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CENPO expression regulates gastric cancer cell proliferation
and is associated with poor patient prognosis
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Abstract. Gastric cancer (GC) is one of the most common
malignancies worldwide; however, understanding of its devel-
opment and carcinogenesis is currently limited. Centromere
protein O (CENPO), is a newly discovered constitutive
centromeric protein, associated with cell death. The expres-
sion of CENPO in human cancers, including GC, is currently
unknown. The aim of the present study was to investigate the
clinical association between CENPO and GC, and to eluci-
date the potential mechanisms of CENPO in the process of
GC progression. The results demonstrated that CENPO was
expressed at high levels in GC and was correlated with p-TNM
stage. In addition, CENPO was observed to be a marker of poor
prognosis in patients with GC. Knockdown of CENPO contrib-
uted to GC cell growth inhibition and apoptosis induction. In
addition, downregulation of CENPO expression suppressed
GC cell growth in vivo. Furthermore, CENPO knockdown
decreased ataxia telangiectasia mutated (ATM), cyclin D1 and
c-Jun expression, indicating that the ATM signaling pathway
may be involved in CENPO-mediated regulation of GC cell
growth. In conclusion, increased CENPO expression may
be associated with the aggressive tumor biology of GC and
CENPO may present a novel therapeutic target and prognostic
biomarker for patients with GC.

Introduction

Gastric cancer (GC) is one of the most common human
cancers and is the second leading cause of cancer-associated
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death worldwide (1-3). Due to the progression of GC and high
recurrence rates following surgical resection, GC remains a
major public health issue. Therefore, elucidating the molecular
mechanisms underlying GC tumorigenesis is required in order
to identify prognostic markers and novel effective treatments.

Previous studies have demonstrated that the normal expres-
sion of centromere proteins is essential for mitosis (4) and
abnormal core centromere proteins may increase the incidence
of chromosomal instability, aneuploidy, and lead to oncogen-
esis (5,6). In a previous study, >40 proteins were identified
in the interphase centromere complex (ICEN) by proteomic
analysis (7); however, the functional role of a number of these
centromeric proteins is currently unclear. Centromere protein
O (CENPO; also known as ICEN 36), is a newly discovered
constitutive centromeric protein that localizes at the centro-
mere (8). CENPO facilitates the prevention of premature sister
chromatid separation during recovery from spindle damage
and is associated with cell death (9). Depletion of the CENPO
protein by small interfering (si)RNA transfection leads to
aneuploidy and an increase in aneuploid chromosomes, which
may subsequently lead to disease or cancer development (8).
However, the direct role and detailed molecular mechanisms
of CENPO in cancer are currently unclear.

The results of the present study demonstrated that the
expression of CENPO is markedly increased in GC and the
effect of CENPO in the proliferation and tumorigenesis of
GC cells was therefore investigated. Further analysis revealed
that the ataxia telangiectasia mutated (ATM) signaling
pathway was involved in the CENPO-mediated regulation
of GC pathogenesis. These results suggest that CENPO may
present a useful biomarker to assess GC progression and may
also be a novel therapeutic target for patients with GC.

Materials and methods

Cell lines and culture conditions. Human GC cell lines, AGS
and MGC-803, were purchased from the American Type
Culture Collection and the human normal gastric epithelial
cell line, GES-1, was purchased from Type Culture Collection
of the Chinese Academy of Science. All cell lines were
cultured in Dulbecco's Modified Eagle's Medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Inc.) at 37°C in an
atmosphere of 5% CO,.



3662

Patients and tissue samples. Matched GC and adjacent normal
tissue samples were obtained from 24 patients that underwent
primary surgical treatment at The First Affiliated Hospital,
Nanchang University (Nanchang, China), between March and
November 2016. Patient characteristics are shown in Table I.

The Cancer Genome Atlas (TGCA) GC cohorts. A total of
443 GC samples with detailed clinicopathological data were
obtained from the TGCA Stomach Adenocarcinoma database
(http://www.cancergenome.nih.gov). Out of the 443 patients,
59 cases were diagnosed with stage I disease, 130 cases with
stage 11, 183 with stage III and 44 cases with stage I'V. Staging
information was not available for 27 cases. A total of 26 paired
GC and normal tissue samples data and pathological infor-
mation were collected and analyzed for the purposes of this
study. The TCGA datasets were downloaded from the Broad
Institute Firehose Pipeline8 (accessed, 12/03/2017).

Immunohistochemical staining (IHC) and scoring of
tissue microarrays (TMAs). GC TMAs were obtained
from Shanghai Outdo Biotech Co., Ltd. Rabbit polyclonal
anti-human CENPO antibodies (1:200; Origene Technologies,
Inc.; cat no. TA349791) were used for IHC staining analysis
according to a two-step protocol. The protein expression
patterns of CENPO were analyzed by IHC examination in
94 GC tissue samples and 54 paired adjacent normal gastric
tissues. The tissues were fixed in 10% formalin, for 16-24 h
at room temperature, then embedded in paraffin and cut into
4 um thick sections. The images of the specimens for IHC
assay were captured by Motic Digital Slide Assistant System
(Motic China Group Co., Ltd.). Then, 2 trained pathologists
were independently blinded to evaluate CENPO staining
intensity with Motic DSAssistant Lite version 1.0 (Motic
Medical Diagnosis System Co. Ltd.). According to the staining
intensity, scores were assigned as follows: 0, no staining; 1,
pale yellow staining; 2, yellow staining; and 3, brown staining.
The percentage of positive CENPO staining was defined as
follows: 0, no positive cells; 1, <25% positive tumor cells; 2,
26-50% positive tumor cells; 3, 51-75% positive tumor cells;
and 4, =76% positive tumor cells. The CENPO final score was
calculated as the sum of the staining intensity and percentage
positivity scores.

Plasmids, lentiviral vector construction and pathway
inhibitor. Human CENPO (NM_024322) was subcloned
into the GV-143 vector and the EGFP-CENPO plasmid, and
the control empty vector were generated. All plasmids were
constructed by Shanghai GeneChem Co., Ltd. The lentiviral
vector system used in the present study was composed of the
GV115-EGFP vector, which stably expresses siRNA, a marker
enhanced green fluorescent protein (EGFP) fusion protein],
pHelper 1.0 (gag/pol element) and Helper 2.0 (vesicularstoma-
titis virus G; VSVG element). The vectors, pHelper 1.0 and
pHelper 2.0, contain imperative elements for virus packaging.
The most effective double-stranded CENPO-targeted siRNA
sequence, 5'-CAGCGTGAAAGCATGTATT-3', was synthe-
sized and cloned into the GV115-EGFP vector by Shanghai
GeneChem Co., Ltd. Psc-NC (5'-TTCTCCGAACGTGTC
ACGT-3") was used to generate the negative control lentiviral
vectors (NC or control), which demonstrated no homology to
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any known human genes. Cancer cells were seeded in six-well
plates (5x10*cells/well) until cell confluency reached 60% and
then appropriate volumes of lentivirus (MOI=20) were added
to the cells according to the multiplicity of infection, as recom-
mended by the manufacturer. Following =72 h of lentivirus
infection, the fluorescence intensity was observed using a
fluorescence microscope (Olympus Corporation), the infec-
tion efficiency was calculated and the stable expression cell
line was screened using the corresponding antibiotic. ATM
pathway inhibitor, (KU-55933; MCE) was used in this study as
in previous studies (10,11).

Reverse transcription-quantitative PCR (RT-gPCR). Total RNA
was isolated using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. cDNA
was synthesized by reverse transcription (RT) using the MX3000p
(Agilent Technologies, Inc.) according to the manufacturer's
protocol (Promega Corporation). The RT reaction conditions
were 10 min at 70°C, 60 min at 42°C and 10 min at 70°C. The
cDNA product was amplified using a SYBR Green Master Mix
kit (Takara Bio, Inc.) and the MX3000p (Agilent Technologies,
Inc.). GAPDH was used as the internal control. The primers used
were as follows: CENPO, forward, 5-CCAGCCGAGGAGTTT
GTGTC-3' and reverse, 5-CCGGAGTGGTTTCTGTATGAC-3,
GAPDH, forward, 5“-TGACTTCAACAGCGACACCCA-3', and
reverse, 5'-CACCCTGTTGCTGTAGCCAAA-3'. The thermo-
cycling conditions were as follows: 95°C for 4 min, followed
by 35 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for
30 sec. The relative mRNA expression (CENPO/GAPDH) was
determined using the 2244 method (12).

Western blotting analysis. Human specimens and cancer cells
were lysed in RIPA lysis buffer (Invitrogen; Thermo Fisher
Scientific, Inc.) supplemented with protease inhibitor cocktail
(Roche Applied Science), and the protein concentration was
measured using the BCA Protein Assay kit (Beyotime Institute
of Biotechnology). Protein lysates (20 pug) were separated by
12% SDS-PAGE and transferred to PVDF membranes. The
membranes were subsequently blocked with 5% non-fat
milk for 1 h at room temperature before they were incubated
with primary antibodies overnight at 4°C. The membranes
were then washed in TBST (0.1% Tween-20) three times
for 5 min each time and then incubated with horseradish
peroxidase-conjugated secondary antibodies, which including
anti-mouse (1:2,000, cat. no. ZB2301, OriGene Technologies,
Inc.) and anti-rabbit (1:2,000, cat. no. ZB2305, OriGene
Technologies, Inc.) for 2 h at room temperature. This was
followed by washing with TBST three times for 5 min each
time. The bands were visualized using BeyoECL Plus reagent
(Beyotime Institute of Biotechnology). The membranes
were stripped and re-probed with an anti-GAPDH antibody
(1:5,000; cat. no. sc47724; Santa Cruz Biotechnology, Inc.) as
the loading control. The primary antibody against CENPO
was purchased from OriGene Technologies, Inc. (1:500; cat.
no. TA349791) and the antibodies against ATM (1:1,000; cat.
no. ab32420), c-JUN (1:1,000; cat. no. ab40766), and cyclin D1
(CCNDI; 1:800; cat. no. ab40754) were obtained from Abcam.

Cell proliferation assay. Cells in the logarithmic growth
phase were resuspended in standard medium and seeded in
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96-well plates at a density of 2x10° cells/well. The number
of EGFP-positive cells was counted using a Celigo Imaging
Cytometer (Nexcelom Bioscience LLC) on 5 consecutive days.

Apoptosis assay. Cells transfected with siRNA or NC were
harvested at 5 days following transfection and apoptosis
levels were assessed using an Annexin V-based flow cytom-
eter (Guava easyCyte HT, EMD Millipore). Harvested cells
(200 pul) at a concentration of 1x10° cells/ml, were added to
fluorescence-activated cell sorting (FACS) tubes and stained
with Annexin V-APC (cat. no. 88-8007, eBioscience, Thermo
Fisher Scientific, Inc.) in the dark at room temperature for
15 min.

Colony forming assay. Transfected and control GC cells were
seeded in 6-well plates at a density of 800 cells/well. The
medium was refreshed every 2-3 days. Following incubation
for 14 days at 37°C, the cells were washed twice with PBS,
fixed in 4% paraformaldehyde for 20 min at room temperature,
stained with crystal violet for 10 min at room temperature and
then washed three times with double-distilled H,O. Images of
the colonies were captured using a Leica DM IL light micro-
scope (Leica Microsystems, Inc.).

Gene expression profiling and data analysis. MGC-803
cells that have been transfected with si-CENPO and control
MGC-803 cells were used to compare gene expression patterns
by microarray analysis. Following transfection of MGC-803
cells with CENPO siRNA, total RNA was extracted and
50-500 ng of RNA was used to generate biotin-modified
amplified RNA (aRNA) using a GeneChip 3'IVT Express kit
(Affymetrix; Thermo Fisher Scientific, Inc.). Reverse tran-
scription was performed using a T7 oligo (dT) primer and a
first-strand IVT Labeling Master Mix was used to produce
multiple copies of biotin-modified aRNA. The aRNA was
then purified and quantified. Following fragmentation, the
aRNA was hybridized to the GeneChip PrimeView™ human
array (Affymetrix; Thermo Fisher Scientific, Inc.). The chips
were subsequently stained with streptavidin-phycoerythrin
(MoBiTec, Goettingen, Germany) for 10 min at 25°C and
washed in a GeneChip Fluidics Station 450. The microarray
signals were scanned and analyzed using the GeneChip Array
Scanner 3000 (Thermo Fisher Scientific, Inc.). Differentially
expressed genes (DEGs) between the two groups were defined
as those exhibiting a >1.5-fold or a <0.5-fold-change in gene
expression and where the P-value was <0.05 following correc-
tion. Ingenuity Pathway Analysis (IPA; http:/www.ingenuity.
com) (13,14) was performed for significant DEGs and enrich-
ment pathway analysis.

Xenograft tumor model. All animal experiments were approved
by the Ethics Board of The Institute of The First Affiliated
Hospital, Nanchang University. A total of 4x10° MGC-803
GC cells (100 ul) with CENPO overexpression or knockdown
were injected subcutaneously into 4-week-old female BALB/c
nude mice (10 mice/group, 2 group (n=20), weight ~15 g),
which were purchased from Shanghai Lingchang Biological
Technology Co., Ltd. The mice had free access to clean food
and water, and maintained at 18-29°C, with relative humidity
of 50-60%, 10-14 h light/dark cycle (lights turned on at 8:00
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and turned off at 18:00 every day). Every 3 days, tumor sizes
were recorded and the volumes were calculated using the
following equation: Tumor volume=length x width? x 71/6. The
mice were sacrificed at day 24, at which point the tumors were
collected and images were captured.

Statistical analysis. Each experiment was performed in trip-
licate. The SPSS software package (version, 22.0; IBM Corp.)
was used to perform statistical analysis of the results. Data are
expressed as the mean + standard deviation. Significant differ-
ences between two groups were analyzed using Student's t-test.
Analysis of variance analysis was used for the comparison of
multiple groups and a Dunnett test was used as a post hoc test.
Pearson's chi-squared test was used to compare the clinico-
pathologic features. Overall survival curves were generated
using Kaplan-Meier plots and assessed using the log-rank
test. P<0.05 was used to indicate a statistically significant
difference.

Results

CENPO is upregulated in GC and associated with a poor
prognosis. To evaluate the significance of CENPO in GC, the
expression of CENPO in TCGA datasets was first examined.
As demonstrated in Fig. 1A, significantly increased CENPO
mRNA levels were observed in cancer tissues when compared
with paired normal tissues (P<0.0001). To confirm these
results, CENPO expression in clinical specimens was assessed
by TMA analysis of 94 GC tissues and paired normal controls.
The results indicated that the CENPO protein expression
score was significantly increased in GC tissues compared with
paired normal tissues (P<0.05; Fig. 1B). Patients were divided
into high (final score of 9-12) and low (final score <8) expres-
sion groups (Fig. 1B). To evaluate the clinical significance
of CENPO in GC, the association between high CENPO
expression and the clinicopathological features of patients
with GC was assessed. Statistical analysis demonstrated that
high CENPO expression was significantly associated with
tumor size (P<0.0001), lymph node metastasis (P=0.014) and
p-TNM stage (P=0.023; Table I). CENPO expression was then
detected in 24 paired GC specimens using western blotting
analysis. As demonstrated in Fig. 1C, high CENPO expres-
sion was observed in GC specimens when compared with
paired normal tissues. Patients with higher levels of CENPO
protein expression exhibited shorter survival times (P=0.0039;
Fig. 1D). In addition, CENPO expression in GES-1 and two
different GC cell lines (AGS and MGC-803) were examined
by western blot analysis. As demonstrated in Fig. 1E and F,
CENPO protein expression in GES-1 cells was significantly
decreased compared with in GC cell lines (P<0.01); AGS
and MGC-803 GC cells exhibited high levels of CENPO
expression (AGS vs. GES-1; P<0.0001; MGC-803 vs. GES-1;
P<0.0001). Taken together, these results revealed that CENPO
expression is consistently elevated in GC and may be associ-
ated with aggressive tumor behavior.

CENPO regulates GC cell growth and apoptosis in vitro.
To investigate the biological effects of CENPO in GC, AGS
and MGC-803 cell lines were selected for further analysis.
Following transfection of cells with CENPO siRNA, CENPO
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Table I. Relationship between CENPO protein expression and clinicopathological characteristics in gastric cancer patients.

CENPO protein expression

Characteristic Number of patients Low (=8) High (>8) P-value
All patients 94 45 49
Sex 0.393
Male 60 31 29
Female 34 14 20
Age >0.999
<60 y.o. 50 24 26
=60 y.o. 44 21 23
Size of tumor <0.0001
<5cm 55 39 16
>5 cm 39 6 33
T stages 0.249
T1+T2 14 9 5
T3+T4 80 36 44
Lymph node metastasis (pN) 0.014
NO 15 12 3
N1 11 6 5
N2 25 13 12
N3 43 14 29
p-TNM stages 0.023
I 9 7 2
I 16 11 5
I 64 26 38
v 5 1 4
T stages 0.219
T1 6 4 2
T2 8 5 3
T3 75 32 43
T4 5 4 1

TNM, tumor node metastasis; y.o., years old; CENPO, centromere protein O.

protein and mRNA levels were significantly reduced in the
CENPO siRNA group when compared with the controls
(P<0.05; Fig. 2A and B). Celigo and MTT assay analyses
were used to investigate the effect of CENPO on cell growth.
Cell counts and optical density (OD) values were determined
at 1-5 days following transfection. The results demonstrated
that the cell counts and OD values in the CENPO siRNA
group were significantly decreased when compared with the
control group, indicating that cell proliferation was signifi-
cantly reduced (P<0.0001; Fig. 2C and D). In addition, colony
formation assays demonstrated that knockdown of CENPO
expression inhibited colony formation of GC cells, which is
consistent with the cell proliferation observations (P=0.0009
and P<0.0001; Fig. 2E and F). Changes in cell proliferation
are often associated with changes in the cell cycle or apop-
tosis. Therefore, apoptosis analysis using Annexin V-FACS
was performed. The results indicated that the percentage of
apoptotic cells in the CENPO siRNA group was significantly

increased when compared with the controls (P<0.0001;
Fig. 2G and H). Together, these results demonstrate that
increased CENPO expression may promote the growth of GC
cells and inhibit apoptosis.

Downregulation of CENPO reduces tumorigenicity in
MGC-803-xenograft nude mice. Using a nude mouse
model, tumors that formed in mice injected with CENPO
siRNA-transfected MGC-803 cells exhibited reduced prolif-
erative capacity than tumors that formed from control cells
(Fig. 3A). The tumor volumes and weights were signifi-
cantly reduced in the CENPO siRNA group at the endpoint
(P<0.0001; Fig. 3B). In addition, total fluorescence (P=0.0059)
and average fluorescence (P=0.0019) were decreased in the
CENPO siRNA group (Fig. 3C and D). Furthermore, CENPO
expression in tumors was decreased in the CENPO siRNA
group according to western blotting and RT-qPCR analyses
(P=0.0007; Fig. 3E and F). The expression of CENPO and the
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Figure 1. CENPO is upregulated in GC and its expression is associated with poor patient prognosis. (A) CENPO mRNA expression levels in 26 primary GC
tissues and paired normal tissues according to the TCGA dataset (P<0.0001). (B) Immunohistochemical staining of CENPO in normal and GC tissues (Image
magnification, x200). "P<0.05. (C) Protein expression levels of CENPO in 24 paired primary GC tissues as determined by western blot analysis. (D) Overall
survival rates between CENPO high and low expression groups (P=0.0039). (E) Western blotting and (F) graphical analysis of CENPO expression was detected
in GES-1 and GC cell lines, AGS and MGC-803. ‘P<0.05 vs. GES-1. CENPO, centromere protein O; GC, gastric cancer; TCGA, The Cancer Genome Atlas.

Ki-67 percentage IHC scores in tumor cells from the CENPO
siRNA group were also relatively decreased (Fig. 3G).
Collectively, these results suggest that CENPO may be
involved in mediating GC cell proliferation in vivo.

CENPO silencing suppresses ATM signaling pathways.
To investigate the molecular mechanisms underlying
CENPO-mediated regulation of GC proliferation, a microarray
platform was used to compare the gene expression profiles
of CENPO-depleted MGC-803 cells with control cells. This
analysis identified 356 downregulated genes and 386 upregu-
lated genes (absolute fold-change >2; P<0.05; Fig. 4A and B).
IPA disease and functional analysis demonstrated that cell
death, cancer, vasculogenesis, apoptosis and cell proliferation
were closely associated with CENPO dysregulation (Fig. 4C).
IPA pathway enrichment analysis demonstrated that the ATM
signaling pathway was a significantly enriched cancer-asso-
ciated signaling pathway in response to CENPO depletion,
which suggests that this pathway may be involved in affected

functional processes in CENPO-depleted cells (Fig. 4C). The
CENPO lentivirus, EGFP-CENPO, was then transfected into
MGC-803 cells. Compared with the control group, the expres-
sion of ATM, CCNDI1 and c-Jun were significantly increased
in the EGFP-CENPO group, and were significantly decreased
in the CENPO siRNA group (P<0.0001; Fig. 4D). In order to
verify these results, the ATM inhibitor, KU-55933 was added
to the culture medium of cells in the EGFP-CENPO group.
Western blotting results indicated that ATM, CCNDI1 and
c-Jun expression levels were reduced (Fig. 4E). These results
suggest that activation of ATM, CCNDI and c-Jun are involved
in CENPO-mediated regulation of GC cell tumorigenicity.

Discussion

Centromeres are essential elements that facilitate chromo-
some separation and normal cell division during meiosis and
mitosis (15). Previously, >40 CENPs have been discovered (7).
Abnormal localization or overexpression of these proteins
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Figure 2. Functional role of CENPO in regulating GC cell growth and apoptosis in vitro. CENPO (A) protein and (B) mRNA expression were decreased
following transfection with CENPO siRNA. (C) Celigo and (D) MTT assays were performed to determine the proliferation of GC cells transduced with the
CENPO siRNA lentivirus. (E) A colony formation assay was performed using GC cells transduced with the CENPO siRNA lentivirus. (F) Number of AGS
and MGC-803 cell colonies that formed following transduction with the CENPO siRNA lentivirus. The percentage of apoptotic (G) AGS and (H) MGC-803
cells was significantly increased in the CENPO siRNA group P<0.0001. "P<0.05. CENPO, centromere protein O; GC, gastric cancer; siRNA, small-interfering
RNA.

leads to disordered cell division and chromosomal aneuploidy; In the present study, CENPO was observed to be frequently
these changes have been closely associated with cancer (16).  upregulated in GC cells and tissues, and high CENPO expres-
Previous studies have demonstrated that numerous malig-  sion was associated with high TNM stage and poor prognosis.
nancies exhibit high CENPH or CENPF expression (17,18).  This suggests that high CENPO expression may serve
However, the molecular function of CENPO in cancer is important roles in the progression of GC. In chicken DT40
currently unclear. cells, knockdown of CENPO expression was associated with



MOLECULAR MEDICINE REPORTS 20: 3661-3670, 2019 3667
A o B
o R & 2 % & iy 2 goo{ = Control 0.81
=] =] 3 —_
E la !‘!la £ -+ CENPO-siRNA -
S| T Eﬁm}- &
. . ok N = 400- g 0.44
<.' E - . L] . » o ™ r g g —_ *
4 it d 3 (=]
2 é HERI 5 200+ E 0.2
o) A LR S M ~
4 - - [
e 1 |} 0 i T T T 0.0 T T
Z | . | 1 2 3 4 5 Control  CENPO-siRNA
O§ Time
¢ : D Total fluorescence Average fluorescence
detection (p/s )/(uW/cm?) detection ( p/s)/(LW/cm?)
4.00x10'10 1.50x10"
3.00x10'1° * 1.00x10*° <
200x10" —P— =
w0 == 0.50x10% . .
1.00x10
0_00,(10"10 0.00x10™
Control CENPO-siRNA
i In vivo fluorescence imaging
CENPO ‘ [ —
GAPDH s T
Control CENPO-siRNA
F ©
B
& 154 : - -
O3 L .
5 E e \
=<0 < L "
gl b s % %
Be g e pe RE 3
5% N r" 2 : ! <
80 = | i "l e o F ISP
5 g 03 g f}’i Yo edr MR _‘n;-.r.f,-;;
T : Lzu L o::"r_;'_‘t‘s“ ‘_’t%_\.'l "5“
Z70.0 4 @ 7 RN o
& Control ~ CENPO-siRNA P S &5 BEh

Ki-67

Figure 3. Downregulation of CENPO expression reduces tumorigenicity in MGC-803 xenograft nude mice. (A) Sacrificed nude mice from the control and
CENPO siRNA groups and their corresponding tumors. (B) Tumor volumes and weights between the control and the CENPO siRNA groups were compared.
“P<0.05 vs. control. (C) CENPO downregulation reduced tumorigenicity, as determined by bioluminescence detection and (D) graphical analysis. (E) Western
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siRNA groups. (G) CENPO and Ki-67 expression were detected by immunohistochemical staining (Image magnification, x400). “P<0.05. CENPO, centromere

protein O; siRNA, small-interfering RNA.

reduced cell proliferation and mitotic defects (19). The results
of the present study are in accordance with these observa-
tions. Knockdown of CENPO expression in GC cells led to
a reduction in cell proliferation and induction of apoptosis
in the current study. In addition, overexpression of CENPO
promoted GC tumor growth, which was further confirmed
using a subcutaneous xenograft tumor model. These results
suggest that CENPO may be involved in the pathogenesis and
pathological progression of GC.

To further clarify the molecular mechanisms underlying
the role of CENPO in GC tumors, microarray analysis was
performed. The expression of 386 genes was upregulated and
356 genes was downregulated in CENPO siRNA GC cells

group. Bioinformatics analysis of the identified DEGs demon-
strated that these genes were implicated in different biological
processes and molecular functions. The results suggest that
CENPO may be an essential regulator of cancer cell death,
vasculogenesis, cell proliferation, cell apoptosis and GC
tumorigenesis. Pathway enrichment analysis indicated that the
ATM signaling pathway was a dysregulated cancer-associated
signaling pathway in response to CENPO depletion. The ATM
protein functions as a critical regulator of the DNA damage
response and coordinates DNA repair, checkpoint activa-
tion, and metabolic changes in response to oxidative stress
and DNA double-strand breaks (20,21). However, previous
reports suggest that it may also function as an oncogene
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Figure 4. CENPO is associated with the ATM signaling pathway according to gene expression profiling and data analysis. (A) A microarray platform was used
to analyze the gene expression profiles in MGC-803 cells following CENPO knockdown. A heatmap present all of the differently expressed genes, including
356 genes that were downregulated and 386 genes that were upregulated. (B) A volcano plot present all of the differently expressed genes between CENPO
control group and CENPO siRNA group. (C) CENPO may be involved in different biological processes, molecular functions and diseases according to IPA
analysis. (D) ATM, CCNDI1 and c-Jun protein expression in the control group, the EGFP-CENPO group and the CENPO siRNA group. "‘P<0.0001 EGFP-
CENPO vs. Control. “P<0.0001 CENPO siRNA vs. Control. (E) ATM, CCNDI and c-Jun expression in EGFP-CENPO group, with the addition of the ATM
inhibitor. CENPO, centromere protein O; ATM, ataxia telangiectasia mutated; IPA, Ingenuity Pathway Analysis; CCNDI, cyclin D1; EGFP-CENPO, enhanced
green fluorescent protein CENPO overexpression vector; siRNA, small-interfering RNA.

and promote tumorigenicity in breast cancer (22-24). The
present study demonstrated that overexpression of CENPO
in GC cells increased ATM, CCNDI1 and c-Jun expres-
sion, while knockdown of CENPO had the opposite effect.
Previous studies indicate that numerous tumor types exhibit
high CCND1 expression, which has been associated with
poor patient outcomes and which may promote cancer cell
growth (25,26). It has been reported that the absence of func-
tional ATM leads to CCNDI-mediated genomic instability,

which ultimately facilitates cell transformation and tumor
formation (27). Previous studies have also demonstrated that
CCNDI translation may be regulated by ATM to control cell
cycle progression (28,29). c-Jun is a downstream molecule
of the mitogen-activated protein kinase signaling cascade
and contributes to numerous cellular functions, such as
apoptosis, proliferation, survival and tumorigenesis (30,31).
It has been reported that ATM serves an important role in
oxidative stress-mediated signaling, which enhances c-Jun
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phosphorylation due to its role as an ionizing radiation-induced
oxidative stress sensor and by modulating intracellular redox
homeostasis (32). The results of the present study suggest
that CENPO mediates ATM signaling to increase CCNDI1
and c-Jun expression, which may subsequently promote GC
progression. The results therefore provide direction for future
research that will aim to investigate the regulatory mechanism
of CENPO.

In conclusion, the results of the current study are to the
best of our knowledge the first to report increased expres-
sion of CENPO in GC and an association with poor patient
prognosis. CENPO protein regulate GC cell growth and
apoptosis via targeting of the ATM signaling pathway.
However, future studies that aim to elucidate the detailed
regulatory mechanisms of CENPO in GC tumorigenesis are
required, in order to facilitate translation of these findings
into clinical practice.
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