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Abstract

:

Simple Summary


Pancreatic ductal adenocarcinoma (PDAC) is a particularly aggressive and deadly cancer, primarily due to failure to identify early-stage disease. PDAC is often diagnosed at a late stage due to nonspecific symptoms, and a distinct lack of reliable biomarkers for timely diagnosis. Current PDAC biomarkers are inadequate for the monitoring of a patient’s response to treatment. The aim of this review is to highlight the potential use of circulating nucleic acid-based biomarkers, along with technology facilitating their detection, in liquid biopsies. These biomarkers primarily focus on the detection of PDAC-specific genetic mutations, both freely circulating and contained within exosomes.




Abstract


Despite considerable advancements in the clinical management of PDAC it remains a significant cause of mortality. PDAC is often diagnosed at advanced stages due to vague symptoms associated with early-stage disease and a lack of reliable diagnostic biomarkers. Late diagnosis results in a high proportion of cases being ineligible for surgical resection, the only potentially curative therapy for PDAC. Furthermore, a lack of prognostic biomarkers impedes clinician’s ability to properly assess the efficacy of therapeutic interventions. Advances in our ability to detect circulating nucleic acids allows for the advent of novel biomarkers for PDAC. Tumor derived circulating and exosomal nucleic acids allow for the detection of PDAC-specific mutations through a non-invasive blood sample. Such biomarkers could expand upon the currently limited repertoire of tests available. This review outlines recent developments in the use of molecular techniques for the detection of these nucleic acids and their potential roles, alongside current techniques, in the diagnosis, prognosis and therapeutic governance of PDAC.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) is currently the seventh leading cause of cancer-related death in the world [1]. It is projected to become the second most common cause of cancer-related death by 2030 [2]. The significant mortality rate associated with PDAC is largely due to an inability to detect early stage PDAC; currently only 15–20% of patients have operable tumors at the time of diagnosis. Despite significant improvements in therapeutic options available for PDAC, patient outcomes remain unsatisfactory, with the 5-year survival rate at only 9% [1,3]. Additionally, many patients experience prompt disease recurrence post-surgery [4]. This failure of treatment is caused, in part, by acquired chemoresistance [5]. Chemoresistance in PDAC involves a multitude of factors such as altered gene expression (e.g., KRAS, CCND1, and BCL2) and characteristics including enhanced epithelial–mesenchymal transition (EMT). Another hallmark of PDAC pathophysiology is the dense desmoplastic tumor microenvironment (TME) that consists of stromal and immune regulatory cells. The effects of the TME on key tumorigenic mechanisms such as malignancy, disease progression and drug resistance are caused by the excessive synthesis of extracellular matrix (through key components such as fibronectin and hyaluronic acid), and also infiltration of pro- and anti-inflammatory cells, such as tumor-associated macrophages and T-lymphocytes [6,7].



MicroRNAs (miRNAs) are small (18–22 nt), endogenous non-coding RNAs that regulate protein output through post-transcriptional modulation [8]. miRNAs alter mRNA expression primarily through binding to the 3′-UTR of their targets resulting in the inhibition of translation or promoting mRNA degradation [9]. Aberrant expression of miRNAs arises in malignant cells due to mutations in miRNA-encoding genes, epigenetic mechanisms and dysfunctional miRNA processing [10]. miRNAs are associated with various tumorigenic mechanisms such as cell cycle control, invasion, metastasis, and chemoresistance [11]. Evidence supporting the role of epigenetic alterations, including miRNA modulation, in PDAC pathogenesis is ever growing. Abnormal miRNA expression contributes to PDAC development through facilitating oncogene expression, such as miR-217 expression influencing AKT, or inhibiting tumor suppressors, as seen through the overexpression of miR-15a down-regulating WNT3A [12]. miRNAs can also be secreted into extracellular fluids and circulate freely, or via vesicles such as exosomes (Figure 1) [9]. Circulating miRNAs are attractive prospects for biomarkers due to their stability and ease of collection through a simple blood sample [13].



Advances in molecular techniques have facilitated the advent of novel nucleic acid biomarkers, over traditional protein-based markers, which can detect PDAC earlier and better inform clinicians with regard to altering patient treatment strategies, which would significantly increase survival time and reduce unnecessary toxicity (summarized in Table 1). Such advances include Droplet Digital PCR (ddPCR) [14]. Similar to real-time polymerase chain reaction (qPCR), ddPCR employs enzymatic amplification of a nucleic acid template in a primer/probe format. The primary differences between conventional qPCR and ddPCR are the separation of the individual PCR reactions into thousands of oil-enclosed droplets before amplification occurs, and the assignment of a positive/negative end-point threshold for each reaction, thereby allowing for the quantification of nucleic acids independent of PCR efficiency. The differences allow for direct and independent quantification of nucleic acids with greater precision and reproducibility in samples with extremely low target molecules, when compared with traditional qPCR [15]. This ability to detect genetic material at low concentrations enables the detection of mutations in tumor-released nucleic acids in circulation, despite the fact that these nucleic acids represent a small proportion of the total circulating genetic material (such as genomic and mitochondrial DNA). An alternative technique used for the detection of nucleic acid biomarkers is next-generation sequencing (NGS). NGS are new technologies that allow for DNA/RNA sequencing and mutation detection [16]. A variety of NGS platforms exist, utilizing different sequencing technologies; however, all platforms sequence millions of fragments of nucleic acid, with the resultant data produced analyzed using sophisticated bioinformatic pipelines. NGS begins with nucleic acid fragmentation, via mechanical or enzymatic methods, and subsequent isolation through labelling with specific complementary probes. PCR-based amplification can be performed on targeted DNA segments, with the resultant products used for library preparation. Library preparation involves the addition of adaptor molecules to the DNA fragments, which facilitates their attachment to the flow cell/chip on sequencing and also indexing for sample identification in multiplex assays. Sequencing principles vary between methods, such as the Illumina NGS which measures the emission of fluorescent tagged nucleotides as they are added to a template strand (sequencing by synthesis), or the Ion Torrent NGS which individually loads nucleotides to the strand and measures the release of a hydrogen ion when a nucleotide is incorporated (semiconductor sequencing) [17,18]. Regardless of the technique employed, the resultant data are compared to a reference genome for mutation/variant identification and sequence segments are amalgamated to generate sequencing results for the full length target DNA [16]. NGS allows for highly sensitive and accurate processing of circulating nucleic acids for high throughput detection of both hotspot and unknown mutations [19].



With such rapid advancements in the field of molecular diagnostics and the use of liquid biopsies, combined with a critical need for an improvement in the diagnostic capabilities for PDAC, a comprehensive review comparing and contrasting the various potential circulating nucleic acid biomarkers, with critical analysis of their clinical applications, is highly warranted. Novel biomarkers identified must provide relevant clinical use, with a significant gap currently existing between biomarker discovery and clinical utility [33].




2. Protein Biomarkers in PDAC


Carbohydrate Antigen 19-9 (CA 19-9) is synthesized at low levels in the pancreas and biliary tract, with normal circulating CA 19-9 levels of 0–37 U/mL [34,35]. An increase in expression outside this range is often associated with PDAC, with increasing CA 19-9 levels correlating with advanced stages [36]. CA 19-9 is currently the only biomarker approved by the National Comprehensive Cancer Network (NCCN) for use in the diagnosis and monitoring of PDAC [37]. Despite this, it has several significant limitations such as moderate sensitivity and specificity at an estimated 79% and 82%, respectively [38]. Additionally, approximately 5%–10% of the population is Lewis blood group negative and so secrete little to no CA 19-9 rendering this biomarker obsolete in these patients [39]. CA 19-9 is also elevated in various other conditions such as chronic pancreatitis and obstructive jaundice, which are included in the differential diagnosis of PDAC and so may cause difficulty during investigations [38]. CA 19-9 is also an unsuitable biomarker for screening purposes due to its poor positive predictive value (PPV) of approximately 0.9%, indicating it does not perform well in identifying PDAC in an asymptomatic population [40]. Furthermore, CA 19-9 has been shown to be ineffective in identifying small tumors (<3 cm) and cannot distinguish between PDAC and precursor lesions such as intraductal papillary mucinous neoplasms (IPMNs), which are also associated with elevated serum CA 19-9 levels [38,41,42].



Carcinoembryonic antigen (CEA) is the second most commonly used serum biomarker for the clinical diagnosis of PDAC; however, it is not recommended by the NCCN guidelines [43]. CEA is a fetal glycoprotein generally produced at insignificant quantities after birth; however, its secretion is associated with a variety of pathological conditions, including PDAC [44]. A meta-analysis of CEA’s performance as a biomarker in detecting PDAC found a relatively poor estimated sensitivity of 54%, and a specificity of 79% [45]. Elevated preoperative CEA (>4.45 ng/mL) in patients with known PDAC was found to be associated with earlier disease recurrence [46].



Cancer antigen 125 (CA-125) is an antigenic tumor marker most commonly associated with epithelial ovarian neoplasms, however it has also been found to be elevated in PDAC, with expression increasing throughout disease progression [47,48]. Lou et al., found CA-125 to be a superior biomarker in predicting patients’ eligibility for surgical resection than CA 19-9 (Sensitivity 79%, specificity 71%) [49]. An elevated CA-125 (<18.6 U/mL) was found to be a significant risk predictor of poor overall survival (OS) and disease-free survival (DFS) in preoperative PDAC patients [50].




3. KRAS Mutations in Cell Free DNA in Combination with Protein Biomarkers as a Diagnostic Panel


Cohen et al. investigated the use of a protein biomarker panel in combination with circulating tumor DNA (ctDNA) tests for the KRAS mutation in order to detect early stage PDAC [24]. PDAC is characterized by an accumulation of various genetic mutations, however the driving force in progression from early precancerous lesions (PanIN) to advanced disease are mutations in the KRAS oncogene. Oncogenic KRAS is identified in nearly 100% of PDAC patients where it confers constitutive activation of the KRAS protein, with downstream effects in cellular proliferation, migration and chemotherapy resistance [51]. Most mutations (70%–95%) occur in codon 12 of exon 2, resulting most commonly in the conversion of wild-type glycine (GGT) to aspartic acid (GAT) (40%), valine (GTT) (33%), or arginine (CGT) (15%). Point mutations can also occur, albeit less frequently, in codon 61 of exon 3, codon 13 of exon 2, and codon 117 and 146 of exon 4 [52]. These point mutations result in the inactivation of GTPase enzymes and thus constitutive Ras signaling, which promotes the activity of various downstream cascades; most commonly through RAF/MAPK, ERK1/2, PI3K, and Akt [6,53]. Mutant KRAS playing a major role in disease progression highlights it as an auspicious biomarker for PDAC. CA 19-9, while inadequate as a lone marker for diagnosing PDAC, may find utility in a panel for the early diagnosis of PDAC. A relatively high threshold for CA 19-9 PDAC positivity (100 U/mL) was chosen in order to facilitate its use for screening in a healthy population, where levels this high are seldom found. Twenty-nine protein biomarkers were subsequently evaluated for potential use in screening for pancreatic cancer, of those 29 biomarkers, five were found to be elevated in PDAC: carcinoembryonic antigen (CEA), hepatocyte growth factor (HGF), osteopontin (OPN), midkine, and prolactin. Midkine and prolactin were excluded from further analysis as they were found to be falsely elevated by anesthesia. Positive thresholds for the remaining three proteins (CEA, HGF, and OPN) were determined by 10% higher than the maximum value detected in the healthy control cohort. ctDNA can be single or double-stranded DNA which is released by tumor cells into circulation (Figure 1). Often tissue biopsies fail to capture the heterogeneity of potential mutations/biomarkers as they are not present uniformly in a tumor. As ctDNA is released directly by the tumor cells, they harbor identical mutations to the releasing cells, and thus can better represent the diversity of tumors [54]. A PCR-based “Safe-Sequencing System” (Safe-SeqS) was used to assess ctDNA for KRAS mutations at codon 12 exon 2 (p.G12A,c.35G>C; p.G12C,c34G>A; p.G12D,c.35G>A; p.G12V,c.35G>T), and codon 61 exon 3 (p.Q61H,c.138A>C; p.Q61H,c.138A>T), the two most common disease-associated variants. KRAS mutations were observed in 30% of PDAC cases, with greater frequency in stage II cases with larger tumors (Table 1) [24]. These observations support the findings of Mohan et al. where somatic KRAS mutations were observed in 25% of locally advanced disease using ddPCR; however, the detection rate was substantially increased through NGS analysis of an additional 640 cancer associated genes to 50% in locally advanced disease [28]. On average 5.3 mutant templates per milliliter of plasma was detected, highlighting the need for extremely sensitive techniques for detecting KRAS in ctDNA [24]. Perfect concordance between the mutation identified in patient’s plasma and that found in the primary tumor was observed. The protein biomarkers individually all displayed reduced sensitivity compared to KRAS ctDNA analysis alone, but demonstrated 100% specificity in the independent test cohort. A combination of KRAS ctDNA, CA 19-9, CEA, HGF, and OPN demonstrated a specificity of 99.5% and a sensitivity of 64%. Of patients in this study with PDAC that demonstrated no typical symptoms, this combination assay of ctDNA and protein biomarkers identified 60% of positive cases. Only early stage PDAC patients were included in this study as these patients would benefit the most from a screening program that could identify PDAC, i.e., in resectable disease, however this undoubtedly decreased the apparent sensitivity of this combination assay as both ctDNA and protein biomarkers have been shown to be increasingly elevated in late stage disease [24]. A screening panel of biomarkers such as this could be used in high-risk groups which are associated with increased incidence of PDAC such as new-onset diabetes or obesity. Allenson et al. demonstrated that in early stage disease, exosomal DNA analysis for KRAS mutations outperformed ctDNA, and so a future study substituting exosomal DNA analysis for ctDNA in a similar PDAC biomarker panel may improve its sensitivity [23]. An important caveat to this screening panel was that it was only employed in discriminating PDAC from healthy controls, its efficacy in differentiating PDAC from other pancreaticobiliary diseases such as chronic pancreatitis should also be evaluated, as these conditions also often result in increased levels of CA 19-9 [38]. Incidentally, many of these conditions are symptomatic and so this may also aid in differentiating them from PDAC.




4. miRNA as a Diagnostic Biomarker in Early-Stage Disease


Vila-Navarro et al. investigated a potential role for miRNAs in detecting PDAC [30]. Genome-wide profiling identified 607 significantly dysregulated miRNAs in PDAC samples, in addition to 396 miRNAs that were deregulated in IPMNs, which are potentially precancerous lesions. These data highlight the vast diversity between miRNA expression profiles in PDAC and healthy tissue. Interestingly 325 of the 396 miRNAs deregulated in IPMNs are common between the precursor lesions and PDAC. This indicates that abnormal miRNA expression begins early in the development of PDAC and could therefore be a significant driving factor. Of note is the fact that the majority of PDAC cases used in the generation of this PDAC miRNA profile were in the early stages (I and II) of development, further highlighting the early role of miRNA deregulation in PDAC. In endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) samples, a cohort of 13 of these miRNAs (miR-93, miR-16, miR-548d-3p, miR-320a, miR4468, miR-3120–3p, miR-4713–5p, miR-103a, miR-155, miR4770, miR-181a, miR-221, and miR-151b) demonstrated the ability to discriminate PDAC from healthy controls with an area under the curve (AUC) of over 0.9 (Table 1) [30]. In fact, miR-93 alone demonstrated an AUC of 0.995 (95% CI 1.00–0.99), highlighting its significant potential as a biomarker for the differentiation of PDAC from normal pancreatic tissue. An important note however is that plasma miR-93 is also upregulated in type 2 diabetic retinopathy patients, as identified by Zou et al. [55]. As type 2 diabetes is a significant risk factor for PDAC, this could potentially limit the use of miR-93 alone in this particular cohort of patients and may be more appropriate for inclusion in a diagnostic panel. A panel of 5 miRNAs (miR-103a, miR-155, miR-181a, miR-181b, and miR-93) were able to identify IPMNs from controls with an AUC over 0.9 (Table 1) [30]. miR-103a, miR181a and miR-93 were also found to be significantly upregulated (3.43-, 2.57-, 3.79-fold change, respectively) in the serum of patients with IPMNs compared to controls in a separate study [56]. IPMNs demonstrate considerable ability to progress into PDAC, therefore the identification of a biomarker to differentiate them from normal pancreatic tissue would be a valuable addition to current diagnostic panels, allowing for early monitoring of high-risk patients.



An investigation into the use of circulating miRNA as a potential diagnostic tool for detecting early stage PDAC in plasma samples yielded promising results [32]. miRNA profiling of 136 stage II PDAC cases and 73 controls, identified three significantly deregulated miRNAs (miR-34a-5p, miR-130a-3p, and miR-222-3p) in PDAC cases compared to controls. While the three identified miRNAs did not outperform CA 19-9 using Receiver Operating Characteristic (ROC) analysis, a combination of each miRNA with CA 19-9 improved upon CA 19-9s AUC from 0.89 (95% CI, 0.81–0.95) alone to 0.92 (95% CI, 0.86–0.97), 0.94 (95% CI, 0.89–0.98), and 0.92 (95% CI, 0.87–0.97), respectively (Table 1). miR-34a’s link to PDAC has been previously identified, with downregulation of miR-34a being associated with an increase in metastatic characteristics such as invasion, angiogenesis, and migration through signaling pathways such as Notch1 and JAK2/STAT3 [57,58]. Similarly, both miR-34a-5p and miR-130a-3p were identified as promotors of PDAC progression via PI3K/AKT signaling resulting in mesenchymal-to-epithelial transition (MET); the post-EMT retransition to an epithelial phenotype to allow anchorage of metastatic cells for colonization [59,60]. miR-222 has also been implicated in PDAC metastasis through AkT activation and p27 phosphorylation, which influences key processes such as cytoskeletal remodeling and cellular plasticity [61,62]. The identification of these miRNAs as potential biomarkers in early-stage PDAC is thus surprising given metastasis is more commonly associated with advanced disease. Determining if these biomarkers can predict metastasis may identify patients with early-stage disease at risk of developing metastatic disease and thus requiring an otherwise alternative or adjuvant therapeutic intervention, allowing for more targeted therapy in early-stage disease with increased probability of metastasis.




5. Potential of Exosomal miRNA as a PDAC Biomarker


An alternative approach in analyzing miRNA deregulation in PDAC is the evaluation of exosomal miRNA signatures in patient serum to identify PDAC. Exosomes are a membrane bound subtype of extracellular vesicle (alongside microvesicles and apoptotic bodies) that are secreted by a variety of cell types such as endothelial, epithelial, immune, and cancer cells (Figure 1) [63,64]. Importantly, studies have demonstrated that neoplastic cells produce greater volumes of exosomes than healthy tissues, indicating that isolation of these exosomes from circulation and subsequent analysis of exosomal content, such as miRNAs and genomic DNA, may prove to be valuable biomarkers [65]. In an in vitro study, Xu et al. identified significantly increased expression of exosomal miR-196a and miR-1246 secreted from pancreatic adenocarcinoma cells (PANC-1) compared to normal pancreatic epithelium (hTERT-HPNE) [21]. Furthermore, a cohort of patients with localized pancreatic cancer (stage I/IIa) demonstrated significantly elevated plasma exosomal miR-196a and miR-1246 compared to matched healthy controls. Receiver operating characteristic curves for miR-196a and miR-1246 in the diagnosis of localized pancreatic cancer demonstrated reasonable AUCs of 0.81 (95% CI 0.64, 0.97; p < 0.001) and 0.73 (95% CI 0.54, 0.92; p = 0.019) respectively (Table 1). Further analysis into the discriminatory power of the exosomal miRNAs indicate that miR-1246 is an exceptional marker for distinguishing IPMNs from healthy controls (p < 0.0001) and miR-196a is more suited for differentiating localized PDAC from controls (p = 0.0053). While this study identifies two promising miRNAs for future use as biomarkers in PDAC, their sensitivity and specificity must be improved for adoption into clinical use. Incorporating novel miRNA biomarkers such as these with alternative markers such as KRAS cell free/exosomal DNA and existing protein biomarkers such as CA 19-9 may allow for the formation of a diagnostic panel with improved discriminatory power.



An alternative approach was taken by Nakamura et al. where they analyzed pancreatic juice, rather than serum, for exosomal miRNA biomarkers for the detection of PDAC [20]. In cases where EUS-FNA is not advised due to risk of tumor cell transmission, cytological evaluation of tumor cells in the pancreatic juice can be performed via endoscopic retrograde pancreatography (ERP). In such cases, the pancreatic juice supernatant is discarded and only the cellular content is analyzed, however the pancreatic juice contains exosomes secreted by the tumor, which may contain valuable markers such as miRNAs. Exosomal miRNA levels in pancreatic juice for ex-miR-21 and ex-miR-155 were significantly higher in PDAC patients compared to chronic pancreatitis (p = 0.0006 and p = 0.008, respectively). Due to the invasive nature of EUS-FNA, no healthy controls were included in this study, further highlighting the benefit of a serum based liquid biopsies for screening purposes (Table 1). No such correlation was observed for free miR-21 or miR-155 (p = 0.08 and p = 0.61, respectively). In fact, when stored at 37 °C, physiological temperature for pancreatic juice, free miRNA was shown to decrease over time while exosomal miRNA did not, most likely due to the enclosed nature of the exosome conferring protection form RNases. The diagnostic capabilities of ex-miR-21 and ex-miR-155 were superior to that of CA 19-9 (AUC = 0.90 and 0.89 versus 0.68). In addition, ex-miR-21 and ex-miR-155 displayed greater accuracy in detecting PDAC compared to pancreatic juice cytology (ex-miR-21 = 83%, ex-miR-155 = 89%, PJC = 74%). A combined test of either ex-miR-21/ex-miR-155 and pancreatic juice cytology results in an impressive sensitivity of 93% and specificity of 88%. The primary limitation of analyzing exosomal miRNA in pancreatic juice as a biomarker for PDAC is the relatively invasive nature of the ERP procedure, which is far less convenient than the collection of a blood sample for analyzing circulating free miRNAs, and is associated with iatrogenic acute pancreatitis [66].




6. Exosomal Derived KRAS Mutations as a Diagnostic Biomarker


Similar to miRNA, exosomes also contain DNA exocytosed from the tumor cells. ddPCR analysis of exosomal DNA identified KRAS codon 12/13 mutations (lower limit for mutant allele frequencies at 0.01% considered positive) in 66.7%, 80%, and 85% of localized, locally advanced and metastatic PDAC patients’ serum respectively [23]. Exosomal KRAS status could predict disease progression with sensitivity and specificity of 75.4% and 92.6% respectively, with a positive exosomal KRAS result indicating an 8.17 times greater probability of having localized pancreatic cancer (Table 1). An important note however is the fact that a positive exosomal KRAS mutation was detected in 7.4% of healthy controls. For appropriate use of KRAS mutation status to be used as a diagnostic tool in PDAC, ‘background’ mutation rates must be better classified to allow for a lower limit of KRAS mutation allele frequency facilitating better discrimination of normal and oncogenic mutation rates. Interestingly, KRAS mutation status in healthy controls was positively associated with patient age, indicating a potential for detecting KRAS mutations in the premalignant stages of PDAC or an alternative malignancy also associated with KRAS mutagenesis, such as other adenocarcinomas of the lung or colon [23,67,68]. Localized PDAC patients stratified by an exosomal KRAS mutation allele frequency of <1% pre-surgery was associated with longer disease-free survival of patients at a median disease-free time of 441 days compared to only 127 days in patients sorted by a mutation allele frequency of >1%. These results indicate that exosomal KRAS status may be a potential biomarker to indicate the need for more aggressive adjuvant therapeutics, such as modified-FOLFIRINOX [69]. Interestingly, while only a minor statistically significant positive correlation was observed between KRAS mutation allele frequency and CA 19-9, no correlation was found between disease-free survival and CA 19-9, further highlighting its inadequacies as a biomarker in PDAC. Allenson et al. also investigated ctDNA in PDAC patient serum for KRAS mutations. Interestingly, strong concordance between KRAS detection in exosomal DNA and ctDNA was observed in late stage PDAC but in earlier stages of disease, exosomal DNA detected KRAS mutations at a higher rate. A possible explanation for this discrepancy is the fact that while exosomal DNA is released from tumor cells by endocytosis, ctDNA is released during apoptosis, which occurs at a higher rate in more advanced disease [23].




7. Circulating Nucleic Acids as Prognostic Biomarkers


A primary cause of the poor clinical outcomes associated with PDAC is the poor efficacy of treatment due to multi-drug resistance, however the use of predictive biomarkers to identify patient response to therapy and prognosis is not standardized. The use of circulating nucleic acids have been identified as promising potential prognostic biomarkers to enhance therapeutic performance. Bernard et al. investigated how KRAS mutation status in both ctDNA and exosomal DNA through ddPCR could be used as prognostic markers in PDAC through longitudinal monitoring [22]. KRAS mutations were identified in exosomal DNA at higher rates than ctDNA in both metastatic (61% versus 53%) and locally advanced diseases (38% versus 34%). Higher concordance of KRAS mutation status between liquid biopsy and surgically resected tumors was observed in exosomal DNA (95.5%) compared to ctDNA (68.2%). Exosomal KRAS mutant allele fraction was shown to be a predictive marker of candidates for surgical resection with an increase of exosomal KRAS MAF (Mutant Allele Frequency) at completion of neo-adjuvant therapy indicating a patient is not a suitable candidate for resection, and the inverse being true for patients with a reduction in exosomal KRAS MAF presenting as candidates for surgical resection (odds ratio 38.4, p = 0.0002) (Table 1). While no such correlation was seen for ctDNA, CA 19-9 was also significantly associated with surgical resection candidates (odds ratio 28.0, p = 0.003), indicating a potential complementary use of both biomarkers; where exosomal DNA would be more appropriate in CA 19-9 nonexpressers or where comorbidities result in unreliable CA 19-9 quantification, and CA 19-9 could be used where exosomal DNA KRAS mutations are undetectable [22].



In a longitudinal study performed by Bernard et al., ctDNA and exosomal DNA KRAS mutations were significantly associated with a reduction in both progression free survival (PFS) and OS, with any detectable ctDNA associated with a reduced PFS and OS, and exosomal KRAS MAF > 5% being associated with shorter PFS and OS [22]. The association between KRAS ctDNA and PFS/OS was also established by Del Re et al. where an increase or decrease in mutant KRAS ctDNA at day 15 of treatment compared to baseline was correlated with an inverse change in PFS or OS [27]. Similarly, KRAS copy number gain was identified as a significant factor associated with shorter survival times (p < 0.05) in both patients with locally advanced and metastatic disease [28]. Additionally, both detectable ctDNA and exosomal DNA KRAS MAF > 5% in the same patient were indicators of even poorer OS, highlighting the complementary nature of these markers [22]. The utility of these markers as predictors of outcomes may facilitate the selection of candidates for more aggressive therapy or closer monitoring to enable earlier detection of regression. A significant association between exosomal DNA KRAS MAF and disease progression of patients undergoing treatment was established, with a MAF peak > 1% demonstrating considerable ability to predict progression with sensitivity of 79% and specificity of 100% [22]. While CA 19-9 could also predict progression, albeit with lower sensitivity and specificity (70% and 89% respectively), only exosomal KRAS could predict disease progression before it was clinically identifiable through computerized tomography (CT) scan, with a median lead time of 50 days. This spike in exosomal DNA KRAS MAF is likely due to the development of treatment resistance and a resultant increase in tumor growth, therefore this early indication would allow for a change of therapeutic regime, preventing unnecessary toxicity and enabling more efficacious treatment. No significant correlation was observed between ctDNA MAF and disease progression [22]. This contrasts with the findings of Del Re et al., where all patients with an increase in KRAS ctDNA from baseline during treatment had disease progression at 2-month radiological evaluation [27]. A potential explanation for this discrepancy is the fact that while Bernard et al. used ctDNA MAF as a marker (i.e., the ratio of mutant to wild type allele), Del Re et al. stratified patients by an increase in mutant KRAS ctDNA [22,27].



Nakano et al. found the detection of ctDNA KRAS mutations in preoperative and postoperative PDAC patient serum to be predictive markers of survival and response to treatment [26]. Patients that transform from ctDNA KRAS negative preoperatively to ctDNA KRAS positive postoperatively had significantly shorter DFS and OS than those that remained negative postoperatively (Table 1). Additionally, a significant positive correlation was identified between early disease recurrence and a shift from mutation-negative to mutation-positive postoperatively. These results indicate that ctDNA is a potential biomarker to monitor the response of patients to curative resection and to predict disease outcome. The shift from negative to positive KRAS mutation status postoperatively is unexpected. Potential explanations include ctDNA release from malignant cells during surgery due to tumor manipulation or the release of ctDNA from metastatic lesions that were undetected by preoperative imaging, which would explain why the shift to mutation-positive was correlated with worse outcomes [70]. A comparison between the KRAS mutation status of the tumor material excised during surgery and the postoperative ctDNA in this patient cohort may aid in further elucidating the underlying mechanism governing the shift from mutation negative to positive.



ctDNA has a relatively short half-life of approximately 2 h compared to protein biomarkers such as CA 19-9, which has a half-life of 0.5 days in the central compartment (plasma) and 4.3 days in the peripheral compartment (tissues) [71,72]. This shorter half-life of ctDNA lends itself to use as a short-term dynamic biomarker. Such a utility was investigated by Perets et al. where the slope of KRAS ctDNA levels in PDAC patients was calculated as the change in KRAS ctDNA level of consecutive samples over the difference between sample times [25]. A significant correlation was found between ctDNA slopes and survival times (r = −0.76, p = 0.03), where a quick and sharp decline in ctDNA expression was associated with improved survival times, and a rapid and marked increase in ctDNA expression correlated with a worse prognosis (Table 1). Unsurprisingly, CA 19-9 slope demonstrated no significant correlation with survival time. The use of dynamic KRAS ctDNA monitoring in PDAC could be of particular value in monitoring the immediate effects of an intervention such as surgery or initiation of a new therapeutic, allowing for rapid alterations in treatment where the desired response is not obtained.




8. miRNA in Detecting Lymph Node Metastasis


In PDAC, lymph node metastasis is significantly associated with a worse prognosis, particularly following curative surgery [73]. Preoperative staging of lymph node metastasis relies on imaging studies, which have suboptimal precision [29]. Postoperative lymph node staging is dependent on extent of lymphadenectomy and pathological examination, both of which are operator dependent and, as such, subject to variable dependency. Consistent and accurate biomarkers for the detection of metastasis would greatly improve treatment utility in PDAC patients. Patients with distant metastasis could avoid unnecessary intervention while patients with nodal spread may avail of a more aggressive therapeutic regime.



Lemberger et al. investigated a potential association between nodal metastasis and miRNA expression in PDAC patients [29]. A panel of 6 miRNAs (miR-141, miR-155, miR-720, miR-216a, miR-196a and miR-130b) associated with different patterns of expression between PDAC patients with and without lymph node metastasis was formed using microarray analysis of formalin fixed paraffin embedded PDAC tissue (Table 1). Using a scoring system based on aberrant expression of each of the 6 markers in the panel, a score of >4 was highly predictive of nodal metastasis with positive and negative predictive values of 83.7% and 70.5% respectively. Circulating miRNA expression was also assessed in the plasma of PDAC patients with and without nodal metastasis using qPCR. PDAC patients with nodal metastasis demonstrated higher expression of miR-196a and miR-155 (2.585 and 1.596 fold respectively), and significantly lower expression of miR-720 and miR-141 (2.268 and 1.651 fold respectively) compared to plasma of PDAC patients without nodal metastasis [29]. miR-155 has previously been linked to PDAC through its increased detection in pancreatic juice exosomes compared to chronic pancreatitis. It has also been reported that miR-155 plays a role in gemcitabine resistance through exosome formation, by decreasing levels of inhibitors of the RAB family of genes, which are key exosome regulators [74]. miR-155 has also been implicated in anti-apoptotic activity in gemcitabine resistant PDAC through down regulation of its tumor suppressor target genes, which include Sel-1-like, and TP53INP1 [74]. Similarly, miR-196a has been demonstrated to be elevated in plasma exosomes of PDAC patients, with a significant elevation of plasma ex-miR-196a in more advanced tumors (stages III and IV) compared to locally advanced PDAC (stages I and II) [75]. Furthermore, ex-miR-196a levels demonstrated ability to predict overall survival when PDAC patients were divided into high- and low-level groups (6.1 months 95% CI, 4.49–7.72 versus 12 months 95% CI, 5.92–18.08, p = 0.007). In vitro analysis of the PANC-1 pancreatic ductal adenocarcinoma cell line transfected with chemically synthesized miR-141 and miR-720 indicated that they play a role in increasing expression of E-cadherin, a cellular adhesion protein, through decreased levels of key regulators such as ZEB-1 and TWIST-1 [29]. This correlates with expression levels demonstrated in tissue and blood samples from PDAC patients with nodal metastasis where decreased expression of miR-141 and miR-720 was associated with epithelial to mesenchymal transition, which allows for the detachment of cancer cells from the primary tumor and thus facilitates metastasis [76].



A retrospective study into serum miRNA profiles of PDAC patients conducted by Aita et al. identified eight miRNAs (miR-1915-3p, miR-371b-5p, miR-1202, miR-4669, miR-3679-5p, miR-6088, miR-4499, and miR-7107-5p) to be significantly associated with lymph node metastasis (Table 1) [31]. Of particular note from this group are miR-4669 and miR-1202, both of which displayed decreased expression in cases where lymph node metastasis occurred. miR-4669 expression has also been identified in colon cancer, where enhanced expression was observed in cases with no lymph node involvement, and reduced expression in lymphatic metastasis cases [77]. Altered miR-1202 expression has been associated with a variety of cancers. Similar to the findings of Aita et al., miR-1202 expression was decreased in cervical cancer, with further reductions in expression associated with later clinical staging [78]. miR-1202′s potential role as a tumor suppressor was investigated in glioma cells where restoration of its expression resulted in an inhibition of proliferation and increased apoptosis through small GTPase Rab1A [79]. Rab1A has also been associated with cellular adhesion and migration [80]. These results indicate miR-1202 may play a role as a tumor suppressor in PDAC, although the specific signaling mechanisms through which it functions must first be further elucidated.




9. Combined Diagnostic Panel


Yang et al. developed a blood-based biomarker panel using machine learning to improve diagnosis and staging of PDAC [81]. Feature selection using Least Absolute Shrinkage and Selection Operator (LASSO) was performed on 14 candidate biomarkers (6 exosomal mRNAs, 5 exosomal miRNAs, ctDNA KRAS MAF, circulating cell free DNA concentration and CA 19-9) to identify, train and validate optimal biomarker panels for distinguishing PDAC from non-cancer controls and for the differentiation of metastatic from non-metastatic PDAC. A panel of 5 biomarkers with the best performance (AUC = 0.93, sensitivity 88% and specificity 95%) for diagnosing PDAC were selected which consisted of exosomal mRNA CK18 and CD63, exosomal miR-409, circulating ctDNA concentration and CA 19-9. CK18 is a structural protein which is associated with carcinogenesis through several signaling cascades such as PI3K/Akt, Wnt, and ERK/MAPK signaling, which are involved in regulation of cellular proliferation, apoptosis and motility [82]. CD63 is an established exosomal marker with a significant correlation with PFS and OS in PDAC [83]. Reduced expression of miR-409 has been observed in a variety of cancers such colorectal, non-small-cell lung, and osteosarcoma, where it inhibits proliferation, invasion and tumorigenesis, implicating a role as a tumor suppressor [84,85,86]. An alternate panel was constructed for the differentiation of metastatic from non-metastatic PDAC. The goal of this panel was to be used in conjunction with standard imaging procedures to aid in further identifying patients classified by imaging as being metastasis free who in fact have occult metastasis. This panel outperformed imaging alone with an accuracy of 84%, compared to 64% for imaging. The biomarker panel used consisted of 4 markers: exosomal miR-1299, exosomal mRNA GAPDH, ctDNA KRAS MAF, and CA 19-9. miR-1299 has been identified as a tumor suppressor in prostate cancer through the inhibition of cellular proliferation and metastasis [87]. Similarly, it has recently been shown to be downregulated in PDAC and so potentially functions as a tumor suppressor in a similar fashion [88]. Mutations in the tumor suppressor gene TP53, which is implicated in approximately 70% of PDACs, results in dysregulation of GAPDH nuclear translocation. Maintenance of GAPDH in the cytosol plays a central role in the mutant P53 mediated inhibition of apoptosis and development of autophagy-induced gemcitabine resistance [89]. These findings demonstrate the complementary nature of current imaging techniques and established biomarkers alongside novel biomarkers to further improve the diagnostic and staging capabilities of blood-based assays.




10. Conclusions


Considerable advances in our ability to detect nucleic acids in liquid biopsies through novel techniques have allowed for the detection of select RNA profiles associated with PDAC and for circulating DNA with the essentially ubiquitous KRAS mutation. Current diagnosis and monitoring of PDAC is reliant on inadequate biomarkers and subjective imaging which fails to detect developments in tumor growth and response to treatment in ample time to allow for informed clinical decisions. The analysis of circulating nucleic material in liquid biopsies may present an opportunity to significantly improve the currently dismal mortality rate associated with PDAC through their use in the diagnosis, prediction of treatment response, and prognosis of PDAC. This review provides a comprehensive overview of the promise and potential of liquid biopsies for cancer and highlights their utility for the diagnosis, prognosis, disease stratification and therapeutic monitoring of PDAC. Circulating nucleic acids have been demonstrated to present a valuable addition to the currently limited repertoire of clinically available biomarkers. Further investigation into combination panels consisting of molecular markers, novel protein markers and established assays such as CA 19-9 quantification is required to allow for their incorporation into clinical application, but promising studies have outlined potential candidate-biomarkers for inclusion in such panels, along with some potential panels requiring further validation. Clinical trials validating these promising biomarkers through standardized methods is required in order to substantiate the utility of such markers in PDAC. Highly sensitive molecular techniques are required in order to detect mutations in circulating nucleic acids, and while such assays do exist (such as ddPCR and NGS), they are yet to be established within most routine clinical laboratories. For full integration of such techniques into clinical settings a reduction in the costs and timescale associated with generation and interpretation of the vast amount of data associated with such assays is necessary. This novel area of molecular diagnostics shows considerable promise, but is not without significant challenge.
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Abbreviations




	Abbreviation
	Description



	AkT
	Protein Kinase B



	AUC
	Area Under the Curve



	CA 19-9
	Carbohydrate Antigen 19-9



	CEA
	Carcinoembryonic Antigen



	CI
	Confidence Interval



	CK18
	Cytokeratin-18



	CT
	Computed Tomography



	ctDNA
	Circulating Tumor DNA



	ctRNA
	Circulating Tumor RNA



	ddPCR
	Droplet Digital PCR



	DFS
	Disease Free Survival



	EMT
	Epithelial–Mesenchymal Transition



	ERK
	Extracellular-Signal-Regulated Kinase



	ERP
	Endoscopic Retrograde Pancreatography



	EUS-FNA
	Endoscopic Ultrasound Fine Needle Aspiration



	Ex-miRNA
	Exosomal Micro RNA



	GAPDH
	Glyceraldehyde 3-Phosphate Dehydrogenase



	GTP
	Guanosine-5’-triphosphate



	HGF
	Hepatocyte Growth Factor



	IPMNs
	Intraductal Papillary Mucinous Neoplasm



	JAK
	Janus Kinase



	KRAS
	Kirsten Rat Sarcoma Viral Oncogene Homolog



	LASSO
	Least Absolute Shrinkage and Selection Operator



	MAF
	Mutant Allele Frequency



	MAPK
	Mitogen-Activated Protein Kinase



	MET
	Mesenchymal-Epithelial Transition



	miRNA
	Micro RNA



	mRNA
	Messenger RNA



	NGS
	Next-Generation Sequencing



	OPN
	Osteopontin



	OS
	Overall Survival



	PanIN
	Pancreatic Intraepithelial Neoplasia



	PDAC
	Pancreatic Ductal Adenocarcinoma



	PFS
	Progression Free Survival



	PGM
	Personal Genome Machine



	PI3K
	Phosphatidylinositol-3-Kinase



	PJC
	Pancreatic Juice Cytology



	PNA
	Peptide Nucleic Acid



	PPV
	Positive Predictive Value



	qPCR
	Real-Time Polymerase Chain Reaction



	RAF
	Rapidly Accelerated Fibrosarcoma



	ROC
	Receiver Operating Characteristic



	STAT
	Signal Transducer and Activator



	TME
	Tumor Microenvironment



	UTR
	Untranslated Region



	ZEB-1
	Zinc Finger E-Box Binding Homeobox 1
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Figure 1. Liquid biopsies for PDAC. (A) Mechanisms through which various tumor biomarkers enter circulation. Extracellular vesicles, such as exosomes, microvesicles, and apoptotic bodies bud off from tumor cells and enter circulation. Circulating tumor (ct) DNA, miRNA and proteins are secreted from tumor cells or released through cellular apoptosis and necrosis. (B) Comparison between liquid and traditional biopsies. (C) Potential clinical applications of liquid biopsy-based biomarkers in PDAC. 
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Table 1. Summary of Nucleic Acid Biomarkers for PDAC.
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	Biomarker
	Patient Cohort
	Method
	Significant Comments
	Ref.





	Exosomal miR-21, -155
	PDAC (n = 27), Chronic Pancreatitis (n = 8)
	qPCR
	Exosomal miR-21 and Exosomal miR-155 in pancreatic juice samples could differentiate PDAC from CP with significant AUC.
	[20]



	Exosomal miR-196a, -1246
	Localized PDAC

(n = 15), HC (n = 15)
	qPCR
	Exosomal miR-196a and miR-1246 could discriminate between PDAC and controls with AUCs of 0.81 and 0.73 respectively. miR-196a was a better indicator of PDAC, whereas miR-1246 was a better indicator of IPMNs (p = 0.0053, and p < 0.0001 respectively).
	[21]



	Exosomal KRAS codon 12/13 mutations
	PDAC (n = 194), Disease Controls (n = 37)
	ddPCR
	ExoKRAS level significantly correlated with candidates for surgical resection (OR = 38.4), and is an independent prognostic marker for PFS and OS (HR = 2.28 and 3.46 respectively). ExoKRAS could predict disease progression at significantly earlier times than both CA 19-9 and radiological imaging (sensitivity & specificity 79% & 100% respectively).
	[22]



	Exosomal KRAS codon 12/13 mutations
	PDAC (n = 127),

HC (n = 136)
	ddPCR
	ExoKRAS detected at a higher rate than ctDNA KRAS across all PDAC stages. ExoKRAS could predict PDAC with a sensitivity and specificity of 75.4% and 92.6% respectively. Pre-surgery exoKRAS MAF of <1% was associated with disease-free survival post resection.
	[23]



	ctDNA KRAS codon 12/61 mutations
	Resectable PDAC

(n = 221), HC (n = 182)
	PCR-based SafeSeqS
	KRAS mutations were identified in 30% of PDAC cases, more frequently in stage II and larger tumors than smaller stage I

tumors. Agreement between mutations identified in ctDNA and in the primary tumor was 100%.
	[24]



	ctDNA KRAS codon 12 mutations
	Metastatic PDAC

(n = 17)
	Ion Torrent PGM sequencer
	Significant and rapid increase in ctDNA levels was associated with poor prognosis, and a sudden significant decrease in ctDNA was associated with an improved prognosis (r = −0.76,

p = 0.03).
	[25]



	ctDNA KRAS codon 12/13 mutations
	PDAC (n = 45)
	qPCR with PNA Clamping
	Postoperative detection of ctDNA KRAS is a prognostic marker for DFS (HR = 2.919). Transformation from pre-op KRAS negative to post-op KRAS positive indicated poor OS (HR = 9.419).
	[26]



	ctDNA KRAS codon 12/13 mutations
	PDAC (n = 27)
	ddPCR
	Increase in ctDNA KRAS level during treatment was associated with decreased PFS and OS (median PFS 2.5 vs. 7.5 months,

median OS 6.5 vs. 11.5 months).
	[27]



	ctDNA KRAS codon 12/13 mutations
	Metastatic PDAC

(n = 31), Locally Advanced PDAC (n = 24)
	ddPCR
	Best prognosis was identified in patients with wild-type KRAS, followed by KRAS mutation with no copy number gain, worst prognosis was associated with increasing KRAS mutation copy number (median survival 10.6, 5.5, and 2.5 months respectively).
	[28]



	miR-155, -196a, -720, -141
	Nodal Metastasis PDAC (n = 10), No Metastasis PDAC (n = 10),

HC (n = 10)
	qPCR
	Significantly higher expression of miR-155, miR-196a and lower expression of miR-720, miR-141 in PDAC with nodal metastasis versus without. Upregulation of miR-720, miR-141 resulted in decreased cellular aggressiveness and increased chemosensitivity in PDAC cell lines.
	[29]



	miR-93, -16, -548d-3p, -320a, -4468, -3120–3p, -4713–5p, -103a, -155, -4770, -181a, -221, -151b
	PDAC (n = 60),

HC (n = 26)
	qPCR
	13 miRNAs in EUS FNA samples could distinguish PDAC from controls with high accuracy (AUC > 0.9).
	[30]



	miR-103a, -155, -181a, -181b, -93
	IPMN (n = 9), HC (n = 26)
	qPCR
	5 miRNAs in EUS FNA samples could distinguish IPMNs from controls with high accuracy (AUC > 0.9).
	[30]



	miR-1915-3p, -371b-5p, -1202, -4669, -3679-5p, -6088, -4499, -7107-5p
	Stage I-III PDAC (n = 15), HC (n = 4)
	Agilent Microarray
	8 miRNAs significantly associated with lymph node metastasis. Of note miR-4669 and miR-1202, displayed decreased expression in cases where lymph node metastasis occurred.
	[31]



	miR-34a-5p, -130a-3p, -222-3p
	Stage II PDAC (n = 136), HC (n = 73)
	Abcam Fireplex-Oncology Panel
	Combination miRNA with CA 19-9 improved upon CA 19-9s diagnostic ability. All 3 miRNAs identified are associated with metastasis.
	[32]







HC: Healthy Control.
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