MOLECULAR MEDICINE REPORTS 9: 1405-1409, 2014

Type II cGMP-dependent protein kinase inhibits
ligand-induced activation of EGFR in gastric cancer cells
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Abstract. Our previous data demonstrated that type II
c¢GMP-dependent protein kinase (PKG II) inhibited epidermal
growth factor (EGF)-induced MAPK/ERK/JNK-mediated
signal transduction through inhibiting the phosphorylation/acti-
vation of the epidermal growth factor receptor (EGFR). Since
the EGFR also binds with several other ligands as well as EGF,
the present study was designed to investigate whether PKG II
inhibited transforming growth factor-o (TGF-a), betacellulin
(BTC) and epiregulin (EPR) induced phosphorylation/activa-
tion of the EGFR and consequent MAPK/ERK-mediated
signaling. The human gastric cancer cell line AGS, was
infected with adenoviral constructs encoding cDNA of PKG II
(Ad-PKG 1I) to increase the expression of PKG II and was
treated with 8-pCPT-cGMP to activate the kinase. Western
blotting was applied to detect the phosphorylation of EGFR
and MAPK/ERK. The results demonstrated that treatment
with EGF (100 ng/ml, 5 min), TGF-a (100 ng/ml, 5 min), BTC
(100 ng/ml, 5 min) and EPR (100 ng/ml, 5 min) increased
the tyrosine (tyr) 1068 phosphorylation of the EGFR and the
threonine (thr) 202/tyr 204 phosphorylation of MAPK/ERK.
Infecting the cells with Ad-PKG II and stimulating the kinase
with 8-pCPT-cGMP efficiently inhibited the phosphorylation of
the EGFR and MAPK/ERK induced by EGF, TGF-a, BTC and
EPR. The results indicated that PKG II also inhibits the activa-
tion of the EGFR caused by diverse ligands of the receptor.

Introduction
Gastric cancer is the fourth most common malignancy and

the second leading cause of cancer mortality worldwide (1).
Numerous studies indicate that the epithelial growth factor
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receptor (EGFR) is overexpressed in various cancer tissues,
including gastric cancer, and the majority of human epithelial
cancers are marked by a high activity of the EGFR (2-5).
Numerous studies have demonstrated that the activation of the
EGFR is able to initiate several signal transduction cascades,
which lead to the stimulation of cell proliferation, migra-
tion, invasion, metastasis, angiogenesis and the inhibition of
apoptosis (6,7). Due to its close association with the origin,
development, metastasis and invasion of cancer cells, the EGFR
was the first growth factor receptor to be proposed as a target for
cancer therapy (8.9). Anti-EGFR therapies have been intensively
developed for the treatment of multiple cancer types and EGFR
inhibitors are currently under investigation.

Type II cGMP-dependent protein kinases (PKG II) is a
serine-threonine (ser-thr) kinase. It has been identified for
>30 years, however certain new functions of this kinase are
just being discovered, including its important role in regulating
cell proliferation and apoptosis (10-12). Recently, accumulating
data demonstrate that PKG II is a potential cancer inhibitor. For
example, it was demonstrated that PKG II was able to inhibit
the proliferation of human neuroglioma cells and colonic
cancer cells (13,14). Data from our laboratory demonstrated
that PKG II inhibited the proliferation and migration of gastric
cancer cell lines (15,16). Furthermore, we demonstrated that
PKG II was able to inhibit EGF initiated signal transduction of
the MAPK-mediated pathway by inhibiting the EGF-induced
activation of the EGFR in gastric and breast cancer (17,18).
Since the mammalian ligands of EGFR include transforming
growth factor-a (TGF-a), heparin-binding EGF-like growth
factor, amphiregulin, betacellulin (BTC), epiregulin (EPR)
and epigen besides EGF (19), whether PKG II has an inhibi-
tory effect on the activation of EGFR induced by these ligands
merits further investigation. The present study was designed to
elucidate whether PKG II was able to inhibit the activation of the
EGFR induced by EGF, TGF-a, BTC and EPR.

Materials and methods

Cell lines and reagents. The human gastric cancer cell
line AGS was purchased from ATCC (Manassas, VA,
USA; ATCC® number: CRL-1793™). Adenoviral vectors
encoding [-galactosidase (Ad-LacZ) and PKG II (Ad-PKG
IT) were provided by Dr Gerry Boss and Dr Renate Pilz
at the University of California (San Diego, CA, USA).
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Dulbecco's Modified Eagle's Medium (DMEM) and new-
born calf serum (NBCS) were purchased from Gibco-BRL
(Grand Island, NY, USA). The antibody against PKG II was
purchased from Abgent Biotechnology (San Diego, CA,
USA). Rabbit anti-EGFR antibody was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse
anti-p-EGFR (tyr1068), rabbit anti-p-ERK1/2 (thr 202/tyr 204)
and rabbit anti-ERK1/2 antibodies were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA). The horse-
radish peroxidase (HRP)-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). The cellular permeable cGMP analog
8-pCPT-cGMP was acquired from Calbiochem (San Diego,
CA, USA). Recombinant human EGF, TGF-a, EPR and
BTC were obtained from PeproTech (Rocky Hill, NJ, USA).
Electrochemiluminescence (ECL) reagents were purchased
from Millipore (Billerica, MA, USA). All other reagents used
were of analytical grade.

Preparation of the adenoviral vectors. 293A cells were trans-
fected with an adenoviral vector encoding LacZ and PKG II,
respectively and cultured for up to 10 days until a cytopathic
effect was apparent. The cells and the culture medium were
harvested and underwent three freeze-thaw cycles. The super-
natant containing adenoviruses (Ad-LacZ and Ad-PKG II) were
used to infect new 293A cells to amplify adenoviruses. The
amplified adenoviral preparations were titrated and the pfu/ml
was determined and stored at -80°C until use.

Cell culture and infection with the adenoviral vectors. AGS
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 2 days and the cells
were sub-cultured at confluence. On the day prior to infection,
cells were freshly planted at 70-80% confluence and infection
was performed with a multiplicity of infection of 100%.

Western blotting. Proteins extracted from whole cells were
separated by 10% SDS-PAGE and were transferred onto the
PVDF membranes. The primary antibodies were incubated
overnight at 4°C and the corresponding secondary antibodies
were incubated for 1 h at room temperature, with three washes
following each incubation. ECL reagents were used to demon-
strate the positive bands on the membrane.

Results

PKG Il inhibits EGF, TGF-a, BTC and EPR induced tyr 1068
phosphorylation of the EGFR. When ligands bind with
EGFR, the binding between the ligand and the EGFR causes
auto-phosphorylation of the receptor. There are several
auto-phosphorylation sites which are connected to different
signal transduction pathways. Tyr 1068 is one of the
auto-phosphorylation sites of the EGFR and is associated
with MAPK/ERK-mediated signaling. In this experiment, we
investigated the inhibitory effect of PKG II on the tyr 1068
phosphorylation of the EGFR in differently treated AGS cells
by using western blotting. The results demonstrated that the
infection with Ad-PKG II caused a clear increase in PKG II
expression (Ad-PKG II groups). The treatments with EGF
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Figure 1. PKG II inhibits EGF-induced tyr 1068 phosphorylation of the
EGFR. AGS cells were infected with Ad-LacZ or Ad-PKG II for 48 h and
serum starved overnight. In the Ad-LacZ + EGF and Ad-PKG II + EGF
groups, cells were incubated with EGF (100 ng/ml) for 5 min. In the
Ad-LacZ + ¢cGMP + EGF and Ad-PKG II + ¢cGMP + EGF groups, cells
were treated with 8-pCPT-cGMP for 1 h and then with EGF (100 ng/ml) for
5 min. Cells were harvested and lysed as described in Materials and methods
and cell lysate was subjected to western blotting. The results demonstrated
that the infection with Ad-PKG II caused a clear increase in PKG II expres-
sion (Ad-PKG II groups). EGF treatment induced a marked increase in tyr
1068 phosphorylation of the EGFR (Ad-LacZ + EGF group). Infection with
Ad-PKG II + cGMP treatment efficiently inhibited the EGF-induced phos-
phorylation of the EGFR (Ad-PKG II + cGMP + EGF groups). The results
shown are representative of three separate experiments. PKG II, type II
cGMP-dependent protein kinase; EGF, epidermal growth factor; Tyr, tyro-
sine; EGFR, epidermal growth factor receptor; Ad-LacZ, adenoviral vectors
encoding B-galactosidase; Ad-PKG II, adenoviral vectors encoding PKG II;
cGMP, cyclic guanosine monophosphate.
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Figure 2. PKG II inhibits TGF-o-induced tyr 1068 phosphorylation of the
EGFR. AGS cells were treated the same as in Fig. 1, except the EGF was
replaced by TGF-a. The results demonstrated that TGF-a treatment induced a
marked increase in tyr 1068 phosphorylation of the EGFR (Ad-LacZ + TGF-a
group). Infection with Ad-PKG II + cGMP treatment efficiently inhibited the
TGF-o-induced phosphorylation of EGFR (Ad-PKG II + cGMP + TGF-a
groups). The results shown are representative of three separate experiments.
PKG II, type II cGMP-dependent protein kinase; TGF-a., transforming growth
factor-a; tyr, tyrosine; EGFR, epidermal growth factor receptor; EGF, epi-
dermal growth factor; Ad-LacZ, adenoviral vectors encoding (3-galactosidase;
Ad-PKG II, adenoviral vectors encoding PKG II; cGMP, cyclic guanosine
monophosphate.

(100 ng/ml, 5 min), TGF-a (100 ng/ml, 5 min), BTC (100 ng/ml,
5 min) and EPR (100 ng/ml, 5 min) caused clear increases in
tyr 1068 phosphorylation of the EGFR, respectively. In cells
infected with Ad-PKG II and stimulated with 8-pCPT-cGMP,
the phosphorylation caused by the growth factors was signifi-
cantly decreased (Fig. 1-4). This indicated that PKG II was



MOLECULAR MEDICINE REPORTS 9: 1405-1409, 2014

p-EGFR(Y1068)

ol L

ecrr [ B B s o 0

PKGII — e a—
'g virus Pp:&‘l Pg,\ﬁa' Pbx‘éd' Fﬁf‘f‘c’\\ P\&?“‘C,\\ Pb,?“*c’\\
g BTC - + + + + +
@ cGMP 250 pM 100 pM 250 uM

Figure 3. PKG II inhibits BTC-induced tyr 1068 phosphorylation of the
EGFR. AGS cells were treated the same as in Fig. 1, except the EGF was
replaced by BTC. The results demonstrated that BTC treatment induced a sig-
nificant increase in tyr 1068 phosphorylation of the EGFR (Ad-LacZ + BTC
group). Infection with Ad-PKG II + ¢cGMP treatment efficiently inhibited
the BTC-induced phosphorylation of EGFR (Ad-PKG II + ¢cGMP + BTC
groups). The results shown are representative of three separate experiments.
PKG II, type I cGMP-dependent protein kinase; tyr, tyrosine; EGF, epi-
dermal growth factor receptor; BTC, betacellulin; EGFR, epidermal growth
factor receptor; Ad-LacZ, adenoviral vectors encoding f-galactosidase;
Ad-PKG II, adenoviral vectors encoding PKG II; cGMP, cyclic guanosine
monophosphate.
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Figure 4. PKG II inhibits EPR-induced tyr 1068 phosphorylation of the
EGFR. AGS cells were treated the same as in Fig. 1, except the EGF was
replaced by EPR. The results demonstrated that EPR treatment induced a
marked increase in tyr 1068 phosphorylation of EGFR (Ad-LacZ + EPR
group). Infection with Ad-PKG II + ¢cGMP treatment efficiently inhibited
the EPR-induced phosphorylation of the EGFR (Ad-PKG II + cGMP + EPR
groups). The results demonstrated are representative of three separate experi-
ments. PKG II, type IT cGMP-dependent protein kinase; EPR, epiregulin;
EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; tyr,
tyrosine; Ad-LacZ, adenoviral vectors encoding 3-galactosidase; Ad-PKG
II, adenoviral vectors encoding PKG II; cGMP, cyclic guanosine monophos-
phate.

able to inhibit EGF, TGF-a, BTC and EPR-induced tyr 1068
phosphorylation/activation of the EGFR.

PKG II inhibits the ERK activation induced by EGF, TGF-a,
BTC and EPR. Activation of the EGFR is able to initiate
several signal transduction pathways. Among them, the
MAPK/ERK-mediated pathway is the one closely associated
with the proliferation and differentiation of cells. MAPK/ERK
is the key component of this pathway and phosphorylation at
thr 202 and tyr 204 residues of ERK1 and thr 185 and tyr
187 residues of ERK2 is required for full enzymatic activa-
tion. In this experiment, the antibody against p-ERK1/2
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Figure 5. PKG II inhibits the phosphorylation of ERK induced by EGF,
TGF-a, BTC and EPR, respectively. AGS cells were infected with
Ad-PKG II for 48 h, serum starved overnight, incubated with 8-pCPT-cGMP
for 1 h and then stimulated with EGF (100 ng/ml), TGF-a (100 ng/ml),
BTC (100 ng/ml) and EPR (100 ng/ml), respectively for 5 min. Western
blotting was applied to detect the phosphorylation of ERK. Within 5 min
after adding the ligands to culture medium, phosphorylation of ERK signifi-
cantly increased. (A) Ad-LacZ + EGF group; (B) Ad-LacZ + TGF-a group;
(C) Ad-LacZ + BTC group; (D) Ad-LacZ + EPR group. The phosphorylation
was inhibited by pre-infecting the cells with Ad-PKG II and stimulating
the enzyme with 8-pCPT-cGMP. (A) Ad-PKG II + cGMP + EGF groups;
(B) Ad-PKG 1II + cGMP + TGF-a groups; (C) Ad-PKG II + cGMP + BTC
groups; (D) Ad-PKG II + cGMP + EPR groups. The results shown are rep-
resentative of three separate experiments. PKG II, type Il cGMP-dependent
protein kinase; ERK, extracellular signal-regulated kinase; EGF, epidermal
growth factor; TGF-a, transforming growth factor-a, BTC, betacellulin;
EPR, epiregulin; Ad-LacZ, adenoviral vectors encoding 3-galactosidase;
Ad-PKG II, adenoviral vectors encoding PKG II; cGMP, cyclic guanosine
monophosphate.
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(thr 202/tyr 204) was applied in western blotting to detect
the dual phosphorylation of ERK. The results demonstrated
that within 5 min after adding EGF (100 ng/ml), TGF-a
(100 ng/ml), BTC (100 ng/ml) and EPR (100 ng/ml) to cell
culture medium, phosphorylation of ERK1/2 in AGS cells
significantly increased and the phosphorylation was inhibited
by pre-infecting the cells with Ad-PKG II and activating the
enzyme with 8-pCPT-cGMP (Fig. 5).

Discussion

The EGFR belongs to the ErbB receptor tyrosine kinase family,
which includes erbB1 (EGFR), erbB2 (HER?2), erbB3 (HER3)
and erbB4 (HER4). EGFR is a 170 kDa protein that consists
of an extracellular domain, a transmembrane domain and a
cytoplasmic domain (20). The activation of EGFR depends
on its binding with ligands and the consequent dimerization
and auto-phosphorylation of the receptor. When the EGFR
is activated, it is able to recruit effector proteins to its phos-
phorylated C-terminal sub-domain and initiate the effector
protein-mediated signaling pathways. Increased expres-
sion and activation of the EGFR and its ligands are causally
associated with the progression of gastric cancer and poor
prognosis (21,22).

The ligands of the EGFR include EGF, TGF-a, BTC and
EPR. They are structurally and functionally related proteins
and are able to bind and activate the EGFR. These ligands and
the consequent EGFR signaling are important in regulating
the proliferation, survival, migration and differentiation of
various cancer cells (19).

EGF is thought to be involved in neoplastic formation and
the progression of gastric cancer. EGF is a single polypep-
tide built of 53 amino acids and is important in intercellular
interactions. Co-operation between the EGF of one cell and
the receptor (EGFR) on the adjacent cell leads to certain
biological effects, including migration, growth or morpho-
logical changes in the cell (23). Normally, EGF stimulates the
growth or exerts a trophic effect in numerous tissues and is
important in the proliferation, differentiation and maturation
of embryonic cells. However, EGF and the EGFR, apart from
the key role they play in physiological development, also take
part in neoplastic transformation. Increased expression of EGF
and the EGFR have been observed in various malignancies,
including gastric carcinoma (24).

TGF-a is produced in macrophages, brain cells and kera-
tinocytes, and induces epithelial development. It shares only
~30% structural homology with EGF, however it is also able
to bind to the EGF receptor with similar affinity and signal
via the EGFR (25). TGF-a is upregulated in certain types of
human cancer. Several studies demonstrated that overexpres-
sion of growth factors in the gastric mucosa was implicated in
the pathogenesis of gastric cancer (26) and gastric cancer cells
grew in response to EGF/TGF-a activation of the EGFR in an
autocrine loop (27).

BTC was originally identified in conditioned media from
a pancreatic (3-cell tumor line (28,29). There is evidence
confirming that BTC is a potent mitogen for vascular smooth
muscle cells and retinal pigment epithelial cells (28,30). BTC
has also been detected in a variety of tumor-derived cell lines
and tumors in situ (30,31).
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EPR was initially isolated from the conditioned medium
of mouse tumorigenic fibroblasts NIH3T3/clone T7 cells (32).
There are extremely low expression levels of EPR transcripts
in the majority of normal tissues except in the peripheral blood
monocytes and the uterus (33,34), however several cancer cells
and cytokine-induced smooth muscle cells overexpress EPR
mRNA (33). It is known that EPR is a more potent mitogen
than EGF for several types of normal cells (32,35) and is
important in the development and progression of epithelial
malignancies in an autocrine/paracrine manner (36).

For a long time, PKG II has been implicated in several
physiological functions, including intestinal secretion, bone
growth and learning and memory. However, certain new func-
tions of PKG II are being discovered recently, including the
participation of PKG II in mechanotransduction in osteoblasts
and the role of PKG II in the regulation of sodium channels
(37,38). More importantly, accumulating data indicated that
PKG II may be a potential cancer suppressor because it is
critical in the proliferation, migration and apoptosis of cancer
cells (15,16,18). Our previous results demonstrated that PKG
II was able to inhibit EGF-induced tyr 1068 phosphorylation
of the EGFR in gastric cancer and breast cancer cells (16-18),
raising the question of whether PKG II is able to inhibit tyr
1068 phosphorylation of the EGFR induced by other ligands.
Results in the present study not only demonstrated that EGF,
TGF-a, BTC and EPR were able to induce tyr 1068 phos-
phorylation of EGFR and thr 202 and tyr 204 phosphorylation
of ERK, but also confirmed that PKG II was able to inhibit
these phosphorylations. This revealed that PKG II has a
wide-ranging inhibitory effect on the activation of the EGFR
induced by diverse ligands and adds further evidence to
support PKG II as a potential cancer suppressor.
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