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Epithelial to mesenchymal transition (EMT) is a physiologic process that allows 
morphological and genetic changes of carcinoma cells from an epithelial to a 
mesenchymal phenotype, which is the basis of the high metastatic potential of 
pancreatic cancer cells. EMT is triggered by various tumor microenvironmental factors, 
including cytokines, growth factors, and chemotherapeutic agents. This review 
summarizes the state-of-the-art knowledge on the molecular mechanisms that support 
pancreatic cancer EMT and the evidences that support its involvement in invasiveness/ 
aggressiveness, and the drug resistance of pancreatic cancer cells.  
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INTRODUCTION 

Epithelial-to-mesenchymal transition (EMT) is the collection of events that allows the conversion of 

adherent epithelial cells, tightly bound to each other within an organized tissue, into independent 

fibroblastic cells possessing migratory properties and the ability to invade the extracellular matrix. EMT 

was first described in the early 1980s because of its pivotal role during embryonic development[1] and 

later because of its implication in the physiological response to injury. In the early 1990s, EMT attracted 

the attention of cancer researchers after the discovery of its strong association with growth, invasion, and 

metastasis of cancer cells[2,3]. Indeed, tumor cells convert from low- to high-grade malignancy partly 

through EMT[4,5]. EMT-related molecular pathways have been extensively investigated thereafter, and 

various genes and molecules have been identified as important factors in EMT of cancer cells[5,6].  

Pancreatic adenocarcinoma is one of the most deadly cancers. As a matter of fact, today almost every 

patient that is diagnosed with this disease will die of it. The dismal prognosis of pancreatic cancer is 

mainly due to its high metastatic potential, the late manifestation of its symptoms, and its strong 

chemoresistance[7]. During the last years, substantial literature has documented the pathogenesis of this 

cancer and has led to the conclusion that pancreatic ductal epithelial cells are the original cells of this 

malignancy. Moreover, a great help to the understanding of pancreatic adenocarcinoma has come from 

the development and analysis of mutant mice that very closely reproduce the human disease. Both the 

human observations and the targeting of EMT-related pathways in murine models have shown the crucial 

role of EMT in the aggressiveness and lethality of pancreatic cancer. Since the general knowledge of 
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EMT was already deeply reviewed elsewhere[6], in this review, after overviewing basic EMT concepts, 

we would like to focus on the recent findings on EMT of pancreatic cancer cells. 

EMT BASICS 

During EMT, the polarized and basal membrane–anchored epithelial cell undergoes a number of 

biochemical changes in order to acquire a mesenchymal fibroblastoid phenotype. In addition to an 

enhanced migration, matrix-remodeling capacity, and resistance to apoptosis, the resulting mesenchymal 

phenotype is characterized by several molecular and morphologic transformations. The hallmarks of EMT 

in vitro and in vivo include the acquisition of a spindle-like/fibroblastic morphology, the up-regulation of 

mesenchymal markers (i.e., S100A4, N-cadherin, vimentin, α-smooth muscle actin) and extracellular 

matrix components (collagens α1 and α2), the down-regulation of epithelial cell surface markers and 

cytoskeleton components (i.e., E-cadherin, ZO-1, claudins, occludins, cytokeratins), and the up-regulation 

and/or nuclear translocation of specific transcription factors (i.e., Snail, Slug, ZEB1/2, Twist1/2[8,9]). 

Modulation of these biomarkers is of course triggered by molecules naturally present in the tumor 

microenvironment (i.e., TGFβs, BMPs, VEGF, HGF), and also by stressful conditions produced during 
tumor growth or anticancer therapies. Most of these biochemical changes have been observed in 

pancreatic cancer cells and common inducers of EMT play a crucial role in pancreatic adenocarcinoma 

development. 

EMT-TRIGGERING FACTORS IN PANCREATIC CANCER  

Transforming Growth Factor (TGF)-β 

TGFβ isoforms (TGFβ1, TGFβ2, and TGFβ3) belong to a large superfamily of structurally related growth 
factors with pleiotropic biological functions that includes the bone morphogenetic proteins (BMPs), 

activins, growth and differentiation factors (GDFs), and Nodal. The TGFβ, through binding to their 

receptors (TβRI, TβRII, and TβRIII/betaglycan), transduce a canonical downstream signal through 
phosphorylation of SMAD2 and SMAD3, which subsequently bind to SMAD4 and translocate to the 

nucleus to induce the transcription of target genes (Fig. 1). The role of this canonical SMAD-mediated 

pathway will be evoked later in this manuscript. Alternatively, the TGFβ may also act through SMAD-

independent pathways, including the mitogen-activated protein kinase (MAPK) pathway, the TGFβ-

activated kinase (TAK)-1, the phosphatidylinositol-3 kinase (PI3K), and the transcriptional intermediary 

factor (TIF)-1γ, among others[10]. In cancer, TGFβ signaling plays a paradoxical role since it suppresses 

cell proliferation during tumor initiation, whereas it favors metastasis through EMT induction.  

In pancreatic cancer, the TGFβ is believed to be the major inducer of EMT. TGFβ1 is detected 

immunohistochemically in 41.4% of pancreatic cancer patients and serum TGFβ overload is associated 
with dismal prognosis[11]. Clinicopathological analysis shows that TGFβ1 expression is significantly 
correlated with lymph node metastasis and the depth of invasion, indicating that TGFβ protumoral action 
prevails in pancreatic cancer. In vitro, TGFβ1 promotes EMT in the human pancreatic cancer cell line 
Panc-1 and enhances its invasion ability[12]. In vivo, targeting of downstream elements of TGFβ 
signaling leads to an EMT defect in pancreatic tumors developed by mice bearing an activated Kras

G12D
 

allele[13,14]. Indeed, Kras
G12D

-expressing pancreatic tumors with deletions of DPC4/Smad4 and TIF1γ 
genes, which encode classical and alternative TGFβ signal transducers, present a glandular, cystic, well-
differentiated phenotype with little or no metastasis.  

The molecular pathways that support the protumoral effects of TGFβ in pancreatic cancer have been 

documented by in vitro experimentation using human pancreatic cancer cell lines. Experiments using 

Panc-1 cells demonstrated the implication of the Ras-dependent signal transduction pathway on the 

establishment of TGFβ-induced gene transcription associated with EMT. Expression of a dominant- negative  
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FIGURE 1. Growth factor–induced EMT signaling pathways in pancreatic cancer. TGFβ, hepatocyte growth factor (HGF), and bone 

morphogenic proteins (BMP) 2, 4, and 7 through binding of their receptors (TGFRI/RII, c-Met, and BMPRI/RII, respectively) trigger the 

activation of the expression of EMT-related genes, including mesenchymal genes and transcription repressors that, in turn, down-regulate the 

expression of epithelial genes in collaboration with histone deacetylases (HDAC)1/2. Transcription activation can be both Smads-dependent and -

independent, through the activation of the Ras/ERK pathway. 

Hras
S17N

 mutant in these cells abolishes the EMT-related transcriptional response upon TGFβ, whereas 

expression of a constitutively activated Kras
G12V

 mutant by itself triggers EMT-related gene profile[15]. 

Moreover, the selective MEK1 inhibitor PD 98059, which inhibits extracellular signal-regulated kinases 

(ERK)-1 and -2 activity, inhibits the induction of the EMT-related gene profile and morphological 

changes upon TGFβ treatment in Panc-1, and in the Colo-357 and IMIM-PC1 cell lines[12]. In these 

cells, TGFβ stimulation results in increased tumor cell migration, invasion, and scattering associated with 

moderate, but sustained, activation of ERK2. Altogether, these data indicate that the Kras-mediated 

activation MEK-ERK–signaling pathway is essential for TGFβ-induced EMT in pancreatic cancer cells. 

In addition, a study from Gordon et al. using both Panc-1 cells and human adenocarcinoma specimens 

demonstrated a down-regulation of the type III TGFβ receptor (TβRIII) during pancreatic cancer cell 

EMT that suggested a negative regulatory role for this TGFβ coreceptor on EMT[16]. Indeed, the authors 

found that TβRIII loss was necessary for increasing cell motility and invasiveness of Panc-1 cells 

resulting from TGFβ-induced EMT. TβRIII expression on the cell surface is specifically lost after 
treatment of Panc-1 cells with TGFβ due to increased shedding of this receptor. In human pancreatic 
cancers, TβRIII expression is inversely correlated to the malignancy grade. Therefore, it was proposed 

that loss of TβRIII expression is a key event during EMT in pancreatic cancer cells[16].  
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Hepatocyte Growth Factor (HGF) 

Both HGF and its receptor c-Met are overexpressed in pancreatic adenocarcinomas[17]. HGF treatment 

promotes cell invasiveness of the pancreatic cancer cell line Colo-357 through c-Met signaling that 

involves its association with the neuropilin-1/NRP1[18]. The HGF activator inhibitor-1 (HAI-1), encoded 

by the serine protease inhibitor Kunitz type 1 (SPINT1) gene, is a membrane-associated protease 

inhibitor. Stable knock-down of HAI-1 in the human pancreatic cancer cell line SUIT-2 induces EMT, 

along with induction of the Smad-interacting protein 1 (SIP1/ZEB2), an E-cadherin transcriptional 

repressor. Conversely, the overexpression of HAI-1 in metastatic pancreatic cancer cells leads to 

restoration of E-cadherin levels and epithelial morphology in vitro[19]. 

RON (also known as MSTR1), a tyrosine kinase receptor related to c-Met, is overexpressed in 93% of 

human pancreatic cancers and its expression is detected in all human pancreatic cancer cell lines 

tested[20]. In vitro experiments using the pancreatic cancer L3.6pl cell line treated with the RON ligand, 

macrophage stimulating protein (MSP/MST1), established the implication of RON in EMT triggering in 

pancreatic cancer cells. MSP treatment increases ERK phosphorylation (Fig. 1), cell migration, and 

invasiveness in L3.6pl cells. Conversely, concomitant incubation with a RON-neutralizing monoclonal 

antibody (MoAb) inhibits L3.6pl cell migration and invasion. Furthermore, RON stimulation by MSP 

leads to a decrease in E-cadherin expression and nuclear translocation of β-catenin in these cells. The 

promoting effect of RON on cancer cell invasiveness was confirmed in vivo, since RON MoAb severely 

inhibited subcutaneous and orthotopic tumor growth in nude mice. Therefore, both RON and c-Met can 

be considered as potential therapeutic targets against HGF-induced pancreatic cancer cell invasiveness. 

Bone Morphogenetic Proteins (BMPs) 

BMPs and the BMP-signaling pathway play important roles in pancreatic cancer cells. BMP family 

members BMP-2, BMP-4, and BMP-7 were shown to induce EMT in the Panc-1 cell line since they 

trigger the acquisition of EMT classical hallmarks, such as E-cadherin loss and enhanced migration and 

invasiveness. BMP-mediated invasiveness of Panc-1 cells is partly due to increased expression and 

activity of matrix metalloproteinase (MMP)-2[21]. Moreover, BMP reduces expression of the inhibitory 

TGFβ type III receptor (TβRIII) during pancreatic cancer progression. Smad1 is required for BMP-

induced loss of TβRIII expression and invasiveness, and partially responsible for BMP-mediated MMP-2 

up-regulation. Finally, BMP4 treatment induces homeobox gene MSX2 expression, which is associated 

with EMT in pancreatic cancer cells. Silencing of MSX2 abolishes BMP-mediated EMT. Therefore, 

BMP4 promotes pancreatic cancer progression by supporting EMT through MSX2 induction.  

Vascular Endothelial Growth Factors (VEGF) 

VEGF-α and -β, through their receptor VEGFR1, were shown to induce cell migration, invasion, and 

EMT of pancreatic cancer cells. Treatment of L3.6pl cells with VEGF proteins leads to acquisition of 

spindle-like morphology, loss of cell polarity, and the development of pseudopodia[22]. VEGFR1 cross-

linking enhances cell rearrangement of E-cadherin and β-catenin from the cell membrane to the 

cytoplasm and nucleus, respectively. Moreover, VEGFR1 activation leads to down-regulation of the 

expression of E-cadherin and plakoglobin, and to up-regulation of mesenchymal vimentin and N-

cadherin. This is associated with an increase in the expression of the EMT-associated transcription 

repressors Snail, Twist, and Slug. Altogether, these observations indicate that VEGF is able to trigger 

invasion and migration of pancreatic cancer cells through VEGFR1. 
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EMT-RELATED SIGNALING IN PANCREATIC CANCER 

The SMAD/STAT3 Pathway 

Thus far, the Smad pathway was the most-studied TGFβ downstream signaling cascade. The Smad 
protein superfamily is composed of the receptor-regulated Smad1, 2, 3, 5, and 8; the co-Smad Smad4; and 

the inhibitory Smad6 and 7. Upon TGFβ binding to its receptor, Smad2 and 3 are activated through 
phosphorylation of their SSXS C-terminal motif. Subsequently, they form homo- and heteromeric 

complexes with Smad4 and are translocated to the nucleus to ultimately regulate the transcription of 

target genes. Contradictory in vitro data made the role of Smads in EMT controversial until in vivo 

targeting of Smad4 shed light on its pivotal role in pancreatic cancer EMT. Inactivation of the DPC4 gene 

that encodes Smad4 suppresses TGFβ-mediated EMT and invasiveness of pancreatic cancer cells in 

Kras
G12D

Ink4a
KO

 mice[23]. Blockade of EMT in Smad4-deficient pancreatic tumors is characterized by 

epithelial morphology and organization, persistence of epithelial markers (such as cytokeratin 19), and 

lack of mesenchymal markers (such as vimentin) in tumor cells. Nevertheless, Smads seem to interplay 

with other TGFβ signaling pathways to induce EMT in pancreatic cancer, and could even participate in 

negative regulation of the process. Using isogenically matched pancreatic cancer cells that differed only 

in the expression of Smad4, Zhao et al. demonstrated that although Smad4 is necessary for TGFβ-

mediated down-regulation of E-cadherin and β-catenin and for vimentin induction, Smad4 wild-type cells 

present reduced invasion and metastasis in an orthotopic model of pancreatic cancer[24]. This observation 

may be explained by a TGFβ-mediated inhibition of STAT3(Tyr705) phosphorylation in Smad4 wild-

type cells. Consistently, overexpression of a constitutively activated form of STAT3 (STAT3-C) in these 

cells enhances pancreatic cancer invasion. Therefore, STAT3 activation is required for invasiveness of 

pancreatic cancer cells and Smad4 is a negative regulator of this STAT3 EMT-associated function. 

Conversely, loss of Smad4 leads to aberrant activation of STAT3 and may contribute to the switch of 

TGFβ from a tumor-suppressive to a tumor-promoting pathway in pancreatic cancer. 

Consistent with a pivotal role of STAT3 in pancreatic cancer EMT, its downstream target LIV-1 was 

shown to regulate the nuclear localization of Snail, which is a master regulator of EMT[25]. LIV-1 knock-

down in Panc-1 cells leads to decreased Snail nuclear translocation and E-cadherin down-regulation. 

Moreover, LIV-1–depleted Panc-1 cells display impaired cell motility and proliferation in vitro, as well as 

reduced tumor growth and metastasis when injected in nude mice. The effect of this STAT3 target on 

EMT appears to operate in vivo, since the expression of the LIV-1 protein is positively correlated with the 

presence of metastasis in pancreatic carcinoma specimens.  

The Transcription Repressors Snail, Slug, Twist, and ZEB 

SNAI1/Snail, SNAI2/Slug, ZEB1/EF1/ZFHX1A, ZEB2/SIP1/ZFHX1B, TWIST1/TWIST, and 

TWIST2/DERMO1 are well-known regulators of EMT in development and cancer-related EMT through 

their repressor activity on CDH1/E-cadherin expression. Snail and Slug belong to the Snail superfamily of 

zinc-finger transcriptional repressors that bind to DNA on consensus E2-box-type elements 

C/A(CAGGTG). ZEB1 and ZEB2, two members of the ZEB family, interact with DNA through the 

simultaneous binding of their zinc-finger domains to high-affinity binding sites composed of CACCT and 

CACCTG E-boxes, as found in the CDH1/E-cadherin promoter. TWIST1 and TWIST2 are class-II basic 

helix-loop-helix (bHLH) transcription factors that act as heterodimers with the E-proteins E12 and E47. 

In addition to their role in E-cadherin repression, each one of the above-mentioned repressors may 

differentially regulate a subset of epithelial-related genes, including claudins, cytokeratins, cadherins, 

occluding, and ZO proteins[26].   

Snail expression is induced upon TGFβ stimulation in Panc-1 cells through cooperation with 

signaling of their endogenous active Kras allele[27]. siRNA-mediated knock-down of Kras abolishes 

induction of Snail expression in Panc-1 cells, but not the one of the TGFβ-Smad target Smad7, indicating 
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that Kras cooperation was specifically needed for Snail expression. Interestingly, Smad2 and 3, but not 

MAPK activity, are required for TGFβ-mediated induction of Snail. Thus, Kras and TGFβ-Smad 

signaling cooperate in the induction of Snail in a Smad-dependent manner, but independently of 

phosphorylation at the linker region of R-Smads by Kras signaling. 

Like Snail, ZEB2 down-regulates transcription of CDH1/E-cadherin, CLDN4, CCND1, TERT, 

SFRP1, ALPL, and miR-200b-200a-429 primary miRNA, and up-regulates the transcription of 

mesenchymal markers[9,28]. Like the above-mentioned EMT-related transcription repressors, ZEB2 

expression is triggered by TGFβ, TNFα, IL-1, and hypoxia.  

Ras/ERK1/2 Pathway 

Kras-activating mutations occur in virtually all human pancreatic cancers. The formal proof of Kras-

activating mutations as prominent initiating events in pancreatic cancer was provided by the generation of 

mice bearing a transgenic Kras
G12D

 allele targeted to the pancreas using the pancreas-specific elastase-1 

and Pdx1 promoters[13,29]. These mice develop precancerous pancreatic intraductal neoplastic lesions 

(PanINs) and around 25% of them present with late development of invasive pancreatic adenocarcinoma. 

Combination of the Pdx1-Kras
G12D

 allele with deletions of either p53 or p16/p19Ink4a lead to full 

development of pancreatic tumors, with a 100% penetrance and lethality within 12 weeks[23,30,31].  

Several evidences indicate the implication of the Ras/ERK1/2 pathways in the mesenchymal 

transformation of cancer cells. First of all, oncogenic Ras
G12V

 or ERK2 overexpression leads to 

mesenchymal transformation of MCF-10A breast cancer cells[32,33]. The interplay between Ras and 

ERK2 was established by the abrogation of Ras
G12V

-induced EMT after ERK2 shRNA-mediated knock-

down[33]. In pancreatic adenocarcinoma, there is a positive correlation between EMT and the activation 

of ERK in cancer cells, with poor survival of patients[34]. Moreover, the induction of the MSX2 

homeobox gene by BMP4 was shown to be dependent on activation of ERK and p38 MAPK pathways in 

collaboration with Smad proteins[35].  

CHROMATIN-REMODELING ELEMENTS IN PANCREATIC CANCER EMT 

Histone Deacetylase (HDAC) 

Consistent with the protagonist role of EMT in metastasis, highly metastatic pancreatic cancer cells 

derived from sequential passages of primary pancreatic cancer cells display low E-cadherin expression, 

which is commonly attributed to the sole intervention of Snail, Slug, and ZEB1/2. Nevertheless, in vitro 

and in vivo evidence has been provided for the implication of HDAC activity in E-cadherin repression in 

pancreatic cancer[36]. Indeed, HDAC1 and HDAC2 were shown to participate in the Snail-containing E-

cadherin transcriptional repressor complex. Consistently, HDAC activity was shown to be necessary for 

E-cadherin repression and EMT of human pancreatic cancer cells upon TGFβ treatment. Therefore, the 
HDAC machinery and its regulators may be considered as potential targets for antimetastatic therapy 

through their effect on E-cadherin repression. 

High-Mobility Group A Protein (HMGA)  

HMGA2 is a nonhistone chromatin factor, expressed in undifferentiated tissues and tumors of 

mesenchymal origin. Its role in EMT was first demonstrated in murine mammary cells in which HMGA2 

plays an activating role on Snail, Slug, Twist, and the inhibitor of differentiation (Id)2, and a subsequent 

inhibitory effect on E-cadherin expression upon TGFβ[37]. A recent study by Watanabe et al. showed that 

HMGA2 expression is necessary for maintenance of the mesenchymal phenotype of human pancreatic 
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cancer cells after EMT[38]. HMGA2 expression in pancreatic cancer cells necessitates the activity of the 

Ras/MEK pathway, whose inhibition leads to reversion of the mesenchymal phenotype to an epithelial 

phenotype. Consistently, HMGA2 expression is inversely correlated to E-cadherin expression in 

pancreatic cancer tissues. 

microRNA (miR) AND PANCREATIC CANCER EMT 

MicroRNAs (miRNAs) are a class of short (18–24 nucleotides), noncoding RNAs implicated in post-

translational regulation of gene expression. The classical mechanism of miRNA-mediated inhibition of 

gene expression involves base pairing (often imperfect) to the 3’ unstranslated regions of target 
messenger RNAs, thereby inhibiting their translation and/or triggering their degradation. The functions 

reported for miRNAs are multiple and miRNA specific, and seem to depend on the target genes affected, 

the cell type, the tissue origin, and the differentiation stage. The first studies of the role of miRNAs during 

EMT were performed in Madin Darby Canine Kidney (MDCK) cells in which EMT was induced by 

TGFβ treatment or by overexpression of the protein tyrosine phosphatase Pez[39]. This study 

demonstrated that EMT is associated with the down-regulation of five members of a miRNA family, the 

miR-200, and the miR-205, suggesting a negative regulatory role of these miRNAs on EMT. Indeed, this 

conclusion was confirmed since the constitutive expression of miR-200b–200a–429 completely abolished 

TGFβ-induced EMT in MDCK cells. A comprehensive study of EMT in Panc-1 cells by the Brabletz 

group showed that, in pancreatic cancer cells, the down-regulation of miR-200 family members miR-141 

and miR-200c is driven by the transcription repressor ZEB1 during EMT[28]. ZEB1 and TGFβ figure 
among miR-200 family target genes, thus describing a negative regulatory feedback loop.  

Interestingly, recent research from the same group interrogated the parallel between ZEB1-mediated 

miRNA repression, EMT induction, and the stemness of pancreatic cancer cells. Indeed, EMT and 

stemness (the capacity to self-renew, proliferate, and differentiate) share some molecular traits and their 

pivotal role in motility and metastasis formation. They showed that EMT-induced ZEB1 repressor down-

regulates the expression of the miR-203 and miR-183, which in turn suppress the expression of stem cell 

factors, such as Bmi1. Moreover, EMT appears to be crucial to stemness maintenance through induction 

of ZEB1 and concomitant repression of proepithelial miRNAs.  

Finally, EMT-mediated regulation of the miRNA profile was associated with pancreatic cancer cell 

resistance to chemotherapy. A differential analysis of miRNA expression in gemcitabine-resistant (Panc-

1, MiaPaCa-2, and Aspc) and -sensitive (L3.6p, BxPC3, Colo357, and HPAC) cells revealed that EMT-

regulated members of the miR-200 family are down-regulated in resistant cells compared to the sensitive 

cells[40]. Moreover, reversal of EMT and concomitant up-regulation of miR-200 family expression by 

isoflavone treatment rendered resistant cells more sensitive to gemcitabine. Therefore, miRNA regulation 

during EMT appears to be at the basis of the protumoral attributes of EMT that are motility enhancement 

and drug resistance. 

ALTERNATIVE INDUCERS OF PANCREATIC CANCER CELLS EMT 

Cell Adhesion 

Whereas disruption of cell-cell interactions through loss of E-cadherin expression is a key hallmark of 

EMT, cell adhesion to the extracellular matrix was shown to support the mesenchymal phenotype. This 

alternative mechanism of EMT maintenance is likely to play an important role in pancreatic cancer, 

considering the desmoplastic microenvironment associated with pancreatic tumors. Considerable research 

has been reported on cell adhesion molecules, especially regarding the cadherin family. N-cadherin 

expression, characteristic of the mesenchymal phenotype, correlates with neural invasion, histological 

type, and fibroblast growth factor (FGF)-2 expression in pancreatic cancer, and with TGFβ and vimentin 
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expression in metastatic lesions. Collagen adhesion promotes EMT of pancreatic cancer cells by inducing 

N-cadherin expression and the related tumor aggressiveness in vitro, and metastasis in a murine 

model[41,42]. Two collagen receptors are involved in collagen-induced up-regulation of N-cadherin in 

pancreatic cancer cells. The α2β1 integrin mediates the collagen-induced signal through the downstream 

focal adhesion kinase (FAK). In addition, the discoidin domain receptor (DDR)-1 transduces the collagen 

signal through the FAK-tyrosine kinase Pyk2. Both collagen receptor complexes need the p130 Crk as a 

scaffold.  

Periostin functions as a cell adhesion molecule with both inhibitory and promoting effects on cell 

migration. In pancreatic tumors, periostin is expressed mainly in stromal cells and in particular in 

pancreatic stellate cells, but is also detected in cancer cells. Periostin binding in pancreatic cancer cells 

triggers the reversion of the mesenchymal phenotype to the epithelial phenotype, a process known as the 

mesenchymal-epithelial transition (MET), which suppresses invasion and metastasis. Nevertheless, high 

periostin concentrations promote cell migration through AKT activation[43]. 

Hypoxia 

Hypoxia is one of the major stresses that tumor cells face within the primary tumor. Hence, it is not 

surprising that hypoxia was found to trigger EMT of cancer cells of various organs, including the 

pancreas, for the increased migratory and invasive skills EMT confers will help to escape from the 

asphyxiating tumor microenvironment. The mechanism allowing hypoxia-induced EMT involves the 

activation of the glycogen synthase kinase-3β (GSK-3β), which induces the nuclear translocation of Snail 

and β-catenin. In parallel, hypoxia induces enhanced migration and invasiveness by the action of the 

hypoxia-inducible factor (HIF)-1α through a VEGFα-dependent mechanism[44].  

EMT AND DRUG RESISTANCE IN PANCREATIC CANCER  

As previously mentioned, gemcitabine resistance has been associated with a mesenchymal phenotype in 

pancreatic cancer cells[40]. Conversely, isoflavone-induced MET breaks the shield of gemcitabine 

resistance in MiaPaCa-2, Panc-1, and Aspc cells, confirming the necessity of EMT maintenance for 

survival upon this drug.  

Resistance of pancreatic cancer cells to 5-fluorouracil (5-FU) and cisplatin was also shown to be 

related to a mesenchymal genetic signature[45]. The mechanism allowing the resistance to the three 

drugs, gemcitabine, 5-FU, and cisplatin, seems to be common and to necessitate EMT-induced ZEB1 

expression, for knock-down of this transcription repressor renders cells more sensitive to any of these 

drugs. Moreover, as expected, silencing of ZEB1 in drug-resistant pancreatic cell lines increases the 

expression of epithelial markers such as E-cadherin, EVA1, and MAL2. 

In addition, Notch-2 and its ligand, Jagged-1, were shown to be overexpressed in gemcitabine-

resistant pancreatic cancer cells in which they support EMT[46]. Indeed, knock-down of Notch-2 or 

Jagged-1 provokes a partial reversal of the mesenchymal phenotype of the gemcitabine-resistant cells, 

with down-regulation of vimentin, Snail, Slug, ZEB1, and nuclear factor-kappaB (NF-κB). Furthermore, 

down-regulation of Notch signaling reduces migration and invasion of gemcitabine-resistant cells. 

Therefore, regulators of EMT, such as ZEB1 and Notch-2, may maintain drug resistance in human 

pancreatic cancer cells and be considered as potential therapeutic targets for adjuvant strategies.  

CONCLUSION 

EMT is at the basis of the most hassling features of pancreatic cancer cells, which are their great 

invasiveness and drug resistance. Furthermore, the molecular pathways associated with EMT support not 
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only the metastatic potential of pancreatic cancer cells, but also tumor-promoting processes ranging from 

initiation to desmoplasia and cancer cell stemness. Consequently, current and future studies of pancreatic 

cancer EMT have revealed, and will certainly reveal, a panel of promising therapeutic targets that should 

be seriously considered for treatment of this so-far-incurable disease. As faithful genetically engineered 

mouse models of pancreatic cancer are now available, researchers are encouraged to address very 

important and yet-unanswered questions about pancreatic EMT. For instance, what are the molecular 

events or factors that permit the switch of antitumoral signals, such as TGFβ, onto EMT-inducing ones? 

How much does the abundant stroma of pancreatic tumors contribute to cancer cell EMT? Is EMT a cause 

or a consequence of the expansion of pancreatic stellate cells during pancreatic adenocarcinoma? Is the 

spindle-like/fibroblastic phenotype the only possible mesenchymal fate of pancreatic cancer cell EMT? 

Therefore, future research on pancreatic cancer EMT promises to be exciting. 

REFERENCES 

1. Mjaatvedt, C.H. and Markwald, R.R. (1989) Induction of an epithelial-mesenchymal transition by an in vivo adheron-

like complex. Dev. Biol. 136, 118–128. 

2. Thompson, E.W., Torri, J., Sabol, M., Sommers, C.L., Byers, S., Valverius, E.M., Martin, G.R., Lippman, M.E., 

Stampfer, M.R., and Dickson, R.B. (1994) Oncogene-induced basement membrane invasiveness in human mammary 

epithelial cells. Clin. Exp. Metastasis 12, 181–194. 

3. Savagner, P., Boyer, B., Valles, A.M., Jouanneau, J., and Thiery, J.P. (1994) Modulations of the epithelial phenotype 

during embryogenesis and cancer progression. Cancer Treatment Res. 71, 229–249. 

4. Rosivatz, E., Becker, I., Specht, K., Fricke, E., Luber, B., Busch, R., Hofler, H., and Becker, K.F. (2002) Differential 

expression of the epithelial-mesenchymal transition regulators snail, SIP1, and twist in gastric cancer. Am. J. Pathol. 

161, 1881–1891. 

5. Thiery, J.P. (2003) Epithelial-mesenchymal transitions in development and pathologies. Curr. Opin. Cell Biol. 15, 

740–746. 

6. Thiery, J.P., Acloque, H., Huang, R.Y., and Nieto, M.A. (2009) Epithelial-mesenchymal transitions in development 

and disease. Cell 139, 871–890. 

7. Stathis, A. and Moore, M.J. (2010) Advanced pancreatic carcinoma: current treatment and future challenges. Nat. 

Rev. Clin. Oncol. 7, 163–172. 

8. Olmeda, D., Jorda, M., Peinado, H., Fabra, A., and Cano, A. (2007) Snail silencing effectively suppresses tumour 

growth and invasiveness. Oncogene 26, 1862–1874. 

9. Peinado, H., Olmeda, D., and Cano, A. (2007) Snail, Zeb and bHLH factors in tumour progression: an alliance against 

the epithelial phenotype? Nat. Rev. Cancer 7, 415–428. 

10. Moustakas, A. and Heldin, C.H. (2005) Non-Smad TGF-beta signals. J. Cell Sci. 118, 3573–3584. 

11. Friess, H., Yamanaka, Y., Buchler, M., Ebert, M., Beger, H.G., Gold, L.I., and Korc, M. (1993) Enhanced expression 

of transforming growth factor beta isoforms in pancreatic cancer correlates with decreased survival. Gastroenterology 

105, 1846–1856. 

12. Ellenrieder, V., Hendler, S.F., Boeck, W., Seufferlein, T., Menke, A., Ruhland, C., Adler, G., and Gress, T.M. (2001) 

Transforming growth factor beta1 treatment leads to an epithelial-mesenchymal transdifferentiation of pancreatic 

cancer cells requiring extracellular signal-regulated kinase 2 activation. Cancer Res. 61, 4222–4228. 

13. Bardeesy, N., Aguirre, A.J., Chu, G.C., Cheng, K.H., Lopez, L.V., Hezel, A.F., Feng, B., Brennan, C., Weissleder, R., 

Mahmood, U., Hanahan, D., Redston, M.S., Chin, L., and Depinho, R.A. (2006) Both p16(Ink4a) and the p19(Arf)-

p53 pathway constrain progression of pancreatic adenocarcinoma in the mouse. Proc. Natl. Acad. Sci. U. S. A. 103, 

5947–5952. 

14. Vincent, D.F., Yan, K.P., Treilleux, I., Gay, F., Arfi, V., Kaniewski, B., Marie, J.C., Lepinasse, F., Martel, S., 

Goddard-Leon, S., Iovanna, J.L., Dubus, P., Garcia, S., Puisieux, A., Rimokh, R., Bardeesy, N., Scoazec, J.Y., 

Losson, R., and Bartholin, L. (2009) Inactivation of TIF1gamma cooperates with Kras to induce cystic tumors of the 

pancreas. PLoS Genet. 5, e1000575. 

15. Fensterer, H., Giehl, K., Buchholz, M., Ellenrieder, V., Buck, A., Kestler, H.A., Adler, G., Gierschik, P., and Gress, 

T.M. (2004) Expression profiling of the influence of RAS mutants on the TGFB1-induced phenotype of the 

pancreatic cancer cell line PANC-1. Genes Chromosomes Cancer 39, 224–235. 

16. Gordon, K.J., Dong, M., Chislock, E.M., Fields, T.A., and Blobe, G.C. (2008) Loss of type III transforming growth 

factor beta receptor expression increases motility and invasiveness associated with epithelial to mesenchymal 

transition during pancreatic cancer progression. Carcinogenesis 29, 252–262. 

17. Ebert, M., Yokoyama, M., Friess, H., Buchler, M.W., and Korc, M. (1994) Coexpression of the c-met proto-oncogene 

and hepatocyte growth factor in human pancreatic cancer. Cancer Res. 54, 5775–5778. 



Cano et al.: EMT in Pancreatic Cancer TheScientificWorldJOURNAL (2010) 10, 1947–1957 
 

 1956 

18. Matsushita, A., Gotze, T., and Korc, M. (2007) Hepatocyte growth factor-mediated cell invasion in pancreatic cancer 

cells is dependent on neuropilin-1. Cancer Res. 67, 10309–10316. 

19. Cheng, H., Fukushima, T., Takahashi, N., Tanaka, H., and Kataoka, H. (2009) Hepatocyte growth factor activator 

inhibitor type 1 regulates epithelial to mesenchymal transition through membrane-bound serine proteinases. Cancer 

Res. 69, 1828–1835. 

20. Camp, E.R., Yang, A., Gray, M.J., Fan, F., Hamilton, S.R., Evans, D.B., Hooper, A.T., Pereira, D.S., Hicklin, D.J., 

and Ellis, L.M. (2007) Tyrosine kinase receptor RON in human pancreatic cancer: expression, function, and 

validation as a target. Cancer 109, 1030–1039. 

21. Gordon, K.J., Kirkbride, K.C., How, T., and Blobe, G.C. (2009) Bone morphogenetic proteins induce pancreatic 

cancer cell invasiveness through a Smad1-dependent mechanism that involves matrix metalloproteinase-2. 

Carcinogenesis 30, 238–248. 

22. Yang, A.D., Camp, E.R., Fan, F., Shen, L., Gray, M.J., Liu, W., Somcio, R., Bauer, T.W., Wu, Y., Hicklin, D.J., and 

Ellis, L.M. (2006) Vascular endothelial growth factor receptor-1 activation mediates epithelial to mesenchymal 

transition in human pancreatic carcinoma cells. Cancer Res. 66, 46–51. 

23. Bardeesy, N., Cheng, K.H., Berger, J.H., Chu, G.C., Pahler, J., Olson, P., Hezel, A.F., Horner, J., Lauwers, G.Y., 

Hanahan, D., and DePinho, R.A. (2006) Smad4 is dispensable for normal pancreas development yet critical in 

progression and tumor biology of pancreas cancer. Genes Dev. 20, 3130–3146. 

24. Zhao, S., Venkatasubbarao, K., Lazor, J.W., Sperry, J., Jin, C., Cao, L., and Freeman, J.W. (2008) Inhibition of 

STAT3 Tyr705 phosphorylation by Smad4 suppresses transforming growth factor beta-mediated invasion and 

metastasis in pancreatic cancer cells. Cancer Res. 68, 4221–4228. 

25. Unno, J., Satoh, K., Hirota, M., Kanno, A., Hamada, S., Ito, H., Masamune, A., Tsukamoto, N., Motoi, F., Egawa, S., 

Unno, M., Horii, A., and Shimosegawa, T. (2009) LIV-1 enhances the aggressive phenotype through the induction of 

epithelial to mesenchymal transition in human pancreatic carcinoma cells. Int. J. Oncol. 35, 813–821. 

26. Moreno-Bueno, G., Cubillo, E., Sarrio, D., Peinado, H., Rodriguez-Pinilla, S.M., Villa, S., Bolos, V., Jorda, M., 

Fabra, A., Portillo, F., Palacios, J., and Cano, A. (2006) Genetic profiling of epithelial cells expressing E-cadherin 

repressors reveals a distinct role for Snail, Slug, and E47 factors in epithelial-mesenchymal transition. Cancer Res. 

66, 9543–9556. 

27. Horiguchi, K., Shirakihara, T., Nakano, A., Imamura, T., Miyazono, K., and Saitoh, M. (2009) Role of Ras signaling 

in the induction of snail by transforming growth factor-beta. J. Biol. Chem. 284, 245–253. 

28. Burk, U., Schubert, J., Wellner, U., Schmalhofer, O., Vincan, E., Spaderna, S., and Brabletz, T. (2008) A reciprocal 

repression between ZEB1 and members of the miR-200 family promotes EMT and invasion in cancer cells. EMBO 

Rep. 9, 582–589. 

29. Gu, G., Dubauskaite, J., and Melton, D.A. (2002) Direct evidence for the pancreatic lineage: NGN3+ cells are islet 

progenitors and are distinct from duct progenitors. Development 129, 2447–2457. 

30. Aguirre, A.J., Bardeesy, N., Sinha, M., Lopez, L., Tuveson, D.A., Horner, J., Redston, M.S., and DePinho, R.A. 

(2003) Activated Kras and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal adenocarcinoma. 

Genes Dev. 17, 3112–3126. 

31. Hingorani, S.R., Wang, L., Multani, A.S., Combs, C., Deramaudt, T.B., Hruban, R.H., Rustgi, A.K., Chang, S., and 

Tuveson, D.A. (2005) Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely 

metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 7, 469–483. 

32. Grunert, S., Jechlinger, M., and Beug, H. (2003) Diverse cellular and molecular mechanisms contribute to epithelial 

plasticity and metastasis. Nat. Rev. 4, 657–665. 

33. Shin, S., Dimitri, C.A., Yoon, S.O., Dowdle, W., and Blenis, J. (2010) ERK2 but not ERK1 induces epithelial-to-

mesenchymal transformation via DEF motif-dependent signaling events. Mol. Cell 38, 114–127. 

34. Javle, M.M., Gibbs, J.F., Iwata, K.K., Pak, Y., Rutledge, P., Yu, J., Black, J.D., Tan, D., and Khoury, T. (2007) 

Epithelial-mesenchymal transition (EMT) and activated extracellular signal-regulated kinase (p-Erk) in surgically 

resected pancreatic cancer. Ann. Surg. Oncol. 14, 3527–3533. 

35. Hamada, S., Satoh, K., Hirota, M., Kimura, K., Kanno, A., Masamune, A., and Shimosegawa, T. (2007) Bone 

morphogenetic protein 4 induces epithelial-mesenchymal transition through MSX2 induction on pancreatic cancer 

cell line. J. Cell. Physiol. 213, 768–774. 

36. von Burstin, J., Eser, S., Paul, M.C., Seidler, B., Brandl, M., Messer, M., von Werder, A., Schmidt, A., Mages, J.,  

Pagel, P., Schnieke, A., Schmid, R.M., Schneider, G., and Saur, D. (2009) E-cadherin regulates metastasis of 

pancreatic cancer in vivo and is suppressed by a SNAIL/HDAC1/HDAC2 repressor complex. Gastroenterology 137, 

361–371, 371.e1–5. 

37. Thuault, S., Valcourt, U., Petersen, M., Manfioletti, G., Heldin, C.H., and Moustakas, A. (2006) Transforming growth 

factor-beta employs HMGA2 to elicit epithelial-mesenchymal transition. J. Cell Biol. 174, 175–183. 

38. Watanabe, S., Ueda, Y., Akaboshi, S., Hino, Y., Sekita, Y., and Nakao, M. (2009) HMGA2 maintains oncogenic 

RAS-induced epithelial-mesenchymal transition in human pancreatic cancer cells. Am. J. Pathol. 174, 854–868. 

39. Gregory, P.A., Bert, A.G., Paterson, E.L., Barry, S.C., Tsykin, A., Farshid, G., Vadas, M.A., Khew-Goodall, Y., and 

Goodall, G.J. (2008) The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting 

ZEB1 and SIP1. Nat. Cell Biol. 10, 593–601. 



Cano et al.: EMT in Pancreatic Cancer TheScientificWorldJOURNAL (2010) 10, 1947–1957 
 

 1957 

40. Li, Y., VandenBoom, T.G., 2nd, Kong, D., Wang, Z., Ali, S., Philip, P.A., and Sarkar, F.H. (2009) Up-regulation of 

miR-200 and let-7 by natural agents leads to the reversal of epithelial-to-mesenchymal transition in gemcitabine-

resistant pancreatic cancer cells. Cancer Res. 69, 6704–6712. 

41. Shintani, Y., Fukumoto, Y., Chaika, N., Svoboda, R., Wheelock, M.J., and Johnson, K.R. (2008) Collagen I-mediated 

up-regulation of N-cadherin requires cooperative signals from integrins and discoidin domain receptor 1. J. Cell Biol. 

180, 1277–1289. 

42. Shintani, Y., Maeda, M., Chaika, N., Johnson, K.R., and Wheelock, M.J. (2008) Collagen I promotes epithelial-to-

mesenchymal transition in lung cancer cells via transforming growth factor-beta signaling. Am. J. Respir. Cell Mol. 

Biol. 38, 95–104. 

43. Kanno, A., Satoh, K., Masamune, A., Hirota, M., Kimura, K., Umino, J., Hamada, S., Satoh, A., Egawa, S., Motoi, F., 

Unno, M., and Shimosegawa, T. (2008) Periostin, secreted from stromal cells, has biphasic effect on cell migration 

and correlates with the epithelial to mesenchymal transition of human pancreatic cancer cells. Int. J. Cancer 122, 

2707–2718. 

44. Cannito, S., Novo, E., Compagnone, A., Valfre di Bonzo, L., Busletta, C., Zamara, E., Paternostro, C., Povero, D., 

Bandino, A., Bozzo, F., Cravanzola, C., Bravoco, V., Colombatto, S., and Parola, M. (2008) Redox mechanisms 

switch on hypoxia-dependent epithelial-mesenchymal transition in cancer cells. Carcinogenesis 29, 2267–2278. 

45. Arumugam, T., Ramachandran, V., Fournier, K.F., Wang, H., Marquis, L., Abbruzzese, J.L., Gallick, G.E., Logsdon, 

C.D., McConkey, D.J., and Choi, W. (2009) Epithelial to mesenchymal transition contributes to drug resistance in 

pancreatic cancer. Cancer Res. 69, 5820–5828. 

46. Wang, Z., Li, Y., Kong, D., Banerjee, S., Ahmad, A., Azmi, A.S., Ali, S., Abbruzzese, J.L., Gallick, G.E., and Sarkar, 

F.H. (2009) Acquisition of epithelial-mesenchymal transition phenotype of gemcitabine-resistant pancreatic cancer 

cells is linked with activation of the notch signaling pathway. Cancer Res. 69, 2400–2407. 

 
 
 

This article should be cited as follows: 

Cano, C., Motoo, Y., and Iovanna, J.L. (2010) Epithelial-to-mesenchymal transition in pancreatic adenocarcinoma. 

TheScientificWorldJOURNAL 10, 1947–1957. DOI 10.1100/tsw.2010.183. 

 

 



Submit your manuscripts at

http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 

Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment

AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 

Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


