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Abstract

Gastrointestinal (GIJ cancer is an all-encompassing term that refers to the forms of cancers of the digestive system including the esophagus, liver, gallbladder, stomach, small intestine, colon, rectum, anus and pancreas. Of the cancers mentioned, pancreatic ductal adenocarcinoma (PDACJ is the most deadly form of GI cancer owing partially to the late detection of this malignancy. At this point of diagnosis, the disease has metastasized and very few treatment options are available to patients. The aggressive nature of this cancer can be attributed to the substantial number of mutations acquired during its progression and its subsequent resistance to standard therapies such as chemotherapy and radiationThe heterogeneity of the subpopulations that are chemoresistant, particularly the tumor initiating population as known as cancer stem cells, make administrating conventional first-line treatments such as gemcitabine more difficult. Lastly, the tumor microenvironment and the early establishment of a metastatic niche by exosomes that facilitate dissemination of cancer cells to distant organs also contribute to the incurability of this type of cancer. Here we discuss the current clinical challenges in treating PDAC and the possible avenues that should be explored in order to improve current treatment options available to patients.
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Introduction

Gastrointestinal (GIJ cancers include the group of cancers that affect the digestive system such as the esophagus, gallbladder, liver, pancreas, stomach, small intestine, bowel colon and rectum, and anus. GI cancer is the most common form of cancer. In particular, pancreatic ductal adenocarcinoma (PDACJ accounts for the majority of pancreatic cancers and is one of the leading causes of cancer-related deaths worldwide [1]. With minimal improvements in treatment outcomes over the last forty years, lack of effective screening and early detection methods prevent clinicians from identifying PDAC in a pre- malignant stage [2], resulting in a five-year survival rate of only 5% following diagnosis [3,4]. Current treatment options include surgical resection, neoadjuvant and adjuvant chemotherapy and radiation. Unfortunately, heterogeneous cancer cell populations found in primary tumors and secondary micrometastases renders them resistant to cytotoxic therapies. To overcome these limitations, future therapies must target and disable the multiple enabling hallmarks that drive PDAC progression, immune-derived promoters of tumor development and growth, acquired drug resistance mechanisms, and pro-metastatic signals in the tumor microenvironment that potentiate cancer cell dissemination and homing to distant organs. Here, we provide a brief review of the current treatment options available for pancreatic cancer and ongoing challenges that need to be overcome to improve cancer therapy.


Current Therapies and Limitations

Although surgery remains one of the only curative treatment options, less than 20% of patients are surgical candidates [5]. Several poor predictors for successful resection are known: large tumor size [6], high tumor grade [7], positive tumor margins after surgical removal [5], elevated levels of CA 19-9 [8] and lymph node involvement [9]. Surgical PDAC patients remain at high risk for relapse and surgery has been shown to prolong survival by an average of only 10 months [10]. For patients with the advanced form of the disease that do not meet the criteria for surgery, radiation and chemotherapy are usually recommended as treatment options. Radiation therapy aims to eliminate rapidly proliferating cells in a specific area of the body by delivering a radioactive agent or high-energy rays that selectively induce DNA damage in dividing cells. Neoadjuvant radiation and chemotherapy therapy may be used to shrink an operable tumor prior to surgery. Adjuvant (post-surgery) radiation can also be used to treat the residual disease but the efficacy of this option is suboptimal due to its limited tolerance in normal tissue. The current standard of chemotherapy in the treatment of PDAC is gemcitabine (20,20-difluoro-20-deoxycytidine; dFdC), a nucleoside pyrimdine analog inhibiting DNA synthesis [5,11]. However, in non-surgical patients, gemcitabine treatment has been shown to prolong patient survival by only 4 months and is often used in palliation. Other neoadjuvant and adjuvant chemotherapeutics used today include flofirinox (5-fluorouracil, leucovorin, irinotecan, oxaliplatin) or a combination of gemcitabine with paclitaxel (abraxane), demonstrating tumor shrinkage in 20-30% of patients and slowing metastatic disease progression for approximately six months [12].

Ongoing Clinical Challenges for Drug Development 

Acquired Gene Mutations and Resistance to Therapy

One of the greatest difficulties in preventing metastatic disease is reversing the acquired resistance to therapies. The prevalence of chemoresistance in PDAC has been linked to the acquisition of tumor-promoting genetic mutations, such as K-ras, p53, CDKN2a and SMAD4/DPC4 [13]. 90% of PDAC patients also have KRAS2 point mutations, resulting in constitutively expressed Ras [14]. Once activated, Ras initiates a signaling cascade that activates cell proliferation and survival pathways, increasing cancer cell invasion [15]. Tumor-suppressor gene p53 is inactivated in approximately 80% of pancreatic tumors [16], resulting in impaired DNA damage recognition and repair, impaired apoptosis and deregulated mitosis [17]. Other tumor- suppressor genes encoded in the cdkn2a locus, including p16Ink4a and p15ARF, are present in about 90% of human pancreatic cancers [18] and are implicated in drug-resistance mechanisms. The deregulated activities of specific membrane drug transporters also play a vital role in treatment efficacy. For example, human equilibrative nucleoside transporter-1 (hENT1) is a membrane facilitative transporter that is used by hydrophilic gemcitabine in order to enter cancer cells [19]. Without hENT1 activity, the rate of gemcitabine entry through the hydrophobic plasma membrane is negligible, contributing to gemcitabine- resistance. As major drivers of drug resistance, these genetic and cellular factors present as targets for drug development and patient-specific predictors of treatment response.

Clinical Implications of Pancreatic Intratumoral Heterogeneity

Pancreatic tumor heterogeneity refers to the presence of multiple subpopulations postulated to be derived from a unique lineage of origin, within a single neoplasm [20]. The occurrence of a tumor-initiating population with the capacity to self-renew and give rise to differentiated progeny has become an area of intense investigation. In a comprehensive study assessing 24 different pancreatic cancers, results revealed an average of 63 genetic mutations per cancer, spanning 12 signal transduction pathways [21]. Intratumoral heterogeneity at the molecular level within pancreatic tumors has become of increasing interest because identifying unique biomarkers can be used as prognostic tools. K-ras mutations, for example, have been heavily investigated for their prognostic value because they represent an early stage in driver gene alterations that are required for disease progression [22]. However, the presence of this mutation in over 90% of pancreatic cancers, and studies demonstrating its detection in late-stage cancers, its value as a prognostic tool is diminished [23]. Despite its ineffective as a prognostic tool, when in addition to CDKN2A, TP53, BRCA2 and SMAD4/DPC4 mutations, they represent key genetic events that are required in order for PDAC to progress into an aggressive malignancy [22]. These key driver mutations are consistent across the majority of PDAC, erroneously providing a homogenous genetic profile; however, subpopulations within the tumor acquire their own unique genetic profiles as the architectural arrangement of subpopulations can also vary. For example, two different subpopulations can intermix, or they can be separated by a physical barrier (such as blood vessels) or by a difference in their microenvironment, both of which may generate differences in how these subpopulations respond to therapy [24]. Theoretically, because subpopulations within a tumor can be under the selective pressure of their microenvironment and barriers, each unique tumor cell population can have its own repertoire of potential therapeutic targets.


Targeting Pancreatic Cancer Stem Cells

Cancer stem cells (CSC) present another major obstacle in the treatment of PDAC. These dedifferentiated cells have been shown to maintain long-term tumorigenic potential, and are able to regrow new micrometastases [25], under the regulation of the surrounding tumor microenvironment (TME) [26]. Li et al. [25] identified a small population of pancreatic cancer stem cells with a characteristic CD44+/CD24+/ESA+ phenotype and constitute 0.2-0.8% of the pancreatic cancer stem cell population [25]. The mammalian target of rapamycin (mTOR) has been a potential target of interest due to its involvement in the proliferation of CSCs. Phosphorylation of the s6 ribosomal protein (s6rp) by p70s6 kinase, a downstream target of mTOR previously shown in the literature to be a reliable marker for the mTOR signaling pathway was found in only a small subset of pancreatic cancer cells [27,28].

Rapamycin inhibition of mTOR resulted in a significant reduction of s6rp in pancreatic CSCs. However, the combination of cyclopamine (sonic hedgehog inhibitor), rapamycin, and gemcitabine (CRG) resulted in the elimination of virtually the entire CD133+ pancreatic CSC population [28]. This suggests that the combination of various therapeutic targets of CSC such as genes located in developmental pathways, such as hedgehog,Wnt, Notch, CXCR4 and Met, in combination with chemotherapy are capable of moderating the CSC pool. In addition, targeting apoptotic pathways such as DR5 and nodal-activin may also provide significant therapeutic benefit [25,29]. Nodal-activin are members of the TGF-k family, which are essential for embryonic stem cell (ESC) maintenance. Components of this signaling cascade are over expressed in pancreatic CSCs, with nodal highly expressed in pancreatic cancer tissue during the development and progression of PDAC, but not detectable in normal pancreatic tissue. Nodal inhibition was able to chemosensitize inherently chemoresistant pancreatic CSCs to therapy [30]. These findings support the notion that pancreatic intratumoral heterogeneity and CSCs are major enabling components that contribute to drug resistance and disease progression. A better understanding of CSC populations and how they interact with one another and the surrounding TME will enable further progress in the treatment of pancreatic cancer.


Exosomes in Establishment of the Metastatic Niche

PDAC is characterized by its late detection, which may be correlated with its high metastatic potential. Current screening methods lack the sensitivity to detect early onset with 80% of PDAC patients presenting with metastases at the time of diagnosis [31]. Metastatic disease is difficult to treat with conventional chemotherapeutic methods due to their unique genetic repertoire, size and location within a tissue relative to the primary tumor [32]. Therefore, it is important to elucidate the molecular events that mediate the development of metastatic disease. Exosomes are extracellular membrane-bound vesicles containing nucleic acids and proteins [31]. Exosomes have been implicated in the establishment of a premetastatic niche in liver metastases of patients with PDAC [33] and have been proposed as early detection tools as they circulate in the bloodstream, which make them an important area of study [31].

Exosome-mediated development of a metastatic TME is proposed to involve the release of PDAC exosomes containing macrophage migration inhibitor factor (MIFJ to preferentially fuse with Kupffer Cells (KCJ of the liver [33]. This leads to KC secreting TGF-p, which promotes the release of fibronectin by hepatic stellate cells, generating a pro-inflammatory microenvironment and recruiting macrophages [33]. Inhibition of MIF leads to the elimination of the liver premetastatic niche and prevents metastasis [31]. Recently glypican-1 (GPC1J, a cancer exosome surface proteoglycan, has been investigated as an early detection biomarker as it is enriched on the surface of exosomes released from primary tumors. Its expression is also correlated with the presence of K-ras mutations found in pancreatic lesions that are undetectable by conventional means [31]. The efficacy of exosomes as mediators of metastasis has important implications on early detection strategies and possible therapeutic targets as they circulate the blood and are known mediators of intercellular communication.

Paracrine signals from pancreatic tumor cells are able to induce a desmoplastic reaction, characterized by the extracellular proliferation of leukocytes, fibroblasts, endothelial cells, neuronal cells, and production of collagen type I and hyaluron[34].Desmoplasia results in the formation of a thick stromal environment around pancreatic cancer cells [34] resulting in a mechanical barrier for drug delivery and is thought to contribute to the anti-angiogenic and hypoxic environment characteristic of PDAC, supporting tumor formation, progression and metastasis[35].Studies have demonstrated that desmoplasia-promoting signals originate from the K-ras mutant oncogene in the tumor epithelium [36]. Sonic hedgehog (SHHJ is also overexpressed in pancreatic cancer and results in the induction of extracellular fibroblasts, contributing to their growth and differentiation [36]. Furthermore, growth factors such as TGF-p, platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF) activate pancreatic stellate cells into myofibroblasts capable of secreting ECM components that further reduce the vascularization of the primary tumor [37]. Many proteins expressed by stromal cells have been correlated with poor prognosis and drug resistance, including COX-2, PDGF receptor, vascular endothelial growth factor (VEGFJ, stromal-derived factor (SDFJ, chemokines, integrins, secreted protein acidic and rich in cysteine (SPARC), and SHH elements [35,37].


Immune-Regulated Tumorigenesis

Notably, the dense stroma is characterized by a tumor- promoting immunosuppressive environment. Using a CD40 antibody combined with gemcitabine therapy, 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 (TAM) to attack and degrade the stroma [38]. To date, PDAC treatment has proved most effective in patients with locally advanced disease, particularly in patients with wild-type DPC4 tumors, as they 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 stromal-targeting agents because distant metastases arising from this cancer do not have a hypovascularized stroma [39]. Several cell types involved in the desmoplastic reaction, including TAMs, cancer associated fibroblasts, regulatory T-cells and myeloid derived suppressor cells contribute to tumorigenesis. K-ras-dependent signaling molecules have also been shown to up regulate granulocyte-macrophage colony stimulating factor (GM-CSFJ, thus promoting the maturation of myeloid progenitor cells into myeloid derived suppressor cells [40].

Unlike the stroma, the primary pancreatic tumor and/or distant micrometastases can be exposed to a highly inflammatory microenvironment. Cancer-associated inflammation can contribute to drug resistance, selection of CSCs and desmoplasia. Nuclear factor kappa B (NFkBJ signaling, critical for the inducible expression of cellular and viral genes involved in inflammation, has been found to be constitutively activated in pancreatic cancer cells [41]. Inducible cyclooxygenase (COX)-2, a downstream target gene of NF-kB, is not normally expressed but can be up regulated by cytokines, growth factors and certain tumor-promoter genes. It is involved in prostaglandin synthesis, promotion of angiogenesis, immune evasion and inhibition of apoptosis. COX-2 has been found to be overexpressed in pancreatic adenocarcinomas and is localized to the cytoplasm of the tumor cells as opposed to the surrounding stromal or immune cells [41].


Conclusion

Several clinical challenges remain in the treatment of pancreatic cancer. In addition to its advanced-stage detection, there have been no significant improvements in patient survival rates or in the development of effective therapies. These challenges arise from the understanding that the cancer cell program is adaptive, self-sustaining and invasive, and that despite therapy, aggressive phenotypes will survive and metastasize. Thus, future studies must not rely on targeting a single oncogenic or mitotic pathway, but must suppress the multiple stages of tumorigenesis of pancreatic cancer cells and their enabling microenvironment.
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