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ABSTRACT We have isolated a replication-defective rapidly
transforming sarcoma virus (designated 16L virus) from a fibro-
sarcoma in a chicken infected with tdlO7A, a transformation-de-
fective deletion mutant of subgroup A Schmidt-Ruppin Rous sar-
coma virus. 16L virus transforms fibroblasts and causes sarcomas
in infected chickens within 2 wk. Its genomic RNA is 6.0 kilobases
and contains sequences homologous to the transforming gene (fps)
of Fujinami sarcoma virus (FSV). RNase Ti oligonucleotide anal-
ysis shows that the 5' and 3' terminal sequences of 16L virus are
indistinguishable from (and presumably derived from) tdlO7A
RNA. The central part of 16L viral RNA consists of fps-related
sequences. These oligonucleotides fall into four classes: (i) oligo-
nucleotides common to the putative transforming regions of FSV
and another fps-containing avian sarcoma virus, URI; (ii) an oli-
gonucleotide also present in FSV but not in URI; (iii) an oligo-
nucleotide also present in URI but not in FSV; and (iv) an oligo-
nucleotide not present in either FSV, URi, or tdlO7A. Cells
infected with 16L virus synthesize a protein of Mr 142,000 that is
immunoprecipitated with anti-gag antiserum. This protein has
protein kinase activity. These results suggest that 16L virus arose
by recombination between tdlO7A and the cellularfps gene.

Avian leukosis viruses (ALV) are a group of slowly transforming
viruses that usually cause B-cell lymphomas arising in the bursa
of Fabricius of infected birds after a latent period of 4-12
months. However, occasionally these viruses also induce other
neoplasms, such as erythroblastosis, nephroblastoma, and fi-
brosarcoma (1, 2). Slowly transforming viruses such as ALV lack
a specific gene (onc gene or transforming gene) whose product
is responsible for neoplastic transformation. ALV differ from the
rapidly transforming viruses, such as the avian sarcoma viruses
and acute leukemia viruses, which cause neoplastic disease rap-
idly and with high efficiency. In recent years, a wide variety of
biochemical and genetic evidence has established that the trans-
forming ability of rapidly transforming viruses resides in onc
genes that have been transduced from the normal cellular ge-
nome. Transformation by these viruses appears to be the con-
sequence of placing this normal cellular gene under viral tran-
scriptional control.

Recently, we have shown that most B-cell lymphomas caused
by ALV appear to result from proviral integration adjacent to
the cellular counterpart (c-myc) of the transforming gene of the
avian rapidly transforming virus MC29 (3, 4). This results in
activated transcription ofthe c-myc locus, usually with the syn-
thesis of new transcripts containing both viral 5'- and c-myc-
related information. However, no rapidly transforming virus is
produced from these tumors, presumably because the new tran-
scripts lack viral information (3) necessary for viral RNA pack-

aging (5, 6) and replication (7, 8). These findings have been con-
firmed in other laboratories (9-12).

In the course of our studies of ALV oncogenesis, we en-
countered one chicken that developed a fibrosarcoma after a
long latent period. This tumor contained high levels of RNA
related to the transforming gene (fps) of Fujinami sarcoma virus
(FSV) and expressed a new 6.0-kilobase (kb) virus-specific RNA.
We originally thought that oncogenesis in this tumor had re-
sulted from activation of the cellular counterpart (c-fps) (13) of
the fps gene by a mechanism similar to that involved in ALV
lymphomagenesis. However, extracts of this tumor contained
a rapidly transforming virus (designated 16L virus) that appears
to be a recombinant between the infecting ALV and c-fps.

MATERIALS AND METHODS
Cells and Viruses. Primary and secondary chicken embryo

fibroblast (CEF) cultures were prepared from group-specific
antigen-negative, chicken helper factor-negative chicken em-
bryos as described (14). Cell culture conditions and virus titra-
tion methods were those of Hanafusa (14). FSV, tdlO7A, and
UR1 were obtained from laboratory stocks.

16L virus was isolated from liver tumors present in chicken
no. 16, which was infected with tdl07A by intravenous injection
of virus into an 11-day embryo. The tumor, which had been
frozen, was homogenized by grinding in a mortar containing
extraction solution (Tris/saline containing 5% fetal calf serum)
to give 20% (wt/vol) homogenates. The resulting suspension
was centrifuged, and the supernatant was used to inoculate sec-
ondary CEF cultures treated with DEAE-dextran. These cul-
tures were overlaid with agar and examined at 1 wk for evidence
oftransformation. Initial virus titers were 103 to 104 focus-form-
ing units/ml. Confluently transformed cultures were obtained
after several cycles of transfer and agar overlay. Virus produced
from such cultures had a titer of about 107 focus-forming units/
ml and was used for all subsequent experiments.
Tumor RNA Analysis. Tumor RNA was extracted as de-

scribed (3). cDNA probes for ALV genes and v-onc genes and
hybridization kinetic analysis were as described (3, 4, 15).

Viral RNA Isolation. CEF cultures confluently transformed
by 16L virus were labeled with carrier-free 32Pi (1 mCi/ml; 1
Ci = 3.7 X 1010 becquerels) for 12 hr as described (16). The 12-
hr supernatant was discarded and culture fluids were then col-
lected at 2-hr intervals for 10 hr. To avoid RNA degradation,
cellular debris were removed immediately. Virus was pelleted

Abbreviations: ALV, avian leukosis virus(es); CEF, chicken embryo fi-
broblast(s); FSV, Fujinami sarcoma virus; rASV, recovered avian sar-
coma virus(es); fps, transforming gene of FSV and related viruses; kb,
kilobase(s).
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by ultracentrifugation, and 60-70S RNA was extracted as de-
scribed. This-RNA was heat-denatured and poly(A)-selected by
oligo(dT)-cellulose chromatography. Poly(A)-RNA was size-
fractionated by sucrose density gradient centrifugation. Frac-
tions from the 35S ("helper") and 30S ("16L") regions of the
gradient were pooled separately and precipitated with ethanol.

5'-End Selection of Viral RNA. cDNA5' (7, 8) was prepared
in large amounts as described (17). Deoxycytidylic acid residues
were added to the 3' end of this cDNA with polynucleotide
kinase. After hybridization of 32P-labeled viral RNA to the deox-
ycytidylic acid-tailed cDNA, RNA molecules containing viral
5' information were selected by chromatography over oligo(dG)-
cellulose as described (17).
RNase TI Oligonucleotide Mapping. 32P-Labeled and se-

lected 35S and 30S RNAs were analyzed by RNase T1 digestion
and oligonucleotide mapping as described (16, 18). The nu-
cleotide composition of selected oligonucleotides was deter-
mined by published methods (16, 18, 19).

Protein Analysis. Cell cultures were labeled with [3S]me-
thionine and extracted as described (20). Virus-related proteins
were analyzed by immunoprecipitation of the cell extract with
anti-gag antiserum, followed by electrophoresis on NaDodSO4/
polyacrylamide gels (21) as described (20). Preparation and
properties of the antisera have been described (22). Antiserum
specific for the fps gene product was prepared from rats im-
munized with FSV-infected rat cells (23). In vitro protein kinase
assay was performed on immunoprecipitates as described (22).

RESULTS

Biological Properties of 16L Virus. Several embryos were
infected with tdlO7A, a deletion mutant of subgroup A
Schmidt-Ruppin Rous sarcoma virus (24) that lacks most, if not
all, of the src gene and does not give rise to recovered avian
sarcoma virus (rASV) (25). Instead, chickens infected with
tdlO7A usually develop B-cell lymphomas after a long latent
period. However, upon sacrifice at 19 wk, one chicken (no. 16)
had multiple large nodules in the liver, kidneys, heart, and
peritoneal wall, with no bursal involvement. Histopathologic
analysis revealed that the tumors were fibrosarcomas.
When a liver nodule was homogenized and an aliquot of the

supernatant fluid was plated on CEF, discrete foci of trans-
formed cells were observed (data not shown). Interference assay
(data not shown) revealed the presence of a subgroup A retro-
virus. Injection of the supernatants into the wing webs of 1-2
day-old chickens led to palpable tumors in 5-7 days and death
in 10-14 days (10/10 birds). No FSV strains or other fps-con-
taining retroviruses were being injected into laboratory flocks
at this time nor were any other unexplained sarcomas noted in
other birds.

Size and Genetic Content of 16L RNA. Table 1 shows the
results of hybridization kinetic analysis ofRNA from a liver tu-
mor (16L) as well as a few other representative tumors induced
by tdlO7A and other leukosis viruses. Whereas the vast majority
of ALV-induced tumors are lymphomas, which show elevated
myc expression (see ref. 4), tumor 16L expressed fps-related
information at about 300 times normal level. A kidney nodule
taken from the same bird (animal no. 16) also exhibited in-
creased expression offps. The level of expression offps in nor-
mal muscle tissue from bird no. 16 was not elevated.

Poly(A)-RNA from tumor 16L was analyzed by blot hybrid-
ization (26). A new 6.0-kb RNA was found in addition to the
expected 8.1- and 3.2-kb tdlO7A mRNAs (15, 27) (data not
shown). However, unlike the new RNAs found in ALV-induced
lymphomas-which have only 5'-specific viral information-the
6.0-kb RNA hybridized to a probe (cDNArep) representative of

Table 1. Viral and transformation-specific RNAs in ALV-
induced tumor tissues

RNA copies/cell
Tissue* 5' rep src erb myb myc fps

Bursa, uninfected (12) <1 <1 3 2 3 2 1
Liver, uninfected (31) <1 <1 2 4 1 2 1
Kidney, lymphoma (7) 100 2 4 6 5 110 1
Bursa, lymphoma (11) 2,500 2,000 3 2 4 180 2
Muscle, normal (16) ND ND ND ND ND 2 <1
Liver, sarcoma (16) 2,900 2,700 4 5 2 8 300
Kidney, sarcoma (16) 4,400 5,700 ND ND ND 3 150
* Animal numbers are given in parentheses.
tRNA concentrations were determined by liquid hybridization as de-
scribed (15). cDNA probes used were: cDNA5,, corresponding to the
5'-terminal 101 nucleotides of Rous-associated- virus 2 RNA (7, 8);
cDNArep containing a relatively uniform distribution of all Rous-
associated virus 2 sequences; unique (presumably transformation-
specific) sequences of Rous sarcoma virus (src), avian erythroblas-
tosis virus (erb), avian myeloblastosis virus (myb), avian myelocy-
tomatosis virus (myc), and Fujinami sarcoma virus (ffis). ND, not
determined.

the total ALV genome. In addition, this RNA hybridized to a
molecularly cloned probe for the v-fps gene of FSV (data not
shown).

Oligonucleotide Mapping of 16L RNA. We further charac-
terized the genetic content of 16L viral RNA by oligonucleotide
mapping. After poly(A) selection and sucrose density gradient
centrifugation, 35S (helper viral RNA) and 30S (16L transform-
ing component) peaks were observed. Preliminary mapping
experiments demonstrated that 30S RNA isolated in this fashion
was significantly contaminated with fragments of the 35S spe-
cies (data not shown). To reduce this contamination, cDNA
homologous to the 5' end ofALV RNA was prepared, extended
with poly(dC), and hybridized to 30S RNA. The resulting hy-
brids were selected by oligo(dG)-cellulose chromatography.
Approximately 60% of the poly(A)-containing 30S RNA was re-
covered following this procedure.

Fig. 1 shows- the RNase T1 oligonucleotide patterns of 16L
35S and 30S RNAs; the oligonucleotide compositions of spots
found in 16L but not in tdlO7A are shown in Table 2. Com-
parison of these oligonucleotide patterns with patterns of
tdlO7A, FSV, and URI RNAs [URi is a recently characterized
independent isolate ofavian sarcoma virus that contains thefps
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FIG. 1. Chromatographic analysis of RNase Ti-resistant oligo-
nucleotides of tdlO7A and 16L viral RNAs. 32P-Labeled viral RNA was
purified by sucrose density gradient centrifugation and oligo(dT)-cel-
lulose column chromatography. The 30S component of 16L viral RNA
was further purified by hybridization to poly(dC)-tailed cDNA5'. Num-
bering of tdlO7A oligonucleotides followed that in ref. 28.
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Table 2. fps-related large RNase Tl-resistant oligonucleotides
present in 16L virus RNA

Spot no. RNase-resistant fragments
51 1-2 U, 4 C, G, A-C, 2 A-U
52 U, 4 C, G, A-C, 2 A-U, 1.5 A-A-C
54 4CG,2A-C,A-A-C
55 6C, 2 A&C, A-U, A-G
56 U, 7 C, G, 0.4 A-C, A-U
57 2 U, 8C, 4 A-C, A-U, A-G
58 + 59 4 U, 1OC,G 2 A-C, 3 A-U, A-G

The composition analysis of oligonucleotides was done with spots
recovered from the oligonucleotide analysis of purified 30S 16L viral
RNA shown in Fig.- 1.

gene (29, 30)] shows the following (Figs. I and 2): (i) The 35S
(helper) component of the 16L virus preparation has an oligo-
nucleotide pattern identical to that of tdlO7A. (ii) The 30S com-
ponent (transforming component) has 5' and 3' oligonucleotides
indistinguishable from tdIO7A but has a large substitution for
sequences in the interior of the tdlO7A genome. (iii) The sub-
stituted sequence in 16L viral RNA contains four classes of oli-
gonucleotides: (a) the majority (5/8) of the oligonucleotides are
present in thefps-specific sequences ofboth FSV and UR1; (b)
one spot, no. 58, is present in FSV but not in UR1; (c) another
spot, no. 55, is present in UR1 but not in FSV; and (d) one spot,
no. 59, is not present in tdIO7A, FSV, or UR1 RNAs. (iv) The
oligonucleotide differences found among 16L, FSV, and UR1
cannot be explained by single base changes (refs. 30 and 31 and
Table 2). The simplest interpretation of these data is that the
substituted sequence in 16L virus is derived from cellularfps
(c-fps) information. FSV and UR1 presumably also acquired c-
fps information and subsequently diverged slightly.

Analysis of Virus-Specific Proteins in 16L-Infected Cells.
FSV (31) and UR1 (30) encode gag-fps fusion polyproteins that
have associated protein kinase activities specific for tyrosine
residues and which are the putative transforming proteins of
these viruses (30, 32). To analyze 16L virus-specific proteins,
CEFs infected with 16L were labeled with [3S]methionine, and
virus-specific proteins in the cell lysate were immunoprecipi-
tated and electrophoresed on NaDodSO4/polyacrylamide gels
(Fig. 3 Right). 16L virus-infected cells synthesized a Mr 142,000
protein (P142) that was precipitated by anti-gag antiserum.
Electrophoresis of P142, FSV P140, and UR1 P150 in adjacent
lanes indicates that the 16L viral protein is larger than the FSV
protein and smaller than the UR1 protein. P142 was also spe-
cifically immunoprecipitated by antibody specific for the fps
component of P140 (23). To seewhether P142 has protein kinase
activity, cell extracts were immunoprecipitated with anti-gag
antiserum in the presence of [y-32P]ATP. In such an experi-
ment, P142 was phosphorylated (Fig. 3 Left). A similar result
was previously obtained with the FSV and UR1 polyproteins
(22, 30).

DISCUSSION
We report here the generation of a rapidly transforming retro-
virus containing sequences homologous to the fps gene after
infection of a chicken with an avian leukosis virus. This virus
presumably arose via recombination between the infecting leu-
kosis virus and a source offps information.

Several lines of evidence suggest that the fps information is
ofcellular origin: (i) The presence ofa c-fps sequence in normal
chicken DNA has been demonstrated (13). (ii) The tumor from
which the virus was isolated arose at a site distal from virus in-
jection and only after a long latent period. If there were a con-
taminating acute virus such as FSV or UR1 in the initial virus
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FIG. 2. Oligonucleotide maps of 16L virus andrelatedviruses. The
order ofRNase Ti-resistant oligonucleotides of tdlO7A, UR1, andFSV
has been published (28, 30, 31). The oligonucleotide map of 16L 30S
RNA was deduced from the analyses shown in Fig. 1. The scales at the
left and right represent the genomes of td1O7A and the three sarcoma
viruses. The size of each genetic region is indicated. 16LRNA contains
oligonucleotides 9b and 11, which are derived from the gp37 coding
region of tdlO7A (unpublished). However, it is not clear whether any
of the 3' oligonucleotides ofUR1 orFSV are derived from the env gene.
16L virus oligonucleotides are shown in boldface, as are identical oli-
gonucleotides present in tdlO7A, FSV, orUR. Oligonucleotides within
the brackets of each sarcoma viral RNA map are derived from Jts-re-
lated sequences of the corresponding sarcoma virus. In addition to
being designated by boldface numbers, shared fps-specific oligonu-
cleotides are connected by dashed lines. The base compositions of fps-
specific oligonucleotides in 16L are shown in Table 2. A - indi-
cates the absence of a particular oligonucleotide at the corresponding
position of the map. The precise order of fpfs-related oligonucleotides
in 16L viral RNA were not determined in this study. The indicated
order of oligonucleotides common to FSV andUR1 is based on the pre-
viously determined oligonucleotide maps of these viruses (30,31). The
precise location of oligonucleotide 59 is not certain. Oligonucleotides
outside the specific sequence of 16L RNA are identical to the indicated
tdlO7A oligonucleotides, and the order of these oligonucleotides shown
here is based upon the map of tdlO7A established previously (32). Oli-
gonucleotide 41 has a base composition similar to that of oligonucleo-
tide 57 (Table 2 and ref. 31) except that oligonucleotide 41 is two nu-
cleotides longer. It, is not certain that oligonucleotides 41 and 57
represent homologous sequences, so 41 is shown in parentheses. Cap-
I and Cap4IV are cap-containing oligonucleotides of different length
and composition as described (18).

stock, neoplasia would be expected to develop much more rap-
idly (2-4 wk) and at the site of injection. (iii) No similar neo-
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FIG. 3. Identification and properties of 16L P142. (Left) A cell ly-
sate was prepared from cell cultures infected with 16L virus. This ly-
sate was immunoprecipitated with anti-gag antiserum, assayed for
protein kinase activity, and analyzed by electrophoresis on 5-15%
NaDodSO4/polyacrylamide gradient gels. The position of migration
of 16L virus P142 is indicated. (Right) Cell cultures infected with FSV,
16L, or NY225 (a temperature-sensitive mutant of FSV) were labeled
with [35S]methionine. After extraction, cell lysates were immunopre-
cipitated with anti-gag antiserum and analyzed by polyacrylamide gel
electrophoresis as above. The positions of migration of 16L P142, FSV
P140, UR1 P150, NY 225 P130, and the gag precursor polyprotein Pr76
are indicated. *Pr76 is the gag precursor polyprotein of the natural
helper virus of FSV. This protein migrates more slowly than the gag
polyproteins of the other helper viruses used in this study under our
electrophoresis conditions.

plasms were noted in other birds infected at the same time with
the same virus stock. The virus stock used to infect these birds
was cloned several times and was not capable ofproducing foci
on CEF (24). (iv) No fps-containing virus-infected birds were

present in this laboratory at the time of these experiments. (v)
16L virus contains some RNase T1 oligonucleotides present in
thefps sequences ofFSV but not UR1 and some present in UR1
but not FSV as well as sequences not present in either of these
viruses. Thus, if 16L virus were derived from a viral contami-
nant, there would have to have been either three contaminating
viruses or a new, as yet undescribed, contaminating virus. UR1
was not even available in this laboratory when tumor 16L was

obtained. There are some oligonucleotides present in FSV or

UR1 or both that are not present in 16L (Figs. 1 and 2). This
could represent divergence from the c-fps sequence. Alterna-
tively, only part ofthe c-fps gene (or its flanking sequences) may
have been transduced into 16L virus. 16L virus appears to be
more closely related to UR1 than to FSV. This may reflect the
more recent isolation and less extensive passage history of UR1
(29) compared with FSV (33). (vi) All of the non-fps oligonu-
cleotides in 16L virus that correspond to retroviral structural
and replicative genes are found in tdlO7A. These oligonucleo-
tides are distinct from those of the non-fps sequences present
in either FSV or UR1. Ifrecombination with a viral contaminant
had occurred, one might expect 16L virus to contain non-fps
information from the contaminant as well. (vii) No evidence was
obtained for the presence in chicken no. 16 ofanotherfps-con-
taining virus, which should have its original 5' and 3' terminal
sequences.

16L virus is a direct example ofan avian rapidly transforming
virus arising from recombination in vivo between a slowly trans-
forming virus and a cellular gene. Earlier, it was shown that
viruses (termed rASV) that are recombinants between certain
transformation-defective deletion mutants of Rous sarcoma vi-

rus and the cellular src gene could be isolated after injection
of td mutants of Rous sarcoma virus into birds (25, 28, 34, 35).
However, rASV were isolated only from mutants that retained
a significant part (20-30%) of the viral src gene. The genetic
structure of the other known avian rapidly transforming viruses
(cell-related information inserted between viral 5' and 3' se-
quences) suggests that these viruses also arose via recombina-
tion between a slowly transforming virus and a cellular gene.
However, in many cases, extensive passage of virus strains in
vivo and in vitro occurred before their biochemical analysis was
possible. While this work was in progress, Stavnezer et aL (36)
reported the isolation of defective rapidly transforming viruses
after passage of ALV in CEF derived from a certain line
(SPAFAS) of chickens. The reason for the recovery of these vi-
ruses at such high efficiency in this particular tissue culture
system is unclear.

In the murine system, the Harvey (37) and Kirsten (38) strains
of murine sarcoma virus were isolated after serial passage of
murine leukemia viruses in rats; Moloney murine sarcoma virus
was isolated after leukemia virus passage in mice (39). Similarly,
the feline sarcoma viruses (40, 41) were isolated from tumors
induced in cats infected with feline leukemia viruses. However,
as with the avian rapidly transforming viruses, biochemical anal-
ysis of these viruses was not performed at early passage, so no
direct comparison could be made with the parent viruses. Re-
cently, recombinant mammalian rapidly transforming viruses
have also been obtained in tissue culture (42-45).

It is interesting that the cellular gene incorporated into 16L
virus is c-fps. fps-related information is found in a number of
independently derived rapidly transforming viruses of both
avian (FSV, URi, PRCII, 16L) and mammalian (Snyder-Theilen
and Gardner-Arnstein strains of feline sarcoma virus) origin
(refs. 30, 31, 46-48; this report). In contrast, most other c-onc
genes have been identified in relatively few independently iso-
lated viruses. Whether this is merely due to the chance isolation
of an abnormally large number offps-containing viruses or, in-
stead, reflects some specific property of the c-fps gene or its
flanking sequences awaits further analysis of the c-fps locus.

Although several transforming viruses containfps, the extent
and the precise organization offps information differ in differ-
ent viruses. FSV, URI, and 16L virus all appear to have ap-
proximately the same amount offps, but PRCII has only about
60% of this (ref. 48; this report). Comparison of the sizes of the
fps-related inserts in feline sarcoma virus (49) and FSV (50) sug-
gests that the feline sarcoma virus onc gene (fes) shares only
part offps as well, and this portion appears to be sufficient to
cause cell transformation. The amount of gag-related informa-
tion in the gag-fps fusion proteins also differs (ref. 51; unpub-
lished). Because different viruses have different gag-fps junc-
tions, it is unlikely that gag has specific regions necessary for
recombination with cellular sequences.

Avian leukosis viruses, and presumably other slowly trans-
forming viruses, appear to be able to induce oncogenesis via two
routes. In either case, the fundamental oncogenic mechanism
appears to be placing a cellular gene under viral transcriptional
control. More commonly, random proviral integration places
an ALV long terminal repeat adjacent to the c-myc gene of a
lymphoid cell (4). The resultant activation ofc-myc leads to lym-
phomagenesis. Much more rarely, the infecting ALV can re-
combine with a c-onc gene-for example, c-fps-and generate
a new rapidly transforming virus such as 16L virus. The failure
of earlier workers to isolate such recombinants from chickens
experimentally infected with ALV is probably because the com-
bination ofevents necessary to generate such a virus occurs only
rarely.

Microbiology: Neel et al.
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