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Abstract
The prognosis of pancreatic cancer is poor with the overall 5-year survival rate of less than 5% changing minimally over the past decades and future projections predicting it developing into the second leading cause of cancer related mortality within the next decade. Investigations into the mechanisms of pancreatic cancer development, progression and acquired chemoresistance have been constant for the past few decades, thus resulting in the identification of human nucleoside transporters and factors affecting cytotoxic uptake via said transporters. This review summaries the aberrant expression and role of human nucleoside transports in pancreatic cancer, more specifically human equilibrative nucleoside transporter 1/2 (hENT1, hENT2), and human concentrative nucleoside transporter 1/3 (hCNT1, hCNT3), while briefly discussing the connection and importance between these nucleoside transporters and mucins that have also been identified as being aberrantly expressed in pancreatic cancer. The review also discusses the incidence, current diagnostic techniques as well as the current therapeutic treatments for pancreatic cancer. Furthermore, we address the importance of chemoresistance in nucleoside analogue drugs, in particular, gemcitabine and we discuss prospective therapeutic treatments and strategies for overcoming acquired chemoresistance in pancreatic cancer by the enhancement of human nucleoside transporters as well as the potential targeting of mucins using a combination of mucolytic compounds with cytotoxic agents.
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Core Tip: Pancreatic cancer continues to be one of the leading causes of cancer-related mortality worldwide, with prevalence expected to increase drastically within the next decade primarily due to difficulties in diagnosis and acquired resistance to chemotherapeutic drugs. Due to this, in-depth work is extremely important for the future diagnosis and treatment of the disease. Human Nucleoside Transporters have been identified as a key target in not only diagnosis but also overcoming chemoresistance. Here, we summarize the information currently available on Pancreatic Cancer and the role of Nucleoside Transporters in chemoresistance.

INTRODUCTION
Pancreatic cancer is the seventh leading cause of cancer-related mortality[1], and is ranked as the 14th most common cancer worldwide[2]. The prognosis of pancreatic cancer is often poor with an average five-year survival rate of less than 5%[3]. This poor prognosis has been attributed, in part, to the difficulties in early-stage detection, advancement of disease at the time of diagnosis, frequent recurrence and lack of effective treatment therapies specifically targeting tumour cells[4,5]. 
Pancreatic ductal adenocarcinoma (PDAC), which accounts for > 90% of all pancreatic cancer cases is characterized by dense desmoplastic stromal development proximal to cancerous tissue, as well as the aberrant expression of mucins and nucleoside transporters[6,7]. Three different preneoplastic lesions of the pancreatic duct have been identified as precursors of PDAC those being, pancreatic intraepithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN) and intraductal papillary mucinous neoplasm (IPMN)[3].
PanIN accounts for 85% of PDAC cases and is categorised into PanIN1A, PanIN1B, PanIN2 and PanIN3[8]. Prior to PanIN progression, normal pancreatic ductal cells express mucin proteins MUC1/5AB/6/17 which have been identified in assisting cancer cell in evading immune systems[3]. PanIN1A/1B is described as hyperplasia without dysplasia, followed by PanIN2 with dysplasia at variable rates and a loss of polarity and finally PanIN3, representative of an in-situ carcinoma. For all PanIN, increased expression can be seen for MUC1/6/16 and neoexpression is observed for MUC3/4/5AC (Figure 1)[4,9]. 
MCN and IPMN account for the remainder 15% of PDAC cases, with MCN characterized as cyst forming pancreatic epithelial neoplasms that produce mucin, have a distinct stroma type, and have a broad spectrum of dysplasia. Importantly, MCN’s are also representative of early Kras mutations as well as late oncogene SMAD4 and proto-oncogene TP53 inactivation and lastly, increased MUC1 expression and neoexpression of MUC2/5AC [2-4]. 
IPMN which originates from the main pancreatic duct is characterized by the increased secretion of select mucins (MUC1/6), neoexpression of MUC2/4/5AC, and a large dilation of the ducts or cysts formation. Much like MCN, IPMN presents with a Kras mutation and the inactivation of TP53 and P16/CDKN2A. MCN and IPMN may further progress into adenocarcinoma where an increased expression of MUC1/6 and neoexpression of MUC3/4/5AC/5AB/7/13/16/17 is observed (Figure 1)[3,4]. 
The aim of this review is to outline the role of nucleoside transporters in pancreatic cancer progression and their contribution to chemotherapeutic drug resistance. This review will also examine the current treatments and therapies to overcome cancer progression and acquired resistance to nucleoside analogue drugs, specifically, gemcitabine.

INCIDENCE
The incidence rates of pancreatic cancer have significant variation between countries; however, the higher rates can be seen in developed countries (North America and Europe) compared to developing countries (South Central Asia and Africa).  Worldwide incidence and mortality rates correlate with ageing and a higher prevalence is observed in men compared to woman. In western societies, the incidence of pancreatic cancer has been steadily increasing with predictions that by 2030 it will be the 2nd greatest cause of death related to cancer in the United States[1,2]
Despite the cause of pancreatic cancer being multifactorial and complex, several factors whether modifiable or non-modifiable have been identified as having a direct association. Non-modifiable factors include age, sex, ethnicity, blood group, family history, genetic susceptibility, gut microbiota, and diabetes. The modifiable risk factors that have been identified are smoking, alcohol consumption, obesity, chronic pancreatitis, dietary factors, and helicobacter pylori infections[1,2,10].

DIAGNOSIS
There are significant challenges with the diagnosis of pancreatic cancer with most patients presenting with late-stage tumour development at the time of diagnosis. The reasons of late-stage progression diagnosis are multi-factorial and therefore, several factors must be assessed[1,10]. Firstly, the initial stage of pancreatic cancer is, for the most part, clinically silent. This results in patients not presenting with symptoms until being in advanced stages of disease. Presenting symptoms are non-specific and can include jaundice, dark urine, abdominal pain, acholic stools and pruritus. Due to the broad range of non-specific symptoms, there are several diseases that require differentiation, including but not limited to: pancreatitis, gastritis, abdominal aortic aneurysm, and pancreas. As a result, diagnosis can be missed or delayed which results in pancreatic cancer being the most commonly detected tumour during autopsy studies[2,10,11]
Currently, several diagnostic tools are available for the diagnosis of pancreatic cancer, such as magnetic resonance imaging (MRI), abdominal ultrasonography, endoscopic ultrasound-guided fine-needle aspiration and the standard for staging and diagnosis tri-phase pancreatic protocol CT. Additionally, the cancer biomarker serum cancer antigen 19-9 (CA 19-9) is the only approved marker for pancreatic cancer and is used to assist in diagnosis and to predict patient prognosis and recurrence post resection. Unfortunately, the CA19-9 biomarker is not tumour-specific and therefore is not capable for use as a screening tool for the patients that are asymptomatic[1,2,10].
Recently, biomarkers for early diagnosis have been investigated, including plasma-based metabolite panels, increased concentrations of volatile organic compounds in exhaled air, DNA mutations such as p53 in pancreatic juice, and tumour markers such as CA125, CA242, CEA, NSE[2,12]. Despite continued investigation into diagnostic biomarkers, the lack of a specific and validated biomarker as well as sensitive screening programs remains a major issue.

TREATMENT
The treatment strategy for pancreatic cancer is dependent on the primary tumour resectability, which is defined by the absence of distance metastasis as well as the locoregional anatomical contacts allowing for a R0 resection. For patients eligible, the primary treatment that presents a possible cure for pancreatic cancer is surgical resection in addition to chemotherapy[2,13].
The surgical options for achieving surgical resection are open Pacnreatico-duodenectomy and total or distal pancreatectomy, either open or laparoscopic. The surgical method employed is dependent on the tumour or tumour’s anatomical location. It is important to mention that the survival rates following surgical resection alone are low with approximately 10% after 5 years. Despite observed benefits when adjuvant therapies are utilised, the recurrence rates remain high, with a 2-year relapse of approximately 70%[2,13,14].
Unfortunately, as previously mentioned, at the time of diagnosis approximately 90% of patients present with tumours that are locally advanced or metastatic, making them ineligible for surgical resection. The only options for these patients are the management of jaundice, system control, palliative radiotherapy, and chemotherapy. A variety of chemotherapeutic drugs are used to treat pancreatic cancer including Oxaliplatin, Paclitaxel, Leucovorin, Irinotecan, Doxorubicin, and 5-fluorouracil (5-FU) (Table 1)[15,16]. Currently, the standard of care for patient’s ineligible for surgical resection remains FOLFIRINOX (Fluorouracil, Oxaliplatin, Leucovorin and Irinotecan) or Gemcitabine (2’,2’-diflurodeoxyxytidine) either in combination with Paclitaxel or as a single agent[3,4,14,17,18]. 
The most effective treatment regimen is guided by patient fitness, FOLFIRNOX is administered to fit patients with tumours in the tail, body, and head of the pancreas, with treatment resulting in significant longer cancer-specific, metastasis-free, disease-free, and overall survival (11.1 mo) when compared to Gemcitabine (6.8 mo). However, a significantly increased risk of adverse effects and complications is seen in patients that receive FOLFIRNOX when compared to Gemcitabine. Gemcitabine +/- Capecitabine is relative safe compared to other chemotherapy options and is therefore the standard treatment for patients that are ineligible for FOLFIRNOX treatment regimens. It has been found to provide improved system control, a higher response rate and a greater overall survival rate compared to 5-FU (4.41 mo)[2,14,19]. Despite the poor survival outcomes, 5-FU is used for periampullary tumours primarily due to insufficient evidence for other chemotherapeutic agents specifically targeting said tumour types[2]. Due to the clinical benefits of Gemcitabine compared to other treatment regimes, it has become the standard reference agent in the first line treatment choice of pancreatic cancer[20,21]. This shows that the patient benefit to current treatments is minimal, hence identifying better targets and more efficient treatments is required.

GEMCITABINE 
Gemcitabine is a cytotoxic pyrimidine nucleoside analogue that has been utilized as a chemotherapeutic agent for not only pancreatic cancer but for a variety of solid tumours and more recently in certain lymphomas[22]. Due to the hydrophilic nature of gemcitabine, passive diffusion is slow through cellular membranes and therefore requires transportation into cells by specialized integral membrane proteins known as human nucleotide transporters (NTs)[16,23,24]. 
To exert clinical action, gemcitabine needs to be metabolized and requires multiple kinases to initiate serial phosphorylation. Once transported intracellularly, gemcitabine (dFdC) is catalyzed by deoxycytidine kinase (dCK) resulting in gemcitabine monophosphate (dFdCMP) and is then phosphorylated to gemcitabine diphosphate (dFdCDP) by nucleotide monophosphate kinase (NMPK) and finally gemcitabine triphosphate (dFdCTP) by nucleoside-diphosphate kinase (NDPK). The successful uptake and metabolism of gemcitabine to results in the inhibition of DNA repair and replication (Figure 2). Finally, Gemcitabine or its phosphorylated metabolites are exported into the extracellular space by multidrug resistance protein 5 (MRP5). An additional mechanism that gemcitabine exerts actions is self-potentiation by the inhibition of enzymes associated with deoxynucleotide metabolism[22,25-27].
Although gemcitabine and other chemotherapeutic drugs have been proven effective among patients with various stages of pancreatic cancer, the effectiveness of gemcitabine is severely limited due to the development of chemoresistance[19]. Chemoresistance is simply the ability of cancer cells to survive or evade therapeutics and can be intrinsic or acquired during treatment[28]. Chemotherapeutic drug resistance is widely common in pancreatic cancer with less than 30% of patients showing improvement post treatment and previous studies have identifying a heightened resistance to gemcitabine in comparison to other chemotherapeutic drugs in pancreatic cancer cells[19,29,30]. 
To date, several mechanisms have been identified as contributors to acquired gemcitabine resistance in pancreatic cancer due to the drugs rapid metabolism and hydrophilic nature including increased levels of ribonucleotide reductase subunit II and II (RRM1/2), mucins, deoxycytidine kinase (dCK), as well as concentrative and equilibrative nucleoside transporters (hCNT/hENT). Regrettably, many of these mechanisms are complex and the identification of their specific roles and consequences in chemoresistance remains unclear[19,31,32]. As nucleoside transporters are required for gemcitabine uptake into pancreatic cancer cells, they have been identified as key contributing factors to chemoresistance which will be discussed in the following sections.

NUCLEOSIDE TRANSPORTERS 
Nucleoside transporters (NTs) are a group of membrane proteins that transport the analogs of both natural and synthetic nucleosides that act as anticancer agents across the membranes of vesicles and cells. There are two classes of transporter proteins that are encoded by two different solute carrier families (SLC), SLC28 known as human concentrative nucleoside transports and SLC29 also known as human equilibrative nucleoside transporters[33].
There are three members of the human concentrative nucleoside transporter family including, hCNT1, hCNT2 and hCNT3. These transporters mediate the unidirectional co-transport of Na+ and/or H+ and nucleosides into cells at a 1:1 coupling ratio for hCNT1 and hCNT2 and a 2:1 ratio for hCNT3. Initially, hCNTs were believed to be expressed only in polarized epithelia, however, recent studies have identified the expression to be considerably broader. These proteins favour nucleoside transepithelial flux as they present at an ideal localization on the apical side of polarized epithelial tissue[33].
Human equilibrative nucleoside transporters include four members, hENT1, hENT2, hENT3 and hENT4. These proteins are bio-directional and mediate the facilitative transport of nucleosides and select hENTs also facilitate the transportation of nucleobases dependent on their concentration gradient. Except for hENT4, hENT proteins can transport both pyrimidines and purines, they have a broad permeant selectivity, and are widely distributed in a variety of cell types. Despite their similarities, hENT1, 2 and 3 differ in in nucleoside specificity, however, they all present with a lower substrate affinity then the members of the hCNT family[16,23,33].

NUCLEOSIDE TRANSPORTERS AND PANCREATIC CANCER
Due to the importance of gemcitabine in pancreatic cancer treatment and the requirement of transporters for drug uptake, extensive research has been undertaken on transports and their role in tumorigenesis. Alterations in the expression of transporters have been identified in the progression of normal pancreatic cells to malignant pancreatic cancer cells. Despite significant efforts of researchers to identify the roles transporters undertake in substrate translocation and their functions in cell physiology, more research evaluating the clinical application of transporters as potential biomarkers or therapeutical targets is required. The primary transporter that efficiently mediates the cellular uptake of gemcitabine is hENT1 (SLC29A1), however, evidence suggests minor cellular uptake of gemcitabine via hENT2 (SLC29A2), hCNT1 (SLC28A1) and hCNT3 (SLC28A3)[15,16,23,26]. Each transporter undertakes specific functions (Table 2), and each will be discussed as follows:

HUMAN EQUILIBRATIVE NUCLEOSIDE TRANSPORTERS IN PANCREATIC CANCER
hENT1
The hENT1 protein is a transmembrane glycoprotein that is localized to plasma membranes and is widely expressed with a broad selectivity for pyrimidines and purines[16]. In a healthy pancreas, hENT1 has medium expression in exocrine glandular cells and low expression in islets of Langerhans. In comparison, pancreatic tumours present with a decrease in hENT1 expression[34]. 
Previous clinical studies on pancreatic cancer patients and various cell lines have identified that that low levels of hENT1 expression on pancreatic tumour cells correlates with a significant reduction in progression free survival (PFS) and disease-free survival (DFS) when compared to patients with medium to high levels of hENT1 expression[7,35]. If gemcitabine is incapable of cellular uptake due to a lack of transportation into the cell, it is unable to inhibit cell growth and therefore the abundance of hENT1 may contribute to gemcitabine resistance as a result of reduced intracellular build-up. In fact, previous studies reported the inhibition of hENT1 in cancer cell lines with NBMPR (nucleoside analogue nitrobenzylmercaptopurine ribonucleoside - a potent inhibitor of hENT1) resulted in cell chemoresistance to gemcitabine[34,36,37]. Thus, further supporting the importance of hENT1 in gemcitabine sensitivity.
This research indicates that hENT1 Levels are correlated with gemcitabine response as the upregulation of hENT1 proteins results in the enhancement of gemcitabine’s cytotoxic effects, while the loss of hENT1 protein expression results in the development of gemcitabine resistance. Due to this, hENT1 is an attractive potential prognostic biomarker in pancreatic cancer patients for gemcitabine treated patients[7,19]. 
It is important to note that the hENT1 gene itself is not reduced in the development of chemoresistance to gemcitabine, nor does it correlate with gemcitabine's IC50 values for several pancreatic cancer cell lines. This suggests that hENT1 expression is not solely alone in patients acquired and inherent chemoresistance to gemcitabine[34]. 

hENT2
The hENT2 protein is encoded by the gene SLC29A2 and transports a range purine and pyrimidine nucleosides as well as select nucleobases across cells membranes with broad affinity. The protein is present in a wide range of cell types though its gene expression is greatest in the skeletal muscle. The hENT2 protein is highly expressed in the pancreatic cells of healthy individuals but is shown to be reduced in pancreatic cancer patients and pancreatic cancer cell lines[38,39].
hENT2 has recently been identified as being a key element in the regulation of nucleotide and nucleoside pool for effective cell cycle progression and synthesis of DNA. This evidence indicates that hENT2 is partly responsible for transporting, into the nucleus, the supply of nucleotides required for DNA replication. Therefore, the dysregulation of this transporter protein may have adverse effects on cell homeostasis and possibly contribute to tumour progression[33].
hENT2 has also been the subject of several investigations due to its ability to transport gemcitabine into cells. It is however proven to transport the chemotherapeutic drug with a much lower affinity when compared to hENT1[38]. Unlike the extensive research undertaken on hENT1 which has proven a link between the protein and chemoresistance, there are few studies investigating the importance of hENT2[22]. hENT2 protein expression has been identified in various pancreatic cancer cell lines, although less than the expression of hENT1 transporters[25]. 
Previous studies aimed at investigating hENT2 Levels in chemoresistance pancreatic cancer cell lines identified the expressed protein had a lower expression after gemcitabine treatment[37,40]. In cohesion with the reduction in protein expression, hENT2 mRNA levels are also reduced following gemcitabine treatment. Furthering these studies, the inactivation of hENT2 via exposure to dilazep (a hENT2 inhibitor), in conjunction with the inhibition of hENT1 via NBMPR, results in a reduction of gemcitabine uptake and sensitivity. However, the decrease in hENT2 expression may not provide an explanation for the limited uptake of gemcitabine into cells and therefore chemoresistance, as the expression of other gemcitabine transporters are not affected by hENT2 downregulation[37,40]. 
These results provide evidence that hENT2 when aberrantly expressed may contribute to gemcitabine resistance, however, more extensive research is required to understand the exact impact hENT2 expression has on other mechanisms of chemoresistance in addition to pancreatic cancer cells. 

HUMAN CONCENTRATIVE NUCLEOTIDE TRANSPORTERS IN PANCREATIC CANCER
hCNT1
The hCNT1 protein, encoded by the SLAC28A1 gene, is a sodium dependant transporter with a high affinity for pyrimidines[25]. It is broadly detected in epithelia with a moderate to high expression in healthy pancreatic tissue. The expression of hCNT1 is decreased to an almost negligible in undifferentiated states such as fetal hepatocytes, intestinal crypt cells and human tumours, namely pancreatic and breast tumours[41]. 
The exact role hCNT1 undertakes in the regulation of gemcitabine resistance and cytotoxicity in pancreatic cancer cells is yet to be described, however, data obtained from multiple studies have indicated that the hCNT1 expression is frequently reduced in pancreatic cancer cell lines and tumours when compared to unaffected pancreatic cells[42-44]. In chemoresistant pancreatic cancer cells, hCNT1 expression is limited and can be correlated with limited influx of gemcitabine into target cells. However, investigations into the pharmacological inhibition of the degradation of hCNT1 results in a moderate increase of the cellular transport of gemcitabine thus suggesting the transporter as a possible target mechanism for increasing chemosensitivity and drug transport[42]. 
Due to the correlation between decreased hCNT1 expression levels and the increased chemoresistance of pancreatic cancer cells, recent research has investigated the mechanisms that decrease transporter expression. As a result, it has been identified that the transmembrane mucin MUC4 utilises the NF-KB pathway to inhibit hCNT1[45]. The increase of MUC4 expression is commonly observed in pancreatic cancer cells, which results in a higher rate of inhibition of hCNT1 transporters and therefore an increase in chemoresistance. Importantly, studies have shown that the inhibition of MUC4 oncogenic receptor Erb2 resulted in the increase of hCNT1 expression and an increased uptake and sensitivity to gemcitabine[42]. Although more extensive work is needed to determine the processes affecting hCNT1 expression, mucins are an interesting contributing factor.

hCNT3
The hCNT3 transporter belongs to the SLC28 family and is characterized by the broadest tissue specificity and tissue distribution. It is a symporter that couples the transportation of a nucleoside to the symport of one proton or two Na+ ions. In healthy individuals the transporter is expressed at high levels in the pancreas, mammary glands and in bone marrow. HCNT3 is also expressed in low levels in the prostate, liver, testis, lungs, and intestines[46].
The importance of hCNT3 in pancreatic cancer is of clinical and pharmacological significance due to its ability to transport a large variety of nucleoside-derived drugs such as valacyclovir for viral infections and more importantly gemcitabine for solid tumors. Due to this, it is identified as a crucial mediator of drug response and the development of resistance to anti-cancer drugs[46]. 
The aberrant expression of hCNT3 has been observed in various pancreatic tumors and pancreatic cancer cell lines. More specifically, a decrease in expression is observed which has been correlated with increased gemcitabine cytotoxicity[45]. Furthermore, uncharacterized polymorphisms of hCHT3 such as the nonsynonymous A25G mutation, have been associate with tumor response to drug toxicity and therapy in pancreatic cancer patients[24]. It has also been shown that hCNT3 expression in pancreatic tumors correlates with overall patient survival, with an increased expression of the transporter associated with a longer overall patient survival[45]. Recent studies investigating the mechanisms that regulate hCNT3 expression in tumor cells suggest that ErbB2 expression and epithelial to mesenchymal transition (EMT) have a negative impact on the regulation of transporter expression[47]. 
hCNT3 has been observed to have multiple advantages over other NTs capable of gemcitabine uptake, primarily as a potential therapeutic target for reducing resistance of toxic nucleoside analog treatments. Despite extensive research aimed at hENT1 as a therapeutic target for overcoming gemcitabine resistance in pancreatic cancer patients, Paproski et al identified an 8-fold uptake of gemcitabine in hCNT3 transfected cells with functional hENTs and 142-434-fold uptake in cells without hENT activity. The evidence suggesting that functional hENTs present in cells result in a decrease in gemcitabine uptake[23]. However, another study undertaken by Maréchal et al identified pancreatic cancer patients that presented with both high hENT1 and high hCNT3 expression had a 5-fold longer overall survival than those with one favorable prognostic factor and a 7-fold overall survival length than individuals with no favorable prognostic factors[26]. 

POSSIBLE STRATEGIES TO OVERCOME CHEMORESISTANCE
To date, several strategies aim at effectively treating pancreatic cancer and overcoming chemoresistance commonly seen in patients undertaking chemotherapeutic treatments. A variety of techniques and agents are currently or have previously been investigated for their effectiveness against not only pancreatic cancer, but also gastrointestinal, peritoneal, and respiratory mucous tumours[3,48]. 
Numerous target treatments have been investigated and evaluated either alone or in combination with chemotherapeutic agents for pancreatic cancer. Currently, the only targeted therapeutic agent to have statistically significant benefit for patient survival is the tyrosine kinase inhibitor (TKI) erlotinib in combination with gemcitabine with a 2-week mean survival benefit over gemcitabine as a single agent. Though promising, erlotinib is clinically marginal and further investigations are required[48,49].
Other investigated drugs include multikinase inhibitors exhibiting antiangiogenic activity like axitinib, sunitinib and sorafenib and antiangiogenic drugs including vascular endothelial growth factor (VEGF) inhibitors aflibercept and bevacizumab. Recently, compounds targeting signalling cascades such as the multikinase inhibitor masitinib67, phosphoinositide 3-kinase inhibitor rigosertib, and anti-insulin-like growth factor 1 receptor antibodies cixutumumab65,66 and ganitumab have been investigated in combination with gemcitabine. Regrettably, these agents have shown no improvement in patient survival, they have however, provided insight into the cause of futility, with the dense stroma surrounding pancreatic cancer cells speculated to be a key contributor[48,50]. 
The microenvironment of pancreatic tumours is composed of fibrotic stroma including inflammatory cells, fibroblasts, nerve cells, blood vessels, hyaluronan, fibronectin, and collagen. The theory of targeting the stroma of pancreatic tumours to enhance the effectiveness of chemotherapeutic drugs is of great interest. It is hypothesised that due to the poor vascularization and deposition of extracellular matrix component causes increased hydrostatic pressure and stiffness resulting in a barrier of drug uptake. Currently investigated treatments included calcipotriol for the inactivation of pancreatic stellate cells (PSCs), smoothened homologue inhibitor IPI-926 for the inhibition of collagen deposition and myofibroblast growth and finally evofosfamide which inhibits DNA replication. As seen with other therapeutic treatments, agents attacking the stroma are still in the early stages of investigation and more work is required[48,50]. 

POSSIBLE STRATEGIES TO ENHANCE NUCLEOSIDE TRANSPORTERS
To date, no viable agents specifically targeting nucleoside transporters in relation to chemoresistance has been developed. Though in vivo investigations into the upregulation of hCNT1 expression have shown promising results, the clinical application of these techniques is not yet applicable[51,52]. Although, it has been hypothesised that the overexpression of selected mucins in pancreatic cancer is a contributing factor to nucleoside transporter efficacy and therefore chemoresistance[53]. This mucin overexpression results in the production of a thick, mucinous physical barrier between cancer cells and the extracellular matrix, thus inhibiting the ability of intracellular drug uptake via nucleoside transporters and affecting the drugs cytotoxicity. Due to this, several agents have been investigated for their mucolytic properties[42,53].
Much of this research has focused on agents that involve the immune system, such as adoptive immunotherapy, oncolytic viral therapy, peptide vaccines to enhance the cytotoxic T cell or T helper cell response, or specific antibodies. These techniques have shown promising results for patients with metastasised disease, when implemented in pre-clinical as well as early-stage clinical trials. However, many of these approaches are limited in their targeting abilities and have only been examined in small patient cohorts[2,3]. 
Another avenue readily investigated is gene editing technology specifically targeting the mechanisms that have been identified as contributors of disease progression. These methods can include transfection of cells, silencing, and upregulating genes via gene promotors, and at the transcriptional level, targeting epigenetic regulation. It is important to note, despite the promising results obtained in vitro and in early clinical stages for these treatments, there are issues surrounding the effectiveness of treatment delivery in vivo. Due to this, further research is required on the feasibilities of implementing these treatments to patients[2,3,54].
A variety of micro RNAs (miRs), pharmacological and natural agents have also been investigated for their ability to limit pancreatic cancer progression by specifically targeting and downregulating well known mucins such as MUC1 and MUC4[54,55].
miRs are small noncoding RNAs that occur naturally, functioning in gene regulation and have been identified as possible regulators of mucin expression in pancreatic cancer. Four key miRs have been investigated and provided positive results, those being, miR-Let-7b, miR-150, miR-219-1-3p, and miR-200c. All mentioned miRs have been found to downregulate MUC4 expression, miR-150 directly targets MUC4 resulting in inhibition and is therefore a MUC4-regulating miR. Despite the promising effect of miRs in regulating mucins, there are minimal studies aimed at assessing their viability against established pancreatic tumors in vivo and further studies are required prior to clinical application[36,56-58]. 
Regarding pharmacological agents, the modulation of mucins, specifically MUC4, is achieved through anti-inflammatory drugs, corticosteroids. Key investigated corticosteroids include dexamethasone, as well as afatinib and canertinib, two pan-EGFR family inhibitors. These agents had various levels of effectiveness with dexamethasone providing variable modulation results, while afatinib and canertinib resulted in the downregulation of MUC4 expression. Interestingly, canertinib, unlike afatinib, is an irreversible inhibitor and treatment resulted in not only downregulation of MUC4, but also reduction in tumor growth. Though promising, the variable effects due to corticosteroids not only on mucins, but other mechanisms of disease have limited the possibility of clinical application[54,59,60].
Natural agents are of great significance in the treatment of pancreatic cancer due to their ability to target inflammation signaling pathways and regulate the expression of mucins. Several of these agents have been identified as possible pancreatic cancer treatments, including, Thymoquinone, Guggulsterone, Graviola extract, Bromelain and N-acetylcysteine.
Guggulsterone is a phytosteroid derived from the resin of Commiphora Mukul plants. Historically, it has been utilized for the treatment of atherosclerosis, hyperlipidemia, diabetes, hypertension, and obesity. More recently, it has been investigated for its anti-proliferative activity, ability to induce apoptosis and inhibit cell invasion and motility in various tumor types whether in vitro or vivo. Furthermore, Guggulsterone has shown a synergistic effect with gemcitabine against pancreatic cancer, as well as the reversal of multidrug resistance in breast cancer cell lines. In addition to its anti-tumor properties, Guggulsterone has been identified to decrease the activation of STAT/JAK pathways, downregulating MUC4 as a result. Accounting for all the possible benefits of Guggulsterone it is an attractive agent for clinical application in combination with Gemcitabine against pancreatic cancer[54,61].
Thymoquinone is a bioactive constitute derived from black seed oil (Nigella sativa). It has previously been identified as having several promising pharmacological properties against diseases due to its anti-inflammatory, antioxidant, and anticancer activities. More recently, it has been shown to exhibit antineoplastic properties against pancreatic cancer cell lines FG/ COLO357 and CD18/HPAF. Treatment with Thymoquinone against these cell lines resulted in the downregulation of MUC4 resulting in the increased apoptosis and decrease of migration of tumor cells. The downregulation of MUC4 results in the activation of c-Jun-(NH2)-terminal kinase and p38 MAP kinase, thereby implicating MUC4 as a key target of Thymoquinone. As seen with other natural agents, synergistic effects have been observed both in vitro and vivo with Thymoquinone and chemotherapeutic agents, specifically, Gemcitabine and Oxaliplatin[54,62,63]
Annona muricata (Graviola) evergreen trees are the source of medicinal treatment for inflammatory conditions such as insomnia, hypertension, rheumatism, diabetes, and neuralgia. Within the last decade, investigations into the effect of extracted graviola on pancreatic cancer cell lines have been undertaken in vitro and vivo. It has been identified that graviola downregulated genes associated with glycolysis and hypoxia, and more importantly, downregulated MUC4, while exhibiting antimetastatic and antiproliferative effects[54,64]. Interestingly, graviola has been shown effective in destroying chemoresistant breast cancer cells[65]. This study indicating graviola to be an attractive agent of investigation for chemoresistant cancer cells. 
Bromelain is a cysteine proteolytic enzyme extracted from the stem of immature pineapple plants (Ananas comosus). The enzyme is well known for its anti-inflammatory and mucolytic properties as well as its uses for relief of indigestion, thrombosis, fevers, wound debridement, and edema. Bromelain was originally utilised for its anti-cancer properties in ovarian and breast cancer, with clinical trials of administration resulting in a decrease of metastasis and the resolution of tumour masses. When administered in combination treatments with chemotherapeutic agents such as 5-FU greater patient outcomes and further tumour regression has been observed[66]. Interestingly, bromelain has been recently investigated for its proteolytic properties, specifically its ability to target and disrupt glycosidic linkages in mucins resulting in the disruption of the protective mucolytic layer. The disruption of mucolytic layers produced by mucins on cancerous cells enables the effective uptake of cytotoxic drugs into cells resulting in better patient survival[3,53,66].
N-acetyl cystine (NAC) is a sulphur containing amino acid that is commonly used for the treatment of acetaminophen toxicity and to liquify the thick mucus formed in respiratory diseases such as chronic obstructive pulmonary disorder (COPD) and cystic fibrosis[66]. Due to its chemical composition, NAC holds the ability to reduce disulphide bonds (S-S) to sulphydryl (S-H) bonds in glycoproteins and therefore convert purulent and viscous mucin into an aqueous state resulting in ciliary elimination in the respiratory system[66]. 
A further strategy for overcoming chemoresistance and increasing patient survival is combination therapy with chemotherapeutic and mucolytic agent. Two natural agents have been identified as effective against mucous cancers when combined, those being bromelain and NAC[67].
Recently, studies into the efficiency of these agents as single agents, in combination with each other and in combination with gemcitabine and 5-FU against pancreatic cancer cell lines has been investigate with promising results[53]. This can present beneficial outcomes for clinical application due to the ease of application as well as a reduction in required chemotherapeutic doses therefore reduced toxicity when compared to currently utilised chemotherapeutic drugs[3,53].
The combination of bromelain and NAC has been shown to have a synergistic cytotoxic effect against several tumour types. It is known that late-stage pancreatic tumours express high amounts of MUC1, MUC4, MUC16 which have been associated with invasiveness, cellular proliferation, metastasis and chemoresistance. Previous studies have shown that a bromelain and NAC combination treatment resulted in the reduction of mucin expression both in vitro and vivo[53,68]. Recent in vivo investigations into combination therapy of bromelain and NAC with the addition of cytotoxic agents such as gemcitabine resulted in observed synergism and introduce the possibility of reducing the clinical cytotoxic dosage required for treatment and therefore reducing side effects that commonly present with high dose treatments[53]. It is thought that the combination of bromelain and NAC will disrupt the glycosylic linkages and disulphate bonds within mucins allowing for gemcitabine to effectively enter the cells via nucleoside transporters resulting in its ability to incite its cytotoxic effect[53]. 

CONCLUSION
Pancreatic cancer is a deadly disease with a high mortality rate attributed to late tumour detection, disease aggressiveness and chemoresistance. Although predicted to be the second leading cause of cancer associated mortality within the next 10 years, steady progress has been achieved in determining the mechanisms that contributes to the poor progression of the disease, which, in turn contributes to the development of diagnostic and therapeutic targets. 
One of these mechanisms has been identified as human nucleoside transporters, namely for their importance in the transportation of chemotherapeutic drugs into diseased cells along with their contribution to acquired chemoresistance. Primarily, investigations have been undertaken on the nucleoside transporters hENT1, hENT2, hCNT1, and hCNT3, namely due to their ability to transport the nucleoside analogue gemcitabine, however, more research is needed to evaluate their use not only as diagnostic markers but as therapeutic targets. 
The expression of nucleoside transporter proteins has been shown to be adverse in pancreatic cancer cells, with decreased protein expression correlating with not only reductions in progression and disease-free patient survival but also an increase in acquired chemoresistance. The lack or inability of nucleoside transporter proteins to facilitate the uptake of chemotherapeutic drugs has been identified as a contributor of gemcitabine chemoresistance and although the majority of research has been focused on hENT1, all examine nucleoside transporters have exhibited this correlation. 
There have been several suggestions on overcoming the factors contributing to nucleoside transport related chemoresistance, with treatment options such as mucins being of great interest. Specific mucins have been shown to be overexpressed in pancreatic cancer cells and new combination treatment therapies, such as bromelain + NAC + gemcitabine, targeting the linkages seen in mucins expose the encased nucleoside transporters, allowing for the uptake of cytotoxic drugs which is advantageous for several reasons. The two main benefits being increased drug uptake, and reduction of required cytotoxic dose although further research of this strategy for not only the treatment of pancreatic cancer but also overcoming chemoresistance is required. 
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Figure Legends
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Figure 1 Pancreatic cancer progression beginning with normal pancreatic ductal cells which express MUC1, MUC5AB, MUC6, MUC17, and MUC20. Pancreatic ductal cells progress to hyperplasia (PanIN21A/1B) with columnar cells, followed by dysplasia (PanIN2) with a loss of polarity, papillary and finally In-situ carcinoma (PanIN3) with a loss in cell polarity, papillary, budding off and mitosis. An increased expression of MUC1, MUC6, MUC16 and neoexpression of MUC3, MUC4, and MUC5AC can be seen in pancreatic intraepithelial neoplasia’s. Pancreatic ductal cells also progress into MCN which has an increased expression of MUC1 and the neoexpression of MUC2 and MUC5AC. Early Kras mutation as well as late SMAD4 and TP53 inactivation is seen in both PanIN and MCN. Finally pancreatic ductal cells can progress into IPMN which are mucin producing neoplasms that present with an increased expression of MUC1 and MUC6 as well as neoexpression of MUC2, MUC4 and MUC5AC. IPMN also presents with a Kras mutation and the inactivation of TP53 and P16/CDKN2A. IPMN and MCN further progress to adenocarcinoma where MUC1, and MUC6 expression is increased and MUC3, MUC4, MUC5AC, MUC5AB, MUC7, MUC13, MUC16 and MUC17 are neoexpressed[2-4,68]. IPMN: Intraductal papillary mucinous neoplasm; PanIN: Pancreatic intraepithelial neoplasia; MCN: Mucinous cystic neoplasm.
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Figure 2 Schematic representation of Gemcitabine transport, metabolism, intracellular activation, and deactivation. Gemcitabine (dFdC) is transported into the cell by nucleoside transporters: human equilibrative nucleoside transporter (hENT) human concentrative nucleoside transporter (hCNT) and is then catalysed by deoxycytidine kinase (dCK), which results in gemcitabine monophosphate (dFdCMP). It is then phosphorylated by nucleotide monophosphate kinase (NMPK) to gemcitabine diphosphate (dFdCDP). Finally, it is phosphorylated into gemcitabine triphosphate (dFdCTP) by nucleoside-diphosphate kinase (NDPK). Once metabolism is completed, gemcitabine enters the DNA resulting in the inhibition of DNA repair and replication. Gemcitabine or its phosphorylated metabolites are finally exported into the extracellular matrix by multidrug resistance protein 5 (MRP5)[22,26,27,41,69]. RRM1: Ribonucleotide reductase; CDA: Cytidine deaminase; DCTD: Deoxycytidylate deaminase; NDP: Nucleotide diphosphate.

Table 1 The current chemotherapeutic and chemoprotectant agents used to treat pancreatic cancer, their classification, action, and chemical structure
	Drug
	Classification
	Action
	Structure

	Gemcitabine (Gemzar)
	Antimetabolite
	Pyrimidine antagonist

	[image: ]

	Doxorubicin (Rubex)
	Anthracycline Antibiotic
	Cell-cycle specific antagonist
	[image: ]

	Fluorouracil (5-FU)
	Antimetabolite
	Pyrimidine antagonist

	[image: ]

	Paclitaxel (Abraxane)
	Plant alkaloid, Taxane,
Antimircotubule 
	Inhibition of cell microtubule structures
	[image: ]

	Oxaliplatin (Eloxatin)
	Alkylating agent
	Cell-cycle 
non-specific antagonist
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	Leucovorin (Folinic acid)
	Chemoprotectant
	Enhancement 
anti-cancer effects
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	Irinotecan (Camptosar)
	Plant alkaloid,
Topoisomerase I inhibitor
	Camptothecan analogs
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	Erlotinib (Tarceva)
	Tyrosine kinase inhibitor
	Ant-EGFR
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	Cetuximab (Erbitux)
	Biologic
	Anti-EGFR
	Monoclonal antibodies

	Bevacizumab (Avastin)
	Biologic
	Anti-VEGF
	Monoclonal antibodies


Citation: National Center for Biotechnology Information, 2021 [cited 12 April 2021]. Database: PubChem Compound Summary [Internet]. Available from: https://pubchem.ncbi.nlm.nih.gov/compound/Gemcitabine[70,71].

Table 2 The mechanisms, efficacy, toxicity, affinity, and disadvantages of human nucleoside transporters
	Transporter
	Mechanisms of action
	Efficacy, toxicity, and affinity
	Known disadvantages
	Ref.

	hENT1 (SLC29A1)

	Nucleoside-derived anticancer drug update.
Antiviral drug uptake.
Cellular uptake of nucleosides for RNA or DNA synthesis.
Adenosine signalling. 

	Clear correlation between the efficacy of nucleoside analog chemotherapeutic treatment and expression of hENT1. Increase in chemotherapeutic drug efficacy with an increase in transporter expression.
Highly sensitive to NBMPR, draflazine, dilazep, and dipyridamole.
Increase in cell toxicity with an increase in transporter expression.
Highest affinity for gemcitabine uptake.
	Mutations in the SLC29A1 gene associated with Faisalabad histiocytosis, pigmented hypertrichosis including insulin dependent diabetes, and H syndrome.
Select variants of the gene highly immunogenic, may result in haemolytic disease of newborns and foetus as well as acute haemolytic transfusion reaction. 
	[72-77]

	hENT2 (SLC29A2)
	Nucleoside-derived anticancer drug update.
Antiviral drug uptake
Mediates the influx and efflux of pyrimidine and purine nucleosides as well as the purine base hypoxanthine.
Transport’s bile salts, metal ions, organic acids, amine compounds,
glucose and other sugars. 
	Although identified to transport gemcitabine into cells, it is less effective than hENT1 at cytotoxic drug uptake. 
Minimally sensitive to inhibition via NBMPR, draflazine, dilazep, and dipyridamole.
Higher affinity for nucleobases when compared to hENT1


	Mutations in the SLC29A2 gene associated with familial and Histiocytosis-Lymphadenopathy Plus Syndrome and hepatic Adenomas.
Dysregulation may result in have adverse effects on cell homeostasis and possibly contribute to tumour progression.

	[33,37,38,40,78]

	hCNT1 (SLC28A1)
	Transport’s bile salts, metal ions, organic acids, amine compounds, 
glucose and other sugars. 
Transport’s nucleosides, related molecules, and vitamins. 
Nucleoside binding. 
Nucleoside sodium symporter activity. 
Nucleoside-derived anticancer drug update. 
Antiviral pyrimidine nucleoside analog drug uptake.
	Minimally effective at cytotoxic drug uptake.  Expression is negatively regulated by MUC4 in gemcitabine resistant pancreatic cancer cells.  Has a selective inhibition for thymidine, adenosine, uridine, inosine, guanosine, and cytidine.

	Mutations in the SLC28A1 gene are associated with Uridine-Cytidineuria disease.  
Overexpression of protein may result in translocation of pyrimidine alone, resulting in modifications of cell physiology.
	[16,45,51,79]

	hCNT3 (SLC28A3)
	Regulates cellular processes, such as 
vascular tone, neurotransmission, surface receptors, the concentration of adenosine in the vicinity of cell as well as transport, and finally the metabolism of nucleoside drugs. 
hCNT3 has a broad specificity for pyrimidine and purine nucleosides
	Clear correlation between hCNT3 downregulation and gemcitabine toxicity. 

	Mutations in the SLC28A3 gene results in the altered sensitivity to the compound BMS-536924.
	[80-82]


hENT1/2: Human equilibrative nucleoside transporter 1/2; hCNT1/3: Human concentrative nucleoside transporter 1/3.
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