
Theranostics 2018, Vol. 8, Issue 1 
 

 
http://www.thno.org 

61 

TThheerraannoossttiiccss  
2018; 8(1): 61-77. doi: 10.7150/thno.20893 

Research Paper 

Epigenomic characterization of a p53-regulated 3p22.2 
tumor suppressor that inhibits STAT3 phosphorylation 
via protein docking and is frequently methylated in 
esophageal and other carcinomas 
Lili Li1,*, Juan Xu1,2*, Guohua Qiu3, Jianming Ying1,4, Zhenfang Du1, Tingxiu Xiang5, Kai Yau Wong6, Gopesh Srivastava6, 
Xiao-Feng Zhu7, Tony S Mok1, Anthony TC Chan1, Francis KL Chan8, Richard F Ambinder3,9, Qian Tao1,3,9 

1. Cancer Epigenetics Laboratory, Department of Clinical Oncology, State Key Laboratory of Oncology in South China, Sir YK Pao Center for Cancer and Li Ka Shing 
Institute of Health Sciences, The Chinese University of Hong Kong, Hong Kong;  

2. Shenzhen Second People's Hospital, the First Affiliated Hospital of Shenzhen University, Shenzhen, China;  
3. Johns Hopkins Singapore, Singapore;  

4. Department of Pathology, National Cancer Center/Cancer Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China;  

5. Chongqing Key Laboratory of Molecular Oncology and Epigenetics, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China;  
6. Department of Pathology, Queen Mary Hospital, The University of Hong Kong;  
7. State Key Laboratory of Oncology in South China, Sun Yat-sen University Cancer Center, Guangzhou, China;  
8. Institute of Digestive Disease and State Key Laboratory of Digestive Diseases, Department of Medicine and Therapeutics, The Chinese University of Hong Kong;  

9. Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins School of Medicine, Baltimore 
*Equal Contribution 

 Corresponding author: Prof Q Tao, Cancer Center, Department of Clinical Oncology, PWH, The Chinese University of Hong Kong, Shatin, Hong Kong. Tel: (852) 
3505-1340; Fax: (852) 2648-8842. E-mail: qtao@cuhk.edu.hk. 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2017.05.06; Accepted: 2017.09.15; Published: 2018.01.01 

Abstract 
Rationale: Oncogenic STAT3 signaling activation and 3p22-21.3 locus alteration are common in multiple tumors, 
especially carcinomas of the nasopharynx, esophagus and lung. Whether these two events are linked remains 
unclear. Our CpG methylome analysis identified a 3p22.2 gene, DLEC1, as a methylated target in esophageal 
squamous cell (ESCC), nasopharyngeal (NPC) and lung carcinomas. Thus, we further characterized its epigenetic 
abnormalities and functions.  
Methods: CpG methylomes were established by methylated DNA immunoprecipitation. Promoter methylation 
was analyzed by methylation-specific PCR and bisulfite genomic sequencing. DLEC1 expression and clinical 
significance were analyzed using TCGA database. DLEC1 functions were analyzed by transfections followed by 
various cell biology assays. Protein-protein interaction was assessed by docking, Western blot and 
immunoprecipitation analyses. 

Results: We defined the DLEC1 promoter within a CpG island and p53-regulated. DLEC1 was frequently 
downregulated in ESCC, lung and NPC cell lines and primary tumors, but was readily expressed in normal tissues 
and immortalized normal epithelial cells, with mutations rarely detected. DLEC1 methylation was frequently 
detected in ESCC tumors and correlated with lymph node metastasis, tumor recurrence and progression, with 
DLEC1 as the most frequently methylated among the established 3p22.2 tumor suppressors (RASSF1A, PLCD1 and 
ZMYND10/BLU). DLEC1 inhibits carcinoma cell growth through inducing cell cycle arrest and apoptosis, and also 
suppresses cell metastasis by reversing epithelial-mesenchymal transition (EMT) and cell stemness. Moreover, 
DLEC1 represses oncogenic signaling including JAK/STAT3, MAPK/ERK, Wnt/β-catenin and AKT pathways in 
multiple carcinoma types. Particularly, DLEC1 inhibits IL-6-induced STAT3 phosphorylation in a dose-dependent 
manner. DLEC1 contains three YXXQ motifs and forms a protein complex with STAT3 via protein docking, which 
blocks STAT3-JAK2 interaction and STAT3 phosphorylation. IL-6 stimulation enhances the binding of DLEC1 with 
STAT3, which diminishes their interaction with JAK2 and further leads to decreased STAT3 phosphorylation. The 
YXXQ motifs of DLEC1 are crucial for its inhibition of STAT3 phosphorylation, and disruption of these motifs 
restores STAT3 phosphorylation through abolishing DLEC1 binding to STAT3.  

Conclusions: Our study demonstrates, for the first time, predominant epigenetic silencing of DLEC1 in ESCC, and 
a novel mechanistic link of epigenetic DLEC1 disruption with oncogenic STAT3 signaling in multiple carcinomas. 
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Introduction 
Chromosomal locus 3p22-21.3 frequently has 

abnormalities like loss of heterozygosity (LOH) in 
multiple cancers [1-6], including esophageal 
squamous cell (ESCC), lung and nasopharyngeal 
(NPC) carcinomas. Thus, as a typical tumor 
suppressor gene (TSG) locus, allele loss at 3p21.3 has 
been shown to be the early premalignant change 
detected in lung and breast cancers [1, 4]. Multiple 
genetic and epigenetic studies have been performed 
to determine the related TSGs at this locus, such as 
RASSF1A [7], ZMYND10 [8-10] and PLCD1 [11]. 
Another candidate 3p22 TSG, deleted in lung and 
esophageal cancer 1 (DLEC1), was firstly identified in 
esophageal and lung cancers through sequencing 
3p21.3 genomic DNA cosmid clones and expression 
analysis [12]. However, although DLEC1 
downregulation and rare mutations were initially 
detected in some carcinoma cell lines and primary 
tissues, its promoter methylation was not detected in 
any ESCC or lung cancer cell lines or tumor samples 
[12], raising questions about its role as a bona fide 
3p22-21.3 TSG. After its first identification, DLEC1 
promoter methylation and downregulation have been 
reported in multiple cancers by our and other groups 
[13-22], but still not in ESCC yet. DLEC1 
methylation/downregulation has been shown to be 
significantly related to disease progression and poor 
prognosis of some cancers including lung, ovarian 
and breast [18-21]; thus, it is a potential biomarker for 
tumor diagnosis.  

The DLEC1 protein contains 5,268 nucleotides 
and 1,755 amino acids, with no homology to any 
known proteins or domains reported so far. Previous 
studies showed that DLEC1 is a growth suppressor 
with anti-tumorigenic abilities in vivo [17]. However, 
the molecular mechanism underlying its tumor 
suppression still remains unknown. 

 STAT3 is commonly activated in human 
malignancies as an oncogenic signaling hallmark, 
involved in the regulation of cell proliferation, 
apoptosis, cancer stemness and immune checkpoint 
[23, 24]. Persistent STAT3 activation is associated with 
tumor progression of ESCC, NPC and lung cancers 
[25-27]; thus it is a feasible therapeutic target. STAT3 
activation is stimulated by cytokines and growth 
factors (e.g., IL-6, IFNs, EGF), featured by tyrosine 
phosphorylation at residue Y705 together with Ser727 
phosphorylation, and further functions as a 
transcription factor to activate target gene 
transcription [28]. The YXXQ motif is well known as a 
consensus motif for STAT3 recruitment, which acts as 
a docking site selectively binding STATs [29]. In 
addition, STAT3 could also be inactivated by negative 
regulators, including suppressors of cytokine 

signaling (SOCS), protein tyrosine phosphatases 
(PTPs) and protein inhibitors. Although the critical 
role of oncogenic STAT3 activation in tumorigenesis 
has been well defined, the mechanisms regulating 
STAT3 activation are diverse and worthy of further 
exploration.  

 We conducted an integrative epigenomic and 
genomic study of ESCC through genome-wide CpG 
methylation (methylome) and high-resolution array 
comparative genomic hybridization (aCGH) analyses, 
and identified DLEC1 as a methylated target in ESCC, 
as well as lung cancer and NPC. We further examined 
its expression and methylation in cell lines and 
primary tumors of ESCC, lung cancer and NPC, and 
systematically assessed its tumor suppressive 
functions in carcinoma cells. We also investigated the 
underlying mechanism of JAK/STAT3 signaling 
regulation by DLEC1 in carcinoma cells. 

Results 
Epigenomic identification of DLEC1 as a 
methylated target for esophageal and other 
carcinomas  

CpG methylome analysis of ESCC cell lines and 
immortalized esophageal epithelial cells was 
performed by methylated DNA immunoprecipitation 
(MeDIP) (Li et al., in preparation). Enriched methylated 
signal in the DLEC1 promoter was detected in ESCC, 
but not in immortalized esophageal epithelial cells 
(Fig. 1A), indicating that DLEC1 is a methylated target 
for ESCC. Similar positive signal peaks at the DLEC1 
promoter were detected in our previous NPC 
methylome data (Fig. 1A). Moreover, we identified 
DLEC1 as a methylated target in our previous lung 
cancer methylome study (5/6 paired carcinomas) [30].  

 Meanwhile, our array CGH study of ESCC [31] 
also detected hemizygous 3p22 deletion in 5/10 cell 
lines where DLEC1 is located (Fig. S1A), with 
homozygous deletion of DLEC1 in one cell line (EC1) 
(Fig. S1B). Further analysis of TCGA and Oncomine 
databases revealed DNA copy number loss of DLEC1 
in ESCC, lung and NPC primary tumors (Fig. S2), 
However, no mutation of DLEC1 was found in the 
ESCC and NPC cohorts, while mutations were only 
detected in <5% esophageal adenocarcinomas and 
some lung cancer cohorts (Fig. S3). These results 
suggest that DLEC1 is disrupted through both 
epigenetic and, less frequently, genetic 
(LOH/deletion) mechanisms in ESCC and other 
carcinomas.  

The DLEC1 promoter is a CpG island and 
p53-regulated 

As promoter CpG methylation directly mediates 



 Theranostics 2018, Vol. 8, Issue 1 
 

 
http://www.thno.org 

63 

transcription repression, the DLEC1 promoter was 
further analyzed. A 756 bp region spanning its 
promoter and exon 1 as a typical CpG island (CGI) 
was found (Fig. S4A). Potential binding sites for 
multiple transcription factors, including p53, c-Myb, 
heat-shock factor (HSF), STATs, E2F and Sp1, were 
predicted using TFSEARCH (www.cbrc.jp/research/ 
db/TFSEARCH) and MotifSearch (motif.genome.jp) 
(Fig. S4A), indicating that this promoter is subject to 
the regulation of these transcription factors. Thus, 
several segments covering this region were cloned 
and tested for promoter reporter activities. Results 
showed that the shortest construct (+18 to -295), 
located within the CGI, had the maximal luciferase 
activity (Fig. S4B), indicating that it could act as a 

functional promoter driving DLEC1.  
 As five putative p53-binding sites were found in 

DLEC1 promoter (+18 to -1021) (http://tfbind.hgc. 
jp/), we then examined the effect of p53 on DLEC1 
promoter activity. Results showed that p53 
upregulated DLEC1 promoter activity, and the region 
(+18 to -295) might be the core p53 regulatory region 
(Fig. S4C), indicating that DLEC1 is indeed a 
p53-regulated gene. We further analyzed the 
relationship between p53 status and DLEC1 
methylation or expression using TCGA database 
cohorts, and found that wild-type p53 is significantly 
correlated with DLEC1 high expression/low 
methylation, supporting our findings of p53 
regulation of DLEC1 promoter (Fig. S4D, E).  

 
 

 
Figure 1. CpG methylome study identified DLEC1 as a methylated target downregulated in multiple carcinomas. (A) Methylome analysis showed signal enrichment 
in the DLEC1 promoter CGI in ESCC, NPC and lung cancer by MeDIP and Illumina 27k methylation array (bottom panels). Positive MeDIP signal peaks (blue) are 
marked. (B) Broad expression of DLEC1 in human normal adult tissues by semi-quantitative RT-PCR, with GAPDH as a control. (C) Reduction and silencing of DLEC1 
in ESCC and lung carcinoma cell lines. M: methylated; U: unmethylated. (D) Pharmacological demethylation with 5-Aza and TSA restored DLEC1 expression in 
methylated and silenced carcinoma cell lines. (E) Representative BGS results of carcinoma cell lines. Each single allele of the DLEC1 CGI is shown as an individual row, 
with filled circle representing methylated while open circles representing unmethylated CpG sites. ESCC: esophageal squamous carcinoma; NPC: nasopharyngeal 
carcinoma; Ca: carcinoma. 
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DLEC1 is downregulated by methylation in 
esophageal and other carcinoma cell lines  

DLEC1 expression and methylation were further 
examined in a panel of ESCC and other carcinoma cell 
lines. DLEC1 was readily detected in normal 
esophageal, respiratory and digestive tissues 
including esophagus, larynx, trachea, lung, stomach 
and colon (Fig. 1B), as well as normal immortalized 
esophageal and nasopharyngeal cell lines (NE1, NE3, 
Het-1A and NP69) (Fig. 1C; Fig S5A). In contrast, 
DLEC1 was silenced or significantly downregulated 
in 17/18 ESCC, 6/9 lung and 5/5 NPC cell lines (Fig. 
1C, Fig. S5A). Methylation-specific PCR (MSP) 
showed that the DLEC1 promoter was methylated in 
virtually all the downregulated cell lines, but 
hemi-methylated in two immortalized normal 
epithelial cell lines (Het-1A, NP69). Further detailed 
bisulfite genomic sequencing (BGS) methylation 
analysis of individual CpG sites on the DLEC1 
promoter showed heavily methylated alleles in 
silenced cell lines, a few methylated alleles in 
hemi-methylated NP69 cells, but only few scattered 
methylated CpG site in NE1 cells, confirming the MSP 
data (Fig. 1E, Fig. S5C). Thus, DLEC1 expression is 
well correlated with its methylation status in 
esophageal and other carcinoma cells.  

 To determine whether an epigenetic mechanism 
directly mediates DLEC1 silencing, DNA 
methyltransferase inhibitor 5-aza-2’-deoxycytidine 
(Aza) and histone deacetylase inhibitor Trichostatin A 
(TSA) were used. After the treatment, DLEC1 
expression was increased in cell lines of ESCC, lung 
and NPC with silenced DLEC1, and even more 
dramatically increased with Aza+TSA treatment, 
accompanied by increased unmethylated alleles and 
decreased methylated alleles as detected by both MSP 
and BGS (Fig. 1D, E, Fig. S5B, C). Moreover, ChIP 
assay showed increased binding of acetylated histone 
4 to the DLEC1 CGI, following TSA treatment in 
carcinoma cells (Fig. S6). These results suggest that 
both CpG methylation and histone deacetylation 
contribute to DLEC1 silencing in carcinoma cells. 

Frequent DLEC1 methylation in primary 
carcinomas with clinical correlation 

We then analyzed DLEC1 expression and 
methylation in primary ESCC and other carcinomas. 
First, online GENT database analysis showed 
significant reduction of DLEC1 RNA in esophageal, 
lung, and head and neck cancer tissues compared 
with corresponding normal tissues (Fig. 2A). 
Moreover, DLEC1 protein was abundantly expressed 
in normal tissues including esophageal, lung and 
testis (Fig. 2B). Further semi-quantitative RT-PCR 

analysis detected DLEC1 downregulation/silencing 
in primary ESCC tissues, but medium/high 
expression in normal esophageal, nasopharyngeal 
(NPx) and paired tumor adjacent normal tissues (Fig. 
2D). Furthermore, DLEC1 promoter methylation was 
detected in 66% (27/41) of ESCC tumors but rarely in 
tumor adjacent normal and normal esophageal 
tissues. In another cohort, DLEC1 methylation was 
detected in 48% (40/83) of ESCC primary tissues (Fig. 
2D, Table 1). Overall, DLEC1 is methylated in 54% 
(67/124) of primary ESCC tumors, which correlates 
with its downregulation. An inverse correlation 
between DLEC1 mRNA expression and promoter 
methylation was observed in esophageal and lung 
cancer patients from TCGA datasets (Fig. 2C).  

 

Table 1. Summary of DLEC1 methylation status in multiple 
carcinomas 

Samples Promoter methylation (%) 
Carcinoma cell lines  
Esophageal 17/18 
Nasopharyngeal  5/5 
Lung   6/9 
Primary carcinomas  
ESCC (cohort I, paired tumor, Chinese) 
ESCC (cohort II, Chinese) 

27/41 (66%) 
40/83 (48%) 

NPC (endemic, Chinese) 37/50 (74%) 
Lung Ca 35/61 (57%) 
Normal epithelial cell lines (immortalized)  
Esophageal (Het-1A, NE1, NE3)  2/3 
Nasopharyngeal (NP69)  1/1 
Normal tissues  
Normal nasopharyngeal tissues  0/3  
Paired surgical-margin tissue of ESCC  0/35 

 
 There was a significant correlation between 

DLEC1 methylation with ESCC tumor size and lymph 
node metastasis, but not with age, gender, stage, 
grade, or differentiation in our cohort (Table 2). 
Further analysis of TCGA datasets showed that 
esophageal and lung cancer patients with low 
methylation or high expression of DLEC1 had longer 
survival (Fig. 2F, G). DLEC1 methylation/expression 
was also significantly associated with disease 
progression and age of esophageal and lung cancer 
patients (Table S1, Table S2). 

 We also compared the DLEC1 methylation 
status with other well-known TSGs at the 3p21-22 
locus (PLCD1, RASSF1A, ZMYND10) in ESCC cell 
lines and primary tumors. DLEC1 (23/35, 66%) 
appears to have the highest rate of promoter 
methylation in these tumors compared to PLDC1 
(14%), RASSF1A (20%) and ZMYND10 (35%) (Table 
S3). DLEC1 methylation was also detected in 74% 
(37/50) of NPC tumors but no (0/3) normal 
nasopharyngeal tissues, as well as in 57% (35/61) of 
lung carcinomas (Fig. 2D, Table 1). Promoter 
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methylation was further confirmed by BGS, with 
densely methylated promoter alleles detected in 
representative tumors but only rare scattered 
methylated CpG sites detected in normal tissues (Fig. 

2D, Fig. S5C). These results indicate the importance of 
tumor-specific DLEC1 methylation in the 
pathogenesis of ESCC and other carcinomas.  

 

 
 Figure 2. DLEC1 downregulation and methylation in esophageal and other carcinomas. (A) DLEC1 expression levels in esophageal, lung and head/neck tissues 
through GENT online analysis (upper panel). C: cancer; N: normal. (B) DLEC1 protein expression was detected by Western blot in human normal tissues of 
esophageal, lung and testis, immortalized esophageal epithelial cell lines and ectopically expressed tumor cell lines. (C) Analyses of TCGA datasets revealed an inverse 
correlation between DLEC1 mRNA expression and promoter methylation in esophageal and lung cancers. (D) Promoter methylation and expression of DLEC1 were 
detected in esophageal, nasopharyngeal and lung primary carcinomas, but rarely in matched adjacent esophageal and nasopharynx tissues. DLEC1 expression in 
representative primary ESCC, NPC tumors samples and normal tissues, as measured by semi-quantitative RT-PCR. (E) Detailed BGS analysis of representative tumor 
samples. (F) Association of DLEC1 methylation and expression with overall survival was analyzed in ESCC and lung cancer samples from TCGA datasets. ESCC: 
esophageal squamous carcinoma; NPC: nasopharyngeal carcinoma; Ca: carcinoma. 

 



 Theranostics 2018, Vol. 8, Issue 1 
 

 
http://www.thno.org 

66 

Table 2. Relationship of DLEC1 methylation and clinic-
pathological parameters of ESCC patients in Chinese cohort II 

Clinicopathological 
features 

Number  
(n=83) 

 methylated  unmethylated p-value 

Gender    
Male 65 33 (50.8%) 32 (49.2%)  
Female 18  7 (38.9%) 11 (61.1%) 0.372 
Age     
≤50   6   4 (66.7%)  2 (33.3%)  
>50<65 43 20 (46.5%) 23 (53.5%)  
≥65 34 16 (47.1%) 18 (52.9%) 0.642 
Staging     
1 26 10 (40.0%) 16 (60.0%)  
2 42 23 (54.8%) 19 (45.2%)  
3 15  7 (46.7%)  8 (53.3%) 0.422 
Grade     
Ⅰ 12  4 (33.3%)  8 (66.7%)  
Ⅱ 15  8 (53.3%)  7 (46.7%) 0.707 
Ⅲ 43 22 (51.2%) 21 (48.8%)  
IV 13  6 (46.2%)  7 (53.8%)  
Tumor size    
<2.0 cm  4  0   4 (100%)  
≥2.0 cm≤5.0cm 68 32 (47.1%) 36 (52.9%)  
>5.0cm 11  8 (72.7%)  3 (27.3%) 0.041 
Lymph node metastasis    
Present 24 16 (66.7%)  8 (33.3%)  
Absent 59 24 (40.7%) 35 (59.3%) 0.032 
Distant metastasis    
Present  1  1 (100%)  0  
Absent 82 39 (47.6%) 43 (52.4%) 0.482 
Differentiation    
Poorly differentiated   6  4 (66.7%)  2 (33.3%)  
Moderately 
Differentiated 

54 27 (50.0%) 27 (50.0%) 

Well differentiated  23  9 (39.1%) 14 (60.9%) 0.43
9 

 

Alternative splicing of DLEC1 in cell lines and 
tissues 

 As alternative splicings of DLEC1 have been 
reported previously in tumor and normal tissues [12], 
we also examined the aberrant splicing of DLEC1 in 
carcinoma and normal cell lines in addition to normal 
tissues. Amplicons generated by primers (listed in 
Table S4) on exon 5 and 9 had 2 major bands, one 
wild-type (WT) and one novel aberrant splicing (T1), 
in most tumor cell lines and normal tissues (Fig. S7). 
In splice variant T1 (NCBI accession number: 
AY789462), exon 8 was spliced out resulting in 
in-frame deletion with the exception of L479→V421 
(ttg→gtg). Amplicons generated by primers on exon 
10 and 13 included one WT and 3 spliced forms: 
DLEC1S1, DLEC1S2 [12] and a novel splicing 
DLEC1T2 (NCBI accession number: AY789463). For 
DLEC1T2, exon 11 and frame 1 of exon 13 were 
spliced out (Fig. S7), producing a protein identical to 
DLEC1S1 [12]. Amplifying larger fragments using 
primers on exon 5 and 13 detected another transcript 
variant DLEC1T3 (NCBI accession number: 
AY789464), lacking exons 8, 9, 11 and frame 1 of exon 
13, with its translation stopped at exon 10 with 

premature truncation (Fig. S7). 
 We found that all four DLEC1 splice variants are 

expressed in examined tissues and cell lines with 
varied expression levels. The expression levels of 
these splice variants were also higher in most normal 
tissues than that observed in tumor cell lines (Fig. S7), 
indicating that the downregulation of DLEC1 splice 
variants may also be involved in tumor pathogenesis. 

DLEC1 inhibits carcinoma cell proliferation 
and induces apoptosis  

The tumor-specific promoter methylation of 
DLEC1 indicates its critical role in multiple carcinoma 
pathogenesis. We thus further evaluated its tumor 
suppressor functions in ESCC and other carcinomas. 
As confirmed by Western blot, the ectopic expression 
level of DLEC1 was similar to its physiological 
expression level in normal tissues and immortalized 
esophageal epithelial cells (Fig. 2B). Monolayer colony 
formation assay showed significant reduction (down 
to ~10-40%) in colony numbers and sizes in ESCC, 
lung and NPC carcinoma cells with ectopically 
expressed DLEC1 (Fig. 3A, B. Fig. S8A), compared to 
controls. Cell proliferation assay exhibited slower 
growth rates in multiple carcinoma cells 
stably-expressing DLEC1 (Fig. 3C). The clonogenicity 
results indicate that DLEC1 does have strong growth 
inhibitory activity in ESCC and other carcinoma cells.  

 To explore the mechanism of its growth 
inhibition, we next examined the effects of DLEC1 
expression on carcinoma cell apoptosis and cell cycle 
distribution. Cell cycle analysis by propidium iodide 
incorporation showed that DLEC1-expressing 
KYSE150, H1299 and HONE1 cells obviously had 
increased G2-M phase cells and decreased S phase 
cells, indicating that DLEC1 expression induces G2-M 
arrest in multiple carcinoma cells (Fig. 3D). Cell 
apoptosis assay showed that apoptotic cells 
significantly increased after being transfected with 
DLEC1-expression vector (Fig. 3D), as further 
confirmed by the increase in apoptosis markers 
(cleaved caspase-3 and PARP) by Western blot (Fig. 
3E). Thus, DLEC1 suppresses carcinoma cell growth 
through inducing cell cycle arrest and apoptosis.  

DLEC1 suppresses cell migration/invasion 
through reversing EMT and cell stemness  

We further assessed the effects of DLEC1 on 
carcinoma cell migration and invasion. Ectopic 
expression of DLEC1 dramatically suppressed the 
migration and invasion of ESCC, lung and NPC 
carcinoma cells in transwell assays (Fig. 4A, B). 
DLEC1-expressing cells also showed less proficiency 
in closing artificial wounds than mock cells on a 
confluent monolayer in scratch wound-healing 
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invasion assays (Fig. S8B). Meanwhile, we observed 
dramatic morphological changes in DLEC1- 
expressing carcinoma cells, with similar 
cobblestone-like appearance as normal epithelial cells 
(Fig. 4C). Moreover, expression of DLEC1 
disassembled the formation of actin stress fibers in 
carcinoma cells (Fig. 4D). 

We then investigated whether DLEC1 regulates 
epithelial mesenchymal transition (EMT) in 
carcinoma cells. DLEC1-expressing cells adopted an 
epithelial morphology, concomitant with gain of 
epithelial marker E-cadherin and loss of mesenchymal 
marker vimentin (Fig. 4E). Upregulated E-cadherin 

and downregulated vimentin and metastasis markers 
(MMP7, Twist) were also confirmed by Western blot 
(Fig. 4F). As cells generate stem-like properties during 
EMT, we further examined the regulatory effect of 
DLEC1 on carcinoma cell stemness. Stem cell markers 
(STAT3, CD44, ABCG2, TWIST and KLF4) were 
downregulated in ESCC and lung carcinoma cells 
after DLEC1 expression, with the effect more potent in 
lung carcinoma cells (Fig. 4G). These results clearly 
indicate that DLEC1 possesses anti-metastatic ability 
through reversing EMT and stemness of carcinoma 
cells. 

 

 
Figure 3. DLEC1 inhibits the growth of esophageal and other carcinoma cells. (A) Representative colony formation assay by monolayer culture in DLEC1-expressing 
ESCC, NPC and lung carcinoma cells. Quantitative analyses of colony numbers are shown as values of mean ± SD. ***p < 0.001. (B) DLEC1 expression was measured 
by Western blot. (C) Cell proliferation assay comparing the proliferation rates of multiple carcinoma cells stably-expressing DLEC1. At each indicated time point, cell 
viability was determined and represented as the degree of absorbance at 570 nm using MTT assay. The mean ± SD absorbance (triplicate wells) for each time point 
is plotted against days after seeding. C1: clone 1, C2: clone 2. (D) Representative cell cycle and flow cytometry data are shown (left panel). Cell apoptosis was 
examined by flow cytometry analysis with Annexin V-FITC and propidium iodide (PI) doubles staining (right panel). Values are the mean ± SD of three independent 
experiments. *p < 0.05, **p < 0.05. (E) Upregulation of apoptotic markers (cleaved-PARP and caspase 3) detected by Western blot. 
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Figure 4. DLEC1 suppresses cell migration and invasion of esophageal and other carcinoma cells, with transwell (A) migration and (B) invasion assay of 
DLEC1-expressing tumor cells. Migrated and invaded cells at the lower surface of the transwell filter were stained and counted. **p < 0.001, ***p < 0.0001. Original 
magnification, ×252. Scale bar 100 μm. (C) Morphology changes of H1299 cells after ectopic DLEC1 expression. Original magnification, ×252. Scale bar 100 μm. (D) 
Impaired actin stress fiber organization in DLEC1-expressing H1299 cells. (E) Indirect immunofluorescence detecting the expression of E-cadherin and vimentin. 
Original magnification, ×400. Scale bar 20 μm. (F) Western blot showing the expression of EMT markers (E-cadherin, vimentin) and metastasis markers (MMP7, 
Twist) in DLEC1- or vector-transfected cells. For the internal controls refer to Figure 3B. (G) Downregulation of representative stem cell markers in 
DLEC1-expressing carcinoma cells by qPCR. *p < 0.05, **p < 0.01. 

 

DLEC1 represses oncogenic signaling 
pathways in carcinoma cells 

We examined the subcellular localization of 
DLEC1 in KYSE410 (endogenous) and H1299 
(ectopically expressed) cells using the DLEC1 
antibody. Immunostaining showed that DLEC1 is 
mainly located in the cytoplasm of examined cells 
(Fig. 5A). Its cytoplasmic localization was also clearly 
demonstrated by confocal microscopy in U-2 OS cells 
from Human Protein Atlas database, with the same 
DLEC1 antibody used (Fig. 5A). 

 To gain more insight into the mechanisms 
underlying tumor suppression by DLEC1, luciferase 
reporter assay was used to examine its effects on 
oncogenic signaling pathways in carcinoma cells. 
Results showed that ectopic expression of DLEC1 

markedly repressed the reporter activities of NF-κB, 
AP-1, STATs-bs, TopFlash, SRE and PAI-1 
elements-regulated promoters in either carcinoma 
cells (ESCC, lung, NPC) or immortalized normal 
epithelial cells (NP69) (Fig. 5B). Western blot 
confirmed significantly decreased levels of p-ERK 
(Thr202/Tyr204), p-AKT (Ser473), p-STAT3 (Tyr705 
and Ser727) and active-β-catenin in DLEC1-expressing 
carcinoma cells (Fig. 5C, D). These results indicate that 
DLEC1 is able to repress multiple oncogenic signaling 
pathways, including JAK/STAT3, MAPK/ERK, AKT, 
Wnt/β-catenin and TGF-β signaling during the 
tumorigenesis of multiple carcinomas.  

DLEC1 suppresses STAT3 phosphorylation in 
multiple carcinoma cells 

We further investigated the regulation of STAT3 
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signaling by DLEC1 in more detail. Carcinoma cells 
were co-transfected with DLEC1- and STAT3C (a 
constitutive active form of STAT3)-expression 
plasmids. Exogenously expressed DLEC1 greatly 
suppressed the p-STAT3 levels at both Tyr705 and 
Ser727 sites in STAT3C-transfected carcinoma cells, 
with no changes in STAT3 total protein levels (Fig. 
6A). Marked decrease of p-STAT3 (Tyr705), in a 
dose-dependent manner, was observed in carcinoma 
cells transfected with increasing doses of 
DLEC1-expressing plasmids (Fig. 6B).  

Moreover, DLEC1 was even able to suppress 
IL-6 treatment-enhanced STAT3 phosphorylation 

levels in carcinoma cells, without affecting STAT3 
total protein level (Fig. 6C). We thus further analyzed 
online the co-expression of DLEC1 and STAT3 
signaling molecules in multiple carcinomas, and 
found that DLEC1 underexpression is indeed 
associated with elevated expression of STAT3, IL-6 
and IL-6R in ESCC and lung carcinoma patients (p < 
0.05, p < 0.01) (Fig. 6D), indicating inhibitory 
regulation of STAT3 signaling activation by DLEC1. 
These results suggest that DLEC1 indeed suppresses 
STAT3 signaling activation through reducing its 
phosphorylation levels in multiple carcinoma cells.

 

 
Figure 5. DLEC1 as a cytoplasmic protein regulates multiple cell signaling pathways. (A) Subcellular localization of DLEC1 (green) in cell cytoplasm of carcinoma cells. 
DAPI counterstaining (blue) was used to visualize nuclear DNA. Images of osteosarcoma cell line U-2 OS were retrieved from Human Protein Atlas database. Original 
magnification, ×400. Scale bar 10 μm. (B) Promoter luciferase activities of NF-κB, AP-1, STATs-bs, TopFlash, SRE and PAI-1 reporters were normalized to the values 
of Renilla luciferase activity in tumor and immortalized normal cell lines. Results are expressed as fold reduction of activity and shown as means ± SD of three 
independent experiments performed in triplicate. *p < 0.05, **p < 0.01. (C) DLEC1 inhibited the phosphorylation levels of ERK, AKT and STAT3. Western blot was 
used to examine protein levels of total ERK, p-ERK (Thr202/Tyr204), total AKT, p-AKT(ser473), total STAT3, p-STAT3 (Tyr705, Ser727), total β-catenin and active 
β-catenin in DLEC1-expressing multiple carcinoma cells. (D) Results are expressed as ratio between phosphorylated/activated (p-ERK, p-AKT, p-STAT3 (Tyr705), 
Active-β-catenin) and non-phosphorylated/total (ERK, AKT, STAT3, β-catenin) forms. Three different experiments were performed and data are expressed as mean 
± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 6. DLEC1 inhibits STAT3 signaling activation through suppressing its phosphorylation in tumor cells. Expression levels of p-STAT3 (Tyr705, Tyr727) and 
STAT3 were assessed by Western blot in cells transfected with (A) both DLEC1 and STAT-3C; and (B) different dose of DLEC1 expression plasmid. (C) 
Overexpression of DLEC1 decreases IL-6-induced p-STAT3 level. KYSE150 and H1299 cells were treated with or without IL-6 (10 ng/mL) for 30 min. Phosphorylated 
and total STAT3 levels were examined. (D) Heat-map showing the expression pattern of DLEC1 and IL-6/STAT3 signaling molecules in ESCC and lung carcinoma 
patients (Oncomine database). 

 

DLEC1 binds to STAT3, which interferes with 
its interaction with JAK2 

To investigate the mechanism of STAT3 
phosphorylation suppression by DLEC1, we analyzed 
the structure basis for possible interaction between 
DLEC1 and STAT3. RCSB Protein Data Bank (PDB) 
was used to search for structures and folds related to 
DLEC1 and STAT3 (Fig. 7A). As the DLEC1 
N-terminal PDB is similar to phosphatase, we thus 
performed computational docking analysis for 
DLEC1 and STAT3 via the ZDOCK server [32]. 
Following docking of these two proteins without 
residue selection, two highest-scored predicted 
models of interaction between DLEC1 (PDB id: 2E6J) 
and STAT3 (PDB id: 1BG1and 4E68) were discovered 
(Fig. 7B, C), while STAT3 (PDB id: 1BF5) failed to dock 
with DLEC1 due to its large molecule size. This 
docking analysis reveals the 3D structural basis for 
possible interaction between the DLEC1 and STAT3 
proteins.  

 As JAK2 directly phosphorylates STAT3 at 
Tyr705, we next examined the possible interactions of 
DLEC1 with STAT3 and JAK2 by reciprocal 
co-immunoprecipitation (co-IP) experiments with 
Flag or DLEC1, STAT3 and JAK2 antibodies in 
carcinoma (KYSE150, H1299) and immortalized cells 
(HEK293T). Results showed a strong interaction 
between endogenous DLEC1 and STAT3/p-STAT3 
(Tyr705) in HEK293T cells by immunoprecipitation, 
accompanied by relatively weaker co-precipitation of 
JAK2. Endogenous JAK2 could also precipitate with 
both DLEC1 and STAT3/p-STAT3 (Tyr705) (Fig. 7D). 
Similarly, exogenous DLEC1 could be co-IP with both 
STAT3/p-STAT3 (Tyr705) and JAK2 (Fig. 7E-H). 
Moreover, IL-6 stimulation increased the interaction 
of DLEC1 with STAT3, while decreasing its 
interaction with JAK2 and p-STAT3 (Tyr705). Thus, 
DLEC1 inhibited the interaction of STAT3 with JAK2 
in an IL-6 dependent manner (Fig. 7E-G). These 
results suggest that DLEC1 is associated with STAT3 
and their binding interferes with JAK2-STAT3 
interaction and further STAT3 phosphorylation. 
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Figure 7. DLEC1 binds to STAT3 and blocks its interaction with JAK2. (A) Predicted models of DLEC1-STAT3 protein docking. 3D structure of DLEC1 and STAT3 
PDB are shown. The N-terminal of DLEC1 (residues 108-165) resembles the solution structure of the C-terminal PapD-like domain of human HYDIN protein 
(protein phosphatase 1) (PDB id: 2E6J), while its C-terminal (residues 806-857) yields 7 matches to respiratory complex I or bovine mitochondrial super-complex. 
Fourteen structural similarities were observed for STAT3 PDBs, with only three covering the tyrosine residue Y705 (PDB id: 1BG1, 1BF5, 4E68). (B, C) Three 
dimensional protein models of interaction between DLEC1 and STAT3 proteins. DLEC1 (PDB id: 2E6J) and STAT3 (PDB id: 1BG1, 1BF5 and 4E68) were predicted 
by ZDOCK server. Grey represents DLEC1 PDB; Color represents STAT3 PDB. (D) Association of endogenous DLEC1 and STAT3 proteins in HEK293T cells. 
Lysates of HEK293T cells were subjected to IP with DLEC1, STAT3 or JAK2 antibodies. DLEC1 interacts and interferes with STAT3-JAK2 complex. Flag-DLEC1 was 
transfected in (E-G) multiple carcinoma cells and (H) HEK293T cells for IP with anti-STAT3, anti-Flag or anti-JAK2 antibody. 5% of DLEC1-transfected cell lysis for 
each IP was used as input. 

 

DLEC1 inhibits STAT3 phosphorylation via its 
YXXQ motif 

In agreement with the above computational 
docking analysis, further protein structure analysis 
showed that DLEC1 contains three STAT3-specific 
docking sites - YXXQ motifs (Fig. 8A), indicating that 
YXXQ motif may mediate the inhibition of STAT3 
phosphorylation by DLEC1. DLEC1 was also found to 

have high homology to multiple chaperone proteins 
(data not shown). We thus generated a DLEC1-YXXQ 
mutant (DLEC1-3Y) with mutations of all three YXXQ 
motifs to investigate the role of these residues in 
STAT3 phosphorylation. Ectopic expression of the 
DLEC1-YXXQ mutant DLEC1-3Y led to significant 
upregulation of p-STAT3 (Tyr705) levels in both 
KYSE150 and H1299 cells, compared to wild-type 
controls, with no change observed in total STAT3 
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protein levels (Fig. 8B), confirming the regulation of 
STAT3 phosphorylation/signaling by YXXQ motifs of 
DLEC1.  

 We further examined the effect of YXXQ motifs 
on DLEC1-STAT3 interaction by co-IP assay. Results 
showed that the interaction of DLEC1-YXXQ mutant 
with STAT3/p-STAT3 (Y705) was greatly decreased 
(Fig. 8C-E), which then enhanced the interaction of 
STAT3 with JAK2 and led to increased STAT3 
phosphorylation. These results suggest that the YXXQ 

motifs of DLEC1 are critical for STAT3 
phosphorylation and signaling activation. 

Discussion 
 This study, for the first time, identified DLEC1 as 

a methylated 3p22 TSG for esophageal squamous cell 
carcinoma (ESCC). With its early genetic alterations, 
the 3p22-21.3 locus is well known for being critical in 
multiple carcinomas and lymphomas. Several 
candidate TSGs reside in this locus, including 

 
Figure 8. Roles of the YXXQ motif in DLEC1-mediated inhibition of STAT3 phosphorylation/activation. (A) Localization of the consensus STAT3-binding motifs 
(YXXQ) in the DLEC1 protein (upper panel). Schematic of the DLEC1-YXXQ mutant was shown (lower panel). (B) DLEC1-YXXQ mutant retained the 
phosphorylation level of STAT3, which was decreased in DLEC1-expressing cells. KYSE150 and H1299 cells were treated with or without IL-6 (10 ng/mL) for 30 min. 
Phosphorylated and total STAT3 levels were examined by Western blot. (C-E) The interaction of DLEC1 and its YXXQ mutant with JAK2-STAT3 under IL-6 
stimulation by co-IP assay. DLEC1 or DLEC1-YXXQ mutant (DLEC1-3Y) was transfected in HEK293T, KYSE150 and H1299 cells for the IP experiment. 5% of 
DLEC1-transfected cell lysis for each IP was used as input. (F) A schematic model showing the regulation of oncogenic STAT3 signaling activation by DLEC1. DLEC1 
suppresses STAT3 phosphorylation through binding to STAT3 via YXXQ motif and further interring with JAK2-STAT3 interaction. 
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RASSF1A, ZMYND10 [8, 10], FUS1 [33], RBSP3 [34], 
NPRL2 [35] and PLCD1 [11, 36]. These TSGs were 
identified through either genetic approaches (LOH, 
array-CGH, large-scale chromosomal region cloning 
and gene mapping, genome sequencing), or 
functional analysis using monochromosome transfer. 
Nowadays, epigenetic identification of tumor-specific 
promoter CpG methylation becomes a new efficient 
way for TSG discovery [22]. Our group has previously 
identified DLEC1 methylation and silencing in gastric 
[13], colon [13], hepatocellular [14], renal [37] and 
prostate [15] cancers, as well as non-Hodgkin and 
Hodgkin lymphomas [16]. DLEC1 methylation has 
also been frequently detected in other carcinomas 
including nasopharyngeal [17], lung [18, 19, 22], 
breast [20] and ovarian [21].  

 However, so far there has been no in-depth 
mechanism study on the molecular basis of its tumor 
suppression in human cancers yet, although DLEC1 
has been shown to possess growth suppressive 
abilities in multiple carcinoma types (ovarian [21], 
nasopharyngeal [17], esophageal [12], gastric [13], 
colon [13], hepatocellular [14] and renal [37]). DLEC1 
also inhibits NPC cell tumorigenic potential in vivo 
[17]. Some preliminary mechanisms on its tumor 
suppression have been proposed. For example, 
DLEC1 contains 27 potential casein kinase II (CK2) 
phosphorylation sites, which deregulates cell 
proliferation, migration and signaling [13]. A bipartite 
nuclear localization signal (NLS) spanning aa 245-262 
is present in DLEC1, but no transcription factor 
function has been detected [14]. DLEC1 also induces 
cell cycle arrest in tumor cells [14]. We previously also 
showed that in prostate cancer, DLEC1 inhibited 
NF-κB transcription activity, upregulated p53-binding 
activity and induced cell apoptosis [15].  

 Here, our study has comprehensively analyzed 
the cancer-related signaling possibly regulated by 
DLEC1. DLEC1 was found to suppress multiple 
oncogenic signaling pathways, including JAK/ 
STAT3, MAPK/ERK, AKT, Wnt/β-catenin and TGF-β 
signaling. Constitutive activation of JAK/STAT3 
signaling contributes to multiple tumor initiation and 
progression, which is maintained by a few positive or 
negative regulators. The YXXQ motif is crucial for 
STAT3 activation in response to multiple signaling 
receptors through phosphorylation at its Tyr 705 and 
Ser727 sites. Studies have shown that chaperone 
proteins are involved in the regulation of STAT 
signaling [38, 39]. For example, acylglycerol kinase 
potentiates JAK2/STAT3 signaling in ESCC [40]; 
Epstein-Barr virus (EBV)-encoded proteins 
constitutively activated STAT3 in NPC [41, 42]; and, 
EGFR mutation mediates STAT3 activation via IL-6 
production in lung cancer [43]. However, far fewer 

negative regulators of STAT3 signaling have been 
reported in ESCC, NPC and lung cancer so far, unlike 
other carcinomas. We discovered the structural basis 
for direct regulation of STAT3 by DLEC1, including 
three YXXQ motifs, resembling phosphatase and 
chaperone proteins, suggesting its possible binding to 
STAT3 and regulation of its dephosphorylation. Our 
experimental data further demonstrated that DLEC1 
negatively regulates STAT3 activation through 
docking and binding to STAT3 and further inhibiting 
its phosphorylation (Fig. 8F). Whether the 
suppression of STAT3 phosphorylation by DLEC1 is 
due to its phosphorylation inhibition or enhanced 
de-phosphorylation should be further investigated. 

 We discovered that promoter CpG methylation 
of DLEC1 directly mediates its silencing/ 
downregulation in multiple carcinomas, with histone 
acetylation also playing some role in DLEC1 
regulation. Epigenetic silencing has been found to be 
the predominant cause of DLEC1 inactivation, as only 
rare mutations of DLEC1 have been detected in 
multiple carcinoma tissues from TCGA cohorts even 
with large sample sizes, suggesting a dominant role of 
epigenetic disruption of DLEC1 in carcinoma 
pathogenesis. In this study, we also found four 
alternative splicings of DLEC1; however, further 
investigations of these variants are needed, including 
their functional significance, relative proportion to 
other longer functional transcripts, as well as possible 
connection between the splicing and CpG 
methylation of the DLEC1 gene body.  

Compared with other known methylated 
3p22-21.3 TSGs, DLEC1 has relatively higher 
methylation frequency in ESCC, further supporting 
its critical role in ESCC pathogenesis. The previous 
failure of detecting DLEC1 methylation first in 
Japanese ESCC tumors may be due to a technical issue 
[12], or less likely ethnic difference since our ESCC 
samples are of Chinese origin. As DLEC1 methylation 
is tumor-specific in ESCC and detectable even in 
immortalized normal esophageal epithelial cells, it 
might serve as a non-invasive epigenetic biomarker 
for the early detection of ESCC. We also found that 
DLEC1 methylation is correlated with ESCC 
recurrence and progression, suggesting its potential 
even as a marker for prognosis prediction in 
carcinoma patients. In parallel, DLEC1 methylation 
has been shown to be of good biomarker value in 
other malignancies, including non-small cell lung [18, 
19], gastric [44], hepatocellular [14], renal [37] and oral 
carcinomas [45], as well as pre-invasive lesions of 
breast cancer [20]. Moreover, DLEC1 methylation has 
been detected in plasma samples from lung cancer 
patients, and sera of Hodgkin lymphoma patients 
[16]. 
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 In summary, our study demonstrates the first 
evidence of predominant, tumor-specific, DLEC1 
methylation in ESCC with its biomarker value. As a 
critical 3p22 TSG regulated by p53, DLEC1 inhibits the 
growth and metastasis of multiple carcinoma cells 
through binding to STAT3 and inhibiting its 
phosphorylation, and also suppressing other 
oncogenic signaling pathways. The YXXQ motifs of 
DLEC1 are crucial for STAT3 phosphorylation. Our 
identification of DLEC1 as a negative regulator of 
STAT3 signaling reveals a mechanistic link between 
3p22 alteration and oncogenic STAT3 signaling 
activation in multiple carcinoma pathogeneses. 

Materials and Methods 
Cell lines, tissue samples and demethylation 
treatment 

 A panel of ESCC, NPC and lung carcinoma cell 
lines was used. Immortalized normal esophageal 
epithelial (NE1, NE3, Het-1A), normal nasopharynx-
geal epithelial (NP69) and HEK293T cell lines were 
used. Cell lines were maintained in RPMI or DMEM 
medium (Gibco BRL, Rockville, MD) with 10% fetal 
bovine serum. Human normal adult tissue RNA 
samples were obtained commercially (Stratagene, La 
Jolla, CA, or Millipore Chemicon, Billerica, MA). 
Primary carcinoma tissues of Chinese ESCC, NPC and 
lung, some with matched normal samples, have been 
descried before [46-49]. Cell lines were treated with 5 
µM of 5-Aza-2’-deoxycytidine (Aza) (Sigma, St. Louis, 
MO) for 3 days, or even followed with ~16 h 
additional TSA (final concentration 10 mM) treatment 
as described [46, 47].  

Establishment of CpG methylomes of cell lines 
and carcinoma samples 

 Methylated DNA immunoprecipitation (MeDIP) 
coupled with promoter microarray hybridization 
(MeDIP-chip) was performed as previously [50, 51]. 
Briefly, methylated DNA of ESCC (HKESC1, 
KYSE410) and NPC cell lines (HK1), as well as 
immortalized esophageal and nasopharyngeal 
epithelial cells (NE083, NP69) were immuno-
precipited by monoclonal antibody against 
5-methylcytidine (33D3, Diagenode, Seraing, 
Belgium), and then hybridized to NimbleGen™ HG18 
Meth (385K CGI plus) promoter arrays (Array Star, 
Inc., MD). Bioinformatics analysis of methylome data 
was performed as previously described [50, 51]. 

 Illumina 27K DNA methylation microarray was 
conducted previously [30]. DLEC1 methylation status 
was analyzed accordingly. 

Bisulfite treatment and promoter methylation 
analysis 

 MSP and BGS were conducted according to our 
previous reports [46, 47]. MSP and BGS primers are 
listed in Table S4. MSP was conducted for 40 cycles at 
the annealing temperatures of 60°C for M and 58°C 
for U. Amplified products from BGS primer set were 
cloned into pCR4-Topo vector (Invitrogen, Carlsbad, 
CA), with 6-8 colonies randomly chosen and 
sequenced.  

Construction of DLEC1 expression plasmids 
and transfection 

 Four pairs of primers (Table S4) were used to 
generate 4 DLEC1 fragments based on published 
DLEC1 sequence (GenBank accession number 
AB020522). Reverse transcription was carried out 
using normal testis RNA as template (BD Biosciences, 
Palo Alto, CA). The 4 product fragments were ligated 
to generate pcDNA3.1(+)-Flag-DLEC1 and 
pCMV-Flag-DLEC1-V5 expression plasmids. The 
mutation for three YXXQ motifs of DLEC1 
(DLEC1-3Y, YXXQ-GGGG) was introduced by PCR 
into pCMV-Flag-DLEC1-V5 vector, with sequence 
confirmed. STAT3C expression plasmid was a gift 
from Prof. Honglin Chen (University of Hong Kong) 
[41]. Cells were transfected with lipofectamine 3000 
(Invitrogen, Carlsbad, CA), and the cells were 
cultured in RPMI 1640 supplemented with 10% FBS 
and selected in 400 μg/mL of G418 for 20-30 days to 
establish some stable cell pools, with confirmed 
DLEC1 expression.  

Colony formation and cell proliferation assays 
 Colony formation assay was conducted as 

previously described [49]. All experiments were 
performed in triplicate wells 3 times. To monitor cell 
proliferation, 1000 cells were plated in a 96-well plate 
and incubated at 37°C in selective media for 
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 
bromide (MTT) assay.  

Cell cycle and apoptosis analysis 
 Flow cytometry analysis of cell cycle and 

apoptosis was described previously [11]. Cells were 
stained with propidium iodide (PI) and Annexin 
V-FITC (BD Biosciences, Bedford, MA), and sorted by 
Accuri C6 (BD Biosciences, Bedford, MA) according to 
the manufacturer’s protocol. 

Migration and matrigel invasion assays 
 Transwell migration and invasion assays were 

performed as previously described [32, 40]. The 
numbers of migrated or invaded cells were observed 
and counted using a light microscope. Five fields were 
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randomly chosen and the numbers of penetrated cells 
were counted. 

Antibodies, proteins, Western blot and 
immunoprecipitation (IP) 

 Antibodies used were: cleaved caspase-3 
(#9661), cleaved poly (ADP-ribose) polymerase 
(#9541), AKT-total (#4691), phospho-AKT(Ser473) 
(#4060), JAK2 (#9945S), phospho-SAPK/JNK 
(Thr183/Tyr185) (#6251S), STAT3 (#9139S), 
phospho-STAT3 (Tyr705) (9145S) and phospho- 
STAT3 (Ser 727), E-cadherin (#4065) (9134) (Cell 
Signaling, Beverly, MA); Flag M2 (F3165), Vimentin 
(V6630), DLEC1 (HPA019077) and β-actin (AC-74) 
(Sigma-Aldrich, St. Louis, MO); anti-mouse Ig G-HRP 
(P0161), anti-rabbit Ig G-HRP (P0448) (Dako 
,Glostrup, Denmark); Twist (sc-15393; Santa Cruz, 
CA, USA); a-tubulin (Lab Vision Corporation, 
Fremont, CA); V5-Tag (MCA1360; AbD Serotec, 
Raleigh, NC). 

 Human IL-6 (PF01229) (Peprotech, Rocky Hill, 
NJ) was used. Western blot and IP experiments were 
performed according to previous protocols [48, 49]. 

Protein-protein docking analysis 
 To find possible interaction in 3D structure 

between DLEC1 and STAT3, RCSB Protein Data Bank 
online tool (http://www.rcsb.org/pdb/home/home. 
do) was firstly used to predict 3D structures of DLEC1 
and STAT3. Protein-protein docking was conducted 
using the Z-DOCK server (http://zdock.umassmed. 
edu/), which provides 5 top models regarding 
possible interaction between two proteins.  

Statistical Analysis 
 All statistical analyses were conducted with 

R-3.3.0 (http://www.r-project.org). Statistical signifi-
cance was defined as p value < 0.05. Basic statistical 
tests and generation of boxplots and scatterplots were 
performed by using built-in functions including the 
base distribution of R. Survival analyses and the 
generation of related plots were performed by using 
the survival package v2.41-3 (https://cran.r-project. 
org/web/packages/survival/index.html). Kaplan- 
Meier method was used to estimate the overall 
survival of patients; log-rank test was used to 
compare survival distributions of groups of patients 
with different levels of DNA methylation or gene 
expression. 

 For expression data, log2 transformed and 
normalized values were used. For methylation data, 
the β-value, a measure of DNA methylation level 
ranging from 0 to 1 for completely unmethylated to 
completely methylated, was used. The correlation of 
DNA methylation with gene expression or continuous 
numerical clinical features was investigated by 

calculating Spearman's rank correlation coefficients 
and two-tailed p values using the 'cor.test' function in 
R. For two groups (mutant or wild-type) of DNA 
methylation, gene expression or clinical data, 
Wilcoxon rank sum test was applied to calculate 
two-tailed p values using the 'wilcox.test' function in 
R. For data with more than two groups, 
Kruskal-Wallis rank sum test was applied to calculate 
the P values using the 'kruskal.test' function in R. 

 Abbreviations 
ESCC: esophageal squamous cell carcinoma; 

NPC: nasopharyngeal carcinoma; TSG: tumor 
suppressor gene; SOCS: suppressors of cytokine 
signaling; PTPs: protein tyrosine phosphatases; 
aCGH: array comparative genomic hybridization; 
MeDIP: methylated DNA immunoprecipitation; CGI: 
CpG island; BGS: bisulfite genomic sequencing; MSP: 
methylation-specific PCR; Aza: 5-aza-2’-deoxy-
cytidine; TSA: Trichostatin A; EMT: epithelial 
mesenchymal transition; PDB: protein data bank; 
co-IP: co-immunoprecipitation; CK2: casein kinase II; 
NLS: nuclear localization signal; MTT: 
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 
bromide.  

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v08p0061s1.pdf  
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