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Abstract

The ETS family transcription factor ESE3 is a crucial element in differentiation and development 

programs for many epithelial tissues. Here we report its role as a tumor suppressor in pancreatic 

cancer. We observed drastically lower ESE3 expression in pancreatic ductal adenocarcinomas 

(PDAC) compared to adjacent normal pancreatic tissue. Reduced expression of ESE3 in PDAC 

correlated closely with an increase in lymph node metastasis and vessel invasion and a decrease in 

relapse-free and overall survival in patients. In functional experiments, downregulating the 

expression of ESE3 promoted PDAC cell motility and invasiveness along with metastasis in an 

orthotopic mouse model. Mechanistic studies in PDAC cell lines, the orthotopic mouse model and 

human PDAC specimens demonstrated that ESE3 inhibited PDAC metastasis by directly 

upregulating E-cadherin expression at the level of its transcription. Collectively, our results 

establish ESE3 as a negative regulator of PDAC progression and metastasis by enforcing E-

cadherin upregulation.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the leading cause of cancer-related deaths in 

the United States, with a dismal 5-year survival rate of no more than 6% (1). Despite recent 

improvements in PDAC diagnosis and therapy, most pancreatic cancer patients die of 

invasion and metastasis to the regional lymph nodes and/or distant organs (2,3). 

Unfortunately, the underlying mechanism for PDAC invasion and metastasis remain poorly 

understood. Therefore, improved understanding of the molecular mechanisms underlying 

pancreatic cancer invasion and metastasis is an urgent need for designing effective 

interventional strategies and prolonging patient life (3,4).

The ETS gene family consists of nearly 40 distinct members (5). Each ETS transcription 

factor possesses a highly conserved DNA-binding domain and binds to a conserved ETS-

binding site (EBS; GGAA/T) in the promoter/enhancer regions of target genes (6,7). 

Increasing evidence implicates roles for these transcription factors in tissue differentiation 

(8) and tumor progression (9–11). A subset of ETS factors known as epithelium-specific 

ETS (ESE) factors, including ESE1 (Ert/Jen/Elf3/Esx), ESE2 (Elf5), ESE3 (EHF), and Pdef 

(Pse), are expressed in epithelial tissues (12). Authors reported that ESE3 in particular binds 

directly to target genes to control epithelial-to-mesenchymal transition (EMT), stem-like 

features (13,14), and tumor progression (15–17). Feldman and coworkers have analyzed the 

expression patterns of ESE factors in diverse types of tissues and cell lines, and found that in 

normal human pancreas only ESE1 and ESE3 but not ESE2 and Pdef proteins are expressed 

(5). However, the role of ESE3 in PDAC development and progression has yet to be 

examined.

The classical cadherins are cell surface glycoproteins that mediate calcium-dependent cell-

cell adhesion primarily in a homophilic manner (18–21). Their adhesion-regulating function 

requires interaction with the actin cytoskeleton via catenins. Cadherins are known to play 

important roles in tumor development and progression (19,22). In late-stage tumorigenesis, 

switching of the cadherin subtype from E-cadherin to N-cadherin occurs during tumor-cell 

invasion and metastasis and is mechanistically associated with EMT (23,24). Cadherin 

switching usually refers to a change in expression from E-cadherin to N-cadherin (25–28). 

Interestingly, changes in E-cadherin expression in the pancreas may play a role in human 

pancreatic intraepithelial neoplasia development (29). Specifically, researchers found that E-

cadherin expression was lower at the membrane but higher in the cytoplasm in pancreatic 

intraepithelial neoplasia cells than in normal ductal cells (29). The roles of E-cadherin in 

pancreatic cancer development and progression are well documented (30–34). However, the 

molecular mechanisms underlying altered E-cadherin expression in pancreatic cancer cells 

remain unclear.

In the present study, we explored the functions of ESE3 in PDAC invasion and metastasis. 

Our data demonstrated that ESE3 expression was reduced in PDAC cell lines and human 
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PDAC specimens. Also, ESE3 downregulation promoted PDAC cell migration and invasion 

in vitro and metastasis in orthotopic mouse models. Importantly, ESE3 mechanistically 

suppressed PDAC metastasis by upregulating E-cadherin protein expression in PDAC cells 

via direct binding to the promoter of the E-cadherin gene.

Materials and Methods

Cell culture and regents

The human PDAC cell lines AsPC-1, CFPAC-1, BxPC-3, PANC-1 and MIA-PaCa-2 were 

obtained from the Committee of Type Culture Collection of Chinese Academy of Sciences 

or were purchased from the American Type Culture Collection (Manassas, VA). All of the 

cell lines were obtained in 2013 and authenticated in August 2015 using short tandem repeat 

analysis. These cells grew at 37°C in a humidified atmosphere of 95% air and 5% CO2 using 

Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. 5-aza-2’-deoxycytidine 

(5-AdC) and MS-275 were purchased from Sigma-Aldrich.

Western blot analysis

Western blot analysis of protein expression was performed as described previously (3). 

Briefly, protein lysates (20 µg) were separated using sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis, and target proteins were detected using Western blotting with antibodies 

against ESE3 (1:1000), E-cadherin (1:1000), and β-actin (1:1000) (details are summarized in 

supplementary Table S1).

Reverse transcription-polymerase chain reaction

Total RNA was extracted from treated PDAC cells using TRIzol reagent (Invitrogen) and 

used in first-strand cDNA synthesis with a First-Strand Synthesis System for reverse 

transcription-polymerase chain reaction (RT-PCR; Takara). Each RT-PCR experiment was 

performed independently at least three times. The PCR primers used are listed in 

supplementary Table S1.

MTT and Colony Formation Assays

To determine the viability of PANC-1 and MIA-PaCa-2 cells after treatment of 5-AdC, MTT 

assay was used (35,36). In brief, the cells were seeded at a concentration of 1×104 cells per 

well in 96-well plates. Twenty-four hours after seeding, the attached cells were treated with 

different concentrations of 5-AdC. After 48-hour incubation with 5-AdC, the medium was 

removed and replaced with 100 µL per well of fresh medium containing 20 µL of MTT 

reagent (5 mg/mL) and incubated for 4 hours at 37°C. Then 100 µL of dimethyl sulfoxide 

was added, and the optical density was measured at 550 nm using an ELISA plate reader. 

For colony formation assay, PANC-1 and MIA-PaCa-2 cells were seeded in 6-well plates 

with 100 cells per well. After incubation with 14 days, colonies were stained with crystal 

violet and counted (37,38).
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Immunofluorescence

To evaluate the expression and distribution of E-cadherin in PDACs after regulated ESE3 

expression, PDAC cells were seeded onto glass slides, washed with phosphate-buffered 

saline, fixed with 4% paraformaldehyde for 15 minutes, permeabilized with 0.1% Triton 

X-100 in phosphate-buffered saline for 15 minutes at room temperature, and blocked for 1 

hour with 3% bovine serum albumin in phosphate-buffered saline. The cells were then 

stained with an anti-E-cadherin antibody (1:200 dilution) overnight at 4°C. Cells were 

mounted with 4’,6-diamidino-2-phenylindole (DAPI) Fluoromount-G medium and a DAPI 

nuclear stain (SouthernBiotech). The slides were viewed under an Olympus microscope.

Chromatin immunoprecipitation assay

A chromatin immunoprecipitation assay was performed using a commercially available kit 

(Upstate Biotechnology) according to the manufacturer’s instructions (3,34). PCR analysis 

was performed using primer sets spanning four regions comprising the EBSs identified in 

the human E-cadherin promoter. PCR products were analyzed using gel electrophoresis. The 

primer sequences are listed in supplementary Table S1.

Gene expression alteration and determination

Small interfering RNAs (siRNAs) against ESE3 were designed and synthesized from 

GenePharma (supplementary Table S1). Also, human ESE3 cDNA was cloned into a pCDH 

plasmid expression vector (pCDH-ESE3). Lentiviral infections were performed according to 

standard procedures. Briefly, HEK293 cells were co-transfected with the plasmids pMD2.G 

and psPAX2 (Addgene) along with either pCDH-ESE3 or pCDH-Vector using the jetPRIME 

transfection reagent (Polyplus-transfection) according to the manufacturer’s protocol. 

Twelve hours later, the transfection medium was replaced with fresh Dulbecco’s modified 

Eagle’s medium with 10% fetal bovine serum. Forty-eight hours afterward, the viral 

supernatants were collected and concentrated using Centricon Plus-70 filter units (EMD 

Millipore). In addition, PANC-1 cells were infected overnight with viral supernatants 

supplemented with 8 µg/mL hexadimethrine bromide (Polybrene; Sigma). Two days after 

infection, stably transduced PANC-1 cells were selected with 1 µg/mL puromycin for 7 

days, resulting in a homogeneous population of 100% puromycin-resistant cells.

Genomic DNA fragments of the human E-cadherin gene spanning +1 to −1193 bp 

(GenBank accession number: L34545.1) relative to the transcription initiation sites were 

generated using PCR and inserted into pGL3-Basic vectors (denoted as pGL3-E-cadherin). 

All constructs were sequenced to confirm their identities. A Dual-Luciferase Reporter Assay 

System (Promega) was used to measure the luciferase activity in transfected cells as 

described previously (3,39).

PDAC cell lines were seeded in six-well plates at a density of 5 × 105 cells/well for 

transfection. When the cells were 80% confluent, siRNA duplexes or plasmids were 

transfected into them using Lipofectamine 2000 (Invitrogen) for 48 hours. The cells were 

harvested for testing including cell migration and invasion, Western blot, reverse 

transcription-PCR, and immunofluorescent analysis.
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Wound-healing and cell migration assays

A wound-healing assay and migration assays were performed using indicated cells 

according to a published protocol (3,40). The invasion assay was performed using filters 

coated with one-sixth diluted Matrigel (BD Bioscience). Dulbecco’s modified Eagle’s 

medium with 10% fetal bovine serum was added to the lower chamber of Boyden chamber, 

and cells treated as indicated were allowed to incubate for 36 hours. Cells that migrated to 

the bottoms of the filters were stained using a three-step stain set (Thermo Fisher Scientific).

Animals and orthotopic and intrasplenic mouse models of pancreatic cancer metastasis

All animal studies were conducted under an approved protocol by Tianjin Cancer Institute 

and Hospital and MD Anderson Cancer Center in accordance with the principles and 

procedures outlined in the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. For orthotopic pancreatic tumor cell injection, nude nu/nu mice were 

placed in two groups (PANC-1/pCDH-Vector and PANC-1/pCDH-ESE3, six mice per 

group). PANC-1 cells (2 × 106) were injected into the pancreases of the mice. In each 

mouse, the pancreas was then returned to the peritoneal cavity, and the skin incision was 

closed with skin clips. Then, nude nu/nu mice were given intrasplenic injections of stable 

PANC-1/pCDH-Vector or PANC-1/pCDH-ESE3 cells (41). Eight weeks later, the visible 

metastatic lesions in the gut, mesentery, and liver of each mouse were counted (42).

Patient specimens and immunohistochemistry

With approval from the Ethics Committee at the Tianjin Cancer Institute and Hospital, tissue 

microarrays (TMAs) containing PDAC and adjacent normal pancreatic tissue specimens 

were obtained from patients who underwent surgical resection after histopathologic 

diagnosis of PDAC at that institution. The patients’ histopathologic and clinical 

characteristics are shown in Table S2. Immunohistochemical analysis of the TMA specimens 

for ESE3 and E-cadherin expression was performed using a DAB substrate kit (Maxin). 

Immunoreactivity was semiquantitatively scored according to the estimated percentage of 

tumor cells positive ESE3 expression as described previously (3). The staining intensity for 

the specimens was scored as 0 (negative), 1 (low), 2 (medium), or 3 (high). Also, the 

staining extent was scored as 0 (0% stained), 1 (1–25% stained), 2 (26–50% stained), and 3 

(51–100% stained). The final staining scores were determined by multiplying the intensity 

scores by the staining extent and ranged from 0 to 9. Final scores (intensity score × 

percentage score) lower than 2 were considered to represent negative staining (−), scores of 

2 or 3 were considered to represent low staining (+), scores of 4 to 6 were considered to 

represent moderate staining (++), and scores higher than 6 were considered to represent high 

staining (+++).

Statistical analysis

The Student t-test for paired data was used to compare mean values. Analysis of variance 

was used to examine two groups’ data with continuous variables. Categorical data were 

analyzed using either the Fisher exact or χ2 test. Each experiment was conducted 

independently at least three times, and values were presented as the means ± standard error 

of the mean (SEM) unless otherwise stated. The statistical analyses were performed using 
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the SPSS software program (version 21.0; IBM Corporation). Statistical significance was 

indicated by a conventional P value less than 0.05.

Results

ESE3 expression is reduced in PDAC specimens

We first examined the expression of ESE3 in a TMA consisting of human PDAC and 

adjacent normal pancreatic tissue specimens. The expression of ESE3 was significantly 

lower in the PDACs than in the normal tissue (P < 0.001) (Fig. 1A). We then analyzed the 

ESE3 expression in the TMA specimens according to staining score and found lower ESE3 

expression in ductal cells in tumor specimens than in normal ductal cells (P < 0.001) (Fig. 

1B). To determine the role of ESE3 in PDAC progression, we evaluated the correlation 

between ESE3 expression and histologic PDAC grade. Interestingly, nuclear ESE3 

expression levels were inversely correlated with the histological grade of PDAC (Fig. 1A; 

Table 1). We further investigated ESE3 expression in PDAC and paired adjacent normal 

pancreatic tissue specimens. Despite some interindividual variations, ESE3 protein 

expression was remarkably lower in PDACs than in normal tissue (P < 0.05) (Fig. 1C), 

suggesting that ESE3 expression decreased in the PDACs during progression. Intriguingly, 

in pancreatic neoplasms other than PDAC, such as serous cystadenomas, neuroendocrine 

tumors, and intraductal papillary mucinous neoplasms, ESE3 expression remained high (Fig. 

1D).

Authors reported that ESE3 protein expression can be silenced by methylation at an 

evolutionarily conserved CpG site in its promoter in prostate cancer cells and can be restored 

by treatment with the DNA methylation inhibitor 5-AdC (15). Thus, we treated MIA-PaCa-2 

PDAC cells with MS-275 (a synthetic histone deacetylase inhibitor) and 5-AdC. The results 

demonstrated that ESE3 mRNA and protein expression increased after treatment with both 

agents (Fig. 1E). Taken together, these data demonstrated that downregulation of ESE3 

expression may be an early and universal event during PDAC progression and result from 

methylation of the ESE3 promoter.

Loss of ESE3 expression in PDACs is associated with poor overall and relapse-free 
survival

To determine the pathologic significance of ESE3 expression regarding PDAC progression, 

we evaluated the correlation between ESE3 expression and established PDAC prognostic 

factors (Table 1). We did not find an obvious correlation of expression of ESE3 with age, 

sex, or tumor size in PDAC patients. However, ESE3 expression was negatively correlated 

with histologic grade (χ2 = 7.275, P < 0.05, r = −0.260), lymph node metastasis (χ2 = 6.358, 

P < 0.05, r = −0.243), and vessel invasion (χ2 = 8.058, P < 0.01, r = −0.273) in PDAC 

specimens (Table 1). Importantly, Kaplan-Meier analysis of TMA data according to ESE3 

expression indicated that PDAC patients with negative (−) or low (+) ESE3 protein 

expression had significantly worse median overall survival (OS) and relapse-free survival 

(RFS) durations than did those with moderate (++) or high (+++) ESE3 protein expression 

(P < 0.001; OS: 9 and 20 months, respectively; RFS: 4 and 12 months, respectively) (Fig. 1F 

and 1G). We have further analyzed the clinical data and found that metastasis (81.25%) was 
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the main reason for a shorter RFS in the low-ESE3 group. To explore the role of ESE3 in 

PDAC progression, we performed univariate and multivariate analyses of clinical follow-up 

data for our cohort of PDAC patients (Table 2). Consistently, ESE3 expression was 

positively correlated with both OS and RFS in both analyses, i.e., loss of ESE3 expression 

predicted shorter OS and RFS, supporting that loss of ESE3 expression is an independent 

risk factor for PDAC progression.

5-AdC inhibited proliferation, migration and invasion of PDAC cells and increased 
expression of ESE3 suppressed the proliferation of PDAC cells

To explore the effect of 5-AdC on cellular viability, migration and invasion of PDAC cells, 

we treated of PANC-1 and MIA-PaCa-2 PDAC cells with different concentrations of 5-AdC. 

MTT, colony-formation, wound healing and transwell migration and invasion assays were 

performed. We found that the viability and colony-forming ability of PANC-1 and MIA-

PaCa-2 PDAC cells were inhibited by 5-AdC (supplementary Fig. S1A and S1B, P < 0.01). 

5-AdC also suppressed the migration and invasion of PANC-1 and MIA-PaCa-2 cells 

(supplementary Fig. S1C and S1D, P < 0.01) (22,23). Also, we observed that ESE3 

suppressed anchorage-dependent colony-forming activities of PANC-1 and MIA-PaCa-2 

cells (P < 0.05) (supplementary Fig. S1E). Importantly, expression of cleaved poly (ADP-

ribose) polymerase (PARP) protein was upregulated in PANC-1 cells transfected with 

pCDH-ESE3 and downregulated in MIA-PaCa-2 cells transfected with ESE3 siRNA 

(siESE3; P < 0.01) (supplementary Fig. S1F). These data suggested that 5-AdC can inhibit 

proliferation, migration and invasion of PDAC cells. An increased expression of ESE3 

suppressed proliferation of PDAC cells, whereas decreased expression of ESE3 did the 

opposite.

ESE3 inhibits PDAC cell proliferation, migration, and invasion

To determine whether ESE3 overexpression alone is sufficient to suppress PDAC cell 

migration, we induced ectopic expression of ESE3 in two PDAC cell lines with low 

endogenous ESE3 expression (PANC-1 and AsPC-1) (supplementary Fig. S2). We examined 

the resulting cell migration and invasion using a Transwell assay. We found that ESE3 

upregulation reduced PANC-1 and AsPC-1 cell migration and invasion (P < 0.05) (Fig. 2A 

and 2B). Wound-healing assays demonstrated that ESE3 overexpression inhibited the 

migratory activity of both PDAC cell lines more so than that of control cells (Fig. 2C).

To determine the role of ESE3 in the suppressive phenotypes of PDAC cells in vitro, we 

transfected two PDAC cell lines with high endogenous ESE3 expression (CFPAC-1 and 

BxPC-3) with three pairs of siRNAs (siRNA #1, #2, and #3) to knock down their ESE3 

expression (Fig. 3C). Of these three pairs of siRNAs, siRNA #3 most efficiently knocked 

down ESE3 expression, doing so by more than 70%; we therefore used it in subsequent 

functional studies. Cell migration and invasion analysis using a Transwell assay suggested 

that ESE3 depletion in CFPAC-1 and BxPC-3 cells increased cell migration and invasion 

(Fig. 2D and 2E). In wound-healing assays, ESE3 silencing also increased the migratory 

activity of CFPAC-1 and BxPC-3 cells (Fig. 2F). These data indicated that loss of ESE3 

expression in PDAC cells is critical for their growth, migration, and invasion.
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ESE3 expression is positively correlated with E-cadherin expression in PDAC cell lines

As described above, ESE3 expression was downregulated in progression of PDAC and 

inhibited the migration and invasion of PDAC cell lines. To identify the mechanism of 

migration of PDACs, we transfected PANC-1 and CFPAC-1 cells with pCDH-ESE3 and 

siESE3 and evaluated the expression of EMT markers (E-cadherin, Snail and Vimentin) in 

them using Western blotting (Fig. 3; supplementary Fig. S3). Of these EMT-related proteins, 

E-cadherin was the most upregulated and downregulated in PANC-1 and CFPAC-1 cells, 

respectively, after ESE3 overexpression and knockdown. To verify the positive relationship 

between ESE3 and E-cadherin expression, we performed Western blotting, reverse 

transcription-PCR, and immunofluorescent analysis to assess the changes in E-cadherin 

expression in PDAC cell lines after ESE3 overexpression. We observed that expression of E-

cadherin protein and mRNA was upegulated and that ESE3 was overexpressed in PANC-1 

(Fig. 3A) and AsPC-1 (Fig. 3B) cells. Conversely, expression of E-cadherin protein and 

mRNA was downregulated in CFPAC-1 (Fig. 3C) and BxPC-3 (Fig. 3D) cells after 

knockdown of expression of ESE3 with siRNA (Fig. 3C and 3D, bottom panel).

ESE3 overexpression inhibits PDAC metastasis by regulating E-cadherin expression

To further understand the role of ESE3 in E-cadherin–mediated PDAC migration, we 

induced ectopic ESE3 expression in CFPAC-1 and BxPC-3 cells with knockdown of E-

cadherin expression (Fig. 3E and 3F). As shown in Fig. 3G and 3H, knockdown of E-

cadherin overexpression enhanced the migration of PDAC cells. However, ESE3 

overexpression at least partially inhibited the effect of E-cadherin knockdown on PDAC cell 

migration (P < 0.05), suggesting that E-cadherin was involved in ESE3-mediated cell 

migration.

Ectopic ESE3 expression suppresses PDAC metastasis in orthotopic and intrasplenic 
PDAC models

To determine whether ESE3 suppresses PDAC metastasis, we investigated the effects of 

ectopically overexpressed ESE3 on PDAC metastasis in orthotopic and intrasplenic mouse 

models. After orthotopic or intrasplenic injection in mice, control PANC-1/pCDH-Vector 

cells generated primary tumors in the pancreas and distant metastases in the liver, gut, and 

mesentery over 8 weeks. Also, in mice injected with PANC-1/pCDH-ESE3 cells, the sizes of 

the primary pancreatic tumors and metastases in the liver, gut, and mesentery decreased 

dramatically after induction of ectopic ESE3 expression (mean ± SEM, 28.17 ± 9.15 versus 

4.00 ± 1.79; P < 0.001) (Fig. 4A and 4B; supplementary Fig. S4). To evaluate the association 

between ESE3 and E-cadherin expression in PDACs, we performed Western blot (Fig. 4C) 

and immunohistochemical (Fig. 4D) analysis of orthotopic pancreatic tumors in nude mice 

injected with PANC-1/pCDH-Vector and stable PANC-1/pCDH-ESE3 cells. The results 

suggested that expression of E-cadherin increased with overexpression of ESE3 in vivo. 

Collectively, these data demonstrated that ESE3 suppressed the proliferation and metastasis 

of orthotopic and intrasplenic PDACs and confirmed the positive association between ESE3 

and E-cadherin expression in PDACs in vivo. Taken together, our data indicated that ESE3 is 

a critical suppressor of PDAC metastasis in mouse models.

Zhao et al. Page 8

Cancer Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ESE3 expression positively correlates with E-cadherin expression in human PDACs

To determine whether ESE3 indeed regulates the expression of E-cadherin in PDAC 

patients, we performed immunohistochemical staining of human PDAC specimens to 

measure the ESE3 and E-cadherin expression in them. As shown in Figure 4E, E-cadherin 

expression co-localized with ESE3 expression in consecutive sections of PDACs with high 

and low differentiation grades. Importantly, ESE3 expression in PDAC specimens was 

highly positively correlated with E-cadherin expression (Fig. 4F and 4G), implicating ESE3 

as a critical regulator of E-cadherin expression in PDAC patients. To further determine 

whether this finding is clinically relevant, we investigated the expression of ESE3 and E-

cadherin in 179 PDACs with RNA sequencing data available from The Cancer Genome 

Atlas (P < 0.001) (Fig. 4H) (43,44). Importantly, Kaplan-Meier analysis of TMA data 

according to ESE3 and E-cadherin expression revealed that patients with negative expression 

for both E-cadherin and ESE3 had significant shorter survival duration (OS: 9 months; RFS: 

4 months), while patients with positive expression for both E-cadherin and ESE3 had 

significant longer survival duration (OS: 20 months; RFS: 12 months). Patients with 

negative expression for either E-cadherin or ESE3 had survival duration (OS: 12 months; 

RFS: 5 months) between the other two groups. The differences in patient survival among 

those three groups were highly significant (P<0.001) (Fig. 4I and 4J). These results 

demonstrated that ESE3 expression was positively associated with E-cadherin expression in 

human PDAC specimens and ESE3 and E-cadherin protein expression impacted the OS and 

RFS of PDAC patients.

ESE3 directly regulates the expression of E-cadherin in PDACs by binding to the EBS in 
the E-cadherin gene promoter

To determine whether ESE3 directly regulates transcription of E-cadherin in pancreatic 

cancer cells, we examined the promoter region of the human E-cadherin gene and identified 

six EBSs in it (Fig. 5A). To see whether ESE3 binds directly to the E-cadherin promoter, we 

performed a chromatin immunoprecipitation assay using the PANC-1 cell line. In chromatin 

fractions pulled down by an anti-ESE3 antibody, we detected EBS1, EBS2, and EBS3 in the 

E-cadherin promoter (Fig. 5B). The fraction immunoprecipitated by the anti-ESE3 antibody 

increased significantly (P < 0.01) with ESE3 overexpression, suggesting that ESE3 

expression influenced the binding of ESE3 to the E-cadherin promoter.

To determine whether binding of ESE3 to the E-cadherin promoter activates the promoter, 

we constructed three E-cadherin luciferase promoter vectors—pGL3-EBS(1), containing 

−302 to −1 bp; pGL3-EBS(2), containing −488 to −1; and pGL3-EBS (full-length), 

containing −1168 to −1 and transfected them with or without an ESE3 expression vector 

(pCDH-ESE3) into HEK293 and PANC-1 cells. Luciferase analysis demonstrated that ESE3 

overexpression significantly increased E-cadherin promoter activity at different promoter 

vector lengths in HEK293 (P < 0.05) (Fig. 5C, left panel) and PANC-1 (P < 0.05) (Fig. 5C, 

right panel) cells. Taken together, these results suggested that ESE3 can not only directly 

bind to the E-cadherin promoter but also influence the activity of E-cadherin in PDACs.
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Discussion

In this study, we investigated the function of ESE3 in PDAC invasion and metastasis. We 

found drastically lower ESE3 expression in PDACs than in adjacent normal pancreatic 

tissue. Importantly, reduced ESE3 expression in PDACs was closely associated with 

increased PDAC lymph node metastasis and vessel invasion but reduced RFS and OS 

durations. Furthermore, downregulation of ESE3 expression promoted PDAC cell motility 

and invasiveness in vitro and metastasis in an orthotopic mouse model of pancreatic cancer. 

ESE3 expression inhibited PDAC metastasis by upregulating E-cadherin expression as 

demonstrated in PDAC cell lines, the orthotopic mouse model, and human PDAC specimens. 

Mechanistically, ESE3 bound directly to and transactivated the E-cadherin promoter, 

upregulating E-cadherin expression in PDAC cells. Collectively, these data demonstrated 

that ESE3 negatively regulates PDAC progression and metastasis by upregulating E-

cadherin expression.

Authors have reported loss of ESE3 expression in esophageal squamous cell carcinoma (17) 

and prostate tumor (13,15,16) cases. We found that ESE3 expression levels were lower in 

PDACs than in matched normal pancreatic tissue specimens. PDAC patients negative for or 

with low ESE3 protein expression had markedly worse OS and RFS durations than did those 

with high or moderate ESE3 expression. Importantly, loss of ESE3 expression was closely 

correlated with poor PDAC prognosis in both univariate and multivariate analyses, 

suggesting that ESE3 expression levels are independent predictors of OS and RFS of PDAC. 

Therefore, loss of ESE3 plays an important role in PDAC development and progression.

In the present study, we discovered strong evidence supporting ESE3 as a tumor suppressor 

gene. We transfected PDAC cell lines with ESE3 plasmids and siRNA to evaluate their 

migration and invasion after gain or loss of their function. Transwell and wound-healing 

assay results suggested that ESE3 upregulation in PANC-1 and AsPC-1 cells reduced their 

migration and invasion. In contrast, ESE3 downregulation in CFPAC-1 and BxPC-3 cells 

increased their migration and invasion. To confirm the role of ESE3 in pancreatic cancer cell 

invasion and metastasis in vivo, we developed orthotopic and intrasplenic pancreatic cancer 

mouse models using injection of PANC-1/pCDH-Vector and PANC-1/pcDH-ESE3 cells. 

The results of experiments using these models indicated that ESE3 overexpression 

suppressed PDAC metastasis. Consistently, the data from these experiments indicated that 

ESE3 is a critical suppressor of the migration and invasion of PDAC in vitro and in vivo.

E-cadherin–regulated cell-cell adhesion is decreased in PDACs, and this adhesion is thought 

to be a prerequisite for acquisition of invasive and metastasis properties (45). Most 

importantly, loss of membranous E-cadherin expression in pancreatic cancer cells is 

correlated with lymph node metastasis, high tumor grade, and advanced disease stage (46). 

In the present study, we identified the mechanism by which ESE3 controls PDAC metastasis 

and progression. We evaluated the expression of the EMT markers E-cadherin, β-catenin, 

Snail, and vimentin in PDAC cell lines using Western blotting after transfection with pCDH-

ESE3 and siESE3. We found that E-cadherin protein expression was positively correlated 

with ESE3 expression, suggesting that ESE3 regulates PDAC metastasis by upregulating E-

cadherin protein expression.
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To further understand the role of ESE3 in E-cadherin–mediated migration and invasion of 

PDACs, we induced ectopic expression of ESE3 in E-cadherin–knockdown CFPAC-1 and 

BxPC-3 cells. ESE3 overexpression was sufficient to inhibit ESE3 overexpression alone 

inhibited PDAC migration and metastasis in vitro and in vivo. Furthermore, ESE3 

expression was positively associated with E-cadherin expression in vitro and in vivo, 

particularly in human PDAC specimens in our TMA and RNA sequencing data from The 

Cancer Genome Atlas.

Finally, as a transcription factor, ESE3 protein has a highly conserved DNA-binding domain 

and binds to conserved EBSs (GGAA/T) to regulate the promoter/enhancer regions of 

downstream target genes. Authors reported that as a tumor suppressor, ESE3 binds directly 

to the promoters of oncogenes (DCDC2, TWIST1, ZEB2, BMI1, and POU5F1) (13,16) and 

negatively regulates the expression of those genes in prostate tumors. Similarly, ESE3 

increases the expression of the tumor suppressor gene caspase-3 (15) at the transcriptional 

level by binding directly to the caspase-3 promoter. To determine whether ESE3 regulates 

transcription of E-cadherin in pancreatic cancer cells, we examined the promoter region of 

the human E-cadherin gene and identified six EBSs. Chromatin immunoprecipitation and 

luciferase assay results indicated that ESE3 bound directly to the E-cadherin promoter and 

positively influenced E-cadherin gene expression in PDAC cells.

In summary, we demonstrated that ESE3 expression decreased in PDACs, particularly those 

with poor differentiation, indicating the relationship of ESE3 expression with poor prognosis 

for this tumor. ESE3 suppressed PDAC cell metastasis and aggressive PDAC phenotypes in 
vitro and in vivo. ESE3 upregulated E-cadherin expression in PDAC cells by binding 

directly to the EBSs of the E-cadherin gene promoter. Conceivably, the use Decitabine to 

reduce the methylation of ESE3 promoter could lead to and sustain the expression of ESE3 

and reduce cell viability and cell ability to migrate and invade. Therefore, it is possible that 

the combined use of Decitabine with Gemcitabine may represent a more effective treatment 

regimen for metastatic PDAC patients.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Reduced ESE3 expression in PDACs predicts poor survival durations
A, immunohistochemical analysis of ESE3 protein expression in TMAs of PDAC and 

adjacent normal pancreatic tissue specimens. B, analysis of the ESE3 expression in the TMA 

specimens according to staining scores. C, left panel: Western blotting analysis of ESE3 

expression in eight paired human PDAC (T) and matched adjacent normal pancreatic tissue 

(N) specimens. ESE3 protein expression levels were normalized according to β-actin 

expression levels. Right panel: ESE3 protein expression levels in PDAC specimens versus 

paired adjacent normal pancreatic tissue specimens (n = 8; P < 0.05 [paired t-test]). D, 

immunohistochemical analysis of ESE3 protein expression in pancreatic neuroendocrine 

tumor (pNET), serous cystadenoma, and intraductal papillary mucinous neoplasm (IPMN) 

specimens. E, quantitative reverse transcription-PCR and Western blotting analysis of ESE3 

mRNA (upper panel) and protein (lower panel) expression after treatment with MS-275 and 

5-AdC for 48 hours. F, association of ESE3 expression with OS rate in patients with PDAC. 

The patients (n = 119) were stratified into two groups according to ESE3 

immunohistochemical staining intensity. Patients with low ESE3 expression (intensity grade, 

−/+) had much shorter OS durations than did patients with high ESE3 expression (intensity 
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grade, ++/+++; P < 0.001 [log-rank test]). G, association of ESE3 expression with RFS rate 

in PDAC patients (P < 0.001 [log-rank test]).
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Fig. 2. ESE3 suppresses PDAC cells migration and invasion
A and B, comparison of the migration and invasion of PANC-1 (A) and AsPC-1 (B) cells 

transfected with pCDH-Vector and pCDH-ESE3 (2 µg) for 48 hours using Boyden 

chambers. C, wound-healing assays comparing the motility of PANC-1 (left) and AsPC-1 

(right) cells transfected with pCDH-Vector or pCDH-ESE3 (2 µg) for 48 hours. D and E, 

comparison of the migration and invasion of CFPAC-1 (D) and BxPC-3 (E) cells transfected 

with siNC and siESE3 #3 (50 nM) for 48 hours using Boyden chambers. F, wound-healing 

assays comparing the motility of CFPAC-1 (left) and BxPC-3 (right) cells transfected with 

siNC or siESE3 #3 (50 nM) for 48 hours. Magnification, 100×; scale bar = 200 µm. The data 

are presented as the means ± SEM from three independent experiments. *P < 0.05 versus 

control; scale bar = 100 µm.
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Fig. 3. ESE3 positively regulates E-cadherin expression in PDAC cells
A and B, upper panel: Western blotting and PCR analysis of ESE3 and E-cadherin protein 

expression in PANC-1 (A) and AsPC-1 (B) cells transfected with pCDH-Vector or pCDH-

ESE3 (2 µg) for 48 hours. β-actin was used as a loading control. Lower panel: 

immunofluorescent images of PANC-1 (A) and AsPC-1 (B) cells transfected with pCDH-

Vector or pCDH-ESE3 (2 µg) for 48 hours stained for E-cadherin (red) and DAPI (blue; 

magnification, 200×). C and D, upper panel: Western blotting and PCR analysis of ESE3 

and E-cadherin protein expression in CFPAC-1 (C) and BxPC-3 (D) cells transfected with 
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negative control siRNA (siNC) or siESE3 #1, #2, or #3 (50 nM) for 48 hours. β-actin was 

used as a loading control. Lower panel: immunofluorescent images of CFPAC-1 (C) and 

BxPC-3 (D) cells transfected with siNC or siESE3 #3 (50 nM) for 48 hours stained for E-

cadherin (red) and DAPI (blue; magnification, 200×). E and F, Western blotting analysis of 

CFPAC-1 and BxCP-3 cells co-transfected with siESE3 #3 (50 nmol/L) or pCDH-ESE3 (2 

µg). G and H, Boyden chamber analysis of CFPAC-1 and BxCP-3 cells co-transfected with 

siESE3 #3 (50 nmol/L) or pCDH-ESE3 (2 µg). The data are presented as the means ± SEM 

from three independent experiments. *P < 0.05; **P < 0.01. Magnification, 200×.
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Fig. 4. ESE3 suppresses the metastasis of PDAC in a mouse model, and its expression is positively 
correlated with E-cadherin expression in human PDAC specimens
A, a mouse model of pancreatic cancer was established via intrasplenic injection of 

PANC-1/pCDH-Vector or stable PANC-1/pCDH-ESE3 cells in nude mice (n = 5/group). 

Shown are representative images of primary pancreatic tumors and metastatic tumors in the 

liver, gut, and mesentery obtained from mice. B, statistical analysis of the total number of 

visible metastatic lesions in the liver, gut, and mesentery in our mouse model of pancreatic 

cancer (t-test). The data are presented as the means ± SEM from two independent 

experiments. ***P < 0.001. C, Western blotting analysis of ESE3 and E-cadherin expression 
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in orthotopic pancreatic tumors in nude mice injected with PANC-1/pCDH-Vector or stable 

PANC-1/pCDH-ESE3 cells. D, representative immunohistochemical stains of ESE3 and E-

cadherin expression in orthotopic pancreatic tumor specimens (magnification, 200× and 

400×). E, immunohistochemical stains of human PDAC specimens showing correlative 

ESE3 and E-cadherin expression. F, statistical analysis of immunohistochemical staining of 

human PDAC specimens for ESE3 and E-cadherin expression. G, the distribution of 

immunohistochemical staining scores for ESE3 and E-cadherin expression in human PDAC 

specimens. H, correlation analysis of ESE3 and E-cadherin expression in 179 PDAC 

specimens with RNA sequencing data available from The Cancer Genome Atlas. I, 

association of ESE3 and E-cadherin expression with OS rate in patients with PDAC. The 

patients (n = 119) were stratified into three groups according to ESE3 and E-cadherin 

immunohistochemical staining intensity (“−” and “−”; “−” and “+” or “+” and “−”; “+” and 

“+”) (P < 0.001 [log-rank test]). J, association of ESE3 and E-cadherin expression with RFS 

rate in PDAC patients (P < 0.001 [log-rank test]).
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Figure 5. Transcriptional regulation of E-cadherin expression by ESE3 in PDAC cells
A, schematic of the structure of the E-cadherin gene promoter. Shown are six EBSs and their 

respective locations. B, chromatin immunoprecipitation analysis of ESE3 binding to the E-

cadherin promoter in PANC-1/pCDH-Vector and stable PANC-1/pCDH-ESE3 cells. C, 

luciferase assay-based promoter activity analysis of HEK293 and PANC-1 cells 

overexpressing ESE3 (pCDH-ESE3) and control cells transfected with pGL3-ESE3(1), 

pGL3-ESE3(2), pGL3-ESE3 (full length), or pGL3-empty vector (pGL3-EV). Forty-eight 

hours after transfection, the cells were subjected to dual luciferase analysis. The results are 
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expressed as fold induction relative to that in corresponding cells transfected with the control 

vector after normalization of firefly luciferase activity according to Renilla luciferase 

activity. The data are expressed as the means ± SEM from three independent experiments. 

*P < 0.05; **P < 0.01;***P < 0.001.
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Table 2

Univariate and multivariate analysis of clinicopathological factors for overall survival (OS) and relapse-free 

survival (RFS)

Univariate analysis

Variables OS RFS

HR (95.0% CI) P HR (95.0% CI) P

Age 1.279 (0.810–2.019) 0.291 1.265 (0.800–2.001) 0.315

Gender 1.073 (0.681–1.693) 0.761 1.068 (0.675–1.690) 0.780

Tumor size 1.870 (1.181–2.962) 0.008a 1.875 (1.176–2.989) 0.008a

Vessel invasion 2.870 (1.791–4.600) 0.000a 3.134 (1.912–5.137) 0.000a

LN metastasis 2.415 (1.520–3.838) 0.000a 2.129 (1.336–3.391) 0.001a

Grade 2.378 (1.430–3.954) 0.001a 3.310 (1.930–5.676) 0.000a

ESE3 0.320 (0.196–0.523) 0.000a 0.363 (0.223–0.590) 0.000a

Multivariate analysis

Tumor size 1.097 (0.635–1.895) 0.740 1.091 (0.631–1.888) 0.754

Vessel invasion 1.952 (1.159–3.289) 0.012a 1.988 (1.141–3.465) 0.015a

LN metastasis 1.605 (0.944–2.728) 0.081a 1.384 (0.807–2.373) 0.237

Grade 1.749 (1.040–2.942) 0.035 2.041 (1.161–3.587) 0.013a

ESE3 0.457 (0.274–0.763) 0.003a 0.551 (0.329–0.924) 0.024a

NOTE: Univariate analysis: log rank; multivariate Cox proportional hazards analysis.

Abbreviations: HR, hazard ratio; CI, confidence interval; LN, lymph node.

a
Statistically significant (P< 0.05).
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