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Changes in the N- and C-terminal sequences of the
murine R7 Gag-tMos protein affect brain lesion

induction
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Our preliminary studies suggested that the novel gag-truncated mos (tmos)
open reading frame (ORF) of R7, a spontaneous deletion mutant of Moloney
murine sarcoma virus 124 (MoMuSV124), may be responsible for R7’s unique
ability to induce brain lesions in all R7-injected mice. However, when we
replaced the gag-tmos ORF with either the MoMuSV124 or the homologous
myeloproliferative sarcoma virus env-mos gene, we found that both
recombinant viruses also induced brain lesions in all injected mice. Although
these studies suggested that the critical determinants for brain lesion induction
may reside in the tmos sequence common to all three viruses, they did not
demonstrate if the N-terminus of Mos was dispensable for this activity. By
inserting the FLAG sequence at the 3’ end of the R7 gag-tmos ORF, we
demonstrated that R7 does synthesize a Gag-tMos fusion protein. Using R7 gag
deletion mutants with and without the FLAG sequence, we further demon-
strated that (i) deletion of the entire gag sequence abolished R7’s transforming
activity; (ii) the ability of the virus to transform cultured NIH/3T3 cells was
significantly reduced only when most of gag was deleted; (iii) the ability of the
virus to induce brain lesions was inversely proportional to the extent of its gag
deletions; and (iv) the insertion of FLAG at the Mos C-terminus did not reduce
the in vitro transforming activity of the FLAG-tagged viruses but did reduce
their ability to induce brain lesions. Thus, we have demonstrated that altering
the N- or C-terminus of the R7 Gag-tMos fusion protein can affect disease

manifestation. Journal of NeuroVirology (2000) 6, 329 —340.
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Introduction

The Moloney murine sarcoma virus (MoMuSV)
family comprises mos-containing, acute transform-
ing, replication-defective retroviruses. When in-
jected into newborn mice, all known MoMuSV
strains induce different types of subcutaneous
sarcomas in mice (Moloney, 1966; Perk and
Moloney, 1966; Chirigos et al, 1968; Stanton et al,
1968; Berman and Allison, 1969; Simons and
McCully, 1970; Gazdar et al, 1972; Stoica et al,
1990; Yuen et al, 1991; Yuen and Kwak, 1997).
Plasma-passaged sarcoma virus (SV-PP), a variant of
MoMuSV obtained by animal passage, and its
subclone, myeloproliferative sarcoma virus (MPSV),
induce not only subcutaneous sarcomas but also
myeloproliferation in mice (Chirigos et al, 1968; Le
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Bousse-Kerdiles et al, 1980; Ostertag et al, 1980;
Stoica et al, 1990; Yuen et al, 1991).

We have recently isolated R7, a spontaneously
generated MoMuSV124 deletion mutant that in-
duces not only sarcomas with a well-developed
angiomatous component (fibroangiosarcomas), but
also brain angioendotheliomas and brain hemor-
rhage (collectively referred to as brain lesions)
(Yuen and Kwak, 1997, 1998). R7 is unique among
known MoMuSVs in its ability to induce brain
lesions in all mice injected intraperitoneally with a
high titer of the virus. Previously, only two viruses
were reported to possess this pathogenic ability: an
uncharacterized MoMuSV strain that induces brain
lesions at the site of inoculation when injected
intracranially into rats (Ribacchi and Giraldo,
1966), and an uncharacterized isolate of MPSV that
induces hemangiosarcomas exclusively in the
cerebellum in 54% of intravenously injected new-
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born rats (Hayashi et al, 1988). More recently,
transgenic mice carying a c-mos or v-mos gene
flanked by MSV m1 long terminal repeats (LTRs)
have been reported to develop behavioral abnorm-
alities and neurologic symptoms culminating in
paralysis but, interestingly, no sarcomas (Propst et
al, 1990, 1992).

Sequence analysis of the R7 genome indicates
that the R7 genome differs structurally from the
MoMuSV124 genome in several important ways
(Yuen and Kwak, 1997). These differences include
(i) incorporation of an additional direct repeat in the
enhancer; (ii) deletion of most of the MoMuLV-
derived gag sequence, all of the pol sequence, and
the 15 bp N-terminal env sequence; (iii) deletion of
the first 203 bp of the mos gene; and (iv) insertion of
7 bp generating a p15-p30-tmos ORF that likely
results in the expression of a myristylated p15-p30-
tMos fusion protein. We suspect that one or more of
these structural changes alter the replication and
transforming activity of R7 and thereby broaden
R7’s disease-inducing potential to include the
induction of brain lesions.

Although R7 and MoMuSV124 share identical
LTRs (except for an additional direct repeat in each
R7 LTR), as well as 5" and 3’ noncoding sequences,
MoMuSV124 does not induce brain lesions.
Furthermore, our preliminary experiments indi-
cated that an R7 virus containing only two direct
repeats, as found in MoMuSV124, also induces
brain lesions (unpublished results). These findings
suggest that the in-frame R7 gag-tmos sequence
encoding a Gag-tMos protein may be responsible for
the broadened disease potential of R7. To test this
possibility, we substituted the R7 gag-tmos ORF and
the adjacent 53 bp of the 5" noncoding sequence
with either the MoMuSV124 or MPSV env-mos
oncogene generating SV7d1 and SVM1, respec-
tively. R7 tMos is identical to residues 69—374 of
the SV7d1 Env-Mos fusion protein. The first five
residues of the SV7d1 N-terminal 68 residues are
the first five residues of the Env protein. SVM1 also
encodes a homologous Env-Mos fusion protein, but
differs from SV7d1 Env-Mos in 16 residues, 14 of
which are found in the sequence commonly shared
with SV7d1 and R7. Thus, if R7 encodes a Gag-tMos
fusion protein, then R7 has substituted the 68 N-
terminal Env-Mos residues of SV7d1 and SVM1
with 151 residues consisting of 146 residues
encoded by p15 and p30 and five residues unique
to the R7 genome (Yuen and Kwak, 1997). We
demonstrated that both SV7d1 and SVM1 also
induce brain lesions in all injected mice (Lim et
al, 2000). However, angioendotheliomas induced
by SV7d1 and especially SVM1 consist of markedly
fewer abnormally enlarged endothelial cells (ECs)
than do those induced by R7.

The above findings indicate that the Mos N-
terminal residues 1-68 of MoMuSV124 (or the
corresponding residues of MPSV Mos) and the Gag
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residues of R7 (including the five residues unique to
R7) can be interchanged without loss of the
transforming activity leading to brain lesion induc-
tion. Since R7, SV7d1, and SVM1 have identical
genetic backgrounds, differences in their Mos
proteins may be responsible for their differential
effects on brain ECs. One could infer that the
residues of R7 tMos, and the corresponding residues
of SV7d1 and SVM1 Env-Mos, contain all the
essential elements required for transformation of
brain ECs. However, the above findings did not
demonstrate that the N-terminal Mos sequence is
dispensable for transforming activity in vitro or
induction of brain lesions in vivo. Therefore, in the
present study, we sought to determine if the N-
terminal sequence of Mos is dispensable for the Mos
activity necessary for brain lesion induction by
determining if (i) R7 in fact synthesizes a Gag-tMos
protein as deduced from its nucleotide sequence;
(ii) deletion of the entire R7 gag sequence affects
R7’s transforming activity in vitro; (iii) partial
deletion of the R7 gag sequence affects R7’s ability
to transform cultured fibroblasts and induce brain
lesions in BALB/c mice; and (iv) insertion of the
FLAG sequence at the Mos C-terminus affects the
virus’s ability to transform cultured fibroblasts or
induce brain lesions in BALB/c mice.

Results

Constructs

Figure 1 illustrates the panel of viruses used in this
study. The construction of these viruses is de-
scribed in Materials and methods.

Synthesis of a Gag-tMos fusion protein by
FLAG-tagged R7 (R7f)
To determine if R7 synthesizes a Gag-tMos fusion
protein, we inserted the FLAG sequence at the 3’
end of the R7 tmos gene immediately before the stop
codon (Figure 2). The FLAG epitope is recognized
by the M2 antibody (Sigma, St. Louis, MO, USA).
The insertion of FLAG was necessary because
residues 37-55 of the MoMuSV124 Mos protein,
which are specifically recognized by the most
effective Mos antibody (37-55) (Gallick et al,
1985), are deleted in R7 (Yuen and Kwak, 1997).
The M2 antibody detected a unique protein
(Figure 3A, lane 4) in R7f-infected NIH/3T3 cells
but not in R7-infected (lane 3) or uninfected NIH/
3T3 cells (lane 2). On the basis of its mobility in five
experiments, the average molecular mass of the
protein detected only in the R7f-infected lysate was
determined to be ~54 kDa, which is very similar to
the molecular mass deduced from the R7 gag-tmos
ORF (Table 1). Addition of the FLAG peptide
eliminated the 54-kDa band (Figure 3A, lane 5),
which verified that the 54-kDa protein contained
the FLAG epitope. The additional bands observed
in lanes 2 —4 were also eliminated in the presence of
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Figure 1 R7 and its gag deletion mutants. Details of their
construction are described in Materials and methods. Solid
lines, sequences common to the genomes; dotted lines, deleted
sequences; numbers, position of specific segments of the R7
genome except for the numbers above dotted lines, which
represent the number of bp deleted; open box, R7 LTR; filled
box, R7 tmos coding sequence; H, HindIIl; P, Pstl; underlined,
HindIll.

FLAG sequence

gactacaaggacgacgacgtcaag
B ctgatgttcctgctgctgcagtac

57 -CTCAAGGCTTTCCGAGGGACACTAGGC | TGA [|AAGCTT| TTGTTTCTGTTT- 3
37 CGAAAGGCTCCCTGTGATCCG ACT TTCGAA| AACAAA 5
2466 2526

CTCCATCGAGCCAGTGTAGAGAT
GAGGTAGCTCGGTCACATCTCTA
2492 2514
deleted sequence

Figure 2 Insertion of the FLAG sequence at the 3’ end of the
mos coding sequence. Numbers below sequence denote position
of the base pairs in the R7 genome. The FLAG coding sequence
is in lowercase letters, the termination codon is underlined, and
the HindIll site is boxed.

FLAG peptide, which suggests that these were
nonspecific epitopes recognized by the M2 anti-
body. In addition, the 54-kDa protein was also
detected using a monoclonal antibody against
CasBrE MLV p15 (Figure 3B, lane 3). The additional
bands likely corresponded to Pr27s¢ (p15-p12),
Pr55#¢, and Pr65%¢ expressed by the helper virus,
MoMuLV-TB. The additional ~76 kDa band re-
mains unidentified. The above findings demon-
strated that R7f synthesized a Gag-tMos fusion
protein as predicted from its nucleotide sequence.

Gag-Mos fusion proteins and brain lesion induction
PH Yuen et al

Additional experiments indicated that maximum
expression of the R7f Gag-tMos protein peaked at 4
days and was markedly reduced 12 days after de
novo infection (data not shown).

Synthesis of Gag-tMos fusion proteins by R7fA60,
R7fA192 and R7fA447

We constructed R7fA60, R7fA192 and R7fA447 as
described in Materials and methods. Western blot
analysis of R7fA60-, R7fA192-, and R7fA447-in-
fected NIH/3T3 cell lysates was performed to
determine if these viruses also synthesized Gag-
tMos proteins. FLAG-tagged proteins of ~51
(Figure 4, lane 5), ~44 (lane 6), and ~ 36 kDa (lane
7), respectively, were detected. The observed
molecular masses of R7fA60 and R7fA447 were
slightly higher than predicted by their respective
gag-tmos ORFs, while the observed molecular mass
of R7fA192 was slightly lower than predicted (Table
1). A slight discrepancy between the observed and
predicted molecular mass of the MoMuSV124
protein has been previously observed (Herzog et
al, 1990). Therefore, like R7f, R7fA60, R7fA192, and
R7fA447 also synthesized Gag-tMos fusion proteins.

Inability of R7fAgag to transform NIH/3T3 cells or
synthesize a tMos protein
To determine if the entire gag sequence of R7 is
dispensable for transforming activity, we con-
structed deletion mutant R7fAgag in which the
whole R7f gag sequence was deleted (Figure 1, line
6), as described in Materials and methods.
Although G418-resistant colonies were obtained
when R7fAgag and pUCNeo DNAs were coelectro-
porated into W2 cells and grown in G418-containing
medium, none of them were transformed. Never-
theless, a polymerase chain reaction (PCR) product
diagnostic of the R7fAgag genome was obtained
from DNA extracted from pooled G418-resistant
colonies (data not shown). NIH/3T3 cells infected
with a large volume of the supernatant from the
above G418-resistant W2 cells remained untrans-
formed. The infected NIH/3T3 cells were single-cell
cloned. Screening of 20 single-cell clones by PCR
amplification using primer sets ms51-ms32 and L5-
ms32 identified two single-cell clones containing
the R7fAgag genome. These R7fAgag-infected sin-
gle-cell clones were designated R7fAgagSc1l and
R7fAgagSc2. These cell lines were also untrans-
formed. Nevertheless, a single mos-specific RNA
transcript was detected when total RNA from
R7fAgagSc1 cells was analyzed (Figure 5A, lane
1), indicating that the viral RNA (vRNA) served as
both messenger and genomic RNA. The deduced
size of this transcript was 2.2 kb. In addition,
R7fAgagSc1 cells superinfected with MoMuLV-TB
remained untransformed, although R7fAgag vRNA
was detected in particles pelleted from the super-
natant of the R7fAgagSc1 cells superinfected with
MoMuLV-TB (Figure 5A, lane 2). Despite the above
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Figure 3 Western blots of uninfected, R7-, or R7f-infected NIH/3T3 cell lysates. (A) Protein lysates (20 ug each) were fractionated and
probed with 2 ug/ml M2 antibody (lanes 2—4) or 2 ug/ml M2 antibody pretreated with 16.6 ug/ml FLAG peptide (lane 5). M, broad-
range biotinylated marker, N, uninfected NIH/3T3 cells. (B) Protein lysates (20 ug each) were fractionated and probed with 2 ug/ml M2
antibody (lanes 1-2) or undiluted monoclonal antibody to CasBrMLV p15 (lane 3) as described in Materials and methods.

Table 1 Deduced versus actual molecular masses of Gag-tMos and tMos proteins

Molecular mass of Gag-tMos

Predicted no. of residues in Deduced molecular mass of proteins detected by Western blotting
Genome Gag-tMos or tMos proteins Gag-tMos or tMos proteins (kDa)“ (kDa)®
R7f 466 52.1 53.7
R7fA60 446 49.6 51.4
R7fA192 401 44.7 43.6
R7A447 316 34.9 36.0
R7fAgag 286° 31.5 nd?

Based on the molecular mass of the predicted amino acid sequence. "Reported value represents the mean value obtained from five
separate experiments. “Assuming translation is initiated at the third ATG of the MoMuSV124 env-mos sequence (which is the first
ATG within the tmos sequence). dnd, none detected.

findings, no FLAG-tagged tMos protein was de- the transforming activity of the virus is unim-
tected in NIH/3T3 cells infected de novo with a  paired. To compare the transforming activity of
large volume of R7fAgagSc1+MoMuLV-TB super- the viruses, the supernatants from several cell

natant (Figure 5B, lane 3). Together, these findings  lines chronically infected with R7 or one of its
demonstrated that the R7fAgag virus was produced  gag deletion mutants were assayed. To confirm
but failed to transform NIH/3T3 cells. Therefore, in ~ the results obtained from chronically infected
order for R7 to transform fibroblasts in vitro, the cells, NIH/3T3 cells were also infected de novo

entire gag sequence cannot be deleted. with R7, R7A60, R7A226, or R7A447 at a multi-
plicity of infection (m.o.i.) of 5. The supernatants
Importance of the R7 Gag residues forming the from these de novo infections were also assayed.
N-terminus of R7 Gag-tMos fusion protein In both cases, the number of focus forming units
To determine how much of the gag sequence is  (FFUs) detected was normalized to the number of
required for the transformation of cultured fibro- FFUs produced by 10° cells in 1 ml of super-
blasts and the induction of brain lesions, we natant over a 24-h period. The results obtained
constructed the R7 gag deletion mutants R7A60, are shown in Figure 6.
R7A226, and R7A447 and compared them with R7 Statistical analysis indicated that the number of

in terms of their transforming and transcriptional =~ R7, R7A60, and R7A226 FFUs produced did not

activities in NIH/3T3 cells and their abilities to  significantly differ (in either chronic or de novo

induce brain lesions in BALB/c mice. infections). However, chronic and de novo infec-
tions with R7A447 produced significantly fewer

Transforming activity of R7 and its gag deletion  FFUs than did similar infections with R7, R7A60, or

mutants The transforming activities of R7, R7A226 (P<0.01).

R7A60, R7A226, and R7A447 were assayed using

the NIH/3T3 focus-forming assay. This assay also  Transcriptional activity of R7 and its gag deletion

measures a virus’s replication efficiency, provided  mutants To determine if the reduced number of

Journal of NeuroVirology
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Figure 4 Comparison of Gag-tMos protein synthesized by R7f
and its gag deletion mutants. Protein lysates (20ug each) of
uninfected (lane 2), R7-infected (lane 3), R7f-infected (lane 4),
R7fA60-infected (lane 5), R7fA192-infected (lane 6), and
R7fA447-infected (lane 7) NIH/3T3 cells were fractionated and
probed with 2 ug/ml M2 antibody as described in Materials and
methods. Lane 1, broad-range biotinylated protein marker.
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Figure 5 RNA and protein synthesized by R7fAgag. (A)
Northern blot: 5 ug of total RNA isolated from R7fAgagSc1 cells
(NIH/3T3 cells infected with R7fAgag only) (lane 1) or vRNA
from virions pelleted from the supernatant of R7fAgagSc1 cells
coinfected with MoMuLV-TB (lane 2) was fractionated, trans-
ferred, and probed as described in Materials and methods. (B)
Western blot: Lane 1, broad-range biotinylated protein markers;
lanes 2—4, protein lysate (20 ug each) of uninfected NIH/3T3
cells (lane 2), NIH/3T3 cells 3 days after infection with (i) 10ml
of supernatant harvested from R7fAgagSc1 cells coinfected with
MoMuLV-TB (lane 3), or (ii) R7fA447 and MoMuLV-TB at an
m.o.i. of 5 (lane 4). Membranes were probed with 2 pg/ml M2
antibody as described in Materials and methods.

FFUs produced by R7A447 relative to R7, R7A60,
and R7A226 was due to reduced transcriptional
activity of this gag deletion mutant, total RNA was
extracted and analyzed by Northern blotting, as
described in Materials and methods. A single RNA
transcript was detected from each infected cell line
(Figure 7B) when total RNA (Figure 7A) was probed
with a mos-specific probe. Thus, as previously
noted for R7fAgag, the viral RNA appeared to serve
as both messenger and genomic RNA. The size of
the transcript decreased as the number of bp deleted
increased. The approximate size of the R7, R7A60,
R7A226, and R7A447 RNA transcripts (deduced
from their genomes) was 2.8 kb, 2.7 kb, and 2.3 kb,
respectively. As shown in Figure 7, all viruses
transcribed equivalent amounts of RNA, except for
R7A447 which transcribed more RNA than did R7.
Thus, the pronounced reduction in the number of
FFUs produced by R7A447 was not due to reduced
transcriptional activity.
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Figure 6 Number of FFUs produced by R7 and its gag deletion
mutants in chronically infected cell lines and in de novo
infections. The transforming activity of R7 or one of its gag
deletion mutants produced by chronically infected cell lines
(open bars) or in de novo infections (filled bars) was determined
as described in Materials and methods. The open bars represent
the mean number of FFUs produced by several (n) chronically
infected cell lines. The filled bars represent the mean number of
FFUs obtained from two or more independent assays of the same
24-h supernatant harvested 4 d.p.i. Error bars, standard
deviation.
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Figure 7 Comparison of the amounts of mos-specific RNA
synthesized by R7 and its gag deletion mutants. NIH/3T3 cells
seeded into 60-mm plates were infected with R7, R7A60,
R7A226, or R7A447 at an m.o.i. of 5. Three days later, the
infected cells were transferred into 100-mm plates. RNA was
extracted when the cells were confluent. (A) Total RNA (3 ug
each) was fractionated and stained with ethidium bromide as
described in Materials and methods. (B) The gel shown in (A)
was transferred and probed with a mos-specific probe as
described in Materials and methods. Lane 1, R7; lane 2,
R7A60; lane 3, R7A226; lane 4, R7A447. The RNA transcript
sizes deduced from the respective genomes are indicated.

Brain lesion-inducing ability of R7 and its gag
deletion mutants Previously, we reported that
the number of R7 FFUs injected affected both the
incidence and number of brain lesions induced in
mice (Yuen and Kwak, 1998). The data in Table 2
include previously published results for R7-in-
fected mice (Yuen and Kwak, 1998). The combined
results of our studies showed that all mice injected
with 4 x 10° FFUs or more developed brain lesions.
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Table 2 Incidence of brain lesions induced by R7 and its gag
deletion mutants®

Mean Incidence
No. of No. of latent  of brain Severity of
FFUsx 10°  mice period  lesions brain

Virus injected  injected  (days) (%) lesions”
R7 4-40 20 19 100 +++

2-3 23 36 39 ++
R6A60 5-25 36 32 53 +

2-4 43 42 7 +
R7A226 5-10 37 39 35 +
R7A447 1-2 27 60 0

“BALB/c mice less than 48 h old were injected intraperitoneally
with FFUs in the range indicated. Mice were killed when
moribund, except for R7A447-infected mice which remained
healthy at 60 d.p.i. The experiment was terminated at 60 d.p.i.
to avoid complications resulting from the onset of T-cell
lymphoma induced by the helper virus MoMuLV-TB (which
occurs about 4 months after injection). "+++, > 50% of brains
examined had >5 lesions; ++, >50% of brains examined had 3—
5 lesions; +,>50% of brains examined had <3 lesions.
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Figure 8 Number of FFUs produced by R7f and its gag deletion
mutants in chronically infected cell lines and in de novo
infections. The transforming activity of R7f or one of its gag
deletion mutants produced by several chronically infected cell
lines (open bars) or in de novo infections (filled bars) was
determined as described in Materials and methods. The open
bars represent the mean number of FFUs produced by several (n)
chronically infected cell lines. The filled bars represent the
mean number of FFUs obtained from two or more independent
assays of the same 24-h supernatant harvested 4 d.p.i. Error bars,
standard deviation.

When mice were injected with 2—3 x 10° R7 FFUs,
the incidence of brain lesions decreased from 100 to
39%. Since all mice injected with 4 x 10° R7 FFUs or
more developed brain lesions, to compare the
incidence of brain lesions induced by the panel of
viruses, mice were injected with each gag deletion
mutant, except for R7A447, in a similar range of
FFUs. R7A447 was injected with the maximum titer
obtained as determined by the NIH/3T3 cell focus
forming assay. As shown in Table 2, R7A60 induced
significantly fewer brain lesions (53%) than did R7
(100%) when greater than 4x10° FFUs were
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Figure 9 Comparison of mos-specific RNA synthesized by R7f
and its gag deletion mutants. NIH/3T3 cells were infected with
R7f, R7fA60, R7fA192, or R7fA447. The experiment was
performed as described in the legend to Figure 7. (A) Total
RNA (3 pg each) was fractionated and stained with ethidium
bromide as described in Materials and methods. (B) The gel
shown in (A) was transferred and probed with a mos-specific
probe as described in Materials and methods. Lane 1, R7f; lane
2, R7fA60; lane 3, R7fA192; lane 4, R7fA447. The RNA transcript
sizes deduced from the respective genomes are indicated.

Table 3 Incidence of brain lesions induced by R7f and its gag
deletion mutants®
Mean Incidence
No. of  No. of latent  of brain Severity of
FFUsx 10°  mice period  lesions brain

Virus injected injected  (days) (%) lesions”
R7f 6-40 70 32 46 +
R7fA60 6-20 43 30 28 ++
R7fA447 4-8 37 57 3 +

“BALB/c mice less than 48 h old were injected intraperitoneally
with FFUs in the range indicated. Mice were killed when
moribund, except for R7fA447-infected mice which remained
healthy at 60 d.p.i. The experiment was terminated at 60 d.p.i.
to avoid complications resulting from the onset of T-cell
lymphoma induced by the helper virus MoMuLV-TB (which
occurs about 4 months after injection). b 4+, >50% of brains
examined had >5 lesions; ++, >50% of brains examined had
3-5 lesions; +, >50% of brains examined had <3 lesions.

injected (P<0.0001). The incidence of brain lesions
was also significantly reduced when mice were
injected with a lower range (2—4 x 10°) of R7A60
FFUs compared to mice injected with a similar
range (2—3 x 10°) of R7 FFUs (P<0.01). In addition,
R7A60-infected brains contained fewer lesions than
did R7-infected brains and the latent period
required for brain lesion induction was longer in
R7A60-infected mice than in R7-infected mice.

The above findings clearly showed that, at both
higher and lower dosages, deletion of 60 bp of the
gag sequence significantly reduced the incidence
and number of brain lesions. Thus, R7A60 is less
virulent than R7. Table 2 also showed that R7A226
induced a significantly lower incidence of brain
lesions (35%) than did R7 (P<0.0001), that brain
lesions induced by R7A226 were also less severe
than those induced by R7, and that R7A447 did not
induce any brain lesions. Therefore, the ability of
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Table 4 Primers utilized for PCR amplification and sequencing
Name of primer Nucleotide sequence Position of bp in R7 genome®
L5 5-AATGAAAGACCCCACCTGTAGG-3’ 2-23
ms52as 5-TTCAGGTCCTTGGGGCACCCTGGA-3’ 390—-414 and 3125-3149
ms51 5'-CAGTTCCCGCCTCCGTCTGAATTT-3’ 997 —1020
ms32 5-TTCCCAGTCTATGGAGAACCAGGC-3’ 1619—-1642
ms32as 5-GCCTGGTTCTCCATAGACTGGGAA-3’ 1619—-1642
ms34 5-TGGCAATCTCTCCTTTTAGGA-3’ 2199-2219
ms34as 5-TCCTAAAAGGAGAGATTGCCCA-3’ 2199-2219
FR® 5-AAACAAAAGCTTTCACTTGTCATCGTCGTCCTTGTAGTCGCC-

TAGTCCCTCGGAAAGCC-3’

aAccording to (Yuen and Kwak, 1997). "The FLAG coding sequence (Figure 2) is underlined.

the viruses to induce brain lesions was inversely
proportional to the extent of their gag deletions.

Effects of FLAG insertion

To determine the effect of the insertion of FLAG at
the 3’ end of the mos gene, the transforming
activities, the transcriptional activities, and the
abilities of R7f, R7fA60, and R7fA447 to induce
brain lesions were compared.

Transforming activity of R7f and its gag deletion
mutants The transforming activities of R7f,
R7fA60, and R7fA447 were assayed in NIH/3T3
cells as described in Materials and methods. The
results obtained are shown in Figure 8. In both
chronic and de novo infections, similar numbers of
R7f and R7fA60 FFUs were produced. When the
numbers of FFUs produced by R7f and R7fA60 were
compared with the numbers of FFUs produced by
R7 and R7A60, respectively, no statistically sig-
nificant difference was observed in either chronic or
de novo infections. Therefore, the insertion of FLAG
in R7f and R7fA60 did not significantly alter their
transforming activity. In contrast, in both chronic
and de novo infections, R7fA447 produced signifi-
cantly fewer FFUs than did R7f and R7fA60
(P<0.01). The significant reduction in the number
of FFUs produced by R7fA447 versus R7f was
consistent with the previously observed reduction
in the number of FFUs produced by R7A447 versus
R7. Interestingly, R7fA447 produced significantly
more FFUs than did R7A447 (P<0.01) in chroni-
cally infected cell lines, although this difference
was not observed in de novo infections. This
discrepancy was likely due to the relative difference
in the number of chronically infected R7A447 and
R7fA447 cell lines assayed.

Transcriptional activity of R7f, R7fA60, R7fA192,
and R7fA447 NIH/3T3 cells were infected de novo
with R7f, R7fA60, R7fA192, or R7fA447 at an m.o.1.
of 5. As previously observed for R7 and its gag
deletion mutants, when an equal amount of total
RNA from each infected cell line (Figure 9A) was
probed with a mos-specific probe, a single RNA
transcript corresponding in size to each virus’s

genome was detected (Figure 9B). As shown in
Figure 9B, R7f, R7fA60, and R7fA192 transcribed
similar amounts of RNA, but R7fA447 transcribed
more RNA than did R7f. Thus, the significant
reduction in the number of FFUs produced by
R7fA447 was not due to reduced transcriptional
activity.

Brain lesion-inducing ability of R7f and its gag
deletion mutants As shown in Table 3, all mice
injected with R7f or R7fA60 became moribund by
30-32 days post-infection (d.p.i.). By contrast, all
but one mouse injected with R7fA447, remained
healthy when euthanized at 60—65 d.p.i. Interest-
ingly, the insertion of FLAG appeared to reduce the
brain-lesion inducing potential of the viruses. The
insertion of FLAG in R7 (R7f) significantly reduced
the incidence of brain lesions (P<0.0001). Simi-
larly, the insertion of FLAG in R7A60 (R7fA60)
significantly reduced the incidence of brain lesions
(P<0.025). Only one of 37 R7fA447-infected mice
developed brain lesions. The data summarized in
Table 3 also indicated that the ability of the FLAG-
tagged viruses to induce brain lesions was inversely
proportional to the extent of their gag deletion.
These findings paralleled the results obtained for R7
and its gag deletion mutants (Table 2).

Discussion

By inserting the FLAG sequence at the 3’ end of the
gag-tmos ORF, the present study demonstrated that
R7 and its gag deletion mutants synthesized Gag-
tMos fusion proteins. Furthermore, studies on the
laboratory-generated R7fAgag virus in which the
entire R7 gag sequence was deleted demonstrated
that, even though R7fAgag virions were produced,
they did not transform NIH/3T3 cells. Since FLAG-
tagged tMos protein was not detected in NIH/3T3
cells freshly infected with R7fAgag particles, this
indicates that initiation of tMos translation at the
third methionine of MoMuSV124 Mos (which is the
first AUG codon present in the tmos coding
sequence) either did not occur or was extremely
inefficient. This observation is consistent with the
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finding that the context of the AUG codon is one of
the factors influencing the fidelity and efficiency of
the initiation of translation of eukaryotic mRNA
(Kozak, 1987). Based on Kozak’s findings, the
context of the first and second MoMuSV124 AUGs
is optimal for initiation of translation, while the
context of the third AUG is not.

Studies of R7, its gag deletion mutants R7A60 and
R7A447, and their FLAG-tagged counterparts in-
dicated that only the transforming activity of
R7A447 and R7fA447 in NIH/3T3 cells was sig-
nificantly different from that of R7 and R7f,
respectively. Nevertheless, the incidence of brain
lesions induced by R7, R7A60, and R7A447
decreased as the extent of the gag deletion increased
(Table 2). A similar trend was also observed for their
FLAG-tagged counterparts, R7f, R7fA60 and
R7fA447 (Table 3). Only in the case of R7A447 and
R7fA447 did the loss in brain lesion-inducing
ability correlate with a loss in in vitro transforming
activity.

In the case of R7A447 and R7fA447, one could
argue that the reduced number of FFUs produced by
chronic and de novo infected NIH/3T3 cells
indicates the reduced replication efficiency of these
viruses. This, in turn, could reduce their ability to
induce brain lesions. To evaluate this possibility,
we compared the genomes of all viruses studied. We
found that, first, all viruses shared a common
genetic background including identical LTRs, 5’
noncoding sequence (containing the packaging and
dimerization signal), and 3’ noncoding sequence.
Therefore, it is unlikely that R7A447 or R7fA447
differed from the other viruses in their ability to
transcribe their respective genomes or to perform
the initial processes of virion assembly. Second,
since the same helper virus (MoMuLV-TB) supplied
the structural proteins, it is also unlikely that the
deletion mutants were differentially impaired in
assembly or adsorption. Finally, since all of the
viruses utilized the p15 Met codon, as indicated by
the size of their Gag-tMos proteins, it is likely that
the initiation of translation for each Gag-tMos
protein occurred with the same efficiency.

Moreover, our findings showed that when NIH/
3T3 cells were infected with R7, R7A60, R7A226, or
R7A447 at the same m.o.i., R7-, R7A60-, and
R7A226-infected cells synthesized about the same
amounts of mos-specific RNA, while R7A447-
infected cells synthesized more mos-specific RNA
(Figure 7B). Similar results were obtained when
NIH/3T3 cells were infected with the FLAG-tagged
counterparts R7f, R7fA60, or R7A447 (Figure 9B).
Together, these findings support our prediction that
the transcriptional activity of the gag deletion
mutants should not be impaired. In fact, we suggest
that the increased amount of mos-specific RNA
detected in R7A447- and R7fA447-infected cells was
due to the higher m.o.i. of R7A447 or R7fA447 used
than in other infections. We suggest that this has
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arisen because of the reduced transforming activ-
ities of R7A447 and R7fA447. Consequently, their
titers as determined by the NIH/3T3 assay were
underestimated. In light of the above findings, it is
therefore unlikely that any of the viruses we studied
actually differed in replication efficiency. In addi-
tion, it is likely that R7A447 and R7fA447 had
reduced transforming activity.

The present study also showed that the in vitro
transforming activity of R7A60 and R7fA60 in NIH/
3T3 cells did not significantly differ from that of R7
and R7f, respectively. However, despite this simi-
larity, the abilities of these two gag deletion mutants
to induce brain lesions were significantly reduced
when compared with those of R7 and R7f{, respec-
tively. To reconcile this apparent incongruity, we
suggest that the NIH/3T3 cell focus-forming assay
was not sufficiently sensitive to discriminate slight
differences in the transforming potential between
either the R7 and R7A60 or the R7f and R7fA60 Gag-
tMos proteins. In the case of R7A447 and R7fA447,
we suspect that the transforming activities of the
R7A447 and R7fA447 Gag-tMos proteins were more
severely impaired than those of R7, R7A60 or their
FLAG-tagged counterparts. We postulate that more
than one R7A447 or R7fA447 virion was required to
induce an NIH/3T3 cell focus, which would
drastically reduce the number of foci observed in
the assay. In light of the above arguments, the ability
of the gag deletion mutants to transform NIH/3T3
cells would not necessarily reflect their actual
transforming activity. Therefore, it is likely that
the significantly reduced incidence of brain lesions
induced by R7A60 and R7fA60 relative to R7 and
R7f, respectively, was due to the reduced transform-
ing activities of the R7A60 and R7fA60 Gag-tMos
proteins.

The present study further demonstrated that the
insertion of FLAG did not significantly reduce the
transforming activities of R7f, R7fA60, or R7fA447
in NIH/3T3 cells. Nevertheless, the insertion of
FLAG reduced the brain lesion-inducing ability of
R7f and R7fA60 by approximately 50% compared
with that of their FLAG-less counterparts. As
previously argued, it appears that the insertion of
the FLAG residues reduced the transforming ability
of the Gag-tMos proteins, although the NIH/3T3 cell
focus-forming assay was insufficiently sensitive to
discern the difference.

The data presented in this report indicate that the
entire R7 gag sequence is required for induction of
brain lesions in 100% of infected mice. We have
previously shown that SV7d1, containing the same
genetic background as R7 except for the possession
of the MoMuSV124 env-mos rather than the gag-
tmos gene, also induces brain lesions in all injected
mice. Consequently, the Gag residues of the R7 Gag-
tMos protein may be substituted with the N-
terminal 68 residues of MoMuSV124 Env-Mos
protein without affecting the brain lesion-inducing



potential of the Mos protein. Interestingly, the
present study demonstrated that R7A226 (whose
Gag-tMos N-terminal sequence consists of 86 Gag
residues) induced brain lesions in only 48% of
injected mice, whereas SV7d1 (whose Env-Mos N-
terminal sequence is a comparable length, 68
residues) induces brain lesions in all injected mice
(Lim et al, 2000). This observation indicates that the
specific residues of the wild-type v-Mos N-terminal
sequence are more efficient at inducing brain
lesions. Taken together, the above findings suggest
that the length and unique composition of the R7 or
SV7d1 N-terminal sequences appear to be opti-
mized for interaction with the rest of the Mos
protein thus enabling the respective Mos proteins to
phosphorylate specific substrates leading to brain
lesion induction. The basis for this optimization
remains to be determined. Likewise, it remains to be
determined how the insertion of the FLAG residues
reduces the brain lesion-inducing potential of Mos.
Until the crystal structure of Mos is solved, it will be
difficult to propose a model that accurately
represents how the N- and C-termini affect Mos
structure and function. Still, in light of the crystal
structure of other kinases (Knighton et al, 1991a,b;
Hubbard et al, 1994), one might speculate that the
length and conformation assumed by the residues at
the N- and C-termini may either cover or expose the
active site, which in turn may alter kinase activity
directly or indirectly by preventing the binding or
reducing the binding affinity of specific substrates.

In conclusion, we have demonstrated for the first
time that altering the structure of a Mos protein can
affect disease manifestation. In particular, our
findings indicate that the entire gag sequence of
the R7 Gag-tMos protein is required for efficient
brain lesion induction and that addition to its C-
terminus reduces the brain lesion-inducing ability
of R7.

Materials and methods

Cell culture

Mouse NIH/3T3 fibroblasts and ¥2 packaging cells
(Mann et al, 1983) were cultured and maintained as
previously described (Yuen et al, 1991).

Virus strains

R7 is a spontaneous deletion mutant of SV7, a
molecular clone of MoMuSV124 (Soong et al, 1984;
Yuen et al, 1991; Yuen and Kwak, 1997). Compared
with the MoMuSV124 genome, the 3401-bp R7
genome (Figure 1) is missing 2591 bp including
217 bp of the 3’ end of the p15 coding sequence, all
of the p12 coding sequence, all of the p30 coding
sequence except for the central 263 bp, all of p10
and the pol coding sequence, the 15 bp env N-
terminal sequence, and 203 bp of the 5’ end of the
mos gene (Yuen and Kwak, 1997). The TB strain of
Moloney murine leukemia virus (MoMuLV-TB) was
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used as the helper virus. MoMuLV-TB is a variant of
MoMuLV (Yuen et al, 1985) whose genome differs
from that of the standard MoMuLV (Szurek et al,
1988; Yuen and Szurek, 1989). MoMuLV-TB is less
virulent than MoMuLV and induces T-cell lympho-
mas at 4—9 months postinoculation (Yuen and
Szurek, 1989).

PCR amplification

PCR amplification was performed as previously
described (Yuen and Kwak, 1998). PCR primers
(Table 4) were synthesized and purifed by ethanol
precipitation by Ransom Hill Bioscience (Ramona,
CA, USA).

DNA sequencing

Automated and manual DNA sequencing was
performed at either The University of Texas at
Austin Sequencing Facility or The University of
Texas M.D. Anderson Cancer Center Science Park —
Research Division (Smithville, TX, USA).

Construction of mutants R7A60 and R7A226
R7A60 and R7A226 were constructed by cleaving
pR7, a plasmid containing the complete linear R7
genome (Yuen and Kwak, 1997), at its unique
Xhol,,s, site; digesting the cleaved ends with Bal
31 nuclease (Gibco-BRL, Gaithersburg, MD, USA);
filling in the overhangs; and religating the mole-
cules. R7A60 had 60 bp deleted from the p30 coding
sequence extending from R7 bp 1458 to 1517
(inclusive) (Figure 1, line 2). R7A226 had a 226-bp
deletion spanning R7 bp 1374 to 1599 (inclusive)
that removed 183 bp of p30, the 6-bp R7 gag-mos
junction sequence, the 7-bp insert, and the first
30 bp of the R7 tmos gene (Figure 1, lines 1 and 4)
(Yuen and Kwak, 1997).

Construction of R7f and its gag deletion mutants
The FLAG sequence encoding the octapeptide N-
Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C was inserted
at the 3’ end of R7 tmos, immediately before the stop
codon (Figure 2). First, primers ms51 and FR, which
contains the FLAG sequence (Table 4), were used to
amplify the mos sequence extending from R7 bp 997
to the HindlIl,s,s site at the end of the mos gene; pR7
served as the template. The amplified PCR product
was then digested with Nsil,ss and Hindll,s,; and
purified. The Nsil ¢ — HindIll,s,5 fragment extended
from the third Met codon of the mos gene to the 3’
end of mos including the FLAG sequence and the
stop codon. This fragment was then exchanged with
the homologous sequence in pR7 to generate pR7f.
The incorporation of the FLAG sequence was
verified by sequencing the ms34as-ms52as PCR-
amplified product.

The FLAG-tagged gag deletion mutants were
generated by exchanging the FLAG-tagged Nsil—
HindIll fragment with the homologous sequence in
the pool of Bal-31-treated pR7 DNA. The resulting
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DNA was electroporated into NIH/3T3 cells as
previously described (Yuen et al, 1991; Yuen and
Kwak, 1997). Several transformed foci were purified
by single-cell cloning. The sequence spanning the
deletion of several deletion mutants was deter-
mined by sequencing individually amplified PCR
products using primers ms51 and ms32. R7fA60,
R7fA192, and R7fA447 were obtained from the pool
of Bal 31-treated DNA. R7fA60, with 60 bp of the
gag sequence deleted from its genome, was geneti-
cally identical to R7A60 (Figure 1, line 2), except for
the presence of the FLAG sequence and removal of
24 bp 3’ to the stop codon (Figure 2). R7fA192 had a
192-bp sequence deletion extending from bp 1367
to 1558 (inclusive) (Figure 1, line 3), which
removed 190 bp of p30 and the first 2 bp of the R7
gag-tmos junction sequence (Yuen and Kwak,
1997). R7fA447 had 447 bp deleted extending from
bp 1141 to 1587 (inclusive) (Figure 1, line 5). The
R7fA447 deletion encompassed 153 bp of p15, all
263 bp of p30, the 6-bp R7 gag-tmos junction
sequence, the 7-bp insert, and the first 18 bp of the
R7 tmos gene (Yuen and Kwak, 1997).

Construction of R7A447

The region spanning the 447-bp deletion in R7fA447
was PCR amplified with the primer set L5-ms32 and
the cellular DNA of an R7fA447-producing cell line
as template. The amplified fragment was digested
with Aafllys and Nsil,ee, which encompasses the
R7fA447 deletion. The purified Aatllss;— Nsiliese
fragment was then exchanged with the correspond-
ing region in pR7. Sequence analysis verified that
the genome of R7A447 was identical to that of
R7fA447 (Figure 1) except for the insertion of the
FLAG sequence and the deletion of the 24 bp
immediately 3’ of the mos stop codon (Figure 2).

Construction of R7fAgag

Plasmid pR7fAgag was constructed by first generat-
ing pR7ltrs, a pSP72 vector (Promega, Madison, WI,
USA) containing the Clal— Pstl fragment consisting
of the R7 3’ noncoding sequence, the 5' LTR, and the
5 noncoding sequence extending to the Pstl, ., site,
linked via a 16 bp pSP72 polylinker to the HindIII—
Pstl fragment consisting of the 3’ noncoding
sequence and 3" LTR and 5 noncoding sequence
(Yuen and Kwak, 1997). To generate pR7fAgag, the
958 bp HindIll,sss— Hindlll,s,; fragment of pR7f
containing only the 7-bp R7 insert and the FLAG-
tagged tmos coding sequence was inserted into
pR7ltrs at the HindI site (Figure 1, line 6). The
splice junction between the 5’ noncoding sequence
and tmos was confirmed by sequence analysis.

Electroporation of genomic DNA

Electroporation of genomic DNA into W2 or NIH/
3T3 cells was performed as previously described
(Yuen et al, 1991).
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Virus rescue

Each cell line was superinfected with MoMuLV-TB
at an m.o.i. of 1 to rescue the replication-defective
mos-containing (sarcoma) viruses. Although super-
natants containing the defective sarcoma viruses
and MoMuLV-TB were used throughout this study,
only the sarcoma virus is noted in this report, unless
specified otherwise.

Transforming activity

The transforming activity of the sarcoma viruses
produced by cell lines chronically infected with
MoMuLV-TB and R7 (or one of its mutants) was
determined by seeding 60-mm dishes with chroni-
cally infected NIH/3T3 cells. At subconfluence, the
medium was replaced with 5 ml fresh medium.
Twenty-four hours later, the supernatant was
harvested and filtered through a 0.45-ym membrane
filter. The total number of cells in each plate was
also counted. The number of focus-forming sarcoma
particles in the supernatant was determined using
the NIH/3T3 cell focus forming assay as previously
described (Wong et al, 1981). The number of focus-
forming units (FFUs) reported herein represent the
mean number of FFUs produced by several chroni-
cally infected cell lines during a 24-h period and
normalized to 10° cells/ml of supernatant. The
transforming activity of the sarcoma viruses pro-
duced in de novo infections was also determined by
seeding 1 x 10° NIH/3T3 cells in 60-mm dishes and
infecting the cells at an m.o.i. of 5. Three days later,
the supernatant was replaced with 5 ml fresh
medium. The supernatant was then harvested and
assayed as described above for supernatants har-
vested from chronically infected cells. The trans-
forming activity of each virus was assayed at least
twice.

Isolation of total cellular RNA and viral RNA and
Northern blotting

Extraction and fractionation of total cellular RNA
were performed as previously described (Yuen and
Kwak, 1998). To isolate RNA from virus particles,
225 ml of supernatant were harvested from
R7fAgagSc1 cells coinfected with MoMuLV-TB
and filtered through a 0.8-um filter. Virus particles
were  pelleted by  ultracentrifugation  at
30 000 r.p.m. at 4°C for 1 h. Lysis and extraction
of RNA from the pelleted particles were performed
using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). Northern blotting was performed as de-
scribed (Yuen and Kwak, 1998). A 909-bp Bgllsses—
Hindlll,;,, fragment from MoMuSV124 was gel
purified, labeled with o-**P, and used as a probe.

Protein extraction

NIH/3T3 cells were seeded at 6 x 10° cells/100-mm
plate and infected with the respective viruses at an
m.o.i. of 5. Cells were washed in TBS (20 mM Tris-
HCI [pH 7.6], 137 mM NaCl) and lysed with 0.5 ml



of lysis buffer (1% NP-40, 150 mM NaCl, 1 mM
EDTA, 2 mM dithiothreitol [DTT], 0.2 trypsin
inhibitor units/ml aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride, and 2 pg/ml leupeptin). Lysates
were precleared overnight at 4°C with 100 ul of
Pansorbin cells (Calbiochem-Novabiochem Cor-
poration, La Jolla, CA, USA), quantitated using a
Bio-Rad DC Protein Assay Kit (Bio-Rad Labora-
tories, Hercules, CA, USA), aliquoted, and stored at
—80°C until used.

Western blotting

Aliquots of each protein were fractionated by 9%
reducing sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS—PAGE), transferred to
Hybond-P PVDF membranes (Amersham, Little
Chalfont, UK) by semi-dry blotting, and blocked
with 5% skim milk in TBS containing 0.1% Tween-
20 (TBS-T). Each membrane was incubated with
2 ug/ml primary M2 antibody (Sigma, St. Louis,
MO, USA) or CasBrMLV p15 monoclonal antibody
(gift from Dr J Portis) for 1 h at room temperature
followed by 1h of incubation with a 1:50 000
dilution of peroxidase-labeled antibody to mouse
IgG (Sigma, St. Louis, MO, USA). Antibodies were
diluted in TBS-T containing 1% bovine serum
albumin (Sigma, St. Louis, MO, USA). Proteins
were visualized using the ECL Plus detection kit
and exposure to Hyperfilm ECL (Amersham, Little
Chalfont, UK), according to the manufacturer’s
recommendations. In all gels, a broad-range bioti-
nylated protein marker (Bio-Rad, Hercules, CA,
USA) was coelectrophoresed, transferred to Hy-
bond-P membrane, probed with Streptavidin-HRP
conjugate (Gibco-BRL, Gaithersburg, MD, USA),
and visualized as described above.

Histopathology

Intraperitoneal injection of virus into BALB/c mice,
necropsy of diseased mice, and preservation and
processing of organs for histopathology were
performed as previously described (Yuen et al,
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