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We isolated and characterized two spontaneous, weakly leukemogenic mutants of Rauscher spleen focus-
forming virus (R-SFFV) that contain mutations in nonoverlapping regions of the membrane envelope (env)
glycoprotein gene. As reported previously (M. Ruta and D. Kabat, J. Virol. 35:844-853, 1980), the
replication-defective R-SFFV encodes a membrane glycoprotein with an apparent Mr of 54,000 (gp54)
which is structurally and immunologically related to the membrane envelope glycoproteins of dual-tropic
murine leukemia viruses. Mutant R-SFFV clones 3-25 and 4-3 encode abnormally sized gp54-related
glycoproteins with apparent MrS of 52,000 (gp52) and 45,000 (gp45), respectively. Northern and Southern
blot analyses of the mutant R-SFFV nucleic acids indicated that an insertion has occurred in the 3-25 en'
gene and that a deletion has occurred in the 4-3 env gene. Furthermore, restriction endonuclease analyses
and comparisons of the fragmentation patterns of the wild-type and mutant glycoproteins generated by
partial proteolysis with Staphylococcius aiurelus V8 protease indicated that the mutations affect nonoverlap-
ping domains of the envelope glycoprotein (amino-terminal fragment affected in 3-25 glycoprotein and
carboxyl-terminal fragment affected in 4-3 glycoprotein). Glycosylation inhibition studies indicated that the
reduced size of gpS2 is caused at least partly by loss of an asparagine-linked oligosaccharide. In addition,
these mutant viruses have dramatically reduced leukemogenicities compared with wild-type R-SFFV. We
conclude that the gp54 structural gene is required for initiation or amplification of the splenic erythroblast
hyperplasia which characterizes the preleukemic phase of Rauscher disease.

The Rauscher and Friend erythroleukemia viruses are
independently isolated complexes consisting of two viral
components. One component is a replication-defective,
highly pathogenic spleen focus-forming virus (SFFV) which
as a pseudotype causes rapid formation of erythroid colonies
in the spleens of susceptible mice and in cultures of bone
marrow cells (3, 5, 25). The second component is a replica-
tion-component murine leukemia virus (MuLV) which by
itself causes lymphatic leukemia in adult mice after a rela-
tively long latency period (16, 22, 42). Infection of suscepti-
ble mice with the viral complexes causes an initial hyperpla-
sia of erythroid cells, followed 3 to 8 weeks later by the
emergence and dissemination of increasingly malignant
erythroleukemia cells (35, 57). Consequently, the diseases
induced by these viruses are similar to progressive natural
cancers, which evolve from premalignant to malignant
stages (23).
There is substantial evidence that the SFFVs and replica-

tion-competent dual-tropic MuLVs are closely related (8, 10,
20, 54), and it has been proposed that these viruses may be
members of a single virus class which can cause diverse
progressive hematopoietic neoplasms by common mecha-
nisms (8, 10, 13, 18, 20, 54). For example, the Rauscher and
Friend SFFVs (R- and F-SFFVs) encode membrane glyco-
proteins with apparent MrS of 54,000 to 55,000 (gpS4 and
gpS5 for R- and F-SFFV, respectively) which are structural-
ly and immunologically related to the envelope glycoproteins
encoded by dual-tropic murine leukemia viruses (17, 45).
Although the gag and pol genes of F-SFFV contain a small
substitution or partial deletion (10, 20), respectively, these
same genes in F-SFFV appear to be structurally and func-
tionally indistinguishable from those of dual-tropic MuLVs
(8).

* Corresponding author.

Several lines of evidence have suggested that the gpS4 and
gpS5 structural genes of SFFVs might perform a leukemo-
genic function. First, as indicated above, the independently
isolated but pathogenically related R- and F-SFFVs contain
similar env genes but widely divergent gag and pol genes (8,
48). Second, as mentioned previously, the SFFVs and dual-
tropic MuLVs appear to be structurally related members of a
single virus class (8, 10, 20). Moreover, the gp7O molecules
encoded by the env genes of dual-tropic MuLVs have been
indirectly implicated in leukemogenesis (10, 11, 14, 24, 30,
36, 55, 59). Third, transfection studies have been done with a
molecularly cloned subgenomic fragment of F-SFFV DNA
which contains the gpS5 structural gene (31, 33). These
studies have indicated that the subgenomic DNA fragment
can recombine intracellularly in the presence of MuLV to
form a pathogenically active "recovered" SFFV (31) and
that in vitro mutagenesis of this genetic region by a deletion
can eliminate its activity in the recovery assay (33). Fourth,
spontaneous, transmissible F-SFFV mutants with abnormal-
ities in their gpS5 structural genes have recently been
isolated (46). These mutants have dramatically reduced
leukemogenicities compared with wild-type F-SFFV. We
now report the first isolation and characterization of R-
SFFV mutants; these mutants contain abnormalities in non-
overlapping regions of their gpS4 structural genes and are
only weakly leukemogenic.

MATERIALS AND METHODS
Cells, viruses, and origin of spontaneous R-SFFV mutants.

All cell lines were maintained in Dulbecco modified Eagle
medium (GIBCO Laboratories) supplemented with 10% fetal
calf serum and antibiotics. The R-SFFV-infected NIH-3T3
nonproducer cell line, RV NIH clone 6, has been previously
described (48). MuLVs were routinely titrated by using the
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S+L- method (7). Virus from the RV NIH clone 6 non-
producer cell line was rescued by superinfection with a
previously described clone of Rauscher MuLV (R-MuLV)
(49) and was passaged through mice three times to amplify
the R-SFFV titer. NIH-3T3 fibroblasts were infected with
this passaged Rauscher virus preparation, and virus released
from this infected cell line was used for isolation of viral
mutants. Isolation of the spontaneous R-SFFV mutants
(clones 3-25 and 4-3) was accomplished by limiting dilution
cloning into NIH-3T3 fibroblasts and by screening the result-
ing fibroblast colonies for gp54-related glycoproteins as
previously described (47, 51). In the process of this mutant
screening, numerous wild-type R-SFFVs with electrophoret-
ically normal gp54s were also isolated. One of the latter
(clone 3-32) was often used as a wild-type R-SFFV standard.
Consistent with previous descriptions (48), the pathogenic
and biochemical properties of this wild-type R-SFFV were
indistinguishable from those of other R-SFFVs that were
clonally isolated throughout these studies.

Labeling and extraction of cells, antisera, immunoprecipita-
tion procedures, and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Methods for metabolic labeling of cells
with L-[35S]methionine or D-[3H]glucosamine (38. 48). lacto-
peroxidase-catalyzed surface iodination with ['25ll]iodine
(27), inhibition of glycosylation with tunicamycin (34). im-
munoprecipitation of proteins from labeled cell extracts with
antiserum (48), electrophoresis of proteins in the presence of
sodium dodecyl sulfate (28. 48), and the fluorographic detec-
tion of radioactive protein components on the dried gels (9,
48) have been described previously.
The goat antisera to R-MuLV gp70 and to p30 and a rat

antiserum which reacts with gp54 and with the gp70s of dual-
tropic MCF247 and HIX MuLVs but not with the glycopro-
teins of ecotropic MuLVs have also been previously de-
scribed (19. 27, 45).

Protein fragmentation methods. Partial proteolysis of R-
SFFV glycoproteins with St2aphylococcus aulrcueils V8 en-
zyme (Miles Laboratories) were conducted essentially as
described by Cleveland et al. (12) with minor modifications.
Elution of glycoproteins from gel sections was performed by
incubating the gels in water at 37°C for 18 h. The eluted
glycoproteins were then concentrated in vacuo and digested
with various concentrations of enzyme at 37°C for 30 min.
The digestions were terminated by the addition of 2-mercap-
toethanol, and the proteolytic fragments were then analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis.

Nucleic acid analyses. Methods for isolation of unintegrat-
ed proviral DNA from virus-infected cells (26). extraction of
cytoplasmic RNA from cell lines (50). purification of polyad-
enylic acid-containing RNA by oligodeoxythymidylic acid-
cellulose chromatography (4), electrophoresis of nucleic
acids through agarose or methyl mercuric hydroxide gels (6,
8), blot transfer of nucleic acids from gels to diazophenylth-
ioether paper (1, 52, 56), and preparation and use of hybrid-
ization probes (8, 39, 43) have all been previously described.
For detection of SFFV-specific sequences, the 0.6-kilobase
(kb) BamHI-EcoRI env gene fragment of F-SFFV (BE
fragment) cloned into pBR322 was used (11, 32). This
plasmid was generously provided by D. Linemeyer and E.
Scolnick, National Cancer Institute, Bethesda, Md.

Analysis of leukemogenicity. SFFV pathogenesis was as-
sayed by previously described methods (5, 17 37. 44). The
wild-type and mutant R-SFFVs, rescued from nonproducer
cell lines by superinfection with R-MuLV, were injected into
the tail veins of at least six different 4- to 6-week-old female

NIH/Swiss mice. Control mice were uninfected or infected
with R-MuLV alone. Spleens were examined after 14, 21.
and 28 days for macroscopic foci (5) and for enlargement
(44). Spleens not showing gross evidence of disease were
examined histologically (17, 37). To verify that the apparent-
ly weak leukemogenicity of these mutant R-SFFVs was due
to decreases in leukemogenic potential and not due to low
titers of virus injected, virus was amplified in vivo by serial
passage in NIH/Swiss mice. Spleens were removed from
infected mice 14 days after infection and were subsequently
pooled. homogenized, and extracted with cold phosphate-
buffered saline. Filtrates of these spleen homogenates were
then injected into fresh mice. This in vivo serial passaging of
virus in NIH/Swiss mice was conducted for a total of four
passages and the extent of R-SFFV-specific disease was
examined at each stage of the amplification procedure.

RESULTS
Mutant R-SFFV clones 3-25 and 4-3 encoding abnormally

sized gp54-related glycoproteins with apparent MrS of 52,000
(gp52) and 45,000 (gp45), respectively. Figure 1 shows an
electrophoretic analysis of L-l35S]methionine-labeled viral
gene products synthesized in cell lines clonally infected with
mutant or wild-type R-SFFVs. As shown in this figure and as
described previously (48), wild-type R-SFFV encodes an eni'
gene product with an apparent M, of 54,000 (gp54) (Fig. 1.
lane 8) and gag gene products (lane 7) which appear to be
electrophoretically indistinguishable from those encoded by
ecotropic R-MuLV. Consistent with previous studies (48).
the gp54 molecule can be precipitated either with monospe-
cific antiserum prepared against MuLV gp70 (Fig. 1. lane 8)
or with a rat antiserum that recognizes a determinant found
in the gp70s of dual-tropic, but not ecotropic. MuLVs (lane
9). The clone 4-3 (Fig. 1. lanes 1 through 3) and clone 3-25-
(lanes 4 through 6) infected cell lines synthesize antigenically
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FIG. 1. Electrophoretic analysis of L-[35Sjmethionine-labeled
proteins encoded by wild-type and mutant R-SFFVs. Cell lines
infected with mutant R-SFFV clone 4-3 (lanes 1 through 3) or 3-25
(lanes 4 through 6) or with wild-type R-SFFV (lanes 7 through 9)
were pulse-labeled by incubation with 100 pCi of L-l-5S]methionine
for 2 h at 37TC. The cells were subsequently lysed. and the viral-
encoded proteins in the lysates were immunoprecipitated with
monospecific serum to p3O,r( (lanes 1. 4. and 7) or gp7O"' (lanes 2.
5. and 8) or with a rat serum that recognizes SFFV-specific antigenic
determinants that occur on gp54 (lanes 3. 6. and 9). Immunoprecipi-
tated proteins were electrophoresed in 10 to 20r/) polyacr-ylamide
gels containing 0.1% sodium dodecyl sulfate.
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related enm gene products with apparent Mrs of 45,000 (lane
2, gp45) and 52,000 (lane 5, gp52), respectively. Both glyco-
proteins, gp45 and gp52, are strongly precipitated with
monospecific antiserum prepared against ecotropic MuLV
gp70 (Fig. 1, lanes 2 and 5) and, in the case of the latter
molecule, with the rat antiserum that recognizes the gp70s of
dual-tropic MuLVs (lane 6). Although gp45 does not appear
to be precipitated with the rat antiserum in Fig. 1 (lane 3),
extensive overexposure of the fluorogram does reveal the
weak precipitation of this molecule by this antiserum.
The mutant R-SFFV clone 3-25 encodes gag gene prod-

ucts which appear to be electrophoretically indistinguishable
from those encoded by wild-type R-SFFV (compare Fig. 1,
lanes 4 and 7). These include the well-characterized gag
polyprotein Pr65 and its cleavage products, including p30.
On the contrary, gag gene products synthesized in the clone
4-3-infected cell line (Fig. 1, lane 1) are abnormal. The gag
component with an M, of 62,000 detected in the clone 4-3-
infected cell line (see Fig. 1, arrow) is rapidly labeled with L-
[35S]methionine and can be immunoprecipitated with mono-
specific antisera prepared against each of the four MuLV
gag core proteins, p15, p12, p30, and plO (C. Machida and
D. Kabat, unpublished data). Furthermore, this component
with an Mr of 62,000 is only partially processed by proteoly-
sis (see Fig. 1, lane 1). Consistent with evidence described
below, these mutant phenotypes were readily transferred
with rescued virus into uninfected cell lines.
Mutant R-SFFV clone 3-25 and 4-3 nucleic acids containing

additional and deleted genetic sequences, respectively. Figure
2 shows a Southern blot analysis of unintegrated proviral
DNA extracted from NIH-3T3 cells 24 h after infection with
wild-type or mutant virus preparations. The blot was hybrid-
ized with a 32P-labeled SFFV-specific em'? gene (BE frag-
ment) hybridization probe. The SFFV-related proviral nu-
cleic acids were readily detected, confirming evidence
described above that these mutant SFFVs can be packaged
into released infectious virus particles. The major R-SFFV
component (8.3 kb; called "form III'' and shown in Fig. 2,
lane 2) is the unintegrated linear provirus which contains two
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FIG. 2. Southern blot analysis of unintegrated proviral DNA
from cells infected with either wild-type R-SFFV (lane 2) or mutant
R-SFFVs (clones 3-25 and 4-3 In lanes 3 and 4. respectively).
Infection conditions are described in the text. DNA (5 to 20 p.g) from
the Hirt supernatants was electrophoresed in a horizontal 0.75%
agarose gel before blotting to diazophenylthioether paper. The blot
was hybridized to 32P-labeled SFFV-specific fragment BE probe.
Lane 1 contains radioactive wild-type lambda DNA after digestion
with Hindlll (sizes indicated are in kilobases). Lambda standards
were electrophoresed on both sides of the gel to aid in distinguishing
the small size differences in proviral DNAs.

long-terminal repeats. Careful electrophoretic size compari-
sons of the proviral DNAs show that the clone 3-25 DNA
(8.35 kb; Fig. 2, lane 3) is slightly larger than the wild-type
molecule (8.3 kb) and that the clone 4-3 DNA (8.2 kb; lane 4)
is slightly smaller. Longer autoradiographic exposures re-
veal comparable size differences between wild-type and
mutant R-SFFV form I DNAs (supercoils containing one or
two long-terminal repeats) (C. Machida, R. Bestwick, and D.
Kabat, unpublished data).
A detailed restriction map of wild-type R-SFFV has been

established by using both unintegrated proviral DNA and a
molecular clone of circular unintegrated proviral DNA (R.
Bestwick and D. Kabat, manuscript in preparation). From
this map information a set of restriction enzymes were
chosen that allowed localization of the mutation sites to
either the 3' or 5' half of the enm gene. A partial restriction
map, illustrating sites useful in localizing the mutation sites
contained in 3-25 and 4-3 proviral DNA, is shown in Fig. 3
(panel C). Panels A and B are Southern blot analyses of
unintegrated wild-type and mutant proviral DNAs digested
with either one or two restriction endonucleases. Both blots
were hybridized with a 32P-labeled SFFV-specific fragment
BE hybridization probe. R-SFFV proviral DNA, when di-
gested with BamHI plus EcoRI (Fig. 3, panel A, lane 2),
BamHI alone (panel A, lane 3), or HindIll alone (panel A,
lane 4), produce overlapping eay gene fragments with sizes
of 0.60, 1.95, and 2.65 kb, respectively. Digestion of mutant
3-25 DNA (Fig. 3A, lanes 5 through 7) with the same battery
of restriction endonucleases generates fragments (0.65, 2.0,
and 2.7 kb, respectively) that are all consistently and repro-
ducibly larger by a small amount (ca. 50 base pairs [bp]) than
those produced from the wild-type molecule. These observa-
tions are consistent with the hypothesis that the mutant 3-25
proviral DNA contains additional genetic sequences located
in the 600-bp BatnHI-EcoRI ecay, gene region. Similar analy-
ses comparing wild-type and 4-3 proviral DNA (Fig. 3, panel
B) reveals reproducible size differences only between the
BtanHI-KpnI emlf gene fragments (1.8 kb for wild-type R-
SFFV DNA, lane 3, and 1.7 kb for 4-3 DNA, lane 6).
Reproducible size differences were not observed between
wild-type and 4-3 emz gene fragments generated by digestion
with either BamHI plus EcoRI (0.60-kb fragments; Fig. 3B,
lanes 1 and 4, respectively) or HindIll plus EcoRI (1.1-kb
fragment; lanes 2 and 5, respectively). These observations
have localized deleted sequences in 4-3 DNA to a region
extending from the EcoRI site to the KpnI site in the 3' long-
terminal repeat. Northern blot and protein fragmentation
evidence described below is consistent with these results
and further localizes the deletion to the 3' half of the en'
gene.

Moreover, polyadenylic acid-containing RNAs were ex-
tracted from infected cell lines and were analyzed by the
Northern blot technique with the 32P-labeled SFFV-specific
fragment BE hybridization probe. As shown in Fig. 4 and as
described previously (8), the R-SFFV genomic and subgeno-
mic RNAs have sizes of 7.8 and 2.1 kb, respectively.
Consistent with the size determinations of the mutant provi-
ral DNAs, the subgenomic emiil mRNAs of mutants 3-25 and
4-3 were found to be slightly larger (2.15 kb; Fig. 4, lane 2)
and slightly smaller (2.0 kb; lane 3), respectively, than that
observed for the wild-type e,izi mRNA.

Protein fragmentation patterns indicating that the muta-
tions affect nonoverlapping domains of the glycoprotein. The
gpS4 molecule encoded by wild-type R-SFFV is cleaved by
S. aiureuis V8 protease to form primary fragments V-I (Mr,
33,500) and V-2 (M, 19,300) (Fig. 5, lane 2). By increasing
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FIG. 3. Restriction endonuclease analysis of unintegrated proviral DNA from cells infected with wild-type (panel A. lanes 2 through 4 and
panel B, lanes 1 through 3) or mutant (clone 3-25. panel A. lanes 5 through 7 and clone 4-3. panel B. lanes 4 through 6) R-SFFVs. DNA (5 to 20
,ug) from Hirt supernatants was digested with EcoRI plus BtimHI (panel A. lanes 2 and 5 and panel B. lanes 1 and 4). BamiiHI alone (panel A,
lanes 3 and 6), HindIII alone (panel A, lanes 4 and 7). HindlIl plus EcoRI (panel B. lanes 2 and 5) or BatmiHI plus KpnI (panel B, lanes 3 and 6)
for 60 min at 37°C and electrophoresed in a horizontal 0.75% agarose gel before being blotted with diazophenylthioether paper. The blot was
hybridized to 32P-labeled SFFV-specific fragment BE probe. Lane 1 in panel A and lane 7 in panel B contain radioactive wild-type lambda
DNA after digestion with Hindlll. Lambda standards were electrophoresed on both sides of all gels to distinguish small size differences in

restriction fragments. Panel C shows a partial restriction map of R-SFFV and locations of em'i, gene mutations in 3-25 and 4-3 proviral DNAs.

the amount of V8 enzyme used to digest the gp54 molecule,
V-1 is further cleaved to produce secondary fragments V-3
(Mr, 20,000) and V-4 (Mr, 12.400) (Fig. 5, lane 3), and tertiary
fragments are observed when the protease concentration is
further increased (lane 4).
The amino- and carboxyl-terminal orientations of the V-1

and V-2 fragments have been analyzed by the following
approaches. First, the immunoprecipitation of V-1 (but not
V-2) occurs with a rat antiserum (45, 58) that recognizes a

determinant found in the amino-terminal region of gp7os
encoded by dual-tropic but not ecotropic MuLVs. Second,
restriction endonuclease analyses described above suggest
that genetic alterations have occurred in the 5' or 3' halves of
the 3-25 and 4-3 em' genes, respectively. Third, brief pulse
labeling (5. 10. 15. and 30 min) of R-SFFV gp54 with L-
[35S]methionine, followed by V8 digestion of the isolated
glycoprotein to yield only the primary fragments shows a

preferential labeling of V-2 compared with V-1 at the shorter
labeling times. All of these results support an amino- and
carboxyl-terminal location for the V-1 and V-2 fragments,
respectively.

In a previous report (46), the gp55 encoded by wild-type F-
SFFV was shown to be cleaved by S. aiur-eius V8 protease to
form primary fragments V-1 (Mr, 32.500) and V-2 (Mr,

21,500). Although we originally concluded that V-2 of F-
SFFV was not labeled with L-[35S]methionine, recent find-
ings reveal a weak labeling of this V-2. Like V-1 derived
from R-SFFV gp54, V-1 from F-SFFV gp55 contains the
antigenic site(s) specifically related to the gp70s of dual-
tropic MuLVs.

Figure 5 also shows comparative cleavage analyses of L-

[35S]methionine-labeled glycoproteins encoded by mutant R-
SFFVs (3-25 gp5'2. lanes 5 through 8; 4-3 gp45. lanes 9
through 12). The V-1 fragment of gp52 (V_13-25; Mr, 31,600)
(Fig. 5. lane 6) is electrophoretically different from V-1
obtained from gp54 (lane 2). The apparent size difference
between these V-1 fragments (1.9 kilodaltons) is not signifi-
cantly different than the size difference observed between
the intact mutant and wild-type glycoproteins. Furthermore,
the abnormality in the gp52 molecule was more precisely
localized to the V-3 subregion (V-33-25; Mr., 18.000) of the V-1
domain. In contrast, the mutant gp45 molecule appears to
contain an intact V-1 domain (Fig. 5, lane 10). Secondary
cleavage fragments V-3 and V-4 generated from this V-1 are

electrophoretically identical to the corresponding fragments
obtained from wild-type gp54. Clearly, the abnormality in
the clone 4-3 enm glycoprotein is located within the carboxyl-
terminal V-2 domain. Unlike V-2 derived from the wild-type
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FIG. 4. Northern blot analysis of polyadenylic acid-containing
RNA from cells infected with wild-type (lane 1) or mutant R-SFFVs
(clones 3-25 and 4-3 are in lanes 2 and 3, respectively). RNA samples
(10 to 20 jig) were electrophoresed through 1.5% agarose gels
containing 10 mM methyl mercuric hydroxide for 18 h, blot trans-
ferred to diazophenylthioether paper, and hybridized with a '2P-
labeled SFFV-specific fragment BE probe.

mediated killing with cytotoxic antiserum, or by cell roset-
ting by protein A-coated sheep erythrocytes in the presence
of antisera reactive with these glycoproteins.
Mutant R-SFFVs are weakly leukemogenic. Mutant R-

SFFVs rescued from nonproducer cell lines by superinfec-
tion with R-MuLV caused a barely significant spleen swell-
ing (50% enlargement in weight) with no foci when injected
into NIH/Swiss mice. Moreover, this slight splenic enlarge-
ment occurred within 14 days postinfection, and did not
increase when analyzed at later times. To determine whether
the apparent weak pathogenicities of these mutants were due
to low titers of virus injected or to true decreases in
leukemogenic potential, we performed the following studies.
First, we showed that our wild-type and mutant virus
preparations were capable of transferring their SFFV pheno-
types into uninfected cells as judged both by studying viral
glycoprotein synthesis (as in Fig. 1) and SFFV proviral DNA
synthesis (as in Fig. 2). Moreover, by these transfer criteria,
the titers of the different wild-type and mutant viruses were
judged to be similar (Table 1). Secondly, we analyzed
leukemogenic potential by the following in vivo serial pas-
sage amplification analysis. Mice were injected with 0.5-ml
samples of either the undiluted mutant virus preparations or
a 1:1,000 dilution of wild-type virus. Extracts of pooled,
diseased spleens were prepared 14 days after infection and

molecule, this mutant V-2 lacks methionine, apparently
because the deletion has eliminated the methionine-encoding
portion from this region of the mutant enm' gene.

Glycosylation and processing of the mutant glycoproteins.
Addition of Asn-linked oligosaccharides to glycoproteins
can be blocked by the glycosylation inhibitor tunicamycin
(29, 53). However, the resulting non-glycosylated proteins
are often susceptible to intracellular proteolysis and such
susceptibility can be enhanced by mutations (34, 41). The
polypeptide chain encoded by the en' gene of wild-type R-
SFFV has an apparent Mr of 44,000 (Fig. 6, lanes 2 and 8).
Consistent with nucleic acid evidence described above, the
ens-related polypeptide chain encoded by mutant 4-3 is
smaller (Mr, 38,000; Fig. 6, lane 4). Although the reduced
size of gp45 appears to be caused primarily by a shortening
of its polypeptide chain, it is possible that this molecule may
also be deficient in asparagine-linked oligosaccharides. Simi-
lar studies indicated that the polypeptide chain of gp52 (Fig.
6, lane 6) is at least equivalent in size to the polypeptide
chain of wild-type gp54 (lane 8). However, this size differ-
ence was especially difficult to analyze because the non-
glycosylated mutant component was very rapidly degraded.
Conceivably, the polypeptide detected may be a degradation
intermediate rather than the complete polypeptide chain.

Previous studies have shown that a small proportion of the
env glycoprotein encoded by F-SFFV and R-SFFV occurs
on the surfaces of infected cells, whereas the majority occurs
in organelles with the buoyant density of the rough endoplas-
mic reticulum (47, 48). Because only an extremely small
proportion (an estimated 0.5%) of the R-SFFV gp54 compo-
nent occurs on the cell surface (48), it has been very difficult
to determine whether the mutant and wild-type glycopro-
teins differ significantly in this respect. Nevertheless, our
preliminary evidence implies that the mutant glycoproteins
do not reach the cell surface. Specifically, in contrast to our
previously described analyses of gp54 (48), corresponding
larger, heterogeneously sialylated, [3H]glucosamine-labeled
components of gp52 and gp45 were not detected. Further-
more, plasma membrane forms of gp52 and gp45 were also
not detected by iodination with ['251]iodine, by complement-
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FIG. 5. Proteolytic fragmentation of glycoproteins encoded by
wild-type (lanes 1 through 4) or mutant R-SFFVs (clone 3-25. lanes 5
through 8; clone 4-3, lanes 9 through 12). The Ll35S]methionine-
labeled glycoproteins were eluted from polyacrylamide gels as
described in the text and were subjected to proteolysis for 30 min at
37°C with increasing amounts (0, 0.1, 1.0, and 10.0 p.g) of S. iur-eis
V8 protease. The digests were then re-electrophoresed, and the
radioactive components were then visualized by fluorography. V-1
and V-2 are the primary proteolytic fragments (apparent M,s, 33,500
and 19,300, respectively). V-3 and V-4 are secondary cleavage
fragments (apparent Mrs, 20,000 and 12,400, respectively) derived
entirely from V-1. V-13-25 and V-33-25 represent fragments obtained
from clone 3-25 gp52. Careful electrophoretic comparisons of V-2
fragments derived from R-SFFV gp54 and 3-25 gp52 show no
reproducible differences between the sizes of these two molecules.
The gp45 encoded by mutant 4-3 is abnormal in V-2 (V-24-3, M,.,
12,500). This is based partly on apparent identity of its V-1 with the
V-1 from gp54. V-2 from gp45 apparently lacks methionine. The
estimation of its size is based on data obtained from gp45 labeled
with a mixture of 3H-amino acids. The band in lane 12 that migrates
at the same apparent M, as V-2 is a tertiary cleavage fragment
derived from V-3.
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FIG. 6. Electrophoretic analysis ofemll-specific proteinsin wild-
type andmutant R-SFFV-infected cell lines grown in the presence of
the glycosylation inhibitor tunicamycin. Cell lines infected with
wild-type R-SFFV (lanes 2 and 8) or with mutant R-SFFV clones 4-3
(lane 4) or 3-25 (lane 6) were treated with 25,ug of tunicamycin per
ml both before (3 h) and during labeling (10 min) with 100,uCiof L-
[35S]methionine. These cultures. as well as labeled control cultures
incubated without tunicamycin (R-SFFV-infected cells, lanes 1 and
7; clone 4-3- and 3-25-infected cells, lanes 3 and 5. respectively).
were lysed after labeling and the viral proteins in the lysates were
immunoprecipitated with anti-gp70c"' serum.Immunoprecipitated
proteins were electrophoresed in 10 to 20% polyacrylamide gels
containing 0.1% sodium dodecyl sulfate. Designations on the left
and right sides of the figure refer to molecules in either lanes1
through 4 or 5 through 8. respectively.

were subsequently serially injected into previously unused
animals for a total of four passages. The splenic pathology
was analyzed for each of the virus samples at each stage of
the amplification procedure. Even small amounts of wild-
type R-SFFV at dilutions too low to cause rapid splenomega-
ly became extensively amplified by serial passaging, and
they caused massive splenomegaly with extensive focal
development within 14 days after infection by the second
transfer (Table 1). On the contrary, the diseases caused by
clone 3-25 and 4-3 mutant viruses became only slightly
amplified, even after extensive serial passaging. Neverthe-
less, these results indicate that the mutant R-SFFVs repli-
cate in vivo, and we confirmed this by reisolating the mutant
3-25 virus from a mouse spleen after four serial in vivo
passages. The env gene products of the original and reisolat-
ed 3-25 viruses have identical apparent Mrs and V8 protease
fragmentation patterns. Histological examination of mouse
spleens after four serial passages with the mutant viruses
confirmed the diagnosis of a mild Rauscher-like erythropro-
liferative disease.

DISCUSSION

Mutant R-SFFVs. In this paper we describe two spontane-
ous weakly leukemogenic mutants of R-SFFV which encode
abnormal gp54-related glycoproteins. Both of these mutant
R-SFFVs are transmissible, since their phenotypes and
genotypes can be readily transmitted with rescued virus
between cells (e.g., Fig. 2) and in vivo (Table 1). This data is
in agreement with previously described evidence that F-

SFFV transmission, packaging, and replication functions are
not affected byenm gene mutations (46).
One of these mutants, clone 3-25, contains an insertion of

ca. 50 bp in the 600-bp BatnHI-EcoRI region of itsenm gene
(Fig. 3). Moreover, this mutation affects the V-3 subregion of
the V-1 domain (Fig. 5) and causes the loss of an asparagine-
linked oligosaccharide attachment site in the encoded poly-
peptide chain (Fig. 6). Because of its reduced glycosylation,
3-25 gp52 is smaller than R-SFFV gpS4. The orientation of
these DNA and protein fragments provides consistent evi-
dence because the 600-bp BamHI-EcoRI DNA fragment
derives from the 5' side of the 1,400-bpenm' gene (2), and the
V-1 glycoprotein domain contains antigens related to the
amino-terminal regions of the gp70s of dual-tropic MuLVs
(40, 58).
The second R-SFFV mutant, clone 4-3, appears to contain

mutations in both its gag andenvl genes (Fig. 1). Northern
(Fig. 4) and Southern (Fig. 2 and 3) blot analyses and gp45
fragmentation studies (Fig. 5) indicate that the 4-3eml gene
contains a deletion of ca. 100 bp which affects the carboxyl-
terminal V-2 domain of the encoded glycoprotein (Fig. 5).
Although gp45 contains an intact V-1 domain, the intact
glycoprotein reacts only weakly with the rat antiserum (Fig.
1). Presumably. the antigenic site(s) may be blocked in the
folded gp45 molecule. By these criteria, the 3-25 and 4-3
mutants have abnormalities in nonoverlapping portions of
theirem'^ genes.
Reduced leukemogenicity of R-SFFV mutants. Our studies

provide evidence that the two R-SFFV mutants cause a
significant but strongly reduced splenic erythroblast hyper-
plasia compared with wild-type R-SFFV (e.g., Table 1).
Moreover, their weakened pathogenesis is highly significant
because the R-SFFV mutants are transmissible (e.g., Fig. 2)
and because they replicate in vivo and can be serially
transferred between mice (Table 1). Therefore, the fact that
their disease does not become amplified to the wild-type
level by serial passaging strongly implies that the mutant R-
SFFVs have a reduced pathogenic activity. Even low titers
of wild-type Rauscher virus which do not initially cause
detectable spleen enlargement become amplified by serial
passaging and then cause massive splenomegaly within 14
days of injection (Table 1).
There are several reasons for inferring that the reduced

pathogenicity of these R-SFFV mutants may be a conse-
quence of their emlw gene mutations. First, the clone 3-25
mutant apparently contains an intact gag gene indistinguish-
able from that of wild-type R-SFFV (Fig. 1) or R-MuLV (48).
On the contrary, the clone 4-3 mutant also contains a
mutation in its gag gene (Fig. 1). Second, in parallel with the
isolation of these two R-SFFV emn' mutants, we isolated
numerous clones of wild-type R-SFFV with apparently
intact envi, genes. All 10 of those which were isolated and
tested in this study, and 10 other cloned gp54-encoding R-
SFFVs described in an earlier report (48) were highly
pathogenic. Consequently. the hypothesis that loss of patho-
genesis cosegregates with R-SFFV em's gene abnormality is
strongly supported (probability greater than 99%). Third, we
have recently described the isolation and characterization of
three enm gene mutants of F-SFFV, and all of these are also
either non-leukemogenic or weakly leukemogenic (46). In
agreement with this report, the latter mutants also contain
abnormalities affecting non-overlapping domains of the en-
velope glycoprotein. Considered together, this evidence
suggests that the entire folded membrane glycoprotein may
be involved in pathogenesis rather than merely a fragment of
the gene or of the encoded glycoprotein.
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TABLE 1. Analysis of spleen weights of mice infected with cloned Rauscher virus at various stages of passaging"
Avg spleen wt (gY + SD at passage:

Virus inoculatedh
1 2 3 4

R-MuLV" 0.12 ± 0.02 0.14 ± 0.02 0.13 ± 0.03 0.13 ± 0.02
Wild-type R-SFFV (clone 3-32) 0.12 + 0.01 0.47 ± 0.05 0.75 ± 0.07 0.71 ± 0.05
Wild-type R-SFFV (RV NIH clone 6) 0.13 + 0.02 0.31 ± 0.08 0.68 + 0.06 0.72 ± 0.06
Wild-type R-SFFV (RV NIH clone 18) 0.14 + 0.03 0.51 + 0.10 0.75 ± 0.10 0.75 ± 0.08
Mutant R-SFFV" (clone 3-25) 0.12 + 0.02 0.21 + 0.03 0.28 ± 0.05 0.29 ± 0.05
Mutant R-SFFV' (clone 4-3) 0.12 ± 0.02 0.23 ± 0.03 0.24 + 0.05 0.25 ± 0.05

As described in the text, virus rescued from R-SFFV-infected cells by superinfection with R-MuLV was subsequently injected into the tail
veins of 10 4- to 6-week-old female NIH/Swiss mice. Two weeks later. cell-free extracts of pooled spleens obtained from these infected
animals were prepared and then injected into previously unused mice (passage 2). This procedure was repeated for a third and fourth in vivo
passage.

h The SFFV and MuLV components were present in similar ratios and quantities in all virus preparations tested. The MuLV titers were
measured by the S+L- method. The SFFV/MuLV ratios were estimated by measuring the relative quantities of SFFV/MuLV form III
proviruses 30 hours after infection of NIH-3T3 fibroblasts (46). Moreover, these ratio estimates were consistent with the relative amounts of
SFFV and MuLV encoded glycoproteins formed in cells newly infected with these virus preparations. In addition, two of the wild-type virus
preparations (RV NIH clone 6 and RV NlH clone 18) were titrated by end-point dilution and single-cell subcloning by the laborious but
accurate procedure previously described (45, 49). For this serial passaging protocol, the wild-type Rauscher virus preparations were diluted
1,000-fold to contain ca. 102 R-MuLV per ml (as estimated by S+ L- assay). Studies were also done with undiluted preparations of wild-type
Rauscher virus. The undiluted virus preparations caused extremely rapid and fatal splenomegaly. On the contrary, undiluted mutant virus
preparations containing ca. 105 R-MuLV and mutant R-SFFV per ml were used for this study. This was done to allow the mutant viruses an
opportunity to become maximally amplified. A 0.5-ml amount of all virus preparations was then used for the initial injections.

' Number of mice analyzed per sample at each passage: 1, 10 mice: 2. 6 mice: 3, 4 mice: and 4, 4 mice.
d Parallel studies indicated that spleens obtained from uninfected mice were identical in both size and macroscopic appearance to those

obtained from mice infected with our cloned R-MuLV (C. Machida and D. Kabat, unpublished data).
Histological examination of mouse spleens after 4 serial passages with the mutant R-SFFVs confirmed the diagnosis of a mild Rauscher-

like erythroproliferative disease. Spleen touch impressions and histological sectioning showed the presence of increased numbers of erythroid
precursors in spleens obtained from mutant R-SFFV-infected mice.

Consequently, we suggest that the R-SFFV-encoded gp54
glycoprotein is required for inducing the erythroid cell
hyperplasia which characterizes the early preleukemic phase
of Rauscher disease. This conclusion needs to be qualified in
several ways. First, we have analyzed these mutants only by
established gross and histological criteria in 4 to 6-week-old
NIH/Swiss female mice. Conceivably, these mutants might
cause a more pronounced disease or even a different disease
in other murine strains, in newborn mice, or with a longer
latency in nonerythroid hematopoietic tissues. We are cur-
rently studying these possibilities. Second. it seems obvious
that other regions of the SFFV genome would also be
required for pathogenesis, including the long terminal re-
peats and other regions required for virus transmission.
Nevertheless, nonpathogenic mutants with apparently nor-
mal envt genes have not been detected among the relatively
small number of cloned viruses which we have analyzed.
Third, it is apparent that the two R-SFFV mutants are
weakly pathogenic and that they cause a rapid splenic
erythroproliferative disorder. Therefore. pathogenic activity
of R-SFFV is not completely eliminated by at least certain
substantial en"? gene abnormalities. This is most striking in
the case of the clone 4-3 mutant which encodes gp45. The
latter glycoprotein lacks a substantial proportion of the
carboxyl-terminal V-2 domain. Consequently, we propose
that only a portion of gp54 is directly required for stimulation
of erythroblast proliferation and that the remainder may
perform an ancillary function such as glycoprotein stabiliza-
tion or facilitation of proper intracellular placement.

Progressive leukemogenesis. It has been proposed that the
SFFVs and dual-tropic MuLVs are structurally related mem-
bers of a single virus class which can cause diverse progres-
sive neoplasms by common mechanisms (8, 10, 13, 20, 54).
In general, these viruses cause premalignant tissue-specific
prolifer4tion of hematopoietic stem cells with subsequent
formation of an increasingly malignant subclone(s) capable

of indefinite proliferation in secondary recipients or in
culture (35, 57). Our results and related earlier studies (31,
33, 46) suggest that the SFFV eni' genes are oncogenes
which initiate this process of progressive leukemogenesis.
Such initiating or causal oncogenes may be more relevant for
understanding natural progressive tumorigenesis than the
previously described oncogenes which seem to often be
activated at late or final stages of tumorigenic development
(15, 21, 23).
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