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Abstract. Our previous study found that Type II cGMP-
dependent protein kinase (PKG II) is expressed at lower levels 
in human gastric cancer tissues and cell lines and increasing 
the expression and activity of PKG II inhibited the proliferation 
of cancer cell line BGC-823. However, the mechanism through 
which PKG II inhibits proliferation of gastric cancer cells is still 
not clear. Herein, we show that PKG II can inhibit EGF-induced 
MAPK signal transduction. In the gastric cancer cell line 
BGC-823, the expression and activity of PKG II were increased 
by infecting the cells with adenoviral construct encoding PKG II 
cDNA and treating the cells with the cGMP analogue 8-pCPT-
cGMP. We found that PKG II inhibited the EGF-induced dual 
phosphorylation of ERK, a key component of the MAPK signal 
transduction pathway. Upstream of ERK, PKG II inhibited the 
phosphorylation of MEK1/2, the phosphorylation/activation of 
Raf-1, the activation of Ras, and the binding between adaptor 
protein Grb2 and GTP exchange factor Sos1 induced by EGF. 
Of note, PKG  II inhibited the tyrosine phosphorylation of 
EGFR induced by EGF. Downstream of ERK, the EGF-induced 
nuclear translocation of phospho-ERK was also inhibited by 
PKG II. The results suggest that PKG II inhibits the proliferation 
of gastric cancer cells through blocking EGF-triggered MAPK 
signal transduction and the key blocking point is the tyrosine 
phosphorylation of the EGF receptor.

Introduction

cGMP-dependent protein kinases (PKGs) are serine/threonine 
kinases and currently two types of PKGs, PKG I and PKG II, 
have been identified in mammals (1,2). PKG  I is widely 
distributed within the body and its expression is reduced in 

many tumor tissues compared to respective normal tissue. 
Exogenous PKG I leads to decreased tumor growth and inva-
siveness in many cells including cardiomyocytes, mesangial 
cells, pancreatic β-cell line, and neutrophils (3-6). PKG I also 
has a role in inducing apoptosis in colon tumor cells treated 
with the phosphodiesterase inhibitor exisulind (7,8). PKG I has 
been identified as a tumor suppressor (9). Unlike PKG I, the 
expression of PKG II is more tissue-restricted (10). As a struc-
turally and functionally distinct membrane-bound enzyme 
(11,12), PKG II has been implicated in several physiological 
functions including intestinal secretion, bone growth, and 
learning and memory (13). For a long time, in contrast to the 
well-proven anti-tumor effect of PKG I, no research data clearly 
indicated antitumor role of PKG II. However, recent research 
results did suggest that PKG II had a role in regulating cell 
proliferation and apoptosis (14-17). More importantly, in 2010, 
Swartling et al reported that PKG II inhibited the proliferation 
of human neuroglioma cells and the inhibition was related to 
the decrease of the expression of transcription factor Sox9 and 
the phosphorylation of Akt (18). In the same year, we found 
that the expression and the activity of PKG II in human gastric 
cancer cell lines were significantly lower than that in normal 
cells (19). Also, further study in our laboratory showed that 
PKG II inhibited the proliferation of gastric cancer cell lines 
(20). To explore the mechanism of the tumor-inhibitory action 
of PKG II, this study was designed to elucidate the possible 
inhibition of PKG II on proliferation related MAPK-mediated 
signal transduction.

Materials and methods

Cell lines and reagents. Human gastric cancer cell line 
BGC-823 was provided by the Institute of Cell Biology 
(Shanghai, China). Adenoviral vectors encoding the cDNA 
β-galactosidase (pAd-LacZ) and PKG II (pAd-PKG II) were 
kind 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 from Gibco (Grand Island, NY). The antibody against 
PKG II was from Abgent Biotechnology (San Diego, CA). 
Goat anti-β-action, mouse anti-Pan-Ras, rabbit anti-p-Raf-1 
(Ser  338/Tyr  341), rabbit anti-Grb2, and mouse anti-Sos1 
antibodies were from Santa Cruz Biotechnology (Santa Cruz, 
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CA). Mouse anti-p-EGFR (Tyr 1068), rabbit anti-EGFR, rabbit 
anti-p-MEK1/2 (Ser 217/221), rabbit anti-p-ERK threonine 202 
and tyrosine 204 (Thr 202/Tyr 204), and rabbit anti-ERK anti-
bodies were from Cell Signaling Technology (Danvers, MA). 
Rabbit anti-MEK1/2 was from Bioworld Technology (St. Louis 
Park, MN). The horseradish peroxidase (HRP)-conjugated 
secondary antibodies were from Jackson ImmunoResearch 
Laboratories (West Grove, PA). The cellular permeable cGMP 
analog 8-pCPT-cGMP was from Calbiochem (San Diego, CA). 
EGF and fluorochrome Cy3, FITC and Hoechst 33342 were 
from Sigma (St. Louis, MO). Electrochemiluminescence (ECL) 
reagents were from Millipore (Billerica, MA). 3H-labeled thymi-
dine was from PerkinElmer (San Jose, CA). 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% CO2. The medium was changed every two days and 
the cells were sub-cultured at confluence. On the day before 
infection with adenovirus, cells were freshly planted at 
70-80% confluence, and infection was performed as reported 
previously (21).

3H-thymidine uptake assay. Cells were seeded at density 
of 0.8x105 cells per well in a 12-well plate in DMEM +10% 
NBCS. Next day, the cells were infected with pAd-LacZ or 
pAd-PKG II. On the third day, the cells were serum-starved 
for 24 h. On the fourth day, the cells were stimulated with EGF 
(100 ng/ml) for 12 h and labeled with [3H]-thymidine (1 µci) 
for 8 h. The cells were washed with cold PBS and lysed at 
room temperature by adding 0.5 ml 0.5 N NaOH/0.5% SDS 
and pipetting up and down several times. The lysate was 
diluted with 0.5 ml of ice cold 20% TCA and incubated at 4˚C 
for 30 min. The DNA in the lysate was collected on glass fiber 
filter. The filter was dried at 50˚C and put in scintillation vials. 
The CPM was counted with a scintillation counter.

Nuclear protein preparation. According to the method of 
Chen et al (22), cells growing on 100-mm plates were harvested 
in HEM buffer (10 mM HEPES pH 7.5, 2 mM EDTA, 1 mM 
MgCl2) and homogenized with an ultrasonic homogenizer. 
The homogenate was centrifuged at 500 x g at 4˚C for 5 min 
to obtain nuclei of the cells. Pre-heated SDS-PAGE loading 
buffer was added to the pellet and boiled for 5 min to get 
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 after each incubation. ECL reagents were used to show 
the positive bands on the membrane.

Ras activity assay. The assay was performed as described 
previously with some modification (23). Briefly, cells at ~90% 
confluence on 100-mm culture plates were washed three times 
with cold PBS and lysed in lysis buffer containing 25 mM 
HEPES (pH 7.5), 150 mM NaCl, 1% NP40, 10% glycerol, 
25  mM NaF, 10  mM MgCl2, 0.25% sodium deoxycholate, 

1 mM EDTA, 1 mM Na3VO4, 10 µg/ml aprotinin and 10 µg/ml 
leupeptin. After a centrifugation to get rid of the debris, the 
cell lysate was incubated with glutathione-Sepharose beads 
and glutathione S-transferase-Ras-RBD (GST-RBD) at 4˚C 
for 1 h. The beads were washed three times with lysis buffer. 
The GTP-bound Ras was eluted by adding SDS-PAGE loading 
buffer and boiling for 5 min and detected by Western blotting 
with antibody against Pan-Ras.

Co-immunoprecipitation. The binding between Grb2 and Sos1 
was detected by Co-immunoprecipitation. Cells were lysed with 
RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Triton X-100, 1 mM 
EDTA, 1 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 
10 mM NaF, 1 mM Na3VO4). Antibodies against Grb2 and Sos1 
and isotype matched IgG were used for immunoprecipitation 
and immunoblotting assay.

Immunofluorescence microscopy. The cells growing on cover 
slips were fixed with freshly prepared 40 g/l paraformaldehyde 
in PBS for 15 min, permeabilized with 0.3% Triton X-100 in 
PBS for 10 min, and blocked with 3% BSA in PBS. The cells on 
cover slips were subsequently incubated with mouse polyclonal 
antibody against p-ERK for 2 h at RT, followed by incubation 
with Cy3-conjugated goat anti-mouse IgG for 1 h at RT, and 
washed three times after each incubation. The nuclei were 
stained with Hoechst 33342. The distribution of p-ERK in the 
cells was viewed under a fluorescent microscope.

Statistical analysis. The data were expressed as the means ± 
standard deviation (SD). Statistical significance was performed 
using ANOVA with SPSS statistical software. P<0.05 was 
considered significant.

Results

PKG II inhibits the thymidine uptake by BGC-823 cells. Our 
previous investigations applied several methods to study the 

Figure 1. PKG II inhibits the thymidine uptake by BGC-823 cells. Either 
pAd-PKG II-infected or pAd-LacZ-infected cells growing in a 12-well plate 
were serum-starved for 12 h, stimulated with 8-pCPT-cGMP (100 µΜ and 
250 µΜ) for 1 h, and then incubated with EGF (100 ng/ml) for 12 h. Cell 
proliferation was assessed by the 3H-thymidine uptake assay as described 
in Materials and methods. The data shown are the means ± SD from three 
independent experiments, each performed in duplicate (*P<0.05, compared to 
LacZ + EGF group, LacZ + cGMP + EGF group and PKG II+ EGF group).
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proliferation-inhibition effect of PKG II, including MTT assay, 
analysis of anchorage-independent growth, tumor formation 
in nude mice, detection of PCNA, and BrdU uptake assay. In 
this study, we applied the thymidine uptake assay to further 
confirm the inhibitory effect of PKG II on proliferation of the 
gastric cancer cells. BGC-823 cells were infected with pAd-
LacZ or pAd-PKG II, treated with 8-pCPT-cGMP and/or EGF, 
and incubated with 3H-labeled thymidine. Liquid scintillation 
counter was used to count radioactivity of the cells. The results 
showed that EGF stimulated thymidine uptake of BGC-823 
cells and PKG II significantly inhibited the proliferation-
stimulating action of EGF (Fig. 1).

PKG  II blocks the dual phosphorylation of ERK and the 
nuclear translocation of activated ERK. Phosphorylation at 
both Thr 202/Tyr 204 residues of ERK1 and Thr 185/Tyr 187 
residues of ERK2 is required for full enzymatic activation. The 
antibody against p-ERK1/2 (Thr 202/Tyr 204) was applied 

in Western blotting to detect the dual phosphorylation of 
ERK. The results showed that within 5 min after adding EGF 
(100 ng/ml) to culture medium, phosphorylation of ERK1/2 
increased dramatically and the phosphorylation was inhibited 
by pre-infecting the cells with pAd-PKG II and stimulating 
the enzyme with 8-pCPT-cGMP (Fig. 2A). Moreover, the high 
expression and activity of PKG II significantly inhibited the 
EGF-induced nuclear translocation of p-ERK (Fig. 2B and C).

PKG II suppresses the phosphorylation of MEK. MEK1 and 
MEK2 are members of the dual specificity protein kinase 
family, which acts as a MAPK or ERK kinase. Activation of 
MEK1/2 occurs through phosphorylation of two serine resi-
dues at positions 217 and 221 by Raf-like molecules. In this 
study, the antibody against p-MEK1/2 (Ser 217/221) was used 
to detect the phosphorylation of MEK1/2. The results revealed 
that EGF (100 ng/ml) treatment caused obvious phosphory-
lation of MEK1/2, while the high expression and activity of 

Figure 2. PKG II blocks the dual phosphorylation of ERK and the nuclear translocation of p-ERK. (A) The results of Western blotting detecting PKG II 
expression and the phosphorylation of ERK1/2 (Thr 202/Tyr 204). BGC-823 cells were infected with either pAd-LacZ or pAd-PKG II, serum-starved for 
12 h, stimulated with 8-pCPT-cGMP (100 and 250 µΜ) for 1 h, and then treated with EGF (100 ng/ml) for 5 min. The cell lysate was analyzed by Western 
blotting with the anti-ERK or anti-p-ERK antibodies. The results showed that 5 min after adding EGF to culture medium, the phosphorylation of ERK1/2 
increased dramatically. The treatment of infecting with pAd-PKG II and stimulating with 8-pCPT-cGMP inhibited the phosphorylation. (B) The distribution 
of p-ERK1/2 in nuclei of BGC-823 cells. The cells were lysed and the nuclear proteins were obtained. Western blotting with indicated antibodies was used to 
analyze the amount of p-ERK1/2 in nuclei of BGC-823 cells. It showed that the high expression and activity of PKG II significantly inhibited the EGF-induced 
increase of nuclear p-ERK. (C) Representative images of immunofluorescence staining of p-ERK1/2. BGC-823 cells treated as in (B) were fixed with 40 g/l 
paraformaldehyde and stained for p-ERK1/2. The results show the localization of p-ERK in nucleus and the blockage of nuclear translocation of p-ERK by 
high expression and activation of PKG II; (x200).
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PKG II significantly suppressed the MEK1/2 phosphorylation 
at Ser 217 and 221 caused by EGF treatment (Fig. 3).

PKG II inhibits the activation of Raf-1 and Ras. Raf-1 is a 
regulator upstream of ERK in MAPK-mediated signal pathway. 
When it is phosphorylated at Ser 338/339 and Tyr 340/341, Raf-1 
is activated and can induce the phosphorylation/activation of 
MEK, a protein kinase phosphorylating ERK. To investigate 
the activation of Raf-1, the antibody against p-Raf-1 (Ser 338 
and Tyr 341) was applied in Western blotting to detect the 
phosphorylation of the protein. The results showed that EGF 
(100 ng/ml) treatment caused an obvious increase of Raf-1 
phosphorylation and increased expression and activity of PKG II 
efficiently inhibited this process (Fig. 4, upper panel).

Small G protein Ras is the key component in MAPK-
mediated signal pathway. It has two forms in cells: GTP-bound 
active form and GDP-bound inactive form. Once Ras is in 
GTP-bound form, it can bind and activate Raf-1 and start the 
consequent activations of serine/threonine kinase in the signal 
pathway. We applied ‘pull-down’ method to isolate and detect 
the activated Ras. The results showed that after adding EGF 
(100 ng/ml) to the culture medium, active Ras increased 
obviously within 5 min. Infecting the cells with pAd-PKG II 
and stimulating them with 8-pCPT-cGMP significantly 
prevented the EGF-induced Ras activation (Fig. 4, lower panel).

PKG II inhibits EGF-induced binding between adaptor protein 
Grb2 and GEF protein Sos1. Sos1 is a guanine nucleotide 
exchange factor (GEF). When Sos1 associates with Grb2, 
it causes the guanine nucleotide exchange of Ras (from 
GDP-bound to GTP-bound). To investigate the possible effect 
of PKG II on the binding between Grb2 and Sos1, we applied 
Co-immunoprecipitation to detect the binding between the 

proteins. The results showed that treatment with EGF (100 ng/
ml) caused an increase of the binding between Grb2 and Sos1 
and the high expression and activity of PKG II blocked the 
binding (Fig. 5A).

PKG II blocks the tyrosine phosphorylation of EGF receptor. 
EGFR has several tyrosine-phosphorylation sites. When EGF 
binds with EGFR, the binding will cause the dimerization 
and the auto-phosphorylation of tyrosine of the receptors. The 
phosphorylated tyrosines on EGFR can provide binding sites 
for adaptor proteins. Among them, phosphorylated Tyr 1068 
is related to the activation of MAPK-mediated signal pathway. 
In this experiment, we applied the antibody against p-EGFR 
(Tyr 1068) in Western blotting to investigate the possible 
blocking effect of PKG II on phosphorylation of Tyr 1068 of 
EGFR. The results showed that EGF (100 ng/ml) treatment 
caused obvious Tyr 1068 phosphorylation of EGFR and high 
expression and activity of PKG II blocked the phosphorylation 
process (Fig. 5B).

Discussion

The importance of PKG II has not been fully recognized 
even though it has been indentified for many years. Recently, 
some new functions of PKG  II were found. For example, 
Rangaswami et al reported that PKG II had an important role 

Figure 3. PKG II suppresses the phosphorylation of MEK. BGC-823 cells 
were infected as indicated, serum-starved overnight, stimulated with 8-pCPT-
cGMP (100 and 250 µΜ) for 1 h, and treated with EGF (100 ng/ml) for 5 min. 
The equal protein extracts were immunoblotted for phospho-MEK1/2, PKG II, 
total MEK1/2 and β-actin (indicating loading control). The results show that 
5 min after adding EGF to culture medium, the phosphorylation of MEK1/2 
increased dramatically. The high expression and activity of PKG II signifi-
cantly inhibited the EGF-induced phosphorylation of MEK1/2 at Ser 217/221. 
The results shown are representative of three separate experiments. 

Figure 4. PKG II inhibits the activation of Raf-1 and Ras. (Upper panel) 
Western blotting is used to detect the phosphorylation of Raf-1 (Ser 338 
and Tyr 341). Equal amounts of protein were subjected to SDS-PAGE, and 
blots were probed with anti-p-Raf-1. The result show that after adding EGF 
(100 ng/ml) to the culture medium, phosphorylation of Raf-1 increased obvi-
ously within 5 min. The EGF-induced Raf-1 phosphorylation was efficiently 
inhibited in pAd-PKG II-infected and 8-pCPT-cGMP (100 and 250 µΜ)-
treated cells (compared to pAd-LacZ or pAd-PKG  II-infected groups). 
(Lower panel) The ‘pull-down’ method was used to detect the activated Ras. 
Equal amounts of protein were incubated with GST-RBD as described in 
Materials and methods. Complexes were collected with glutathione-sepha-
rose and resolved by SDS-PAGE, and probed with anti-pan Ras antibody. 
The results showed that EGF treatment caused an obvious activation of Ras. 
In the presence of 8-pCPT-cGMP (250 µΜ), pAd-PKG II-infected cells 
inhibited Ras activation, while infection with pAd-LacZ or pAd-PKG II 
alone had no significant inhibitory effect. The results shown are representa-
tive of three separate experiments.
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in mechano-transduction in osteoblast (21,24). More impor-
tantly, some research indicated that PKG II was related to 
proliferation and apoptosis in some cells. For example, Cook et 
al found that in cultured human prostate cells, PKG II agonist 
8-pCPT-cGMP inhibited the proliferation induced by fetal calf 
serum (15). They also found that activation of PKG II could 
induce apoptosis of human prostate cells (14). The results from 
Swartling's laboratory (18) and our laboratory (20) confirmed 
the proliferation-inhibitory effect of PKG II, suggesting that 
PKG II may be a potential tumor suppressor.

To further investigate the role of PKG II in tumor suppres-
sion, we studied the effect of PKG II on EGF receptor (EGFR) 
triggered signal transduction of MAPK-mediated pathway. 
With a molecular weight of 170 kDa, EGFR exists on the surface 
of all cells and has an extracellular domain, a cross-membrane 
domain and an intracellular domain. The intracellular domain 
of EGFR has 542 amino-acid residues and can be divided 
into the approximate membrane sub-domain, tyrosine kinase 
sub-domain, and C-terminal sub-domain (25). The activation 
of EGFR can trigger several signal transduction pathways 
and MAPK-mediated pathway is one of them (26). EGFR can 
recruit adapter protein Grb2 to its phosphorylated C-terminal 
and promote the binding between Grb2 and Sos1, when EGFR 
is activated (27). The activated Sos1 can then induce the change 
of small G protein Ras from GDP-bound form to GTP-bound 
form. The subsequent events after Ras activation in the signal 
transduction process include the activation of MEK, the 
activation of MAPK/ERK, and the activation of transcrip-
tion factors and related enzymes. Our results revealed that 
PKG II inhibited the EGF induced activation of main signal 
transduction components in the pathway, including the binding 
between adapter protein Grb2 and Sos1, the activation of small 
G protein Ras, the phosphorylation/activation of MEK1/2, the 

phosphorylation/activation of MAPK/ERK, and the nuclear 
translocation of activated ERK. This systemically confirmed 
the inhibition of PKG II on EGFR triggered MAPK-mediated 
signal transduction pathway and provided conclusive evidence 
that PKG II inhibited the proliferation of gastric cancer cells 
through blocking the transduction of proliferative signaling.

Of note, our results revealed that PKG II inhibited the 
signal transduction through blocking the activation of EGF 
receptor, the initial event of the signal transduction process. 
This provides several hints for further investigation. Firstly, 
for the mechanism through which PKG II inhibited the signal 
transduction. Research data showed that serine/threonine in 
the approximate membrane sub-domain of EGFR can be 
phosphorylated and the phosphorylation had inhibitory effect 
on the activation of EGFR. For example, protein kinase C 
(PKC) and MAPK/ERK can phosphorylate the Thr 654 in the 
approximate membrane sub-domain to decrease the affinity of 
EGFR with its ligands and inhibit the activation of tyrosine 
kinase caused by the binding between EGFR and its ligands 
(25). Since PKG II is also a serine/threonine kinase, whether 
it blocks the activation of EGFR through similar mechanism 
needs further study. Therefore, the potential phosphorylation 
of serine or threonine on EGFR caused by PKG II will be our 
next research target.

Secondly, activation of EGFR can start the signal trans-
duction of several pathways, including MAPK/ERK pathway, 
PI3K/Akt pathway, PLCγ1/IP3/DAG pathway, and JAK1/STAT 
pathway (28-30). The signal transduction of these pathways 
is related not only to proliferation, but also to apoptosis and 
motility/migration of the cells. Does PKG II also inhibit the 
signal transduction of other pathways except MAPK pathway 
and affect other cellular activities except proliferation? This 
also needs further study. 

Figure 5. PKG II inhibits the binding between Grb2 and Sos1 and blocks the tyrosine phosphorylation of EGFR. (A) BGC-823 cells were grown in 100-mm 
plates and infected with either vector or pAd-PKG II. Then, the cells were serum-starved overnight, stimulated with 250 µM 8-pCPT-cGMP for 1 h and 
followed by treatment with EGF (100 ng/ml) for 5 min as indicated. Co-immunoprecipitation was performed to analyze the effect of PKG II on the binding 
between Grb2 and Sos1. The experiment included three groups: the pAd-LacZ group, pAd-LacZ + EGF group and pAd-PKG II+ cGMP + EGF group. The 
results showed that EGF treatment increased the binding between Grb2 and Sos1 and high expression and activity of PKG II significantly inhibited the 
binding. (B) Western blotting was applied to investigate the effect of PKG II on Tyr 1068 phosphorylation of EGFR. The results revealed that the Tyr 1068 
phosphorylation of EGFR was induced by EGF, and the phosphorylation process was obviously blocked in pAd-PKG II-infected and 8-pCPT-cGMP (100 and 
250 µΜ)-treated cells. The results shown are representative of three separate experiments.
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Thirdly, EGFR is closely associated with tumorigenesis. 
Overexpression and mutation of EGFR often occur in most 
cancers (31). Furthermore, cancer patients with overexpression 
of EGFR usually have poor prognosis. For example, EGFR 
overexpression was detected in 60% of non-small cell lung 
cancer (NSCLC) patients and the prognosis of the patients were 
poor, with a survival of 4-5 months (32). In vitro experiments 
confirmed that overexpression of EGFR caused transformation 
of NIH-3T3, Rat-1 and NRK cells and blocking EGFR activa-
tion inhibited proliferation of some tumor cells (33). Therefore, 
EGFR is the first growth factor receptor taken as cancer therapy 
target. Several methods of inhibiting EGFR activity and related 
signal transduction, including specific antibodies against EGFR 
and inhibitors of EGFR, have been studied in detail (34). New 
and more effective methods in blocking EGFR-mediated signal 
transduction will be helpful in cancer therapy. Our results 
show that PKG II can inhibit the activation of EGFR and the 
consequent signal transduction. This will provide new hints on 
strategy of cancer therapy.
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