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ABSTRACT. The tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) can induce expression of
many immediate-early genes, such as c-fos and c-jun. In this study, TPA increased c-fos mRNA, cellular cyclic
AMP, and protein kinase A (PKA) activity in the first 30 min with similar inductive time courses. Treatment
of NIH 3T3 cells with N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide (H-89), a PKA specific
inhibitor, suppressed TPA induction of PKA activity and c-fos mRNA in a concentration-dependent manner,
but did not inhibit serum-induced transcription. H-89 did not inhibit TPA and serum induction of c-jun mRNA.
H-89 interfered with TPA-stimulated serum-responsive element-binding activity in a concentration-dependent
manner, but did not inhibit TPA-induced mitogen-activated protein kinase 1/2 activity or Elk-1 phosphoryl-
ation. TPA stimulation of a c-fos promoter reporter construct was inhibited by overexpression of the dominant
negative regulatory protein of PKA. In deletion studies, the H-89 inhibitory element was found to be localized
between –563 and –379 in the c-fos promoter region. These results suggest that H-89 will be very useful for
investigating the molecular mechanism of TPA induction of c-fos. BIOCHEM PHARMACOL 58;10:1639–1647,
1999. © 1999 Elsevier Science Inc.
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H-89, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline
sulfonamide, is an isoquinoline sulfonamide that was syn-
thesized first by Hidaka and colleagues [1]. H-89 exhibits a
potent and selective inhibitory action on PKA§. Many
studies have used H-89 to assess the function of PKA in
cells [2–5].

Treatment of cells with the tumor promoter TPA leads
to the induction of immediate-early gene expression [6].
The c-fos proto-oncogene has been one of the most exten-
sively studied immediate-early genes. The transient induc-
tion of c-fos is one of the signals that cells are being released
from G0/G1 to S phase [7], a process that is ongoing in the
cell cycle. When the cell cycle is in progression, cellular
metabolic pathways have to be enhanced simultaneously.
Some of these metabolic pathways are controlled directly or
indirectly by PKA activation. Because cAMP is a PKA

activator, the amount of cAMP should be elevated in the
G0/G1 phase. Several studies have shown that cAMP is
elevated in the G0/G1 phase [8, 9]. cAMP has also been
reported to be increased by TPA treatment in mouse skin
during the G0/G1 stage [10, 11]. This elevating effect may
be the result of the activation of adenylate cyclase by PKC
[12, 13]. Induction of both cAMP and c-fos occurs during
the G0/G1 stage. This suggests that there is a relationship
between the c-fos induction and the increase of PKA
activity.

PKC, a serine/threonine kinase, can be activated by
TPA [14, 15]. Studies of TPA-mediated signal transduc-
tion have shown that PKC can phosphorylate c-Raf,
leading to c-Raf activation [16 –18]. The phosphorylated
c-Raf activates MAPK kinases, followed by phosphory-
lation of MAPK [17–25]. Two of the known MAPK
isoforms are MAPK 1 (42 kDa) and MAPK 2 (44 kDa).
Activated MAPK 1/2 can phosphorylate transcription
factors [26 –32]. After this phosphorylation, it can stim-
ulate some transcriptional factors, such as TCF, at the
SRE in the c-fos promoter. Alterations of the SRE
binding property are essential for turning on TPA-
induced c-fos transcription [33, 34].

In this study, we used H-89 to examine the relationship
between PKA and c-fos mRNA induction. Our results
demonstrated that H-89 inhibits c-fos mRNA induction
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and that this inhibitory effect contributes to the suppres-
sion of PKA activity, rather than the inhibition of MAPK
activities. Our results also show that the element responsive
to H-89 is localized between –563 and –379 relative to the
transcription initiation site.

MATERIALS AND METHODS
Materials

DMEM and FCS were purchased from Seromed. Antibiot-
ics (100 U/mL of penicillin, 100 U/mL of streptomycin)
were purchased from Biological Industries. The cAMP [3H]
assay kit (TRK 432), enhanced chemiluminescence re-
agent, and polyvinylidene difluoride membranes were ob-
tained from Amersham. Bicinchoninic acid (BCA) protein
assay reagent and a colorimetric PKA assay kit (Spinzyme
format) were purchased from Pierce. Zeta-probe nylon
filters were obtained from Bio-Rad, GeneFECTorTM was
purchased from VennNova, and CAT and b-Gal ELISA
assay kits were obtained from Boehringer Mannheim. The
oligonucleotides (SRE, CRE, SP-1) were purchased from
Santa Cruz Biotechnology Inc. Anti-MAPK 1/2, phospho-
specific MAPK 1/2, Elk-1, and phospho-specific Elk-1
antibodies were purchased from New England Biolabs.
H-89 was obtained from BioMol. Unless otherwise indi-
cated, all other chemicals were purchased from the Sigma
Chemical Co.

Cell Culture

NIH 3T3 cells were grown in DMEM supplemented with
10% FCS and antibiotics. Before various treatments, 80%
confluent cells were serum-starved in 0.5% FCS–DMEM
for 24–36 hr.

Measurement of Cellular cAMP

The cellular contents of cAMP were measured using the
cAMP [3H] assay kit according to the manufacturer’s
instructions. The protein content was determined with a
BCA protein assay reagent using BSA as a standard.

Measurement of PKA Activity

PKA activity was measured using the colorimetric PKA
assay kit. The treated cells were washed with ice-cold PBS
twice, resuspended in lysis buffer (50 mM Tris–HCl, 2.5
mM EDTA, 1 mM MgCl2, 10 mM NaF, 10% glycerol, pH
7.2), sonicated, and centrifuged. Supernatants then were
taken as lysates. Thirty micrograms of cell lysate was used to
measure PKA activity. PKA activity assays were performed
following the manufacturer’s instructions included with the
colorimetric PKA assay kit.

Total RNA Isolation and Northern Blot Analysis

NIH 3T3 cells were grown in 10-cm dishes to approxi-
mately 80% confluence and then were serum-starved for
24–36 hr. After pretreatment with or without H-89 for 1
hr, 100 ng/mL of TPA was added directly to the culture
medium for 30 min. The treated cells were harvested, and
RNA was isolated as described by Chomczynski and Sacchi
[35] and slightly modified by us [36]. For northern blots, 30
mg of total RNA per lane was fractionated by electrophore-
sis on 1.2% agarose gel containing 6.7% formaldehyde.
RNAs were transferred to a Zeta-probe nylon filter, baked,
prehybridized, and hybridized for 12–16 hr at 42° in
hybridization buffer (6X SSC, 50% deionized formamide,
10X Denhardt’s solution, 10 mM EDTA, 0.1% SDS) with
a probe concentration of ;1 3 106 cpm/mL, as described
previously [36]. The filters were washed successively in 2X
SSC, 0.1% SDS; 0.5X SSC, 0.1% SDS; and 0.1X SSC,
0.1% SDS washing buffer at room temperature for 15 min.
Finally, filters were exposed to x-ray film and scanned to
estimate the density of the bands.

Constructs and Transient Transfection Assays

The FC-1 CAT construct contains the c-fos 59 sequence
from –2250 to 143 in front of the pSV2-CAT, which was
deleted from the SV2 promoter sequence [37]. The deletion
constructs, FC-2, FC-3, and FC-4, had sequences removed
from positions –1400 to –563, –379, and –121, relative to
the transcription initiation site, respectively. The dominant
negative (NPKA) and wild-type (WT) PKA regulatory
protein expression vectors were prepared by other research-
ers using a previously described technique [38]. pRSV-b-
Gal was used as an internal control. Cells were transfected
by GeneFECTorTM according to the recommendations
provided by the manufacturer. After transfection, cells were
serum-starved for 24 hr before TPA treatment. Cellular
extracts were prepared 6 hr after treatment. CAT and
b-Gal expressions were measured using CAT and b-Gal
ELISA assay kits (Boehringer Mannheim) as recommended
by the manufacturer, and the amount of b-Gal expression
was standardized in each of the extracts. Values (CAT/b-
Gal) were corrected for the amount of protein in each
extract. Each experiment was performed at least three
times.

EMSAs

The nuclear extracts were prepared from serum-starved and
treated cells as described by Andrews and Faller [39]. The
oligonucleotides, SRE, CRE, and SP-1 were used in the
binding assays. Oligonucleotides were labeled with polynu-
cleotide kinase and [g-32P]ATP and used as probes. EMSAs
were performed according to the manufacturer’s instruc-
tions, using 4 mg of nuclear protein. Competition assays
were performed to determine specific binding bands. In the
competition assays, excess concentrations of unlabeled
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wild-type or mutant oligonucleotides were added to the
reaction mixtures. The intensities of SRE-specific binding
bands were scanned using a densitometer.

Preparation of Cellular Extracts for Immunoblotting and
In-gel Kinase Assay

The cellular extracts prepared from both serum-starved and
treated cells were modified according to the method de-
scribed by McMahon and colleagues [40]. Briefly, serum-
starved and treated cells were washed twice with ice-cold
PBS (0.125 M NaCl, 10 mM Na2HPO4, 3 mM KH2PO4,
pH 7.2), scraped, and then lysed in Gold lysis buffer [10%
(v/v) glycerol, 1% (v/v) Triton X-100, 1 mM phenylmeth-
ylsulfonyl fluoride, 10 mg/mL of aprotinin, 10 mg/mL of
leupeptin, 1 mM sodium orthovanadate, 1 mM EGTA, 10
mM NaF, 1 mM sodium pyrophosphate, 100 mM b-glycer-
ophosphate, 20 mM Tris, pH 7.9, 137 mM NaCl, 5 mM
EDTA]. The lysates were vortexed for 30 sec and then were
centrifuged. Supernatants were used for assay. Concentra-
tions were measured using the BCA protein assay reagent
with BSA as a standard.

Immunoblotting

Fifty micrograms of cellular lysate was separated by 10%
SDS–PAGE. After the separation, the proteins were trans-
ferred onto polyvinylidene difluoride membranes. MAPK
1/2, phospho-specific MAPK 1/2, Elk-1, and phospho-
specific Elk-1 were detected with anti-MAPK 1/2, phos-
pho-specific MAPK 1/2, Elk-1, and phospho-specific Elk-1
antibodies, followed by a secondary horseradish peroxidase-
linked antibody. Signals from an enhanced chemilumines-

cence reagent followed by exposure to x-ray films were used
to measure protein levels.

In-gel Kinase Assay

The samples were prepared and separated as described
above, except for the use of 10% SDS–PAGE containing
200 mg/mL of myelin basic protein. After electrophoresis,
the gels were washed successively in buffer P [20% (v/v)
2-propanol, 50 mM Tris, pH 8.0], buffer A (5 mM 2-b-
mercaptoethanol, 50 mM Tris, pH 8.0), and buffer B (6 M
guanidine HCl in buffer A) for 1 hr in each buffer at room
temperature, and then were incubated with buffer C [0.04%
(v/v) Tween-40 in buffer A] for 16 hr at 4°. After 16 hr, the
gels were incubated in reaction buffer (40 mM HEPES, pH
7.4, 2 mM dithiothreitol, 5 mM MgCl2, 300 mM sodium
orthovanadate, 100 mM EGTA, 100 mCi [ g-32P]ATP) for
1 hr at room temperature, washed in washing buffer (5%
trichloroacetic acid, 1% sodium pyrophosphate), dried, and
exposed to x-ray films at -70° [41, 42]. The intensities of
32P-labeled proteins were scanned using a densitometer.

RESULTS

We attempted to demonstrate whether cellular cAMP
could be induced by treating NIH 3T3 cells with TPA. As
shown in Fig. 1A, we found that cellular cAMP in quies-
cent NIH 3T3 cells was induced by 100 ng/mL of TPA and
reached the highest content, 87.25 6 1.17 pmol/mg pro-
tein, at 30 min. It then declined to a basal level similar to
the control level of 40.87 6 7.3 pmol/mg protein during the
following 30 min. We also analyzed PKA activity during

FIG. 1. Time course of the induction of cAMP (A), c-fos mRNA (B), and PKA activity (C) by TPA. NIH 3T3 cells were grown on
0.5% FCS–DMEM for 24 hr, and 100 ng/mL of TPA was added directly to the culture medium. The treated cells were harvested at
the indicated times. (A) The cAMP content assays were performed and the content levels were determined; values are means 6 SEM
of three independent experiments. Key: (*) P < 0.05; (**) P < 0.005; and (***) P < 0.0005 compared with time zero. (B)
Twenty-five micrograms of total RNA per well was electrophoresed on 1.2% agarose gel containing 6.67% formaldehyde. Northern
blotting was performed as described in Materials and Methods. GAPDH was used as the internal control. Results were obtained from
three independent experiments; only one representative experiment is shown. (C) PKA activities were determined using a colorimetric
PKA assay kit, and are expressed as a percentage of time-zero cells. Values are means 6 SEM of three independent experiments. The
time-zero value was 0.055 6 0.00065 OD570/30 mg protein. Key: (*) P < 0.05 compared with time zero.
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TPA stimulation. As shown in Fig. 1C, the highest PKA
activity was about 2-fold that of control. The time courses
of cAMP induction and PKA activation were similar to
that of TPA induction of c-fos mRNA (Fig. 1B). These
results suggest that PKA activation might be correlated
with c-fos induction. After quiescent NIH 3T3 cells were
treated with various concentrations of H-89, a PKA-
specific inhibitor, 1 hr prior to the addition of TPA, it was
observed that H-89 suppressed TPA induction of c-fos
mRNA in a concentration-dependent manner, whereas
H-89 did not inhibit TPA induction of c-jun mRNA (Fig.
2A, lanes 3–7). A 15 mM concentration of H-89 com-
pletely inhibited c-fos mRNA induction, but did not
inhibit TPA induction of c-jun mRNA (Fig. 2A, lane 6). A
15 mM concentration of H-89 also inhibited induction of
c-fos mRNA by forskolin, which activates PKA through
elevation of cAMP levels by stimulation of adenylate
cyclase (Fig. 2A, lanes 11 and 12). A 15 mM concentration
of H-89 did not suppress serum induction of c-fos and c-jun
mRNAs (Fig. 2A, lanes 9 and 10). We also investigated
whether H-89 inhibits TPA-induced PKA activity. As
shown in Fig. 2B, we found that H-89 inhibited TPA-
induced PKA activity in a concentration-dependent man-
ner. A 20 mM concentration of H-89 inhibited TPA-
induced PKA activity completely. We also observed that
H-89 did not inhibit TPA-induced PKC activity and
cAMP elevation (data not shown).

The activation of MAPK 1/2 is crucial to the ability of
TPA to induce c-fos mRNA [43, 44]. To determine
whether H-89 contributed to inhibition of the activation of
MAPK 1/2, we performed immunoblotting to determine
the level of activated MAPK 1/2. As shown in Fig. 3A
(lane 2), the level of activated MAPK1/2 was influenced by
TPA (Fig. 3A, lane 2). The activation of MAPK 1/2
pp(42/44) induced by TPA was not inhibited by H-89 (Fig.
3A, lanes 4–6), and 20 mM H-89 did not induce MAPK
1/2 activation (Fig. 3A, lane 3). To determine whether
H-89 could inhibit MAPK activity as well, an in-gel kinase
assay was performed. As shown in Fig. 3B, we found that
H-89 did not inhibit TPA-induced MAPK activity, and
treatment with 20 mM H-89 alone did not alter MAPK
activity as compared with control cells. We also examined
whether the phosphorylation of Elk-1, which is a substrate
of MAPK 1/2, was suppressed by H-89. As shown in Fig.
3C, H-89 did not inhibit TPA-induced Elk-1 phosphoryla-
tion.

To directly test whether PKA was essential for TPA to
induce c-fos mRNA, cells were cotransfected with FC-1
CAT containing the c-fos promoter region and expression
vectors coding for dominant-negative (NPKA) or wild-type
(WT) PKA regulatory proteins. As shown in Table 1, we
found that TPA induced an approximately 1.8-fold increase
in FC-1 CAT activity in the presence of the WT vector.
Expression of NPKA resulted in a dramatic decrease in
TPA-stimulated FC-1 CAT activity. The c-fos promoter
contains SRE, which is known to mediate induction of this
promoter by TPA. This led us to investigate whether the

FIG. 2. Effects of H-89 on TPA induction of (A) c-fos and c-jun
mRNAs and (B) PKA activity. (A) Total cellular RNAs were
extracted from serum-starved 3T3 cells either without further
treatment (lane 1) or treated as follows: 100 ng/mL of TPA only
(lane 2); 20% FCS (lane 9) for 30 min; 20 mM H-89 only for
90 min (lane 8); pretreatment with H-89 (1 mM, lane 3; 5 mM,
lane 4; 10 mM, lane 5; 15 mM, lanes 6 and 10; 20 mM, lane 7)
for 1 hr, then 100 ng/mL of TPA (lanes 3–7) or 20% FCS (lane
10) for 30 min; 100 mM forskolin for 1 hr (lane 11);
pretreatment with 15 mM H-89 for 1 hr, followed by the
addition of 100 mM forskolin into the medium for 1 hr (lane
12). c-fos, c-jun, and GAPDH mRNAs were detected by
northern blot analysis. GAPDH was used as an internal control.
Results were obtained from three independent experiments;
only one representative experiment is shown. (B) Total cellular
protein was extracted from serum-starved cells. PKA activity
was assayed in 30 mg cellular protein without treatment (C) or
treated as follows: 100 ng/mL of TPA only for 30 min (T); 20
mM H-89 only for 90 min (20H); pretreatment with H-89 (5
mM, 5HT; 10 mM, 10HT; 20 mM, 20HT) for 1 hr, followed by
100 ng/mL of TPA; 100 mM forskolin for 1 hr (100F);
pretreatment with 20 mM H-89 for 1 hr, followed by the
addition of 100 mM forskolin into the medium for 1 hr (20HF).
PKA activities were expressed as percentages of the untreated
cells. Values are means 6 SEM of three independent experi-
ments. The control (100%) value was 0.055 6 0.00065
OD570/30 mg protein. Key: (*) P < 0.05 compared with the
control.
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H-89 inhibitory effect influenced SRE binding activity. In
nuclear extracts prepared from serum-starved cells, the SRE
binding complex appeared as shown in Fig. 4 (lane 2).
Treatment with TPA alone caused a slight increase of SRE
binding activity (Fig. 4, lane 3). On the other hand,
treatment with 20 mM H-89 decreased SRE binding activ-

ity (Fig. 4, lane 4). Treatment with TPA and H-89 resulted
in the gradual disappearance of SRE binding activity in a
concentration-dependent manner (Fig. 4, lanes 5–7, and
Table 2). In competitive assays, our data showed that the
shifted bands (SB) were specific binding bands for SRE
(Fig. 4, lanes 8–11). We tried to determine which region in
the c-fos promoter was responsible for the H-89 inhibitory
effect. When NIH 3T3 cells were transfected with con-
structs of the c-fos promoter driving the CAT reporter gene,
FC-1, FC-2, FC-3, and FC-4 (Fig. 5A), we observed that
the addition of 10 mM H-89 had an inhibitory effect on
TPA induction of c-fos promoter activity. Inhibitory effects
were observed with FC-1 and FC-2 CAT reporter plasmids,
which retain the capacity for TPA induction, but not with
the FC-3 plasmid, which is also TPA-inducible (Fig. 5B). A
100 mM concentration of forskolin induced FC-2 and FC-3
CAT activities, and a 10 mM concentration of H-89
repressed forskolin-induced FC-2 CAT activity, but not
FC-3 activity (Fig. 5C).

DISCUSSION

In this study, the cellular cAMP level in NIH 3T3 cells was
found to be induced by TPA during the first 30 min. This
result is similar to the results of other studies [10, 11] and
suggests that PKC may directly or indirectly activate
adenylate cyclase [12, 13]. Our data also showed that the
inductive time courses of c-fos mRNA and PKA activity
were very similar, and that H-89 suppressed TPA induction
of c-fos mRNA and PKA activity in a concentration-
dependent manner. However, treatment with 20 mM H-89
combined with TPA did not inhibit TPA-induced PKC
activity or cAMP level (data not shown). In our NPKA
transfection experiments, we found that transfection of
NPKA inhibited TPA-induced but not serum-induced
CAT activities (data not shown). These results were
consistent with our results on H-89 inhibitory effects and
suggest that the activation of PKA may be involved in
mediating TPA induction of c-fos mRNA, and that the
inhibition of TPA induction of c-fos mRNA by H-89 may
account for the suppression of PKA activity. However, we
cannot rule out the possibility that H-89 inhibits another

FIG. 3. Effects of H-89 on MAPK 1/2 (p42/44) (A and B) and
Elk-1 (C). (A) Detection of activation of MAPK 1/2 by
immunoblotting. Total cell lysates (50 mg) were prepared from
serum-starved 3T3 cells and then stimulated as follows: no
treatment (lane 1, C); 100 ng/mL of TPA only (lane 2, T); 20
mM H-89 only (lane 3, 20H); pretreatment with various
concentrations of H-89: 5 mM (lane 4, 5HT), 10 mM (lane 5,
10HT), and 20 mM (lane 6, 20HT) for 1 hr, followed by the
addition of 100 ng/mL of TPA directly into the culture medium
for 30 min. p42/44 or pp42/44 were analyzed by immunoblot-
ting. pp42/44 were active forms of p42/44. The asterisk (*)
indicates non-specific binding. Results were obtained from three
independent experiments; only one representative experiment is
shown. (B) In-gel kinase assays of MAPK 1/2 activity. Treat-
ments and notations are as described for panel A. Arbitrary
units: densities of x-ray films/densities of p42/44 immunoblots.
Values are means 6 SEM of three independent experiments. (C)
Immunoblotting detection of Elk-1. Treatments and notations
are as described for panel A.

TABLE 1. Effects of TPA-induced FC-1 CAT expression by
PKA

Expression vectors Treatments
Induction
fold* (%)

Wild-type (WT, 2 mg) Control 100
1 TPA 180

Control (2 mg) 100
Dominant negative (NPKA (1 mg) 1 TPA 120

NPKA(2 mg) 1 TPA 105

* Induction fold is expressed as a percentage of control in each expression vector
experiment. Values are from three separate experiments. The control value (100%)
was 1.67 6 0.1586 OD405–490/mg protein.
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kinase(s) rather than PKA. Further experiments are needed
to determine the inhibitory specificity of H-89.

In the TPA-mediated signal transduction pathway, phos-
phorylated PKC can activate Raf, and then activate MAPK
kinase and MAPK 1/2 [14–25]. The activation of MAPK
1/2 is essential for TPA to induce c-fos mRNA [43–45]
because it can phosphorylate a number of transcription
factors, such as Elk-1 [28–32]. In our immunoblotting and
in-gel kinase assays, treatment with H-89 did not inhibit
TPA-induced MAPK 1/2 activities (Fig. 3B) or Elk-1
phosphorylation (Fig. 3C). This indicates that the inhibi-
tion of TPA-induced c-fos expression by H-89 did not
occur through the inhibition of activation of MAPK 1/2
and its activity.

In this study, PKA did not disturb MAPK 1/2 activities.
Several studies have reported that the preactivation of PKA

inhibits the stimulation of MAPK activity by growth factors
and serum [46–50]. In addition, Linder and colleagues [11]
reported that preinhibition of PKA results in the activation
of MAPK. These conflicting results imply that PKA may
regulate MAPK activity through different stimulators at
different times of activation, and/or with different specific-
ities among cell types. Further studies are needed to
determine the nature of this regulatory mechanism.

Alterations of the SRE binding property are essential for
turning on TPA-induced c-fos transcription [32, 34]. In our
EMSAs, we found that some transcription factors already
were bound to SRE in serum-starved nuclear extract (Fig.
4), and this observation is consistent with other studies [32,
34]. However, the one shifted band observed in this study
was different from the findings of other studies, which
showed shifting of multiple bands [32]. Because we used
shorter oligonucleotides, 25-mers, than those studies [32],
some transcription factors, such as TCF, may not have been
stable enough to bind to the oligonucleotides. Therefore,
the multiple bands may not have appeared in our gel shift
data. After treatment with TPA, the SRE-binding intensity
did not exhibit a dramatic change, which suggests that
certain transcriptional factors may be displaced from SRE
in the TPA-treated state, and that this change was not
detectable in our EMSA experiments. As shown in Fig. 3,
H-89 did not inhibit MAPK activity or Elk-1 phosphoryl-
ation. We assumed that Elk-1 normally may bind to SRE,
and our preliminary data supported this assumption (data
not shown). Results obtained following treatment with
various concentrations of H-89 demonstrated that H-89
inhibited TPA-induced SRE binding activity in a concen-
tration-responsive manner (Fig. 4). On the other hand,
treatment with H-89 alone also decreased SRE binding.
These results are not accounted for sufficiently by the
inhibitory effects of H-89. Therefore, we analyzed the c-fos
promoter sequence to determine which region was respon-
sible for the inhibitory effect of H-89. In our c-fos promoter
deletion constructs, the inhibitory effectiveness of H-89
depended on the sequence localized between –563 and
–379 relative to the transcription initiation site. In the
future, we will localize the H-89 responsive element in this
region and find the transcription factor(s) involved in the
inhibitory effect.

FIG. 4. Effects of H-89 on SRE-binding activity in 3T3 cells.
EMSA of nucleoprotein complexes formed on SRE was con-
ducted using 4 mg of nuclear protein. Nuclear protein was
extracted from serum-starved cells and then stimulated as
follows: no treatment (lanes 2 and 8, C); 100 ng/mL of TPA
only (lane 3, T); 20 mM H-89 only (lane 4); pretreatment with
various concentrations of H-89 containing 5 mM (lane 5), 10
mM (lane 6), and 20 mM (lane 7) for 1 hr, followed by the
addition of 100 ng/mL of TPA directly to the culture medium
for 30 min. Determination of a SRE-specific binding band was
performed by the addition of excess concentrations of unlabeled
wild-type or mutant oligonucleotides to the reaction mixtures.
Lanes 9 and 10: the mixtures were incubated with 5-fold (lane
9) or 25-fold (lane 10) excess of unlabeled wild-type (WT)
probe. Lane 11: the mixture was incubated with 25-fold excess
of unlabeled mutant (M) probe. Lane 1: probe only. The
positions of non-binding probe (F) and SRE-binding band (SB)
are indicated by arrows. Results were obtained from three
independent experiments; only one representative experiment is
shown.

TABLE 2. Effects of H-90 on SRE-binding activity in 3T3
cells

Treatment
Relative intensities of

SRE-binding activity* (%)

Control 100
100 ng/mL TPA 107
20 mM H-89 62
5 mM H-89 1 TPA 92
10 mM H-89 1 TPA 80
20 mM H-89 1 TPA 71

* Relative intensities (%) were obtained from SRE/SP-1 specific band intensities.
Values are from three separate experiments.
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Although our data indicated that the inhibitory effect of
H-89 may have resulted from transcription inhibition, we
cannot rule out the contributory effect of an increase of
mRNA instability. Further studies need to be performed to
determine the relative contribution of each of these mech-
anisms. Interestingly, we found that H-89 did not inhibit
TPA induction of c-jun. Recently, several studies have
shown that free radicals induce c-jun [51–53]. Moreover,
our preliminary data showed that TPA-induced free radi-
cals and c-jun were not suppressed by staurosporine (data
not shown). These findings imply that TPA induction of
c-jun may be mediated by free radicals. In conclusion, the
findings of this study indicate that the mechanisms of TPA
induction of c-fos and c-jun are different in the first 30 min,
and that H-89 is a very useful tool for investigating the
molecular mechanisms by which TPA induces c-fos.

We would like to thank Dr. G. S. McKnight for contributing the
NPKA and WT plasmids; Dr. J. J. Yen for the FC-1 CAT plasmid;
and Dr. J. J. Huang for the b-Gal plasmid. This work was supported
by Grant NSC-872311B001103 from the National Science Council,
Taipei, Taiwan.

References

1. Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K,
Inoue T, Naito K, Toshioka T and Hidaka H, Inhibition of
forskolin-induced neurite outgrowth and protein phosphory-
lation by a newly synthesized selective inhibitor of cyclic
AMP-dependent protein kinase, N-[2-(p-bromocinnamylami-
no)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D
pheochromocytoma cells. J Biol Chem 265: 5267–5272, 1990.

2. McDonald RA, Matthews RP, Idzerda RL and McKnight GS,
Basal expression of the cystic fibrosis transmembrane conduc-
tance regulator gene is dependent on protein kinase A
activity. Proc Natl Acad Sci USA 92: 7560–7564, 1995.

3. Lok CN, Chan KF and Loh TT, Effects of protein kinase
modulators on transferrin receptor expression in human
leukaemic HL-60 cells. FEBS Lett 365: 137–140, 1995.

4. Shoshan MC and Linder S, Induction of the collagenase
phorbol ester response element by staurosporine. J Cell Bio-
chem 55: 496–502, 1994.

5. Perez-Reyes E, Yuan W, Wei X and Bers DM, Regulation of
the cloned L-type cardiac calcium channel by cyclic-AMP-
dependent protein kinase. FEBS Lett 342: 119–123, 1994.

6. Herschman HR, Primary response genes induced by growth
factors and tumor promoters. Annu Rev Cell Biol 6: 539–557,
1991.

7. Greenberg ME and Ziff EB, Stimulation of 3T3 cells induces
transcription of the c-fos proto-oncogene. Nature 311: 433–
437, 1984.

8. Costa M, Gerner EW and Russell DH, G1 specific increases in
cyclic AMP levels and protein kinase activity in Chinese
hamster ovary cells. Biochim Biophys Acta 425: 246–255,
1976.

9. Anderson WB, Estival A, Tapiovaara H and Gopalakrishna
R, Altered subcellular distribution of protein kinase C (a
phorbol ester receptor). Possible role in tumor promotion and
the regulation of cell growth: Relationship to changes in
adenylate cyclase activity. Adv Cyclic Nucleotide Protein Phos-
phorylation Res 19: 287–306, 1985.

10. Grimm W and Mark F, Effect of tumor-promoting phorbol
esters on the normal and the isoproterenol-elevated level of

FIG. 5. Effects of H-89 on the c-fos promoter region. 3T3 cells
were cotransfected with 2 mg of various deletion CAT con-
structs and 0.1 mg of pRSV-b-Gal, which was used as an
internal control. The deletion of c-fos promoter CAT reporter
constructs (A). Transfected cells were serum-starved for 24 hr
and incubated with or without 10 mM H-89 for 1 hr followed by
6-hr induction of 100 ng/mL of TPA (B) or 100 mM forskolin
(C). The fold induction was expressed as a multiple of the value
for untreated cells in each c-fos-CAT construct. Values are
means 6 SEM of three independent experiments. Control
values: FC-1, 1.67 6 0.1586 OD405–490/mg protein; FC-2,
1.52 6 0.114 OD405–490/mg protein; FC-3, 1.48 6 0.148
OD405–490/mg protein; and FC-4, 1.5 6 0.045 OD405–490/mg
protein. Key: (*) P < 0.05 compared with control.

Inhibition by H-89 of TPA Induction of c-fos 1645



adenosine 39,59-cyclic monophosphate in mouse epidermis in
vivo. Cancer Res 34: 3128–3134, 1974.

11. Shoshan MC, Ljungdahl S and Linder S, H-89 inhibits
collagenase induction by phorbol ester through a mechanism
that does not involve protein kinase A. Cell Signal 8:
191–195, 1996.

12. Lustig KD, Conklin BR, Herzmark P, Taussig R and Bourne
HR, Type II adenylyl cyclase integrates coincident signals
from Gs, Gi, and Gq. J Biol Chem 268: 13900–13905, 1993.

13. Yoshimasa T, Sibley DR, Bouvier M, Lefkowitz RJ and Caron
MG, Cross-talk between cellular signaling pathways suggested
by phorbol-ester-induced adenylate cyclase phosphorylation.
Nature 327: 67–70, 1987.

14. Castagan M, Takai Y, Kaibuchi K, Sano K, Kikkawa U and
Nishizuka Y, Direct activation of calcium-activated, phospho-
lipid-dependent protein kinase by tumor-promoting phorbol
esters. J Biol Chem 257: 7847–7851, 1982.

15. Niedel JE, Kuhn LJ and Vandenbark GR, Phorbol diester
receptor copurifies with protein kinase C. Proc Natl Acad Sci
USA 80: 36–40, 1983.

16. Kolch W, Heidecker G, Kochs G, Hummel R, Vahidi H,
Mischak H, Finkenzeller G, Marme D and Rapp UR, Protein
kinase C a activates RAF-1 by direct phosphorylation. Nature
364: 249–252, 1992.

17. Marquardt B, Frith D and Stabel S, Signaling from TPA to
MAP kinase requires protein kinase C, raf and MEK: Recon-
stitution of the signaling pathway in vitro. Oncogene 9:
3213–3218, 1994.

18. VanRenterghem B, Browning MD and Maller JL, Regulation
of mitogen-activated protein kinase activation by protein
kinases A and C in a cell-free system. J Biol Chem 269:
24666–24672, 1994.

19. Lisbona C, Alemany S, Calvo V and Fernandez-Renart M,
Raf-1 and ERK2 kinases are required for phorbol 12,13-
dibutyrate-stimulated proliferation of rat lymphoblasts. ERK2
activation precedes Raf-1 hyperphosphorylation. Eur J Immu-
nol 24: 2746–2754, 1994.

20. Chen RH, Sarnecki C and Blenis J, Nuclear localization and
regulation of erk- and rsk-encoded protein kinases. Mol Cell
Biol 12: 915–927, 1992.

21. Tomas SM, DeMarco M, D’Arcangelo G, Halegoua S and
Brugge JS, Ras is essential for nerve growth factor- and
phorbol ester-induced tyrosine phosphorylation of MAP ki-
nases. Cell 68: 1031–1040, 1992.

22. Kyriakis JM, App H, Zhang X-F, Banerjee P, Brautigan DL,
Rapp UR and Avruch J, Raf-1 activates MAP kinase-kinase,
Nature 358: 417–421, 1992.

23. Crews CM, Alessandrini A and Erikson RL, The primary
structure of MEK, a protein kinase that phosphorylates the
ERK gene product. Science 258: 478–480, 1992.

24. Howe LR, Leevers SJ, G-mez N, Nakielny S, Cohen P and
Marshall CJ, Activation of the MAP kinase pathway by the
protein kinase raf. Cell 71: 335–342, 1992.

25. Marshall CJ, Specificity of receptor tyrosine kinase signaling:
Transient versus sustained extracellular signal-regulated ki-
nase activation. Cell 80: 179–185, 1995.

26. Gille H, Sharrocks AD and Shaw PE, Phosphorylation of
transcription factor p62TCF by MAP kinase stimulates ternary
complex formation at c-fos promoter. Nature 358: 414–417,
1992.

27. Hipskind RA, Baccarini M and Nordheim A, Transient
activation of RAF-1, MEK, and ERK2 coincides kinetically
with ternary complex factor phosphorylation and immediate-
early gene promoter activity in vivo. Mol Cell Biol 14:
6219–6231, 1994.

28. Janknecht R, Ernst HW, Pingoud V and Nordheim A,
Activation of ternary complex factor Elk-1 by MAP kinases.
EMBO J 12: 5097–5104, 1993.

29. Hipskind RA, Buscher D, Nordheim A and Baccarini M,
Ras/MAP kinase-dependent and -independent signaling
pathways target distinct ternary complex factors. Genes Dev
8: 1803–1816, 1994.

30. Rao VN and Reddy ESP, elk-1 proteins interact with MAP
kinases. Oncogene 9: 1855–1860, 1994.

31. Gille H, Kortenjann M, Thomae O, Moomaw C, Slaughter C,
Cobb MH and Shaw PE, ERK phosphorylation potentiates
Elk-1-mediated ternary complex formation and transactiva-
tion. EMBO J 14: 951–962, 1995.

32. Wasylyk B, Hagman J and Gutierrez-Hartmann A, Ets tran-
scription factors: Nuclear effectors of the Ras-MAP-kinase
signaling pathway. Trends Biochem Sci 23: 213–216, 1998.

33. Malik RK, Roe MW and Blackshear PJ, Epidermal growth
factor and other mitogens induce binding of a protein
complex to the c-fos serum response element in human
astrocytoma and other cells. J Biol Chem 266: 8576–8582,
1991.

34. Herrera RE, Shaw PE and Nordheim A, Occupation of the
c-fos serum response element in vivo by a multi-protein
complex is unaltered by growth factor induction. Nature 340:
68–70, 1989.

35. Chomczynski P and Sacchi N, Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156–159, 1987.

36. Huang Y-T, Kuo M-L, Liu J-Y, Huang S-U and Lin J-K,
Inhibitions of protein kinase C and proto-oncogene expres-
sions in NIH 3T3 cells by apigenin. Eur J Cancer 32A:
146–151, 1996.

37. Deschamps J, Meijlink F and Verma IM, Identification of a
transcription enhancer element upstream from the proto-
oncogene fos. Science 230: 1174–1177, 1985.

38. Clegg CH, Correll LA, Cadd GG and McKnight GS, Inhi-
bition of intracellular cAMP-dependent protein kinase using
mutant genes of the regulatory type I subunit. J Biol Chem
262: 13111–13119, 1987.

39. Andrews NC and Faller DV, A rapid micropreparation
technique for extraction of DNA-binding proteins from
limiting numbers of mammalian cells. Nucleic Acids Res 19:
2499, 1991.

40. Samuels ML, Weber MJ, Bishop JM and McMahon M,
Conditional transformation of cells and rapid activation of
the mitogen-activated protein kinase cascade by an estradiol-
dependent human Raf-1 protein kinase. Mol Cell Biol 13:
6241–6252, 1993.

41. Gotoh Y, Nishida E, Yamashita T, Hoshi M, Kawakami M
and Sakai H, Microtubule-associated-protein (MAP) kinase
activated by nerve growth factor and epidermal growth factor
in PC12 cells. Eur J Biochem 193: 661–669, 1991.

42. Kameshita I and Fujisawa H, A sensitive method for detection
of calmodulin-dependent protein kinase II activity in sodium
dodecyl sulfate-polyacrylamide gel. Anal Biochem 183: 139–
143, 1989.

43. Hill CS, Marais R, John S, Wynne J, Dalton S and Treisman
R, Functional analysis of a growth factor-responsive transcrip-
tion factor complex. Cell 73: 395–406, 1993.

44. Hill CS, Wynne J and Treisman R, Serum-regulated tran-
scription by serum response factor (SRF): A novel role for the
DNA binding domain. EMBO J 13: 5421–5432, 1994.

45. Hill CS and Treisman R, Differential activation of c-fos
promoter elements by serum, lysophosphatidic acid, G pro-
teins and polypeptide growth factors. EMBO J 14: 5037–
5047, 1995.

46. Hafner S, Adler HS, Mischak H, Janosch P, Heidecker G,
Wolfman A, Pippig S, Lohse M, Ueffing M and Kolch W,
Mechanism of inhibition of Raf-1 by protein kinase A. Mol
Cell Biol 14: 6696–6703, 1994.

47. Wu J, Dent P, Jelinek T, Wolfman A, Weber MJ and Sturgill

1646 Y-T. Huang et al.



TW, Inhibition of the EGF-activated MAP kinase signaling
pathway by adenosine 39,59-monophosphate. Science 262:
1065–1069, 1993.

48. Cook SJ and McCormick F, Inhibition of the EGF-activated
MAP kinase signaling pathway by adenosine 39,59-monophos-
phate. Science 262: 1065–1069, 1993.

49. Burgering BMTh, Pronk GJ, van Weeren PC, Chardin P and
Bos JL, cAMP antagonizes p21ras-directed activation of ex-
tracellular signal-regulated kinase 2 and phosphorylation of
mSos nucleotide exchange factor. EMBO J 12: 4211–4220,
1993.

50. Chen J and Iyengar R, Suppression of Ras-induced transfor-
mation of NIH 3T3 cells by activated Gas. Science 263:
1278–1281, 1994.

51. Datta R, Hallahan DE, Kharbanda SM, Rubin E, Sherman
ML, Huberman E, Weichselbaum RR and Kufe DW, Involve-
ment of reactive oxygen intermediates in the induction of
c-jun gene transcription by ionizing radiation. Biochemistry
31: 8300–8306, 1992.

52. Nose K, Shibanuma M, Kikuchi K, Kageyama H, Sakiyama S
and Kuroki T, Transcriptional activation of early-response
genes by hydrogen peroxide in a mouse osteoblastic cell line.
Eur J Biochem 201: 99–106, 1991.

53. Lee SF, Huang YT, Wu WS and Lin JK, Induction of c-jun
protooncogene expression by hydrogen peroxide through
hydroxyl radical generation and p60SRC tyrosine kinase acti-
vation. Free Radic Biol Med 21: 437–448, 1996.

Inhibition by H-89 of TPA Induction of c-fos 1647


