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Abstract
In the past few years, there have been significant advances in the research on cancer stem cells
(CSCs). The emerging evidences have demonstrated that CSCs and epithelial-mesenchymal
transition (EMT)-type cells, which share molecular characteristics with CSCs, play critical roles in
drug resistance, invasion, and metastasis. Pancreatic cancer (PC) has a high mortality due to both
intrinsic (de novo) and extrinsic (acquired) drug resistance, leading to increased invasive and
metastatic potential of PC cells. Therefore, targeting pancreatic CSCs and EMT-type cells could
be a novel therapeutic strategy for the treatment of PC. In this article, we will review the current
state of our knowledge on the role of pancreatic CSCs and EMT-type cells, and summarize the
novel therapeutic strategies that could target pancreatic CSCs and EMT-type cells, leading to the
reversal of EMT phenotype, the induction of drug sensitivity, and the inhibition of invasion and
metastasis of PC, which is expected to yield better treatment outcome.
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1. Introduction
In the past few years, there have been significant advances in the research on cancer stem
cells (CSCs). CSCs have been found in most types of hematopoietic and solid tumors
including brain tumor, breast, head and neck, colon, lung, prostate, ovarian, and pancreatic
cancers. It is now widely accepted that in tumors there is a subset of cancer cells, named as
cancer stem cells, which has the capacity for extensive proliferation, self-renewal, multi-
lineage differentiation, and high tumorigenic potential. Importantly, CSCs has been found to
be resistant to conventional cancer therapies including radiotherapy and chemotherapy. This
feature of CSCs could cause cancer recurrence after eliminating the most of cancer cells by
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conventional therapies. Moreover, CSCs show their high propensity of invasiveness and
metastasis. It has been reported that CSCs contribute to the metastatic dissemination of solid
tumors, induce epithelial-mesenchymal transition (EMT), and spread from primary site to
distant metastatic place, homing in the new site with great capacity for self-renewal [1]. In
addition, EMT-type cells, which share molecular characteristics with CSCs, also play
critical roles in drug resistance and cancer metastasis [2,3]. Therefore, CSCs and EMT-type
cells are believed to be the major culprits in cancer recurrence and metastasis.

Pancreatic cancer (PC) is an aggressive malignancy and the fourth leading cause of cancer
death in the United States. Approximately, 44,030 people were expected to be diagnosed
with PC and 37,660 people were expected to die from this disease in the US in 2011 [4]. The
mortality of PC increased from 2003 to 2007 by 0.1% per year in women and by 0.7% per
year in men. For all stages combined, the one year relative survival rate is 26% and the five
year relative survival rate is only 6%. Even for the patients with local PC, the rate of five
year survival is only 23% [4]. The lethal nature of PC is due to the propensity of PC cells to
rapidly disseminate to the lymphatic system and distant organs. The intrinsic (de novo) and
extrinsic (acquired) drug resistance characteristics of PC cells leads to resistance to all
chemotherapeutic agents tested, which is another major cause of treatment failure in PC. The
presence of pancreatic CSCs with the drug-resistant and high metastatic characteristics
contributes to the treatment failure resulting in high mortality of patients diagnosed with PC.
Therefore, it is important to elucidate the molecular mechanisms underlying drug resistance
and metastasis with respect to CSCs and EMT in PC. Powered by the gain of such
knowledge, novel therapeutic strategies could be devised for targeting pancreatic CSCs and
EMT-type cells, which would result in increasing drug sensitivity and causing inhibition of
invasion and metastasis. Such a novel strategy would be useful for the successful treatment
of patients diagnosed with this devastating disease.

2. Discovery of Cancer Stem Cells especially Pancreatic Cancer Stem Cells
In 1997, the first evidence for the existence of CSCs was reported [5]. The study showed
that subpopulation of leukemic cells (expected as leukemic stem cell) with cell surface
marker CD34+ and CD38− were capable of self-renewing and initiating human acute
myeloid leukemia in SCID mice. Since the biological characteristics of CSCs have some
similarity with normal stem cells, CSC surface markers and stem cell surface markers
overlap in the major epithelia, providing some clues to find CSCs. To identify and isolate
CSCs from whole cancer cell population, several cell surface markers including CD24,
CD34, CD44, CD133, CD139, CD166, and ESA have been used together with cell sorting
by fluorescence-activated cell sorting (FACS) analysis [6,7]. Other molecules such as
Aldh1, Lgr5, Bmi1, and Olfm4 have also been used as CSC markers. CD44, CD133, and
ESA are more frequently used for the isolation of CSCs from different types of tumors.
However, it is important to note that there is no unique marker which can be used for the
isolation of CSCs from different types of cancers. It is known that combined use of several
cell markers could increase the purity of isolated CSCs.

2.1. Discovery and molecular markers of pancreatic cancer stem cells (CSCs)
In 2007, two groups of researchers isolated and identified pancreatic CSCs from human PC
using two different sets of cell surface markers [8,9]. By FACS analysis, Li et al firstly
isolated the CD44+/CD24+/ESA+ pancreatic CSCs from PC tissue. These CD44+/CD24+/
ESA+ cells counted for 0.2–0.8% of PC cells and showed the stem cell properties including
self-renewal, the ability to produce differentiated progeny, and the increased expression of
sonic hedgehog [9]. Moreover, the CD44+/CD24+/ESA+ cells had a 100-fold increased
tumorigenic potential compared to marker-negative cancer cells. In an animal study, 50% of
animals injected with as few as 100 CD44+/CD24+/ESA+ cells formed tumors that were
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histologically indistinguishable from the original PC [9]. Soon after that, Hermann et al
reported that human PC tissue contained CSCs identified by CD133 expression [8]. They
found that these CD133+ PC cells were highly tumorigenic. The evidences reported by these
two groups clearly demonstrated that there is a small population of PC cells which possess
stem cell surface markers and show the properties of self-renewal and increased tumorigenic
potential, suggesting that these cells are pancreatic CSCs.

Moreover, other investigators also examined the distribution of CD133 in normal pancreas
and pancreatic cancer tissues. They observed that CD133 was mainly located at the apical/
endoluminal surface of glandular epithelia whereas pancreatic ductal adenocarcinomas
showed a varying degree of apical cell surface CD133 expression [10]. Cytoplasmic staining
was also seen in a few tumor cells [10]. In a study investigating the relationship between
CD133 expression and clinicopathological factors in PC, it was found that 60% (48/80) of
specimens were CD133-positive with less than 15% cells per specimen expressing CD133
[11]. CD133-positive cells were mainly located at the peripheral site of adenocarcinoma
glandular structures. Importantly, the expression of CD133 was significantly associated with
lymphatic metastasis, VEGF-C expression, and lower 5-year survival rate [11].

In another study, PC cell lines including Capan-1, Mia-PACA-2, Panc-1, and SNU-410 were
analyzed for the expressions of CD133, CD44, and CD24 by flow cytometry [12]. The
tumorigenicity was compared using tumor volumes and numbers of tumors formed in SCID
mice. It was found that CD133 positive cells have higher tumorigenic and metastatic
potential than CD44 and CD24 positive cells [12]. CD133 positive cells also showed high
migration and invasion potential, suggesting that CD133 might be a meaningful cell surface
marker of pancreatic CSCs [13]. The c-Met is another marker of pancreatic CSCs. It has
been found that c-Met high expressing PC cells readily formed spheres and had increased
tumorigenic potential whereas c-Met negative PC cells could not form spheres [14].
Moreover, c-Met inhibitor XL184 or c-Met knockdown significantly inhibited sphere
formation and prevented metastasis, suggesting that the expression of c-Met may be a
marker for pancreatic CSCs. In addition, the PC cells showing high expression of c-Met and
CD44 had the highest capability of self-renewal capacity and tumorigenesis [14]. Further
report also showed that another pancreatic CSC marker ALDH alone was sufficient for
efficient tumor-initiation and had enhanced tumorigenic potential with CD133 positive
expression [15]. It was also reported that ALDH+ and CD44+/CD24+ pancreatic CSCs are
similarly tumorigenic, but ALDH+ cells are relatively more invasive [16]. It is worth
mentioning that the expression of stem cell surface markers CD44 and CD24 in PC could be
changed with their local microenvironment. The expression of CD44 and CD24 in PC
sphere cells in serum free medium was up-regulated; however, the expression of CD44 and
CD24 returned to initial levels once the medium was changed back to serum-containing
medium [17]. These results collectively suggest that the combination of several stem cell
markers should be used for the identification of pancreatic CSCs.

2.2. Pancreatic CSCs and EMT
Emerging evidences have shown that cancer stem cells share similar molecular
characteristics with EMT-type cells. EMT is a process by which epithelial cells undergo
morphological changes from epithelial cobblestone phenotype to elongated fibroblastic
phenotype. EMT was originally known as a crucial differentiation and morphogenetic
process during embryogenesis. In recent years, EMT is also recognized as pathological
process during the progression of various diseases including inflammation and cancers.
Alterations in the expression of EMT markers have been observed during the acquisition of
EMT phenotype. During EMT, cells lose the expression of epithelial markers such as E-
cadherin, γ-catenin, and zonula occludens-1 (ZO-1), and gain the expression of
mesenchymal markers such as vimentin, fibronectin, α-smooth muscle actin (SMA), and N-
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cadherin. A number of transcription factors which repress E-cadherin and regulate other
EMT markers also plays critical role in EMT during normal development and cancer
progression. These transcription factors include the zinc finger binding transcription factor
Snail homologues (Snail1, Snail2/Slug, and Snail3) and basic helix-loop-helix transcription
factors such as Twist, ZEB1, ZEB2/SIP1, and TCF3/E47/E12 [18]. Similar to CSCs, the
EMT-type cells are drug-resistant and have higher metastatic potential. Recently, in vitro
studies have suggested that CSCs and EMT-type cell phenotypes overlap and that the
properties and phenotypes of CSCs and EMT-type cells may be linked to some extent
through shared molecular make-up [19].

The EMT phenomenon in PC cell lines and surgically resected pancreatic cancer tissues has
been documented [3,20]. It was found that L3.6pl, Colo357, BxPC-3, HPAC, CFPAC-1, and
SU86.86 PC cells expressed high levels of epithelial marker E-cadherin; however,
MiaPaCa-2, Panc-1, Aspc-1, Hs766T, and MPanc96 cells had high level of expression of
mesenchymal makers, vimentin and ZEB-1 [3,20]. In further studies using PC tumor tissues
with immunohistochemical staining, a negative association between vimentin and E-
cadherin expression was found [21]. Importantly, increased expression of fibronectin,
vimentin, or N-cadherin and decreased expression of E-cadherin were correlated with
invasion, metastasis, and poor survival [21]. These results suggest that a population of
distinct PC cells, which show EMT phenotypes, does exist in PC and that these EMT cells in
PC could promote the progression and aggressiveness of PC. We have also found that
FOXM1 or Notch-1 could induce EMT in PC cells and that these EMT-type cells showed
increased expression of ZEB1, ZEB2, Snail2, and vimentin resulting in higher
pancreatosphere-forming capacity consistent with expression of CSC surface markers, CD44
and EpCAM [22,23]. These results suggest that EMT-type cells and CSCs shares similar
molecular characteristics, and thus these cells are equipped with drug resistance phenotype
with increased potential for invasion and metastasis.

2.3. Molecular pathways altered in CSCs and EMT-type cells
Similar to cancer cells, multiple signaling pathways are involved in CSCs and EMT-type
cells; however, among multiple pathways Hedgehog, Notch, and Wnt are main signaling
pathways that are altered in CSCs and EMT-type cells especially because they are important
signaling pathways in pancreatic embryonic development and differentiation and they
communicate with each other in the signaling network (Figure 1). Recent investigations also
demonstrated the critical role of microRNAs (miRNAs) in the regulation of CSCs and EMT-
type cells (Figure 1), and thus the deregulated expression of miRNAs and their target genes
in the regulation and biology of CSCs and EMT is an emerging area of research.

Hedgehog (Hh) signaling plays critical roles in embryonic pancreatic development.
Hedgehog ligands including sonic hedgehog (Shh) are expressed in the endodermal
epithelium at early embryonic stages but excluded from the region forming pancreas.
Activation of Hh pathway has been found in various cancers including PC. Overexpression
of Shh could promote pancreatic tumorigenesis. In the islets, acini, and ductal epithelium of
normal pancreas, there was no detectable Shh expression [24]; however, Shh expression was
detected in 70% of PC tissues [24], suggesting that up-regulation of Hh could contribute to
the pancreatic cancer development and progression. Moreover, up-regulation of sonic
hedgehog has been observed in pancreatic CSCs. Recent studies have shown down-
regulation of Hh signaling by several inhibitors of Hh, which resulted in the inhibition of
pancreatic CSCs and EMT-type cell growth and spheroid formation mediated by up-
regulation of E-cadherin and down-regulation of Snail, Slug, ZEB1, and TCF/LEF
transcriptional activity [25]. These observations clearly suggest the role of Hh signaling in
CSCs and EMT phenotypic cells.
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Notch signaling is another developmental signaling pathway which plays important roles in
cell proliferation, survival, apoptosis, and differentiation. The activation of Notch signaling
could promote EMT by the regulation of the several transcription factors and growth factors
including Snail, Slug, and TGF-β. We found that Notch-2 and its ligand, Jagged-1, were
highly up-regulated in gemcitabine resistant PC cells, which showed the acquisition of EMT
phenotype. We also found that over-expression of Notch-1 increased the formation of
pancreatospheres which showed higher expression of CSC surface markers CD44 and
EpCAM [23]. These results clearly suggest that Notch signaling is critically involved in the
formation of pancreatic CSCs and EMT-type cells.

Wnt signaling is critically involved in both self-renewal and carcinogenesis in various
cancers. The activation of Wnt signaling also contributes to the formation of CSCs and
EMT-type cells. It has been found that the inhibition of Wnt signaling could lead to the re-
expression of epithelial markers and suppression of EMT related transcription factors, Slug
and Twist [26]. In addition, overexpression of Snail increased the expression of Wnt target
genes mediated through its interaction with β-catenin while down-regulation of Snail
reduced target gene expression [27], suggesting the molecular links between Wnt signaling
and snail which is an important regulator in EMT. Therefore, deregulation of Wnt signaling
could influence the formation of pancreatic CSCs and EMT phenotype.

It has been well documented that miRNAs are critically involved in many normal biological
processes including cell proliferation, differentiation, apoptosis, and stress resistance.
Recently, miRNAs have received much attention in the field of cancer research. It has also
been found that the aberrant expression of miRNAs could contribute to the development and
progression of cancer [28]. More importantly, emerging evidences demonstrate the critical
role of miRNAs in CSCs and EMT. The miRNAs could mediate EMT through the
regulation of E-cadherin and other EMT related molecules. We have found that miR-200b,
miR-200c, and miR-200a were down-regulated in gemcitabine-resistant PC cells, which
showed the EMT phenotype [3]. We also found that many members of the tumor suppressor
let-7 family were down-regulated in the gemcitabine-resistant EMT-type PC cells [3].
Moreover, introduction of miR-200 family into the EMT-type cells caused the up-regulation
of epithelial marker E-cadherin and down-regulation of mesenchymal markers including
ZEB1 and vimentin, suggesting reversal of EMT phenotype. Consistent with the alterations
in EMT marker, the morphology of miR-200 transfected EMT-type cells was partially
changed from elongated fibroblastoid to epithelial cobblestone-like appearance [3]. These
results suggest the critical role of miRNA in the processes of EMT. Wellner et al reported
that ZEB1 was necessary for the tumor-initiating capacity of pancreatic cancer [29]. They
found that ZEB1 inhibited the expression of stemness-inhibiting miRNAs such as miR-200c
and miR-203 which cooperate to suppress the expression of stem cell markers. Another
recent study also showed differentially expressed miRNAs including miR-99a, miR-100,
miR-125b, miR-192, and miR-429 in pancreatic CSCs [30]. These clusters of miRNAs were
linked with the clusters of stem cell associated mRNAs in PC CSCs [30], and these
observations provide clear rationale for designing CSC-targeted therapy.

3. Pancreatic CSCs and EMT-type cells are more drug resistant and
metastatic
3.1. Pancreatic CSCs in drug resistance, invasion, and metastasis

Emerging evidences have demonstrated that CSCs are resistant to conventional
chemotherapy. It was found that CSCs in mouse mammary tumors contributed to cisplatin
resistance [31] and that CSCs in colorectal cancers were responsible for the resistance to
chemotherapeutic drugs [32]. Using the stem cell marker CD133, Tadaro et al identified
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colon CSCs that account for around 2% of the cells in human colon cancer [32]. They also
found that CD133+ cells produced and utilized IL-4 to protect themselves from apoptosis.
Importantly, treatment with IL-4Rα antagonist or anti-IL-4 neutralizing antibody
significantly enhanced the antitumor efficacy of chemotherapeutic drugs, suggesting that
colon CSCs were drug-resistant due to the production of IL-4 [32]. A recent study using
biopsy tissues from patients with breast cancer has shown that chemotherapy led to an
increased percentage of CD44+/CD24− cells consistent with increased mammosphere-
forming efficiency [33], suggesting the drug-resistant characteristics of CSCs. The CSCs
also showed radio-resistance characteristics due to preferential activation of the DNA
damage checkpoint response, and an increase in DNA repair capacity [34]. It was found that
the fraction of glioma cells expressing CD133, a marker for brain cancer stem cells, was
enriched after radiation in gliomas [34], suggesting that the CD133+ tumor cells represent
glioma CSCs that are resistant to radiation.

CSCs also showed their propensity to invasion and metastasis, and it was reported that c-
Jun, KLF-4, and c-kit signaling contributed to both self-renewal and invasion characteristics
of CSCs [35,36]. Charafe-Jauffret et al isolated breast cancer cell lines which contained
functional CSCs with high metastatic capacity consistent with alterations in the molecular
signature of CSCs [37]. Similarly, Odoux also found that metastatic colon cancer contained
CSCs with stem cell characteristics such as self-renewal and the ability to initiate tumors in
animal [38]. These results suggest that CSCs are critically involved in cancer invasion and
metastasis.

Similar to other CSCs, pancreatic CSCs also contribute to drug resistant, high invasive and
metastatic features of PC. Gemicitabine is commonly used for the treatment of PC. In an in
vitro study, high-dose of gemcitabine eliminated most of PC cells [39]; however, CD44+

CSCs proliferated and reconstituted the population of resistant cells. Clinical data showed
that the patients with CD44-positive PC had poor prognosis [39]. In addition, pancreatic
CD44+/CD24+ also demonstrated increased resistance to gemcitabine [40]. These findings
suggest that pancreatic CD44+ or CD24+ CSCs were responsible for gemcitabine resistance
and poor prognosis. Studies also showed that gemcitabine resistant PC cells were better
capable in forming colonies and had a higher percentage of CD133+ cancer stem cells [41],
and that human PC tissues contained pancreatic CD133+ CSCs that were highly tumorigenic
and resistant to conventional chemotherapy [8]. Moreover, CD133+ cells showed enhanced
migration and invasion, particularly when co-cultured with primary pancreatic stromal cells
which express stromal derived factor-1, the ligand for CXCR4 [42]. Consistent with this
observation, in vivo study showed that CD133+/CXCR4+ CSCs were located in the invasive
front of pancreatic tumors, suggesting the higher invasive and metastatic phenotype of
pancreatic CD133+/CXCR4+ CSCs [8]. Furthermore, removing these migrating CD133+/
CXCR4+ CSCs significantly decreased the metastatic ability of pancreatic tumors [8]. In
addition, pancreatic CD44+/CD24+ CSCs also showed increased migration ability [40].
These results collectively demonstrate that pancreatic CSCs are resistant to conventional
therapeutics and contribute to cancer invasion and metastasis.

3.2. Role of EMT in PC drug resistance and metastasis
EMT has also been implicated in drug resistance, invasion, and metastasis. Studies have
shown that TGF-β could induce EMT which leaded to erlotinib resistance. These erlotinib
resistant cancer cells acquired mesenchymal phenotype and exhibited down-regulation of E-
cadherin expression [43]. Another recent report has shown that over-expression of EMT-
related transcription factor Twist and Snail could up-regulate the expression of ABC
transporters, leading to drug resistance [44]. Therefore, the acquisition of EMT phenotype is
important on conferring drug resistance characteristics to cancer cells against conventional
chemotherapeutic agents. For most epithelial cancers, EMT-type cells could degrade the
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surrounding matrix to enable invasion and intravasation, leading to the formation of
metastasis. It was found that cancer cells in the tumor center maintained high expression of
E-cadherin and cytoplasmic β-catenin; however, the cancer cells in the periphery of tumor
with propensity for invasion lost the expression of E-cadherin and gained the expression of
vimentin, which are the typical characteristics of EMT phenotype [45]. Moreover, highly
invasive breast cancer cells showed EMT characteristics associated with decreased levels of
E-cadherin and increased levels of vimentin, fibronectin, Twist, and AKT2 expression [46],
suggesting the critical role of EMT in cancer invasion. The role of EMT in metastasis has
also been investigated in vitro and in vivo studies. Twist is an important regulator in EMT,
and studies have shown that the suppression of Twist expression in highly metastatic
mammary carcinoma cells could significantly inhibit cancer cell metastasis to the lung [47].
Moreover, ectopic expression of Twist caused loss of E-cadherinn, activation of
mesenchymal markers, and induction of cell motility, suggesting that Twist could enhance
metastasis through promoting EMT. Studies have also shown that human breast cancer cells,
which metastasized to lung, had up-regulated Wnt signaling and EMT signatures, and that
consequent inhibition of Wnt signaling re-expressed epithelial markers, inhibited EMT
transcription factors Slug and Twist, and reduced the capacity of cancer cells to self-renew
in vivo [48].

EMT occurred in PC also influences the sensitivity of PC cells to chemotherapeutic agents.
We have previously reported that gemcitabine-sensitive PC cells including L3.6pl, Colo357,
BxPC-3, and HPAC cells had strong expression of epithelial marker E-cadherin; however,
gemcitabine-resistant PC cells such as MiaPaCa-2, PANC-1, and AsPC-1 showed strong
expression of mesenchymal markers including vimentin and ZEB-1, suggesting that the
gemcitabine-resistant cells elicits EMT phenotype which could in part be responsible for
drug resistance [3]. Consistent with our findings, other investigators also found that L3.6pl,
BxPC-3, CFPAC-1, and SU86.86 cells were drug-sensitive whereas PANC-1, Hs766T,
AsPC-1, MIAPaCa-2, and MPanc96 cells, which showed EMT phenotype, were resistant to
three commonly used chemotherapeutics such as gemcitabine, 5-fluorouracil (5-FU), and
cisplatin [20]. EMT is also responsible for the higher invasive and metastatic ability of PC
cells. It has been found that over-expression of Snail induced EMT in BxPC3 cells, which
originally showed epithelial phenotype, and that Snail induced EMT promoted distant
metastasis and invasiveness in vivo [49]. Another study also showed that up-regulation of
Snail silenced E-cadherin expression, leading to the induction of EMT with increased
metastatic potential in vivo [50]. These results demonstrate that the acquisition of EMT
phenotype is in part responsible for higher propensity for invasion and metastasis in PC.

4. Targeting pancreatic CSCs and EMT-type cells to increase drug
sensitivity and inhibit cancer cell invasion and metastasis

Recently, growing investigations have focused on the designing of novel therapeutic
strategies to target CSCs and EMT-type cells in order to increase drug sensitivity and
inhibition of cancer cell invasion and metastasis. These novel therapeutic strategies could
have great potential for better treatment outcome in cancer therapy, especially for the
treatment of PC because of intrinsic (de novo) and extrinsic (acquired) resistant
characteristics of PC. Therefore, discovery of novel agents based on the molecular
mechanisms underlying the regulation of CSCs and EMT would likely lead to the
development of novel strategies for effective eradication of pancreatic CSCs/EMT-type cells
and complete elimination of PC cells in patients diagnosed with this deadly disease.

In a drug screening study for agents that specifically kill CSCs, Gupta et al. have identified a
selective agent salinomycin which showed high CSC-specific toxicity [51]. Salinomycin
was able to reduce the proportion of CSCs by more than 100-fold relative to paclitaxel, a
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commonly used chemotherapeutic drug. Pre-clinical animal study showed that salinomycin
could inhibit mammary tumor growth and induce epithelial differentiation of cancer cells
[51]. Since salinomycin inhibited the growth of CSCs, a study was conducted in PC using
salinomycin combined with gemcitabine which suppresses the viability of non-CSC PC
cells. It was found that salinomycin combined with gemcitabine could eliminate the
engraftment of human PC more effectively than either agents alone, suggesting that
administration of salinomycin, which targets CSCs, may be a potential therapeutic strategy
for improving the efficacy of gemcitabine for the treatment of patients diagnosed with PC
[52].

EpCAM is another pancreatic CSC marker. Recently, a study has been conducted to
investigate whether a targeted immunotherapy to EpCAM using EpCAM/CD3-bispecific T-
cell-engaging antibody MT110 are able to eradicate pancreatic CSCs. It was found that the
highly tumorigenic pancreatic CSCs were efficiently targeted by the antibody MT110 in
vitro and in a mouse model of pancreatic cancer in vivo. Importantly, T-cells could be
effectively redirected against highly tumorigenic pancreatic CSCs by T-cell-engaging
EpCAM/CD3-bispecific antibody MT110, leading to the loss of tumorigenicity of pancreatic
CSCs. These early findings clearly open newer avenues for designing novel immunotherapy
for the treatment of PC mediated through eradication of CSCs [53]. In another study, it was
found that RON was highly expressed and sustained in pancreatic CD24+/CD44+/ESA+

CSCs. To target pancreatic CD24+/CD44+/ESA+ CSCs, an anti-RON antibody with
doxorubicin [anti-RON antibody Zt/c9-directing doxorubicin-immunoliposomes (Zt/c9-
Dox-IL)] was engineered [54]. The authors have found that Zt/c9-Dox-IL specifically
interacted with pancreatic CD24+/CD44+/ESA+ CSCs and rapidly caused RON
internalization, leading to the uptake of liposome-coated doxorubicin. Importantly, Zt/c9-
Dox-IL significantly reduced viability of pancreatic CD24+/CD44+/ESA+ CSCs [54],
suggesting another novel agent targeting pancreatic CSCs in immunotherapy.

It has been reported that miR-34a is a tumor suppressor which inhibits tumorigenesis and
cancer progression. The miR-34a could also participate in the regulation of CSCs especially
because it was found that CSC maker CD44 was a direct target of miR-34a [55]. Studies
showed that in CD44+ cells, the level of miR-34a was very low and that forced re-
expression of miR-34a in CD44+ cells inhibited clonogenic expansion and metastasis.
Moreover, animal studies have shown that systemically delivered miR-34a inhibited cancer
metastasis and extended the survival of tumor-bearing mice [55]. Therefore, the strategies
for re-expression of miR-34a by novel approaches could become newer therapeutic option
for the treatment of cancers by targeted inhibition of CSCs to eliminate tumor metastasis. It
has also been shown that demethylation agent 5-Aza-2′-deoxycytidine (5-Aza-dC) and
HDAC inhibitor SAHA could up-regulate the expression of miR-34a in pancreatic CSCs
[56]. The up-regulation of miR-34a caused inhibition of Bcl-2, CDK6 and SIRT1, which are
the putative targets of miR-34a. In addition, SAHA also inhibited Notch signaling, leading
to the inhibition of EMT consistent with up-regulation of E-cadherin and down-regulation of
N-cadherin and ZEB1 expression [56]. 5-Aza-dC and SAHA also inhibited migration and
invasion of pancreatic CSCs in vitro [56], suggesting that restoration of miR-34a expression
by 5-Aza-dC and SAHA in pancreatic CSCs could be a novel strategy to eliminate
pancreatic CSCs for the treatment of PC.

Nodal and Activin belong to the TGF-β superfamily and are overexpressed in pancreatic
CSCs. A recent study has shown that the knock-down or inhibition of Nodal/Activin
receptor Alk4/7 in CSCs could reduce self-renewal capacity, in vivo tumorigenicity, and
overcome resistance to gemcitabine [57], suggesting that inhibition of Alk4/7 could be a
therapeutic strategy for targeting pancreatic CSCs. Sorafenib (SO) is a multi-kinase inhibitor
currently being used for the treatment of advanced kidney and liver cancers. It was found
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that the treatment of pancreatic CSCs with SO could inhibit CSC clonogenicity, spheroid
formation, aldehyde dehydrogenase 1 (ALDH1) activity, and CSC growth in SCID mice;
however, SO also caused activation of NF-κB, leading to survival and regrowth of
spheroids. To enhance the effects of SO on CSCs, sulforaphane (SF) which could eliminate
pancreatic CSCs by down-regulation of NF-κB was used in combination with SO. The
authors have found that SF completely abrogated SO-induced NF-κB activation.
Combination treatment inhibited clonogenicity, spheroid formation, ALDH1 activity, and
migratory capacity. Moreover, the combination treatment also reduced tumor size in vivo in
a synergistic manner, suggesting that the combination treatment with SO and SF is a
promising therapeutic strategy for eliminating pancreatic CSCs [58].

Recently, natural agents have received much attention in the field of cancer therapy.
Because of the non-toxic and anti-cancer characteristics of natural agents, these compounds
could be used in combination with chemotherapeutic agents to enhance the efficacy of
chemotherapeutics to achieve better treatment outcome. We have investigated whether
natural agents including isoflavone, 3,3′-diindolylmethane (DIM), and CDF (curcumin
analogue with greater bioavailability) could inhibit cancer stem-like cells and EMT-type
cells through the regulation of important cell signaling molecules and miRNAs in PC. We
found that DIM and isoflavone treatments increased the level of miR-200 family in EMT-
type MiaPaCa-2 cells [3]. Moreover, DIM or isoflavone treatment also up-regulated
epithelial marker E-cadherin and down-regulated mesenchymal markers, ZEB1, vimentin
and slug, suggesting that these natural agents could revert the EMT phenotype, which would
likely make these cells sensitive to conventional therapeutics. It has also been found that E-
cadherin was re-distributed in the cytoplasm closer to the cell membrane after DIM and
isoflavone treatments [3]. In addition, the morphology of MiaPaCa-2 cells changed from
elongated fibroblastoid to epithelial cobblestone-like appearance, suggesting that DIM and
isoflavone could reverse EMT phenotype as stated above. More importantly, we found that
the sensitivity of EMT-type cells to gemcitabine was significantly increased after miR-200b
transfection [3], and the cells transfected with miR-200b showed 20.8% to 38.2% more
inhibition compared to control cells. Furthermore, pre-treatment of MiaPaCa-2 EMT-type
cells with DIM or isoflavone also increased the sensitivity of MiaPaCa-2 EMT-type cells to
gemcitabine [3]. These findings demonstrate that DIM or isoflavone treatment could
partially increase the sensitivity of gemcitabine-resistant EMT-type cells to gemcitabine
through miR-200 mediated reversal of EMT phenotype.

We also found that CDF could significantly inhibit sphere-forming ability of PC cells,
increase disintegration of pancreatospheres, and attenuate the expression of CSC markers
(CD44 and EpCAM) in gemcitabine-resistant (MIAPaCa-2) PC cells, which contain high
proportion of CSCs and showed increased expression of miR-21 and decreased expression
of miR-200 [59]. Since histone methyltransferase EZH2 is a regulator of CSC function, we
tested the effects of CDF on EZH2 and we found that CDF could inhibit the expression of
EZH2 which in part could be due to observed increased expression of tumor-suppressive
miRNAs including let-7a, let-7b, let-7c, let-7d, miR-26a, miR-101, miR-146a, miR-200b,
and miR-200c which are typically lost in PC [60]. Moreover, we found that re-expression of
miR-101 inhibited the expression of EZH2 and EpCAM, and further studies in animal model
showed that administration of CDF could inhibit tumor growth with reduced expression of
EZH2, Notch-1, CD44, EpCAM, and Nanog, and increased expression of let-7, miR-26a,
and miR-101 [60]. These findings suggest that CDF is a potent natural agent which could be
used for the elimination of pancreatic CSCs, and thus CDF could become a newer agent for
the treatment of PC.

Studies have shown that oral administration of metformin in diabetes patients are associated
with reduced risk of PC. We found that metformin significantly decreased cell survival,

Li et al. Page 9

Cancer Lett. Author manuscript; available in PMC 2014 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clonogenicity, and sphere-forming capacity in PC cells. These effects of metformin could be
mediated by decreased expression of CSC markers (CD44, EpCAM, EZH2, Notch-1, Nanog
and Oct4) and increased expression of tumor suppressive miRNAs (let-7a, let-7b, miR-26a,
miR-101, miR-200b, and miR-200c) [61]. DCAMKL-1 is another putative pancreatic stem
cell marker, and it is found that DCAMKL-1 co-localized with vimentin and 14-3-3σ within
premalignant PanIN lesions in an established k-Ras transgenic mouse model of PC. Knock-
down of DCAMKL-1 in human PC cells induced EMT inhibitor miR-200a and down-
regulated EMT-associated transcription factors ZEB1, ZEB2, Snail, Slug, and Twist, leading
to the inhibition of EMT and tumorigenesis [62]. These results provide evidence establishing
molecular link between DCAMKL-1, miR-200, and EMT in PC, and further suggesting that
targeting DCAMKL-1 could be a therapeutic avenue for the treatment of PC. As mentioned
in previous sections that Notch signaling is activated in CSCs and EMT-type cells. In our
previous studies, we found that inactivation of Notch signaling in PC could partially reverse
the EMT by down-regulation of vimentin, ZEB1, Slug, Snail, and NF-κB [63], suggesting
that Notch inhibitors could suppress pancreatic CSCs and EMT-type cells. Collectively, all
these findings demonstrate that targeting CSCs and EMT-type cells could be a novel
strategy for the treatment of PC.

5. Conclusions
In the past few years, significant advances have been made in the field of pancreatic cancer
CSCs. There is no doubt that pancreatic cancer contains CSCs and EMT-type cells, which
are responsible for de novo and acquired drug-resistant and high invasive and metastatic
propensity of PC. The molecular pathways altered in CSCs and EMT-type cells mainly
include Hedgehog, Notch, Wnt, TGF-β, and miRNA regulated signaling. It is important to
note that other signaling pathways such as Akt and NF-κB which are altered in cancers also
participate in the regulation of CSCs and EMT-type cells in PC. With the discovery of CSC/
EMT markers and molecular mechanisms underlying CSCs and EMT-type cell development
and maintenance, novel therapeutic strategies could be envisaged to target CSCs and EMT-
type cells in order to increase drug sensitivity and thereby eliminate the propensity of
invasion and metastasis. Emerging investigations on targeting pancreatic CSCs and EMT-
type cells have provided some novel agents that could become useful for the elimination of
pancreatic CSCs and EMT-type cells; however, more in vivo animal studies and subsequent
clinical trials are needed for testing the efficacy of these novel agents. It is worth mentioning
that several natural agents have shown their promising inhibitory effects on pancreatic CSCs
and EMT-type cells, and thus these non-toxic CSCs targeting agents could become novel
approach for combination therapy with conventional therapeutics for the treatment of PC in
order to achieve better treatment outcome. In conclusion, specific targeting of pancreatic
CSCs and EMT-type cells would certainly open newer avenues toward better treatment of
PC for which there is no curative therapy.
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Figure 1.
Signaling network altered in pancreatic CSCs and EMT-type cells. The cellular signal
crosstalk and the deregulation of multiple cellular signaling pathways including Wnt, Notch,
Hedgehog, Akt, NF-κB, and miRNA-regulated signaling pathways play critical roles in self-
renewal of CSCs, sphere formation, EMT and tumorigenesis. Therefore, targeting these
important signaling pathways could eliminate pancreatic CSCs and EMT-type cells, which
could lead to a better treatment outcome of patients diagnosed with pancreatic cancer.
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