
Am J Cancer Res 2015;5(10):2998-3014
www.ajcr.us /ISSN:2156-6976/ajcr0009986

Original Article
Expression of DDX27 contributes to colony-forming  
ability of gastric cancer cells and correlates  
with poor prognosis in gastric cancer

Yoshiyuki Tsukamoto1, Shoichi Fumoto1,2, Tsuyoshi Noguchi3, Kazuyoshi Yanagihara4, Yuka Hirashita1,5, 
Chisato Nakada1, Naoki Hijiya1, Tomohisa Uchida1, Keiko Matsuura1, Ryoji Hamanaka6, Kazunari  
Murakami5, Masao Seto7, Masafumi Inomata2, Masatsugu Moriyama1

Departments of 1Molecular Pathology, 2Gastroenterological and Pediatric Surgery, 5Gastroenterology, 6Cell Biol-
ogy, Faculty of Medicine, Oita University, Oita, Japan; 3Center for Community Medicine, Division of Surgery, Faculty 
of Medicine, Oita University, Oita, Japan; 4Division of Pathology, Exploratory Oncology Research & Clinical Trial 
Center, National Cancer Center, Chiba, Japan; 7Department of Pathology, Kurume University School of Medicine, 
Fukuoka, Japan

Received May 7, 2015; Accepted August 28, 2015; Epub September 15, 2015; Published October 1, 2015

Abstract: Previously, we have reported that gain at chromosome 20q13 is the most common genomic copy number 
aberration in gastric cancer (GC) (29/30 cases), and that among the genes located in this region, we have identified 
DDX27, whose expression level shows the highest correlation with genomic copy number, as a candidate thera-
peutic target for GC. Here, we analyzed the clinicopathological significance of DDX27 using immunohistochemistry 
and studied its functions using knockdown assays. We found that DDX27 was frequently upregulated in GC tissues 
(98 of 140 cases, 70%), and significantly associated with venous invasion and liver metastasis. Furthermore, mul-
tivariate analysis of GC patients showed that high expression of DDX27 was independently associated with poorer 
prognosis. In functional assays, knockdown of DDX27 reduced the ability of GC cells to form colonies both on con-
ventional plates and soft agar, but had little effect on their invasiveness. We also found that knockdown of DDX27 
reduced the viability of GC cells through inhibition of cell cycle progression independently of apoptosis. Interestingly, 
DDX27 depletion induced accumulation of TP53 in a TP53 wild-type cell line, AGS, but not in a TP53-deleted cell 
line, 44As3, although DDX27 knockdown commonly reduced the viability of both, indicating the TP53-dependent 
and independent cell cycle control of DDX27. Thus, our results suggest that expression of DDX27 contributes to 
colony formation by GC cells through cell cycle control and may be a potential therapeutic target for GC patients with 
chromosome gain at 20q13.
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Introduction

Although the clinical outcome of gastric cancer 
(GC) has gradually improved, the prognosis of 
patients with advanced disease is still disap-
pointing. To improve the survival of patients 
with advanced GC, identification of novel bio-
markers and targets is required for clinical 
management.

Previously, we and others have reported that 
chromosomal gain at 20q13 is the most com-
mon genomic copy number aberration in GC 
(50% to 97% of cases) [1-8]. Gain at 20q13 has 

also been observed at a high rate in many other 
types of solid tumors, including cancers of the 
colon, esophagus, breast, cervix, ovary, pan-
creas, prostate and bladder [9-16]. While some 
reports have shown that gain at 20q13 is fre-
quent even in the initial phase of carcinogene-
sis [13, 17, 18], others have demonstrated a 
significant association of this aberration with 
poor survival in patients with colon and esopha-
geal cancer [19, 20], progression of colon, ovar-
ian, cervical and gastric cancers [9, 21-23], and 
liver metastasis of colon and esophageal can-
cers [24-26]. Thus, gain at 20q13 seems to 
affect various aspects of carcinogenesis, impli-
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cating multiple targets on this region rather 
than a sole target, in contrast to other well 
characterized amplifications that involve a sole 
target, such as MYC at 8q24, EGFR at 7p12 and 
ERBB2 at 17q21. Therefore, identification of 
targets for 20q13 gain may help to shed further 
light on gastric carcinogenesis and assist the 
establishment of effective therapeutic stra- 
tegies.

It has been reported that several genes are 
upregulated along with a copy number increase 
at 20q13, and play specific and important roles 
in carcinogenesis, such as AURKA and TPX2 in 
mitotic spindle organization [27], ZNF217 in tr- 

anscriptional regulation of differentiation-relat-
ed genes [28] and ADRM1 in deubiquitination 
as a 19S proteasomal cap-associated prote- 
in [29]. In our previous study, we identified 
DDX27 as a candidate target for amplification 
at 20q13, since its expression showed the 
highest correlation with the genomic copy num-
ber among the genes located on the minimum 
common region of the 20q13 amplicon [1] 
(Figure 1). DDX27 is a member of the DEAD/
DExH box family of RNA helicases, which have 
been shown to play various roles in RNA biogene- 
sis including translation, ribosome biogenesis, 
pre-mRNA splicing and nucleo-cytoplasmic 
RNA transport [30]. In addition to the roles of 

Figure 1. Identification of candidate target genes for amplifications and deletions in gastric cancer in our previous 
study. In our previous study, we analyzed 30 cases of GC for their genomic copy number aberrations and 24 cases 
for their gene expression profiles, and integrated the two data sets using a CGH-plotter [1]. To identify genes whose 
expression was upregulated along with an increase in copy number, Pearson’s correlation coefficients between the 
copy number and expression level for each gene were calculated and significance was determined in terms of the 
false discovery rate (FDR), for which a multiple-comparison free statistical test based on 10000 random label per-
mutations was performed. We identified 14 and 5 regions of amplifications and deletions in GC, respectively, and 
the 125 genes located in these regions were considered candidate targets for GC. Because amplification of 20q13 
was detected in almost all cases (29/30, 97%), we focused on the genes in this region. Of the 8 genes identified as 
candidates for 20q13, DDX27 showed the highest correlation coefficient.
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this family in RNA biogenesis, recent studies 
have also suggested their involvement in carci-
nogenesis. For example, DHX29 has been re- 
ported to be upregulated in glioblastoma, mela-
noma and ovarian cancer, and to promote pro-
liferation of cancer cells [31]. Whereas DDX5 is 
reportedly required for proliferation of breast 
cancer cells [32]. Furthermore, Fukawa et al. 
have reported that DDX31 is an independent 
prognostic factor in patients with renal cell car-
cinoma, contributing to the growth of renal can-
cer cells [33]. To date, however, details of the 
functions and dysregulation of DDX27 in malig-
nant tumors have remained largely unclear, 
except for one report [34].

In the present study, to determine the signifi-
cance of DDX27 upregulation in GC cells, we 
performed immunohistochemical analysis us- 
ing tissue sections from 140 GC patients and 
knockdown assays using GC cell lines.

Materials and methods

Patients and tissue samples

A total of 140 tumor tissue samples were 
obtained from GC patients who underwent gas-
tric resection at Oita University Hospital. None 
of the patients received preoperative chemo-
therapy. Written informed consent was obtained 
from all of the patients, and the study was 
approved by Oita University ethics committee. 
Cancer-specific survival (CSS) was calculated 
from the date of surgery to the date of cancer-
related death or last day of follow-up. GCs were 
classified according to the criteria of the 
Japanese Classification of Gastric Cancer [35], 
except for histological type, which was classi-
fied according to the Lauren classification [36]. 
The median follow-up period for patient surviv- 
al was 21 months (range, 1-129 months). For 
analysis of the association between liver or 

Figure 2. Expression of DDX27 in gas-
tric cancer tissues. A. Immunohisto-
chemical analysis of DDX27 in GC and 
corresponding non-neoplastic epithelial 
tissues. Representative images scored 
as negative, weak and strong are 
shown. B. Kaplan-Meier survival curves 
of cancer-specific survival in patients 
with GC according to DDX27 expres-
sion. Patients with high DDX27 expres-
sion (n=98) had a significantly worse 
survival rate than those with low DDX27 
expression (n=42) as determined by 
log-rank test (P=0.0021).
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peritoneal metastasis and DDX27 expression, 
we enrolled patients for whom 5 years of follow-
up data for liver or peritoneal metastasis were 
available.

Immunohistochemistry

Immunohistochemistry was performed as 
described previously [1] with slight modifica-
tions, in that sections were immersed in Anti- 
gen Retrieval buffer, pH 9.0 (Nichirei, Tokyo, 
Japan), and autoclaved at 120°C for 10 min for 
antigen retrieval. Anti-DDX27 antibody (1:100, 
sc-81074; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) was used as the primary anti-
body. The intensity of nucleolar DDX27 immu-
noreactivity in tumor cells was compared with 
that in adjacent non-neoplastic epithelium  
and classified as negative (as intense as that  
in adjacent non-neoplastic epithelium), weak 
(slightly more intense than that in adjacent 
non-neoplastic epithelium) or strong (obviously 
more intense than that in adjacent non-neo-
plastic epithelium) (Figure 2A). If more than 
10% of tumor cells were strongly stained, the 
patients were considered to have high expres-
sion of DDX27.

Array CGH and data analysis

Array-CGH analysis was performed using high-
resolution 244K 60-mer oligonucleotide CGH 
arrays, as described previously (Agilent Tech- 
nologies, Palo Alto, CA, USA) [23]. Two micro-
grams of DNA extracted from GC cell lines and 
an equal amount of control DNA, which was a 
mixture of genomic DNA extracted from periph-
eral blood cells of eight healthy male volun-
teers, were subjected to array-CGH. Microarray 
images were analyzed as described previously 
using Feature Extraction v.9.5.3.1 (Agilent Te- 
chnologies) and the DNA Analytics v.4.0 so- 

aberrant regions, 100000; percentage pene-
trance per feature, 0. We set the minimum 
absolute average log2ratio at 0.585 to detect 
regions showing a change in the averaged copy 
number equal to or more than 1.5-fold (log2 
(1.5)=0.584963). The data obtained in the 
array CGH analysis are available at GEO (www.
ncbi.nlm.nih.gov/geo/), under Accession No. 
GSE67604.

Cell culture and siRNA transfection

IM95, NUGC4, OSUM1, FU97, MKN74 and 
MKN1 were obtained from the JCRB in 2007. 
SNU638 and SNU484 were obtained from the 
Korean Cell Line Bank in 2010. AGS was 
obtained from the American Type Culture Co- 
llection in 2010. 44As3 and SH101P4 were 
established and reported previously [37, 38]. 
All cells were cultured under the recommended 
conditions. ON-TARGET plus human DDX27 
(siDDX27) (#1 of 4 individual siRNAs in SMART 
pool siRNA targeting DDX27, Table 1) and non-
targeting pooled (siCont) siRNAs were pur-
chased from Dharmacon (GE Dharmacon, La- 
fayette, CO, USA) and used for transfection at a 
concentration of 5 nM using RNAiMAX (Invi- 
trogen/Life Technologies, Carlsbad, CA, USA).

Construction of lentivirus vectors and estab-
lishment of stable cell lines

For rescue experiments, we generated a siRNA-
resistant mutant of DDX27 cDNA, designated 
as DDX27r, by introducing a silent mutation in 
the coding region of wild-type DDX27 cDNA, 
which was obtained from Origene (OriGene, 
Rockville, MD, USA), by using a QuickChan- 
ge Lightning Site-Directed Mutagenesis Kit 
(Agilent Technologies) (366-372; GAAAGTT to 
AAAGGTC). DDX27r was amplified by PCR, sub-
cloned into pENTR/D-TOPO, and then recom-

Table 1. Sequences of primers and targets for siRNA and shRNA
Genes Sequence Method
DDX27 5’-AGATTGAGAAAGTTCGAAA-3’ siDDX27
DDX27 5’-AGGTGCACTCTGTCACCAG-3’ DDX27sh2
DDX27 5’-AGGAAGACCTTCAAGAGAA-3’ DDX27sh3
45S pre-rRNA 5’-CCATAACGGAGGCAGAGACA-3’ Reverse transcription
45S pre-rRNA 5’-GCCTTCTCTAGCGATCTGAGAG-3’ RT-PCR (Forward)
45S pre-rRNA 5’-CCATAACGGAGGCAGAGACA-3’ RT-PCR (Reverse)
47S pre-rRNA 5’-CGACGTCACCACATCGATCG-3’ Reverse transcription
47S pre-rRNA 5’-GCTGACACGCTGTCCTCTGG-3’ RT-PCR (Forward)
47S pre-rRNA 5’-GAGAACGCCTGACACGCACG RT-PCR (Reverse)

ftware (Agilent Technologies) 
[23]. Following normalization, 
the log2ratio of Cy5 (tumor) to 
Cy3 (Control) was calculated. 
Genomic copy number gains 
and losses were determined by 
the ADM-2 algorithm at a th- 
reshold of 8. To detect genomic 
aberrations, we set the follow-
ing aberration filter parameters: 
minimum number of probes in 
region, 4; minimum absolute 
average log2ratio for region, 
0.585; maximum number of 
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bined into pLenti6.3/V5-DEST by Gateway LR 
clonase (Invitrogen). For shRNA-mediated kno- 
ckdown experiments, we purchased a pGIPZ 
vector set carrying shRNAs against DDX27 
(Open Biosystems/GE Dharmacon). Among the 
set of 5 shRNA vectors, shRNA#2 and #3 (Table 
1) were digested at the MluI and XhoI sites and 
the resulting shRNA fragments were subcloned 
into the pTRIPZ inducible lentiviral vector (Open 
Biosystems). Lentiviruses carrying pLenti6.3/
V5-DEST and pTRIPZ constructs were pack-
aged with 293T cells using the ViraPower 

tosis assay

For the cell proliferation assay, we transfected 
siRNAs into AGS, 44As3 and MKN74 cells for 
72 or 96 h, and measured the viabilities of the 
cells using the CellTiter96 aqueous one solu-
tion cell proliferation assay (Promega, Madison, 
WI, USA). For colony formation assay, 500 cells 
transfected with siRNA for 48 h were plated in 
10-cm dishes and cultured for 14 to 24 days. 
The resulting colonies were fixed with 10% buff-
ered formalin, stained with 0.05% toluidine 

Table 2. Associations between clinicopathological 
features and DDX27 expression

DDX27 staining
Features Cases Low High P-valuea

Gender 0.5452
    Female 41 14 27
    Male 99 28 71
Age 0.0737
    ≤65 46 18 26
    >65 96 24 72
Histological typeb 0.3572
    Intestinal 74 25 49
    Diffuse 66 17 49
T-stage 0.5583
    T1, T2 47 16 31
    T3, T4 93 26 67
N-stage 0.2964
    Negative 37 14 23
    Positive 102 28 74
TNM stage 0.2733
    I/II 73 25 48
    III/IV 67 17 50
Lymphatic Invasion 1.000
    Negative 29 9 20
    Positive 111 33 78
Venous Invasion 0.002
    Negative 78 32 46
    Positive 62 10 52
Peritoneal metastasisc 0.0943
    Negative 55 19 36
    Positive 22 3 19
    Not analyzed 63
Liver metastasisc 0.016
    Negative 59 21 38
    Positive 18 1 17
    Not analyzed 63
aFisher’s exact test. bTumors were classified according to the 
Lauren classification. cWe analyzed 77 patients whoes 5 year 
follow-up data about metastasis status were obtained.

Lentiviral Expression System (Invitrogen) and 
TransLenti Viral Packaging System (GE He- 
althcare), respectively. We infected 44As3 
and MKN74 cells with lentiviruses carrying 
pLenti6.3/V5-DEST empty (44/Emp), DDX27r 
(44/DDX27r) or pTRIPZ shRNA#2 (44/DDX- 
27sh2), and pTRIPZ shRNA#3 (74/DDX27sh3), 
respectively, in accordance with the manufac-
turers’ instructions. After selection with 4 µg/
ml blasticidin and 0.4 µg/ml puromycin for the 
pLenti6.3/V5-DEST and pTRIPZ constructs, 
respectively, they were cloned by the limited 
dilution method.

Western blotting

Western blotting was performed as described 
previously [39]. The primary antibodies used 
were: anti-DDX27 (1:500, Atlas Antibodies, 
Stockholm, Sweden), anti-tubulin (1:4000, 
Cell Signaling Technology, Danvers, MA, USA), 
anti-p53 (1:15, Dako, Glostrup, Denmark) and 
anti-p21 (1:500, Cell Signaling Technology).

Invasion assay

Invasiveness of 44As3 cells was measur- 
ed using FluoroBlock Cell Culture Inserts 
(Corning, Corning, NY, USA). The filters, with 
an 8-μm pore size, were precoated with 1 
μg/40 μl/filter of fibronectin on their lower 
surfaces and dried at room temperature over-
night, and then coated with matrigel on their 
upper surfaces at a concentration of 5 μg/20 
μl/filter and dried. The filters were washed 
and dried just before use. 44As3 cells (1×105) 
transfected with siRNAs for 48 h were added 
to the upper compartment of the chamber 
and incubated in 10% FBS-RPMI for 16 h. 
Invaded cells were incubated with Calcein-AM 
solution (Dojindo, Kumamoto, Japan) and 
quantified by Infinite M200 PRO (TECAN, 
Maennedorf, Switzerland).

Cell proliferation, colony formation and apop-
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blue solution (pH 7.0) (Wako, Osaka, Japan) and 
quantified using Image J 1.48v (National Ins- 
titutes of Health, USA). For the apoptosis assay, 
we transfected siRNA into AGS and 44As3 cells 
for 72 h and measured the cytoplasmic oligonu-
cleosomal fragments using a Cell Death De- 
tection ELISA PLUS kit (Roche, Basel, Swit- 
zerland).

Soft agar colony formation assay

After treatment with or without 1 μg/ml doxycy-
clin (Dox) for 48 h, 44/DDX27sh2 and 74/
DDX27sh3 cells (4.5×103/well in 96-well pla- 
tes) were cultured in a cell agar layer containing 
10% FBS-RPMI and 0.4% agar (Sigma) on a 
base agar layer containing 10% FBS-RPMI and 
0.6% agar under conditions with or without 1 
μg/ml Dox. 44As3 and MKN74 were grown for 
8 and 11 days, respectively, and their colonies 
were observed using a light microscope. To 
quantify the efficiency of colony formation, the 
CytoSelect 96-Well Cell Transformation Assay 
(Cell Biolabs, San Diego, CA, USA) was used.

Tumorigenicity assay

44/DDX27sh2 cells were harvested and resus-
pended in OPTI-MEM (Life Technologies) at a 
concentration of 2.5×107 cells/ml. A total of 

content of the cells, which reflects the cell cycle 
distribution, was determined using a FACS- 
calibur flow cytometer (BD, Franklin Lakes, NJ, 
USA). The rate of DNA synthesis was deter-
mined 72 h after transfection with siRNAs using 
a Cell Proliferation ELISA BrdU kit (Roche).

Immunocytochemistry

Immunocytochemistry was performed as de- 
scribed previously [40]. The primary antibodies 
used were: anti-phospho-histone H3 (pHH3) 
(Cell Signaling Technology), anti-DDX27 (Atlas 
Antibodies) and anti-FBL (Santa Cruz).

Quantitative RT-PCR

To estimate the rate of ribosomal RNA tran-
scription, we performed quantitative RT-PCR to 
measure 45S and 47S pre-ribosomal RNA (pre-
rRNA) using LightCycler 480 SYBR Green I 
Master Mix (Roche) in accordance with previ-
ous studies [33, 41]. The primer sequences 
used for cDNA synthesis and amplification for 
pre-rRNAs are detailed in Table 1.

Measurement of global translation rate

Cells transfected with siRNAs for 72 h were 
incubated with methionine-free RPMI for 10 
min, and then labeled with 2 MBq/ml of [35S] 

Table 3. Univariate and multivariate analyses of prognostic 
features in GC

Univariatea Multivariateb

Features P-value Hazard 
ratio

95% Confi-
dence interval P-value

Age
    ≤65/ >65 0.0454 1.69 0.81-3.91 0.1683
Sex
    Female/Male 0.0585 - - -
Histological type
    Intestinal/Diffuse 0.9835 - - -
Lymphatic invasion
    Negative/Positive 0.0128 1.32 1.32-0.39 0.6774
Venous invasion
    Negative/Positive 0.0001 1.15 0.55-2.52 0.722
Tumor depth
    T1, T2/T3, T4 <0.0001 4.05 1.44-14.56 0.0065
Lymph node metastasis
    Negative/Positive 0.0044 1.38 0.54-4.28 0.523
DDX27 expression
    Low/High 0.0021 2.33 1.01-6.39 0.0465
Values in bold indicate below 0.05. a, Log-rank test. b, Cox proportional 
hazards model.

5×106 cells were injected subcuta-
neously into the left flank of 8week-
old male BALB/c nude mice. The 
mice were either left untreated or 
administered Dox using a combina-
tion of oral gavage (10 mg/100 µl 
in sterilized water) once every three 
days and addition to drinking water 
(0.6 mg/ml in 5% sucrose) for 36 
days. The treatment was started 
the day before the injection. Tumor 
volume was calculated at 2, 3 and 
5 weeks after the injection using 
the formula: (width × length × 
height)/2. All protocols for animal 
studies were approved by the ani-
mal ethics committee at Oita 
University (Approval No K008001).

Cell cycle analysis

Cells transfected with siRNA for 96 
h were fixed with 70% ethanol and 
stained with propidium iodide st- 
aining buffer (5 mg/ml DNase-free 
RNase A and 50 µg/ml propidium 
iodide in PBS) for 20 min. The DNA 
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methionine (PerkinElmer Japan, Tokyo, Japan) 
for 30 min. After washing with PBS, the cells 
were lysed on ice for 20 min in 0.1% SDS-
modified RIPA buffer [39], then centrifuged at 
15,000 rpm at 4°C for 20 min. The resulting 
lysates (50 µg samples) were resuspended in 
Laemmli sample buffer and subjected to SDS-
PAGE using 10% gel. Radio-labeled proteins 
were visualized using a Typhoon FLA7000 (GE 
Healthcare).

Statistical analysis

The association between DDX27 expression 
and clinicopathological factors was determined 

cases of GC. Immunoreactivity for DDX27 was 
observed in the nucleolus of both non-neoplas-
tic epithelium and cancer cells (Figure 2A). Only 
faint immunoreactivity was observed in most of 
the non-neoplastic epithelial cells. DDX27 
staining was observed in many GC tissues, 
although the proportion and intensity of the 
immunoreactivity varied across individuals 
(Figure 2A). The intensity of nucleolar DDX27 
staining in GC cells was classified as negative, 
weak or strong (Figure 2A). Cases in which 
more than 10% of cancer cells exhibited strong 
staining were considered to have high expres-
sion of DDX27. Of the 140 cases, 98 (70%) 

Figure 3. Status of 20q copy number in GC cell lines. The genomic copy num-
ber status of chromosome 20 in 11 GC cells was analyzed by using array 
CGH. Genomic regions of copy number gain and loss are indicated by red and 
green, respectively. Location of DDX27 is indicated by a blue line. Expression 
of DDX27 protein in these cell lines is shown in Figure 4A, except for HSC44, 
which was the parental cell line of 44As3 [38].

by Fishers’s exact test. Ka- 
plan-Meier curves were dra- 
wn and differences between 
the curves were calculated 
by the log-rank test, using 
JMP 11.0 (SAS Institute, Ca- 
ry, NC, USA). Univariate anal-
ysis was performed using 
the Kaplan-Meier method, 
and significance was deter-
mined by log-rank test. Fa- 
ctors shown to be of prog-
nostic significance in the 
univariate analyses were ev- 
aluated in a multivariate Cox 
regression model using the 
likelihood ratio test of the 
stratified Cox proportional 
hazards model by JMP. Di- 
fferences in invasion, colony 
formation, proliferation, apo- 
ptosis, cell cycle and qRT-
PCR assays were analyzed 
by two-sided Student’s t test 
by StatView (SAS Institute). 
Data are reported as mean 
values ± SD of triplicate or 
quadruplicate determinati- 
ons. Differences were con-
sidered statistically signifi-
cant at P<0.05.

Results

Expression of DDX27 in 
gastric cancer tissues

To investigate the clinico-
pathological significance of 
DDX27 expression in gastric 
cancer, immunohistochem-
istry was performed in 140 
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Figure 4. DDX27 contributes to the colony-forming ability of GC cells but not to their invasiveness. A. Western blot 
analysis of DDX27 expression in GC cell lines. Status of copy number gain at 20q13 was determined by array CGH 
analysis (Figure 3). Tubulin was used as an internal control. B. Invasiveness of 44As3 cells transfected with siCont or 
siDDX27 was determined by matrigel invasion assay (n=3). Representative fluorescence images of invaded cells are 
shown. The fluorescence intensity of siCont cells was set at 1. C. Effect of DDX27 knockdown on colony formation 
by 44As3, AGS and MKN74 cells (n=3). Representative images of the resulting colonies are shown above the graph. 
The number of colonies transfected with siCont was set at 1. D. 44/Emp and 44/DDX27r were transfected with 
siCont or siDDX27, and subjected to Western blotting (upper) and colony formation (lower) assays. In Western blots, 
bands indicated by filled and empty arrowheads represent V5-tagged and endogenous DDX27, respectively. E. For 
Western blotting, 44/DDX27sh2 and 74/DDX27sh3 were treated with 1 µg/ml doxycycline for the indicated periods 
before cell lysis. For soft agar colony formation assay, 44/DDX27sh2 and 74/DDX27sh3 were treated with 1 µg/ml 
doxycycline for 48 h before culture in soft agar containing 1 µg/ml Dox (n=3 or 4). The intensity of fluorescence in 
Dox-negative cells was set at 1. The negligible effect of Dox on colony formation by MKN74 ruled out the possibility 
of an unexpected effect of Dox in 44/DDX27sh2 and 74/DDX27sh3. *P<0.05. NS; not significant.

Figure 5. Knockdown of DDX27 inhibits in vivo tumorigenicity. A. 44/DDX27sh2 (5×106 cells) were subcutaneously 
injected into the left flank of nude mice and treated with or without Dox for 36 days as described in Materials and 
Methods. Two representative images of xenografts from each group are shown. B. Difference in weight gain of the 
groups with (n=8) or without (n=10) was determined by two-sided Student’s t test. Dox treatment for 21 days did 
not cause weight loss. Data are reported as mean values ± SD. C. Suppression of DDX27 expression after the treat-
ment of Dox for 36 days was confirmed by immunohistochemistry using anti-DDX27 antibody. Nucleolar expression 
of DDX27 was substantially suppressed in a Dox-treated xenograft. D. Differences in the tumor growth between dox-
treated (n=8) and -untreated (n=10) groups at 2, 3 and 5 weeks after the injection were determined by two-sided 
Welch’s t-test. Data are reported as mean values ± SE. *P<0.05.
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Figure 6. DDX27 contributes to colony-forming ability by regulation of cell cycle progression, but not apoptosis. A. 
Viabilities of 44As3, AGS and MKN74 cells were determined by MTS assay at 96 h after transfection with siCont or 
siDDX27 (n=4). The intensity of absorbance 492 nm for siCont was set at 1. B. Cytoplasmic oligonucleosomal frag-
ment was measured for apoptosis at 72 h after transfection of 44As3 and AGS cells with siCont or siDDX27 (n=3 
or 4). C. AGS and 44As3 cells were transfected with siCont or siDDX27 for 96 h and subjected to FACS analysis to 
determine the distribution of cells in the G1, S, and G2/M phases, and aneuploidy (DNA content greater than 4N) 
(n=3). Representative FACS profiles are shown on the left side of the graphs. D. AGS and 44As3 cells were trans-
fected with siCont or siDDX27 for 72 h and subjected to proliferation and DNA synthesis assays (n=4). Percentage 
reductions in proliferation or DNA synthesis are shown in the graphs. E. AGS and 44As3 cells were transfected with 
siCont or siDDX27 for 96 h and subjected to immunocytochemistry using anti-p-HH3 antibody to label mitotic cells 
(n=3). Nuclei were counterstained by DAPI. Representative images are shown on the left side of the graphs. White 
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showed high expression of DDX27 in cancer tis-
sues. DDX27 staining was not associated with 
histological type, depth of invasion, lymph node 
metastasis or tumor stage, but was associat- 
ed with the frequency of venous invasion 
(P=0.0016) and liver metastasis (P=0.0159) 
(Table 2). Kaplan-Meier survival analysis with 
the log-rank test showed that high DDX27 
expression was significantly associated with 
poorer CSS (Figure 2B). Univariate analysis 
revealed that age, lymphatic invasion, venous 
invasion, tumor depth, lymph node metastasis 
and DDX27 expression were associated with 
CSS (P<0.05) (Table 3). Multivariate analysis 
revealed that DDX27 expression was an inde-
pendent predictor of CSS (P=0.0465), as well 
as tumor depth (P=0.0065) (Table 3).

DDX27 contributes to colony formation by gas-
tric cancer cells through regulation of the cell 
cycle independently of apoptosis

In order for cancer cells to undergo the full pro-
cess of metastasis, enhanced abilities for inva-
sion, survival and colony formation are required 
[42]. Since DDX27 expression in GC tissues 
was associated with liver metastasis (Table 2), 
we next addressed the involvement of DDX27 
in invasiveness and colony formation by gastric 
cancer cells. As we expected from our previous 
study [1], cell lines showing 20q13 gain, such 
as 44As3, AGS and MKN74, tended to show a 
higher level of DDX27 expression than those 
without 20q gain (Figures 3 and 4A). Knockdown 
of DDX27 did not affect the invasiveness of 
44As3 cells (Figure 4B), but drastically inhibit-
ed the colony-forming ability of 44As3, AGS  
and MKN74 cells (Figure 4C). Notably, stable 
expression of RNAi-resistant DDX27 (DDX27r) 
completely rescued colony formation ability 
after transfection with siDDX27 (Figure 4D), 
suggesting a specific effect of DDX27 siRNA  
in reducing the number of colonies formed. 
Knockdown of DDX27 also inhibited colony for-
mation in soft agar (Figure 4E). Furthermore, 
we showed that knockdown of DDX27 inhibited 
tumorigenicity in vivo (Figure 5). Taken togeth-
er, these results suggested that DDX27 contrib-
utes to colony formation by GC cells but has a 
less marked effect on their invasiveness. It was 
noteworthy that we were unable to observe 

enhancement of proliferation, colony formation 
and invasion of the DDX27 low-expressing GC 
cell line, SNU638, upon transient overexpres-
sion of DDX27 (Figure 4A, data not shown). A 
number of possible reasons could have ac- 
counted for this. Firstly, in addition to DDX27 
overexpression, other gene alteration(s), such 
as overexpression, downregulation or mutation 
of other gene(s), might be required in order for 
GC cells to gain enhanced oncogenic abilities, a 
situation similar to co-occurrence of oncoge- 
nic ras and inactivation of TP53 [43], and co-
expression of MYC and BCL2 [44]. Secondly, 
the growth and survival of GC cells with low 
DDX27 expression might depend on a pathway 
other than the DDX27-related pathway. Thirdly, 
the level of expression in a cell might be critical 
in order for DDX27 to exert its oncogenic func-
tions, and transient overexpression of DDX27 
may not work well in SNU638 cells. In fact, it 
has been reported that an optimal level of over-
expression is required in order to achieve a 
gain-of-function phenotype for Nucleostemin, 
which functions as an oncogene in the nucleo-
lus [45]. These issues will need to be investi-
gated further by determining the mechanism 
whereby DDX27 contributes to colony forma-
tion by GC cells and the relationship between 
the level of DDX27 expression and its oncogen-
ic activity. Currently, we are investigating these 
possibilities as an independent project in our 
laboratory.

To determine whether the suppression of colo-
ny formation by DDX27 knockdown is mediated 
through induction of apoptosis or/and inhibi-
tion of cell cycle progression, we performed cell 
death detection using ELISA and FACS analy-
ses. Because proliferation of 44As3 and AGS 
cells was suppressed by DDX27 knockdown 
even in a short-term (96 h) proliferation assay 
(Figure 6A), we used these cell lines for apopto-
sis and cell cycle assays. Knockdown of DDX27 
did not affect the amount of cytoplasmic oligo-
nucleosomal fragment (Figure 6B), but caused 
significantly different patterns of cell cycle dis-
tribution in the two cell lines (Figure 6C). After 
transfection with DDX27 siRNA, AGS cells sh- 
owed an increased proportion of cells in G1 
phase and a decreased proportion in S and 
G2/M phase (Figure 6C, left), whereas 44As3 

arrowheads indicate p-HH3-positive cells. The proportion of p-HH3-positive cells was calculated by dividing the num-
ber of cells positive for p-HH3 by the number of nuclei stained with DAPI, counted by Image J 1.48v in 4 separate 
fields for each sample. *P<0.05. NS; not significant.
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cells showed a decreased proportion in S phase 
and an increased proportion in G2/M phase; 
aneuploid (>4N) cells were also observed 
(Figure 6C, right). Because the decrease in 
S-phase cells was common to both cell lines, 
we determined the rate of DNA synthesis after 
transfection with siRNAs. As shown in Figure 
6D, the rate of DNA synthesis was suppressed 
to a greater degree than the rate of cell prolif-
eration (the reduction in proliferation versus 
the DNA synthesis rate was 9.1% versus 36.7% 
and 29.1% versus 56% for AGS and 44As3, 
respectively). Furthermore, we found that the 
proportion of cells positive for pHH3, a marker 
of mitosis, was also commonly decreased in 
both AGS and 44As3 cells after knockdown of 
DDX27 (Figure 6E). These results suggest that, 
in GC cells, DDX27 may contribute to cell growth 
by regulating cell cycle progression indepen-
dently of apoptosis.

Knockdown of DDX27 does not affect the 
rates of pre-rRNA and global protein synthesis 
in GC cells

To address the biological function of DDX27, we 
analyzed the subcellular localization of DDX27 
in GC cells by immunocytochemistry. As shown 
in Figure 7A, DDX27 was localized in the nucle-
olus, consistent with the result of immunohisto-
chemistry (Figure 2A). In the nucleolus, rRNA is 
transcribed, processed and assembled with 
ribosomal proteins into large and small ribo-
somal subunits [46]. Therefore, we first tested 
the possibility that DDX27 might be involved in 
some of these processes and regulate global 
protein synthesis. However, DDX27 knockdown 
affected neither the rate of pre-rRNA transcrip-
tion as determined by qRT-PCR of 45S and 47S 
pre-rRNAs (Figure 7B), nor that of global protein 
synthesis in AGS and 44As3 cells (Figure 7C), 
suggesting that DDX27 may not function in the 
regulation of ribosomal biogenesis in GC cells. 

Aside from its role in ribosomal biogenesis, it 
has been reported that the nucleolus regulates 
TP53 accumulation in response to various 
stressors, such as DNA damage, ribosomal 
stress and oncogenic stress [47]. Therefore, we 
next tested the possibility that DDX27 may  
regulate the expression of TP53 through a 
stress response mechanism in the nucleolus. 
Sequencing analysis revealed that AGS and 
44As3 cells had wild-type and deleted TP53, 
respectively (data not shown). As shown in 
Figure 7D, while 44As3 never showed TP53 
expression even after transfection with si- 
DDX27, AGS showed substantial induction of 
TP53 with increased expression of CDKN1A, a 
molecule lying downstream of TP53, upon 
DDX27 knockdown, suggesting that G1 arrest 
in AGS cells (Figure 6C) may be attributable to 
accumulation of TP53 after transfection with 
siDDX27. Thus, our data suggest that DDX27 
may be involved in cell cycle control in GC cells 
through both TP53-dependent and indepen-
dent mechanisms.

Discussion

In this study, we showed that DDX27 is fre-
quently overexpressed in GC tissues and that 
its expression is an independent prognostic 
marker for patients with GC. Furthermore, 
knockdown of DDX27 reduced the ability of GC 
cells to form colonies in soft agar. Based on 
these results, we propose that DDX27 could be 
a novel target gene for GC with 20q13 gain. 
During the preparation of this manuscript, Zhou 
et al. performed an integrated analysis of 
mRNA, DNA copy number and methylation sta-
tus in GC tissues, and identified DDX27 as one 
of 126 multi-regulated genes [34]. Both we and 
they demonstrated upregulation of DDX27 in a 
substantial proportion of GCs using immuno-
histochemistry, confirming the upregulation of 
DDX27 in two independent data sets. In terms 

Figure 7. Knockdown of DDX27 has little effect on global protein synthesis, but induces TP53 in TP53 wild-type 
cells. A. Immunocytochemistry revealed that DDX27 co-localizes with FBL, a marker of the nucleolus, in 44As3 cells 
transfected with siCont. Knockdown of DDX27 completely diminished the nucleolar immunoreactivity for DDX27, 
suggesting the specific detection of nucleolar DDX27 by this antibody. B. To determine the rate of pre-rRNA tran-
scription, AGS and 44As3 cells transfected with siCont or siDDX27 for 48 h were subjected to qRT-PCR for the 47S 
and 45S pre-rRNA transcripts (n=3). The expression level of siCont-transfected cells was set at 1. NS; not significant. 
C. To determine the rate of global protein synthesis, AGS and 44As3 cells transfected with siCont or siDDX27 for 72 
h were subjected to [35S]methionine incorporation assay. Equal loading of the proteins are shown by staining with 
Coomassie brilliant blue (CBB). Intensities of protein bands labeled with [35S]methionine were not reduced after 
transfection with siDDX27, suggesting that the rate of global protein synthesis may not be affected by DDX27 deple-
tion. D. AGS and 44As3 cells transfected with siCont or siDDX27 for 72 h or 96 h were subjected to Western blot 
analysis using antibodies against DDX27, TP53, CDKN1A and tubulin, the latter being used as an internal control. 
NS; not significant.
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of the function of DDX27, we focused on its 
involvement in the metastatic phenotype of GC 
cells and showed that it contributed to cell col-
ony formation, whereas Zhou et al. focused on 
its role in the drug sensitivity of GC cells and 
concluded that depletion of DDX27 sensitizes 
GC cells to epirubicin and cisplatin [34]. Despite 
the difference in conclusions between the stud-
ies, the data from both groups suggest that 
expression of DDX27 might regulate important 
aspects of gastric carcinogenesis, such as 
metastasis and drug sensitivity, and serve as a 
useful diagnostic and therapeutic target.

In this study, we found that high expression of 
DDX27 in GC was associated with liver metas-
tasis. To undergo the whole process of metas-
tasis, which consists of multiple steps including 
intravasation, translocation from the primary 
site to a distant organ, extravasation and adap-
tation to the metastatic site, cancer cells must 
acquire the abilities to invade, survive and pro-
liferate from a single cell or a small cluster of 
cells [42]. We found that knockdown of DDX27 
reduced the ability of GC cells to form colonies, 
but had little effect on their invasiveness, sug-
gesting that DDX27 is involved in the colony-
forming ability of GC cells rather than their inva-
siveness. To date, although the mechanisms 
underlying the invasion of cancer cells into the 
surrounding stroma and their intravasation into 
the circulatory system have been relatively well 
established, the mechanisms involved in the 
subsequent steps, such as survival in the circu-
lation and colonization of the metastatic site, 
remain largely unknown, because most of the 
genes identified as being metastasis-related 
reportedly contribute to cancer cell invasive-
ness [48]. Therefore, clarifying the mechanism 
of how DDX27 regulates colony formation might 
provide a much better understanding of the 
process of GC cell metastasis.

DDX27 expression was also associated with 
venous invasion by GC cells. We judged venous 
invasion according to the Japanese Classi- 
fication of Gastric Carcinoma [35], in which 
cancer cells within veins of the gastric wall were 
considered to be venous positive. Generally, 
cancer cells within the veins of the gastric wall 
have been detected not as single cells but as 
cell clusters [35]. Although it has not yet been 
determined whether these clusters originate 
from a single intravasated cell in a manner sim-
ilar to that described previously [49] or from 
cells that have collectively invaded from prima-

ry sites [50], our data suggest that DDX27 may 
contribute to the intravascular proliferation of 
cancer cells to form cell clusters.

In this study, we found that suppression of col-
ony formation occurred through inhibition of 
the cell cycle, independently of apoptosis. It 
has been reported that Drs1p, the Sacch- 
aromyces cervisiae homologue of DDX27, local-
izes to the nucleolus and is required for matura-
tion of the 60S ribosomal subunit [51]. In fact, 
we also observed that, in GC cells, DDX27 local-
izes to the nucleolus, a nuclear compartment 
known to play a role in ribosomal biogenesis 
[46]. Therefore, we initially hypothesized that 
inhibition of GC cell growth by DDX27 depletion 
might be caused by suppression of protein syn-
thesis due to perturbation of ribosomal biogen-
esis. However, DDX27 depletion had little effect 
on protein synthesis in GC cells, suggesting 
that cell cycle inhibition by DDX27 depletion 
was not due to defects in protein synthesis. In a 
TP53 wild-type AGS cell line, knockdown of 
DDX27 induced G1 arrest accompanied by 
accumulation of TP53. It has been well docu-
mented that various types of nucleolus stress-
ors, such as DNA damage, ribosomal stress 
and oncogenic stress, induce accumulation of 
TP53 and apoptosis or G1 cell cycle arrest [47]. 
Initially, it would seem unlikely that DNA dam-
age would be a major cause of TP53 accumula-
tion because phospho-histone H2AX, a marker 
of DNA damage, was not observed for at least 
96 h after DDX27 knockdown (data not shown). 
Furthermore, ribosomal stress, which is report-
edly caused by disruption of ribosomal biogen-
esis [52], would also seem unlikely, because 
knockdown of DDX27 in AGS had little effect on 
either the rate of rRNA transcription or global 
protein synthesis, indicating that ribosome bio-
genesis remains intact after DDX27 knock-
down. Taken together, our data indicate that 
DDX27 may induce TP53-dependent cell cycle 
arrest in AGS cells through mechanisms other 
than a DNA damage response or ribosomal 
stress. On the other hand, in TP53-deleted 
44As3 cells, DDX27 depletion did not induce 
G1 arrest, but caused G2 arrest accompanied 
by an increase of aneuploid cells, leading to 
inhibition of cell cycle progression. Although 
the mechanisms underlying these cell cycle 
defects are largely unknown, DNA damage and 
ribosomal stress may not play a role, because 
knockdown of DDX27 induced neither accumu-
lation of phospho-histone H2AX nor suppres-
sion of global protein synthesis before the cell 
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cycle defects appeared (<96 h) in this cell line. 
To date, nucleolar proteins that have been 
reported to function in cell cycle control mainly 
exert their function through regulation of TP53 
stabilization [33, 53]. Because a large propor-
tion of solid tumors harbor mutation in TP53, 
clarification of the mechanism whereby DDX27 
regulates the cell cycle independently of TP53 
might yield a new strategy for finding a novel 
targetable pathway in GC.

Based on our present data, we speculate that 
targeting DDX27 or its related molecules might 
be effective in GC patients, because DDX27 is 
upregulated in a large proportion of GCs and 
knockdown of DDX27 inhibited colony forma-
tion by both TP53 wild-type and deleted cells, 
suggesting that selection of patients on the 
basis of TP53 status might not be necessary. 
Further studies will be required to explore the 
potential of DDX27 as a therapeutic target in 
GC patients.
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