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Abstract As a tumor suppressor gene, RAS-association

domain family 2 (RASSF2) is inactivated by promoter

hypermethylation in different tumor cell lines and primary

tumors. However, the role of RASSF2 in esophageal

squamous cell carcinoma (ESCC) has remained uninves-

tigated. The aims of this study were to determine the role

and methylation status of RASSF2 in esophageal cancer

cell lines, ESCC tissues and white blood cells, and to

evaluate the potential prognostic role of RASSF2 in ESCC.

In the present study, we found frequent silencing of

RASSF2 and up-regulation of the gene by 5-Aza-dC

treatment in esophageal cancer cell lines. Aberrant

methylation of the CpG sites close to the transcription start

site induced silencing of RASSF2 expression and in vitro

methylation of RASSF2 led to a significant decrease in

luciferase activity. The results were further verified in

clinical specimens and aberrant methylation of the CpG

sites close to the transcription start site of RASSF2 was

found in ESCC tumor tissues and peripheral white blood

cells. Furthermore, RASSF2 hypermethylation was asso-

ciated with lower level of RASSF2 expression. ESCC

patients in stage III and IV, with negative expression or

hypermethylation of the CpG sites close to the transcription

start of RASSF2 demonstrated poor patient survival. Taken

together, our results suggest that RASSF2 may function as

a tumor suppressor gene that is inactivated through

hypermethylation of CpG sites close to the transcription

start site in ESCC and its expression or methylation may

have prognostic implications for ESCC patients.
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Introduction

As the eighth most common malignancy and the sixth

leading cause of cancer-related death worldwide, the

prevalence and death rate of esophageal cancer are con-

tinuously increasing and the overall prognosis for esopha-

geal cancer patients is poor [1, 2]. The 5-year survival rate

was only 19 % in 2001–2007 in the United States [3].

Esophageal squamous cell carcinoma (ESCC) is the pre-

dominant type of esophageal cancer and has a striking

geographic distribution in China, especially in some

counties bordering Henan, Hebei, and Shanxi Provinces

[4]. Smoking tobacco and drinking alcoholic beverages

explain nearly 90 % of ESCC cases in the United States

and other Western countries [5], but these exposures rep-

resent minor factors in high-risk populations in China.

There is a strong tendency toward familial aggregation of

ESCC in these high-risk areas [4]; however, a large pro-

portion of the etiology in these populations still remains

unexplained for the moment.

Ras proteins regulate a broad range of important sig-

naling pathways including MAPK, PI-3K, and Rho

GTPases. By interacting with a plenty of regulators and

downstream effectors, Ras exhibits a regulatory role in

various cellular responses, including cell morphology, cell

proliferation, and differentiation, apoptosis, and cell cycle
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arrest [6]. The RAS-association domain family (RASSF) is

defined as a negative effector of RAS and currently con-

sists of ten members, all characterized by the inclusion of

an RA-domain (RAS-association domain) at either their

C-terminus (RASSF1-6) or N-terminus (RASSF7-10) [7].

The well-characterized members of the RASSF family are

RASSF1A and RASSF5A. RASSF1A and RASSF5A have

been shown to act as tumor suppressor genes and be fre-

quently epigenetically inactivated in a broad range of

tumor cell lines and primary tumors [8, 9]. We also

detected epigenetic inactivation of RASSF1A and

RASSF5A in ESCC and gastric cardia adenocarcinoma in

our previous studies [10–13]. RASSF2 is structurally

related to RASSF1A and may also serve as a potential

tumor suppressor. RASSF2 binds to K-Ras in a GTP-de-

pendent manner via the effector domain and may serve as a

K-Ras-specific effector as it forms an endogenous complex

with K-Ras [14]. RASSF2 can interact with other

proapoptotic effectors and tumor suppressors, including

MST1/2 kinases and PAR-4, thereby regulating the path-

ways these effectors control [15–17].

Inactivation of RASSF2 by promoter hypermethylation

has been shown in different tumor cell lines and pri-

mary tumors, including oral squamous cell carcinoma,

nasopharyngeal carcinoma, neuroblastoma, colorectal,

breast, ovarian, gastric, cervical, thyroid, non-small cell

lung cancers, merkel cell carcinoma, and pancreatic ductal

adenocarcinoma, indicating the important role of RASSF2

as tumor suppressor gene in carcinogenesis [18–29]. It has

been well accepted that DNA methylation changes at the

tissue level may play an important role in tumorigenesis.

Recently, the investigations on gene-specific methylation

in white blood cells (WBC) and cancer risk are rapidly

emerging and support the potential for gene-specific

methylation measured in WBC as a biomarker of cancer

risk [30–33]. To our best knowledge, the roles of RASSF2

on ESCC progression and prognosis have not been inves-

tigated and the promoter methylation status of RASSF2 in

ESCC tissues and WBC has not been clarified. In the

present study, we examined the methylation status and

function of RASSF2 in esophageal cancer cell lines, ESCC

tumor tissues, and WBC, and further elucidate the role of

RASSF2 in the pathogenesis and prognosis of ESCC.

Materials and methods

Cell culture and treatment

The human esophageal cancer cell lines T.Tn, TE1, TE13,

and Yes-2 were cultured in RPMI-1640 medium (Invitro-

gen, Carlsbad, CA, USA) supplemented with 10 % heat-

inactivated FBS (Invitrogen, Carlsbad, CA, USA), 100

U/ml penicillin, and 100 lg/ml streptomycin. Human

HEEpiC cells, which are human normal esophageal

epithelial cells, were cultured according to the manufac-

turer’s instructions. Cells were seeded at a low density and

incubated for 24 h prior to treatment with DNA methyl-

transferase inhibitor 5-aza-20-deoxycytidine (5-Aza-dC).

All four esophageal cancer Cells and normal esophageal

epithelial cells (2 9 105/ml) were treated with 5 lmol/l

5-Aza-dC (Sigma, St Louis, MO, USA) for 72 h and

medium containing 5-Aza-dC was changed every 24 h.

The dose and timing of 5-Aza-dC was based on similar

preliminary study showing optimal reactivation of gene

expression [34]. Control cells received no drug treatment.

DNA and RNA were isolated from these cells treated or

untreated with 5-Aza-dC.

Patients and specimens

All study subjects were ethnically homogeneous Han

nationality and residents of Hebei Province and its sur-

rounding regions. Tumor and corresponding adjacent nor-

mal tissues were obtained from 118 ESCC cases, which

were all inpatients for surgical treatment in the Fourth

Affiliated Hospital, Hebei Medical University between the

years of 2007 and 2009. Twenty healthy controls were

recruited from the cancer-screening program for early

detection of upper gastrointestinal tumors in the same area

and during the same period. All of the healthy controls

were not diagnosed with cancer or precancerous lesions.

All subjects were interviewed by professional interviewers

for their gender, age, histopathological diagnosis, and

upper gastrointestinal cancers (UGIC) family history. The

patients included 86 males and 32 females, mean age

58.3 years (ranged from 37 to 76 years). Individuals with

at least one first-degree relative or at least two second-

degree relatives having esophageal/cardia/gastric cancer

were defined as having family history of upper gastroin-

testinal cancers (UGIC). Five milliliter of venous blood

from each subject was drawn in Vacutainer tubes con-

taining EDTA and stored at 4 �C. Tumor and correspond-

ing normal tissues of the patients were divided into two

parallel parts, one part were frozen and stored at -80 �C
until DNA and RNA was extracted, the other part were

formalin-fixed and paraffin-embedded. Histological tumor

typing of the cases was carried out on the basis of resected

specimens in the department of pathology of the same

hospital. Information on clinicopathologic characteristics

was available from hospital recordings and pathological

diagnosis. Recurrence and survival data were ascertained

through the Tumor Registry and Hospital chart review

(Supplementary Table 1). All patients were evaluated for

recurrent disease by examinations of tumor markers or by

diagnostic imaging, including computed tomography,
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ultrasonography, magnetic resonance imaging, and endo-

scopy, every 3–6 months. The study was approved by the

Ethics Committee of Hebei Cancer Institute and informed

consent was obtained from all recruited subjects.

RASSF2 mRNA expression via quantitative real-

time reverse transcription-polymerase chain

reaction (RT-PCR) assay

Total RNA was isolated from 5-Aza-dC treated and

untreated cell lines, frozen tumor and corresponding normal

tissues using Trizol reagent (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s recommended pro-

tocol and quantified by UV absorbance at 260–280 nm.

Two microgram of total RNA was reverse transcribed to

cDNA using the advantage RT-for-PCR kit (Clontech, Palo

Alto, CA, USA) with oligo (dT) priming as recommended

in the protocol. cDNA from each sample was used as

quantitative real-time RT-PCR template and primers for

RASSF2 were listed in Supplementary Table 2. The glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH) gene

was used as an internal control. SYBR Green PCR Master

Mix (Life Technology, Foster City, CA, USA) was used as

amplification reaction mixture. The PCR reaction was

conducted at 95 �C for 5 min and followed by 40 cycles of

95 �C for 30 s and 56 �C for 45 s in the Stepone Plus

Thermal Cycler (Applied Biosystems, Foster City, CA,

USA). The melting curve analysis was performed to con-

firm PCR product specificity. The expression levels of tar-

get genes were normalized with GAPDH using the 2-DDCT

method [35]. All experiments were repeated in triplicate.

RASSF2 protein expression in cancer cell lines

via western blot analysis

Proteinswere extracted from5-Aza-dC treated and untreated

cell lines by lysing the cells in ice-cold RIPA buffer. Total

cell lysates were prepared and 20 lg proteins were separated
in 12 % SDS-PAGE gel electrophoresis and analyzed by

Western blot analysis with mouse anti-human monoclonal

antibody for RASSF2 (1:200 dilution, Santa Cruz Biotech-

nology, SanDiego, CA, USA). To ensure equal loading in all

the lanes, the blot was stripped and probed with antibody

against housekeeping genes, anti-GAPDH.

Methylation analysis of RASSF2 via bisulfite

conversion-specific and methylation-specific

polymerase chain reaction (BS-MSP) method

Total DNA was isolated from 5-Aza-dC treated and

untreated cells using DNAzol (Invitrogen, Carlsbad, CA,

USA) according to manufacturer’s recommendation.

Genomic DNA from tumor and corresponding normal

sections was isolated from flash frozen tissues using a

simplified Proteinase K (Merck, Darmstadt, Germany)

digestion method. Five milliliter of venous blood from 118

ESCC cases (before surgery) and 20 healthy controls was

drawn in Vacutainer tubes containing EDTA and stored at

4 �C. Genomic DNA was extracted within 1 week after

blood collection by using proteinase K digestion method.

To examine the DNA methylation patterns, 1 lg of geno-

mic DNA was bisulfite modified using Epitect Fast Bisul-

fite Conversion Kits (Qiagen, Germany) according to the

manufacturer’s instructions. The methylation status of

RASSF2 was then determined by bisulfite conversion-

specific and methylation-specific polymerase chain reac-

tion method (BS-MSP) as described previously [36]. The

MethPrimer program [37] was used to determine the CpG

islands of RASSF2 and three regions (region 1: from -443

to -234 bp; region 2: from ?65 to ?376 bp; region 3:

from ?720 to ?884 bp) of RASSF2 were analyzed.

Briefly, BS-MSP consists of two-step PCR amplifications.

In the first step of BS-MSP, 100 ng of bisulfite-treated

DNA was amplified and a primer set that does not contain

any CpG but contains many cytosines of non-CpG sites at

the 30 position was used. Only the sequence that is fully

converted by bisulfite is amplified. The second step of BS-

MSP used the conventional MSP primer sets that contain

many cytosines of CpG sites at the 30 position specific for

methylated and unmethylated sequences. The primers and

reaction conditions were listed in Supplementary Table 2.

Genomic DNA, methylated in vitro by CpG methyltrans-

ferase (Sss I) following the manufacturer’s directions (New

England BioLabs, Beverly, MA, USA), was used as a

positive control and water blank was used as a negative

control. BS-MSP products were analyzed on 2 % agarose

gel with ethidium bromide staining, and were determined

to have methylation if a visible band was observed in the

methylation reaction. Reactions were performed in dupli-

cate with each of the samples.

RASSF2 luciferase constructs

To explore the transcriptional regulation of RASSF2, three

promoter reporter plasmids (RASSF2-R1 spanned the

-550 to ?150 bp; RASSF2-R2 spanned the -350 to

?150 bp; RASSF2-R3 spanned the -180 to ?150 bp)

were constructed. The amplified fragments were inserted

into the pGL3-basic vector (Promega, Madison, WI, USA)

between the KpnI and HindIII sites. These recombination

plasmids were then sequenced for confirmation.

Luciferase assay

1 9 105 T.Tn cells per well were seeded in 24-well dish

24 h before transfection. In all, 200 ng of RASSF2 deletion
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construct (RASSF2-R1 to R3), pGL3-control vector (pos-

itive control) or pGL3-basic vector (negative control)

constructs was cotransfected with 10 ng of pRL-TK vector

using lipofectamine 2000 (Invitrogen, Carlsbad, CA,

USA). Luciferase activity was measured with the Dual-

Luciferase Reporter Assay System (Promega, Madison,

WI, USA). Promoter activities were expressed as the ratio

of Firefly luciferase to Renilla luciferase activity and each

data point was done in triplicate.

In vitro DNA methylation

Construct pGL3-R3 was in vitro methylated as described

previously [38]. 200 ng of mock or SSI-treated vector were

transfected in T.Tn cells. After 48 h, luciferase and renilla

activity were assayed as described above.

RASSF2 protein expression in ESCC tissues

via immunohistochemical staining

RASSF2 protein expression in parallel histopathological

sections from paraffin-embedded tumor section and cor-

responding normal tissues was determined by immunostain-

ing using the avidin–biotin complex immunoperoxidase

method. Non-specific binding was blocked by treating the

sections with 1.5 % horse normal serum for 10 min, the

primary antibody against RASSF2 (1:200 dilution, mouse

anti-human monoclonal antibody, sc-376347, Santa Cruz

Biotechnology, San Diego, CA, USA) was then applied to

sections and incubated at 4 �C overnight. The sections were

further incubated with biotinylated secondary antibody and

ABC reagent. 0.5 % 3,30-diaminobenzidine (Sigma, St

Louis, MO, USA) was used as the chromagen. For a negative

control, the primary antibody was replaced with mouse IgG.

Slideswith positive staining ofRASSF2wereused as positive

control.

Immunohistochemical staining was evaluated according

to the staining extent and intensity as reported previously

[39]. Briefly, the score is the sum of the percentage of

positive cells (0, less than 25 % positive cells; 1, 26–50 %

positive cells; 2, 51–75 % positive cells, and 3, more than

75 % positive cells) and the staining intensity (0, negative;

1, weak; 2, moderate; 3, strong). Sums between 0 and 2

were scored as negative; sums of 3 and 6 were scored as

positive. All of the slides were examined and scored by

three independent experienced investigators without

knowledge of the patients’ clinical data.

Statistical analysis

Statistical analysis was performed with SPSS19.0 software

package (SPSS Company, Chicago, Illinois, USA). The

real-time RT-PCR results were expressed as the

mean ± S.D. Student’s t test was used to compare the

means between different groups. Chi square test was used

to analyze the relationship of gene methylation and protein

expression between ESCC tissues and corresponding nor-

mal tissues. Relationships between variables were tested by

Spearman correlation analysis. Survival curves were con-

structed by using the Kaplan–Meier method and the Log-

rank or the Breslow tests were used as needed for the

univariate comparison of RASSF2 expression and methy-

lation categories. Cox’s multivariate test applied in a

stepwise forward method was used to adjust for potentially

confounding variables (e.g., stage and UGIC family his-

tory) and to evaluate the role of RASSF2 as independent

predictors of patients’ prognosis. All statistical tests were

two sided; and P\ 0.05 was considered to be statistically

significant for all tests.

Results

Frequent silencing of RASSF2 and up-regulation

of the gene by 5-Aza-dC treatment in esophageal

cancer cell lines

The mRNA and protein expression of RASSF2 was

examined in four esophageal cancer cell lines and human

normal esophageal epithelial cells to determine the

expression status of RASSF2. As shown in Fig. 1a, when

we compared the levels of RASSF2 expression in human

normal esophageal epithelial cells (HEEpiC) with those in

ESCC cell lines (T.Tn, TE1, TE13, and Yes-2), we found

that mRNA expression of RASSF2 was remarkably

reduced or silenced in four esophageal cancer cell lines.

This finding was further confirmed by the results of western

blot analysis (Fig. 1b). However, treatment with 5-Aza-dC

increased the level of mRNA and protein expression of

RASSF2 in the four esohpageal cancer cell lines, which

indicated that aberrant methylation may be one of the

important mechanisms leading to the inactivation of

RASSF2 in esophageal cancer cell lines.

The aberrant methylation of RASSF2 induces

silencing of RASSF2 expression

As shown in Fig. 1c, 3 CpG islands are found to be located

in RASSF2 promoter and exon 1. Methylation status of

three regions of the CpG islands in RASSF2 was detected

according to the distribution of the CpG islands. As shown

in Fig. 1d, different degree of hypermethylation of three

regions of RASSF2 was respectively observed in four cell

lines. In particular, fully methylation of region 2 in T.Tn,

TE13, and Yes-2 cell lines was detected. After treatment
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with 5-Aza-dC, demethylation of three regions of RASSF2

was observed in the four cell lines, and unmethylation of

region 2 was especially detected in the four cell lines,

indicating that RASSF2 region 2 methylation may have

stronger effect in suppressing the expression of RASSF2 in

esophageal cancer cells.

Fig. 1 Expression and methylation status of RASSF2 in four human

esophageal cancer cell lines. a Relative expression of RASSF2 in four
esophageal cancer cell lines and human normal esophageal epithelial

cells treated or untreated with 5-Aza-dC. Asterisk compared with

untreated cells, P\ 0.05. b Protein expression of RASSF2 in treated

or untreated esophageal cancer cell lines and human normal

esophageal epithelial cells detected by Western-blot method.

c Schematic structure of RASSF2 CpG islands. Three CpG islands

of RASSF2 are shown and the BS-MSP regions analyzed is indicated.

d The methylation status of three regions of RASSF2 detected by BS-

MSP analysis in various cancer cell lines with or without 5-Aza-dC

treatment. M methylated, U unmethylated. e Luciferase activity of

promoter constructs. pGL3-control vector was used as a positive

(POS), and empty pGL3-basic vector as a negative control (EV).

RASSF2-R3 showed the highest relative luciferase activity. f In vitro

methylation of RASSF2-R3 led to a significant decrease in luciferase

activity
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In vitro methylation of RASSF2 leads to a significant

decrease in luciferase activity

Three constructs (RASSF2-R1 to R3) were designed for

functional characterization of the RASSF2 promoter. As

shown in Fig. 1e, RASSF2-R3 demonstrated the highest

relative luciferase activity which provided a potential

explanation for the importance of proximal promoter

methylation of RASSF2 on the control of RASSF2 tran-

scription. As a direct evidence for the role of methylation

in this region, in vitro methylation of RASSF2-R3 led to an

80 % decrease in luciferase activity (Fig. 1f).

Decreased mRNA and protein expression

of RASSF2 in clinical specimens

The mRNA and protein expression of RASSF2 was further

detected in 118 ESCC tumor tissues and corresponding

normal tissues. As shown in Fig. 2A, mRNA expression of

RASSF2 in ESCC tumor tissues was significantly

decreased compared to corresponding normal tissues

(P\ 0.01). When stratified for clinicopathologic charac-

teristics, RASSF2 mRNA expression was associated with

TNM stage, pathological differentiation, LN metastasis,

distant metastasis or recurrence, and UGIC family history

(P\ 0.05) (Fig. 2B).

RASSF2 staining was expressed diffusely in the cyto-

plasm and nucleus, mainly in cytoplasm (Fig. 2C). As

shown in Table 1, positive protein expression of RASSF2

in tumor tissues (34.7 %, 41/118) was significantly lower

than that in corresponding normal tissues (92.4 %,

109/118) (P\ 0.01). According to our scoring method, no

tumor tissues showed higher protein expression of RASSF2

than corresponding normal tissues. When stratified for

clinicopathologic characteristics, RASSF2 protein expres-

sion was associated with TNM stage, pathological differ-

entiation, LN metastasis, distant metastasis or recurrence,

and UGIC family history (P\ 0.05) (Table 2).

Aberrant methylation of RASSF2 in ESCC tumor

tissues and peripheral white blood cells

The methylation analysis was successfully performed in all

tissue specimens (Fig. 2D). As shown in Table 1, the

methylation frequency of 3 regions of RASSF2 in tumor

tissues (38.1 %, 45/118; 52.5 %, 62/118; 35.6 %, 42/118;

respectively) was significantly higher than that in corre-

sponding normal tissues (17.8 %, 21/118; 2.5 %, 3/118;

12.7 %, 15/118; respectively) (P\ 0.05). When stratified

for clinicopathologic characteristics, the methylation status

of region 1 and region 3 of RASSF2 was not associated

with any clinicopathologic features. However, the methy-

lation status of RASSF2 region 2 was associated with TNM

stage, pathological differentiation, LN metastasis, and

distant metastasis or recurrence (Table 2).

The methylation status of three regions of RASSF2 was

further detected in the peripheral white blood cell DNA of

118 ESCC cases and 20 healthy controls. The methylation

frequency of 3 regions of RASSF2 in ESCC WBC was

19.5 % (23/118), 36.4 % (43/118), and 16.9 % (20/118),

respectively; while aberrant methylation of 3 regions of

RASSF2 was not detected in the WBC of healthy controls.

Interestingly, we found that hypermethylation of 3 regions

of RASSF2 which occurred in ESCC WBC also occurred

in the corresponding tumor tissues. When stratified for

clinicopathologic characteristics, the methylation status of

region 1 and region 3 of RASSF2 in ESCC WBC was not

associated with any clinicopathologic features. However,

the methylation status of region 2 of RASSF2 in ESCC

WBC was associated with TNM stage, pathological dif-

ferentiation, and distant metastasis or recurrence

(Table 2).

Association between RASSF2 expression

and methylation status

RASSF2 mRNA expression in ESCC tumor tissues with

positive expression of RASSF2 protein was significantly

decreased compared to ESCC tumor tissues with negative

protein expression of RASSF2 (P\ 0.05). RASSF2

mRNA expression in ESCC tumor tissues where RASSF2

region 2 was methylated was significantly decreased

compared to that in ESCC tumor tissues without methy-

lation of this region (P\ 0.05), while there was no asso-

ciation between RASSF2 mRNA expression and region 1

and region 3 methylation in ESCC tumor tissues (P[ 0.05)

(Fig. 2E). The correlation of methylation of three regions

of RASSF2 and protein expression was shown in Table 3; a

close correlation was observed between RASSF2 region 2

methylation and the loss of protein expression of the gene

in ESCC (P\ 0.01).

Survival analysis of RASSF2 in ESCC

As shown in Fig. 3a, RASSF2 expression was positively

correlated with ESCC patients’ survival. In the RASSF2-

positive expression ESCC cases, the 5-year survival rates

were significantly longer as opposed to the RASSF2-neg-

ative expression ESCC cases (P\ 0.05; Log-rank test). As

shown in Fig. 3b, RASSF2 region 2 methylation was

inversely correlated with ESCC patients’ survival. In the

RASSF2-region 2 unmethylated ESCC cases, the 5-year

survival rates were significantly longer as opposed to the

RASSF2-region 2 methylated ESCC cases (P\ 0.05; Log-

rank test). ESCC cases with both negative expression and

region 2 hypermethylation of RASSF2 showed worse
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survival rates compared with the ESCC cases with both

positive expression and region 2 unmethylation of RASSF2

(Fig. 3c). When TNM stage and RASSF2 expression or

region 2 methylation status were combined to analysis,

ESCC patients in stage III and IV, with negative expression

or region 2 hypermethylation of RASSF2 were most likely

Fig. 2 Expression and methylation status of RASSF2 in ESCC

tissues. A Relative mRNA expression of RASSF2 in normal tissues

and corresponding ESCC tumor tissues. *P\ 0.05. B Relative

mRNA expression of RASSF2 in different subgroups. *P\ 0.05.

C Immunohistochemical staining of RASSF2 in ESCC tumor tissues

and corresponding normal tissues (SP 9400). a Positive staining of

RASSF2 in ESCC tissue; b negative staining of RASSF2 in ESCC

tissue; c positive staining of RASSF2 in normal tissue. D The

methylation status of three regions of RASSF2 determined by BS-

MSP analysis in ESCC tumor tissues. m methylated, u unmethylated.

E Relative mRNA expression of RASSF2 in the tumor tissues with

and without methylation of the three regions. *P\ 0.05
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to develop metastatic disease and also demonstrated the

worse survival (Fig. 3d, e).

Cox multivariate analysis was done using RASSF2

expression, methylation, tumor stage, as well as other

confounding variables such as patient age, gender and

UGIC family history. As shown in Table 4, TNM stages,

RASSF2 protein expression, and region 2 methylation were

independently associated with ESCC patients’ survival.

Discussion

RASSF2 was first identified by Vos et al. in the year of

2003. RASSF2 shows 28 % identity to that of RASSF1A

and 31 % identity to that of RASSF5A. RASSF2 lacks the

cysteine-rich domain of RASSF5A and RASSF1A [14].

RASSF2 resides at 20p13; this region has been demon-

strated to be frequently lost in human cancers. It has been

reported that RASSF2 is a novel K-Ras-specific effector

and potential tumor suppressor through inhibiting the

growth of tumor cells, impairing tumor xenograft forma-

tion in nude mice, and promoting tumor cell apoptosis and

cell cycle arrest [14]. Hesson et al. first investigated the

CpG island promoter methylation status of RASSF2 in

sporadic colorectal cancer, and they found that RASSF2

promoter region CpG island was hypermethylated in a

majority of colorectal tumor cell lines (89 %) and in pri-

mary colorectal tumors (70 %) [21]. Later after that,

inactivation of RASSF2 by promoter hypermethylation has

been shown in different tumor cell lines and primary

tumors [18–29]. However, the effect of RASSF2 in ESCC

has not been previously reported. In the present study, we

found frequent silencing of RASSF2 and up-regulation of

the gene by 5-Aza-dC treatment in esophageal cancer cell

lines; and aberrant methylation of the CpG sites close to the

transcription start site induced silencing of RASSF2

expression and in vitro methylation of RASSF2 led to a

significant decrease in luciferase activity. The results were

further verified in clinical specimens and aberrant methy-

lation of the CpG sites close to the transcription start site of

RASSF2 was found in ESCC tumor tissues and peripheral

white blood cells. The findings of the correlation between

RASSF2 expression, methylation and ESCC patients’ sur-

vival further identified the role of RASSF2 as tumor

suppressor gene and may be used as a useful marker of

ESCC tumor progression and poor prognosis.

The present study showed that mRNA and protein

expression of RASSF2 was lost or drastically downregu-

lated in most esophageal cancer cell lines. RASSF2 is a

predominantly nuclear protein, however, we found that

RASSF2 staining was expressed diffusely in the cytoplasm

and nucleus, mainly in cytoplasm. RASSF2 expression was

also detected in the cytoplasm and, in some cases, in the

nucleus in gastric cancer and squamous cervical cancer [25,

40, 41]. Maruyama et al. analyzed RASSF2 protein motifs

and found that RASSF2 carries three putative nuclear

localization signals (NLSs) in the N-terminal region adja-

cent to the RA domain. RASSF2 lacking the NLS was

found only in the cytoplasm, indicating its NLS is a key

determinant of the intracellular distribution of RASSF2.

Deletion of the NLS was also found to lead to induction of

apoptosis. Apparently, RASSF20s proapoptotic activity is

mediated by the cytoplasmic protein, and because RASSF2

interacts with Ras, which is localized in the cytoplasm, it

would seem reasonable that cytoplasmic RASSF2A pos-

sesses the tumor suppressor activity [25].

RASSF2 expression was remarkably restored following

treatment with a demethylating agent 5-Aza-dC in eso-

phageal cancer cell lines. We further detected the methy-

lation status of three regions according to the distribution

of CpG islands. In esophageal cancer cell lines with lost or

drastically downregulated RASSF2 expression such as

T.Tn, TE13, and Yes-2, the CpG sites of region 2 was

completely methylated. The findings that the hypermethy-

lation of proximal promoter in RASSF2 can efficiently

influence transcriptional activity of the gene further veri-

fied the importance of the CpG sites close to the tran-

scription start site of RASSF2 in influencing the

transcription activity of the gene. In ESCC tumors,

methylation in the 50- (region 1) and 30- (region 3) furthest

regions within the CpG islands was frequently detected in

both tumor tissues and corresponding normal tissues,

however, methylation near the transcription start sites (re-

gion 2) appeared to be mostly cancer-specific. These

findings are similar to the investigations of Endoh et al. in

gastric cancer [24], indicating that the pattern of spread of

methylation, initially at the outskirts of CpG islands and

then progressing to regions critical for gene silencing,

Table 1 Protein expression and

methylation status of RASSF2

in ESCC tumor tissues and

corresponding normal tissues

Group N Protein expression Methylation frequency

Region 1 Region 2 Region 3

n (%) P n (%) P n (%) P n (%) P

Normal tissues 118 109 (92.4) 21 (17.8) 3 (2.5) 15 (12.7)

Tumor tissues 118 41 (34.7) \0.001 45 (38.1) 0.001 62 (52.5) \0.001 42 (35.6) \0.001
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Table 2 Immunohistochemical staining characteristics and methylation status of RASSF2 in ESCC tissues

Group N Protein expression Methylation frequency

Region 1 Region 2

Tissues Blood Tissues Blood

n (%) P n (%) P n (%) P n (%) P n (%) P

Age

\50 26 8 (30.8) 11 (42.3) 6 (23.1) 15 (57.7) 11 (42.3)

C50 92 33 (35.9) 0.630 34 (37.0) 0.620 17 (18.5) 0.601 47 (51.1) 0.551 32 (34.8) 0.481

Gender

Male 86 29 (33.7) 31 (36.0) 18 (20.9) 48 (55.8) 33 (38.4)

Female 32 12 (37.5) 0.702 10 (31.2) 0.627 5 (15.6) 0.518 14 (43.8) 0.243 10 (31.3) 0.475

TNM stage

I ? II 60 27 (45.0) 20 (33.3) 10 (16.7) 25 (41.7) 16 (26.7)

III ? IV 58 14 (24.1) 0.017 25 (43.1) 0.275 13 (22.4) 0.431 37 (63.8) 0.016 27 (46.6) 0.025

Pathological differentiation

Well/moderate 71 30 (42.3) 26 (36.6) 13 (18.3) 31 (43.7) 20 (28.2)

Poor 47 11 (23.4) 0.035 19 (40.4) 0.677 10 (21.3) 0.690 31 (65.9) 0.018 23 (48.9) 0.022

Depth of invasion

T1/2 42 18 (42.9) 14 (33.3) 7 (16.7) 19 (45.2) 13 (30.9)

T3/4 76 23 (30.3) 0.169 31 (40.8) 0.425 16 (21.0) 0.565 43 (56.6) 0.238 30 (39.5) 0.357

LN metastasis

Negative (N0) 24 13 (54.2) 7 (29.2) 4 (16.7) 7 (29.2) 5 (20.8)

Positive (N1/2/3) 94 28 (29.8) 0.025 38 (40.4) 0.311 19 (20.2) 0.695 55 (58.5) 0.010 38 (40.4) 0.075

Distant metastasis or recurrence

Negative 64 29 (45.3) 23 (35.9) 11 (17.2) 27 (42.2) 17 (26.6)

Positive 54 12 (22.2) 0.009 22 (40.7) 0.593 12 (22.2) 0.492 35 (64.8) 0.014 26 (48.1) 0.015

Family history of UGIC

Negative 70 30 (42.9) 25 (35.7) 13 (18.6) 32 (45.7) 22 (31.4)

Positive 48 11 (22.9) 0.025 20 (41.7) 0.513 10 (20.8) 0.761 30 (62.5) 0.073 21 (43.7) 0.172

Group Methylation frequency

Region 3

Tissues Blood

n (%) P n (%) P

Age

\50 10 (38.5) 5 (19.2)

C50 32 (34.8) 0.729 15 (16.3) 0.725

Gender

Male 31 (36.0) 16 (18.6)

Female 11 (34.4) 0.866 4 (12.5) 0.432

TNM stage

I ? II 18 (30.0) 8 (13.3)

III ? IV 24 (41.4) 0.197 12 (20.7) 0.287

Pathological differentiation

Well/moderate 23 (32.4) 10 (14.1)

Poor 19 (40.4) 0.372 10 (21.3) 0.308

Depth of invasion

T1/2 13 (30.9) 6 (14.3)

T3/4 29 (38.2) 0.434 14 (18.4) 0.566
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might be common to various types of methylation-related

gene silencing. Cancer-specific hypermethylation near the

transcription start site resulting in gene silencing, may be

used as a diagnostic marker of malignancy in tissues or

other samples, such as peripheral white blood cells, serum

or ascites.

In cancer and other diseases, aberrant DNA methylation

has beenwidely observed at the tissue level. Data onwhether

DNAmethylation changes in white blood cells can serve as a

useful biomarker for different health outcomes are much

more limited, but rapidly emerging. Peripheral blood cell

DNA may contain epigenetic information, which is a valu-

able predictive marker of an individual’s risk of developing

cancer [42]. Gene-specific methylation in WBC and cancer

risk have mostly focused on selected genes such as BRCA1,

IGFII, SFRP1 for breast cancer and colon cancer [30–33]. In

the present study, aberrant methylation of three regions of

RASSF2 was not detected in the peripheral WBC of healthy

controls, however, hymethylation of CpG sites in three

regions especially region 2 of RASSF2 was detected

in peripheral WBC. Furthermore, the ESCC cases with

hypermethylation of region 2 in peripheral WBC all

demonstrated hypermethylation of this region in ESCC

tumor tissues. These results support the potential for gene-

specific methylation measured in peripheral WBC as a bio-

marker of cancer risk.

Our and others investigations have shown that methy-

lation patterns of tumor suppressor genes may be useful to

assess clinical outcomes of carcinomas or response to

chemotherapeutic agents [11–13, 43]. A combination of

RASSF1A and RASSF2 methylation was found to be sig-

nificantly associated with poor disease-free survival (DFS)

after radiotherapy in oral squamous cell carcinoma [18].

Squamous cervical cancer patients with RASSF2 hyper-

methylation had shorter survival time, independent of

tumor stage [41]. RASSF2 methylation correlated with

poor overall survival in Ewing sarcoma and this association

was more pronounced in patients under the age of 18 years

[44]. In the present study, we showed that RASSF2

expression and methylation was correlated with ESCC

patients’ survival. ESCC patients with simultaneous neg-

ative protein expression and hypermethylation of RASSF2

demonstrated poor patient survival. Thus, RASSF2

Table 2 continued

Group Methylation frequency

Region 3

Tissues Blood

n (%) P n (%) P

LN metastasis

Negative (N0) 6 (25.0) 3 (12.5)

Positive (N1/2/3) 36 (38.3) 0.225 17 (18.1) 0.515

Distant metastasis or recurrence

Negative 20 (31.3) 9 (14.1)

Positive 22 (40.7) 0.283 11 (20.4) 0.363

Family history of UGIC

Negative 23 (32.9) 11 (15.7)

Positive 19 (39.6) 0.453 9 (18.8) 0.666

Table 3 The association of

RASSF2 protein expression and

methylation status in ESCC

cases

Group Protein expression

? – P

Region 1 methylation

M 12 33

U 29 44 0.148

Region 2 methylation

M 10 52

U 31 25 \0.001

Region 3 methylation

M 11 31

U 30 46 0.147

M methylated, U unmethylated

cFig. 3 Kaplan–Meier univariate survival analysis of RASSF2 expres-

sion and methylation in ESCC cases. a Showing a direct correlation

between negative RASSF2 expression and poor patient survival.

b Showing consistently a direct correlation between RASSF2

methylation and poor patient survival. c ESCC cases with simulta-

neous negative protein expression and methylation of RASSF2

showing poor patient survival. d ESCC cases in stage III and IV and

with negative expression of RASSF2 showing poor patient survival.

E. ESCC cases in stage III and IV and with methylation of RASSF2

showing poor patient survival
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expression and methylation may also have prognostic

implications for ESCC patients.

In conclusion, RASSF2 may act as a tumor suppressor

gene that is inactivated through hypermethylation of CpG

sites close to the transcription start site in ESCC and its

expression or methylation may serve as prognostic bio-

marker for ESCC.
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