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Subgroup F avian leukosis viruses, such as RAV-61 and ring-necked pheasant virus, are recombinants
between exogenous chicken retroviruses and endogenous pheasant viruses and contain new envelope (env)
genes. Chickens infected as 10-day-old embryos with subgroup F viruses develop fibrosarcomas, nephroblasto-
mas, osteopetrosis, B-cell lymphomas, and a high incidence of a proliferative disorder involving the lung.
Fibrosarcomas, nephroblastomas, and lymphomas appear after long latent periods (3 to 12 months). They
contain discrete virus-cell junction fragments and are therefore clonal outgrowths of a single infected cell. Two
ring-necked pheasant virus-induced B-cell lymphomas and an adenocarcinoma of the abdomen contained
proviruses integrated at the c-myc locus and elevated levels of myc mRNA. At least four of the fibrosarcomas
appeared to contain proviruses integrated at a common site, suggesting that a specific cellular gene may be
involved in these tumors. The host gene has not been identified, however; 16 different oncogene probes failed to
hybridize to fibrosarcoma junction fragments. In contrast to these neoplasms, lung lesions appeared rapidly (4
to 5 weeks), showed no evidence of clonality, and lacked long terminal repeat-initiated transcripts other than
viral 35S and 21S mRNA. We conclude, therefore, that subgroup F retroviruses induce the proliferative

disorder of the lung by a different mechanism.

Avian leukosis viruses (ALVs) cause a variety of disor-
ders in chickens. Diseases range from debilitating conditions
such as anemia, stunting, or immunosuppression to neo-
plasms such as B-cell lymphoma and erythroleukemia (4, 6).
The avian retroviruses have been classified into seven
subgroups lettered A through G based upon properties (host
range, interference, and antigenicity) specified by the viral
envelope glycoprotein. Viruses belonging to subgroup F
were first isolated after passage of the Bryan strain of Rous
sarcoma virus in ring-necked pheasant cells (7, 13, 33).
Several virus isolates from pheasant cells have been report-
ed: RAV-61 (13), ring-necked pheasant virus (RPV) (7), and
W8-1-1B (33). These independent isolates are indistinguish-
able by liquid hybridization (16) and.appear to be recombi-
nants between endogenous pheasant viruses and the infect-
ing Bryan Rous sarcoma virus (16, 31, 32). Approximately
75% of the recombinant virus genome consist of nucleotide
sequences highly related to other avian retroviruses (16, 31).
The remaining 20 to 25% are derived from pheasant DNA
and share little or no homology with sequences present in
viruses of subgroups A, B, C, D, or E (16). Presumably this
new information provides the subgroup F envelope (env)
gene, since the parent virus (Bryan Rous sarcoma virus)
lacks env. It is not clear, however, whether the pheasant-
derived sequences encode envelope information exclusively
(16). The recombinants do not contain detectable src se-
quences.

Purchase and coworkers (27) examined the oncogenicity
of subgroup F ALV after injection into 1-day-old chickens.
RAV-61 caused a low incidence of lymphoma, nephroblas-
toma, and osteopetrosis; RPV caused no disease at all. It
was questioned whether the inbred chickens used were
susceptible to RPV, as viremia was not observed 18 days
after inoculation (27). In a more recent study (6), RPV was
inoculated into 10-day-old chicken embryos and had a sur-
prisingly high oncogenicity. RPV caused localized foci or
proliferating cells in lung blood vessels in a high percentage
of infected birds. The proliferating foci were diagnosed as
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angiosarcoma and could be detected as early as 2 weeks after
hatching. Many infected chickens died rapidly, with their
lungs filled with proliferating cells. However, metastasis of
these cells to other tissues was rare. Chickens living 6 weeks
or longer had smaller lung lesions, if any, and developed
other diseases, including nephroblastoma, fibrosarcoma, os-
teopetrosis, and B-cell lymphoma (6).

ALVs do not transform tissue culture cells, require 4 to 12
months for oncogenesis in vivo, and have somewhat lower
efficiencies for disease induction (20 to 60%) than the rapidly
transforming viruses, which contain oncogenes (10, 12).
ALYV proviral integration within specific regions of the host
chromosome resulting in transcriptional activation of cellu-
lar oncogenes has been established for two different types of
neoplasm (9, 14, 24, 26). In ALV-induced bursal lymphoma,
the activated gene is c-myc (14). Erythroblastosis in ALV-
infected chickens involves the activation of c-erb® (9).
Subgroup F viruses have many of the properties of other
ALVs: they are replication competent, do not transform
fibroblasts in culture, and appear to lack oncogenes. There-
fore, neoplasms induced by subgroup F viruses may be
caused by a similar activation of host c-onc genes. The
present report describes some of the events of RPV transfor-
mation in both the acute lung disease and in long-latency
neoplasms (fibrosarcoma, lymphoma, and nephroblastoma).
We found that long-latency tumors are clonal and some
involve viral integration adjacent to known cellular onco-
genes. However, lung lesions showed no evidence of clona-
lity or unique integrations. RPV and RAV-61 cause angiosar-
comas rapidly (1 month) and with high incidence (88% of the
infected chickens in one study). This is atypical of leukosis
viruses and suggests a different mechanism of neoplastic
conversion.

MATERIALS AND METHODS

Cells and viruses. Chicken cells were from C/O embryos
obtained from SC birds (Hyline International, Dallas Center,
Iowa). C/O fibroblasts lacking endogenous viruses (2) were
cultured from eggs generously provided by L. B. Crittenden
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(U.S. Department of Agriculture Regional Poultry Research
Laboratory, East Lansing, Mich.). Primary cultures were
prepared by standard techniques and maintained at 37°C
in F-10 medium supplemented with 5% calf serum and 1%
chicken serum (11). RPV, obtained from P. K. Vogt, was
plaque purified three times on C/ABE fibroblasts and one
time on turkey embryo fibroblasts (29). RAV-61 was ob-
tained from H. Hanafusa.

Inoculation of chickens. The chickens used were outbred
white leghorns from Hyline or SPAFAS, Inc. (Norwich,
Conn.) and an inbred flock having no endogenous avian
leukosis viruses (ev™). After a 10-day incubation period,
fertile eggs received 0.1 ml of a virus suspension (10°
PFU/ml) intravenously. Infected embryos were incubated
another 14 days and then transferred to a separate room of
an isolation facility for hatching and maintenance. Postmor-
tem examinations were performed, and tissues were placed
in 10% buffered Formalin and processed for histopathologi-
cal analyses (6).

DNA extraction and endonuclease restriction digests. High-
molecular-weight DNA was prepared from 0.5 to 1.0 g of
normal or tumor tissue (24). Tissues were homogenized in
0.1 M NaCl-0.01 M Tris-hydrochloride (pH 8.0)-0.01 M
EDTA, digested with pronase (final concentration, 0.5
mg/ml), extracted with phenol, and then digested with 100 p.g
of RNase A per ml in 0.01 M Tris-hydrochloride (pH 8.0)-
0.01 M EDTA. After phenol-chloroform extraction and
ethanol precipitation, the DNA concentration was deter-
mined by measuring the absorbance at 260 nm.

All DNA samples were digested with restriction endonu-
cleases obtained from New England Biolabs (Sacl, Pvul,
Bglll, HindIll, Kpnl, and Smal) or Bethesda Research
Laboratories (EcoRI, Bgll, Hhal, Hpal, Hincll). DNAs (200
ng/ml) were digested overnight at 37°C with 3 to 5 U of
enzyme per pg. Reactions were monitored for completeness
of digestion by mixing a portion of the digestion mixture with
lambda DNA at a ratio of 3:1 and analyzing products on
ethidium bromide-stained agarose gels.

Nucleic acid blot hybridization. Genomic DNA samples
were electrophoresed in 0.8% agarose in Tris-acetate buffer
and transferred to nitrocellulose paper (Schleicher & Schuell
Co.). 3?P-labeled restriction fragments of lambda DNA di-
gested with HindIII were used as molecular weight markers.
Blots were pretreated with solutions containing 1 X Denhardt
solution (0.02% bovine serum albumin, 0.02% Ficoll, 0.02%
polyvinylpyrrolidine) and hybridized in 50% formamide-5Xx
SSC (5% SSC is 0.75 M NaCl plus 0.075 M sodium citrate)-
1x Denhardt solution-0.5 mg of yeast RNA per ml-50 mM
Tris-hydrochloride (pH 7.4)-0.2% sodium dodecyl sulfate.
Filters were hybridized at 37°C for 48 h and washed twice at
room temperature in 2X SSC-0.1% sodium sulfate (5 min),
followed by two 30-min washes at 37°C in 0.1xX SSC-0.1%
sodium dodecyl sulfate. XAR-5 film and intensifying screens
were used for autoradiography.

RNA extraction and poly(A) selection. Isolation of total
RNA from tissues and fibroblasts was performed by using
the guanidinium isothiocyanate method (20). Sample mate-
rial (1 g) was homogenized in 10 ml of 4 M guanidinium
thiocyanate (Eastman Kodak Co.)-0.1 M sodium acetate
(pH 5.0-0.005 M EDTA in a Tekmar Tissuemizer for 60 s.
Supernates were then layered onto a 4-ml cushion of 0.83 g
of CsCl per ml in 0.1 M sodium acetate (pH 5.0) and
centrifuged in a Beckman SW40 rotor at 33,000 rpm at 4°C
for 18 to 20 h. Pelleted RNA was resuspended in sterile
water. RNA concentration was determined by UV absor-
bance. Total cellular RNAs were spotted directly onto
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nitrocellulose that was equilibrated with 20x SSC by using a
Bethesda Research Laboratories Hybridot Manifold (34).

Polyadenylate [poly(A)]-containing RNA was isolated by
one or two cycles of chromatography on oligodeoxy thymi-
dylate-cellulose T-2 (Collaborative Research, Inc.) as de-
scribed (35).

Glyoxal gel electrophoresis and northern transfer. Purified
poly(A)-containing RNAs (5 to 10 ng) were suspended in 16
wl of glyoxal buffer and denatured at 50°C as described
(22). Four microliters of marker dyes (1x dye is 0.05%
bromophenol blue, 0.05% xylene cyanol, and 10% glycerol)
was added, and samples were electrophoresed in a 1%
agarose gel in 10 mM sodium phosphate (pH 6.8). Dena-
tured, °P-labeled HindIIl lambda DNA restriction frag-
ments were used as molecular weight markers. After electro-
phoresis, RNAs were transferred to nitrocellulose paper in
20x SSC (34), and the blots were baked at 80°C. Filters were
pretreated with 50% formamide-5x SSC-1Xx Denhardt so-
lution-0.5 mg of yeast RNA per ml-50 mM sodium phos-
phate (pH 6.8)-0.2% sodium dodecyl sulfate for 24 h at 37°C.
Hybridizations were carried out with 5% (wt/vol) dextran
sulfate to enhance the reaction. Blots were incubated for 1
day at 37°C, washed, and prepared for autoradiography as
described.

Preparation of *?P-labeled DNA probes. High-specific-
activity probes (ca. 1 x 10% to 2 x 10® Cerenkov cpm/p.g)
were prepared by incorporation of [a-*?P]dCTP (3,000 Ci/m-
mol; New England Nuclear Corp.) into double-stranded
DNA (21). Plasmid pRAV-2 (from A. Skalka), a molecular
clone of an RAV-2 provirus permuted at the Sall site, was
used as a probe for ALV sequences. The Us probe in these
studies was a 300-base-pair EcoRI-Sacl fragment of plasmid
p5'NCR (from E. Stavnezer). A c-myc probe was made from
a Clal-EcoRI fragment of clone pcmyc-1 which represents
the 0.96 kilobase (kb) 3’ exon of c-myc (see reference 23).
Fifteen different onc probes were used in addition to c-myc
in hybridization analyses (c-src, v-fos, v-myb, v-fps, v-abl,
v-sis, c-mos, v-rasl, v-ras¥, v-rel, v-erb®, v-erb®, v-ski, v-
yes, and v-ros).

RESULTS

Tumor incidence in chickens inoculated with subgroup F
viruses. Three different lines of chicken were inoculated with
two independent isolates of subgroup F ALV, RPV and
RAV-61 (see above). There were no apparent differences in
pathogenesis among the different chicken lines or between
the two virus strains. Most of the experiments reported here
utilized RPV. Infected chickens appeared normal for the first
10 to 15 days after hatching, but soon showed signs of
stunting, diarrhea, elevated hematocrits, and breathing diffi-
culties. Lung tumors appeared as localized foci of proliferat-
ing cells in the lung as early as 2 weeks after hatching.
Vascular capillaries were frequently occluded by hyperplas-
tic endothelial cells. More than one type of tumor was
detected in many birds. In a study with 162 birds, the
proliferative disorder of the lung was detected in 88%, and
ca. 80% died between 3 and 10 weeks of age. Most of the
chickens that survived 6 weeks after hatching eventually
developed other neoplastic conditions, such as fibrosarco-
ma, nephroblastoma, osteopetrosis, and B-cell lymphoma.
These tumors appeared at relatively low frequencies, with
the exception of fibrosarcomas, present in 27% of the
chickens inoculated with RPV. A more detailed account of
RPV pathogenicity has been reported elsewhere (6). Thus
far, no avian retroviruses other than subgroup F have caused
lung lesions. A total of eight virus strains belonging to
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subgroups A through E have been tested (R. Smith, unpub-
lished data).

Activation of c-myc in RPV-induced tumors. The most
common neoplasm induced by most subgroups of ALV is B-
cell lymphoma (24, 27). In the majority of the lymphomas
analyzed, ALV caused activation of the cellular oncogene c-
myc by proviral insertion adjacent to the myc locus (8, 14,
25). Bursal lymphoma was observed in only 2.5% (4 of 162)
of the RPV-infected birds; two chickens, numbers 27 and 73,
died of this neoplasma with liver, kidney, and spleen metas-
tases. To determine whether RPV-induced lymphomas re-
sulted from myc activation, DNA and RNA were isolated
from normal and neoplastic tissues of these two birds. A
preliminary restriction map of RPV proviral DNA revealed
that, like other ALVs (5, 30), the long terminal repeat (LTR)
and gag gene contain EcoRlI sites (see Fig. 6) and that this
enzyme would therefore be appropriate for DNA analyses
(24). Tumors that are clonal outgrowths of a single infected
cell have discrete virus-cell junction fragments detectable by
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FIG. 1. Activation of c-myc in RPV-induced tumors. (A and B)
DNAs from normal and tumor tissues were digested with EcoRI,
transferred to nitrocellulose, and hybridized to a Us probe (Us) or a
c-myc probe (m) as indicated below each lane. (A) DNA from
normal muscle (lanes 1 and 2) and a lymphoma (lanes 3 and 4) from
bird 27. (B) DNA from normal muscle (lanes 1 and 2) and an
adenocarcinoma (lanes 3 and 4) from bird 142. Open arrows indicate
the internal EcoRI fragment of RPV; solid arrows indicate the
positions of comigrating myc and Us restriction fragments. (C)
Poly(A)-containing RN As (5 pg per lane) from the lymphoma of bird
27, the carcinoma of bird 142, and normal liver of bird 142 were
glyoxylated, blotted, and hybridized to the myc probe. (D) Site of
proviral integrations in RPV-induced B-cell lymphoma and adeno-
carcinoma. The two c-myc coding exons are designated by solid
boxes; the hatched box shows the approximate location of a 5’
noncoding exon described by Shih et al. (in press). Positions of
proviral integration sites were based on the sizes of EcoRI tumor
junction fragments and an EcoRlI site located 150 nucleotides from
the 3’ end of the viral LTR.
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EcoRI digestion and hybridization to a probe derived from
the Us sequences of the LTR (24, 26).

All DNA samples contained restriction fragments corre-
sgonding to avian endogenous viruses, which hybridize to the
32p.labeled Us probe. The 2.5-kb fragment (indicated by the
open arrow in Fig. 1A) present in all infected tissues
examined represents an internal fragment of RPV. In bird 27,
liver lymphoma DNA had multiple (at least six) Us-
containing restriction fragments that were absent in normal
tissues such as muscle (see Fig. 1A, lanes 27 and 27Ly). Two
restriction fragments were detected in lymphoma DNA with
the 3?P-labeled myc probe, a 14-kb fragment (the normal c-
myc gene) and a 3.3-kb fragment that was not present in
DNA from normal tissue. The 3.3-kb fragment comigrated
with a restriction fragment observed with the Us probe.
Poly(A)-containing RNA from neoplastic tissue was tested
for the presence of new tumor-specific mRNAs. A new 2.3-
kb transcript was detected in liver RNA with the myc probe
(Fig. 1C, lane 27Ly). This transcript also hybridized to the
U, probe (data not shown), was slightly smaller than normal
myc mRNA (2.4 kb), and was present at ca. 30 times the
level of normal myc RNA. Lymphomatous tissue from bird
73 also exhibited proviral integration in the myc locus and
elevated c-myc mRNA (data not shown). Therefore, RPV
appears to induce lymphomas by activating the same cellular
gene that is activated in lymphomas induced by other ALV
subgroups.

Figure 1B shows the restriction pattern obtained with
DNA extracted from an abdominal tumor of bird 142. This
tumor was diagnosed as an adenocarcinoma of the omentum
surrounding the intestine. The carcinoma DNA contained
two tumor-specific junction fragments that hybridized to the
Us probe (Fig. 1B, lane 142Ca). The same filter was eluted
and then hybridized to a myc probe, and the 3.7-kb Us
fragment comigrated with a myc-specific restriction frag-
ment (Fig. 1B, lane 142Ca). An abundant 2.4-kb myc mRNA
which also hybridized to the Us probe was present in the
carcinoma (Fig. 1C, lane 142Ca). The level of mRNA was at
least 20 to 30-fold higher than that in normal liver. These
data are consistent with RPV integration upstream of c-myc
and in the same transcriptional orientation. Apparently, in
this tumor cellular myc was activated in nonlymphoid tissue,
producing a different type of neoplasm (carcinoma). Multiple
neoplasms were noted in bird 142, including nephroblas-
toma, a muscle fibrosarcoma, a liver fibrosarcoma, and lung
lesions. There was no evidence of bursal lymphoma. Only
the intestinal tumor contained viral integration at the c-myc
locus.

Sites of proviral integrations in these two tumors are
shown in Fig. 1D. We calculate that RPV integrated 600 base
pairs upstream of the first coding exon of myc in the
lymphoma and 1 kb upstream of this exon in the carcinoma.
The carcinoma integration site would be located within or
close to an untranslated exon recently described by C.-K.
Shih, M. Linial, M. M. Goodenow, and W. S. Hayward
(Proc. Natl. Acad. Sci. U.S.A., in press). The carcinoma
myc mRNA has a larger size, because it contains sequences
from the first exon that are absent in the lymphoma tran-
script (data not shown).

Integration sites in other long-latency tumors. Tumors such
as nephroblastomas, fibrosarcomas, and hemangiomas also
appeared in RPV-infected chickens after latent periods of 2
to 12 months. All of these long-latency tumors were found to
be clonal, with at least one new virus-cell junction fragment
present in each. Figure 2A shows examples of nephroblas-
toma and fibrosarcoma DNAs digested with EcoRI, blotted,
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FIG. 2. Restriction analysis of RPV-induced nephroblastomas
(N), fibrosarcomas (F), and adenocarcinoma (Ca). EcoRI digested
tumor DN As were blotted and hybridized to a Us probe (A) or a myc
probe (B). Restriction fragments derived from the endogenous
proviruses most frequently found in the chicken DN As analyzed are
indicated by solid arrows in panel A.

and hybridized to the Us probe. In addition to the 2.5-kb
internal RPV fragment, several endogenous proviral restric-
tion fragments were detected. The three endogenous provi-
rus restriction fragments most frequently observed in this
study are indicated by solid arrows in Fig. 2A. Multiple
tumor-specific junction fragments were evident when tumor
DNAs were compared with normal DNA of the same bird.

It was important to determine whether similar tumors
from different birds have proviruses integrated within a
common domain. That is, do tumor junction fragments from
different samples contain the same cellular sequences? Mul-
tiple junction fragments (e.g., 10 in the DNA of a nephro-
blastoma [672N]; Fig. 2A, lane 5) were observed in the DNA
isolated from nephroblastomas and liver tumors, making the
restriction data of these neoplasms difficult to interpret.
However, a number of fibrosarcoma DNAs contained only
one or two tumor-specific RPV proviruses, and in many
cases junction fragments were similar or identical in size. Of
27 fibrosarcomas examined, 92% had Us-containing frag-
ments 2.8 to 4.3 kb in size.

To determine whether comigrating or similarly sized fibro-
sarcoma junction fragments contained common cellular se-
quences, fibrosarcoma DN As were digested with a combina-
tion of EcoRI and each of six other restriction enzymes:
Kpnl, Hindlll, BamHI, Hincll, Pvull, and Sacl. Figure 3
shows restriction maps deduced for the cellular DNA adja-
cent to integrated proviruses in four independent RPV-
induced fibrosarcomas (samples 444, 387, 419, and 385.) All
of the EcoRlI restriction fragments were resistant to digestion
by Kpnl and HindIII, but contained common sites for Sacl,
BamHI, Hincll, and Pvull. The slight differences (ca. 0.1
kb) in the restriction maps from samples 444 and 385 are
within the experimental error expected in this type of
analysis. This strongly suggests that RPV proviruses are
integrated at slightly different sites adjacent to the same
cellular sequence. Other fibrosarcoma junction fragments
were also tested with EcoRI in combination with several
restriction enzymes. In most cases the data were consistent
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with integrations in the same region, but unambiguous
assignments could not be made because of the large numbers
of integrations in these tumors and the resultant complex
restriction patterns.

New RNA species (ca. 3.6 kb) homologous to Us were
detected in several fibrosarcomas (data not shown). These
RNA:s failed to hybridize to the RAV-2 probe (representing
viral structural genes) and thus probably contain Us se-
quences linked to cellular information. These results are
consistent with the hypothesis that muscle fibrosarcomas
result from activation of a specific cellular gene.

To test for possible rearrangements of the c-myc gene in
fibrosarcomas and nephroblastomas, DNA was digested
with EcoRI (Fig. 2B) or Sacl (data not shown) and hybrid-
ized to *?P-labeled myc probes. Figure 2B, lane 1 shows
DNA extracted from the carcinoma of bird 142, described
above, which carries a proviral integration adjacent to c-
myc. None of the other tumors appeared to involve alter-
ations in this gene. Sixteen different oncogene probes (see
above) were hybridized to EcoRI- and Sacl-digested tumor
DNAs to test for genetic rearrangements (data not shown). A
total of 6 nephroblastomas, 27 fibrosarcomas, and 7 liver
carcinomas have been tested in this way. No evidence for
viral integration near any known oncogene was obtained
with any tumors, except the lymphomas and carcinoma
described above. Also, we could find no evidence for
elevated expression of known oncogenes when cellular RNA
was analyzed by dot blot hybridization.

Analysis of integration sites in RPV-induced lung tumors.
Lung lesions first appeared in RPV-infected chickens at 2
weeks after hatching. Thus, the lung lesions have a shorter
latent period than other tumors caused by ALV. To deter-
mine whether this acute, proliferative disease involves the
activation of a host gene by proviral insertion, lung DNAs
and RNAs were analyzed as described for long-latency
tumors. Twenty-one different lung specimens that showed
large numbers of proliferative foci in histological sections
were studied. At least 50% of all cells appeared abnormal in
these specimens. The Us-containing EcoRI fragments of four
independent lung tumors and corresponding normal tissues
are shown in Fig. 4. No tumor-specific junction fragments
were detected in angiosarcomas by this analysis. The pres-
ence of the 2.5-kb internal fragment indicates that all tissues
were infected with RPV, but the absence of discrete junction
fragments suggest that integrations had occurred at many
sites and that the tumors are not clonal.

Histopathologicl studies shows that the lung lesions con-
sisted of multiple foci of proliferating atypical endothelial
cells (6). Thus, the possibility existed that these tumor were
clusters of different clonal populations derived from inde-
pendent integration events. To test this, lung tumor tissue
from bird 228 was fractionated into 2 to 3-mm® pieces.
Erythrocytes were removed by an LSM gradient, and the
pieces were digested by collagenase and trypsin. Figure 5
shows an analysis of DNA samples isolated from 12 separate
pieces. No tumor-specific virus-cell junction fragments were
detected after digestion with EcoRI (Fig. 5) or with Sacl or
Pvul (data not shown). DNA from a clonal tumor, the kidney
lymphoma of bird 27, is shown for comparison. Similar
negative results were obtained with fractionated lung tumor
tissue from a second bird (data not shown).

Poly(A)-containing RNAs were analyzed for the presence
of new mRNAss initiating from the viral LTR and transcrib-
ing into contiguous cellular sequences. Although all lung
tumors contained both 35S and 218 viral transcripts, no new
Us-specific transcripts containing cellular information could



VoL. 52, 1984

RI

ONCOGENESIS BY SUBGROUP F RETROVIRUSES 5

RI

. aoT HI Hincln PTu]I sT:r I 444
RI B8am HI Hinc Pvull SocT RII
m I L1 1 387
RI Bam HI Hinc I PwulI Socl T
|—_L|} | Ll | 419
RI HincIL Pwl Sacl T
|j] | 385
L 1 1 1 1 1 1 J kb
4 3 2 1 o]

FIG. 3. Restriction maps of tumor junction fragments in DNA from four representative fibrosarcomas. Fibrosarcoma DN As were digested
with EcoRI in combination with each of six other enzymes (BamHI, Hincll, Pvull, Sacl, Kpnl, and Hindlll) and probed with 3?P-labeled Us.
The LTR sequences in the tumor junction fragments are represented by open boxes. The cleavage positions are accurate to within 0.1 kb.
There were no Kpnl or Hindlll sites in any of these junction fragments.

be detected (data not shown). It seems likely, therefore, that
the induction of acute lung lesions by subgroup F viruses
occurs by a different mechanism than that of the long-latency
tumors.

Restriction map of the RPV provirus. The ability to cause
lung foci rapidly and efficiently seems to be peculiar to
subgroup F ALV. Other leukosis viruses, such as RAV-1
(subgroup A), MAV-1 (subgroup A), RAV-2 (subgroup B),
MAV-2N (subgroup B), MAV-20 (subgroup B), and RAV-7
(subgroup C), failed to elicit the disease spectrum of RPV (R.
Smith, unpublished data). A detailed restriction map for
RPV was constructed and compared with those of other
ALYV subgroups to determine whether the genetic difference
of this virus is confined to the env gene. Figure 6 shows maps
for RAV-2 (subgroup B) and RPV proviruses. The RPV map
was generated by using cellular DNA isolated from ev™
chickens infected with this virus so that the pattern of
internal RPV restriction fragments was not complicated by
the presence of fragments derived from endogenous provi-
ruses. DNA was digested with a combination of EcoRI and
other enzymes (Sacl, HindlIll, Hincll, BamHI, Bgll, Bglll,
etc.), blotted, and probed with 3?P-labeled RAV-2 DNA. A
molecular clone of RPV provirus in the A gtWES - AB vector
was also prepared and analyzed by restriction enzymes to
confirm the map obtained from Southern blots (data not
shown). The restriction map of RAV-2 was prepared by
digesting cloned RAV-2 DNA. Restriction sites were con-
served in the gag and pol genes of these two viruses;
variations were localized in the envelope gene. Furthermore,
restriction sites conserved in the env genes of subgroups A,
B, and E viruses (15, 25) were absent in RPV (Fig. 6).
Whereas Us, gag, and pol probes hybridized to RPV proviral
DNA, a probe specific for subgroup A envelope sequences
did not hybridize appreciably to env fragments of the RPV
clone. It now seems probable that the pheasant-derived
sequences are localized exclusively within the envelope
region. Although we cannot exclude the possibility that RPV
contains limited regions of nonhomology in the LTR or in the
gag and pol genes (too small to be detected by restriction
mapping or hybridization), the data are consistent with the
interpretation that the subgroup F envelope gene is responsi-
ble for the unique pathological properties of these viruses.

DISCUSSION

Avian leukosis viruses typically induce tumors (predomi-
nantly B-cell lymphomas) after prolonged latent periods (24,
26, 27). Like other ALVs RPV probably does not carry a
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FIG. 4. Restriction analysis of DNAs isolated from chickens
with lung lesions. DNA from lung lesions (L) and normal muscle (M)
of four RPV-infected birds (numbers 142, 28, 115, and 228, left to
right) were digested with EcoRI and hybridized to a Us probe. All
restriction fragments revealed by Us hybridization correspond to
endogenous proviruses, with the exception of the 2.5-kb internal
fragment of RPV (not detected in uninfected tissue).
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FIG. 5. Restriction analysis of DNAs isolated from subfractions
of a single lung tumor. DNAs from 12 different 2- to 3-mm? pieces
from a single lung (lanes 1 through 12) were treated as described in
the legend to Fig. 4. Lane M contains DNA from normal muscle
tissue of the same bird (number 228); lane K contains DNA from a
kidney lymphoma from bird 27 for comparison (see Fig. 1).

transforming gene because: (i) RPV does not transform
tissue culture cells and (ii) the virus is replication competent,
and its genome is the same size as ALVs which lack
oncogenes. However, the oncogenic spectrum of RPV dif-
fers from other leukosis viruses. Some malignant diseases
induced by RPV appear only after long latent periods
(fibrosarcoma, nephroblastoma, lymphoma, and carcino-
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ma). These neoplasms are clonal and apparently arise by the
same mechanism described for other ALVs: activation of
host c-onc genes. The activated gene in RPV-induced B-cell
lymphoma is c-myc. We also found proviral integration near
c-myc in a nonlymphoid neoplasm, a carcinoma of the
omentum. Levels of c-myc mRNA were elevated 20 to 30-
fold in this tumor. It is interesting that c-myc has also been
implicated in certain human nonlymphoid neoplasms (1, 18).

Restriction analyses revealed that integrations had oc-
curred at similar sites in fibrosarcomas from different birds.
It seems likely, therefore, that induction of fibrosarcomas
results from proviral integration adjacent to a specific cellu-
lar gene. This putative host gene remains unidentified, as all
oncogene probes tested thus far have failed to hybridize to
these junction fragments. It is possible that the sarcoma gene
is only weakly homologous to a known oncogene(s) or that
sites of proviral integrations are distant from known genes.
Alternatively, this gene may be a previously unidentified
cellular gene with oncogenic potential. Cloning and further
characterization of this locus should help to determine the
nature of these sequences.

The lung lesions induced by subgroup F viruses (RPV and
RAV-61) can be detected within 4 weeks after infection.
They appear with high frequency, and the latent period is
unusually short for leukosis viruses. We found no evidence
for clonality in lung foci. All lung tumor specimens analyzed
contained RPV proviral DNA and both genomic and subge-
nomic viral mRNAs. This differs from ALV-induced lym-
phomas, where proviruses are frequently defective and the
35S and 21S mRNAs are often absent (8, 24, 25). Unlike
lymphomas, viral gene products might be required for main-
tenance of the proliferative state in the lung. RPV and RAV-
61 have a unique set of nucleotide sequences in the env gene
which have little homology to avian viruses of other sub-
groups (Fig. 6; reference 16). We conclude that RPV induces
the acute lung disease by a different mechanism than that of
long-latency tumors and suggest that the subgroup F enve-
lope plays an important role in this mechanism.

The precise nature of the lung lesions requires comment.
They consist of proliferating endothelial cells of vascular
capillaries (6) and fit the characteristics of an angiosarcoma

Smal  pep Hell Smal
RI sac1 ;™! Bqlﬁagllll AL |Hindm gl Kpnl ET” Sall RI I RI
CpL L1 | | L [ Rav-2
eomlml BamHI HpoIl BomHI Xho I
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BomHI
Smal 8ql1 Smal Hell HindID
RI Socll 9 sgntl RI ” Bgll
D | ] [l | I | RPV
BamHI aamlp-u Hpal | Bom HI
Xhol Xhol
F gag } pol | env i
, t t —t t t t t 1 kb
| 2 3 4 5 6 7 8

FIG. 6. Identification of unique pheasant envelope sequences in RPV. A more detailed restriction map of the RAV-2 provirus than that
already described (25) was generated by digesting pRAV-2. Restriction sites in the RPV genome were determined by Southern blot analysis of
RPV-infected ev™~ chicken cells and by digestion of a molecular clone of RPV in AgtWES - AB. The cleavage positions are accurate to within
50 base pairs. The solid box indicates the approximate boundaries of the subgroup F envelope gene of RPV.
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(28). Angiosarcomas are generally found to be malignant
neoplasms. There were possible examples of lung metasta-
ses to the liver in several RPV-infected birds (6), but
attempts to grow lung tumors in neonatal chickens or nude
mice has been unsuccessful (R. E. Smith, unpublished data).
This lung disorder may therefore be an intermediate disease
of a proliferative nature like osteopetrosis (29).The multiple
foci in the lung may result from a premalignant or nonmalig-
nant proliferation of blood vessel endothelial cells.

The env glycoproteins of other retroviruses, the leukemo-
genic murine leukemia viruses, have already been implicated
in cellular proliferation (17). For example, the Rauscher and
Friend spleen focus-forming viruses cause rapid formation of
erythroid colonies in the spleens of susceptible mice (3, 17).
This acute proliferative response is followed 3 to 8 weeks
later by the emergence of increasingly malignant erythroleu-
kemia cells (37). It has been suggested that the spleen focus-
forming virus env glycoprotein performs a leukemogenic
function (17, 19). The subgroup F glycoprotein of RPV and
RAV-61 might provide an analogous proliferative function in
the acute lung disease, possibly by interacting with endothe-
lial cell surface receptors (36). The relationship between the
subgroup F envelope and lung angiosarcomas is currently
being analyzed by recombination experiments.
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