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Abstract: Despite significant improvements in clinical management, pancreatic cancer (PC) remains
one of the deadliest cancer types, as it is prone to late detection with extreme metastatic properties.
The recent findings that pancreatic cancer stem cells (PaCSCs) contribute to the tumorigenesis,
progression, and chemoresistance have offered significant insight into the cancer malignancy and
development of precise therapies. However, the heterogeneity of cancer and signaling pathways that
regulate PC have posed limitations in the effective targeting of the PaCSCs. In this regard, the role
for K-RAS, TP53, Transforming Growth Factor-β, hedgehog, Wnt and Notch and other signaling
pathways in PC progression is well documented. In this review, we discuss the role of PaCSCs, the
underlying molecular and signaling pathways that help promote pancreatic cancer development
and metastasis with a specific focus on the regulation of PaCSCs. We also discuss the therapeutic
approaches that target different PaCSCs, intricate mechanisms, and therapeutic opportunities to
eliminate heterogeneous PaCSCs populations in pancreatic cancer.
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1. Introduction

Pancreatic cancer (PC) is one of the most lethal cancers, which is usually diagnosed in
advanced stages and has a five-year patient survival rate of less than 9% [1,2]. Based on the
chemoresistance and lack of immunotherapy, combined with the tendency of the disease to
spread early, it is projected that the PC will become the 2nd most cause of cancer-related
death in the US by 2030 [3]. Age, alcohol, and chronic pancreatitis are known risk factors
for the PC. However, they are not specific to the disease [4]. Pancreatic cancer is usually
associated with KRAS/p53 mutations or overexpression of oncogenic receptor tyrosine
kinases, such as EGFR, FGFR1, or IGF1 [5–7]. Currently, the main treatment approach is
surgery coupled with chemo- or radiation therapy though it does not present satisfactory
results. Most patients subjected to resection of the tumor will die from metastasis within
five years [8]. Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest cancers
in humans due to its late detection and high rate of metastatic features. Gemcitabine
(a pyrimidine analog) is the first line of therapy in advanced PDAC for many years [9].
Unfortunately, it is effective in only 23.8% of PDAC cases, possibly due to the dense tumor
stroma and, therefore, low diffusion of the drug [10,11].

A subpopulation of undifferentiated cancer stem cells is thought to mediate not only
tumorigenicity but also resistance and metastasis to therapy [12]. Cancer stem cells appear
to can resist common treatments, such as chemotherapy and radiotherapy, so it is critical
to understand the mechanisms involved in this resistance [13]. However, a significant
heterogeneity appears to exist in the cancer stem cell subpopulations [14–17]. Therefore,
it is essential to understand the biological characteristics of the CSC subpopulations to
track them throughout the treatment course. Furthermore, a better insight of the CSCs
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biology could direct to new therapeutic approaches at abrogating CSCs in PC. The current
review highlights the information related to the CSCs in PC based on a comprehensive
literature search in the hope of identifying innovative approaches for treating pancreatic
cancer through targeting pancreatic cancer stem cells (PaCSCs).

1.1. Characteristic Features of Cancer Stem Cells

Cancer stem cells (CSCs) are a subset of cancer cells that have the capability to self-
renew, cellular plasticity (differentiate into defined progenies), initiate and maintain tumor
growth in vivo. CSCs also possess unique cell surface markers, which underscore their
heterogeneity, abilities to alter their phenotype significantly in response to a stimulus or
consequence of chemotherapy, and thus help create resilience to the treatment and evade
the anticancer immunity [12–20].

The PaCSCs were first identified by Li and colleagues in 2007 and represented less
than 1% of all pancreatic cancer cells [21]. In fact, Li et al. identified a subpopulation of
pancreatic cancer cells with the specific cell surface markers CD44+CD24+ESA+ as pancre-
atic CSCs, which showed stem-cell-like properties of self-renewal, the ability to produce
differentiated progeny and could recapitulate features of the original tumor [21]. How-
ever, later studies showed that PaCSCs could be identified by multiple markers, including
CD34, CD44, CD133, ESA, ALDH1, CXCR4, DCLK-1 and cMet (Figure 1) [22–30]. In this
regard, CD24+/CD44+/EpCAM+ expression also coincided with poorly differentiated
cells and was associated with a high proliferative perspective in the clinical assessment of
PC [31,32]. Studies have now also proposed CD133, CXCR4, and cMet as PaCSCs specific
cell markers and demonstrated that cMet positive cells from human pancreatic cancer
have increased tumor potential and self-renewal ability [25,28,33–36]. In addition to the
specific surface markers, PaCSCs also have high ALDH1 activity, which is important for
the early differentiation of the stem cells. High levels of ALDH1 can provide chemotherapy
protection and can be a potential target for the chemoresistance challenge [27,37]. Studies
have also demonstrated that CD133+ cells in primary PC and PC cell lines have increased
proliferative ability, which is a distinguishing characteristic of CSC. It is also shown that
the subpopulation of CD44+CD24+ EpCAM+ cells strongly overlaps with the CD133+
population [38]. Of note, CD133+ cells were characterized as gemcitabine-resistant and
essential for developing metastasis [39,40], thus an important marker for therapy [41].

Furthermore, CSCs exist within the tumor microenvironment (TME) along with other
cellular components [42,43]. Therefore, understanding the interplay between CSCs and the
TME is crucial. PDAC TME includes various types of collagen fibers like cancer-associated
fibroblasts (CAFs), collagen type V, pancreatic stellate cells, mesenchymal stem cells, and
immune cells [44]. CAFs have been recognized as an essential component of the TME which
endure metabolic reprogramming within the CSC niche. CAFs also derive energy from
the activation of autophagic programs to retain their enhanced proliferative and migratory
capacity, as well as their successful secretion of cytokines and growth factors. CSCs have
also demonstrated a high autophagic flux, thus playing a significant role in the resistance
to CSCs therapy [45,46]. CSCs adjust their metabolism to their microenvironment by
acquiring intermediate metabolic phenotypes or shifting from oxidative phosphorylation
to glycolysis/Warburg effect [47,48].
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Figure 1. A schematic representation of distinct cancer stem cell populations in pancreatic cancer 
(PC). ATP-binding cassette (ABC); Epithelial cell adhesion molecule (EpCAM); Aldehyde dehy-
drogenase 1 (ALDH1); C-X-C Motif Chemokine Receptor 4 (CXCR4); Doublecortin-like kinase 1 
(Dclk1).  

1.2. Cancer Stem Cells and PC Heterogeneity 
Malignant tumors comprise a heterogeneous population of cells representing several 

cellular and oncogenic states. Heterogeneous histology is found between tumors, as well 
as within tumors. More recent molecular studies have further established that the inter-
tumor heterogeneity is greater than the intratumor heterogeneity during the initial stage 
of pancreatic metastasis [49]. In this regard, persistent genetic mutations are the hallmark 
of pancreatic cancer, and mutations in KRAS occur in most PDACs [50–52]. Additional 
mutations in other driver genes, such as p53, CDKN24, and Smad4/DPC4, may be at-
tributed in the later stage of PDAC [53–55]. The phenotypic and functional diversification 
of CSCs can be motivated by the intra-patient genetic heterogeneity [56]. Therefore, the 
functional properties of various CSCs derived from human tumors with different geno-
types would need to be determined to understand inter-patient diversity. However, in 
many cancers, including PDAC, certain genetic alterations may accrue in a sequence dur-
ing disease progression [57,58]. Therefore, it is likely that different CSCs are associated 
with relapses and disease progression over the course of the disease advancement. 

In 2015, Maddipati and Stanger used multicolor lineage tracing technology in a mu-
rine model of PDAC to follow the cellular dynamics of in vivo metastasis. They investi-
gated the heterogeneity of primary tumors from the preliminary stages of tumor growth 
to developing metastasis. Interestingly, they found that at secondary sites, only a small 
subset of cells could successfully seed and proliferate, though metastasis would start as a 

Figure 1. A schematic representation of distinct cancer stem cell populations in pancreatic cancer (PC). ATP-binding cassette
(ABC); Epithelial cell adhesion molecule (EpCAM); Aldehyde dehydrogenase 1 (ALDH1); C-X-C Motif Chemokine Receptor
4 (CXCR4); Doublecortin-like kinase 1 (Dclk1).

1.2. Cancer Stem Cells and PC Heterogeneity

Malignant tumors comprise a heterogeneous population of cells representing several
cellular and oncogenic states. Heterogeneous histology is found between tumors, as well
as within tumors. More recent molecular studies have further established that the intertu-
mor heterogeneity is greater than the intratumor heterogeneity during the initial stage of
pancreatic metastasis [49]. In this regard, persistent genetic mutations are the hallmark of
pancreatic cancer, and mutations in KRAS occur in most PDACs [50–52]. Additional muta-
tions in other driver genes, such as p53, CDKN24, and Smad4/DPC4, may be attributed in
the later stage of PDAC [53–55]. The phenotypic and functional diversification of CSCs
can be motivated by the intra-patient genetic heterogeneity [56]. Therefore, the functional
properties of various CSCs derived from human tumors with different genotypes would
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need to be determined to understand inter-patient diversity. However, in many cancers,
including PDAC, certain genetic alterations may accrue in a sequence during disease pro-
gression [57,58]. Therefore, it is likely that different CSCs are associated with relapses and
disease progression over the course of the disease advancement.

In 2015, Maddipati and Stanger used multicolor lineage tracing technology in a murine
model of PDAC to follow the cellular dynamics of in vivo metastasis. They investigated
the heterogeneity of primary tumors from the preliminary stages of tumor growth to
developing metastasis. Interestingly, they found that at secondary sites, only a small
subset of cells could successfully seed and proliferate, though metastasis would start as
a polyclonal population. This study supported the perception of clonal diversity and
evolution of the CSC-like cells for driving the formation of metastatic tumors in secondary
organs in PDAC patients [59]. Furthermore, the patient-derived PDAC tumors were
demonstrated to be functionally distinct in serial xenografts and could be traced to a few
cells, the tumor-initiating cells (TICs) with high plasticity. These studies emphasize the
importance of developing efficient TIC-directed therapies for human PDAC [60,61]. Hence,
far, it is not completely clear how genetic evolution and diversification impact developing
distinct CSCs, or how CSCs affect the clonal composition of tumors. Therefore, a systematic
examination of genetic mutations in CSC heterogenicity, their phenotypes, and functional
properties may address these queries.

1.3. Strategies for Identification and Isolation of PaCSCs

PaCSCs identification and characteristics will be beneficial in providing earlier di-
agnosis and more successful treatments for PC patients. Despite the advances in CSC
biology, these attributes are not completely understood. Owing to the heterogeneity in
CSCs and technical difficulties in the CSC population isolation, multiple methodologies
have been applied to enrich the isolation of exclusive CSC populations from heterogeneous
cancer cells in pancreas tumor mass. Currently, these strategies used are limited to using
the cell surface markers (e.g., EpCAM, CD133, CD44, CXCR4, ABCG2, CCR7, Oct4, Sox2,
and Nanog), functional assays (spheroid formation, colony formation, ALDHs activity, SP
assay), aldefluorine assay and Hoechst-33,342 dye method (Table 1) [22,27,62,63]. As noted
before, the presence of cell surface markers CD44+/CD24+/EpCAM+ or CD133 for CSCs in
PC was first shown by Li et al. and Hermann et al. [21,64]. In both cases, they demonstrated
that these markers could distinguish PaCSCs from normal cells, which have self-renewing
and multipotential capabilities. It was also demonstrated that CD133+/CXCR4+ CSCs were
accountable for a metastatic phenotype of the pancreatic tumors. Thus, CD133, EpCAM,
CD44, and CXCR4 are commonly used to isolate and examine the involvement of the CSC
population in pancreatic cancer progression [33,65–67] and constitute prime targets for
the treatment.

Table 1. Approaches for cancer stem cells (CSCs) detection and isolation.

S. No. Detection Technology Advantages Drawbacks and Limitations

1. Fluorescence-activated cell
sorting (FACS)

Highly flexible technique with a large
range of stem cell sorting capabilities
Very precise
Multiparameter isolation

Complicated method
Viability of recovered cells is low
High cost
Time-consuming
There is no universal marker for
identifying CSCs
Require cells in suspension, and in this
state, cells clump together, and
metabolism may be altered

2. Magnetic-activated cell
sorting (MACS)

Fast and easy method in the isolation
of CSCs with the capability of
isolating small populations of the
cells within the tumor bulk
High specificity

Monoparameter separation
Involves a cell suspension solution rather
than a solid sample
There is no universal marker for
identifying CSCs
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Table 1. Cont.

S. No. Detection Technology Advantages Drawbacks and Limitations

3. Aldehyde dehydrogenase 1
(ALDH1) activity

Stability than the cell surface markers
ALDH1-positive cells displayed
increased sphere formation capability,
self-renewal properties,
tumorigenicity and high expression
of stemness genes

Low specificity (It can be used either for
the normal or CSC)ALDH1 may not be a
proper CSC marker for all tumor types

4. Spheroid formation assay
Simple assay
There is no need for expensive
laboratory facilities

Heterogeneity and presence of
differentiated cells
In spheroid formation, there is no
quiescent CSCs

5. Colony formation Simple and easy
Freshly prepared required To ensure that
each colony results from a single cell,
proper cell dilution is needed

6. SP assays

Easier and reliable method
Promising method for identifying
stem cell and progenitor populations
in different tissues and
numerous cancers
There are no unique cellular markers
needed for CSC isolation

Lack of homogeneity in the SP
staining protocols
Unspecified method for SP population in
various tumors
Low specificity
Lack of purity
Toxicity of Hoechst 33342

PDAC tumors have also been shown to contain a subpopulation of cells with dis-
tinct auto-fluorescent intracellular vesicles. These auto-fluorescent vesicles can, therefore,
be used to classify and separate subsets of cells with robust CSC properties, including
improved self-renewal, pluripotency-associated gene expression, and significant chemore-
sistance [68]. In this discovery, the author found that these fluorescent vesicles accumulate
riboflavin and express the ATP-binding cassette (ABC) transporter ABCG2. Riboflavin is a
spontaneous substrate for ABCG2, which is expressed on the surface of many cancer cells
that primarily acts to reduce the intracellular concentration of chemotherapeutic drugs [69].
In PaCSCs, ABCG2 is overexpressed [68]. ER-derived cytoplasmic ABCG2-coated vesicles
can serve as riboflavin intracellular sinks, resulting in the formation of the auto-fluorescent
vesicle of the CSC. ABCG2-generated auto-fluorescent marker development is a signif-
icant advancement in the context of both identification of PaCSCs and their molecular
analysis [68]. Overall, there has been progressing in this field. However, no single marker
or in combination may classify all the CSC subpopulations present within a tumor. Sig-
nificant research in the future should be dedicated to discovering new markers that can
specifically fine-tune the ability to differentiate all CSC populations in the pancreatic tumor
microenvironment.

2. Targeting Major Signaling Pathways to Regulate CSCs for PC Therapy

It is widely accepted that chemotherapeutic outcomes can be improved greatly by
targeting particular signaling pathways important for the regulation of PaCSCs. Multi-
ple signaling pathways are altered in PaCSCs, including Notch, Wnt, hedgehog, Hippo,
AKT/mTOR, MAPK-ERK, and Nodal/activin signaling (Figure 2). Specifically, Notch,
Wnt, and hedgehog have been of unique importance in PaCSCs, due to their significant
role in pancreatic embryonic development and differentiation [70–72]. These signaling
pathways also play an important role in the self-renewal of PaCSCs, tumor development,
invasion, metastasis, and therapy resistance. Understanding the causal significance of these
cellular pathways in CSCs development and progression will facilitate developing new
therapeutic approaches to treat this dismal disease.
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PC [77,79]. Moreover, PF-03084014 alone or in combination with gemcitabine remarkably 
inhibited intracellular activation of the Notch and subsequent transcriptional regulation 
of Hes-1 and Hey-1 (Notch targets), inducing 75% tumor regression in the xenograft model 
for pancreatic cancer. PF-03084014, when used in combination with gemcitabine, also in-
hibited PaCSCs significantly [77]. Recent studies have also shown that “natural agents”, 
including curcumin, genistein, quercetin, and sulforaphane, are capable of inhibiting 
Notch expression, thus can be a promising therapeutic agent to target PaCSCs. Curcumin 
(diferuloylmethane) is an active compound found in Curcuma longa, which is commonly 
used in food as a flavoring agent and has been shown in preclinical studies to have anti-
tumor activity against many forms of cancer, including PC [80,81]. Curcumin was recently 
shown to inhibit the sphere-forming capacity (pancreatosphere) of PC cells and attenua-
tion of CD44 and EpCAM PaCSCs markers in gemcitabine-resistant PC cells, which con-
tain a high proportion of CSCs [82]. Genistein, quercetin and flavonoids are also shown 
to play a causal role in diminishing the Notch signaling induced PaCSCs [75,83,84]. Sul-
foraphane is another natural compound, which has potential specificity in regulating pan-
creatic tumor-inducing cells [85]. Further, quercetin and sulforaphane exhibited a syner-
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Figure 2. A schematic representation of major signaling cascades in normal stem cells vs. pancreatic cancer stem cells and
their therapeutic strategies. Jagged1,2 (JAG1,2); Notch intracellular domain (NICD); Low-density lipoprotein receptor-
related protein 5/6 (LRP5/6); Dishevelled (Dvl); Adenomatous polyposis coli (APC); T-cell factor/lymphoid enhancer
factor (TCF/LEF); Hedgehog (Hh).

2.1. Abnormal Notch Signaling Activation and Therapeutic Strategies in PC Development

The Notch-signaling is a constitutive pathway, which acts as an essential regulator
in the differentiation and self-renewal process of normal pancreas development. Notch
signaling also regulates cell proliferation, cell survival, apoptosis, and cancer development
in PC [73]. Notch-signaling plays a considerable role in stem cell differentiation, and
aberrant Notch activation is associated with developing PC [74]. The mammalian Notch
receptor family (Notch 1–4) gets activated through a sequence of cleavage events, which
results in the release of the intracellular domain of Notch, which translocates to the nucleus.
It then stimulates the expression of various target genes like survivin, cMyc, Nanog, Oct-4,
and Sox2, which are important for CSC self-renewal. Studies have also observed that
PaCSCs exhibit significantly higher levels of Notch expression [75–78] and thus can be a
promising therapeutic approach in pancreatic cancer development.

Some of the Notch inhibitors that have been employed in PC therapy in recent years are
summarized here: Notch signaling is triggered by receptor cleavage through γ-secretase
activity. It has been observed that γ-secretase inhibitors, PF-03084014 and MRK-003,
triggers apoptosis and interfere with cell proliferation in several human cancer, including
PC [77,79]. Moreover, PF-03084014 alone or in combination with gemcitabine remarkably
inhibited intracellular activation of the Notch and subsequent transcriptional regulation of
Hes-1 and Hey-1 (Notch targets), inducing 75% tumor regression in the xenograft model
for pancreatic cancer. PF-03084014, when used in combination with gemcitabine, also
inhibited PaCSCs significantly [77]. Recent studies have also shown that “natural agents”,
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including curcumin, genistein, quercetin, and sulforaphane, are capable of inhibiting
Notch expression, thus can be a promising therapeutic agent to target PaCSCs. Curcumin
(diferuloylmethane) is an active compound found in Curcuma longa, which is commonly
used in food as a flavoring agent and has been shown in preclinical studies to have
antitumor activity against many forms of cancer, including PC [80,81]. Curcumin was
recently shown to inhibit the sphere-forming capacity (pancreatosphere) of PC cells and
attenuation of CD44 and EpCAM PaCSCs markers in gemcitabine-resistant PC cells, which
contain a high proportion of CSCs [82]. Genistein, quercetin and flavonoids are also
shown to play a causal role in diminishing the Notch signaling induced PaCSCs [75,83,84].
Sulforaphane is another natural compound, which has potential specificity in regulating
pancreatic tumor-inducing cells [85]. Further, quercetin and sulforaphane exhibited a
synergistic effect in targeting PaCSCs [86,87]. Sulforaphane also improved cell sensitivity
to numerous chemotherapeutic agents like cisplatin, gemcitabine, doxorubicin, and 5-
fluorouracil, particularly by targeting the Notch-1 signaling induced CSC in PC [88].
Overall, it is noteworthy that targeting the Notch1 signaling pathway by employing
natural agents alone or in combination with conventional chemotherapeutic drugs, which
specifically inhibit PaCSCs growth, could be a safer strategy to obtain a better treatment
outcome for patients diagnosed with PC.

2.2. Abnormal Wnt Signaling Activation and Therapeutic Strategies in PC Development

The canonical Wnt-signaling pathway is a crucial evolutionarily conserved pathway
for embryonic development and tissue homeostasis. In the absence of Wnt ligand, the cyto-
plasmic β-catenin is phosphorylated for proteasome-dependent degradation by a “destruc-
tion complex” consisting of axin, protein phosphatase 2A (PP2A), adenomatous polyposis
coli (APC), glycogen synthase kinase 3β (GSK3β), and casein kinase Iα (CKIα) [89]. In
several human cancers, including PC, aberrant Wnt/β-catenin signaling is one of the major
drivers for cancer progression [90]. Active Wnt/-catenin has been shown to be involved
in approximately 65% of pancreatic adenocarcinomas, though mutations of the β-catenin
(CTNNB1) [91]. Several studies have shown that targeting the Wnt/β-catenin signaling
pathway enhances the sensitivity of PC to chemotherapeutic agents by targeting PaCSCs
subsets [92]. Current clinical trials using Wnt-signaling inhibitors have shown promising
results, though, at present, there are no FDA-approved specific Wnt-inhibitors available for
clinical usage. Salinomycin is an antibacterial and coccidiostat ionophore drug, which is
shown to reduce tumor development and metastasis of PC [93]. Salinomycin was able to
increase the cytotoxic effects of traditional therapy of gemcitabine in PaCSCs, by interfering
with Wnt signaling [94]. Another FDA-approved antibiotic, azithromycin, has also been
shown to inhibit the tumorsphere development in PC [95]. Tigecycline, a relatively new
antibiotic produced in response to antibiotic resistance, also has been proven to minimize
the formation of CSCs in the pancreas, breast, lung, and prostate [96–99]. Ketamine, which
is an anesthetic and antidepressant, also reduced CSCs traits and tumor growth in CRC
and PC cancer by targeting Wnt activity [100,101]. Vantictumab, a monoclonal antibody,
which inhibits Wnt signaling by targeting the FZD receptor, showed promising outcomes in
combination with gemcitabine and could halt the metastasis of pancreatic ductal epithelial
(HPDE) and HPDE/KRAS cells [102]. Three-phase 1b clinical trials of vantictumab in
combination with nab-paclitaxel and gemcitabine have been conducted, where it was well
tolerated in PC patients except for slight bone toxicity [103].

2.3. Abnormal HH Signaling Activation, PaCSCs and Therapeutic Strategies

Hedgehog (HH) signaling plays a critical role in several biological processes, including
embryo development, organogenesis, and tissue rejuvenation [104,105]. Hedgehog signal-
ing can play a dual role and may function as mitogen or differentiation. Three hedgehog
homologs have been studied in mammals: sonic hedgehog (sHH), Indian hedgehog (iHH),
and desert hedgehog (dHH). These hedgehog ligands bind its 12-pass transmembrane re-
ceptor, patched (PTCH1), which leads to internalization, degradation, and release of signal
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transducer Smoothened (SMO), a G-protein coupled receptor (GPCR) and subsequent dis-
sociation of the suppressor of fused (SUFU)–Gli1 complex. Almost 70% of PC patients had
increased HH signaling [106]. Moreover, it has been shown that silencing of a single Gli1
allele ensued distinctive inflammatory response and inappropriate PC-associated stroma
restoration in in vivo PC model [107]. The HH pathway also regulates the maintenance
of somatic stem cells and pluripotent cells, and this pathway may be correlated with the
maintenance potentiality of CSCs [108]. Li et al. have recently verified that the HH pathway
is involved in the tumorsphere formation in PC cells [109]. Inhibition of HH signaling
by Smo knockdown blocks PaCSCs’ self-renewal, EMT, invasion, chemoresistance, and
tumorigenesis [110]. Therefore, targeting CSCs through the HH signaling pathway may
develop the clinical advantage for PC patients.

Numerous HH pathway inhibitors have been identified in the past years. Cyclopamine,
a natural compound, was the first to be recognized to interfere with the HH pathway. It
inhibited the Smo activation, sHH target [111]. Treatment with cyclopamine also reduced
Gli1 expression in PC cells [112,113]. Moreover, it downregulated CD44 and CD133 expres-
sion in gemcitabine-resistant PC cells and induced gemcitabine sensitivity [114]. Chloro-
quine (CQ), the antimalarial agent, significantly reduced pancreatic CSCs by inhibiting
the HH-signaling pathway. Further, the combination of CQ with gemcitabine synergis-
tically reduced the overall survival of PDAC-derived xenografts [115]. Saffron-isolated
crocetinic acid, yet another compound, also inhibits PaCSCs by targeting the self-renewal
potency through interference in hedgehog signaling [116]. Curcumin and Sulforaphane
also inhibited the self-renewal of PaCSCs by downregulating sHH signaling [117–119]. In
addition, two other small-molecule inhibitors of the HH signaling pathway, IPI-269609, and
GDC-0449, were tested [120,121]. A pilot study was performed on 25 PDAC patients using
GDC-0449 in combination with gemcitabine. The treatment inhibited HH signaling without
significant changes in PaCSCs. In addition, GDC-0449 and gemcitabine combinational
therapy failed to be superior to gemcitabine alone in the advanced PC treatment [122].

2.4. Targeting Hippo Signaling

The hippo-signaling pathway, reviewed in detail in other places, plays a key role
in the preservation of tissue homeostasis, organ size, and tumorigenesis [123,124]. In
brief, when the hippo-signaling component, LATS1/2, is inactive, it activated YAP/TAZ
transfers to the nucleus, which induces gene transcription through interaction with tran-
scription factors, like the TEAD family. An alteration in this pathway is often involved in
most types of cancer development, including PC [125]. YAP1/TAZ and TEAD are often
upregulated in PC tumor cells. TAZ has been shown to induce EMT and facilitate PC
progression and development. The Hippo signaling protein YAP acts on multiple aspects
of PDAC. In addition, increased inflammation and severely suppressed immune response
are typical features of PC. Studies have proven that YAP stimulates the differentiation and
accumulation of myeloid-derived suppressor cells (MDSCs), which contribute to a strong
immunosuppressive microenvironment in PDAC. Recent research has shown that YAP is
downstream of HMGB1-TLR2 signaling and possesses the ability to enhance PC stemness
by inducing CD133 expression [126]. YAP overexpression in PDAC also promotes cancer
metastasis and chemoresistance [127,128]. Taken together, the above studies suggest that
the Hippo signaling protein YAP/TAZ can be a crucial target to control pancreatic cancer.
Of note, YAP1 and TAZ can regulate the direct activation of the JAK-STAT3 signaling
pathway to regulate pancreatic cancer in mouse models [129]. YAP has also shown to
be a critical oncogenic KRAS effector and a promising therapeutic target for pancreatic
cancer [130,131]. Overall, the Hippo signaling proteins YAP and TAZ are important targets
for the prevention and treatment of pancreatic cancer.

2.5. Targeting JAK-STAT Pathway

The Janus kinase (JAK) and signal transducer and activator of transcription (STAT)
pathways are involved in different cellular functions, including cell proliferation, an-
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giogenesis, metastasis, and immune evasion, cytokines, and growth factors signaling
pathways. JAK-STAT signaling pathways are upregulated in various cancers, including
PC [132,133]. STAT3 is constitutively activated in oncogenic KRAS-driven PC [134]. Mod-
ulation of the JAK/STAT pathway in CSCs has been shown to enhance the expansion
potentiality of cancer-forming cells. Studies have shown that gemcitabine treatment in-
creases the ratio of CD24+ and CD133+ cells to increase stemness in PC by increasing
the Nox/ROS/NFκB/STAT3 signaling cascade [135]. Stromal-derived IL-6/Jak2/STAT3
signaling plays a major role in PaCSCs functioning and PC progression [136]. In addition,
the combination of the Notch inhibitor GSI-IX and the JAK2/STAT3 inhibitor AG-490 has
been proven as a promising PC therapeutic agent [137]. The combination treatment of
indole-3-carbinol (I3C) with genistein substantially inhibits constitutive activated STAT3
expression in PC cells [138]. The survivin/BIRC5 gene expression is downregulated by
curcumin and inhibits constitutive STAT3 phosphorylation in human PC [139]. Similarly,
resveratrol also inhibits phosphorylation of STAT3 in in vitro PC cells [140].

2.6. Targeting PI3K/Akt/mTOR Signaling

For several physiological and pathological conditions, PI3K/Akt and mTOR signaling
pathways are important, such as cell proliferation, angiogenesis, metabolism, differenti-
ation, and survival. It is thought that PI3K/Akt/mTOR signaling pathway is aberrantly
reactivated in PaCSCs [141]. A recent study proved that inhibition of the PI3K/Akt/mTOR
pathways resulted in diminished stem cell characteristics of PC and tumor advancement.
Sharma et al. further demonstrated proficiency in combining therapy of PI3K/mTOR
inhibitor (NVP-LDE-225) and sHH inhibitor (NVP-BEZ-235) on PaCSCs characteristics,
microRNA regulation network, and tumor growth by controlling the expression of pluripo-
tency conserving factors Nanog, Oct-4, Sox-2, and cMyc along with repression of Gli
transcription. Interaction between these drugs has also been shown on PaCSCs using
Pankras/p53 mice [141]. The suppression of the AKT-activation was also demonstrated by
γ-tocotrienol, resulting in the downregulation of p-GSK-3β along with nuclear transloca-
tion of FoxO3. Vitamin E δ-tocotrienol has also been shown to induce apoptosis and inhibit
cell survival and proliferative pathways, such as PI3-kinase/AKT and ERK/MAP kinases,
partly by curbing the expression of Her2/ErbB2 [142,143].

2.7. Targeting MAPK-ERK Pathway

The MAPK pathway plays a crucial role in controlling a wide variety of cellular signals,
which regulate cell growth and differentiation. In PC, KRAS transduces MAPK signaling
to regulate cell proliferation, differentiation, and apoptosis. KRAS mutations activate
downstream signaling pathways, such as extracellular signal-regulated kinase (ERK),
subsequently resulting in cell transformation and tumorigenesis [144]. In contrast to CD133-
cells, MAPK signaling activation results in resistance to TGF-β-induced apoptosis in
CD133+ cells. Additionally, CD133+ CSCs specifically show increased phosphorylation of
ERK1/2 due to increased MAPK signaling [145]. Moreover, the chemokines CCL21/CCR7
signaling induces EMT and ERK/NFκB pathways to promote PC cell metastasis [146].
Chai et al. found a correlation between the phosphorylation of P70S6K and ERK1/2. They
also identified metformin as a potent therapeutic agent to inhibit this activation, which in
turn inhibited PC cell proliferation [147]. Therefore, metformin could be a persuasive agent
to inhibit the MAPK signaling from controlling PaCSCs proliferation.

2.8. Targeting CXCR4 Signaling

Stromal cell-derived factor 1: SDF-1 and its G-protein-coupled receptor CXCR4 have
been shown to play a crucial role in PC metastasis [148]. SDF1 is a small pro-inflammatory
cytokine that stimulates angiogenesis. CXCR4 is a receptor for SDF-1. After SDF-1 binds
to CXCR4, it initiates multiple signal transduction pathways, including the ERK-2, PI3K,
MAPK, and NFκB, thus regulating cell survival, proliferation, and chemotaxis [109,149].
Since CXCR4-expressing tumor cells can migrate to normal tissue expressing SDF-1, the
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SDF-1/CXCR4 pathway has been shown to play a crucial role in mediating tumor metasta-
sis [149]. More recently, Hermann et al. showed that CD133+CXCR4+ pancreatic cancer
cells have high metastatic potential and depletion of these CD133+CXCR4+ cells abrogated
the metastatic potential. They also discovered that PC patients with metastasis of the lymph
node had greater numbers of CD133+CXCR4+ migrating PaCSCs. These results signify that
the SDF-1/CXCR4 axis is important in PaCSCs and metastasis, and modifying this axis may
have clinical applications in alleviating PC [64,150]. Recent research also has revealed that
blocking receptors targeting anti-CXCR4 and small-molecule inhibitor AMD3100 inhibited
the migration and metastasis efficacy of PaCSCs in a mouse model [64]. Chloroquine also
inhibited PaCSCs survival via blocking of CXCL12/CXCR4 signaling [115].

2.9. Targeting NODAL/ACTIVIN Signaling

Nodal and activin, part of the TGF-β superfamily, has also been shown to play
a significant role in maintaining embryonic stem cell pluripotency and differentiation
during embryogenesis. Nodal and activin exert their biological role by binding type I
(Alk4 and Alk7) or II (ActRIIA and ActRIIB) receptors to the cell surface, resulting in the
phosphorylation of SMAD proteins resulting in the activation of target gene expression,
including Nanog and Oct4. Activin A has been reported to be able to sustain stemness
in human embryonic stem cells by inducing Oct4, Nanog, Wnt3, FGF and inhibiting the
BMP signal [151]. Lonardo et al. have recently stated that Nodal and activin are highly
expressed in PaCSCs and control the ability of CSC to self-renew. In addition, they found
that inhibition of the Alk4/7 nodal/activin receptor in PaCSCs abolished their self-renewal
ability, tumorgenicity, and resistance to gemcitabine [152]. Thus, inhibition of Nodal
signaling reduced tumorigenicity of PaCSCs, signifying that Nodal could be a potential
target for PC therapy development.

Overall, our extensive insight on the signaling pathways involved in PaCSCs function-
ing described above is summarized in Table 2. Compounds or combination therapies that
simultaneously target multiple signaling pathways in PaCSCs progression can yield better
results than single-target treatments in controlling pancreatic tumor frequency, recurrence,
and drug resistance.

Table 2. Summary of therapeutic agents targeting different signaling and PaCSCs.

S. No. Signaling Pathway Therapeutic Agents (Function)/Small Molecule Compounds References

1. Notch

Curcumin (diferuloylmethane), genistein (soy isoflavonoid),
quercetin (polyphenol and flavonoid), sulforaphane

(phytochemical), PF-03084014 (γ-secretase inhibitor), MRK-003
(γ-secretase inhibitor)

[77–88]

2. Wnt, EMT
Salinomycin, azithromycin, tigecycline, and ketamine

(anesthetic and antidepressant), vantictumab
(monoclonal antibody)

[93–103]

3. Hedgehog

Curcumin (diferuloylmethane), cyclopamine (phytochemical),
crocetinic acid, chloroquine (antimalarial agent), sulforaphane

(phytochemical), quercetin (polyphenol and flavonoid),
IPI-269609, and GDC-0449

[111–122]

4. Hippo-signaling Verteporfin (porphyrin molecule) [153]

5. JAK-STAT pathway AG-490, curcumin (diferuloylmethane), resveratrol
(polyphenol), indole-3-carbinol (I3C) and genistein [137–140]

6. PI3K/Akt/mTOR-signaling Rapamycin, AZD8055, NVP-LDE-225, NVP-LDE-225,
NVP-BEZ-235, δ-tocotrienol (vitamin E) [141–143]

7. MAPK-ERK pathway Metformin [147]

8. CXCR4-signaling AMD3100 (small-molecule inhibitor), chloroquine
(antimalarial agent) [64]

9. NODAL/ACTIVIN-signaling SB431542 [152]
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2.10. Targeting MicroRNAs to Regulate CSCs for PC Therapy

Over the last decade, there has been increasing evidence suggesting that the mainte-
nance of pluripotency in PaCSCs is governed not solely by different signaling cascades
but also by core genetic regulators. MicroRNAs (miRNAs) have been established to act as
pivotal regulators of the post-transcriptional regulation of gene expression. The modified
expressions of miRNAs are correlated with poor clinical outcomes of PC patients [154–156].
Emerging evidence firmly indicates that miRNAs play a crucial role in tumor growth
and development. Differential expression of certain miRNA in PaCSCs has recently been
investigated [157]. Singh et al. documented that PC recur due to small but distinct CSC
populations, which are in turn regulated by miRNAs [158]. The study identified a series of
miRNAs in gemcitabine-resistant MIAPaCa-2 cancer cells and in clinical metastatic pancre-
atic cancer tissues where they were either upregulated (e.g., miR-146) or downregulated
(e.g., miRNA-205, miRNA-7). Transfection of miR-205 decreased ALDH-positive CSC
potentials, which resulted in gemcitabine chemosensitivity restoration in the gemcitabine-
resistant MIAPaCa-2 cell line [158]. Another study by Bao et al. stated that miR-26a plays
an important role in controlling the expression of EZH2 and EpCAM in PC cells, and
re-expression of let-7b, miR-26a, and miR-200b decreases the ability of MIAPaCa-2 cancer
cells to form pancreatospheres [159]. These findings provide new avenues for the treatment
and detection of PC. A brief summary of differentially expressed miRNAs with their targets
and implications in pancreatic cancer is tabulated in Table 3.

Table 3. Summary of differentially expressed microRNAs and their targets in pancreatic cancer.

miRNA/s Sample Type/Site of
Action Regulation Target

(−ve)/(+ve) Implication Reference

miR-146 Metastatic pancreatic
cancer tissues vs.
normal control

Up
[157]

miRNA-205,
miRNA-7 Down

miR-26a, miR-200b PDAC samples vs.
normal control

EZH2, EpCAM,
pancreatospheres [158]

miR-21, miR-27a,
miR-146a, miR200a and

miR-196a
Pancreatic cancer tissue vs.

paraneoplastic normal
pancreatic tissues

Up 51
[160]

miR-217, miR-20a,
and miR-96 Down 107

miR-198, miR-650, Pancreatic
adenocarcinomas and
chronic pancreatitis vs.

normal pancreas

Up
43 [161]miR-130b,

miR-141, miR-194 and
miR-219-1-3p

Down
41

miR-21-5p, -23a-3p,
-31-5p, -34c-5p, -93-3p,

-135b-3p, -155-5p,
-186-5p, -196b-5p, -203,
-205-5p, -210, -222-3p,
-451, -492, -614, and

miR-622

Pancreatic cancer vs.
healthy control

Up 17
[162]

miR-122-5p, -130b-3p,
-216b, -217, and miR-375 Down 5

miR-21, miR-155,
miR-210, miR-221, and

miR-222 PDAC vs.
healthy control

Up 5
[163]

miR-31, miR-122,
miR-145, and miR-146a Down 4
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Table 3. Cont.

miRNA/s Sample Type/Site of
Action Regulation Target

(−ve)/(+ve) Implication Reference

miR-18a
Plasma of pancreatic

cancer patient vs.
healthy control

Up [164]

miR-21 Plasma of pancreatic
cancer patient vs.
healthy control

Up 54
[165]

miR-146a Down 37

miR-143 Metastatic
pancreatic cancer Down

GEF1, GEF2,
K-RAS, MMP-2,

and MMP-9 (−ve)

Metastasis, invasive
potential ↑, EMT ↑ [166]

miR-126 PDAC progressive
samples with metastasis Down ADAM9 (−ve) Metastasis, invasive

potential ↑, EMT ↑ [167]

miR-146a
Pancreatic cancer vs.

normal human
pancreatic duct

Down
EGFR, MTA-2,
IRAK-1, NFkB

(−ve)
Invasive potential ↑ [168]

miR-218

Metastatic pancreatic
cancer; microarray

analysis/pancreatic
cancer sample

Down ROBO1 ↑

Progression and
lymphatic metastasis ↑,

Invasion and
migration potential ↑

[169,170]

miR-4295 PDAC cells Up GPC5 ↓
Proliferation, invasion

and Wnt/β-catenin
signaling ↑

[171]

3. Conclusions

The discovery of CSCs has introduced a number of interesting and important concepts
and has revealed the relevance of a small subset of cells that could sustain the tumor.
These cells are most resilient in tumors and thus can reestablish tumors after treatment.
Although further studies are needed, the new developments in targeting PaCSCs are
expected to have a high impact on the treatment of PC, the mechanisms for regulating
clinical chemoresistance and the potential for developing novel therapies in coming years.

The most effective way of targeting pancreatic cancer is by destroying the CSC niche
or by altering the expression of the important players, which support the survival of CSCs.
Although several methods have been employed to isolate CSCs, there are still limitations
with current methods. Different markers have been established in PC. However, they are
also important for other cancers. Therefore, more specific markers to identify PaCSCs are
urgently needed. Further, the signaling pathways, such as Notch, Wnt and Shh, are also
altered in CSCs. Advances in genetic engineering, tumor metabolism, and the microenvi-
ronment could provide a framework to better understand some of these mechanism/s and
identify novel therapeutic targets. Future clinical trials should focus on novel therapeutic
agents that target CSCs and the important molecules in the signaling pathways to con-
trol the aggressiveness of pancreatic cancer. Effective treatment of pancreatic cancer may
require the administration of conventional chemotherapeutic agents along with reagents
that deplete PaCSCs. Eventually, understanding distinct facets of PaCSCs biology might
provide the foundation for clinical trials with a positive impact on new and successful
therapies to combat anticancer therapy resistance in pancreatic cancer.
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