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Polyomavirus causes a broad spectrum of tumors as the result of the action of its early proteins. This work
compares signaling from middle T antigen (MT), the major transforming protein, to that from small T antigen
(ST). The abilities of MT mutants to promote cell cycle progression in serum-starved NIH 3T3 cells were
compared. Transformation-defective mutants lacking association with SHC or with phosphatidylinositol 3-ki-
nase (PI3-K) retained the ability to induce DNA synthesis as measured by bromodeoxyuridine incorporation.
Only when both interactions were lost in the Y250F/Y315F double mutant was MT inactive. ST promoted cell
cycle progression in a manner dependent on its binding of protein phosphatase 2A (PP2A). Since the Y250F/
Y315F MT mutant was wild type for PP2A binding yet unable to promote cell cycle progression, while ST was
capable of promoting cell cycle progression, these experiments revealed a functional difference in MT and ST
signaling via PP2A. Assays testing the abilities of MT and ST to induce the c-fos promoter and to activate c-jun
kinase led to the same conclusion. ST, but not Y250F/Y315F MT, was able to activate the c-fos promoter
through its interaction with PP2A. In contrast, MT, but not ST, was able to activate c-jun kinase by virtue of
its interaction with PP2A.

Polyomaviruses have proven to be valuable models for study-
ing growth regulation. The viruses require the apparatus of
cellular DNA synthesis for their own replication. To meet this
need, these viruses have evolved many different ways to inter-
vene in cellular growth regulation, which can cause a broad
range of tumors in different types of cells (26, 31). Examining
how these viruses work has provided repeated leads that can be
applied to understanding normal and abnormal cell behavior.
Tyrosine phosphorylation (30) and phosphatidylinositol 3-ki-
nase (PI3-K) (99) signaling are examples of two avenues of
investigation driven by studies of the polyomavirus middle T
antigen (MT).

MT is the most important of the early gene products for
transformation. MT is necessary (14, 87) and in many cases
sufficient (89) for transformation in vitro. The importance of
MT in tumor induction is also evident (3, 33). MT is associated
with membranes and underlying cytoskeletal elements (1, 47,
77, 80). Its ability to transform depends upon those associa-
tions (14).

MT functions as a kind of adaptor on which a collection of
cellular signaling proteins are assembled (Fig. 1). MT, like
polyomavirus small T antigen (ST), binds the A and C subunits
of protein phosphatase 2A (PP2A) (70, 92). PP2A is a hetero-
trimeric serine-threonine phosphatase present in most cell
types that has been implicated in the regulation of cell cycle
progression, transcription, and DNA replication and transla-
tion (60, 61, 79). The B subunit, which is replaced by MT or ST,
confers substrate specificity (79) and localization (85). The
viral proteins should provide useful insight into PP2A regula-
tion. It is becoming clear that binding of cell proteins can also
modulate PP2A activity (41, 51) and that cellular targets can be
regulated by the binding of PP2A (96).

MT associates with protein tyrosine kinases (PTKs) of the
src family (src, yes, and fyn) (19, 22, 44, 53). pp60c-src bound to

MT is activated (9) and is unphosphorylated at the C terminus
(16, 23). The association with PP2A is critical for the binding
of PTKs (12), although the precise molecular basis of PP2A
action is not known.

The association with PTKs is critical for transforming activ-
ity (30, 76, 81). In the PTK complex, MT is phosphorylated on
tyrosine residues including 315, 322, and 250 (15, 40, 45, 74).
Each of these residues serves as a binding site for well-known
signal transduction molecules: 315 to PI3-K (50, 99), 250 to
SHC (13, 27), and 322 to PLCg1 (86). MT has been particu-
larly revealing because, in contrast to single knock-outs in
growth factor receptors, single MT mutations that affect indi-
vidual associations have usually had clearly identifiable pheno-
types. Mutation of Y322 has had a modest effect in some
transformation assays (57), but a striking effect was observed
on transformation in medium with a low concentration of se-
rum (86). Mutation of tyrosine 250 has a dramatic effect on
transforming ability (57) as do mutations in the regions amino
terminal to 250 (the NPTY motif) (28, 29). The mutation of
Y315, disrupting the association between MT and PI3-K, also
has a serious effect on MT’s ability to transform (15). Tumor
studies using animals have confirmed a role for the SHC and
PI3-K interactions in polyomavirus tumorigenesis (11, 32, 95,
102).

Polyomavirus ST has been studied less intensively than MT.
A virus carrying wild-type ST is not sufficient for transfor-
mation (55). However, ST can complement MT for tumor
induction (2) and transformation (5). ST also induces lectin
agglutinability, which is often used as a measure of cell trans-
formation (55). Independent expression of ST in fibroblasts
enables them to grow to a high cell density (20, 65). In serum-
starved cells ST can contribute to S phase induction in con-
junction with large T (7, 68). ST can also affect viral DNA
synthesis (7, 64). For simian virus 40 (SV40) it has been shown
that ST can transactivate (56, 62, 71, 94) or even repress (93)
various exogenous promoters. Polyomavirus ST enhances viral
DNA replication and has been implicated in virion assembly
(58).

ST can be found in both nuclear and cytoplasmic compart-
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ments (66, 80, 103). Like MT, ST has been shown to bind PP2A
(70). The ability of ST to activate promoters such as cyclin D
has been linked genetically to its PP2A binding (94). In SV40,
the ST-PP2A interaction also stimulates the mitogen-activated
protein (MAP) kinase pathway and cell proliferation (82). Fi-
nally, ST is responsible for activation of PKCz and NF-kB (83).

In this work, genetic analysis has been used to extend our
understanding of MT signaling and to define differences be-
tween MT and ST in the regulation of PP2A. Bromodeoxyuri-
dine (BrdU) incorporation assays demonstrated that MT sends
multiple signals, each of which can promote S phase after
serum withdrawal. However, while either interaction with SHC
or PI3-K led to cellular DNA synthesis, interaction with PP2A
was not enough for MT to promote S phase induction. In sharp
contrast, the ST-PP2A interaction was sufficient to promote
cellular DNA synthesis. Genetic analysis of c-fos transactiva-
tion confirmed the differing roles of MT and ST interactions
with PP2A. Previous experiments showed a role for PP2A in
recruiting tyrosine kinase into MT complexes. In addition,
experiments here showed that the MT interaction with PP2A
could lead to activation of the c-jun kinase.

MATERIALS AND METHODS

Plasmids and mutagenesis. pCMV-MT is a human cytomegalovirus (CMV)
promoter-based eukaryotic expression vector (pCMV-NeoBam) in which MT
cDNA is inserted at a unique BamHI site (25). During the course of the work
presented here all MT mutants were introduced into pCMV-MT by standard
PCR techniques. Site-directed mutagenesis of pCMV-MT was carried out with
overlap extension PCR. 59-GCGCGGATCCATGGATAGAGTTCTGAGC-39
and 59-GCGCGGATCCCTAGAAATGCCGGGAACGTT-39 were used as out-
side primers. The deletion mutant del205-214 was created with 59-CTGAGGA
GAGCGGCCACAGTCATGGAAGCAAGTACTTCACAA-39 and 59-TTGTG
AAGTACTTGCTTCCATGACTGTGGCCGCTCTCCTCAG-39 as internal
primers. The NG59 mutant was designed with 59-ATTGCAAGCATGCCTAT
AATAAACTGGCTGGACCTGGATCTGCAC-39 and 59-CACATCCAGGTC
CAGCCAGTTTATTATAGGCATGCTTGCAATGAAG-39 for the internal
primers. The Y250F mutant was created with the degenerate internal primers
59-TCTGAGCAACC(C/T)GACCT(A/T)TTCTGTTATGA-39 and 59-TCATAA
CAGAA(T/A)AGGTCG/AGGTTGCTCAGA-39. The Y315F mutant was made
with the following degenerate oligonucleotides as internal primers: 59-GGAGG
AGGAGT(A/T)CATGCCAATGGAGGATCTGT(A/T)TTTGGACATC-39
and 59-GGATGTCCAAA(T/A)ACAGATCCTCCATTGGCATG(T/A)ACTC
CTCCTCC39. InsAL107 in pBD15, a kind gift of T. Roberts (Dana Farber
Cancer Institute), was cloned into BamHI sites of the pCMV expression vector
by PCR with the outside primers listed above.

Two different versions of ST were used with similar results. CMV-ST was
constructed in the same CMV-NeoBam vector as used for MT. A second vector
expressing ST was a kind gift of Marcel Bastin (4). Mutant insAL107 ST was
made by PCR with the N-terminal outside primer and 59-CGCGGATCCCTA
GGGGGAGAGCCTTGGATTATACACGCTG-39 on the ins107AL MT tem-
plate. After treatment with BamHI, the fragment was cloned into CMV-Neo-
Bam.

CMV–b-galactosidase used in the BrdU incorporation assays was a gift from
E. Androphy (Tufts University). c-fos CAT promoter was kindly provided by W.
Wang (93).

Cell lines and transient transfections. ATCC NIH 3T3 cells, originally ob-
tained from the American Type Culture Collection (ATCC), were kindly pro-
vided by Bruce Cohen. Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) supplemented with 10% calf serum (CS) Gibco).
293T cells were maintained in DMEM with 10% iron-supplemented bovine calf
serum. Transient transfections were performed by the method of Chen and
Okayama (17). Cells were ordinarily used 48 h posttransfection. For serum
starvation experiments, the precipitate was allowed to form for 5 h and was then
replaced with 0.2% CS–DMEM.

Radiolabeling of cells. Before labeling, 293T cells were rinsed once in Hanks
balanced salt solution (Gibco). Cells were labeled by incubation in Hanks salts
supplemented with 1% (vol/vol) of a 7.5% (wt/vol) sodium bicarbonate solution
and [35S]methionine-[35S]cysteine mixture (NEN) for 2 h. For the isoelectric
focusing (IEF) experiments 250 uCi of label was used in 1 ml of medium per dish.

Extraction and immunoprecipitation. The protocols for T-antigen extraction
and immunoprecipitation have been previously published (74, 75). Cells were
extracted for 20 min at 4°C in TEB buffer (0.137 M NaCl, 0.01 M Tris-Cl [pH
9.0], 0.001 M MgCl2, 0.001 M CaCl2, 10% [vol/vol] glycerol, 1% [vol/vol] Nonidet
P-40 [NP-40]). The supernatants were then incubated with 40 ml of Staphylococ-
cus aureus protein A-Sepharose (Pharmacia) and 4 ml of polyclonal antiserum
45-1, directed against MT. If the immunoprecipitates were to be subjected to IEF
they were resuspended in Garrels’ buffer and handled as described in “IEF”
below.

Western blot analysis. Western blot analysis was carried out by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by blotting
onto nitrocellulose (43). Blots were blocked in Tris-buffered saline-Tween
(50 mM Tris-Cl [pH 7.5], 0.15 M NaCl, 0.05% [vol/vol] Tween 20) containing 5%
(wt/vol) dried milk (Carnation) at room temperature for 1 h. Blots were then
incubated with 1:50 PN-116 monoclonal antibody, which recognizes the N-termi-
nal common domain, or with anti-FLAG antibody (0.5 mg/ml) followed by 1:10,000
horseradish peroxidase-conjugated anti-mouse secondary antibody (Amersham).
Protein was detected by enhanced chemiluminescence.

IEF. IEF samples were prepared by treatment with Garrels’ sample buffer (9.5
M urea, 2% ampholytes [pH 3 to 10-pH 5 to 7-pH 6 to 8 in a 1:2:2 ratio]
[Pharmacia-LKB], 100 mM dithiothreitol, 4% NP-40) (35). After incubation on
ice for 30 min the samples were loaded onto IEF cylinders. First-dimension IEF
gels composed of 4% bisacrylamide (1.62-28.3), 8.0 M urea, 4% NP-40, and 2%
ampholytes were poured to a height of 15 cm. Samples were run at 400 to 500 V
per h for 9,000 V z h. At that point, the gels were turned up to 800 v for 1 h.
Second-dimension electrophoresis of the focused proteins was on 5 or 7.5%
acrylamide discontinuous buffer SDS slab gels.

BrdU assays. ATCC NIH 3T3 cells grown on coverslips were cotransfected at
a ratio of 3:1 with vector expressing b-galactosidase and either control pCMV
vector or wild-type or mutant CMV-MT. Growing NIH 3T3 cells were trans-
fected for 5 h at 35°C, 3% CO2, and then fed with 0.2% CS-DMEM and
transferred to 37°C, 5% CO2. At 40 h after transfection, BrdU was added to a
final concentration of 100 mM for 8 h. Cells were then fixed in 3.7% formalde-
hyde in phosphate-buffered saline (PBS) for 30 min at 37°C in a humidity
chamber. After fixation cells were washed in PBS and permeabilized in ice-cold
3:7 methanol-acetone at 220°C. Cells were then stained for b-galactosidase with
an anti-b-galactosidase polyclonal antibody (59339) diluted 1:80 into the anti-
BrdU monoclonal antibody BU-1 (Amersham) for 1 h at 37°C in a humidity
chamber. Coverslips were washed in PBS and costained with the secondary
antibodies, anti-rabbit fluorescein isothiocyanate (Cappel) and anti-mouse tetra-
methylrhodamine isothiocyanate (Sigma), each diluted 1:50 in PBS for 1 h at
37°C. Coverslips were rinsed with PBS and given a final wash with distilled water.
The coverslips were mounted on 3 ml of 50% glycerol on a microscope slide and
examined on a Zeiss fluorescence microscope. Results were calculated by scoring
b-galactosidase-positive cells incorporating BrdU versus b-galactosidase-positive
cells that did not incorporate BrdU.

CAT assays. ATCC NIH 3T3 cells were transfected with precipitates that
contained 4 mg of fos chloramphenicol acetyltransferase (CAT) (93) and 5 mg of
various pCMV-MT- or pCMV-ST-based constructs. Five hours after transfec-
tion, cells were washed twice with PBS and fed with DMEM containing 0.2% CS
in order to serum starve the transfected cells. Cells were harvested 48 h post-
transfection. CAT activity was measured by standard chromatographic tech-
niques (6). Thin-layer plates (EM Sciences) were quantitated with ImageQuant
software (Molecular Dynamics) to determine the percentage of acetylated [14C]
chloramphenicol versus all forms.

c-Jun NH2-terminal kinase (JNK1) assays. 293T cells were transfected with
1.5 mg of plasmid PCDNA3-Flag-JNK1 and 2.5 mg of either wild type or different
MT mutants. At 24 h after transfection the cells were incubated for 18 h in
serum-free medium. Then, cells were scraped into ice-cold PBS and extracted for
20 min at 4°C in TEB buffer (pH 9). Extracts were then spun in an Eppendorf
microcentrifuge at 10,000 rpm for 10 min at 4°C. The supernatants were then
incubated with 40 ml of protein A-Sepharose (Pharmacia) and 1 mg of anti-
FLAG antibody for 60 min at 4°C. The beads were then washed twice with PBS
containing 1% (vol/vol) Triton X-100 and once with kinase buffer (50 mM
Tris-HCl [pH 7.4], 10 mM MgCl2, 1 mM dithiothreitol). The JNK activity present
in the immunoprecipitates was determined by resuspension of the beads in 50 ml
of kinase buffer containing 0.1 mCi of [g32P]ATP/ml, 25 mM cold ATP, and 2.5
mg of glutathione S-transferase (GST)–c-Jun (amino acids 1 to 79) fusion pro-

FIG. 1. Schematic diagram of MT and its known associated proteins. The
shaded area at the N terminus represents the 191 amino acids shared with the
195-amino-acid ST. The shaded area near the C terminus represents the mem-
brane attachment site.
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tein/ml as a substrate for 20 min at room temperature. After the addition of 50
ml of dissociation buffer, samples were boiled for 5 min and analyzed by SDS-
PAGE on 12% polyacrylamide gels. Dried gels were exposed to a Phosphor-
Imager screen and quantified with ImageQuant software to determine the phos-
phorylation of the GST–c-Jun substrate.

RESULTS

Transformation defective MTs can promote cell cycle pro-
gression through PI3-K or SHC. A series of mutations were
created in MT that target the binding sites for the various
associated cellular proteins. To avoid problems that could arise
from comparing mutants expressed from different vectors, all
mutant cDNAs were placed in the same vector, which used the
CMV immediate-early promoter for expression. Most of the
mutations have been previously documented, but some mu-
tants were made to extend leads developed during the course
of this work. Table 1 lists the mutants and describes the effect
of each mutation on MT function.

The ability to promote cellular DNA replication in the in-
fected cell is critical to the life cycle of the virus, as polyoma-
virus utilizes the host cell DNA replication machinery. Large T
and ST have been previously shown to possess the ability to
promote cell cycle progression (68), yet this function has not
been specifically studied in MT. Given the potent transforming
ability of MT due to its association with proteins such as PP2A,
pp60c-src, PI3-K, SHC, and PLCg1, it seemed extremely likely
that MT would possess this function as well. BrdU incorpora-
tion was used to assay stimulation of cellular DNA synthesis by
MT. For this, a cotransfection protocol was used in which the
b-galactosidase-expressing vector was transfected at a ratio of
3:1 with either wild-type MT, the mutant of interest, or control
vector. ATCC NIH 3T3 cells in 10% CS were transfected and
then added to medium containing 0.2% CS 5 h after transfec-
tion. At 40 h after transfection BrdU was added to a final
concentration of 100 mM for 8 h. Cells were then immuno-
stained for cytoplasmic b-galactosidase and nuclear BrdU in-
corporation.

MT was a potent promoter of cell cycle progression. Figure
2 shows a dose response with wild-type MT. Results were
calculated by scoring the percentage of b-galactosidase-posi-
tive cells incorporating BrdU. In the absence of cotransfection
with MT, only 6% of the cells were BrdU labeled. However in
the presence of the highest amount (0.625 mg) of MT, 44% of
the cells incorporated BrdU. Interestingly, even when the
amount of MT DNA transfected was approximately 25-fold
less, i.e., 25 ng, the percentage of cells in S phase remained
relatively similar at 33%. At the lowest DNA input MT was
usually not detectable by Western blotting (data not shown).
Polyomavirus large T has previously been shown by this assay
to promote cell cycle progression (36). When MT was com-

pared in the BrdU incorporation assay to polyomavirus large
T, the two were equal in this ability (data not shown). Two
highly transformation-defective MTs, NG59 and double mu-
tant insAL107/del205-214, lacked the ability to promote cell
cycle progression. In cells transfected with double mutant
insAL107/del205-214 or NG59 only 7 to 8% of cells incorpo-
rated BrdU compared to 6% for the control and 42% for wild-
type MT. These two mutants are nontransforming and defec-
tive in association with both PP2A and src family tyrosine
kinases.

Examination of other transformation-defective mutants gave
quite a different result (Fig. 3). Single mutants insAL107 (12),
a mutant in the PP2A binding site, and del205-214 (10), a mu-
tant in the src binding site, are known to be highly defective in
transformation. However, when del205-214 and insAL107 were
tested in the BrdU incorporation assay, 42 and 35% of the
transfected cells incorporated BrdU, respectively (Fig. 3). The
basis for their activity could have been leakiness, since both
insAL107 and del205-214 retained some associated tyrosine
kinase activity (references 10 and 12 and data not shown).

To test the idea that the activity of these mutants stemmed

FIG. 2. BrdU incorporation assays with wild-type MT, insAL107/del205-214,
and NG59. Growing ATCC NIH 3T3 cells were transiently transfected with
CMV–b-galactosidase and 0.625 mg of CMV-neoBam (control) or 0.625, 0.125,
or 0.025 mg of CMV-MT (WT) or 0.625 mg of insAL107/del205-214 or NG59,
placed in 0.2% CS-DMEM at 5 h posttransfection, and labeled with BrdU for 8 h
starting at 40 h after transfection. Transfected cells were detected by staining for
b-galactosidase; BrdU incorporation was measured by immunostaining. %
BrdU, percentage of transfected cells (b-galactosidase positive) also staining for
BrdU. Error bars represent standard deviations of the means.

TABLE 1. Description of MT mutants

Mutanta Mutation Description

WT None WT MT
del 205-214 Deletion of aab 205-214 PTK deficient
insAL107 Insertion of ala-leu between aa 107-108 PTK deficient/PP2A deficient
insAL107/del205-214 Insertion of ala-leu between 107-108/deletion of aa 205-214 PTK and PP2A negative
NG59 asp 179 replaced by ile-asn PTK and PP2A negative
Y250F tyr 250 changed to phe SHC negative
Y315F tyr 315 changed to phe PI3-K negative
Y250F/Y315F tyr 250 and 315 changed to phe SHC and PI3-K negative
Py1387T Stop codon at 384 PTK deficient, cytoplasmic

a WT, wild type. The wild-type MT cDNA was expressed from a human CMV promoter. References for the mutants used are as follows: del205-214, 10; insAL107,
12; NG59, 6a; Y250F, 13, 27, and 57; Y315F, 15; and Py1387T, 14.

b aa, amino acids.
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from leakiness, mutants lacking sites of tyrosine phosphoryla-
tion were examined. The most important associations for MT
transformation are with SHC and PI-3K at tyrosines 250 and
315, respectively. When the double mutant Y250F/Y315F was
tested for its effect on cell cycle progression, it was unable to
promote BrdU incorporation, showing only a 1% increase over
background (Fig. 3A). Western blotting showed that this fail-
ure did not result from a lack of protein production (Fig. 3B).
The single mutants Y250F and Y315F were then tested in
BrdU incorporation assays to evaluate the relative importance
of each association. While each single mutant is highly defec-
tive in promoting focus formation in fibroblasts, both single
mutants promoted cell cycle progression in 25 and 26% of the
transfected cells, respectively (Fig. 3A). Furthermore, both
mutants were active even at 25 ng of DNA input (data not
shown). These data showed that MT binding to either SHC or
PI3-K is sufficient to promote cell cycle progression in a sub-
stantial number of cells. It is worth noting that the level of
BrdU incorporation (percent positive cells) with either Y250F
or Y315F was somewhat lower than that achieved by wild-type
MT. Coexpression of both single mutants did not restore BrdU

incorporation to the level achieved by the wild type (data not
shown).

Interactions of PP2A with ST, but not MT, promote cell
cycle progression. The failure of the Y250F/Y315F double mu-
tant to promote BrdU incorporation was rather unexpected.
The Y250F/Y315F double mutant is expected to bind PP2A
like wild-type MT or ST. Data on SV40 ST have shown that it
has the ability to stimulate cell proliferation in a manner de-
pendent on the PP2A interaction (82). Polyomavirus ST, which
also binds PP2A, was therefore tested for the ability to pro-
mote cell cycle progression. ST was shown to promote BrdU
incorporation in 25% of the transfected cells (Fig. 3A). This
value, similar to those obtained with the Y250F and Y315F
single mutants, showed that ST promoted cell cycle progres-
sion. Introduction of the insAL107 mutation into ST abolishes
PP2A binding (12). As shown in Fig. 3A, ST insAL107 lacked
the ability to promote cell cycle progression. As reported pre-
viously (12), the mutation did not have a significant effect on
the level of ST protein (Fig. 3B).

The differing results in the BrdU assays with ST and Y250F/
Y315F suggest that the two proteins use PP2A differently.

FIG. 3. (A) BrdU incorporation assays with wild-type MT, del205-214, insAL107, Y250F, Y315F, Y250F/Y315F, and ST. By using the same protocol described in
the legend for Fig. 2, growing NIH 3T3 cells were transiently transfected with CMV–b-galactosidase and with 0.625 mg of either CMV-neo (control), CMV-MT (WT),
del205-214, insAL107, Y250F, Y315F, Y250F/Y315F, ST, or STinsAL107, placed into 0.2% serum, and labeled with BrdU. Error bars represent standard errors of the
means. (B) Extracts of cells transfected with equal amounts of wild-type or mutant MT DNAs, cells transfected with 1/5 the amount of wild-type MT, or cells transfected
with wild-type or mutant STs were resolved in SDS-PAGE gels. The gels were then analyzed using Western blotting with the antibody PN116.

FIG. 4. 35S-labeled MT immunoprecipitates from insAL107-, wild type-, and Y250F/Y315F-transfected cells were resolved by IEF and SDS-PAGE. The positions
of heat shock 70 (hs 70), the 63- and 36-kDa subunits of PP2A, and a fragment of MT lacking the C terminus are shown.
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However, the discrepancy between ST and Y250F/Y315F re-
quired direct confirmation that the Y250F/Y315F binds PP2A.
To confirm PP2A binding, IEF of a Y250F/Y315F immuno-
precipitate was performed (Fig. 4). IEF is a well-established
method for examining proteins associated with MT (21, 69,
70). Cells expressing wild-type or mutant MT were labeled
with [35S]methionine-cysteine. After extraction and immu-
noprecipitation, MT-associated proteins were resolved by us-
ing two-dimensional IEF-SDS gels. Figure 4 shows the relevant
portion of a typical pattern for wild-type MT. In this gel, hs70
and the 63- and 36-kDa subunits of PP2A can be observed.
While full-length MT itself does not focus, a proteolytic frag-
ment of MT can instead be seen (25). The multiple bands seen
for the 36-kDa PP2A subunit and the MT fragment arise from
modifications of those proteins. The association of PP2A with
MT insAL107 or Y250F/Y315F was also measured in the same
fashion (Fig. 4). The insAL107 MT mutant has been reported
to be unable to associate with PP2A (12), and the focusing gel
shown in Fig. 4 confirms the loss of PP2A binding. The 36- and
63-kDa subunits of PP2A associated with wild-type MT were
not detected in the insAL107 immunoprecipitates. As expect-
ed, the 36- and 63-kDa subunits of PP2A were present in the
Y250/Y315F immunoprecipitate. These data demonstrate that
the failure of Y250F/Y315F to promote cell cycle progression
is not due to an inability to associate with PP2A. It should also
be noted that insAL107 retained the ability to bind hs70, in-
dicating that the protein was not simply denatured.

Interaction of PP2A with ST, but not MT, is sufficient for
c-fos transactivation. The c-fos proto-oncogene is a member of
a family of immediate-early genes that are induced in quiescent
cells by stimuli such as the addition of serum or infection of
polyomavirus (39, 104). MT is known to activate the transcrip-
tion of fos, and the ability of mT to associate with both PP2A
and src PTKs is thought to be required for this activation (37,
38). During the course of this work the contributions of SHC
and PI3-K were also assessed, and both were found to contrib-
ute to the activation of the c-fos promoter by mT, with PI3-K
binding being more critical (90). Additionally, it is known that
signaling through the Ras-Raf-MAP pathway can stimulate
activation of the c-fos promoter through TCF (42, 48, 54).

Wild-type MT and the tyrosine mutant Y250F, Y315F, and
Y250F/Y315F were assayed for the ability to transactivate c-

fos. Growing NIH 3T3 cells were transiently transfected for 5 h
with the pfos-CAT plasmid and either decreasing amounts
of wild-type mT or 5 mg of either Y250F, Y315F, or Y250F/
Y315F and were then placed into 0.2% CS–DMEM (Fig. 5).
The cells were then harvested 48 h after transfection. A range
of fos activation from 9- to 14-fold was seen with wild-type MT.
Figure 5 also shows that Y250F, which fails to associate with
SHC, was only a little less active than the wild type. Y315F,
which is deficient in PI3-K binding, was highly defective, and
Y250F/Y315F was inactive in the fos assay. These results were
similar to those obtained by others, where an association with
PI3-K was more critical to fos activation than an association
with SHC (90). These results are in contrast to those of Fig. 3,
which demonstrated that Y315F was competent in the induc-
tion of BrdU incorporation. The ability to promote cell cycle
progression without inducing fos has been seen before in the
case of polyomavirus large T and ST (68).

Polyomavirus ST is also known to induce the c-fos promoter
after infection (39); presumably it does so by binding to PP2A.
In the case of SV40 ST, for instance, the binding to PP2A
results in the activation of the MAP kinase pathway in CV-1
cells (82). As with BrdU incorporation, measuring c-fos pro-
moter activation also showed functional differences between
the PP2A association with MT versus ST. Figure 5 shows the
results of an experiment in which growing NIH 3T3 cells were
transiently transfected for 5 h with the pfos-CAT plasmid and
either decreasing amounts of wild-type mT, 5 mg of ST, or 5 mg
of ST insAL107 and then placed into 0.2% CS–DMEM. The
cells were then harvested 48 h after transfection. While less
active than MT, ST showed a significant ability (five- to sixfold
over that of the control) to activate the c-fos promoter. This
activity depended on PP2A binding, since the ST insAL107
mutant was inactive.

The failure of PP2A bound to Y250F/Y315F to activate the
c-fos promoter compared to the activation by PP2A bound to
ST could mean that the interactions are intrinsically different.
However, one obvious difference is that Y250F/Y315F, like
wild-type MT, is localized to membranes, while ST is soluble.
Py1387T is a tailless MT that is found in soluble fractions (14).
Figure 5 shows that Py1387T, like ST, has the ability to activate
the fos promoter. This result is reminiscent of early observa-
tions that a truncated version of MT, like ST, can complement
a large T virus for growth (88). Mutation of the PP2A binding
site by the addition of the insAL107 mutation to the Py1387T
mutation abolished activity. These results argue that the inter-
action of PP2A with MT is potentially functional and that the
failure of Y250F/Y315F to activate fos is likely a result of
miscompartmentalization of the MT-PP2A complex.

MT interaction with PP2A leads to activation of JNK1. The
interaction of ST with PP2A is important for the ability of ST
to activate fos and to promote cell cycle progression. However,
the failure in these same assays of the MT Y250F/Y315F
double mutant that associates with PP2A suggests that the
MT-PP2A interaction is insufficient for these activities. What
functions then can be ascribed to the PP2A interaction in the
MT complex? One important role is in the recruitment of
pp60c-src (12). In a search for other MT-induced pathways that
could be responsive to the PP2A interaction, the activation of
the c-Jun N-terminal kinase/stress-activated protein kinase
(jnk/SAPK) was studied.

A number of studies have implicated jnk in signaling in
response to cytokines or to cell stress (46, 100). Activation of
jnk is a well-known consequence of tumor necrosis factor alpha
(TNF-a) treatment (97). MT is known to sensitize cells to
TNF-a (8). The effect of MT on jnk activity was measured in
cotransfection experiments. 293T cells were transiently trans-

FIG. 5. Wild-type MT, insAL107, Y250F, Y315F, Y250F/Y315F, Py1387T,
insAL107/Py1387T, ST, and STins107AL in the activation of the fos promoter in
starved cells. Growing NIH 3T3 cells were transfected with pfos-CAT reporter
plasmid and either CMV-neo (control), 5, 1, or 0.2 mg of CMV-MT (WT), or
5 mg of insAL107, Y250F, Y315F, Y250F/Y315F, Py1387T, insAL107/Py1387T,
ST, or STins107AL. After transfection cells were placed into 0.2% CS-DMEM.
CAT assays were performed as described in Materials and Methods. Error bars
represent standard deviations of the means.
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fected with epitope-tagged (FLAG) jnk together with wild-type
or mutant pCMV-MT constructs. At 48 h after transfection,
jnk was immunoprecipitated with anti-FLAG antibody. Activ-
ity of the immunoprecipitated FLAG-jnk was determined in an
immune complex kinase assay using GST–c-JUN (amino acid
residues 1 to 79) as a substrate (Fig. 6). The results showed that
MT increased the specific activity of jnk sevenfold without
changing the amount of transfected protein. When MT del205-
214, a mutant in src binding, was analyzed, activation of jnk was
slightly reduced although jnk was still clearly active. Binding
of PP2A seemed necessary for jnk activation since the MT
insAL107 mutant was completely defective for jnk activation.
The key issue was Y250F/Y315F. Figure 6 shows that, in con-
trast to the assays with BrdU or of the c-fos promoter, this
mutant retained an activity similar to that of the wild type. This
suggests a specific role for PP2A binding to MT that is more
than just recruitment of src. ST was not active in this assay,
suggesting that the localization of PP2A to membranes is a
critical issue in jnk activation.

DISCUSSION

From the data presented here, the ability of MT to trans-
form cells is clearly more than the simple ability to promote
cellular DNA synthesis. Mutants in SHC or PI3-K binding, as
well as mutants with reduced tyrosine kinase activity such as
del205-214 or insAL107, were all known previously to be sub-
stantially defective in their ability to transform fibroblasts; we
repeated those results (data not shown). However, each of
these mutants retained substantial ability to stimulate cell cycle
progression as measured by BrdU incorporation. In this re-
gard, MT is somewhat like the platelet-derived growth factor

(PDGF) receptor, for which the presence of single phosphor-
ylation sites mediating association of PI3-K or PLCg1 could be
sufficient for mitogenesis (91). In contrast to the PDGF recep-
tor, the presence of the 322 site for PLCg1 binding on MT was
not sufficient to promote cell cycle progression, as shown by the
inactive mutant Y250F/Y315F. An unexplained result is the
observation that the percentage of cells incorporating BrdU
with either the SHC or PI3-K single mutant was less than that
with the wild type. This suggests that some cells are resistant to
the effect of PI3-K or activation of the ras pathway. Surpris-
ingly, cotransfection of Y250F and Y315F did not restore the
frequency of BrdU incorporation to the level seen with the wild
type (data not shown). It is possible that the presence of SHC
and PI3-K on the same molecule of MT results in a more
robust signal.

If MT prevents cell cycle withdrawal when either the SHC or
PI3-K binding site is present, why are single mutants at either
site not transforming? Before considering that question, it
should first be noted that these mutants can cause tumors in
some but not all cell types (11, 32, 102). Further, in some cell
backgrounds, the single mutants show modest effects and par-
tial phenotypes (57). In such cell backgrounds where the single
mutants are transforming, the ability to promote cell cycle
progression as measured in these experiments may be directly
important. The strength of the MT signal in the fibroblasts
used here may determine the likelihood of transformation, as
it is known to determine the transformed phenotype (72). In
the case of growth factors, down regulation of the receptors is
often invoked to explain the limitation of the signal. There is
no evidence that this applies to MT. It is possible that more
stimulation, above that necessary for one round of BrdU
incorporation, is needed to cause cells to undergo multiple
rounds of replication. In F111 cells, for example, polyomavirus
expressing only large T stimulates a single round of DNA
replication, while wild-type virus expressing all three early pro-
teins gives multiple rounds (78). An alternative explanation is
that additional levels of growth suppression are imposed by
cell-cell contact in transformation assays. In the transfection
experiments carried out here, the cells are subconfluent so this
type of growth control would not apply.

Genetic analysis demonstrated that MT binding to PP2A can
be connected to the activation of jnk. Since ST was not active
in the jnk assay, MT apparently acts by bringing PP2A to the
membrane. As noted above, jnk activation has been connected
with TNF-a and with apoptosis. However, both the regulation
of jnk and the biology of jnk are complex. For example, while
no significant contribution of PI3-K was seen in the effect of
MT on jnk in 293T cells, it has been shown in other systems
that activated PI3-K can activate jnk (52). Srinivas and col-
leagues (83a) have shown that MT can modulate c-Jun phos-
phorylation and activity in a manner that can be blocked by
dominant negative ras or dominant negative raf-1. Similarly,
jnk activation can induce apoptosis in 293T cells (18). How-
ever, the connection between jnk and apoptosis is controversial
(73) in that jnk can mediate both pro- and antiapoptotic signals
(46). The biological significance of the activation of jnk by
MT requires further study, and the report (8) that MT sensi-
tizes cells to TNF-a treatment suggests that those studies will
be important. In 293T cells, the effect of MT is proapoptotic
(25a).

The most important new insights in the work presented here
concern the interactions of PP2A with the polyomavirus T
antigens. ST stimulated BrdU incorporation and activated the
c-fos promoter in a manner dependent on an intact PP2A
binding site. The Y250/Y315F MT mutant did neither, even
though it had an association with PP2A that was indistinguish-

FIG. 6. MT activates jnk. (Top) Jnk activation. 293T cells were transfected
with FLAG-JNK1 and control or MT as indicated. At 48 h posttransfection,
JNK1 was harvested with anti-FLAG antibody. JNK expression was determined
with an anti-FLAG blot. JNK activity was assayed by using GST–c-JUN and
[g-32P]ATP as described in Materials and Methods. (Bottom) Comparison of the
abilities of wild type, insAL107 MT, Y250F/Y315F MT, and ST to activate jnk in
293T cells. Specific activities (S.A.) were determined by dividing activity deter-
mined by PhosphorImager by the level of JNK determined by densitometry of an
anti-FLAG blot.
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able from that of the wild type by IEF. The genetics connecting
DNA synthesis and fos or jnk activation to binding of PP2A
demonstrate that MT and ST use PP2A differently. It might be
imagined that some of the differences between MT and ST
function could arise from something other than the PP2A
interaction. For example, for SV40 ST some functions can be
genetically dissociated from PP2A binding (71). These func-
tions seem to come from the N-terminal J domain (84). How-
ever, the polyomavirus ST functions studied here were abol-
ished by the same insAL107 mutation that abolished binding of
PP2A to MT. While it is conceivable that the insAL107 muta-
tion had a global effect on ST function, for MT at least, the
same mutation is not globally disruptive because the ability to
bind hs70 is preserved in the insAL107 mutant (Fig. 4). Fur-
ther, soluble Py1387T MT could activate fos in a manner de-
pendent on PP2A binding. It therefore appears that wild-type
ST and wild-type MT use PP2A differently.

Another important conclusion is that the effect of ST on
PP2A measured in the BrdU and c-fos promoter assays must
be positive. Most of the literature on SV40 focuses on the
notion that ST inhibits the activity of PP2A (34, 49, 59, 82, 98).
For example, ST can be used to enhance Ca-calmodulin-de-
pendent protein kinase signaling by blocking PP2A (96). How-
ever, if its action were simply inhibitory, then the Y250F/
Y315F MT mutant should have the same activity as ST.
Immunoblotting results have shown that MT is expressed at
equal or greater levels than ST. The difference between MT
and ST did not arise because greater ST expression was titrat-
ing the cellular PP2A. The conclusion that ST can act positively
could solve a puzzle that has confronted the polyomavirus field
for some time. PP2A is an abundant protein. While titration by
ST seems possible for SV40, where protein expression is
greater, it is unlikely that the lower levels of polyomavirus MT
and ST expression could titrate out the PP2A in transforma-
tion. If the effect of polyomavirus MT and ST on PP2A is
positive, then titration is no longer a critical issue. We suggest
that the MT-PP2A and ST-PP2A complexes may be responsi-
ble for dephosphorylating certain critical targets.

How could ST affect PP2A? There have been reports that ST
can change the apparent intrinsic specificity of the AC com-
plex, activating it towards H1 histone (101). The interaction of
PP2A with another protein, casein kinase 2 alpha, results in its
altered activity (41). Alternatively, ST could function by chang-
ing the targeting of PP2A. The common hypothesis to explain
the many forms of B subunits of PP2A is that they spatially or
functionally target the enzyme (24). It is known, for example,
that PP2A activity associated with microtubules changes dur-
ing the cell cycle (67); ST, which an old report showed could
bind tubulin (63), could in principle deliver PP2A to such a
target by replacing the B subunit. It is perhaps more likely that
targets are presented by the N-terminal J domain of ST (84).
The failure of Y250/Y315F MT to function in BrdU and fos
assays may simply be one of localization; PP2A on the mem-
brane may not be able to reach the same substrates as PP2A in
the cytoplasm. Alternatively, the four unique amino acids at
the C terminus of ST could be functionally important in a
positive way or the unique MT C terminus could obstruct
access to the relevant substrates. Sorting out these possibilities
will be a goal of future experiments.
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