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Abstract

Previous studies have demonstrated that the serine/threonine protein phosphatase 2A (PP2A) can modulate the transcriptional activity
of several sequence-specific DNA-binding proteins. However, less is known about the effect of PP2A on the activities of general
transcription factors and transcriptional coregulators. Here we describe that the activity of a general coactivator, the four-and-a-half-LIM-
only protein 2 (FHL2), is regulated in a PP2A-dependent manner. Specific inhibition of PP2A by simian virus 40 (SV40) small t-antigen
(st-ag) stimulated the intrinsic transcriptional activity of FHL2 more than 10-fold, while a st-ag mutant unable to bind PP2A had no effect.
Overexpression of the B56 subunits o, B, and y1 of PP2A impaired the induction of FHL2 by st-ag. FHL2 functioned as a coactivator for
CREB-mediated transcription, and inactivation of PP2A further increased FHL2-induced CREB-directed transcription. Overexpression of
FHL2 readily enhanced the transcription of the luciferase reporter gene driven by the c-fos promoter, and inhibition of PP2A further
stimulated FHL2-induced transactivation of this promoter. These results suggest that dephosphorylation of the general coactivator FHL2

may represent a novel mechanism by which PP2A modulates the transcription of FHL2-responsive genes.

© 2003 Elsevier Science Inc. All rights reserved.

Keywords: FHL2; SV40 small t-antigen; c-fos; CREB; NIH 3T3

1. Introduction

Expression of eukaryotic protein-encoding genes
requires the concerted action of many proteins that can
be divided in three functional classes: RNA polymerase II
and the general transcription factors TFIIs, sequence-spe-
cific DNA-binding activators and repressors, and coacti-
vators and corepressors including the chromatin-
remodeling and modifying enzymes (reviewed in [1]).
The activity of several transcription factors is regulated
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by reversible phosphorylation events [2,3]. While phos-
phorylation of transcription factors by protein kinases has
been extensively studied, less attention has been paid to the
role of protein phosphatases in the regulation of the activity
of transcription factors. The serine/threonine PP2A is a
heterotrimeric enzyme that consists of the catalytic subunit
C, the regulatory subunit A, and one of a diverse array of
regulatory subunits (B) (reviewed in [4]). PP2A has been
demonstrated to be involved in the regulation of the
transcriptional activities of CREB [5,6], AP-1 [7,8], NFkB
[9,10], HOX11 [11], STAT3 [12], Sp1 [13], Zthep [14], and
retinoid X receptor [15]. Furthermore, PP2A inhibits the
activity of E2F by dephosphorylation of p107 [16]. Phos-
phorylation and dephosphorylation events seem to con-
tribute to the maximal transcriptional activity of general
transcription factors and coregulators, but the involvement
of PP2A awaits to be identified [17-22].

In many studies, the criterion used to link PP2A invol-
vement to the regulation of transcriptional activity was the
application of the PP2A inhibitor OA isolated from marine
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Fig. 1. Schematic presentation of the human c-fos promoter spanning nucleotides —361 to 413 (with +1 the start site of transcription). The relative positions
of the sis-inducible element (SIE), serum response element (SRE), Fos-AP-1 site (FAP), cAMP responsive element (CRE), and TATA motif are indicated. The
wild-type sequences of these motifs are shown in the upper line, while the lower line represents the introduced mutations that were tested in this study.

Mutated bases are underlined, while deleted bases are shown as a stippled line.

dinoflagellates. OA has been shown to bind directly to the
catalytic subunit of PP2A [23]. The use of OA as a specific
PP2A inhibitor has, however, some drawbacks. OA also
inhibits protein phosphatase (PP1), albeit with an approxi-
mately 100-fold lower potency. PP4 was found to be almost
as sensitive to OA as PP2A, while PP5 had a comparable
sensitivity to OA as PP1 [24]. Moreover, OA penetrates the
cell membrane rapidly, but accumulates slowly. This find-
ing and the fact that the efflux of OA varies considerably
between different cell lines makes it difficult to control the
actual intracellular concentration of the compound in vivo
[25]. Thus, the inhibitory effect assigned to PP2A might
actually have resulted from OA inhibition of other protein
phosphatases. Alternatives for OA are the cellular inhibi-
tors of PP2A, I'P?A and I5P?A. However, in the presence of
near-physiological concentrations of Mn*", I??A and 15724
stimulate the activity of PP1, which may hamper the
interpretation of the results observed with these cellular
inhibitors [26]. The st-ag is also being used as a valuable
tool in the research for PP2A-dependent processes in
mammalian cells. This viral protein and PP2A’s regulatory
B subunits bind in a mutually exclusive manner to a region
of the A subunit which is distinct from the region that binds
the C subunit [27]. The interaction of PP2A with st-ag
alters the substrate specificity of PP2A and inhibits its
serine/threonine phosphatase activity [28]. Thus, st-ag
appears to be a specific inhibitor for PP2A-mediated
serine/threonine phosphorylation of its substrates and
makes this protein suitable for studying PP2A-dependent
processes.

Previous studies with OA and st-ag have demonstrated a
PP2A-dependent involvement in the regulation of the
promoter of the proto-oncogene c-fos [7,15,29]. Stimula-
tion of the mitogen-activated protein (MAP) kinase path-
ways MEK/ERK (MAPK-ERK-kinases/extracellular
signal-regulated kinase) and JNK (Jun NH,-terminal
kinase), and the calmodulin-dependent protein kinase IV
pathway through specific inhibition of PP2A may be one
way by which the activity of the c-fos promoter is con-
trolled [7,30-33]. Indeed, both the MAP kinase pathway
and the calmodulin-dependent protein kinase IV pathway
have been shown to activate c-fos expression (reviewed in
[34]) and enhance the transcriptional activity of the tran-
scription factors such as CREB [6,33]. The st-ag also

regulates the transcriptional activity of STAT3 [12], AP-
1 [7], and Sp1 [13], all of which can bind the c-fos promoter
(Fig. 1, reviewed in [35] and in [36]). Coregulators and
chromatin structure add to the complexity of transcrip-
tional regulation of the c-fos promoter. The c-fos promoter
binding proteins AP-1, CREB, NFxB, STAT and Sp1 can all
interact with CBP/p300 in vivo [20], while signal-induced
phosphorylation and acetylation of histone H3 contribute to
the regulation of this promoter [37]. Recently, a novel
family of coregulators for CREB has been identified.
The members of this family, referred to as four-and-a-
half-LIM-only proteins (FHL), possess intrinsic transcrip-
tional activities and can stimulate CREB-mediated tran-
scription. While a prerequisite for transcriptional activation
of CREB is phosphorylation of serine residue 133 [38,39],
FHL proteins induce CREB-mediated transcription in a
phosphoserine-133-independent fashion [40]. Stimulation
of the Rho signaling pathway induces nuclear translocation
of FHL2 and subsequent activation of FHL2-responsive
genes. However, no changes in the phosphorylation pattern
of FHL?2 after stimulation have been reported so far [41].

Here we describe that specific inhibition of PP2A by st-
ag stimulated the intrinsic transcriptional activity of FHL2
and potentiated transactivation of the c-fos promoter by
FHL?2. Furthermore, inhibition of PP2A enhanced FHL2-
induced transcription mediated by CREB. These observa-
tions suggest that a PP2A-dependent signaling pathway
may regulate gene expression of FHL2-responsive genes.

2. Materials and methods
2.1. Cells

NIH 3T3 cells (ATCC CRL 1658, American Type
Culture Collection) were maintained as described before
[42]. All cells were used between passages 132 and 143.

2.2. Chemicals

Forskolin was purchased from Sigma. Sonicated salmon
sperm DNA was from Amersham Pharmacia. Newborn calf
serum was from BioWhittaker Inc. OA was obtained from
Alexis Corporation.
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2.3. Plasmids

The st-ag expression vectors pCMVS5st, pCMV5#mt3,
and the empty vector pPCMV5 were kindly provided by Dr.
E. Sontag [30]. The plasmid pG5E1bLuc was a kind gift
of Dr. R. Davis [43]. The expression vector encoding
the DNA-binding domain of GAL4 (residues 1-147)
was a kind gift of Dr. R.A. Maurer [44]. Expression
plasmids for GAL4 fusion proteins pGAL4-CREB,
pGAL4-CREB S133A, pGAL4-VP16, pGAL4-p65, and
pGALA4-Elk were gratefully donated by Dr. R.A. Maurer
[44], Dr. M. Green [45], Dr. J.A. Didonato [46], Dr. S. Khan
[47], and Dr. T. Johansen [48]. The GAL4-p53 expression
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plasmid was purchased from Clontech Laboratories. The
plasmids pfOS(,36]/+]3)-LUC, pfos(,36]/+13)mSIE—LUC,
pfOS(_361/+13)ACRE-LUC, pfOS(_361/+13)ASRE-LUC, and
pfos(_361/+13AFAP-LUC were generated by subcloning
the HindIlI-Bglll fragment of the previously described
plasmids pfosCAT, pfosCATmSIE, pfosCATACRE,
pfosCATASRE, and pfosCATAFAP [49], respectively, in
the corresponding sites of the promoter-less reporter plas-
mid pO-Luc [50]. Plasmids pCMXGal-FHL?2 and pCMX-
Flag-FHL?2 were generously provided by Dr. Schiile [51],
while expression plasmids for the B56a, B56f, and B56y1
regulatory subunits of PP2A were a kind gift of Dr.
D.M. Virshup [52]. The murine FHL2 EST clone (Image
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Fig. 2. Inhibition of PP2A in NIH 3T3 cells stimulates the c-fos promoter activity through the CREB-binding motif. (A) Cells were transiently
transfected with 1 pg of a c-fos promoter driven luciferase reporter plasmid and with either 1 pg of expression vector for wild-type small t-ag
expression vector (st-ag), for the C-terminal truncated mutant 3 [30], for the PP2A deficient-binding mutant P101A [55], or empty vector pCMVS5. The
c-fos promoter sequences span from nucleotide —361 to +13 with +1 as the transcription start site. The luciferase activity in the presence of the empty
expression vector pCMV5 was arbitrarily set as 1, while the luciferase activity in the presence of small t-ag are shown as fold induction. Okadaic acid
(OA) treatment was for 3 hr with increasing concentrations as shown in the figure. The luciferase activity in the absence of OA was arbitrarily set as 1.
The results represent the average + SD of three independent parallels. Similar results were obtained in separate experiments. (B) The influence
of deletions in the SIE, SRE, FAP, and CRE motifs on PP2A-mediated transactivation of the c-fos promoter was tested. The mutations in the
distinct responsive elements are shown in Fig. 1. A representative experiments is shown. The results (£SD) are the average of three independent

parallels.
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Clone 3325842) was obtained from UK HGMP Resource
Centre.

2.4. Site-directed mutagenesis

Site-directed mutagenesis was performed with the
QuickChange™ Site-Directed Mutagenesis Kit from Stra-
tagene, according to the instructions of the manufacturer.
Oligonucleotides were ordered from Eurogentec. The st-ag
mutant Prol01 — Ala (st-ag P101A) was obtained by site-
directed mutagenesis using the complementary primers
(only one primer is shown): 5-CTG CAA ACA ATG
GGC TGA GTG CGC AAA G-3'. The mutation was
verified by cycle sequencing using the Big Dye sequencing
kit (Perkin-Elmer Tropix). Sequencing reactions were
analyzed on an ABI377 Prism Sequencer (Perkin-Elmer).

2.5. Transfections and luciferase activity

For transient transfections, 2 x 10° NIH 3T3 cells were
seeded per well in a 6-well culture dish and transfected
24 hr later as described previously [42]. Cells were serum-
starved (0.2%) for 18 hr before they were harvested. The
amount of total DNA in each transfection mix was kept
constant (5 pg per well) by adding appropriate control
vector DNA and salmon sperm DNA. All plasmids were
purified using the Qiagen plasmid purification kit (Qiagen
GmbH). Different plasmid DNA preparations were tested.
Luciferase activity was determined in 20 pL lysate using
the Luciferase assay system kit (Perkin-Elmer Tropix) and
a Luminoscan RT (Labsystems). Each experiment was
performed several times with three independent parallels
to ensure reproducibility of the observations. The variation
between the parallels ranged between 1 and 38%, and was
less than 20% in more than 75% of the transfections. Co-
transfections with a B-galactosidase reporter plasmid were
avoided because expression of st-antigen influenced the [3-
galactosidase values. Moreover, it is our experience that

correction for protein concentrations in each cell lysate had
negligible effect on the results (our unpublished results).

2.6. Total RNA isolation and reverse transcriptase-
polymerase chain reaction (RT-PCR)

Total RNA of NIH 3T3 cells was isolated and reversed
transcribed into cDNA as previously described [53]. FHL2
cDNA was amplified using the primers 5'-ATG ACT GAA
TTC TTT GAC TGC CAC CAC TGC-3' and 5'-TCA AAT
AAG CTT TCC ACA GTC AGG ACA GAG-3'. The PCR
cycling conditions were 40 times 94° for 30s; 62° for
1 min, and 68° for 1 min. PCR product was analyzed by
agarose gel electrophoresis.

2.7. Western blotting

Western blotting was performed as previously described
[42]. Phospho-CREB and CREB-specific antibodies were
purchased from New England Biolabs (catalogue no. 919
and 912, respectively). GAL4 antibodies were from Santa
Cruz Biotechnology (catalogue no. sc-577). Densitometry
quantitation of the hybridization signals was performed
with a Lumi-Imager F1™ using LumiAnalyst™ Software.

3. Results

3.1. Activation of the c-fos promoter after inhibition
of PP2A by st-ag is mediated through the CRE
binding motif

Several lines of evidence indicate a PP2A-dependent
mechanism for the regulation of promoter activity of the
proto-oncogene c-fos [7,15,29]. However, the exact
mechanisms by which PP2A affects the c-fos promoter
activity remains unknown. First, we established whether
PP2A binding to st-ag was required for transactivation of

Fig. 3. Inhibition of PP2A stimulates CREB-mediated transcription. (A) NIH 3T3 cells were co-transfected with 1 pg of the GALA4-luciferase reporter
plasmid GAL4-E1b-Luc and pCMVS5 or the st-ag expression vector. Co-transfection was performed with expression plasmids encoding a fusion protein of the
GAL4 DNA-binding domain (amino acid residues 1-147) and one of the following transcription factors: p53, CREB, Elk1, VP16, and RelA/p65, respectively.
The (—) indicates that no GAL4 DNA-binding domain expression plasmid was added, while GAL4 represents the DNA-binding motif of GAL4 without any
fusion partner. The luciferase activity in the presence of pCMVS5 was set as 1 and the activity in the presence of st-ag is shown as fold induction. The results
represent the average of three independent parallels (=SD) and similar results were obtained in separate experiments. (B) Induction of CREB-mediated
transcription by st-ag requires binding to PP2A. Transfections and calculations of luciferase activities are described as in (A). P101 is the non-PP2A binding
st-ag mutant. The results are the average &= SD of three independent parallels and similar results were obtained in separate transfection experiments. (C) NIH
3T3 cells were co-transfected with GAL4-CREB, or GAL4-FHL2 expression plasmids, respectively and with either empty vector (pCMVS5) or a vector
encoding wild-type st-ag. Expression levels of the GAL4 fusion proteins were monitored by using anti-GAL4-specific antibodies (upper panel). Lane 1: cells
co-transfected with GAL4-CREB expression plasmid and empty vector pPCMVS5; lane 2: cells co-transfected with expression plasmids for GAL4-CREB and
st-ag; lane 3: cells co-transfected with GAL4-FHL2 expression plasmid and pCMVS5; lane 4: cells co-transfected with expression plasmids for GAL4-FHL2
and st-ag. To correct for variations during the Western blotting, membranes were stripped and rehybridized with antibodies against CREB (lower panel). The
intensity of the hybridization signals was determined by densitometry. The numbers on the bottom represent the ratio of the relative levels of GAL4-fusion
protein:endogenous CREB. The relative protein level of GAL4-CREB, GAL4-FHL2, respectively, in the absence of st-ag was arbitrarily set as 1. The results
of a representative experiment is shown and similar results were obtained in two other experiments.
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this promoter. For this purpose, NIH 3T3 cells were co-
transfected with a luciferase reporter plasmid under control
of wild-type or mutated c-fos promoter and either empty
expression vector or a plasmid encoding wild-type SV40
st-ag, st-ag mutant 3 or mutant P101A. The mutant 3 lacks
the carboxy-terminal amino acid residues 102-172, while
mutant P101A has a proline residue replaced by alanine.
Both mutant proteins have been shown to be expressed
with comparable levels as wild-type st-ag, but the muta-
tions almost completely abolished the ability of the
mutants to bind PP2A and to inhibit its protein phosphatase
activity [30-32,54,55]. Transient expression of full-length
st-ag increased the activity of the wild-type c-fos promoter
on average about 5-fold (range 3-7.5-fold in 10 separate
transfection studies). No activation was observed with the
st-ag mutants that failed to interact with PP2A. Induction
of the c-fos promoter already occurred at OA concentra-
tions that inhibit PP2A but not PP1 (Fig. 2A). Next, we
examined which c-fos promoter sequences could mediate
the PP2A-induced activation. Mutations in the SIE, SRE,
FAP, or CRE motifs did not affect the basal promoter
activity (results not shown). However, the CREB-binding
motif is required for the induction of the c-fos promoter
upon inhibition of PP2A because deletion of this element
reduced transactivation by st-ag on average by 41% (22—
51%, N = 3; Fig. 2B). Deletion of the serum responsive
element (SRE) increased the induction of the promoter
when PP2A was inhibited probably because it released
autorepression of the c-fos promoter by this site [56].

3.2. CREB-mediated transcription is stimulated by wild-
type st-ag, but not by a non-PP2A binding mutant

Because activation of the c-fos promoter by PP2A-
binding st-ag partially required the CRE binding motif,
we examined whether inhibition of PP2A modulated
CREB-mediated transcription. For this purpose, the
GAL4 system with GAL4-CREB fusion protein and the
G5-E1b-LUC reporter plasmid was used. Expression of the
luciferase gene is under the control of the adenovirus E1b
minimal promoter fused to five binding motifs for GAL4
[43]. Dephosphorylation of pS3 by PP2A has been shown
to be impaired by st-ag [57], so pGAL4-p53 was therefore
included as a control to confirm that st-ag could enhance
GAL4-p53-mediated transcription in our experimental set
up. Co-expression of wild-type st-ag enhanced the tran-
scriptional activity of GAL4-CREB 4-19-fold (10 inde-
pendent transfection experiments) compared with the
activity observed in the absence of st-ag (Fig. 3A). The
transcriptional potential of GAL4-p53 augmented 4.3-fold
in the presence of st-ag. Increased transcription of the
luciferase reporter gene was mediated by the transactiva-
tion domains of the tested transcription factors because st-
ag had no effect on GAL4-directed transcription, nor could
st-ag alone stimulate luciferase activity of the GS5-El1b-
LUC plasmid (Fig. 3A). The effect of st-ag was transcrip-

tion factor specific because the activities of the GAL4-Elk-
1, GAL4-VP16, GAL4-RelA/p65 (Fig. 3A), and the
GAL4-oestrogen receptor [58] fusion proteins were not
effected by co-expression of st-ag. The non-PP2A binding
st-ag mutant P101A was unable to stimulate transcription
mediated by GAL4-CREB (Fig. 3B). These data suggest
the PP2A-dependency of the activation of CREB.

To rule out that st-ag enhanced GAL4-CREB-mediated
transcription resulted from the increased concentration of
the GAL4-fusion proteins, we compared the levels of
GAL4-CREB in lysates of cells expressing st-ag with cell
extracts not expressing st-ag. Western blot analyses
revealed no obvious increase in the levels of the GAL4-
CREB when st-ag was expressed (Fig. 3C). This suggests
that increased transcription of CREB-directed transcrip-
tion by inhibition of PP2A by st-ag is not merely the result
of increased levels of these transcription factors.

3.3. PP2A-mediated modulation of CREB-directed
transcription is independent of Ser-133

A prerequisite for transcriptional activation of CREB is
the phosphorylation of Ser-133 (reviewed in [38,39]).
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Fig. 4. Activation of CREB-mediated transcription by inhibition of PP2A
is independent of phosphorylation of Ser-133. (A) NIH 3T3 cells were co-
transfected with empty (pCMVS5) or st-ag expression vector, and with a
GAL4-fusion protein-encoding plasmid. The fusion partner of GAL4 was
wild-type CREB or CREB Ser-133Ala mutant. Stimulation with 10 uM
forskolin was for 3 hr. Luciferase activity was determined and presented as
described in the legend of Fig. 2. (B) Inhibition of PP2A by st-ag does not
alter the Ser-133 phosphorylation pattern of CREB. NIH 3T3 cells were
co-transfected with GAL4-CREB expression plasmid and empty (pCMVY5)
or st-ag expression vector. Phosphoserine-133 levels were determined by
phosphoCREB-specific antibodies. The protein levels of GAL4-phospho-
CREB are shown in the upper panel, while the lower panel represents
endogenous CREB as determined with anti-CREB antibodies. Lane 1: cell
transfected with pCMV5 and GAL4-CREB; lane 2: cells transfected with
st-ag and GAL4-CREB expression vectors; lane 3: cells transfected with
pCMVS; lane 4: mock transfected cells.
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Sustained phosphorylation through inhibition of PP2A
may thus account for enhanced GAL4-CREB-mediated
transcription. To investigate the role of Ser-133 in the st-
ag-induced transactivation by CREB, we used the nonpho-
sphorylable CREB mutant in which Ser-133 was substi-
tuted by Ala [59]. The transcriptional activity of wild-type
GAL4-CREB, but not the GAL4-CREB S133A mutant,
was strongly induced by the adenylyl cyclase activator
forskolin. (Fig. 4A). Surprisingly, st-ag-activated GAL4-
CREB S133A-mediated transcription equally well as wild-
type GAL4-CREB (Fig. 4A). This indicated that the
S133A mutation strongly impaired activation of CREB
through the classical cAMP-dependent protein kinase
(PKA) pathway, but had no effect on PP2A-dependent
regulation of CREB. Ser-133-independent activation of
CREB-mediated transcription by st-ag was further tested
by comparing the Ser-133 phosphorylation pattern in NIH

3T3 cells lacking or transiently expressing st-ag. Western
blotting with phosphoSer-133 CREB-specific antibodies
revealed no quantitative changes in the phosphorylation
pattern of CREB when st-ag was co-expressed (Fig. 4B).
These observations underscore the findings that induction
of CREB-mediated transcription after PP2A inactivation
can be uncoupled of Ser-133 in NIH 3T3 cells.

3.4. Inhibition of PP2A increases the intrinsic
transcriptional activity of the coactivator FHL2

The family of FHL has recently been shown to bind and
stimulate CREB-mediated transcription in a phosphoSer-
133-independent manner. Moreover, the FHL proteins
possess intrinsic transcriptional activities [40]. Our finding
that phosphoSer-133 was dispensable for PP2A-dependent
activation of CREB-mediated transcription, suggested to
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Fig. 5. FHL2-induced activation of CREB-mediated transcription is enhanced by inhibition of PP2A. (A) FHL2 transcripts can be detected in NIH 3T3 cells
by RT-PCR. Total RNA was reversed transcribed and the cDNA was amplified by specific primers for FHL2. PCR products were analyzed by agarose gel
electrophoresis. Lane 1: H,O control; lane 2: 25 pg FHL2 EST clone DNA; lane 3: 100 pg FHL2 EST clone DNA; lane 4: cDNA of NIH 3T3 cells. (B) NIH
3T3 cells were co-transfected with expression plasmids for GAL4-CREB or GAL4-CREBS133A and with pCMVS5 or st-ag or/fand FHL2 expression
plasmids. (C) Inhibition of PP2A stimulates the intrinsic transcriptional activity of FHL2. GAL4-FHL2-mediated transcription was monitored in the absence
(pCMVS5) or presence of st-ag. Simultaneous overexpression of the B56a, and y1 subunits of PP2A strongly reduced st-ag-induced activation of FHL2.
Luciferase activity was determined and presented as described in the legend of Fig. 2. The results are the average & SD of three independent parallels and

similar results were obtained in separate experiments.
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Fig. 6. Inhibition of PP2A superinduces FHL2-stimulated c-fos promoter activity. Transcription of the luciferase gene driven by the c-fos promoter
(nucleotides —361 to +13) was measured in the presence of st-ag or/and FHL?2. The results are the average £ SD of three independent parallels and similar

results were obtained in separate experiments.

us that FHL proteins could be involved in mediating PP2A-
dependent activation of CREB-directed transcription.
Fimia et al. have demonstrated that FHL2, FHL3, and
ACT stimulated CREB-mediated transcription. As ACT is
exclusively expressed in testis, we decided to focus on
FHL?2 as a putative mediator for PP2A-dependent regula-
tion of CREB. RT-PCR ensured that FHL2 was expressed
in NIH 3T3 cells (Fig. 5A). Subsequently, we tested the
effect of FHL2 on CREB-induced transcription. Overex-
pression of FHL2 stimulated CREB-directed expression,
while co-expression of st-ag further enhanced the tran-
scriptional potential of CREB in the presence of FHL2.
Transcription directed by GAL4-CREBS133A was also
stimulated when FHL2 was overexpressed, and an addi-
tional stimulatory effect was measured in the presence of
st-ag (Fig. 5B). To test whether PP2A could be involved in
regulating the intrinsic transcriptional activity of FHL2,
transient transfection studies with a GAL4-FHL2 fusion
protein in the presence or absence of st-ag were performed.
As depicted in Fig. 5C, st-ag strongly stimulated the
intrinsic transcriptional potential of FHL2 (6-11-fold; five
independent experiments). The st-ag P101A mutant,
unable to bind PP2A, could not augment the transcriptional
activity of FHL2. The implication of PP2A in the modula-
tion of FHL2’s transcriptional activity was further con-
firmed by overexpression of the B56a, B56f, and B56y1
subunits of PP2A. When present in excess, the B56 reg-
ulatory subunits of PP2A can displace st-ag from the AC-st-
ag complex [60]. Simultaneous overexpression of the B56
subunits almost completely abrogated st-ag-induced activa-
tion of GALA-FHL2-mediated transcription (Fig. 5C).
These results support a PP2A-dependent mechanism for
the regulation of FHL2. Enhanced FHL2-mediated tran-
scription in the presence of st-ag was probably not due to
increased GAL4-FHL2 protein levels as Western blot ana-
lysis detected only a marginal increase (1.3—1.9-fold in
three independent experiments) in GAL4-FHL2 protein
levels when st-ag was co-expressed (Fig. 3C).

3.5. st-ag potentiates FHL2-induced activation of the
c-fos promoter

We and others have shown that PP2A can modulate the
activity of the c-fos promoter (Fig. 2A [7,15,29]). More-
over, FHL?2 is a coactivator for the transcription factors
CREB (Fig. 5B and [40]) which can bind the c-fos pro-
moter (Fig. 1). This prompted us to investigate whether
FHL?2 could influence the c-fos promoter activity. Over-
expression of FHL2 stimulated the promoter 5-10-fold
(four independent experiments). Inhibition of PP2A by
st-ag further enhanced the activity of the c-fos promoter
(16-fold, Fig. 6). These results suggest that the general
coactivator FHL2 can be involved in the transcriptional
activity of the c-fos promoter and that the PP2A-depen-
dency of this regulation may be exerted through FHL2.

4. Discussion

Previous studies have demonstrated that PP2A can alter
the activity of the c-fos promoter by a dual mechanism:
dephosphorylation of sequence-specific transcription fac-
tors, and inhibition of signal transduction pathways that
converge either directly or indirectly through interaction
with other signaling pathways, to transcription factors that
can bind the c-fos promoter [5,7,30-34]. The present study
describes a third mechanism by which PP2A may control
the c-fos promoter activity. We found that PP2A modulates
the transcriptional potential of the general coactivator
FHL2, which in turn affects CREB-mediated transcription
and c-fos promoter activity. This model is based upon the
following experimental evidences. Specific inhibition of
PP2A by expression of SV40 wild-type st-ag increased
c-fos activity on average 5-fold in transiently transfected
NIH 3T3 cells. Expression of non-PP2A binding st-ag
mutants did not stimulate this promoter (Fig. 2A). This
is in agreement with the findings of Mullane et al., who
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demonstrated that polyomavirus wild-type st-ag, but not a
mutant deficient in PP2A binding (insAL107), stimulated
the c-fos promoter 5—6-fold in NIH 3T3 cells [61]. We were
then able to identify that the CRE-binding motif was
involved in mediating PP2A-dependent induction of the
c-fos promoter in NIH 3T3 cells. Frost et al. found that
transient co-expression of st-ag in combination with either
c-Raf-1, MEK1 or ERK1 in REF52 fibroblasts, resulted in
increased activity of a human c-fos promoter fragment
containing the first 711 base-pairs upstream of the tran-
scription start site [7]. This region includes the SIE, the
serum response element (SRE) and the fos-AP-1 site
(FAP), located at around —300, and the cAMP responsive
element (CRE) at —50 (Fig. 1). However, a SV40 st-ag-
mediated repression of the human c-fos promoter, spanning
nucleotides —710 to +42 relative to the start site of
transcription, has been observed in CV-1P, HeLa and
A31 cells. The authors found that the region from —710
to —363 did not contain sequences responsible for repres-
sion by st-ag, while the region from —225 to —61 did [62].
The use of different cell lines may account for these
discrepancies. Schiichner et al. reported that mouse poly-
omavirus st-ag activated the cyclin A promoter about 10-
fold in Swiss 3T3 cells. This promoter also possesses a
CRE motif [64]. Mutation of the CRE reduced the induc-
tion of the cyclin A promoter by st-ag with ca. 50%. The
authors also showed that mutation in the PP2A binding
region of st-ag (ins107AL) strongly impaired transactiva-
tion of the cyclin A promoter [63]. This is in agreement
with our own findings. Using the same c-fos promoter
fragment, Manfroid et al. found that mutation in SRE, but
not in SIE or FAP, strongly reduced induction by OA in the
rat pituitary tumour cell line GH3B6. The authors did not
test the possible contribution of the CRE binding site [65].
The cell line and distinct experimental conditions to inhibit
PP2A (50 nM OA for 18 hr) may account for the differ-
ences with our results. Obviously, the regulation of the c-
fos promoter is very complex. Low concentrations of OA
not only inhibit PP2A, but also PP4 [24]. A role for PP4 in
regulation of the c-fos promoter activity has, however, not
been addressed so far. Although stimulation of GAL4-
CREB-mediated transcription by st-ag was higher than
transactivation of the c-fos promoter by st-ag, deletion of
the CRE did not completely abolish transactivation by st-
ag, indicating that additional promoter sequences can
mediate the effect of st-ag. Co-expression of st-ag and
FHL2 resulted in an enhanced activity of the c-fos pro-
moter. This may suggest that both proteins, in addition to
affecting each others potentials, may influence the activity
of other proteins binding to the c-fos promoter.

Our promoter deletion studies together with reports that
PP2A has clearly been identified as the phosphatase for
CREB [5], all strongly point to CREB as mediator for the
induction of the c-fos promoter through inhibition of PP2A
by st-ag. On the other hand, several reports suggest that
PP1 could be responsible for the dephosphorylation of

CREB. Dephosphorylation of CREB at Ser-133 was com-
pletely reversed by 1 uM OA in PC12 cells, while no effect
was obtained with 1 nM OA. Using GAL4-CREB fusion
protein, these authors found that 100 nM OA enhanced the
transcriptional activity of CREB 2-3-fold [66]. These
relatively high concentrations of OA suggest a role for
PP1. Furthermore, Montminy and co-workers presented
convincing evidence that PP1, and not PP2A, depho-
sphorylated CREB in NIH 3T3 and PCI12 cells [66,67].
Moreover, both this group and we observed that st-ag
expression in NIH 3T3 cells had no effect on the Ser-
133 phosphorylation status of CREB ([67], this study).
Overexpression of PP1, but not PP2A, in GH3B6 cells
repressed the c-fos promoter [65]. These contradictory
results may be explained by assuming that PP2A does
not regulate the activity of CREB by direct dephosphor-
ylation, but by controlling the activity of another protein
such as a coregulator. Because PP2A-dependent regulation
of CREB-mediated transcription could be uncoupled from
phosphorylation of Ser-133, we investigated whether
FHL2 could be a target for PP2A. We were able to
demonstrate that FHL2 was a coactivator for CREB, and
that inhibition of PP2A not only stimulated the intrinsic
transcriptional activity of FHL2, but also enhanced FHL2-
induced CREB-mediated transcription. FHL2 was recently
reported to stimulate CREB-mediated transcription in a
phosphoSer-133-independent manner [40]. Overexpres-
sion of FHL2 in NIH 3T3 cells stimulated the c-fos
promoter activity 5—10-fold (Fig. 5). The group of Sas-
sone-Corsi reported only a 2-fold increase when FHL2 was
overexpressed in COS cells. The use of different cell types
may explain this discrepancy. Alternatively, we used the c-
fos promoter fragment spanning nucleotides —361 to +13,
while Sassone-Corsi and co-workers used a fragment
encompassing nucleotides —220 to +40. However, both
fragments contain the CREB-binding site, but we mon-
itored promoter activity with the luciferase reporter gene,
while they applied the chloramphenicol acetyltransferase
reporter gene.

Co-expression of st-ag increased very moderately the
GAL4-FHL2 levels, while the intrinsic transcriptional
activity of this fusion protein was strongly enhanced
(6-11-fold). No effect of st-ag on the GAL4-CREB levels
was observed. Transcription of the GAL4-CREB coding
sequences is directed by the SV40 promoter, while tran-
scription of the GAL4-FHL2 coding sequences is under
control of the immediate early CMV promoter. Both
promoters are not transactivated by st-ag [68,69]. However,
the effect of st-ag on the latter was not tested in NIH 3T3
cells.

In conclusion, our studies support a role for FHL2 in the
PP2A-dependent regulation of transcription. The exact
mechanism by which PP2A regulates the activity of
FHL2 remains to be established. PP2A may either directly
dephosphorylate phosphoacceptor sites on FHL2, or the
enzyme may inhibit a protein kinase that phosphorylates
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FHL2. Further studies are needed to reveal which residues
can be reversibly phosphorylated by a PP2A-dependent
signaling pathway. FHL2 has also been described as a
coactivator for the androgen receptor [51], while in a recent
report, FHL2 was identified as a genuine interaction part-
ner of WT1 able to modulate the transcriptional potentials
of this transcription factor [70]. FHL2 was also shown to
interact and augment the transcriptional repression of the
promyelocytic zinc finger protein, a sequence-specific
DNA-binding repressor involved in the control of cellular
proliferation [71]. PP2A may thus, through regulating the
transcriptional activity of FHL2, modulate the expression
of genes that utilize one or several of these transcription
factors. Aberrant expression of PP2A may affect the
activity of FHL2 and therefore disturb the expression of
a large spectrum of genes, which may explain a possible
role for PP2A in tumorogenesis and other pathological
conditions [4,24,72].
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