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ABSTRACT Avian carcinoma virus OK10 has the genetic
structure gag-Apol-myc-&env. It shares the transformation-
specific myc sequence with three other avian carcinoma viruses
(MC29, MH2, CMII) and also with a normal chicken gene
proto-myc and the gag, pol, and env elements with non-
transforming retroviruses. Unlike the other myc-containing
viruses, which synthesize sngular myc proteins, OK10 synthe-
sizes two different myc-related proteins of 200 and 57 kDa.
Here we have sequenced the myc region of an infectious OK10
provfrus to investigate how OK10 synthesizes two different
proteins from the same myc domain and to identify character-
istic differences between the normal proto-myc gene and the
myc-related viral transforming genes. It was found that (i) the
1.6-kilobase myc domain of OK10 is colinear and coterminal
with the myc domains of MC29, MHO, and the terminal two
exons of proto-myc. It is preceded by the same splice acceptor
as the myc sequence ofMH2 and as the second proto-myc exon.
From this and the known structure of retroviruses, it follows
that the OK10 gene encoding the 57-kDa protein is discontinu-
ous with a small 5' exon that includes sixgag codons and a large
3' myc exon (6gag-myc). This gene and the 6gag-myc gene of
MH2 are isogenic. (i ) The proto-myc-derived intron preceding
the myc domain of OK10 is in the same reading frame as the
adjacent Apol and myc domains and, hence, is part of the
gag-Apol-myc gene encoding the 200-kDa protein. (ui) Se-
quence comparisons with proto-myc and MC29 and MHZ
indicate that there are no characteristic mutations that set
apart the viral myc domains from proto-myc. It is concluded
that transforming function ofviral myc-related genes correlates
with the lack of a viral equivalent of the first proto-myc exon(s)
and conjugation of the viral myc domains with large or small
retroviral genetic elements rather than with specific point
mutations. Because OK10 and MHZ each contain two genes
with potential transforming function (namely, 8gag-myc and
gag-Apol-myc or Agag-mht, respectively), It remains to be
determined whether the .gag-myc genes have transforming
function on their own or need helper genes. The possible helper
requirement cannot be very specific because the two potential
helper genes are very different.

OK10, MH2, MC29, and CMII form a subgroup of avian
retroviruses with transforming (onc) genes that share closely
related myc sequences (1). These viruses have obligatory
transforming function for susceptible avian cells in culture
and cause carcinomas, acute leukemias, and solid tumors in
animals (2). Each of these viruses consists of genetic ele-
ments from nontransforming retroviruses, also termed chron-

ic leukemia viruses, and a normal chicken gene, termed
proto-myc (1-3). Proto-myc is not known to have transform-
ing function and is regularly expressed in normal chicken
cells (4, 5). Nucleotide sequence analysis has identified at
least three proto-myc exons; the borders of the 5' exon(s) are
as yet uncertain, while those of the two terminal exons are
clearly defined (6-8).
Sequence analysis ofMC29 (9, 10) and MH2 (11) has shown

that the viral myc-related genes are structurally different from
proto-myc (6, 7), consistent with their distinct transforming
function. However, unexpectedly, the two viral genes were
also found to be different from each other (12-14). The
transforming gene of MC29 is a hybrid, sharing =1.5
kilobases (kb) with the retroviral gag gene and 1.6 kb with the
proto-myc gene (Agag-myc), which encodes a 110-kDa pro-
tein (15). The myc-related gene ofMH2 is discontiguous, with
a gag-derived 5' exon of only six codons (8gag) and a 3'
1.6-kg myc exon that is essentially colinear with the myc
region of MC29 and the two terminal proto-myc exons (11).
This viral myc exon is preceded by the same splice acceptor
as the second proto-myc exon (6, 7, 11). However, it is as yet
unclear whether the 8gag-myc gene of MH2 is sufficient for
transforming function, because the virus contains a second
potential onc gene, Agag-mht. This gene is not myc-related,
and it may function as a helper gene of Ogag-myc (11-14, 16).
Here we have analyzed the nucleotide sequence of an

infectious OK10 provirus to determine whether yet other
conjugations of retroviral and proto-myc elements generate
viral transforming genes and to answer the following open
questions regarding the genetic structure ofthe myc region of
OK10. The genome ofOK10 measures 7.5 kb and is the most
complex among defective transforming viruses (17, 18) (Fig.
1). It contains a complete gag gene (2 kb) that directs the
synthesis ofviral gag proteins, which allows the virus to form
envelope-defective particles in the absence of helper virus; a
near complete pol gene (1.7 kb); a myc sequence (2 kb); and
a partial env gene (1.4 kb). These are linked gag-Apol-myc-
Aenv (1, 17, 18). The myc sequence of OK10 is the only
known onc-specific sequence that is part of two different
genes, a large gag-Apol-myc hybrid, defined by a 200-kDa
protein (19) that is translated from genomic RNA (1, 17) and
a smaller gene, defined by a myc-related protein of -57-kDa.
This size reflects an average among size estimates of 55 to 62
kDa reported in several independent investigations (20-23).
This protein is translated from a spliced 3.5-kb mRNA with
a leader sequence from the 5' end of the viral genome and a
myc domain from the 3' half of the viral genome (24, 25).

Abbreviations: kb, kilobase(s); RSV, Rous sarcoma virus.
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FIG. 1. Genetic structures and gene products of the avian
myc-containing viruses MC29, MH2, and OK10, and of the chicken
proto-myc gene.

The peculiar structure and products of OK10 raise the
questions of how OK10 synthesizes two different proteins
from the same myc region, how its myc region is related to
those of MC29 and MH2, and how it is related to proto-myc.
The sequence analysis described here has answered these
questions.

RESULTS

Nucleotide Sequence of the Apol-myc-Aenv Region of OK10.
To determine the nucleotide sequence of the myc region and
ofthe Apol-myc and myc-Aenv borders, an appropriate OK10
DNA fragment was prepared from an infectious 7.5-kb
provirus cloned in a A Charon 28 vector, termed A401 (18).
The myc region and retrovirus group-specific flanking regions
of OK10 map on an EcoRI-resistant 4.1-kb OK10 DNA
fragment that has been subcloned in pBR322 (18). From this
subclone, termed pOK4.1, three adjacently mapping myc
DNA fragments were prepared: a 0.6-kb Bgl II/Pst I-resistant
Apol-myc fragment, a 0.6-kb Pst I/Cla I myc fragment, and
a 0.8-kb Cla IlEcoRI myc-Aenv fragment. These fragments
were cloned in M13 phage for sequence analysis by the
dideoxy method as described (26, 27). Fig. 2 shows the
complete nucleotide sequence of the 2-kb Apol-myc-Aenv
region that has been sequenced.
Comparing the Nucleotide Sequence of the myc-Region of

OK10 with Those of Proto-myc and the myc-Containing Vi-
ruses MH2 and MC29 and of Rous Sarcoma Virus. Compari-
son of the OK10 sequence with the known nucleotide
sequence of the Prague C strain of Rous sarcoma virus (RSV)
(28) and the proto-myc sequence of chicken (6, 7) identifies
the Apol-myc border at a 2-base overlap between OK10
positions 224 and 225 and positions 4841 and 4842 in the pol
gene of RSV (28). We found four mutations in the Apol
sequence ofOK10 compared to that of RSV at positions 101,
163, 166, and 216, which are marked in Fig. 2. The myc-Aenv
border of OK10 lies at a 7-base overlap between OK10
positions 1798 and 1804 and positions 6124 and 6130 in the env
gene of RSV (28). Thus, the recombination between the
retrovirus and proto-myc that generated OK10 occurred
probably at a 2-nucleotide overlap with the pol sequence and
a 7-nucleotide overlap with the env sequence of this retro-
virus and proto-myc. This deduction assumes that the respec-
tive pol and env sequences of the retrovirus that generated
OK10 are the same as those of RSV and that the proto-myc

sequence described by us (6, 7) is the same as that in the
chicken in which OK10 was generated. The comparison
between OK10 and RSV (28) also provides a definitive
measure of the defectiveness of OK10; it shows that the Apol
gene of OK10 lacks 348 nucleotides at its 3' end and that the
Aenv gene lacks 1076 nucleotides at its 5' end.
Comparison with proto-myc indicates that (i) OK10 shares

with proto-myc the 3' terminal 63 nucleotides of the proto-
myc intron that precedes the second proto-myc exon. By
contrast, MH2 contains 177 nucleotides of the same proto-
myc intron (11), whereas MC29 contains instead 12 nucleo-
tides from a possible upstream proto-myc exon (6, 7) (Fig. 2).
(ii) OK10 shares with proto-myc the two 3' exons, but not the
intervening intron of proto-myc, like MC29 and MH2. (iii)
OK10 shares with proto-myc the translation stop codon and
a noncoding region of 249 nucleotides between this stop
codon and the polyadenylylation site of proto-myc. Instead,
MH2 contains only 35 noncoding proto-myc nucleotides (11)
and MC29 contains 286 noncoding proto-myc nucleotides (9)
(Fig. 2). The presence of the proto-myc splice acceptor in
OK10 virus explains the origin of the subgenomic 3.5-kb
mRNA of OK10. Furthermore, it indicates that the myc
region ofOK10 is colinear with the two 3' exons ofproto-myc
and with the myc-related gene ofMH2 (6, 7, 11). This mRNA
is probably spliced from the known splice donor at the sixth
gag codon and encodes a p57 protein. It is, thus, essentially
colinear with the p57 myc-related protein encoded by the
homologous subgenomic mRNA of MH2 except for a de-
letion offour OK10 myc codons at positions 910-921 (Fig. 2).
The presence of the proto-myc intron in OK10 answers the

question of how the subgenomic mRNA is made but raises
the question of whether the large gag-Apol-myc hybrid p200
protein of OK10 is translated from genomic OK10 RNA or
from another spliced mRNA. If genomic RNA were the
template, the same proto-myc region that serves as an intron
in the virus and in proto-myc would also serve as a coding
region in the virus. Inspection of the &pol-myc sequence
shown in Fig. 2 indicates that the known reading frame ofpol
(28) extends without interruption into myc, through the
region that functions as intron for the subgenomic mRNA.
We conclude that the p200 gag-Apol-myc protein is probably
translated from genomic OK10 RNA and that this particular
myc region of OK10 has a dual function as intron and exon
in OK10.
There Is No Characteristic Point Mutation That Sets Apart

Proto-myc and the myc Regions of OK10, MC29, and MH2
Viruses. Two kinds of qualitative changes may be responsible
for the obligate transforming function of OK10, MC29, and
MH2 compared to proto-myc-namely, point mutations
among myc-related genes or deletions of proto-myc se-
quences and substitutions by virus-specific sequences. Here
we have compared the myc sequences of three viruses MC29
(9), MH2 (11), and OK10 with that of proto-myc (6, 7) (Fig.
2). Single base differences between the myc domains of the
viruses and proto-myc are marked in Fig. 2. The data indicate
that there is not one consistent point mutation that sets apart
the three viral myc domains from proto-myc. We conclude
that point mutations appear less likely to cause the functional
differences between the viral myc-related genes and proto-
myc than do the major deletions and substitutions.

DISCUSSION

Relationship Among the myc-Related Genes of OK10 and
Other myc-Containing Viruses. Our results indicate that the
myc domain of OK10 virus, unlike that of other myc-contain-
ing viruses, is part of two overlapping viral genes. It is
colinear and coterminal with the two 3' exons of proto-myc
and with the end of the intron preceding these two exons of

Biochemistry: Hayflick et al.

Pt



2720 Biochemistry: Hayflick et al.

proto-myc (see Fig. 1). One myc-related gene of OK10 is a
contiguous gag-Apol-myc hybrid, and the other is a
discontiguous Sgag-myc gene. The Ogag-myc gene includes
the same splice acceptor as the second proto-myc exon and
as the 8gag-myc gene of MH2. Thus, the Ogag-myc genes of
OK10 and MH2 are essentially isogenic, differing in several

A pol - 30
OK10 tgg ctc gcg aga tgg ggg ata gea cac acc
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point mutations and in a 4-codon deletion in the myc
sequence of MH2 compared to that of OK10.
The myc-related onc genes with large gag complements of

MC29 and CMII are probably singular viral oncogenes. By
contrast, the myc-related genes ofOK10 and MH2 with small
gag complements may not be autonomous onc genes. In-

60
acc ggg att ccg ggt aat tcc cag ggt caa gct atg gta gag cgg gcc

90 *
aac cgg cte ctg aaa gat aag atc cgt gtg

start of MH2 p-myc homology
p-myc intron k

* * 180
ggg gaa tta eta
GCT GGG TGC CGG
GCG GGG TGC CGG

240
ggc ccc gag cgc

gee age etc cec
T

aac tte tac'ctg
TC

480
gag etc etg ccc

gac cag ctg

630
tee ttc gte

teg gag aag

teg ggg cog

gac tge ate
G

coc geg get

1020
ate gat gte

tgt aag ece

120
ctt geg gag ggg
TAT TAT TAG TTT
TAT TAT TAG TTT

gac ggc ttt
//G TAT ATA
ATA TAT ATA

gee aag gea atg tat gee etc aat cac ttt gag cgt ggt
GAG GGA GCG CTG CGT GCC GAG GGT CGA TCT TCC CCG CTA
GAG GGA GCG CTG CGT GCC GAG GGT CGA TCT CCC CCG CTA

*270
ggc tca ccc ggc ccc ccc gtg tcc cc tce cgc ceg cag

C CCC CCC CCGI
start MC29 p-myc homology GTG CAC GGC

I end p-mye intron

330 360
age aag aac tac gat tac gac tac gac teg gtg cag ccc

420
geg geg cag cag egg ggc age gag ctg cag cct ccc gee

A A

510
geg ceg ccc etc teg ccc age cgc cgc tcc age ctg gee

T A
AT
A

gag atg gtg

aaa tee ate

720
etc gee ace

ceg ect act

870
gac ece teg
G T

ctg ctg ggg

gtt aca tta

111(
cae cac agt

570
aeg gag ctg

ate ate cag
G

tac caa gee
A

ecc gec ggc

gtg gtc tto

960
gtc gac aeg

G

get gaa geg

)
ceg etg gte

etc ggg ggg gae atg gte aac

660
gac tge atg tgg age ggc ttc

750
tee ege egg gag ggg gge cec

A

810
cc gee gee teg gee gge etc

900
ace tac ceg etc age gag agc

G G AG G

ceg cc aeg ace age age gac
GT G G G
end p-myc exon

1050
aac gag tat gaa tee age aca

1 14)

cag

tee

gee

3 tac

3 gee
G

150
atg aaa aga atc ccc acc age aaa cag
TAT ATA TAT ATA AAT CM TCT GAC GGC
TAT ATA TAT ATA AAT CAA TCT GAC GGC

end A pol_
210 * I).OK10 myc
gaa aac aca aaa aca cog gag cct cgc
TAG GGG CCG GGC GGA GGC
TAG GGG CCG GGG GGA G

300 start codon
gca gca gee goc gcg atg cog ctc agc

I >k start p-myc exon #2-
390

tac tte tac ttc gag gag gag gag gag

450
ceg tee gag

gee gee tee

600
age ttc ate

C

gee gee gee

gee gee tee

840
ctg cac gac

ceg egg gec
/// /11 ///
990

c teg gaa gaa gaa
G

$2 __s I exor

a gag tec agc
G

40

gac ate tgg aag aag ttt

540
tge tte act tee ace gee

tgc gac cog gac gac gaa

690
aag ctg gag aag gtg gtg

780
cga cc ggc cog cog ecc

ctg gga gee geg gee gee

930
gee cog ecc ggc gee aac
/I/ GG

caa gaa gaa gat gag gaa

n #3
1080

aca gaa gea tea gag gag cac

1170
etc aag egg tgt cac gte aac ate cac caa cac aac tac get get cat coc

G

1200
OK10 tee ace aag gtg gaa tac cca gee gee aag agg eta aag ttg gac agt gge agg gte
MH2

1230
etc aaa cag ate age aac aac

G

1260
cga aaa tge tee agt ccc age aeg tea gac tea

T

1290 1320
gag gag aac gac aag agg cga atg

T C

C

C

cac aac gte ttg gag cge cag

(Fig. 2 continues on the following page.)

OK10
MH2

p-mye

OK10
MH2

p-mye

OK10

MH2

MC29
p-maye

OK10
MH2

OK10
MH2

OK10
MH2

MC29
p-maye

OK10
MH2

OK10
MH2

OK10
MH2

MC29

OK10

OK10
MH2

OK10
MH2

p-mye

OK10
MH2

OK10
MH2

OK10
142

MC29
p-mye

lb

1%

3

, 1,4



Proc. Natl. Acad. Sci. USA 82 (1985) 2721
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FIG. 2. Nucleotide sequence of the Apol-myc-env region of the OK10 provirus compared to the myc regions ofMH2 and MC29 viruses and
to the chicken proto-myc gene (p-myc). OK10 sequences are presented in lower case letters. Non-OK10 sequences are presented in capital letters
and only where they differ from OK10. / denotes deletions, and n denotes insertions compared to the OK10 sequence. * denotes base changes
in the pol region of OK10 compared to that of RSV (28).

stead, they may need helper genes for transforming function,
because OK10 contains a gag-A&pol-myc and MH2 contains a
Agag-mht gene as a second potential onc gene. If the
myc-related genes of OK10 and MH2 are indeed helper
gene-dependent for oncogenic function, the requirements for
a hypothetical helper gene cannot be very specific. This
follows, because the 8gag-myc genes of OK10 and MH2 are
isogenic and, thus, probably functionally identical, whereas
the respective potential helper genes are very different-
namely, gag-Apol-myc and Agag-mht. Further work studying
genetic variants of MH2 and OK10 is necessary to define
complementary functions of the two potential onc genes of
OK10 and MH2.
As yet, no mammalian myc-containing retroviruses have

been isolated. However, myc-containing feline provirus-like
DNAs with unknown biological activity have recently been
detected by hybridization of lymphoma DNA from feline
leukemia virus-infected cats (29-31).

Differences Between Viral myc Genes and Proto-myc Genes
from Normal Cells and Cancer Cells. The conversion of
cellular proto-myc to a viral cancer gene could be due to gross
structural changes or to point mutations or both.

Clearly, the known myc-containing viral onc genes are all
different from normal or activated proto-myc genes (37) (Fig.
1). Each of the four myc-related avian carcinoma viruses
identified to date lack the 5' proto-myc exon(s) and contain
instead myc-related genes with large (MC29, CMII) or small
(OK10, MH2) gag complements. However, the apparently
close structural similarity between the cellular p57 proto-myc
gene and the p57 8gag-myc genes of OK10 and MH2,
suggests that very minor changes may be sufficient to convert
a proto-myc product into a transforming protein. Assuming
that the cellular p57 is initiated not in the first proto-myc
exon(s) but at the sixth codon of the second proto-myc exon
(position 301 in Fig. 2), the two protein species might differ
by as little as 11 amino-terminal codons. The viral species
may contain 6 gag codons up to the splice donor and the 5
myc codons up to the first methionine in the second proto-

myc exon that are not shared with the cellular counterparts.
It is also possible that the viral and the cellular proteins are
colinear and that both are initiated at position 301. However,
coding or noncoding information of the upstream proto-myc
exon(s) may also differentially affect the function of cellular
and viral myc-related genes.

It is shown in Fig. 2 that the myc domains of each virus also
differ from proto-myc in private point mutations. Each of these
could be necessary to convert proto-myc to a viral cancer gene.
However, since a common mutation was not found in all viral
myc genes, we conclude that mutations may not be essential for
oncogenicity. A similar comparison between the myb se-
quences of avian myeloblastosis virus and erythroblastosis
virus E26 and proto-myb also failed to identify a characteristic
point mutation common to viral myb sequences (38).

It would appear that deletions and conjugations of proto-
myc elements with viral genetic elements, rather than specific
mutations, are necessary to convert proto-myc to an active
cancer gene.
Because viral onc genes contain genetic elements derived

from cellular proto-onc genes, it has been proposed that
proto-onc genes can also be converted, or activated, to
cellular cancer genes without becoming viral onc genes (5).
Examples are the hypotheses that activated proto-myc is the
cause of avian B-cell lymphoma and human Burkitt
lymphoma (32-34). In the case of the avian lymphoma, it has
been suggested that enhanced transcription by the promoter
or enhancer of a retrovirus without an onc gene, also termed
chronic leukemia virus, integrated within several kilobases of
proto-myc may be sufficient to activate proto-myc to a cancer
gene (8, 32, 35). In the case of Burkitt lymphoma, deregula-
tion ofproto-myc expression by chromosome translocation is
thought to be a sufficient or, at least, a necessary cause (33,
34, 36). Alternatively, it has been postulated that point
mutations may convert cellular proto-myc genes to active
cancer genes in B-cell lymphomas (39-41).

If the viral models apply to proto-myc activation in such
tumors, one would expect the upstream exon(s) ofproto-myc

Biochemistry: Hayflick et al.
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to be separated from exons 2 and 3 and possibly some of the
point mutations found in viruses. Yet, in several cancers in
which myc is suspected to be an active carcinogen, proto-myc
is not rearranged (34, 37) and no niyc mutations were found
(37, 42, 43). There is as yet neither functional proof for these
hypotheses nor are there consistent correlations between
specific structural or transcriptional proto-myc activations
and these tumors (37).

Further work is necessary to determine whether the
8gag-myc genes of OK1O and MH2 are sufficient for trans-
forming function or require helper genes and whether the p57
viral and proto-myc proteins are colinear or contain specific
5' elements and whether the first proto-myc exon(s) may
suppress potential transforming function, perhaps by encod-
ing proteins not shared with the viruses.

If the Ogag-myc genes ofOK10 and MH2 are indeed helper
gene dependent for transforming function, they could serve
as models of myc genes that are necessary but not sufficient
for cancer, whereas MC29 is a model for a myc gene that is
sufficient for carcinogenesis.
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