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REC8 functions as a tumor suppressor and is epigenetically
downregulated in gastric cancer, especially in EBV-positive
subtype
J Yu1, Q Liang1, J Wang1, K Wang1, J Gao2, J Zhang1, Y Zeng1, PWY Chiu3, EKW Ng3 and JJY Sung1

REC8 meiotic recombination protein (REC8) was found to be preferentially methylated in gastric cancer (GC) using promoter
methylation array. We aimed to elucidate the epigenetic alteration and biological function of REC8 in GC. REC8 was downregulated
in 100% (3/3) of Epstein–Barr virus (EBV)-positive and 80% (8/10) of EBV-negative GC cell lines by promoter methylation, but the
expression could be restored through demethylation treatment. Protein expression of REC8 was significantly lower in human
primary gastric tumors than in adjacent non-tumor tissues. A negative correlation between methylation and mRNA expression of
REC8 was observed in 223 gastric samples of The Cancer Genome Atlas study (r=− 0.7018, Po0.001). The methylation level (%) of
the REC8 promoter was significantly higher in EBV-positive gastric tumors than in EBV-negative gastric tumors, as shown by bisulfite
genomic sequencing (77.6 (69.3–80.5) vs 51.4 (39.5–62.3), median (interquartile range); Po0.001); methylation levels in both
subtypes of tumors were significantly higher than in normal stomach tissues (14.8 (4.2–24.0)) (both Po0.001). Multivariate analysis
revealed that REC8 methylation was an independent factor for poor survival in GC patients (hazard ratio = 1.68, Po0.05). REC8
expression significantly suppressed cell viability, clonogenicity and cell cycle progression; it induced apoptosis and inhibited
migration of AGS-EBV (EBV-positive) and BGC823 (EBV-negative) GC cells, and it suppressed tumorigenicity in nude mice. In
contrast, knockdown of REC8 in gastric epithelial immortalized GES-1 cells significantly increased cell viability, clonogenicity and
migration ability. The tumor-suppressive effect of REC8 is mediated at least in part by the downregulation of genes involved in cell
growth (G6PD, SLC2A1, NOL3, MCM2, SNAI1 and SNAI2), and the upregulation of apoptosis/migration inhibitors (GADD45G and
LDHA) and tumor suppressors (PinX1, IGFBP3 and ETS2). In conclusion, REC8 is a novel tumor suppressor that is commonly
downregulated by promoter methylation in GC, especially in the EBV-associated subtype. Promoter methylation of REC8 is an
independent risk factor for the shortened survival of GC patients.
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INTRODUCTION
Gastric cancer (GC) is one of the most common malignant
tumors and remains the third leading cause of cancer-related
death worldwide.1 Evidence from us and others has shown that
epigenetic alterations, particularly the inactivation of tumor-
suppressor genes by promoter hypermethylation, have an
important role in the occurrence and development of GC.2–5

Epstein–Barr virus (EBV)-associated GC is a characteristic subtype
of GC, showing distinct clinicopathological features compared
with EBV-negative ones.6 Genome-wide EBV-associated DNA
hypermethylation has been revealed in GC by comparing
EBV-positive and -negative GCs.7–9 Some genes, such as PTEN,
CDH1, APC, SSTR1, TRABD and IHH, have been shown to be more
frequently methylated in EBV-positive GC than in EBV-negative GC
and to have tumor-suppressive functions.9–12

In a previous study, we compared the genome-wide methyla-
tion profiles between the GC cell line with stable EBV infection
(AGS-EBV) and its parental uninfected AGS cells using the
methylated DNA immunoprecipitation microarray (MeDIP-chip).7

The promoter of the gene, REC8 meiotic recombination protein
(REC8), was found to be methylated 23 times more in AGS-EBV
cells than in AGS cells. Further expressional screening revealed
that REC8 was downregulated or silenced in most GC cell lines,
including both EBV-positive and -negative GC cells. REC8 belongs
to the cohesin protein complex, which is essential for correct
chromosome disjunction and homologous recombination in the
mitotic and meiotic cycle.13 In thyroid cancer, REC8 has been
shown to be a tumor-suppressor gene that is epigenetically
regulated and robustly targeted by the phosphoinositide-3 kinase
pathway.14 Aberrant methylation of REC8 has also been detected
in the brain tissues of patients with schizophrenia.15 REC8
methylation has been found in small and malignant gastrointest-
inal stromal tumors, and patients with methylation of REC8,
PAX3, or CDKN2A had a significantly poorer prognosis.16 However,
the role of REC8 in GC remains elusive. Therefore, this study is
aimed to elucidate the expression and epigenetic regulation
of REC8 in GC, with particular attention to the EBV subtype of GC.
The biological function and molecular mechanism of REC8, as well
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as the clinical implication of its promoter methylation, were
further investigated.

RESULTS
REC8 was downregulated in GC cells by promoter methylation
REC8 was downregulated or silenced in 69.2% (9/13) of GC cell
lines, including 3 EBV-positive and 10 EBV-negative, as indicated
by reverse transcription PCR (RT–PCR) (Figure 1a). We then
characterized the methylation status of the REC8 promoter region
by bisulfite genomic sequencing (BGS). Results showed that
the REC8 downregulation or silencing was correlated with its
promoter methylation. All nine cell lines with silenced REC8
(BGC823, SNU638, SNU620, SNU719, NCI-N87, MKN45, MGC803,
MKN28 and AGS-EBV) showed full promoter methylation, while
other cells with active REC8 expression (YCCEL1, SNU16, KatoIII,
AGS and GES-1) showed no or only partial methylation (Figure 1b).
We further treated six cell lines with the DNA demethylation agent
5-Aza-2’-deoxycytidine (5-Aza). REC8 mRNA expression was
restored in the five cell lines with REC8 downregulated/methylated
(BGC823, SNU719, NCI-N87, MKN28 and AGS-EBV) but had no
effect in AGS with REC8 expression/unmethylated (Figure 1c),
further supporting the hypothesis that the transcriptional silen-
cing of REC8 is mediated by promoter methylation. These results
collectively demonstrated that the expression of REC8 is mainly
regulated by promoter methylation in GC cells.

Promoter of REC8 was hypermethylated in primary gastric tumors,
especially the EBV-positive subtype
As REC8 was downregulated in both EBV-positive and -negative
GC cell lines, we examined the expression and promoter
methylation of REC8 in both EBV-positive and -negative primary
GCs. Immunohistochemistry analysis showed that REC8 protein
expression was significantly reduced in gastric tumors as
compared with adjacent non-tumor tissues of Chinese patients
(Figure 2a). We retrieved methylation and mRNA expression data
on REC8 from 223 gastric samples available in The Cancer Genome
Atlas (TCGA) database. Linear regression analysis demonstrated a
significant negative correlation between REC8 promoter methyla-
tion and mRNA expression (R=− 0.7018, Po0.001; Figure 2b),
suggesting a pivotal regulatory role of promoter methylation on
REC8 expression in GC. We further compared the methylation
levels of REC8 in EBV-positive, EBV-negative primary gastric tumors
and normal stomach mucosa of Chinese subjects by BGS
(Figure 2c). REC8 promoter was methylated at significantly higher
levels in both EBV-positive gastric tumors (74.8 ± 3.9%, n= 13) and
EBV-negative gastric tumors (48.9 ± 4.3%, n= 18) as compared
with normal stomach mucosa (14.4 ± 2.0%, n= 24) (both
Po0.001); the methylation level was significantly higher in EBV-
positive tumors than in EBV-negative tumors (Po0.001)
(Figure 2d). Receiver Operating Characteristic (ROC) curve analysis
indicated that a cutoff value of 33.4% REC8 methylation could
discriminate gastric tumors from normal mucosa with a sensitivity
and specificity of 93.3% and 100%, respectively (area under the
ROC curve (AUC) = 0.96 (0.91–1.0)), and a cutoff value of 68.1%
could discriminate EBV-positive tumors from EBV-negative tumors
with a sensitivity and specificity of 84.6% and 94.1%, respectively
(AUC= 0.91 (0.78–1.0)) (Figure 2e). In all 31 cancer patients
(13 EBV-positive and 18 EBV-negative), linear regression analysis
showed that REC8 methylation was significantly associated with
positive EBV-encoded RNA (EBER) staining/EBV positivity (linear
coefficient: 23.73, 95% confidence interval: 10.72–36.74; P= 0.001)
but not with other clinicopathological features, such as age,
gender, Helicobacter pylori infection, histological type, differentia-
tion and tumor, node, metastasis (TNM) staging (Table 1). REC8 is
frequently methylated in GCs, with EBV infection being one of the
important factors for the high methylation level of REC8 promoter.

Clinicopathological features of REC8 promoter methylation
in GC patients
In order to delineate the clinical implications of REC8 promoter
methylation in GC patients, we quantitated the promoter
methylation levels of REC8 by BGS in 191 Chinese GC patients
with follow-up data (median survival time: 1.24 years). Analysis of
survival data was limited within a 5-year period to avoid the
probability of death not owing to GC. The cutoff value of 33.4%
was calculated using ROC curve analysis as the level that
maximizes the sum of sensitivity and specificity in discriminating
cancer from normal mucosa. Using this level, we found REC8 to be
methylated in 94.2% (180 of 191) cases of primary GCs. Using
Cutoff Finder for survival significance analysis,17 we classified the
191 GCs as low- and high-methylated using the cutoff value of
55%; the distribution histogram of which is shown in Figure 3a.
As shown in the Kaplan–Meier survival curves, Chinese GC patients
with high methylation of REC8 promoter, regardless of EBV
infection status, had a significantly shortened survival than those
with low methylation (P= 0.04, log-rank test; Figure 3a). There was
no correlation between low/high methylation of REC8 and
clinicopathological features, such as age, gender, H. pylori
infection status, Lauren type, differentiation and TNM stage
(Table 2). As an increase in survival was reported in patients
with EBV-positive GC compared with those of EBV-negative,6 we
performed survival analysis on EBV-negative GCs (n= 178). As
expected, high methylation of REC8 promoter was significantly

Figure 1. Transcriptional silencing of REC8 in GC is associated with
DNA methylation. (a) REC8 expression was determined by RT–PCR.
REC8 (normalized to β-actin) was silenced in 9 of the 13 detected GC
cell lines. (b) BGS analysis confirmed the methylation status of REC8
in GC cell lines. (c) The mRNA expression of REC8 was restored after
treatment with demethylation agent, 5-Aza.
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associated with shortened survival of patients with EBV-negative
GC (P= 0.01; Figure 3b), which was more obvious than in all
patients (Figure 3a).

High methylation of REC8 promoter is an independent predictor
of poor outcome in patients with GC
Using univariate and multivariate Cox regression analyses,
only REC8 methylation status and tumor stage, but not other
clinicopathological features (age, gender, H. pylori infection status,
Lauren type, differentiation), were found to be significantly

associated with the poor survival of all the 191 Chinese GC
patients (Table 3). Multivariate Cox regression analysis showed
that high methylation of the REC8 promoter, as an independent
predictor of poor survival in GC patients, showed a hazard
ratio (HR) of 1.68 (Po0.05). When only EBV-negative GCs (n= 178)
were considered, similarly only REC8 methylation status and
tumor stage were found to be significantly associated with
shortened patient survival, with an increased HR (1.86) as revealed
by multivariate Cox regression analysis for REC8 methylation
(Table 3).

Figure 2. Reduced REC8 expression by promoter methylation in primary gastric tumors. (a) REC8 protein expression was observed in non-
tumor normal tissues but not detected in gastric tumor tissues of Chinese patients by immunohistochemistry. (b) A negative correlation
between promoter methylation and mRNA levels of REC8 in the TCGA cohort of 223 gastric samples. R, correlation coefficient. (c and d)
Promoter methylation level of REC8 was determined in primary EBV-positive and -negative GCs and normal stomach tissues of Chinese
patients by bisulfite genomic sequencing. (e) ROC curve analysis showed that methylation level of REC8 could discriminate between GC and
normal mucosa, as well as EBV-positive and -negative gastric tumors.
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REC8 exerted an inhibitory effect on GC growth
To investigate the role of REC8 in GC, EBV-positive AGS-EBV
and EBV-negative BGC823 cells were transfected with REC8
expression vector or empty control vector. Overexpression
of REC8 was confirmed by western blotting (Figure 4a). REC8
expression significantly suppressed cell viability of both cell lines
as compared with the empty vector transfection (Po0.05;
Figure 4b). The growth-suppressive effect of REC8 was further
confirmed by the significantly reduced colony-formation ability of
REC8-overexpressed cells as compared with controls (Po0.05;
Figure 4c). Moreover, REC8 expression was found to significantly
suppress tumorigenicity in vivo (Po0.05; Figure 4d). These
results demonstrated that REC8 might function as a tumor
suppressor in GC.

REC8 suppressed migration and invasion ability, inhibited cell
cycle progression and induced apoptosis in GC cells
To further understand the tumor-suppressive role of REC8, we
next investigated the effect of REC8 overexpression on GC cell
migration using the monolayer scratch-healing assay and Matrigel
invasion assay. Overexpression of REC8 markedly slowed the
migration of AGS-EBV and BGC823 cells. Significant reduction in
wound closure was observed at 48 h in REC8-overexpressed cells
as compared with control cells for both cell lines (Po0.001;
Figure 5a). In addition, REC8 also significantly impaired the
invasiveness of BGC823 cells. These results demonstrated an
inhibitory effect of REC8 on GC cell migration and invasion.
We further analyzed the effect of REC8 on cell cycle distribution

and apoptosis by flow cytometry after propidium iodide staining
or dual staining with viability dye 7-aminoactinomycin D (7-AAD)
and Annexin V-fluorescein isothiocyanate. Ectopic expression of

REC8 led to a significant increase of cells in G1 phase (Po0.05)
and a significant reduction of those in S phase (Po0.05) in both
AGS-EBV and BGC823 cells (Figure 5b). Expression of REC8 also
significantly increased the apoptotic cell proportion in both cell
lines (Po0.05; Figure 5c). These results demonstrated that REC8
suppressed GC cell growth via inhibiting cell cycle progression
and inducing cell apoptosis.

Knockdown of REC8 promoted cell growth and migration
To further confirm the inhibitory effect of REC8 on GC cell growth,
we knocked down REC8 expression in the immortalized human
gastric epithelial mucosa cell line, GES-1, and the GC cell line, AGS,
which showed high endogenous expression of REC8. Successful
knockdown of REC8 was confirmed by western blotting after
stable transfection of the short hairpin RNA (shRNA)-REC8 vectors
(Figure 6a). Knockdown of REC8 significantly increased cell viability
in both GES-1 and AGS cells as compared with their controls
transfected with scrambled-shRNA vectors (Po0.01; Figure 6b).
The growth-enhancing effect of REC8 knockdown was further
supported by colony-formation assay. The colonies formed by
shRNA-REC8-transfected cells were significantly more in number
and larger in size as compared with those formed by control cells
(Po0.05; Figure 6c). Stable knockdown of REC8 also markedly
accelerated cell migration at the edges of scratch wounds
(Figure 6d). Quantitative analysis at 48 h indicated a significant
increase in the migration ability of GES-1 cells transfected with
shRNA-REC8 compared with the control cells (Po0.05). These
promoting effects on cell growth and migration by knockdown of
REC8 further confirmed the tumor-suppressive role of REC8 in GC.

Identification of genes modulated by REC8
To gain insight into the molecular mechanism underlying the
tumor-suppressive effect of REC8, the expression of 84 pivotal
genes involved in cancer pathways were analyzed by Human
Cancer Pathway complementary DNA (cDNA) array in AGS-EBV
cells with/without REC8 expression. REC8 was found to modulate
the expression of important genes involved in multiple cellular
processes, including proliferation, cell cycle, apoptosis, migration
and differentiation (Figure 7a). REC8 inhibited the cell proliferation
regulators (G6PD (glucose-6-phosphate dehydrogenase)
and SLC2A1) and apoptosis inhibitor (NOL3), while inducing the
expression of the apoptosis regulator (GADD45G) and tumor
suppressors (PinX1 (PIN2/TRF1-interacting telomerase inhibitor1),
IGFBP3 (insulin-like growth factor-binding protein 3) and ETS2),
which may ultimately inhibit cell proliferation and increase cell
apoptosis. REC8 also inhibited the cell cycle G1–S transition-
promoting regulator, MCM2, which may subsequently mediate cell
cycle arrest at G1–S transition. Moreover, REC8 reduced the
expression of two epithelial–mesenchymal transition promoters
(SNAI1 and SNAI2) and induced the migration inhibitor lactate
dehydrogenase A (LDHA), resulting in inhibited cell migration
ability.
We also examined some important effectors of proliferation, cell

cycle and migration by western blotting. Results showed that
REC8 suppressed the G1–S transition promoter (cyclin D1) and the
proliferation marker (proliferating cell nuclear antigen (PCNA)),
and it induced the G1 gatekeeper (p27), supporting the effect of
REC8 on blocking cell cycle progression at the G1–S checkpoint.
Consistent with increased apoptosis and reduced cell migration
ability by REC8, upregulation of pro-apoptotic regulators (cleaved-
caspase 7 and cleaved-PARP (poly (ADP-ribose) polymerase)) and
the cell-to-cell adhesion gene (E-cadherin) were also detected
(Figure 7b). The correlations between REC8 and its downstream
targets, as well as their association with the inhibition of
GC growth, are shown in Figure 7c. These results unveiled the
molecular mechanism by which REC8 had a tumor-suppressive
role in GC.

Table 1. Linear regression analysis of potential predictor for REC8
methylation in gastric cancer patients (with EBV status)

Variable β P-value

Age 0.404 0.215

Gender 0.706
Male 3.316
Female 1

H. pylori 0.493
Negative − 5.394
Positive 1

Lauren 0.057
Non-intestinal 19.292
Intestinal 1

Differentiation 0.342
Moderate or high − 7.592
Low 1

TNM stage
I − 5.354 0.783
IIa NA NA
III − 8.660 0.709
IV 1

EBER 0.001
Positive 23.727
Negative 1.00

Abbreviations: EBER, EBV-encoded RNA; EBV, Epstein–Barr virus; NA, not
available; TNM, tumor, node, metastasis. Linear regression analysis was
performed on 31 gastric cancer patients, including 13 EBV-positive and 18
EBV-negative. aNo case of TNM stage II was included. P-value o0.05 is
denoted in bold type.
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DISCUSSION
In this study, we confirmed that REC8 was downregulated in GC,
especially in the EBV-associated subtype, via promoter methyla-
tion. Clinical implications of REC8 promoter methylation
and functional importance of REC8 as a novel tumor suppressor
in GC were also elucidated.
We have previously investigated EBV-associated host gene

methylation in GC; REC8 was identified to be one of the
hypermethylated genes in EBV-positive GC cell line (AGS-EBV)
compared with EBV-negative AGS cell line. We further validated
the methylation level of REC8 promoter to be significantly higher
in EBV-associated gastric tumors as compared with EBV-negative
gastric tumors.7 Thus in this study, REC8 was further compared
between EBV-associated GC and EBV-negative GC. However,
we found that REC8 expression was absent or downregulated in
9 of the 13 GC cell lines, including both EBV-positive and -negative
cells. Inactivation of REC8 is directly associated with promoter
methylation as shown by BGS and expressional restoration by
demethylation agent treatment. Importantly, data from 223 GC
samples of the TCGA study showed a significant negative
correlation between methylation of the REC8 promoter and REC8
mRNA expression. We also detected silenced protein expression
and significantly higher level of promoter methylation in gastric
tumor samples as compared with normal gastric mucosa tissues in
Chinese patients. These results confirm direct downregulation of
REC8 by promoter methylation in GC. Notably, methylation level
was significantly higher in 13 EBV-positive gastric tumors than in
18 EBV-negative gastric tumors from Chinese patients. Linear
regression analysis in these samples further showed that EBV
infection status was the only factor associated with a higher REC8
methylation level (Table 1).
We further enlarged the sample size of Chinese patients with

gastric tumors for methylation-level quantification to investigate

Figure 3. Promoter methylation of REC8 in Chinese GC patients. (a) The distribution of the methylation levels in all 191 GC samples of Chinese
patients. High methylation level of REC8 (455%) significantly correlates with shortened survival in Chinese GC patients. (b) The distribution of
the methylation levels in 178 EBV-negative GCs. High methylation level of REC8 (455%) significantly correlates with shortened survival in
EBV-negative GC patients.

Table 2. Distribution of patient characteristics by methylation status
(all gastric cancer)

Variable High
methylation
(n= 56)

% Low
methylation
(n= 135)

% P-value

Mean age,
years± s.d.

55.89± 13.218 56.82±12.799 0.655

Gender 0.847
M 36 28.3 91 71.7
F 19 29.7 45 70.3

H. pylori 0.400
Positive 34 32.1 72 67.9
Negative 21 25.0 63 75.0

TNM 0.149
I 11 35.5 20 64.5
II 5 20.8 19 79.2
III 19 22.1 67 77.9
IV 11 36.7 19 63.3

Lauren 0.094
Intestinal 43 26.2 121 73.8
Non-intestinal 12 46.2 14 53.8

Differentiation 0.714
Low 33 31.1 73 68.9
Moderate or high 17 25.4 50 74.6

Abbreviations: F, female; M, male; TNM, tumor, node, metastasis.
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the clinical implication of REC8 promoter methylation. In a cohort
of 191 GCs, regardless of EBV status, 94.2% (180 of 191) cases
showed a methylation level 433.4%, the best cutoff value to
discriminate gastric tumor from normal mucosa (Figure 3a).
Using 33.4% as a cut point will group 94.2% (180 of 191) GC
cases as ‘methylated’ and the other 5.8% (11 of 191) cases as
‘unmethylated’. It would be meaningless to analyze the con-
sequences of methylation of the REC8 promoter by comparing the
180 methylated cases with only 11 unmethylated cases. Therefore,
we classified these cases into groups of ‘high methylation’ and
‘low methylation’ using 55% cutoff value by survival significance
analysis using the tool, Cutoff Finder. Although there was no
correlation between the REC8 low/high methylation and clinico-
pathological features, such as age, gender, H. pylori infection
status, Lauren type, differentiation and TNM stage, multivariate
Cox regression analysis revealed high methylation of REC8
promoter to be an independent predictor of poor survival in GC
patients (Table 3).
We quantitated the methylation level of the REC8 promoter by

direct Sanger sequencing of the PCR amplicons. As reviewed by
Mikeska et al.,18 when heterogeneous methylation comprising
multiple alleles with varied DNA methylation patterns (epialleles)
is present, direct bisulfite sequencing of PCR products could not
provide detailed information to characterize the heterogeneity of
a sample. Our method assessed only the average methylation
level of each CpG site within the PCR target region. The
methylation status of the REC8 promoter, either heterogeneously
methylated or comprising of a simple mixture of fully methylated
and unmethylated alleles in gastric tumors, may not influence its
value as a cancer biomarker. Poor peak quality with an increasing

nucleotide number may happen when direct bisulfite sequencing
is applied, especially for partially methylated samples.18 More
convenient methods for methylation quantitation, such as bisulfite
pyrosequencing and digital PCR approaches, should be developed
to better quantitate the promoter methylation of REC8 for clinical
implementation.
We then performed both gain- and loss-of-function experi-

ments to investigate the role of REC8 in GC. Expression of REC8
exhibited marked growth-suppressing effect in both EBV-positive
and -negative GC cells, whereas knockdown of REC8 significantly
induced cell growth by increasing cell viability and clonogenicity.
The growth-inhibitory effect of REC8 was further revealed to be
related to the induction of apoptosis and inhibition of cell cycle
progression by flow cytometry. The increased apoptosis induced
by REC8 was further revealed by upregulation of the activated
caspase-7 to stimulate the proteolytic cleavage of PARP
for apoptosis initiation. Cell cycle analysis revealed that REC8
expression inhibited G1–S transition, with a significant increase of
cells in G1 phase and decrease in S phase. The inhibition of cell
cycle progression by REC8 was further demonstrated by the
downregulated G1–S transition promoter (cyclin D1) and pro-
liferation marker (PCNA) and the upregulated G1 gatekeeper
(p27). Moreover, REC8 was observed to inhibit cell migration by
induction of the cell–cell adhesion molecule, E-cadherin. With the
similar functional results found in EBV-positive and -negative cell
lines, we infer that the silencing of REC8 by promoter methylation
has a similar role during gastric carcinogenesis in both
EBV-positive and -negative subtypes. Although EBV infection is
one of the multiple factors contributing to REC8 promoter
methylation, the significantly higher methylation level in

Table 3. Univariate and multivariate Cox regression analyses of potential poor prognostic factors for gastric cancer patients (all and EBV-negative
gastric cancers)

Variable All 191 cases 178 EBV-negative cases

Univariate Multivariate Univariate Multivariate

HR P-value HR P-value HR P-value HR P-value

Age 0.994 0.518 0.993 0.445

Gender 0.954 0.729
Male 1.013 1.086
Female 1 1

H. pylori 0.501 0.733
Positive 1.573 1.085
Negative 1 1

Lauren 0.939 0.102
Intestinal 0.004 0.616
Non-intestinal 1 1

Differentiation 0.137 0.994
Low 1.366 1.002
Moderate/high 1 1

TNM stage
I 0.217 o0.001 0.228 o0.001 0.199 o0.001 0.206 o0.001
II 0.084 o0.001 0.087 o0.001 0.090 o0.001 0.076 o0.001
III 0.280 o0.001 0.301 o0.001 0.291 o0.001 0.290 o0.001
IV 1 1 1 1

REC8 methylation 0.030 0.042 0.014 0.029
Yes 1.642 1.678 1.829 1.860
No 1 1 1 1

Abbreviations: EBV, Epstein–Barr virus; HR, hazard ratio; TNM, tumor, node, metastasis. P-values o0.05 are denoted in bold type.
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EBV-associated GC as compared with EBV-negative GCs might
lead to new insights into guiding the management of EBV-
associated GC.
We further elucidated the molecular basis of the tumor-

suppressive effect of REC8 using cancer pathway cDNA microarray.
We showed that REC8 exerted its antigrowth effect by inhibiting
the cell proliferation regulators (G6PD and SLC2A1) and apoptosis
inhibitor (NOL3), while inducing the expression of apoptosis
regulator (GADD45G) and tumor suppressors (PinX1, IGFBP3 and
ETS2). High levels of G6PD correlate with breast cancer metastasis
and contribute to in vivo tumor growth.19 The glucose transporter,
SLC2A1, has a vital role in glucose supply to cells, and PKA
and cAMP stimulate cell proliferation by elevating SLC2A1
expression.20 The nucleolar protein, NOL3, is an endogenous

inhibitor of apoptosis and promotes breast tumorigenesis and
metastasis.21 GADD45G inhibits cell growth and induces
apoptosis.22 PinX1 acts as a putative tumor suppressor
by inhibiting telomerase.23 IGFBP3 impedes aggressive growth
of pediatric liver cancer.24 A tumor-suppressor role has also been
revealed for ETS2 in human non-small cell lung cancer.25

Moreover, REC8 caused cell cycle arrest at G1–S transition by
inhibiting MCM2 and increasing PinX1. MCM2 is a cell cycle
regulator promoting cell transmission from G1 to S phase.26 PinX1
has also been reported to inhibit G1–S transition and cell
proliferation through the p16/cyclin D1 pathway in urothelial
carcinoma of the bladder.23

The antimigration function of REC8 may be mediated by
inhibiting epithelial–mesenchymal transition promoters SNAI1 and

Figure 4. REC8 overexpression inhibits the growth of GC cells. (a) Ectopic expression of REC8 in AGS-EBV and BGC823 cell lines was confirmed
by western blotting. (b) Overexpression of REC8 significantly reduced cell viability in GC cells. (c) Overexpression of REC8 significantly
suppressed colony formation. (d) REC8 significantly attenuated tumorigenicity of BGC823 cells in nude mice.
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SNAI2, which are involved in generating de-differentiated cells,
and inducing the migration inhibitor LDHA. SNAI1 and SNAI2 are
zinc finger transcriptional repressors that have been reported to
contribute to the aggressiveness of prostate cancer27 and

invasiveness of malignant breast cancer,28 respectively. LDHA
functions in anaerobic glycolysis. Attenuation of LDHA expression
in cancer cells affects cytoskeletal structure and cell migration.29

Therefore, REC8 has a tumor-suppressive function by modulating

Figure 5. REC8 suppressed the migration ability and cell cycle progression and induced apoptosis in GC cells. (a) Representative result of
scratch healing and invasion assays. (b) Expression of REC8 increased G1-phase cell population but decreased S-phase cell population, as
shown by flow cytometric analysis. (c) REC8 induced apoptosis in GC cells, as determined by flow cytometric analysis following Annexin V and
7-AAD staining. The experiments were performed three times independently. Data are mean± s.d. *Po0.05; **Po0.001; ***Po0.0001.
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the expression of important genes involved in multiple cellular
processes, including proliferation, cell cycle, apoptosis, migration
and differentiation.
In conclusion, we have identified that REC8 is a novel gene that

is silenced by promoter hypermethylation in GC, especially the
EBV subtype. REC8 has an important tumor-suppressive role in
gastric carcinogenesis by modulating the important effectors
involved in the regulation of cell proliferation, apoptosis, cell cycle
and migration. More importantly, a high level of promoter
methylation of REC8 is an independent risk factor for poor
prognosis in GC patients. Epigenetic silencing of REC8 may
contribute to the pathogenesis of GC.

MATERIALS AND METHODS
Cancer cell lines and culture condition
GC cell lines (AGS, NCI-N87, KatoIII) were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). AGS-EBV, an EBV-infected GC
cell line,30 was a gift from Dr Shannon C Kenney (Department of Oncology
and Medicine, McArdle Laboratory for Cancer Research at the University of
Wisconsin, Madison, WI, USA). MKN28, MKN45, SNU16, SNU620, SNU638
and SNU719 cell lines were obtained from the Korean Cell Line Bank
(Seoul, Korea). YCCEL1 was a gift from Sun Young Rha at Yonsei Cancer
Center, Yonsei University College of Medicine, Seoul, Korea. BGC823,
MGC803 and the immortalized normal human gastric epithelial cell line
GES-1 were gifts from Oncology Hospital, Beijing University, Beijing, China.
Cells were cultured in RPMI 1640, Dulbecco’s modified Eagle’s medium or

Figure 6. REC8 knockdown increased GC cell growth and migration. (a) Knockdown of REC8 was confirmed at the protein level in AGS and
GES-1 cells by western blotting. (b) REC8 knockdown significantly increased cell viability. (c) REC8 knockdown significantly promoted colony
formation. (d) Knockdown of REC8 enhanced GES-1 cell migration ability, as shown by wound-healing assay. All experiments were performed
three times independently. Data are mean± s.d.
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McCoy medium (Gibco BRL, Rockville, MD, USA) supplemented with 10%
fetal bovine serum (Gibco BRL).

Human samples
GC tissue samples were collected from the First Affiliated Hospital of Sun
Yat-sen University, Guangzhou, China from 1999 to 2006 and from the
Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin,
Hong Kong, from 2005 to 2013. The presence of EBV was determined by
detection of EBER carried out as previously reported by us.31 H. pylori status
was assessed by examining the Gram-negative curved bacilli on histology.4

All patients gave informed consent for participation in this study. This
study was approved by both the Clinical Research Ethics Committee of Sun
Yat-sen University and the ethics committee of the Chinese University of
Hong Kong.

Bisulfite genomic sequencing
BGS and combined bisulfite restriction analysis were performed to evaluate
methylation status. PCR amplification was performed with 2 μl bisulfite-
converted DNA. Direct Sanger sequencing of the PCR products was used
to evaluate methylation levels at multiple CpG sites. The proportion of
methylation was calculated as the peak ratio of cytosine to the sum of
cytosine and thymine at each site. Primers used are listed in our previous
study.7

Demethylation with 5-Aza agent treatment
GC cells were treated with 2 μM DNA demethylation agent 5-Aza (Sigma-
Aldrich, St Louis, MO, USA) for 5 days, and the medium was refreshed
every day.

Immunohistochemistry
Paired primary tumor and adjacent non-tumor samples were obtained
from 12 GC patients after surgical resection. Tissue types (tumor or normal)
were assessed by histological staining. The remaining tissue specimens
were fixed in 10% formalin and embedded in paraffin. Immunohistochem-
istry was performed on 5-μm paraffin sections using anti-REC8 antibodies
(Abcam, Cambridge, UK) as previously described.5,32 REC8 staining in the
nucleus and cytoplasm was evaluated by scanning the whole section and
counting 41000 representative cells.

RNA extraction, RT–PCR and quantitative PCR
Total RNA was extracted from cell pellets or tissues using Qiazol reagent
(Qiagen, Valencia, CA, USA), and cDNA was synthesized using Transcriptor
Reverse Transcriptase (Roche, Indianapolis, IN, USA). RT–PCR was
performed using the Go-Taq DNA polymerase (Promega, Madison, MI,
USA). Quantitative PCR was performed using SYBR Green master mixture
on HT7900 system (Applied Biosystems, Foster City, CA, USA). Primers used
are listed in our previous study.7

Correlation between REC8 promoter methylation and mRNA
expression
Methylation (HM450) and mRNA expression (RNA Seq V2 RSEM) data from
TCGA Stomach Adenocarcinoma (Provisional) study were retrieved at
cBioPortal (http://www.cbioportal.org/public-portal/index.do).33,34 In total,
223 TCGA gastric samples (follow-up time=1.18 (0.46–8.92) months,
median (interquartile range)) with both methylation and mRNA expression
data were included in this study. Linear regression was performed on
Log10 mRNA levels and methylation levels.

Figure 7. Molecular mechanism of the tumor-suppressive role of REC8 in GC. (a) Downstream effectors of REC8 were identified by Human
cancer pathway PCR array. (b) Expression of apoptotic, proliferative, migratory and cell cycle-related genes was evaluated by western blotting.
GAPDH was used as a loading control. (c) Schematic diagram of the molecular events for REC8’s function as a tumor suppressor through
regulating cell cycle, proliferation, apoptosis and migration effectors.
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Western blotting
Total protein was extracted and protein concentration was then measured
by the DC protein assay method of Bradford (Bio-Rad, Hercules, CA, USA).
Proteins were separated on sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred onto nitrocellulose membranes (GE
Healthcare, Piscataway, NJ, USA). Blots were immunostained with primary
antibodies overnight and then with secondary antibody at room
temperature for 1 h. Proteins of interest were visualized using ECL Plus
Western blotting Detection Reagents (GE Healthcare). Antibodies against
GAPDH (glyceraldehyde 3-phosphate dehydrogenase; sc-25778) and
E-cadherin (sc-21791) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against Cyclin D1 (no. 2978), p27
(no. 3686), Cleaved Caspase-7 (no. 9491) and Cleaved PARP (no. 5625) were
purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody
against PCNA (ab29) was purchased from Abcam.

Construction of vector and ectopic expression of REC8
Full length of the open reading frame of human REC8 was generated by
RT–PCR. The PCR products were confirmed by direct DNA sequencing and
cloned into a mammalian expression vector, pcDNA3.1 (Invitrogen,
Carlsbad, CA, USA). The sequence of the construct was further confirmed
by sequencing. The resulting expression vectors were transfected into cells
with low expression of REC8 (AGS-EBV and BGC823) using Lipofectamine
2000 (Invitrogen). Stably transfected cells were established under selection
with neomycin (G418) (Invitrogen). Empty vectors were used as control for
transfection.

Knockdown of REC8
A set of vectors carrying shRNAs against REC8 was purchased from Origene
(Rockville, MD, USA). The REC8-expressing cell lines GES-1 and AGS were
transfected with vectors carrying scrambled sequence (sh-scrambled) as
negative control. Knockdown efficiency was evaluated 48 h after transfec-
tion by western blotting. Puromycin (Invitrogen) was used to establish
stable knockdown cells for colony formation and cell viability assays.

Cell viability assay
Cell viability was assessed by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay (Promega).5 The experiments were
performed three times independently.

Colony-formation assay
Colony formation was performed as described previously.5 The experi-
ments were performed three times independently.

Cell cycle analysis
AGS-EBV and BGC823 cells transfected with REC8 expression vector or
empty vector were fixed in 70% ethanol–phosphate-buffered saline for
24 h and labeled with 50 μg/ml propidium iodide (BD Biosciences, Franklin
Lakes, NJ, USA). The cells were sorted by Fluorescence-Activated Cell
Sorting Calibur Flow Cytometer (BD Biosciences), and cell cycle distribu-
tions were analyzed using the ModFitLT software (BD Biosciences).

Apoptosis
Cell apoptosis was determined by staining cells with Annexin V and 7-AAD
(BD Biosciences) with subsequent flow cytometric analysis. Cell popula-
tions were counted as viable (Annexin V-negative, 7-AAD-negative),
early apoptotic (Annexin V-positive, 7-AAD-negative), late apoptotic
(Annexin V-positive, 7-AAD-positive) or necrotic (Annexin V-negative,
7-AAD-positive).

Cell migration assay
Cell migration was evaluated using wound-healing assay for three
independent experiments as previously described.5

In vivo tumorigenicity
BGC823 cells (1 × 107 cells in 0.1 ml phosphate-buffered saline) stably
transfected with REC8 expression vector or empty vector were injected
subcutaneously into the dorsal flank of 4-week-old male Balb/c nude mice
(n=5/group). Tumor diameter was measured every 2 days for 2 weeks.

Animal experimental procedures were approved by the Animal Ethics
Committee of the Chinese University of Hong Kong.

Human cancer pathway finder RT2 profiler PCR array
Gene expression profiles of GC cell lines AGS-EBV transiently transfected
with REC8 or control plasmid were analyzed by the Human Cancer
PathwayFinder RT2 Profiler PCR Array (Qiagen), which contained 84
well-characterized genes with representative roles in tumorigenesis.12

Statistical analysis
The results were expressed as mean± s.d. or median (interquartile range).
Mann–Whitney U-test was performed to compare the variables of the two
sample groups. ROC curve was used to estimate the cutoff value of the
methylation percentage. Methylation cutoff value was analyzed by survival
significance analysis using the tool Cutoff Finder (http://molpath.charite.
de/cutoff/).17 The difference in tumor growth rate between the two groups
of nude mice was determined by repeated-measures analysis of variance.
All statistical tests were performed using Graphpad Prism 5.0 (Graphpad
Software Inc., San Diego, CA, USA) or the SPSS program (version 17.0; SPSS,
Chicago, IL, USA). Value of Po0.05 was taken as statistical significance.

ABBREVIATIONS
7-AAD, 7-aminoactinomycin D; BGS, bisulfite genomic sequencing; cDNA,
complementary DNA; EBV, Epstein–Barr virus; GC, gastric cancer; PARP,
poly (ADP-ribose) polymerase; RT–PCR, reverse transcription PCR.
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