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ABSTRACT  We have determined the nucleotide sequence
of the 2.2-kilobase-pair region upstream of the chicken c-myc
coding exons. Using RNA blot analysis, we have localized a
noncoding exon to a region that is separated from the c-myc
coding sequences by an intron of 700—800 base pairs. In most
avian leukosis virus-induced lymphomas proviral integration
has occurred within, or downstream of, the first exon, thus
presumably displacing the regulatory sequences that normally
control c-myc expression. More than 70% of the integration
sites were clustered in a 250-base-pair region in the first in-
tron, immediately preceding the coding sequences. Sequences
from the upstream noncoding exon were absent from the myc
transcripts in these lymphomas; RNA transcripts from the
normal c-myc allele were not expressed at detectable levels.

Structural alterations of the c-myc locus have been implicat-
ed in the induction of a variety of neoplasms, including avian
leukosis virus (ALV)-induced B-cell lymphomas in chicken
(1-3), murine plasmacytomas (4—6), and human Burkitt lym-
phomas (5, 7). In ALV-induced lymphomas, c-myc expres-
sion is altered by insertion of proviral promoter and regula-
tory sequences located in the long terminal repeat (LTR) of
the integrated provirus. In most cases, integration occurs up-
stream of the c-myc coding sequences and in the same tran-
scriptional orientation, resulting in synthesis of tumor-spe-
cific transcripts containing both c-myc and viral (LTR) se-
quences (1). Transcription thus apparently initiates on the
viral promoter under control of the viral enhancer. In a mi-
nority of tumors, the provirus is in the opposite orientation
or downstream of c-myc (2). In these tumors, viral enhancer
sequences presumably augment transcription from a cellular
promoter, because the viral promoter is not appropriately
positioned for c-myc transcription.

The coding sequences of the chicken c-myc locus are orga-
nized into at least two exons (8-10). The v-myc gene of
MC29, which presumably arose by recombination between
ALYV and cellular myc sequences (11), is comprised of the
two c-myc coding exons, plus an additional 13 nucleotides
that are not contiguous with the normal chicken c-myc cod-
ing sequences (12-14). The coding regions of chicken c-myc
and MC29 v-myc differ by only eight bases (14).

The coding exons of the c-myc genes of chicken, mouse,
and human are highly conserved (6, 15, 16). An additional
exon of approximately 500 base pairs (bp), located 1.6 kilo-
base pairs (kbp) upstream of the coding exons, has been
identified in the c-myc locus of both mouse and human (6,
16, 17). This exon is not translated, as the nucleotide se-
quence reveals the absence of an ATG codon and the pres-
ence of multiple termination codons in all three reading
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frames. The function of this unusually long untranslated
exon is unknowr, but it has been postulated that it plays a
role in the transcriptional and/or post-transcriptional regula-
tion of c-myc expression (6, 18, 19). The presence of a non-
coding exon in the chicken c-myc gene has not been reported
previously, although the size of the c-myc transcript indi-
cates that sequences, in addition to the coding exons, must
be present in the mature mRNA (10).

To characterize the upstream region of the chicken c-myc
gene and to determine the relationship between proviral inte-
gration sites and possible c-myc transcriptional control ele-
ments, we have determined the nucleotide sequence of the
2.2-kbp region upstream of the c-myc coding exons. We have
localized an upstream exon in a region separated from the c-
myc coding sequences by an intron of 700-800 bp. Proviral
integrations in most ALV-induced lymphomas were mapped
within this intron. Sequences from the upstream exon were
not detected in the tumor-specific myc transcripts of these
lymphomas.

MATERIALS AND METHODS

Nucleotide Sequence Analysis. Molecular clones of the
chicken c-myc locus were isolated independently in two lab-
oratories (10, 20) from the same chicken genomic library (21)
and were subcloned into pBR322 or M13mpl0 and -11. The
strategies used for sequencing by the Maxam-Gilbert (22)
and dideoxy chain-termination methods (23) are illustrated in
Fig. 1. Most of the nucleotide sequence was determined by
both methods independently. With one possible exception
(see legend to Fig. 2), there was complete agreement be-
tween the sequences obtained by the two methods.

RNA Blot Analysis. Poly(A)* RNAs were prepared from
tissues of uninfected 14- to 25-day old chickens (SPAFAS,
Norwich, CT) (24) or from lymphomas induced by RAV-1,
RAV-2, or td107A (25). RNA was extracted by the guanidin-
jum isothiocyanate method (26). Glyoxal/agarose gel elec-
trophoresis and RNA blot transfer were carried out accord-
ing to published procedures (27, 28). Probes indicated in Fig.
3 were nick-translated to a specific activity of 108 dpm/ug
(29). Glyoxalated end-labeled HindIII fragments of phage A
were used as size markers. The sizes assigned to the RNA
species in these studies are somewhat lower than those re-
ported previously (1, 25) based on ribosomal RNA size

markers.

RESULTS

Nucleotide Sequence of the Region Upstream of the Chicken
c-myc Coding Exons. The nucleotide sequence of the 2.2-kbp
region upstream of the chicken c-myc coding exons is shown

Abbreviations: ALV, avian leukosis virus; LTR, long terminal re-
peat; bp and kbp, base pair(s) and kilobase pair(s); kb, kilobase(s).
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Fia. 1. Strategy for sequencing the 2.2-kbp region‘upstream of the c-myc coding exon. The hatched boxes indicate the two c-myc exons that

are horhologous to the v-myc gene. The Pst I-Pst I fragment was subcloned into pBR322 or M13mpl0.and -11; the Sac II-Pst I region was
subjected to sequence analysis. Arrows indicate the direction and extent of sequences determined by thie Maxam-Gilbert (——) or dideoxy
-») methods. Only the relevént restriction endonuclease sites used in sequencmg are shown.
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in Fig. 2. The 5’ boundary of the first coding exon (position
2253) and the initiating AUG codon of the ,open
frame (position 2268) were determined by ahgmng
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Fi1G. 2. Nucleotide sequence of the 2.2-| kbp region upstream of the chicken c-myc codmg exon. The asterisk indicates a possible sequence
polymorphism (guanosine or adenosine, position 2195), based on a sequence difference in clories derived independently in two laboratories.
Dashed lines indicate sequences homologous to the v-myc gene of MC29 virus (12-14). The coding exon of the c-myc gerie starts at position
2253. The boxed ATG triplet in the coding exon specifies the beginriing of an open reading frame. A consensus splice acceptor site () is
located at the 5’ boundary of the first coding exon. Potential splice donor sites (" L__), showing at least 70% homology with published
consensus sequences (30, 31), are indicated throughout the 2.2-kbp sequence. Arrows show the sites of proviral mtegranons in tumor 7 (position
2001) and tumor 10 (position 1461), localized by aligning the previously published nucleotide sequences of cloned virus—cell junction fragments
(10). Restriction endonuclease sites, Alu I and Sma I, denote the boundaries of fragment E, which hybridizes to normal c-myc RNA, but not to
tumor myc-related transcripts (see text and Fig. 3).
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gene of MC29 virus, which are not contiguous with the c-
myc coding sequences (13, 14), were located 458 nucleotides.
upstream of the 5’ boundary of the c-myc coding exons (posi-
tion 1784-1795). The 12 nucleotides are adjacent to a consen-
sus splice-donor sequence, which may have been used to
join these nucleotides with the c-myc coding exons during
the generation of MC29 virus. The origin of the 13th nucleo-
tide (located at the extreme 5! boundary of the v-myc gene) is
not clear, since it does not match either the cellular c-myc
sequence or the published viral gag gene sequence (32). It is
likely that the mismatch reflects a polymorphism at this posi-
tion in the gag gene, since the published sequence of this
gene is derived from the Prague strain of Rous sarcoma vifus
and not from the (unknown) parent of MC29 virus.

Localization of an Upstream Exon of the Chicken c-myc
Gene. The 5’ noncoding c-myc exon is highly conserved be-
tween human and mouse (33). However, we could find no
significant sequence homology between the human or mouse
first exons and the 2.2-kbp upstream region of chicken c-myc
(data not shown). We therefore adopted the following ap-
proach to identify the upstream exon.

Six probes from the region upstream of the c-myc coding
exons (probes A-F) and one probe from the 3’ ¢c-myc coding
exon (probe G) were used for RNA blot analysis of poly(A)*
RNA from normal chicken thymus (Fig. 3). Probe G hybrid-
ized to an abundant 2.4-kilobase (kb) RNA, as well as to
minor transcripts of 4.0, 3.4, and 3.2 kb. The same tran-
scripts were detected in RNA from bursa and spleen (data
not shown). '

Probe A was derived from the 1-kbp region immediately
upstream of the region that was sequenced, and probes B, C,
and D were generated from the first 1'kbp of the sequenced
region. None of these probes (A-D) hybridized to the chick-
en c-myc RNAs (Fig. 3).

Probe E (Alu I to Sma I) hybridized to the transcripts de-
tected with probe G (Fig. 3). These results indicate the pres-
ence of an additional exon within a 600-nucleotide region
(position 951-1547) that is located 700 bp upstream of the c-
myc coding exons. Probe F, which includes the 12 nucleo-
tides from the 5’ end of the MC29 v-myc gene, did not hy-
bridize to the 2.4-kb c-myc RNA, although it did hybridize to
the less abundant 4.0-kb c-myc RNA (Fig. 3). This result
suggests that the region included in probe F is part of an
intron that is spliced out to generate’ the 2.4-kb RNA and
raises the possibility that the 4.0-kb RNA is the primary tran-
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Fic. 3. Presence or absence of upstream sequences in c-myc

mRNA from normal chicken thymus and from ALV-induced B-cell
lymphomas. (a) Fragments used as probes and relevant restriction
endonuclease sites used in generating these fragments. (b) Approxi-
mately 5-7 ug of poly(A)* RNA ‘of normal or tumor tissues was
used in each lane for gel electrophoresis. Eatly thymus was used as
a source of normal c-myc mRNA, because c-myc mRNA is approxi-
mately 10-fold more abundant in this tissue than in most normal
adult tissues (24). Band mtensmes do not necessarily reflect nRNA
concentrations, as exposure times (up to 3 weeks) were adjusted to
give similar levels of sensitivity for each of the RNA samples.

script that serves as precursor to the c-myc mRNA (2.4 kb).

Proviral Integration Sites in the ALV-Induced Lymphomas.
In nearly all of the ALV-induced lymphomas that we have
examined, proviral sequences were locatéd within the 1- to
1.5-kbp region upstream of the c-myc coding exons (see Fig.
4). A majority of the integrations (=70%) were clustered
within the 250-bp region immediately upstream of the coding
exons (Fig. 4). With one exceptlon (tumor 11), there were no
proviral integrations in the remaining 450-bp intron region in
this group of tumors. In five tumors, the proviruses were
located either in or close to the upstream exon. Proviruses
were integrated in the same transcriptional orientation as
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FiG. 4. Sites of proviral integrations in avian B-cell lymphomas. The two c-myc coding exons are designated by hatched boxes; the 12
additional nucleotides present at the 5’ end of MC29 v-myc are indicated above the enlarged map at 3.0 kb. The precise boundaries of the first
exon have not been firmly established. The cross-hatched box shows the location of the restriction fragment used as probe to detect the first
exon. A sequence within the second exon and two upstream regions that demonstrate complementarity to this sequence (positions 437-512,
1435-1544, Fig. 2) are designated by black boxes beneath the upper c-myc map (see Discussion). Computer-assisted calculations (34) indicated
that the complementarity was significant (free energy of —150 to —250 kcal/mol; 1 cal = 4.18 J). Positionjng of proviral integration sites in
different tumors (indicated by arrows) was based on sizes of the EcoRlI restriction fragments, as described (25). Mapping of proviruses in
tumors 7 and 10 by this method was in agreement with the localizations based on sequence analysis (Fig. 2). Scale is indicated in kbp.
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that of the c-myc gene, with the exception of tumor 41 (data
not shown).

Absence of the Upstream Exon from the Lymphoma-Specif-
ic myc RNAs. Although most tumor-specific myc transcripts
contain approximately 100 nucleotides derived from the viral
LTR, the RNAs are frequently smaller than the normal c-
myc mRNA (1). Because integration sites in most ALV-in-
duced lymphomas mapped downstream of the putative first
exon, we predicted that the myc mRNAs of these tumors
would lack first exon sequences.

To test this prediction, we analyzed poly(A)* RNA from
eight tumors that had proviral integrations in the first intron.
The results obtained from two such tumors (34 and 36) are
shown in Fig. 3. Major myc-related transcripts of about 2.1
kb were identified with probe G (3’ coding exon) in both tu-
mors. These RNAs contained viral LTR sequences, as
shown previously (1, 25), but were smaller than the normal
2.4-kb c-myc transcripts. The first exon probe (E) did not
hybridize to the myc RNAs in these tumors (Fig. 3). Similar
results were obtained with tumors 18, 21, 23, 35, 39, and 45
(data not shown). These observations are consistent with our
previous conclusion (1, 10) that transcription of c-myc initi-
ates on the viral promoter.

Probe E would be expected to hybridize to transcripts
from the normal c-myc allele in ALV-induced lymphomas.
The failure to detect such transcripts (Fig. 3) suggests that
the normal allele is expressed at low levels (if at all) com-
pared with the allele altered by ALV integration.

DISCUSSION

Structure of the Chicken c-myc Gene. The avian c-myc gene
is composed of two coding exons interrupted by an intron of
approximately 1000 bases (8-10). We have identified an ad-
ditional exon included within a 600-bp region (position 951
1547) located 700 bp upstream of the coding exons. Probes
derived from sequences further upstream, or immediately
downstream, of this region did not hybridize to the 2.4-kb c-
myc mRNA, suggesting that there are no other exons. Ex-
periments in which S1 nuclease protection and nuclear run-
off transcription assays were used also support this conclu-
sion (35). If transcription initiates near the 5’ end of the
region including the upstream exon, the primary c-myc tran-
script would be approximately 4 kb [assuming several hun-
dred nucleotides of poly(A)]. This is in agreement with our
observation that the largest detectable c-myc poly(A)* RNA
is 4 kb (Fig. 3). Although we cannot rigorously exclude the
possibility that additional exons, too small to be detected by
any of these methods, may be present in c-myc mRNA, it
seems probable that the chicken c-myc gene is composed of
three exons and two introns, analogous to the structure of
the human and mouse c-myc gene (6, 17, 18).

Two potential initiation sites, located approximately 1 and
2 kb upstream of the coding exons, were identified by in vi-
tro transcription of cloned c-myc DNA (36). Both of these
sites correspond to major DN Ase I-hypersensitive sites (20).
Our localization of the upstream exon suggests that the more
proximal initiation site functions in vivo, at least in the tissue
examined (normal thymus). This would place the initiation
site near potential “CAT” and “TATA” sequences (37, 38),
located at positions 1138-1143 (G-C-A-T-C-T) and 1166—
1171 (T-T-T-A-A-A) (Fig. 2). There is no ATG codon for
nearly 500 bp downstream of this putative promoter region.
Furthermore, there are termination codons in all three read-
ing frames, suggesting that the upstream exon of the chicken
c-myc gene is noncoding and that protein synthesis initiates
in the second exon, at position 2268. A possible splice donor
site (30, 31) is located at position 1462-1467. The sequence at
this site (G-G-T-G-A-G) is identical to that at the splice do-
nor site that functions to join the two c-myc coding exons

Proc. Natl. Acad. Sci. USA 81 (1984)

(14). If this site is used, the intron separating the noncoding
and coding exons would be 790 bp. There are several other
candidate splice donor sites in this region (e.g., positions
1540 and 1645), but these show lower homology with the
published consensus sequences.

The nucleotide sequences of the first exons of mouse and
human c-myc are approximately 70% homologous—a sur-
prisingly high level of conservation for a noncoding region
(18). This has led several investigators to propose that the
first exon plays some critical role for which there is a strong
selective pressure. However, this conservation does not ex-
tend to the chicken gene. We could find no significant ho-
mology between the noncoding exon of chicken and those of
either mouse or human. In fact, no significant homology was
found between the human or mouse first exons and the en-
tire 2.2-kbp upstream region of chicken c-myc.

Proviral Integration Sites in ALV-Induced Lymphomas. In
nearly all chicken ALV-induced lymphomas, proviral inte-
grations are located within 1-1.5 kbp upstream of the coding
sequences (Fig. 4; refs. 2, 3, and 39). [Exceptions include
one tumor in which integration was downstream from c-myc
(2), two cell lines in which integration was 2-2.5 kbp up-
stream of the coding exons (40), and several lymphomas with
integrations even further upstream (H. L. Robinson, person-
al communication).]

Proviral-cellular junctions from five different lymphomas
have been cloned and sequenced (refs. 10 and 41; R. A.
Swift and H.-J. Kung, personal communication). By com-
paring these sequences with the sequence of the upstream
region (Fig. 2), these §iunctions can be precisely localized to
positions 1461, 1740,% 1769, 2001, and 2102 (Fig. 2).

Although in two of these cases integration occurred within
a sequence of alternating A-T residues, no cellular se-
quences were common to all five integration sites. This sug-
gests that proviral integration does not involve recognition of
a specific nucleotide sequence. However, the distribution of
integration sites in the upstream region is not random (Fig.
4). More than two-thirds of the integrations are clustered
within a 250-bp region immediately upstream of the coding
exons. A remarkable feature of this 250-bp sequence is a
stretch of 62 A-T residues (position 2052-2114), interrupted
only by a single guanosine residue. This region also corre-
sponds to a DNase I-hypersensitive site (20). Either the low
melting A-T sequence or the more open chromatin structure
(or both) may make this region more accessible to proviral
integrations. There are also a number of palindromic se-
quences in this region that might play some role in integra-
tion.

Alternatively, the nonrandom distribution of integration
sites in lymphomas may reflect a selection for integration
events that lead to neoplastic growth. For example, integra-
tions distal to the coding sequences might generate function-
al c-myc mRNA only if they occur upstream of a potential
splice donor sequence, which would permit removal of un-
necessary (and perhaps inhibitory) intron sequences (10). All
of the distal integrations that have been precisely localized
(at positions 1461, 1740, 1769, and 2001) are located just up-
stream of consensus splice donor sequences (Fig. 2).

Altered c-myc Expression in Oncogenesis. In most ALV-in-
duced lymphomas, integration has occurred in or down-
stream of the first exon. The normal transcriptional control
sequences of the c-myc gene, presumably located upstream
of the first exon, would thus be displaced by the viral regula-
tory signals in the LTR. In tumors carrying truncated c-myc
mRNA, we could demonstrate that the c-myc allele altered
by proviral integration was expressed at levels at least 100-

$The inducing virus was chicken syncytial virus, rather than ALV
(H.-J. Kung, personal communication).
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fold higher than the normal c-myc allele in the same cells
(Fig. 3).

Several groups have postulated that the 5’ noncoding exon
plays a regulatory role, controlling c-myc expression at ei-
ther the transcriptional or post-transcriptional level (6, 18,
19). One model, based on a proposed secondary structure
resulting from complementarity between sequences in the
first and second exons, suggests a translational control of
human c-myc gene expression (19). The corresponding sec-
ond exon region of the chicken c-myc gene shows significant
complementarity to two regions within the 2.2-kbp upstream
region (Fig. 4). The significance of the complementarity,
however, is unclear. One of the complementary sequences
(position 1435-1544) may be partially included in the first
exon, but the other (437-512) is located further upstream.
Because the tumor-specific myc mRNAs of most ALV-in-
duced lymphomas lack the first exon, they would not be sub-
ject to any regulation that might be conferred by the 5’ non-
coding exon. Loss of the first exon is not an absolute re-
quirement for tumor induction by ALV, however, since
tumors with proviruses integrated further upstream retain
first exon sequences. Similarly, in the murine plasmacytoma
and human Burkitt lymphoma systems, loss of the first exon
is often, but not invariably, associated with translocations
involving c-myc (refs. 18, 35, 42).

The ways in which cellular genes may be altered in onco-
genesis vary from gene to gene. In some cases, somatic mu-
tations in the coding sequences of cellular oncogenes may
result in the production of variant gene products, for exam-
ple the c-ras gene (43). In contrast, altered regulation of gene
expression most likely accounts for the transformed pheno-
type in other tumors. Disruption of the complex regulation of
normal c-myc expression—by proviral integration (1-3),
chromosomal translocation (4-7), or gene amplification (44—
46)—appears to be the common feature of tumors in which c-
myc has been implicated.
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