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Polypeptide growth factors activate common signal transduction
pathways, yet they can induce transcription of different target
genes. The mechanisms that control this specificity are not com-
pletely understood. Recently, we have described a fibroblast
growth factor (FGF)-inducible response element, FiRE, on the syn-
decan-1 gene. In NIH 3T3 cells, the FiRE is activated by FGF-2 but not
by several other growth factors, such as platelet-derived growth
factor or epidermal growth factor, suggesting that FGF-2 activates
signaling pathways that diverge from pathways activated by other
growth factors. In this paper, we report that the activation of FiRE
by FGF-2 requires protein kinase A (PKA) in NIH 3T3 cells. The
PKA-specific inhibitor H-89 (N-[2-(p-bromocinnamylamino)ethyl]-
5-isoquinolinesulfonamide) blocked the FGF-2-induced activation
of FiRE, the transcription of the syndecan-1 gene, and cell prolif-
eration. Also, expression of a dominant-negative form of PKA
inhibited the FGF-2-induced FiRE activation and the transcription of
the syndecan-1 gene. The binding of activator protein-1 transcrip-
tion-factor complexes, required for the activation of FiRE, was
blocked by inhibition of PKA activity before FGF-2 treatment. In
accordance with the growth factor specificity of FiRE, the activity
of PKA was stimulated by FGF-2 but not by platelet-derived growth
factor or epidermal growth factor. Furthermore, a portion of the
PKA catalytic subunit pool was translocated to the nucleus by
FGF-2. Noticeably, the total cellular cAMP concentration was not
affected by FGF-2 stimulus. We propose that the FGF-2-selective
transcriptional activation through FiRE is caused by the ability of
FGF-2 to control PKA activity.

activator protein-1 u cAMP u enhancer u fibroblast growth factor-inducible
response element (FiRE) u syndecan-1

Growth factors exert their effects by activating intracellular
signaling pathways that elicit specific changes in gene

expression. The Ras/ERK pathway is the best-characterized
signal-transduction pathway and one of the key pathways re-
sponsible for transmitting signals from growth factor-activated
receptor tyrosine kinases to the nucleus (1). Many growth factors
activate the same signaling pathways, although they can induce
different responses on target cells, e.g., proliferation versus
differentiation as well as transcription of different genes (2). The
variance in transcriptional responses to different growth factors
can be achieved by controlling the activity of the Ras/ERK
pathway through interacting pathways or specific scaffold pro-
teins (3–6).

We have previously characterized a far upstream fibroblast
growth factor (FGF)-inducible response element (FiRE) (Fig.
1a) on the mouse syndecan-1 gene (7). After FGF-2 induction,
FiRE binds several transcription factors, including two FGF-2-
inducible activator protein-1 (AP-1) complexes, a 50-kDa FGF-
2-inducible nuclear factor-1 (FIN-1), and an upstream stimula-
tory factor-1 (USF-1). In NIH 3T3 cells, FiRE is specifically
activated by the FGF family members, with FGF-2 being the
most potent activator, but not by epidermal growth factor (EGF)
or platelet-derived growth factor (PDGF). In this study, we used
this element as a tool to investigate the mechanisms responsible
for the FGF specificity in signal transduction and subsequent

transcription. Because FGFs, like most of the receptor tyrosine
kinase-activating growth factors (including EGF and PDGF),
activate the Ras/ERK pathway (8, 9), the involvement of addi-
tional signal transduction pathways that participate in the FGF-2
specific activation of FiRE was considered.

cAMP-dependent serine protein kinase, also called protein
kinase A (PKA), is able to control the activation and duration of
the Ras/ERK pathway (10). PKA is activated by hormonal
stimuli, but its role on growth factor-induced transcription has
been less well characterized. Because PKA is known to control
the activation of the Ras/ERK pathway and because functional
interactions between growth-factor receptors and PKA have
been previously suggested (11), we investigated whether PKA
could be involved in the FGF-2-induced activation of FiRE.

Materials and Methods
Materials. The cell-permeant, PKA-specific inhibitor N-[2-(p-
bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89),
the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
(IBMX), the nondegradable cAMP analogue 8-bromoadenosine
39,59-cyclic monophosphate (8-Br-cAMP), the adenylate cyclase
activator forskolin, and the heat-stable protein kinase inhibitor
were purchased from Calbiochem. FGF-2, EGF, and PDGF
were purchased from PeproTech (Rocky Hill, NJ) and used in 10
ng/ml concentrations. The monoclonal rabbit anti-mouse PKAC
and monoclonal rabbit anti-mouse PKAR were purchased from
Transduction Laboratories (Lexington, KY).

Cell Culture, Plasmids, and Transfections. Mouse fibroblast cell line
NIH 3T3 was cultured in DMEM supplemented with 5% FCS.
Cells were serum-starved with 2% carboxymethyl-Sepharose-
eluted FCS for 48 hr before growth factor and chemical treat-
ments. Construction of the p271FiRECAT reporter plasmid (7)
and PKARI-mut expression plasmid MT-REV have been previ-
ously described (12, 13). NIH 3T3 cells were transfected by using
the calcium phosphate method (14), and transfected cells were
selected with geneticin (500 mg/ml) and hygromycin-B (250
mg/ml).

Chloramphenicol Acetyltransferase (CAT) Assays, Cell Proliferation
Assay, and Northern Analysis. CAT assays were performed by the
xylene-extraction method, and CAT activities were measured by
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liquid scintillation counting (7). For the cell-proliferation assay,
cells were incubated for 2 to 4 hr with 0.25 mCi (1 Ci 5 37 GBq)
of 5-[125I]iodo-29-deoxyuridine (5-[125I]IdUrd; Amersham Phar-
macia), washed three times with PBS, and solubilized in 1 M
NaOH. Radioactivity was measured by a g counter (Wallac,
Gaithersburg, MD). For Northern analysis, cells were lysed in 4
M guanidine isothiocyanate, and RNA was isolated with cesium
chloride ultracentrifugation, run on 1% agarose gel, and trans-
ferred to Hybond-N nylon membrane (Amersham Pharmacia).
The membranes were hybridized with random-primed, labeled,
partial cDNA of the mouse syndecan-1 gene (PM-4).

Nuclear Extracts and Gel Mobility-Shift Assays. The extraction of
nuclear proteins and the conditions used in the binding reactions
have been described previously (7). Double-stranded oligonu-
cleotides containing the indicated transcription-factor binding
sites were 59-CGC TTG ATG AGT CAG CCG GAA-39 (AP-1
consensus; Promega), 59-CTG GGT CAT TGA TGA CTG TTG
TGT GGG ATA CCT G-39 (motif 5), 59-AGG AGT GAG CCA
TGC CAC C-39 (motif 4), and 59-TTG GCA CAC CTG GGA
GGA TG-39 (motif 2).

PKA Assay and Measurement of cAMP Concentration. The activity of
PKA was measured with SignaTECT cAMP-Dependent Protein
Kinase (PKA) Assay System (Promega), as recommended by the
manufacturer. The changes in intracellular cAMP concentration
were measured with cAMP EIA Kit from Cayman Chemicals
(Ann Arbor, MI), following the manufacturer’s instructions.

Western Blots and Immunofluorescence Staining. For nuclear ex-
tracts, NIH 3T3 cells were plated on 16-cm dishes. Nuclear
proteins were extracted by using a modification described by Lee
et al. (15). Protein concentrations were measured by the Brad-
ford reaction (16). Ten micrograms of protein was loaded onto
an SDS/PAGE gel and transferred into a nitrocellulose mem-
brane. For Western blots, primary antibody was diluted 1:1000.
For immunofluorescence detection of PKAC, the cells were
grown on plastic coverslips (Amersham Pharmacia). Cells were
fixed with 4.0% paraformaldehyde/0.25% Triton X-100 for 10
min at room temperature followed by 10 min in methanol:ac-
etone (1:1) at 220°C. The immunofluorescence staining was
documented with a Leica true confocal system, four-dimensional
confocal laser scanning microscope (Deerfield, IL).

Results
PKA Activity Is Required for FGF-2-Induced Activation of FiRE and
Induction of Proliferation of NIH 3T3 Cells. The mouse mesenchymal
cell line NIH 3T3 was stably transfected with reporter gene
constructs containing FiRE in front of a CAT reporter gene
(p271FiRECAT) (7). To study the involvement of PKA in the
FGF-2-induced activation of FiRE, the cells were pretreated

of ZnSO4 (50 mM final concentration) into the culture medium 3 hr before a
12-hr FGF-2 stimulation. Means and standard deviations of three independent
experiments are shown. Control represents CAT activity from non-growth
factor-treated cells. The ZnSO4-induced production of the dominant-negative
PKARI was verified with anti-PKARI antibody. PKARI-mut stably transfected cells
were treated with 50 mM ZnSO4 for 12 hr, and protein lysates were collected,
blotted, and detected with anti-PKARI. As a control, nontransfected NIH 3T3
cells (wt) were similarly treated with ZnSO4. The immunoblots show significant
increase in total PKARI immunoreactivity in ZnSO4-treated stably transfected
cells, whereas in nontransfected cells, ZnSO4 treatment had no effect on the
amount of PKARI. (d) PKA-specific inhibitor H-89 inhibits the FGF-2-induced
DNA synthesis of NIH 3T3 cells in a concentration-dependent manner. Serum-
starved NIH 3T3 cells were pretreated with H-89 (1 mM or 10 mM) for 30 min
before an 18-hr FGF-2 treatment, and the incorporated radioactivity was
measured with a g counter.

Fig. 1. PKA is required for FGF-2-induced activation of FiRE and induction of
cell proliferation. (a) Schematic model of the FGF-inducible response element
(FiRE), located at 210 kb of the translation initiation site of murine syndecan-1
gene. When activated by FGF-2, FiRE binds AP-1, a 50-kDa FIN-1, and USF-1
transcription factors. (b) PKA-specific inhibitor H-89 inhibits the FGF-2-
induced activation of FiRE in a concentration-dependent manner. NIH 3T3
cells were stably transfected with FiRE-CAT plasmid, serum-starved for 48 hr,
and treated for 30 min with H-89 (1 mM or 10 mM) before overnight exposure
to FGF-2 (10 ng/ml), followed by determination of CAT activity. Means and
standard deviations of three independent experiments of three parallel wells
are shown in each. (c) The expression of dominant-negative PKARI inhibits the
FGF-2-induced activation of FiRE. NIH 3T3 cells bearing the p271FiRECAT
construct were transfected by a construct encoding a dominant-negative form
of PKARI (PKARI-mut). The production of PKARI-mut was induced by application
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with PKA-specific inhibitors, followed by overnight FGF-2 stim-
ulation (10 ng/ml). A PKA-specific, cell-permeant inhibitor H-89
(17) markedly inhibited the FGF-2-induced FiRE activation
(Fig. 1b). H-89 (1 mM) reduced the FGF-2-induced FiRE
activity .60%, and the activity was completely inhibited with 10
mM H-89. Likewise, another PKA-specific inhibitor, KT5720 at
3 mM, inhibited the FGF-2-induced FiRE activity .50% (data
not shown). The pretreatment of cells with PKA activators,
nondegradable cAMP analogue 8-Br-cAMP, or phosphodies-
terase inhibitor IBMX (18) before FGF-2 stimulation increased

the FiRE activity .2.5-fold as compared with cells treated with
FGF-2 alone (data not shown).

To further study the involvement of PKA, we used NIH 3T3
cells stably cotransfected with p271FiRECAT and a cDNA
construct (MT-REV) that encodes a dominant-negative form of
the PKA regulatory subunit-I (PKARI-mut) under the control of
the inducible mouse metallothionein-1 promoter (12, 13). In
PKARI-mut both cAMP binding sites are mutated to prevent
cAMP binding. These mutations cause the catalytic subunits of
PKA (PKAC) to be captured into stable, inactive complexes with

Fig. 2. PKA is required for FGF-2-induced expression of the syndecan-1 gene (SYN-1). (a) Inhibition of PKA by H-89 blocks the FGF-2-induced transcription of
the syndecan-1 gene. Wild-type NIH 3T3 cells (NIH 3T3wt) deprived of serum were treated for 30 min with H-89 (10 mM) before 8-hr FGF-2 stimulus, followed
by Northern analysis of mouse syndecan-1 mRNA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as a loading control. (b) Inhibition of
PKA activity by expression of PKARI-mut inhibits the FGF-2-induced transcription of the syndecan-1 gene. Production of PKARI-mut was induced by application of
ZnSO4 (50 mM final concentration) into the culture medium 3 hr before 8-hr FGF-2 (10 ngyml) stimulus. (c) In nontransfected cells, ZnSO4 had no effect on the
FGF-2-induced syndecan-1 transcription.

Fig. 3. Inhibition of PKA activity decreases the binding of FGF-2 inducible AP-1 complexes to FiRE. (a) An electrophoretic mobility-shift assay was performed
with radiolabeled, double-stranded oligonucleotides encompassing USF-1 binding motif N2 (E-box) and AP-1 binding motifs (N4 and N5) of FiRE. Nuclear extracts
from serum-starved NIH 3T3 cells (control), serum-starved cells treated with FGF-2 (10 ngyml) for 2 hr, or cells treated with 10 mM PKA inhibitor H-89 for 30 min
before FGF-2 treatment were used. Arrowheads indicate specific binding described previously (7). (b) Reduction in FGF-2-induced AP-1 binding by PKA inhibition
is not restricted to FiRE. Pretreatment with 10 mM H-89 prevented FGF-2-induced AP-1 binding to the AP-1 concensus oligonucleotide containing the TPA
(12-O-tetradecanoylphorbol 13-acetate)-responsive element.
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the mutated regulatory subunits (13). Production of the
PKARI-mut was induced by introducing ZnSO4 into the culture
medium (Fig. 1c). The FGF-2-induced activation of FiRE was
inhibited by PKARI-mut, similar to chemical PKA inhibitors. With
50 mM ZnSO4, the FGF-2-induced FiRE activation decreased
70% (Fig. 1c). As a negative control, a MT-REV construct that
lacked the cDNA encoding the PKARI-mut, except for a residual
,100 bp, (MT-REVdel) was used. In NIH 3T3 p271FiRECAT
cells transfected with MT-REVdel, the FiRE activity was stim-
ulated by FGF-2 equally well without ZnSO4 or with 50 mM
ZnSO4 (data not shown).

Similarly, the FGF-2-induced proliferation of NIH 3T3 cells
was blocked with PKA-specific inhibitor H-89 (Fig. 1d), as
assayed by 5-[125I]IdUrd incorporation after an 18-hr FGF-2
induction. Taken together, these results imply that active PKA is
required for FGF-2-induced activation of FiRE and, further-
more, for the FGF-2-induced proliferation of NIH 3T3 cells.

PKA Activity Is Required for FGF-2-Induced Transcription of Murine
Syndecan-1 Gene. Analogously to FiRE, FGF-2 also activates
transcription of the endogenous syndecan-1 gene (7). Therefore,
we studied whether the changes in PKA activity had an effect on
the FGF-2-induced transcriptional activation of the syndecan-1
gene. Serum-starved NIH 3T3 cells were treated for 30 min with
H-89 before FGF-2 stimulation, followed by RNA isolation and
Northern analysis. The inhibition of PKA activity by H-89
blocked the FGF-2-induced transcription of the syndecan-1 gene
(Fig. 2a). Likewise, expression of PKARI-mut inhibited the tran-
scription of the syndecan-1 gene (Fig. 2b). In nontransfected
NIH 3T3 cells, ZnSO4 had no effect on the FGF-2-induced
transcription of syndecan-1 (Fig. 2c). The results indicated that,
similar to the activation of FiRE, the FGF-2-induced expression
of the endogenous syndecan-1 depends on PKA.

Inhibition of PKA Activity Blocks the Binding of AP-1 Complexes to
FiRE. To elucidate the mechanisms as to how PKA controls the
FGF-2-induced activation of FiRE, we studied the effects of
PKA inhibition on the binding of the FGF-2-inducible transcrip-
tion factors on FiRE. Motifs N4 and N5 (Fig. 3a) both bind AP-1
complexes after FGF-2 induction, whereas motif N2 (E-box)
constitutively binds USF-1 (7). Serum-starved NIH 3T3 cells
were pretreated for 30 min with 10 mM H-89 before 2-hr FGF-2
treatment. Nuclear proteins were isolated and gel retardation
assays were performed with specific double-stranded oligonu-
cleotides for different transcription-factor binding motifs. Motifs
N4 and N5 are required for FGF-2-induced FiRE activation in
NIH 3T3 cells, whereas motif N2 is not required (7). Inhibition
of PKA by H-89 before FGF-2 stimulus reduced the binding of
AP-1 complexes on motifs N4 and N5 to control levels, whereas
binding of USF-1 on motif N2 was not reduced (Fig. 3a). The
inhibitory effect of PKA inhibition on AP-1 binding was not
restricted to N4 and N5 motifs of FiRE, because the FGF-2-
induced binding of AP-1 to the concensus oligonucleotide
containing the TPA (12-O-tetradecanoylphorbol 13-acetate)-
responsive element sequence was similarly reduced (Fig. 3b).

FGF-2 Increases the Activity of PKA in NIH 3T3 Cells Without Detectable
Change in Intracellular cAMP Concentration. To determine the
effects of FGF-2 on the PKA activity, subconfluent (60–75%)
serum-starved NIH 3T3 cells were treated with FGF-2 for 30 min
and the activity of the total cellular PKA was determined by
measuring the phosphorylation (nmolzmin21zmg21) of a PKA-
specific substrate, Kemptide (Promega) (19), in standard con-
ditions. The activity of PKA increased 2-fold in FGF-2-treated
cells, and the PKA-specific inhibitor H-89 completely inhibited
the FGF-2-induced PKA activation (Fig. 4a). No increase of
PKA activity was observed when cells were treated with PDGF
or EGF. As a positive control to the activation of PKA, stimu-

lation with 8-Br-cAMP increased PKA activity nearly 4-fold over
the basal level (Fig. 4a). The specificity of the PKA-assay was
verified by using a PKA-specific inhibitory protein, the heat-
stable protein kinase inhibitor (20). Heat-stable protein kinase
inhibitor (1 mM) reduced phosphorylation of the PKA substrate
over 90% (data not shown).

The elevation of intracellular cAMP concentration is the most
common and best known mechanism of PKA activation. The role
of cAMP in the activation of PKA by FGF-2 was addressed by
measuring total cellular cAMP levels after 5 to 60 min of FGF-2
stimulus. Interestingly, no change in the total cellular cAMP
concentration in FGF-2-treated NIH 3T3 cells was detected
(Fig. 4b).

FGF-2 Induces Relocalization of the PKA Catalytic Subunit. PKAC
subunits, complexed with PKARI in the inactive state, have been
reported to be associated with cytoskeleton and different cyto-
plasmic membrane structures like Golgi stacks through anchor-
ing proteins, e.g., AKAP79 and AKAP75 (21–24). When the
PKA holoenzyme is activated, the PKAC dissociates from the
PKAR and enters the nucleus, while the PKAR remains in the

Fig. 4. FGF-2 increases activity of PKA in NIH 3T3 cells without detectable
change in intracellular cAMP concentration. (a) FGF-2 controls the activity of
PKA. Serum-starved NIH 3T3 cells were treated with indicated growth factors
(10 ngyml) and PKA-activators 8-Br-cAMP (200 mM) for 30 min. H-89 (10 mM)
was added 30 min before FGF-2. Phosphorylation of the PKA-specific substrate
Kemptide was measured by liquid scintillation counting. Means and standard
deviations of four independent experiments are shown. (b) FGF-2 induction
does not increase the intracellular concentration of cAMP. NIH 3T3 cells were
deprived of serum and treated with FGF-2 (10 ngyml) or IBMX (1 mM) with
forskolin (10 mM) for indicated times. Changes in intracellular cAMP concen-
tration were measured with cAMP-specific ELISA.
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cytoplasm (25, 26). This relocalization is assumed to be essential
for the PKA-induced transcriptional activation (27, 28). There-
fore, we analyzed whether FGF-2 treatment induces relocaliza-
tion of PKAC in NIH 3T3 cells. First, we measured the amount
of PKAC in nuclear protein extracts by Western blotting. The
nuclear proteins were extracted and equal amounts of protein
were separated on SDS/PAGE and blotted onto a nitrocellulose
filter, and PKAC was detected with an anti-PKAC antibody. After
60 min of FGF-2 stimulus, the amount of PKAC was strongly
increased in the nuclear fraction (Fig. 5a). To further study the
relocalization of PKAC on FGF-2 induction, the NIH 3T3 cells
were grown on coverslips and treated with FGF-2 or the PKA
activator 8-Br-cAMP, followed by staining with the anti-PKAC
antibody and visualization by confocal microscopy (Fig. 5b). In
serum-starved control cells, the PKAC was located within de-
fined cytoplasmic areas. After treatment with FGF-2, the PKAC
immunoreactivity scattered around nuclear membranes and was
also found within the nucleus. Similarly, treatment of cells with
8-Br-cAMP resulted in partial translocation of the PKAC im-
munoreactivity into the nucleus, whereas the rest scattered
around the nuclear membranes (Fig. 5b).

Discussion
In this paper, we report, by using both chemical inhibitors and
a dominant inhibitory form of PKARI, that the FGF-2-induced
transcription of the syndecan-1 gene in NIH 3T3 fibroblasts
requires active PKA. We have shown that the binding of FGF-
2-inducible AP-1 complexes on FiRE is decreased when PKA
activity is inhibited before FGF-2 induction. Furthermore, we
have demonstrated that FGF-2 is able to control the enzymatic
activity of PKA as well as the intracellular compartmentalization
of PKAC in these cells.

Considering the Ras/ERK pathway as the main pathway for
growth factor-initiated signal transduction leading to the phos-
phorylation of transcription factors, the role of PKA in FGF-
induced signaling may be to adjust the activity of the Ras/ERK
pathway. Strict control over the kinase activity as well as over the
duration of the activity may be mandatory to induce proper
phosphorylation of transcription factors. PKA can control the
ERK activity by directly phosphorylating the members of the
Raf-family and by activating upstream signaling molecules, such
as Rap-1 (29, 30). The FGF-2-induced PKA activity may,
therefore, adjust ERK activity to a level required for appropriate
transcription-factor activation. Recently it was shown (31, 32)
that sustained and high-intensity activity of Raf-1 leads to
cell-cycle arrest by increasing the induction of p21Cip1 and the
inhibition of cyclin-dependent kinase activity. Therefore, it
seems possible that inhibition of PKA activity before FGF-2
induction leads to sustained activation of Raf-1 and ERKs, which
subsequently increases the amount of p21Cip1 and blocks the cell
proliferation. This result would support the view of PKA as the
regulator of growth factor-induced activation of the Ras/ERK
pathway.

Differential activation of the Ras/ERK pathway can change
the composition of an AP-1 complex. Transient activation of the
Ras/ERK pathway induces short-term expression of c-Fos and
Fos-B, whereas sustained activation of the Ras/ERK pathway
leads to elevated expression of Fra1, Fra2, c-Jun, and JunB (33).
The duration of Ras/ERK-pathway activation may determine the
repertoire of Fos and Jun proteins available, leading to quali-
tative changes in specific gene expression (34). Alterations in the
composition of AP-1 dimers and the availability of different Fos
and Jun proteins are likely to change the transcriptional activity
of these complexes.

Fig. 5. FGF-2 induces intracellular relocalization of the PKA catalytic subunit to the nuclear membranes and into the nucleus. (a) Quantification of PKAC in
nuclear proteins of FGF-2-stimulated NIH 3T3 cells by Western blot analysis. Serum-starved NIH 3T3 cells were treated with FGF-2 (10 ngyml) or PKA activator
8-Br-cAMP (200 mM) for 1 hr, and nuclear proteins were isolated. Ten micrograms of nuclear proteins was separated in 10% SDSyPAGE, blotted onto a
nitrocellulose filter, and detected with anti-PKAC antibody. (b) Detection of PKAC in FGF-2 stimulated NIH 3T3 cells by indirect immunofluorescence confocal
microscopy. Serum-starved NIH 3T3 cells were treated with FGF-2 or PKA-activator 8-Br-cAMP (200 mM) for 1 hr, fixed, and stained with anti-PKAC.
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PKA may directly phosphorylate FGF-2-inducible transcrip-
tion factors that are present in the activated FiRE complex,
namely FIN-1 and AP-1. Interestingly, the binding of FIN-1 is
not induced by EGF (35), but is activated by inducing PKA with
8-Br-cAMP or IBMX (data not shown). PKA could also control
the transactivation capacity of AP-1 complexes by directly
phosphorylating the Fos-family members (36, 37) or by regulat-
ing the nuclear entry of c-Fos (37, 38) by phosphorylating
proteins that control the nuclear translocation of transcription
factors.

FiRE contains two AP-1 binding sites that are both required
for its FGF-2-induced activation (7). In this paper, we have
shown that PKA modifies the binding of AP-1 to the FiRE and,
therefore, reduces the transcriptional activity of the element and
the subsequent up-regulation of the syndecan-1 gene. Notice-
ably, our data (J.-P.P., unpublished data) indicate that the effects
of PKA on AP-1 activity are caused by direct regulation of DNA
binding, assumedly by phosphorylation rather than regulation of
transcription of the AP-1 complexes. Taken together, the data
indicate that PKA controls the AP-1-mediated, FGF-2-specific
transcription by regulating the growth factor-induced DNA
binding of AP-1 complexes.

Because no change in the total cellular cAMP concentration
in FGF-2-treated NIH 3T3 cells was detected, it might be that
FGF-2 changes the intracellular distribution of cAMP without
altering the total cAMP concentration, thus leading to local

increase of cAMP concentration as well as to local activation of
PKA (39). Moreover, FGF-2 might induce PKA activation by a
mechanism that does not require changes in the intracellular
cAMP concentration or localization of the preexisting cAMP
pool. PKA holoenzyme or PKAC can be associated with different
proteins, and these complexes may be disrupted and active PKAC
may be released in response to FGF-2. Disruption of a complex
formed by IkB, NF-kB, and PKAC has been described in the
mitogen-regulated activation of NF-kB (40). Interestingly, Tor-
tora and coworkers (11) have shown that after EGF induction,
PKAR1 is bound to the activated EGF receptor through GRB2.
Similar formation and disruption of FGF receptor-PKA com-
plexes might function in the FGF-2-induced activation of PKA.

The findings described in this paper imply mechanisms by
which the FGF-2-specific transcription may be achieved. We
propose that the ability of FGF-2 to control the PKA activity may
determine the FGF-2-specific induction of AP-1-driven genes
that are not activated by other growth factors.
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