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Methylation of DACT2 accelerates esophageal cancer development 
by activating Wnt signaling
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ABSTRACT
Esophageal cancer is one of the most common malignancies worldwide. DACT2 

is frequently methylated in human lung, hepatic, gastric and thyroid cancers. 
The methylation status and function of DACT2 remain to be elucidated in human 
esophageal cancer. Ten esophageal cancer cell lines, 42 cases of dysplasia and 
126 cases of primary esophageal cancer samples were analyzed in this study. The 
expression of DACT2 was detected in YES2 cells, while reduced DACT2 expression 
levels were found in TE8 and KYSE70 cells, and complete loss of DACT2 expression 
was found in KYSE30, KYSE140, KYSE150, KYSE410, KYSE450, TE3 and TE7 cells. 
Loss of expression or reduced expression of DACT2 correlated with promoter region 
hypermethylation in esophageal cancer cells. Restoration of DACT2 expression 
was induced by 5-aza-2′-deoxycytidine. In human primary esophageal squamous 
carcinoma, 69% (87/126) of samples were methylated. Methylation of DACT2 was 
significantly associated with tumor stage and metastasis (P < 0.01, P < 0.05). DACT2 
suppressed colony formation, cell migration and invasion in esophageal cancer cells, 
and it also suppressed esophageal cancer cell xenograft growth. DACT2 inhibited 
Wnt signaling in human esophageal cancer cells. In conclusion, DACT2 is frequently 
methylated in human esophageal cancer and its expression is regulated by promoter 
region methylation. DACT2 suppresses esophageal cancer growth by inhibiting Wnt 
signaling.

INTRODUCTION

Esophageal cancer is the sixth leading cause of 
cancer-related mortality and the eighth most common 
cancer worldwide. The 5-year overall survival ranges 
from 15% to 25% [1]. Squamous cell carcinoma is the 
predominant histological type of esophageal carcinoma 
in the world. The incidence of esophageal carcinoma 
varies widely by region [2]. In northern and central China, 
the incidence of esophageal Squamous cell carcinoma 
(ESCC) is more than 100 cases per 100,000 population 

annually [3]. In the past three decades, the incidence 
of esophageal SCC has declined, while the incidence 
of esophageal adenocarcinoma has been progressively 
increasing [4]. Tobacco and alcohol consumption are 
risk factors for ESCC. The combination of tobacco and 
alcohol consumption further increases the risk of SCC 
[5]. Gastro-esophagus reflux disease (GERD), obesity, 
Barrett’s esophagus, and tobacco use are risk factors for 
esophageal adenocarcinoma. Nitrosamine exposure is a 
risk factor for both esophageal squamous carcinoma and 
adenocarcinoma. Risk has been demonstrated to decrease 
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in patients with a history of Helicobacter pylori infection 
[6–9]. Both genetic and epigenetic changes are involved in 
the development of esophageal cancer [10–12]. 

The Wnt signaling pathway is reported to be involved 
in many phases of vertebrate embryonic development 
and the initiation and progression of human esophageal 
cancer [13–15]. Activation of the Wnt signaling pathway 
may cause accumulation of β-catenin in the cytoplasm 
and leads to its further translocation into the nucleus 
to regulate the downstream genes [16, 17]. Dapper is a 
Dishevelled-associated antagonist of β-catenin (DACT). 
It was identified by screening proteins that interacted with 
Dishevelled, a key factor in the Wnt signaling pathway 
[18]. Human DACT2 was identified by Katoh et al., and 
it is located on human chromosome 6q27 [19]. DACT2 
silencing by promoter region hypermethylation was 
detected in many tumor types including lung, gastric, 
hepatocellular and thyroid cancers [20–23]. The epigenetic 
changes and functions of DACT2 in human esophageal 
cancer remain to be elucidated. Therefore, in this study, we 
analyzed the epigenetic changes and functions of DACT2 
in human esophageal ESCC.

RESULTS

The expression of DACT2 is down-regulated by 
promoter region hypermethylation in human 
ESCC

The expression of DACT2 was detected by semi-
quantitative RT-PCR in human esophageal cancer cells. 
DACT2 expression was detected in YES2 cells, while 
expression of DACT2 was reduced in TE8 and KYSE70 
cells, and no expression was detected in KYSE30, 
KYSE140, KYSE150, KYSE410, KYSE450, TE3 and 
TE7 cells (Figure 1A). The promoter region methylation 
was examined by Methylation-Specific PCR (MSP). 
Complete methylation was found in KYSE30, KYSE140, 
KYSE150, KYSE410, KYSE450, TE3 and TE7 cells, and 
partial methylation was found in TE8 and KYSE70 cells. 
Unmethylation was found in YES2 cells (Figure 1B). 
These results indicated that loss or reduced expression of 
DACT2 is correlated with promoter hypermethylation in 
esophageal cancer cell lines. To further determine whether 
the expression of DACT2 was regulated by promoter 
region methylation, 5-aza-2′-dexycytidine (5-Aza) was 
used in this study. As expected, re-expression of DACT2 
was found in KYSE30, KYSE140, KYSE150, KYSE410, 
KYSE450, TE3 and TE7 cells after 5-Aza treatment, and 
increased expression of DACT2 was detected in TE8 and 
KYSE70 cells (Figure 1A). These results demonstrated 
that DACT2 expression is regulated by promoter region 
methylation in human esophageal cancer cells.

To validate the efficiency of the MSP primers, 
bisulfite sequencing was employed. Dense methylation was 
observed in the promoter region of DACT2 in KYSE150 

and KYSE450 cells, while partial methylation was detected 
in KYSE70 cells and unmethylation was found in YES2 
cells (Figure 1C). The above results further suggest that 
the expression of DACT2 is regulated by promoter region 
methylation.

DACT2 is frequently methylated in human 
primary esophageal cancer

The methylation status of DACT2 was detected by 
MSP in 126 cases of primary ESCC, 42 cases of dysplasia 
and 27 cases of normal esophageal mucosa. 69% (87/126) 
of primary esophageal cancer samples, 35.7% (15/42) of 
dysplasia samples were methylated and no methylation 
(0/27) was found in normal esophageal mucosa. The 
frequency of DACT2 methylation was increased in 
progression tendency during esophageal development 
(P < 0.001) (Figure 2A and 2B). Methylation of DACT2 
was significantly associated with tumor stage and lymph 
node metastasis (Table 1, P < 0.01, P < 0.05), while no 
association was found between DACT2 methylation 
and gender, age, differentiation and tumor size (all 
P > 0.05). The expression of DACT2 was evaluated by 
immunohistochemistry in 50 cases of available matched 
esophageal ESCC and adjacent tissue samples. The 
staining intensity and extent of the stained area were 
scored using the German semi-quantitative scoring 
system. DACT2 staining was existed in both the nucleus 
and cytoplasm (Figure 2C). The expression level of 
DACT2 was significantly reduced in can cer tissue samples 
compared with adjacent tissue samples (Figure 2D, 
P < 0.001). Reduced expression was found in 39 cases of 
cancer tissue. Among the 39 cases in which reduced levels 
of DACT2 were detected, 31 cases were methylated. The 
reduced expression of DACT2 was significantly associated 
with promoter region hypermethylation (Figure 2E, 
P < 0.05). These results indicate that the expression of 
DACT2 is regulated by promoter region methylation in 
primary esophageal cancer.

DACT2 suppresses esophageal cancer cell 
proliferation

To evaluate the effect of DACT2 expression on cell 
growth, the MTT assay was employed. The OD values 
were 0.464 ± 0.024 vs. 0.326 ± 0.012 (P < 0.001) and 
0.658 ± 0.037 vs. 0.56 ± 0.016 (P < 0.001) before and after 
restoration of DACT2 expression in KYSE150 cells and 
KYSE450 cells, respectively. Cell viability was reduced 
after restoration of DACT2 expression in KYSE150 and 
KYSE450 cells. The effect of DACT2 on cell growth was 
further validated by knocking down DACT2 in YES2 
cells. The OD values were 0.787 ± 0.022 vs. 0.876 ± 
0.033 (P < 0.001) before and after knockdown DACT2 in 
YES2 cells (Figure 3A). Cell viability was increased after 
knockdown of DACT2 in YES2 cells.
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To evaluate the effect of DACT2 on clonogenicity in 
esophageal cancer, we performed a colony formation assay. 
The clone number was 58.3 ± 7.6 vs. 21.3 ± 4.2 (P < 0.01) 
in KYSE150 cells and 201.3 ± 24.2 vs. 63.7 ± 13.1 
(P < 0.001) in KYSE450 cells before and after restoration 
of DACT2 expression. The number of clones was reduced 
after re-expression of DACT2 in KYSE150 and KYSE450 
cell lines. The effect of DACT2 on clonogenicity was 
further validated by knocking down DACT2 in YES2 
cells. The clone number was 129.3 ± 17.0 vs. 200.3 ± 
4.5 (P < 0.01) before and after knockdown of DACT2 in 
YES2 cells (Figure 3B). These results suggest that DACT2 
inhibits the proliferation of esophageal cancer cells.

DACT2 induced G2/M phase arrest in 
esophageal cancer cells 

To analyze the effect of DACT2 on the cell cycle, 
flow cytometry was employed. The distribution of 
cell phases in DACT2 unexpressed and re-expressed 
KYSE150 cell lines was 42.02 ± 1.96% vs. 25.21 ± 2.62% 
in G0/G1 phase, 39.70 ± 0.59% vs. 41.29 ± 1.74% in S 
phase, and 18.28 ± 1.38% vs. 33.49 ± 2.47% in G2/M 
phase. The G2/M phase was significantly different before 
and after re-expression of DACT2 in KYSE150 cells  
(P < 0.001). In KYSE450 cells, the cell phase distribution 
was 50.54 ± 1.65% vs. 41.76% ± 1.37% in G0/G1 phase,  

Figure 1: The expression of DACT2 is regulated by promoter region methylation in esophageal cancer cell lines.  
(A) The expression of DACT2 was detected by semi-quantitative RT-PCR. H2O: negative control. GAPDH: internal control. 5-Aza: 5-aza-
2′-dexycytidine; -: absence of 5-Aza; +: presence of 5-Aza. (B) MSP results in esophageal cancer cell lines. IVD: in vitro methylated 
DNA (methylation control); NL: lymphocyte DNA (unmethylation control); U: unmethylated alleles; M: methylated alleles. (C) Bisulfite 
Sequencing results: Double-headed arrow indicates the region of the MSP product. Filled circles: methylated CpG sites; open circles: 
unmethylated CpG sites. TSS: transcription start site.
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35.37 ± 1.95% vs. 38.75 ± 2.47% in S phase, and 14.74 ± 
1.42% vs. 19.59 ± 1.62% in G2/M phase before and after 
restoration of DACT2 expression. The G2/M phase was 
significantly different before and after re-expression 
of DACT2 in KYSE450 cells (P < 0.05). The effect of 
DACT2 on cell cycle was further validated by knocking 
down DACT2 in DACT2 highly expressed YES2 cells. 
The distribution of cell phases was 65.54 ± 1.96% vs. 
68.49 ± 0.40% in G0/G1 phase, 24.33 ± 0.98% vs. 23.13 ± 
0.17% in S phase, and 10.13 ± 0.97% vs. 8.37 ± 0.30% in 
G2/M phase. The G2/M phase was significantly reduced 
by knocking down DACT2 in YES2 cells (P < 0.05, 
Figure 3C). To further validate the effect of DACT2 on 
G2/M phase, the levels of cyclinB1, CDC2 and p-CDC2 
(Y15) were examined by western blot in KYSE150 and 
KYSE450 cells before and after re-expression of DACT2. 
The expression levels of cyclinB1 and CDC2 were 
reduced, and the levels of p-CDC2 (Y15) were increased 
after re-expression of DACT2. The levels of cyclinB1, 
CDC2 and p-CDC2 (Y15) were examined as well before 
and after knockdown of DACT2 in YES2 cells. The levels 
of cyclinB1 and CDC2 were increased, and the levels of 
p-CDC (Y15) were reduced after knockdown of DACT2 
in YES2 cells. These results indicate that the expression 
of cyclinB1 and CDC2 was suppressed by DACT2, and 
DACT2 promotes phosphorylation of CDC2 in esophageal 
cancer cells (Figure 5A). Above results that DACT2 induced 
G2/M phase arrest in human esophageal cancer cells.

DACT2 suppresses cell migration and invasion 
in esophageal cancer cells

To evaluate the effects of DACT2 on cell migration 
and invasion, the transwell and wound healing assays 
were employed. Under the transwell assay, the number 
of migratory cells was 100.67 ± 1.53 vs. 52.33 ± 7.51 
for KYSE150 cells and 295 ± 8.72 vs. 99.67 ± 8.39 for 
KYSE450 cells before and after restoration of DACT2 
expression. The cell number was reduced significantly 
after re-expression of DACT2 in KYSE150 and KYSE450 
cells (P < 0.001 for both, Figure 4A). The number of 
migratory cells was 208.67 ± 16.29 vs. 350 ± 10 before 
and after knockdown of DACT2 in YES2 cells. The cell 
number was increased significantly after knockdown of 
DACT2 in YES2 cells (P < 0.001, Figure 4A). These 
results suggested that DACT2 suppresses esophageal 
cancer cell migration. The number of invasive cells was 
184 ± 9.54 vs. 70.33 ± 3.79 for KYSE150 cells and 104 
± 15.10 vs. 61 ± 5.57 for KYSE450 cells before and 
after restoration of DACT2 expression. The invasive cell 
number was reduced significantly after re-expression of 
DACT2 in KYSE150 and KYSE450 cells (P < 0.001,  
P < 0.01, respectively, Figure 4A). The number of invasive 
cells was 198.33 ± 7.64 vs. 353.33 ± 12.58 before and 
after knockdown of DACT2 in YES2 cells. The invasive 
cell number was increased significantly after knockdown 
of DACT2 in YES2 cells (P < 0.001, Figure 4A). These 

Table1: Clinic-pathological features and DACT2 methylation status in esophageal cancer patients
Methylation status

Clinical parameter NO. Methylated n = 87 Unmethylated n = 39 P value*
Gender
Male 91 59 32 p = 0.099
Female 35 28 7
Age
≥ 60 81 56 25 p = 0.98
< 60 45 31 14
Differentiation
Moderately/Well 70 49 21 p = 0.796
Poorly 56 38 18
Tumor stage
I/II 83 65 18 p = 0.002**
III/IV 43 22 21
Metastasis
Positive 57 33 24 p = 0.014*
Negative 69 54 15
Tumor size
≥ 5 cm 51 33 18 p = 0.385
< 5 cm 75 54 21

*P values are obtained from χ2 test, significant difference, *P < 0.05, **P < 0.01.
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results suggest that DACT2 suppresses esophageal cancer 
cell migration and invasion. The cell migration ability was 
evaluated by the wound healing assay as well in KYSE150 
and KYSE450 cells. As shown in Figure 4B, cell migration 
was sharply suppressed after re-expression of DACT2 in 
KYSE150 and KYSE450 cells. While cell migration was 
promoted after knockdown of DACT2 in YES2 cells. 
To further explore the mechanism of DACT2 on cell 
migration, the expression levels of MMP2 and MMP9 
were detected by western blot. As shown in Figure 4C, 
the expression levels of MMP2 and MMP9 were reduced 
after re-expression of DACT2 in KYSE150 and KYSE450 
cells. MMP-2 and MMP-9 expression was increased by 

knocking down DACT2 in YES2 cells. Taken together, 
the above results demonstrate that DACT2 suppresses 
esophageal cancer cell invasion and migration.

DACT2 inhibits Wnt signaling in human 
esophageal cancer cells 

DACT2 is reported to suppress lung, gastric and 
thyroid cancers by inhibiting Wnt signaling [20, 22, 23]. 
The mechanisms of DACT2 in esophageal cancer were 
analyzed in this study. As shown in Figure 5A, the 
expression of total β-catenin has no changes before and 
after re-expression of DACT2 in KYSE150 and KYSE450 

Figure 2: The methylation and expression status of DACT2 in primary esophageal cancer. (A) Representative methylation 
results of DACT2 in normal esophageal mucosa (NE), esophageal dysplasia (ED) and esophageal cancer (EC). (B) DACT2 methylation 
frequency in NE, ED and EC. The frequency of DACT2 methylation was analyzed by chi-square test. ***P < 0.001. (C) Representative 
IHC staining of DACT2 in esophageal cancer (left panels) and adjacent tissue (right panels). Upper panels: ×200; lower panels: ×400.  
(D) DACT2 expression scores are shown as box plots, horizontal lines represent the median score; the bottom and top of the boxes represent 
the 25th and 75th percentiles, respectively; vertical bars represent the range of data. Expression of DACT2 was different between adjacent 
tissue and esophageal cancer tissue in 50-matched primary esophageal cancer samples. ***P < 0.001. (E) The expression level of DACT2 
and DNA methylation status is shown as a bar diagram. Reduced expression of DACT2 was significantly associated with promoter region 
hypermethylation. *P < 0.05.
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cells, or before and after knockdown of DACT2 in YES2 
cells. While, the levels of active-β-catenin and c-Myc 
were reduced after re-expression of DACT2 in KYSE150 
and KYSE450 cells, and the levels of p-β-catenin were 
increased after re-expression of DACT2 in KYSE150 and 
KYSE450 cells. The levels of active-β-catenin and c-Myc 
were increased and the level of p-β-catenin was reduced 
by knocking down DACT2 in YES2 cells. These results 
demonstrate that DACT2 suppresses esophageal cancer 
growth by inhibiting Wnt signaling.

DACT2 suppresses human esophageal cancer 
cell xenograft growth 

To further explore the impacts of DACT2 on 
esophageal cancer growth, a xenograft mouse model 
was established (Figure 5B). DACT2 unexpressed and 
re-expressed KYSE150 cells were inoculated into nude 

mice subcutaneously. As shown in Figure 5C, the tumor 
volume was 615.06 ± 164.23 mm3 in DACT2 unexpressed 
KYSE150 cell xenografts and 406.02 ± 73.87 mm3 in 
DACT2 re-expressed KYSE150 cell xenografts. The 
tumor volume was significantly smaller in DACT2 re-
expressed KYSE150 cell line xenografts compared to 
DACT2 unexpressed KYSE150 cell line xenografts (P < 
0.05, Figure 5C). The tumor weight was 0.27 ± 0.11 g  
and 0.12 ± 0.03 g in DACT2 unexpressed and re-
expressed KYSE150 cell xenografts. The tumor weight 
was significantly different between these groups (P < 0.05, 
Figure 5D). To further validate the expression of DACT2 
and p-β-catenin in vivo, the expression of DACT2 and 
p-β-catenin was examined by IHC staining in xenograft 
tumors. DACT2 was expressed in DACT2 re-expressed 
KYSE150 cell xenografts, and it was unexpressed in 
DACT2 silenced KYSE150 cell xenografts (Figure 5E, 
upper panels). The level of p-β-catenin increased 

Figure 3: DACT2 inhibits cell proliferation and induces G2/M phase arrest in esophageal cancer cells. (A) The effect 
of DACT2 on cell viability was measured by the MTT assay for 72 hours. Each experiment was repeated three times. ***P < 0.001. (B) 
Colony formation assays show that clone number is reduced after restoration of DACT2 expression in KYSE150 and KYSE450 cells, as 
well as colony formation results in YES2 cells before and after knockdown of DACT2. Each experiment was repeated three times. ***P < 
0.001, **P < 0.01. (C) Cell phase distribution in DACT2 unexpressed and re-expressed KYSE150 and KYSE450 cells, as well as cell phase 
distribution before and after knockdown of DACT2 in YES2 cells. Each experiment was repeated three times. ***P < 0.001, *P < 0.05.
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in DACT2 re-expressed KYSE150 cell xenografts 
(Figure 5E, lower panels). The above results suggest that 
DACT2 suppresses esophageal cancer cell growth in vivo.

DISCUSSION

Dapper was first identified as a Dishevelled associated 
antagonist of Wnt signaling in Xenopus, and it was 
demonstrated to inhibit both the canonical Wnt/β-catenin 
pathway and the noncanonical Wnt/c-Jun NH2-terminal 

kinase pathway(JNK) [18]. In zebrafish, Dapper2 (DACT2) 
acts as an enhancer of noncanonical Wnt signaling and has 
no effect on canonical Wnt/β-catenin signaling [24]. Su et al.  
reported that the effect of Dapper2 in mice was similar to 
zebrafish where it targets the TGF-β type I receptor ALK5 
for degradation and has minor effects on canonical Wnt/β-
catenin signaling [25]. Our previous studies demonstrated 
that DACT2 suppresses tumor proliferation by inhibiting 
canonical Wnt signaling in human hepatic, lung, thyroid 
and gastric cancers [20, 22, 23, 26].

Figure 4: DACT2 suppresses esophageal cancer cell invasion and migration. (A) Transwell results show cell migration and 
invasion in DACT2 unexpressed and re-expressed KYSE150 and KYSE450 cells, as well as migration and invasion of YES2 cells before 
and after knockdown of DACT2. Each experiment was repeated three times. ***P < 0.001, **P < 0.01. (B) Wound healing assay results 
in DACT2 unexpressed and re-expressed KYSE150 and KYSE450 cells, as well as the wound healing results in YES2 cells before and 
after knockdown of DACT2. Each experiment was repeated three times. (C) Western blot results in DACT2 unexpressed and re-expressed 
KYSE150 and KYSE450 cells, as well as YES2 cells before and after knockdown of DACT2. 
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Our present study mainly focused on the epigenetic 
regulation and function of DACT2. We found that 
DACT2 is methylated in 35.7% of esophageal squamous 
dysplasia and 69% of human primary esophageal 
squamous cancer samples tested, and the expression of 
DACT2 is regulated by promoter region methylation. 
These data suggest that DACT2 methylation may serve 
as an esophageal cancer early detection marker, and 
methylation of DACT2 is involved in esophageal cancer 
development. The association of DACT2 methylation 

with tumor stage suggests that methylation of DACT2 
is related to esophageal cancer progression. As DACT2 
methylation is associated to metastasis, it suggests that 
DACT2 methylation may serve as a prognostic marker 
in ESCC. Our further investigation found that DACT2 
suppresses esophageal cancer growth both in vitro and  
in vivo, indicating that it acts as a tumor suppressor in 
human esophageal cancer. In vitro study suggests that 
DACT2 induced G2/M phase arrest. To further understand 
the mechanism of DACT2 on cell cycle, the key regulators 

Figure 5: DACT2 inhibits Wnt signaling in esophageal cancer cell lines and a xenograft mouse model. (A) The expression 
levels of DACT2, active-β-catenin, p-β-catenin, total β-catenin, c-Myc, p-CDC2 (Y15), CDC2 and cyclin B1 were detected by western 
blot in DACT2 unexpressed and re-expressed KYSE150 and KYSE450 cells. The results were validated by knocking down DACT2 in 
YES2 cells. (B) Representative results of DACT2 re-expressed and unexpressed KYSE150 cell xenograft tumors in mice. (C) The tumor 
growth curve of DACT2 re-expressed and unexpressed KYSE150 cells. *P < 0.05. (D) The average weight of DACT2 re-expressed 
and unexpressed tumors. *P < 0.05. (E) The expression of DACT2 (upper panels) and p-β-catenin (lower panels) in re-expressed and 
unexpressed KYSE150 cell xenografts by IHC. Magnification: ×400.
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in G2/M checkpoint were analyzed in human esophageal 
cancer cells. The cyclin B1-Cdk1 (Cyclin Dependent 
Kinase 1, also known as cell division control protein 
kinase 2, CDC2) complex is a key regulator of mitotic 
entry [27]. A large number of proteins are phosphorylated 
by the cyclin B1-Cdk1 complex prior to mitotic entry, 
which initiates the mitotic events [28–30]. The kinase 
activity of Cdk1 requires phosphorylation of the threonine 
residue at 161 (T161) within the T-loop of Cdk1, and 
the phosphorylation is mediated by Cdk1-activating 
kinase [31]. In contrast to T161, dual phosphorylation 
at T14 and Y15 results in inactivation of Cdk1 [32]. 
Our study found that the expression levels of cyclin 
B1 and CDC2 were reduced, and the levels of p-CDC2 
(Y15) were increased after re-expression of DACT2 in 
DACT2 unexpressed cells. The levels of cyclin B1 and 
CDC2 were increased, and the levels of p-CDC (Y15) 
were reduced after knockdown of DACT2 in DACT2 
highly expressed YES2 cells. These results suggest that 
DACT2 inhibits cyclin B1 and CDC2 expression and 
promotes CDC2 phosphorylation at Y15. Wnt signaling 
plays a central role in development and carcinogenesis 
[33–35]. Our previous studies found DACT2 inhibits Wnt 
signaling in other cancers. Wnt signaling is suggested 
to inhibit β-catenin phosphorylation, thus inducing the 
accumulation of cytosolic β-catenin, which associates with 
the TCF/LEF (T cell factor/lymphocyte enhancer factor) 
family of transcription factors to activate Wnt/β-catenin-
responsive genes [36–38]. The c-Myc proto-oncogene 
(Myc), a Wnt/β-catenin target gene, may promote the 
cell cycle [39, 40]. In this study, the expression of total 
β-catenin has no changes before and after re-expression 
of DACT2 in KYSE150 and KYSE450 cells, or before 
and after knockdown of DACT2 in YES2 cells. While, the 
levels of active-β-catenin and c-Myc were reduced after 
re-expression of DACT2 in KYSE150 and KYSE450 
cells, and the levels of p-β-catenin were increased after re-
expression of DACT2 in KYSE150 and KYSE450 cells. 
The levels of active-β-catenin and c-Myc were increased 
and the level of p-β-catenin was reduced by knocking 
down DACT2 in YES2 cells. These results further suggest 
that DACT2 suppresses esophageal cancer growth by 
inhibiting canonical Wnt signaling. Our previous findings 
also demonstrated that DACT2 inhibits TGF-β activity by 
lysosomal inhibitor-sensitive degradation of ALK4 and /or 
ALK5, the TGF-β receptor [41]. We conclude from these 
combined results that DACT2 suppresses esophageal 
cancer growth by inhibiting both Wnt signaling and TGF-β 
inhibiting. However, it remains to be elucidated which 
signaling pathway is primarily involved in the initiation of 
esophageal carcinogenesis and which signaling pathway 
is responsible for esophageal cancer progression and 
metastasis driven by DACT2.

In conclusion, DACT2 is frequently methylated in 
human esophageal cancer. The expression of DACT2 is 
regulated by promoter region methylation. Methylation 
of DACT2 is significantly associated with tumor stage 

and metastasis. DACT2 suppresses esophageal cancer 
development by inhibiting the Wnt signaling pathway.

MATERIALS AND METHODS

Human tissue samples and cell lines

A total of 126 cases of esophageal cancer, 42 cases 
of dysplasia samples and 27 cases of normal esophageal 
mucosa from patients without cancer were collected 
from the Chinese PLA General Hospital in Beijing. 
Snap-frozen fresh tissue samples were collected by 
surgery resection. All samples were collected under the 
guidelines approved by the institutional review board at 
the Chinese PLA General Hospital. Among the patient 
cases, 91: cases were male and 35 cases were female. The 
median age was 62.5 years old (range 46–87 years old). 
All cancer samples were classified according to the TNM 
staging system (AJCC2010), which included tumor stage 
I (n =4), stage II (n = 79), stage III (n = 42), and stage 
IV (n = 1). Ten esophageal cancer cell lines (KYSE30, 
KYSE70, KYSE140, KYSE150, KYSE450, KYSE140, 
TE3, TE7, TE8 and YES2) were included in this study. All 
esophageal cancer cell lines were previously established 
from primary esophageal cancer and maintained in 90% 
RPMI media 1640 (Invitrogen, CA, USA) supplemented 
with 10% fetal bovine serum. Cells were passaged 1:3 
when total confluence (~106 cells) was reached in a 75 cm2  
culture flask (NEST Biotechnology, Jiangsu, China).

5-aza-2′-deoxycytidine treatment

Esophageal cancer cell lines were split to a low 
density (30% confluence) 12 hours before drug treatment. 
Cells were treated with 5-aza-2′-deoxycytidine (Sigma, 
MO, USA) at a concentration of 2 µM. Growth medium, 
which included 5-aza-2′-deoxycytidine at 2 µM, was 
exchanged every 24 hours for total of 96 hours of 
treatment. 

RNA isolation and semi-quantitative RT-PCR

Total RNA was isolated by Trizol reagent (Life 
Technology, MD, USA). Agarose gel electrophoresis 
and spectrophotometric analysis were used to check 
RNA quality and quantity. Total RNA (5 µg) was 
used to synthesize first strand cDNA according to the 
manufacturer’s instructions (Invitrogen, Carlsbad, CA). 
The reaction mixture was diluted to 100 µl with water, and 
2.5 µl of diluted cDNA mixture was added to each 25 µl 
PCR reaction. The DACT2 PCR primer sequences were 
as follows: 5′-GGC TGA GAC AAC AGG ACA TCG-
3′ (F) and 5′-GAC CGT CGC TCA TCT CGT AAAA-
3′ (R). Products were amplified for 35 cycles. GAPDH 
was amplified for 25 cycles as an internal control. The 
primers for GAPDH were as follows: 5′-GAC CAC AGT 
CCA TGC CAT CAC-3′ (F), and 5′-GTC CAC CAC CCT 
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GTT GCT GTA-3′ (R). The amplified PCR products were 
examined by 1.5% agarose gels.

Bisulfite modification, methylation-specific PCR 
and bisulfite sequencing

Genomic DNA was extracted by the proteinase K 
method. The bisulfite modification assay was performed 
as previously described[42]. MSP primers were designed 
according to genomic sequences around the transcription 
start sites (TSS) and synthesized (BGI, Beijing, China) to 
detect unmethylated (U) and methylated (M) alleles. MSP 
primers were as follows: 5′-GCG CGT GTA GAT TTC 
GTT TTT CGC-3′ (MF) and 5′-AAC CCC ACG AAC 
GAC GCCG-3′ (MR); 5′-TTG GGG TGT GTG TAG 
ATT TTG TTT TTT GT-3′ (UF) and 5′-CCC AAA CCC 
CAC AAA CAA CAC CA-3′ (UR). The expected sizes 
of unmethylated and methylated products were 161 bp 
and 152 bp, respectively. Bisulfite-treated DNA was also 
amplified using bisulfite sequencing (BSSQ) primers that 
included the MSP region. The sequencing primers were as 
follows: 5′-GGG GGA GGT YGY GGT GAT TT-3′ (F) and 
5′-ACC TAC RAC RAT CCC AAC CC-3′ (R). Bisulfite 
sequencing was performed as previously described [43].

Immunohistochemistry 

Immunohistochemistry (IHC) was performed in 
primary esophageal cancer and paired adjacent tissue 
samples. DACT2 antibody was diluted to 1/400 dilution 
(Cat: TA306668, OriGene Tech., MD, USA). The staining 
intensity and extent of the stained area were scored using 
the German semi-quantitative scoring system. The staining 
intensity of DACT2 expression was quantified as follows: 
no staining = 0; weak staining = 1; moderate staining = 2; 
strong staining = 3. The extent of DACT2 expression was 
quantified as follows: 0% = 0, 1–24% = 1, 25–49% = 2, 
50–74% = 3, 75–100% = 4 [44, 45]. The final immune-
reactive score (0 to 12) was determined by multiplying the 
intensity score to the extent of stained cells score.

Construction of lentiviral DACT2 expression 
vectors and selection of stable expression cells

The human full length DACT2 cDNA (GenBank 
accession number NM_214462) was cloned into the 
pLenti6-GFP vector [22]. Primers were as follows: 5′-TGA 
TCA ATG TGG ACG CCG GGC-3′ (F) and 5′-GTC GAC 
TCA CAC CAT GGT CAT GAC-3′(R). The HEK-293T 
cell line was maintained in 90% DMEM (Invitrogen, CA, 
USA) supplemented with 10% fetal bovine serum. DACT2 
expressing Lentiviral vector was transfected into HEK-
293T cells (5 × 106 per 100 mm dish) using Lipofectamine 
2000 Reagent (Invitrogen, CA, USA) at a ratio of 1:3 
(DNA mass : Lipo mass). Viral supernatant was collected 
and filtered after 48 hours. KYSE150 and KYSE450 cell 

lines were then infected with viral supernatant. Cells stably 
expressing DACT2 were selected with Blasticidin (Life 
Technologies, MD, USA) at concentrations of 0.2 µg/ml 
(KYSE150) and 0.4 µg/ml (KYSE450) for 2 weeks.

Cell viability assay

DACT2 stably expressed and unexpressed 
KYSE150 and KYSE450 cells were plated into 96-well 
plates at a density of 3 × 103 cells/well. 5 × 103 cells were 
plated into 96-well plates before and after knockdown of 
DACT2 in YES2 cells. The cell viability was measured 
by the MTT assay at 0, 24, 48 and 72 h (KeyGEN 
Biotech, Nanjing, China). Absorbance was measured on 
a microplate reader (Thermo Multiskan MK3, MA, USA) 
at a wave length of 490 nm. The results were plotted as 
means ± SD.

Colony formation assay

DACT2 stably expressed and unexpressed KYSE150 
and KYSE450 cell lines were seeded in 6-well plates at 
a density of 1000 cells per well. YES2 cells before and 
after knockdown of DACT2 were seeded in 6-well plates 
at a density of 1000 cells per well. Growth medium, which 
included blasticidin at 0.2 µg/ml (KYSE150) or 0.4 µg/ml 
(KYSE450), was exchanged every 24 hours. Cells were 
fixed with 75% ethanol for 30min and stained with 0.2% 
crystal violet after 14 days. The number of clones was then 
counted. Each experiment was repeated three times.

Flow cytometry

DACT2 stably re-expressed and unexpressed 
KYSE150 and KYSE450 cells were starved 12 hours for 
synchronization, and cells were re-stimulated with 10% 
FBS for 24 hours. Cells were fixed with 70% ethanol 
and treated using the Cell Cycle Detection Kit (KeyGen 
Biotech, Nanjing, China). Cells were then detected 
using a FACS Caliber flow cytometer (BD Biosciences, 
CA, USA). YES2 cells with or without knockdown of 
DACT2 were analyzed the cell cycle as well. Cells phase 
distribution was analyzed using the Modfit software 
(Verity Software House, ME, USA).

Transwell assay

Migration: 1 × 105 DACT2 unexpressed and 
re- expressed KYSE150 and KYSE450 cells, were 
suspended in 200 µl serum-free RPMI 1640 media and 
added to the upper chamber of 8.0 µm pore size transwell 
apparatus (COSTAR transwell, Corning Incorporated, 
MA, USA). Cells that migrated to the lower surface 
of the membrane were stained with crystal violet and 
counted in three independent high-power fields (×100) 
after incubating for 20 hours. 8 × 104 YES2 cells before 
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and after knockdown of DACT2 were added to the upper 
chamber of 8.0 µm pore size transwell apparatus. Cells 
were migrated to the lower surface of the membrane after 
incubating for 36 hours.

Invasion: the top chamber was coated with a layer 
of extracellular matrix. Cells (2 × 105) were seeded to 
the upper chamber of a transwell apparatus coated with 
Matrigel (BD Biosciences, CA, USA) and incubated 
for 36 hours. Cells that invaded to the lower membrane 
surface were stained with crystal violet and counted in 
three independent high-power fields (×100). 1 × 105 YES2 
cells before and after knockdown of DACT2 were added 
to the upper chamber of a transwell apparatus coated with 
Matrigel. Cells were invaded to the lower membrane 
surface after incubating for 48 hours.

Wound healing assay

Linear scratch wounds were created with a pipette 
tip in a confluent monolayer of DACT2 unexpressed and 
re-expressed KYSE150 and KYSE450 cells in 6-well 
plates, linear scratch wounds were also created in YES2 
cells growing 6-well plates before and after knockdown 
of DACT2. Cells were grown in FBS-free medium for 
inhibition of cell proliferation.

SiRNA knockdown technique

The selected siRNAs targeting DACT2 and RNAi 
negative control duplex were used in this study. The 
sequences were as follows: siRNA duplex (sense: 5′-GCC 
UGU GUC UAC AGG UGA UTT-3′; antisense: 5′-AUC 
ACC UGU AGA CAC AGG CTT-3′); RNAi negative 
control duplex (sense: 5′-UUC UCC GAA CGU GUC 
ACG UTT-3′; antisense: 5′-ACG UGA CAC GUU CGG 
AGA ATT-3′). RNAi oligonucleotide or RNAi negative 
control duplex (Gene Pharma Co. Shanghai, China) were 
transfected into DACT2 highly expressed YES2 cells.

Protein preparation and western blot

Protein samples from unexpressed and stably re-
expressed KYSE150 and KYSE450 cells were collected and 
western blots were performed as described previously [44]. 
Antibodies were diluted according to the manufacturer’s 
instructions. Primary antibodies included DACT2 (Cat: 
TA306668, OriGene Tech, MD, USA), c-Myc (Cat: 10828-
1-AP, proteintech, IL, USA), cyclin B1 (Cat: 55004-1-AP, 
proteintech, IL, USA), CDC2 (Cat: 19532-1-AP, proteintech, 
IL, USA ), p-CDC2 (Y15) (Cat: #9111, Cell Signaling Tech, 
MA, USA), MMP2 (Cat: BS1236, Bioworld Tech, MN, 
USA), MMP9 (Cat: BS1241, Bioworld Tech, MN, USA), 
Anti-Active-β-Catenin, clone8E7 (Cat: #05-665, Millipore, 
CA, USA), p-β-catenin (S37) (Cat: BS4739, Bioworld 
Tech, MN, USA), β-catenin (D10A8) XP® (Cat: #8480, 
Cell Signaling Tech, MA, USA) and β-actin (Cat: AF0003, 
Beyotime Biotech, Jiangsu, China). 

The effect of DACT2 on KYSE150 cell xenograft

Stably transfected KYSE150 cell line with pLenti6-
GFP vector or pLenti6-DACT2 vector (4 × 106 cells 
in 0.15 ml phosphate-buffered saline) were injected 
subcutaneously into the dorsal left side of 4–week-
old male Balb/c nude mice (n = 5). Tumor volume was 
measured every 4 days for 24 days starting 8 days after 
implantation. Tumor volume was calculated according to 
the formula: V = L × W2/2, where V represents volume 
(mm3), L represents biggest diameter (mm), and W 
represents smallest diameter (mm). All procedures were 
approved by the Animal Ethics Committee of the Chinese 
PLA General Hospital.

Statistical analysis

SPSS 17.0 software (IBM, NY, USA) software 
was applied using χ2 test for independent dichotomous 
variables. All data were presented as means ± standard 
deviation (SD) of at least three independent experiments 
and analyzed using the student’s t test. Results were 
reported to be statistically significant at P < 0.05(*).

ACKNOWLEDGMENTS AND FUNDING

This work was supported by the following grants: 
National Basic Research Program of China (973 Program No. 
2012CB934002, 2015cb553904); National High-tech R & D 
Program of China (863Program No.SS2012AA020314, 
SS2012AA020821, SS2012AA020303); National Key 
Scientific Instrument Special Programme of China (Grant 
No. 2011YQ03013405); National Science Foundation of 
China (NSFC No.81402345, 81121004, 81161120432, 
81490753 and 81401950). 

CONFLICTS OF INTEREST

JGH is a consultant to MDxHealth. The other 
authors declare no conflicts of interest.

REFERENCES

 1. Peter C. Enzinger MD, Robert J. Mayer MD. Esophageal 
Cancer. The new england journal of medicine. 2003; 
249:2241–2252.

 2. Kamangar F, Dores GM, Anderson WF. Patterns of cancer 
incidence, mortality, and prevalence across five continents: 
defining priorities to reduce cancer disparities in different 
geographic regions of the world. Journal of clinical oncology. 
2006; 24:2137–2150.

 3. Pennathur A, Gibson MK, Jobe BA, Luketich JD. 
Oesophageal carcinoma. The Lancet. 2013; 381:400–412.

 4. Rustgi AK, El-Serag HB. Esophageal carcinoma. N Engl J 
Med. 2014; 371:2499–2509.



Oncotarget17968www.impactjournals.com/oncotarget

 5. Lee CH, Wu DC, Lee JM, Wu IC, Goan YG, Kao EL, 
Huang HL, Chan TF, Chou SH, Chou YP, Lee CY, Chen PS, 
Ho CK, et al. Carcinogenetic impact of alcohol intake on 
squamous cell carcinoma risk of the oesophagus in relation 
to tobacco smoking. European journal of cancer. 2007; 
43:1188–1199.

 6. J esper L Agergren, R einhold B Ergstrom, A nders L 
Indgren, Yren. aOlN. Symptomatic Gastroesophageal 
Reflux as a Risk Factor for Esophageal Adenocarcinoma. 
The New England Journal of Medicine. 1999; 340:825–831.

 7. Engel LS, Chow WH, Vaughan TL, Gammon MD, 
Risch HA, Stanford JL, Schoenberg JB, Mayne ST, 
Dubrow R, Rotterdam H, West AB, Blaser M, Blot WJ, 
et al. Population attributable risks of esophageal and gastric 
cancers. J Natl Cancer Inst. 2003; 95:1404–1413.

 8. Islami F, Kamangar F. Helicobacter pylori and esophageal 
cancer risk: a meta-analysis. Cancer prevention research. 
2008; 1:329–338.

 9. Reid BJ, Li X, Galipeau PC, Vaughan TL. Barrett’s 
oesophagus and oesophageal adenocarcinoma: time for a 
new synthesis. Nature reviews Cancer. 2010; 10:87–101.

10. Jones PA, Baylin SB. The epigenomics of cancer. Cell. 
2007; 128:683–692.

11. Shang LW, Mingrong. Molecular alterations and clinical 
relevance in esophageal squamous cell carcinoma. Frontiers 
of Medicine. 2013; 7:401–410.

12. Meng H, Guan X, Guo H, Xiong G, Yang K, Wang K, Bai 
Y. Association between SNPs in Serpin gene family and 
risk of esophageal squamous cell carcinoma. Tumour Biol. 
2015; 36:6231–8.

13. Gillhouse M, Wagner Nyholm M, Hikasa H, Sokol SY, 
Grinblat Y. Two Frodo/Dapper homologs are expressed 
in the developing brain and mesoderm of zebrafish. 
Developmental dynamics. 2004; 230:403–409.

14. Chai J, Modak C, Ouyang Y, Wu SY, Jamal MM. CCN1 
Induces beta-Catenin Translocation in Esophageal 
Squamous Cell Carcinoma through Integrin alpha11. ISRN 
gastroenterology. 2012; 2012:207235.

15. Kim JT, Li J, Jang ER, Gulhati P, Rychahou PG, Napier DL, 
Wang C, Weiss HL, Lee EY, Anthony L, Townsend CM, 
Jr., Liu C, Evers BM. Deregulation of Wnt/beta-catenin 
signaling through genetic or epigenetic alterations in human 
neuroendocrine tumors. Carcinogenesis. 2013; 34:953–961.

16. Chunlei Ge, Shikai Wu, Weiwei Wang, Liu Z, Zhang J. 
miR-942 promotes cancer stem cell-like traits in esophageal 
squamous cell carcinoma through activation of Wnt/β-catenin 
signalling pathway. Oncotarget. 2015; 6:10964–10977.  
doi: 10.18632/oncotarget.3696.

17. Keith Orford, Caroline Crockett, Jane P. Jensen, Allan M. 
Weissman, Byers aSW. Serine Phosphorylation regulated 
Ubiquitination and Degradation of β-Catenin. The Journal 
of biological chemistry. 1997; 272:24735–24738.

18. Benjamin N.R. Cheyette JSW, Jeffrey R. Miller, Ken-
Ichi Takemaru, Laird C. Sheldahl, Natasha Khlebtsova, 

Eric P. Fox, Thomas Earnest,, Randall T. Moon. Dapper, 
a Dishevelled-Associated Antagonist. Developmental Cell. 
2002; 2:449–461.

19. Katoh M, Katoh M. Identification and characterization 
of human DAPPER1 and DAPPER2 genes in silico. 
International journal of oncology. 2003; 22:907–913.

20. Jia YY, Yunsheng Brock, Malcolm V. Zhan, Qimin Herman, 
James G. Guo, Mingzhou. Epigenetic regulation of DACT2, 
a key component of the Wnt signalling pathway in human 
lung cancer. The Journal of Pathology. 2013; 230:194–204.

21. Zhang X, Yang Y, Liu X, Herman JG, Brock MV, 
Licchesi JDF, Yue W, Pei X, Guo M. Epigenetic regulation 
of the Wnt signaling inhibitor DACT2 in human 
hepatocellular carcinoma. Epigenetics. 2013; 8:373–382.

22. Zhao ZH, James G. Brock, Malcolm V. Sheng, Jindong 
Zhang, Meiying Liu, Baoguo Guo, Mingzhou. Methylation 
of DACT2 Promotes Papillary Thyroid Cancer Metastasis 
by Activating Wnt Signaling. PLoS ONE. 2014; 9:e112336.

23. Yuanzi Yu WY, Xuefeng Liu, Yan Jia, Baoping Cao, 
Yingyan Yu, Youyong Lv, Malcolm V Brock, Jame G 
Herman JL, Yunsheng Yang, Mingzhou Guo. DACT2 
is frequently methylated in human gastric cancer and 
methylation of DACT2 activated Wnt signaling. Am J 
Cancer Res. 2014; 4:710–724.

24. Zhang L, Zhou H, Su Y, Sun Z, Zhang H, Zhang L, 
Zhang Y, Ning Y, Chen YG, Meng A. Zebrafish Dpr2 
inhibits mesoderm induction by promoting degradation of 
nodal receptors. Science. 2004; 306:114–117.

25. Ying Su, Long Zhang, Xia Gao, Fanwei Meng, Jun Wen, Hu 
Zhou, Anming Meng and Chen2 aY-G. The evolutionally 
conserved activity of Dapper2 in antagonizing TGF-
βsignaling. The FASEB Journal. 2007; 21:682–690.

26. Zhang XY, Liu Y, Herman X, Brock JG, Licchesi MV, 
Yue JD, Pei W, Guo X. Epigenetic regulation of the Wnt 
signaling inhibitor DACT2 in human hepatocellular 
carcinoma. Epigenetics. 2013; 8:373–82.

27. Nigg EA. Mitotic kinases as regulators of cell division and 
its checkpoints. Nature reviews Molecular cell biology. 
2001; 2:21–32.

28. Heald R, McKeon F. Mutations of phosphorylation sites in 
lamin A that prevent nuclear lamina disassembly in mitosis. 
Cell. 1990; 61:579–589.

29. Nigg EA, Blangy A, Lane HA. Dynamic changes in 
nuclear architecture during mitosis: on the role of protein 
phosphorylation in spindle assembly and chromosome 
segregation. Experimental cell research. 1996; 229:174–180.

30. Peter M, Nakagawa J, Doree M, Labbe JC, Nigg EA. 
In vitro disassembly of the nuclear lamina and M phase-
specific phosphorylation of lamins by cdc2 kinase. Cell. 
1990; 61:591–602.

31. Ducommun B, Brambilla P, Felix MA, Franza BR, Jr., 
Karsenti E, Draetta G. cdc2 phosphorylation is required 
for its interaction with cyclin. The EMBO journal. 1991; 
10:3311–3319.



Oncotarget17969www.impactjournals.com/oncotarget

32. O’Farrell PH. Triggering the all-or-nothing switch into 
mitosis. Trends in cell biology. 2001; 11:512–519.

33. Wodarz A, Nusse R. Mechanisms of Wnt signaling in 
development. Annual review of cell and developmental 
biology. 1998; 14:59–88.

34. Polakis P. Wnt signaling and cancer. Genes & development. 
2000; 14:1837–1851.

35. Moon RT, Brown JD, Torres M. WNTs modulate cell fate 
and behavior during vertebrate development. Trends in 
genetics. 1997; 13:157–162.

36. Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, 
Grosschedl R, Birchmeier W. Functional interaction of beta-
catenin with the transcription factor LEF-1. Nature. 1996; 
382:638–642.

37. Huber O, Korn R, McLaughlin J, Ohsugi M, Herrmann BG, 
Kemler R. Nuclear localization of beta-catenin by 
interaction with transcription factor LEF-1. Mechanisms of 
development. 1996; 59:3–10.

38. Molenaar M, van de Wetering M, Oosterwegel M, Peterson-
Maduro J, Godsave S, Korinek V, Roose J, Destree O, 
Clevers H. XTcf-3 transcription factor mediates beta-
catenin-induced axis formation in Xenopus embryos. Cell. 
1996; 86:391–399.

39. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, 
da Costa LT, Morin PJ, Vogelstein B, Kinzler KW. 
Identification of c-MYC as a target of the APC pathway. 
Science. 1998; 281:1509–1512.

40. Oster CSH SK, Soucie EL, Penn LZ. The myc oncogene: 
marvelously complex. Advances in Cancer Research. 2002; 
84:81–154,.

41. Hou J, Liao LD, Xie YM, Zeng FM, Ji X, Chen B, Li LY, 
Zhu MX, Yang CX, Qing Z, Chen T, Xu XE, Shen J, et al. 
DACT2 is a candidate tumor suppressor and prognostic 
marker in esophageal squamous cell carcinoma. Cancer 
prevention research. 2013; 6:791–800.

42. James G. Herman, Jeremy R. Graff, Sanna Myohanen, 
Barry D. Nelkin and Baylin aSB. Methylation-specific PCR: 
A novel PCR assay for methylation status of CpG islands.  
Proc Natl Acad Sci U S A. 1996; 93:9821–6.

43. Jia YY, Zhan Y, Brock Q, Zheng MV, Yu X, Herman Y, 
Guo JG. Inhibition of SOX17 by microRNA 141 and 
methylation activates the WNT signaling pathway in 
esophageal cancer. The Journal of molecular diagnostics. 
2012; 14:577–585.

44. Yan W, Wu K, Herman JG, Brock MV, Fuks F, Yang L, 
Zhu H, Li Y, Yang Y, Guo M. Epigenetic regulation of 
DACH1, a novel Wnt signaling component in colorectal 
cancer. Epigenetics. 2013; 8:1373–1383.

45. Jia Y, Yang Y, Liu S, Herman JG, Lu F, Guo M. SOX17 
antagonizes WNT/beta-catenin signaling pathway in 
hepatocellular carcinoma. Epigenetics. 2010; 5:743–749.


