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Silencing of polo-like kinase 2 increases cell proliferation
and decreases apoptosis in SGC-7901 gastric cancer cells
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Abstract. Polo-like kinase 2 (PLK?2) is a serine/threonine
protein kinase, which has vital roles during mitosis and the
centrosome cycle. In acute myeloblastic leukemia and hepato-
carcinogenesis, PLK?2 acts as a tumor suppressor; however, the
function of PLK?2 in gastric cancer remains to be elucidated.
In the present study, PLK2 was overexpressed in gastric cancer
tissues and three types of gastric cancer cells, SGC-7901,
MKN-45 and BGC-823. Transfection of SGC-7901 gastric
cancer cells with small interfering (si)RNA against PLK2
exerted no effect on the ratio of cells at different stages of the
cell cycle compared with that of the untransfected and control
siRNA-transfected cells. In addition, silencing of PLK?2
significantly enhanced the growth of SGC-7901 cells through
inhibiting apoptosis. Furthermore, apoptosis-associated genes
Bax and caspase 3 were found to be downregulated at the
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protein level. In conclusion, these results suggested that PLK?2
may act as a tumor suppressor in gastric cancer, therefore
indicating its therapeutic potential.

Introduction

Gastric cancer, also known as stomach cancer, has a high
incidence rate in and is one of the most prominent causes of
cancer-associated mortality in Asia (1). In addition, gastric
cancer is the fourth most prevalent type of cancer worldwide
and the second most frequent cause of cancer-associated
mortality worldwide (2,3). The prognosis of gastric cancer
patients is poor and it remains challenging to cure. Targeted
gene therapy is a novel therapeutic approach for gastric cancer,
for which the identification of tumor suppressors associated
with this malignancy is essential.

Polo-like kinase 2 (PLK?2) is a member of the serine/threo-
nine protein kinase family, which includes five members:
PLK1, PLK2 (also termed SNK), PLK3 (also termed Fnk
or Prk), PLK4 (also termed Sak) and PLKS5 (4-6). These
kinases have important roles during mitosis and the centro-
some cycle (7). PLK2 is located in the centrosome and was
found to be involved in embryonic development and cell cycle
progression at the G,/S transition, as well as in skeletal devel-
opment. Cell cycle analysis of cultured PLK2" embryonic
fibroblasts indicated that these cells proliferated more slowly
than cells expressing PLK2 and exhibited delayed entry into
S phase from G, (8). In central neurons, PLK2 was reported
to be overexpressed in response to synaptic stimulation (9).
Decreased expression of PLK2 was observed in B-cell malig-
nancies; in addition, apoptosis was found to be induced in
Burkitt's lymphoma cells through the ectopic expression of
PLK2 (10). This therefore indicated that PLK2 may act as a
tumor suppressor gene in hematologic malignancies (10,11).
Pellegrino et al (12) showed that PLK?2 was a tumor suppressor
in hepatocarcinogenesis. In addition, Kothari et al (13) reported
that PLK?2 is an outlier kinase, which was highly expressed in
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KRAS-dependent pancreatic cancer cells. The MIA-PaCa-2
pancreatic cancer cell line was used to assess the effects of
small interfering (si)RNA silencing of PLK?2 on cell prolif-
eration; the results showed significant growth inhibition (13),
suggesting that PLK2 may have an oncogenic role in pancreatic
cancer and therefore may have comparable effects in different
types of cancer. However, the expression and function of PLK2
in gastric cancer remains to be elucidated. In the present study,
siRNA mediated knock-down of PLK?2 in SGC-7901 gastric
cancer cells was used to examine the expression and activity
of PLK?2 in gastric cancer.

Materials and methods

Collection of clinical samples. A total of 24 gastric cancer
tissue samples and adjacent normal tissues were collected from
patients undergoing surgery for gastric cancer at the First and
Second Affiliated Hospitals of the Medical College of Xi'an
Jiaotong University (Shaanxi, China). Samples were placed in
liquid nitrogen as soon as they were obtained and then stored
at -80°C until RNA extraction. The study was approved by the
ethics committee of Xi'an Jiatong University Health Science
Centre (Xi'an, China). Written informed consent was obtained
from all patients or their families.

Cell culture and transfection. GES-1 human fetal gastric
epithelial cells and SGC-7901, BGC-823, AGS and
MKN-45 gastric cancer cells were obtained from The
Central Laboratory of Biomedical Research of the Medical
College of Xi'an Jiaotong University. Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL,
Carlsbad, CA, USA) with 10% fetal bovine serum (FBS;
Gibco-BRL), 100 U/ml penicillin and 100 gg/ml streptomycin
(Invitrogen Life Technologies, Carlsbad, CA, USA), and
grown in a 37°C incubator with 5% CO,. siRNAs targeting
PLK2 (5'-GAGCAGCUGAGCACAUCAUDTDT-3") and the
silencer negative controls (siN05815122147) were purchased
from Guangzhou RiboBio Co, Ltd (Guangzhou, China).
Lipofectamine® 2000 (Invitrogen Life Technologies) was
used to transfect PLK2 siRNA and control siRNA into
SGC-7901 cells at a final concentration of 50 nM in all experi-
ments, according to the manufacturer's instructions. Cells
were then harvested 24 h post-transfection. The expression
of PLK2 mRNA was detected in the SGC-7901, BGC-823,
AGS and MKN-45 gastric cancer cells lines and the control
GES-1 cell line, whereas in subsequent experiments only the
SGC-7901 cell line was analyzed.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analyses. RNA was
extracted using TRIzol® (Invitrogen Life Technologies)
according to the manufacturer's instructions. Total RNA was
used to generate cDNA using a PrimeScript RT reagent kit
(Takara Bio. Inc., Shiga, Japan). The program used for reverse
transcription was as follows: 37°C for 15 min, 85°C for 5 sec.
Then the cDNA was used as a template for qPCR. PLK2
expression in gastric cancer samples and gastric cancer cells
was assessed using gPCR with SYBR premix Ex Taq™ II
(Takara) on a Roche 480 Light cycler (Roche Diagnostics
GmbH, Basel, Switzerland) according to the manufacturer's
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instructions. Primer sequences (Primer Premier 5.0; Premier
Biosoft, Palo Alto, CA, USA) were as follows: Forward:
5'-AATAACTCAGCAACCCAGCAAAC-3" and reverse:
5'-GTGACCCACTGAAATGATGTGC-3' for PLK2; and
forward: 5'-GAAGGTGAAGGTCGGAGTC-3' and reverse:
5'-GAAGATGGTGATGGGATTTC-3' for GAPDH, as used
by Radonica et al (14). The PCR program used for amplifica-
tion was as follows: 94°C for 3 min, followed by 40 cycles of
94°C for 20 sec, 60°C for 40 sec and 72°C for 40 sec. qPCR
results were analyzed using the 224" method.

MTT assay. A cell proliferation assay, using thiazolyl blue
(Sigma-Aldrich, St. Louis, MO, USA) was performed in
96-well culture plates. A total of 5x10* cells/ml were seeded
into each well and grown at 37°C in 5% CO, for 3 days. The
growth medium was replaced with serum-free medium prior
to transfection. MTT solution (5 mg/ml; Sigma-Aldrich) was
added to each well at 24, 48 and 72 h and cells were then
incubated at 37°C for 3 h. Following removal of the liquid
supernatant, 0.2 ml dimethyl sulfoxide (Sigma-Aldrich) was
added to each well. Optical density was determined at 490 nm
using a FLUOstar/POLARstar OPTIMA (BMG LABTECH
GmbH, Ortenberg, Germany). Data represent the results of
experiments performed at least in triplicate.

Cell cycle analysis. A total of 1x10° cells/well were plated
onto six-well plates and transfected with PLK2 siRNA and
control siRNA. Cells were harvested at 24 h post-transfec-
tion, washed with cold phosphate-buffered saline (PBS) and
fixed in ice-cold 70% alcohol at 4°C overnight. Fixed cells
were washed twice in PBS, then resuspended in 0.5 ml PBS
containing propidium iodide (PI; 50 ug/ml) and RNase A
(200 pg/ml; Amresco LLC, Solon, OH, USA) for 30 min
at room temperature in the dark. Cell cycle analysis was
then performed using a FACSArray (Becton Dickinson,
Franklin Lakes, NJ, USA).

Cell apoptosis analysis. A total of 1x10° cells/well were
plated onto a six-well plate and transfected with PLK?2 siRNA
and control siRNA. Cells were harvested at 24 h post-trans-
fection, washed twice with PBS and then resuspended in
0.5 ml buffer solution (Roche Diagnostics, Shanghai, China)
containing PI and Annexin V (Roche Diagnostics) at a final
concentration of 1 yg/ml, and incubated for 30 min at room
temperature in the dark. A FACSArray (Becton Dickinson)
was then used to calculate cell apoptosis rates.

Western blot analysis. Cells (1x10%/well) were plated onto a
six-well plate and transfected with PLK2 siRNA and control
siRNA. Cells were then harvested at 24 h post-transfection,
washed with PBS and lysed using radioimmunoprecipita-
tion assay lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China). Proteins were separated on 10% SDS
polyacrylamide gels and transferred onto polyvinylidene
fluoride (PVDF) membranes (Roche Diagnostics GmbH)
through electroblotting. Membranes were blocked with 5%
non-fat milk and probed with primary antibodies against
human PLK?2 (Snk/H90, sc-25421; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), GAPDH (6C5, sc-32233; Santa Cruz
Biotechnology,Inc.), Bax (sc-493; ZSGB-BIO, Beijing, China),
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Table I. Antibody details.
Gene Catalog number Animal raised in Animal raised against Dilution Mono/polyclonal
PLK2 sc-25421 rabbit human 1:500 polyclonal
GAPDH sc-32233 mouse human 1:1000 monoclonal
Bax sc-493 rabbit human 1:50 polyclonal
CDK2 ab2363 mouse human 1:100 monoclonal
caspase 3 sc-65497 mouse human 1:500 monoclonal
[-actin KC-5A08 mouse human 1:5000 monoclonal
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Figure 1. PLK2 mRNA expression levels in gastric cancer tissue and gastric cancer cells. (A) PLK2 mRNA levels in gastric cancer tissue and adjacent normal tissue
were quantified using RT-qPCR and normalized to that of the housekeeping gene GAPDH. (B) PLK2 mRNA levels in BCG-823, MKN-45, SGC-7901 and AGS
gastric cancer cell lines as well as GES-1 cells were quantified using RT-qPCR and normalized to that of the housekeeping gene GAPDH. "P<0.05 vs. normal tissue
or GES-1 cells. PLK?2, polo-like kinase 2; GES-1, human fetal gastric epithelial cells; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

caspase-3 (sc-65497; ZSGB-BIO), CDK?2 (ab2363; Abcam,
Cambridge, MA, USA), and p-actin (KC-5A08; KangChen
Bio-tech, Shanghai, China) (Table I). The membranes were
further probed with horseradish peroxidase-conjugated
rabbit anti-mouse and goat anti-rabbit secondary anti-
bodies (ZDR-5109 and ZDR-5118; 1:50; ZSGB-BIO).
Working solutions of the Enhanced Chemiluminescence
Substrate (Pierce Biotechnology, Inc., Rockford, IL, USA)
were prepared and added to PVDF membranes for 1 min.
The membranes were then removed from the substrates and
exposed to ChemiDoc-It 510 (UVP, LLC, Upland, CA, USA).

Statistical analysis. Statistical analysis was performed using
SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). P-values
were calculated using a one-way analysis of variance. P<0.05
was considered to indicate a statistically significant difference
between values.

Results

Expression of PLK2 mRNA in gastric cancer samples and
gastric cancer cells. A total of 24 matched gastric cancer
samples and adjacent normal tissues were collected from patients
with gastric cancer. As shown in Fig. 1A, RT-qPCR revealed
that PLK?2 expression was significantly increased in 17 of the
24 tumor samples compared with that of the corresponding
normal tissue. The expression levels of PLK?2 varied among
the 24 gastric cancer patients; however, a general trend towards
increased expression in gastric cancer tissues was observed. In
BGC-823, MKN-45 and SGC-7901 gastric cancer cell lines
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Figure 2. PLK2 expression in SGC-7901 gastric cancer cells following
transfection with PLK2 siRNA. PLK2 siRNA, siRNA control at 50 nM or
Lipofectamine 2000® only (control) were transfected into SGC-7901 cells
for 24 h. (A) PLK2 mRNA levels were quantified using reverse transcrip-
tion-quantitative polymerase chain reaction. (B) PLK2 protein expression
were determined by western blot analysis. Values were normalized to that
of the housekeeping gene GAPDH. "P<0.05, compared with control. PLK2,
polo-like kinase 2; siRNA, small interfering RNA.

(Fig. 1B), PLK2 mRNA expression was increased to varying
degrees compared with that of the GES-1 cells; however, only
MKN-45 and SGC-7901 cells showed a significant increase. By
contrast, PLK2 expression was downregulated in AGS cells.
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Figure 3. Effects of PLK2 siRNA on proliferation, cell cycle and apoptosis of SGC-7901 cells. SGC-7901 cells were treated with PLK2 siRNA, siRNA control
at 50 nM or Lipofectamine 2000® only (control). (A) SGC-7901 cell viability was measured using the MTT assay at 24, 48 and 72 h post-transfection. (B) Cell
cycle progression was analyzed using cell cycle kinetics 24 h post-transfection. Cells were stained with propidium iodide and analyzed using FACS. (C) FACS
analysis was also used to determine the apoptotic rate of SGC-7901 cells at 24 h post-transfection. (D) Western blot analysis was used to determine the levels
of apoptosis-associated proteins, Bax and caspase-3, and the cell cycle-related protein CDK2 in SGC-7901 cells 24 h post-transfection. "P<0.05 vs. control.
PLK2, polo-like kinase 2; siRNA, small interfering RNA; FACS, fluorescence activated cell sorting; CDK, cyclin-dependent kinase.

PLK?2 interference effect. Following transfection of SGC-7901
cells with PLK2 siRNA for 24 h, the cells were collected
and RNA and protein were extracted. As shown in Fig. 2A,
compared with the untransfected and control siRNA
control groups, PLK2 mRNA expression was significantly
decreased in the PLK?2 siRNA group. In addition, the results
of the western blot analysis were consistent with those of the
RT-qPCR, therefore demonstrating that PLK2 protein levels
were reduced in the PLK?2 siRNA group (Fig. 2B).

PLK?2 siRNA promotes the growth of SGC-7901 cells. An
MTT assay was used to examine the effects of PLK2 siRNA
on SGC-7901 cell viability. The growth of SGC-7901 cells
was detected for three days following transfection with PLK2
siRNA. As shown in Fig. 3A, compared with the untrans-
fected and siRNA control groups, PLK?2 siRNA significantly
promoted the growth of SGC-7901 cells at 24 and 72 h. This
result was consistent with the findings previously reported by
Li et al (15), which demonstrated that the viability of granulosa
cells increased significantly following PLK?2 siRNA treatment
and suggested that PLK2 expression blocks granulosa cell
proliferation (15). Pellegrino et al (12) also showed that PLK?2
inactivation led to increased cell viability.

PLK?2 siRNA has no effect on SGC-7901 cell cycle progression.
PLK2 is activated close to the G1-to-S phase transition of the
cell cycle (16); therefore, the effect of PLK2 silencing on cell
cycle progression was investigated in the present study. Cell
cycle analysis was performed 24 h following treatment with
PLK?2 siRNA (Fig. 3B); however, no significant changes in
the ratio of cells at each stage of the cell cycle were observed
among groups at 24 h. These results differ from those reported
by Li et al (15), which showed that PLK2 siRNA reduced the

percentage of cells in the GO/G1 phase as well as increased the
percentage of cells in the G2 phase and S phase. Ma et al (8)
investigated how cell cycle progression was affected by PLK2
deletion, the results of which showed that FACS analysis of
DNA content revealed a higher number of PLK2*" cells than
PLK2" cells in S phase. These data suggested that PLK2 may
influence G1 progression; however, unlike PLK1, it is not
required for cell division.

PLK?2 siRNA decreases apoptosis of SGC-7901 cells. The
results of the Annexin-V/PI assay showed that the apoptosis
of SGC-7901 cells decreased significantly following PLK?2
siRNA treatment for 24 h (Fig. 3C). The percentage of early
apoptotic cells in the PLK2 siRNA group was 1.52%, which
was slightly lower than that of the other two groups at 24 h;
however, this was only significantly lower than the untreated
control. By contrast, the percentage of late apoptotic cells in
the PLK?2 siRNA group was significantly decreased compared
with that of the two control groups at 24 h. The percentages
of apoptotic cells in the control group, siRNA control group
and PLK?2 siRNA group were 10.6, 9.14 and 2.61%, respec-
tively. These findings suggested that PLK2 overexpression
may induce apoptosis in SGC-7901 cells. In 2006, Syed
et al (10) demonstrated that overexpression of PLK?2 in B cell
lymphomas led to apoptosis (10). From the results shown in
Fig. 3C in the present study, it was inferred that PLK?2 inhib-
ited SGC-7901 cell growth through the induction of apoptosis.

Western blot analysis of apoptosis-associated proteins. Due
to the obvious effect of PLK2 on apoptosis, the expression of
apoptosis-associated proteins, Bax and caspase-3, was exam-
ined in SGC-7901 cells. The results revealed that PLK2 siRNA
downregulated the expression of Bax and caspase 3 (Fig. 3D).
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However, expression levels of the cell cycle-associated protein
CDK2 were not altered in response to PLK?2 siRNA (Fig. 3D).
These results were consistent with those of the cell cycle
analysis.

Discussion

PLK?2 is a member of the polo-like kinase family, the
members of which have previously been reported to regulate
the cell cycle as well as DNA damage-induced checkpoints
in mammals (10,11). PLK2 was classified as an early
growth-response gene due to its increased expression following
growth factor stimulation (17). PLK2, as a proliferation-asso-
ciated gene, has been investigated in association with tumor
treatment. In different tumors, PLK2 was found to have a dual
role as an oncogene or tumor suppressor gene. In the present
study, the expression of PLK2 was examined in gastric cancer
and gastric cancer cells. Among the 24 matched gastric cancer
samples, 17 demonstrated PLK2 overexpression. In addition,
PLK2 expression was found to be upregulated in three gastric
cancer cell lines, including BGC-823, MKN-45 and SGC-7901.
These result indicated that PLK2 was overexpressed in the
majority of the gastric cancer samples examined as well as
in gastric cancer cells. The expression levels of PLK2 may
be associated with altered tumor pathological classification
and staging; however, future studies are required in order to
further examine this.

In the present study, in order to explore the role of PLK2
in gastric cancer, the behavior of SGC-7901 cells was inves-
tigated in response to PLK2 siRNA transfection. Cell cycle
analysis showed no differences among the number of cells in
GO/Gl1, S and G2/M phases between the PLK2 siRNA group
and the two control groups. These results were comparable
with those reported by Burns et al (18), in which no signifi-
cant differences were observed in the cell cycle at each phase
between U20S, H460 and Hel a cells transfected with PLK2
siRNA and controls. This therefore suggested that PLK2
was not required for normal progression through the cell
cycle and mitosis. Strebhardt (19) reported that the cell cycle
profiles and fractions of cells with sub-G1 DNA content were
not altered following an siRNA-mediated decrease in PLK2
expression in different cell lines; whereas, in the present study,
siRNA-mediated silencing of PLK2 improved the growth of
SGC-7901 cells through decreasing apoptosis. These results
therefore indicated that SGC-7901 cell proliferation was not
mediated by an effect of PLK?2 on the cell cycle but rather
through decreasing apoptosis. The results of western blot anal-
ysis of apoptosis-associated genes were consistent with those
of the cell cycle analysis. The cell cycle-associated CDK2
protein expression was not altered and Bax and caspase-3 were
slightly downregulated.

Notably, in the present study, PLK?2 functioned as a tumor
suppressor in gastric cancer and its expression was upregulated.
However, these findings were inconsistent with a previous study
that demonstrated high gene expression levels of PLK1 or PLK2
have been observed in pancreatic cancer (12). Conversely, in
a previous study, PLK2 overexpression in B cell lymphomas
was shown to lead to apoptosis (10). Similarly, PLK?2 acted
as a tumor suppressor in hepatocellular carcinoma, in which
its expression was significantly decreased (11). Gene expres-
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sion in cancer is regulated by oncogenes and tumor suppressor
genes. In recent years, with the identification of microRNAs
(miRNAs) and their functions, Li ef al (20) and Miko et al (21)
reported that PLK2 was a target gene of miR126. miRNAs
are a type of small non-coding RNA, ~22-nucleotides, which
downregulate the translation of target mMRNAs (22,23). miR126
was first identified in a tissue specific mouse screen (24) and
was encoded by intron 7 of the EGF-like domain 7 gene in
mammals and birds (25,26). miR-126 is downregulated and
acts as a tumor suppressor in stomach cancer (27). A previous
study by our group also found that miR-126 acted as a tumor
suppressor in gastric carcinoma, and PLK?2 was a target gene
of miR-126 (28). This therefore indicated that the upregula-
tion of PLK?2 in gastric cancer may be associated with the
downregulation of miR-126; thus, miR-126 may also have a
dominant role in gastric cancer. However, further studies are
required in order to elucidate the role of miR-126 in gastric
cancer.

In conclusion, the results of the present study demonstrated
that PLK?2 functioned as a tumor inhibitor in gastric cancer
and may therefore have potential for development as a novel
gene therapy in gastric cancer.
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