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Although polyomavirus large T antigen readily transactivates S-phase-specific enzymes in serum-starved
Swiss 3T3 mouse fibroblasts, it is incapable by itself to efficiently drive such cells into S phase. We describe here
that this inability correlates with a weak proficiency of the viral protein to induce the synthesis of cyclin A and
cyclin E and to stimulate the respective cyclin/cdk activities. Polyomavirus small T antigen, which together with
the large T protein supports S-phase induction, strongly contributes to the synthesis of cyclin A. In addition,
small T antigen causes a dramatic induction of cyclin A- and, together with large T antigen, of cyclin E-specific
protein kinase activity. This latter function of polyomavirus small T antigen correlates with its competence to
provoke the elimination of the kinase inhibitor p27Kip1. An interaction of the small T antigen with the protein
phosphatase 2A is essential for this activity. Hence, the ability to drive quiescent Swiss 3T3 cells into S phase
results from the capacity of large T antigen to transactivate DNA synthesis enzymes by its interaction with
retinoblastoma-type proteins and from the potential of the large and the small T antigens together to stimulate
cyclin A synthesis and cyclin A- and cyclin E-dependent protein kinase activity.

DNA tumorviruses preferentially infect differentiated and,
therefore, growth-arrested cells. For their replication, how-
ever, they require cells in S phase because they depend on
replication functions of the host cell. To cope with this situa-
tion, these viruses carry in their genomes the information for a
few proteins which interfere with the growth and cell cycle
regulation of the host cells (reviewed in reference 22). The
“early region” of simian virus 40 (SV40), for example, encodes
the large and the small tumor antigens, and that of polyoma-
virus (Py) encodes the large, the middle, and the small T
antigens (LT, MT, and ST, respectively). At least one of these
proteins acts by deregulating cellular transcription. This is true
for the large T antigens of SV40 and Py but also for the E1A
protein of adenovirus and for the E7 protein of human papil-
lomavirus. Major targets of these proteins are the so-called
pocket proteins, the retinoblastoma protein pRB and its rela-
tives, p107 and p130. These proteins control the activity of
members of a family of transcription factors called E2F. By
binding to E2Fs, pocket proteins inhibit their transcriptional
activity. Growth factor-induced signal transduction pathways
lead to the phosphorylation of the pocket proteins, which re-
sults in their removal from E2F and consequently in promoter
activation (reviewed in reference 6). The viral proteins have
the capacity to bind to the underphosphorylated form of the
pocket proteins, causing their removal from E2F and the acti-
vation of transcription. One class of genes targeted by the viral
proteins is that encoding enzymes involved in DNA replication
and in precursor production (reviewed in reference 22).

We have previously produced Swiss 3T3 cells carrying the
information of Py LT and/or Py ST in hormone-inducible form
(26). When dexamethasone at a concentration of 1 mmol/liter
is added to cultures of such cells, T antigen(s) can be readily
detected by immunoblotting about 4 h thereafter. The amount

of viral protein remains high for more than 36 h in the pres-
ence of the hormone. We found that the addition of dexameth-
asone to 3T3 LT or to 3T3 ST cells causes only a few percent
of serum-starved, quiescent cells to move into S phase within
32 h after induction of the T antigen. In contrast, expression of
both viral proteins drives about 30% of the cells into S phase
(26). We could show that, despite the failure to induce S phase
in a sizable fraction of cells, expression of Py LT in quiescent
mouse fibroblasts results in efficient transactivation of S-phase-
specific enzymes and that this is dependent on the interaction
of the T antigen with pocket proteins (23, 27).

Cyclins have substantial functions in cell cycle progression
(reviewed in reference 41). Cyclin E is involved in S phase
entry, and cyclin A plays an important role in the induction as
well as in the advancement of S phase (5, 11, 28, 31, 36, 37, 44,
49). Protein and mRNA levels of cyclin A are hardly detectable
in G0/G1 and increase at the G1/S border, while cyclin E levels
of cells in G0/G1 vary in different cell lines and cell types (12,
14, 54, 55). We therefore examined whether Py T antigens
were able to induce cyclin E and cyclin A in serum-starved
Swiss 3T3 fibroblasts. We found that while cyclin E levels were
significant in quiescent cells and did not show a strong increase
after induction of Py LT and Py ST, cyclin A was not detectable
in arrested cells and both Py LT and Py ST were able to
promote cyclin A production. Importantly, however, Py ST
caused a strong rise of cyclin A-dependent protein kinase ac-
tivity and, together with LT, of cyclin E-associated kinase ac-
tivity. These latter activities correlated with the Py ST-induced
phosphorylation and degradation of the cyclin-dependent ki-
nase inhibitor p27Kip1. The proficiency of Py ST to interfere
with protein phosphatase 2A (PP2A) appears to be essential
for this reaction. We propose that S-phase induction by Py LT
and Py ST in quiescent Swiss 3T3 cells is due to the capacity of
Py LT to elicit the synthesis of DNA replication enzymes and
the combined activities of Py LT and Py ST in the production
of S-phase-specific cyclins and cyclin-dependent kinase activi-
ties.
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MATERIALS AND METHODS

Cell culture and transfections. Swiss 3T3 cells and derived cells conditionally
expressing the Py T antigens (26) were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (FCS), penicillin (60
mg/ml), and streptomycin (100 mg/ml) in a 7.5% CO2 atmosphere. For growth
arrest, asynchronously growing cells were seeded at 5 3 105 cells per 100-mm-
diameter petri dish; the next day, the serum concentration was reduced to 0.2%
for 72 h. Cells were then either growth induced by addition of fresh medium
containing 20% FCS or treated with dexamethasone at a concentration of 1026

mol/liter. Cell cycle distribution analysis was performed by flow cytometry (flu-
orescence-activated cell sorting [FACS]) using a Partec PAS-II as described
previously (26). Transfections were performed overnight with 5 mg of DNA by
the standard Polybrene technique.

Expression plasmids. The plasmid carrying the Py ST PP2A binding mutant
ins107AL (pBluescript pyst[ins107AL]) (2) was a kind gift of T. Roberts (Dana
Farber Cancer Institute). For inducible expression, the mutant was cloned into
the expression vector pMShygro (a pMSG plasmid [Pharmacia] where the hy-
gromycin resistance gene was inserted in place of the gpt gene).

Antibodies, protein extraction, and immunoblotting. An affinity-purified rab-
bit polyclonal antibody raised against a cyclin A-glutathione S-transferase fusion
protein produced in Escherichia coli was used to detect cyclin A. Cyclin E was
detected by using a specific antibody (M-20) purchased from Santa Cruz. The
same antibodies were used for the immunoprecipitation and histone H1 kinase
experiments. p27Kip1 was immunoprecipitated with an antibody from Santa Cruz
(M-197) and detected on immunoblots with a monoclonal antibody (catalog no.
K25020) from Transduction Laboratories. Anti-p21Cip1 antibody (M-19) was
purchased from Santa Cruz.

Cells were harvested and lysed in buffer A (20 mM Tris-Cl [pH 8.0], 100 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 2 mM phenylmethylsulfonyl fluoride, 20 mg of
aprotinin per ml, 0.5 mM NaF, 0.5 mM Na3VO4) as described elsewhere (1). The
whole-cell lysates were either directly subjected to gel electrophoresis followed
by immunoblotting to a nitrocellulose membrane or used for immunoprecipita-
tions. For the immunoblot experiments, the lysates were mixed with protein
sample buffer (100 mM Tris-Cl [pH 6.8], 20% glycerol, 0.01% bromophenol blue,
10% b-mercaptoethanol, 5% sodium dodecyl sulfate [SDS]) and heated for
5 min at 95°C. Sixty micrograms of protein was loaded on an SDS-polyacrylamide
gel per lane. The respective proteins were detected by a chemiluminescence
reaction (Renaissance; NEN).

Immunoprecipitation, histone 1 kinase assay, and phosphatase treatment.
For the kinase assay, 200 mg of protein from whole-cell lysates was subjected to
immunoprecipitation at 4°C overnight. The immunocomplexes were washed
three times with buffer A and one time with kinase buffer (50 mM HEPES [pH
7.5], 10 mM MgCl2, 1 mM dithiothreitol, 25 mM ATP). The kinase reaction
containing 5 mg of histone H1 and 10 mCi of [g-32P]ATP in a final volume of 25
ml of kinase buffer was incubated for 30 min at 30°C. The supernatant was mixed
with protein sample buffer, heated at 95°C for 5 min, and applied to a 12.5%
polyacrylamide–SDS gel. The gel was stained with Coomassie brilliant blue dye
to check for equal loading with histone and dried. Labelled histone H1 was
detected by autoradiography. The relative amounts were calculated with the help
of a phosphorimager (Storm 840; Molecular Dynamics) as well as by liquid
scintillation counting.

For p27Kip1 immunoprecipitation, 80 mg of protein from whole-cell lysates was
incubated at 4°C for 60 min with antibody and then for an additional 60 min with
protein A-Sepharose. The immunocomplexes were washed twice with complete
buffer A and once with buffer A without NaF and Na3VO4. In the case of
phosphatase treatment, the complexes were once more washed with l phospha-
tase buffer (New England BioLabs). The phosphatase reaction was performed as
suggested by the distributor with 300 U of enzyme. The immunoprecipitates were
suspended in sample buffer, heated at 95°C for 5 min, and analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) and Western blotting.

RESULTS

Induction of cyclin A and cyclin E by Py T antigens. Con-
sidering that besides the enzymes involved in DNA synthesis,
the S-phase-specific cyclins E and A are necessary for cells to
pass the G1/S border, we examined the levels of these cyclins in
quiescent 3T3 LT, 3T3 ST, and 3T3 LTST cells producing the
indicated viral proteins under a hormone-inducible promoter
after addition of dexamethasone. These levels were compared
with the quantities of the cyclins induced by addition of serum
(Fig. 1). Almost undetectable amounts of cyclin A were pres-
ent in serum-arrested, quiescent fibroblasts. Addition of serum
resulted in a strong increase after 16 and 24 h. Cytofluoromet-
ric analysis revealed that these cells began to enter S phase
after 16 h and the percentage of cells in S phase reached its
maximum after about 24 h (Fig. 1C). While the amounts of

cyclin A induced by Py LT were relatively low, when compared
to serum, Py ST displayed a strong capacity to induce the
protein. Together, Py LT and Py ST were as efficient in cyclin
A induction as serum (Fig. 1A). A quantitation of the blot is
included (Fig. 1A, see the graph below the immunoblot); this
shows that Py LT alone induces only about 25% of the amount
of cyclin A induced by both T antigens together. Most remark-
ably, an intact binding site for pRB and the other pocket
proteins within the large T antigen was dispensable for this
function. A mutated viral protein in which the glutamic acid
residue within the LXCXE motif of the RB binding site was
mutated to aspartic acid and which was previously found to be
inactive in transactivating DNA synthesis enzymes (23, 27) was
almost as active in producing cyclin A as was the wild-type
protein. This result suggests that the pocket proteins play no
role in the stimulation of cyclin A gene expression by Py LT in
Swiss 3T3 cells.

Cyclin E, in contrast, was present in quiescent cells at sig-
nificant levels and was further induced to a small extent by
addition of serum or by the expression of the viral proteins
(Fig. 1B). However, addition of dexamethasone in a concen-
tration used for the induction of the synthesis of the T antigens
also resulted in some increase of cyclin E levels in 3T3 cells not
expressing these proteins. It is, therefore, not entirely clear
to which extent the T antigens contribute to the rise in the
amounts of cyclin E.

Strong cyclin-dependent kinase activity depends on ST. The
efficient production of cyclin A by Py T antigens in quiescent
fibroblasts coincides with the previously found capacity of the
two T antigens together to efficiently induce S phase in serum-
starved Swiss 3T3 cells (26). Since it is well established that the
cyclin E- and cyclin A-dependent kinase (cdk2) activities are
required for S-phase induction, we determined these activities
in extracts from serum-starved cells producing T antigens and
compared them with those measured after growth stimulation
by addition of serum (Fig. 2). As expected, these activities were
low in quiescent cells. Production of Py LT gave rise to low
levels of cyclin E/cdk2 and cyclin A/cdk2 activities in serum-
starved cells. It is intriguing that the induction of cyclin A- and
cyclin E-dependent kinase by Py LT required an intact pocket
protein binding site within the viral protein (Fig. 2), which
contrasts with the observation that this site was dispensable for
cyclin A induction (Fig. 1). This requirement is therefore in-
dependent of the production of the cyclin.

Py ST alone caused strong cyclin A-dependent and, to a
weaker extent, cyclin E-dependent kinase activity, but both T
antigens together were as efficient as addition of serum in
stimulating cyclin A/cdk2. Interestingly, cyclin E/cdk2 activity
was also strongly generated in LTST-expressing cells.

Activation of cyclin-dependent kinase is paralleled by small
T-dependent inactivation of p27Kip1. Cyclin-dependent kinases
are regulated by binding to the cyclin, by phosphorylation, and
by the activity of kinase inhibitors (reviewed in references 7
and 42). Two such inhibitors, p27Kip1 and p21Cip1/WAF1, regu-
late cdk2. Since the slightly elevated protein levels of cyclin E
could not account for the observed strong induction of cyclin
E/cdk2 activity in 3T3 LTST cells, we tested the effect of Py LT,
Py ST, and Py LTST on the amounts of p27 and p21 (Fig. 3 and
4). As expected, the level of p27 was high in quiescent cells and
addition of serum rapidly caused its removal (Fig. 3A), most
likely by proteasome-dependent degradation (32, 51). Py LT
did not change the levels of p27 within 32 h. In contrast, Py ST
first caused a shift of the p27-specific band towards slower
migration during denaturing PAGE, which was then followed
by a gradual decrease of the amount of p27 in cell extracts. The
same effect was observed in cells producing Py LT and Py ST
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together. The shift of p27 was due to phosphorylation of the
protein because treatment of p27 immunoprecipitates with a
protein phosphatase caused the return to the faster-migrating
form (Fig. 3B). Degradation of the phosphorylated form of p27

by the proteasome system was finally confirmed by the obser-
vation that an inhibitor of the proteasome degradation path-
way, MG-132, gave rise to a stabilization of the phosphorylated
form of p27 (Fig. 3C). p27 in 3T3 LT cells appears as a broader

FIG. 1. Cyclin A but not cyclin E is strongly induced by Py LT and ST. Western blot analysis of protein extracts from conditionally T antigen-expressing Swiss 3T3
cells is shown. The cells were serum deprived and treated subsequently with dexamethasone (Dexa) for the indicated times. For comparison, arrested cells were
reinduced with serum. Cyclin A (A) and cyclin E (B) were detected by using rabbit polyclonal antibodies. For the quantitation shown below the Western blots, the
expression level of the respective cyclin in arrested cells was arbitrarily set at 1. (C) Samples for flow cytometric analysis (FACS) were prepared in parallel to the protein
extracts. The percentage of cells in the respective phases of the cell cycle either after 72 h of serum starvation (arr) or after 32 h of dexamethasone induction is shown
for all cell lines. Cell cycle phase distribution after serum stimulation is shown for 3T3 cells only since the T antigen-expressing cell lines showed a similar profile. Data
represent mean values of at least three independent experiments. Standard deviation did in no case exceed 10%.

9268 SCHÜCHNER AND WINTERSBERGER J. VIROL.



band which sometimes (as in this figure) split into a double
band. This may be a property of this cell line, since it is not
seen in 3T3 LTST cells.

Analyses of p21 gave a different result. T antigens did not
provoke a decrease in the amount of this protein; rather, Py LT
caused an induction of p21 (Fig. 4). The mutant LTRB2 did
not display this activity which therefore requires an interaction
of Py LT with pRB or its relatives. This is in agreement with a
recent report indicating a regulation of the p21 promoter by
E2F (13). It is important to note, however, that the increase in
the amount of p21 caused by Py LT was considerably lower
than that achieved by treating cells with UV light, which is
particularly evident from the quantitation of the immunoblots
included in Fig. 4. The increase corresponded approximately
with that accompanying a growth stimulation of cells by serum
(data not shown). This amount of the inhibitor does not result
in an inhibition of cell proliferation. On the contrary, earlier
results point to p21 as an important component of catalytically
active kinases and even to a positive role in promoting the
assembly of active kinase complexes (20, 56). Taken together,
our results allow the conclusion that p27 is the major negative
regulator of cyclin/cdk2 activity which is targeted by Py ST.

The interaction of Py ST with PP2A is required for p27
degradation and stimulation of cdk2 activity. The small T
antigens of polyomavirus and SV40 interact with the PP2A (2).
This interaction results in a disturbance of the tripartite struc-
ture of this enzyme whereby the B subunit is replaced by the

viral protein. This causes an inactivation or a change in the
substrate specificity of the enzyme. A first hint that PP2A
might be targeted by Py ST to result in p27 phosphorylation
came from the observation that addition of okadaic acid, an
inhibitor of protein phosphatases, to quiescent cells gave rise
to a shift of the p27-specific band similar to the one induced by
Py ST (data not shown). To investigate a potential role of the
PP2A binding capacity of Py ST in the reduction of p27 levels,
we used a mutant of Py ST [ST (ins107AL)] with modifications
in the binding site for PP2A which almost completely de-
stroyed the capacity of the viral protein to bind to the phos-
phatase (2). The mutated cDNA was cloned into a vector for
dexamethasone-dependent production of the protein and was
then stably transfected into Swiss 3T3 and 3T3 LT cells. The
expression of the viral proteins after addition of hormone was
measured by immunoblotting equal amounts of protein from

FIG. 2. LT and ST together strongly induce cyclin A/Cdk2 and cyclin E/Cdk2
activity. Cyclin A-associated (A) and cyclin E-associated (B) histone H1 kinase
activities at the indicated time points were measured after immunoprecipitation
of the cyclins from the lysates described in Fig. 1. Quantitation was done by us-
ing phosphorimager software and by liquid scintillation counting. Mean values of
three independent experiments are shown. Grey bars represent the most inten-
sive signal after serum induction; white bars represent the most intensive after
dexamethasone (Dexa) induction. The data are expressed as percent values of
the maximum (i.e., 24 h plus 20% FCS for cyclin A-associated kinase and 16 h
plus 20% FCS for cyclin E-associated kinase).

FIG. 3. ST causes the phosphorylation and subsequent degradation of the
kinase inhibitor p27Kip1. (A) Western blot analysis of the protein extracts de-
scribed in Fig. 1 using a monoclonal antibody specific for p27 is shown. (B) To
demonstrate that the mobility shift observed for p27 in cells expressing ST is due
to phosphorylation, p27 was immunoprecipitated from extracts of 3T3 LTST
cells, and the immunocomplexes were subjected to l protein phosphatase treat-
ment and analyzed by Western blotting. (C) LTST-expressing, serum-starved
cells were incubated with dexamethasone for the indicated times. In the case of
MG-132 treatment, the cells were treated with dexamethasone for 16 h. MG-132
was then added to the medium, and the cells were incubated for an additional 8 h
in the presence of dexamethasone and MG-132. The levels of p27 were analyzed
by Western blotting. Dexa, dexamethasone.
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extracts of logarithmically growing cells. As shown in Fig. 5, the
different cell lines express similar amounts of LT antigen or of
ST protein. In particular, mutant T antigens are certainly not
produced in lower amounts than the wild-type proteins. Induc-
tion of mutated Py ST in quiescent cells did not result in a
destruction of p27, and the same was true when wild-type Py
LT and mutated Py ST were induced together in serum-
starved 3T3 LTST(ins107AL) cells (Fig. 6A). Accordingly,
cyclin-dependent kinase activities remained low (Fig. 6B). As
expected, cytofluorometric analyses showed that these condi-
tions did not lead to S-phase induction above that seen with Py

LT alone (Fig. 6C). These results are consistent with the in-
terpretation that the interaction of Py ST with PP2A plays an
important role in the stimulation of cyclin-dependent cdk2
activity and that this activity is important for S-phase induction.

DISCUSSION

The cyclins E and A were shown to be important for S-phase
induction and regulation (5, 11, 28, 31, 36, 37, 44, 49; reviewed
in reference 41). Several substrates for cyclin E/cdk2 and cyclin
A/cdk2 are known, but some important targets may yet be
undiscovered. For instance, cyclin E/cdk2 was found to phos-
phorylate p27 on threonine 187 (40) and to associate with
components for the SWI-SNF complex that alters chromatin
structure (39) and with NPAT, a novel substrate with S-phase-
promoting function (57). Together with cdk2 (and later in the
cell cycle together with cdk1 [cdc2]), cyclin A phosphorylates
proteins playing important roles in S phase and thereafter
(reviewed in reference 41). For instance, cyclin A was found to
bind to complexes of E2F with p107 (8, 21, 24, 43) and to
phosphorylate E2F1 (probably also E2F2 and E2F3) and DP1,
causing inhibition of their transcriptional activity in S phase
(17, 18). It also phosphorylates, and thereby activates, tran-
scription factor B-myb (38, 58). Cyclin A stimulates SV40 and
cellular DNA replication in vitro (9, 19), and several compo-
nents of the replication machinery (replication protein RP-A,
DNA polymerase a, and the large T antigen) were found to be
modified by cyclin-dependent kinases with consequences for
their activity (52, 53). Importantly, cyclin A/cdk2 phosphory-
lates cdc6 protein, thereby stimulating its release from chro-
matin and its export from the nucleus (30). cdc6p is essential

FIG. 4. Induction of p21Cip1 by LT depends on an intact pocket protein
binding motif within the viral antigen. Lysates of cells expressing either LT, ST,
or both, which were serum starved and subsequently incubated with dexameth-
asone for 24 h, were subjected to SDS-PAGE and immunoblotting. p21 was
detected by using a polyclonal antibody. For comparison of p21 induction, ex-
tracts of growing and UV-irradiated (18 J/m2; extract was prepared 9 h thereaf-
ter) 3T3 cells are shown in the first two lanes. Fold induction represents the ratio
of the dexamethasone-induced amount to the uninduced amount.

FIG. 5. The mutated form of ST containing a defective PP2A binding site is
expressed at levels comparable to those of the wild-type ST. All T antigen-
expressing cells used for this study were induced with dexamethasone for 16 h.
Whole-cell extracts were prepared and subjected to Western blot analysis. An
extract of the Py-transformed cell line Cop8 was included as a positive control.
The T antigens were detected by using a polyclonal antibody raised against the
N terminus, thus recognizing all three T antigens. Arrows indicate LT, MT, and
ST (from top to bottom).

FIG. 6. A mutated form of ST deficient for PP2A interaction is unable to
cause the elimination of p27 from arrested cells. (A) Western blot analysis
for p27 of cells conditionally expressing ST(ins107AL) or wild-type LT and
ST(ins107AL) together, respectively, is shown. (B) Cyclin A- and cyclin E-de-
pendent histone H1 kinase activities were determined in LTST(ins107AL) ex-
pressing cells at the indicated time points. (C) Cell cycle phase distribution
profile of 72-h serum-starved (arr) and 32-h dexamethasone-induced 3T3
LTST(ins107AL) cells as determined by FACS analysis is shown.
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for setting up the prereplicative complex and is central to the
once-per-cell cycle regulation of DNA replication (reviewed in
reference 25). Viral proteins can bind cyclin A directly (refer-
ences 1, 4, and 50 and our unpublished observations). It is so
far unknown whether this binding has consequences for the
function of cyclin A during S phase.

Considering the importance of cyclins E and A in S-phase
induction, it is not surprising that several viral proteins were
found to stimulate their synthesis (1, 29, 50, 54, 55). In the case
of Py, efficient transactivation of cyclin A is not achieved by LT
alone but is provided by the combined activities of Py LT and
Py ST. Our finding that the T antigens in addition permit
strong induction of cyclin E/cdk2 and cyclin A/cdk2 activity
thus can explain the proficient initiation of S phase if the two
viral proteins are produced in serum-starved cells (26). It is
of interest that although binding of pRB or the other pocket
proteins by Py LT is not required for cyclin A transactivation,
this activity seems to be essential for the capacity of Py LT to
induce cyclin A/cdk2 activity. The role of pRB in the transcrip-
tional regulation of cyclin A gene expression is still controver-
sial. Our observation argues against an involvement of pRB in
the transactivation of cyclin A by Py LT, which is in agreement
with the report that a mutant of SV40 LT antigen (K1), which
is unable to bind pocket proteins, can induce cyclin A (29).
Furthermore, Henglein et al. (12) reported that regulation of
cyclin A promoter-luciferase constructs is normal in tumor-
derived cell lines lacking pRB. On the other hand, cyclin A reg-
ulation was found to be aberrant in normal diploid mouse cells
in which the RB gene was eliminated; no effect was observed in
cells from p107 and p130 knockout mice (33). Nevertheless,
the transactivation of cyclin A by adenovirus E1A protein was
reported to require an interaction of the viral protein with the
pocket protein p107 (55). Since both SV40 LT and Py LT mu-
tated in the LXCXE domain are defective in p107 as well as
pRB binding, this indicates that the mechanism of transactivation
of cyclin A by the viral proteins may differ. It remains to be
clarified whether Py LT has a direct effect on the cyclin A pro-
moter and which sequences within the viral protein are involved.

Besides Py LT, Py ST also has the potential to transactivate
cyclin A. This is in accord with a report on a similar activity of
SV40 small T protein (34). While for the latter protein an
involvement of the chaperone binding site, the so-called J
domain recently discovered in T antigens (for examples, see
references 3, 16, and 47), was suggested to be necessary for this
activity (34), the mechanism by which Py ST transactivates
cyclin A has to be investigated. Furthermore, an important role
of Py ST in stimulating cyclin E- and cyclin A-dependent cdk2
activity is obvious from the results presented. They also suggest
a mechanism by which Py ST accomplishes this stimulation.
This viral protein is able to cause a rapid decrease in the
amount of the cdk inhibitor p27, an activity for which the
binding of Py ST to the PP2A is essential. Our data also show
that through the action of Py ST, p27 is converted into a
(hyper)phosphorylated form. This agrees with the mechanism
suggested for cell cycle-dependent inactivation of p27 involving
a phosphorylation step which sensitizes the protein for degra-
dation by the proteasome system (32, 51). It was shown previ-
ously that SV40 ST antigen, through its interaction with PP2A,
stimulates the mitogen-activated protein (MAP) kinase path-
way of signal transduction (10, 45, 46) and that p27 can be
phosphorylated by MAP kinase in vitro (15). Finally, there is
evidence that phosphorylation of p27 precedes the degradation
of the protein (32, 51). All these data support the above model
for the function of Py ST. Although our data do not provide
direct proof, it is an attractive hypothesis that activation of the
MAP kinase pathway by Py ST may lead to the elimination of

a crucial negative regulator of cell proliferation in vivo. It is
interesting that the shift to slower migration of p27 is not so
obvious in the case of serum stimulation of arrested cells (Fig.
3). This might indicate that the phosphorylation step is the
rate-limiting one in the case of serum stimulation while com-
ponents of the degradation machinery involved in the destruc-
tion of p27 may be readily available under these conditions. In
contrast, in the case of serum-deprived cells expressing Py T
antigens, these components might be limiting, thereby allowing
the slower-migrating phosphorylated form of p27 to become
clearly visible before the protein is degraded.

In contrast to the Py ST-induced elimination of p27, Py LT
provokes an increase in the level of p21. This is dependent on
the ability of the protein to interact with pRB and therefore
likely results from a transactivation of the E2F-regulated pro-
moter of the p21 gene (13). The cellular level of p21 attained
by expression of Py LT in serum-starved Swiss 3T3 fibroblasts
is close to that obtained by serum stimulation and considerably
lower than that induced by UV treatment of cells. While the
latter condition causes cell cycle arrest due to inhibition of
cyclin-dependent kinases, the lower amounts induced by serum
or by Py LT appear to support the generation of active cyclin/
cdk complexes (20, 56). The induction of p21 by Py LT may
thus be an essential part of the reaction leading to high cyclin
kinase activity. Several of our observations provide evidence
for this: first, Py LT gives rise to some cyclin A and cyclin
E/cdk2 activity even in the absence of Py ST and, hence, in the
presence of p27. Second, expression of Py ST alone is not
sufficient to induce high cyclin E-dependent kinase activity,
despite the removal of p27. Finally, the mutant of Py LT
defective in pRB binding, although functional in the induction
of cyclin A protein, is not able to induce cyclin E or cyclin
A/cdk2 activity. Taken together, these results indicate that it
may require both the induction of p21 by Py LT and the
elimination of p27 by Py ST to adequately activate cyclin E-
and cyclin A-dependent protein kinase.

Shortly before the preparation of this manuscript was fin-
ished, a paper was published (35) in which the cooperation of
SV40 large and small T antigens in the induction of cell cycle
rerentry of serum-starved human diploid fibroblasts was de-
scribed. As in our study on Py T antigens, both proteins are
required and major activities were found to be the transacti-
vation of cyclin A and the activation of cyclin A/cdk2 to which
small T contributes by eliminating p27. However, there are
also significant differences. For instance, while we find that Py
LT induces p21, SV40 LT was found to inhibit p21 expression.
This difference may lie in the well-known ability of SV40 LT to
interact with and functionally inactivate p53, an activity not
found for Py LT. In fact, our earlier observation that Py LT
does not interfere with the UV-induced and p53-dependent
induction of high levels of p21 in REF52 cells (48) supports
this assumption.

In conclusion, our observations support the view that the pro-
duction of S-phase-specific enzymes (which results from the
function of Py LT) and a sufficient generation of cyclin E- and
cyclin A-dependent protein kinase activities (which are achieved
by the combined actions of Py LT and Py ST) are required to
adequately drive quiescent Swiss 3T3 cells into S phase.
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