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Abstract. A previous study has shown that type II
cGMP-dependent protein kinase (PKG II) inhibits the prolif-
eration of gastric cancer cells through blocking EGF-triggered
MAPK/ERK signal transduction, indicating that the kinase
may be a potential anticancer factor. In the present study, the
role of PKG II in the EGF-induced activation of transcrip-
tion factors in the MAPK/ERK signal transduction pathway
was investigated. BGC-823 human gastric cancer cells were
infected with adenoviral constructs encoding the cDNA of
PKG II (pAd-PKG II) to increase the expression of PKG II
and treated with 8-pCPT-cGMP to activate the enzyme. Using
luciferase reporter assays, it was revealed that PKG II markedly
suppressed the EGF-induced transcriptional activities of AP-1
and Elkl. Consistent with the inhibitory effect of PKG II on
AP-1 activity, the expression levels of c-Jun and c-Fos, compo-
nents of AP-1, were also inhibited. Co-immunoprecipitation
analysis demonstrated that EGF treatment increased the AP-1
content through inducing the formation of p-c-Jun-c-Jun
homodimers and p-c-Jun-c-Fos heterodimers. However, this
combination was efficiently blocked by activated PKG II.
While pretreatments with MAPK inhibitors suppressed the
EGF-induced transcriptional activities of AP-1 and Elkl,
PKG II prevented the EGF-induced phosphorylation/activation
of ERK and JNK, but not the phosphorylation of p38MAPK
induced by EGF. These data suggest that PKG II inhibits the
EGF-triggered proliferation of gastric cancer cells through
suppressing ERK-/JNK-, but not p38MAPK, -mediated AP-1
and Elkl transactivation.
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Introduction

cGMP-dependent protein kinase (PKG) is a serine/threonine
kinase. Mammalian cells have two PKG genes, which encode
the cytosolic PKG I and membrane-bound PKG II (1,2).
PKG I controls multiple physiological functions, including
proliferation, apoptosis, migration and the differentiation of
several cell types (3,4), and has been identified as a tumor
suppressor (5). A growing body of evidence indicates that
PKG II plays a role in inhibiting tumor cell proliferation (6-8).
However, more evidence is required to identify PKG II as a
tumor suppression factor. Previously, it has been demonstrated
that PKG II has a suppressive effect on EGF-induced cell
proliferation and cell cycle progression through inhibiting
the MAPK/ERK-mediated signal transduction pathway (8.,9).
The current study provides direct evidence linking increased
PKG activity to the inhibition of EGF-induced activation of
the transcription factors AP-1 and Elk1 in gastric cancer cells.

AP-1 is a transcription factor and has been shown to play
a critical role in promoting carcinogenesis (10). AP-1 proteins
consist of homodimers of Jun family members (c-Jun, JunB,
JunD) or heterodimers of members of the Jun and Fos families
(c-Fos, FosB, Fra-1 and Fra-2) (11,12). It is well established that
the modulation of AP-1 activity is critical in the control of cell
proliferation and apoptosis (12-14). Several studies have shown
that AP-1 is activated by three MAPK pathways (ERK, INK
and p38MAPK) in a selective manner and serves as a common
integrator of MAPK signaling to specific target gene expres-
sion (12,15). However, the exact mechanism of EGF treatment
on AP-1 activation and the relative roles of various MAPKs
in these processes are diverse. Whether activated PKG II also
modulates the members of AP-1 family expression in response
to the stimulation of EGF in gastric cancer cells is unclear.

The transcription factor Elkl is activated by a variety
of extracellular signals via the MAPK phosphorylation
cascades (16). Activated Elk1 binds to the serum response
element of a variety of genes that regulate cell growth,
including c-Fos (17,18). The molecular mechanism that results
in Elk1 playing dominant roles in regulating proliferation in
gastric cancer has not yet been elucidated.

We have previously demonstrated a potential role of PKG II
in regulating cancer cell proliferation, which is likely to be
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associated with the activities of the MAPK-mediated pathway;
however, the downstream steps involved in this process remain
to be determined. The current study investigated the effect of
PKG II on the EGF-induced activation of AP-1 and Elk1 and
the possible association between the effect and the activities
of MAPKs, including ERK, JNK and p38MAPK, in order to
provide further evidence for indentifying PKG II as a cancer
inhibitory factor.

Materials and methods

Cell lines and reagents. The human gastric cancer cell line
BGC-823 was provided by the Institute of Cell Biology (Shanghai,
China). Adenoviral vectors encoding the cDNA B-galactosidase
(pAd-LacZ) and PKG II (pAd-PKG II) were gifts from Dr Gerry
Boss and Dr Renate Pilz, University of California, San Diego,
CA, USA. Dulbecco's modified Eagle's medium (DMEM)
and newborn calf serum (NBCS) were purchased from Gibco
(Grand Island, NY, USA). Antibodies against JNK, phospho-
JNK (Thr183/Tyrl85), p-c-Jun (Ser73) and p-c-Jun (Ser63)
were obtained from Bioworld Technology (St. Louis Park, MN,
USA). Antibodies against Lamin A, f-actin, c-Fos and c-Jun
were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA). Antibodies against phospho-Elk1 (Ser383),
p38MAPK, phospho-p38MAPK, ERK and phospho-ERK
were from Cell Signaling Technology (Danvers, MA, USA).
The horseradish peroxidase (HRP)-conjugated secondary
antibodies were from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). The cellular permeable cGMP analog
8-pCPT-cGMP was from Calbiochem (San Diego, CA, USA).
PD98059, SP600125, SB203580 and EGF were from Sigma
(St. Louis, MO, USA). Electrochemiluminescence (ECL)
reagents were from Millipore (Billerica, MA, USA). All other
reagents used were of analytical grade.

Cell culture and infection with adenoviral vectors. BGC-823
cells were cultured in DMEM supplied with 10% NBCS and
maintained at 37°C in a humidified incubator with 95% air
and 5% CO,. The medium was changed every two days and
the cells were subcultured at confluence. On the day prior
to infection with adenovirus, cells were freshly planted at
70-80% confluence and infection was performed as reported
previously (21). All experiments were approved by the ethics
committee of Jiangsu University.

Luciferase reporter experiments. BGC-823 cells were subcul-
tured in 24-well plates in triplicate 24 h prior to transfection.
pAP-1-luciferase or pElkl-luciferase was co-transfected with
[-galactosidase reporter plasmids (as an internal control) using
Lipofectamine™ 2000 in an antibiotic-free medium. Following
18 h incubation, the cells were treated as designated. The cells
were then lysed in lysis buffer (25 mM Tris-phosphate, pH 7.8,
2 mM EDTA, 1% Triton X-100 and 10% glycerol) and reporter
gene activity was determined with the Promega luciferase assay
system using LUMI-ONE luminometer. $-galactosidase activity
was measured using the Promega 3-galactosidase enzyme assay
system and used for normalization of transfection efficiency.

Nuclear protein preparation. According to the method of Chen
et al (19), cells growing on 100-mm plates were harvested in
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Figure 1. PKG II blocks EGF-induced AP-1 transcriptional activity. BGC-823
cells were transiently transfected with pAP-1-Luc and 3-galactosidase plas-
mids. Cells were infected with either pAd-LacZ or pAd-PKG II 8 h after
transfection, serum-starved for 12 h, stimulated with 8-pCPT-cGMP for 1 h
and then treated with EGF (100 ng/ml) for 5 min (1, LacZ; 2, LacZ+EGF,;
3, PKG II4+EGF; 4, PKG II+100 yM ¢cGMP+EGF; 5, PKG 11+250 yuM
cGMP+EGF). Cell extracts were prepared with luciferase reporter lysis
buffer and analyzed for luciferase activity. The relative values of AP-1
luciferase activity to 3-galactosidase are shown as the mean + SE of three
independent experiments ("P<0.05 and “P<0.01 vs. pAd-LacZ+EGF). PKG
11, type II cGMP-dependent protein kinase.

HEM buffer (10 mM HEPES pH 7.5, 2 mM EDTA, 1 mM
MgCl,) and homogenized with an ultrasonic homogenizer.
The homogenate was centrifuged at 500 x g at 4°C for 5 min
to obtain the nuclei of the cells. Preheated SDS-PAGE loading
buffer was added to the pellet and boiled for 5 min to obtain
nuclear proteins.

Western blotting. Proteins from whole-cell and nuclear
extracts were separated by 10% SDS-PAGE. The primary anti-
bodies were incubated overnight at 4°C and the corresponding
secondary antibodies were incubated for 1 h at RT, with three
washes following each incubation. ECL reagents were used to
show the positive bands on the membrane.

Co-immunoprecipitation. The binding between c-Fos and
c-Jun was detected by co-immunoprecipitation. The cells were
lysed with RIPA buffer (50 mM Tris-HCI pH 7.4, 1% Triton
X-100, 1 mM EDTA, 1 mM leupeptin, | mM phenylmethyl-
sulfonyl fluoride, 10 mM NaF, 1 mM Na,;VO,). Antibodies
against c-Fos and c-Jun and isotype-matched IgG were used
for immunoprecipitation and immunoblotting assay.

Statistical analysis. The data are shown as the mean =+ stan-
dard error (SE). Statistical significance was performed using
ANOVA with SPSS statistical software. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

PKG II inhibits EGF-induced AP-1 transcriptional activity.
The AP-1 transcription factor is a key regulatory molecule
that plays a central role in the control of cell proliferation and
transformation by converting MAPK signals into the expres-
sion of specific target genes (20). In order to test the effect of
PKG II on AP-1 transcriptional activity, BGC-823 cells were
transiently transfected with a reporter plasmid containing a
luciferase gene driven by a minimal human collagenase gene
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Figure 2. PKG II inhibits the EGF-induced transcriptional activity and
phosphorylation of Elk1. BGC-823 cells were transiently transfected with
pElk1-Luc and pB-galactosidase plasmids. Cells were infected with either
pAd-LacZ or pAd-PKG II 8 h following transfection, serum-starved for 12 h,
stimulated with 8-pCPT-cGMP for 1 h and then treated with EGF (100 ng/ml)
for 5 min (lane 1, LacZ; lane 2, LacZ+EGF; lane 3, PKG II+EGF; lane 4,
PKG I1+100 M cGMP+EGF; lane 5, PKG I1+250 uM cGMP+EGF). (A) Cell
extracts were prepared with luciferase reporter lysis buffer and analyzed for
luciferase activity. (B) Non-transfected cells were treated as described above,
the cells were lysed and the nuclear proteins were obtained. Western blotting
with the indicated antibody was used to analyze the amount of phospho-Elk1
(Ser383) in the nuclei of BGC-823 cells. (A) The relative values of Elk1
luciferase activity to 3-galactosidase are shown as the mean + SE of three
independent experiments ("P<0.05 and “P<0.01 vs. pAd-LacZ+EGF).
(B) Representative results from three independent experiments are shown.
PKG II, type I cGMP-dependent protein kinase.

promoter that contains a single AP-1 site. To normalize trans-
fection efficiency, a plasmid containing a [3-galactosidase gene
was co-transfected as an internal control. As shown in Fig. 1,
preinfecting pAd-LacZ or pAd-PKG II cells with EGF for 5 min
resulted in a 7.8-fold increase in AP-1 transcriptional activity.
The level of AP-1 luciferase activity in pAd-PKG Il-infected
cells stimulated with cGMP decreased as compared with
those infected with pAd-LacZ along with EGF, indicating
that activated PKG II efficiently inhibits EGF-induced AP-1
transcriptional activity in BGC-823 cells.

PKG II blocks the EGF-induced transcriptional activity
of Elkl. ERK is known to be activated by stress stimuli
and one of the downstream targets of the ERK pathway is
the transcription factor Elkl. EGF increased the pElkl-luc
activity almost 6-fold compared with the cells infected with
pAd-LacZ alone. However, in the cells infected with pAd-PKG
IT and stimulated with 8-pCPT-cGMP, the increase was only
~2.3-fold by EGF treatment, suggesting that PKG II markedly
reduces the EGF-induced Elk1 transcriptional activity. The
EGF-induced Elk1 luciferase activity decreased gradually
with the increasing concentrations of cGMP, suggesting that
the high expression and activity of PKG II results in the dose-
dependent reduction of the Elkl activation induced by EGF
(Fig. 2A). Nuclear lysates were prepared and the phosphoryla-
tion of Elkl was detected by western blot analysis. Fig. 2B
shows that EGF markedly induced the Ser383 phosphorylation
of Elk1, but such activation was blocked by activated PKG II.
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Figure 3. PKG II inhibits the expressions of c-Jun and c-Fos and blocks
the combination between c-Jun, c-Fos and p-c-Jun (Ser73). BGC-823 cells
were infected with either pAd-LacZ or pAd-PKG II, serum-starved for 12 h,
stimulated with 8-pCPT-cGMP for 12 h and treated with EGF (100 ng/ml)
for 12 h (lane 1, LacZ; lane 2, LacZ+EGF; lane 3, PKG II+EGF; lane 4,
PKG II+100 uM cGMP+EGF; lane 5, PKG 114250 uM cGMP+EGF).
(A) Cells were lysed and the nuclear proteins were obtained. Western blot-
ting with the indicated antibodies was used to analyze the protein levels of
c-Jun, c-Fos and p-c-Jun (Ser73). (B) Cell nuclear lysates were subjected to
IP with an antibody against p-c-Jun followed by IB with antibodies against
c-Jun and c-Fos. Representative results from three independent experiments
are shown. IP, immunoprecipitation; IB, immunoblotting. PKG II, type 11
cGMP-dependent protein kinase.

PKG Il inhibits the expression of c-Jun and c-Fos, which are the
predominant components of the EGF-induced AP-1 complex.
In order to investigate whether PKG II altered the protein levels
of AP-1 family members in BGC-823 cells, nuclear lysates
from pAd-PKG Il-infected cells treated with various concen-
trations of 8-pCPT-cGMP were subjected to western blot
analysis. Low levels of c-Jun and c-Fos proteins were detected
in the cells infected with pAd-LacZ. EGF treatment induced a
substantial increase in the nuclear protein levels of c-Jun and
c-Fos (Fig. 3A). In the cells infected with pAd-PKG II and
stimulated with cGMP, the increased levels of EGF-induced
c-Jun and c-Fos were significantly inhibited. These data
clearly reveal that c-Fos and c-Jun were components of the
EGF-induced AP-1 complex and that the expression of c-Jun
was more sensitive and more susceptible to EGF and PKG II
than that of c-Fos. c-Jun transcriptional activation, which is
necessary for tumor development, is regulated by a variety of
post-translational modifications. The results shown in Fig. 3A
indicate that EGF markedly enhanced the Ser73 phosphoryla-
tion of c-Jun and activated PKG II almost completely blocked
the increase in the phosphorylation of c-Jun induced by EGF,
without affecting the level of Ser63 phosphorylation of c-Jun.
These results imply that PKG II inhibited the phosphoryla-
tion of c-Jun at Ser73, which may impair the formation of a
heterodimer of the JNK substrate c-Jun and c-Fos to form the
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Figure 4. The inhibitory effect of PKG II on AP-1 and Elk1 transactivation
is dependent on the PKG II-inhibited phosphorylation of JNK and ERK in
BGC-823 cells exposed to EGF treatment. (A) BGC-823 cells were tran-
siently transfected with pAP-1-Luc/pElk1-Luc and B-galactosidase plasmids.
Cells were infected with pAd-LacZ 8 h following transfection, serum-
starved for 12 h, pretreated with PD98059 (10 xM), SP600125 (10 M) or
SB203580 (10 #M) for 2 h and then treated with EGF (100 ng/ml) for 5 min.
1, LacZ; 2, LacZ+EGF; 3, LacZ+PD98059+EGF, 4, LacZ+SP600125+EGF;
5, LacZ+SB203580+EGF. Cell extracts were prepared with luciferase
reporter lysis buffer and analyzed for luciferase activity. (B) BGC-823 cells
were infected with either pAd-LacZ or pAd-PKG II, serum-starved for 12 h,
stimulated with 8-pCPT-cGMP for | h and treated with EGF (100 ng/ml)
for 5 min (lane 1, LacZ; lane 2-LacZ+EGF; lane 3, PKGII+EGF,; lane 4,
PKG II+100 uM cGMP+EGF; lane 5, PKG I1+250 uM ¢cGMP+EGF). Cell
lysates were analyzed by western blotting with anti-JNK/phospho-JNK,
anti-ERK/phospho-ERK and anti-p38MAPK/phospho-p38MAPK. (A) The
relative values of AP-1/EIk1 luciferase activity to f-galactosidase are shown
as the mean + SE of three independent experiments ("P<0.05 and “P<0.01
vs. pAd-LacZ+EGF). (B) Representative results from three independent
experiments are shown. IP, immunoprecipitation; IB, immunoblotting. PKG
11, type II cGMP-dependent protein kinase.

AP-1 complex. To test this hypothesis and further determine
the pattern of the activated-AP-1 complex induced by EGF in
BGC-823 cells, co-immunoprecipitation experiments were
performed. As shown in Fig. 3B, co-immunoprecipitation
performed with anti-p-c-Jun antibody revealed the coprecipi-
tation with c-Fos and c-Jun from nuclear extracts of BGC-823
cells. These results confirm that the EGF-activated AP-1
complex was constituted by the p-c-Jun-c-Jun homodimers
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and p-c-Jun-c-Fos heterodimers and the high expression and
activity of PKG II restrained the combination.

Blocking of EGF-induced activation of AP-1 and ElkI by
PKG II was not associated with the inhibition of activa-
tion of p38MAPK. The activation of AP-1 was regulated by
MAPKSs, including ERK, p38MAPK and JNK, in various
cell types. To elucidate the correlation between MAPKs and
AP-1/EIlk1 transactivation in BGC-823 cells, the effects of
MAPK inhibitors on the transcriptional activities of AP-1 and
Elk1 in response to EGF was investigated. Pretreatments with
PD98059, SP600125 and SB203580 (inhibitors of ERK, JNK
and p38MAPK, respectively) completely blocked the increases
in the luciferase activities of AP-1 and Elkl induced by EGF
(Fig. 4A), but these pretreatments alone did not affect the
activities of AP-1 and Elk1 in the cells infected with pAd-LacZ
alone (data not shown). These results suggest that ERK, INK
and p38MAPK are necessary for EGF-induced AP-1 and Elk1
transactivation in BGC-823 cells.

To test the effect of PKG II on these signaling cascades, the
phosphorylation and activation of ERK, JNK and p38MAPK
were examined. As shown in Fig. 4B, the high level of expres-
sion and activity of PKG II markedly inhibited the EGF-induced
phosphorylation of ERK and JNK in a concentration-dependent
manner, but had no effect on the phosphorylation of p38MAPK.
Activated PKG II hardly affected the total protein level of
ERK, JNK and p38MAPK. Combining with the results of
Fig. 4A, these data suggest that the inhibition of ERK and JNK
phosphorylation by activated PKG II is one of the underlying
mechanisms involved in its suppressive effect on EGF-induced
AP-1 and Elk1 transactivation.

Discussion

AP-1 complexes induce cellular proliferation and transforma-
tion and may also promote differentiation and trigger apoptosis,
depending upon their composition (21). Thus, the effect of
AP-1 activation on cell proliferation may be temporally and
spatially restricted. c-Jun and c-Fos are typical immediate
early genes induced by a wide variety of growth factors and
trigger downstream events relevant to cell cycle progression
and proliferation (10). In the present study, PKG II suppressed
the EGF-induced AP-1 activation through inhibiting the
expression of c-Jun and c-Fos, which have positive effects on
cell proliferation (22,23). In accordance with these results, it
has previously been confirmed that increasing PKG II activity
suppresses the proliferation of BGC-823 cells by inducing
GO/G1 phase arrest (9). The inhibitory pattern of c-Jun expres-
sion by cGMP in a dose-dependent manner was extremely
similar to that of AP-1 transcriptional activity, suggesting that
the inhibition of c-Jun expression may be correlated with AP-1
transcriptional activity inhibition. Therefore, the expression
of the c-Jun protein may be crucial for the activity of AP-1-
regulated genes. Since c-Jun activity is directly modulated at
the protein level via regulatory phosphorylation occurring on
Ser63, Ser73 and Thr91 within the transactivation domain (24),
the results clearly suggest that the inhibitory effect of PKG II
on AP-1 transcriptional activity acts by suppressing the
Ser73-phosphorylated-c-Jun. Furthermore, it was revealed
that activated AP-1 consisted of p-c-Jun-c-Jun homodimers
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and p-c-Jun-c-Fos heterodimers following EGF treatment, but
this induction was blocked in cells infected with pAd-PKG II
and following 8-pCPT-cGMP exposure. The present study
used only antibodies against c-Jun and c-Fos to detect the
formation of AP-1, therefore, other dimeric forms of the AP-1
transcription factor involved in regulating the AP-1 activity in
BGC-823 cells cannot be excluded from this process.

It is well established that the activation of JNK, p38MAPK
and/or ERK induces cancer proliferation through the AP-1
signaling pathway. Data in this study revealed that all three
MAPK inhibitors blocked the activation of AP-1 and Elk1,
suggesting that the JNK and p38MAPK pathways are also
involved in EGF-induced transcriptional activities of AP-1 and
Elkl. However, western blot analysis revealed that activated
PKG 1II had a selective inhibitory effect on ERK/JNK activa-
tion but not p38MAPK activation. Therefore, it is believed that
PKG II inhibits EGF-induced AP-1 and Elkl transactivation
in gastric cancer cells through suppressing ERK and JNK
signaling pathways.

It has been reported that the critical step in the EGF/ERK
signaling cascade is the change in cellular localization of
phosphorylated ERK from the cytoplasm to the nucleus, which
results in the activation of the transcription factor of Elk1 (25).
The phosphorylation at Ser383 and Ser389 of Elkl is critical
for its transcriptional activity and is accomplished by all
three types of MAPKSs (26,27). A recent study has shown
that PKG II significantly inhibited the EGF-induced nuclear
translocation of phospho-ERK (8). This study demon-
strated that activated-PKG II suppressed the EGF-induced
Ser383-phosphorylated-Elkl1, a crucial downstream molecule
of ERK, in the nuclei of BGC-823 cancer cells.

In summary, we have shown that PKG II inhibits the
EGF-stimulated ERK/INK-dependent activation of AP-1
and Elk1 in gastric cancer cells. Since AP-1/Elkl-associated
transcriptional activity is crucial in mediating gastric
cancer cell proliferation and growth, it is further confirmed
that PKG II inhibited the proliferation of gastric cancer
cells through blocking the signal transduction of MAPK
(ERK/INK)-mediated pathways. This is likely to provide
direct evidence for the therapeutic value of PKG II as a cancer
suppression factor.
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