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Avian myelocytomatosis virus (MC29V) is a retrovirus that transforms both
fibroblasts and macrophages in culture and induces myelocytomatosis, carcino-
mas, and sarcomas in birds. Previous work identified a sequence of about 1,500
nucleotides (here denoted oncmcy) that apparently derived from a normal cellular
sequence and that may encode the oncogenic capacity of MC29V. In an effort to
further implicate oncmcv in tumorigenesis, we used molecular hybridization to
examine the distribution of nucleotide sequences related to oncmcvy among the
genomes of various avian retroviruses. In addition, we characterized further the
genetic composition of the remainder of the MC29V genome. Our work exploited
the availability of radioactive DNAs (cDNA’s) complementary to oncmcv
(cDNAMcv) or to specific portions of the genome of avian sarcoma virus (ASV).
We showed that genomic RNAs of avian erythroblastosis virus (AEV) and avian
myeloblastosis virus (AMV) could not hybridize appreciably with cDNAmcy. By
contrast, cDNAmcv hybridized extensively (about 75%) and with essentially
complete fidelity to the genome of Mill Hill 2 virus (MH2V), whose pathogenicity
is very similar to that of MC29V, but different from that of AEV or AMV.
Hybridization with the ASV ¢cDNA’s demonstrated that the MC29V genome
includes about half of the ASV envelope protein gene and that the remainder of
the MC29V genome is closely related to nucleotide sequences that are shared
among the genomes of many avian leukosis and sarcoma viruses. We conclude
that oncmcv probably specifies the unique set of pathogenicities displayed by
MC29V and MH2V, whereas the oncogenic potentials of AEV and AMV are
presumably encoded by a distinct nucleotide sequence unrelated to oncmcv. The
genomes of ASV, MC29V, and other avian oncoviruses thus share a set of common
sequences, but apparently owe their various oncogenic potentials to unrelated

transforming genes.

Chickens are subject to a variety of malignant
diseases induced by oncogenic retroviruses
whose targets for transformation include fibro-
blastic, hematopoietic, and epithelial cells. Pro-
totypic avian retroviruses presently under study
include: avian sarcoma virus (ASV), which
transforms fibroblasts; avian myelocytomatosis
virus (MC29V), which induces primarily myelo-
cytomatosis carcinomas of liver and kidney; Mill
Hill 2 virus (MH2V), which induces carcinomas
similar to those caused by MC29V; avian mye-
loblastosis virus (AMYV), which induces acute
myeloblastic leukemia; and avian erythroblas-
tosis virus (AEV), which induces erythroblastic
leukemia. With the exception of ASV, these
viruses are defective and can replicate only in
the presence of helper viruses.

Current evidence suggests that the diverse

oncogenic capacities of avian retroviruses may
result from the distribution of dissimilar trans-
forming genes among a group of otherwise
closely related viruses (8, 11, 26, 27; D. Stehelin,
personal communication). In support of this hy-
pothesis, it has been recently shown that the
gene src, which is responsible for the sarcoma-
genic capacity of ASV, is absent from the ge-
nomes of several retroviruses that cause occa-
sional sarcomas, but generally induce malignan-
cies other than sarcomas (8, 27, 29). Moreover,
a candidate for a transforming gene unrelated to
src has recently been identified in the genome
of MC29V (11, 27). This putative MC29V-trans-
forming gene comprises about 1,500 nucleotides
of the MC29V genome and has been tentatively
designated “oncmcv.” However, there is cur-
rently no direct genetic evidence that demon-
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strates the participation of oncmcy in tumorigen-
esis.

In an effort to further implicate oncmcv in
tumorigenesis, we have examined the genomes
of several avian oncogenic retroviruses for the
presence of oncmcv and have compared the nu-
cleotide sequences of the MC29V and ASV ge-
nomes. These experiments were performed by
hybridization of viral RNAs to radioactive com-
plementary DNAs (cDNA’s) corresponding to
oncmcv or to specific regions of the ASV ge-
nomes. OQur hybridization experiments have de-
tected a homolog of oncmcv in the genome of
MH2V, a virus whose pathogenicity resembles
that of MC29V. By contrast, nucleotide se-
quences homologous to oncmcv were not detect-
able in the genomes of either AEV or AMV,
viruses whose pathogenicities are distinct from
those of MC29V and MH2V. These findings
confirm and extend the previous proposal that
oncmcy is a specific transforming gene whose
presence in a retroviral genome determines the
targets for transformation by that virus (10).
Hybridization of RNA from MC29V-infected
cells to ASV cDNA’s demonstrated that, except
for oncmcv, essentially all remaining nucleotide
sequences in the MC29V genome correspond to
nucleotide sequences in the genome of ASV. It
therefore seems possible that ASV and MC29V
share a common phylogenetic origin, but have
developed their dissimilar oncogenic capacities
by the acquisition of different transforming
genes (26, 31).

MATERIALS AND METHODS

Cells and viruses. Our stock of MC29V-associated
virus subgroup A (MCAV-A) and our mixed stock of
MC29V/MCAV-A were obtained as previously de-
scribed (27). We used a stock of AEV/MCAV-A ob-
tained by co-infection of C/O chick fibroblasts with
the ES4 strain of AEV (obtained from Thomas Graf
and containing subgroup B helper virus) and with
MCAV-A; the progeny of this co-infection were grown
in C/BE chick cells. Titers of transforming virus in
stocks of AEV/MCAYV were determined by end-point
dilution and by direct focus assay on avian fibroblasts.
Both procedures gave titers of approximately 10° in-
fectious or focus-forming units per ml. Hence, the
stocks contained a minimum of 10° particles of AEV
per ml, although this is probably a conservative esti-
mate because of the inefficiency of bioassays. A mixed
stock of MH2V and its associated helper virus, MHAV,
was obtained from P. Vogt and grown in cultured quail
macrophages; this mixed stock will be referred to as
MH2V/MHAV. The BA1 strain of AMV was obtained
originally from R. E. Smith. A clonal stock of subgroup
C AMV was prepared by superinfecting a nonproducer
clone of AMV-transformed myeloblasts with a trans-
formation-defective variant of subgroup C B77 ASV.
The infectious AMV recovered from this procedure
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was then propagated by infecting myeloblasts either
in culture or in vivo. In work to be reported elsewhere,
we' used molecular hybridization with cDNA specific
for AMV to demonstrate that our preparations of
AMYV RNA contained helper virus and AMV genomes
in a ratio of about 8:1 (T. Gonda and J. M. Bishop,
manuscript in preparation). The Schmidt-Ruppin
(SR), Prague (Pr), and Bratislava 77 (B77) strains of
ASV were obtained and grown as previously described
(27). Fertile chicken eggs were supplied by H & N
Farms, Redmond, Wash., and quail eggs were from
Life Sciences, St. Petersburg, Fla. A clonal line of quail
cells (Q8) transformed by MC29V but not producing
virus particles was isolated as described previously (4).

Preparation of unlabeled RNA. Virus particles
were concentrated by centrifugation and RNA was
extracted from virus pellets as previously described
(3). Total cellular RNA was prepared from cultures of
chicken or quail fibroblasts according to the method
of Weiss et al. (35). Polyadenylated RNA was prepared
from total cellular RNA by binding to oligodeoxy-
thymidine-cellulose, using previously described con-
ditions (27).

Preparation of *H-labeled viral RNA. Infected
cells were labeled with [*H]uridine (26 Ci/mmol; New
England Nuclear Corp., Boston, Mass.) at 250 uCi/ml,
and labeled viral RNA was purified from the tissue
culture medium as previously described (27).

Electrophoresis and fluorography in agarose
gels of viral RNA. *H-labeled viral RNA was frac-
tionated by electrophoresis in gels of 1.5% agarose
containing methylmercuric hydroxide as described by
Bailey and Davidson (2). The gels were processed for
fluorography according to a modification of the
method of Bonner and Laskey (6). The molecular
weights of viral RNAs were computed by reference to
the electrophoretic mobility of MCAV genomic RNA
(3.1 x 10% 27) and ribosomal RNAs used as internal
standards in the analyses.

Preparation of virus-specific cDNA’s. [*’P)-
c¢DNAGg; (10° cpm/ng) was synthesized by the endog-
enous reverse transcriptase of detergent-activated B77
ASV and purified as described previously (30). The
majority of cDNA made under these reaction condi-
tions consists of a 101-nucleotide sequence comple-
mentary to the 5’ terminus of the B77 genome; a small
proportion of cDNAg7; represents the entire ASV ge-
nome (12).

[*P]cDNAy (10° cpm/ng) was transcribed from
RNA of Pr-C ASV which contained a deletion for the
src gene. The transcription was carried out with puri-
fied reverse transcriptase of AMV in a reaction in
which oligomers of calf thymus DNA were used as
primers; cDNA made by this method approximates a
uniform representation of the template RNA (25).
Reverse transcriptase was obtained from Joseph
Beard, Life Sciences Inc. (through the auspices of The
Office of Program Resources and Logistics, National
Cancer Institute). Reaction conditions were as de-
scribed previously (27, 34).

[PH]cDNA,, (2 X 10* cpm/ng) was prepared as
described by Tal et al. (32) and was complementary to
most or all of the env deletion in the replication-
defective Bryan high-titer strain of ASV. Since this
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deletion includes most or all of the ASV env gene (9),
cDNA,; is complementary to at least the majority of
env.

[P'H]cDNAwmcv (2 X 10° cpm/ng), formerly called
c¢DNAwmcz9, was prepared as described previously and
was complementary to a sequence of 1,500 nucleotides
present in the genome of MC29V, but not MCAV (27).

Molecular hybridization of nucleic acids in so-
lution. Hybridization reactions were performed in
solutions containing 0.6 M NaCl, 2 mM EDTA, 40 mM
Tris (pH 7.0), 5 pg or more of calf thymus DNA as
carrier, about 1,000 cpm (0.01 to 0.5 ng) of cDNA, and
various amounts of RNA. Samples were incubated at
68°C to the desired value of C;t (molar concentration
of RNA X time in seconds, corrected to standard
conditions [7]) or Vot (see below). One half of each
sample was digested with S1 single-strand nuclease,
and hybridization was measured as percentage of re-
sistance to S1 nuclease (20). Vot is defined as original
volume of tissue culture medium/reaction volume X
time in hours (24, 27). With this definition of V,t, the
value for Vot is a constant for a virus stock with a
given titer; the calculations for correlating focus titer
and V,t are described in detail elsewhere (27). Kinetics
of hybridization were measured by varying the dura-
tion of incubation, reaction volume, or amount of RNA
to achieve the desired values of C.t or Vt.

Thermal denaturation of RNA-DNA hybrids.
Viral RNA was incubated with [°H]JcDNAmcy under
conditions that ensured maximal hybridization. Sam-
ples were removed for measurement of initial S1 nu-
clease resistance; then reaction mixtures were diluted
to final concentrations of 0.1 M NaCl and 0.005 M Tris
(pH 7.4) and to final volumes of 2.0 ml. As an internal
standard, portions of a mixture containing SR-D ASV
RNA hybridized to [**P]cDNAgz; were added to each
reaction tube. The mixtures were covered with a layer
of mineral oil and placed at 50°C, and then the tem-
perature raised in 4 to 5°C increments; portions for S1
assay were removed after 8 min at each temperature.
The percentage of cDNA remaining in hybrid at each
temperature was determined by hydrolysis with S1
nuclease. T, was defined as the temperature at which
50% of the radioactivity originally in hybrid became
susceptible to S1 nuclease.

RESULTS

Examination of several avian oncovi-
ruses for the presence of nucleotide se-
quences homologous to oncwcv. RNAs from
several avian oncoviruses that induce different
spectra of tumors were tested for their ability to
hybridize with cDNA corresponding to the pu-
tative MC29V transforming gene (cDNAwmcv).
Less than 10% of cDNAmcv reacted with RNA
of AEV and its associated helper virus, even at
values for Vot well past the point where the
control reaction with cDNAg;; had reached com-
pletion (Fig. 1A). According to focus assay, the
stock of AEV used for this analysis contained at
least 10° particles of transforming virus per ml
(see Materials and Methods); consequently,
cDNA reactions with the genome of AEV pre-

dJ. VIROL.

pared from this stock would have a maximum
Voti/2 of 4 X 10* (27; see Materials and Methods).
Since we carried the reactions with cDNApcv to
a value of Vot in excess of 5 X 10° without
detecting significant hybridization, we conclude
that the genome of AEV does not contain ap-
preciable homology with oncmcy.

The slight amount of hybridization we ob-
served between cDNAmcv and the mixture of
RNA from AEV and its helper virus is of un-
known significance, although RNA purified from
the AEV helper virus reacts to a similar extent
with cDNAmcv (data not shown). The reaction
with cDNAwMcv seen in Fig. 1A therefore may
have resulted from hybridization of AEV helper
virus RNA with a minor contaminant present in
cDNAMcv (27).

In similar experiments, we failed to detect any
significant reaction between cDNAmcy and RNA
from AMV (Fig. 1D). The preparation of RNA
used in these analyses contained the genomes of
helper virus and AMV in ratios of about 8:1 (see
Materials and Methods). The Vot, . for the re-
action of this RNA with ¢cDNAg;; (Fig. 1D)
reflects the overall concentration of viral RNA
present during these reactions (24, 27). If AMV
RNA had any homology with ¢cDNAmcy, it
should have reacted with a value for Vot;/2 10-
fold higher than that for the reaction with
cDNAg7. Yet this RNA failed to react signifi-
cantly with cDNAwmcv even at values for Vot 10°-
fold greater than the Vot, /. for the reaction with
cDNAg7;:. We therefore conclude that the ge-
nome of AMV does not contain nucleotide se-
quences similar to those for oncmcv.

In contrast to our findings for AEV and AMV,
RNA from stocks containing MH2V and its
helper virus hybridized to an average value of
75% with cDNAmcv (Fig. 1B). cDNAumcy did not
hybridize to RNA of MHAYV (Fig. 1C); therefore
the reaction shown in Fig. 1B must represent
the hybridization of cDNAmcv with the MH2V
genome. Examination of °H-labeled MH2V/
MHAYV RNA (Fig. 2) confirmed that the MH2V
component, identified according to its previously
measured molecular weight (1.6 X 10% 11), was
present in our MH2V/MHAV stock in sufficient
amounts relative to MHAV RNA to account for
the reaction with cDNAycv illustrated in Fig.
1B. We conclude that the genome of MH2V,
unlike the genomes of AEV and AMV, contains
a major fraction of the nucleotide sequences
comprising the putative transforming gene of
MC29V.

Thermal denaturation of hybrids formed
between cDNAycv and MH2V RNA. The fi-
delity of base pairing in hybrids formed between
cDNAmcv and MH2V RNA was evaluated by
thermal denaturation. [*H]JcDNAmcy was hy-
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Fic. 1. Hybridization analysis of RNAs from several avian oncoviruses for homology with oncmcv. RNAs
of AEV/MCAV, AMV/MAV, MH2V/MHAYV, and MHAV were extracted from virus that was pelleted by high-
speed ultracentrifugation (3). Hybridization reaction mixtures contained at least 5 ng of viral RNA and 10°
cpm each of [**P]JcDNAgr and [*HJcDNAucv in volumes ranging from 10 to 200 pl. Incubations at 68°C
varied from 5 min to 24 h. The extent of hybridization was measured by hydrolysis with S1 nuclease. The
percentage of hybridization with [**P]cDNA g of each RNA was normalized to the final extent of reaction of
[**P]cDNAg:; with that RNA; percentage of hybridization with [*H]cDNAucv was normalized in all cases to
the final extent of hybridization to MC29V RNA. Symbols: (O, A) [*P]JcDNAg:; (@, A) [*H]cDNAycv. The
two types of symbols indicate data taken from experiments done at different times. (A) AEV/MCAV RNA; (B)
MH2V/MHAV RNA; (C) MHAV RNA; (D) AMV/tdB77 RNA.

bridized with MH2V or MC29V RNA, and an
internal standard consisting of duplex formed
between [**P]JcDNAg7; and SR-A ASV RNA was
added to each reaction mixture. Samples were
placed initially at 50°C and then subjected to a
gradual increase in temperature as described in
Materials and Methods. There were no differ-
ences in the thermal stabilities of hybridsformed
between cDNAumcv and either MH2V or MC29V
RNA (Fig. 3). It is apparent from these data that
a high degree of similarity must exist between
the sequences corresponding to oncmcy in the
MH2V and the MC29V genomes.

Homology of MC29V RNA with specific
regions of the ASV genome. Previous studies
have indicated that oncucv may be the only
unique portion of the MC29V genome; the re-
mainder of the genome is closely related to nu-
cleotide sequences found in all avian leukosis

and sarcoma viruses (4, 10, 18, 22). We have
substantiated this conclusion by the use of mo-
lecular hybridization. In particular, we con-
firmed the previous conclusion that the MC29V
genome contains a large fraction of the gene env
(18), despite the failure of infection with MC29V
to generate any proteins known to be encoded
by this gene (4). As a convenience, in these
studies we used total cellular RNA from the Q8
line as a source of MC29V genomic RNA that
does not contain genomic RNA of MCAV (4).
Q8 cells contain a species of RNA similar in size
to the 5,300-nucleotide genome of MC29V (D.
Sheiness and J. M. Bishop, unpublished data),
and infectious MC29V can be rescued from Q8
by superinfection with nondefective avian ret-
roviruses (4). Thus, RNA from Q8 cells probably
contains all of the nucleotide sequences present
in the MC29V genome itself.
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Fic. 2. Electrophoresis of 3*H-labeled MH2/
MHAV RNA in agarose gels. Infected cells were
labeled with [*H]uridine, and then viral RNA was
purified from the tissue culture medium and its size
was measured by gel electrophoresis as described in
Materials and Methods. Shown here is an autoradi-
ogram of a dried gel. Molecular weights of viral RNA
are indicated in the figure and were determined by
comparison with rRNA markers included in the gel.

RNA was extracted from Q8 cells and found
to hybridize to about 40% of cDNA., which
uniformly represents the genome of transfor-
mation-defective Pr-C ASV (25). In three sepa-
rate experiments, hybridization reactions were
carried to plateaus in which the values for C,t
were =3 X 10* for Q8 and =2 for Pr-C RNA. The
averaged value for hybridization with duplicate
samples of Q8 RNA was normalized to the per-
centage of hybridization of cDNA,y with Pr-C
RNA (45 to 55%). Since cDNA.4 corresponds to
about 8,500 nucleotides, hybridization of Q8
RNA to 40% of cDNA.s indicates that roughly
3,500 nucleotides of the 5,300-nucleotide MC29V
genome are homologous in sequence to the ge-
nome of ASV. Nucleotide sequences homologous
to the ASV geneme therefore account for about
65% of the genome of MC29V.

J. VIRoL.

The MC29V genome contains about half of
the sequences that encode the envelope protein
of ASV (Fig. 4). RNA from Q8 cells was hybrid-
ized to cDN A, which is complementary to most
or all of the env gene of ASV (32). Q8 RNA
hybridized with cDNA,; to a final value of 45 +
5%, taken as an average from several experi-
ments. Since quail DNA hybridizes to only about
5% of cDNA,,; (13), RNA transcribed from the
quail genome could not have participated in the
hybridization of Q8 RNA to cDNA,,. Therefore,
RNA transcribed from integrated MC29V DNA
must have been responsible for the reaction of
Q8 RNA with ¢cDNA,,, and we conclude that
the genome of MC29V contains sequences cor-
responding to about half of the env gene of ASV.

DISCUSSION

MC29V contains many of the nucleotide
sequences found in the genome of ASV.
Avian retroviruses MC29V and ASV transform
fibroblasts in tissue culture and induce tumors
in birds, although the two viruses differ in their
proclivities for various host tissues and in the
nucleotide sequences of their transforming
genes. Our present results with cDNA. and
results of other investigators (11, 18, 22) indicate
that, despite their dissimilar transforming genes,
the genomes of MC29V and ASV contain con-
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Fi16. 3. Thermal denaturation of hybrids formed
between cDNAucv and MH2V and MC29V genomic
RNAs. RNAs were extracted from virus and hybrid-
ized with [*H]cDNAucv (5,000 cpm, 0.25 ng; @) as
described in Materials and Methods. Hybridized
samples were placed at 50°C; the temperature was
raised in 4 to 5°C increments, and denaturation was
assayed with S1 nuclease as described in Materials
and Methods. As an internal standard, duplexes
between SR-D RNA and [**P]cDNAg:; were included
in each denaturation (O). (A) MC29V/MCAV RNA;
(B) MH2V/MHAV RNA.
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Fic. 4. Hybridization of [*H]cDNA,, and [**P]-
cDNApg7; to MC29V RNA from Q8 cells. Hybridiza-
tions were performed as described in Materials and
Methods, using 125 pg of unfractionated cellular
RNA from quail cells nonproductively infected with
MC29V and 10° cpm each of [**P]cDNAs: and
[*H]cDNA,, per sample. Reactions were carried out
in volumes of 25 pg, and periods of incubation at 68°C
varied from 2 min to 32 h. The extent of hybridization
was determined by hydrolysis with S1 nuclease. Since
the cDNAs were transcribed from ASV RNA, the
values for percentage of cDNA in hybrid with Q8
RNA were normalized to the final extent of control
hybridizations of each cDNA with RNA of Pr-C ASV;
the values for normalization were 73% for cDNAg,
and 66% for cDNAgz. Symbols: (O) [**PJcDNAp;
(®) [*H]cDNAg,.

siderable nucleotide sequence homology and
may have evolved from a common viral ancestor.
In preliminary experiments, we also demon-
strated that nucleotide sequences found at the
3’ and 5’ ends of ASV are present in MC29V
(data not shown). Part of the homology between
the MC29V and ASV genomes can be accounted
for by the fact that MC29V encodes a protein
with a molecular weight of 110,000 (P110) that
shares antigenic determinants with some of the
gag proteins of ASV; therefore, the MC29V ge-
nome must contain part of the gag gene of ASV
(4). P110, however, does not correspond in mo-
lecular weight or in function to any ASV-en-
coded protein (4). Recent experiments have
demonstrated that sequences corresponding to
oncmcv are adjacent to the gag-related se-
quences in the MC29V genome (18, 22); it follows
that the non-gag portion of P110 must be en-
coded by the putative MC29V-transforming
gene. P110 is thus a possible candidate for the
MC29V-transforming protein.

Our experiments indicate that about half the
sequences in the env gene of ASV are present in
the MC29V genome (Fig. 4), although cells in-
fected with MC29V in the absence of helper
virus do not contain any envelope proteins de-
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tectable by either biological or biochemical as-
says (4, 5). Previous experiments of Hu et al.
(18) are in accord with our finding that MC29V
contains a portion of the ASV env gene. Either
the env-related sequences found in MC29V are
unexpressed, or they encode a protein of un-
known function that does not share antigenic
determinants with the ASV envelope proteins.

Oncycv may encode the oncogenic capac-
ity and target cell specificity of MC29V. The
genomes of avian retroviruses with pathogenic-
ities similar to those of MC29V might be ex-
pected to contain sequences related to oncmcv,
the putative MC29V-transforming gene. Accord-
ingly, we detected a sequence homologous to
oncmcy in the genome of MH2V, a virus whose
spectrum of target cells for malignant transfor-
mation in vivo and in vitro resembles that of
MC29V (1). Recent results from Duesberg and
Vogt agree with our conclusion that MH2V con-
tains nucleotide sequences closely related to
oncmcy (10). The presence in MH2V of se-
quences related to oncmcv supports the desig-
nation of oncmcv as the MC29V-transforming
gene; further support for this identification de-
rives from our failure to find homology with
oncymcy in the genomes of AEV and AMV, whose
pathogenicities differ from those of MC29V and
MH2V. At least three other avian oncoviruses
have been isolated (CMII, OK10, and Furth’s
strain) whose target cells for transformation in
vivo are similar to those of MC29V and MH2V
(14, 21, 23). On the basis of our present results,
we would expect that each of these viruses con-
tains nucleotide sequences homologous to part
or all of oncmcv; unpublished findings of M. J.
Hayman, D. Stehelin, and co-workers conform
to this expectation (personal communication).
We conclude that the oncmcv probably encodes
the oncogenic capacity of MC29V and related
viruses and therefore represents a newly identi-
fied type of retrovirus-transforming gene.
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