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The transforming potential and oncogenicity of a simian virus 40 (SV40) mutant affecting T-antigen (T-ag),
SV40(cT)-3, was examined in an effort to dissect T-ag functions in transformation. SV40(cT)-3 has a point
mutation at nucleotide 4434 that abolishes the transport of T-ag to the nucleus but does not affect its association
with the cell surface. Transfection-transformation assays were performed with primary cells and established
cell lines of mouse and rat origin. The efficiency of transformation for established cell lines by SV40(cT)-3 was
comparable to that of wild-type SV40, indicating that transformation of established cell lines can occur in the
absence of detectable amounts of nuclear T-ag. Transformation of primary mouse embryo fibroblasts by
SV40(cT)-3 was markedly influenced by culture conditions; the relative transforming frequency was dramat-
ically reduced in assays involving focus formation in low serum concentrations or anchorage-independent
growth. Immunofluorescence tests revealed that the transformed mouse embryo fibroblasts partially transport
the mutant cT-ag to the cell nucleus. Transformed cell lines induced by SV40(cT)-3 did not differ in growth
properties from wild-type transformants. SV40(cT)-3 was completely defective for the transformation of
primary baby rat kidney cells, a primary cell type unable to transport the mutant T-ag to the nucleus. The
intracellular localization of cellular protein p53 was found to mimic T-ag distribution in all the transformants
analyzed. The mutant virus was weakly oncogenic in vivo: the induction of tumors in newborn hamsters by
SV40(cT)-3 was reduced in incidence and delayed in appearance in comparison to wild-type SV40. These
observations suggest that cellular transformation is regulated by both nuclear and surface-associated forms of
SV40 T-ag.

Simian virus 40 (SV40) is an oncogenic DNA virus capable
of transforming cells in tissue culture and inducing tumors in
newborn hamsters. The mechanism of transformation by
SV40 has been investigated extensively but has not been
completely elucidated. The SV40 A gene has been impli-
cated in both the initiation and maintenance of the trans-
formed state by studies of temperature-sensitive mutants of
the A gene (2, 3, 17, 28, 31, 47, 48). Although temperature-
insensitive transformants can be isolated after transforma-
tion by SV40 tsA mutants, this phenomenon is poorly
understood and is dependent on both the growth conditions
of the cells at the time of transformation and the assay used
to measure transformation (34, 35, 41). The entire A gene
encodes the SV40 large tumor antigen (T-ag), with some of
the DNA sequences being used to direct the synthesis of
small t-ag (6, 11, 36). T-ag is localized in both the nucleus
and plasma membrane (8, 9, 20, 24, 40, 45, 46), with nuclear
T-ag representing more than 95% of the total cellular T-ag
(24, 45). The transforming activity of SV40 has been gener-
ally presumed to reside in the nuclear fraction of T-ag, with
no definitive function ascribed to cell-surface-associated
T-ag. Small t-ag does not play an indispensible role in SV40
transformation but may be required for the transformation of
cells in a resting state (29, 42, 43).
The early region of polyomavirus is organized differently,

encoding three products, large, middle, and small tumor
antigen (12, 44). The large T-ag is localized in the nucleus,
whereas the middle T-ag is found on the cell surface (15).
The middle T-ag is capable of transforming established cell
lines by itself but requires the aid of either large T-ag or

* Corresponding author.
t Present address: Virology and Immunology Department, South-

west Foundation for Biomedical Research, San Antonio, TX 78284.

small t-ag for transformation of primary cells and induction
of tumors in newborn rats (1, 33). Since SV40 T-ag is
localized both in the nucleus and on the cell surface, the
potential exists for that single protein to provide the func-
tions represented individually by the polyomavirus large
T-ag and middle T-ag. Transformation of primary cells by
oncogenes isolated from human tumors and RNA tumor
viruses may also require multiple, complementary events.
Transformation of primary baby rat kidney (BRK) cells by
the ras gene (a plasma membrane protein) was achieved only
with the assistance of the myc, adenovirus ElA, or polyoma-
virus large T-ag gene (all nuclear proteins) (18, 39).
To demonstrate a possible dual functionality for SV40

T-ag in transformation, mutants are required which specifi-
cally affect nuclear or cell surface T-ag. An SV40 mutant
which affects the appearance of T-ag in the nucleus but not
in the plasma membrane has been described. A mutant of the
SV40-adenovirus 7 hybrid virus, PARA, was isolated that
induces SV40 T-ag which is not transported to the nucleus
and accumulates in the cytoplasm (4, 21, 22). The cT
mutation does not inhibit the localization of T-ag on the cell
surface (24). Initial investigations of the PARA(cT) mutant
suggested that its transforming capacity relative to wild-type
(WT) virus was dramatically reduced (10, 23, 32, 37). Re-
cently, the SV40 sequences from the PARA(cT) hybrid virus
were used to construct an intact SV40 genome containing
the cT mutation (25). The mutant phenotype is due to a
single amino acid change at amino acid 128. A positively
charged lysine in WT T-ag is replaced by a neutral aspara-
gine in the mutant T-ag, which interrupts a stretch of five
positively charged amino acids. Similar mutants have been
created by mutagenesis of that coding region of the SV40
genome (16). It has been speculated that the five positively
charged amino acids may represent a receptor site or "sig-
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nal" required for the transport of T-ag to the nucleus (16,
25).

This report describes an investigation of the transforming
potential of SV40(cT)-3. Transformation was examined in
established and primary cells, and oncogenicity was deter-
mined in newborn hamsters. The results suggest that trans-
formation of established cell lines by SV40(cT)-3 is not
significantly reduced under normal culture conditions, that
transformation of primary cells does not occur in the ab-
sence of detectable levels of nuclear T-ag, and that induction
of tumors by SV40(cT)-3 is reduced and delayed in compar-
ison with that by WT SV40. Together, these observations
suggest that both nuclear and surface-associated forms of
T-ag are functionally important in cellular transformation.

MATERIALS AND METHODS

Cells. The BALB/c-3T3E cell line was a gift from William
Brockman (2), and the normal rat kidney cell line (NRK-49F)
(7), obtained originally from the American Type Culture
Collection (ATCC CRL-1570), was provided by Lynn Yeo-
man. Primary BALB/c mouse embryo fibroblasts (MEF)
were prepared from 10- to 12-day-old BALB/c embryos, and
primary BRK cells were derived from 9- to 16-day-old
Sprague-Dawley rats. All cells were grown in Dulbecco
modified minimal essential medium (GIBCO Laboratories,
Grand Island, N.Y.), supplemented with 10% fetal bovine
serum (FBS; GIBCO), 25 ,ug of gentamicin sulfate (Schering
Corp., Bloomfield, N.J.) per ml, and 0.3% sodium bicarbo-
nate.

Plasmids. The bacterial plasmid pBR322 was a generous
gift of James Pipas. Plasmid pBSV-1 is an intact copy of the
WT SV40 genome cloned into pBR322 at the BamHI site
(25). Plasmid pBSVcT-3 is an intact copy of the SV40(cT)-3
genome cloned into pBR322 at the BamHI site (25). SV40(cT)-
3 has a point mutation at nucleotide 4434 that abolishes the
transport of T-ag to the nucleus (25). Plasmids were purified
from cultures of Escherichia coli HB101 after overnight
amplification in chloramphenicol. Plasmid DNA was pre-
pared by an alkaline extraction procedure and hydroxylapa-
tite chromatography as described previously (25). SV40
sequences represent 54.58% of each recombinant plasmid.

Transfections. Plasmid DNA was linearized by digestion
with restriction endonuclease EcoRI (Bethesda Research
Laboratories, Bethesda, Md.), and calcium phosphate pre-
cipitates were formed as described previously (13). Cell
cultures growing in 60-mm dishes were exposed to 5 p.g of
precipitated DNA for 30 min at 37°C. The cultures were
flooded with 4 ml of Dulbecco modified minimal essential
medium containing 100 ,uM chloroquine (27) and incubated
at 37°C for 4 h, at which time the cultures were given a 15%
glycerol shock for 3 min at 37°C. Cell cultures were washed
twice with Dulbecco modified minimal essential medium and
incubated overnight in 5 ml of medium. The following day
each 60-mm plate was subcultured into 6 to 18 (depending on
cell type) 100-mm dishes. Cultures were incubated at 37°C,
refed twice weekly, and stained with hematoxylin 21 days
posttransfection. Alternatively, cells were seeded in medium
containing 1.2% methylcellulose (as described below) the
day after transfection, and colonies were counted 21 days
posttransfection.

Induction of tumors in hamsters. Within 24 h of birth
Syrian golden hamsters (Charles River Breeding Laborato-
ries, Inc., Wilmington, Mass.) were injected subcutaneously
on the back of the neck with S ,ug of plasmid DNA. All
plasmids were linearized by digestion with restriction en-

donuclease EcoRI before injection. Baby hamsters were
weaned 3 weeks after birth. Tumors which appeared were
surgically excised, trypsinized, and cultured. The intracellu-
lar localization of T-ag in cultured tumor cell lines was
assessed by immunofluorescence (IF).

IF. The IF staining of SV40 T-ag was performed on
acetone-fixed (3-min) monolayers with SV40 tumor-bearing
hamster serum (hamster ascites fluid) (20) as previously
described (32). The IF staining of the cellular protein p53
was accomplished as above with monoclonal antibody
PAb421 (14).

Saturation density. Cells were seeded at a density of 2 x
105 cells per 35-mm dish in medium supplemented with 10 or
1% FBS. Cell counts were performed on triplicate plates
every day, and cultures were refed every other day for the
duration of the experiment (5).

Colony formation in methylcellulose. Colony formation in
methylcellulose was performed by a modification (5) of the
method of Risser and Pollack (38). Cells were seeded at a
density of 103 and 105 cells per 60-mm dish for established
cell lines and transfected cultures, respectively. Methylcel-
lulose medium consisted of Dulbecco modified minimal
essential medium supplemented with 10 or 1% FBS, 1.2%
methylcellulose (4,000 cps; Fisher Scientific Co., Pittsburgh,
Pa.), 50 ,ug of gentamicin sulfate per ml, and 0.3% sodium
bicarbonate. The methylcellulose medium containing the
cells was placed on top of a basal agar layer in which 0.9%
agar was substituted for methylcellulose in the above me-
dium. Cultures were refed on days 7 and 14, and colonies
were counted on day 21.

RESULTS
Transforming potential of SV40(cT)-3 in mouse cells. The

transforming potential of SV40(cT)-3 was compared to that
of WT virus in a continuous cell line and in primary cells of
mouse origin. BALB/c-3T3 cells served as the immortalized
cell recipients, and MEF were used as primary cells. Anal-
yses used plasmid DNA because SV40(cT)-3 virus stocks
produced in COS-1 cells contain a low level ofWT virus due
to recombination of the mutant genome with the resident
integrated copy of SV40 DNA (25). Transformation assays
were performed with S ,ug of plasmid DNA per 60-mm
culture. Cells were incubated with calcium phosphate pre-
cipitates in the presence of 100 ,uM chloroquine and then
were given a 15% glycerol shock as described above. The
cultures were incubated overnight in growth medium, and
then either each plate of cells was split into six 100-mm
plates or the cells were seeded into methylcellulose. Trans-
formed foci and anchorage-independent colonies were scored
21 days after transfection. Only darkly stained, well-defined
foci on plastic and large colonies in methylcellulose were
counted. Final counts were adjusted to reflect transforming
events per microgram of SV40 DNA (contained in the
plasmid inocula). Transfection with control pBR322 DNA
did not result in the appearance of any foci or colonies in our
assays.
The transformation efficiency of 3T3 cells, as judged by

foci formation on plastic, was approximately equivalent for
pBSVcT-3 and pBSV-1 (the WT SV40 plasmid). Similarly,
the transforming frequency by pBSVcT-3 of MEF on plastic
was reduced about 2.5 times compared with that by pBSV-1
(Table 1). The ability of pBSVcT-3 to induce 3T3 cells to
form colonies in methylcellulose was reduced about twofold
compared with that of pBSV-1. It is noteworthy that the
transforming frequency of primary MEF by both plasmids,
as measured by anchorage-independent growth, was mark-
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TABLE 1. Transforming potential of SV40(cT)-3 in mouse cells
measured in two types of assays"

Transforming frequency on:

Plastic Methylcellulose
Cell line Plasmid Colonies!

Foci/,ug of Ratio Clof SV Ratio
SV40 DNA (WT/cT) DgfNSA40 (WT/cT)

3T3 pBSV-1 201 20I-
2

pBSVcT-3 194 1. 62 2.0

MEF pBSV-1 168 . 8.15 110
pBSVcT-3 68 0.74

"Cultures of BALB/c-3T3 cells and primary MEF were transfected with
plasmid DNA (5 p.g) as described in the text. Transfected cells were examined
for the ability to form foci on plastic and colonies in methylcellulose semisolid
medium. The ratios of foci and colonies induced per microgram of SV40 DNA
by the WT SV40 plasmid. pBSV-1. and the SV40(cT)-3 mutant plasmid.
pBSVcT-3. are indicated.

edly reduced when compared with focus formation on plas-
tic. However, it is evident that the transforming ability of the
mutant pBSVcT-3 was deficient in MEF under these condi-
tions, being 11-fold lower relative to that of pBSV-1 (Table
1).
Next, we examined the ability of the cT mutant to

transform mouse cells cultured on plastic in low FBS con-
centrations. Transfections were performed with the same
conditions as described above; on the next day, each trans-
fected culture was split into six 100-mm plates in media
containing either 10 or 1% FBS. When this protocol was
used, the ability of pBSVcT-3 to transform 3T3 cells grown
in either high (10%) or low (1%) FBS was only slightly
reduced when compared with that of pBSV-1 (Table 2).
Transformation of MEF maintained in 10% FBS was also
slightly lower (2.3-fold) for pBSVcT-3 than WT virus. How-
ever, transformation of MEF cells by the cT mutant was
substantially lower (10-fold) than for WT virus when the
cells were cultured in 1% FBS.
The results of these assays suggest that the efficiency of

transformation of an immortalized cell by SV40(cT)-3 is
equivalent to that by WT SV40 under standard culture
conditions on plastic. When more stringent culture condi-
tions are used, such as growth in the presence of low FBS
concentrations or in semisolid medium, the transformation
of immortalized cells by SV40(cT)-3 is still only marginally
reduced. Importantly, the transforming frequency of pri-
mary cells by SV40(cT)-3 is approximately 10-fold lower
than that for WT when the recipient cells are grown under
stringent culture conditions.

TABLE 2. Effect of FBS concentration on focus formation by
SV40(cT)-3 in mouse cells"

Cell line FBS ('1) Plasmid Foci/Vg of Ratio
SV40 DNA (WT/cT)

3T3 10 pBSV-i 262 1.7
pBSVcT-3 159

1 pBSV-1 110 2.1
pBSVcT-3 52

MEF 10 pBSV-1 108 1.3
pBSVcT-3 48 2.

1 pBSV-1 67 10.0
pBSVcT-3 6.7

"Cultures of BALB/c-3T3 cells and primary MEF were transfected with
plasmid DNA (5 ig) as described in the text. Transfected cells were examined
for the ability to form foci on plastic in medium containing 10 or 1% FBS. The
ratios of foci induced by the WT SV40 plasmid. pBSV-1. and the Sv40(cT)-3
mutant plasmid pBSVcT-3 are indicated.

IF localization of T-ag in SV40(cT)-3-transformed mouse
cells. To further characterize the SV40(cT)-3 mouse transfor-
mants, five foci or colonies from each of the transformation
conditions described above were selected, and transformed
cell lines were established. Each colony was examined by IF
for the intracellular localization of T-ag. All of the cell lines
transformed by WT SV40 displayed the typical nuclear T-ag
pattern of fluorescence (Fig. 1A and C). The 3T3 cells
transformed by SV40(cT)-3 displayed a bright cytoplasmic
reaction for T-ag (Fig. 1B). In addition, a very faint, diffuse
nuclear reaction was observed in the SV40(cT)-3-
transformed 3T3 cells; this reaction was not distinguishable
from the faint background reaction obtained with the ham-
ster anti-T serum on normal 3T3 cells. In contrast, all of the
MEF cells transformed by SV40(cT)-3 exhibited both cyto-
plasmic and nuclear fluorescence for T-ag. The nuclear
reactivity in MEF cells transformed by SV40(cT)-3 was
judged to be specific due to its intensity and to the distinctive
granular staining pattern typical for T-ag (Fig. 1D). The
stringency of culture conditions had no observable effect on
the ratio of nuclear to cytoplasmic staining for T-ag in MEF
cells transformed by SV40(cT)-3.
These results demonstrated that transformation of immor-

talized mouse cells occurred in the absence of detectable
accumulation of nuclear T-ag and that primary MEF cells
transformed by SV40(cT)-3 were capable of transporting
some mutant T-ag polypeptides to the nucleus.

Since the efficiency of transformation of MEF cells by
pBSVcT-3 and pBSV-1 under low-stringency culture condi-
tions was comparable, it is unlikely that the transport of
mutant T-ag by MEF cells is due to reversion of the mutation
or to the selection of a rare cell type within the MEF
population capable of nuclear transport of mutant T-ag. To
determine whether the transport of T-ag was due to an
adaptation process that occurred after initiation of transfor-
mation or to an inherent property of many MEF cells, we
examined MEF cells 48 h after infection with SV40(cT)-3
virus (25) for the intracellular distribution of T-ag. The IF
assays revealed that within 48 h about 50% of the cells
expressing cytoplasmic T-ag already exhibited some T-ag in
the nucleus (data not shown). In contrast, infection of TC-7
cells with the same SV40(cT)-3 virus preparation resulted in
less than 0.5% of the cells exhibiting any nuclear T-ag, a
marker previously shown to reflect the level of WT SV40
recombinants present in mutant virus stocks prepared in
COS-1 cells (25). Therefore, the amount of WT SV40 con-
taminant in this SV40(cT)-3 virus preparation could not
account for the high percentage of MEF cells expressing
nuclear T-ag soon after infection with SV40(cT)-3. These
results suggest that some primary mouse embryonic cells are
capable of partial nuclear transport of the mutant T-ag and
that the phenotypic transformants arise from that subset of
cells.

IF localization of p53 in SV40(cT)-3-transformed mouse
cells. The association of T-ag with a host-encoded protein
designated p53 has been well documented (19, 26, 30). It was
of interest to determine the intracellular distribution of p53
in transformed cells expressing a cytoplasmic T-ag. Each of
the transformed cell lines described above was examined by
IF with the monoclonal antibody PAb421, which is specific
for p53 (14, 40). In each instance, the distribution of p53
mimicked the IF reaction obtained for T-ag. All cells trans-
formed by WT SV40 exhibited a nuclear reaction for p53
(Fig. 2A and C), 3T3 cells transformed by SV40(cT)-3 had a
cytoplasmic reaction for p53 (Fig. 2B); and MEF cells
transformed by SV40(cT)-3 displayed p53 in both the cyto-
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FIG. 1. Intracellular distribution of SV40 T-ag in transformed mouse cells. BALB/c-3T3 cells and primary MEF transformed by WT SV40
or SV40(cT)-3 were examined by using hamster anti-T sera (hamster ascites fluid) as described in the text. A, BALB/c-3T3 cells transformed
by WT SV40; B, BALB/c-3T3 cells transformed by SV40(cT)-3; C, MEF transformed by WT SV40; D, MEF transformed by SV40(cT)-3.
Note nuclear fluorescence as well as cytoplasmic reactivity in panel D. Magnification, x5OO.

plasm and the nucleus (Fig. 2D). These results suggest that
the association with T-ag is the determining factor regulating
the intracellular localization and accumulation of p53 to
levels detectable by IF in rodent cells transformed by SV40.
Growth properties of SV40(cT)-3-transformed mouse cells.

The difference in distribution of SV40 T-ag and p53 in the
transformed MEF and BALB/c-3T3 cells induced by WT
SV40 or the cT mutant raised the intriguing question of
possible effects on the growth properties of those cells.
Several clones of cells derived from foci on plastic and
characterized by IF for distribution of T-ag were randomly
selected for growth analyses. Both saturation density on
plastic and colony formation in methylcellulose were as-
sayed (Table 3). There were pronounced ranges among the
clones evident in both assays, but the cT transformants did
not appear to be generally less phenotypically transformed
than the WT transformants. All the 3T3 transformants
tended to grow to higher saturation densities than the
transformed MEF cells. There were marked variabilities
among the anchorage-independent growth abilities of the
clonal lines, a phenomenon observed in previous studies (5,
38).

It is evident from the clonal lines analyzed that 3T3 cells
expressing T-ag only in the cytoplasm and on the surface are
as phenotypically transformed as 3T3 cells with T-ag local-
ized both in the nucleus and on the surface. The MEF cells

able to partially transport mutant cT-ag to the nucleus are
also as phenotypically altered as those transformed by WT
virus.
Transforming potential of SV40(cT)-3 in rat cells. The

ability of SV40(cT)-3 to transform cells of a continuous line
as well as primary cells of rat origin was next examined. The
established rat cell line used was NRK (a cell line derived
from normal rat kidney), whereas primary cells were ob-
tained from BRKs. The procedure for transfection of cells
with plasmid DNA was identical to the conditions described
above for mouse cells, except that transformation was
measured only by focus formation on plastic in the presence
of 10% FBS. The transformation efficiency of pBSVcT-3 on
NRK cells was reduced about twofold in comparison with
that of pBSV-1 (Table 4). These results are comparable to
those obtained when immortalized mouse cells were used
(Tables 1 and 2). However, when transformation of primary
BRK cells was attempted, pBSVcT-3 was incapable of
inducing any detectable foci in two separate experiments
(Table 4). These failures were not due to any natural
resistance on the part of the primary BRK cells since
transfection with WT SV40 plasmid pBSV-1 resulted in the
formation of well-defined, dense foci at an efficiency equiv-
alent to that observed with the other cell types.
These results indicate that SV40(cT)-3 is not capable of

transforming primary BRK cells. Since the transformation of
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FIG. 2. Intracellular distribution of cellular protein p53 in transformed mouse cells. BALB/c-3T3 cells and primary MEF transformed by
WT SV40 or SV40(cT)-3 were examined by IF with monoclonal antibody PAb421. A, BALB/c-3T3 cells transformed by WT SV40; B,
BALB/c-3T3 cells transformed by SV40(cT)-3; C, MEF transformed by WT SV40; D, MEF transformed by SV40(cT)-3. Note that the
intracellular distribution of p53 parallels that of SV40 T-ag shown in Fig. 1. Magnification, x5oo.

TABLE 3. Growth properties of clonal lines of SV40 WT- and SV40(cT)-3-transformed MEF and BALB/c-3T3 cells"

T-ag" Cell density [(cells/cm2) x 10`1 Ratio Colony-forming ability (()
Cell line Clone

Nuc Cyt 10% FBS 1% FBS (10%/1%) 10% FBS 1% FBS

MEF/SV-1/10 2 + 0 4.6 2.2 2.1 41.0 12.8
4 + 0 8.4 2.3 3.7 37.5 0.4

MEF/SV-1/1 1 + 0 4.8 3.1 1.5 0.6 <0.1
3 + 0 2.8 1.3 2.2 3.8 0.1

MEF/cT-3/10 1 + + 4.1 2.3 1.8 15.5 1.9
3 + + 3.1 0.7 4.4 16.6 2.6

MEF/cT-3/1 1 + + 2.1 0.7 3.0 6.4 <0.1
2 + + 2.5 0.9 2.8 <0.1 <0.1

3T3/SV-1/10 1 + 0 5.1 4.0 1.3 0.9 <0.1
2 + 0 5.3 4.1 1.3 0.9 0.2

3T3/SV-1/1 1 + 0 6.2 5.3 1.2 1.5 0.5
2 + 0 5.7 5.5 1.0 <0. 1 <0. 1

3T3/cT-3/10 1 0 + 5.6 3.2 1.8 2.2 <0.1
2 0 + 5.3 2.8 1.9 1.2 0.3

3T3/cT-3/1 2 0 + 4.2 4.0 1.0 <0.1 <0.1
3 0 + 5.6 4.3 1.3 0.2 <0.1

Foci were picked from transformation assays. and cell lines were established. The designation of each cell line indicates the cell type (MEF or 3T3). the
transforming plasmid (SV-1 or cT-3). and the FBS concentration (10 or 1%) used in the original transformation assay. The clonal lines were assayed for
intracellular distribution of T-ag by IF and for growth properties (saturation density on plastic and colony-forming ability in methylcellulose) as described in the
text.
bNuc, Nuclear; Cyt. cytoplasmic.
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FIG. 3. Oncogenicity of SV40(cT)-3 and WT SV40 in newborn

hamsters. Plasmid DNA (5 ,ug) was inoculated subcutaneously into
the neck of newborn hamsters. Injected animals were observed for
a period of 1 year for tumor formation. The data are presented as the
cumulative tumor incidence; open and closed bars represent animals
injected with pBSV-i and pBSVcT-3, respectively. The ratio of the
number of animals that developed tumors to the total number of
animals injected is presented at the top of each bar.

primary MEF cells by SV40(cT)-3 was associated with the
capacity of some MEF cells to partially transport the mutant
T-ag to the nucleus, it was necessary to determine whether
any primary BRK cells were capable of transporting cT-ag to
the nucleus. Primary BRK cells were infected with SV40(cT)-
3 virus, harvested, and tested by IF at 48 h postinftction.
Approximately 30% of the BRK cells expressed cytoplasmic
T-ag by IF; no detectable nuclear staining was observed
(data not shown). These results imply that the capacity of
SV40(cT)-3 to transform primary cells is dependent on the
ability of certain primary cells to transport some mutant T-ag
to the nucleus.

Oncogenicity of SV40(cT)-3 in newborn hamsters. The
determination of transforming potential of a given gene by
the use of in vitro transformation assays is subject to
considerable variation depending on the cell type and the
growth conditions used for the assay. A direct correlation
between a single in vitro assay and oncogenicity in vivo has
not been demonstrated. The oncogenicity of SV40(cT)-3 in
newborn hamsters was examined because of its reduced
transforming potential apparent in in vitro assays under
stringent culture conditions. Newborn hamsters were in-
jected with pBSV-1 or pBSVcT-3 plasmid DNAs as de-
scribed above, and the hamsters were observed for tumor
development for a period of 12 months. WT SV40 plasmid
pBSV-1 induced tumors in 66.6% (8/12) of the recipient
animals, whereas the frequency of tumor formation for
pBSVcT-3 was only 12.5% (2/16) (Fig. 3). In addition, the
latent period for tumor formation was considerably longer
for pBSVcT-3-induced tumors. The earliest arising tumors

appeared 134 and 206 days after inoculation with pBSV-1
and pBSVcT-3, respectively. These data are consistent with
the weakly oncogenic nature of the parental PARA(2cT)-
adenovirus 7 hybrid virus which induced only one tumor in
24 newborn hamsters (37).

Cell lines were established from the two tumors induced
by pBSVcT-3 to determine the intracellular localization of
T-ag by IF. Both tumor lines displayed an intense cytoplas-
mic reaction for T-ag; one tumor line exhibited some weak
nuclear fluorescence, whereas the other had no detectable
nuclear reactivity.
These results demonstrate that SV40(cT)-3 is capable of

inducing tumors in newborn hamsters, albeit at a markedly
reduced frequency and with an extended latent period before
tumor appearance in comparison with WT virus.

DISCUSSION
The data presented in this manuscript demonstrate that

SV40(cT)-3, a mutant defective for the nuclear transport of
T-ag, represents a new class of SV40 mutant with respect to
transformation. In our interpretation of these data, we
assumed that the differences in the transforming potential of
SV40(cT)-3 compared with that of WT SV40 are a result of
the defect in the nuclear transport of T-ag and are not due to
an unknown effect of the mutation at amino acid 128. This
assumption is supported in part by the fact that cT-ag still
has the capacity to bind to cellular DNA, to the origin of
viral DNA synthesis, and to the cellular protein p53 (22; this
manuscript; unpublished data).

SV40(cT)-3 was capable of transforming established mouse
and rat cell lines at an efficiency comparable to that of WT
SV40. IF assays revealed that transformation of immortal-
ized cells occurred in the absence of detectable levels of
nuclear T-ag. SV40(cT)-3 also had the capacity to transform
primary MEF cells, although in all of those transformants
examined cT-ag was partially transported to the nucleus. In
addition, culture conditions had a dramatic effect on the
efficiency of transformation of MEF cells by SV40(cT)-3,
with low FBS concentrations or suspension in semisolid
medium sharply reducing the frequency of transformation
events. In contrast, SV40(cT)-3 was completely transforma-
tion defective when assayed on primary BRK cells, a cell
type incapable of transporting detectable levels of cT-ag to
the nucleus.
At least two plausible explanations can be presented for

the transformation characteristics of SV40(cT)-3. In one

TABLE 4. Transforming potential of SV40(cT)-3 in rat cells
measured by focus formation"

Cell line Plasmid Foci/jg of Ratio
SV40 DNA (WT/cT)

NRK pBSV-1 111.8 1.0
pBSVcT-3 54.6

BRK
Expt 1 pBSV-i 12.8

pBSVcT-3 0

Expt 2 pBSV-1 107.1
pBSVcT-3 0

"Cultures of established NRK cells and primary BRK cells were transfect-
ed with plasmid DNA (5 jig) as described in the text. Transfected cells were
assayed for the ability to form foci on plastic. The ratio of foci induced by the
WT SV40 plasmid pBSV-1 and the SV40(cT)-3 mutant plasmid pBSVcT-3 is
indicated.
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model, transformation would be regulated exclusively by
nuclear T-ag. It would be assumed that the cT mutation
dramatically reduces the transport of T-ag to the nucleus but
does not abolish it completely. This model suggests that
primary cells require more nuclear T-ag than do immortal-
ized cells to exhibit transformed properties and that the
stringency of the culture conditions also influences the level
of T-ag required for the expression of transformation. A
second hypothesis would propose that transformation is
regulated by both nuclear and plasma membrane-associated
T-ag. In this model, immortalized cells could dispense with
the nuclear T-ag function (except possibly under stringent
culture conditions whereby the cellular immortalizing func-
tion might be insufficient to promote continued cellular
proliferation). This model predicts that the cT mutant would
be transformation negative in primary cells. Transformation
of MEF cells by SV40(cT)-3 is an exception under either
model due to the partial transport of cT-ag to the nucleus.

Currently, we favor the latter hypothesis. Although the
possibility cannot be completely excluded that an undetect-
able yet biologically functional amount of cT-ag is trans-
ported to the nucleus in each transformed cell, several
considerations support the concept of a role for membrane-
associated T-ag in transformation. The cT mutation that
abolishes the transport of T-ag to the nucleus does not
abolish the association of cT-ag with the plasma membrane
(24). The majority of intracellular cT-ag is present in the
soluble cytoplasm (22, 24), the level of cell surface-associ-
ated T-ag is elevated in comparison to WT T-ag (24), and
cT-ag is not detectable in the nucleus by IF (4, 21, 25, 32).
The amount of surface-associated T-ag appears to correlate
with cell growth of SV40-transformed mouse cells; much
higher levels are detected on actively growing cells than on
populations of resting cells, suggesting a possible role for
surface T-ag in cell growth (40a). Furthermore, microinjec-
tion of plasmid DNA into quiescent cells showed that
SV40(cT)-3 is able to stimulate cellular DNA synthesis as
efficiently as is WT SV40 (R. E. Lanford, J. K. Hyland, R.
Baserga, and J. S. Butel, Mol. Cell. Biol., in press). This
suggests that surface-associated T-ag is involved in stimula-
tion of cellular DNA synthesis and that the cT mutation that
affects nuclear transport does not adversely affect the mem-
brane function. The alternate hypothesis [i.e., that the
transforming capacity of SV40(cT)-3 is due to a low level of
nuclear T-ag] would infer that sufficient nuclear T-ag is
present in each cT-ag-positive cell for transformation to be
maintained but not for growth of the cells under stringent
conditions. Yet, no correlation was observed between the
presence of nuclear T-ag and the ability of clonally derived
transformants to grow under stringent culture conditions
(Table 3). Finally, in the closely related polyomavirus
system, both the nuclear large T-ag and the plasma-mem-
brane-associated middle T-ag (15) play important roles in
transformation (1, 33).
Two observations made during the course of this investi-

gation are significant with regard to the mechanism by which
proteins are transported to the nucleus. The intracellular
localization of p53 mimicked the distribution of T-ag in all
transformed cells. These results indicate that the cT muta-
tion inhibits the transport of p53, presumably due to the
formation of T-ag-p53 complexes. Interestingly, the cT
mutation inhibits the nuclear transport of WT T-ag in cells
synthesizing both cT-ag and WT T-ag (21, 25). One of the
proposed mechanisms for this phenomenon is the coaggrega-
tion of cT-ag and WT T-ag and inhibition of transport of the
entire complex due to the cT-ag component of the oligomer.
Thus, the cT mutation may be capable of inhibiting, or

greatly diminishing, the transport of any protein that forms a
stable complex with T-ag.
The second important observation is that a subpopulation

of cells present in primary MEF cultures has the capacity to
partially transport cT-ag to the nucleus. This implies that
some cells, possibly of certain embryonic origin, are more
permissive in their recognition of the sequence in T-ag
required for nuclear transport, such that the mutated se-
quence in cT-ag is partially recognized. Previous studies
have demonstrated that during extensive subculturing cells
able to partially transport the mutant T-ag arise spontane-
ously from clonally derived transformed cells and from
tumor lines that originally expressed only cytoplasmic T-ag
(23, 37). The critical physiological or biochemical difference
between cells able to partially transport cT-ag and cells that
do not remains to be elucidated.
The induction oftumors in newborn hamsters by SV40(cT)-

3, albeit at a reduced frequency and with an extended latent
period (37; this report), appears to conflict with the inability
of the mutant to transform primary BRK cells. However,
Bouchard and co-workers (1) recently demonstrated that
polyomavirus middle T-ag alone was able to induce tumors
in newborn hamsters but was incapable of transforming
primary rat cells in vitro or of inducing tumors in newborn
rats. These data suggest that virus-mediated oncogenicity is
considerably more complex than most simplistic models
assume and that the in vitro transformation systems availa-
ble do not adequately represent the in vivo situation.
The results presented within this report are highly sugges-

tive that transformation of primary cells by SV40 is depen-
dent upon both nuclear and surface-associated forms of
T-ag. The postulated bifunctional nature of SV40 transfor-
mation is reminiscent of recent observations made with
polyomavirus and cellular oncogenes. Polyomavirus large
T-ag, myc, and adeno virus ElA functions can complement
ras and polyomavirus middle T-ag to accomplish transfor-
mation of primary rat cells (18, 39). It is conceivable that
transformation of primary cells by other viral agents also
requires the cooperation of nuclear and nonnuclear func-
tions. Studies are underway to determine whether other
genescapableofimmortalizingcellscancomplementSV40(cT)-
3 for transformation of primary BRK cells. Successful
complementation would greatly strengthen the hypothesis
that surface-associated SV40 T-ag provides a crucial func-
tion in cellular transformation.
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