myc exon 3 (lanes c) probes. Sizes are indicated (in
kilobases) to the left.

VOL. 61, 1987



2494 GOODENOW AND HAYWARD

presence and expression of intact ALVs, in eight tumors,
including tumors 17, 327, and 533 (Fig. 6B, lanes a and b).
Additional viral transcripts of about 6.0 to 7.5 kb were
identified with both probes in tumors 17 and 327, suggesting
that defective proviruses were also present and expressed.
However, the organization of myc-associated proviruses in
these tumors precluded them as the source of the additional
transcripts (Fig. 2). In four tumors, including tumors 35, 36,
and 33 (Fig. 6B), there were no detectable RNAs that
hybridized with both the U5 and LDR probes. The deletions
in the myc-associated proviruses in tumors 36 and 33 did not
involve the portion of the leader region defined by the LDR
probe (Fig. 2). If steady-state transcripts had originated from
the 5' LTRs in these deleted proviruses, they would be
expected to hybridize with both the U5 and LDR probes. In
tumor 45, the entire 5' region of the myc-associated provirus
was intact. However, the only transcript with both US and
leader sequences was 8.0 kb long (Fig. 6B), which was larger
than the 6.5-kb RNA predicted from the organization of this
provirus.
These experiments demonstrated that viral transcripts

reflecting the organization of myc-associated proviruses
were not apparent in any tumor. Thus, the 5' LTRs of
internally deleted myc-associated proviruses did not appear
to be functional in expression of detectable steady-state viral
RNAs.

Tumor-specific mnyc expression. ALV-induced tumors have
been shown to express tumor-specific myc transcripts,
which generally contain both viral U5 and c-myc coding
sequences (20, 41) but not the untranslated first c-myc exon
(54). It has been suggested that transcription of the altered
c-myc allele initiates from the 3' LTR of the myc-associated
provirus (20). However, the presence of both 5' and 3' LTRs
in most myc-associated proviruses raised the question of
whether the 5' LTR might function in expression of myc
RNAs in any tumor.
Tumors analyzed in these studies for expression of myc-

associated proviruses contained at least one species ofRNA,
varying from about 2.1 to 2.3 kb, which was detected with
both the U5 and c-myc exon 3 probes (Fig. 6B, lanes a and
c), consistent with earlier findings (20, 41). In tumor 17, the
U5-myc RNA must have originated from the proviral 3'
LTR, because most of the 5' LTR was deleted from the
myc-associated provirus. Deletions within myc-associated
proviruses in tumors 36, 33, and 45 did not involve the leader
region adjacent to the 5' LTR (Fig. 2). Thus, c-myc tran-
scripts originating from the 5' LTR would be expected to
have both viral U5 and leader sequences (Fig. 6A). How-
ever, U5-myc RNAs in these tumors did not contain the
leader sequences (Fig. 6B, lane b). These results demon-
strated that, in tumors in which it was possible to discrimi-
nate between the alternatives by this approach, it was the 3'
and not the 5' LTR of the myc-associated provirus that
functioned in expression of the tumor-specific myc tran-
scripts.
Many myc-associated proviruses contained 5' LTRs that

appeared to be intact, but had deletions of their leader
regions. Thus, it was not possible to determine by hybrid-
ization with the LDR-specific probe which LTR functioned
in expression of U5-myc transcripts in these tumors, includ-
ing tumors 327, 533, and 35 (Fig. 6B). However, the absence
of any detectable viral transcripts reflecting the organization
of myc-associated proviruses in these tumors suggested that
their 5' LTRs were functionally impaired. Mutations or
deletions which affect the promoter function of the 5' LTR
have been shown to activate transcription from the 3' LTR

(10). Therefore, it seems likely that expression of U5-myc
transcripts in tumors 327, 533, and 35 is under control of the
3' LTR of the myc-associated proviruses.

Additional US-myc RNAs of approximately 3.1 to 3.2 kb
were detected in tumors 35 and 45 (Fig. 6B, lanes a and c).
The myc-associated provirus in tumor 45 was positioned by
sequencing to 20 bp 5' of c-myc exon 2 (Fig. SD); the pro-
virus in tumor 35 was mapped to the same region by
restriction analysis (54). The larger transcripts may repre-
sent unspliced precursors of the major 2.4-kb U5-myc RNA.
Alternatively, the larger U5-myc transcripts may have initi-
ated within sequences upstream of the myc-associated
proviral 3' LTR or terminated farther downstream of c-myc
exon 3.

DISCUSSION

Organization of myc-associated proviruses. Our results
demonstrated that all myc-associated proviruses in 21 inde-
pendent ALV-induced lymphomas contained deletions,
which were confined to viral sequences, with no detectable
rearrangements or deletions within approximately 25 kb of
flanking cellular DNA. Deletions were independent of the
transcriptional orientation of the provirus. The myc-
associated provirdses in tumors 41 (Fig. 2) and LL3 (67)
were integrated in the opposite transcriptional orientation
relative to c-myc. Nevertheless, their internal organization
was indistinguishable from that of proviruses integrated in
the same transcriptional orientation.
Although deletions ranged from 15 to 75% of the 7.8-kb

proviral genome, they were not random. In most tumors (18
of 21), deletions involved a region near the 5' end of the
proviral genome, where sequences essential for initiation of
retroviral replication, expression of the viral genome, and
packaging of viral RNA into virions are located. Our studies
revealed a second class of deletions in myc-associated pro-
viruses. In three tumors, deletions were localized to the 3'
half of the provirus and included the splice acceptor site used
in generating viral env mRNA.

Effect of proviral deletions on virus and myc gene expres-
sion. Whether localized to the 5' or 3' region of the viral
genome, all deletions found in the myc-associated proviruses
would be expected to affect expression of one or more of the
viral genes because of disrupted coding sequences or splic-
ing signals. However, deletions involving viral structural
genes should not necessarily preclude transcription from the
5' LTR, which appeared to be intact in many myc-associated
proviruses. Thus, the absence of detectable viral or myc
transcripts initiated from the 5' LTR of myc-associated
proviruses was unexpected. It is possible that the promoter
activities of the proviral 5' LTR were compromised by point
mutations or small deletions. The 5' LTRs of myc-associated
proviruses in two tumors, LL3 (67) and 45 (this study), have
been sequenced and, although not identical with the LTRs of
their progenitor ALVs, appear to be essentially intact. In
fact, the sequence of the 5' LTR of the myc-associated
provirus in tumor 45 contained an additional copy of a
putative enhancer element in the U3 region and was identical
to that of the 3' LTR, which was transcriptionally active.
Other studies, using chicken syncytial virus, have shown
that both LTRs of an internally deleted myc-associated
provirus are transcriptionally active in vitro (46). Therefore,
in the absence of direct functional analysis in vivo, sequence
alterations in the LTR do not provide a convincing explana-
tion for the absence of detectable expression from the 5'
LTRs of myc-associated proviruses.
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A more likely explanation for the absence of 5' LTR-
initiated transcripts is the deletion of proviral sequences
thought to play a role in regulating viral gene expression.
Viral sequences adjacent to the 5' LTR have been implicated
in establishing an environment that influences either the
promoter function of the 5' LTR or the stability of the viral
mRNA (1, 6, 21, 25, 27). These sequences map on either side
of the 5' BamHI site, which was deleted from 17 of the 21
myc-associated proviruses in our study. Transcripts initiated
in the 5' LTR are at least 50-fold more abundant than those
from the 3' LTR in virally infected, nontransformed cells
(21). Impaired function of the 5' LTR could result in en-
hanced expression of downstream myc sequences from the
promoter in the 3' LTR, consistent with a model of tran-
scriptional interference in avian retroviruses (10).

In three tumors, deletions in myc-associated proviruses
were localized to the 3' region of the viral genome, with no
apparent involvement of the elements adjacent to the 5'
LTR. Nevertheless, the 5' LTRs were not functional in
expressing steady-state RNA, whereas the promoter capa-
bility of the 3' LTRs was active in expressing tumor-specific
myc RNAs. These results raise the possibility that there may
be additional control elements in the 3' region of the viral
genome which affect expression from the 5' LTR. Sequences
in the c-nyc locus may also play a role in suppression of the
normal function of the myc-associated proviral 5' LTR.

Role of deleted myc-associated proviruses in tumorigenesis.
There is no evidence that the retroviruses used to induce
bursal lymphomas are intrinsically unstable or unuFually
prone to deletion formation. In fact, RAV-1 infection of
other strains of chickens results in a high frequency of
erythroblastosis associated with integration of intact, biolog-
ically infectious retroviruses within the c-erbB locus (45).
Thus, defectiveness of proviruses appears to be a critical
factor in the etiology of avian tumors associated with retro-
viral integrations in the c-myc locus, as the selection for
tumorigenesis in this system is invariably associated with
proviral deletions.
There are several functions, which are not necessarily

mutually exclusive, that proviral deletions could serve.
Deletions may be essential for efficient transcription of
c-myc from the 3' LTR (see above). This does not, however,
account for deletions in proviruses integrated in the opposite
transcriptional orientation from c-myc. Altered myc expres-
sion resulting from the presence of a defective provirus
within the c-myc locus may confer some selective growth
advantage on the infected cell and its progeny, thereby
mediating expansion of a preneoplastic cell population that is
not expressing viral antigens.
The defect in viral gene expression resulting from the

deletions could be an important factor. The absence of viral
proteins may permit infected cells to elude immune surveil-
lance, because retroviral gag and env proteins, in associa-
tion with class I antigens encoded by the host major histo-
compatibility complex, play a role in activation of the
cellular immune response (14, 22, 43). Nevertheless, it has
been suggested that the bursa provides protection of infected
cells frcm the immune system, allowing hyperplasia and
concomitant development of lymphoid leukosis only within
the bursa of susceptible animals (2, 3).
A critical factor may be a requirement for multiple viral

infections. Absence of env expression from a defective
myc-associated provirus would render a cell susceptible to
further retroviral infection (65). Although the generalized
viremia that develops in birds infected with ALV is transient
(2), viral productiop persists exclusively in bursal lympho-

cytes for at least 9 weeks after infection (3, 4), providing the
opportunity for superinfection of an expanded preneoplastic
cell population. ALV-induced tumor cells frequently contain
a number of proviral integrations (15, 16, 20, 33, 34, 42, 48),
indicating that superinfection does occur. The long latency
associated with the appearance of ALV-induced bursal
lymphomas suggests that altered myc expression may be
necessary but insufficient for complete neoplastic transfor-
mation. The presence of multiple proviral insertions raises
the possibility that a subsequent event(s) in the progression
of ALV-induced tumors may be virally mediated.

Origin of deletions in myc-associated proviruses. The mul-
tiple steps involved in the retrovirus life cycle provide a
number of opportunities for deletions to occur. However,
sequences located adjacent to the 5' LTR necessary for
RNA packaging and initiation of reverse transcription (62)
are deleted from most myc-associated proviruses, indicating
that deletions could not have occurred until after infection
and initiation of viral DNA synthesis. Deletions could be
introduced before integration by a "copy-choice" mecha-
nism involving reverse transcriptase, during the integrative
process by the virally encoded endonuclease activity, or
after integration.
We cannot exclude the possibility that the deletions de-

veloped after proviral integration; however, three observa-
tions lead us to favor a preintegration event. First, we found
no evidence for deletions extending into adjacent cellular
sequences, which might be expected in at least some tumors
if random deletions had occurred subsequent to integration.
Second, sequences at the distal ends of the 5' and 3' LTRs
required for integration were retained in all myc-associated
proviruses, suggesting a selection for defective proviruses
capable of integration. Third, deletions in most myc-
associated proviruses begin within or near an LTR and
extend into the gag or pol genes, the same general region
affected by deletions in many nonintegrated viral molecules
(38). These observations provide a compelling reason to
consider that deletions in myc-associated proviruses, like
deletions in unintegrated viral DNA molecules, develop
before integration, mediated by either retroviral reverse
transcriptase or endonuclease.
A complex array of sequence elements, which might have

played some role in the deletion process, surrounded the
deletion junctions in the myc-associated provirus in tumor 17
(Fig. 4C). One other myc-associated provirus (LL3) that was
sequenced (67) has a deletion in a region similar to that of
tumor 17, although the 5' LTR in LL3 is intact. A compar-
ison of the sequences adjacent to the deletions in LL3 and
tumor 17 showed remarkable structural similarities (Fig. 7),
although no obvious sequence homology was detected. A
pattern of repeated sequence elements was also observed
surrounding a deletion of M-MuLV integrated within c-myb
(53). In addition, we found a striking similarity in the
organization of deletion junctional sequences between inte-
grated myc-associated proviruses and nonintegrated, defec-
tive circular viral DNA molecules formed in vivo (38) (Fig.
7).

It has been suggested that internal deletions at the 5' end
of the retroviral genome can arise before integration as a
result of inappropriate cleavage by the endonuclease activity
encoded within the pol gene (38). Inaccurate cleavage may
also account for preintegrative deletions in the 3' region of
the retrovirus. The preferred site of cleavage by retroviral
endonuclease maps to a unique palindromic sequence found
only in covalently closed circular DNA molecules containing
two tandem LTRs (9, 11, 12, 18, 40). Endonuclease cleavage
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FIG. 7. Patterns of repeated sequence elements flanking deletion
endpoints in two myc-associated proviruses (tumors 17 and LL3)
and four nonintegrated viral DNA molecules (pA053, pAO4, pAO61,
and pAO2). Analysis was based on the sequence data in Fig. 4 and
published data of Westaway et al. (67) and Olsen and Swanstrom
(38). Symbols: 0, deletion endpoints; arrows are as described in the
legend to Fig. 4.

near other palindromic sequences in the viral genome has
been observed in vitro (11, 12 18). Thus, palindromic
sequences surrounding deletions in myc-associated provi-
ruses may provide alternative recognition sites for endonu-
clease activity in vivo. Such a model, however, must ac-
count for religation of the deleted viral molecules and
subsequent correct cleavage at the LTR junction before viral
integration can occur.

High-frequency recombination among retroviruses, medi-
ated by a copy-choice mechanism involving reverse tran-
scriptase, may be facilitated by homologous repeated se-
quences (7). Likewise, limited sequence homology could be
a factor in the formation of deletions within a retroviral
genome before integration, during reverse transcription of
the first DNA strand from the RNA template by a copy-
choice mechanism (7), or during synthesis of the second
DNA strand. A model in which deletions occur prior to
integration by reverse transcriptase accounts for deletions in
the 5' or 3' region of the viral genome and suggests a role for
repeated sequence elements at the deletion junctions, al-
though some "slippage" in the copy-choice mechantism must
be invoked to etplain deletions near, but not within, homol-
ogous sequences.
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