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Biochemistry

Fujinami sarcoma virus: An avian RNA tumor virus with a unique
transforming gene

(sarcoma formation/defectiveness/RNA and protein electrophoresis/mapping specific and group-specific RNA sequences/
transforming protein)

WEN-HWA LEE*, KLAUS BISTER*, ANTHONY PAWSONt, TERRY ROBINS*, CARLO MOSCOVICIf, AND
PETER H. DUESBERG*
*Department of Molecular Biology and Virus Laboratory, and tDepartment of Zoology, University of California, Berkeley, California 94720; and tVirus
Research Laboratory, Veterans Administration Hospital, Gainesville, Florida 32601

Communicated by Harry Rubin, February 6, 1980

ABSTRACT The oncogenic properties and RNA of the Fu-
jinami avian sarcoma virus (FSV) and the protein it encodes
were investigated and compared to those of other avian tumor
viruses with sarcomagenic properties such as Rous sarcoma
virus and the acute leukemia viruses MC29 and erythroblastosis
virus. Cloned stocks of FSV caused sarcomas in all chickens
inoculated and were found to contain a 4.5-kilobase (kb) and an
8.5-kb RNA species. The 4.5-kb RNA was identified as the ge-
nome of defective FSV because it was absent from nondefective
FSV-associated helper virus and because the titer of focus-
forming units increased with the ratio of 4.5-kb to 8.5-kb RNA
in virus preparations. This is, then, the smallest known tumor
virus RNA with a transforming function. Comparisons with
other viral RNAs, based on oligonucleotide mapping and mo-
lecular hybridization, indicated that 4.5-kb FSV RNA contains
a 5' gag gene-related sequence of 1 kb, an internal specific se-
quence of about 3 kb that is unrelated to Rous sarcoma virus,
MC29, and erythroblastosis virus, and a 3'-terminal sequence
of about 0.5 kb related to the conserved C region of avian tumor
viruses. The lack of some or all nucleotide sequences of the es-
sential virion genes, gag, pol, and env, and the isolation of
FSV-transformed nonproducer cell clones indicated that FSV
is replication defective. A 140,000-dalton, gag-related non-
structural protein was found in FSV-transformed producer and
nonproducer cells and was translated in vitro from full-length
FSV RNA. This protein is expected to have a transforming
function both because its intracellular concentration showed
a positive correlation with the percentage of transformed cells
in a culture and because FSV is unlikely to code for major ad-
ditional proteins since the genetic complexities of FSV RNA and
the FSV protein are almost the same. It is concluded that the
transforming onc gene of FSV is distinct from that of Rous
sarcoma virus and other avian tumor viruses with sarcomagenic
properties. Hence, multiple mechanisms exist for sarcomagenic
transformation of avian cells.

There are a number of sarcomagenic viruses in the avian tumor
virus group that fall into discrete RNA subgroups, defined here
on the basis of helper-virus unrelated, specific RNA sequences.
[See below and ref. 1. Both defective and nondefective viruses
can be classified consistently by using RNA subgroups (1). In
contrast, only nondefective viruses can be classified on the basis
of envelope subgroups (2). ] The Rous subgroup includes the
replication-defective Bryan Rous sarcoma virus (RSV), the
nondefective Schmidt-Ruppin strain, and the Prague strain of
RSV (2, 3). The most common neoplasm produced by the RSV
RNA subgroup of viruses is a sarcoma. The Rous subgroup is
defined by a related class of transforming genes of 1.5 kilobases
(kb) termed src (1, 4-7), which are located near the 3' end of
viral RNA (6) and encode a 60-kilodalton nonstructural protein
product thought to have a transforming function (8, 9). The ES4
strain of avian erythroblastosis virus (AEV) (ES for erythro-
blastosis and sarcoma) and the avian myelocytomatosis virus

MC29, in addition to acute leukemias and carcinomas, also
cause sarcomas in animals and transform fibroblasts in culture
(1, 3, 10, 11). Their RNAs contain specific nucleic acid se-
quences that, in part, encode nonstructural protein products
of about 75-110 kilodaltons with probable transforming
function (1, 12-20). Thus, AEV and MC29 define two addi-
tional subgroups of avian tumor viruses with sarcomagenic
properties (1, 20).

Here we analyze the Fujinami sarcoma virus (FSV) (3, 21)
to determine how this virus is related to the known avian tumor
viruses with sarcomagenic properties. Sarcoma formation and
transformation of cells in culture are the only oncogenic ac-
tivities that have been reported for this virus (3, 21-25). We
have found that FSV has a unique transforming onc gene that
is unrelated to the src gene of RSV and distinct from those of
AEV and MC29.

RESULTS
Oncogenic Properties of FSV. Fig. 1 A-C shows the mor-

phology of chicken embryo cells 4-5 days after infection with
uncloned FSV (a gift of H. M. Temin), producing 102 focus-
forming units (FFU)/ml of FSV, after infection with FSV that
was cloned (17) once, producing 103-i04 FFU/ml, and after
infection with FSV cloned a second time, producing 104-105
FFU/ml. Passage of FSV-transformed cells (such as those shown
in Fig. 1C) at weekly intervals for 4-6 weeks reproducibly re-
sulted in cultures that had almost the morphology of normal
fibroblasts (see Fig. 1A) and that released virus at a titer of <102
FFU/ml. Mass cultures and foci of most virus-transformed fi-
broblasts had a fusiform morphology (Fig. 1). The growth
media of transformed cells became viscous at daily or half-daily
intervals, presumably due to hyaluronic acid, whose synthesis
and secretion are induced by FSV (24, 25). FSV-infected fi-
broblasts also grew into virus-producing and -nonproducing
colonies in agar suspension prepared as described (refs. 13 and
26; see below). Cloned FSV caused tumors in all infected
chickens 10-15 days after inoculation, which proved to be fi-
bromyxosarcomas upon histological examination (Fig. 2) as had
been observed with the original FSV isolate (21). In different
experiments, these sarcomas appeared in the inoculated wing
web in nine out of nine or three out of three chickens. The input
virus was recovered from cultured cells prepared from these
tumors and again induced sarcomas in the wings of six out of
six chickens 10 days after inoculation. Examination of the blood
failed to show any evidence of leukemia in surviving chickens
up to 6 weeks after infection. Under the same conditions, leu-
kemia would have been observed in chickens inoculated with
acute leukemia viruses (11). No tumors were observed in

Abbreviations: FSV, Fujinami sarcoma virus; FAV, FSV-associated
helper virus; RSV, Rous sarcoma virus; AEV, avian erythroblastosis
virus; kb, kilobase(s); FFU, focus-forming units.

2018

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked "ad-
vertisement" in accordance with 18 U. S. C. § 1734 solely to indicate
this fact.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 U

C
 I

rv
in

e 
on

 M
ar

ch
 2

2,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

12
8.

20
0.

10
2.

17
4.

http://crossmark.crossref.org/dialog/?doi=10.1073%2Fpnas.77.4.2018&domain=pdf&date_stamp=1980-04-01


Proc. Natl. Acad. Sci. USA 77 (1980) 2019

0T-
x

Ea
0

S

0

T-

rr

180
140w'-
FSV

76 0

4... ;;. .4A

27 -

FIG. 1. Morphology, extracellular
viral proteins of cells infected with F
ratios ofFSV to FSV-associated virus
chicken embryo fibroblasts about 1 v
uncloned FSV(FAV) stock as obtained
FSV focus-cloned once (B) and twice!

';lj~i MC29-associated virus RNA standards (12, 27-29). The size of
the 4.5-kb species is similar to that of the 5- to 6-kb RNAs of
defective avian acute leukemia viruses (12, 14-17) and of de-
fective murine sarcoma viruses (27-29), whereas the 8.5-kb
RNA is typical of nondefective avian leukemia viruses (26, 30).

.4 ito 3;rz tisqj Suggesting that the 4.5-kb RNA species is the genome of FSV.
As shown in Fig. 1, a positive correlation was found between

- 8.Qr~b~s;--a~i688w1.\X1 the presence of the 4.5-kb RNA component and both the focus
titer of the virus stock from which it was isolated and the
number of transformed cells in cultures producing this virus.

F This implies that the 4.5-kb RNA component carries the
transforming function. FSV RNA was directly identified by
comparing the RNAs of FSV(FAV) with that of nontrans-
forming FAV. FAV was obtained by diluting the uncloned stock
of FSV(FAV) 106-fold, beyond the end point of 102 FFU (31).
As shown in Fig. 1, the RNA of FAV was a single electropho-
retic species that coelectrophoresed with the 8.5-kb RNA species
of the FSV(FAV) stock. We conclude that the 4.5-kb RNA
species is the genome of FSV.

Identification of Specific and Group-Specific Sequences
of FSV RNA. The relationship between 4.5-kb FSV RNA and
the RNAs of FAV and other viruses of the avian tumor virus

- group was determined by RNA-cDNA hybridization. Elec-
trophoretically purified (12, 14-17, 19) FSV RNA was hy-40 0 20 40 bridized in separate experiments with cDNAs transcribed from
Prague RSV of envelope subgroup B (PR-B) and from a trans-
formation-defective (td), src deletion of PR-B (12, 14, 15, 17).
At concentrations at which these cDNAs would hybridize over
90% of their RNA templates, 33 5% or FSV RNA was hy-
bridized by each, or by equimolar mixtures of these cDNAs.
This indicates that 67%, or 3 kb, of FSV RNA is specific. About
33%, or 1.5 kb, of FSV RNA is related to these viruses of the
avian tumor virus group and are therefore termed group-spe-
cific, following previous definition (1, 14). Because PR-B cDNA
hybridized the same percentage of FSV RNA as td PR-B cDNA,
it followed that FSV shares no major specific sequence with the
src gene of RSV (1, 4-7).
A more stringent, albeit less complete, measure of sequence

relationship than is afforded by hybridization is obtained by
identifying RNase Ti-resistant oligonucleotides shared between
FSV and other viruses of the avian tumor virus group. Two-
dimensional electrophoresis/chromatography of the T1
oligonucleotides of FSV and FAV RNAs are shown in Fig. 3.

PSV(FAV) stocks differing in The RNase A-resistant sequences of the oligonucleotides
(FAV). (A-C) Morphology of numbered in Fig. 3 are reported in Figs. 4 and 5. PSV RNA
week after infection with the shares four out of fifteen large oligonucleotides with FAV,
I from H. Temin (A) and with which probably represent the group-specific sequences iden-
(C). (D-F) Electrophoresis in tified above by hybridization. Two of these (i.e., nos. 1 and 5)

2% polyacrylamide (12, 26) of the 13H]-RNA monomers of virus pro-
duced by the cells shown in A, B, and C, respectively. RNA standards
were 8.5-kb FAV RNA (D), 5.7-kb MC29 and 8.5-kb MC29-associated
virus RNAs (E), and 5.2-kb Moloney sarcoma virus clone 3 and 9.5-kb
Moloney leukemia virus RNAs (F). A, FSV(FAV); 0, RNA standards.
(G-I) Fluorographs of FSV(FAV)-specific [35S]proteins, immu-
noprecipitated from lysates of cells shown in A, B, and C, respectively,
after electrophoresis in a gradient (6-18%) NaDodS04/polyacrylamide
gel (13, 16). Immunoprecipitation was with normal rabbit serum (left
lanes) or antiserum against whole virus (PR RSV-C) (right lanes) (13,
16). Numbers indicate the size in kilodaltons of known viral proteins:
Prl80 gag-pol, Pr76 gag, p27, and the 140-kilodalton FSV protein.

chickens inoculated with FSV-associated helper virus (FAV)
(see below).
The RNA of FSV. The RNA monomers of the 50-70S FSV

RNA complex were analyzed by polyacrylamide gel electro-
phoresis (26). Two species were resolved (Fig. 1 D-F) with es-
timated sizes of 4.5 and 8.5 kb, based on their electrophoretic
mobilities relative to those of 5.7-kb MC29, 5.2-kb Moloney
sarcoma clone 3, 9.6-kb Moloney leukemia, and 8.5-kb

1/.0

FIG. 2. (A) Fibromyxosarcoma in the wing of a 4-week-old
chicken 26 days after inoculation with 0.1 ml of filtrate (0.45 /Am) of
a cloned FSV stock into the wing web. (B) Photomicrograph of a
sarcoma in the wing web of a chicken. It shows a malignant, spindle
cell tumor with areas of collagenization alternating with myxoid
change. The histology is characteristic of fibromyxosarcoma.
(Hematoxylin and eosin; X40.)

Biochemistry: Lee et al.
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Electrophoresis---1
FIG. 3. Autoradiographs of the RNase Ti-resistant oligonu-

cleotides of 4.5-kb (A) and 8.5-kb (B) RNA components ofFSV(FAV),
and FSV RNA sequences unrelated to FAV RNA (C) and to RNAs
of other avian tumor viruses (D) after two-dimensional chromatog-
raphy (fingerprinting). (A and B) The 4.5-kb and 8.5-kb RNA com-
ponents of FSV(FAV) stocks were prepared electrophoretically and,
after digestion with RNase T1, subjected to electrophoretic/homo-
chromatographic fingerprint analysis as described (12, 14-17). (C)
T1 oligonucleotides of FSV RNA sequences unrelated to FAV were
prepared by first hybridizing 1 jig of FSV(FAV) cDNA to 10 ,g of
FAV RNA for 12 hr at 40'C in 10 Ml of 70% (vol/vol) formamide/0.3
M NaCl/30 mM Na citrate/15 mM phosphate at pH 7 (12, 14) and
then to 0.25 Mg of FSV(FAV) [32P]RNA (specific activity 4 X 106
cpm/Mg) for 1 hr in 20 Ml under the above conditions. After digestion
of unhybridized RNA with RNases A and T1, the hybrid was isolated,
melted (14), and fingerprinted. (D) T1 oligonucleotides of FSV and
FAV RNA sequences unrelated, or poorly related, to Prague RSV-B,
MC29, and AEV were prepared as described for C except that 1 ug
ofFSV(FAV) cDNA was prehybridized with 10,ug each of the above
RNAs prior to hybridization with FSV(FAV) [32P]RNA.

are highly conserved sequences probably belonging to the gag
genes of other nondefective avian tumor viruses (6, 32) as well
as of the defective acute leukemia viruses, MC29 and AEV,
which carry gag-related sequences (Figs. 4 and 5) (12, 14, 16,
17). However, FSV lacks other conserved gag oligonucleotides
(32). FSV RNA also lacked oligonucleotides that have been
diagnosed as conserved markers of the pol and env genes in
nondefective avian tumor viruses, signaling the absence of these
genes in FSV. FSV contained none of the conserved oligonu-
cleotides of src and none of the specific sequences of MC29 or
AEV subgroups of avian acute leukemia viruses (14, 16, 17, 19,
20).

kU Map Composition
4.5 -5' cap 2U,C,G,AU,m'GpppGmC

1.5 4U,5CAAG,A4C
4 _

5*jt U,4C,G,2AC,AC

2U,3C,G,3AC,2AU

5C,AC,AU,AG

3C,G,2AC,AAC

4C,2AC,AUAG

2U,8C,G,AC,AU

3U,5C,AC,2AU,AG

U,6C,G,AU,2AAC

AAG,A,C

2U,3C,AC,2AUAAG

2U,2C,3AU,AAU,AAG

3U,2C,GAAC,AAU,AC

G,AC,AU,AAU,AU

A,l04,,-20

FIG. 4. Oligonucleotide
map and composition of T1
oligonucleotides of FSV.
Mapping of oligonucleotides
in kb units from the 3'
poly(A) terminus of viral
RNA has been described (6).
The order of oligonucleotides
in brackets is uncertain.
Elution of oligonucleotides
from fingerprints shown in
Fig. 3 and compositional
analysis of RNase A-resistant
fragments followed published
procedures (5, 6). FSV-spe-
cific oligonucleotides are cir-
cled. * Shared with MC29
(12, 19); t Shared with AEV
(17); 1 Shared with PR-B (6,
32).
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1111tt

108t
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- 1211t

115*t1
4*t

120

c1$C*tp

3' IlyA

Composition
2U,C,G,AU,m'GpppGmC

4U,5C,AAG,A.C

U,4C,G,2AC,A.C

2U,3C,G,3AC,2AU

4U,2C,2AC,4AU,AG

7U,5C,G,AU

2U,5C,3AC,AAG

3U,2C,G,2AU,AAU

6U,7C,2AC,AU,AAC,AAG

C,G,AC, AU/C,AU/C

2C,AU,AG,A.U/C

4U,2C,G,3AU,AAU

2U,4C,G,2AC,AU

2U,G,2AC,A4U/C

4U,5C,G,2AC,4AU

6U,4C,G,3AC,2AU

8U,5C,G,2AC,2AU,AAC,AAU,AU

5U,6C,G,2 AC,2AAU

2U,4C,AC,AAU,AC,A4G

5U,2C,G,AU,AAU

U,4C,2AC,AU,AG,AAC

2U,4C,G,2AC,AU,AAC

3U,C,AC,AU,A.G

G,AC,AU,AAU,AC

A, 00-200

FIG. 5. Oligonucleotide map and composition of T1 oligonu-
cleotides of FAV prepared as described for Fig. 4. Oligonucleotides
shared between FSV and FAV have the same numbers or denomi-
nations. * Shared with PR-B (6,32); t Shared with AEAV, the helper
virus ofAEV (17); t Shared with CMIIAV, the helper virus of CMII
virus of the MC29 subgroup (16, 20).

It is conceivable that FSV-specific oligonucleotides, identified
by subtracting those shared with FAV and other avian tumor
viruses, represent FSV RNA sequences related to but not
identical with FAV, PR-B, MC29, or AEV. To test for this
possibility, we searched for specific oligonucleotides from FSV
RNA sequences that are subject to competition by RNAs from
other viruses of the avian tumor virus group during hybrid-
ization with FSV cDNA. For this purpose, FSV(FAV) [32P]RNA
was hybridized with cDNA from FSV and FAV that had been
prehybridized with a large excess of unlabeled FAV RNA,
Under these conditions, only FSV-specific sequences, unrelated
to FAV RNA, can form hybrids. The RNA of such hybrids was
found to contain all FSV-specific oligonucleotides defined
above by subtraction, except for no. 3 and 14 (Fig. SC; see
below). The specific FSV oligonucleotides were also not subject
to competition by the RNAs of RSV, MC29, and AEV (Fig. 3D).
In addition, oligonucleotides no. S and 4 of FSV and no. 4, 101,
103, 105, 114, and 120 of FAV were not, or were poorly, com-
peted for by the RNAs of these other viruses. These would be
derived from hybrids involving group-specific cDNA sequences
of FSV or FAV not closely related to their allelic counterparts
in other viruses. We conclude that, of the 11 FSV oligonucleo-
tides not identically shared with FAV, two (no. 3 and 14) have
related counterparts in FAV and other viruses and therefore
represent group-specific sequences.

Oligonucleotide Maps of FSV and FAV RNA. Oligonu-
cleotide maps were prepared to locate particular oligonucleo-
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tides in the RNAs of FSV and FAV. The method of ordering
oligonucleotides relative to the 3' poly(A) coordinate of viral
RNA by fingerprinting poly(A)-tagged RNA fragments of
discrete size classes has been described (6, 32). The maps (Figs.
4 and 5) show the 5' cap oligonucleotide at the top and the other
oligonucleotides in the order of their decreasing distance from
the 3' poly(A) coordinate. Figs. 4 and 5 show that the 5' 1-kb
section of FSV RNA shares four oligonucleotides [i.e., no. 5' cap,
4, and probable gag oligonucleotides (32) no. 1 and 5] with
FAV. The 3' terminus of FSV RNA includes group-specific
oligonucleotides no. 3 and 14. No. 14, resolved as a unique oli-
gonucleotide only in short poly(A)-tagged RNA fragments (not
shown), is a variant of the C-oligonucleotide conserved in many
other avian tumor viruses (6,32), including FAV (Fig. 5). The
specific FSV oligonucleotides (circled in Fig. 4) form a con-
tiguous 3-kb RNA section and so represent helper-unrelated,
specific genetic information.
A gag Gene-Related, 140-Kilodalton Nonstructural Protein

Is Coded by FSV. As shown in Figs. 1 G-I and 6, a specific
protein estimated at 140 kilodaltons from its electrophoretic
mobility relative to those of known viral and other (not shown)
marker proteins was immunoprecipitated from lysates of
FSV-transformed cells by serum against disrupted Prague RSV.
Other proteins shown in Figs. 1 and 6 (which are processing
intermediates of Pr76 or incomplete translation products) are
not FSV specific because they were not found in FSV-trans-
formed nonproducer cells (Fig. 6D). The intracellular ratio of
the 140-kilodalton protein to the helper viral gag gene product,
Pr76, increased in parallel both with the ratio of the 4.5-kb FSV
to 8.5-kb FAV RNA in virus released [as observed previously
with the MC29 virus complex (19)] and also with

28S 18S
v

a b 4 6 8 10 12 14

180
N -n3 -140

95'
-w _ _ _ ___76

B
a b c d

27-

FIG. 6. The 140-kilodalton FSV protein. In vitro tr
4.5-kb FSV RNA (A), serological analysis of the in viv
comparison of in vitro and in vivo proteins (C), and de
protein in FSV-transformed nonproducer cells (D). (A
resis in a linear 7.5% polyacrylamide gel (14) of [35S]p

lated in a rabbit reticulocyte lysate from heat-dissocis
selected FSV(FAV) RNA (lane a) and FAV RNA (lane
of different size classes of poly(A)-selected FSV(FA'
tionated by glycerol gradient sedimentation (fractior
Positions of the 28S and 18S rRNA standards are fr
gradient. (B) Proteins from lysates of FSV(FAV)-infeci
were immunoprecipitated with normal rabbit serum (
serum to the envelope glycoprotein ofPR RSV-C (lane
to the gag gene proteins p27 and p19 (lane c), and ant
viral DNA polymerase (a gift of H. Oppermann and J
preabsorbed with 1 ,g of Nonidet P-40-disrupted PR
of serum (lane d), as described (13, 16, 19). (C) Coelect
in B of proteins translated in vitro (lane a) as in A, an

precipitated from lysates of FSV(FAV)-infected quail 4
tiserum against whole virus serum (lane b). (D) LysatE
transformed chicken cell nonproducer clone 8 were imr
tated with antiserum to the gag gene proteins p27 and
Electrophoresis in B, C, and D was as in Fig. 1. The numbn
and B indicate the sizes of viral proteins in kilodaltons (se

transformation of infected cultures (Fig. 1). The 140-kilodalton
protein, but not the helper viral proteins, was also found in
FSV-transformed nonproducer cells (Fig. 6D) and was absent
from FAV-infected cells (not shown). This indicates that the
140-kilodalton protein is coded for by FSV RNA and is involved
in transformation. Immunoprecipitation with specific antisera
against the gag proteins p27 and p19 demonstrated that the
140-kilodalton FSV protein is related to one or both of these gag
gene products (Fig. 6B). However, the 140-kilodalton protein
was not found to be a major component in extracellular virus
(not shown). Antiserum against glycoprotein, which precipi-
tated the FAV glycoprotein precursor Pr95, and antiserum
against DNA polymerase, which precipitated the polymerase
precursor Prl80, both failed to precipitate the 140-kilodalton
FSV protein (Fig. 6B). In vitro translation of virion RNA fur-
ther proved that FSV RNA, but not FAV RNA, is the template
for a 140-kilodalton protein (Fig. 6A) which is indistinguishable
from the 140-kilodalton protein synthesized in vivo both on the
basis of its electrophoretic (Fig. 6C) and immunological (not
shown) properties. Translation of discrete size classes of
poly(A)-selected FSV(FAV) RNA demonstrated that full-length
4.5-kb (26S) FSV RNA was the template of the 140-kilodalton
protein and that full-length 8.5-kb FAV RNA was the template
for the Pr76 protein (Fig. 6A). Cell-free translation did not
reveal any other FSV-specific proteins. We conclude that the
140-kilodalton FSV protein is a gag-related, nonstructural
protein that is serologically unrelated to the env and pol gene
products of avian tumor viruses.

DISCUSSION
the degree of FSV Defines a Distinct Subgroup of Sarcomagenic Avian

C D Tumor Viruses. The 4.5-kb RNA of FSV is the smallest tumor
C D virus RNA with oncogenic function described to date. The

a b relatively small size of FSV RNA, the lack of some or all se-
quences of the three essential virion genes (gag, pol, and env),
and the ability of the virus to transform cells in the absence of
virus production indicate that FSV is replication defective. The

Draw genetic structure of FSV RNA resembles that of defective avian
acute leukemia viruses (1, 12, 14, 16, 17, 20) and also those of

I_.-no defective mammalian sarcoma viruses (1, 33). Like these vi-
ruses, FSV RNA has an internal, specific RNA sequence flanked
by terminal group-specific sequences, the 5'-terminal sequence
being gag-related and the 3'-terminal sequence related to the
conserved c region of avian tumor viruses (5). Furthermore, the
140-kilodalton gag gene-related, nonstructural FSV protein
resembles gag-related, nonstructural proteins that are diagnostic

anslation from of other defective transforming avian (13, 14, 16-20) and
'o protein (B), mammalian (34, 35) tumor viruses. Nevertheless, the size and
etection of the specific sequences of RNA and protein of FSV are unique.
I) Electropho- In view of the similar sarcomagenic properties of FSV and
roteins trans- RSV (see above and refs. (3, 21-25)), it is a particular surprise
b),translation that neither the primary nor the genetic structure of FSV RNA
V) RNA frac- bears resemblance to the src gene of RSV (5, 6, 32) nor that the
ns 4-14) (14). 140-kilodalton FSV protein resembles the 60-kilodalton src gene
om a parallel product (8, 9).
ted quail cells Our analysis does not confirm two earlier reports, one by
(lane a), anti- Stehelin et al. (7) and the other, more recent, by Wang et al.
b), antiserum (36), that FSV contains the src gene of RSV. However, the
J. M. Bishop) presence of the src gene in the presumed FSV stock, which was
RSV-C per yl obtained by Stehelin et al. and by us from P. K. Vogt, has been
;rophoresis as confirmed (unpublished data). The discrepancy must be a
id of proteins consequence of mistaken identity. Defective RSV and FSV may
cells with an- have been easily confused in biological assays measuring only
nunoprecipi- sarcomagenic function, particularly because other diagnostic,
p19, as in B. biological markers are not available in FSV, as is typical for
ers between A gag-, pol-, and env-defective transforming viruses (1, 20). It
,e Fig. 1C). may be argued that the true FSV is indeed like RSV and that
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we have identified a previously unidentified virus. However,
this appears unlikely in view of the history of the virus described
here. Our FSV stock was obtained by H. M. Temin from H.
Rubin in 1958, both then at California Institute of Technology.
Rubin had received it in February 1958 from C. H. Andrewes
in London, who has acknowledged receiving virus from W. E.
Gye (ref. 37: C. H. Andrews, personal communication). Gye
had received it directly from A. Fujinami (22).
From specific RNA sequences that are unrelated to essential

gag, pol, and eny virion genes as a basis for subclassification (1),
FSV is defined as prototype of a distinct subgroup of oncogenic
avian tumor viruses. This subgroup also differs from the RSV
subgroup of avian sarcoma viruses and the MC29 and AEV
subgroups of acute leukemia viruses in specific, nonstructural
proteins. Nevertheless, the oncogenic spectrum of FSV strongly
overlaps with that of the RSV RNA subgroup (3, 21-25) and,
to a lesser degree, with that of the MC29 and AEV RNA
subgroups (10, 11). Further biological testing of FSV is necessary
to fathom the extent of overlap among the oncogenic properties
of these viruses. The presence of multiple sarcomagenic RNA
subgroups in the avian tumor virus group is mirrored by the
murine Moloney and the Harvey-Kirsten sarcoma virus RNA
subgroups (1) and the two RNA subgroups of feline sarcoma
viruses (38). Because all known defective sarcomagenic RNA
viruses have a genetic structure similar to that of FSV (1, 20,
33) but unlike that of RSV (1, 4-6), it would appear that RSV,
rather than FSV, is an exceptional sarcoma virus.
The one Gene of FSV. The transforming onc genes of de-

fective transforming tumor viruses have not been defined ge-
netically because onc deletion mutants are biologically unde-
tectable and because recombinants are difficult to define for
lack of secondary markers (1, 19, 20). Moreover, known gene
products of defective transforming viruses typically represent
only a fraction of the coding capacity of their RNAs (1, 14,
16-20, 33-35, 39). Although such products have been proposed
as having transforming functions (1, 14, 16, 20, 35, 39), the
failure towaccount for all genetic information of a defective virus
in terms of protein products leaves open the question as to
whether additional, unidentified gene products are also nec-
essary for transformation by these viruses. Because in FSV the
genetic complexities of the 4.5-kb FSV RNA and the 140-kil-
odalton FSV protein approximately coincide, and because the
140-kilodalton FSV protein is a nonstructural protein and also
present in nonproducer cells, it appears likely that the onc gene
of FSV is identical with the viral RNA and that the 140-
kilodalton protein is its only product and, therefore, a trans-
forming protein. A more accurate analysis of the complexity
of the viral RNA and protein, as well as genetic data, would be
necessary to validate this proposal.
The analysis of FSV and previous analyses of the onc genes

of the RSV, MG29, and AEV RNA subgroups of avian tumor
viruses indicate that at least four different classes of onc genes
that have sarcomagenic potential exist in the avian tumor virus
group. Unless the products of each of these onc genes are
functionally similar it would follow that multiple mechanisms
for sarcomagenic transformation exist in avian cells.

Note Added in Proof. The 140 kilodalton FSV protein is a phospho-
protein in vivo and is also phosphorylated in vitro by itself or by an
associated kinase. By contrast, the src gene product of RSV primarily
phosphorylates src antibody (9), and the nonstructural, gag-related
protein of AEV does not phosphorylate itself or its antibody (unpub-
lished data).
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