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Reticuloendotheliosis virus strain T (REV-T) is a highly oncogenic avian
retrovirus which causes a rapid neoplastic disease of the lymphoreticular system.
Upon infection, this virus gives rise to two species of unintegrated linear viral
DNA, which are 8.3 and 5.5 kilobase pairs long and represent the helper virus
(REV-A) and the oncogenic component (REV-T), respectively. Restriction en-
donuclease cleavage maps of these two DNA components indicate that REV-T
DNA has a large portion of the genome deleted with respect to REV-A DNA and
a substitution about 0.8 to 1.5 kilobase pairs long that is unrelated to REV-A
DNA. These additional sequences comprise the putative transforming region of
REV-T (rel). A chicken spleen cell line transformed by REV-T produced virus
which upon infection gives rise to three species of unintegrated linear viral DNA
(8.3, 5.5, and 3.3 kilobase pairs). We isolated the proviruses of the 8.3- and 3.3-
kilobase pair species from this cell line by cloning in the phage vector Charon 4A.
Restriction enzyme mapping showed that the two proviral clones are proviruses
of REV-A and a variant of REV-T, respectively. A subclone of the variant REV-
T provirus specific for the rel sequences of REV-T was used as a hybridization
probe to demonstrate that the rel sequences are different from the putative
transforming sequences of Schmidt-Ruppin Rous sarcoma virus strain A, avian
myelocytomatosis virus, avian myeloblastosis virus, avian erythroblastosis virus,
Abelson murine leukemia virus, and Friend erythroleukemia virus. In addition,
the rel-specific hybridization probe was used to identify a specific set of sequences
which are present in uninfected avian DNAs digested with several restriction
enzymes. The corresponding cell sequences are not arranged like re/ in REV-T.

Retroviruses can be grouped into three broad
classes on the basis of their oncogenic properties.
Viruses which are not oncogenic include most
endogenous retroviruses. Most of the natural
field isolates (nondefective leukemia viruses) are
“weakly oncogenic” and cause leukemia after a
latent period of months to years. Other retrovi-
ruses are “highly oncogenic” or “strongly trans-
forming.” In contrast to the weakly oncogenic
retroviruses, these viruses cause neoplastic dis-
ease after a latent period of days to weeks.

The highly oncogenic avian retroviruses in-
clude the replication-competent avian sarcoma
viruses (the avian sarcoma viruses and the Rous
sarcoma viruses), the replication-defective avian
sarcoma viruses (Fujinami virus and Y73 virus),
and the replication-defective avian leukemia vi-
ruses (avian myeloblastosis viruses, avian mye-
locytomatosis viruses, avian erythroblastosis vi-
ruses, and avian reticuloendotheliosis virus). Iso-
lates of these highly oncogenic avian retroviruses

have been assigned to different subgroups based
on the types of neoplasms which they induce
and, in some cases, on the differences in the
specific nucleotide sequences in their genomes
which are associated with the different neoplas-
tic diseases (2, 31; J. M. Coffin, in R. A. Weiss,
N. M. Teich, H. Varmus, and J. M. Coffin, ed.,
Molecular Biology of RNA Tumor Viruses, part
3, in press).

Avian reticuloendotheliosis virus strain T
(REV-T) is a highly oncogenic virus which
causes a neoplastic disease of the lymphoretic-
ular system (12, 20, 41). Cell lines established by
transformation in vivo and in vitro with REV-T
appear to be morphologically like lymphoblasts,
and some cell lines display other properties that
are characteristic of lymphoblasts (T. Shibuya,
I. S. Y. Chen, A. Howatson, and T. W. Mak,
manuscript in preparation). REV-T is defective
in replication and requires a helper virus. The
viral genome is approximately 5.5 kilobases long

800



VoL. 40, 1981

(16, 21), and nucleotide sequences that may be
associated with the oncogenic properties of this
virus have been identified by oligonuclectide
fingerprinting (4).

We characterized the genome structure of
REV-T by constructing restriction enzyme maps
of the linear unintegrated DNAs of REV-T and
its associated helper virus, REV-A. In addition,
we obtained molecular clones of integrated
REV-A DNA and of integrated DNA of a variant
of REV-T. These molecular clones enabled us to
compare the putative transforming nucleotide
sequences of REV-T with those of several other
retroviruses. We also determined the possible
origin of these REV-T-specific nucleotide se-
quences by examining the DNAs of several un-
infected vertebrate species for the presence of
homologous sequences.

We found that the REV-T-specific nucleotide
sequences (rel) are different than the sequences
in Rous sarcoma virus, other defective avian
leukemia viruses, Abelson murine leukemia vi-
rus, and Friend erythroleukemia virus. These rel
sequences are present in normal uninfected
avian DNA, and sequences that are weakly ho-
mologous to these sequences are present in un-
infected salmon, mouse, rat, and human DNAs.

MATERIALS AND METHODS

Cells and viruses. The general sources and pro-
cedures for obtaining and propagating avian fibroblast
cells have been described previously (13).

The BMC cell line (12) was supplied by C. Y. Kang
and produced REV-T(REV-A), which was used to
generate spleen cell line 1-6 by infection of spleen cells
from 3-week-old chickens in vitro (20). The REV-T
produced by this spleen cell line was used to generate
spleen cell lines 2-4, 2-10, 2-14, 2-16, and 2-20. The
transformed cell lines were isolated as individual col-
onies growing in soft agar. A total of 20 to 50 trans-
formed colonies were obtained from 107 chicken spleen
cells infected with 1 ml of undiluted virus. Individual
colonies were isolated and propagated in RPMI 1640
medium containing 10% fetal calf serum at a density
of about 10° cells per ml. All cell lines produced REV-
A, as determined by the appearance of cytopathic
effects and DNA polymerase activity after infection of
chicken embryo fibroblast cells (40). All cell lines also
produced REV-T, as determined by the in vitro spleen
cell colony assay (20) or by transformation of chick
bone marrow cells in suspension culture or both.

The 249.521 hepatoma (MC-29) cell line produced
MC-29 virus and was obtained from M. Wigler.

Sources of DNAs. The sources of the molecular
clones of viral DNA were as follows.

pSRA-2 is a molecular clone of Schmidt-Ruppin
Rous sarcoma virus subgroup A DNA in pBR322 (8)
and was a generous gift from W. DeLorbe.

Al11A1-1 is a molecular clone of avian myeloblastosis
virus strain B proviral DNA in Charon 4A (36) and
was a generous gift from L. Souza.
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pAEV-11 is a molecular clone of avian erythroblas-
tosis virus strain ES4 DNA in pBR313 (42) and was a
generous gift from B. Vennstrom.

pSA-17 is a molecular clone of a fragment of Abel-
son murine leukemia virus in pSA801 (7a) and was a
generous gift from B. Dale and B. Ozanne.

Agtwsrrvp is a molecular clone of Friend erythroleu-
kemia virus proviral DNA in Agtwes (Mak, unpub-
lished data).

pBR60BS1 is a molecular clone of spleen necrosis
virus (SNV) DNA in the Sall site of pBR322 and was
a generous gift from K. Shimotohno.

The BamHI and BamHI-Sall DNA fragments of
SNV DNA were derived from pBR60BS1 (27a).

pl4-44 3’ is a molecular clone of 2.6 kilobase pairs
(kbp) of proviral DNA from the 3’ end of the previ-
ously described SNV provirus 14-44 (34) and was a
generous gift from K. Shimotohno.

70T is a clone that was derived from a molecular
clone of a SNV provirus in Charon 4A (27). The only
viral sequence which it contains is the long terminal
repeat (LTR).

The sources of the cellular DNAs used were as
follows. Chicken, turkey, pheasant, and quail DNAs
were obtained from secondary cultures of embryo fi-
broblasts. NIH and AKR mouse DNAs were obtained
from NIH3T3 cells and AKR mouse embryo fibroblast
cells, respectively. The AKR DNA was a generous gift
from J. McCubrey. Rat DNA was obtained from Rat-
1 cells. Human DNA was obtained from the Epstein-
Barr virus-transformed cell line 11/7-4 p159 and was
a generous gift from B. Sugden. Salmon DNA was
obtained from Calbiochem.

DNA extraction and purification. Unintegrated
viral DNA was prepared by the Hirt fractionation
procedure, as previously described (5, 19). Cellular
DNA was prepared by lysing cells in 0.6% sodium
dodecyl sulfate-10 mM EDTA and digesting the lysate
with 100 ug of proteinase K per ml at 37°C for 24 h.
The DNA was extracted with phenol and chloroform-
isoamyl alcohol as previously described (1). The RNA
was removed by RNase A digestion, as previously
described (1).

Assay of infectious viral DNA. Infectious viral
DNA assays were performed as previously described
(7).

Gel electrophoresis and DNA transfer to nitro-
cellulose. Gel electrophoresis was performed as pre-
viously described (5). Molecular weights were deter-
mined by using restriction enzyme-digested lambda
DNA and pBR322 DNA.

DNA was transferred from agarose gels onto nitro-
cellulose filter paper as described by Southern (35).

Molecular hybridization. The sources and prep-
aration of hybridization probes were as follows.

32p.labeled cDNAggv-a and **P-labeled cDNARggv.1
were prepared by using purified virion RNA as a
template, as previously described (5) (calculated spe-
cific activity, approximately 4 X 10° dpm/ug).

Other hybridization probes were prepared by nick-
translation of DNAs (specific activity, approximately
10° cpm/pg) essentially as previously described (30),
except that DNase I treatment and DNA polymerase
I treatment were performed separately for 1 h each at
14°C.
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Presoaking and hybridization of DNAs immobilized
on nitrocellulose filters were performed as previously
described (5). Filters were washed and exposed as
previously described (5).

Preparation and growth of molecular clones.
The preparation and screening of molecular clones
containing viral sequences in the phage vector Charon
4A were performed essentially as previously described
(27), with the following modifications. High-molecu-
lar-weight DNA from spleen cell line 2-20 was digested
partially with restriction enzyme EcoRI so that the
majority of the DNA was between 8 and 30 kbp long.
The DNA between 10 and 30 kbp long was purified
after the DNA was fractionated on a 5 to 20% (wt/vol)
NaCl gradient (27). This DNA was used for subse-
quent ligation and packaging steps (27). Approxi-
mately 2 X 10° phage were screened by using a P-
labeled DNAsnv hybridization probe.

Preparation and screening of subclones of cell line
2-20-4 DNA in pBR322 were performed as previously
described (34).

Molecular clones of viral DNA in phage vector
Charon 4A and plasmid vector pPBR322 were grown as
previously described (27, 34).

RESULTS

We characterized the genome of REV-T by
studying the structure of unintegrated linear
viral DNA. Using hybridization with **P-labeled
c¢DNARggv.T, we detected two species of uninte-
grated linear viral DNA (8.3 and 5.5 kbp long)
in chicken embryo fibroblast cells infected with
stocks of REV-T and its helper, REV-A (Fig. 1).

This virus stock was passed in chicken embryo
fibroblasts at a low multiplicity of infection, and
a cytopathic virus that was not able to transform
spleen cells was isolated by endpoint dilution
(data not shown). After infection by this virus,
we detected only one species of unintegrated
linear DNA, which was 8.3 kbp long (Fig. 1).
The smaller species of viral DNA (5.5 kbp) was
not present. This result confirms previous stud-
ies which showed that transforming stocks of
REV-T consist of two components, namely, a
replication-defective component (REV-T) about
5.5 kbp long, which is necessary for transforma-
tion, and a replication-competent, cytopathic,
helper virus (REV-A) about 8.3 kbp long, which
is nontransforming (20).

To compare the genome structures of REV-A
and REV-T, we constructed restriction enzyme
cleavage maps of unintegrated linear viral DNAs
(Fig. 2). Since both REV-A DNA and REV-T
DNA were present in these preparations, diges-
tions performed with REV-A DNA alone en-
abled us to distinguish the fragments which were
derived from REV-A DNA from the fragments
which were unique to REV-T DNA. The ori-
entations of the provirus sequences (5" and 3’
relative to viral RNA) were determined by com-
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F1G. 1. Analysis of unintegrated linear REV-T
and REV-A DNAs. Chicken embryo fibroblasts
grown on 100-mm culture dishes were infected with
REV-T(REV-A) (REV-T,A) from spleen cell line 1-6
and REV-A at multiplicities of infection of approxi-
mately 1 and 0.1 PFU/cell, respectively. At 3 days
after infection, the cells were lysed by the Hirt frac-
tionation procedure (19). DNA was prepared from
each Hirt supernatant fraction by phenol and chlo-
roform-isoamyl alcohol extractions, followed by
RNase A digestion. Samples of each DNA were sub-
Jjected to electrophoresis in a 0.8% agarose gel. Virus-
specific sequences were detected by hybridization
with **P-labeled cDNAgkv.1, as described in the text.

paring the restriction enzyme cleavage map of
REV-A with the restriction enzyme cleavage
map of another reticuloendotheliosis virus, SNV
(24, 27). (REV-A and SNV are almost 100%
homologous [22].)

The restriction enzyme cleavage map of REV-
A DNA is identical to the map reported previ-
ously for SNV (24), except for additional Kpnl
and HindIII sites which are located 1.6 and 7.2
kbp, respectively, from the 5 end. By analogy
with SNV, the two Sacl sites at the ends of the
DNA probably marked the long terminal repeats
(LTRs).

We aligned the restriction enzyme cleavage
map of REV-T DNA at the 5’ end with the map
of REV-A DNA for comparison (Fig. 2). REV-A
and REV-T DNAs are similar at the ends, as
shown by the Sacl sites marking the LTRs at
the 5’ and 3’ ends. In addition, the similar pat-
terns of the Kpnl, Sacl, and Sall restriction
enzyme sites at the 5’ ends indicate that at least
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1.6 kbp is the same at the 5 ends. However, a
HindIII site is located in REV-T DNA 3.0 kbp
from the 5 end, but REV-A DNA does not
contain a HindIII site 3.0 kbp from its 5" end.
We determined the origin of these REV-T
sequences by hybridization to molecular clones
of subgenomic fragments of SNV DNA. The
internal HindlIII fragment in REV-T DNA hy-
bridized to a BamHI SNV DNA fragment (27a)
which was located 3.6 to 5.9 kbp from the 5’ end
of SNV DNA and to a 3’ SNV DNA fragment
(p1444 3’ [34]) which was located 5.7 to 8.3 kbp
from the 5’ end (data not shown). It did not
hybridize to SNV DNA fragments to the right
of 6.7 kbp from the 5 end (data not shown).
Therefore, the regions that were homologous to
SNV DNA in the internal HindIII fragment of
REV-T DNA were derived from regions of REV-
A that were between approximately 3.6 and 6.7
kbp from the 5’ end, and the HindIII site which
was located 3.0 kbp from the 5’ end of REV-T
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DNA was probably derived from the HindIIl
site which was located 5.8 kbp from the 5’ end of
REV-A DNA. Assuming the identity of these
HindIlIl sites in REV-T DNA and REV-A DNA,
these results indicate that with respect to REV-
A there is a deletion about 2.8 kbp long at the 5’
end of REV-T DNA which has joined discontin-
uous regions of REV-A DNA.

Other internal regions of the two DNAs dif-
fered in their patterns of restriction enzyme
cleavage sites; for example, one Clal and two
EcoRI sites are present in REV-T DNA,
whereas REV-A DNA has no Clal and EcoRI
site. These restriction enzyme sites in REV-T
DNA indicate the presence of DNA sequences
in REV-T which are not present in REV-A.
Furthermore, the region between the two EcoRI
sites in REV-T DNA did not hybridize to a *2P-
labeled DNAsnv hybridization probe (data not
shown). Since SNV and REV-A are almost 100%
homologous (22), this finding indicated that this
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F16. 2. Maps of restriction enzyme cleavage sites of REV-A and REV-T unintegrated linear DNAs. REV-
T and REV-A DNAs were prepared as described in the legend to Fig. 1, digested by various restriction
enzymes, and subjected to gel electrophoresis. Virus-specific sequences were detected by hybridization with
*P-labeled DNAsnv and *P-labeled cDNAggv.r to identify the viral sequences homologous to REV-A DNA
and specific to REV-T DNA, respectively. Maps of restriction enzyme cleavage sites were constructed based
on the unique patterns of fragments derived from digestions with various restriction enzymes. 5’ and 3’ refer
to the orientation of viral DNA with respect to viral RNA. The numbers indicate the distances (in kilobase
pairs) from the 5’ end of viral DNA. The distance between adjacent short vertical hash marks is 1 kbp. The
horizontal lines above the map of REV-T DNA indicate the approximate regions of REV-T DNA which are
homologous to REV-A DNA. The dashed lines indicate the approximate boundaries of deletions in REV-T
DNA compared with REV-A DNA. The hatched region indicates the minimum extent of rel-specific sequences.
The shaded regions indicate LTR-specific sequences (see Fig. 5).



804 CHEN ET AL.

region is not present in REV-A. Since the
HindlIII site that is located 7.3 kbp from the 5
end of REV-A is not present in REV-T, the new
sequences in REV-T probably substitute for se-
quences in REV-A which include this HindIII
site.

This comparison of the restriction enzyme
cleavage maps of the two DNAs indicate that
the genome of REV-T probably resulted from
two deletions of viral sequences from REV-A
and the insertion of new DNA sequences. These
new DNA sequences in REV-T are referred to
as rel sequences (Coffin, in press).

Establishment and characterization of
REV-T-infected spleen cell lines. We estab-
lished several spleen cell lines by infecting spleen
cells in vitro with REV-T. The virus produced
from these cell lines was characterized by ex-
amining the intracellular species of viral DNA
found after infection of chicken fibroblasts (Fig.
3). As expected, viral DNAs from REV-A (8.3
kbp) and REV-T (5.5 kbp) were detected after
infection by virus from all of the cell lines stud-
ied. An additional species of viral DNA (3.3 kbp)
was detected after infection by virus from cell
line 2-20. This unusual variant was not found in
the virus produced by any of the other four cell
lines studied, including cell line 1-6, the virus of
which was used to generate cell line 2-20 (see
above). Thus, this variant probably arose during
infection of the target cell which gave rise to cell
line 2-20.
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F16. 3. Analysis of virus produced by KEV-1-in-
fected spleen cell lines. Chicken embryo fibroblasts
grown on 100-mm culture dishes were infected with
1-ml portions of virus harvested from different REV-
T-infected spleen cell lines (see text). At 3 days after
infection, unintegrated linear viral DNA was pre-
pared from the cells in each dish by the Hirt extrac-
tion procedure. Samples of each DNA were subjected
to electrophoresis in a 0.8% agarose gel. Virus-specific
sequences were detected by hybridization with *P-
labeled DNAgnv, as described in the text.

J. VIROL.

Using hybridization with **P-labeled DNAgnv,
we also examined the distributions of REV-A
and REV-T proviruses in different spleen cell
lines (Fig. 4). Multiple bands were present in the
DNAS of all of the cell lines studied. In addition,
no DNA fragment of the same size was present
in all cell lines. Apparently, the transformed
phenotype conferred upon the target cells by
infection with REV-T is not dependent upon
integration into a specific site, although integra-
tion into specific regions of DNA could not be
excluded. This observation has been made for
integration of highly oncogenic retroviruses in
several other systems (7a, 36).

Molecular cloning of an REV-A provirus
and a variant REV-T provirus. To facilitate
further structural analyses of the genomes of
REV-A and REV-T, we obtained molecular
clones of integrated viral DNA from spleen cell
line 2-20. This spleen cell line produced three
species of virus (Fig. 3) and exhibited a relatively
simple pattern of viral integration (Fig. 4). We
constructed a recombinant DNA phage library
from partial EcoRI digests of this DNA. By
using hybridization with **P-labeled DNAsnv,
we isolated two molecular clones. Restriction
enzyme cleavage maps were constructed by re-
striction enzyme digestions and hybridizations
with *P-labeled cDNAggv.a and **P-labeled
CDNAREv.T (Flg 5).

The restriction enzyme cleavage sites in the
proviral sequences from clone 2-20-6 are identi-
cal to the cleavage sites of the corresponding
enzymes in unintegrated linear REV-A DNA
(Fig. 2 and 5). In addition, DNA transfection
with clone 2-20-6 DNA gave rise to cytopathic
virus at an efficiency of about 5 X 10* PFU/ug
of DNA. These results indicate that clone 2-20-
6 contained a provirus of REV-A.

The proviral DNA in clone 2-20-4 is 3.3 kbp
long and consists of regions that are homologous
to RNA from the helper virus (REV-A) and
other regions that are present only in the RNA
from transforming stocks of virus (REV-T). Fig-
ure 5 shows the regions of homology.

Sequences at the ends of clone 2-20-4 proviral
DNA are the same as sequences at the ends of
REV-T DNA and proviral sequences of clone 2-
20-6 DNA. In particular, the ends of clone 2-20-
4 proviral DNA contain LTR-specific sequences,
as shown by hybridization with an LTR-specific
probe (data not shown). Regions in the middle
of clone 2-20-4 DNA are specific to REV-T; they
contain the two EcoRI sites and the one Clal
site which are present in REV-T DNA but not
in REV-A DNA. These results indicate that the
molecular clone 2-20-4 contains a provirus with
sequences homologous to the rel sequences in
REV-T DNA.
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F16. 4. Analysis of integrated viral sequences in DNAs from REV-T-infected spleen cell lines. Cellular
DNAs were prepared from REV-T-infected cell lines as described in the text. A 10-ug sample of each DNA
was digested with restriction enzyme EcoRI and subjected to electrophoresis in a 0.5% agarose gel. Virus-
specific sequences were detected by hybridization with **P-labeled DNAsnv, as described in the text. BMC is
the cell line established from the bone marrow of a chicken infected with REV-T (12). Cell lines 1-6, 2-4, 2-10,
2-14, 2-16, and 2-20 were derived from in vitro infections of chicken spleen cells (see text).

To confirm that the region between the two
EcoRI sites in clone 2-20-4 was rel specific, we
prepared a subclone of the EcoRI fragment (des-
ignated EcoRI-rel) (Fig. 6). When this DNA was
used as a hybridization probe to detect uninte-
grated linear viral DNA, it detected only those
species of viral DNA that contained rel se-
quences (data not shown). REV-A DNA was not
detected with this probe (data not shown), al-
though REV-A DNA was detected by hybridi-
zation with **P-labeled DNAsny (Fig. 4). In ad-
dition, the small 3.3-kbp viral species derived
from virus from cell line 2-20 was detected and,
therefore, contains rel-specific sequences (data
not shown).

Despite the similarities between REV-T DNA
and clone 2-20-4 proviral DNA, it is apparent
from the restriction enzyme maps that these two
DNAs were different. The ends were the same,
but about 2.2 kbp of the internal proviral se-
quences of clone 2-20-4 DNA are deleted com-
pared with REV-T DNA. Most of the region
between the Kpnl site and the EcoRI site at 1.6
and 3.7 kbp, respectively, from the 5’ end of
REV-T is deleted (Fig. 5). Therefore, this dele-
tion is about 2.1 kbp long. Another, much
smaller deletion is located between the two Sacl
sites that were within the region subcloned into

EcoRlI-rel. This deletion is about 50 base pairs
long (data not shown).

The proviral sequences of clone 2-20-4 repre-
sented a variant of REV-T DNA that had at
least two deletions compared with normal REV-
T DNA. The size of the proviral sequences of
clone 2-20-4 (3.3 kbp) was the same as the size
of the small species of unintegrated linear viral
DNA in the virus produced by cell line 2-20.
Both clone 2-20-4 DNA and this small DNA
contained rel-specific sequences (Fig. 5; data not
shown), and fragments of a size equivalent to
clone 2-20-4 DNA digested with EcoRI were
detected in the total cell DNA of spleen cell line
2-20 digested with EcoRI (data not shown). We
conclude that the provirus of clone 2-20-4 gave
rise to the smaller viral genome produced by
spleen cell line 2-20.

Expression of clone 2-20-4 DNA in DNA
transfection assays. Since the variant provi-
rus was expressed in spleen cell line 2-20, we
tried to determine whether the DNA of clone 2-
20-4 could be expressed in DNA transfection
assays and give rise to virus carrying the genome
of the variant. Since the provirus of clone 2-20-
4 was defective for viral replication functions
(data not shown), we performed our DNA trans-
fection assays with clone 2-20-4 DNA in the
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Fi1G. 6. Map of the restriction enzyme cleavage
sites of a rel-specific DNA fragment. Clone 2-20-4
DNA was digested with EcoRI, and subclones were
constructed by using pBR322, as described in the text.
The subclone containing rel-specific sequences was
designated EcoRI-rel. Maps of restriction enzyme
cleavage sites were constructed based on the unique
patterns of fragments derived from digestions with
various restriction enzymes. The rel fragment con-
tains a deletion of about 50 base pairs (bp) compared
with REV-T, which is located between the two Sacl
sites. The viral sequences are indicated by double
horizontal lines. The cellular sequences flanking the
provirus in clone 2-20-4 are indicated by single hori-
2ontal lines.

presence of DNA from the REV-A proviral clone
2-20-6. The virus recovered from this cotransfec-
tion gave rise to several species of viral DNA
that were homologous to SNV DNA (Fig. 7).
The major species of viral DNA detected was
REV-A DNA, which resulted from expression of
clone 2-20-6 DNA. Several smaller species of
viral DNA were detected. However, only one
DNA species, which was the same size as the
viral DNA of clone 2-20-4 (3.3 kbp), hybridized
with a rel-specific probe (Fig. 7). The nature of
the other DNA species detected is not known.
This result shows that clone 2-20-4 DNA was
expressed in DNA transfection assays and could
be recovered as virus in the presence of trans-
acting viral replication functions. Preliminary
experiments indicate that this variant of REV-T
was not capable of transforming chicken spleen
and bone marrow cells in vitro (data not shown).
Lack of homology between the trans-
forming sequences of REV-T and the trans-
forming sequences of other strongly trans-
forming retroviruses. Each of the strongly
transforming retroviruses which have been stud-
ied contains nucleic acid sequences which pre-
sumably are responsible for the distinct neoplas-
tic diseases that are specific for each type of
virus (Coffin, in press). Using the nucleic acid
hybridization technique, we compared the pu-
tative transforming sequences of REV-T with
the unique sequences of an avian sarcoma virus,
three defective avian leukemia viruses, and two
defective murine retroviruses. Either clone 2-20-
4 DNA or EcoRI-rel DNA was used as a hybrid-
ization probe. Hybridization was not observed
with any of the DNAs tested (Table 1). Parallel
control hybridizations to clone 2-20-4 DNA,
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EcoRI-rel DNA, and REV-T DNA were consis-
tently positive. These results indicate that the
rel sequences in REV-T are different from the
putative transforming sequences in other
strongly transforming retroviruses.

DNA sequences in uninfected vertebrate
cells are related to the putative transform-
ing sequences of REV-T. Sequences homolo-
gous to the putative transforming sequences of
several highly oncogenic retroviruses are present
in uninfected vertebrate DNAs and are con-
served as a function of the phylogenetic distance
from the species in which the virus was isolated
(7a, 11, 14, 28, 31, 32, 37, 38, 46; Coffin, in press).
Using the nucleic acid hybridization technique,
we determined whether sequences related to the
putative transforming sequences of REV-T were
present in the genomes of several vertebrate
species.
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F1G6. 7. Analysis of viruses recovered from cotrans-
fection of clone 2-20-6 and 2-20-4 DNAs. Samples (0.1
u8) of clone 2-20-6 and 2-20-4 DNAs were used for
cotransfection of chicken embryo fibroblasts in’ 60-
mm culture dishes as described in the text. Virus was
harvested from the cells 8 days after the application
of DNA. The recovered virus (RECOVERED REV-
T*) was then used undiluted to infect chicken embryo
fibroblasts. At 3 days after infection, unintegrated
linear viral DNA was prepared by the Hirt extraction
procedure. Duplicate samples of the DNA were sub-
Jected to electrophoresis in a 0.8% agarose gel. REV-
T(REV-A) (REV-T,A) DNA prepared as described in
the legend to Fig. 1 was subjected to electrophoresis
in parallel. Virus-specific sequences were detected by
hybridization with **P-labeled DNAsnv and **P-la-
beled DNAEmnl.m[, as described in the text.
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TaBLE 1. Hybridization of rel-specific sequences to
DNAEss of strongly transforming retroviruses®

Hy-
Virus Source of DNA® | Reference [bridiza-
tion
Reticuloendothe- | Unintegrated lin- +
liosis virus ear viral DNA
strain T
Schmidt-Ruppin | Molecular clone 8 -
Rous sarcoma of circular DNA
virus subgroup
A
Avian myeloblas- | Molecular clone 36 -
tosis virus of provirus
strain B
Avian myelocyto- | Unintegrated lin- -
matosis virus ear viral DNA
strain MC-29
Avian erythro- Molecular clone 42 -
blastosis virus of circular DNA
strain ES4
Abelson murine | Molecular clone 7a -
leukemia virus of Abelson mu-
rine leukemia
virus-specific
(abl) fragment
Friend erythroleu- | Molecular clone |Mak, unpub-{ —
kemia virus of provirus lished data
(spleen focus-
forming virus
type p)

“ Hybridization was performed by the method of Southern
(35), as described in the text. *?P-labeled EcoRI-rel DNA and
*P.]abeled clone 2-20-4 DNA were used as probes for hybrid-
ization to molecular clones in lambda and plasmid vectors,
respectively. P-labeled EcoRI-rel DNA was used for hybrid-
ization to unintegrated linear viral DNAs, and *?P-labeled
pSRA-2 DNA was used as a control for hybridization to MC-
29 unintegrated linear viral DNA.

® Unintegrated linear REV-T DNA was prepared as de-
scribed in the legend to Fig. 1. Unintegrated linear MC-29
viral DNA was prepared similarly by using virus produced
from 249.521 hepatoma (MC-29) cells. The molecular clones
from the indicated sources were digested with the following
restriction enzymes: Schmidt-Ruppin Rous sarcoma virus sub-
group A, EcoRI and Sall; avian myeloblastosis virus strain B,
EcoRI and HindlIll; avian erythroblastosis virus strain ES4,
Sall plus EcoRI and Xhol plus EcoRI; Abelson murine leu-
kemia virus, Sacl plus HindIIl and Sacl plus Bgl; spleen
focus-forming virus type p, EcoRI. The resulting fragment
patterns were as described in the references listed.

Cellular DNAs from several different species
were digested with restriction endonuclease
HindIlI and hybridized with an rel-specific hy-
bridization probe. All of the avian species tested
showed hybridization in several specific bands
(Fig. 8). Under these standard hybridization con-
ditions, we also detected much weaker hybridi-
zation to the DNAs of all of the other vertebrate
species tested, including fish, rodents, and hu-
mans (Fig. 8). In contrast, we detected no ho-
mology between helper virus sequences (**P-la-
beled DNAgnv) and normal cell DNA (24, 25;
data not shown). These results indicate that
sequences related to the putative transforming
sequences of REV-T are present in normal avian

J. VIROL.

cells. This result is consistent with the observa-
tion that REV-T originated from a tumor in an
adult turkey (41).

Since there was one HindIII site in rel, we
expected at most two bands if the cellular se-
quences were unique and arranged like rel. How-
ever, four or more bands were observed in each
avian DNA. This discrepancy was analyzed by
digesting avian cell DNAs with EcoRI. If the
cell sequences were the direct progenitors of the
sequences in REV-T, we should have found a
fragment in EcoRI-digested cell DNA which
corresponded in size to the rel-specific EcoRI
fragment in REV-T. Of the four avian species
studied, turkey and pheasant DNAs contained
sequences which were the same size (0.8 kbp) as
EcoRI-digested REV-T DNA (Fig. 9). Since
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Fi1G. 8. Analysis of rel-specific sequences present
in the DNAs of different vertebrate species. The prep-
aration and sources of the cellular DNAs are de-
scribed in the text. A 10-ug sample of each type of
avian DNA and 20-ug samples of all other DNAs
were digested with HindIII and subjected to electro-
phoresis in a 1.0% agarose gel. Virus-specific se-
quences were detected by hybridization with *P-la-
beled DNAgcori.re, as described in the text. The ar-
rows indicate faint bands of hybridization. The rel-
specific region between the two EcoRI sites in REV-
T is shown below the autoradiograph. The single
HindlIII site in the rel region is indicated. bp, Base
pairs.
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Fi1G. 9. Analysis of rel-specific sequences present
in the DNAs of different avian species. The prepara-
tion and sources of the cellular DNAs are described
in the text. Samples (10 yg) of avian DNAs and a
sample of REV-T DNA prepared as described in the
legend to Fig. 1 were digested with EcoRI and sub-
Jected to electrophoresis in a 1.0% agarose gel. Virus-
specific sequences were detected by hybridization
with *P-labeled DNAg.cori.re;, as described in the text.

REV-T was first reported to have been isolated
from a turkey, this fragment in turkey DNA
may have been part of the progenitor sequence
which gave rise to the rel sequences in REV-T.
In addition, other much larger species of DNA
were detected in turkey DNA digested with
EcoRI (Fig. 9). The presence of these multiple
bands in turkey and pheasant DNAs probably
indicates that multiple sequences homologous to
REV-T are present. Alternatively, the presence
of a 0.8-kbp fragment in both turkey and REV-
T DNAs may be a coincidence. In such a case,
the multiple bands may reflect a discontinuous
arrangement of cell sequences relative to rel.

DISCUSSION

Including REV-T, seven different strongly
transforming avian retroviruses have been de-
scribed (Coffin, in press). These viruses can be
distinguished on the basis of the distinct neo-
plastic diseases which they cause (17), the phe-
notypes of transformed cells in vitro (2), and,
most directly, the differences in the nucleic acid
sequences of their genomes (31; Coffin, in press).
We have shown that the putative transforming
sequences of REV-T (rel) are different from
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those of avian sarcoma viruses and defective
avian leukemia viruses. Although we have not
shown that the rel sequences are different from
the transforming sequences of Fujinami and Y73
viruses, it is likely that REV-T is distinct from
these viruses since Fujinami virus and Y73 virus
cause predominantly sarcomas (10, 46; Coffin, in
press), whereas REV-T causes reticuloendothe-
liosis (41). We have also shown that the rel
sequences are distinct from the putative trans-
forming sequences of Abelson murine leukemia
virus (abl) and Friend erythroleukemia virus.
The comparison of REV-T with Abelson murine
leukemia virus was particularly interesting since
some cell lines established by infection with both
viruses appear to be lymphoid in character (Shi-
buya et al., manuscript in preparation). It will
be of interest to determine whether rel and abl
are distantly related by using less stringent con-
ditions of hybridization.

Protein products which are encoded by some
defective, strongly transforming viruses have
been identified (3, 10, 18, 29, 39; Coffin, in press).
In most cases, these proteins are fusion products
between products of the gag gene and the prod-
ucts of the putative transforming sequences and
are encoded by genomic size mRNA’s. Protein
products have not been identified in vivo for
avian myeloblastosis virus and Moloney murine
sarcoma virus, probably because the protein
products are not fusion products and conse-
quently are not antigenically related to viral
structural proteins. This hypothesis is consistent
with the finding of subgenomic size mRNA’s for
avian myeloblastosis virus and Moloney murine
sarcoma virus which contain the putative trans-
forming sequences of these viruses (9, 16; Coffin,
in press).

No gene product specific for REV-T has been
identified. We found that the 5’ end of REV-T
to the left of the rel sequences is derived from
discontinuous regions of REV-A. The REV-A-
specific sequence directly adjoining the rel se-
quences appears to be derived from the 3’ end of
REV-A between 5 and 7 kbp from the 5 end
(Fig. 2) (21). Therefore, REV-T resembles avian
myeloblastosis virus and Moloney murine sar-
coma virus (Coffin, in press) more closely than
it resembles the other strongly transforming re-
troviruses. In that case, REV-T might not en-
code a gag-related fusion protein from genomic
size RNA, but probably encodes a protein prod-
uct from a subgenomic species of mRNA.

A common feature of the strongly transform-
ing viruses appears to be that the putative trans-
forming sequences have homologous counter-
parts in normal cellular DNAs. In the case of
Moloney murine sarcoma virus, these cellular
sequences appear to be arranged in the same
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way as the sequences in the virus (28). In fact, if
joined to LTR sequences, these cellular se-
quences appear to have transforming properties
similar to those of the homologous viral coun-
terpart (28). In the case of most other strongly
transforming retroviruses, the cellular sequences
appear to be arranged discontinuously, with in-
tervening sequences between virus-specific se-
quences (11). Our results with REV-T show that
the cellular sequences homologous to rel are
different than the rel sequences. A rel-specific
sequence in the DNA of turkeys, from which
REV-T originated, appears to be the same as
part of rel in REV-T. In addition, several other
rel-specific regions were found in turkey DNA.
These results may indicate that a small family
of three or four rel-specific sequences exists in
turkey DNA, one member of which is part of the
genome of REV-T. Alternatively, the multiple
rel-specific sequences may reflect a discontin-
uous arrangement of small regions of rel se-
quences separated by large intervening se-
quences. If this hypothesis were true, the coding
sequences of the cellular counterpart of rel
would span about 20 to 30 kbp in chicken and
turkey DNAs (Fig. 9). Such a structural arrange-
ment of coding sequences is unusual, but genes
spanning such large DNA sequences have been
reported (26, 43, 44). Further experiments with
different restriction enzymes to digest cellular
DNA and molecular cloning of cellular se-
quences will distinguish between these two pos-
sibilities. (A preliminary characterization of mo-
lecular clones of cellular rel-specific sequences
indicates the presence of at least one large [>10-
kbp] intervening sequence.)

Variant of REV-T. The spleen cell line 2-20
produces three species of virus. In addition to
REV-A and REV-T, another virus that has a
genome about 3 kbp long is produced. Other
variants of REV-T have been reported (15, 21).
However, the sizes of these other variants and
the nature of the alterations are different from
those in the variant which we isolated.

It is interesting that such a small molecule
(less than one-half the size of the genome of
REV-A) can be propagated as a virus and tran-
scribed into viral DNA. Apparently, the variant
genome suffers no disadvantage because of its
small size. The LTRs and about 1.0 kbp of
additional sequences at the 5" end are conserved
in the variant provirus compared with REV-A.
Further studies on the nature of the deletions
and the conserved sequences of the REV-T var-
iant may provide further insight into what struc-
tural features are required to be a retrovirus.
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