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Abstract

Epithelial-mesenchymal transition (EMT) in cancer cells drives cancer chemoresistance, yet the 

molecular events of EMT that underpin the acquisition of chemoresistance are poorly understood. 

Here, we demonstrate a loss of gemcitabine chemosensitivity facilitated by human equilibrative 

nucleoside transporter 1 (ENT1) during EMT in pancreatic cancer and identify that cadherin 

switching from the epithelial (E) to neuronal (N) type, a hallmark of EMT, contributes to 

this loss. Our findings demonstrate that N-cadherin decreases ENT1 expression, membrane 

localization and gemcitabine transport, while E-cadherin augments each of these. Besides E- and 

N-cadherin, another epithelial cell adhesion molecule, EpCAM, played a more prominent role 

in determining ENT1 membrane localization. Forced expression of EpCAM opposed cadherin 

switching with restored ENT1 expression, membrane localization and gemcitabine transport in 

EMT-committed pancreatic cancer cells. In gemcitabine-treated mice, EpCAM positive tumors 

had high ENT1 expression and reduced metastasis, whereas tumors with N-cadherin expression 

resisted gemcitabine treatment and formed extensive secondary metastatic nodules. Tissue 

microarray profiling and multiplexed immunohistochemical analysis of pancreatic cancer patient-

derived primary tumors revealed EpCAM and ENT1 cell surface co-expression is favored, and 

ENT1 plasma membrane expression positively predicted median overall survival times in patients 

treated with adjuvant gemcitabine. Together, our findings identify ENT1 as an inadvertent target of 
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EMT signaling mediated by cadherin switching and provide a mechanism by which mesenchymal 

pancreatic cancer cells evade gemcitabine therapy during EMT.
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INTRODUCTION

Pancreatic cancer remains one of the most devastating malignancies (1). The current 

standard of care for late stage pancreatic cancer patients relies on chemotherapy including 

gemcitabine monotherapy and its combinations with 5-fluorouracil, capecitabine or 

carboplatin, Abraxane®, and FOLFIRINOX, and irinotecan liposome formulations (2,3). 

In recent years only marginal improvement in patient outcomes has been achieved, primarily 

due to the development of drug resistance and tumor relapse. Hence, the dismal state of 

pancreatic cancer treatment outcomes continues, with only ˂10% of patients reaching a 

5-year survival time, making it the fourth leading cause of cancer-related deaths (4).

Drug treatment often fails when cancer cells become unresponsive to therapy, yet 

the mechanisms of resistance acquisition are not fully understood. Recapitulation of 

epithelial-mesenchymal transition (EMT), a programmed set of interconvertible cellular 

morphological changes occurring during embryonic ontogeny, is considered a contributing 

factor for its potential to activate pathways governing cancer chemoresistance (5). 

EMT also facilitates migration and invasion of cells through the extracellular matrix 

(6), and multiple independent studies support the importance of EMT for tumor cell 

dissemination, metastasis, and drug resistance (7–9). Indeed, cancer chemoresistance has 

been associated with mesenchymal characteristics across many cancer subtypes (10–11), 

including pancreatic cancer (12–15). The precise mechanism by which mesenchymal 

pancreatic cancer cells escape drug treatment remains poorly understood.

It is possible that structural modifications implemented by EMT endow cancer cells with 

characteristics that impair the efficacy of commonly used therapeutic agents. Activation 

of EMT transcription factors belonging to the ZEB, TWIST, and SNAI1 families have 

demonstrated the ability to breach epithelial cell integrity to promote de-differentiation 

associated with poor drug sensitivity. Early in EMT, degradation of tightly maintained 

epithelial cell-cell contact mediated by tight junctions, adherens junctions, and desmosomes 

occurs (16). Further, disassembly of the adherens junction by transcriptional repression 

of epithelial cadherin (E-cadherin) followed by upregulation of neuronal cadherin (N-

cadherin), termed cadherin switching, is frequently observed (17). Moreover, epithelial cell 

adhesion molecule (EpCAM), which regulates proliferation and cell adhesion, is lost in a 

fraction of circulating tumor cells (CTCs) due to EMT and this correlates with the extent of 

metastasis occurrence and increased drug resistance (18, 19).

In the current study, we investigated cell junctional changes characteristic of the EMT 

process and its effect on membrane transport of hydrophilic drugs into cancer cells, the 

first rate-limiting process determining anticancer efficacy. Specifically, we found the E- to 
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N-cadherin switching observed during EMT reduces the expression of human equilibrative 

nucleoside transporter 1 (hENT1), a drug carrier that conducts the membrane transport of 

gemcitabine in pancreatic cancer cells. EpCAM, on the other hand, substantially augments 

hENT1 cell surface expression and enhances sensitivity to gemcitabine in pancreatic cancer 

cells by opposing cadherin switching. In both mice harboring orthotopic pancreatic tumor 

xenografts and human pancreatic cancer patients, EpCAM principally determined ENT1 cell 

surface localization, gemcitabine treatment response, and survival outcomes. Together, our 

findings identify that hENT1 is an inadvertent target of EMT signaling mediated by cadherin 

switching and provide a mechanism by which mesenchymal pancreatic cells evade drug 

therapy during the EMT process.

MATERIALS AND METHODS

Cell Culture

The pancreatic ductal adenocarcinoma cell line, PANC-1, was obtained from American 

Type Culture Collection (ATCC Cat# CRL-1469, RRID:CVCL_0480) and maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS. PANC-1 cells 

were subcultured at a 1:8 ratio and used within 25 passages. Epithelial and mesenchymal 

subpopulations of cells were isolated from PANC-1 cells (N+/E− and E+/N− cells), and 

cultured under the same conditions as parental PANC-1 cells. All experiments were 

conducted within the tenth passage of the clones to avoid risk of further transformation 

and loss of isogenicity. MIA PaCa-2 (ATCC Cat# CRL-1420, RRID:CVCL_0428), HPAF-

II (ATCC Cat# CRL-1997, RRID:CVCL_0313), and Capan-1 (ATCC Cat# HTB-79, 

RRID:CVCL_0237) cell lines were obtained from ATCC. ATCC uses morphological, 

cytogenetic and DNA profile analysis for characterization of cell lines. A431D, A431D-E 

and A431D-N cells were generously provided by Dr. Parmender P. Mehta (University of 

Nebraska Medical Center) and maintained as described before (20). All cells were incubated 

in 5% CO2 at 37°C. Routine mycoplasma testing was performed on cell lines in this 

study with R&D Systems’ MycoProbe Mycoplasma Detection Kit, with the latest screening 

conducted 8/26/20.

Orthotopic Pancreatic Tumor Xenograft Implantation and Gemcitabine Treatment

For in vivo studies, 8-week-old female athymic nude mice were received from the 

Jackson Laboratory (IMSR Cat# JAX:007850, RRID:IMSR_JAX:007850). Procedures were 

performed in accordance with our protocol 2015A00000095-R1 approved by The Ohio 

State University Institutional Animal Care and Use Committee and animals were maintained 

in facilities approved by the Association for Assessment and Accreditation of Laboratory 

Animal Care International, the Office of Laboratory Animal Welfare, and in compliance 

with the United States Department of Agriculture standards and regulations. After one week 

of acclimatization, mice were randomly caged into groups of 5. For orthotopic implantation 

of pancreatic cancer cell lines, all the procedures were carried out under a biosafety cabinet. 

Mice were anesthetized by 3% isoflurane inhalation initially and then 1% isoflurane was 

maintained throughout the surgical procedure. The abdominal area of mice was cleaned with 

povidone iodine solution thrice and a 1 cm incision was made at the upper left quadrant of 

the abdominal cavity. Human pancreatic cancer cell lines: PANC-1, E+/N−, N+/E−, PANC-1 
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OE EpCAM, or PANC-1 OE N-cad (2 × 105 cells suspended in 50 μL of sterile PBS and 

50% v/v Matrigel) were injected into the tail region of the pancreas, avoiding any major 

blood vessels and spillage into the peritoneal cavity. Skin incisions were closed by sterile 

absorbable surgical sutures and wounded area was cleaned with povidone iodine solution. 

Isoflurane was then removed, and mice were administered 100% oxygen (1–2 min) for their 

recovery. Analgesic medication (0.5 mg/mL meloxicam) was given subcutaneously every 

24 h for 3 subsequent days post-surgery. Two weeks after orthotopic injection, gemcitabine 

treatment was commenced by intraperitoneal (IP) injection (25 mg/kg) and continued twice 

a week for the duration of the study. Mice were monitored daily following surgery to 

ensure proper wound healing and weighed twice a week throughout the course of the 

experiment. Twelve weeks after orthotopic injection mice were euthanized. Primary tumors 

were weighed. Tumor dimensions were measured by a Vernier Caliper and calculated using 

the following formula: tumor volume= π/6 (L × S × S), where L= longest diameter and S = 

the shortest tumor diameter. Additionally, metastatic foci were counted in the liver, spleen, 

kidney, intestine, and peritoneum by examination under a stereo Zoom (10X) microscope.

TMA Construction

A tissue microarray comprising of tumor samples from 114 patients with pancreatic 

cancer was generated under an IRB protocol (2014C0077) approved by The Ohio State 

University. Tumor samples were collected from pancreatectomy procedures. Specifically, 

pancreaticoduodenectomy procedures were performed for tumors located in the pancreas 

head region and distal pancreatectomy with splenectomy procedures were performed 

for tumors in the pancreas tail region. Formalin-fixed paraffin embedded representative 

tumor blocks were selected by evaluation of hematoxylin & eosin stained slides by a 

board-certified gastrointestinal pathologist (Dr. Wei Chen), and cores drawn from viable, 

non-necrotic regions of tumor with a 1.5 mm coring needle using a Pathology Devices 

Arrayer (San Diego, CA). Tumor tissue cores were placed in duplicate (along with normal 

adjacent pancreas tissue for 25 patients) into three paraffin blocks. After all cores were 

placed into the paraffin block, the microarray blocks were gently heated in a 40°C 

oven for approximately 45 minutes to fuse the cores to the paraffin within the block. 

Microarrays were then sectioned and stained. A clinically-annotated database summarizing 

the demographics, clinical-pathologic characteristics, and clinical outcomes for each patient 

was developed by Dr. Terence Williams. All patients were treated with surgical resection 

with or without post-operative chemotherapy, which largely consisted of gemcitabine-based 

chemotherapy. The demographic information for TMAs is provided in Table I.

Other Methods: Plasmids, Antibodies, Reagents, Flow Cytometry, Colony Formation 

Assay, Expression of E-cadherin, N-cadherin, and EpCAM, [5-3H] Gemcitabine Transport 

Assay, Western Blotting, Transwell Migration and Invasion Assays, Pathway and gene 

set enrichment analysis of deposited RNA-sequencing data, Multiplexed Fluorescent 

Immunohistochemistry, TMA Quantification, Statistical Analysis, Immunocytochemistry 

(See Supplemental Materials)
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RESULTS

1. Isolation and characterization of epithelial and mesenchymal human pancreatic cancer 
cells

To study the molecular modifications that occur during the EMT process in pancreatic 

cancer, we developed a cell-based EMT model system. First, several isogenic epithelial (E-

cadherin enriched /N-cadherin depleted; E+/N−) and mesenchymal (N-cadherin enriched/E-

cadherin depleted; N+/E−) clones were isolated from the parental PANC-1 cell line through 

flow cytometry cell sorting and clonal expansion (Fig. S1A–D). Immunostaining confirmed 

that the expression of N-cadherin and E-cadherin were greatly enriched in N+/E− and 

E+/N− cells, respectively, compared to PANC-1 cells (Fig. S2A). E+/N− and N+/E− clones 

were characterized by established in vitro, biochemical and in vivo models. Epithelial clones 

displayed tight cell-cell adhesion and smooth colony morphology, whereas, mesenchymal 

clones displayed loose cell-cell contact, elongated cellular morphology and rough colony 

edges (Fig. S2B). Increased protein expression of epithelial markers E-cadherin and ZO-1 

was evident in epithelial clones, whereas, mesenchymal clones exhibited high expression of 

the mesenchymal markers N-cadherin, β-catenin, Vimentin, SLUG and ZEB-1 (Fig. S2C). 

Proliferation was measured in each cell type, and E+/N− cells showed slightly decreased in 

growth up to 72 h compared to PANC-1 cells, while N+/E− cells grew faster at time points 

beyond 72 h (Fig. S2D). A Matrigel invasion assay was performed, and mesenchymal clones 

demonstrated greater migratory capabilities compared to epithelial and PANC-1 clones 

(Fig. S2E). Additionally, mesenchymal cells showed increased migration as determined 

by a transwell migration assay (Fig. S2F). To ensure the stability and isogenicity of the 

clones, the above characterization experiments were repeated several times. E+/N− and 

N+/E− clones, which retained purity after multiple passages (Fig. S1E), were used for 

conducting subsequent experiments. Mesenchymal clones, compared to the epithelial clones 

and PANC-1, led to significantly increased tumor burden and metastases to the liver, spleen, 

kidney, and intestines in athymic nude mice bearing orthotopic pancreatic tumor xenografts 

(Fig. S2G–I; Fig. S3A–C). Furthermore, the ability of gemcitabine to inhibit mesenchymal 

clone-induced pancreatic tumor growth and metastases in athymic nude mice was reduced 

compared to the epithelial clones and PANC-1 (Fig. S2J–L; Fig. S3D–F). This model was 

shown to be consistently stable and effectively represents epithelial and mesenchymal states 

of EMT in pancreatic cancer. In support of other data, mesenchymal sub-types of pancreatic 

cancer cells are aggressive in nature, highly metastatic, and less responsive to chemotherapy.

2. Epithelial and mesenchymal cells display contrasting ENT1 expression, cell surface 
localization and transport activity

Previously, we and others have demonstrated that ENT1 conducts low-affinity, high-capacity 

membrane transport of hydrophilic nucleoside analog drugs into pancreatic cancer cells (21–

23). To explore how EMT-induced alterations may contribute to the observed differences 

in gemcitabine sensitivity, we evaluated the expressional and functional characteristics of 

ENT1 in E+/N− and N+/E− clones. ENT1 protein expression was decreased in N+/E− cells, 

while enhanced in E+/N− cells compared to parental PANC-1 cells (Fig. 1A). Notably, 

the loss of ENT1 expression coincides with reduced epithelial characteristics or increased 

mesenchymal characteristics, or both, observed during EMT. ENT1 is primarily found at 
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the basolateral cell surface in polarized epithelial cells in accordance with its involvement 

in vectorial transport of nucleosides in cells (24). Consistently, lateral localization of ENT1 

in PANC-1 cells was confirmed by co-staining with E-cadherin, an integral component of 

adherens junctions which form at lateral cell-cell connections (Fig. 1B, Supplemental file 

1). Immunocytochemical analysis showed disorganization of ENT1 at cell-cell contacts with 

reduced expression in N+/E− cells, but PANC-1 and E+/N− cells displayed moderate to 

high levels of ENT1 localization at cell-cell contacts (Fig. 1C). Orthogonal perspectives of 

Z-projection images showed that ENT1 is clearly localized at the lateral surface in PANC-1 

and basolateral membrane in E+/N− cells, while increasingly accumulated in the cytosol 

with reduced lateral membranous expression in N+/E− (Fig. 1D). Imaris software animation 

of Z-stack 3D reconstructions likewise display mislocalization of ENT1 in N+/E− cells 

(Supplemental files 2–4).

To determine the functional consequences of reduced expression and mislocalization 

of ENT1 in N+/E− cells, we performed a radioligand transport study to examine 3H-

gemcitabine transport into N+/E− and E+/N− cells. Transport was measured for one minute, 

and figure 1E shows 3H-gemcitabine accumulation was reduced in N+/E− compared to 

PANC-1 cells and E+/N− cells. A colony formation assay was performed to determine 

the impact of ENT1 mislocalization on gemcitabine sensitivity over a more extended time 

frame. Figure 1F shows that after three weeks of gemcitabine treatment (10 nM), a greater 

number of N+/E− cells were able to resist gemcitabine-induced cytotoxicity. Collectively, 

these findings demonstrate that mesenchymal traits are associated with decreased ENT1 

expression, mislocalization and reduced gemcitabine transport, suggesting that changes in 

ENT1 observed during the EMT process may contribute to loss of gemcitabine sensitivity.

3. E-cadherin augments ENT1, while N-cadherin expression reduces ENT1 at the cell 
surface leading to decreased gemcitabine sensitivity

Upon determining the mislocalization of ENT1 and loss of gemcitabine transport function 

during EMT, we next sought to investigate EMT-altered pathways in the context of 

pancreatic cancer which could potentially modulate ENT1. Utilizing a previous study by 

Takahashi et al. which demonstrated that serial orthotopic implantation of PANC-1 cells 

induced EMT and conferred highly malignant traits to primary tumor and liver metastasis 

derived cell lines (25), we performed bioinformatic analysis of RNA sequencing data sets 

comparing parental PANC-1 and PANC-1 liver metastasis. Unbiased pathway and gene set 

analysis identified actin filament and bundle organization as highly altered gene ontology 

pathways, along with cell substrate junction, protein containing complex disassembly, 

and regulation of binding (Fig. S4A). Consistent with this finding, immunostaining for 

ENT1 and actin showed a severe disruption of the actin cytoskeleton in N+/E− cells, but 

intact structures with filamentous actin at the cell periphery in E+/N− cells (Fig. S4B). 

Intriguingly, Takahashi and colleagues demonstrated that alteration of actin cytoskeletal 

organization coincided with loss of E-cadherin in PANC-1 liver metastasis cells (25).

Upon these observations, we sought to investigate the influence of E to N-cadherin 

switching, a structural change characteristic of EMT, on ENT1 expression and function. 

E-cadherin was overexpressed in PANC-1 cells, and ENT1 protein levels increased (Fig. 
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2A). ENT1 cell surface expression was enhanced in PANC-1 cells overexpressing E-

cadherin, in subconfluent conditions (Fig. 2B). On the other hand, overexpression of 

N-cadherin decreased ENT1 protein levels and cell surface localization even in confluent 

conditions (Fig. 2C/D). Similar results were obtained in N+/E− and E+/N− cells following 

overexpression of E-cadherin and N-cadherin, respectively (Fig. S5A, B). To determine if 

cadherin switching modulates ENT1 expression in a similar fashion in other pancreatic 

cancer lines, we overexpressed E-cadherin and N-cadherin in MIA PaCa-2, Capan-1, and 

HPAF-II cells and obtained similar results (Fig. S6A, B). Functionally, forced expression 

of E-cadherin did not change 3H-gemcitabine accumulation in PANC-1 cells (Fig. 2E), 

but significantly increased 3H-gemcitabine accumulation N+/E− cells (Fig. 2F), suggesting 

that E-cadherin positively influences ENT1 transport function. Oppositely, N-cadherin 

overexpression resulted in a non-statistically significant decrease in the accumulation of 
3H-gemcitabine in PANC-1 (p= 0.057) (Fig. 2G) and E+/N− cells (Fig. 2H). To further 

investigate the negative impact of N-cadherin on gemcitabine accumulation, PANC-1 and 

PANC-1 N-cadherin overexpressing cells were treated with gemcitabine (10 nM) for three 

weeks and analyzed for colony formation. The results show that N-cadherin overexpression 

conferred resistance to gemcitabine cytotoxicity, with a greater number of colonies sustained 

growth despite the presence of gemcitabine (Fig. 2I).

To probe the necessity of E-cadherin for ENT1 plasma membrane localization, A431D 

cells, which are null for both E-cadherin and N-cadherin and derived from the 

epidermoid carcinoma cell line A431, were examined (20). Immunocytochemical analysis 

showed ENT1 was retained at the cell surface even in the absence of E-cadherin, 

although E-cadherin overexpression did augment ENT1 protein levels (Fig. S6C). 

Immunocytochemistry confirmed A431D E-cadherin overexpression cells had further 

increased ENT1 levels at the cell surface, supporting a positive influence of E-cadherin 

on ENT1 cell surface localization; conversely, forced N-cadherin expression in A431D 

diminished ENT1 at the cell surface (Fig. S6D). These results indicate that E- to N-cadherin 

switching significantly influences ENT1, evidenced by E-cadherin augmentation of ENT1 

and N-cadherin depletion of ENT1. Nonetheless, E-cadherin is not essential for ENT1 to 

function at the cell surface of cancer cells, as significant plasma membrane accumulation of 

ENT1 was observed without detectable E-cadherin expression.

4. EpCAM opposes cadherin switching and restores ENT1 cell surface expression and 
transport activity

The cell surface localization of ENT1 in cadherin null A431D cells caused us to consider 

other factors that could promote epithelial integrity. Interestingly, expression of the epithelial 

cell adhesion molecule EpCAM was observed at the cell surface of A431D cells and 

appeared to colocalize with ENT1 (Fig. S6E). Therefore, we proposed that cancer cells 

which have suppression of E-cadherin may retain ENT1 function at the cell surface 

due to EpCAM’s positive influence. Stable overexpression of EpCAM in PANC-1 cells 

was performed and ENT1 protein levels were increased in PANC-1 cells overexpressing 

EpCAM (Fig. 3A). Both EpCAM and ENT1 were prominently organized at the cell surface 

upon EpCAM overexpression, suggesting that EpCAM promotes accumulation of ENT1 

at the cell surface (Fig. 3B). Further, the positive influence on ENT1 was not limited to 
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cells with EpCAM overexpression, evidenced by the meticulous membrane expression of 

ENT1 in cells lacking EpCAM staining (Fig. 3B). It is possible that EpCAM expression 

augments the assembly of other cell surface junctional proteins that may support ENT1 

by promoting epithelial integrity, producing a “bystander effect” in neighboring cells. 

Previous studies in our laboratory have uncovered the positive influence of E-cadherin 

on Connexin 43 assembly in gap junctions, which supports this notion (26). Distinct 

lateral membrane colocalization of ENT1 and EpCAM was displayed by Z-projection 

images (Fig. 3C) and 3D reconstruction of Z-stacks (Supplemental file 5) of PANC-1 cells 

overexpressing EpCAM, which represent cells grown in a monolayer. Similarly, EpCAM 

was overexpressed in EMT-committed N+/E− cells that are devoid of both EpCAM and 

E-cadherin, and interestingly, only those cells that expressed EpCAM displayed ENT1 at the 

cell surface (Fig. 3D). The 3H-gemcitabine transport capacity was unaffected in PANC-1 

cells overexpressing EpCAM (Fig. 3E), whereas, cell surface accumulation of ENT1 

increased and restored ENT1 mediated transport in N+/E− cells overexpressing EpCAM 

(Fig. 3F). Furthermore, to determine if EpCAM may exert its stabilizing influence on ENT1 

by modulating the expression of E-cadherin and/or N-cadherin, Western blotting analysis 

of PANC-1 and N+/E− cells overexpressing EpCAM was performed. Figure 3G shows 

E-cadherin expression was increased due to EpCAM overexpression, and N-cadherin protein 

levels were decreased. Collectively, these findings indicate the importance of EpCAM for 

proper ENT1 cell surface localization and transport activity in PANC-1 cells and suggest 

the effects are mediated, at least partially, by opposing the negative influence of cadherin 

switching.

5. N-cadherin-positive tumors evade gemcitabine drug therapy in an orthotopic mouse 
model of pancreatic cancer

ENT1 is a primary determinant of tumor cell sensitivity to nucleoside analog drugs (21–

23, 27). Having demonstrated N-cadherin reduces ENT1 at the cell surface and EpCAM 

enhances ENT1, we next examined how the expression of these cell adhesion molecules 

would affect tumor size and metastatic burden after gemcitabine treatment in tumor-bearing 

mice. An equivalent cell number of PANC-1, PANC-1 N-cadherin overexpression and 

PANC-1 EpCAM overexpression cells were orthotopically injected into the pancreas 

of 8-week-old female athymic nude mice. Two weeks after injection, gemcitabine was 

administered (25 mg/kg IP) and continued twice weekly for the duration of the experiment, 

schematically displayed in Figure 4A. Body weight was measured weekly for each animal, 

and no significant weight loss was observed during gemcitabine treatment (Fig. S7). Mice 

were sacrificed to evaluate both the primary tumor and formation of metastatic foci twelve 

weeks after orthotopic injections. Notably, three of the five mice with N-cadherin positive 

tumors were sacrificed prior to the twelve-week endpoint (two at week 8, and one at week 

10) as early removal criteria were met due to excessive tumor burden. Tumors generated 

with N-cadherin overexpressing cells formed larger tumors than PANC-1 cells, and the 

EpCAM overexpression tumors had the least weight and volume among the three groups 

(Fig. 4B). Pancreatic cancer often forms metastases in nearby organs such as the liver 

and peritoneum. Thus, we tallied gross metastatic foci in the liver, spleen, peritoneum, 

kidney, and intestines. A significantly greater number of metastatic foci were observed in 

N-cadherin overexpression tumors, with intermediate metastases in PANC-1 tumors, and 
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the least incidence in EpCAM overexpression tumors (Fig. 4C/D). To evaluate whether 

the expression of ENT1 influenced gemcitabine treatment outcomes, immunohistochemical 

analysis was performed on mouse tumor specimens after the completion of treatment. We 

found that ENT1 was highly expressed in EpCAM overexpression tumors compared to N-

cadherin overexpression tumors (Fig. 4E), demonstrating EpCAM and ENT1 co-expression 

correlates with decreased tumor burden and metastases. ENT1 was diminished in N-cadherin 

overexpression tumors, especially in regions where high expression of N-cadherin was 

observed (Fig. 4F).

6. Cell surface ENT1 localization is influenced by N-cadherin and EpCAM expression in 
human pancreatic cancer

Tissue microarray (TMA) analysis of patient-derived pancreatic ductal adenocarcinoma 

(PDAC) samples (n=114) and adjacent normal pancreatic tissues (n=25) was performed. 

Notably, we prepared TMAs from pancreatic cancer patients representing different stages 

of the disease, all treated surgically with or without postoperative chemotherapy treatment 

which consisted of primarily gemcitabine monotherapy or gemcitabine-based combinations 

(Supplemental Table 1). Univariate survival analysis of demographic and clinical parameters 

revealed that treatment with adjuvant chemotherapy favored improved patient outcomes 

with a median overall survival time of 677 days and 383 days with and without treatment, 

respectively (Table 1, Fig. S8). Extensive primary tumor growth (T stage= 3/4), presence 

of regional lymph node spread (N stage= 1), and positive surgical margin status were also 

significantly associated with decreased overall survival time (Table 2).

Multiplexed immunohistochemistry staining was performed, and ENT1 staining was 

observed in hyperplastic tumor regions in a portion of patients, while not detectable in others 

with a range of variable staining in between (Fig. S9). Representative images showed ENT1 

is distinctly expressed at the plasma membrane of EpCAM-positive cells (Fig. 5A), whereas, 

cytosolic ENT1 or absence of ENT1 was observed in tumor cells with plasma membrane 

expression of N-cadherin (Fig. 5B). Tumor cells were categorized and counted by inForm™ 

software based on the expression of ENT1 and EpCAM plasma membrane coexpression 

(double positivity) or individual expression (single positivity). Fewer cells were positive for 

ENT1 or EpCAM alone, suggesting that coexpression of ENT1 and EpCAM is favored 

(Fig. 5C). Likewise, ENT1 and N-cadherin positive/negative expression in tumor cells was 

computed, and a greater proportion of cells were double positive for both cytoplasmic 

ENT1 expression and N-cadherin plasma membrane expression (Fig. 5D). Cell segmentation 

divided tumor cells in each image into cytoplasmic and plasma membrane compartments 

(Fig. S10/S11), and a positive correlation in plasma membrane expression of ENT1 and 

EpCAM was noted (r=0.52; p < 0.001) (Fig. 5E). Further, plasma membrane N-cadherin 

correlated with cytoplasmic localization of ENT1 (r=0.45; p < 0.001) (Fig. 5F). These data 

indicate the importance of cell adhesion molecule expression for supporting or diminishing 

cell surface ENT1 in human pancreatic cancer, which directly impacts drug accumulation in 

tumor cells.
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7. ENT1 cell surface localization predicts survival outcome in gemcitabine treated 
pancreatic cancer patients

To determine if subcellular localization of ENT1 affects patient survival, ENT1 was 

quantified specifically in the plasma membrane compartment based on fluorescent signal 

intensity to produce an H-score ranging from 0–300 (see Methods). The median H-score 

was 96.1, so we chose 100 as a threshold value to categorize high and low expression 

of membrane ENT1. As ENT1 is a determinant of drug sensitivity, we examined how 

membrane expression of ENT1 influenced survival outcomes among treated patients (97 

out of 114 patients, 85.1%). Adjuvant chemotherapy is the standard of care for pancreatic 

cancer patients, so it is expected that treated patients were the vast majority of cases. The 

median overall survival time for patients with H-score < 100 was 634 days (95% CI [541, 

727]), and the corresponding time for patients with H score ≥ 100 was 840 days (95% CI 

[693, 987]), and univariate survival analysis demonstrated that high plasma membrane ENT1 

(H-score ≥100) favors median overall survival (Fig. 5G, Table 1). Multivariate survival 

analyses confirmed that ENT1 membrane H-score, chemotherapy, and tumor N stage were 

significantly associated with overall survival in an independent manner (for H score ≥ 100 

vs. H score < 100, with chemotherapy vs. without chemotherapy, and N stage 1 vs. 0) 

(Table 1). Because N stage and T stage were so closely associated (p < 0.001), and T stage 

was unevenly represented in this patient cohort (T stage 1/2, n=105; T stage 3/4, n=9), 

N stage was included in the final multivariate analysis. Together, these findings suggest 

that EpCAM-supported, cell surface ENT1 localization is an important predictor of overall 

survival in patients treated with gemcitabine. Besides overall survival, we found associations 

between ENT1 H-score >100 and N stage of 0 (p=0.027) and T stage of 1/2 (p=0.034), 

indicating that cell surface ENT1 correlates with absence of regional lymph node spread and 

limited primary tumor growth at the time or surgical resection.

DISCUSSION

In this study, we investigated how cell adhesion molecules regulated by the EMT 

program confer resistance to nucleoside analog chemotherapy in pancreatic cancer. Our 

findings demonstrate that cadherin switching initiated by EMT negatively influences 

ENT1 expression, cell surface localization, and transport function in epithelial pancreatic 

cancer cells resulting in gemcitabine resistance. In addition, EpCAM opposed cadherin 

switching resulting in restoration of ENT1 function and gemcitabine sensitivity. Analysis 

of gemcitabine-treated orthotopic tumor-bearing mice demonstrated that tumors with 

breached ENT1 function due to forced expression of N-cadherin were less responsive to 

gemcitabine therapy, had higher tumor burden, and had greater incidence of metastasis. 

Furthermore, immunohistochemical subtyping of pancreatic cancer patient-derived samples 

revealed EpCAM and ENT1 cell surface coexpression is favored, and plasma membrane-

localized ENT1 positively predicted median overall survival times in patients that received 

gemcitabine-based chemotherapy. Together, our study identifies a putative mechanism by 

which EMT-committed cells lose sensitivity to nucleoside analog chemotherapeutic agents 

during pancreatic cancer progression.
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Coordinated phenotypic changes initiated by EMT convert a subpopulation of epithelial 

tumor cells into mesenchymal-like cells, providing cancer cells with the ability to 

disseminate and resist chemotherapy. Although tumor cells exist in a plethora of 

intermediate states possessing varying levels of both epithelial and mesenchymal traits 

(28), isolation and expansion of isogenic PANC-1 sublines based on differential expression 

of E-cadherin and N-cadherin allowed for comparison between representative epithelial 

and mesenchymal-type pancreatic cancer cells in vitro. The observed reduction and/or 

mislocalization of ENT1 in mesenchymal cells led us to consider the potential influence 

of molecular alterations built into the EMT program. Classical cadherins form adherens 

junctions that contribute to epithelial integrity which is lost in EMT (14) and may be 

important for cell surface expression of transmembrane proteins like ENT1. Further, 

cadherin switching is noted alongside activation of EMT signaling pathways in many solid 

tumors (29, 30) and silencing of EMT transcription factors Snail and Twist resulted in 

increased expression of ENT1 (11). Therefore, we hypothesized that cadherin switching may 

have an integral role in regulating ENT1 expression.

Interestingly, across four different pancreatic cancer cell lines we found that forced 

expression of E-cadherin was accompanied by increased ENT1 protein levels. Further 

examination of the PANC-1 cell line expressing E-cadherin showed enhanced cell-cell 

contact and membrane staining of ENT1, suggesting that partial restoration of the epithelial 

phenotype promotes proper localization and function of ENT1. Opposite results were 

obtained when N-cadherin was overexpressed in epithelial pancreatic cancer cells, along 

with the aforementioned loss of ENT1 expression and mislocalization. Regarding ENT1 

functionality, our results indicate that the greater the amount of E-cadherin expression 

in each respective cell line, the more resistant to changes in gemcitabine transport upon 

forced expression of an exogenous gene. Indeed, the only statistically significant changes 

we observed were in cells with no E-cadherin expression (N+/E− cells), when E-cadherin or 

EpCAM was overexpressed. These findings point to the importance of epithelial adhesion 

molecules that maintain epithelial integrity for ENT1 functionality, and the ability of E-

cadherin retention to minimize the effects of N-cadherin expression in scenarios when both 

are expressed.

Previous studies have investigated the loss of E-cadherin in PANC-1 cells. Takahashi and 

colleagues recently demonstrated that orthotopic implantation of PANC-1 cells resulted 

in decreased expression of E-cadherin, suggesting that the pancreatic cancer tumor 

microenvironment affects E-cadherin (25). This is supported by earlier work by Menke and 

colleagues which found that PANC-1 cells co-cultured with collagen, a major component 

of the extracellular matrix abundant in the desmoplastic stroma characteristic of pancreatic 

cancer, led to downregulation of E-cadherin (31). Despite the indication that the TME 

plays a role in loss of E-cadherin to promote EMT, the mechanisms of loss of ENT1 

during this process is unclear. It is well known that the cytoskeleton is greatly altered 

during the EMT process to accommodate sweeping morphological changes and migratory 

capabilities. An earlier study demonstrates colocalization of ENT1 and F-actin at the cell 

surface and loss of cell surface accumulation of ENT1 after pharmacological disruption of 

actin polymerization (32). Further, adherens junctions rely on actin to form secure cell-cell 

attachments (cadherins are linked to the actin cytoskeleton by β-catenin and α-catenin). 
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Therefore, disruption of adherens junctions (downregulation of E-cadherin), dismantling of 

cell adhesion complexes, and/or reorganization of the actin cytoskeleton, all observed during 

EMT, may be responsible for the loss of ENT1 cell surface accumulation in mesenchymal 

cells. To investigate this possibility further, we performed bioinformatic analysis of the RNA 

sequencing data from the study conducted by Takahashi and colleagues (25), mentioned 

above, which demonstrated that orthotopic implantation of PANC-1 cells permitted to grow 

in the TME resulted in loss of E-cadherin in primary tumors and PANC-1-derived liver 

metastasis. Intriguingly, gene set enrichment analysis revealed that organization of the actin 

cytoskeleton, along with cell substrate junction, protein containing complex disassembly, 

and regulation of binding, was altered in PANC-1 liver metastasis compared to primary 

tumor cells. Immunocytochemical analysis of actin and E-cadherin further confirmed this 

occurrence in mesenchymal PANC-1 cells isolated in this study. Taken together, these 

findings support the notion that structural changes during the EMT process (disruption 

of cell junctional complexes and reorganization of the actin cytoskeleton) is a possible 

mechanism by which proper cell surface tethering of ENT1, required for gemcitabine 

uptake, is compromised.

EpCAM is expressed in numerous epithelia and epithelial-derived neoplasms and has been 

shown to play a complex role in proliferation, tumorigenesis, metastasis, and stemness 

(33, 34). A common tumor-associated antigen, EpCAM is frequently used as a diagnostic 

marker for various cancers and as a target for novel immunotherapies. Interestingly, the 

influence of EpCAM on ENT1 expression, localization and activity superintended the 

contribution of cadherin switching. Mechanistically, EpCAM overexpression also increased 

E-cadherin expression in mesenchymal pancreatic cancer cells and exerted a negative effect 

on N-cadherin expression at the cell surface. Therefore, it is likely that EpCAM supports 

ENT1 cell surface expression in an indirect manner by opposing cadherin switching. 

Indeed, previous reports identify the ability of EpCAM to modulate adhesion mediated 

by classical cadherins (35, 36). Functionally, we observed overexpression of EpCAM 

did not significantly alter ENT1 transport in PANC-1 cells, which express endogenous 

E-cadherin and displayed heterogeneous patterns of EpCAM overexpression. On the other 

hand, uniform EpCAM overexpression was noted in N+/E− cells with a highly significant 

increase in gemcitabine accumulation. We speculate that other factors such as drug efflux, 

metabolism, or the crosstalk between E-cadherin and EpCAM molecules may minimize 

or mask changes in gemcitabine transport in the PANC-1 cell line, which contains an 

assortment of phenotypes. Overall, our findings identify a loss of EpCAM during EMT 

resulting in decreased membrane ENT1 expression and sensitivity to nucleoside analog 

drugs, suggesting a new function of this multifunctional protein in epithelial pancreatic 

cancer cells.

Unlike the role of EMT in chemoresistance, the contribution of EMT to metastasis formation 

in pancreatic cancer is still under debate (9, 11). Zheng and colleagues showed that Snail- or 

Twist-induced EMT is not rate-limiting for invasion and metastasis in pancreatic cancer, (11) 

yet contrasting studies uphold the role of EMT acting as a prerequisite for tumor spread and 

metastatic development (9). Both epithelial and mesenchymal-type tumor cells, along with 

intermediate EMT phenotypes, are potentially able to seed new tumors. Interestingly, Liu 

and colleagues recently showed that circulating tumor cells with predominantly epithelial 
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and lesser mesenchymal traits were most capable of generating secondary tumors in breast 

cancer (8).Other evidence suggests that a fraction of circulating tumor cells shed EpCAM 

expression due to EMT which may contribute to increased metastasis with chemoresistance 

(15). Our findings demonstrate that epithelial-type cells, as characterized by expression of 

EpCAM and E-cadherin, are sensitive to treatment with gemcitabine due to retained cell 

surface expression of ENT1. Thus, it is likely that mesenchymal cells or circulating tumor 

cells that have undergone EMT may evade drug therapy by loss of ENT1 transport facilitated 

at least partially by N-cadherin expression. Although the predominantly epithelial cells may 

be able to form tumors at the highest rate, if such cells are eliminated by drug treatment, 

the mesenchymal cells that escape therapy still have the potential to generate metastasis. 

The reduced metastatic incidence and improved drug response in mice harboring orthotopic 

pancreatic cancer cells that overexpress EpCAM, but not N-cadherin, lends support to this 

possibility. Further, the link that our study establishes between loss of ENT1 and the EMT 

process suggests that primary tumor EMT characteristics may be a useful predictor of 

response to nucleoside analog drugs. Histopathological methods for that assess EMT status 

and/or ENT1 membrane function which is compromised during EMT could inform on the 

selection of chemotherapeutic agents. Thus, treatment with nucleoside analog drugs may not 

be appropriate for patients with significant evidence of EMT.

Several groups have reported loss of ENT1 as predictive of worsened outcomes in pancreatic 

cancer (37–39), however, inconsistencies were noted in some studies with lack of correlation 

between ENT1 expression and treatment outcomes (40, 41). Our study examined not only 

the intensity of ENT1 expression in patient samples, but also the subcellular distribution 

of ENT1, and found that cell surface ENT1 positively predicted gemcitabine-treated patient 

survival. These results indicate that both expression and localization of ENT1 are important 

predictors of patient response to nucleoside analog treatment, perhaps explaining some of 

the inconsistencies noted earlier. Such an analysis performed prospectively on biopsied 

PDAC samples would allow for the identification of an ENT1 subtyping index to be 

incorporated into routine diagnostics for better prediction of gemcitabine drug response in 

patients. These results also suggest that administration of nucleoside analog drugs combined 

with a therapeutic agent to suppress EMT may reduce gemcitabine drug resistance in PDAC.

In summary, our findings identify that functional loss of ENT1 during EMT drives 

gemcitabine resistance in pancreatic cancer cells. The findings identify a putative 

mechanism by which mesenchymal-type cells evade nucleoside analog chemotherapy and 

may have predictive value in the treatment of pancreatic cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: ENT1 is decreased in mesenchymal subclones derived from PANC-1 cells
A. Western blotting analysis of total hENT1 protein levels in PANC-1 cells compared to 

N+/E− and E+/N− cells with β-actin as a loading control B. ENT1 (red) and E-cadherin 

(green) and merged images show colocalization at the lateral membrane (yellow) of 

PANC-1 cells; Bar= 10 μM C. Confocal micrograph of immunocytochemical analysis of 

hENT1 (red) in a single z-slice. Right panel shows magnified view of ENT1 localization. 

Original magnification, x60 D. Z-intensity projection of confocal micrographs captured 

show hENT1 localization throughout the entire cell. Yellow lines show placement of 
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transverse segment that corresponds with orthogonal view displayed at the bottom and to 

the right of the composite image. Original magnification, x100; bar, 10 μm E. Total transport 

of 3H-gemcitabine (1 μM) in sodium containing buffer for each cell type. Bars, means ± 

SD (n=3) Statistical analyses were performed with two-tailed Student’s t-test. **P≤0.01, 

***P≤0.001, ****P≤0.0001 F. Crystal violet staining shows colony formation assay. Cells 

were seeded at equivalent number and grown in the presence of 10 nM gemcitabine for 3 

weeks prior to fixation and staining.
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Figure 2: Cadherin switching diminishes ENT1 cell surface localization and function
A. Western blot analysis shows overexpression (OE) of E-cadherin in PANC-1 cells and 

ENT1 protein levels. β-actin is used as an internal control B. Immunostaining for E-cadherin 

is shown in green (left), hENT1 in red (middle), and both channels merged with DAPI 

(right). Original magnification, x60 C. ENT1 protein levels were examined by Western 

blotting in control and PANC-1 N-cadherin OE cells; OE= overexpression. β-actin is used 

as an internal control D. Confocal micrographs display co-immunostaining for N-cadherin 

in green, ENT1 in red, and merged with nuclear counterstain DAPI E.-H. Transport of 3H-
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gemcitabine (1 μM) in sodium containing buffer for each cell type measured for 1 minute. 

Bars, means ± SD (n=3). Statistical analyses were performed with two-tailed Student’s 

t-test. I. Colony formation ability of PANC-1 and PANC-1 cells overexpressing N-cadherin 

was performed by seeding equivalent cell number and treating with 10 nM gemcitabine 

for 3 weeks prior to staining with crystal violet to visualize colonies. Quantification was 

performed by counting the number of colonies ≥1 mm in size for each quadrant of the 

6-well plate and averaging for the entire well. Bars= mean ± SEM. Statistical analyses were 

performed with two-tailed Student’s t-test. *P ≤ 0.05, ****P ≤ 0.0001
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Figure 3: EpCAM opposes cadherin switching and stabilizes ENT1 at the cell surface
A. Western blotting analysis of hENT1, EpCAM, N-cadherin, and E-cadherin expression 

following stable retroviral overexpression of EpCAM in PANC-1 and N+/E− cells. β-actin 

is used as an internal loading control. OE, overexpression. B. Immunostaining for EpCAM 

(green) and hENT1 (red) in PANC-1 control and PANC-1 overexpressing EpCAM. C. 

Z-intensity projection of compiled confocal micrographs show ENT1 (red) and EpCAM 

(green) localization throughout entire cells. Yellow transverse lines indicate position of 

slices where orthogonal view is shown at the bottom and to the right of the image and 
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Z-projection 3D perspective view at 45° from horizontal; Bar, 10 μm. D. Immunostaining for 

EpCAM (green) and hENT1 (red) in N+/E− and N+/E− cells overexpressing EpCAM E./F. 

Transport of 3H-gemcitabine (1 μM) in PANC-1 and N+/E− cells stably expressing EpCAM 

conducted using sodium containing buffer. Bars, means ± SD (n=3). Statistical analyses 

were performed with two-tailed Student’s t-test. *P ≤ 0.05, **P ≤ 0.01
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Figure 4: N-cadherin-expressing tumors evade gemcitabine treatment in a pancreatic cancer 
orthotopic mouse model
A. Schematic representation of pancreatic orthotopic mouse tumor study for the evaluation 

of N-cadherin or EpCAM effects on gemcitabine therapy. PANC-1, PANC-1 overexpressing 

N-cadherin, or PANC-1 overexpressing EpCAM cells were orthotopically injected into the 

pancreas of immunodeficient female nude mice and gemcitabine treatment initiated two 

weeks after the engraftment procedure for the duration of the study. After 12 weeks, all mice 

were euthanized, and tumor burden and metastases incidence were evaluated ex vivo. B. 

Representative primary tumor from each group showing relative size and quantification of 
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tumor volume and weight; OE, overexpression. Bars, mean ± SEM (n=5/group) C. Mouse 

necropsies showing primary tumors in pancreas (green arrows) and metastatic nodules in 

secondary sites (yellow arrows.) D. Bar graph shows average number of metastatic nodules 

in vital abdominal organs E. Immunohistochemical analysis of hENT1 was performed for 

primary tumors. Representative images of hENT1 (red) expression and nuclear counterstain 

DAPI (blue) in different groups (left) and zoomed in to show detail (right). Bar, 100 μm. 

Zoom bar, 10 μm. F. Immunohistochemical analysis in primary tumors for hENT1 (red) and 

EpCAM (green) (left) or hENT1 (red) and N-cadherin (green) (right) with merged images 

depicting coexpression (yellow). Bar, 100 μm. Statistical analyses performed with two-tailed 

Student’s t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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Figure 5: EpCAM determines ENT1 localization in human pancreatic cancer and cell surface 
localization of ENT1 positively predicts median overall survival
A. Representative multi-spectral fluorescent images of pancreatic cancer TMA sample 

stained for ENT1 (red), Pan-Cytokeratin (cyan), and EpCAM (green) with nuclear 

counterstain DAPI. Image 1. shows a composite image at 20x magnification (bar, 50 

μm), while images 2. and 3. show a zoom view of image 6. ENT1 localization at the 

plasma membrane. Images 4. and 5. display single channel views of Pan-Cytokeratin 

and EpCAM respectively with a merged view shown in 7. Expression of Pan-cytokeratin 

segments tumor cells from surrounding stroma. B. Example images of TMA sample stained 
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for ENT1 (red), Pan-cytokeratin (cyan), and N-cadherin (green) shown in the same order 

as EpCAM representation C. Tumor cells were segmented into nuclear, cytoplasmic and 

plasma membrane compartments with Inform software (see supplemental methods ), and 

cells were counted for plasma membrane expression of EpCAM and plasma membrane 

ENT1 single and double positivity/negativity D. Plasma membrane N-cadherin and cytosolic 

ENT1 plasma membrane single and double positivity/negativity. Graphs show average 

percentage of cells in each category for all patients (n=114); Bars, mean ±SD E. Scatter 

plots show correlation between percentage of EpCAM plasma membrane-positive cells and 

ENT1 plasma membrane-positive cells F. Correlation between percentage of N-cadherin 

plasma membrane-positive cells and ENT1 cytoplasmic-positive cells G. Median overall 

survival time for gemcitabine-based chemotherapy treated patients (n=97) segregated by 

H-score which represents intensity of ENT1 plasma membrane staining between 0 and 300, 

with 0 indicating no expression of ENT1 and 300 indicating maximal expression of ENT1. 

Threshold value for high/low ENT1 expression was 100 based on the median H-score, 96.1. 

Number of patients at risk at each time point is listed for each group below the survival 

curve.
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Table 1.

Univariate and multivariate Cox proportional hazard survival analyses of overall survival

Factor Hazard ratio 195% CI of HR P value

Univariate

Age Increasing by 1 0.99 [0.97, 1.01] 0.42

Gender female vs male 0.83 [0.55, 1.27] 0.4

Adjuvant chemotherapy yes vs no 0.48 [0.28, 0.81] 0.0065

H-score > 100 vs < 100 0.68 [0.45, 1.05] 0.078

Grade 3 vs (1 and 2) 1.5 [0.97, 2.30] 0.067

N stage 1 vs 0 2.53 [1.39, 4.57] 0.0022

T stage (3 and 4) vs (1 and 2) 5.12 [1.61, 16.33] 0.0058

LVSI positive vs negative 0.65 [0.42, 1.03] 0.065

PNI positive vs negative 0.75 [0.45, 1.25] 0.28

Surgical margin status positive vs negative 1.87 [1.21, 2.88] 0.0047

Multivariate *

Adjuvant chemotherapy yes vs no 0.45 [0.26, 0.78] 0.0042

ENT1 H-score > 100 vs < 100 0.7 [0.45, 1.03] 0.09

N stage 1 vs 0 2.33 [1.27, 4.25] 0.006

*
the overall p value of the final multivariate model was less than 0.001 (log-rank test)

Univariate and multivariate survival analyses were conducted to evaluate the potential associations between H-score, adjuvant chemotherapy 
treatment, tumor grade, N stage, T stage, lymphovascular space invasion (LVSI), perineural invasion (PNI), surgical margin status, and median 
overall survival. The multivariate analyses were performed using a stepwise backward approach. Due to the relatively small sample size, the final 
multivariate model included variables with p value < 0.10.
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