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Abstract

Proteomics study of pancreatic cancer using bodily fluids emphasizes biomarker discovery and 

clinical application, presenting unique prospect and challenges. Depending on the physiological 

nature of the bodily fluid and its proximity to pancreatic cancer, the proteomes of bodily fluids, 

such as pancreatic juice, pancreatic cyst fluid, blood, bile and urine, can be substantially different 

in terms of protein constitution and the dynamic range of protein concentration. Thus, a 

comprehensive discovery and specific detection of cancer-associated proteins within these varied 

fluids is a complex task, requiring rigorous experiment design and a concerted approach. While 

major challenges still remain, fluid proteomics studies in pancreatic cancer to date have provided a 

wealth of information in revealing proteome alterations associated with pancreatic cancer in 

various bodily fluids.
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Introduction

Pancreatic cancer is a highly lethal malignancy that is difficult to detect at early stages when 

curable treatments are most effective. It is the twelfth most common cancer and the seventh 

leading cause of cancer death in the world [1]. In the US, pancreatic cancer is the fourth 

leading cause of cancer death with 6% 5-year survival rate, and its incidence is on the rise 

[2]. Pancreatic ductal adenocarcinoma (PDAC) - an aggressive and devastating disease 

characterized by its poor prognosis and resistance to chemotherapy, accounts for 80–90% of 

pancreatic malignancies [2] (the term ‘pancreatic cancer’ refers to PDAC in this review). 

The high mortality of pancreatic cancer is predominantly due to the advanced stage of the 

disease at the time of initial diagnosis and a lack of effective treatments. Despite the 

advances in tomography techniques, such as computed tomography (CT) and endoscopic 

ultrasonography (EUS), it has been a challenge for diagnosing pancreatic cancer at early 

preinvasive stages, such as high-grade pancreatic intraepithelial neoplasia (PanIN 3) and 

invasive intraductal papillary mucinous neoplasms (IPMNs). Common genetic changes 

associated with pancreatic cancer, such as mutations in KRAS and TP53, are not reliable 

clinical parameters for predicting invasive pancreatic cancer. While mutations in KRAS 
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present in >90% of PDAC, it alone is not sufficient for malignant transformation [3–5]. 

TP53 mutations also occur at high frequency in PDAC, but arise relatively late in the 

neoplastic progress towards the invasive pancreatic cancer [6–8

Pancreatic cancer-associated molecular events and signaling can induce pathway-driven 

changes in protein synthesis, post-translational modifications (PTMs), structure, 

degradation, subcellular localization, and impact protein interactions with proteins and other 

biomolecules, profoundly influencing cellular functions and biological processes at different 

levels. Such disease-associated protein alterations, discrete from genomic changes, are 

structurally or quantitatively reflected at the proteome level and may be detectable in 

relevant bodily fluids. In such context, proteomics, especially quantitative proteomics, has 

been increasingly applied in pancreatic cancer studies with research interests ranging from 

investigating disease mechanism to biomarker discovery [12–20]. These bodily fluids may 

include blood (plasma/serum), pancreatic juice, pancreatic cyst fluids, urine and bile. 

Depending on the nature of the bodily fluid, its proximity to the pancreatic neoplastic 

lesions, and its physiological functions, the proteome of different bodily fluids can vary 

significantly. Certain protein species that are characteristic to a specific aspect of the disease 

pathogenesis may be inherently enriched in one bodily fluid but less so in others, posing a 

variety of technical and analytical challenges to the discovery and detection of disease-

associated protein alterations.

Mass spectrometry methods in fluid proteomics

Proteomics has been widely applied in clinical studies, and in-depth overview of proteomics 

technology can be found in excellent reviews in the literature [21–28]. Unlike genomic 

analysis, in which the copy number of genes can be amplified using PCR to enhance 

analytical sensitivity, in proteomics, no such tool is feasible. Analysis of low abundant 

species in a complex sample requires high sensitivity and specificity, as well as sufficient 

dynamic range, posing unique analytical challenges for bodily fluid analysis. Mass 

spectrometry-based fluid proteomics can broadly be categorized into two platforms based on 

their applications: 1) data-intensive discovery-based proteomics which allows non-biased 

profiling of a proteome at a global scale; and 2) targeted proteomics which affords highly 

specific quantitative detection of selected candidates within a biological sample. As 

illustrated in Figure 1, proteomics discovery of bodily fluids for the study of pancreatic 

cancer involves a comparison of the proteomes of bodily fluid specimens from pancreatic 

cancer patients with diseased and non-diseased controls; and such comparison is based on 

the registry of protein and peptide species reliably identified in the specimens. A non-biased 

global profiling of diseased versus control samples can potentially reveal aberrant proteins 

associated with the disease, including proteins with abnormal expression levels, altered 

PTMs and sequence variants due to polymorphisms, alternative splicing, gene mutation or 

other DNA sequence alterations. Such a complex task is supported by not only an integrated 

analytical platform, but also a collection of sophisticated bioinformatics tools [25] for data 

transformation, database search, statistical validation and quantitative computation. While 

various experimental designs may be adapted to accommodate different sample types and 

study purposes, a discovery-based shotgun proteomics pipeline typically consists of the 

following modules: sample preparation, protein/peptide fractionation, mass spectrometric 
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analysis, and peptide/protein identification and quantification. In the quantitative analysis of 

clinical specimens, chemical derivatization has been the most relevant and widely used 

method to label proteins or peptides from different sample origins with unique stable isotope 

tags to facilitate mass spectrometric analysis. The labeling methods may include isotopic 

techniques such as isotope-coded affinity tags (ICAT) [29], isotope-coded protein label 

(ICPL) [30] and dimethyl labeling [31], as well as isobaric techniques such as isobaric tags 

for relative and absolute quantitation (iTRAQ) [32] and tandem mass tags (TMT) [33]. O18 

enzymatic labeling [34] can also be used in bodily fluid proteomics for quantitative analysis. 

In addition, label-free approaches have been increasingly applied in clinical proteomics 

studies. Separation techniques, such as electrophoreses, reverse-phase liquid 

chromatography (LC), ion-exchange and size-exclusion chromatography, as well as 

immuno-enrichment or -depletion are commonly applied to fractionate or enrich proteins or 

peptides prior to mass spectrometric analysis to reduce sample complexity, accommodate 

mass spectrometry capacity and enhance overall analytical sensitivity and depth. Recent 

technical advances in mass spectrometry, which is the most sophisticated part and critical 

aspect of a proteomics analysis, have significantly improved the instrumentation with better 

design, higher acquisition frequency and mass accuracy, positively impacting fluid 

proteomics analysis. For instance, the number of proteins reliably identified in human 

plasma has increased from hundreds a decade ago to thousands to date, with many low 

abundant tissue proteins now being uncovered, substantially increasing the depth and 

breadth of plasma proteomics. In addition, other recent innovations including ion mobility 

technique, which affords an additional dimension for further resolving a complex biological 

sample within a mass spectrometer [35], and soft ionization methods, such as electron-

transfer dissociation (ETD) and electron-capture dissociation (ECD) [36] have enhanced 

proteomics analysis in many ways, including protein PTM characterization.

In contrast to non-biased protein profiling typically used for discovery studies, targeted 

analysis is a candidate-based proteomics technique, which can specifically detect selected 

peptides representing targeted proteins within a complex background, based on the mass 

and/or fragmentation signatures of a peptide [24,37–42]. This technique has rapidly emerged 

as an important tool for protein/peptide quantification, providing an alternative protein 

detection mechanism from antibody-based measurements, such as the enzyme-linked 

immunosorbent assay (ELISA). Figure 2 demonstrates the strategy of targeted proteomics, 

in which mass spectrometry assays can be developed and deployed to quantitatively 

interrogate an assortment of targeted proteins to measure their concentrations, to monitor 

their PTM levels and to detect their aberrant sequences in bodily fluids. While different 

instruments have been used for targeted peptide/protein analysis, currently, the triple 

quadrupole-based selected (or multiple) reaction monitoring (SRM or MRM) technique has 

been the most widely used approach [38,43–45]. Recently, the concept of data-independent-

acquisition (DIA) has emerged and being increasingly applied for targeted proteomics 

analysis, representing a paradigm shift from conventional data-dependent-acquisition (DDA) 

approach [46,47]. The DIA methodologies have been implemented on multiple mass 

spectrometric platforms, including triple TOF-based SWATH (Sequential Window 

Acquisition of all Theoretical fragment-ion spectra) [48], Q-TOF-based MSE [49], and 

Orbitrap-based multiplexing strategy (MSX) [50]. For bodily fluid analysis, targeted 
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proteomics renders a universal approach to develop highly specific, multiplexed mass 

spectrometry assays to assess a wide variety of protein/peptide candidates and their PTMs in 

a biological specimen, offering great potential for clinical application.

Plasma/serum

Global protein profiling of blood plasma or serum from pancreatic cancer patients in 

comparison to diseased and non-diseased controls allows for identification of cancer-

associated proteins or peptides. The major challenge in plasma/serum proteomics arises 

from its enormous complexity in protein constitution with the addition of PTMs and protein 

variants, as well as the vast dynamic range in protein concentration (>10-orders of 

magnitude) [51,52]. Many tissue proteins leaked or discharged from neoplastic lesions may 

be of low abundance in the circulatory system, challenging the scope and depth of current 

proteomics technology. Various proteomics work-flows have been applied to discover 

serological protein biomarkers associated with pancreatic cancer in plasma or serum.

Two-dimensional gel electrophoresis (2-DE) coupled with mass spectrometry has been used 

in several studies [53–60], to identify proteins with elevated concentration in the plasma/

serum of pancreatic cancer patients, including haptoglobin [55], alpha-1-antitrypsin 

[55,58,59], leucine-rich alpha-2-glycoprotein [55,56], mannose-binding lectin 2 [57], 

myosin light chain kinase 2 [57], fibrinogen gamma [54], cyclin I [58], Rab GDP 

dissociation inhibitor beta [58], apolipoprotein E [60,61], alpha −1-antichymotrypsin [60], 

inter- alpha -trypsin inhibitor [60], apolipoprotein A1 [61], and transthyretin [61]. Many of 

the proteins identified by 2-DE approach are present at medium to high concentration in 

plasma/serum, reflecting the challenges in using 2-DE approach for plasma/serum profiling. 

Among these proteins, one study suggested that the changes in plasma concentration of 

apolipoprotein A1and apolipoprotein E might be associated with the confounding effects 

related to jaundice due to bile duct-obstruction [61].

More recently, shotgun proteomics has been applied to profile the plasma proteome of 

patients with pancreatic cancer compared to plasma samples from non-diseased and diseased 

controls. While some studies focused on developing quantitative techniques, such as iTRAQ 

and TMT, for plasma/serum profiling using pancreatic cancer as a disease model [62–64], 

other studies were aimed at translational study and sought to discover biomarkers associated 

with pancreatic cancer [65–67]. Two studies have quantitatively profiled the plasma 

proteomes of mouse models of human PDAC from different perspectives. In one study, the 

plasma samples from an engineered mouse model of human pancreatic cancer at early and 

advanced stage of disease were profiled in comparison to matched non-cancerous controls 

[65]. Based on the mouse proteomics results, the study then evaluated a group of the up-

regulated protein candidates in the serum samples of newly diagnosed human PDAC 

patients; and demonstrated that measurements of ALCAM protein (ALCAM), intercellular 

adhesion molecule 1 (ICAM1), neutrophil gelatinase-associated lipocalin (LCN2), tissue 

inhibitor of metalloproteinase 1 (TIMP1), lithostathine 1 (REG1A), regenerating islet-

derived protein 3 (REG3), and insulin-like growth factor-binding protein 4 (IGFBP4) as a 

panel had similar performance as CA19-9 when comparing PDAC to non-diseased controls, 

and outperformed CA19-9 when comparing PDAC to pancreatitis. The second mouse model 

Pan et al. Page 4

Proteomics. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



study sought to identify alternative splice variant (ASV) proteins in the plasma proteome 

using a mouse model of PDAC [66]. The study identified 420 splice variant proteins in 

mouse plasma, including peptides from novel variants of muscle pyruvate kinase (Pkm), 

malate dehydrogenase 1 (Mdh1), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), 

proteoglycan 4 (Prg4), minichromosome maintenance complex component 9 (Mcm9), high 

mobility group box 2 (Hmgb2), and hepatocyte growth factor activator (Hgfac).

Human plasma samples from patients with pancreatic cancer were also analyzed in 

comparison to plasma samples from non-diseased and chronic pancreatitis controls using 

quantitative proteomics. In one study, more than 1300 proteins were identified in human 

plasma with protein concentrations spanning across 8-orders of magnitude [67]. Many of 

these proteins were also found in pancreatic tissue (76%), reflecting the feasibility of 

detecting cancer-associated tissue leakage proteins in the blood [67]. Among the 

differentially expressed proteins identified in the plasma of PDAC patients in comparison 

with the non-disease and chronic pancreatitis controls, nine protein candidates, including 

TIMP1, ICAM1, C-C motif chemokine 5 (CCL5), zinc-alpha 2-glycoprotein 1 (AZGP1), 

lactotransferrin (LTF), apolipoprotein A-II (APOA2), thrombospondin-1 (THBS1), 

lipopolysaccharide-binding protein (LBP) and platelet basic protein (PPBP), were evaluated 

with an independent cohort of PDAC patients as well as diseased and non-diseased controls. 

The study demonstrated that a combination of TIMP1 and ICAM1 achieved a better 

accuracy than CA19-9 in distinguishing patients with PDAC from the non-disease and 

chronic pancreatitis controls; AZGP1 might be also valuable as a biomarker candidate for 

chronic pancreatitis if further validated. In a different study, high-definition mass 

spectrometry (HDMSE) was applied to identify serum alterations associated with patients 

with resectable pancreatic cancer compared to non-diseased controls and patients with 

benign pancreatic diseases using label-free quantification [68]. Among the 715 proteins 

identified, 40 showed a significant overexpression in the pancreatic cancer group based on 

hierarchical clustering analysis, including several p53 associated proteins, such as 

bromodomain adjacent to zinc finger domain protein 2A (BAZ2A), cell division protein 

kinase 13 (CDK13), death-associated protein kinase 1 (DAPK1), bullous pemphigoid 

antigen 1 (DST), exosome complex exonuclease RRP40 (EXOSC3), inhibin beta E chain 

(INHBE), histone acetyltransferase KAT2B (KAT2B), kinesin-like protein KIF20B 

(KIF20B), structural maintenance of chromosomes protein 1B (SMC1B), and astrin 

(SPAG5). In a different label-free proteomics study, CXC chemokine ligand 7 (CXCL7) 

were identified with a decreased level in the plasma of pancreatic cancer patients [69]. Many 

of the proteins elevated in the plasma from pancreatic cancer patients, such as TIMP1 [70–

74], DAPK1 [75–79] and ICAM1 [80–84] have been previously associated with 

malignancy, and play multifaceted roles implicating the complex molecular events in cancer 

progression and metastasis. In addition to the global profiling studies, a combination of 

immuno-precipitation and mass spectrometry has been used to investigate the blood protein 

carriers of the CA19-9 antigen and identified several proteins associated with CA19-9, 

including apolipoprotein B-100 (APOB), kininogen (KNG1), armadillo repeat gene deleted 

in Velo-Cardio-Facial syndrome (ARVCF), and apolipoprotein E (APOE) [85]. In a 

different study, using immunoblot assays followed by mass spectrometric analysis, the 

Pan et al. Page 5

Proteomics. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reactivity of autoantibodies against DEAD-box protein 48 (DDX48) was detected in the sera 

of 33% pancreatic cancer patients [86].

Pancreatic juice

Pancreatic juice is secreted directly into the pancreatic ducts, making it a rich resource for 

proteins that are associated with PDAC. Although the content of pancreatic juice has been 

extensively studied decades ago and several major pancreatic enzymes have been identified 

[87,88], it was not until recently that a more comprehensive characterization of the 

pancreatic juice proteome was available owing to the development of proteomics 

techniques. The proteome of pancreatic juice has been characterized in patients with 

pancreatic adenocarcinoma [89–94], pre-cancer [95] and benign pancreatic diseases [90,96], 

as well as in individuals with no apparent pancreatic pathology [97]. These studies have 

identified hundreds of proteins in human pancreatic juice, including pancreatic enzymes and 

other pancreas associated proteins. We have shown that nearly 60% of the proteins 

identified in pancreatic juice were also present in plasma proteome (unpublished data). In 

comparison of pancreatic juices from patients with PDAC with non-cancerous controls, one 

study [89] identified a group of differential proteins in cancer samples, including kallikrein 1 

(KLK1), IGFBP2, lithostathine 1 (REG1A, REG1B), pancreatic secretory granule 

membrane major glycoprotein (GP2), tumor-associated trypsin inhibitor (SPINK1), 

pancreatitis-associated protein 1 (PAP1), pancreatic ribonuclease (RNASE1), and T-cell 

receptor beta chain (TCRB). In addition, a differential gel electrophoresis (DIGE) based 

study identified the over-expression of matrix metalloproteinase-9 (MMP9), oncogene DJ1 

(PARK7) and alpha-1B–glycoprotein (A1BG) in pancreatic juices from pancreatic cancer 

patients [94]. An iTRAQ-based quantitative proteomics study investigated the proteome of 

pancreatic juice samples collected from patients with primary precancerous PanIN 3 (high-

grade dysplasia) lesions compared to non-diseased controls, and found anterior gradient-2 

(AGR2) overexpressed in the juice of the PanIN 3 cases [95]. This finding corresponds to a 

different study that demonstrated the overexpression of AGR2 in the tissues of both PanIN 

lesions and pancreatic cancer [98]. AGR2 was further evaluated in the pancreatic juice of an 

independent cohort consisting of patients with PDAC, pre-malignant lesions (including 

PanIN 3, PanIN 2, IPMNs) and benign pancreatic diseases (including chronic pancreatitis) 

[95]. The elevated levels of AGR2 in the pancreatic juice were significantly associated with 

patients with pre-malignant conditions (PanIN lesions and IPMNs) and patients with PDAC 

comparing to benign controls, suggesting its potential value as a pancreatic juice biomarker 

for early detection of pancreatic cancer. Moreover, despite its low abundance in blood, a 

more recent investigation observed an increased AGR2 concentration in the plasma from 

PDAC patients compared to non-diseased controls [93].

Pancreatic cyst fluid

Pancreatic cystic lesions are increasingly detected with the widespread use of advanced 

imaging techniques. However, clinical management of pancreatic cystic lesions, such as 

IPMN, remains imprecise due to difficulties in accurately distinguishing lesions with high-

grade dysplasia or invasive carcinoma from those that are lower grade and more benign. 

Currently available tests, including cross-sectional imaging, cytology and carcinoembryonic 
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antigen (CEA), are inadequate to accurately diagnose pancreatic cyst lesions with malignant 

potential [99]. The development of proteomics techniques has stimulated considerable 

interest to comprehensively profile the proteome of pancreatic cyst fluids and identify 

potential biomarkers that can be used to guide early detection and surgical intervention. One 

study applied 2-DE and LC MS/MS to investigate the peptidome and proteome of cyst fluids 

collected from 20 patients using endoscopy ultrasound-fine needle aspiration [100]. The 

study identified more than 350 free peptides and 462 proteins in the cyst fluids. 

Approximately 137 common plasma proteins were identified in 13 out of the 20 pancreatic 

cyst fluids. The study suggested that the detection of protein family members of amylase, 

mucins, CEACAMs, and S100 proteins might facilitate the diagnosis of pancreatic cyst with 

malignant potential. In a different study, cyst fluids from eight patients with symptomatic 

pancreatic cystic lesions were collected by direct puncture during open surgery [101]. The 

cyst fluids were immunodepleted, fractionated with SDS-PAGE gels and analyzed by LC 

MS/MS. The study identified 220 to 727 proteins in the cyst fluids analyzed, and indicated 

that olfactomedin-4 (OLFM4) was differentially expressed in cyst fluids from potentially 

malignant lesions of mucinous cystic neoplasms (MCN) and IPMN, and mucin-18 (MUC18) 

was differentially expressed in neuroendocrine tumors (NET) cyst fluids.

Urine

Urine is an easily accessible bodily fluid that has been used for clinical testing. Although 

urine is derived from the kidneys, it can be viewed as an ultrafiltrate of plasma and also may 

contain valuable biomarkers that could assist with pancreatic cancer diagnosis. Using 2D 

DIGE and MALDI TOF mass spectrometer, proteomics analysis of urine samples collected 

from patients with PDAC, chronic pancreatitis and non-diseased controls have identified 

several differential proteins associated with PDAC from 127 statistically validated protein 

spots [102]. These proteins include CD59 glycoprotein (CD59), annexin A2 (ANXA2), 21 

kDa gelsolin (GSN) fragment, protein S100-A9 (S100A9) and tumor necrosis factor alpha-

induced protein 3 (TNFAIP3). Some of these proteins, such as ANXA2 and GSN, have been 

found overexpressed in pancreatic cancer tissues [17]. In a different study, immunoaffinity 

chromatography and mass spectrometry were applied to detect different variants of SPINK1 

– a protein that has long been associated with chronic pancreatitis, in the urine samples 

collected from pancreatitis patients and non-diseased controls [103]. Although the 

pathophysiologic implications of SPINK1 variants in pancreatic cancer remains to be 

determined, the study demonstrated the precise detection of distinct SPINK1 genetic 

variants at the protein level in urine using a proteomics approach.

Bile

Bile is produced by the liver and discharged by biliary ducts into the duodenum to aid with 

the digestion of lipids. Biliary stenosis can be caused by pancreatic diseases, such as 

pancreatic adenocarcinoma (malignant) or chronic pancreatitis (benign). Proteomics 

investigation was carried out to profile the proteome of bile specimens from patients with 

pancreatic adenocarcinoma, cholangiocarcinoma, chronic pancreatitis and gallstones [104]. 

The study identified 127 proteins in bile using SDS-PAGE and LC MS/MS, and showed the 

overexpression of CEACAM6 and MUC1 in pancreatic cancer and cholangiocarcinoma 
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samples based on the Western Blot analysis. This study confirmed the feasibility of 

detecting pancreatic cancer-associated proteins in bile fluid.

Analysis of protein glycosylation

Protein glycosylation plays pivotal roles in regulating a variety of protein functions involved 

in malignancy. Aberrant protein glycosylation has long been recognized as a molecular 

feature in epithelial cancer, including PDAC [105–108]. Identification of abnormal protein 

glycosylation associated with pancreatic cancer in bodily fluids may present meaningful 

targets for cancer detection. Using double lectin affinity chromatography and mass 

spectrometry, one study profiled N-linked glycans in pancreatic cancer serum compared 

with normal controls, identifying 44 oligosaccharides that were distinct in the pancreatic 

cancer serum, and observed increased protein fucosylation and sialylation associate with 

pancreatic cancer [109]. In a different investigation, a specific anti-sialyl Lewis X (SLex) 

antibody and mass spectrometry analysis were used to study the glycosylation of major 

serum acute-phase proteins (APP), including alpha-1-acid glycoprotein (AGP1), haptoglobin 

(HP), fetuin (AHSG), alpha-1-antitrypsin (SERPINA1) and transferrin (TF) [110]. The study 

observed an increase in SLex level and N-glycan branching on several APP in the sera from 

patients with advanced pancreatic cancer and chronic pancreatitis, and an increase in core 

fucosylation on AGP1 and HP in advanced pancreatic cancer patients. The sialylated N-

glycopeptide levels in sera from pancreatic cancer patient were also evaluated compared to 

non-diseased controls and acute pancreatitis patients using Sambucus nigra lectin affinity 

chromatography [111]. The study identified 13 glycoforms, mainly from high-abundant 

serum proteins, with significant changes associated with pancreatic cancer group. The 

glycoproteome has also been investigated in cyst fluids collected from patients with MCN 

and IPMN, leading to the identification of 80 N-linked glycans, and several hyper-

fucosylated glycoproteins, including triacylglycerol lipase and pancreatic α-amylase [112]. 

Notably, in addition to the alterations of glycan composition and structure, cancer-associated 

aberrant glycosylation can also involve changes in glycosylation site occupancy, which has 

been observed in pancreatic tumor tissues using quantitative glycoproteomics [113].

Targeted proteomics detection

Targeted proteomics was applied to assess the plasma concentration of five pancreatic 

cancer associated proteins, including LUM, GSN, TIMP1, transglutaminase 2 (TGM2) and 

SFN, using a plasma cohort consisting of patients with early stage PDAC (stage 1 and 2), 

chronic pancreatitis and non-diseased controls [114]. Four proteins except TGM2, which has 

a plasma concentration below the detection limit, were quantitatively measured by SRM. 

The receiver operating characteristic (ROC) analysis indicated that TIMP1, LUM and GSN 

had an area-under-curve (AUC) value greater than 0.75 in distinguishing pancreatic cancer 

plasma from the diseased and non-diseased controls. Targeted proteomics was also applied 

to analyze proline-hydroxylated α-fibrinogen in plasma using the SRM technique [115]. By 

measuring the concentration of proline-hydroxylated and unmodified α-fibrinogen in the 

plasma samples from pancreatic cancer patients and non-diseased controls, the study 

indicated that the percent hydroxylation of α-fibrinogen and concentration of hydroxylated 
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α-fibrinogen were both significantly greater in the plasma of pancreatic cancer patients, 

including some of those with negative CA19-9 results.

Challenges and emerging technology

To date, the proteomics studies in blood and other pancreas-related bodily fluids have 

revealed a wealth of information regarding proteome alterations associated with pancreatic 

cancer. Some of these studies pioneered the methodology and discovery in fluid proteomics, 

providing a better understanding of the proteome of blood and other bodily fluids, as well as 

the intrinsic alterations relevant to pancreatic tumorigenesis. However, major challenges still 

remain in fluid proteomics. While a few protein targets have been the focus of further 

investigation for their potential clinical utility, much work remains on the majority of the 

protein candidates identified by the proteomics studies. Identification of an optimal 

surrogate marker that can provide satisfactory accuracy for general population screening of 

pancreatic cancer is not a trivial task, in part, due to the fact that pancreatic cancer is a low 

prevalent disease (4.2 per 100,000) [1] with almost no symptoms at its early stages. In 

addition, other pancreas diseases, such as chronic pancreatitis, diabetes and jaundice can 

confound the performance of a protein biomarker in pancreatic cancer detection. It has been 

demonstrated that the accuracy of a protein biomarker that had high specificity and 

sensitivity in distinguishing pancreatic cancer from normal control can be affected when 

chronic pancreatitis patients were included in the testing cohort [114,116]. This is because 

the two diseases share many common clinical and molecular features [90,117–120]. In fact, 

nearly 50% of differential proteins identified in pancreatic cancer tissue were also identified 

with concurrent expression in severe chronic pancreatitis in a tissue proteomics study [121]. 

Due to the complex mechanisms involved in pancreatic tumorigenesis, many oncoproteins 

participate in multiple molecular events implicating in pancreatic cancer, such as cancer 

initiation, metastasis, inflammation, fibrosis and immunoresponse, making it particularly 

challenging for developing a single protein biomarker for pancreatic cancer detection. It is 

generally agreed that a composite biomarker with an integration of a panel of 

complementary proteins may enhance the detection accuracy and provide better robustness. 

Pancreatic cancer biomarker candidates that can distinguish cancer from normal controls 

with high accuracy, but are associated with some confounding effects may still be valuable 

for biomarker panel construction, or alternatively, can be used to build a two-stage test that 

requires reflexive testing for those patients who test positive on the first stage of the test. In 

addition, targeting high-risk population, such as patients with chronic pancreatitis, genetic 

susceptibility and/or diabetes, may provide better efficiency and economic effect for early 

detection of pancreatic cancer [119,122].

Factors that can potentially influence the outcome of a fluid proteomics study also include 

biological heterogeneity, the nature of a bodily fluid, sampling and storage protocols, as well 

as differences inherent to the analytical methodologies. For example, the proteome of 

pancreatic juice can be influenced by the level of obstruction of the main pancreatic ducts 

due to cancer, inflammation or other diseases [123], or contamination due to the presence of 

bile or blood in the sample. The outcome of a fluid proteomics study can also be biased by 

the limited number of cases and controls included in the study. Biobanking, which includes 

specimen collection, transportation, processing and storage, is therefore an integrated 
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component of clinical proteomics research. The availability and quality of specimens can 

greatly impact the progress in disease and biomarker study. Strategies, guidelines and 

standard operation protocols have been provided to facilitate biorepository effort to enhance 

clinical proteomics research [124–128]. For fluid proteomics studies that involve specimens 

from multiple institutions, a standardization process can be applied to account for the 

potential bias due to the various sample collection site [114,129,130]. While the 

discrepancies observed in some studies may be due, in part, to the factors aforementioned 

and the current limitations of proteomics technology, it also reflects the heterogeneous and 

dynamic nature of protein profiles present in these bodily fluids. The advances in mass 

spectrometry instrumentation, methodologies and bioinformatic tools are expected to 

improve the depth, breadth as well as reproducibility of fluid proteomics for future studies.
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Figure 1. 
Proteomics discovery of bodily fluids relevant to pancreatic cancer.
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Figure 2. 
Targeted proteomics for quantitative detection of selected candidates in bodily fluids.
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