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Type II cGMP-dependent protein kinase inhibits proliferation
of the gastric cancer cell line BGC-823
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Abstract. Our previous studies have demonstrated that the
expression and activity of protein kinase G (PKG) II are signif-
icantly lower in human gastric cancer cell lines than in normal
cells. This study was designed to investigate the effect of PKG
I activation on the proliferation of human cultured BGC-823
gastric cancer cells. An adenoviral construct encoding the
PKG II gene (Ad-PKG II) was used to infect BGC-823 cells,
and the activity of the enzyme was induced by cGMP analogue
8-pCPT-cGMP. The proliferation-inhibitory effect of PKG II
was analyzed by the MTT assay, BrdU incorporation assay
and detection of proliferating cell nuclear antigen (PCNA)
expression. Colony formation in soft agarose was performed
to analyze the effect of PKG II on the anchorage-independent
growth of the cells. The effect of PKG II in vivo was investi-
gated in an immunocompromised nude mice model, and its
effect on the cell cycle was analyzed by flow cytometry. The
results showed that Ad-PKG II infection increased the expres-
sion of PKG II in BGC-823 cells. The activation of PKG II
by 8-pCPT-cGMP caused a significant decrease in the number
of live cells and inhibited DNA synthesis in individual cells.
PKG 1II activation inhibited the EGF-induced increase in
PCNA expression. The activation of PKG 1II also caused a
significant inhibition of colony formation in soft agarose and
significantly suppressed the in vivo growth of BGC-823 cells
in immunocompromised nude mice. There was substantial cell
arrest at the G, phase and a decrease in the number of S phase
cells in the Ad-PKG II/8-pCPT-cGMP-treated cells. These
data indicate that the activation of PKG II by 8-pCPT-cGMP
inhibits the proliferation of human gastric cancer cells.

Introduction

Gastric cancer is one of the most common malignancies in the
world, particularly in eastern Asian countries such as China,
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Korea and Japan (1). Despite advances in its diagnosis and
treatment, the prognosis for advanced gastric cancer remains
poor, with a 5-year survival rate of less than 10% (2). In recent
years, much evidence has clearly demonstrated that multiple
genetic changes are responsible for the development and
progression of gastric cancer (3).

Protein kinase G (PKG) is a serine-threonine kinase.
To date, two types of PKG, PKG I and PKG II, have been
identified in mammals (4,5). PKG I is widely distributed and
consists of Ia and If isoforms (6,7) arising from alternative
splicing. Previous studies have found that PKG I expression
is reduced in many tumors compared to respective normal
tissue, and exogenous PKG I leads to decreased tumor growth
and invasiveness in many cells including cardiomyocytes,
mesangial cells, the pancreatic (3-cell line and neutrophils
(8-14). PKG T also has a role in inducing apoptosis in colon
tumor cells treated with the phosphodiesterase inhibitor
exisulind (15,16). Thus, PKG I has been identified as a tumor
suppressor (17-19).

Unlike PKG 1, the expression of PKG II is more tissue
restricted (20). As a structurally and functionally distinct
membrane-bound enzyme (7,21), PKG II has been implicated
in several physiological functions, including intestinal secre-
tion, bone growth and learning and memory (22). In contrast
to the well-proven antitumor effect of PKG I, no research data
have clearly indicated an antitumor role for PKG II. However,
research has indicated that PKG II has a role in regulating cell
proliferation and apoptosis. For example, in cultured human
prostatic stromal cells, PKG II inhibited proliferation and
induced apoptosis (23,24). PKG 1I activation also decreased
proliferation in certain cell types (23-26). Recently, we found
that the expression and activity of PKG II were significantly
lower in human gastric cancer cell lines than in normal cells
(27). These findings suggest that PKG II may be a potential
tumor suppressor. Therefore, the present study was designed
to elucidate the possible antitumor activity of PKG II.

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). Four- to six-week-old female BALB/c
nude mice were purchased from the Center for Comparative
Medicine of Yangzhou University, China. The adenoviral
vector encoding either [-galactosidase (LacZ) or PKG II
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were kind gifts from Dr Gerry Boss and Dr Renate Pilz from
the University of California (San Diego, CA). Dulbecco's
modified Eagle's medium (DMEM) was from Gibco (Grand
Island, NY), new-born calf serum (NBCS) was from Minhai
Bio-engineering Co. (Lanzhou, China), the antibody against
PKG II was from Abgent Biotechnology, the antibody against
glyceraldehyde phosphate dehydrogenase (GAPDH) was from
Kangcheng Co. (Hangzhou, China) and the horseradish peroxi-
dase (HRP)-conjugated secondary antibody was from Jackson
Immuno Research Laboratories (West Grove, PA). Propidium
iodide (PI) and the cellular permeable cGMP analogue
8-pCPT-cGMP were from Calbiochem (San Diego, CA). EGF
and fluorochrome Cy3, FITC, Hoechst 33342 were from Sigma
(St. Louis, MO). Electrochemiluminescence (ECL) reagents
were from Amersham Biosciences (Buckinghamshire, UK).
All other reagents used were of analytical grade.

Cell culture and infection with adenoviral constructs.
BGC-823 cells were cultured in DMEM supplemented 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 before infection, cells were freshly plated at 40%
confluence in 6-well plates, and infection was performed as
reported previously (28).

To assess the multiplicity of infection (MOI) and the
expression of the target protein, BGC-823 cells were infected
with adenovirus at an MOI of 25, 50, 100, 200 and 500 pfu/
cell for 48 h, and expression of 3-Gal and PKG II in Ad-LacZ-
and Ad-PKG II-infected cells was detected by X-Gal staining
and Western blotting with the PKG II antibody, respectively.

Western blotting. The cells were harvested and homogenized
with an ultrasonic homogenizer in sample buffer. The homo-
genates were heated in boiling water for 5 min, separated
by SDS-polyacrylamide gel and blotted onto a polyvinyl
difluoride (PVDF) membrane. The PVDF membrane was
blocked with 3% bovine serum albumin (BSA) in TBS-T for
1 h at room temperature (RT). Incubation with the primary
antibody was conducted overnight at 4°C, and incubation with
the secondary antibody was for 1 h at RT, with three washes
after each incubation. ECL reagents were used to reveal the
positive bands on the membrane.

MTT assay. Ten thousand cells (in 100 ul complete DMEM)
were seeded in one well of a 96-well plate. After attachment,
the cells were infected with Ad-LacZ and Ad-PKG II at an
MOI of 100 pfu/cell for 24 h. The cells were then washed and
serum-starved overnight. Thereafter, the cells were incubated
in the presence or absence of 100 or 250 yM 8-pCPT-cGMP
for 24 h. Approximately 20 pl of MTT dye (5 mg/ml) was
added to each well, and the plate was incubated for 4 h.
Dimethylsulfoxide (DMSO) (150 pl) was added to the wells
to dissolve the formazan crystals, and the optical density
(OD) at 490 nm was measured. Data were presented as a
percentage of control proliferation, with P<0.05 considered
to be significant.

BrdU incorporation assay. Ten thousand cells were seeded
on a dual-chamber slide. After attachment, the cells were
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infected with Ad-LacZ and Ad-PKG II at an MOI of 100 pfu/
cell for 24 h. Thereafter, cells were incubated in the pres-
ence or absence of 250 yM 8-pCPT-cGMP for 24 h. BrdU
(200 uM) was added to the culture medium during the last
6 h of the incubation. The cells were washed in PBS, fixed
with freshly prepared 4% (40 g/l) paraformaldehyde in PBS
at 4°C overnight, and permeabilized with 0.3% Triton X-100
in PBS for 10 min. DNA was digested with 0.5 U/ul DNase 1
for 30 min at 37°C. After being washed with PBS and blocked
with 30 g/l BSA in PBS for 1 h, the cells were incubated with
BrdU (1:200) and PKG II (1:200) antibodies, followed by FITC
(1:50) or Cy3 (1:1000) labeled secondary antibodies for 1 h at
RT respectively. Nuclei were stained with 0.2 ymol/l Hoechst
33342 for 10 min. The fluorescence of FITC (green), Cy3 (red)
and Hoechst 33342 (blue) was observed and recorded under a
fluorescence microscope with a CCD camera (Leica).

Colony formation assay. DNA grade agarose (1%) was melted
by heating in a microwave oven and cooled to 40°C in a water
bath. DMEM (2X) containing 20% NBCS was warmed
to 40°C in the same water bath. Equal volumes of the two
solutions were mixed to give a solution of 0.5% agarose, 1X
DMEM and 10% NBCS (base agar). The solution (1.5 ml)
was poured into a 35-mm cell culture dish and allowed to
set at RT. A solution of 0.7% agarose, 2X DMEM and 20%
NBCS (top agar) was made in the same way. The suspension
of infected or non-infected BGC-823 cells was mixed with the
top agar solution to make a final solution with 5,000 cells/ml,
and 1 ml was added to each dish. The dish was incubated in a
cell culture incubator for 10-14 days, and 8-pCPT-cGMP was
added every two days. Colony formation was observed and
recorded under a reverse microscope.

Tumor-bearing nude mouse model. SPF grade BALB/c nude
mice with a weight of 18.76+1.34 g were maintained in a
super-clean biological laminar flow shelf at 25°C and 60-70%
humidity, with a standard rodent diet and water. BGC-823
cells infected with Ad-LacZ or Ad-PKG II were injected
subcutaneously into their forequarter. Each mouse received a
200-ul cell suspension containing 2x10° cells. The nude mice
were divided into Ad-LacZ, Ad-PKG II and Ad-PKG II +
c¢GMP groups (5 mice/group). To enhance the infection rate,
when nodules (5x5 mm) appeared, 100 ul of the adenoviral
solution (MOI=100) was injected intratumorally at several
points. One week after injection, 100 ul PBS (for the Ad-LacZ
and Ad-PKG II groups) and 8-pCPT-cGMP solution (250 yuM
for the Ad-PKG II + cGMP group) were injected intratumor-
ally at several points. This process was repeated every two
weeks for six weeks. At the end of the experiment, the tumors
were excised, and their weights and volumes were measured.
The largest (a) and smallest (b) diameter of each tumor was
measured with Vernier calipers, and the tumor volume was
calculated by the formula V = a x b? x 0.5236.

Flow cytometric analysis of the cell cycle. BGC-823 cells
were infected with Ad-LacZ or Ad-PKG II and treated with or
without 8-pCPT-cGMP. The cells were washed two times with
PBS and suspended in 4 ml of 75% ethanol. Before analysis,
the cells were washed two times with PBS and incubated with
RNase A (10 pg/ml) at 37°C for 30 min. After being stained
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Figure 1. Expression of PKG II in the BGC-823 cell line. The human gastric
cancer cell line BGC-823 was infected with Ad-PKG II at a multiplicity of
infection (MOI) of 0, 50, 100 or 200 pfu/cell for 48 h (A), and at an MOI of
100 for various time periods (2 and 4 days, 1 and 2 weeks) (B). Expression
of PKG II was detected by Western blotting. Densitometric analysis of the
bands is shown (C and D). Each bar represents the mean + SD obtained from
three independent experiments.

with PI-staining solution in the dark for 30 min at RT, the cells
were analyzed by flow cytometry.

Statistical analysis. Data are presented as the mean + stan-
dard deviation (SD); n=3. A one-way ANOVA was used to
determined whether the results had statistical significance. In
some cases, the Student's t-test was used for comparing two
groups. The level of statistical significance was set at P<0.05.
All other results are representative experiments that were
reproduced at least three times.

Results

Adenovirus-mediated LacZ and PKG Il gene transfer into
BGC-823 cells. Infection with Ad-LacZ and Ad-PKG II
resulted in highly efficient homogeneous expression of LacZ
and PKG II genes. $-Gal staining showed that the infection
rate was 417, 87«13 and 94+18% at an MOI of 50, 100 and
200 pfu/cell, respectively. The MOI of 100 pfu/cell was used
in the subsequent experiments. Western blotting with an
antibody against PKG II was used to detect the expression of
PKG IT in BGC-823 cells infected with Ad-PKG II at an MOI
of 100 pfu/cell. The result showed that, in the mock-infected
cells, the expression level was extrememly low (Fig. 1A).
However, in cells infected with Ad-PKG II, the expres-
sion of PKG II dose-dependently increased (Fig. 1A). The
time course of the expression of PKG II was also detected.
Expression reached the highest level on the fourth day after
infection, and remained at a high level for at least two weeks
(Fig. 1B).

PKG II decreases the number of live cells during culture.
The number of live cells was determined by the MTT assay
(Fig. 2). In the group infected with Ad-PKG II and treated
with 8-pCPT-cGMP, the number of live cells was clearly
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Figure 2. Results of the MTT assays. Data are the mean + SD from three
independent experiments each performed in duplicate (‘P<0.05 compared
with mock, Ad-LacZ and Ad-PKG Il infection alone). LacZ, Ad-LacZ-treated
group; PKG II, Ad-PKG Il-treated group; PKG II + ¢cGMP, Ad-PKG II +
cGMP-treated group.

decreased. The stimulation of Ad-PKG Il-infected cells
with 250 uM 8-pCPT-cGMP produced an ~39% decrease in
the number of live cells compared to the untreated control
cells (P<0.05) (Fig. 2). There was no difference between
the Ad-LacZ- and Ad-PKG Il-infected cells (4.8 vs. 6.0%),
suggesting that the activation of PKG II is necessary for its
antiproliferative effect on BGC-823 cells.

PKG Il inhibits the DNA synthesis of individual cells. In order
to obtain direct evidence regarding the effect of PKG II on cell
division, BrdU incorporation was performed to assess the rates
of DNA synthesis in BGC-823 cells. Fig. 3 demonstrates that,
in cells infected with Ad-PKG II and treated with 8-pCPT-
cGMP (250 uM) for 24 h, DNA synthesis was significantly
decreased. However, infection with Ad-PKG II alone had no
obvious effect on BrdU incorporation. The results suggest that
both the expression and activation of PKG II are required for
the inhibition of DNA synthesis of the cells.

PKG II inhibits PCNA expression. To further evaluate the
effect of PKG II on cell proliferation, the expression of early
cell cycle protein PCNA, which is up-regulated in the late
G, phase, was detected by Western blotting. PCNA protein
levels were three times higher in EGF-treated cells than
in the control cells (Fig. 4). Infection with Ad-PKG II and
stimulation with 8-pCPT-cGMP induced a 42% decrease in
PCNA expression compared to the EGF-treated cells (P<0.01)
(Fig. 4).

PKG Il inhibits anchorage-independent growth of
BGC-823 cells. To investigate whether PKG II inhibits
anchorage-independent growth of BGC-823 cells, infected
or non-infected BGC-823 cells were grown in soft agarose,
and PKG II activation was induced with 8-pCPT-cGMP. After
a 2-week culture, random fields were selected, and colony
formation was observed under a reverse microscope. Cell
colonies emerged in all cell dishes, but the colonies from the
cells infected with Ad-PKG II and treated with 8§-pCPT-cGMP
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Figure 3. DNA synthesis of individual cells. The cells were triply stained with an antibody against PKG II, an antibody against BrdU, and Hoechst 33342.
Three high-power fields were randomly selected, and the percentage of cells with BrdU incorporation was calculated. The mean + SD of three independent
experiments is presented (‘P<0.01, compared with Ad-LacZ infection and Ad-PKG II infection alone).
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Figure 4. Expression of PCNA in the BGC-823 cell line. The cells were
treated as described in Materials and methods. The cell extract was con-
structed, and PCNA was detected with Western blotting. The EGF-induced
expression of PCNA was significantly decreased in Ad-PKG II-infected and
8-pCPT-cGMP-treated cells compared to the cells infected with Ad-LacZ or
Ad-PKG II alone.

Figure 5. The effect of PKG II on the anchorage-independent growth of
BGC-823 cells. BGC-823 cells were first infected with Ad-PKG II or Ad-LacZ
and then cultured in soft agarose. 8-pCPT-cGMP and placebo were added
every two days. Upper panels: In the presence of 8-pCPT-cGMP, Ad-PKG
II-infected cells exhibited considerable inhibition of colony formation, while
infection with Ad-LacZ or Ad-PKG II alone had no inhibitory effect on colony
formation compared to the control group. Lower panels: The ratio of colony
formation (number of colonies divided by the number of total seeded cells in
the randomly selected fields) was calculated. The results are the mean + SD of
three independent experiments ("P<0.05 compared with the control).

were significantly fewer and smaller than those of the control
cells. The colony formation ratio was calculated to represent
the anchorage-independent growth of the cells (Fig. 5).

PKG II inhibits tumor growth in immunocompromised nude
mice. To investigate the antitumor effect of PKG II in vivo,
BGC-823 cells were infected with Ad-LacZ and Ad-PKG 1I,
suspended in serum-free medium and subcutaneously
implanted into nude mice. To enhance the infection and acti-
vate PKG II, virus and 8-pCPT-cGMP were administered as
described in Materials and methods. Fifty days later, the mice
were sacrificed, the tumors were excised, and the weights
and volumes were measured. Tumor volumes were smaller
and blood supplies were poorer in the Ad-PKG II + 8-pCPT-
c¢GMP group than in the Ad-LacZ- and Ad-PKG IlI-infected
groups (Fig. 6). The mean weight of the tumors in the three
groups was 1.07+0.09, 2.57+0.13 and 1.95+0.07 g, and the
mean volume was 1.15, 3.40 and 2.51 cm?, respectively. There
was significant inhibition of tumor growth in the Ad-PKG II
+ cGMP group compared with the Ad-LacZ- and Ad-PKG
II-treated groups (P<0.01) (Fig. 6).

PKG II causes cell cycle arrest. BGC-823-cells were infected
with Ad-PKG II, stimulated with 8-pCPT-cGMP for 24 h,
and stained with PI. The DNA profiles of the cells were
analyzed by flow cytometry. The results showed that infection
with Ad-LacZ did not increase the number of cells in the G,
phase. However, PKG II infection plus 8-pCPT-cGMP treat-
ment caused a shift from the S phase into the G, phase. In
particular, PKG II activation increased the G,/M event with a
concomitant decrease in events in the S phase of the cell cycle
(Fig. 7).

Discussion

Research has shown that cGMP-dependent signaling pathways
exert an important effect on the biological activity of tumor
cells (22). However, only the role of PKG I in tumorigenesis
has been well-studied, and this kinase has been identified as
a tumor suppressor (17-19). Even though data suggest that
PKG II may also be a potential tumor suppressor (23,29), a
systematic study regarding its effect on the biological activity
of cancer cells has yet to be conducted. In this study, serial
assays and methods were applied to confirm the antiprolifera-
tive effect of PKG II.
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Figure 6. Effects of PKG II on tumor growth in immunocompromised nude
mice. BGC-823-infected cells were subcutaneously injected into nude
mice, and Ad-PKG II, Ad-LacZ and 8-pCPT-cGMP were administered as
described in Materials and methods. The tumors were excised, and the vol-
umes and weights of the tumors of the different groups were calculated.

Since the expression and activity of PKG II are clearly
lower in cancer cell lines than in normal cells (27), intro-
ducing the exogenous PKG II gene to increase its expression
and activity may serve as an effective method for studying its
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role in tumorigenesis. For this purpose, we selected adenoviral
vectors encoding the PKG II gene to infect gastric carcinoma
cell lines. Several gastric cancer cell lines, including AGS,
SGC-7901 and BGC-823, were infected with Ad-LacZ and
Ad-PKG 11, and the results showed that BGC-823 was the most
sensitive to adenoviral infection. $-Gal staining showed that
the rate of Ad-LacZ infection was higher than 90%. Western
blotting showed that PKG II expression was significantly
higher in the Ad-PKG II-infected cells than in the control
cells, and was maintained at a high level for at least two weeks.
On the other hand, evidence has revealed that BGC-823 is a
highly malignant cell line with strong proliferation capacity
and migration activity (30). Therefore, the combination of
both BGC-823 cells and the Ad-PKG II construct provided an
ideal model for studying the role of PKG II in tumorigenesis.
First, the MTT assay showed that the number of live cells
was significantly decreased when the cells were infected with
Ad-PKG II and treated with 8-pCPT-cGMP. However, since
this assay could not determine whether the cell decrease was
caused by the inhibition of proliferation or the induction of
apoptosis (31), other methods were applied to provide direct
evidence of the antiproliferative effect of PKG II. The BrdU
incorporation assay was performed to assess the DNA synthesis
rate of BGC-823 cells, and the results revealed that the activa-
tion of PKG II with 8-pCPT-cGMP inhibited DNA synthesis
in individual cells. PCNA is an early cell cycle protein. It acts
as a processivity factor for DNA polymerase 0 in eukaryotic
cells, and is up-regulated in the late G, phase. Western blotting
was used to detect the expression of this proliferating marker
protein, and demonstrated that PKG II activation inhibits the
EGF-induced increase in PCNA expression. Therefore, these
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Figure 7. Cell cycle analysis. BGC-823 cells were infected with Ad-PKG II and cultured in the absence or presence of 8-pCPT-cGMP. The cells were col-
lected, and the proportion of cells in each phase of the cell cycle was detected by flow cytometry as described in Materials and methods. In the Ad-PKG II
infection and 8-pCPT-cGMP treatment groups, there were fewer cells in the S phase and more in the G, phase ("P<0.05 compared with control cells). Values

are the mean + SD of three different assays, each performed in triplicate.
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assays confirmed that the increased PKG II activity inhibited
the proliferation of the cells.

Several assays were also carried out to investigate the
effect of PKG II on additional proliferation-related features of
BGC-823 cells. Colony formation in soft agar was performed
to analyze the effect of PKG II on the anchorage-independent
growth [a unique feature of cancer cells (32)] of BGC-823
cells. The results showed that the activation of PKG II by
8-pCPT-cGMP (250 M) significantly inhibited the colony
formation of BGC-823 cells. The in vivo study showed that the
overexpression of PKG II by Ad-PKG II infection and local
administration of 8-pCPT-cGMP significantly suppressed the
growth of BGC-823 cells in immunocompromised nude mice.
The effect of PKG II on the cell cycle was analyzed by flow
cytometry. The results revealed that the activation of PKG II
did not cause apoptosis, since no change in the number of
cells stained with PI was observed (data not shown). However,
substantial cell cycle arrest at the G, phase and a decrease in
S phase cells in the Ad-PKG I1/8-pCPT-cGMP-treated cells
was observed.

Our results strongly suggest that PKG II is a potential
anticancer factor. This sheds new light on the study of tumori-
genesis and provides a new strategy for the gene therapy of
gastric carcinoma. However, further studies are needed to
elucidate the molecular events and signal transductions initi-
ated by PKG II activation during its antitumor process.
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