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The rat-derived Harvey murine sarcoma virus (Ha-MuSV) contains a transduced ras oncogene activated by
two missense mutations and flanked by rat retroviruslike VL30 sequences. Ha-MuSV induces focal transfor-
mation of mouse NIH 3T3 cells in vitro and tumors (fibrosarcomas and splenic erythroleukemias) in newborn
mice. We have used these two assays to study the contribution of coding and noncoding viral sequences to the
biological activity of Ha-MuSV. A good correlation was found between the in vitro and in vivo assays. In several
different isogenic Ha-MuSV variants, those with a rasH gene that had one or both of the Ha-MuSV missense
mutations were much more active biologically than the corresponding proto-oncogene. A Ha-MuSV variant
that encoded the proto-oncogene protein induced lymphoid leukemias (with thymomas), with a relatively long
latent period, rather than the fibrosarcomas and erythroleukemias characteristic of Ha-MuSV with one or both
missense mutations. A VL30-derived segment with enhancer activity was identified downstream from v-ras".

A mutant Ha-MuSV from which this 3' noncoding segment was deleted expressed lower levels of the wild-type
viral protein, displayed impaired transforming activity in vitro, and induced lymphoid leukemias (with
thymomas). 5' noncoding rat c-rasH sequences were found to increase the biological activity of the virus when
substituted for the corresponding segment of v-rasH. We conclude that (i) the biological activity of Ha-MuSV
can be influence significantly by noncoding sequences located outside the long terminal repeat as well as by
coding sequences, (ii) VL30 sequences positively regulate the expression of v-rasH, (iii) relatively low biological
levels of ras, whether resulting from low-level expression of wild type v-rasH or high-levels of ras proto-
oncogene protein, induce a type of tumor that differs from tumors induced by high biological levels of ras, and
(iv) the in vivo pathogencity of the Ha-MuSV variants correlated with their transforming activity on NIH 3T3
cells.

Harvey murine sarcoma virus (Ha-MuSV) is a rat-derived
acute transforming retrovirus that carries a ras oncogene
(v-rasH; reviewed in references 1 and 20). Ha-MuSV effi-
ciently induces focal transformation ofNIH 3T3 cells in vitro
and fibrosarcomas and splenic erythroleukemia in vivo.
Although the biological activity of viruses often depends on
both coding and noncoding sequences (reviewed in refer-
ences 14, 18, and 26), the relative contribution of various
viral elements has not been studied systematically for Ha-
MuSV, which may account in part for the opposing conclu-
sions that have been reached by different investigators about
the biological significance of mutations within the coding
sequences of v-rasH.
Compared with the normal cellular rasH proto-oncogene

(c-rasH), v-rasH encodes two missense mutations. Analo-
gous mutations in c-rasH have been found in a variety of
human and animal tumors (1). By using the NIH 3T3 cell
transformation assay, it has been found that a ras gene

carrying either or both of these mutations is more highly
transforming than normal c-rasH (16, 27). However, other
data have been interpreted as suggesting that the mutations
themselves contribute relatively little to the transforming
activity of ras (7, 10). Controversy also exists about the
biological significance of the NIH 3T3 cell transformation
assay, especially with regard to ras (10, 19).

In this communication, we have made direct comparisons
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between focal transformation of NIH 3T3 cells and in vivo
tumorigencity for wild-type Ha-MuSV and isogenic variants.
The comparative analysis of well-defined Ha-MuSV variants
has enabled us to characterize the influence of ras-coding
sequences and certain noncoding viral sequences on the
biological activity of the virus in vitro and in vivo, as well as

to study the correlation between the two types of assays.

MATERIALS AND METHODS

Plasmid constructions. Plasmid contructions were per-
formed by standard procedures (21). The plasmid pCO20-A
contains the full-length Ha-MuSV genome derived from a

cloned, circularly permuted Ha-MuSV DNA (clone H1) (11).
It was generated by ligation of a 4.5-kilobase (kb) HindIII-
EcoRI Ha-MuSV fragment (nucleotides [nt] 3495 to 2540
[30], which provided the 5' long terminal repeat [LTR],
packaging signals, and v-rasH gene) to a 3.3-kb EcoRI-
BamHI Ha-MuSV fragment (nt 2540 to 378, which provided
3' noncoding sequences and the 3' LTR), inserted between
the HindIII and BamHI sites in pBR322. To generate clones
expressing only one mutation (pCO21-S and pCO22-E; see

Fig. 2) or no mutation (pCO23-W), Ha-MuSV sequences
were replaced in pCO20-A by DNA fragments encoding the
corresponding region of the normal cellular p21: the Ha-
MuSV 51-base-pair (bp) HindIII-PvuII (nt 1088 to 1139)
fragment, which carries mutation 12, was replaced by the
corresponding 51 bp from the normal mouse gene (15) in
pCO21-E and pCO23-W; the Ha-MuSV 151-bp PvuII-MstI
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(nt 1139 to 1290), which carries mutation 59, was replaced by
the corresponding normal 151 bp from the mouse BALB
sarcoma virus (22). The influence of 5' noncoding sequences
on Ha-MuSV transformation was studied by making recom-
binants between the 5' end of Ha-MuSV and the normal rat
c-rasH. The Ha-MuSV 5' end SacII-HindIII fragment span-
ning nt 940 to 1088 in pCO31-F, pCO33-M, pCO35-K,
pCO20-A, and pCO22-E was substituted for 156 bp from the
analogous region of c-rasH, from EcoRI to HindIll. The viral
SacII site at nt 940 was replaced by an EcoRI linker (by
B. M. Willumsen, University Institute of Microbiology,
Copenhagen, Denmark). The resulting clones were called
pCO30-F', pCO32-H", pCO34-L, pCO24-I', and pCO25-J,
respectively. In the study on the effect of 3' noncoding
sequences on Ha-MuSV transformation, pCO26-C was con-
structed by deleting, in pCO20-A, a PstI-PstI fragment
spanning nt 1759 to 3436.

Cells, DNA transfection assay, and generation of viruses.
NIH 3T3 cells were grown in Dulbecco modified Eagle
medium supplemented with 10% heat-inactivated fetal bo-
vine serum and antibiotics (penicillin, 50 U/ml; streptomy-
cin, 50 ,ug/ml). The DNA transfection procedure was de-
scribed previously (34). As a selectable marker, a plasmid
carrying the neomycin resistance gene (pSV2neo) (31) was
cotransfected, in some experiments, with the ras-expressing
plasmids. Neomycin selection was started 48 h after the
transfection by adding 0.5 mg of G418 (Gibco) per ml to the
medium. The procedure to generate viruses was described
previously (33). An amphotropic helper virus (6) or Moloney
murine leukemia virus (Mo-MuLV) (2) was used.

Immunoprecipitation, poly(A)+ RNA dot blot, sequence
analysis, and CAT assay. Metabolic labeling of infected NIH
3T3 cells with [35S]methionine (250 ,uCi/ml) and p21 immu-
noprecipitation with a monoclonal antibody (Y13-238 or
Y13-259) were carried out as described previously (35).
Polyadenylated [poly(A)+] RNA was purified and hybridized
following standard procedures (21), with guanidinium iso-
thiocyanate for cell lysis, ultracentrifugation through a cush-
ion of cesium chloride for RNA isolation, and chromatogra-
phy on oligo(dT)-cellulose for poly(A)+ RNA purification.
Sequence analysis was performed after subcloning of appro-
priate fragments into an M13 vector and dideoxy sequencing
(25). The enhancer activity of DNA sequences was studied
by inserting them in both orientations upstream and down-
stream from an enhancerless chloramphenicol acetyltrans-
ferase (CAT) vector (pAlO-CAT) (17). The CAT activity
expressed by each vector in NIH 3T3 and CV-1 cells was
studied after transfection of 10 p,g of plasmid DNA as
described previously (13).

In vivo studies. In each experiment and for the different
retroviral constructions, a similar amount of virus, as mea-
sured by focus-forming units, was inoculated intraperitone-
ally into inbred Swiss mice (ICFW and NFS). Similar results
were obtained with each strain.

RESULTS

Ha-MuSV was isolated following multiple passages of
Mo-MuLV in rats (12). The Ha-MuSV genome has a com-
plex origin (Fig. 1). The 1-kb v-rasH oncogene is derived
from the rat c-rasH proto-oncogene (9, 24). It is flanked by
about 3.5 kb of rat-derived retroviruslike sequences called
VL30 (or 30S) because these endogenous sequences, when
expressed in rat cells, migrate as 30S RNA (reviewed in
reference 8). A 1.5-kb sequence of Mo-MuLV-derived se-

-1 +1 +2 +3 +49n_n n n c resH 1 kb
\\" \\ \WII / /

\\\\\ \j / /
LTR jiV/LTR
LTR- ji.2l1j- Ha-MuSV M
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FIG. 1. Diagram of the 6-kb Ha-MuSV genome, with one LTR at
both 5' and 3' ends as found in its provirus form. It is a complex
recombinant between at least three different classes of sequences.
The 1-kb v-rasH oncogene and the five exons of the rat c-rasH
proto-oncogene from which v-rasH is derived are represented as
heavy solid lines. The open boxes correspond to the cellular and
viral p21-coding sequences. The 3.5-kb flanking VL30 sequences are
shown as dashed lines. Sequences derived from Mo-MuLV are thin
solid lines; hatched boxes represent the LTRs.

quences form the viral long terminal repeats (LTRs) as well
as sequences just upstream from the 3' LTR. The v-rasH
oncogene, which encodes the only known Ha-MuSV protein
product (p21), differs from its proto-oncogene in containing
two missense mutations within its protein coding sequences
(encoding Arg-12 for the normal Gly-12 and Thr-59 for the
normal Ala-59) and in lacking intervening sequences. The
importance of the LTR, which is the principal viral regula-
tory element, has been shown previously for cell transfor-
mation by v-rasH (4). No functions have been specifically
identified for the VL30-derived sequences in Ha-MuSV.

In vitro and in vivo activity of Ha-MuSV variants. To study
the influence of the v-rasH missense mutations on the
biology of Ha-MuSV, we constructed three isogenic variants
of Ha-MuSV which differed from wild-type Ha-MuSV only
at codons 12 and 59 (Fig. 2). pCO23-W encodes the normal
c-rasH proto-oncogene protein (Gly-12, Ala-59). It therefore
permits an assessment of the biological potential of this
normal protein in the context of the Ha-MuSV background.
Single-amino-acid substitutions are encoded by pCO21-S
(Arg-12) and pCO22-E (Thr-59). pCO20-A encodes the wild-
type (Arg-12, Thr-59) viral protein.

Transfection of pCO23-W, encoding the normal protein,
onto NIH 3T3 cells induced about 100 foci per ,ug of DNA
(Fig. 2). Viral DNAs encoding either single missense muta-
tion (pCO21-S and pCO22-E) or the wild-type v-rasH
(pCO20-A) induced foci at least 10 times more efficiently
than pCO23-W. The foci induced by the mutants developed
earlier and grew faster than those induced by the proto-
oncogene (pCO23-W). When mass cultures of morphologi-
cally transformed cells were metabolically labeled with
[35S]methionine, immunoprecipitated with a ras-specific
monoclonal antibody, and subjected to gel electrophoresis,
ras-encoded protein bands of the expected migration rates,
number, and intensity were obtained for each variant (Fig.
3). Significantly more p21 protein was detected in cells
transformed by the proto-oncogene (pCO23-W), consistent
with its lower transforming potential. The DNAs encoding
Arg-12 (pCO21-S and pCO20-A) migrated somewhat more
slowly than the normal protein. The two genes encoding
Thr-59 (pCO22-E and pCO20-A) formed a doublet, since a
proportion of p21 proteins containing Thr-59 are known to be
autophosphorylated posttranslationally at this residue (28).
These results are consistent with each variant's encoding its
predicted protein product.
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FIG. 2. Transforming activity in vitro and tumorigenicity in vivo induced by Ha-MuSV variants. pCO20-A is the wild-type viral DNA,
containing the two v-rasH mutations. The isogenic variants are pCO23-W, which encodes the normal protein of c-rasH, and pCO21-S and
pCO22-E, which contain the codon 12 and codon 59 mutations, respectively. Fibrosarcomas were located in the diaphragm. Mice with
erythroleukemia had very large spleens. All mice with lymphoid leukemia had enlarged lymph nodes and no splenomegaly, and about half of
them had thymomas. Open boxes, p21-coding sequences; hatched boxes, LTRs. ND, Not done. For tumor induction, numbers represent mice
with tumors/number tested.

Superinfection of the transformed cells with a helper virus
(amphotrophic MuLV or Mo-MuLV) efficiently pseudo-
typed the Ha-MuSV variants, enabling them to be transmit-
ted as viruses to uninfected cells. Although the virus prep-
aration encoding the normal protein contained more viral
RNA than the other three virus preparations (data not
shown), the titer of the focus-forming activity of the proto-
oncogene-containing virus (pCO23-W) was, as expected,
lower (by about 2 orders of magnitude) than that of the
preparations with the mutant genes (Fig. 2); the foci induced
by the proto-oncogene virus (derived from pCO23-W) also
arose later, as had also been found for the corresponding
viral DNA.

1 2 3 4 5O.
5II,& = p21

FIG. 3. Immunoprecipitation of p21 rasH protein. [35S]methio-
nine-labeled cell extracts were immunoprecipitated with a ras-specific
monoclonal antibody (Y13-259) from mass cultures of NIH 3T3 cells
contransfected with pSV2neo and career DNA alone as a control
(lane 1), plasmid DNAs pCO23-W (no mutation ["proto-oncogene"],
lane 2), pCO21-S (mutation Arg-12, lane 3), pCO22-E (mutation
Thr-59, lane 4), and wild-type pCO20-A (mutations Arg-12 and Thr-59
[authentic viral oncogene], lane 5). The upper p21 band in lanes 4 and
5 represents the phosphorylated form of the protein (on Thr-59).

The Ha-MuSV variants pseudotyped with amphotropic
MuLV were then injected intraperitoneally into newborn
inbred swiss mice (Fig. 2). As expected, wild-type Ha-MuSV
(derived from pCO20-A) induced disease with a very short
latency. High doses of virus were lethal to the mice in only
8 days; the animals apparently died from cardiopulmonary
problems. Smaller inocula of virus prolonged survival of the
mice; animals that succumbed 3 to 6 weeks after virus
inoculation were found to have very large spleens (splenic
erythroleukemia) and multiple fibrosarcomas, most of which
were diaphragmatic. Similar results were obtained with the
variants containing the single missense mutations (derived
from pCO21-S and pCO22-E).
The virus derived from pCO23-W, encoding the normal

protein, was also found to induce tumors. Compared with
the viruses encoding the missense mutations, the proto-
oncogene-containing virus was less pathogenic and induced
a different type of tumor. The animals given the proto-
oncogene virus (derived from pCO23-W) survived twice as

long as those given a similar number of focus-forming units
of a virus encoding one or both missense mutations. The
tumors that developed in animals inoculated with the proto-
oncogene virus were lymphoid leukemias (with thymomas),
rather than the splenic and fibroblastic tumors that arose in
animals inoculated with the viruses encoding missense mu-

tations. As expected, the amphotropic helper virus by itself
did not induce disease, even after 8 months.
The consistent formation of a different tumor type by

pCO23-W-derived virus suggested that the tumors had not
arisen via a mutation analogous to those present in the other
three virus preparations. This hypothesis was confirmed by
characterization of the virus isolated from a thymoma in-
duced with pCO23-W-derived virus. It was found to induce
foci on NIH 3T3 cells at the same relatively slow rate as the
orginial pCO23-W-derived virus, to induce lymphoid leuke-
mias (with thymomas) with a latent period similar to that of
pCO23-W-derived virus, and to encode a ras protein on
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FIG. 4. Influence of 5' noncoding sequences on c-rasH and v-rasH in vitro transforming activity and in vivo tumorigenicity. A 148-bp

fragment at the 5' end of v-rasH (the SacII-HindIII fragment spanning nt 940 to 1088 [30]) was substituted for a 166-bp fragment from the
analogous region of c-rasH (EcoRI-HindIII fragment), after replacement of the viral SacII site (nt 940) by an EcoRI linker. The common

HindIII site, which marks the 3' end of these two fragments, is located at codon 5 (of each gene). Thin lines and open boxes, Viral sequences;
heavy lines and black boxes, rat cellular sequences; hatched boxes, LTRs. See Fig. 2 legend for other details.

sodium dodecyl sulfate gels that was indistinguishable from
that of pCO23-W-derived virus (data not shown).
We conclude that in this construction, the rasH proto-

oncogene can be oncogenic for mice, is less transforming in
vitro and less oncogenic in vivo than isogenic variants
encoding the missense mutations tested (Arg-12 or Thr-59),
and induces tumors in a different tissue than those induced
by viruses carrying the missense mutations.

Influence of 5' noncoding sequences on Ha-MuSV transfor-
mation. The above experiments indicate that minor alter-
ations in ras-coding sequences by themselves can have
important consequences for the oncogenicity of Ha-MuSV.
As described below, we also noted that sequences located
upstream and downstream from the ras-coding sequences
can influence transforming activity in vitro and oncogenicity
in vivo.
The possible significance of sequences located 5' of the

coding sequences was first suggested when we compared the
transforming activity of two DNAs which contained the
coding exons of the rat c-rasH proto-oncogene. The 2.3-kb
rat c-rasH genomic EcoRI-BamHI fragment that was studied
contains all four coding exons as well as 154 nt of intron
sequences located just upstream from the first coding exon.
The 5' noncoding exon (-1) of c-rasH is not present in this
genomic fragment, since the genomic sequences that give
rise to this exon are located further upstream (Fig. 1) (7, 9).

In the initial construction, a 1.7-kb Ha-MuSV fragment,

composed of the LTR and 5' sequences, was fused to a
2.1-kb c-rasH fragment via a HindIII site (at nt 1088) in
Ha-MuSV that is common to the coding sequences of c-rasH
and v-rasH (pCO31-F, Fig. 4). The protein encoded by this
chimeric gene is identical to that encoded by the c-rasH
proto-oncogene, since the missense mutations in v-rasH are
located downstream from the HindIII site (which is at codon
5). The other clone (pCO30-F') was also a recombinant
between the 5' end of Ha-MuSV and c-rasH. Clone F'
differed from clone F in that its Ha-MuSV-derived se-
quences were 148 nt shorter, extending only to the viral
SacII site at nt 940, while its c-rasH sequences were 166 nt
longer, being composed of the entire 2.3-kb c-rasH fragment.
Although pCO31-F and pCO30-F' each encoded the same
ras protein, the transforming activity of pCO30-F' on NIH
3T3 cells was found to be at least 10 times greater than that
of pCO31-F. Indeed, pCO31-F failed to induce focal trans-
formation on NIH 3T3 cells under the conditions tested.
The influence of these 5' noncoding sequences was then

studied in several rescuable isogenic viral DNA construc-
tions that encoded either the proto-oncogene protein or the
v-rasH missense mutations (Fig. 4). As was true of clones
pCO30-F' and pCO31-F, these constructions were used to
compare the effect of substituting the first 148 bp at the 5'
end of v-rasH (the SacII-HindIII fragment spanning nt 940 to
1088) for the 166 bp from the analogous region of c-rasH
(from EcoRI to HindIII). As noted above, the nucleotide
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FIG. 5. Influence of 3' noncoding sequences on v-ras' in vitro transforming activity and in vivo tumorigenicity. Deletion of a fragment
spanning nt 1759 to 3436 from wild-type Ha-MuSV (pCO20-A) resulted in low-transforming-ability viral DNA (pCO26-C). The deleted
sequences were shown to contain an enhancer element. The core enhancer was located at nt 2101 to 2108 (black square). Open boxes,
p21-coding sequences; hatched boxes, LTRs. See Fig. 2 legend for other details.

changes resulting from this substitution are limited to the 5'
noncoding sequences. This substitution was made for c-rasH

constructions encoding the Gly-12/Ala-59 proto-oncogene
(pCO32-H" vs. pCO33-M), for c-rasH encoding the Arg-12
mutation (pCO34-L vs. pCO35-K), for wild-type Ha-MuSV
(pCO24-I' vs. pCO20-A), and for the Gly-12/Thr-59 mutant
(pCO25-J vs. pCO22-E).

Significant and consistent differences in transforming ac-

tivity on NIH 3T3 cells were noted when 5' noncoding
sequences from c-rasH were substituted for noncoding v-

rasH sequences as described above (Fig. 4). For each
isogenic comparison, the presence of c-rasH 5' noncoding
sequences led to more efficient transformation by viral DNA
(by a factor of 2 to 10) and to a higher titer of virus recovered
(by about 1 order of magnitude). As had been true for the
Ha-MuSV variants described in the previous section, there
was relatively little difference, in isogenic constructions,
between the transforming activity of ras carrying one or both
missense mutations (compare pCO24-I' and pCO25-J).
The higher transforming activity noted in vitro for pCO24-

I' versus pCO20-A (wild-type Ha-MuSV) and pCO25-J ver-
sus pCO22-E was correlated with their being more patho-
genic in vivo. The pCO24-I'- and pCO25-J-derived viruses
induced tumors that were similar to those induced by au-
thentic Ha-MuSV, but the animals died sooner than those
inoculated with virus derived from pCO20-A and pCO22-E.

3' Noncoding sequences affect Ha-MuSV. Sequences lo-
cated downstream from v-rasH were also found to influence
the biological activity of Ha-MuSV (Fig. 5). A clone (pCO26-
C) was constructed whose only difference from the wild type
was that it carried a 1.7-kb deletion between two PstI sites
located downstream from the v-rasH coding sequences.
Except for the first 78 nt, the deleted segment was composed
of 30S-derived sequences. The virus derived from this clone
was found to be less transforming in vitro and less oncogenic
in vivo than wild-type Ha-MuSV, although pCO26-C DNA
and its rescued virus encoded the authentic v-rasH protein
(Fig. 5).
When transfected into NIH 3T3 cells, this deletion mutant

DNA induced transformed foci about 1 order of magnitude
less efficiently than wild-type viral DNA (Fig. 5). The foci
induced by pCO26-C developed 2 to 4 days later and grew

more slowly than those induced by the wild type (pCO20-A).
The titer of the virus recovered from these transfected cells
by amphotropic virus superinfection was about 2 orders of
magnitude lower than that of the wild type. Inoculation of
newborns with this virus led, after a relatively long latent
period (about 4 months), to the development of lymphoid
leukemias (with thymomas) that were similar to those in-
duced by pCO23-W-derived virus containing the proto-
oncogene. After 8 months, no disease was observed in
newborns inoculated with the amphotropic helper virus.
These results indicate that sequences within the 1.7-kb 3'
noncoding fragment exert a positive influence on the biolog-
ical activity of Ha-MuSV.

Analysis of 3' noncoding sequences. To study the potential
role of the 1.7 kb that were deleted in pCO26-C, viral RNA
expression and ras protein levels were compared for cells
transformed by virus derived from pCO26-C and from wild-
type Ha-MuSV (pCO20-A). Both viral RNA and p21 protein
were found to be reduced 5- to 10-fold in pCO26-C virus
(Fig. 6). These results suggested that sequences within the
deleted 1.7-kb PstI fragment contributed to expression of the
viral DNA.
To further localize the 3' noncoding sequences that posi-

tively regulated Ha-MuSV, the in vitro transforming activity
of viral DNAs that contained the LTR, v-rasH, and progres-
sively larger portions of the 1.7-kb 3' noncoding segment
deleted in pCO26-C was tested. A plasmid whose viral DNA
sequences terminated at the PstI site (nt 1759) marking the 5'
end of the deletion displayed low transforming activity on
NIH 3T3 cells (500 FFU/,ug of DNA), analogous to that seen
with pCO26-C; similar low transformation activity was ob-
tained when the viral DNA fragment was extended an
additional 264 nt downstream to an XbaI site at nt 2023. In
contrast, extending the viral DNA to a HincII site at nt 2168
resulted in virtually full transforming activity (7,000 FFU/jxg
of DNA); similar high transforming activity was obtained
with a fragment extending to the EcoRI site at nt 2540.
These results suggested that sequences critical for in-

creased transforming activity were located within the 145-nt
XbaI-HincII fragment (nt 2023 to 2168), which is composed
entirely of VL30-derived sequences. Inspection of the se-

quence in this fragment indicated that it contained a potential
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FIG. 6. Viral RNA dot blot and p21 immunoprecipitation from
NIH 3T3 cells chronically infected with wild-type Ha-MuSV
(pCO20-A, lanes 1) or with the VL30 deletion mutant (pCO26-C,
lanes 2). Cells infected with the helper amphotropic virus alone was
used as a control (lanes 3). (A) Dot blot with serial dilutions ofRNA.
Total amount (in micrograms) of poly(A)+ RNA are indicated for
each blot. The RNA was hybridized with a probe specific for
Ha-MuSV (spanning VL30 sequences downstream from v-rasH
[23]). (B) p21 immunoprecipitation of [35S]methionine-labeled cell
extracts with a specific monoclonal antibody (Y13-259). The upper
p21 band in lanes 1 and 2 of panel B is the phosphorylated form of
the protein.

core enhancer element (GAGGAAAG at nt 2101 to 2108;
Fig. 7). This sequence falls in a part of the viral DNA that is
homologous to p30rag of Mo-MuLV, although insertions and
deletions in VL30 would prevent it from encoding a func-
tional protein. The Mo-MuLV sequence, however, does not
possess this potential enhancer sequence. Our sequence
analysis of the analogous region in Kirsten (Ki) MuSV
(PvuII-HincII, about 1 kb downstream from v-rasK [32]),
which also contains 30S-derived sequences, indicated that
Ki-MuSV possesses the same potential core enhancer ele-
ment (GAGGAAAG). In fact, the VL30-derived sequences
spanning nt 1832 to 2168, which are immediately down-
stream from v-rasH, are identical in Ki-MuSV [except that
Ki-MuSV has two more A nucleotides in a poly(A) run that,
in Ha-MuSV, spans nt 1957 to 1963].
To examine the possibility that these 30S sequences might

possess enhancer activity, we inserted a 207-bp StuI-HincII
fragment (nt 1963 to 2168), which is composed entirely of

VL30-derived sequences, in both orientations upstream and
downstream from an enhancerless CAT vector with a simian
virus 40 (SV40) promoter (pA10-CAT) and determined the
CAT activity of these constructions in CV-1 cells (Fig. 8). A
modest (7- to 10-fold) but reproducible increase in CAT
activity was noted for each construction. We conclude that
this region contains an enhancer element.

DISCUSSION
In this report, we have systematically studied the biolog-

ical activity in vitro and in vivo of defined Ha-MuSV
variants. A good correlation was found between NIH 3T3
cell-transforming activity in vitro and viral tumorigenicity in
vivo. A virus encoding the normal c-rasH proto-oncogene
protein in place of v-rasH possessed a low level of oncoge-
nicity, isogenic viruses carrying either one or both missense
mutations contained in v-rasH were highly oncogenic, non-
LTR sequences located upstream and downstream from the
v-ras -coding region could have a substantial influence on
the oncogenicity of the virus, and the class of tumor induced
in vivo correlated with the transforming activity in vitro. Our
results indicate that the biological activity of the virus
depends on many sequences within the virus rather than just
on the presence or absence of missense mutations in ras. It
seems likely that investigation of other viral sequences with
no known function would reveal that they also contribute to
the pathogenicity of the virus.
To analyze the contribution of the two missense mutations

in v-rasH, we compared wild-type Ha-MuSV with isogenic
variants that carry only one of the v-rasH mutations or that
encode the same protein product as the proto-oncogene. Our
results, which confirm and extend those of others, demon-
strate that either missense mutation by itself markedly
enhances the transforming activity of viral DNA or virus on
NIH 3T3 cells and significantly increases the oncogenicity of
the virus in vivo (16, 27). Wild-type v-rasH may be some-
what more pathogenic than v-rasH containing only one of the
two missense mutations, but the differences were marginal
under the conditions tested.
We also found that the Ha-MuSV variant encoding the

proto-oncogene protein was tumorigenic. The in vivo activ-
ity of this virus differed from that of wild-type virus in two
important respects. The mean survival time for animals
inoculated with the proto-oncogene virus was significantly
longer, and it induced lymphoid leukemia (with thymoma),
in contrast to the splenic erythroleukemia and fibrosarcomas
induced by wild-type Ha-MuSV. The tumors induced by the
proto-oncogene do not appear to have arisen by virtue of an
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FIG. 7. Comparison between Mo-MuLV p309ag sequences (nt 1437 to 1520 [29]) and Ha-MuSV VL30 sequences (nt 2076 to 2158 [30]),
which increase the transforming activity and contain a core enhancer. The sequences have been aligned to emphasize their homology.
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FIG. 8. Enhancer activity of VL30 sequences located downstream from v-rasH. A fragment spanning nt 1963 to 2168 and containing the

core enhancer (black box) was inserted in both orientations (arrows) downstream and upstream (B to E) from a CAT (cross-hatched box)
vector, pA10-CAT (A). This enhancerless vector contains only the SV40 TATA element and 21-bp repeats (open box). The relative CAT
activity, measured in CV-1 cells after transfection, is given as the percent chloramphenicol converted to acetylated forms relative to the
percent converted by the pA10-CAT control (A). Positive control: SV40 promoter with its enhancer (72-bp repeats, hatched box) (F).
Negative control: transfection assay with carrier DNA alone (G) and no DNA (H).

activating mutation in the virus, since reinjection of virus
isolated from a thymic tumor also induced lymphoid leuke-
mia and thymoma with a long latency. Chang et al. found, in
their studies of a rasH proto-oncogene-containing virus, that
it failed to induce disease under the conditions tested (5).
Their virus constructions and mouse strains differed some-
what from those used here, which may account for the
nononcogenic behavior of the proto-oncogene virus in their
studies. Cichutek and Duesberg reported tumor formation
by a virus whose oncogene was derived from c-rasH (7).
The results show further that VL30-derived sequences

located downstream from v-rasH positively affect the trans-
forming activity of the virus. A Ha-MuSV variant that is
missing these sequences, although it encodes the wild-type
v-rasH protein, induces lymphoid leukemias (with thymo-
mas) after a much longer latent period than wild-type Ha-
MuSV. The lower transforming activity and RNA expres-
sion of the deletion mutant were noted in the viral DNA
transfection, which indicates that the lower biological activ-
ity of the virus carrying this deletion cannot be attributed to
inefficient pseudotyping as a result of the deletion. Our
studies strongly suggest that the lower level of expression
results from the presence of an enhancer element within the
deleted sequences. From sequence analysis, it is apparent
that Ki-MuSV also contains this element. The apparent
contribution of the VL30 sequences to the titer of the virus
and to the pathological activity of both viruses provides a
potential explanation for the transduction of these sequences
during formation of the viruses. The presence of an enhancer
element in the gag sequences of an avian sarcoma virus has
also been reported (3).
The induction of lymphoid leukemias by both the proto-

oncogene-encoding virus and the 3' deletion mutant was an
unexpected phenotype. We speculate that an important
common feature of both viruses is that each expresses a low
biological level of p21 protein (compared with wild-type

Ha-MuSV). The 3' deletion mutant virus expresses low
levels of authentic viral p21 protein, while the proto-onco-
gene Ha-MuSV variant expresses high levels of a p21 protein
which is less active. Perhaps fibroblasts and splenic eryth-
rocytic precursors require high levels of biologically active
p21, leading to pathology with short latency in these target
tissues. Under conditions of more modest increases in ras
activity, the lymphoid tissue may be proportionally more
sensitive. Because of its long latency, lymphoid leukemia
may not be seen in animals infected with the wild-type
Ha-MuSV, since they die rapidly after developing aggressive
erythroleukemia and fibrosarcomas. The derivation of the
Ha-MuSV LTR from Mo-MuLV, which also induces thymic
lymphomas, may also contribute to this susceptibility to
thymic disease.
Our studies also indicate that substitution of 60 nt of 5'

noncoding v-rasH sequences derived from noncoding c-rasH
exon -1 for a similar number of nucleotides located just
upstream from the first coding exon of c-rasH led to a
significant increase in transforming activity in vitro and
oncogenicity in vivo. Similar increased biological activity
was seen for either proto-oncogene- or oncogene-coding
sequences. These results may appear to be at variance with
those reported by Cichuteck and Duesberg (7). These au-
thors based their constructions on a preliminary oral report
of our results and did not make isogenic comparisons. They
reported similar transforming activities with wild-type Ha-
MuSV and a construction that was virtually identical to
pCO32-H" (which contains the proto-oncogene), perhaps
because their transfection assays were less efficient and were
made in the presence of helper virus. Our comparisons
clearly demonstrate that the biological activity of the proto-
oncogene in vitro is lower by more than an order of magni-
tude than that of wild-type Ha-MuSV and that addition of the
5' noncoding rat c-rasH sequences to virus carrying the two
missense mutations further increases their biological activ-
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ity. Furthermore, the ability of the 5' noncoding rat c-ras'
sequences does not appear to be characteristic of all 5'
noncoding ras sequences. Substituting the 5' noncoding
sequences of human c-rasH for the same area in v-rasH fails
to increase the transforming activity of Ha-MuSV encoding
either the proto-oncogene or a rasH gene with a codon 12
missense mutation (P. E. Tambourin and D. R. Lowy,
unpublished data).

It should be noted that our results support the biological
relevance of the NIH 3T3 cell transformation assay, which
has been questioned by some investigators (10, 19). NIH 3T3
cells are an established, aneuploid line, and results obtained
with NIH 3T3 cells have usually been "validated" only by
studying the tumorigenic potential of NIH 3T3 cells trans-
formed with these genes. In this report, we have made a
more stringent test of the in vitro assay by comparing the
transforming activity of variant Ha-MuSV viruses on NIH
3T3 cells with the pathogenic activity of these viruses in
vivo. We found a striking correlation between these two
independent assays. Two variants which carried very dif-
ferent lesions (pCO23-W and pCO26-C) were found to have
low transforming activity on NIH 3T3 cells, to be less
pathogenic in vivo, and to induce tumors that differed
significantly from those induced by wild-type Ha-MuSV.
Conversely, relatively small increases in transforming activ-
ity in vitro were correlated with shortened survival time of
animals inoculated in vivo (compare, for example, pC024-I'
and pCO25-J with pCO20-A and pCO22-E).
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