
Journal of Cancer 2016, Vol. 7 
 

 
http://www.jcancer.org 

1497 

JJoouurrnnaall  ooff  CCaanncceerr  
2016; 7(11): 1497-1514. doi: 10.7150/jca.14922 

Review 

Cancer of the Pancreas: Molecular Pathways and 
Current Advancement in Treatment 
Kishore Polireddy, Qi Chen 

Department of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical Center, 3901 Rainbow Blvd., Kansas City, KS, USA 66160.  

 Corresponding author: Qi Chen, PhD. Department of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical Center, 3901 Rainbow 
Blvd., Kansas City, KS, USA 66160. Tel: 913-588-3690 Fax: 913-945-6874 Email: qchen@kumc.edu. 

© Ivyspring International Publisher. Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited. See 
http://ivyspring.com/terms for terms and conditions. 

Received: 2016.01.08; Accepted: 2016.04.26; Published: 2016.07.07 

Abstract 

Pancreatic cancer is one of the most lethal cancers among all malignances, with a median overall 
survival of <1 year and a 5-year survival of ~5%. The dismal survival rate and prognosis are likely 
due to lack of early diagnosis, fulminant disease course, high metastasis rate, and disappointing 
treatment outcome. Pancreatic cancers harbor a variety of genetic alternations that render it 
difficult to treat even with targeted therapy. Recent studies revealed that pancreatic cancers are 
highly enriched with a cancer stem cell (CSC) population, which is resistant to chemotherapeutic 
drugs, and therefore escapes chemotherapy and promotes tumor recurrence. Cancer cell 
epithelial to mesenchymal transition (EMT) is highly associated with metastasis, generation of 
CSCs, and treatment resistance in pancreatic cancer. Reviewed here are the molecular biology of 
pancreatic cancer, the major signaling pathways regulating pancreatic cancer EMT and CSCs, and 
the advancement in current clinical and experimental treatments for pancreatic cancer. 
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Pancreatic cancer: types and molecular 
biology 

Pancreatic cancer is the 4th leading cause of 
cancer-related death in the United States, and is 
expected to become the 2nd by 2030. The American 
Cancer Society estimated that 53,070 (men=27,670 
women=25,400) people will be diagnosed with 
pancreatic cancer in 2016 and that 41,780 
(men=21,450, women=20,330) will die from the 
disease (1). Most of the pancreatic cancer cases (96%) 
are cancers of the exocrine pancreas. Most patients 
with localized disease have no recognizable 
symptoms, and currently there are no early detection 
tests for pancreatic cancer. As a result, >50% of the 
patients are diagnosed at a stage where metastases 
have developed, for whom the overall 5-year survival 
is only 2% (2).  

A spectrum of distinct pancreatic malignancies 
have been identified that resemble the normal cellular 
counterparts in the pancreas, such as pancreatic 

ductal adenocarcinoma (PDAC), acinar cell 
carcinoma, pancreato blastoma, solid pseudopapillary 
neoplasm, serous cystadenoma, and pancreatic 
endocrine tumors. Among these, PDAC, whose name 
is derived from its histological resemblance to ductal 
cells, is the most common pancreatic neoplasm and 
accounts for >85% of pancreatic cancer cases (3). 

The majority of PDACs arises in the head region 
of the pancreas and exhibits a glandular pattern 
resembling ductal epithelial cells with varying degree 
of differentiation. Clinical and histological studies 
identified three different types of precursor lesions 
that lead to PDAC: pancreatic intra epithelial 
neoplasia (PanIN), mucinous cystic neoplasm (MCN), 
and intraductal papillary mucinous neoplasms 
(IPMN) (Fig. 1). Of these, PanIN is the most 
extensively studied. PanIN is graded into stages 1 to 3. 
PanIN stage 1 is characterized by columnar mucinous 
epithelium with slight nuclear atypia. PanIN stage 2 
and 3 are characterized by more disorganized 
structural architecture and nuclear atypia. MCN and 
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IPMN are less common precursor lesions. MCNs are 
large mucin producing columnar epithelial cystic 
lesions supported by ovarian type stroma usually 
found in the body and tail of the pancreas. IPMN 
arises in the main pancreatic duct or its major 
branches, and resembles PanIN at cellular levels but 
grows into large cystic structures (4). 

The mutational landscape of pancreatic cancer 
has been explored using whole genome sequencing 
analysis (5), and revealed average of 119 somatic 
chromosomal structural variants per individual 
patient, which exceeded the previously reported 
average of 63 mutations by another comprehensive 
genetic analysis (6). Majority of these variants were 
intra-chromosomal deletions, duplications, tandem 
duplications, inversions, fold back inversions, 
amplified inversions, and intra chromosomal 
rearrangements. These mutations are involved in at 
least 12 different core signaling pathways that were 
altered in 67-100% of the tumors. The most commonly 

observed signature genetic lesions in pancreatic 
cancer are kirsten rat sarcoma viral oncogene 
homolog (K-Ras), P16/ cyclin-dependent kinase 
inhibitor 2A (CDKN2A), tumor protein P53 (P53), 
breast cancer 2 early onset (BRCA2) and SMAD family 
member 4 (SMAD4)/ deleted in pancreatic carcinoma 
4 (DPC4) (6). In pancreatic cancer patients, K-Ras 
mutations are often considered as an initiating event 
occurring in adult cells, soon followed by mutation to 
P16 and later P53 and SMAD4 loss. 

The K-Ras oncogene. K-Ras is activated by point 
mutations in >90% of the pancreatic cancer patients 
and is the earliest genetic alteration, being found in 
low-grade PanIN lesions (6, 7). Continuous K-Ras 
signaling is required for pancreatic cancer cells for 
sustained proliferation and survival (8). Ras proteins 
belong to the small G protein superfamily, and their 
activity is regulated by guanine nucleotides such as 
GTP and GDP. Ras downstream signaling pathways 
are activated if Ras binds to GTP, and are inactivated 

if Ras binds to GDP. Active and 
inactive states of Ras signaling 
are regulated by guanine 
nucleotide exchange factors 
(GEFs) and GTPase activating 
proteins (GAPs). GEFs aid in 
exchange of GDP for GTP. 
GAPs activate intrinsic GTPase 
activity of Ras protein to 
hydrolyze GTP into GDP (9). 
Any mutations that inactivate 
the GTPase constitutively 
activate Ras signaling and 
downstream effector pathways. 
For example, a single point 
mutation of codons G12 or G13 
in K-Ras abolishes GAP 
induced GTP hydrolysis, 
thereby making K-Ras a 
constitutively active form. 
Therefore, a pancreatic specific 
mutation of codons G12D or 
G12V is sufficient to develop 
acinar to ductal metaplasia and 
PanIN, which then progress to 
PDAC. PDAC development can 
be accelerated in the K-Ras 
mutant mouse by introducing 
additional mutations in tumor 
suppressor genes such as p53, 
SMAD4, and P16/CDKN2A, all 
of which occur frequently in 
precursor lesions as they 
progress to invasive PDAC 
(10). 

 

 
Figure 1. Pancreatic precursor lesions and genetic events involved in pancreatic adenocarcinoma 
progression. PanIN, IPMN, MCN represents three known precursor lesions of PDAC. PanINs classified into 
three grades: PanIN-1, 2 and 3 which then eventually develop to PDAC. Development of PDAC from IPMN and 
MCN shown on right side of the picture. Early genetic alterations (K-Ras mutations, P16 loss) and late genetic 
alterations (P53 loss, SMAD4 loss,) that occur in adenocarcinomas also occur in PanIN and to lesser extent in 
IPMNs and MCNs represented in the middle of the picture. Asterisks indicate events (telomere shortening, 
BRCA2 mutations) that are not common to all precursor lesions. (Republished from Hezel et al. Gene Dev. 2006, 
20(10):1218-49, with permission from the Cold Spring Harbor Laboratory Press). 
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K-Ras signaling engages various downstream 
effectors. In PDAC, K-Ras predominantly signals 
through canonical Raf/mitogen activated protein 
kinase (MAPK)/ extracellular signal-regulated kinase 
(Erk), phosphoinositide 3-kinases (PI3Ks)/ 
3-phosphoinositide dependent protein kinase-1 
(PDK-1)/Akt, Ral guanine nucleotide exchange 
factors (RalGEFs), and phospholipase Cε (9).  

 Mutations or alternations in these downstream 
pathways complicate K-RAS driven PDAC. For 
example, expression of PIK3CA H1047R (codes for 
p110α H1047R), a constitutively active oncogenic class 
1A PI3K in Ptf1a positive cells, induced acinar to 
ductal metaplasia and premalignant PanIN, 
recapitulating K-Ras G12D driven PDAC. Elimination of 
PDK-1, blocked K-RasG12D driven PDAC (11). RalGEF 
induces oncogenic activity by activating its substrate 
RalA (12). RalA is required for tumor initiation, 
whereas the other RalGEF substrate, RalB, is required 
for metastasis in Ras-driven pancreatic cancers (13).  

Tumor suppressor genes (P16/CDKN2A, TP53, 
and SMAD4/DPC4). P16/CDKN2A is the most 
commonly inactivated tumor suppressor gene in 
pancreatic cancer. P16/CDKN2A inhibits CDK4/6 
mediated phosphorylation of retinoblastoma (RB) 
protein, thereby blocking entry into the S phase of the 
cell cycle. Inactivation of P16/CDKN2A occurs by 
different mechanisms, including homozygous 
deletions, loss of heterozygosity and epigenetic 
silencing by promoter methylation (14). 
P16/CDKN2A cooperated with K-Ras in the 
development of PDAC (15). Mutations in K-Ras exert 
selective pressure for subsequent mutation in 
P16/CDKN2A, which cooperate to lead to the 
development of PDAC. In precursor lesions, 
oncogenic K-Ras expression co-exists with 
P16/CDKN2A and other markers of senescence, 
while in PDAC, expression of P16/CDKN2A and 
senescence markers are missing (16).  

 P53 is inactivated in 50-75% of PDAC cases and 
the inactivation occurs via intragenic mutations 
combined with loss of the second allele (17). P53 
mutations observed in the late PanIN stage usually 
lead to loss of p53 function, and subsequently 
provides growth and survival advantage for the cells 
which harbor chromosomal aberrations (18). 

SMAD4 is a key signal transducer of TGF-β 
signaling pathway. SMAD4 is inactivated in ~55% of 
pancreatic cancer cases either by homozygous 
deletions or by intergenic mutations and loss of the 
second allele (19). Loss of SMAD4 provides growth 
advantage for pancreatic cancer cells by abrogating 
the growth inhibitory signals mediated by TGF-β (20) 
in late PanIN stage (PanIN-3) (21). Patients 
undergoing surgical resection of their pancreatic 

adenocarcinoma survived longer if their cancer 
expressed SMAD4 (22).  

Growth factor receptor signaling in PDAC. 
PDACs overexpress multiple mitogenic growth 
factors and their ligands. These include: the epidermal 
growth factor (EGF) and its receptor (EGFR), and 
multiple ligands that bind to EGFR; fibroblast growth 
factor (FGF) and its receptor (FGFR) and ligands; 
insulin-like growth factor (IGF) and its receptor 
(IGFR); platelet derived growth factor (PDGF); and 
vascular endothelial growth factor (VEGF) (23, 24).  

EGFR is a transmembrane receptor tyrosine 
kinase, activated upon binding of its ligands, EGF and 
transforming growth factor-α (TGF-α). EGFR 
overexpression was detected in up to 90% of 
pancreatic tumors (25), and plays an important role in 
liver metastasis and recurrence of human pancreatic 
cancer (26). EGFR inhibitors decrease PDAC cell 
growth and tumorigenesis in vitro (27) and inhibited 
growth of orthotopic tumors when combined with 
chemotherapy (28). However, EGFR targeting agents 
in combination with gemcitabine did not provide 
many beneficial effects to pancreatic cancer patients in 
the clinic (25). 

The IGFs and their receptors have been 
acknowledged as important players in a variety of 
cancers (29) by regulating cell survival, invasion, and 
angiogenesis (30). In PDAC patients, elevated 
expression of IGF-1 and its receptor IGF1R are 
associated with higher tumor grade and poor survival 
(31). In vitro experiments showed that exogenously 
added IGF-1 enhanced the growth of human 
pancreatic cancer cells and this effect was inhibited by 
IGF-1 neutralizing antibody (32). However, clinical 
trials performed with IGF1R blocking antibodies were 
largely disappointing (33). In 2012, Amgen 
announced termination of a large phase III clinical 
trial in patients with metastatic PDAC treated with 
the IGF1R blocking antibody ganitumab (AMG 479) 
and gemcitabine. The ganitumab and gemcitabine 
combination failed to improve overall survival 
compared to gemcitabine alone 
(http://www.amgen.com/media/media_pr_detail.js
p?releaseID=1723925). 

FGFR is a transmembrane protein that triggers 
phosphorylation of an adaptor protein FGFR 
substrate 2 (FRS2), upon binding of FGF. 
Phosphorylated FRS2 then recruits and activates 
elements of Ras/MAPK and PI3K/Akt pathways. 
Overexpression of ligands (FGF1-7) and receptors 
(FGFR-1 and FGFR-2) contributed to mitogenesis and 
angiogenesis in a subset of pancreatic cancers (34). 
Inhibition of FGFR signaling using shRNA or 
dovitinib (a tyrosine-kinase inhibitor) achieved 
significant anti-cancer effects in preclinical pancreatic 
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cancer models (35). Dovitinib is currently at clinical 
development for patients with metastatic pancreatic 
cancer, biliary cancers and pancreatic neuroendocrine 
tumors (https://clinicaltrials.gov identifier: 
NCT01497392, NCT01888965, NCT02108782).  

VEGF is an angiogenic polypeptide. It promotes 
endothelial cell proliferation and survival by binding 
to its receptors VEGFR-1 and VEGFR-2 (36). Though 
PDAC is not a highly vascularized tumor, foci of 
endothelial cell proliferation are often observed in this 
malignancy. Patient tumor samples showed increased 
expression of VEGF mRNA and its expression 
correlated with high micro vessel density and disease 
progression (37, 38). TNP-40, an analog of fumagillin, 
which is an anti-angiogenic agent, decreased tumor 
growth and metastasis of pancreatic cancer cell lines 
in subcutaneous mouse model (39). Adenoviral 
vectors carrying the VEGFR tyrosine kinase inhibitor 
PTK 787 also inhibited the growth and metastasis of 
pancreatic cancer in preclinical models (40). Phase I/II 
studies of PTK787 plus gemcitabine 
(https://clinicaltrials.gov identifier: NCT00185588) in 
advanced pancreatic cancer showed promising 
results, and phase II studies are on-going 
(https://clinicaltrials.gov identifier: NCT00226005).  

As our understanding has grown tremendously 
in oncogenic K-Ras, tumor suppressors, growth 
factors and their receptors in pancreatic cancer 
initiation and progression, approaches are being 
tested to target oncogenic K-Ras and growth factors. 
However, it remains challenging to improve 
treatment outcomes, because of the complicated 
genetic and molecular alternations. It also remains 
challenging for researchers to further understand the 
molecular genetics of tumor suppressor proteins in 
pancreatic cancer, to restore their normal function by 
gene therapy, or to develop small-molecule inhibitors 
that reactivate tumor suppressor function (41). Novel 

approaches to target tumor suppressor genes need to 
be discovered and tested with open mind. 

Epithelial to mesenchymal transition 
(EMT) in pancreatic cancer 

Most of the pancreatic cancer-related deaths are 
due to metastatic disease. Recent studies in animal 
models revealed that pancreatic cancer cells undergo 
dissemination from the primary tumor and get 
metastasized to liver even before frank malignancy 
was detected at the primary site of origin. The 
developmental program of epithelial to mesenchymal 
transition (EMT) is of virtual importance for this rapid 
tumor progression (42).  

EMT is a multistage trans-differentiation process 
which allows highly polarized epithelial cells to 
undergo multiple biochemical changes to attain 
mesenchymal phenotype (Fig.2). Epithelial cells 
display apical-basolateral polarity and are organized 
in cell layers with strong cell-cell adhesion. 
Mesenchymal cells are spindle shaped, exhibit 
anterio-posterior polarity and strong migratory 
potential. During EMT progression, epithelial cells 
lose their epithelial markers (such as E-cadherin, 
occludin, claudin, and laminin 1) and gain 
mesenchymal markers (such as N-cadherin, vimentin, 
and fibronectin) (43). EMT is classified into three 
major types based on the context in which it occurs. 
Type 1 EMT is associated with implantation, embryo 
formation, and organ development. Mesenchymal 
cells generated by Type 1 EMT have potential to 
undergo mesenchymal to epithelial transition (MET) 
and generate secondary epithelia. Type 2 EMT is 
associated with inflammation processes and plays a 
major role in wound healing, tissue regeneration, and 
organ fibrosis (43).  

 

 
Figure 2. Characteristics of EMT involve a functional transition of polarized epithelial cells into mesenchymal cells. Epithelial cells are highly 
polarized in nature with apical and basolateral polarity. E-cadherin, claudins, occludins, desmoplakin, type IV collagen, and laminin-1 are markers of epithelial cells. 
Mesenchymal cells are spindle shaped and are highly motile in nature. N-cadherin, α5 β1 integrin, αvb6 integrin, vimentin, type-1 collagen, laminin-5 and fibronectin 
are the markers of mesenchymal cells. During EMT progression, epithelial cells loose epithelial markers and gain mesenchymal markers. Cells that express markers 
of epithelial and mesenchymal cells represent intermediate phenotype. (Republished from Kalluri et al. J Clin Invest. 2009, 119(6): 1420-8, with permission from ASCI). 
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Type 3 EMT occurs in carcinoma cells and is 
considered important at several different stages 
(dissemination, invasion, intravasation and 
extravasation) during tumor metastasis (44). 
Metastatic tumor cells have the potential to migrate 
through the bloodstream and in some cases, form 
secondary tumors at other sites through MET (45). 
During type 3 EMT, some cells retain epithelial traits 
while acquiring mesenchymal features and other cells 
shed most epithelial features and become fully 
mesenchymal (45, 46). 

A complex network of signaling pathways 
governs EMT in tumor progression. Both soluble 
factors (TGF-β family members, FGF, HGF, Wnt, 
TNFα, Notch, HIF1-α), as well as non-soluble 
components of the extracellular matrix (collagen and 
hyaluronic acid) guide EMT during cancer 
progression (47). These signaling events primarily 
induce EMT by inducing transcription factors such as 
Snail family of zinc finger transcription factors (Snail 1 
and 2), zinc-finger-enhancer binding protein (Zeb-1 
and 2) and basic helix loop helix (bHLH) family 
members (E12, E-47, and Twist) (Fig.3). A common 
feature of these transcription factors is repression of 
the CDH1 gene that encodes E-cadherin (16). Reduced 
E-cadherin expression is a key initial step in the 

trans-differentiation of epithelial to a mesenchymal 
phenotype, invasion and metastasis.  

TGF-β signaling pathway in EMT. TGF-β is one 
of the most important EMT-inducing factors in a 
diverse range of tumor cells, including pancreatic 
cancer cells (48). In canonical TGF-β signaling, 
binding of TGF-β to a TGF-β type II receptor leads to 
the trans-activation of type I receptor (TβR I). TβR I is 
a serine/threonine kinase that subsequently 
phosphorylates SMAD2 and 3, which then forms a 
complex with SMAD4 and translocates to the nucleus 
to regulate the transcription of target genes (49). 
Transcriptional activation of Twist, Snail, Slug, and 
Zeb-1 has been shown to be critical for TGF-β 
mediated EMT induction (50).  

In pancreatic cancer with SMAD4 inactivation, 
TGF-β might induce EMT through the non-canonical 
pathway (i.e. SMAD-independent pathway) (49), 
which involves ERK/MAPK, PI3K, p38, JNK, RhoA, 
and other signaling pathways (51). In some pancreatic 
cancer cell lines such as Colo-357, depletion of 
SMAD4 using RNAi did not disrupt EMT responses 
in these cells (52). In other pancreatic cancer cell lines, 
TGF-β induced EMT was reversed by the MEK-1 
inhibitor PD98059 (48).  

 
 
 

 
Figure 3. EMT involves an intricate interplay of multiple signaling pathways. Activation of different signaling pathways such as Wnt, growth factors (GF), TGF-β, 
Notch, HIF1α and TNF-α induces expression of transcription factors such as Slug, Snail and Twist to promote EMT. (Republished from Wang et al. Chinese J of Can. 
2011, 30(9):603-11. Open Access article). 
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Wnt/β-catenin signaling pathway. The canonical 
Wnt/β-catenin signaling pathway proceeds as the 
following: In the absence of Wnt ligand, β-catenin is 
kept low by a destruction complex consisting of axin, 
adenomatous polyposis coli, glycogen synthase 
kinase-3β (GSK-3β) and casein kinase (CK-1). CK-1 
first phosphorylates β-catenin at Ser45, which primes 
β-catenin. Primed β-catenin is phosphorylated by 
GSK-3β, at Thr41, Ser33 and Ser37, ultimately leading 
to ubiquitination and proteosomal degradation by 
β-Trcp. This persistent removal of β-catenin prevents 
β-catenin nuclear accumulation, where Wnt target 
genes are repressed by DNA bound T cell factor 
(TCF)/lymphoid enhancer factor (LEF) and HDAC. 
Upon Wnt ligand binding to Frizzled and LRP5/6 
receptors, complex is formed and leads to 
phosphorylation of LRP5/6. Phospho LRP5/6 binds 
axin leading to dissociation of the destruction 
complex and inactivation of GSK-3β, thereby 
stabilizing cytosolic β-catenin and promoting its 
nuclear localization. In the nucleus β-catenin forms a 
complex with TCF/LFE and activates expression of 
Wnt target genes that are important in the regulation 
of cell growth and proliferation (53).  

The Wnt/β-catenin pathway is associated with 
EMT induction (54). GSK-3β phosphorylates Snail, 
and promotes Snail proteosomal degradation. Wnt 
suppresses the activity of GSK-3β and stabilizes the 
protein levels of Snail, and therefore induces EMT and 
stem-like properties in cancer cells (55). Oncogenic 
K-Ras activate the Wnt/β-catenin signaling pathway, 
which in turn up-regulates EMT stimulators (56). 
Inhibition of the Wnt/β-catenin signaling pathway 
blocks EMT, and restoration of the Wnt inhibitory 
factor 1 (WIF-1) expression resulted in increased 
expression of epithelial markers and decreased 
expression of mesenchymal markers, by decreased 
expression of Slug and Twist (57). Small hairpin RNA 
knockdown of β-catenin resulted in elevated 
expression of E-cadherin, decreased expression of the 
mesenchymal markers vimentin, N-cadherin, MMP-2, 
indicating the reversal of EMT (58). 

Notch signaling pathway. The Notch-signaling 
pathway plays an important role in the development 
of organs, tissue proliferation, differentiation and 
apoptosis (59). To date, four Notch receptors 
(Notch1-4) and five Notch ligands (Delta-like 1, 3, 4 
and Jagged-1 and 2) have been discovered. Notch 
signaling is activated when the Notch ligand binds to 
an adjacent receptor. Upon activation, Notch is 
cleaved through a cascade of proteolytic cleavages by 
the metalloproteases, tumor necrosis factor 
α-converting enzyme and γ-secretase. Gamma 
secretase complex releases an active fragment called 
Notch intracellular domain (NICD). NICD 

translocates to the nucleus and then binds to the 
transcription factor CSL (CBF1, Suppressor of 
Hairless, and Lag-1). The CSL-NICD complex recruits 
a co-activator complex containing p300 and other 
co-activators leading to the activation of Notch target 
genes that are important in the regulation of cell 
growth, proliferation and apoptosis (eg. Akt, Cyclin 
D1, c-Myc, COX-2, MMP-9, ERK, mTOR, NF-kB, p21, 
p27, p53, VEGF) (59, 60). Recently, the Notch signaling 
pathway has been found to directly upregulate Snail-1 
and Slug thereby inducing EMT (61, 62). In pancreatic 
cancer cells, knockdown of Notch-2 or midkine (a 
downstream target of Notch-2) resulted in EMT 
inhibition (63).  

Several other signaling pathways are also 
suggested in EMT induction in cancer cells, such as 
NF-κB (64), growth factor (65), and TNF-α (66). The 
end result of activation of all these signaling pathways 
is to induce the expression of EMT transcription 
factors (Snail, Slug, Zeb-1, Twist), which in turn 
decreases expression of epithelial markers and 
increases the expression of mesenchymal markers. 

Transcription factors that play important roles in 
regulating EMT include the Snail family of zinc finger 
transcription factors, the bHLH transcription factors 
and the Zeb family transcription factors. Together 
with other co-repressors and co-activators, these 
master regulators decrease expression of epithelial 
markers and increase expression of mesenchymal 
markers during EMT. The mechanism of such dual 
regulation of target genes by these transcription 
factors is only partially understood (67, 68). 

Snail transcription factors include Snail-1 
(Snail), Snail-2 (Slug), and Snail-3 (Smuc), of which, 
Snail and Slug activate EMT during development and 
pathological conditions. All these transcription factors 
contain highly conserved carboxy terminal Cys2His2 
(C2H2) type zinc finger motifs. The Snail1/GFI 
domain at the amino terminus is required for protein 
stability and transcriptional repression of target genes 
(69). 

Snail and Slug are key mediators of EMT in 
pancreatic tumor progression. Moderate to strong 
Snail expression was found in 78% of pancreatic 
cancer cases while Slug was expressed in 50% of the 
cases and at a lower level than Snail (70). Snail 
expression levels in pancreatic cancers correlated with 
lymph node invasion and distant metastasis (71). 
Snail-transfected pancreatic cancer cell lines displayed 
highly metastatic and invasive abilities in an 
orthotopic mouse pancreatic cancer model. Snail 
enabled these pancreatic cancer cell lines to undergo 
EMT at the invasive front of the tumor (71, 72). 
Knocking out Snail enhanced sensitivity to 
gemcitabine, and resulted in increased overall 



 Journal of Cancer 2016, Vol. 7 

 
http://www.jcancer.org 

1503 

survival in a genetically engineered mouse model of 
PDAC (73).  

 Snail acts as a repressor of genes involved in the 
maintenance of epithelial phenotype (E-cadherin, 
occludin, claudin, and cytokeratin-18) with the key 
target being E-cadherin. On the other hand, Snail 
activates the expression of mesenchymal genes such 
as vimentin, fibronectin, and N-cadherin. Snail also 
has been shown to regulate expression of genes 
involved in cell polarity (Crumbs3, Lgl2 and dlg3) and 
apoptosis (P53, BID and DFF40) (74). Among these, 
E-cadherin is the only direct target of Snail (70, 75). 

The mechanism of E-cadherin repression by 
Snail is a complex process and it involves several 
co-repressor proteins. Epigenetic modification of the 
chromatin structure at the promoter region of CDH1 
gene is the major regulatory event. The C2H2 type zinc 
finger domain allows sequence-specific binding of 
Snail to the E-box in the proximal promoter region of 
the CDH1 gene, which encodes E-cadherin. Upon 
binding to the E-box region, Snail recruits 
co-repressor complexes such as histone deacetylases 
(HDAC)1/2/Sin3 (75) and polycomb repressive 
complex 2 (PRC-2) (76). HDAC1/2/Sin3 caused 
deacetylation of H3 and H4 at the CDH1 promoter 
resulting in decreased expression of E-cadherin (75). 
The PRC2 complex catalyzes histone 3 lysine 27 
trimethylation, which is a hallmark of epigenetically 
silenced chromatin, resulting in decreased expression 
of E-cadherin (76).  

Pharmacological agents that target Snail have 
been an attractive strategy to inhibit EMT and cancer 
cell metastasis. A cobalt (III) Schiff base complexe 
([Co(acacen)(NH3)2]+) has been shown to inhibit C2H2 
zinc finger transcription factors non-specifically. To 
enhance the specificity, an E-box DNA 
oligonucleotide specifically targeting Snail was 
attached to the acacen equatorial ligand (77). This 
Co(III)-E-box complex was a potent inhibitor of Snail- 
mediated transcriptional repression in breast cancer 
cells and in the neural crest of Xenopus (78). However, 
this complex has not been tested in pancreatic cancer.  

Zeb transcription factors. The 
zinc-finger-enhancer binding protein (Zeb) family of 
transcription factors (Zeb 1 and Zeb2) are one of the 
best studied EMT inducing transcription factors (79). 
In PDAC patients, both pancreatic cancer cells and 
tumor associated stroma showed high level of Zeb-1 
expression, and Zeb-1 expression was associated with 
poor prognosis. Inverse correlation between 
E-cadherin and Zeb-1 expression was observed in 
patient tumor samples, as well as in pancreatic cancer 
cell lines (80, 81). Silencing Zeb-1 has been shown to 
reduce cell migration, tumorigenicity and tumor 
dissemination (81-83). Zeb-1 has been shown to 

decrease transcription of key determinants of 
epithelial differentiation, cell adhesion and cell 
polarity genes (84). E-cadherin is a well-known direct 
target of Zeb-1. Zeb-1 decreases E-cadherin 
expression by recruiting HDAC-1/2 or 
Switch/sucrose non-fermentable chromatin 
remodeling protein BRG1 to the promoter region of 
CDH-1 gene (81, 85).  

A negative feedback loop between Zeb-1 and the 
microRNA-200 family (miR-200c and miR141) has 
been shown in regulating EMT (86-88). Zeb-1 is a 
major target of miR-200c and miR-141. On the other 
hand, Zeb-1 strongly repress the expression of 
miR-200 family members (89). This suggests that 
Zeb-1 activates microRNA mediated feed forward 
loop that stabilizes EMT and promotes invasion of 
cancer cells. Pancreatic cancer patients with a high 
level of miR-200c expression had better survival rates 
than those with a low-level of miR-200c expression. In 
these patients, there also existed a strong correlation 
between the levels of miR-200c and E-cadherin 
expression (87, 90, 91).  

 Drugs that inhibit Zeb-1 function might have 
clinical relevance for pancreatic cancer patients. 
Unfortunately, effective small-molecule inhibitors of 
Zeb-1 are yet to be identified.  

Basic helix loop helix transcription factors 
(bHLH). Among all the bHLH transcription factors 
studied, E12, E47, Twist 1 and Twist 2 have been 
shown to play important roles in EMT (92). 

E-12 and E-47 act as a repressor of E-cadherin 
expression and trigger EMT. The mechanism of 
E-cadherin repression by E-12/47 is not well 
understood (93). Inhibition of differentiation 1 might 
be required for E-47 induced EMT (94, 95).  

Twist 1 and Twist 2 are major regulators of EMT 
during development and pathogenesis (96). Twist 
expression is either absent or very weak in tissue 
samples from patients with PDAC. Pancreatic cancer 
cell lines also (MiaPaCa-2, PANC-1, Capan-1, HPAF-2 
and AsPC-1) showed low expression of Twist. 
However, hypoxic conditions induced Twist 
expression in MiaPaCa-2, PANC-1, Capan-1 and 
HPAF-2 cell lines (70). As pancreatic tumors are often 
under hypoxic conditions (97), Twist may play a role 
in the invasive behavior of pancreatic tumors. 

Twist has differential effects on expression of 
E-cadherin and N-cadherin. It decreases E-cadherin 
expression but induces N-cadherin expression. The 
mechanism of such dual regulation of target gene 
expression by Twist is not completely understood, but 
it is known that Twist recruits the Set-8 methyl 
transferase (a member of the SET domain-containing 
methyltransferase family) to the promoter region of 
E-cadherin and N-cadherin and enhances H4K20 
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monomethylation (98). Recently, it has been showed 
that Twist interacted with several components of the 
Mi2/nucleosome remodeling and deacetylase 
complex to repress the transcription of E-cadherin 
(99). Twist has also been shown to specifically interact 
with BRD4, a bromo domain and extra terminal 
domain protein, to regulate the expression of target 
genes. Inhibition of BRD4 and Twist interaction by 
small molecular inhibitors such as JQ1 and MS417 
suppressed tumor growth in a few animal models 
(100).  

Pancreatic cancer stem cell  
Recent studies have shown that cancer stem cells 

(CSCs) are the predominant factors responsible for 
tumor recurrence (101). In 1997 Bonnet and colleagues 
discovered that a minor subpopulation of acute 
myeloid leukemia (AML) cells expressing markers of 
normal hematopoietic stem cells presented the 
potential to propagate AML in immune deficient mice 
(102). It was therefore hypothesized that malignancy 
originated from mutated stem cells that were 
transformed to generate daughter cancer cells. These 
tumor-generating subpopulations of cancer cells were 
later termed stem-like cancer cells, or cancer stem cells 
(CSCs). Although the biology of CSCs needs to be 
further understood, the existence of CSCs has been 
demonstrated in almost all kinds of hematological 
malignancies and solid tumors (103).  

CSCs share a lot of characteristics with normal 
stem cells, such as asymmetric cell division, where 
each stem cell generates one daughter cell with stem 
cell fate (self-renewal) and another daughter cell 
destined to differentiate (progenitor cell). The 
self-renewal capacity helps to maintain the number of 
CSCs within the tumor and its descendent progeny 
constitute the bulk of the tumor (104). Many pathways 
(Wnt/β-catenin, Sonic hedgehog, and Notch) that are 
classically associated with cancer are known to 
regulate stem cell self-renewal (105).  

Another important characteristic shared by 
normal and cancer stem cells is quiescence. Like the 
mammalian adult stem cells, CSCs are in a quiescent, 
non-dividing G0-state, which protect them from 
chemotherapeutic drugs that are developed to target 
actively dividing cells (104). Late relapse after initial 
treatment in malignancies is explained with the 
existence of dormant CSCs (106).  

In addition, CSCs exhibit unique features such as 
metastasis ability. It was reported that the subset of 
CXCR4+ CD133+ pancreatic CSCs exhibited strong 
migratory potential and showed liver metastasis in an 
orthotropic model system. On the contrast, CXCR4+ 
CD133- cells representing the non-stem-like cancer 
cells failed to undergo liver metastasis (107).  

The exact relationship between CSCs and 
metastasis is not clear yet. It might lie in the close 
association of CSCs with cancer cell EMT. EMT and 
CSCs share many signaling pathways, such as 
Wnt/β-catenin and Notch signaling pathway. 
Induction of EMT generated cells with stem-like 
properties, either by over expressing Twist or Snail 
(108), or by inhibiting the expression of E-cadherin 
using shRNA targeting CDH-1 (109). In a mouse 
model, it was shown that circulating pancreatic cancer 
cells maintained a mesenchymal phenotype and 
exhibited stem cell properties (42). The circulating 
cancer cells are considered equivalent to stem-like 
cancer cells. Overexpression of other EMT inducers, 
such as FoxM1 and Notch-1, also resulted in 
enrichment of pancreatic CSCs (110).  

The mechanism by which CSCs become drug 
resistant is largely unknown, but it is very likely that 
ATP binding cassette (ABC) drug transporters are 
involved. Studies showed that CSCs gain drug 
resistance partly due to over expression of ABCG2 
(BCRP) (111), which pumps cytotoxic drugs out of 
cancer cells (112). In another study, CD44+ pancreatic 
CSCs that were expanded during the acquisition of 
gemcitabine resistance, showed significantly elevated 
levels of ABCB1 (MDR1). The ABC transporter 
inhibitor, verapamil, re-sensitized the resistant cells to 
gemcitabine (113). It is also very likely that CSCs drug 
resistance is caused by both intrinsic and acquired 
properties such as quiescence, detoxifying enzymes, 
DNA repair ability and overexpression of 
anti-apoptotic proteins (114). Understanding the 
biology of drug resistance related to CSCs is necessary 
and would provide clues to design novel therapeutic 
options. 

Several cellular markers or their combinations 
have been used to identify pancreatic CSCs, include 
aldehyde dehydrogenase (ALDH) (115, 116), CD133 
(117) and the combination of CD133+ CXCR4+ (107). 
Another commonly used combination of markers are 
CD44+ CD24+ EpCAM+ , because CD44+ CD24+ 

EpCAM+ pancreatic cancer cells showed properties of 
self-renewal and the ability to produce differentiated 
progeny (118). Other markers such as c-Met (119), 
doublecortin-like kinase 1 (120), and CD44v6 (121) 
were also proposed as putative pancreatic CSC 
markers. Although none of the proposed markers 
definitively identify a pure population of pancreatic 
CSCs, these markers are used widely because they 
provide consistent data for a strong enrichment of 
pancreatic CSCs. 

So far, the gold-standard assay to measure the 
self-renewal and lineage capacity of CSCs is serial 
transplantation in animal models. Cells are injected 
into the orthotopic site of NOD/SCID mice which are 



 Journal of Cancer 2016, Vol. 7 

 
http://www.jcancer.org 

1505 

then assayed at different time points for tumor 
formation. Cells isolated from the tumor are 
xenografted into a second recipient animal to measure 
the self-renewal capacity. However, this serial 
transplantation model is costly and time consuming, 
and is therefore not feasible to be used in drug 
screening (122). An in vitro spheroid formation assay 
has been widely used to determine the self-renewal 
capacity of CSCs. The assay is based on the principle 
that only CSCs survive in suspension culture with 
non-stem-like cancer cells die by anoikis. The ability 
to form several generations of spheres in serial 
non-adherent passages is related to the self-renewal 
ability of CSCs. For example, the 
CD44+CD24+EpCAM+ pancreatic CSCs formed 
pancreatospheres in vitro, whereas CD44-CD24- 
EpCAM- cells did not. The CD44+CD24+EpCAM+ 
pancreatospheres can be passaged multiple times 
without loss of the tumor sphere-forming capability 
(123).  

The understanding of the molecular mechanism 
by which CSCs are formed will benefit not only basic 
research but also clinical cancer therapy. Recent 
studies have demonstrated that the formation of CSCs 
can be triggered and maintained by the interplay of 
multiple cellular signaling pathways, including 
Notch, Hedgehog, and Wnt/β-catenin (124).  

Notch-signaling pathway plays an important 
role in maintaining CSC population. Pancreatic CSCs 
expressed considerably higher levels of Notch-1 than 
the rest of the cancer cell population (125). Notch-1 
over expression in pancreatic cancer cell lines induced 
EMT and increased the formation of 
pancreatospheres, which are indicative of CSCs (126). 
Activation of Notch pathway with an exogenous 
Notch peptide ligand increased the percentage of 
CSCs (127). However, further investigation is 
required to elucidate the molecular mechanism that 
explains how Notch signaling regulates pancreatic 
CSC self-renewal. 

Hedgehog signaling pathway in maintaining 
CSC population. The Hedgehog (HH) pathway plays 
a critical role in the processes of embryonic 
development, it also plays an important role in 
maintenance of CSCs (128). The HH signaling 
pathway consists of HH ligands (Sonic HH, SHH; 
Indian HH, IHH; and Desert HH, DHH), Patched 
proteins (Patched-1 and 2), Smoothened (Smo), 
inhibitory complex (Fused, Suppressor of Fused) and 
the 5-zinc-finger transcription factors, Gli1, Gli2 and 
Gli3. In the absence of HH ligand, Patched-1 and 2 
suppresses Smo. In the presence of HH ligand, 
inhibition of Smo by Patched is released, providing a 
signal for the dissociation of Gli transcription factor 
from the inhibitory complex. Dissociated Gli 

translocates to the nucleus and regulates the 
transcription of target genes such as Cyclin D1, 
N-Myc, p21, Wnt, Patched and Gli itself (129, 130). 

Deregulation of HH signaling has been observed 
in pancreatic cancers (131). Transgenic mice 
overexpressing SHH in pancreatic epithelium 
developed PanIN lesions, suggesting that SHH might 
be an early mediator of pancreatic cancer 
tumorigenesis (131). Two independent studies 
showed that pancreatic CSCs had >40-fold higher 
SHH expression than the non-CSC population (118, 
132). Therefore, inhibition of HH signaling might be 
an alternative therapeutic approach for pancreatic 
cancer patients. 

Wnt/β-catenin signaling pathway in 
maintaining CSC population. Wnt/β-catenin 
signaling plays an important role in CSCs of a variety 
of cancers. For example, constitutively activated 
β-catenin signaling in stem cells is essential for 
intestinal neoplasia (133). Wnt-1 overexpression 
enhanced the sphere formation capacity of the gastric 
cancer AGS cell line (134). The canonical β-catenin 
signaling pathway is the most significantly 
deregulated signaling pathway in glioblastoma stem 
cells (135), it is also required for self-renewal of 
leukemia stem cells that were derived from either 
hematopoietic stem cells or from 
granulocyte-macrophage progenitors (136). The roles 
of Wnt/β-catenin signaling in pancreatic CSCs 
deserve further investigation.  

Current and experimental treatment for 
pancreatic cancer 

Current treatment for pancreatic cancer is far 
from satisfactory. As advancements in molecular and 
targeted therapies have greatly improved survival of 
patients with many types of cancers, the treatment 
outcome for pancreatic cancer has not changed much 
over the past 30 years. In the last a few decades of the 
20th century, five fluoro uracil (5-FU) was the standard 
of care for pancreatic cancer patients (137). In 1997, a 
randomized phase 3 study demonstrated a survival 
benefit for gemcitabine (2′, 2′-difluoro 
2′-deoxycytidine) over 5-FU (138). Since then, 
gemcitabine as mono-treatment has been the standard 
of care for pancreatic cancer patients. Gemcitabine is 
an analog of cytosine exhibited distinctive 
pharmacological properties (with multiple 
intracellular targets such as DNA polymerase, 
ribonucleotide reductase, cytidine triphosphate 
synthetase, deoxycytidylate deaminase) and a wide 
spectrum of anti-tumor activity (139). However, 
gemcitabine has little impact on median overall 
survival for patients with locally advanced or 
metastatic pancreatic cancer, who comprise the 
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majority of cases (140, 141). Many studies used 
gemcitabine in combination with other 
chemotherapeutic drugs intending to improve the 
median survival in pancreatic cancer patients. 
However, the improvement has not been satisfactory. 
Gemcitabine in combination with either capacitance 
(prodrug of 5-FU, a pyrimidine analog) (142) or 
platinum drugs (cisplatin, carboplatin) (143, 144) did 
not result in significant improvement in overall 
survival. A combination of gemcitabine and 
nab-paclitaxel (145) improved overall survival, 
progression free survival and response rate compared 
to gemcitabine treatment alone. However, peripheral 
neuropathy and myelosuppression were significantly 
increased (146).  

Surgical resection is the only curative therapy for 
pancreatic cancer patients with localized disease (147). 
However, only 15–20% of patients have resectable 
disease at the time of diagnosis. Patients who undergo 
surgery (e.g. Whipple procedure) have a 
perioperative mortality of 4-18% and an additional 
risk of post operational complications (3, 148, 149). 
Furthermore, the majority of the patients have locally 
invasive and micro metastasis at the time of surgery. 
Therefore, disease recurrence following operation is 
very high. Adjuvant therapy (5-FU or 
gemcitabine-based chemoradiation) is specified to 
decrease the risk of loco-regional and metastatic 
recurrence (150). 

Recently, FOLFIRINOX (oxaliplatin, irinotecan, 
fluorouracil, and leucovorin), as the first gemcitabine 
free regimen, has been shown to be more efficient 
than gemcitabine. The median overall survival was 
11.1 months in the FOLFIRNOX group as compared 
with 6.8 months in the gemcitabine group. Side effects 
of this new combination regimen were significant, 
including grade 3 and 4 neutropenia, suggesting a 
limited use for patients with good performance status 
(151). 

Investigational chemotherapies for pancreatic 
cancer 

Pancreatic cancer is a multifactorial complicated 
disease. Conventional chemotherapies or radiation 
therapies often yield disappointing results and are 
largely ineffective in depleting CSCs, which are 
responsible for disease recurrence. Therefore, new 
innovative treatment options need to be tested. As the 
understanding of pancreatic cancer biology and 
pathophysiology increases, some novel approaches 
for targeted therapies are currently under 
investigation. In the following paragraphs some of the 
investigational therapies that have potential clinical 
success for pancreatic cancer patients are 
summarized. 

Targeting K-Ras  
K-Ras is an attractive therapeutic target because 

it is mutated in the vast majority of PDAC cases. An 
ideal mechanism to prevent K-Ras signaling would be 
to directly block the GTP-binding site of K-Ras. 
However, there has not been an effective 
small-molecule inhibitor identified. Alternatively, 
other approaches have been investigated to 1) block 
membrane localization of K-Ras, 2) block Son of 
Sevenless (SOS)/K-Ras interactions, and 3) block 
K-Ras downstream effector targets such as PI3K, Raf, 
MEK 1/2 and Akt (152). 

Blocking K-Ras membrane localization. 
Membrane localization of K-Ras brings it into contact 
with Ras activating protein to activate downstream 
signaling (153). Following translation, K-Ras 
undergoes a lipid modification called farnesylation 
and/or geranylgeranylation (together referred as 
prenylation). Phosphodiesterase delta (PDEδ) is a 
prenyl binding protein and interacts with prenylated 
K-Ras to aid K-Ras to translocate to the membrane 
(154, 155). It was hypothesized that inhibition of 
farnesylation and or geranylgeranylation would 
prevent K-Ras membrane localization, thus inhibiting 
its signaling pathway. A number of inhibitors for 
farnesyl transferase (FTIs) and geranylgeranylation 
transferase (GGTIs) were synthesized and tested for 
their anti-tumor activity (156-160). At least six FTIs 
have been tested in clinical trials, but unfortunately 
have predominantly proven unsuccessful for K-Ras 
driven tumors (161, 162). A geranylgeranylation 
transferase inhibitor, GGTI-2418 is currently in phase 
I clinical evaluation (http://www.prnewswire.com/ 
news-releases/first-patient-dosed-in-phase-i-clinical-t
rial-of-tigris-pharmaceuticals-ggti-2418-61683932.htm
l). The combination of FTI and GGTI induced greater 
apoptotic response in cancer cells than a single agent 
alone, but high toxicities limited their clinical use 
(163). Deltarasin, inhibited PDEδ and K-Ras 
interactions and K-Ras membrane localization, 
suppressed in vitro and in vivo proliferation of PDAC 
cells (164). Salirasib (S-trans, trans-farnesylthio-
salycilic acid) dislodged K-Ras from the membrane 
thereby promoting K-Ras degradation. In a patient 
derived xenograft model, salirasib showed a wide 
range of activity and showed a heightened tumor 
response when combined with gemcitabine (165). 
Salirasib is under clinical investigation (165). 

 Blocking SOS/K-Ras interactions. At the 
membrane, K-Ras is activated by SOS (guanine 
nucleotide exchange factor), which aids in K-Ras 
binding to GTP. Blocking these interactions 
potentially inhibits K-Ras signaling pathway (166). 
Using an NMR based fragment-screening approach, a 
small molecule, 4, 6-dichloro-2-methyl-3-aminoethyl- 
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indole was identified that blocked the interaction 
between K-Ras and SOS and inhibited the nucleotide 
exchange (167). Several other compounds were also 
discovered which bound to GDP-bound K-RasG12D 
and thus inhibited SOS catalyzed nucleotide exchange 
(168). Anti-cancer activities of these compounds need 
to be investigated in preclinical and clinical studies.  

Blocking K-Ras downstream effector targets. 
Effector pathways are activated downstream of K-Ras 
in a context- and tissue-specific manner. MAPK and 
PI3K-Akt signaling pathways are the two most 
commonly activated signaling pathways in pancreatic 
cancer. Efforts have been made to develop 
pharmacological agents targeting MAPK and 
PI3K-Akt signaling pathways. The MAPK pathway 
consists of a kinase cascade, where K-Ras activates Raf 
kinases, which in turn activate MEK1/2 (166). In 
preclinical models, MEK inhibitor PD325901 reduced 
tumor burden and prolonged survival time and 
showed a synergistic effect with Akt inhibitor 
GSK690693 (169). In a patient derived xenograft 
model, another MEK inhibitor, trametinib 
(GSK1120212) reduced tumor mass, and ddding an 
EGFR/HER2 inhibitor lapatinib, significantly 
enhanced trametinib effects (170). PI3K and Akt 
inhibitors were also tested in preclinical models and 
showed potent anti-cancer activity (11, 169). These 
results suggest that blocking K-Ras downstream 
targets is a potential therapeutic option for pancreatic 
cancer patients who harbor K-Ras mutations. 

High-throughput screening assays have been 
performed using cells harboring K-Ras mutation and 
its isogenic cells without K-Ras mutation, in order to 
discover compounds that specifically inhibit K-Ras 
mutant cells. Several such compounds were 
identified, including sulfinyl cytidine and its 
derivative triphenyltetrazolium (171), oncrasin-1 
(172), tolperisone and its derivative lanperisone (173), 
and SLI501 (174). These compounds are under 
preclinical and clinical testing.  

Histone deacetylase (HDAC) inhibitors 
A growing body of literature suggests that 

deregulation of histone deacetylases (HDACs) could 
contribute to pancreatic cancer development and 
progression (175-178). HDACs play critical roles in 
the epigenetic regulation of gene expression by 
catalyzing the removal of acetyl groups from histones, 
causing compaction of the DNA/histone complex. 
This compaction blocks gene transcription and 
inhibits differentiation (179, 180). In eukaryotic cells, 
18 different HDACs have been identified and are 
classified into 4 groups based on their homology to 
yeast proteins. Class I includes HDAC 1, 2, 3, and 8 
and are exclusively located in the nucleus. Class IIa 

includes HDAC 4, 5, 7 and 9 and are localized to the 
cytoplasm. HDAC 6 and 10 belong to class IIb and 
HDAC 11 is classified in class IV. HDAC 11 is 
localized in both cytoplasm and nucleus. Classes I, II, 
and IV HDACs are Zn-dependent enzymes. Class III 
HDACs include sirtuins, which are NAD+ dependent 
enzymes and have homology to yeast Sir2 (180-182). 
In pancreatic cancer, overexpression of HDAC 1, 
(177), HDAC 2 (175), HDAC7 (176), and HDAC 3 
(178) were observed. As described before, HDACs 
also involve in Snail mediated EMT process. Thus, 
targeting HDACs by inhibitors could be a promising 
strategy for pancreatic cancer treatment.  

To date, more than 15 HDAC inhibitors have 
been tested in preclinical and early clinical studies. 
Based on the chemical structure, HDAC inhibitors are 
classified in into 4 different classes: hydroxamates 
(e.g. suberanilohydroxamic acid (SAHA) and 
panobinostat), cyclic peptides (e.g. romidepsin), 
aliphatic acids (e.g. sodium butyrate, valproic acid 
and phenyl butyrate) and benzamides (e.g. entinostat 
or known as MS-275 and mocetinostat) (180). The 
Food and Drug Administration approved SAHA for 
the treatment of cutaneous T-Cell Lymphoma (CTCL). 
In animal models, SAHA in combination with 
bortezomib (proteasome inhibitor) or Zebularine 
(nucleoside analog of cytidine) reduced pancreatic 
tumor weight with minimal noted toxicity (183, 184). 
SAHA also reduced migration, colony formation and 
sphere formation ability of pancreatic CSCs. 
Specifically, SAHA inhibited the expression of Zeb-1, 
Snail, and Slug, suggesting that SAHA inhibited EMT 
in pancreatic CSCs. Furthermore, SAHA inhibited the 
Notch signaling pathway by upregulating miR-134 
(185). Other HDAC inhibitors like MS-275, TSA and 
FK228 showed potent anti-tumor effects both in vitro 
and in vivo (186). However, all these HDAC inhibitors 
so far showed limited to no efficacy in clinical trials in 
solid malignancies including PDAC, either alone or in 
combination with other chemotherapeutic drugs 
(187-190).  

The lack of effects might partially come from the 
non-specificity of current HDAC inhibitors. Majority 
of the HDAC inhibitors in clinical trials inhibit all 
HDAC isoforms nonspecifically (pan inhibitors). Such 
nonspecific inhibition leads to many toxic side effects 
that limited the dose that can apply (191). Selective 
HDAC inhibitors, which affect a single HDAC 
isoform, would be ideal chemical tools to elucidate the 
functions of each individual HDAC isoform. Also, 
development of class-selective HDAC inhibitors 
might provide more effective HDAC inhibitors than 
the pan HDAC inhibitors.  
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Targeting pancreatic CSCs 
Reactivation of developmental signaling 

pathways (Notch, SHH) is involved in the formation 
of CSCs (192). Inhibitors of these signaling pathways 
could be valuable tools to target CSCs.  

Hedgehog (HH) inhibitors. Several 
small-molecule HH inhibitors are under preclinical 
and clinical development (193). For example, the HH 
inhibitor cyclopamine inhibited pancreatic cancer cell 
EMT, CSCs, and reduced metastasis in an orthotopic 
xenograft mouse model (194). Cyclopamine down 
regulated the expression of CSC markers CD44 and 
CD133 in gemcitabine resistant pancreatic cancer cells 
and restored gemcitabine sensitivity (195). In 
combination with the mTOR inhibitor, rapamycin, 
cyclopamine reduced the number of pancreatic CSCs 
to undetectable levels in vitro and in vivo (196). 
IPI-269609 and GDC-0449, two other small-molecule 
inhibitors of the HH signaling pathway, also 
effectively depleted pancreatic CSCs (197, 198). A 
recent study found that the anti-malarial agent 
chloroquine (CQ) significantly decreased pancreatic 
CSCs by inhibiting the HH signaling pathway (199). 
CQ in combination with gemcitabine improved the 
overall survival of mice bearing PDAC patient 
derived xenografts.  

However, these preclinical results were not 
recapitulated in clinical trials. A single arm pilot study 
in 25 metastatic PDAC patients was conducted to 
study the effect of GDC-0449 plus gemcitabine. The 
treatment resulted in inhibition of the HH signaling 
pathway, without significant changes in CSCs, 
fibrosis, progression free survival and overall 
survival. However, grade ≥3 toxicities in 56% of 
patients were observed. This pilot study concluded 
that GDC-0449 and gemcitabine were not superior to 
gemcitabine alone in the treatment of metastatic 
pancreatic cancer (200). Similarly, a double-blind, 
randomized phase II study, IPI-926 plus gemcitabine 
or gemcitabine plus placebo, showed no improvement 
in overall survival (http://www.businesswire.com/ 
news/home/20120127005146/en/Infinity-Reports-U
pdate-Phase-2-Study-Saridegib#.VXGcwcvwvcs). A 
phase II GDC-0449 plus gemcitabine or gemcitabine 
plus placebo study also showed no statistical 
improvement in progression free survival and overall 
survival (https://clinicaltrials.gov identifier: 
NCT01064622).  

Reasons for the failure of HH inhibition in PDAC 
patients were explored using a genetically engineered 
mouse model (GEMM) (201). Unexpectedly, in this 
GEMM, loss or pharmacological inhibition of SHH 
were associated with decreased survival, higher 
frequency of gross metastasis. SHH deficient tumors 
had reduced stromal content, and increased blood 

vessel density (201). Therefore, SHH inhibitors 
warned for further clinical use in PDAC patients.  

 Notch inhibitors. Gamma secretase activates the 
Notch signaling pathway. Hence γ-secretase 
inhibitors (GSI) are attractive inhibitors for CSCs. The 
GSI MRK-003 effectively inhibited intratumoral Notch 
signaling and prolonged survival of tumor bearing 
mice when combined with gemcitabine (202). 
Pretreatment of PDAC cells with MRK-003 in cell 
culture significantly inhibited pancreatic CSCs and 
subsequent tumor formation in immunocompromised 
mice (203). PF-03084014, a selective GSI, was also 
shown to induce pancreatic tumor regression by 
depleting CSCs (204). Inhibition of Notch singling 
pathway using a GSI RO4929097 or Hes1 ShRNA 
reduced both in vitro sphere formation and in vivo 
tumor growth of orthtopic pancreatic tumors (127). 
However, a Phase II study was completed recently 
using RO4929097 in previously treated metastatic 
pancreatic cancer patients and showed no potential 
advantage over gemcitabine (https://clinicaltrials. 
gov identifier: NCT01232829). PF-03084014 recently 
entered into a phase I/II study in combination with 
gemcitabine and Nab-paclitaxel in patients with 
previously untreated metastatic PDAC 
(https://clinicaltrials.gov identifier: NCT02109445). A 
phase III study of gemcitabine plus Nab-paclitaxel 
combination showed slight improvement in survival 
(8.5 months, statistically significant) compared to 
gemcitabine (6.7 months) (146). Adding PF-03084014 
to this combination is in hope to further improve the 
survival.  

Other potential approaches to target pancreatic 
CSCs. Targeting the cell-surface antigens that are 
characteristic to CSCs is an attractive strategy to 
eliminate pancreatic CSCs. Specific monoclonal 
antibody targeting CD44, eliminated leukemic stem 
cells by inducing terminal differentiation (205). 
Inhibition of c-Met, a marker of highly tumorigenic 
CSCs has been found to inhibit tumor growth and 
metastasis (119). A bispecific antibody that recognizes 
both epithelial surface antigen (EpCAM) and CD3 has 
been shown to eliminate pancreatic CSCs (206). 
Monoclonal antibodies targeting CD44, EpCAM and 
c-Met needs to be tested in clinical trials. 

A monoclonal antibody NPC-1C (NEO-102) has 
been recently developed targeting MUC5ac which is a 
member of the mucins family and is a highly 
expressed prognostic biomarker in pancreatic cancer 
(207). MUC5ac is upregulated by the GLI1, a 
downstream transcription factor in the Hedgehog 
signaling pathway. MUC5ac upregulation leads to 
disruption in the function of E-cadherin and 
β-catenin, and thus contributes to pancreatic 
carcinogenesis (208). NPC-1C is a chimeric 
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immunoglobulin that was derived from a Tumor 
Associated Antigen (TAA) based vaccine that was 
previously tested in a Phase I/II clinical trial in colon 
cancer (209). In a phase I study, NPC-1C showed 
activity in patients with refractory pancreatic cancer 
and significantly prolonged overall survival in two 
patients who failed standard therapy (210). An 
improved formulation of NPC-1C, NEO-102, is been 
tested in phase II studies in refractory pancreatic 
cancer, either given alone (https://clinicaltrials.gov 
identifier: NCT01040000), or in combination with 
gemcitabine and nab-paclitaxel in refractory 
pancreatic cancer (211, 212) (https://clinicaltrials.gov 
identifier: NCT01834235).  

The anti-cancer agents from diet or natural 
plants (e.g. genistein, curcumin, resveratrol) have 
been found to inhibit pancreatic CSCs self-renewal 
through modulation of important signaling pathways 
(213). Genistein, one of the isoflavones found in 
soybeans inhibited the pancreatospheres in vitro by 
down regulating the Notch signaling pathway (126, 
214). Genistein also inhibited EMT, which is highly 
associated with CSCs (110). Curcumin and its 
synthetic analog, 3, 4-difluoro-benzo-curcumin, 
inhibited the sphere formation ability of pancreatic 
cancer cell lines and attenuated the pancreatic CSC 
markers CD44 and EpCAM (215). Curcumin was 
reported to decrease the CSC population by targeting 
the histone methyl transferase, enhancer of zeste 
homolog 2 miRNA regulatory circuit (216). 
Resveratrol inhibited the self-renewal capacity of 
pancreatic CSCs derived from K-Ras transgenic mice 
and from human primary tumors. Moreover, 
resveratrol decreased the expression of pluripotency 
maintaining factors such a Sox-2, c-Myc, Nanog and 
Oct-4 in pancreatic CSCs and induced CSCs apoptosis 
through activation of caspase-3/7 (217).  

 Clinical studies have been carried out on some 
of these dietary compounds, however, so far showed 
little benefit over gemcitabine treatment. A phase II 
trials of curcumin in patients with advanced 
pancreatic cancer showed good tolerance and 
biological activity in 2 out of 21 patients. One patient 
had stable disease for >18 months. Another patient 
had marked tumor regression (73%) (218). Two other 
studies investigated curcumin in combination with 
gemcitabine in patients with advanced pancreatic 
cancer. The combination did not provide survival 
advantage over gemcitabine (median survival 5.3 and 
6 months in the two trials, respectively) (219, 220). A 
phase II study adding genistein to gemcitabine and 
erlotinib combination in advanced pancreatic cancer 
patients, also resulted in no significant improvement 
(221, 222). As for resveratrol, studies so far indicated it 
is a promising cancer preventing agent instead of 

chemotherapeutic agent (223).  
Taken together, many efforts have been made 

targeting various molecular pathways using either 
pharmacological agents or nutraceuticals to inhibit 
pancreatic cancer growth, metastasis and CSCs. 
Despite many preclinical advancements, it remains a 
huge challenge to find a clinically effective 
therapeutic agent.  

Discussion 
Though the oncology community has made 

significant progress in understanding pancreatic 
cancer biology, there are no effective therapies 
available to date, because of its multifactorial nature. 
At the cellular level, neoplastic cells harbor activating 
K-Ras mutation at high frequencies in pancreatic 
cancer patients. Pharmacological agents targeting 
K-Ras for pancreatic cancer is currently an active area 
of research (224). However, it is possible that blocking 
K-Ras function may not be sufficient to treat 
pancreatic cancer, because these cancer cells may 
adapt to K-Ras inhibition either by overexpressing or 
mutating genes in downstream pathways of K-Ras. 
Several other growth factor signaling pathways also 
impact disease progression and pathogenesis, which 
might drive growth and cell survival in the absence of 
K-Ras signaling (225). Layered on top of oncogenic 
mutation is a host of tumor suppressor genes 
inactivation (226). Developing effective anticancer 
regimens against changes of tumor suppressor 
pathways has emerged to be a promising area of 
research (41). Novel approaches need to be 
investigated with an open mind, as new knowledge 
and concepts in pancreatic cancer biology develop.  

CSCs is a relatively new concept in cancer 
biology. A growing body of literature suggests that 
pancreatic tumors are enriched with CSCs (227). CSCs 
are frequently associated with metastatic foci and 
chemo-resistance and are increasingly linked to an 
EMT phenotype (108, 228). The resistance to 
chemotherapy of this subpopulation is responsible for 
tumor recurrence. EMT in cancer cells is triggered by 
several different signaling pathways, which then 
activate a set of transcription factors to induce EMT 
(67, 75). Therefore, inhibitors of EMT signaling 
pathways or the transcription factors hold the 
promise to inhibit pancreatic cancer metastasis and 
CSCs. Efforts have been directed in looking for agents 
that selectively targeting CSCs.  

Immunotherapies have recently shown 
significant results in cancer treatment. Successful 
examples include anti-PD1/PD-L1 antibodies in 
treating advanced melanoma (229), and CAR-T cell 
therapy in acute lymphoblastic leukemia (ALL) (230). 
In pancreatic cancer, immunotherapy is a largely 
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unexplored landscape; however, an area holds great 
potential (231). Some promising therapies such as the 
NPC-1C antibody are under clinical testing. Efforts 
should be directed in identification and selection of 
antigens specific to pancreatic cancer, and to 
attenuation of the immunosuppressive 
microenvironment of pancreatic cancer. Appropriate 
selection of target antigens and combination 
treatment are critical in enhancing efficacy and 
lowering treatment related toxicities.  

As our understanding for pancreatic cancer 
biology and cancer stem cells keep growing, more 
clinically relevant models will be established that 
serve as better tools for development of drugs against 
pancreatic cancer. Novel regimens that are promising 
in preclinical tests should be investigated with an 
open mind. These agents , or in combination with 
standard chemotherapy, would eliminate both the 
bulk of cancer cell population, and the stem-like 
cancer cells, therefore achieve long-term tumor 
regression and eventually cure of the disease. 
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