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Prolonged expression of a ras oncogene in primary cells accelerates the natural process of senescence. This
ras-induced permanent growth arrest is bypassed in cells expressing the simian virus 40 large T antigen.
Previously we showed that two regions of T antigen, a region consisting of the N-terminal 147 amino acids and
a region consisting of amino acids 251 to 708 (T251-708), independently overcome ras-induced senescence.
Coexpression of either T-antigen fragment and Ras results in the appearance of dense foci of transformed cells.
Using a series of mutants that produce shorter T-antigen fragments, we show that the C-terminal limit of the
N-terminal T-antigen fragment that cooperates with Ras lies between amino acids 83 and 121. The N-terminal
limit of the C-terminal T-antigen fragment lies between amino acids 252 and 271. In addition, we present
evidence that cooperation between the N-terminal fragment and Ras depends upon an intact T-antigen J
domain and the ability of the T antigen to bind and inactivate the growth-suppressive effect of the tumor
suppressor Rb. Introduction of specific amino acid substitutions surrounding residue 400 into T251-708
prevented the fragment from cooperating with Ras. T251-708 proteins with these same substitutions inhibited
the transcriptional transactivating potential of p53 as effectively as did the wild-type protein. Thus, at least one
activity contained within T251-708, other than inactivating p53 as a transcriptional transactivator, is likely to

be required to bypass Ras-induced senescence.

Primary cells in cultures naturally lose replicative potential
with successive subculturing until the end point of division,
senescence, is reached (reviewed in references 5 and 68). The
expression of simian virus 40 (SV40) T antigen allows cells to
bypass natural senescence and thereby become capable of an
indefinite number of cell divisions (immortalized). The expres-
sion of a ras oncogene alters the process of senescence. Tran-
sient expression of ras is mitogenic. ras expression increases the
level of cyclin D in cells (13, 41). Cyclin D in concert with cyclin
E and their associated kinases is responsible for phosphorylat-
ing the tumor suppressor protein Rb (reviewed in reference
36). In its hypophosphorylated form, Rb binds to E2F tran-
scription factors and represses the E2F-dependent transcrip-
tion of S-phase genes (reviewed in reference 22). Rb phos-
phorylation releases E2F from complexes with Rb, promoting
entry into S phase. However, prolonged expression of ras re-
sults in transactivation of the E2F-responsive p16 and p19ARF
genes (48, 50) and acceleration of the senescence process (29,
50). Both p16 and p19ARF proteins contribute to senescence.
pl6 is one of a class of cyclin-dependent kinase (CDK) inhib-
itors which act specifically on cyclin D-dependent kinases (re-
viewed in reference 49). High levels of p16 prevent Rb phos-
phorylation and the consequent release of E2F. The pl9ARF
protein is an inhibitor of the oncoprotein MDM2. MDM?2
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forms complexes with p53 and targets p53 for degradation (18,
27). The formation of complexes between pl9ARF and
MDM2, however, promotes the rapid degradation of MDM2
instead (73). As a result, p53 accumulates and is available to
transactivate the p21"*7-< gene. p21 is one of a class of
CDK inhibitors with broader activity and inhibits several
CDKSs, including cyclin D- and E-dependent kinases (69). This
protein further limits Rb phosphorylation and promotes the
accumulation of the hypophosphorylated, growth-suppressing
form of the protein. While both p53 and p16 are essential for
ras-induced senescence, genetic interruption of either pathway
is sufficient to prevent the permanent G, arrest characteristic
of senescence (29, 50) in rat cells. The requirement for p5S3 and
pl6 in ras-induced senescence is consistent with the demon-
strated involvement of p53-inducible p21 and p16 in the early
and late stages of natural senescence, respectively (59).

The expression of the SV40 large T antigen allows primary
rodent cells to overcome ras-induced senescence (reviewed in
references 3, 33, and 53). Two regions of the large T antigen,
amino acids 1 to 147 (T1-147) and amino acids 251 to 708
(T251-708), were previously shown to independently cooper-
ate with a ras oncogene to produce dense foci on monolayers
of rat embryo fibroblasts (REF) (6). Each of these regions
contains activities that could be involved in bypassing ras-in-
duced senescence. N-terminal segments of T antigen that re-
tain the capacity to bind and inactivate hypophosphorylated
Rb (21, 29, 30) would be expected to abrogate ras-induced
senescence. Similarly, segments of T antigen that can bind p53
should diminish the ability of the tumor suppressor to trans-
activate p53-responsive genes such as p21.

Hypophosphorylated (active) Rb (31, 32) and related family
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members pl07 and p130 (8) (hereafter, the designation Rb
refers to the three family members, unless stated otherwise)
bind to a region located between amino acids 106 and 114 of T
antigen (reviewed in reference 22). Disruption of the LXCXE
motif between amino acids 103 and 107 prevents binding. As a
result of binding to T antigen, the active forms of the negative
growth regulators are prevented from binding members of the
E2F family of transcription factors and repressing genes re-
quired for maintenance of the S phase of the cell cycle (re-
viewed in reference 38).

Certain T-antigen functions depend on Rb binding. These
include the ability to override p53-mediated growth arrest (16,
46) and the ability to bind the glial cell transcription factor
Tst-1/Oct6/SCIP (55). Other T-antigen activities, such as alter-
ation of the phosphorylation state of pl07 and p130 (61),
degradation of p130 (60), the ability to override Rb, p107, and
p130 growth arrest (70), disruption of p130-E2F complexes
and consequent relief of Rb- and p130-dependent E2F repres-
sion (70), enhancement of Ts-1/Oct6/SCIP (55), and growth in
low-serum medium (61, 65), depend upon not only the Rb-
binding motif but also one or more functions within amino
acids 1 to 82 of T antigen. The first 82 amino acids of T antigen
are similar to the J domains of the Dnal family of molecular
chaperones (4, 43). Within this region, the hexapeptide motif
(HPDKGG) is highly conserved among papovaviruses. The J
domain of T antigen interacts with the ATPase domain of
DnaK protein Hsc70 through the DNA J-HDP loop and stim-
ulates Hsc70 ATPase activity (4, 43). Hydrolysis of ATP can
alter the conformation of bound substrates so as to change the
folding status of the substrate or disrupt multiprotein com-
plexes.

It is not known whether the ability of an N-terminal T-
antigen segment to cooperate with Ras in transforming pri-
mary rodent cells depends on Rb binding, a J-domain activity,
or both. Similarly, it is not known whether inhibiting p53 as a
transcriptional transactivator is sufficient for a C-terminal T-
antigen segment to cooperate with Ras.

In the investigation reported here, we further defined the
limits of the T-antigen regions involved in Ras cooperation and
examined the contributions of individual functions within each
region to this transformation process. The results showed that
Ras cooperation by the N-terminal fragment depended upon
binding and functional inactivation of the growth-inhibiting
properties of the tumor suppressor Rb in a J-domain-depen-
dent fashion. Within the C-terminal T251-708 segment, spe-
cific amino acid substitutions surrounding residue 400 abro-
gated Ras cooperation. In spite of these mutations, the
C-terminal fragments maintained the ability to reduce the
transactivating potential of p53. It appears, therefore, that at
least one activity contained within T251-708, other than inac-
tivating the transcriptional transactivating potential of p53, is
needed to bypass ras-induced senescence.

MATERIALS AND METHODS

Plasmids. Plasmid pPVUO (23) produces both full-length large T antigen
(T1-708) and small t antigen. Plasmid d/536 (56) produces small t antigen only.
Plasmid d12005 (54) produces T1-708 but no detectable small t antigen. Plasmid
dI1135 (44) encodes T antigen missing amino acids 17 to 27 (T1-708 di17-27)
and small t antigen with the same deletion. Plasmid d/2441 (74) produces T
antigen missing amino acids 105 to 108 (T1-708 d/105-108) and small t antigen.
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Plasmid pSelectESV contains the SV40 enhancer-promoter and early-region
sequences from the Kpnl to BamHI sites cloned into the corresponding sites of
the vector pSelect (Promega). Plasmid pSelectESV E107K was generated from
pSelectESV by oligonucleotide-directed mutagenesis with an Altered Site Sys-
tem (Promega). Plasmid d/400 (25) produces T antigen in which amino acid 400
is replaced with three amino acids (Arg Ile Arg) encoded by an EcoRI linker
(T1-708 dI400). pBluescript SK(+) plasmids encoding T antigens with the amino
acid substitutions A382P, M388L, G390A, A392G, L1394V, H395N, C396S,
L397V, L398V, K400R, D402E, D402H, S403A, V404L, D407E, F408Y, K410R,
and C411R were kindly provided by D. Simmons. The constructs encoding these
T antigens contain the SV40 genome at the BamHI site of pBluescript IT SK(+)
and were described previously (30).

Plasmid pCAV251-708 (6) encodes a fusion protein that originates in B-ga-
lactosidase and contains T251-708. Each of the amino acid substitutions between
residues 388 and 411, indicated above, was introduced into T251-708 in the
following manner. Prior to cloning of the mutations into pCAV251-708, the
orientation of the viral genomes in pBluescript II SK(+) were reversed by
releasing the inserts and religating the DNA fragments to produce plasmids in
which the SV40 early region was adjacent to the Sall site of the vector. From
each of these constructs, a 1,320-bp fragment containing the mutation was
released by digestion with Sa/l and Ndel, purified, and cloned into the corre-
sponding sites of modified pBluescript SK(+)T251-708 (6), containing an Miul
site at nucleotide 977, a Bg/II site at nucleotide 330, and the T251-708 sequence.
Then, the fragment was released by Mlul and BamHI inserted into plasmid
pCAV251-708 as described previously (6).

Additional plasmids encoding T antigens with amino acid substitutions E107K,
D402N, M401T, K400E, P399L, L397W, C3965 and L397W (C396S/L397W),
and C396S were generated by oligonucleotide-directed mutagenesis. The pres-
ence of the expected nucleotide changes was confirmed by DNA sequence
analysis. Then, the 1,287-bp segment released by digestion with Ndel and Sall
was cloned into pCAV251-708.

Plasmid pT1-82 (7) produces a polypeptide containing only the first 82 amino
acids of large T antigen and small t antigen. Plasmid pVBt2tkS (47) was sub-
jected to DNA sequence analysis and found to encode a large T antigen con-
taining amino acids 1 to 110 (T1-110) and small t antigen. Plasmid pT147NS (57)
encodes T1-147; the construct does not encode small t antigen. Plasmid dl2420
(67) encodes T antigen containing amino acids 1 to 138 (T1-138) and small t
antigen. Plasmid d/1137 (44) encodes T antigen containing amino acids 1 to 121
(T1-121) and small t antigen. Plasmid d/1137 t~ (42, 57) encodes T1-121 only.
Plasmid pT1-127 (64) encodes T antigen containing amino acids 1 to 127 (T1-
127) and small t antigen. Plasmid pCAV83-708 (7) encodes T antigen containing
amino acids 83 to 708 (T83-708); small t antigen is not produced. Plasmid
pCAV251-708 (6) encodes T251-708; small t antigen is not produced. A deriv-
ative of pT1-127 that cannot produce small t antigen was generated by fragment
exchange between pSelect /2005, which contains the early region of mutant
dI2005 extending from the Kpnl site (nt 294) to the BamHI site (nt 2533), and
pT1-127. Specifically, the PAAMI (nt 4558)-BamHI (nt 2533) segment in pSelect
dI2005 was replaced with the corresponding region from pT1-127. The resulting
plasmid, pT1-127 t~, encodes T1-127 only.

The E107K substitution was introduced into T1-121 and T1-127 following
PCR amplification of nucleotides 4947 to 4476 from pSelectESV E107K in such
a way as to generate an Xhol site between nucleotides 4488 and 4483 without
altering the corresponding amino acid sequence. Then, the region between
nucleotides 4496 and 3621 was PCR amplified from pT1-127 in such a way as to
generate an Xhol site between nucleotides 4489 and 4482. The resulting frag-
ments were cleaved with BstXI and Xhol or Xhol and Hpal to generate appro-
priate ends for insertion of the two fragments between the BstXI and Hpal sites
of plasmid pPVUOQ. The same strategy was used to introduce the E107K mutation
into plasmid d/1137.

Plasmids pwt2 P43L/K45N (45) and pwt2 D44E/G47R, which express small t
antigens with the amino acid substitutions indicated, and the small-t-antigen
c¢DNA expression plasmid wt2 were kindly provided by K. Rundell. These amino
acid substitutions were introduced into T1-708, T1-127, and T1-121 by replacing
the region between the BstXI and BamHI sites of the inserts in pwt2 P43L/K45N
and pwt2 D44E/G47R with the corresponding region from pSelectESV (full-
length T antigen expressed in the presence of small t antigen [T1-708,t]), plasmid
dl1137, plasmid dl1137 t~, pT1-127, or pT1-127 t".

Plasmid Sp72-ras (6) contains the oncogene H-ras (17) at the BamHI site of
the vector Sp72. Plasmid pPUR, purchased from Clontech, contains the puro-
mycin N-acetyltransferase gene and confers puromycin resistance to mammalian
cells. Plasmid LTRp53cG-ala (11) contains a wild-type murine p53 cDNA and
was provided by A. Levine. Plasmid pCMV-Rb, kindly provided by L.-S. Chang,
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FIG. 1. Cooperation between T-antigen fragments and Ras. Each bar represents the average number of dense foci counted in duplicate flasks
transfected with a ras oncogene expression plasmid and the DNA indicated. Different types of shading of the bars represent independent
experiments. The results are expressed as a percentage of the number of foci produced by T1-708 and Ras. The average number of foci in flasks
transfected with the T1-708 expression plasmid ranged from 81 to 142 in the individual experiments.

contains the mouse Rb cDNA under the control of the cytomegalovirus imme-
diate-carly enhancer-promoter.

The reporter p50-2luc (71) contains the p53-responsive elements from the
murine muscle-specific creatine kinase gene cloned 5’ of the luciferase gene and
was kindly provided by G. Zambetti. The reporter pAluc expresses luciferase
under the control of a 7-kb cyclin A promoter region (19).

Cells and cell lines. Primary Fischer 344 REF were generated as described
previously (6). SAOS-2 is a cell line devoid of functional p53 and Rb (9). All cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 0.03% glutamine, 0.075% NaHCO3, 100
wg of streptomycin per ml, 100 wg of kanamycin per ml, and 100 U of penicillin
per ml (D10X1) unless stated otherwise.

Ras cooperation assay. Primary REF at passage 1 were recovered from liquid
nitrogen storage, seeded into a T75 flask containing 20 ml of D10Xx1, and
incubated overnight at 37°C. On the following day, the medium was replaced
with fresh D10X 1, and incubation was continued. At 1 or 2 days later, the culture
was passaged 1:2 and incubated overnight at 37°C. Then, for each DNA to be
tested, each of two T75 flasks was seeded with 5 X 10° cells in 20 ml of D10X1,
and the flasks were incubated overnight. Cells were transfected by using the
calcium phosphate precipitation method with 1 pg of T-antigen expression plas-
mid, 1 pg of plasmid Sp72-ras, and 10 pg of salmon sperm DNA exactly as
described previously (6). On the following day, the medium was removed from
the transfected cultures and replaced with fresh D10X1. Subsequently, the me-
dium was changed every 3 to 4 days. As needed, the amount of NaHCOj in the
medium was increased to control acidification of the medium. Within 2 weeks,
dense colonies appeared in flasks that received plasmids expressing T1-708 and
Ras. In experiments involving T251-708 and mutant derivatives of T251-708,
foci appeared by 3 weeks. Colonies either were removed by using cloning pi-

pettes and expanded into cell lines or were stained with crystal violet staining
solution and counted.

Transactivation of a p53-responsive reporter. Confluent cultures of SAOS-2
cells were passaged 1:2 and incubated overnight at 37°C. For each DNA com-
bination tested, four 60-mm culture dishes were seeded with 3 X 10° cells in 5 ml
of D10X1, and the cultures were incubated overnight. Each culture was trans-
fected with 5 ug of salmon sperm DNA, 2.5 pg of Bcl2 expression plasmid, 1 ug
of wild-type mouse p53 expression plasmid, 2.5 pg of the pS3-responsive reporter
pS50-2luc, and various amounts of T-antigen expression plasmids by the calcium
phosphate method. Specifically, 0.5 ml of calcium phosphate DNA precipitate
was added directly to the culture medium, and the cultures were incubated at
37°C for 6 h. After the incubation period, the culture medium was removed. The
cell monolayers were washed twice with DMEM supplemented with 0.03%
glutamine, 0.075% NaHCOj, 100 pg of streptomycin per ml, 100 pg of kana-
mycin per ml, and 100 U of penicillin per ml (DMEMO0X1), and fresh D10X1 was
added to the cultures. Incubation was continued for an additional 24 h, after
which time the culture medium was replaced with fresh D10X1. Samples were
harvested 48 h after transfection and assayed for luciferase activity by using a
Promega luciferase assay system according to the manufacturer’s instructions.

Transactivation of the cyclin A promoter. TC7 cells were seeded in 60-mm
dishes containing 5 ml of Dulbecco’s medium with 10% fetal bovine serum,
0.15% NaHCOs, and 25 mm HEPES at a density of 6 X 10° cells per dish and
incubated at 37°C overnight. The cells were transfected by using the DEAED-
chloroquine method exactly as described previously (6), except that each dish
received 2.5 pg of reporter (pAluc) and 5 pg of T-antigen expression plasmid or
calf thymus DNA. Forty-eight hours later, the cultures were harvested and
processed for the luciferase assay as indicated above.
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Rb-induced growth inhibition assay. The flat cell assay (20) was used to test
the ability of T antigens to overcome the growth-inhibiting effects of overex-
pressed Rb. Briefly, for each DNA tested, three 35-mm culture dishes each were
seeded with 3 X 10° SAOS-2 cells that had been passaged 1:2 on the previous
day. After overnight incubation at 37°C, each dish was transfected by adding 0.3
ml of calcium phosphate DNA precipitate containing 0.75 ng of pCMV-RbD, 0.6
pg of pPUR, and 3.6 pg of T-antigen expression plasmid directly to the medium
on the plate. After 6 h of incubation at 37°C, the medium containing the
precipitate was removed, and the cell monolayers were washed twice with 5 ml
of DMEMOX1. Then, 5 ml of D10X1 was added, and the cultures were incu-
bated overnight at 37°C. The medium was replaced with fresh D10X1, and
incubation was continued. Forty-eight hours later and daily thereafter, the me-
dium was replaced with D10X1 containing 0.25 pg of puromycin per ml. Nine
days after transfection, the plates were stained with crystal violet. For each dish,
the number of large cells in a total of 1,000 cells was determined.

Immunoprecipitation and immunoblot analysis. For detection of SV40 T
antigens, 6 X 10° SAOS-2 cells were transfected with various amounts of T-
antigen-encoding plasmids, 10 g of salmon sperm DNA, 5 pg of Bcl2 expression
plasmid, 5 pg of reporter p50-2luc, and 2 g of the pS3 expression plasmid
LTRp53cG-ala according to the procedure indicated above for the transfection
of SAOS-2 cells. Forty-eight hours after transfection, protein extracts were pre-
pared as described previously (25). T antigens were immunoprecipitated from
the extracts as previously described (18) by using monoclonal antibody PAb901,
which recognizes an epitope in the C terminus of T antigen, or PAb416, which
recognizes an epitope in the N terminus of T antigen adjacent to but not
overlapping the J domain. The immunoprecipitated proteins were resolved by
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, transferred to a
polyvinylidene difluoride membrane, and probed for T antigens by using PAb901
or PAb416 as described previously (25).

RESULTS

Role of the J domain and an Rb-binding motif in Ras co-
operation. Initially, N-terminal fragments of T antigen were
examined for the ability to cooperate with Ras. The results of
multiple independent experiments are shown in Fig. 1. As
shown previously, full-length T antigen (T1-708) cooperated
efficiently with Ras. N-terminal fragments T1-147, T1-138,
T1-127, and T1-121 also cooperated efficiently. Although the
J-domain fragment T1-82 accumulated to levels equivalent to
those of T1-708 (data not shown), it did not cooperate with
Ras. These results suggested that a T-antigen segment contain-
ing the J domain (amino acids 1 to 82) and an Rb-binding
motif (amino acids 106 to 114) was sufficient to cooperate with
Ras. Constructs expressing full-length T antigen, T1-127, or
T1-121 in the absence of small t antigen cooperated with Ras
as efficiently as their counterparts expressing small t antigen.

The roles of the J domain and the Rb-binding motif within
the N-terminal segments then were examined. For this pur-
pose, constructs that produce full-length T antigens with an
amino acid substitution in the Rb-binding motif (E107K) or
with double amino acid substitutions (D44E/G47R and P43L/
K45N) or the deletion of amino acids 17 to 27 in the J domain
were examined for the ability to cooperate with Ras. Figure 2
shows the results of these experiments. T antigens with muta-
tions in the Rb-binding motif or in the J domain retained the
ability to cooperate with Ras. This result was expected, as
full-length T antigens contain the C-terminal Ras cooperation
region.

Introduction of the E107K mutation into T1-127 (T1-
127E107K) abrogated Ras cooperation, suggesting that coop-
eration between Ras and the N-terminal T-antigen segment
was dependent on the integrity of the Rb-binding motif. Sim-
ilarly, introduction of the P43L/K45N substitutions into either
T1-127 or T1-121 abrogated the ability to cooperate with Ras

J. VIROL.

in transforming REF. The effects of the D44E/G47R muta-
tions in the two N-terminal T-antigen fragments differed, how-
ever. Whereas Ras cooperation was inhibited in the context of
the T1-121 protein, cooperation was retained with the T1-
127D44E/G47R protein. This result suggested two possibili-
ties. First, Ras cooperation may not depend on a J-domain
activity but instead may depend on a required activity con-
tained within a neighboring region that is disturbed by the
P43L/K45N mutations. Second, Ras cooperation may depend
on a J-domain activity that is disrupted by the P43L/K45N
mutations but is not disturbed by the D44E/G47R mutations
unless they occur in the context of the shorter protein. To
distinguish between these possibilities, it was necessary to de-
termine whether the double amino acid substitution mutations
affected J-domain activities similarly. Previously, Porras et al.
(45) showed that these mutations in the context of small t
antigen failed to promote anchorage-independent growth of
human diploid fibroblasts, an activity that depends on an intact
J domain.

The mutant T antigens were examined for the ability to
transactivate the cyclin A promoter and to overcome the
growth-suppressive effects of Rb overexpression. These activ-
ities were selected because they examine a requirement for cell
cycle progression (cyclin A is expressed at the G;-S border and
is required for maintenance of the S phase) and because they
may be involved in overcoming natural or ras-induced senes-
cence, respectively. ras-induced senescence depends, in part,
on promoting the growth-inhibitory activities of Rb through
the p16 pathway (29, 50)

Transactivation of the cyclin A promoter. Both SV40 large T
and small t antigens transactivate the cyclin A promoter (45).
With small t antigen, transactivation is J-domain dependent
(45). Similarly, polyomavirus large T antigen (PyT) transacti-
vates this promoter. Sheng et al. (51) recently showed that
PyT-mediated transactivation of the cyclin A promoter is only
partially dependent on Rb-binding and J-domain functions in
cells under normal growth conditions and is Rb-binding de-
pendent and J-domain independent in serum-starved cells.
Therefore, the abilities of the T-antigen J-domain mutants
with the P43L/K45N, D44E/G47R, H42Q, and D44N muta-
tions and the Rb-binding-defective T1-708E107K and T
dl105-108 mutants to transactivate the cyclin A promoter were
examined with cells in each condition. The results are shown in
Fig. 3.

As expected (Fig. 3A), T1-708,t and T1-708 efficiently (31.9-
and 27.3-fold, respectively) transactivated the cyclin A pro-
moter. Small t antigen (wt2) transactivated it 2.5-fold. Trans-
activation was equivalent in growing and serum-starved cells.
The J-domain mutants with the P431L/K45N, D44E/G47R,
H42Q, and D44N mutations transactivated the cyclin A pro-
moter between 1.4- and 3.5-fold. These results show that for
large T antigen, as shown previously for small t antigen by
using a small t antigen containing the P43L/K45N mutations
(45), transactivation of the cyclin A promoter requires an in-
tact J domain. The Rb-binding-defective T1-708E107K and T
dl105-108 mutants (Fig. 3B), however, transactivated effi-
ciently in these transient transfection assays. Thus, transacti-
vation of the cyclin A promoter is J-domain dependent and
Rb-binding independent.

The N-terminal T-antigen fragments T1-138, T1-127, and
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FIG. 2. Effect of J-domain and Rb-binding-region mutations on Ras cooperation. Each bar represents the average number of dense foci
counted in duplicate flasks transfected with a ras oncogene expression plasmid and the DNA indicated. Different types of shading of the bars
represent independent experiments. The results are expressed as a percentage of the number of foci produced by the T1-708,t expression vector
and Ras. The average number of foci in flasks transfected with the T1-708,t expression vector ranged from 50 to 103 in the individual experiments.

T1-121 (Fig. 3B) transactivated the cyclin A promoter between
5.6- and 11-fold. In contrast, in the same experiment, plasmids
expressing full-length T antigen (pPVUO, pSelectESV, and
pBR322/T1-708) transactivated between 45.6- and 86-fold.
The N-terminal fragments are expressed at levels equal to or
higher than that of T1-708 (data not shown). The inability of
T1-127 and T1-121 to transactivate the cyclin A promoter is
not simply due to the absence of a nuclear localization signal,
as the nuclear localization signal is present in T1-138. All of
the plasmids used to generate the data in Fig. 3B express small
t antigen. Thus, the differences observed in transactivation
reflect the contribution of large T antigen or fragments thereof
to the process. These results indicated that one or more activ-
ities located between or dependent on amino acids 128 to 708
cooperate with the N terminus of T antigen in transactivating
the cyclin A promoter.

Inhibition of Rb-mediated growth arrest or senescence. The
T antigens were tested for the ability to inactivate the growth-
inhibiting or senescence-inducing activity of Rb. Overexpres-
sion of Rb causes certain cells to arrest growth and adopt the
morphological and biochemical properties of senescent cells.
Specifically, the cells stop dividing, assume a large flat shape

(63), and express the biochemical marker for senescence, the
senescence-associated (3-galactosidase (SABgal) (20). Rb-defi-
cient SAOS-2 cells were transfected with constructs expressing
Rb and a puromycin resistance gene along with either the wild
type or one of the mutant T-antigen constructs. After 9 days of
puromycin selection, the cultures were fixed and stained with
crystal violet, and the numbers of large flat cells were deter-
mined. Figure 4 displays the morphologies of cells expressing a
T antigen (T1-127) that can bind Rb and of cells expressing
T1-127E107K as well as quantitative results. Cells with a large
flat shape were rare in cultures transfected with the puromycin
resistance plasmid alone or in cells expressing Rb and T1-708
or Rb and T1-708,t. Similarly, T1-121 and T1-127 effectively
prevented Rb-mediated growth arrest or senescence. As ex-
pected, T1-708E107K, T d/105-108, and T1-127E107K, each
of which contains a mutation in the Rb-binding motif, could
not prevent the appearance of flat cells. In the context of
T1-708, the J-domain mutations had no effect on T-antigen-
mediated inactivation or growth-suppressive properties of Rb.

Introduction of the P43L/K45N mutations into T1-121 or
T1-127 prevented the truncated protein from inhibiting Rb-
mediated growth arrest or senescence. Introduction of the



3150 BEACHY ET AL.

>

T,t T J-domain mutants t
! only' 7 > lonly
150000
2
=
=
-
=
"&b 100000
[
2
Nt
<
T 50000
&
0
5 8 888229225599
EEees T 33ISS oa3F %%
S5 L o oA ¥ v g X%
fippgeE R A xx 2 L2k 2oz
2Zriew BLEZELEE T
= Yy e °© ed ~
=
B N-terminal
T, t Rb-
fragments
90000 - N A
2 80000
5 70000
=
fo 60000
g 50000
S 40000
Q
& 30000
20000
10000
0

Carrier

T1-708
pSelectT1-708
pBR322T/1-708
pSelect T1-708E107K

pBR322/Td1105-108

T1-138

T1-127

T1-121

FIG. 3. Transactivation of the cyclin A promoter is a J-domain-
dependent, Rb-binding-independent T-antigen activity. TC7 cells were
transfected with the reporter pAluc and the DNA indicated. (A) Tran-
sient transfection assays performed with medium containing high or
low concentrations of serum (hs or Is, respectively). (B) Results ob-
tained with hs. Since transactivation levels are influenced by the plas-
mid backbone of constructs expressing T antigen (7), the mutants in
each experiment were examined in relation to wild-type T antigen
expressed from the same plasmid backbone.

D44E/G47R mutations prevented T1-121 but not T1-127 from
overcoming Rb-induced growth arrest or senescence. As ex-
pected, a C-terminal T-antigen fragment (T251-708) which
does not contain either a J domain or an Rb-binding motif
could not override growth arrest. A mutant with a defect in the
p53-binding region (T1-708D402N) but intact J domain and
Rb-binding site showed wild-type T-antigen activity in this
assay. Examination of parallel cultures of transfected cells for
the expression of SABgal (data not shown) produced the same
profile of results. The inability of the D44N and H42Q muta-
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tions to overcome Rb-mediated growth arrest was demon-
strated previously (70). Thus, the same mutations that inacti-
vate J-domain or Rb-binding-dependent functions involved in
overriding Rb-mediated growth arrest abrogate Ras coopera-
tion.

Role of p53 binding in Ras cooperation. It was shown pre-
viously that the C-terminal T251-708 fragment cooperated
with Ras whereas a fragment containing amino acids 300 to
708 did not (6). To further define the limits of the T-antigen
region involved, a mutant T antigen containing amino acids
272 to 708 (T272-708) was examined for the ability to coop-
erate with Ras. The results are shown in Fig. 1. Although the
level of accumulated T272-708 protein following transfection
of plasmid pT272-708 was equivalent to that of full-length T
antigen (data not shown), T272-708 did not cooperate with
Ras. This result indicates that amino acids between residues
252 and 271 are essential either to preserve a function depen-
dent on that region or to maintain a conformation-dependent
function elsewhere within T251-708.

Previously, evidence was provided that the d/400 mutation,
which encodes three nonauthentic T-antigen amino acids in
place of amino acid 400, prevented Ras cooperation by T251—
708 without limiting p53 binding (6). This result suggested two
possibilities. The insertion of three amino acids could affect a
T-antigen function that is either adjacent to or overlaps the
p53-binding region or, alternatively, the binding of p53 may not
be equivalent to inactivation of its functions. In order to probe
more fully the impact of amino acid substitutions in the region
that surrounds residue 400, we inserted a series of single amino
acid substitution mutations between codons 382 and 411 into
T251-708 and examined the ability of the resulting proteins to
cooperate with Ras. The point mutations were characterized
previously by Lin and Simmons (30) for their abilities to cause
p53 binding and to immortalize human and rodent cells. The
results are shown in Fig. 5. Nine of the mutant T251-708
proteins (carrying mutations C411R, F408V, D402N, D402H,
D402E, P399L, L397W, C396S/L397W, and A382P) displayed
a substantially decreased ability to cooperate with Ras. Mutant
proteins containing mutations K410R, D407L, S403A, M401T,
K400R, K400E, L398V, L397V, L397M, C396S, H395N,
L394V, G390A, and M388L cooperated with Ras at levels
similar to those obtained with parental T251-708.

In order to exclude the possibility that these amino acid
substitutions globally distorted T antigen, each substitution
was examined in the context of T1-708 for Ras cooperation
(data not shown). Retention of the ability to cooperate with
Ras would indicate that the N-terminal Ras cooperation region
was not compromised by the mutation in the C-terminal Ras
cooperation region. Only one of the amino acid substitutions,
P399L, abrogated Ras cooperation in the context of T1-708.
With the remainder, N-terminal Ras cooperation activity re-
mained intact. These results confirmed the requirement for
amino acids surrounding residue 400 in Ras cooperation by
T251-708.

Ability of mutant T251-708 proteins to inactivate p53. The
amino acid substitutions between amino acids 382 and 411 are
located within one of two regions (amino acids 351 to 450 and
amino acids 533 to 650) known to be involved in binding p53
(25). The ability of T251-708 proteins containing the substitu-
tions to bind p53 was examined for two reasons. The first was
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plasmids.

to determine whether p53 binding correlated with Ras coop-
eration. The second was to provide an additional indication of
whether gross structural alterations had occurred as a result of
introducing the substitutions into the T-antigen fragment.
Each T251-708 mutant was tested first in transient transfection
assays. Accordingly, TC7 cells were cotransfected with a mouse
pS3 expression vector and a plasmid expressing one of the
T251-708 mutants. The ability to bind p53 was monitored by
coimmunoprecipitation and Western blot analyses with mono-
clonal antibody PAb421 or PAb901 for the immunoprecipita-
tion of p53 or T antigen, respectively. Immunoblots were
probed with a mixture of PAb421 and PAb901. Reduced levels
of T-antigen proteins were observed in PAb421 immunopre-
cipitates from cells transfected with T251-708 proteins con-
taining the amino acid substitutions D402N, D402E, P399L,
and L397V (data not shown).

Previously, Lin and Simmons (30) showed that wild-type
monkey p53 has a weaker association with T antigen than does
wild-type mouse p53. p53 tetramers formed in transiently
transfected TC7 cells might contain both monkey p53 and
mouse p53. Such a combination might have adversely affected
the binding or detection of p5S3-mutant T-antigen complexes.
Therefore, Rat-2 cell lines expressing T251-708D402N, T251-
708D402E, T251-708P399L, or T251-708L397V as well as cell
lines expressing T251-708D402H, T251-708C411, T251-708
dl400, or T251-708P399L were generated. The results of co-
immunoprecipitation assays showed that the mutant proteins
bound rat p53 at levels similar to T251-708 when taking into

consideration the relative amounts of T antigen in the samples
(data not shown)

Next, mutant T251-708 proteins that failed to cooperate
with Ras were examined for the ability to inactivate pS3 as a
transcriptional transactivator. Various mutant T antigens ac-
cumulate to different levels in transiently transfected cells.
Therefore, prior to examination of the T antigens for the
ability to inactivate p53, the level of protein produced by each
construct relative to the amount of expression plasmid was
determined by Western blot analysis of transfected cells. The
amounts of mutant plasmids required to produce levels of
protein equivalent to those produced in cells transfected with
pPVUO (T1-708,t) were cotransfected along with a wild-type
p53 expression plasmid and a p53-responsive reporter (pSO-
2luc) into p53-null (SAOS-2) cells. The introduction of wild-
type p53 into SAOS-2 cells results in apoptosis (2, 28). To
avoid this potential complication, a plasmid that expresses the
antiapoptosis protein Bcl2 was added to all transfection mix-
tures for testing T-antigen mutants. The results shown in Fig.
6A indicate that p53 transactivated the reporter, but Bcl2 did
not. The presence of p5S3 and Bcl2, however, resulted in levels
of luciferase substantially higher than those observed when p53
alone was transfected along with the reporter. This difference
is presumed to result from the abrogation of apoptosis. Figure
6B shows that T1-708, T251-708, T251-708C396S, and T251-
708L397V, all of which cooperated efficiently with Ras, pre-
vented p53-mediated transactivation. The T251-708 proteins
containing amino acid substitution A382P, P399L, D402N,
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D402E, D402H, F408V, or C411R or deletion dl400 or dl434—
444 (6), which failed to cooperate with Ras, also retained the
ability to inhibit pS53-mediated transactivation. As expected,
T1-127, which is missing the p53-binding region, did not pre-
vent p53-mediated transactivation. Figure 6C shows that the
T1-708 and T251-708 proteins were expressed at equivalent
levels during the transient transfection assays. Thus, T251-708
proteins containing amino acid substitutions that prevent Ras
cooperation retain the ability to inactivate pS3 as a transcrip-
tion factor in this assay. These results suggest that at least one
activity in the C-terminal T-antigen segment other than the
ability to inactivate this p53 activity is required for Ras coop-
eration.

DISCUSSION

Expression of a ras oncogene in primary cells is initially
mitogenic; however, prolonged expression induces premature
senescence (29, 50). Cells expressing SV40 large T antigen and
Ras bypass senescence and become transformed. It was shown
previously (6) that either the N-terminal T-antigen fragment
T1-147 or the C-terminal fragment T251-708 cooperated with
Ras to bypass senescence and form dense foci on monolayers
of REF. Large T antigen shares its first 131 amino acids with
the 17,000-molecular-weight (17K) T antigen. The 17K T an-
tigen contains three additional amino acids derived from an
alternative reading frame. The presence of the 17K T protein
has been demonstrated for both lytically infected and trans-
formed cells (72). The potential activities of the 17K T antigen
can be inferred from the activities of N-terminal T-antigen
fragments. Thus, the transforming activities in N-terminal T-

antigen fragments are potentially relevant to transformation by
SV40. It was also shown that the C-terminal fragment T251-
708 cooperated with Ras in the transformation of primary cells.
The analyses reported here further defined the limits of the
Ras cooperation regions. The results indicated that the N-
terminal Ras cooperation activities are contained within the
first 121 amino acids of T antigen. Within the C terminus,
further truncation of T251-708 by 21 amino acids abrogated
Ras cooperation. This result indicated that amino acids 252 to
271 must be retained to maintain transforming activity.

Analysis of the activities in the N-terminal Ras cooperation
fragment focused on the Rb-binding motif and the J domain.
Introduction of the E107K mutation, which is known to pre-
vent Rb binding and T-antigen functions dependent on binding
(Fig. 2), into T1-127 abrogated Ras cooperation, indicating
that Rb binding is required.

Mutational analysis of the J domain suggests a complex
relationship among the activities of the region and the protein
context in which they are located. Various J-domain-depen-
dent activities are differentially affected by specific mutations.
For instance, both of the mutation sets P43L/K45N and D44E/
G47R inactivate the ability of T1-708 to transactivate the cy-
clin A promoter, yet neither set prevents T1-708 from over-
coming Rb-mediated growth arrest. In addition, as indicated
by others and confirmed here (16, 58), certain mutations, such
as P43L/K45N and D44E/G47R, inactivate a J-domain func-
tion only in the absence of the C terminus, suggesting that the
C terminus of T antigen compensates for the loss of J-domain
activity. Recently, Sullivan et al. (62) showed that N-terminal
T-antigen fragments form only transient complexes with
Hsc70. A stable interaction requires one or more regions be-
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FIG. 6. T251-708 proteins with amino acid substitutions in the p53-binding region that do not cooperate with Ras retain the ability to inhibit
p53 as a transcriptional transactivator. (A) Effect of adding Bcl2 to transient transfection-luciferase assays involving p53. Error bars indicate
standard deviations. (B) Luciferase assays of cells transfected with the mutant indicated, Bcl2, wild-type p53, and the reporter construct. Narrow
bars indicate standard deviations. (C) Immunoprecipitation and Western blot analysis of the T-antigen levels in parallel cultures of transfected
cells. Equal amounts of protein were immunoprecipitated with PAb901, which recognizes an epitope in the C terminus of T antigen in all cases
except T1-127. T1-127 protein was immunoprecipitated with PAb416, which recognizes an epitope in the N terminus of T antigen adjacent to but
not including the region common to T antigen and t antigen; this antibody does not recognize small t antigen.

tween amino acids 137 and 708. It is possible, therefore, that
activities that appear J-domain dependent in N-terminal T-
antigen fragments but not full-length T antigen represent ac-
tivities that require stable Hsc70 binding. The introduction of
either set of mutations into T1-121 abrogated Ras coopera-
tion. The reasons for the differences in the responses of the
N-terminal fragments to mutations in the J domain are not
known; however, the differences emphasize the influence of
context on the mutant phenotype in the J domain.

The effects of T-antigen Rb-binding and J-domain mutations
on transactivation of the cyclin A promoter were investigated
also. Cyclin A is a downstream target of Rb. Hypophosphory-
lated Rb represses the cyclin A promoter (26). The ability of T
antigen to bind and inactivate hypophosphorylated Rb could
be involved in transactivation of the cyclin A gene. The result-
ing increase in cyclin A levels could further limit Rb activity by
contributing to Rb phosphorylation. Cyclin A-cdk2 complexes,
such as the G;-phase cyclins and their kinase partners, phos-
phorylate and thereby inactivate Rb (1). T-antigen-mediated

transactivation of the cyclin A promoter, therefore, would be
expected to decrease the level of active Rb and contribute to
overcoming its growth-suppressive effects. Since the J domain
is required for T antigen to overcome the growth-suppressive
effects of Rb, it was reasonable to examine whether J-domain
mutants retained or lost the ability to transactivate the cyclin A
promoter. The results showed that both an intact J domain and
one or more activities C terminal to amino acid 139 were
required. However, transactivation did not require an intact
Rb-binding motif.

One concern was that many cell lines contain mutations in
the p16 gene. It is known that TC7 cells, the cells with which
the transactivation experiments were performed, contain
Rb. However, the pl6 status of the cells has not been de-
termined. If p16 were absent or mutated in the cells, an
excess of hyperphosphorylated Rb would accumulate. Since
hyperphosphorylated Rb does not readily bind to T antigen,
the absence of p16 could mask a requirement for Rb binding
by T antigen. Therefore, we repeated the transactivation
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experiments with a p16 expression plasmid. In the presence
of exogenously added pl6, wild-type T antigen and T1-
708E107K transactivated the cyclin A promoter to similar
extents (data not shown).

The activities of SV40 T antigen involved in transactivation
of the cyclin A promoter differ in some respects from those
observed by Sheng et al. (51) for mouse PyT. In serum-starved
cells, Rb binding was necessary for PyT to activate the cyclin A
promoter, whereas J-domain function was not. In growing
cells, both Rb and J-domain mutants retained substantial
transactivating potential. In addition, the J-domain mutation
H42Q did not affect the transactivation of the cyclin A pro-
moter by PyT, yet this same mutation, as well as all other
J-domain mutations examined, eliminated transactivation by
SV40 T antigen.

The promoter region used in the present study contained a
7-kb region used to first define the cyclin A promoter (19), to
demonstrate the ability of small t antigen to transactivate the
promoter, and to demonstrate a defect in transactivation when
the J-domain P43L/K45N mutations were introduced into
small t antigen (45). Sheng et al. (51) used the region from —89
to +11. Thus, differences in the results may reflect the extent
of the cyclin A promoter used. These authors showed that this
promoter region, which contains a serum-responsive E2F site
(—37 to —33), also contains uncharacterized targets for PyT-
mediated transactivation of the cyclin A promoter that operate
independently of Rb binding, indicating that both PyT and
SV40 T antigen can transactivate the cyclin A promoter inde-
pendently of Rb binding.

Alternatively, as suggested by others (51), the differences
may reflect divergence in the interactions of the two T antigens
with components of the transcription complex. The SV40 N-
terminal T-antigen fragment T1-138 is sufficient to bind a

number of transcription factors, including TEF-1, Sp-1, tran-
scription factor IIB, and TATA-binding protein (21) and to
transactivate the SV40 late promoter and the Rous sarcoma
virus long terminal repeat. Whether the J domain is needed in
order for this N-terminal fragment to bind the transcription
factors was not determined. However, a higher-affinity binding
site for the same transcription factors is located between amino
acids 101 and 249, and a segment of T antigen containing only
those amino acids is sufficient for binding (21). It is possible
that the inability of the N-terminal T-antigen segments tested
here to transactivate the cyclin A promoter relates to the
absence of amino acids in this higher-affinity binding site. The
finding that all of the SV40 T-antigen J-domain mutants failed
to transactivate the cyclin A promoter indicated that all of the
mutations inactivated one J-domain-dependent activity. The
finding that individual J-domain mutants differed in their abil-
ity to cooperate with Ras and to overcome Rb-induced growth
arrest in the context of an N-terminal T-antigen fragment
raises the possibility that the J domain may contain overlap-
ping activities or structurally dependent, separable activities.

Clearly, regions of T antigen that are sufficient to cooperate
with Ras to transform primary cells did not transactivate the
cyclin A promoter. Thus, Ras cooperation with the N-terminal
T-antigen regions does not depend on this T-antigen activity.
Cooperation more closely correlates with the override of Rb-
mediated growth arrest.

Both the T-antigen J domain and Rb-binding functions af-
fect multiple T-antigen activities. Some T-antigen functions
depend on both an intact J domain and an Rb-binding motif.
Other activities are dependent on the J domain and indepen-
dent of Rb binding, and yet other activities are independent of
the J domain and dependent on Rb binding. These activities
and their dependence on the J domain or the Rb-binding motif
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are shown in Fig. 7. Cotransformation by the N-terminal Ras
cooperation region joins the Rb-dependent, J-domain-depen-
dent activities, whereas transactivation of the cyclin A pro-
moter is a J-domain-dependent, Rb-binding-independent T-
antigen activity.

Lin et al. (29) showed that activation of the mitogen-acti-
vated protein kinase pathway following binding of Raf to Ras
was sufficient to induce cell senescence in REF. Senescence
was abrogated by inactivation of either p53 or p16 and possibly
p19ARF (29). Our results showing that the ability of an N-
terminal fragment of T antigen to cooperate with Ras in trans-
forming primary cells is dependent on binding and inactivating
the growth-suppressive effect of Rb are consistent with those
findings. Since T antigen binds underphosphorylated Rb, ac-
cumulation of this active form of the tumor suppressor in
response to a Ras-induced increase in p16 levels would be
counteracted. However, interruption of the p53 pathway does
not appear to be sufficient to overcome ras-induced senescence
in T-antigen-expressing cells.

The C-terminal Ras cooperation segment T251-708 binds
p53 (6) and prevents p53 from activating a pS53-responsive
promoter (Fig. 6). However, binding and inactivation of p53 as
a transcriptional transactivator were not sufficient for Ras co-
operation. Seven mutants containing amino acid substitution
mutations A382P, P399L, D402E, D402H, D402N, F408V, and
C411R failed to cooperate with Ras. Each, like T1-708 d/400,
retained the ability to inhibit pS3-mediated transactivation to
approximately the same extent as did T251-708. A mutant T
antigen lacking the p53-binding domain (T1-127) did not in-
hibit p53-mediated transactivation. The lack of correlation be-
tween Ras cooperation and p53 inactivation was not antici-
pated. Ras readily transforms p53-null cells (29, 50). In
addition, Ras cooperates with MDM2 (14), the negative reg-
ulator of p53, or dominant-negative forms of p53 (15) to trans-
form REF. In each of these cases, the transcriptional transac-
tivating capacity of p53 is inhibited (12, 21, 35, 37, 39).
Therefore, we anticipated that T251-708 would cooperate with
Ras by virtue of binding p53 and rendering p53 inactive as a
transcriptional transactivator. Based on the results presented,
it seems likely that either T251-708 provides an additional
activity needed to cooperate with Ras or Ras cooperation
depends on abrogating a p53 activity other than or in addition
to transactivation. Further studies are needed to distinguish
between the possibilities.

The ras oncogene activates two additional signaling path-
ways (reviewed in references 34 and 52) by binding to the
effector protein phosphatidylinositol 3-kinase (PI3K) or
RaIGDS (a GTP-GDP exchange factor). Interaction of Ras
with PI3K stimulates its lipid kinase activity and the subse-
quent activation of Akt/PKB on the one hand and Rac on the
other. Both of the resulting cascades limit apoptosis. Ras in-
teraction with RaIlGDS results in the inhibition of Cd42/Rac
and the generation of phosphatidic acid. Which of the three
Ras effector pathways is involved in cooperation with T antigen
and segments thereof in transforming rodent cells remains to
be determined.

ras-induced senescence and natural senescence share many
properties. In both cases, senescent cells display similar mor-
phological and biochemical changes. During both natural se-
nescence and ras-induced senescence, cells at subconfluent
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densities stop proliferating, flatten, increase in volume, and
express senescence-associated biochemical markers such as
SABgal (10). Similarly, following prolonged Ras expression or
during natural senescence, cells express increased levels of p53
and pl6 (reviewed in reference 50). The involvement of these
genes in senescence was confirmed by the observation that
p16- or p53-null cells readily bypassed both natural senescence
(24) and ras-induced senescence (51, 52, 65). Also, the p16 and
p53 pathways appear to act cooperatively in ras-induced senes-
cence (29). Similarity between natural senescence and ras-
induced senescence is indicated further by the absence of a
role for p21. p21 levels increase during natural senescence.
However, p21-null murine fibroblasts still undergo senescence,
and they are resistant to transformation by ras (40).

However, the T-antigen activities needed to overcome the
two processes differ. T-antigen-mediated bypass of natural se-
nescence is Rb and J-domain independent and p53-binding
dependent (25, 66). In contrast, Ras cooperation is Rb depen-
dent and J-domain dependent and either is p53 inactivation
dependent or requires activities in addition to inactivation of
pS3 transcriptional transactivating capacity. Further studies,
particularly those testing T-antigen fragments with specific mu-
tations for the ability to extend cell life span and to cooperate
with C-terminal segments of T antigen in bypassing natural
senescence, are required to elucidate similarities and differ-
ences in the bypass of natural senescence and ras-induced
senescence.
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