MOLECULAR MEDICINE REPORTS 14: 1849-1856, 2016

Type II cGMP-dependent protein kinase inhibits
EGF-induced JAK/STAT signaling in gastric cancer cells
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Abstract. Previous research has demonstrated that type II
cyclic guanosine monophosphate (cGMP)-dependent pro-
tein kinase (PKG II) inhibited epidermal growth factor
(EGF)-initiated signal transduction of MAPK-mediated,
PI3K/Akt-mediated and PLCyl-mediated pathways through
blocking EGF-induced phosphorylation/activation of EGF re-
ceptor (EGFR). As EGF/EGFR signaling also initiated signal
transduction of the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT)-mediated pathway, the pres-
ent study was performed to investigate whether PKG II exerts
an inhibitory effect this pathway. AGS human gastric cancer
cell line was infected with adenoviral constructs encoding the
cDNA of PKG II (Ad-PKG 1II), to increase the expression of
PKG II, and treated with 8-pCPT-cGMP to activate the kinase.
Western blotting was performed to detect the phosphoryla-
tion/activation of EGFR, JAK1, JAK2, STAT1 and STAT3
and the expression of cell cycle-associated proteins, includ-
ing cyclin D1 and cyclin E. EGF-induced cell cycle changes
were detected by flow cytometry. Transcriptional activity was
determined by a reporter gene assay. The results demonstrated
that EGF treatment increased the phosphorylation of EGFR,
JAK1, JAK2, STAT1 and STAT3, increased the expression
levels of cyclin D1 and cyclin E, promoted the cells to enter
S phase, and stimulated transcriptional activity in the cells.
Increased PKG II activity through infecting the cells with
Ad-PKG II and activating the kinase with 8-pCPT-cGMP ef-
ficiently reversed the changes caused by EGF. The results sug-
gest that PKG II inhibits EGF-induced signal transduction of
the JAK/STAT-mediated pathway and further confirms that
PKG II may be a cancer inhibitor.
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Introduction

Janus kinase (JAK)-signal transducer and activator of tran-
scription (STAT)-mediated signal transduction pathway is
important for regulating DNA transcription and the activi-
ties of the cell cycle. This pathway has three main signaling
components: Receptors, JAK, and STAT (1). Extracellular
signal molecules, including interferon, interleukin and growth
factors, can bind with their receptors and cause activation of
the kinase function of JAK through auto-phosphorylation.
Consequently, STAT binds to the phosphorylated receptor,
where it is phosphorylated by JAK. The phosphorylated STAT
protein then binds to another phosphorylated STAT protein to
form STATs dimer complex. The complex can be translocated
into the nucleus and there it binds to DNA, promotes transcrip-
tion of genes and causes the expression of proteins that affect
basic cell activities, including cell growth, differentiation and
death (2).

Type II cyclic guanosine monophosphate
(cGMP)- dependent protein kinase (PKG II) is a serine/threo-
nine kinase. It was identified >30 years ago and has been
typically implicated only in several physiological functions,
including intestinal secretion, bone growth, and learning
and memory (3). However, increasing evidence has demon-
strated that this kinase is involved in regulating proliferation
and apoptosis of cells, and is potentially associated with
tumorigenesis. For example, research data demonstrated that
PKG II inhibited proliferation and/or induced apoptosis of
human prostate cells, neruoglioma cells and breast cancer
cells (4-6). Additionally, the inhibitory effect of PKG II on
gastric cancer cells for several years has been investigated.
An important finding was that PKG II blocks the activation
of epidermal growth factor receptor (EGFR), the initiating
event of the epidermal growth factor (EGF)-induced signal
transduction process (7,8). As the activation of EGFR can
initiate the signal transduction of several pathways, including
phospholipase Cy-mediated, phosphatidylinositol 3-kinase
(PI3K)/Akt serine/threonine kinase 1 (Akt)-mediated and
JAK-STAT-mediated pathways (9-11), it is expected that the
blockage of the EGFR activation by PKG II will inhibit the
corresponding signal transductions and exert a wide-range
of effects on the biological activities of cancer cells. The
present study was performed to investigate the inhibitory
effect of PKG II on EGF/EGFR-initiated signal transduction
of the JAK-STAT-mediated pathway.
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Figure 1. PKG Il inhibits EGF-induced Y1068 phosphorylation of EGFR. AGS
cells were infected with Ad-LacZ or Ad-PKG II for 24 h and serum-starved
overnight. In LacZ + EGF and PKG II + EGF groups, cells were incubated
with 100 ng/ml EGF for 5 min. In Ad-PKG II+cGMP + EGF groups, cells
were treated with 8-pCPT-cGMP (100 or 250 gM) for 1 h and then with EGF
(100 ng/ml) for 5 min. (A) The cells were harvested and lysed as described
in material and methods and the cell lysate was subjected to western blotting
with antibody against p-EGFR (Tyr1068) to detect the phosphorylation of
EGFR. B-actin was detected as a loading control and PKG II was detected to
demonstrate the efficiency of the infection with Ad-PKG II. (B) Densitometry
analysis was performed to quantify the positive bands and the ratio of
p-EGFR/B-actin was determined. The data are presented as the mean + stan-
dard deviation from 3 independent experiments "P<0.05 vs. control group
and LacZ group; ¥P<0.05 vs. LacZ + EGF group and PKG II+EGF group. p,
phosphorylated; EGFR, epidermal growth factor receptor; PKG II, type 11
c¢GMP-denpendent protein kinase; Ad, adenovirus; LacZ, $-galactosidase;
EGF, epidermal growth factor; cGMP, cyclic guanosine monophosphate.

Materials and methods

Cell line and reagents. AGS human gastric cancer
cell line was provided by the Institute of Cell Biology
(Shanghai, China). Adenoviral vectors encoding the cDNA
of P-galactosidase (B-gal) and PKG II (Ad-LacZ and
Ad-PKG II, respectively), as well as the SRE-luc plasmid,
RSV-f-gal plasmid and CMV vector plasmid were gifts from
Dr Gerry Boss and Dr Renate Pilz (University of California,
San Diego, CA, USA). Dulbecco's modified Eagle's media
(DMEM) and fetal bovine serum (FBS) were obtained from
Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
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Figure 2. PKG II inhibits EGF-induced Tyr1022 phosphorylation of JAKI.
(A) AGS cells were treated and the cell lysate was subjected to western
blotting with antibody against p-JAK1 (Tyr1022) to detect the Tyr1022 phos-
phorylation of JAKI. f-actin was detected as a loading control and PKG II
was detected to demonstrate the efficiency of the infection with Ad-PKG II.
(B) Densitometry analysis was performed to quantify the positive bands and
the ratio of p-JAK1/B-actin was determined. The data are presented as the
mean + standard deviation from 3 independent experiments. "P<0.05 vs. con-
trol group and LacZ group; “P<0.05vs. LacZ + EGF group and PKG II + EGF
group. p-, phosphorylated; JAK1, Janus kinase 1; PKG II, type I cGMP-den-
pendent protein kinase; Ad, adenovirus; LacZ, f-galactosidase; EGF,
epidermal growth factor; cGMP, cyclic guanosine monophosphate.

Polyclonal rabbit antibody against PKG II was purchased
from Abgent, Inc. (San Diego, CA, USA; cat no. AP800la;
dilution, 1:200). Monoclonal mouse anti-f-actin antibody
was purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA; cat no. sc-47778; dilution, 1:1,000). Polyclonal
rabbit anti-phosphorylated (p)-EGFR (Tyr1068) was obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA;
cat no. 2236; dilution, 1:1,000). Polyclonal rabbit anti-p-JAK1
(catno.BS4108; dilution, 1:500), anti-p-JAK2 (cat no. BS4109;
dilution, 1:500), anti-p-STAT1 (cat no. BS4178; dilution,
1:500) and anti-p-STAT3 (cat. no. BS4180; dilution, 1:500)
antibodies were purchased from Bioworld Technology,
Inc. (St. Louis Park, MN, USA). Monoclonal mouse
anti-cyclin DI (cat. no. BMO771; dilution, 1:400) and poly-
clonal rabbit anti-cyclin E (cat no. BAO774; dilution, 1:400)
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Figure 3. PKG II inhibits EGF-induced Tyr 1007/Tyr 1008 phosphoryla-
tion of JAK2. (A) AGS cells were treated same as in Fig. 1 and the cell
lysate was subjected to Western blotting with antibody against p-JAK?2 (Tyr
1007/Tyr 1008) to detect the Tyr 1007/Tyr 1008 phosphorylation of JAK?2.
p-actin was detected as loading control and PKG II was detected to show
the efficiency of the infection with Ad-PKG II. (B) Densitometry analysis
was performed to quantify the positive bands and the ratio of p-JAK2/
p-actin was determined. The data are presented as the mean + standard
deviation from 3 independent experiments. "P<0.05 vs. control group and
LacZ group; “P<0.05 vs. LacZ + EGF group and PKG II + EGF group. p-,
phosphorylated; JAK?2, Janus kinase 2; PKG II, type II cGMP-denpendent
protein kinase; Ad, adenovirus; LacZ, f-galactosidase; EGF, epidermal
growth factor; cGMP, cyclic guanosine monophosphate.

antibodies were from Wuhan Boster Biological Technology,
Ltd. (Wuhan, China). Horseradish peroxidase-conjugated
goat anti-mouse (cat. no. 115-035-003) and goat anti-rabbit
(cat. no. 111-035-003) polyclonal secondary antibodies
(dilution, 1:10,000) were from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA, USA). The cellular
permeable cGMP analog, 8-pCPT-cGMP, was from EMD
Millipore (Billerica, MA, USA). EGF was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Electrochemilumines-
cence (ECL) reagents were from EMD Millipore. All other
reagents used were of analytical grade.

Cell culture and preparation of cell extracts. AGS cells
were cultured in DMEM supplemented with 10% FBS and
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Figure 4. PKG II inhibits EGF-induced Tyr701 phosphorylation of STAT].
(A) AGS cells were treated and the cell lysate was subjected to western
blotting with antibody against p-STAT1 (Tyr701) to detect the Tyr701 phos-
phorylation of STAT1. B-actin was detected as loading control and PKG II
was detected to demonstrate the efficiency of the infection with Ad-PKG II.
(B) Densitometry analysis was performed to quantify the positive bands
and the ratio of p-STAT1/B-actin was determined. The data are presented
as the mean + standard deviation from 3 independent experiments. "P<0.05
vs. control group and LacZ group; “P<0.05 vs. LacZ + EGF group and PKG
II + EGF group. p-, phosphorylated; STAT1, signal trasducer and activator
of transcription 1; PKG II, type II cGMP-denpendent protein kinase; Ad,
adenovirus; LacZ, -galactosidase; EGF, epidermal growth factor; cGMP,
cyclic guanosine monophosphate.

maintained at 37°C in a humidified incubator, with 95% air
and 5% CO,. On the day prior to infection, cells were plated
into 6-well plates. When the cells were 70-80% confluent,
they were infected with Ad-LacZ or Ad-PKG II with a MOI of
100% or mock infected. At 24 h after the infection, the medium
was replaced with serum-free medium, and the culture was
continued for 12 h. The infected cells were incubated with
100 or 250 uM 8-pCPT-cGMP for 1 h, and were then incu-
bated with 100 ng/ml EGF. To observe the phosphorylation
of EGFR, the EGF incubation time was 5 min; to observe
the change of protein expression, the EGF incubation time
was 12 h. Differently treated cells were harvested at various
times by aspiration of the media and direct addition of heated
2X sodium dodecyl sulfate (SDS) sample buffer. The cell
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Figure 5. PKG II inhibits EGF-induced Tyr705 phosphorylation of STAT3.
(A) AGS cells were treated sand the cell lysate was subjected to western
blotting with antibody against p-STAT3 (Tyr705) to detect the Tyr705
phosphorylation of STAT3. B-actin was detected as loading control and
PKG II was detected to show the efficiency of the infection with Ad-PKG II.
(B) Densitometry analysis was performed to quantify the positive bands
and the ratio of p-STAT3/p-actin was determined. The data are presented
as the mean =+ standard deviation from 3 independent experiments. "P<0.05
vs. control group and LacZ group; “P<0.05 vs. LacZ + EGF group and
PKG 1II + EGF group. p-, phosphorylated; STAT3, signal trasducer and acti-
vator of transcription 3; PKG II, type II cGMP-denpendent protein kinase;
Ad, adenovirus; LacZ, B-galactosidase; EGF, epidermal growth factor;
c¢GMP, cyclic guanosine monophosphate.

lysate was scraped and transferred to Eppendorf tube, heated
for 5 min at 100°C and stored at -20°C.

Western blotting. A Bicinchoninic Acid Protein Assay was used
to quantify the protein concentration of the cellular extract.
Then, 10 pg protein was loaded onto each lane and proteins
were separated by SDS-polyacrylamide gel electrophoresis
(8-12%) gel according to the molecular size, and transferred
onto a polyvinylidene fluoride membrane. Blots were blocked
with 5% (w/v) nonfat milk in Tris-buffered saline-Tween 20
for 1 h at room temperature, and then incubated at 4°C over-
night with the primary antibody, followed by incubation with
the secondary antibody at room temperature for 1 h. The
signal was visualized by using the ECL detection reagents. To
perform densitometry analysis, digital images of the positive
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Figure 6. PKG II inhibits SRE-dependent transcription initiated by EGF.
AGS cells were transfected with plasmid DNA mixture for 8 h and infected
with Ad-LacZ or Ad-PKG II for 24 h, serum-starved overnight, and treated
as follows: In Ad-LacZ + EGF and Ad-PKG II + EGF groups, cells were
incubated with EGF (100 ng/ml) for 12 h; in Ad-PKG II + ¢cGMP groups,
cells were incubated with 100 or 250 uM 8-pCPT-cGMP respectively for
1 h, and then incubated with EGF for 12 h. The cell lysate was prepared and
reporter gene assay was applied to detect the SRE-dependent transcription
activity. The results were presented as RLU (luciferase/LacZ). The data are
presented as the mean + standard deviation from 3 independent experiments.
“P<0.05 vs. control group and LacZ group; P<0.05 vs. LacZ + EGF group
and PKG II + EGF group. Ad, adenovirus; EGF, epidermal growth factor;
PKG II, type II cGMP-denpendent protein kinase; LacZ, 3-galactosidase;
cGMP, cyclic guanosine monophosphate.

bands were obtained with a Chemidoc XRS and analyzed
using the image analysis program Quantity One v4.4.0.36
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The results
were presented as the ratio of target protein/loading control.

Transient transfection and luciferase reporter assays. Plas-
mids were purified with a Qiagen Plasmid Purification Kit
(Qiagen GmbH, Hilden, Germany). Transient transfections
were performed using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.), initially using 70-80% confluent
cells/well in 24-well plate with 0.6 ug of plasmid DNA mixture,
following the manufacturer's instructions. For each well, AGS
cells were transfected with 0.1 g SRE-luc plasmid DNA, 0.1 ug
RSV-B-Gal plasmid DNA and 0.4 ug CMV-vector plasmid
DNA. After 8 h of incubation, the serum-free medium was
replaced with fresh medium containing 10% serum and cells
were infected with adenoviral vectors as described above. After
36 h of incubation, cells were washed with phosphate-buffered
saline (PBS) and harvested, then luciferase assays were
performed. The luciferase and -gal activities of the lysates were
measured using a chemiluminescence detector (Berthold Tech-
nologies GmbH, Zug, Switzerland). Transcription factor activity
was reported in relative light units (RLU, luciferase/B-gal). All
experiments were performed independently at least three times,
with two parallels.

Cell cycle analysis. Cells were plated into 6-well plates and
infected with adenoviral vectors as described above. The cells
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Figure 7. PKG II inhibits EGF-induced expression of cyclin D1. AGS
cells were infected with either Ad-LacZ or Ad-PKG II, serum starved
overnight, and treated differently: In Ad-LacZ group, no drug treatment;
in Ad-LacZ + EGF group, the cells were incubated with EGF (100 ng/ml)
for 12 h; in Ad-PKG II + cGMP + EGF group, cells were incubated with
100 or 250 M 8-pCPT-cGMP for 1 h and followed by incubating with EGF
(100 ng/ml) for 12 h. (A) The cell lysate was subjected to western blotting to
detect the expression of cyclin D1. -actin was detected as a loading control
and PKG II was detected to demonstrate the efficiency of the infection with
Ad-PKG II. (B) Densitometry analysis was performed to quantify the posi-
tive bands and the ratio of Cylin D1/B-actin was determined. The data are
presented as the mean + standard deviation from 3 independent experiments.
“P<0.05 vs. control group and LacZ group; “P<0.05 vs. LacZ + EGF group
and PKG II + EGF group. PKG II, type II cGMP-denpendent protein kinase;
Ad, adenovirus; LacZ, p-galactosidase; EGF, epidermal growth factor;
¢GMP, cyclic guanosine monophosphate.

at the logarithmic growth phase were trypsinized, washed with
PBS twice, and then fixed with 70% ethanol at 4°C overnight.
The fixed cells were washed with PBS twice, re-suspended in
400 pl PBS (containing 50 pg/ml ribonuclease A and 50 pg/ml
propidium iodide), and incubated in an ice bath away from
light for 30 min. The cell cycle distribution was detected using
the FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). All experiments were performed indepen-
dently at least three times.

Statistical analysis. The data are expressed as the
means + standard deviation. Statistical significance was
detected using one way analysis of variance followed by
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Figure 8. PKG II inhibits EGF-induced expression of Cyclin E. AGS cells
were treated as descripbed in Fig. 7. (A) The cell lysate was subjected to
western blotting to detect the expression of cyclin E. -actin was detected as
loading control and PKG II was detected to show the efficiency of the infec-
tion with Ad-PKG II. (B) Densitometry analysis was performed to quantify
the positive bands and the ratio of Cylin E/f-actin was determined. The data
are presented as the mean =+ standard deviation from 3 independent experi-
ments. "P<0.05 vs. control group and LacZ group; “P<0.05 vs. LacZ + EGF
group and PKG II + EGF group. PKG II, type II cGMP-denpendent protein
kinase; Ad, adenovirus; LacZ, (3-galactosidase; EGF, epidermal growth
factor; cGMP, cyclic guanosine monophosphate.

Student-Neuman-Keuls method with SPSS statistical software
(version 17.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

PKG II inhibits EGF-induced Tyrl068 phosphorylation of
EGFR. Tyrl1068 is one of the important auto-phosphorylation
sites of EGFR. Phosphorylation of this site is associated with
JAK/STAT-mediated signaling (12). In the current study,
western blotting with antibody against p-EGFR (Tyr1068)
was performed to investigate the inhibitory effect of PKG II
on Tyr1068 phosphorylation of EGFR in differently treated
AGS cells. The results demonstrated that EGF treatment
(100 ng/ml, 5 min) caused a significant increase in EGFR
Tyrl068 phosphorylation compared with the control and
Ad-LacZ group (P=0.001, the PKG II+EGF group vs. the
control group; P=0.001, the LacZ+EGF group vs. the LacZ
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Figure 9. PKG II inhibits EGF-induced change of cell cycle. AGS cells were treated same as described in Fig. 7. Cytometry was applied to detect the
change of cell cycle. (A) control; (B) Ad-LacZ; (C) Ad-LacZ + EGF; (D) Ad-PKG II + EGF; (E) Ad-PKG II + 8-pCPT-cGMP 100 uM + EGF; (F) Ad-PKG
11+ 8-pCPT-cGMP 250 uM + EGF. Data are presented as the mean + standard deviation from 3 independent experiments. P<0.05, the LacZ+EGF group vs. the
control group; P<0.05, the PKG II+cGMP (100 xM)+EGF group vs. the PKG II+EGF group. PKG II, type II cGMP-denpendent protein kinase; EGF, epidermal
growth factor; Ad, adenovirus; LacZ, 3-galactosidase; cGMP, cyclic guanosine monophosphate.

group). In cells infected with Ad-PKG II and stimulated
with 8-pCPT-cGMP (100 or 250 M, 1 h), the EGF-induced
phosphorylation was significantly decreased compared with
the PKG II + EGF group (P=0.003, the PKG II+cGMP+EGF
group vs. the PKG II+EGF group; Fig. 1). This indicated that
PKG II inhibited the activation of EGFR caused by EGF.

PKG II inhibits EGF-induced phosphorylation of JAKI
and JAK2. Western blotting with antibody against p-JAK1
(Tyr1022) and p-JAK2 (Tyrl007/Tyr1008) was applied to
detect the phosphorylation/activation of these kinases. The
results demonstrated that EGF treatment (100 ng/ml, 5 min)
increased the Tyr1022 phosphorylation of JAK1 (Fig. 2) and
Tyr1007/1008 phosphorylation of JAK2 (Fig. 3). In cells
infected with Ad-PKG II, stimulated with 8-pCPT-cGMP
(100 or 250 uM, 1 h) and then treated with EGF (100 ng/ml,
5 min), the phosphorylation level of JAK1 and JAK2 was
significantly lower compared with cells infected with Ad-LacZ
or Ad-PKG II and treated with EGF only (P=0.007, the
PKG II+cGMP+EGF group vs. the PKG II+EGF group, Fig. 2;
P=0.025, the PKG II+cGMP+EGF group vs. the PKG II+EGF
group, Fig. 3). These results demonstrated that PKG II inhib-
ited the EGF-induced activation of JAKSs.

PKG Il inhibits EGF-induced phosphorylation of STATI and
STAT3. Activated JAK can induce phosphorylation of STAT,
which then binds with another phosphorylated STAT to form
a dimer. This is an important step of JAK/STAT-mediated
signaling (13). In current study, western blotting with anti-
bodies against p-STAT1 (Tyr701) and p-STAT3 (Tyr705) was
performed to detect the phosphorylation of STAT1 and STAT3

in cells. The results demonstrated that in cells infected with
Ad-LacZ and treated with EGF (100 ng/ml, 5 min), Tyr701
phosphorylation of STAT1 (Fig. 4) and STAT3 (Fig. 5) was
significantly increased (P=0.035, the PKG II+EGF group
vs. the control group; P=0.029, the LacZ+EGF group vs. the
LacZ group, Fig.4; P=0.038, the PKG II+EGF group vs. the
control group; P=0.021, the LacZ+EGF group vs. the LacZ
group, Fig. 5) compared with control and untreated Ad-LacZ
cells. In the cells infected with Ad-PKG 11, stimulated with
8-pCPT-cGMP (100 or 250 M, 1 h) and then treated with
EGF (100 ng/ml, 5 min), the phosphorylation level of STAT1
and STAT?3 was significantly reduced compared with cells
infected with Ad-LacZ and treated with EGF only (P=0.009,
the PKG II+cGMP+EGF group vs. the PKG II+EGF group,
Fig.4; P=0.011, the PKG II+cGMP+EGF group vs. the
PKG II+EGF group, Fig. 5). These results indicated that
PKG II inhibited the EGF-induced activation of STAT1 and
STATS3.

PKG II inhibits the transcriptional activity caused by
EGF. Dimerized STATs can move into the nucleus and
associate with transcription factor to initiate transcriptional
activity (13). To investigate the inhibitory effect of PKG II
on EGF/EGFR-induced transcript activity, reporter gene
assays were performed to detect the inhibition of PKG II on
EGF/EGFR initiated transcription. The results demonstrated
that EGF treatment (100 ng/ml, 12 h) significantly increased
SRE-dependent transcriptional activity compared with the
controls (P=0.005, PKG II+EGF group vs. the control group;
P=0.008, the LacZ+EGF group vs. the LacZ group). Addition-
ally, increased of PKG II activity (infected with Ad-PKG II for
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24 h and treated with 100 or 250 uM cGMP for 1 h) inhibited
the stimulating effect of EGF/EGFR on transcriptional activity
compared with EGF-treated Ad-PKG II cells (P=0.033, the
PKG II+cGMP+EGF group vs. the PKG II+EGF group, Fig. 6).

PKG II inhibits EGF-induced expression of cyclin DI and
cyclin E. Activated STAT3 can upregulate the expression
levels of various proteins involved in cell cycle progression,
including Fos, c-Myc, and cyclin D (14). To investigate the inhi-
bition of PKG II on EGF/EGFR-JAK/STAT signaling-induced
expression of cell cycle-associated proteins, western blotting
was performed to detect the expression of cyclin D1 (Fig. 7)
and cyclin E (Fig. 8) in AGS cells. The results demonstrated
that EGF treatment (100 ng/ml, 12 h) caused a significant
increase in the expression levels of cyclin DI and cyclin E
compared with untreated controls (P=0.006, the PKG II+EGF
group vs. the control group; P=0.015, the LacZ+EGF group
vs. the LacZ group, Fig. 7; P=0.023, the PKG II+EGF group
vs. the control group; P=0.000, the LacZ+EGF group vs. the
LacZ group, Fig. 8). The increased PKG II activity caused
by infecting the cells with Ad-PKG II and stimulating with
8-pCPT-cGMP (100 or 250 M, 1 h) significantly inhibited the
EGF-induced expression of cyclin D1 and cyclin E compared
with Ad-PKG II cells treated with EGF only (Figs. 7 and 8).

PKG II inhibits EGF-induced cell cycle progression. STAT3
activity is critical for a wide range of functions in numerous
cell types, including cellular differentiation, cell-cycle
progression, proliferation and survival (15). In the present
study, flow cytometry was performed to detect the changes in
the cell cycle in differently treated AGS cells. The data shown
are the mean + SD from 3 independent experiments (P=0.028,
the LacZ+EGF group vs. the control group; P=0.016, the
PKG II+cGMP (100 uM)+EGF group vs. the PKG II+EGF
group). The results demonstrated that EGF treatment (100 ng/ml,
12 h) promoted cells to enter S-phase, with the number of
cells increased from 26.25% (Ad-LacZ group) to 50.29%
(Ad-LacZ + EGF group). The activation of PKG II (through
infecting the cells with Ad-PKG II and treating the cells with
100 or 250 M cGMP for 1 h) inhibited the effect of EGF,
inducing a decrease from 50.29% (Ad-LacZ + EGF group)
to 22.69% (Ad-PKG II + 8-pCPT-cGMP 100 M group) and
17.21% (Ad-PKG II+8-pCPT-cGMP 250 M group; Fig. 9).

Discussion

JAKSs, which exhibit tyrosine kinase activity, are associated
with several types of cell surface receptors, including recep-
tors for cytokines and growth factors. The binding of a ligand
to the receptor triggers the activation of JAKs. With increased
kinase activity, JAKs phosphorylate tyrosine residues on the
receptor and create sites for interaction with proteins that
contain phosphotyrosine-binding SH2 domains (1). STATs
possess SH2 domains and, thus, are recruited to the recep-
tors through binding with these phosphotyrosine residues.
Receptor-bound STATs are phosphorylated by JAKs and
the phospho-tyrosine then functions as binding site for
SH2 domains of other STATSs, mediating their dimerization.
Different STATs form hetero or homodimers. Finally, acti-
vated STAT dimers accumulate in the cell nucleus and activate
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transcription of their target genes (2,16). JAK-STAT-mediated
signaling is associated with cell cycle activity. It may induce
expression of cell cycle-associated proteins, including cyclins,
and cause changes in the cell cycle (13). The abnormal signal
transduction activity of this pathway is closely associated
with tumorigenesis of multiple tumors, including gastric
cancer (17-19).

EGFR is an important member of the receptor tyrosine
kinase family. When a ligand, predominantly EGF, binds
with EGFR, several signal transduction pathways can be initi-
ated (9-11). EGFR is closely associated with tumorigenesis,
and overexpression and mutation of EGFR occurs in the
majority of cancers (20). In vitro experiments have previously
confirmed that overexpression of EGFR caused transforma-
tion of NIH-3T3, Rat-1 and NRK cells, and blocking EGFR
activation inhibited proliferation of certain tumor cells (21).
Furthermore, clinical investigate has previously demonstrated
that patients with cancer that overexpress of EGFR typically
have poor prognosis. For example, EGFR overexpression was
detected in 60% of patients with non-small cell lung cancer
and the prognosis of the patients was poor, with survival of
4-5 months (22). Thus, EGFR is a potential cancer therapy
target and the methods of inhibiting EGFR activity are of
specific significance (23).

Previous results have demonstrated that PKG II inhibited
EGF/EGFR-induced signal transduction of mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated
kinase-mediated, MAPK/INK-mediated, PLCyl/protein
kinase C-mediated and PI3K/Akt-mediated pathways (7,8,24,25).
In the current study, as a part of a series of studies, the inhibitory
effect of PKG II on EGF/EGFR-induced signal transduction of
the JAK/STAT-mediated signaling pathway was investigated.
Tyr1068 is the phosphorylation site that is associated with
activation of JAK/STAT-mediated signal transduction (12).
The results of the current study demonstrated that the Tyrl068
phosphorylation level was significantly increased when the
cells were stimulated with EGF, demonstrating the activation
of EGFR and the initiation of JAK/STAT-mediated signaling.
Increased PKG II activity efficiently inhibited this phosphory-
lation. For the important signaling components of this signal
transduction pathway, including JAK1 and JAK?2, STAT1 and
STAT3, EGF-induced phosphorylation (activation) was detected
and the inhibitory effect of PKG II was determined. For the
EGF-induced gene transcription activity, expression of cell
cycle-associated proteins and cell cycle process, the inhibitory
effect of PKG II was also clearly demonstrated in the study.
These results demonstrated the inhibitory effect of PKG II on
EGF/EGFR-initiated signaling of the JAK/STAT-mediated
pathway and further confirmed that PKG II exerts direct inhibi-
tory activity of EGFR, and thus, exhibits wide-ranging inhibition
of EGF/EGFR-initiated signal transduction and biological activ-
ities. The present results, and findings from previous studies,
strongly indicate that PKG II is a potential inhibitor of EGFR
and will provide novel insights into anti-cancer strategies.
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