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Introduction
Despite major advancements in cancer treatment, survival rates for patients with pancreatic 

cancer have shown minimal improvement over the last forty years [1]. Pancreatic ductal 
adenocarcinoma (PDAC) accounts for the majority of pancreatic cancers and is one of the most 
lethal malignancies worldwide [2]. The difficulty in diagnosing PDAC at early stages further 
contributes to low survival rates. Located in the retro-peritoneum of patients who present with 
non-specific symptoms, PDAC is not diagnosed until it has reached an advanced clinical stage in 
over 80% of patients [3], with only a 5% five year survival rate [4]. Furthermore, lack of effective 
screening and early biomarker detection has prevented clinicians from identifying this cancer in a 
pre-malignant stage.

Once diagnosed, a number of different interventions are used to treat disease progression, 
including surgical resection, neoadjuvant and adjuvant chemotherapy and radiation. Unfortunately, 
the inherent and acquired heterogeneity of primary tumors and secondary metastases renders them 
highly malignant and gradually resistant to the majority of such therapies. Today, it is understood 
that in order to overcome these treatment challenges, emerging therapies must effectively shut 
down multiple enabling characteristics that drive pancreatic cancer invasion and progression. 
These include the concomitant suppression of growth factor signaling and anti-apoptotic pathways, 
immune-derived promoters of tumorigenesis, mechanisms of acquired drug resistance, as well as 
pro-metastatic signals that facilitate cancer cell migration and successful homing of disseminated 
tumor cells. Here, we provide an overview of some of the current treatment options available for 
patients with pancreatic cancer, as well as their limitations. Finally, we review some alternative 
multi-target strategies that may provide increased efficacy in cancer therapy.

Current Treatment Strategies and Limitations
Although surgery offers hope for curative therapy, less than 20% of patients present with 

potentially operable tumors [5]. A number of poor predictors for successful resection has been 
identified, including lymph node involvement [6], high tumor grade [7], large tumor size [8], 
elevated CA 19-9 levels [9], and positive tumor margins post-surgery [5]. Unfortunately, surgical 
patients with pancreatic cancer remain at a high risk for relapse. On average, surgery has been 
shown to prolong patient survival by only 10 months [10]. Patients with advanced disease do not 
meet the criteria for surgery as their cancer can demonstrate distant metastasis, pancreatic lymph 
node involvement, encasement or occlusion of the superior mesenteric vein (SMV) or SMV/portal 
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vein confluence and/or involvement of the celiac axis, aorta, inferior 
vena cava or superior mesenteric artery [5]. As a result, radiation and 
chemotherapy is recommended for these patients.

Radiation therapy is used to eliminate rapidly dividing cells 
located in a specific area of the body. It can be delivered as high-
energy rays or as a radioactive agent and is able to selectively induce 
DNA damage in proliferating tumor cells. Neoadjuvant radiation 
therapy may be used prior to surgery to shrink an operable tumor, 
or used after surgery (adjuvant radiation) to treat residual disease. 
However, the efficacy of radiation therapy is suboptimal due to its 
limited tolerance in normal tissue.

Neoadjuvant chemotherapy is used as an induction treatment to 
shrink a tumor before the primary treatment which is usually surgery. 
Pre-operative chemotherapy with radiation has also been shown to 
improve survival, but not the cancer stage of locally invasive tumors 
[11]. Post-operative chemotherapy and/or chemo-radiation are often 
incorporated in the therapeutic regimen. Indeed, adjuvant chemo-
radiation has become the most frequently used adjuvant treatment 
for resectable pancreatic cancer in the United States [5]. Since 1997, 
gemcitabine (20,20-difluoro-20-deoxycytidine or dFdC) has been 
the first-line therapy for patients with PDAC [12]. This is due to its 
lower toxicity when compared to other chemotherapeutic agents 
and increased progression-free survival. Gemcitabine is a nucleoside 
pyrimidine analog with multiple modes of action inside cancer cells, 
the most important being the inhibition of DNA synthesis [13]. When 
gemcitabine triphosphate (dFdCTP) is incorporated into DNA, only 
a single deoxynucleotide can be incorporated afterwards, ultimately 
preventing chain elongation [14]. The induction of apoptosis through 
caspase signalling is another important mechanism of action, in 
which gemcitabine activates p38 mitogen-activated protein kinase 
(MAPK) to trigger apoptosis in response to cellular stress in tumor 
cells, but not in normal cells [15-18]. Indeed, activity of MAPK-
activated protein kinase (MK2), a p38-MAPK effector, was shown 
to be required for gemcitabine-induced cell death in vitro. However, 
in these patients, gemcitabine treatment has been shown to prolong 
the average survival rate by only 4 months and is primarily used in 
palliative care. In phase II and III studies, gemcitabine has also been 
administered in combination with platinum analogues, including 
cisplatin [19,20] and oxaliplatin [21]. Other effective chemotherapy 
agents used today in the neoadjuvant and adjuvant setting include 
folfirinox (5-fluorouracil, leucovorin, irinotecan, oxaliplatin), or 
a combination of gemcitabine with nanoparticle-bound paclitaxel 
(abraxane). Paclitaxel is a chemotherapeutic agent which interacts 
with microtubules, specifically the β-subunit on tubulin to prevent 
the formation of functional mitotic spindles during cell division [22]. 
In one phase III trial, combined treatment with gemcitabine and 
paclitaxel demonstrated significantly improved patient outcomes, 
when compared to treatment with either agent alone [23].

These regimens can demonstrate minor tumor shrinkage in 
20-30% of patients and can slow the progression of the disease 
for approximately six months in patients with metastatic cancer 
[24]. Developments of other complementary agents to enhance 
chemotherapeutic effects are currently under review in pre-clinical 
and clinical trials [5]. Conceptually, any treatments that are better 
able to shrink primary tumors from borderline operable to potentially 
curative, or to eradicate remaining micrometastatic disease after 

surgery, would represent a huge advancement in our ability to 
treat pancreatic cancer. Such treatments would also be predicted to 
improve progression-free survival in patients with metastatic disease, 
most of whom will die within one year of diagnosis.

Ongoing Challenges for Drug Development
Acquired drug resistance

One of the greatest difficulties in curing metastatic disease is the 
inability to prevent or reverse the acquired resistance to drug therapy. 
The high frequency of acquired chemoresistance in PDAC has been 
linked to an accumulation of highly penetrant genetic mutations at 
various loci, including K-ras, p53, cdkn2a and smad4/DPC4 [25]. 
Originating in the ductal epithelium, pancreatic cancer can quickly 
evolve from a pre-malignant lesion to an aggressive and invasive 
metastatic disease [25]. 90% of PDACs have point mutations within 
the KRAS2 oncogene, resulting in constitutive expression of Ras 
[26]. These genetic alterations can sustain the malignant phenotype 
because once activated, Ras initiates a signal transduction cascade 
that activates proliferation and cell survival pathways and increases 
cancer cell invasion [27]. These point mutations are of clinical interest 
because they may result in the expression of pancreatic tumor-specific 
neo-antigens, capable of being recognized by helper and cytotoxic T 
lymphocytes, and may therefore represent novel vaccine targets [27].

In contrast to the constitutive expression of the KRAS2 oncogene, 
the p53 tumor suppressor gene is inactivated in approximately 
80% of pancreatic tumors [28]. As a result, there is impaired DNA 
damage recognition and repair in pancreatic epithelial cells, impaired 
apoptosis and deregulated cell cycle control [29]. Two other tumor 
suppressor genes, p16Ink4a and p15ARF are encoded by the cdkn2a 
locus. Inactivation mutations in these genes are present in about 90% 
of human pancreatic cancers [30], and are implicated in the drug-
resistant mechanisms of the cancer. The number and combination of 
these mutations correlates with patient prognosis, such that patients 
with 3-4 mutations will have a poorer diagnosis than those with only 
1-2 mutations [30].

The upregulated or downregulated  activities of specific drug 
transporters also play crucial roles in the efficacy of chemotherapy. 
For example, human equilibrative nucleoside transporter-1 (hENT1) 
is a membrane facilitative transporter responsible for the direct entry 
of gemcitabine into cancer cells [31]. Gemcitabine is a hydrophilic 
drug, and its rate of cellular entry through the hydrophobic plasma 
membrane is negligible without hENT1 transporter activity. 
Indeed, a lower expression level of hENT1 has been correlated with 
gemcitabine resistance [31]. As major drivers of drug resistance, 
these genetic and cellular components represent important targets for 
drug development as well as patient-specific predictors of treatment 
response.

Pancreatic tumor heterogeneity and cancer stem cells
In an effort to improve personalized cancer therapy, studies 

have begun to elucidate the genetic heterogeneity among pancreatic 
cancer patients. Tumor heterogeneity, a concept proposed over 30 
years ago, refers to the presence of multiple subpopulations within 
a single neoplasm each of which are postulated to originate from a 
unique lineage [32]. These lineages may differentiate subpopulations 
by their ability to metastasize, self-renew, proliferate and acquire 
chemoresistance, among other processes observed in tumorigenesis 
[32]. As described above, current cytotoxic therapies for PDAC are 
designed with the intention of arresting cell proliferation and target 
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processes in cell division such as DNA synthesis [12]. Although single 
agent and combination therapies show some efficacy in increasing 
patient survivorship, cancerous lesions continue to be treated as 
homogenous growths. As a result, almost no treatment options have 
been developed to target this intratumoral heterogeneity.

The concept of clonal expansion and subsequent development 
of unique subpopulations within tumors was first described by 
Peter Nowell [33], and its clinical implications have been extensively 
described for over four decades [34,35]. In order to effectively cure 
PDAC, emerging therapies must target the variation in tumor cell 
composition and their unique susceptibility to different anti-cancer 
agents [36]. This variation can include differences at the genetic level 
(i.e. different mutations that subpopulations may possess) and/or 
at the phenotypic level (i.e. the unique cell surface protein targets 
on a subpopulation of cells that can be therapeutically exploited). 
Therefore, PDAC must be conceptualized as a dynamic growth that 
is influenced by the surrounding microenvironment and is made 
up of a diverse population of cells. Two different subpopulations 
can co-exist or they can be separated by a physical barrier, such as 
blood vessels, or by a difference in their microenvironment. Both of 
these factors may generate differences in how these subpopulations 
respond to therapy and difficulties arise in detecting these mosaic 
phenotypes in heterogeneous tumors, further complicating the 
development of a personalized treatment regimen [37]. For example, 
inflammatory cells have been shown to secrete both pro-angiogenic 
and anti-angiogenic cytokines [38]. Therefore, the tumor cells that 
are able to respond to pro-angiogenic cytokines, as opposed to those 
that do not, would be able to promote tumor neovascularization 
and comprise a distinct subpopulation within the tumor. This 
has been shown in bladder cancer, in which a subpopulation of 
cells with increased expression of CD14, a glycoprotein involved 
in the signaling pathways of Toll-like receptors (TLRs) were able 
to facilitate neovascularization of bladder tumors by recruiting 
endothelial cells with greater efficiency [39]. Interestingly, cells 
that expressed low levels of CD14 had greater proliferative capacity 
and represented another distinct subpopulation. Notably, both of 
these cell populations were postulated to behave synergistically in 
promoting overall tumor growth [39]. This suggests that targeting 
one particular cancer cell subpopulation might not be effective as 
other surrounding subpopulations can compensate to facilitate their 
regrowth. Moreover, one study performed a comprehensive genome 
assessment on 24 different pancreatic cancers [40]. Results revealed 
an average of 63 genetic mutations per cancer, spanning 12 separate 
signal transduction pathways. This study supports the notion of 
pancreatic cancer being a genetically heterogeneous malignancy, 
partially accounting for its notable resistance to therapy as well as 
varied responses to treatment. Moreover, this finding likely explains 
why no candidate gene has yet been identified. This cancer cell 
heterogeneity will likely dictate an individualized, unique approach 
for each particular case.

Another major obstacle in the treatment of pancreatic cancer is 
the selective targeting and killing of cancer stem-like cells (CSCs). 
Tumor initiating populations, or CSCs, have been identified in a 
number of cancers, all of which began with the seminal discovery of 
these tumor progenitor cells in leukemia [41], followed by verification 
of these populations in breast [42], brain [43] and pancreatic cancer 
[44]. In PDAC, tumor initiating cells (TICs) are characterized as 
being CD44+/CD24+/ESA+ [44]. 0.2-0.8% of pancreatic cancer cells 
possess this unique phenotype and have the capacity to re-establish 

progeny with a nearly identical phenotype when compared with the 
primary tumor [44]. Not only do these cells possess unlimited self-
renewal potential, they are also capable of giving rise to differentiated 
progeny [44]. The identification and targeting of this subpopulation 
is of particular clinical importance as these cells are also resistant to 
chemotherapy [45].

Hypoxia is another important hallmark of tumor growth and can 
select for a unique subset of cancer cells that are capable of survival 
in an oxygen-depleted environment, including CSCs [46]. These cells 
can upregulate their expression of cytokeratin 19 (an epithelial stem 
cell marker for breast cancer) [47] and/or CD34 (a hematopoietic 
stem cell marker expressed in leukemic cancer). Unless these cells 
are activated to proliferate, conventional chemotherapeutic drugs 
will not affect TIC expansion. Thus, while it may appear that a tumor 
is shrinking, in reality chemotherapeutic drugs are targeting the 
differentiated cell population within the tumor allowing for the tumor 
to regenerate itself and potentially metastasize and home to distant 
organs [48]. Recent findings demonstrate that these cells are capable 
of epithelial-to-mesenchymal transition (EMT), contributing to their 
motility and metastatic behavior due to phenotypic changes [49]. 
Current therapies have already been designed to target CSC-specific 
antigens in order to inhibit their roles in cell survival, adhesion, self-
renewal and invasion. 

A greater understanding of individual CSC populations and how 
they interact with one another will advance progress in the treatment 
of pancreatic cancer. Therapeutic targets of pancreatic CSCs include 
genes located in developmental pathways such as hedgehog, Wnt, 
Notch, CXCR4 and Met. In addition, targeting apoptotic pathways 
such as DR5 and nodal-activin may also provide significant 
therapeutic benefit [44,49].

Desmoplasia, the tumor microenvironment and immune-
regulated tumorigenesis

Paracrine signals from pancreatic cancer cells stimulate the 
extracellular proliferation of leukocytes, fibroblasts, endothelial 
cells, neuronal cells, collagen type I and hyaluron. This extracellular 
proliferation of cells is known as a desmoplastic reaction forming a 
thick stromal environment around the pancreatic cancer cells [50], 
providing a mechanical barrier to the tumor cells and also thought to 
contribute to the anti-angiogenic environment that is characteristic 
of PDAC. Both properties directly affect therapeutic efficacy as the 
dense microenvironment limits drug delivery to the primary tumor. 
Furthermore, the increased deposition of collagen and fibronectin 
results in decreased elasticity of tumor tissue accompanied with 
an increase in tumor interstitial fluid pressure (IFP). Increased IFP 
results in a lower perfusion rate of therapeutic agents, ultimately 
diminishing their efficacy [51]. Studies have demonstrated that the 
signals that influence the proliferation of the desmoplastic reaction 
originate from the K-ras mutant oncogene in the epithelium of the 
tumor [52]. Sonic hedgehog (SHH) functions similarly to the K-ras 
mutant. Although it is overexpressed in pancreatic cancer cells during 
the early stages of their development, SHH does not act on the SHH 
pathway in these cells [52]. Instead, it acts in a paracrine fashion in 
extracellular fibroblasts, resulting in their growth and differentiation. 
The key players in the formation and turnover of this dense stroma 
are pancreatic stellate cells. Certain growth factors, including TGF-β1, 
PDGF and FGF, are able to activate these cells into myofibroblasts 
which can then secrete components of the extracellular matrix to 
further reduce the vascularization of the primary PDAC tumor [53]. 
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In addition to forming a mechanical barrier around the pancreatic 
cancer cells, the stroma has an important role in tumor formation, 
progression and metastasis [54]. Many proteins expressed by stromal 
cells have been directly correlated with poor prognosis and resistance 
to current therapies, including COX-2, PDGF receptor, VEGF, 
stromal-derived factor, chemokines, integrins, secreted protein acidic 
and rich in cysteine (SPARC) and SHH elements.

Notably, the dense stroma is characterized by a tumor-promoting 
immunosuppressive environment. Using a CD40 antibody combined 
with gemcitabine chemotherapy, researchers have attempted to 
reverse immune suppression and drive anti-tumor T cell responses in 
patients with non-resectable pancreatic cancer. Studies have shown 
that this dual combination results in tumor regression by stimulating 
tumor-associated macrophages (TAMs) to attack and deplete the 
pancreatic cancer stroma [55]. To date, treatment of PDAC has 
proved most effective in patients with locally advanced disease, 
especially in patients with tumors characterized by wild-type tumor 
suppressor Smad4 (DPC4). These tumors are known to be less prone 
to metastasis and possess higher stromal content. However, primary 
tumors that have already metastasized cannot be effectively treated 
with current stromal-targeting agents. This is due to the fact that 
although PDAC has a rich and hypovascularized stroma, metastases 
arising from this cancer do not, making them more similar to other 
highly vascular tumors [56]. Other studies have also suggested a role 
for the tumor stroma in the T cell-depleted microenvironment of 
pancreatic cancers [57]. Several cell types found in the desmoplastic 
reaction are involved in localized tumorigenesis, including TAMs, 
cancer associated fibroblasts, regulatory T-cells (Tregs) and myeloid 
derived suppressor cells. In addition, K-ras dependent signaling 
molecules have been shown to upregulate granulocyte-macrophage 
colony stimulating factor (GM-CSF) when activated, thus promoting 
the maturation of immature myeloid progenitor cells into myeloid 
derived suppressor cells.

Unlike the immunosuppressive nature of the stroma, the primary 
pancreatic tumor and/or distant micrometastases can be exposed 
to a highly inflammatory microenvironment. Tumor-derived pro-
inflammatory signalling can contribute to chemoresistance , selection 
of cancer stem-like cells and the desmoplastic reaction. Nuclear factor 
kappa B (NF-κB) signaling, critical for the inducible expression of 
cellular and viral genes involved in inflammation, has been found 
to be constitutively activated in pancreatic cancer. Tumor-derived 
inflammation is also associated with cyclooxygenase (COX) activity. 
COX-1 is constitutively expressed in most tissues, while COX-2, 
the inducible form, is not normally expressed, but upregulated by 
cytokines, growth factors, and tumor-promoter genes. COX-2 has 
been found to be upregulated in PDAC, localized to the cytoplasm of 
the tumor cells and not in the surrounding stromal or inflammatory 
cells [58]. COX-2 is one of the downstream target genes of NF-κB, 
and is involved in mechanisms such as prostaglandin synthesis, 
promotion of angiogenesis, inhibition of immune surveillance and 
inhibition of apoptosis.

Cancer-Associated Hypercoagulation and 
Angiogenesis

 Thromboembolic disease is a common complication and can be 
the presenting feature of pancreatic cancer, usually associated with a 
poorer prognosis [59]. Pancreatic cancer cells activate platelets and 
express several pro-coagulant factors, including tissue factor and 
thrombin [59]. Tissue factor, a transmembrane-receptor protein 

that initiates the extrinsic pathway of coagulation, can promote 
an angiogenic phenotype by upregulation of vascular endothelial 
growth factor (VEGF) and downregulation of the angiogenic 
inhibitor thrombospondin [60,61]. Tissue factor also seems to 
control angiogenic tumor signals through the production of growth-
regulatory molecules from the endothelium [61]. Furthermore, 
mutated or activated KRAS2 (found in 95% of pancreatic cancers) can 
directly or indirectly affect angiogenesis (through increased VEGF 
expression), thrombosis (through increased expression of urokinase 
plasminogen activator), and metastasis (through increased expression 
of matrix metalloproteinases) [62]. Thrombin is another key enzyme 
involved in coagulation, and can convert circulating fibrinogen to 
fibrin, activate platelets, and amplify initial signals in the coagulation 
cascade. Thrombin generates a fibrin scaffold that attracts endothelial 
cells, activates various protease-activated receptors on endothelial 
cells, increases expression of VEGF receptors, and activates hypoxia 
inducible factor 1α (HIF-1α), leading to the production of several 
angiogenic molecules [63]. Functional thrombin receptors have 
been identified in human pancreatic cancer cells [64,65], but not 
in healthy pancreatic cells [66]. Thrombin enhances adhesion of 
PDAC cells to ECM proteins and to endothelial cells, suggesting an 
important role for tumor growth and invasion [67]. Fibrin, the end 
product of the coagulation cascade, also plays an important role in 
the prothrombotic and proangiogenic state of cancer, especially in 
pancreatic cancer. The fibrin matrix functions as a scaffold and as a 
reservoir for proangiogenic growth factors such as heparin binding 
growth factor-2 and VEGF. It enhances the activity of heparin 
binding growth factor-2 [68], and sequesters several growth factors 
from proteolytic degradation [69].

The activation of coagulation is not simply a phenomenon, 
but has also been shown to enhance tumor growth, angiogenesis 
and metastasis. Treatment options include warfarin and low-
molecular-weight heparins (LMWH); however, studies over the past 
decade indicate that the use of LMWH in the prevention of venous 
thromboembolic disease improves outcomes for cancer patients, in 
comparison with warfarin and other anticoagulants [59]. A review 
by Khorana and Fine summarizes the promising clinical studies 
employing anti-coagulant therapy in cancer [59]. Strong preclinical 
data suggest that heparin, or LMWH, offer advantages over warfarin 
in terms of efficacy of anti-coagulation, as well as anti-cancer effects 
(including inhibition of angiogenesis). Emerging prospective clinical 
data support this finding by showing improved outcomes with 
protracted use of LMWH [59].

A Multi-Modal Approach To Optimizing 
Treatment
Suppression of cancer cell metabolism and growth

 In addition to the use of proliferation-targeted interventions such 
as chemotherapy and radiation, major metabolic pathways in cancer 
cells may also be exploited. This may include: 1) the disabled/reduced 
supply of glucose and glutamine to the tumor; 2) interruption of the 
mechanisms that enable survival in a hypoxic environment [70]; 
and/or 3) prevention of the cancer cell’s ability to digest intracellular 
organelles for energy [71]. Since aberrant metabolic pathways have 
become a hallmark of cancer, investigators have identified several 
key metabolic enzymes to target, including hexokinase, pyruvate 
kinase, lactate dehydrogenase A (LDHA) and ampicillin-activated 
proteinkinase (AMPK). Several pre-clinical trials have demonstrated 
the anti-tumor effects of agents directed against these enzymes. Two 
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of these drugs, rapamycin and metformin, have shown promising 
results when used alone, or in combination with other anti-cancer 
therapies. Rapamycin, an inhibitor of the mammalian target of 
rapamycin (mTOR), is able to decrease glucose uptake by reducing 
levels of Glut1 in pancreatic cancer [72]. Metformin, an oral 
hypoglycemic agent for the treatment of type 2 diabetes, has a glucose-
lowering effect and is able to reduce hyperinsulinemia by improving 
insulin sensitivity in peripheral tissues [73,74]. Metformin reduces 
gluconeogenesis in the liver, an effect mediated by AMP-activated 
serine-threonine protein kinase (AMPK). AMPK is an intracellular 
sensor of energy and nutrient levels, and is a regulator of cell ATP 
and lipid, cholesterol and glucose metabolism and homeostasis 
[75,76]. Recent studies have shown that diabetic patients treated with 
metformin have a lower incidence of cancer. The phosphorylation of 
the AMPK catalytic subunit is regulated by liver kinase B1 (LKB1). 
Notably, LKB1 is the protein product of a corresponding tumor 
suppressor gene. The activation of the LKB1–AMPK pathway inhibits 
the mammalian target of rapamycin complex-1 (mTORC1), a kinase 
activated in the majority of human cancers [77]. In prostate cancer 
cell lines, metformin demonstrated an anti-proliferative effect via the 
induction of a p53 target gene (REDD1) [78]. Notably, metformin 
was also found to play a role in NF-κB signaling, a pro-inflammatory 
pathway implicated in the enhanced proliferation, anti-apoptotic 
mechanisms, and invasiveness of cancer cells, as well as in the immune 
surveillance of tumors [79]. Hattori and colleagues showed that 
metformin blocked NF-κB activation induced by TNF-α in vascular 
endothelial cells [80]. In smooth muscle cells, metformin was found 
to suppress the phosphorylation of key signaling molecules involved 
in NF-κB activity, including p38, JNK, Erk and Akt [81]. Metformin-
mediated inhibition of NF-κB activity in mouse pancreatic tumors 
was also found to downregulate the mRNA expression of MCP-
1, TGF-β1, TNF-α, and IL-1β, each of which play unique roles in 
tumor development [82]. Metformin has also been shown to inhibit 
the TNF-α-induced secretion of CXCL8, a chemokine with well-
established pro-tumorigenic actions [83].

A number of other studies have demonstrated an anti-cancer 
effect of metformin on the cell cycle, apoptosis and glioblastoma 
[86], colon [87], ovary [88], pancreas [89], lung [90], and prostate 
tumors [91]. Metformin also seems to have an affect on CSCs. Bao 
et al. showed that metformin attenuates CSC phenotypes, functions 
and mediators [92]. The drug reduces the expansions of CSC clones 
by inducing apoptosis and by inhibiting CSC mediators and markers. 
Other lines of research suggest that metformin regulates the EMT 
status, an essential differentiation program in early embryonic 
development that is modified in cancer to mediate acquisition of 
malignant and stem-like cell properties [93]. Metformin decreases the 
expression of key drivers of EMT including the transcription factors 
ZEB1, TWIST1 and SNAI2 (Slug), and the pleiotropic cytokines 
TGFβs in several cell types [94]. The inhibition of these components 
of EMT by metformin causes an inhibition of cell invasiveness 
without affecting cell migration [95]. Metformin was also shown to 
reduce the expression of miR-34a and its direct EMT targets Notch, 
Slug, and Snail [96].

Targeting Tumor-Associated Inflammation 
and Apoptosis-Resistant Cancer Cells

 Due to the inflammatory nature of the disease, non-steroidal anti-
inflammatory drugs (NSAIDs) such as aspirin have been proposed 
to provide therapeutic effects to manage inflammation and sensitize 

malignant cells to chemotherapy [97]. NSAIDs such as aspirin inhibit 
NF-κB activation by binding to IKK-2. Inhibition of NF-κB in PANC-
1 cells by aspirin was found to be dose-dependent. Notably, MTT 
assays on PANC-1 cells treated with 18 mM aspirin resulted in no 
significant inhibition in the growth of cells [98]. A different study also 
investigated the effect of aspirin on the proliferation of four pancreatic 
cancer cell lines. It found a negative correlation between the intensity 
of COX-2 expression and the IC50 of aspirin [99]. A dose-dependent 
growth inhibition was seen across all cell lines following 72 hours of 
aspirin treatment. However, cell lines with low COX-2 expression 
(KP-2 and PNS-1) demonstrated a significantly lower IC50 than those 
with high COX-2 expression (MiaPaca-2 and PANC-1). 

Anti-inflammatory agents have also been proposed to 
counteract acquired resistance to drug therapy. One study used 
four chemoresistant PDAC cell lines and treated the cells with 
gemcitabine, different concentrations of aspirin, or a combination of 
these drugs [97]. Aspirin was found to significantly induce apoptosis 
in vitro and reduce the viability, self-renewal potential, expression of 
inflammatory mediators and CSC signaling. Specifically, treatment 
with aspirin for 48 hours decreased the expression of TNF-α and 
downregulated the self-renewal stem cell markers Oct4, Nanog and 
SOX2. Aspirin also blocked the growth and invasion of orthotopic 
pancreatic tumor xenografts and significantly prolonged the survival 
of mice when co-administered with gemcitabine. Furthermore, aspirin 
treatment resulted in decreased inflammation and desmoplasia in 
vivo, as well as reduced expression of tumor progression markers 
Ki67, c-Met, CSCR4, CD44 and TNF-α [97]. Due to its well-
established safety profile, as well as its promising application in pre-
clinical cancer studies, aspirin represents a novel and well-tolerated 
chemo-sensitizing agent for the treatment of pancreatic cancer.

Celecoxib is another COX-2 inhibitor that has demonstrated 
potent anti-tumor activity in a wide variety of tumor types, including 
prostate [100], colorectal [101], breast [102], and non-small cell 
lung cancers [103]. Today, several pre-clinical trials are assessing 
the use of celecoxib in the prevention and treatment of pancreatic, 
breast, ovarian, non-small cell lung cancer and other advanced 
human epithelial cancers [104]. Among the COXIB-family members, 
celecoxib has the unique capacity to induce apoptotic cell death in 
tumor and endothelial cells. Although inhibition of COX-2 can 
contribute to its cytotoxic effects, celecoxib is a prototype of drugs that 
induce cell death independently from COX-2 mainly by activation 
of an intrinsic, mitochondria-dependent apoptosis pathway [104]. 
COX-2-independent drug targets include the survival kinase Akt, the 
Ca2+ ATPase SERCA, GSK-3b/b-catenin, and anti-apoptotic proteins 
of the IAP and the Bcl-2 families [104]. Studies have also shown that 
celecoxib can significantly trigger cell death in Bcl-2 overexpressing 
cells and downregulate the anti-apoptotic factors Mcl-1 and survivin 
[104]. Thus, the pro-apoptotic activity of celecoxib differs from that 
of standard chemo-radiation and provides promising evidence for 
the use of celecoxib in apoptosis-resistant tumors. Furthermore, 
neoplastic disease that depends on Bcl-2, Mcl-1 or survivin for cell 
survival seems to be an ideal target for the use of celecoxib alone or 
in combination with chemotherapy, radiation or other anti-cancer 
agents. 

Blocking Upregulated Receptor Signaling 
via Glycan Modification

The abnormal expression of cell surface glycosylation has become 
a key hallmark of cancer and provides a new dimension for targeting 
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tumor cells. Specifically, the terminal sialylation of several receptors 
that are upregulated or constitutively active in cancer cells is known 
to regulate their structure, ligand affinities, as well as downstream 
signaling cascades. The sialidase activity of neuraminidase-1 (Neu1) 
has been previously shown to regulate the activation of EGFR, insulin 
receptor (IR), and a number of TLRs [105]. Notably, these receptors 
each play unique and profound roles in tumor development via 
promotion of cell proliferation and survival pathways, cell growth 
and metabolism, and immune-mediated tumorigenesis, respectively 
[106]. It is important to note that the regulatory role of Neu1 is 
dependent upon a cell-surface signaling platform that induces 
neuromedin B G protein-coupled receptor (NMBR) activation and 
MMP9 activity. Abdulkhalek et al. [105], have reported an extensive 
review describing this cell-surface molecular mechanism and its role 
in regulating receptor activation and downstream signaling. 

We have previously shown that Neu1 inhibitor oseltamivir 
phosphate (OP) demonstrates potent anti-cancer effects in vitro and 
in mouse models of pancreatic [107-109], breast [110], and ovarian 
cancer [111]. Briefly, Neu1 inhibition by OP is able to suppress 
oncogenic downstream cellular pathways that are associated with 
EGF and insulin signaling [109,112], as well as TLR-mediated pro-
inflammatory signaling [113-115]. We have previously reported 
that OP treatment in mice bearing PANC-1 and MiaPaCa-2 tumor 
xenografts significantly improved animal health and survival, 
decreased tumor volume and angiogenesis, and prevented metastasis 
to the liver and lungs [107-109]. Tumor neovascularization was 
significantly decreased in OP-treated mice, as indicated by H&E 
analysis and immunostaining for tumor CD31 (murine endothelial 
marker). It is proposed that the ability of OP to downregulate a 
number of signaling pathways simultaneously may be responsible for 
its broad therapeutic effect.

Gilmour et al. [109] found that OP could directly target 
Neu1 desialylation of EGFR, and prevent receptor activation and 
subsequent auto-phosphorylation in vitro. In mouse models, 
immunohistochemistry and western blot analysis showed that OP-
treated mice expressed significantly decreased phospho-EGFR levels 
from intact pancreatic tumor xenografts and lysed tumor samples, 
when compared to the untreated cohort. One study by O’Shea et 
al. [108], analyzed the effect of OP on chemoresistant pancreatic 
cancer cell lines. They found that these cells, although resistant to 
gemcitabine, cisplatin, tamoxifen and other chemotherapy agents, 
were sensitive to OP treatment which resulted in reduced cell 
proliferation and viability. Other markers of tumor progression 
were also analyzed in these studies, including the relative levels 
of cell adhesion molecules, E- and N-cadherin. Normally, more 
malignant cancer cell phenotypes will display an increase in their 
surface expression of N-cadherin and a corresponding decrease in 
relative E-cadherin. This expression paradigm will later dictate EMT 
pathways that facilitate cancer cell motility and metastasis. Like most 
membrane glycoproteins, cadherins are terminally sialylated and 
may act as Neu1 substrates. O’Shea et al. [108], showed that OP-
treatment of parental and chemoresistant pancreatic cancer cells 
was able to modulate the expression levels of E- vs. N-cadherin, 
such that OP-treated cells demonstrated relatively higher expression 
levels of E-cadherin and reduced expression of N-cadherin, when 
compared to the respective expression levels of untreated cells. These 
findings suggest that OP may be exerting its effects by targeting the 
glycan modification of adhesion molecules that play critical roles in 
cancer cell migration and invasion. This is consistent with the well-

established positive regulatory role of Neu1 on the structure and 
function of cell surface integrins, other major cell surface recognition 
and adhesion molecules [116]. Future studies should build upon 
these promising findings and aim to improve OP-based protocols for 
the treatment of pancreatic cancer.

Conclusion
Several clinical challenges remain in the treatment of pancreatic 

cancer. In addition to its late detection, there have been no significant 
advancements in patient outcomes and drug development. Today, it is 
understood that in order to face these challenges, future studies must 
not rely on targeting a single oncogenic pathway, but must suppress 
the multiple enabling hallmark capabilities of pancreatic tumor cells. 
This is due to the fact that the cancer cell program is adaptive and 
invasive, such that more aggressive phenotypes will survive and 
metastasize, despite therapeutic intervention. Future studies should 
investigate the potential of multi-modal regimens that can suppress 
tumor growth and malignancy, immune-regulated tumorigenesis, 
stromal-derived promoters of tumor progression and desmoplasia, as 
well as the genetic and cellular components that drive drug resistance.
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