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The simian virus 40 large T antigen is sufficient to confer on cells multiple transformed cell growth
characteristics, including growth to a high cell density, rapid growth in medium containing low serum
concentrations, and anchorage-independent growth. We showed previously that distinct regions of the protein
were involved in conferring these properties and that removal of the first 127 amino acids of T antigen
abrogated all three activities. At least three large-T-antigen transformation-related activities have been local-
ized to that region: binding of the tumor suppressor gene product Rb and two independent activities contained
within the common region shared by large T and small t antigens. The experiments described here were
directed toward determining whether these were the only activities from the N terminus that were needed. To
do so we reintroduced an Rb-binding region into the N-terminally truncated T antigen (T128-708) and
examined the growth properties of cells immortalized by it in the presence and absence of small t antigen,
which can provide the T-common-region transformation-related activities in trans. We show that an Rb-binding
region consisting of amino acids 101 to 118, when introduced into a heterologous site in T128-708, is capable
of physically binding Rb and that binding is sufficient for cells expressing the protein to acquire the ability to
grow to a high saturation density. However, in low-serum medium, the growth rate of the cells and maximal cell
density are reduced relative to those of wild-type-T-antigen-expressing cells, and the cells cannot divide without
anchorage. This result suggests that although Rb binding is sufficient in the context of T128-708 to confer
growth to a high density, one or more other N-terminally located T-antigen activities are needed for cells to
acquire the additional growth properties. Small t antigen in trans supplied those activities. These results
indicate that the T-common-region activities and Rb binding are the only activities from the T-antigen N
terminus needed to restore full transforming activity to the N-terminally truncated T antigen.

The simian virus 40 (SV40) early gene region encodes three
transformation-related proteins: the 94,000-molecular-weight
(94K) multifunctional large T antigen, the 18K small t antigen
(44), and a recently discovered 17K T antigen (48). These
proteins, consisting of 708, 135, and 174 amino acids, respec-
tively, are synthesized from alternatively spliced mRNAs and
contain both shared and unique amino acid sequences (44, 48).
All three proteins share the first 82 amino acids. The region
containing amino acids 1 to 82, therefore, is called the T-
antigen common region. The 17K T antigen shares amino acids
83 to 131 with large T antigen as well. The remaining amino
acids in each protein are unique.
Each of the T antigens can participate in transforming cells

in culture. Large T antigen is sufficient to fully transform ac-
tively growing primary cells in culture, conferring an indefinite
life span (immortalization) and the capacities to grow to a high
cell density, to grow well when serum concentrations are lim-
ited, to divide in the absence of anchorage, and to form tumors
in immunocompromised or transgenic mice (reviewed in ref-
erences 14, 29, and 44). Small t antigen, although it rarely
independently confers transformed cell properties (36a), gen-
erally augments the transforming activity of large T antigen in

quiescent cells (reviewed in reference 44) and when large T
antigen is in limited supply (3, 47). The 17K T antigen confers
on cells in culture the capacity to form small colonies when
suspended in semisolid medium (48).
Among the T antigens, the transforming activities of the

large T antigen have been investigated in greatest depth (for a
review, see reference 29). Alterations in at least four regions of
T antigen diminish one or more transforming activities. T an-
tigens with small deletions or multiple amino acid substitutions
within the T common region cannot form dense foci on con-
tinuous cell lines (23, 30, 31, 34, 36, 39, 49) or primary rat
embryo fibroblasts (30). Genetic alteration of the region en-
compassing the Rb/p107/p130-binding site (amino acids 101 to
118) prevents dense focus formation (20, 37, 42) and anchor-
age-independent growth (5, 43). Specific changes in the region
containing amino acids 127 to 250 diminish transformation in
multiple assays (5, 20, 43). Alteration of T antigen’s p53-bind-
ing capacity abrogates T antigen’s ability to immortalize
C57BL/6 mouse embryo fibroblasts (22, 42) and diminishes
transformation of an established cell line (33).
Consistent with these findings, we showed previously that

cells expressing a large T antigen missing amino acids 1 to 127
could not grow to a high density and that cells expressing T
antigens missing either amino acids 1 to 127 or 127 to 250 also
could not grow well in low-serum medium or when suspended
in soft-agarose medium (43). This loss-of-function analysis sug-
gested that the three transformed cell growth properties de-
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pend on one or more activities or specific T-antigen confor-
mations contained within or dependent on the N-terminal 127
T-antigen amino acids and that both growth in low-serum
medium and anchorage-independent growth require one or
more activities or structural determinants dependent on amino
acids 1 to 250.
A large number of activities reside in or are dependent on

the N-terminal 250 amino acids of T antigen. These include
binding the cellular proteins of the retinoblastoma (Rb) sus-
ceptibility family (Rb/p130/p107) (8, 11–13), a protein of un-
known function (p185) (23), the heat shock 73 (Hsc73) protein
(38), and the transcription factors TFIIB, Sp1, TBP, TEF-1,
and the 140K subunit of RNA polymerase (2, 19), as well as the
nuclear localization signal (21); binding to the viral origin of
replication (1); activities needed for maximal stimulation of
cell DNA synthesis (9, 10); and transcriptional transactivating
activities (24–26, 36a, 49). Thus, it is not clear which one or
several of these activities are needed to confer the altered
growth properties.
In this study we investigated the role of the large-T-antigen

Rb-binding region in acquisition of the three transformed cell
growth properties, i.e., growth to a high density, efficient
growth in low-serum medium, and anchorage-independent
growth, by gain-of-function analysis. Cells expressing a T an-
tigen consisting of amino acids 128 to 708 displayed none of
these properties. When an Rb-binding region (T-antigen
amino acids 101 to 118) was inserted between amino acids 650
and 651, cells expressing the T128-708Rb protein gained the
ability to grow to a high cell density only. Addition of small t
antigen to T1-708Rb-expressing cells resulted in efficient
growth in low-serum medium and anchorage-independent
growth.

MATERIALS AND METHODS

Plasmids and cell lines. The plasmids py2xmet128-70K, dl536, and pPVU0-
RI650 have been described previously (4, 22, 43). They encode, respectively, a
large T antigen consisting of amino acids 128 to 708 with the substitution of Met
for Lys at position 128 (T128-708) only, small t only, or a large T antigen
containing an EcoRI 8-mer linker between codons 650 and 651. The cell lines
used are shown in Table 1.

Addition of an Rb-binding region to T128-708. First, an EcoRI 8-mer linker
positioned between T-antigen codons 650 and 651 was transferred to the T-
antigen-coding sequence in the plasmid py2xmet128-70K from the plasmid
pPVU0-RI650 (22). Both py2xmet128-70K and pPVU0-RI650 were digested
with PvuII and BamHI. The large py2xmet128-70K fragment, containing the
vector backbone, the SV40 origin, the enhancer-promoter, and the T128met-
708-coding sequence to nucleotide 3506, and the small pPVU0-RI650 fragment,
containing the remainder of the early-region coding sequence and poly(A) signal
(nucleotides 3507 to 2533), were gel purified as described previously (16) and
ligated to produce the plasmid py2xmet128-70K-EcoRI650. Next, oligonucleo-
tide pairs designed, when annealed, to encode T-antigen amino acids 101 to 118
or 105 to 114 with 59AATT39 single-stranded extensions were annealed and
inserted at the EcoRI site of py2xmet128-70K-EcoRI650 to give the plasmids
py2xmet128-70KRb101-118 and py2xmet128-70KRb105-114, respectively. In all
cases the inserted sequences and maintenance of the reading frame were con-
firmed by DNA sequencing.
Immortalization of primary mouse embryo fibroblasts and generation of cell

lines expressing small t antigen. Primary fibroblast cultures were generated from
14- to 16-day-old C57BL/6 embryos and were immortalized by transfecting them
with py2xmet128-70KRb101-118 or py2xmet128-70KRb105-114 DNA exactly as
described previously (22). Individual colonies of immortalized cells were ex-
panded into cell lines. The cell lines were named (Table 1) according to the
amino acids in the T antigen they expressed and a letter designation for the
independent clone from which they were derived. The cell lines T128-708Rb1tA
and T128-708Rb1tB through -E were generated by cotransfecting the T128-
708Rb-A or T128-708Rb-B cell line, respectively, with the small-t-antigen ex-
pression plasmid dl536 (39) and the plasmid pSV2Neo (40). Colonies that arose
following selection in medium containing 500 mg of G418 per ml were expanded
into cell lines and examined for expression of small t antigen.
Steady-state levels of large T and small t antigens. The steady-state levels of

T antigens were determined as described in detail previously (22). Basically,
protein extracts were prepared from actively growing cultures exactly as de-
scribed. Unless stated otherwise, extracts were precleared by incubating them
with a monoclonal antibody directed against glycoprotein D of herpes simplex
virus (18) as described previously (4). Large T antigens were immunoprecipitated
by using a polyclonal rabbit anti-T antibody (a gift from S. S. Tevethia). Small t
antigen was immunoprecipitated by using the monoclonal antibody PAb419,
which recognizes a denaturation-resistant epitope within the T common region
(17). Immunoprecipitated proteins were separated by sodium dodecyl sulfate–
10% polyacrylamide gel electrophoresis (SDS–10% PAGE). The proteins were
transferred to polyvinylidene difluoride (PVDF) membranes and probed by
using PAb901, which recognizes an epitope contained within T-antigen amino
acids 690 to 698 (41a), or a cocktail of PAb419 and PAb901 as indicated in the
figure legends. PAb419 was included to detect small t antigen. Reacting proteins
were visualized by using the enhanced chemiluminescence system exactly as
described previously (22).
Detection of Rb binding. For detection of Rb binding, protein extracts were

incubated with either the mouse monoclonal anti-human Rb antibody PMG3-

TABLE 1. Cell lines used

Cell linea T antigen(s) Cells from which derived Previous designation Reference

S-1b None C57BL/6 MEFc B6Scl1 43
S-7b None C57BL/6 MEF B6Scl7 43
T1-7081tA T, t C57BL/6 MEF B6/PVBETK1 43
T1-7081tB T, t C57BL/6 MEF B6/pPVU0flacl1 22
T1-708-A T C57BL/6 MEF B6/dl2005flbcl2 43
T1-708-B T C57BL/6 MEF B6/dl2005flacl1 43
T128-708 T128-708d C57BL/6 MEF B6/y2xmet128-70Kflacl3 43
T128-7081tA T128-708, t T128-708 B6/y2xmet128-70Kflacl3/tcl3 43
T128-7081tB T128-708, t T128-708 B6/y2xmet128-70Kflacl3/tcl2 43
T128-708Rb105-114e T128-708Rb105-114 C57BL/6 MEF This study
T128-708Rbf-A T128-708Rb C57BL/6 MEF This study
T128-708Rb-B T128-708Rb C57BL/6 MEF This study
T128-708Rb1tA T128-708Rb, t T128-708Rb-A This study
T128-708Rb1tB T128-708Rb, t T128-708Rb-B This study
T128-708Rb1tC T128-708Rb, t T128-708Rb-B This study
T128-708Rb1tD T128-708Rb, t T128-708Rb-B This study
T128-708Rb1tE T128-708Rb, t T128-708Rb-B This study

a Cell lines are named according to the amino acids in the T antigen expressed, the presence (1t) or absence of small t antigen, and the independent cell clone from
which they were derived (A, B, C, etc.).
b S-1 and S-7 are independent spontaneously immortalized C57BL/6 mouse embryo fibroblast cell lines.
cMEF, mouse embryo fibroblasts.
d Authentic amino acids 129 to 708 are preceded by a methionine rather than a lysine.
e Rb-binding site (amino acids 105 to 114) inserted between T-antigen codons 650 and 651.
f Rb-binding site (amino acids 101 to 118) inserted between T-antigen codons 650 and 651.
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245 (Pharmingen) or a rabbit polyclonal antibody raised against amino acids 914
to 928 of human Rb (Santa Cruz). When PMG3-245, which is of the immuno-
globulin G1 (IgG1) subtype, was used, goat anti-mouse IgG1 was added to the
immunoprecipitation reaction mixtures. After SDS-PAGE and transfer to mem-
branes, blots were probed with anti-T-antigen monoclonal antibodies as indi-
cated in the figure legends.
Assays for saturation density, growth in low-serum medium, and anchorage-

independent growth. On the day preceding initiation of the assay, cultures of the
individual cell lines were passaged 1:2 to bring them into a state of active growth.
On the following day, the cells were removed from the flasks by using trypsin and
were counted. For determining saturation density, 35-mm-diameter dishes were
each seeded with 105 cells in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) supplemented with 100 mg of strep-
tomycin per ml, 100 mg of kanamycin per ml, 100 U of penicillin per ml, 0.03%
glutamine, 25 mM HEPES, and 0.15% NaHCO3 (DMEM–10% FBS) and were
incubated at 378C. Daily, the cells in three dishes were removed by being treated
with trypsin, and viable cells were counted by trypan blue exclusion. The medium
in the remaining dishes was removed and replaced with fresh DMEM–10% FBS.
For determining growth in low-serum medium, cells were seeded at a density

of 104 cells per 35-mm-diameter dish in DMEM supplemented as described
above except with 2% FBS (DMEM–2% FBS) and incubated at 378C. Every
other day the cells in three dishes were removed by being treated with trypsin and
were counted. On the alternate days, the medium in the remaining dishes was
removed and replaced with fresh DMEM–2% FBS.
Assays for anchorage-independent growth were performed in 12-well cell

culture plates (Limbro) essentially as described in detail previously (43). Specif-
ically, 1 ml of DMEM–10% FBS containing 0.46% GTG-agarose (Sigma) was
added to each well and allowed to harden at room temperature. Single-cell
suspensions of each cell line were diluted to 1.5 3 105, 7.5 3 104, and 3.75 3 104

cells per ml, and then 0.5 ml of each dilution was added to a tube containing 4
ml of DMEM–10% FBS supplemented with 0.23% GTG-agarose (Sigma). One
milliliter of the resulting suspension was added to each of six (experiment 1 in
Table 2) or four (experiments 2 to 4 in Table 2) wells containing 0.46% GTG-
agarose medium. The newly added agarose layer was allowed to harden, and the
plates were incubated at 378C in a 5% CO2 atmosphere. Each week, 0.5 ml of
fresh 0.23% GTG-agarose medium was added to each well. Colonies greater
than 0.2 mm in diameter were counted at the times indicated in Results.

RESULTS

Rb binds to T128-70KRb101-118 but not to T128-70KRb105-
114. At the outset, the extent of the Rb-binding region needed
to function when transferred to a foreign context was not
obvious. Specific amino acid substitutions or small deletions
within the 105-114 sequence diminish Rb binding and abrogate
T antigen’s ability to transform cells in dense-focus assays (a
property related to high-saturation-density growth) and to pro-
mote anchorage-independent growth (4, 6, 15, 27, 31, 32). In
addition, a peptide containing only amino acids 102 to 115
competes effectively with T antigen for Rb binding (7). Moran
(32) previously replaced the conserved region 2 (CR2) site in
the adenovirus E1A protein with T-antigen amino acids 101 to
118 and showed that the resulting protein functionally inacti-
vated Rb. In that instance, the SV40 Rb-binding region was
positioned in the E1A protein at the site normally containing
a homologous Rb-binding site. It was not clear, however, that
Rb binding would occur if T-antigen amino acids 101 to 118
were inserted in a different context.
Although Moran (32) was able to convert the E1A CR2

region to an SV40 CR2-like region and retain functional Rb
binding, the exchange of Rb-binding regions between trans-
forming proteins has not uniformly produced the expected
result. The human JC virus (JCV) and SV40 virus T antigens
are closely related. Yet, JCV T antigen both binds Rb and
transforms cells less efficiently than SV40 large T antigen.
Travis et al. (41) converted the amino acids in the JCV T-
antigen Rb-binding region to those found in the SV40 T anti-
gen. The resulting T antigen, in contrast to expectations, bound
Rb less efficiently than authentic JCV T antigen, and its trans-
forming activity was unchanged by the conversion. Those re-
sults demonstrated that the context in which the Rb-binding
sequence resides influences its activity. Since our objective was
to introduce as few T-antigen amino acids as possible so as to

ensure addition of a single T-antigen activity, two potential
Rb-binding regions, amino acids 105 to 114 and 101 to 118,
were introduced between amino acids 650 and 651 of large T
antigen. That site for insertion was selected because we showed
previously that the region containing the C-terminal 82 amino
acids of T antigen was not needed to confer any of the classical
transformed-cell growth behavior changes (42) and that heter-
ologous sequences could be added between codons 650 and
651 without compromising either protein stability or immor-
talizing activity (16).
The abilities of T128-708, T128-708Rb105-114, T128-

708Rb101-118, and wild-type large T antigen to bind mouse
Rb were examined. Equal amounts of protein from cells im-
mortalized by each T antigen were treated with a rabbit poly-
clonal anti-T antibody (Fig. 1A) or with the mouse monoclonal
anti-human Rb antibody (Fig. 1B). Immunoprecipitated pro-
teins were resolved by SDS-PAGE, transferred to membranes,
and probed with anti-T-antigen monoclonal antibodies. The
anti-T-antigen antibody recognized a protein with the appro-
priate migration characteristics in all lanes that received anti-
T-antigen immunoprecipitates (Fig. 1A). However, in Fig. 1B,
T antigen bands appear only in lanes that received anti-Rb
immunoprecipitates from cells expressing wild-type T antigen
(lane 1) or T128-708Rb101-118 (lane 3). Neither T128-708
(Fig. 1B, lane 4) nor T128-708Rb105-114 (lane 2) was immu-
noprecipitated by the anti-Rb antibody. Therefore, transloca-
tion of the Rb-binding region consisting of amino acids 101 to
118 to the C terminus of T128-708 restored the capacity to
physically bind Rb. The shorter region (amino acids 105 to
114) was not sufficient to do so. Although not tested directly, it
is reasonable to assume that binding to the Rb-related proteins
p107 and p130 also would occur, since all three proteins bind
to the CR2-like region containing the essential sequence LX-
CXE, and their binding has not been separated genetically (13,
15, 28). For simplicity, in naming mutant T antigens, the region
consisting of amino acids 101 to 118 is referred to henceforth
as Rb.
To determine whether binding to the translocated site al-

tered the biological activities of T antigen, the steady-state

FIG. 1. Introduction of T-antigen amino acids 101 to 118 restores Rb-binding
capacity to the N-terminally truncated T antigen T128-708. Equal amounts of
protein (200 mg in panel A or 800 mg in panel B) from T1-7081tB cells express-
ing wild-type large T and small t antigens (lanes 1), cells expressing T128-708
(lanes 4), T128-708Rb105-114 expressing T128-708 with amino acids 105 to 114
inserted between amino acids 650 and 651 (lanes 2), or T128-708Rb101-118
expressing T128-708 with amino acids 101 to 118 inserted between amino acids
650 and 651 (lanes 3) were immunoprecipitated with a rabbit polyclonal anti-T
antibody (A) or with anti-human Rb monoclonal antibody PMG3-245 (B) as
described in Materials and Methods. Immunoprecipitated proteins were resolved
by SDS–7.5% PAGE. The proteins were then transferred to PVDF membranes
and probed with a cocktail of anti-T-antigen monoclonal antibodies PAb419 and
PAb901. The secondary antibody was horseradish peroxidase-conjugated goat
anti-mouse IgG. Detection was with the enhanced chemiluminescence system as
described previously (22).
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levels of the T antigen and Rb:T complexes were determined,
and the growth properties of two clonally derived cell lines
expressing T128-708Rb were investigated in three assays:
growth to a high saturation density, growth in low-serum me-
dium, and colony formation in soft-agarose medium. Since
small t antigen can complement large T antigens missing the T
common region (2, 31, 36a, 47), five clonally derived cell lines
expressing both T128-708Rb and small t antigen were exam-
ined in parallel. The same cell lines were examined simulta-
neously in all three assays.
Steady-state expression levels of large T and small t anti-

gens. The cell lines expanded from individual immortalized or
G418-resistant colonies were examined for the steady-state
levels of large T (Fig. 2A and B) and small t (Fig. 2C and D)
antigens. A protein of the appropriate molecular mass for
full-length large T antigen was immunoprecipitated from ex-
tracts of T1-7081tA and T1-708-A cells by the polyclonal rab-
bit anti-T antibody (Fig. 2A, lanes 4 and 6; Fig. 2B, lane 4). A
protein (T128-708) migrating as expected for a 70K protein
was immunoprecipitated from extracts of T128-7081tB (Fig.
2A, lane 8) and T128-7081tA (Fig. 2A, lane 18; Fig. 2B, lane
6). A protein migrating more slowly than the T128-708 band
was immunoprecipitated from extracts of cell lines immortal-
ized by T128-708Rb (Fig. 2A, lanes 10 and 14) and their small-
t-antigen-expressing derivatives (Fig. 2A, lanes 12 and 16; Fig.
2B, lanes 8, 10, and 12). The decreased mobility of these
T128-708Rb proteins is presumed to result from the reintro-
duction of 18 amino acids, some of which in their natural
context are phosphorylated. It is not known whether the trans-

located amino acids are phosphorylated or, if so, whether they
are phosphorylated in a manner identical to that in wild-type T
antigen. Each of the T antigens accumulated to wild-type or
near-wild-type levels. No T antigen was immunoprecipitated
from extracts of S7 cells (Fig. 2A and B, lanes 2). No proteins
were immunoprecipitated from extracts treated with a mono-
clonal antibody that recognizes an epitope on the herpes sim-
plex virus glycoprotein D, which was used as a negative control
antibody (Fig. 2A and B, odd-numbered lanes). The band seen
in this case is mouse IgG.
A protein with the migration expected for small t antigen

was immunoprecipitated by PAb419 from extracts of T1-
7081tA (Fig. 2C, lane 2), T128-7081tB (Fig. 2C, lane 4),
T128-708Rb1tA (Fig. 2C, lane 6), T128-708Rb1tC (Fig. 2C,
lane 8), T128-7081tA (Fig. 2C, lane 9, and D, lane 3), T128-
708Rb1tB (Fig. 2D, lane 4), T128-708Rb1tD (Fig. 2D, lane
5), and T128-708Rb1tE (Fig. 2D, lane 6) cells but not from
extracts of S-7 (Fig. 2C and D, lanes 1), T1-708-A (Fig. 2C,
lane 3, and D, lane 2), T128-708Rb-A (Fig. 2C, lane 5), or
T128-708Rb-B (Fig. 2C, lane 7) cells. Separately (data not
shown), we showed that the T antigen in all cell lines expected
to express T128-708 or T128-708Rb protein could not be im-
munoprecipitated by PAb419, as these proteins are missing the
region containing the PAb419 epitope, the majority of the
small t coding sequence, and the small t donor splice site.
In addition, we examined the level of T:Rb complexes in

each cell line. The results appear in Fig. 3. Equal amounts of
protein from each cell line were treated with a rabbit poly-
clonal anti-Rb antibody. The resulting immunoprecipitates

FIG. 2. Steady-state levels of large T and small t antigens in cells expressing
wild-type or mutant T antigens. (A) Equal amounts of protein (120 mg) from
extracts of the spontaneously immortalized cell line S7 (lanes 1 and 2) or from
T1-7081tA (lanes 3 and 4), T1-708-A (lanes 5 and 6), T128-7081tB (lanes 7 and
8), T128-708Rb-A (lanes 9 and 10), T128-708Rb1tA (lanes 11 and 12), T128-
708Rb-B (lanes 13 and 14), T128-708Rb1tC (lanes 15 and 16), or T128-7081tA
(lanes 17 and 18) cells were immunoprecipitated with a rabbit polyclonal anti-T
antibody (even-numbered lanes) or with a negative control monoclonal antibody
against an epitope in the herpes simplex virus glycoprotein D (odd-numbered
lanes). The band in the odd-numbered lanes is mouse IgG. After electrophoresis
through SDS–10% polyacrylamide gels, Western blot analysis was performed
with a cocktail of the monoclonal anti-T antibodies PAb901 and PAb419. The T
antigens commonly appear as doublets. (B) Equal amounts (112 mg) of protein
from extracts of S-7 (lanes 1 and 2), T1-7081tA (lanes 3 and 4), T128-7081tA
(lanes 5 and 6), T128-708Rb1tB (lanes 7 and 8), T128-708Rb1tD (lanes 9 and
10), or T128-708Rb1tE (lanes 11 and 12) cells were processed identically as
described for panel A. (C) Equal amounts (120 mg) of protein from extracts of
the cell lines S-7 (lane 1), T1-7081tA (lane 2), T1-708-A (lane 3), T128-7081tB
(lane 4), T128-708Rb-A (lane 5), T128-708Rb1tA (lane 6), T128-708Rb-B (lane
7), T128-708Rb1tC (lane 8), and T128-7081tA (lane 9) were immunoprecipi-
tated with monoclonal antibody PAb419, which recognizes an epitope in the T
common region. After electrophoresis through SDS-10% polyacrylamide gels,
Western blot analysis was performed as described for panel A. (D) Equal
amounts of protein from extracts of S-7 (lane 1), T1-708-A (lane 2), T128-
7081tA (lane 3), T128-708Rb1tB (lane 4), T128-708Rb1tD (lane 5), or T128-
708Rb1tE (lane 6) cells were treated identically as described for panel C. The
positions of molecular weight markers (in thousands) are indicated on the right
of each panel.
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were resolved by SDS-PAGE, transferred to PVDF mem-
branes, and probed with monoclonal anti-T-antigen antibody.
Levels of T antigen similar to those in immunoprecipitates of
extracts containing wild-type T antigen were detected, indicat-
ing that equivalent amounts of T:Rb complexes were present in
each cell line.
Effect of restoring Rb-binding capacity on growth to a high

saturation density. Cells expressing T128-708 and small t or
full-length T antigen or cells expressing T128-708Rb with and
without small t antigen were examined for the ability to grow to
a high cell density. The results appear in Fig. 4. Figure 4A
compares the growth of cells expressing wild-type large T and
small t antigens (T1-7081tA), large T antigen only (T1-708-
A), or T128-708 and small t antigen (T128-7081tB) with that
of cells expressing T128-708Rb (T128-708Rb-A and T128-
708Rb-B). Both cell lines expressing a wild-type large T anti-
gen grew to a maximal density of 3.75 3 106 and 4.66 3 106

cells per dish before the cell layers sloughed and could no
longer be brought into single-cell suspension. Neither the
growth rate nor the saturation density was enhanced by the
presence of small t antigen. In contrast, the cell line expressing
T128-708 and small t antigen grew more slowly and attained a
maximal cell density of only 1.38 3 106 cells per dish. Cells
expressing T128-708Rb (Fig. 4A) attained densities and grew
at rates similar to those for cells expressing a wild-type T
antigen. As shown in Fig. 4B, the presence of small t antigen in
cells expressing T128-708Rb (T128-708Rb1tA to -E) did not
consistently further enhance either the rate of growth or the
maximal cell density attained. Restoration of Rb binding,

therefore, was sufficient to restore the wild-type growth rate
and the capacity to grow to a high saturation density in me-
dium containing 10% FBS.
Rb-binding and transforming activities in the T common

region are required to restore rapid growth in low-serum me-
dium and for anchorage-independent growth. Figure 5 shows
the growth behaviors of the same cell lines in medium contain-
ing 2% FBS. Figure 5A compares the growth of cells express-
ing wild-type large T and small t antigens, wild-type large T
antigen only, or T128-708 and small t antigen with that of cells
expressing T128-708Rb. Cell lines expressing wild-type T an-
tigen, with or without small t antigen present, grew rapidly and
attained a high cell density (1.163 106 and 4.473 106 cells per
dish, respectively). In contrast, cells expressing T128-708 and
small t antigen grew more slowly and attained a lower maximal
cell density (2.57 3 105 cells per dish). The growth rate of cells
expressing T128-708Rb (T128-708Rb-A and T128-708Rb-B)
paralleled that of cells expressing T128-708 and small t antigen,
although both cell lines expressing T128-708Rb grew to higher
density than the cells expressing T128-708 and small t antigen.
In contrast (Fig. 5B), the growth rate of cells expressing T128-
708Rb and small t antigen (T128-708Rb1tA to -E) generally
paralleled that of cells expressing wild-type T antigen. In ad-
dition, with the exception of T128-708Rb1tA, the cell lines
reached a high density characteristic of cells expressing a wild-
type T antigen.
The ability of cells to form colonies in semisolid medium

depends on at least two activities of T antigen, i.e., Rb binding
and an activity contained within the T common region. We
showed previously that removal of amino acids 1 to 127 from T
antigen prevented cells expressing the mutant T antigen from
dividing in soft-agarose medium. To determine whether the
only activities from the deleted region that were needed were
the Rb-binding and T-common-region transformation activi-
ties, we examined the ability of cells expressing T128-708Rb
alone or T128-708Rb and small t antigen to form colonies in
soft-agarose medium. The results appear in Table 2.
As is typical for this type of assay, the percentage of cells that

generated colonies varied from assay to assay. For this reason,
multiple assays were performed to establish the patterns of
growth behavior for the individual cell lines. Cells expressing
wild-type T antigen, whether or not small t antigen was
present, divided to form colonies. Thus, under the conditions
used, colony formation in semisolid medium by cells expressing
a full-length large T antigen is small-t-antigen independent. In
contrast, as we showed previously (43), cells expressing T128-
708 alone or T128-708 and small t antigen remained as single
cells or rarely developed into colonies. In no case did the
number of colonies significantly exceed that generated by a
spontaneously immortalized cell line (S7). Cells expressing
T128-708Rb formed low numbers of colonies relative to cells
expressing full-length T antigen in the same experiment. These
results indicated that neither Rb binding nor small t antigen
alone was sufficient to fully restore the mutant T antigen’s
ability to promote anchorage-independent growth. However,
cells expressing T128-708Rb and small t antigen divided effi-
ciently in the semisolid medium to produce colonies. The re-
sults were essentially the same whether colonies were counted
after 15 to 17 days of incubation (Table 2, experiments 1 to 3)
or after 9 weeks of incubation (Table 2, experiment 4). As we
showed previously (43), an occasional cell line (e.g., T128-
708Rb1tA) deviates from the general pattern that emerges for
the properties of clonally derived cell lines.
We conclude that, as was the case for growth in low-serum

medium, restoration of Rb binding is necessary but not suffi-
cient to confer the ability to divide in the absence of anchorage.

FIG. 3. Steady-state levels of T:Rb antigen complexes in cells expressing
wild-type T antigens or T antigens with a translocated Rb-binding region. (A)
Equal amounts (945 mg) of protein from extracts of T1-7081tA (lanes 1 and 2),
T1-708-A (lanes 3 and 4), T128-708Rb-A (lanes 5 and 6), T128-708Rb1tA (lanes
7 and 8), T128-708Rb-B (lanes 9 and 10), T128-708Rb1tC (lanes 11 and 12), or
T128-7081tB (lanes 13 and 14) cells were treated with a rabbit polyclonal
anti-Rb antibody. The immunoprecipitates were resolved by SDS–10% PAGE
and transferred to membranes, and the membranes were probed with the mono-
clonal antibody PAb901 and detected as described in the legend to Fig. 1. (B)
Extracts (660 mg) of the cell lines S-7 (lanes 1 and 2), T1-708-A (lanes 5 and 6),
T128-708Rb1tB (lanes 7 and 8), T128-708Rb1tD (lanes 9 and 10), T128-
708Rb1tE (lanes 11 and 12), and T128-7081tB (lanes 13 and 14) were treated
identically as described for panel A. The smaller amount of coprecipitated
T1-708 (lane 4) was not typical, as it was not reproduced in other experiments.
Migrations of molecular weight markers (in thousands) are indicated on the right
of each panel.
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Small t antigen complements T128-708Rb for anchorage-inde-
pendent growth.

DISCUSSION

We showed previously that Rb binding and the transforming
activities within the T common region were not needed for
either immortalization or enhanced tumorigenicity in nude
mice (43). However, removal of the first 127 amino acids of T
antigen, containing both the Rb-binding region and the T com-
mon region, resulted in a T antigen that could not confer the
altered growth behaviors monitored as rapid growth in re-
duced-serum medium, anchorage-independent cell division,
and growth to a high cell density. To determine whether these
behaviors depended on only Rb binding, the T common re-
gion, or additional N-terminal T-antigen activities, we intro-
duced an Rb-binding region into a T antigen missing the N-
terminal 127 amino acids (T128-708) and examined the growth
behavior of cells expressing the protein in the presence or
absence of small t antigen.
The results presented here show that T-antigen amino acids

101 to 118 constitute an Rb-binding site when translocated to
the C terminus of T antigen. Insertion of T-antigen amino
acids 105 to 114 between residues 650 and 651 in the T128-708
T antigen did not result in Rb binding. It is possible that amino
acids 101 to 104 and 115 to 118 are not essential to Rb binding
at the natural site in T antigen but are needed in order to form
a functional Rb-binding site at a foreign location. Similarly, the
possibility that the shorter Rb-binding region binds Rb more

weakly than does the longer region so that the complexes do
not remain associated during extraction cannot be ruled out.
The Rb-related proteins p107 and p130, in addition to Rb,

bind to the E1A CR2-like portion of T antigen (reviewed in
reference 28), and all depend on the same sequence, LXCXE,
for binding (13, 15). It is likely that p107, p130, or both must be
inactivated or modified in order for T antigen to transform
cells. T antigen confers growth advantages on Rb-null mouse
cells (6, 46); however, alteration of the LXCXE sequence ab-
rogates the transformation. Thus, Rb binding alone is not
sufficient to confer the altered growth behavior. Although we
did not directly measure this, we presume that the Rb-binding
region used here will bind Rb, p107, and p130, as it contains
the CR2-like domain.
Previous loss-of-function analysis showed that mutations

within or including the Rb-binding region diminish T antigen’s
ability to transform in dense-focus assays, grow to a high sat-
uration density, grow with wild-type kinetics in low-serum me-
dium, and form colonies in semisolid medium (5, 20, 43). It was
not clear from those investigations whether Rb binding was the
only activity from the N terminus needed to confer these prop-
erties. To make that determination, we generated clonally de-
rived cell lines expressing T128-708 and small t antigen, T128-
708Rb, or T128-708Rb and small t antigen and compared their
growth to that of cells expressing either wild-type T antigen
alone or wild-type large T and small t antigens. Restoration of
Rb/p107/p130-binding capacity was sufficient to restore T128-
708’s ability to confer on cells growth to high density. Small t
antigen did not enhance that ability. These results indicate that

FIG. 4. Growth characteristics of cells with a translocated Rb-binding region in medium containing 10% FBS. Each point is the average of the cell numbers in three
cultures. (A) Cells expressing wild-type large T and small t antigens (T1-7081tA) (circles), large T antigen alone (T1-708-A) (closed squares), T128-708 and small t
antigen (T128-7081tB) (triangles), or T128-708Rb (T128-708Rb-A [half-closed squares] and T128-708Rb-B [crosses]). (B) Cells expressing T128-708Rb and small t
antigen (T128-708Rb1tB) (closed diamonds), T128-708Rb1tE (open squares), T128-708Rb1tC (open circles), T128-708Rb1tD (open triangles), or T128-708Rb1tA
(open diamonds). Growth curves for cells expressing wild-type large T and small t antigens (T1-7081tA) (closed circles), large T antigen alone (T1-708A) (closed
squares), or T128-708 and small t antigen (T128-7081tB) (closed triangles) are reproduced from panel A for comparison.
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no additional activities contained within the first 127 amino
acids are essential for cells to grow to a high density. The
results are consistent with current understanding of events
during contact inhibition of growth. In response to the negative
growth signal sent by contact inhibition, the cyclin-dependent

kinase inhibitor p27KIPI prevents the assembly of cyclin E-
CDK2 complexes (reviewed in reference 16a). The result is
accumulation of the active, hypophosphorylated Rb and halt-
ing of the cell cycle. Introduction of the T-antigen Rb-binding
region, which associates exclusively with hypophosphorylated
Rb (27), would be expected to overcome contact inhibition of
cell division.
Neither anchorage-independent growth nor rapid growth in

low-serum medium, in contrast, was restored by addition of the
Rb-binding region to T128-708. Neither was restored by addi-
tion of the T-common-region transforming activities in trans.
However, the combination of the Rb-binding site and small t
antigen fully restored these capabilities. The involvement of
both Rb-binding capacity and an activity in the T common
region in anchorage-independent growth was shown previously
by loss-of-function analyses (31). We show here that only these
regions from the N-terminal 127 amino acids are needed. We
cannot rule out the possibility, however, that in addition to the
transforming activities of the T common region, the ability of
small t antigen to transactivate (24–26) or repress (45) heter-
ologous promoters distinct from those modulated by large T
antigen affects its ability to complement T128-708Rb. Since a T
antigen containing only the first 82 amino acids cannot com-
plement a large T antigen containing amino acids 83 to 708
(21), it is not clear as yet whether the complementing activity
in small t antigen depends on the same function as that rep-
resented by amino acids 1 to 82 of large T antigen or, alterna-
tively, whether small t antigen contains an activity which is
analogous in function but not identical biochemically to the N
terminus of T antigen.

FIG. 5. Growth characteristics of cells with a translocated Rb-binding region in medium containing 2% FBS. Each point is the average of the cell numbers in three
cultures. (A) Cells expressing wild-type large T and small t antigens (T1-7081tA) (closed squares), large T antigen alone (T1-708A) (circles), T128-708 and small t
antigen (T128-7081tB) (triangles), or T128-708Rb (T128-708Rb-A [half-filled squares] and T128-708Rb-B [crosses]). (B) Cells expressing T128-708Rb and small t
antigen (T128-708Rb1tD) (open triangles), T128-708Rb1tE (open squares), T128-708Rb1tB (closed diamonds), T128-708Rb1tA (open diamonds), or T128-
708Rb1tC (open circles). Growth curves for cells expressing wild-type large T and small t antigens (T1-7081tA) (closed circles), large T antigen alone (T1-708A)
(closed squares), or T128-708 and small t antigen (T128-7081tB) (closed triangles) are reproduced from panel A for comparison.

TABLE 2. Influence of Rb-binding capacity and small t antigen on
colony formation in soft-agarose medium

Cell line T antigen(s)
% Cells forming colonies in expta:

1 2 3 4

S-1 None 0.002 NDb ND ND
S-7 None 0.01 0.039 0.008 ,0.0003
T1-7081tA T, t 5.0 5.9 ND 1.88
T1-7081tB T, t 1.24 ND ND ND
T1-708-B T 10.8 ND ND ND
T1-708-A T 14.4 3.9 2.35 ND
T128-708 T128-708 ,0.0008 ND ND ND
T128-7081tA T128-708, t ,0.003 ND ND ND
T128-7081tB T128-708, t ,0.0007 ,0.042 ,0.0003 ND
T128-708Rb-A T128-708Rb 0.8 ND ND ,0.003
T128-708Rb-B T128-708Rb 0.16 0.31 0.045 0.01
T128-708Rb1tA T128-708Rb, t ,0.0006 ,0.0003 ,0.0003 ND
T128-708Rb1tB T128-708Rb, t 14 3.19 1.32 4.72
T128-708Rb1tC T128-708Rb, t ND 0.412 2.66 2.0
T128-708Rb1tD T128-708Rb, t ND ND 0.40 3.27
T128-708Rb1tE T128-708Rb, t ND ND 1.37 0.56

a In experiments 1 to 3 colonies were counted after 15 to 17 days; in experi-
ment 4 colonies were counted after 9 weeks.
b ND, not determined.
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None of the N-terminally truncated mutant constructs used
in this study is capable of producing the 17K T antigen. The
extent to which the 17K T antigen contributes to transformed
cell growth when wild-type T antigen is present is not known.
The first 131 amino acids of the 17K T antigen (48) are iden-
tical to those of large T antigen and would be expected to have
both Rb-binding capacity and the T-common-region transfor-
mation activities. The 17K T antigen probably is not essential
for growth to high density in cell culture under the conditions
employed in this study. Cells expressing T128-708Rb and those
expressing wild-type T antigens grew to similar densities.
Therefore, the level of T:Rb complexes immunoprecipitated
from extracts of cells expressing T128-708Rb was sufficient in
the absence of the 17K T antigen. It remains likely, nonethe-
less, that the 17K T antigen could provide a selective growth
advantage under different in vitro culture conditions or in vivo.
Both rapid growth in low-serum medium and anchorage-

independent growth depend on one or more activities in the T
common region as well as on Rb binding. These activities
should be contained within the 17K T antigen, and the 17K T
antigen alone is sufficient to confer anchorage-independent
growth (48). In several cases, cells expressing T128-708Rb and
small t antigen generated fewer colonies in soft-agarose me-
dium than did their counterparts expressing wild-type T anti-
gen. While we did not measure this precisely, we observed that
in those cases the colonies grew more slowly. A comparison of
the levels of small t antigen in the various cell lines reveals that
the two cell lines that generated the fewest colonies (T128-
708Rb1tA and T128-708Rb1tD) accumulated very low levels
of small t antigen. Differences in the levels of small t antigen in
clonally derived cell lines probably reflect transcriptional ac-
tivity at the chromosomal site of integration of the small-t-
antigen-expressing plasmid. Since the presence of small t an-
tigen provides no growth advantage in high-serum medium,
which was the condition under which the clonal cell lines were
derived, selection for cell lines expressing high levels of the
protein would not be expected. Since the levels of mutant large
T antigen were similar to (Fig. 2) and levels of T:Rb complexes
were equivalent to (Fig. 3) those in cells expressing wild-type T
antigen, we conclude that the level of the complementing
transforming activity in the T common region may be a limiting
factor, at least in some clonally derived lines. Therefore, it is
reasonable to expect that the 17K T antigen, if it was made,
could assist in anchorage-independent growth.
It should be pointed out that all of the mutant T antigens

used in this investigation accumulate in the cell cytoplasm.
Deletion of the first 127 amino acids and conversion of amino
acid 128 from Lys to Met inactivates the nuclear localization
signal. Clearly, accumulation of T antigen in the nucleus is not
needed for accumulation of wild-type levels of T:Rb complexes
(Fig. 3) or for growth to a high cell density (Fig. 4). Presum-
ably, T antigen and Rb form complexes at their site of synthesis
in the cell cytoplasm. It is unlikely that T128met-70K, if tar-
geted to the nucleus, would confer anchorage-independent
growth in the absence of small t antigen. Montano et al. (31)
showed previously that a T antigen containing amino acids 83
to 708, which accumulates in the nucleus, could not confer on
cells anchorage-independent growth unless the cells also ex-
pressed the complementing small t antigen.
The nature of the transforming activity in the common re-

gion that complements T128-708Rb for anchorage-indepen-
dent growth remains to be determined. Two transformation-
related activities within the common region have been
identified. Amino acid substitutions at residues 19 and 28 in
both large T and small t antigens prevent dense focus forma-
tion (35, 36a). Recently, Porras et al. (36a) defined an addi-

tional transforming activity in the T common region. They
showed that the hexapeptide sequence HPDKGG (amino ac-
ids 42 to 47), which is conserved among papovavirus T anti-
gens, as well as the activity marked by the substitutions at
positions 19 and 28, is required in small-t-antigen-dependent
dense-focus transformation assays. They showed further that a
wild-type small t antigen could complement both a large T
antigen with amino acid substitutions at positions 19 and 28
and a large T antigen with amino acid substitutions in the
hexapeptide sequence in a small-t-dependent focus formation
assay, whereas a small t antigen with the corresponding sub-
stitutions could not. The T-common-region activity marked by
mutations in the hexapeptide sequence is needed for T-anti-
gen-mediated transactivation of the cyclin A promoter (36a).
This activity may in part account for small t antigen’s ability to
complement T128-708Rb in conferring anchorage-indepen-
dent growth, since in normal cells, transcription of the cyclin A
gene is anchorage dependent (38a). It will be of considerable
interest to determine whether either or both of the T-common-
region activities provided in trans participate in anchorage-
independent division and wild-type growth in low-serum me-
dium.
It is likely that one or more T-antigen activities in addition

to Rb binding and the transforming function(s) in the T com-
mon region are needed for anchorage-independent growth and
efficient growth in low-serum medium. We showed previously
(43) that a T antigen missing amino acids 127 to 250 (T1-
708dl127-250) could not confer those transformed cell prop-
erties. Similarly, Kalderon and Smith (20) found that muta-
tions within that region decreased focus formation on Rat-1
cells. Two conclusions were possible: either deleting amino
acids 127 to 250 altered the conformation of the Rb-binding
region or the T common region, or an additional required
activity was disturbed by the deletion. It seems unlikely that
disruption of the Rb-binding region or the T-common-region
transforming activity by deleting amino acids 127 to 250 could
account for the growth behavior, for two reasons. First, the
T1-708dl127-250 protein contains an Rb-binding site, and cells
expressing the protein grew to a high saturation density (43), a
growth property that requires Rb binding. Second, cells im-
mortalized by the T1-708dl127-250-expressing construct syn-
thesize small t antigen abundantly (43). Small t antigen would
provide the T-common-region activities in trans. Since the cells
expressing T1-708dl127-250 produce wild-type amounts of
large T and small t antigens, it also is unlikely that the quantity
of mutant T antigen is limiting (43). Thus, the results presented
here in combination with our previous characterization of cells
expressing T1-708dl127-250 lend support the hypothesis that
the region containing amino acids 127 to 250 defines an addi-
tional transformation-related region of T antigen. Additional
mutational and biochemical analysis will be needed to define
the limits of the activity in order to probe its function.

ACKNOWLEDGMENTS

We thank Ardell Conn for excellent technical assistance.
This research was supported by NIH grant CA24694.

REFERENCES

1. Arthur, A. K., A. Hoss, and E. Fanning. 1988. Expression of simian virus 40
T antigen in Escherichia coli: localization of T-antigen origin DNA-binding
domain to within 129 amino acids. J. Virol. 62:1999–2006.

2. Berger, L. C., D. B. Smith, I. Davidson, J.-J. Hwang, E. Fanning, and A. G.
Wildeman. 1996. Interaction between T antigen and TEA domain of the
factor TEF-1 depresses simian virus 40 late promoter in vitro: identification
of T-antigen domains important for transcriptional control. J. Virol. 70:
1203–1212.

3. Bikel, I., X. Montano, M. E. Agha, M. Brown, M. McCormack, J. Boltax, and

VOL. 71, 1997 TRANSLOCATED Rb-BINDING SITE RESTORES GROWTH PROPERTIES 1895



D. M. Livingston. 1987. SV40 small t antigen enhances the transformation
activity of limiting concentrations of SV40 large T antigen. Cell 48:321–330.

4. Cavender, J. F., A. Conn, M. Epler, H. Lacko, and M. J. Tevethia. 1995.
Simian virus 40 large T antigen contains two independent activities that
cooperate with a ras oncogene to transform rat embryo fibroblasts. J. Virol.
69:923–934.

5. Chen, S., and E. Paucha. 1990. Identification of region of simian virus 40
large T antigen required for cell transformation. J. Virol. 64:3350–3357.

6. Christensen, J. B., and M. J. Imperiale. 1995. Inactivation of the retinoblas-
toma susceptibility protein is not sufficient for the transforming function of
the conserved region 2-like domain of simian virus 40 large T antigen.
J. Virol. 69:3945–3948.

7. DeCaprio, J. A., J. W. Ludlow, D. Lynch, Y. Furakawa, H. Piwnica-Worms,
C.-M. Huang, and D. M. Livingston. 1989. The product of the retinoblas-
toma gene has properties of a cell cycle regulatory element. Cell 58:1085–
1095.

8. DeCaprio, J. A., J. W. Ludlow, J. Figge, J. Y. Shew, C. M. Huang, W. H. Lee,
E. Marsilio, E. Paucha, and D. M. Livingston. 1988. Sv40 large tumor
antigen forms a specific complex with the product of the retinoblastoma
susceptibility gene. Cell 54:275–283.

9. Dickmanns, A., A. Zeitvogel, F. Simmerbach, R. Wever, A. K. Arthur, S.
Dehde, A. G. Wildeman, and E. Fanning. 1994. The kinetics of simian virus
40 progression of quiescent cells into S phase depend on four independent
functions of T antigen. J. Virol. 68:5496–5508.

10. Dobbelstein, M., A. K. Arthur, S. Dehde, K. vanZee, A. Dicksmalls, and E.
Fanning. 1991. Intracistronic complementation reveals a new function of
SV40 T antigen that co-operates with Rb and p53 binding to stimulate DNA
synthesis in quiescent cells. Oncogene 7:837–847.

11. Dyson, N., R. Bernards, S. H. Friend, L. R. Gooding, J. A. Hassell, E. O.
Major, J. M. Pipas, T. VanDyke, and E. Harlow. 1990. Large T-antigens of
many polyomaviruses form complexes with the retinoblastoma susceptibility
protein. J. Virol. 64:1353–1356.

12. Dyson, N., K. Buchkovich, P. Whyte, and E. Harlow. 1989. The cellular p107
protein that binds to adenovirus E1A also associates with the late T-antigens
of SV40 and JC virus. Cell 58:249–255.

13. Ewen, M. E., J. W. Ludlow, E. Marsilio, J. A. DeCaprio, R. C. Millikan, S. H.
Cheng, E. Paucha, and D. M. Livingston. 1989. An N-terminal transforma-
tion-governing sequence of SV40 large T antigen contributes to the binding
of both p110Rb and a second cellular protein, p120. Cell 58:257–267.

14. Fanning, E., and R. Knippers. 1992. Structure and function of simian virus
40 large T antigen. Annu. Rev. Biochem. 61:55–85.

15. Figge, J., T. Webster, T. F. Smith, and E. Paucha. 1988. Prediction of similar
transforming regions in simian virus 40 large T, adenovirus E1A, and myc
oncoproteins. J. Virol. 62:1814–1818.

16. Fu, T-M., R. H. Bonneau, M. J. Tevethia, and S. S. Tevethia. 1993. Simian
virus 40 T antigen as a carrier for the expression of cytotoxic T-lymphocyte
recognition epitopes. J. Virol. 67:6886–6871.

16a.Grana, X., and E. P. Reddy. 1995. Cell cycle control in mammalian cells: role
of cyclins, cyclin dependent kinases (CDKs), growth suppressor genes and
cyclin-dependent kinase inhibitors (CKIs). Oncogene 11:211–219.

17. Harlow, E., L. V. Crawford, D. C. Pim, and N. M. Williamson. 1981. Mono-
clonal antibodies specific for simian virus 40 tumor antigens. J. Virol. 39:
861–869.

18. Johnson, D. C., and P. G. Spear. 1982. Monensin inhibits the processing of
herpes simplex virus glycoproteins, their transport to the cell surface, and
egress of virions from infected cells. J. Virol. 43:109–137.

19. Johnston, S. D., X.-M. Yu, and J. E. Mertz. 1996. The major transcriptional
transactivation domain of simian virus 40 large T antigen associates noncon-
currently with multiple components of the transcriptional preinitiation com-
plex. J. Virol. 70:1191–1202.

20. Kalderon, D., and A. E. Smith. 1984. In vitro mutagenesis of a putative DNA
binding domain of SV40 large-T. Virology 139:109–137.

21. Kalderon, D., W. D. Richardson, A. F. Markham, and A. E. Smith. 1984.
Sequence requirements for nuclear location of simian virus 40 large T-
antigen. Nature 311:33–38.

22. Kierstead, T. D., and M. J. Tevethia. 1993. Association of p53 binding and
immortalization of primary C57Bl/6 mouse embryo fibroblasts by using sim-
ian virus 40 T antigen mutants bearing internal overlapping deletion muta-
tions. J. Virol. 67:1817–1828.

23. Kohrman, D. C., and M. J. Imperale. 1992. Simian virus 40 large T antigen
stably complexes with a 185-kilodalton host protein. J. Virol. 66:1752–1760.

24. Loeken, M., I. Bikel, D. M. Livingston, and J. Brady. 1988. Trans-activation
of RNA polymerase II and III promoters by SV40 small t antigen. Cell
55:1171–1177.

25. Loeken, M. 1992. Simian virus 40 small t antigen transactivates the adeno-
virus E2A promoter by using mechanisms distinct from those used by ade-
novirus E1A. J. Virol. 66:2551–2555.

26. Loeken, M. 1993. Multiple, distinct trans-activation functions are encoded by
the simian virus 40 large T and small t antigens, only some of which require
the 82-residue amino-terminal common domain. J. Virol. 67:7684–7689.

27. Ludlow, J. W., J. Shon, J. Pipas, D. Livingston, and J. A. deCaprio. 1990. The
retinoblastoma susceptibility gene product undergoes cell-cycle-dependent
dephosphorylation and binding to and release from SV40 large T antigen.
Cell 60:387–396.

28. Ludlow, J. W., and G. R. Skuse. 1995. Viral oncooprotein binding to pRb,
p107, p130, and p300. Virus Res. 35:113–121.

29. Manfredi, J. J., and C. Prives. 1994. The transforming activity of simian virus
40 large tumor antigen. Biochim. Biophys. Acta 1198:65–83.

30. Marsilio, E., S. H. Cheng, B. Schaffhausen, E. Paucha, and D. M. Livingston.
1991. The T/t common region of simian virus 40 large T antigen contains a
distinct transformation-governing sequence. J. Virol. 65:5647–5652.

31. Montano, X., R. Millikan, J. M. Milhaven, D. A. Newsome, J. W. Ludlow,
A. K. Arthur, E. Fanning, I. Bikel, and D. M. Livingston. 1990. Simian virus
small tumor antigen and an amino-terminal domain of large tumor antigen
share a common transforming function. Proc. Natl. Acad. Sci. USA 87:7448–
7452.

32. Moran, E. 1988. A region of SV40 large T antigen can substitute for a
transforming domain of the adenovirus E1A products. Nature 334:168–170.

33. Peden, K. W., A. Srinivasan, J. N. Farber, and J. M. Pipas. 1989. Mutants
with changes within or near a hydrophobic region of simian virus 40 large
tumor antigen are defective for binding cellular protein p53. Virology 168:
13–21.

34. Peden, K. W., S. L. Spence, L. C. Tack, C. A. Cartwright, A. Srinivasan, and
J. M. Pipas. 1990. A DNA replication-positive mutant of simian virus 40 that
is defective for transformation and the production of infectious virions.
J. Virol. 64:2912–2921.

35. Peden, K. W. C., and J. Pipas. 1992. Simian virus 40 mutants with amino-acid
substitutions near the amino terminus of large T antigen. Virus Genes
6:107–118.

36. Pipas, J. M., K. W. C. Peden, and D. Nathans. 1983. Mutational analysis of
simian virus 40 large T antigen: isolation and characterization of mutations
with deletions in the T-antigen gene. Mol. Cell. Biol. 3:203–213.

36a.Porras, A., J. Bennett, A. Howe, K. Tokas, N. Bouck, B. Henglein, S. Sathya-
mangalam, B. Thimmapaya, and K. Rundell. 1996. A novel simian virus 40
early-region domain mediates transactivation of the cyclin A promoter by
small-t antigen and is required for transformation in small-t-antigen-depen-
dent assays. J. Virol. 70:6902–6908.

37. Ritula, J. E., M. J. Imperiale, and W. W. Brockman. 1986. Replication and
transformation functions of in vitro-generated simian virus 40 large T anti-
gen mutants. J. Virol. 58:526–535.

38. Sawai, E. T., G. Rasmussen, and J. S. Butel. 1994. Construction of SV40
deletion mutants and delimitation of the binding domain for heat shock
protein to the amino terminus of large T-antigen. Virus Res. 31:367–378.

38a.Schuylze, A., K. Zerfass-Thome, J. Berges, S. Middendorp, P. Jansen-Durr,
and B. Henglein. 1996. Anchorage-dependent transcription of the cyclin A
gene. Mol. Cell. Biol. 16:4632–4638.

39. Sompayrac, L., and K. J. Danna. 1983. Simian virus 40 deletion mutants that
transform with reduced efficiency. Mol. Cell. Biol. 3:484–489.

40. Southern, P. J., and P. Berg. 1982. Transformation of mammalian cells to
antibiotic resistance with a bacterial gene under control of the SV40 early
region promoter. J. Mol. Appl. Genet. 1:327–341.

41. Tavis, J. E., P. W. Trowbridge, and R. J. Frisque. 1994. Converting the JCV
T antigen Rb binding domain to that of SV40 does not alter JCV’s limited
transforming activity but does eliminate viral viability. Virology 199:384–392.

41a.Tevethia, M., et al. Unpublished data.
42. Tevethia, M. J., J. M. Pipas, T. D. Kierstead, and C. Cole. 1988. Require-

ments for immortalization of primary mouse embryo fibroblasts probed with
mutants bearing deletions in the 39 end of SV40 gene A. Virology 162:76–89.

43. Thompson, D. L., D. Kalderon, A. E. Smith, and M. J. Tevethia. 1990.
Dissociation of Rb-binding and anchorage-independent growth from immor-
talization and tumorigenicity using SV40 mutants producing N-terminally
truncated large T antigens. Virology 178:15–34.

44. Tooze, J. 1981. DNA tumor viruses: molecular biology of tumor viruses. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

45. Wang, W. B., I. Bikel, E. Marsilio, D. Newsome, and D. L. Livingston. 1994.
Transrepression of RNA polymerase II promoters by the simian virus 40
small t antigen. J. Virol. 68:6180–6187.

46. Zalvide, J., and J. A. DeCaprio. 1995. Role of pRb-related proteins in simian
virus 40 large-T-antigen-mediated transformation. Mol. Cell. Biol. 15:5800–
5810.

47. Zerrahn, J., and W. Deppert. 1993. Analysis of simian virus 40 small t
antigen-induced progression of RatF111 cells minimally transformed by
large T antigen. J. Virol. 67:1555–1563.

48. Zerrahn, J., U. Knippschild, T. Winkler, and W. Deppert. 1993. Independent
expression of the transforming amino-terminal domain of SV40 large T
antigen from an alternatively spliced third SV40 early mRNA. EMBO J.
12:4739–4746.

49. Zhu, J., P. W. Rice, L. Gorsch, M. Abate, and C. N. Cole. 1992. Mapping the
transcriptional transactivation function of simian virus 40 large T antigen.
J. Virol. 64:2912–2921.

1896 TEVETHIA ET AL. J. VIROL.


