
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 12861–12866, November 1996
Biochemistry

Induction of cyclin D1 by simian virus 40 small tumor antigen

GENICHI WATANABE*†‡, ALAN HOWE‡§, RICHARD J. LEE*†, CHRIS ALBANESE*†, I-WEI SHU*,
ANTHONY N. KARNEZIS*†, LEONARD ZON¶, JOHN KYRIAKISi, KATHLEEN RUNDELL§, AND RICHARD G. PESTELL*†**
Departments of *Medicine and §Microbiology and Immunology, Lurie Cancer Center, Northwestern University, 303 East Chicago Avenue, Chicago, IL 60611;
¶Division of Hematology and Oncology, The Children’s Hospital, Boston, MA 02115; and iDiabetes Research Laboratory, Medical Services, Massachusetts
General Hospital East, 149 13th Street, Charlestown, MA 02129

Communicated by Arthur B. Pardee, Dana–Farber Cancer Institute, Boston, MA, August 28, 1996 (received for review May 28, 1996)

ABSTRACT Cell-cycle progression is mediated by a co-
ordinated interaction between cyclin-dependent kinases and
their target proteins including the pRB and E2FyDP-1 com-
plexes. Immunoneutralization and antisense experiments
have established that the abundance of cyclin D1, a regulatory
subunit of the cyclin-dependent kinases, may be rate-limiting
for G1 phase progression of the cell cycle. Simian virus 40
(SV40) small tumor (t) antigen is capable of promoting G1
phase progression and augments substantially the efficiency
of SV40 transformation through several distinct domains. In
these studies, small t antigen stimulated cyclin D1 promoter
activity 7-fold, primarily through an AP-1 binding site at2954
with additional contributions from a CRE site at 257. The
cyclin D1 AP-1 and CRE sites were sufficient for activation by
small t antigen when linked to an heterologous promoter.
Point mutations of small t antigen between residues 97–103
that reduced PP2A binding were partially defective in the
induction of the cyclin D1 promoter. These mutations also
reduced activation of MEK1 and two distinct members of the
mitogen-activated protein kinase family, the ERKs (extracel-
lular signal regulated kinases) and the SAPKs (stress-
activated protein kinases), in transfected cells. Dominant
negative mutants of either MEK1, ERK or SEK1, reduced
small t-dependent induction of the cyclin D1 promoter. SV40
small t induction of the cyclin D1 promoter involves both the
ERK and SAPK pathways that together may contribute to the
proliferative and transformation enhancing activity of small t
antigen.

The orchestration of orderly G1 phase progression requires
temporally coordinated interactions between the cyclin-
dependent kinases and their substrates, including the tumor
suppressor protein pRB (1–3). The abundance of cyclin D1
appears to be rate-limiting in G1 phase progression in several
different cell types containing pRB as evidenced by immuno-
neutralization and antisense experiments (4–9). The capacity
of cyclin D1 to promote G1 phase progression likely relates to
its function as the regulatory subunit of a holoenzyme that
phosphorylates pRB and the related protein, p107 (1, 10).
Cyclin D1 mRNA abundance is increased by the addition of
growth factors and by overexpression of p21ras or p60src (11,
12). c-Jun induces the cyclin D1 promoter through an enhancer
sequence at2953 (13) that binds c-Fos and c-Jun proteins (13,
14). In contrast, cyclin D1 mRNA levels were reduced in cell
lines overexpressing c-Fos (15), and cotransfection of c-Fos
expression vectors decreased cyclin D1 promoter activity in
transient assays (13).
The early region of simian virus 40 (SV40) encodes large

tumor (T) and the 20-kDa small tumor polypeptide (small t).
SV40 small t antigen is required for the efficient transforma-
tion of several cell types especially when assayed in growth-
arrested cells (16). SV40 infection is capable of stimulating

quiescent cells to re-enter the S phase of the cell cycle (17–19).
In addition, small t promotes G1 phase progression and S phase
entry (20). The mechanisms by which small t enhances the
transformation of resting cells may relate to its ability to
stimulate or repress transcription of certain target genes
(21–23). In addition, through inhibiting phosphatases that may
down-regulate a proliferative signal, small t antigen may
amplify and sustain normally transient signaling events (24–
27).
One reported consequence of small t inhibition of PP2A is

activation of members of the mitogen-activated protein kinase
(MAPK) family (24). These are serineythreonine kinases that
are induced by a wide variety of signaling pathways and may
convey proliferative signals in G1 (28). Members of the MAPK
family include the p42ERK and p44ERK, the p38 kinase (29), and
a family of p54 kinases, the stress-activated protein kinases
(SAPKs or Jun kinases) (30, 31). Activation of MAPKs
requires dual phosphorylation on Thr and Tyr residues by
MAPK kinases known as MEKs [ERK kinase (MAPKK), or
SEK (SAPK kinase)] (28, 32, 33). Thus, small t antigen may
maintain MAPK family members in more active states by
preventing dephosphorylation of their Thr residues by PP2A.
The activities of p42ERK and p44ERK are also down-regulated
by dephosphorylation with the dual specificity phosphatase
MKP-1 (34).
MAPKs augment the activity of several transcription factors

including the activator protein-1 complex (AP-1, c-Fosyc-Jun),
ATF-2, and members of the ETS transcription factor family. In
some cell types, SV40 small t cooperates with ERK to stimulate
AP-1 activity (24–26). PP2A was also identified as the primary
phosphatase dephosphorylating the transcription factor
CREB (cAMP-responsive element binding protein) in HepG2
cells (35), and overexpression of small t augmented CREB’s
transcriptional activity in HepG2 cells (27). Although the
enhancement ofMAPK activity is associated with proliferative
processes, target genes induced by small t that are capable of
promoting G1 phase progression have yet to be identified.
In this report, we examined the role of small t antigen in

regulating transcriptional activity of the cyclin D1 promoter.
Small t activated the cyclin D1 promoter primarily through the
c-Jun (AP-1) binding site at 2953 with an additional contri-
bution from a CREB binding site at257. Mutation of domains
involved in PP2A binding reduced small t activation of the
cyclin D1 promoter. Induction of the cyclin D1 promoter by
small t antigen through these two enhancer sequences may
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contribute to the proliferation- and transformation-enhancing
functions of small t antigen.

MATERIALS AND METHODS

Construction of Plasmid Vectors. A series of 59 promoter
reporter constructions derived from the human cyclin D1
genomic clone were recently described (13). The
2163CD1LUC and 266CD1LUC reporters were constructed
using 59 amplimers directed to the published sequence. The
Sp-1 site between2127 and299 was deleted by PCR-directed
mutagenesis in the context of the 2163 bp promoter fragment
to create 2163DSp-1.
Cyclin D1 promoter enhancer sequences were linked to the

thymidine kinase (TK81) promoter (TK81pA3LUC) to make
CD1(AP-1)TKLUC (the cyclin D1 AP-1 site from 2963 to
2940), CD1(E2F)TKLUC (the cyclin D1 sequences from
2156 to2133), and CD1(CRE)TKLUC (sequences from266
to 240). The reporter p3TPLUX contains trimeric wild-type
AP-1 responsive reporter elements (36), RSVLUC and pCM-
VLUC contain the viral promoters linked to the luciferase
reporter, and the reporter (UAS)5E1BTATALUC (37) con-
sists of multimerized GAL4 DNA binding sites cloned into the
reporter pA3LUC.
Expression Vectors. The SV40 small t expression plasmids

pCMVt and pw2t, and the mutant small t plasmids pw2tP43Ly
K45N, pw2tC97S, pw2tC103S, pw2tP101A, pw2tC97S, and
C103S were as described (38). The pw2t dl888, which lacks the
small t splice donor, served as a control plasmid. The plasmids
GAL4-c-Jun 5–253 (39) and murine (40) GAL4-CREB, the
expression vectors pCMV-p41ERK (MAPKwt) and pCMV-
p41ERKAla54 Ala55) (MAPKmut) (41), the dominant negative
ERK expression vector (MAPKi) (42), the dominant negative
MEK1 (Ala-218yAla222) (referred to as MEKC) (43), the
constitutively active MEK expression plasmids pCMV-
MKKDN3 and pCMV-MKKDN3yS218EyS222D (44), the
MKP-1 expression vector (34), and the dominant negative SEK
mutants pEBG-SEK1-KR (SEKKR) and pcDNA3-SEK1-AL
(SEKAL) were recently described (37, 45, 46).
Cell Culture and DNA Transfection. Cell culture, DNA

transfection, and luciferase assays were performed as previ-
ously described (36). The human trophoblast cell line JEG-3
and the fibroblast cell line CV-1 were maintained in DMEM
with 10% fetal calf serum with 1% penicillinystreptomycin.
Cells were transfected by calcium phosphate precipitation, the
medium was changed after 6 hr, and the cells were processed
for either luciferase activity or kinase activity at 24–48 hr. The
fold effect was determined for a given construct by comparison
with the effect of equal molar amounts of the expression vector
cassette.
MEK, ERK, SAPK, and JNK1 Immune-Complex Kinase

Assays. JEG-3 cells were transfected with small t expression
vectors for 48 hr, and then extracted with 20 mMTris base (pH
7.8) containing 100 mM sodium chloride and 0.5% Nonidet
P-40. Extracts were then incubated for 2 hr at 48C with protein
A-Sepharose beads that had been coated with antibodies to
MEK1 (Transduction Laboratories, Lexington, KY), ERK
(C16) and JNK1 (C17) (Santa Cruz Biotechnology), and
SAPK (30). Immunoprecipitates were then washed once with
extraction buffer, twice with 0.5 M lithium chloride in 0.1 M
Tris base (pH 8.6), and then once with the kinase buffer (25
mM Hepes, pH 7.4y10 mM magnesium chloridey10 mM
manganese chloridey1 mM dithiothreitol). Kinase reactions
were performed at room temperature for 20min in 30ml buffer
containing 10mCi [g-32P]ATP (3000 Ciymmol; 1 Ci5 37 GBq)
and 1–2 mg of appropriate substrate proteins. These were
myelin basic protein for ERK kinase, histidine-tagged kinase
inactive ERK forMEK1 (47), andGST c-Jun (1–135) for JNK1
(48) and SAPK (30). Aliquots of each reaction were quanti-
tated by acid precipitation. MEK1 reactions were spotted on

P81 cellulose (Whatman), and then washed with phosphoric
acid before scintillation counting. For ERK and JNK1 assays,
aliquots of the reactions were diluted to 0.5 ml with water
containing 100 mg carrier bovine serum albumin, and then
precipitated at 48C using 10% (JNK1) or 30% (ERK) trichlo-
roacetic acid. In most experiments, results obtained by acid
precipitation were confirmed by analysis of a second aliquot of
each reaction on SDSypolyacrylamide gels, followed by auto-
radiography to visualize reaction products.
Electrophoretic Mobility-Shift Assays. Electrophoretic mo-

bility-shift assays were performed using nuclear extracts (5–10
mg) from JEG-3 cells and binding buffer containing 20 mM
TriszCl (pH 7.8), 100 mM KCl, 1.0 mM EDTA, and 10%
glycerol to which 0.5 ng of g-32P-labeled probe and 50 mgyml
poly(dIzdC) as competitor (36, 49). The sequence of the cyclin
D1 promoter CRE site oligodeoxyribonucleotides
(CD1CREwt) was 59-AAC AAC AGT AAC GTC ACA CGG
AC-39 and the CD1CREmut sequence was 59-AAC AAC
AGT cgC GTC ACc CGG AC-39. The protein–DNA com-
plexes were analyzed by electrophoresis through a 5% poly-
acrylamide gel, with 0.5 3 Triszborate, EDTA buffer (TBE
buffer: 0.045 M Triszboratey0.001 M EDTA). Supershifts were
performed with antibodies to c-Jun (KM-1X), ATF-2 (C-19X),
c-Fos (K-25X), (Santa Cruz Biotechnology), and to CREBy
CREM (HM93) (50). The gels were dried and exposed to
XAR5 radiographic film.
Western Blots. The abundance of cyclin D1 protein was

determined by Western blotting using the monoclonal cyclin
D1 antibody (HD-11; Santa Cruz Biotechnology) and an
anti-mouse horseradish peroxidase second antibody (14). The
Enhanced Chemiluminescence system (Amersham) was used
to visualize reactive proteins, and densitometry of the auto-
radiograms was performed using the Bio-Rad MOLECULAR
ANALYST software (version 1.01).

RESULTS

SV40 Small t Activates Cyclin D1 Promoter Activity. The
effect of SV40 small t on cyclin D1 promoter activity was
examined by cotransfection experiments using the
21745CD1LUC reporter and the SV40 small t expression
plasmids (pw2t and CMVt). Induction of the 21745CD1LUC
reporter increased with the amount of transfected expression
plasmid (Fig. 1A). Cyclin D1 reporter activity was induced 6-
to 7-fold in JEG-3 cells (Fig. 1A). Several native and synthetic
promoters were examined to further elucidate the specificity of
the SV40 small t-dependent induction of the cyclin D1 pro-
moter. The minimal TK81 promoter and pA3LUC were not
affected by SV40 small t expression (not shown).
To determine whether SV40 small t was capable of regu-

lating the cyclin D1 promoter in different cell types, transfec-
tions were conducted in CV-1 and NIH 3T3 cells. Overexpres-
sion of small t activated the cyclin D1 promoter 5-fold in CV-1
cells and 3- to 4-fold in NIH 3T3 cells (Fig. 1B).
The Cyclin D1 AP-1 Site and CRE Site Are Required for Full

Activation by Small t. The regions of the cyclin D1 promoter
involved in transcriptional induction by small t were explored
using a series of cyclin D1 59 promoter constructions trans-
fected in conjunction with either the wild-type SV40 small t
vector or the dl888 control (Fig. 2A). The induction of cyclin
D1 transcription by pw2t was reduced 80% upon deletion from
2964 to 2161 (Fig. 2A). A sequence at 2953 resembles the
collagenase AP-1 site and was previously shown to convey
induction of the cyclin D1 promoter by c-Jun (13). Site-
directed mutation of the AP-1 site, previously shown to abolish
binding of AP-1 proteins in electrophoretic mobility-shift
assays (13), in the context of the 2964-bp promoter fragment
(2964 mtCD1LUC), reduced small t transactivation by 75%.
The proximal promoter fragments 2141CD1LUC and
266CD1LUC, maintained a 2- to 3-fold induction by small t
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(Fig. 2A), whereas the222CD1LUC reporter and the plasmid
vector pA3LUC were not induced significantly by small t
compared with the dl888 control. These findings indicated that
the additional small t-responsive sequences of the cyclin D1
promoter were located between 266 and 222, a region that
contains a CREyATF recognition sequence.
To evaluate the ability of small t to affect the cyclin D1 AP-1

and CREyATF site, transient expression studies were per-
formed with synthetic constructions in which these sites were
linked to the minimal TK promoter. The CD1(AP-1)TKLUC
reporter was induced 4- to 5-fold by small t (Fig. 2B). The
element resembling the E2F site [CD1(E2F)TKLUC], was not
induced by small t. The cyclin D1 CRE site at 257 was
sufficient for a 3-fold induction by small t (Fig. 2B). The
synthetic multimeric collagenase AP-1 site reporter,

p3TPLUX, was also induced 4-fold by small t (Fig. 2B).
Together these studies demonstrate that primarily the AP-1
site but also the CREyATF site of the cyclin D1 promoter
convey induction by small t antigen.
The PP2A Binding Domain of Small t Is Required for Full

Activation of Cyclin D1 Expression. To determine the domains
of small t required for activation of the cyclin D1 promoter, a
series of plasmids expressing either wild-type or mutant small
t proteins was examined in conjunction with the 21745CD-
LUC reporter in JEG-3 cells (Fig. 3). Previous studies dem-
onstrated that site-directed mutagenesis of small t amino acids
97 (pw2tC97S) and 103 (pw2tC103S) or 101 (pw2tP101A)
impaired the binding of small t to PP2A (38) without affecting
the stability of small t protein. Transactivation of the adeno-
virus E2 promoter was not affected by mutations in the 97–103
region, but was eliminated by a double mutation in another
region of small t, P43LyK45N. Mutation of amino acids in the
97–103 PP2A binding region reduced small t transactivation of
the cyclin D1 promoter by 50–60% in JEG-3 cells (Fig. 3A).
Mutations at amino acids 43 and 45 (pw2tP43LyK45N) re-
sulted in a slight enhancement of cyclin D1 promoter activity
compared with the wild type (Fig. 3A).
Findings with transient transcription assays were reflected in

levels of endogenous cyclin D1 in transfected cells. Cells
transfected with pw2t had elevated levels of cyclin D1 (Fig. 3A
Inset). These levels under represent effects of small t antigen.
Although transfection efficiencies reach up to 40% in JEG-3
cells, there is a significant number of untransfected cells in
these experiments. Less cyclin D1 was present in cells trans-
fected by pw2tC103S, suggesting that the increase in cyclin D1
protein levels required, at least in part, the inhibition of PP2A.
In separate transfections, the mean induction of cyclin D1
protein in JEG-3 cells transfected with wild-type small t was
1.9-fold greater than in cells transfected with the pw2tC103S
mutant (n 5 5) (data not shown).

FIG. 1. The cyclin D1 promoter is activated by SV40 small t. (A)
The 21745CD1LUC reporter was transfected with either the control
plasmid pw2t dl888 or the small t expression vector. For the dose
response, a representative example from three separate experiments is
shown for increasing amounts of transfected expression plasmid
normalized to the effect of vector alone. For the effect of pw2t (n 5
17 separate transfections) or the CMV small t expression plasmid (n5
7), the data are expressed as mean 6 SEM. (B) The 21745CD1LUC
reporter was transfected with the SV40 small t expression vector in the
cell lines indicated. The data are shown expressed as mean 6 SEM
with the number of experiments shown as N.

FIG. 2. The 2953 region of the cyclin D1 promoter is required for
activation by small t. (A) A series of 59 promoter deletions of the cyclin
D1 promoter were transfected into JEG-3 cells with the small t
expression plasmid. The data are the mean fold induction 6 SEM by
pw2t determined by comparison with cells transfected with the ‘‘cas-
sette’’ dl888. Data is for N separate transfections as indicated in
parenthesis. (B) The cyclin D1(AP-1)TKLUC reporter was trans-
fected with small t into JEG-3 cells. Data are normalized for the effect
of the pw2t vector (shown as 1). Comparison was made with the effect
of small t on the synthetic reporters, CD1(E2F)TKLUC,
CD1(CRE)TKLUC (encoding the sequences resembling a putative
CRE binding site at 257), and the synthetic AP-1 site reporter
p3TPLUX. The data are shown expressed as mean 6 SEM.

FIG. 3. The domains of small t required for activation of the cyclin
D1 promoter. (A) The 21745CD1LUC reporter was cotransfected
with expression vectors encoding either wild-type or mutant SV40
small t proteins into JEG-3 cells. The data shown were adjusted for the
effect of expression vector cassette lacking the cDNA on
21745CD1LUC reporter activity. The mean data (6 SEM) of n
separate transfections (in parenthesis) are shown. (Inset) Western blot
of JEG-3 cells transfected with the wild-type small t plasmid, the dl888,
or the PP2A binding defective mutant t103 probed with the cyclin D1
antibody. (B) As overexpression of ERK was previously shown to
augment activity of the cyclin D1 promoter in JEG-3 cells (13), the
21745CD1LUC reporter was cotransfected with the expression vector
encoding wild-type p42ERK in conjunction with either the wild-type or
mutant small t proteins into JEG-3 cells. The data were normalized to
1 for the effect of p42ERK on the 21745CD1LUC reporter. The mean
data (6 SEM) of 7 to 8 separate transfections are shown.
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It had been shown previously that overexpression of ERK
induced the cyclin D1 promoter 3- to 4-fold in JEG-3 cells (13).
As an additional assay of PP2A inhibition by small t, the
wild-type and pw2tP101A expression vectors were transfected
with the cyclin D1 promoter in the presence of the expression
vector for p42ERK (Fig. 3B). The wild type but not the mutant
small t antigen augmented transactivation of the cyclin D1
promoter by p42ERK (Fig. 3B), consistent with the prediction
that small t would increase ERK activity through inhibition of
PP2A.
Kinase Activities in Small t Transfected Cells. Previous

studies in monkey kidney CV-1 cells suggested that small t
antigen could activate ERK andMEK,most likely by inhibition
of PP2A (24). Similarly, levels of ERK and MEK were
examined in JEG-3 cells that were transfected with wild-type
or mutant small t expression plasmids for 48 hr. As shown in
Fig. 4A, ERK activity was induced 5-fold by small t antigen, an
effect that was eliminated by a mutation in the PP2A binding
region, pw2tC103S, but not by mutation of residues 43 and 45.
Similarly, MEK1 activity was increased 3-fold by small t
antigen in a PP2A-dependent fashion (Fig. 4B). Because
activation of the cyclin D1 promoter by small t occurred mainly
through an AP-1 site, JNK1 activity was also studied. Small t
stimulated JNK1 activity (Fig. 4C) and SAPK activity 2.5-fold
(not shown), and this stimulation was decreased by the
pw2tC103S mutation.
Small t Induction of the Cyclin D1 Promoter RequiresMEK,

ERK, and SAPK Pathways. As MEK activity was induced in
small t-transfected JEG-3 cells, experiments were conducted
to determine whether MEK was required for full induction of
the cyclin D1 promoter by the small t antigen. The catalytically
active MEK mutants MEKDN3 and MEKDN3yS218EyS222D
(44) induced both the p3TPLUX and the 21745 CD1LUC
reporters 4- to 5-fold (Fig. 5A). Small t-dependent induction of
the cyclin D1 promoter was reduced 30% by overexpression of
the dominant negative MEK expression vector, MEKC (Fig.
5B), 40% by the dominant negative ERK expression plasmid
(MAPKi), and 60% by the addition of the MEK and ERK
inhibitor PD098059 (20 mM) (51) (Fig. 5B). Overexpression of
the dominant negative SEK expression vectors, SEK1KR, and
SEK1AL (45, 46), reduced small t induced promoter activity
by 30%, indicating that both ERK and SEK pathways contrib-

ute to the induction of the cyclin D1 promoter by small t
antigen. Overexpression of the dual specificity phosphatase
MKP-1 reduced small t induced cyclin D1 promoter activity
90% (Fig. 5B).
c-Jun and CREB Transactivation Functions Are Induced by

Small t. The transient expression studies indicated that both
the AP-1 site and a CREyATF site contributed to the full
induction of the cyclin D1 promoter by small t antigen. Direct
effects of small t on c-Jun activity were studied because it was
known that c-Jun was one of the proteins that bound the cyclin
D1 AP-1 site (13) and that small t could increase JNK1 activity
in transfected cells. As shown in Fig. 6A, small t induced c-Jun
activity, as studied using a construct that expressed a chimeric
GAL4-c-Jun protein and a reporter gene that contained
GAL4 binding sites (Fig. 6A). Small t had no effect on the
(UAS)5E1BTATALUC reporter.
The cyclin D1 CRE site was found to bind a JEG-3 cell

nuclear complex that was supershifted with antibody to
CREByCREM protein but not with antibody to c-Fos, c-Jun,
or ATF-2 (Fig. 6B Inset). Accordingly, the effect of small t on
CREB transactivation function was examined, using a GAL4-
CREB fusion protein and a GAL4 responsive reporter plas-
mid. Like a wild-type PKA catalytic subunit, small t induced
activity of CREB-GAL4 protein (Fig. 6 B and C). It is
interesting to note that small t augmented the PKA catalytic
subunit activation of CREB-GAL4.

DISCUSSION

The ability of SV40 infection to stimulate quiescent cells to
reenter the cell cycle has been known for some time (17–19).
The SV40 small t antigen is also known to stimulate cell-cycle
progression (17, 19, 20). In nonpermissive infection of murine
cells (18) and in permissive infection of monkey cells (20),
small t antigen promotes G1 phase progression. In semiper-
missive human cells, small t is required for the induction of
focus formation (52). As recent studies demonstrated that
small t antigen may induce cyclin A expression (53), small t
antigen appears to induce several components of the G1 and
S phase cell-cycle regulatory apparatus. Our studies strongly
implicate the inhibition of PP2A and both an AP-1 site at2953
and a CRE site at 257 for full activation of cyclin D1
transcription by SV40 small t.
The ability of small t antigen to transactivate promoters in

transient transfections has been described previously, primar-
ily using the adenovirus E2A promoter (AdE2A) as a model
(22). As with cyclin D1, an ATFyCRE site in the AdE2A

FIG. 4. SV40 small t stimulates ERK, MEK, and JNK activity in
JEG-3 cells. JEG-3 cells were transfected with a plasmid that expressed
wild-type small t antigen (pw2t), a small t mutant with reduced PP2A
binding (t103), a small t mutant that does not affect PP2A binding
(t4345), or no small t antigen (dl888). Cells were extracted 48 hr after
transfection and kinase assays were done on immunoprecipitates
obtained with antibodies against ERK (A), MEK1 (B), or JNK1 (C).
Incorporation of [g-32P] into substrates myelin basic protein (A),
kinase-inactive ERK (B), and GST c-Jun (C) was quantitated by acid
precipitation and liquid scintillation counting as described. The data
are expressed as a ratio between small t-induced kinase activity and
that of the dl888 negative control.

FIG. 5. MEK, ERK, and SAPK are required for full induction of
the cyclin D1 promoter by small t antigen. JEG-3 cells were transfected
with either (A) the activatingMEKmutants, MEKDN3, andMEKDN3
S218EyS222D or (B) wild type small t and the expression plasmids
encoding either dominant negative mutants of MEK (MEKC), p42ERK
(MAPKi), SEK, or the MKP-1 expression vector encoding a dual
specificity ThryTyr phosphatase.
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promoter was involved in small t responsiveness. Deletion of
the ATFyCRE site did not eliminate small t transactivation;
however, the overall response to small t was significantly
reduced in magnitude. In contrast, deletion of the two E2F
sites in the E2A promoter eliminated transactivation by small
t antigen (21), whereas the E2F site in the cyclin D1 promoter
was not necessary in this study. In addition, the transactivation
of E2A did not require the inhibition of PP2A by small t
antigen and was eliminated in small t that carried double
mutations at residues 43 and 45 (38). The same mutations had
no effect on transactivation of the cyclin D1 promoter.
Point mutations in the 97–103 PP2A binding region of small

t reduced the ability of small t to transactivate the cyclin D1
promoter in JEG-3 cells. Consistent with earlier studies in
CV-1 cells, inhibition of PP2A by small t also correlated with
reduced ability of the mutant proteins to increase activities of
MAPK family members in transfected JEG-3 cells. Direct
evidence for a role for MAPK family members in transcrip-
tional activation of cyclin D1 was obtained by transfection of
p42ERK. Small t augmented the transcriptional activation by
p42ERK, an effect that was also dependent on PP2A inhibition.
In addition, constructs that expressed dominant-negative
forms of several of the MAPKs reduced small t activation of
the cyclin D1 promoter.
A new finding of the current study is the activation of JNK1

by small t antigen. As with the induction ofMEK and ERK, the
induction of JNK required the PP2A binding domains of small
t. Dominant-negative SEK constructs reduced activation of
cyclin D1 promoter activity by small t. The combined activities
of SAPK (JNK) and of MEKyERK would be likely to increase
cellular AP-1 activity through phosphorylation of c-Jun (31,
54), a factor known to bind the cyclin D1AP-1 site (13). In fact,
mutation of the AP-1 site at 2953 dramatically reduced
transactivation by small t, and, in these studies, small t induced
both the collagenase and cyclin D1 AP-1 sites in heterologous

constructs. In our studies, c-Jun transactivation function, as
assessed by GAL4 heterologous reporter assays, was induced
by small t, suggesting that a component of small t-dependent
induction of the cyclin D1 promoter may be mediated by this
mechanism. Activation of AP-1 by small t supports a previous
report that small t could induce a synthetic AP-1 reporter in
microinjected REF52 and CV-1 cells in a PP2A-dependent
fashion (25). In contrast, small t inhibited AP-1 activity in
transfected CV-1P cells (23), raising the possibility that there
are cell-type specific differences in intracellular signaling by
small t antigen.
Induction of cyclin D1 promoter activity was not totally

eliminated by mutation of the AP-1 site and residual activity
correlated with the presence of the CRE site at 257. Addi-
tional evidence for the involvement of the CRE site include the
induction by small t of the cyclin D1 CRE site when linked to
the minimal TK promoter and the induction of CREB trans-
activation function by small t. Although not formally shown, it
is likely that the effect of small t on CREB, as on AP-1, is via
the inhibition of PP2A.
Although increased MEK and ERK activity appear to

contribute significantly to the induction of cyclin D1 promoter
activity, small t mutants defective in PP2A binding maintained
residual activation of the promoter. Interestingly, sequences in
the amino-terminal region of small t are involved in transac-
tivation of the AdE2A and cyclin A genes (38, 53), as well as
the repression of c-fos transcription (23). The amino-terminal
region is shared by small t and the viral transforming protein
large T, raising the question of individual effects of the two
viral proteins on transcription of cellular target genes. It has
been suggested that the expression of SV40 large T, like the
adenovirus E1A protein, may reduce cyclin D1 levels by
binding the Rb protein, a positive regulator of cyclin D1
transcription (55). Such down-regulation of cyclin D1 by T
antigen may occur at late times in the course of an infection,
a period when cyclin D1 expression would no longer be
necessary or advantageous. At early times, cyclin D1 expres-
sion would stimulate progression of infected cells through G1,
a process known to be enhanced by small t (18, 20). It is also
interesting to note that the shared domain of Tyt has functional
similarity to the amino terminal domain of E1A which has
transcriptional regulatory activities as well. In genetic comple-
mentation studies, this region of Tyt could provide function to
amino terminal mutants of E1A (56, 57).
It was also intriguing that the activation of the cyclin D1

promoter by small t was reduced byMKP-1. MKP-1 is encoded
by the mitogen-inducible gene 3CH134 and inactivates p42ERK
and p44ERK by dephosphorylating both phosphothreonine and
phosphotyrosine regulatory sites (58). Microinjection of
MKP-1 blocked S phase entry induced by ERKs (34). Our
studies indicate that MKP-1 may have an important effect in
regulating transcriptional activity of the cyclin D1 gene. It will
be of interest to determine whether a reduction in cyclin D1
expression by MKP-1 contributes to the cell-cycle inhibitory
effect of this phosphatase (34).
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