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INTRODUCTION 
Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer death in men and women in the USA and has the lowest survival rate for any solid cancer (1, 2). Over 31,000 individuals are diagnosed with pancreatic cancer in the USA each year, of whom ~31,000 will die of the disease. Similar mortality figures are reported in the UK, with only 2-3% of patients surviving 5 years after a diagnosis of pancreatic cancer. One important reason for this poor survival is that only 10-15% of patients are diagnosed with small, resectable cancers (1). The lifetime risk of developing pancreatic cancer is ~1/150, and the median age at diagnosis is the mid 60s. However, the age-specific incidence of pancreatic cancer is low prior to the age of 50 where the annual incidence in the general population is less than 10 cases per 100,000 (3).

The diagnosis of pancreatic cancer is usually suspected from complaints of progressive obstructive jaundice, profound weight loss and pain in the abdomen or mid-back. Chronic pancreatitis can be difficult to distinguish from pancreatic cancer with the use of clinical, imaging, and biochemical parameters. Less frequently, patients with pancreatic cancer can present with diabetes mellitus, thrombophlebitis migrans, depression, or evidence of metastatic disease. Generally, the diagnosis is established using computerized tomography (CT), endoscopic ultrasound (EUS) or ERCP (endoscopic retrograde cholangiopancreatography) with histological (or cytological) confirmation. If curative resection is considered, staging investigations using EUS or angiography are performed searching for evidence of metastases to lymph nodes, peritoneum, liver and vascular invasion of the splenic or portal vein. Helical CT with contrast usually provides good visualization of the peripancreatic vasculature without the need for formal angiography. A diagnosis of pancreatic cancer may be delayed in some patients for a variety of reasons including having non-specific symptoms, having a cancer that is small or that diffusely infiltrates the pancreas without forming a mass, delay in access to diagnostic services such as endoscopic ultrasound and fine needle aspiration, or due to the sub-optimal sensitivity of fine needle aspiration cytology (1, 4). Imaging and endoscopy can readily be used to diagnose unresectable lesions but are less effective at diagnosing small, surgically resectable cancers. 

The management of pancreatic ductal adenocarcinoma depends on several factors including the patient’s symptoms, the performance status of the patient, the histological classification of the cancer, the stage of the disease, and the presence of complications. Surgery (Whipple resection for tumors of the pancreatic head) remains the only realistic curative modality for pancreatic cancer. The Whipple procedure involves the resection of the head of the pancreas, the duodenum, distal common bile duct, local lymph nodes and peripancreatic tissue. Operative mortality rates vary considerably with the experience of the surgeons and the number of patients served by the treating institution (5), but rates in expert centers are as low as 1 to 3%. Unfortunately, approximately 75% of individuals who undergo Whipple operations will die of their disease within 5 years, with a median survival of ~18 months. Many patients who undergo curative resection for pancreatic adenocarcinoma are offered adjuvant or neo-chemoradiotherapy (6, 7). Recent controversial studies suggest that radiotherapy may not be effective for most patients (8, 9). Precancerous lesions can also present with symptoms and can appear as pancreatic solid and cystic masses including intraductal papillary mucinous neoplasms (IPMNs). It is important to diagnose these neoplasms which can present in the same way as invasive pancreatic cancers but are usually curable with surgery (10).

There are few chemotherapeutic agents that are active against pancreatic cancer (11-15). Agents such as gemcitabine and 5-fluorouracil (5FU) are effective in only 10-20% of patients with the disease. Other chemotherapeutics under investigation include 5FU prodrugs (capecitabine and S-1), rubitecan (9-nitrocamptothecin, RFS 2000) and taxotere. A number of experimental approaches are being tried, including tumor vaccines (16), but their efficacy has yet to be established.

Since most patients will die of their disease, it is important to improve patient quality of life as much as possible. Measures to alleviate pain are usually necessary, generally opiate analgesia frequently given in the form of infusion pump. Destruction of the nerves around the pancreas (‘celiac axis nerve block’) achieved by the percutaneous, EUS-guided or intra-operative injection of 100% alcohol, provides pain relief for many patients (17-20). Stenting the main pancreatic duct has also been tried to relieve pain from elevated intraductal pressure in patients with pancreatic cancer (21). Weight loss is a common problem which is usually multifactorial and is often refractory to treatment (22). Anorexia, maldigestion and cachexia are important factors. Pancreatic enzymes and appetite stimulants may help. Of the many agents tried to combat cachexia, fish oils appear promising in early clinical trials (23). In the laboratory, fish oils appear to block the effects of cancer on muscle and fat wasting. 

Many patients with pancreatic cancer will die of the complications of common bile duct obstruction. Biliary drainage can relieve symptoms and is achieved with biliary stents introduced during ERCP or percutaneously (percutaneous transhepatic cholangiography, PTC). Biliary stents can be placed as an outpatient procedure with minimal patient discomfort. Unfortunately, these stents invariably block due to progressive tumor growth, necessitating removal and replacement of the existing stent. 

Since 15-40% of patients with a resectable pancreatic cancer survive 5 years after surgical resection (24), the earlier diagnosis of pancreatic cancer could save lives. Indeed, Canto et al. have shown that EUS based screening of individuals whose family history indicates that they have an increased risk of developing pancreatic cancer can detect early (non-invasive) pancreatic neoplasms (25-28). The role of screening using imaging tests is still under investigation. However, screening using EUS and spiral CT scanning (in the context of counseling about cancer risk and inherited susceptibility) appears to be effective at detecting, treating and probably curing early pancreatic cancers and precancerous lesions (intraductal papillary mucinous neoplasms), although this information is based on relatively small numbers of individuals (25, 28, 29). Potential candidates for screening include individuals who have multiple first-degree relatives with familial pancreatic cancer (27), those with germ line mutations in the BRCA2 gene, the STK11 gene (who have the Peutz-Jeghers syndrome), or the p16 gene (with familial atypical mole melanoma syndrome), and those with hereditary pancreatitis due to germ line mutations in the cationic trypsinogen gene (30). Currently, screening should only be considered in individuals with a significantly increased risk of developing pancreatic neoplasia and only in the context of clinical research protocols. 

Better serum markers of pancreatic cancer are urgently needed to improve pancreatic cancer diagnosis. Existing tumor markers are not sufficiently sensitive nor are they specific enough to differentiate benign from malignant disease. 

TUMOR MARKERS IN PANCREATIC CANCER: NACB RECOMMENDATIONS

Table 1 summarizes NACB recommendations for the use of CA19-9 in pancreatic cancer, together with those of the European Group on Tumor Markers (EGTM) and the American Gastroenterological Association (AGA). The NACB guidelines are derived from published studies of pancreatic cancer serum and tissue markers that are described below. The levels of evidence grading system used is based on that described by Hayes et al [see Section 1].

A tumor marker has been defined, as “a naturally occurring molecule that is measured in serum or plasma, or other body fluids or in tissue extracts or paraffin-embedded tissue to identify the presence of cancer, to assess patient prognosis, or to monitor a patient’s response to therapy with the overall goal of improving the clinical management of the patient”(31). The greatest limitation of most studies of serum markers is that they fail to limit their analyses to patients with small potentially curable pancreatic cancers.

Tumor markers investigated for use in pancreatic cancer

In the discussion presented here, tumor markers have been classified according to the evidence available to support their clinical use. For markers in Category A, “accepted clinical use”, there is clear evidence that the marker is clinically useful and contributes to patient care, and that its use is widely accepted. For those in Category B, “evaluation”, there is substantial information on the marker, typically from larger cohorts, which validates its diagnostic performance, but there is no clear evidence yet that the marker is clinically useful. For markers in category C, “research or discovery”, typically only initial, discovery-phase data have been published; with further evaluation using larger cohorts required to determine the diagnostic potential. 

Previously evaluated markers which have been demonstrated to be inferior to the current standard marker, CA19-9, include Amylin (IAPP) (32, 33), CA 50 (34-40), CA195 (41-44), tumor associated trypsin inhibitor (TATI) (44-46), pancreatic oncofetal antigen (POA) (47-49), YKL-40 (50), TUM2-PK (tumor M2 pyruvate kinase) (51-55) and HIP/PAP (56-60). Markers for which conflicting evidence exists as to their diagnostic potential include carcinoembryonic antigen (CEA) (61-64), CA72-4 (65-67), DUPAN-2 (35, 68), and SPan-1 (69, 70)]. None of these markers will be discussed further. 

Tumor markers with accepted clinical use in pancreatic cancer (Category A) 

CA 19-9

CA19-9, the sialylated Lewisa blood group antigen, is still the current standard serum tumor marker for pancreatic adenocarcinoma, and the one against which others are compared. Recommendations regarding its use in the management of patients with pancreatic cancer have been issued from the European Group on Tumor Markers (EGTM) and the American Gastroenterological Association (AGA) (3, 71). The clinical usefulness of CA19-9 in the screening, diagnosis, prognosis and monitoring of therapy for pancreatic adenocarcinoma is reviewed below (see also Table 1). The US Food and Drug Administration (FDA) has approved several CA19-9 assays for monitoring patients with pancreatic cancer. 

Diagnosis. The utility of serum CA19-9 in the diagnosis of pancreatic adenocarcinoma has been extensively investigated in numerous retrospective and prospective studies that have enrolled multi   ple control groups (chronic pancreatitis, obstructive jaundice, abdominal pain, healthy subjects) [for review see (72-76)]. The optimal diagnostic cutoff value of CA19-9 has been evaluated extensively. In one study CA 19-9 levels were measured in 160 patients with pancreatic diseases (90 with pancreatic cancer, 70 with benign disease), 322 patients with biliary tract diseases (152 with biliary cancer, 170 with benign disease), and 20,035 asymptomatic controls. The mean serum concentration of CA19-9 in asymptomatic individuals was 9.42 +/- 9.95 U/ml and levels above 37 U/mL were determined to be most accurate for discriminating pancreatic cancer from benign pancreatic disease (sensitivity and specificity of 77 and 87 percent, respectively)(77). Similar sensitivity and specificity values for CA19-9 have been described in other studies, but have varied depending on the study populations under investigation. 
Among patients presenting with symptoms suspected to be due to pancreatic cancer, CA19-9 performs somewhat better, but still has only modest sensitivity. In a study of 261 such patients, serum CA19-9 had a sensitivity of 70%, and a specificity of 87%. In this population, the positive predictive value of an elevated CA19-9 was 59%, and the negative predictive value was 92% (78). A meta-analysis of similar studies, performed in 1994, reported serum CA19-9 had a mean sensitivity of 81% (range 69-93%) and a specificity of 91% (range 76-99%) using a cutoff level of 37 U/L (72). Higher cutoff values increase the diagnostic specificity: for a cutoff level of 100 U/L, diagnostic specificity of 97% has been reported (79), and for CA19-9 levels >1000 U/L, specificity approaches 100% (72, 80). Importantly, CA19-9’s performance characteristics improve as a patient’s pancreatic cancer becomes more advanced (62, 72). Consequently, for small tumors (<3 cm), the sensitivity of CA19-9 decreases significantly (~55%) (72). CA19-9 antigen secretion depends on Lewisa antigen status. If the Lewisa antigen status is taken into account, CA19-9’s overall diagnostic sensitivity can reach 92% among patients presenting with symptoms of pancreatic cancer (81). The combination of serum CA19-9 and imaging tests (sonography, CT) increase the positive predictive value (79). Unfortunately, at the current time, cure from pancreatic ductal adenocarcinoma is related to tumor stage and size (82) and thus the challenge for serum tumor markers such as CA19-9 is not simply to perform adequately among patients with advanced disease who are rarely cured of their disease, but to ensure that patients who present while they have small curative cancers can be readily identified with the help of accurate serum tumor markers. Serum CA19-9 does not have the necessary performance characteristics to meet this challenge.

Other limitations of the diagnostic usefulness of CA19-9 include its elevation in non-pancreatic gastrointestinal malignancies as well as a variety of benign disease conditions. Biliary obstruction, cholecystitis, cholangitis, hepatic cirrhosis, acute and chronic pancreatitis are common causes of elevated CA19-9 values (72, 73). For example, in one study serum CA 19-9 values ranged from 190 to 32,000 in seven patients with acute cholangitis secondary to gallstone biliary obstruction but were normal in patients with asymptomatic cholelithiasis, common duct obstruction without cholangitis, or acute cholecystitis (83).

In view of these limitations the NACB Panel does not recommend measuring serum CA19-9 for the diagnosis of pancreatic cancer. EGTM guidelines recommend a limited role for CA19-9 in the diagnosis of pancreatic cancer as a complement to accurate pancreatic imaging procedures (3, 71). If measured, CA19-9 should be used in conjunction with an imaging test (CT, EUS). Appropriately interpreted CA19-9 values can guide further invasive testing (ERCP, EUS FNA, laparoscopy, laparotomy) in the appropriate clinical context. 

Screening. The low prevalence of pancreatic cancer in the general population means that screening asymptomatic persons for pancreatic cancer using even highly accurate serum tumor markers would yield too many false positives and cannot be recommended. This is illustrated by a recent study in which 70,940 asymptomatic subjects were screened using CA19-9. Four cases of pancreatic cancer were detected along with 1059 false-positives, yielding a positive predictive value of 0.9% (84).

When screening high-risk populations, many lesions detected by imaging are precancerous masses and in this setting, serum CA19-9 is often normal (25, 28, 29). For example, in one study CA19-9 levels were all within normal range in 14 high-risk individuals who underwent total pancreatectomy. These 14 patients had pancreatic imaging abnormalities and were found to have histologic evidence of dysplasia in their pancreatectomy specimens (85). Similarly, since many pancreatic adenocarcinomas arise from microscopic dysplastic lesions now called “PanIN” (pancreatic intraepithelial neoplasia), there is concern that neither imaging nor serum tumor markers will detect many pancreatic neoplasms until they have become invasive cancers (86-88). Serum tumor markers could still be very valuable for detecting early asymptomatic invasive pancreatic cancer, but this information must await prospective studies as there is currently only limited information about the role of tumor markers in this setting. The American Gastroenterology Association recommendations published in 1999 did not recommend a screening strategy as at that time no strategy had been shown to detect early pancreatic cancers in patients with an increased risk for developing pancreatic cancer. 
Prognosis. Serum CA19-9 levels carry independent predictive value for the determination of resectability of pancreatic cancer (62, 80) and of overall patient survival (81, 89-91). For example, a retrospective review of 104 pancreatic cancer patients treated with radiotherapy found the CA19-9 level at diagnosis to be a significant prognostic indicator, with median survival rates of 8 and 20 months for patients with a CA19-9 level above or below the median (680 U/L) (91). Similarly, in a cohort study of patients undergoing resection for pancreatic cancer (n=347), the median survival time for patients with the same tumor stage was significantly longer in patients whose CA19-9 levels returned to normal after resection, than in those whose CA19-9 did not normalize (81). In another study of 28 patients with advanced pancreatic cancer and elevated baseline CA19-9 treated with gemcitabine, pretreatment CA19-9 level was an independent, and significant predictor of survival, and was more informative than CA19-9 response (p = .0497) (92). Most recently, undetectable preoperative CA 19-9 levels have been shown to correlate with improved survival for patients with resectable pancreatic adenocarcinoma. The authors suggest that patients who present with undetectable preoperative CA19-9 levels and potentially resectable pancreatic cancer, regardless of advanced stage, should be considered candidates for aggressive therapy (93).

While the AGA guidelines do not comment on this topic specifically, the EGTM guidelines state that CA19-9 has the potential to assess prognosis for pancreatic cancer, but its use for that purpose is unproven (71). 

The NACB Panel recommends that serum CA19-9 levels should be taken into account for risk stratification of pancreatic cancer patients. Although high levels of CA19-9 are an adverse prognostic indicator, it is only one of many parameters that influence prognosis and decisions about therapy.

Monitoring of therapy. Substantial evidence is available regarding the role of serial CA19-9 measurements in the monitoring of palliative chemotherapy for pancreatic cancer. In two recent studies of palliative gemcitabine chemotherapy (n=89 for the 2 studies combined), a decline in CA19-9 of >20% compared to baseline after 8 weeks therapy (2 cycles) has been shown to be a better indicator of response and survival than CT imaging (94, 95). No patient had decreasing CA19-9 levels in the presence of progressive disease and all patients with an objective response (partial or complete) had CA19-9 reductions of >20%. The independent prognostic value of serial CA19-9 kinetics has also been reported using different palliative combination chemotherapy regimens (95-97). In a study of 21 patients with advanced pancreatic cancer treated with gemcitabine and cisplatin, all 4 patients who achieved complete remission demonstrated a return of CA19-9 levels into the normal range (98), while the 4 patients who achieved partial remission showed a decrease in their CA19-9 values (98).

Serial CA19-9 measurements have greater sensitivity and specificity for determining response than individual measurements. In one study, a serial drop in CA19-9 levels had a sensitivity of 67% for predicting partial response and a serial elevations a sensitivity of 86% for predicting progressive disease (97). One study concluded that decreasing CA19-9 values suggest tumor progression is unlikely and treatment should be continued, while patients with an increase of CA19-9 during chemotherapy with gemcitabine had a poor prognosis and in the absence of a significant improvement in clinical response, further chemotherapy is of questionable value (94).

Similar studies have been performed investigating the role of CA19-9 in predicting the response to radiotherapy for pancreatic cancer (91, 99, 100). Serial measurements to monitor response radiotherapy, however, are less practicable, since radiotherapy is limited by a maximum tolerated dose and is of short duration in contrast to palliative chemotherapy. When used to follow the prognosis of patients after chemoradiotherapy, serial CA19-9 predicted disease relapse with 100% sensitivity and 88% specificity (99).

Current guidelines from the AGA, NCCN and EGTM state that CA19-9 measurements cannot yet be recommended for monitoring the efficacy of treatment of pancreatic cancer. 

The NACB Panel recommends that serial CA19-9 measurements be used in conjunction with imaging to monitor patient’s response to therapy, particularly palliative chemotherapy. Serial CA19-9 monitoring is also recommended in the follow-up of patients after potentially curative surgery, although the utility of detecting early rises in CA19-9 and instituting therapy prior to other evidence of relapse has yet to be demonstrated.

Gene testing for inherited susceptibility

Individuals with inherited mutations of BRCA2, p16 (Familial atypical multiple mole melanoma), STK11 (Peutz-Jeghers syndrome), cationic trypsinogen (hereditary pancreatitis), FANCC, FANCG and occasionally mismatch repair gene defects (hereditary non-polyposis colorectal cancer) are at increased risk of developing inherited pancreatic cancer (101-109). Most of the known inherited causes of pancreatic cancer are due to germ line BRCA2 mutations, which are found in ~10% of all familial pancreatic cancers (103, 110-112) and ~5% of patients with apparently sporadic pancreatic cancer (102, 103). Kindred with germ line BRCA2 mutations may have multiple pancreatic cancers in the absence of breast or ovarian cancer. Therefore, at many centers in the USA patients with a strong family history of pancreatic cancer are recommended to undergo genetic testing for germ line BRCA2 mutations after appropriate genetic counseling. This is based on expert opinion and applies to populations where BRCA2 mutations have been demonstrated in patients with familial pancreatic cancer (103, 110, 111). In addition to considerations regarding prophylactic mastectomy and oophorectomy, patients with germ line BRCA2 mutations may benefit from screening to look for evidence of pancreatic neoplasia (26), but this is still under investigation. The other known genes cause only a very small percentage of familial pancreatic cancers. Pancreatic cancer families with a malignant melanoma will occasionally harbor germ line p16 mutations, but there is not enough evidence to recommend these patients for p16 gene testing (113-115). Individuals with pancreatic cancer who are from families having multiple members with melanomas may have familial atypical melanoma mole syndrome (FAMM) and in this setting p16 gene testing is appropriate (Table 2). 

Tissue markers of pancreatic cancer

Infiltrating adenocarcinomas of the pancreas differentially express a large number of proteins and many of these proteins can be detected using commercially available antibodies (see table 3). Some of these tissue markers may aid in establishing the diagnosis of cancer, but the diagnosis of pancreatic cancer should never be based solely on immunohistochemical labeling of tissues.

All adenocarcinomas of the pancreas express cytokeratin (CK) and almost all will label with the anti-cytokeratin antibodies AE1/AE3 and CAM 5.2 (116-118). Antibodies are now available to a number of cytokeratins of different molecular weights and CK 7, CK 8, CK 18 and CK 19 are expressed in 70-100% of pancreatic cancers (115). CK 17 is expressed in 50-70%, and CK 20 in <20% (116). The pattern of immunolabeling for cytokeratins can be diagnostically useful, as most acinar neoplasms and most well differentiated endocrine neoplasms of the pancreas do not express CK7.

Ductal adenocarcinomas of the pancreas also express epithelial membrane antigen (EMA), and a variety of tumor antigens including carcinoembryonic antigen (CEA), carcinoma antigen 19-9 (CA19-9), CA 125, and DuPan 2 (116, 119, 120). The expression of CEA may be particularly useful in distinguishing infiltrating adenocarcinoma from reactive glands. 

Adenocarcinomas of the pancreas express several mucins including MUC1 (a pan-epithelial mucin equivalent to EMA), MUC3, MUC4, and MUC5AC (a gastric foveolar mucin) (121). A quarter of ductal adenocarcinomas will express MUC6 (a pyloric-gland mucin), but <10% will express MUC2. This pattern of mucin expression can help distinguish ductal adenocarcinomas from other tumor types in the pancreas. For example, the majority of intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs) of the pancreas express MUC2 but not MUC1 (121-124). MUC4 expression is under investigation for its utility for pancreatic cancer diagnosis and may help distinguish pancreatic cancer tissue samples from those with chronic pancreatitis (125). MUC4 expression also becomes increasingly likely in PanINs of advanced grade (126). 
The SMAD4 (DPC4/MADH4) tumor suppressor gene is genetically inactivated in 55% of pancreatic cancers and mutations in the DPC4 gene are highly correlated with loss of protein expression. Cancers showing an abnormal loss of Smad4 protein expression have a poorer prognosis (127, 128). Since loss of Smad4 expression is only occasionally found in other cancers and is not a feature of non-neoplastic pancreatic conditions, Smad4 expression has been demonstrated to facilitate the interpretation of diagnostically difficult cytological specimens (129).

Tumor markers under evaluation for use in pancreatic cancer [Category B (Table 4)]
CA242. 

CA242, the non-fucosylated precursor sialyl-Lewisc antigen, is a mucin-based serum marker. The serum levels of this marker are not dependent on Lewisa secretor status (61). Substantial published data are available on the diagnostic utility of CA242 as a pancreatic cancer marker. Depending on the population studied, sensitivities of 41%-75% and specificities of 85-95% for the diagnosis of pancreatic cancer have been described (130-132). Overall, the reported diagnostic performance is similar to that of CA19.9 (130, 133-135). In a study of 42 consecutive patients with pancreatic carcinoma, CA19.9 (at a cut-off value of 37 U/ml) and CA242 (cut-off value 20 U/ml) had essentially the same performance characteristics. CA242 was better than CA19.9 with respect to specificity (>90%), whereas CA19.9 had better sensitivity (>70%) (136). CA242 levels also carry prognostic significance. In one study, patients with resected pancreatic cancer and a preoperative CA242 <25 U/ml had a significantly better prognosis than those with higher CA242 levels, independent of resectability and of CA19-9 levels (137). The advantages of CA242 over CA19-9 include its independence of Lewis antigen status and that its levels are less influenced by cholestasis (133). In conclusion, CA242 has been shown to have similar, but not superior diagnostic performance compared to CA19-9. In selected situations, such as Lewisa non-secretor status, its determination may be clinically useful. 

CAM 17.1 

CAM 17.1, a sialylated blood group type-1 antigen, probably sialyl-I (61, 138), is also a mucin-based marker. Initial reports using sera from patients with pancreatic cancer and various controls (chronic pancreatitis, healthy controls, those with other GI cancers) describe sensitivities of 67-78% and specificities of 76-91% (139, 140). The diagnostic sensitivity of CAM 17.1 is similar to that of CA19-9, but CAM 17.1 may have higher specificity (139). One large prospective cohort study of serum CAM 17.1 in 250 patients suspected to have pancreatic cancer demonstrated a sensitivity for predicting pancreatic cancer of 86% and specificity of 91%; with 89% sensitivity and 94% specificity for patients who did not have jaundice (141). The combination of CAM 17.1 and abdominal sonography further increased the sensitivity to 94%. In the same study, high CAM17.1 levels (>200U/L) also predicted non-resectability. Expression of CAM 17.1 is influenced by Lewisa antigen status (138); consequently the same limitation (7-10% non-secretor in the general population) seen with CA19-9 applies. The potential superiority to CA19-9 in terms of specificity has not been confirmed in other studies. 

Tissue polypeptide specific antigen (TPS)
Two retrospective cohort studies have investigated the role of tissue polypeptide specific antigen (TPS), an epitope from soluble cytokeratin 18 fragments, in the monitoring of palliative chemotherapy for advanced pancreatic cancer. One of these studies showed a superior performance in comparison with CA 19-9 (41, 142). However, both studies only included a limited number of patients (n=9 and 20). TPS has also been investigated for its ability to differentiate patients with chronic pancreatitis from those with pancreatic cancer but results are inconclusive (41, 143, 144). In one study of 122 patients with suspected pancreatic carcinoma or chronic pancreatitis an elevated TPS level (>100 U/L) was found in 100% (46/46) of the patients with pancreatic cancer, whereas an elevated CA 19-9 (>37U/ mL) was seen in 32/46 (70%) patients. Elevations of TPS and CA 19-9 levels were found in 22% and 19% of 74 patients with chronic pancreatitis, respectively. If a cut-off value of 200 U/L was used, TPS had a sensitivity of 97% and specificity of 98% in discriminating pancreatic cancer from chronic pancreatitis (145). These data suggest that TPS may have a role in the detection of early pancreatic cancer and in the monitoring of responses to therapy, but further study is warranted before definitive recommendations can be made.

Potential tumor markers for pancreatic cancer still in the research or discovery stage [Category C (Table 4)]
Serum macrophage inhibitory cytokine 1 (MIC-1) 

Serum macrophage inhibitory cytokine 1 (MIC-1) was initially identified as being over expressed in pancreatic and colorectal cancer by gene expression studies (146, 147) and is also over expressed in prostate and other cancers (148). Serum MIC-1 level and genotype has been associated with progression and prognosis of colorectal carcinoma (149). Recently, the diagnostic performance of MIC-1 was investigated using a custom-designed ELISA to assay 326 sera samples from patients with resectable pancreatic cancer (n=80), resectable ampullary and cholangiocarcinoma (n=30), other pancreatic neoplasms (n=42), chronic pancreatitis (n=77) and healthy controls (n=97). Serum MIC-1 had a sensitivity of 71% and specificity of 78% (cutoff 1070 pg/ml). CA19-9 had similar diagnostic utility in this cohort (ROC AUC 0.81 for MIC-1 and 0.77 for CA 19-9). The combination of MIC-1 and CA19-9 significantly improved the diagnostic accuracy compared to each single marker (ROC 0.87). More recently, MIC-1 was compared to CA19-9 and other investigational markers after some minor modifications in assay performance. Serum MIC-1 was elevated in 96% of individuals with resectable pancreatic cancer, as well as in 42% of those with chronic pancreatitis. The diagnostic accuracy of MIC-1 by ROC curve analysis was significantly better than CA19-9 (Koopmann et al, unpublished). 

Osteopontin 

Since first identified as a transformation-associated protein, osteopontin (OPN) has been recognized as important in the processes of tumorigenicity and metastasis (150). OPN is over expressed in lung, breast, prostate, gastric, esophageal and ovarian cancers (151). Gene expression profiling technology has also been used to demonstrate increased osteopontin (OPN) mRNA expression in pancreatic cancers (152). As a secreted molecule, serum OPN can be measured using an ELISA assay designed to limit osteopontin factor H interactions in the serum. Serum OPN was measured in patients with resectable pancreatic cancer (n=50) and in normal controls (n=22) and found to outperform CA19-9, with 97% specificity and 80% sensitivity for OPN (cutoff 334 ng/ mL). 

Tissue inhibitor of metalloproteinase type 1 (TIMP-1) 

Tissue inhibitor of metalloproteinase type 1 (TIMP-1) was first identified as a potential marker of pancreatic cancer following the discovery that it was over expressed in pancreatic cancer tissues (153). Plasma TIMP-1 levels have been reported to be increased in patients with colorectal cancers, with levels having prognostic significance in patients with colorectal carcinoma (154) and primary breast cancer (155). Evaluation of TIMP-1 using a commercial ELISA that detects free and complexed forms showed significantly higher levels in the sera of patients with pancreatic cancer (n=85) compared to normal controls (n=98). While serum TIMP-1 did not outperform CA19-9, in one study the combined measurement of TIMP-1, CEA and CA19-9 levels achieved 100% specificity at 60% sensitivity (specificity optimized cutoff values) and 95% specificity at 81% sensitivity (sensitivity optimized cutoff values), illustrating the potential utility of combining markers (153). Further study of the diagnostic utility of TIMP-1 measurement for pancreatic cancer diagnosis is required including further evaluation of assays and the best body fluid for analysis (plasma vs. serum). 

Serum Proteomic markers 

Since the serum proteome contains many potential biomarkers for disease detection, several proteomic approaches are being used to identify novel protein markers of disease. One of the most commonly used analytical platform for high-throughput proteomic studies uses a ProteinChip® Biomarker System-II, also known as surface-enhanced laser desorption/ionization (SELDI), and a low-resolution time-of-flight (TOF) mass spectrometer. Pilot studies utilizing SELDI have identified candidate biomarkers in ovarian, breast, prostate and pancreatic cancers (156-161). In addition, recently a large multicenter study of ovarian cancer sera identified three peptides that were diagnostically useful in discriminating ovarian cancer from control sera. These markers, having been discovered in patients from one center were validated using patients from other centers (162). In a case-control study, Koopmann et al. compared serum samples from patients with resectable pancreatic adenocarcinoma using SELDI to those of a variety of disease and healthy controls (158). They found two discriminating peptide peaks could differentiate patients with pancreatic cancer from healthy controls with a sensitivity of 78% and specificity of 97%, outperforming CA19-9 (p<0.05). The diagnostic accuracy of these two peptides was improved by using them in combination with CA19-9. SELDI markers were also better than CA19-9 in distinguishing patients with pancreatic cancer from those with pancreatitis. Although these results indicate the potential diagnostic utility of assaying small serum peptide markers of pancreatic cancer, large multicenter studies are needed to confirm these findings and to precisely identify peptide markers so that more specific assays can be designed for their detection. 

Markers of pancreatic neoplasia detectable in pancreatic juice (Table 5)

Serum markers play an important role in the diagnosis of many cancers, but they are less useful for identifying non-invasive neoplasms. The need to identify very small non-invasive pancreatic neoplasms has led to interest in identifying novel markers of pancreatic neoplasia that can be applied to pancreatic juice specimens. Accurate molecular markers of pancreatic neoplasia that could be applied to test inconclusive cytological or biopsy specimens would be valuable for evaluating patients with suspected pancreatic cancer. Samples of pancreatic secretions (pancreatic juice) are also attractive diagnostic specimens because they have high concentrations of neoplastic DNA and proteins and could be a useful clinical specimen to use when diagnosing symptomatic patients as well as when screening high-risk individuals for evidence of early pancreatic cancer or of precancerous neoplasms of the pancreas, an approach analogous to using nipple aspirates for breast cancer diagnosis. 

Multiple studies have determined the utility of using pancreatic juice samples to detect DNA methylation changes, DNA mutations, and protein over expression. For example, mutant K-ras genes are readily detected in pancreatic juice, but in plasma these mutations are usually detectable only after patients have inoperable cancer (163-165). Pure pancreatic juice collection requires ERCP, but pancreatic juice can also be collected in the duodenum and assayed for the presence of cancer DNA during routine upper-gastrointestinal endoscopy after secretin stimulation without the need for ERCP. Pancreatic juice markers and the assays designed for their detection are currently still undergoing evaluation and have not yet been demonstrated to be useful in clinical practice.

DNA alterations in pancreatic juice as markers of pancreatic cancer
Mutant DNA

The diagnostic potential of DNA-based markers has improved in recent years, with technological developments including chip-based technology, and quantitative polymerase chain reaction (PCR) (166). DNA mutations can be detected at very low concentrations, even when a mutant allele is admixed with many hundreds or even thousands of wild-type alleles. Despite the accuracy of many DNA-based detection methods, and the multiple genes targeted for mutation in pancreatic cancers (167), few somatic mutations have been identified that have ideal diagnostic characteristics. An ideal genetic marker would be present in virtually all pancreatic cancers and would be readily detectable. The easiest mutations to detect are those that are limited to a single codon or to a very specific portion of the targeted gene such as K-ras or BRAF (163-165, 168-170). Unfortunately K-ras mutations are not specific for invasive pancreatic cancer; studies of K-ras gene mutations in pancreatic tissues, pancreatic juice and stool find they occur in patients with chronic pancreatitis, in individuals who smoke, and in PanINs from patients without pancreatic cancer (171-175).

TP53 gene mutations generally occur relatively late in the neoplastic to invasive pancreatic cancer, and the detection of TP53 gene mutations has been widely investigated as a potentially specific diagnostic marker in various cancers. In pancreatic ductal adenocarcinoma, TP53 gene mutations are found in ~70% of invasive cancers (176). Although a few nucleotide hot spots of TP53 gene mutation are known to exist, mutations occur throughout the gene (177). In one study, assaying for eight common TP53 gene mutations in stool with the use of a mismatch ligation, investigators identified 59% of stool samples from patients with colon cancer (178), but other studies have found a much lower percentage of recurrent TP53 gene mutations (179). Hot spots of TP53 gene mutation arise because of specific environmental factors, such as smoking or aflatoxin exposure, thus the prevalence of TP53 mutational hotspots vary with the population under study. Most studies of TP53 mutations as a cancer marker have used assays such as chip technologies, single-strand conformational polymorphism, and temperature gradient capillary electrophoresis that have the potential to identify the complete spectrum of TP53 gene mutations. The sensitivity and limit of detection of these technologies are not as good as strategies that detect single nucleotide mutations. Assays such as single-strand conformational polymorphism (SSCP) and temperature gradient capillary electrophoresis can detect mutations that are present in at least 1% and more often 5-10% of the total DNA (180, 181). Using SSCP, investigators have reported the presence of TP53 gene mutations, within exons 5-8, in pancreatic juice samples and in brush cytology specimens of 40%--50% of patients with pancreatic cancers(182). This figure is close to the number of mutations that one would expect to find in the primary pancreatic cancers from these patients (182). One study using temperature gradient gel electrophoresis demonstrated that pancreatic juice from patients with chronic pancreatitis rarely harbors TP53 gene mutations (183). Gene chip technology has also been used for TP53 gene mutation detection and it has the advantage that it can identify, in a single assay, a large percentage of possible TP53 gene mutations in a given DNA sample as long as the mutation is present in the sample at sufficient concentration relative to normal DNA (>1% of DNA) (184). Although these gene chips are very effective in identifying missense mutations, they may miss the small deletions and insertions that represent ~10%--20% of all TP53 gene mutations. In studies using Affymetrix( p53 gene chips, investigators were able to identify ~80% of all TP53 gene mutations in non--small cell lung cancer tissues (179, 185). The concentration of mutant DNA in the pancreatic juice of patients with pancreatic cancer can be less than 1% of total DNA (186) so the utility of using TP53 gene chip assays for pancreatic cancer diagnosis remains to be determined.

The emergence of chip technologies has also facilitated investigations into the diagnostic utility of mitochondrial mutations. Mitochondrial mutations are commonly found in multiple cancers types (187-191). One advantage of mitochondrial DNA as a marker for cancer is that each cell has many more copies of the mitochondrial genome than of nuclear DNA, and the amount of mitochondrial DNA in cancer cells is several times more abundant than it is in normal tissues (187, 188, 190, 192). To efficiently interrogate the mitochondrial genome, a “MitoChip” has been developed (189), and initial studies suggest that this chip can be used to detect mitochondrial mutations in pancreatic juice samples obtained from patients with pancreatic cancer as well as from the urine of patients with urinary tract cancers (189). These results are preliminary and require confirmation in larger prospective studies. 

Methylated DNA

 Since aberrant hypermethylation of tumor suppressor genes is common during carcinogenesis, DNA methylation abnormalities may be particularly suitable for use in early-detection strategies (193, 194). Several dozen genes, such as SPARC, ppENK, p16, TSLC1 and TFPI-2, have been identified as aberrantly methylated in pancreatic carcinomas: some of these markers are aberrantly methylated in ~90% of pancreatic cancers (194-198). The detection of such aberrant methylation changes in clinical samples is feasible with methylation-specific PCR (MSP) (199). MSP requires bisulfite modification of the DNA to convert all unmethylated cytosines to uracils. MSP has been used successfully to identify methylated DNA in most biologic fluids, including blood, fine needle aspirates, saliva, and sputum from cancer patients (200). In addition, quantification of methylated DNA using real-time MSP is being employed in an attempt to distinguish more accurately cancers from non-neoplastic diseases. Initial studies in patients with pancreatic disease have demonstrated that aberrant DNA methylation patterns can be detected in pancreatic juice samples from patients with pancreatic cancer (195, 196, 201), and are only rarely found in pancreatic juice samples from patients without pancreatic cancer. Although these data are promising, several biologic features of DNA methylation require consideration when DNA methylation markers are considered for use in clinical practice as cancer markers. These include tissue-specific differences in normal methylation patterns, increases in DNA methylation with patient age, limitations of bisulfite modification, and the potential for methylated DNA markers to detect early neoplasia with little propensity for cancer (202-206). For example, some genes normally unmethylated in the pancreas and commonly methylated in pancreatic cancers undergo low-level methylation in non-neoplastic duodenal tissues. Some methylation in normal tissues such as duodenum is more likely to be present in older patients (201). This suggests that assaying for DNA methylation in pure pancreatic juice collected directly from the pancreatic duct will be preferable as it avoids possible duodenal contamination (201). Because MSP requires a bisulfite modification step that causes DNA degradation, MSP is not as sensitive as simple PCR, and has a lower limit of detection of ~10-20 copies (201). Even at this level of detection, MSP may detect low-level methylation that arises either from normal aging or in lesions of low malignant potential. For example, low-grade PanINs develop with increasing frequency in the pancreas with increasing age, and some of these PanINs harbor methylation changes that are not found in normal pancreatic epithelium. For this reason, genes that only undergo methylation in high grade PanINs and invasive cancers are likely to have more diagnostic accuracy for detecting pancreatic cancer as opposed to those that are methylated in early PanIN (207).

Tissue Markers under investigation 

Many proteins that are differentially expressed in pancreatic cancer have been identified through global analyses of gene expression (208-217). For example, mesothelin (expressed in nearly 100% of pancreatic cancers) may prove to be a useful tumor antigen (218). Other over expressed proteins include prostate stem cell antigen (expressed in 60%), sea urchin fascin homolog (95%), claudin-4, 14-3-3-sigma, transglutaminase 2, CDC25B, ADAM9, cdc2/p34, heat shock protein 47, trefoil factor-2 (219) and topoisomerase II alpha (95%) (220-225). Two kallikreins, KLK6 and KLK10 are significantly up-regulated in pancreatic cancer (226), as are a number of members of the S100 protein family (227, 228), and aurora kinase (229). The clinical usefulness of detecting these markers has not yet been demonstrated. Gene expression microarray analysis is being studied as a prognostic tool for several cancers, but because of the dismal prognosis of pancreatic cancer, prognostic studies of pancreatic cancer markers are not being extensively investigated. Some markers may be useful for predicting if IPMNs have an associated infiltrating pancreatic carcinoma (such as claudin 4, S100A4, and mesothelin) (230). Such markers may prove useful to assay on suspected IPMNs before surgery to help predict whether an IPMN has an associated invasive cancer to help decide on surgery. The potential therapeutic/chemoprevention target cyclooxygenase-2 is expressed in most pancreatic cancers as are mediators of the sonic hedgehog pathway including PTCH (231, 232).  

Increasingly, it is becoming important to identify molecular targets of novel cancer therapies. There is considerable hope that the future of pancreatic cancer diagnosis will include molecular profiling to identify therapeutic targets for novel therapies. One example of this paradigm is the genetic inactivation of the Fanconi anemia pathway in a small percentage of pancreatic adenocarcinomas (108). Cells with inactivation of the Fanconi pathway are hypersensitive to certain chemotherapeutics, such as mitomycin, which may explain previous clinical evidence of occasional treatment responses to mitomycin (233). These encouraging findings highlight the need to identify which pancreatic cancers harbor inactivation of the Fanconi anemia pathway. It is expected that as additional therapeutics are identified that target specific pathways, accurate tumor markers will be needed to evaluate the status of these pathways to help determine whether a particular therapeutic is an appropriate target for an individual’s pancreatic cancer.

CONCLUSIONS
In conclusion, while CA19-9 remains the most commonly used pancreatic cancer tumor marker, there are currently many additional candidate markers under investigation. Additional markers are needed not only to facilitate the early diagnosis of pancreatic cancer, but also to help diagnose pancreatic cancer precursor lesions.  Our knowledge of pancreatic neoplasia has increased years, and with it the evidence from clinical studies screening individuals at high risk of developing pancreatic cancer. These studies lend support to the idea that the best way to reduce the mortality of pancreatic cancer is to use molecular markers and pancreatic imaging to identify patients with precancerous lesions of the pancreas that are likely to progress to pancreatic cancer and treat these patients while they still have best chance of being cured.

Table 1. Recommendations by different Expert Groups for use of CA 19-9 as a tumor marker for pancreatic cancer 
	 Application
	EGTM 1999 (74)
	AGA 1999 (3)
	NACB 2005
	LOE [NACB]

	Screening
	No specific recommendations 
	No specific screening method for high-risk subjects recommended; best strategy perhaps CT/EUS and CA 19-9. Clinical benefit unproven
	Not for screening of the general population. CA19-9 is often normal in high-risk subjects with a strong family history of pancreatic cancer undergoing EUS/CT screening of the pancreas (ref. 69-70).
	III

	Diagnosis
	Is a diagnostic aid for pancreatic malignancy, but with limited value, especially in early stages and the presence of cholestasis
	No specific recommendations
	If it is used, CA19-9 should be used in conjunction with an imaging test (CT, EUS). Appropriately interpreted CA19-9 values can guide further invasive testing (ERCP, EUS FNA, laparoscopy, laparotomy) in the appropriate clinical context. 
	I

	Prognosis
	Routine use for prognostic purposes of unproven value
	No specific recommendations
	Has independent prognostic value with regard to resectability and survival; Clinical decisions should be based on all available information
	I

	Monitoring
	Routine use for monitoring of unproven value
	Not an accepted test for anti-tumor efficacy
	Serial measurements during palliative chemotherapy can be used in conjunction with imaging tests to determine response. Serial measurements recommended for follow-up after potentially curative surgery
	I


CT, computed tomography; ERCP, endoscopic retrograde cholangiopancreatograph; EUS, endoscopic ultrasound; FNA, fine needle aspirate; LOE=level of evidence. I: Evidence from well-powered prospective controlled studies, or pooled or meta-analysis or level II or III studies. II: Marker evidence determined during a prospective therapeutic trial. III: Evidence from large prospective studies. IV: Evidence from small retrospective studies. V: Evidence from small pilot studies.
Table 2: Gene testing for hereditary pancreatic cancer

	Gene test
	Characteristics and clinical implications
	LOE
	References

	BRCA2
	Mutated in ~5% of patients with apparently sporadic pancreatic cancer and in 5-17% of patients with familial pancreatic cancer
	I
	101,102, 109-111

	STK11
	Germ line mutations only found in those with the Peutz Jeghers syndrome phenotype. Affected patients have ~30% risk of developing pancreatic cancer
	I
	103

	Cationic trypsinogen
	Gene testing in the context of hereditary pancreatitis
	I
	29,104, 105

	p16
	Considered for patients with pancreatic cancer occurring in families suspected of having familial atypical melanoma mole syndrome (FAMM). Prevalence of germ line p16 mutations not determined for families with pancreatic cancer and melanoma who do not meet criteria for FAMM
	II
	112-114


LOE=level of evidence.
Table 3: Tissue markers for pancreatic ductal adenocarcinoma.

	Tissue markers
	Characteristics and clinical implications
	LOE
	Reference

	CK 7, CK 8, CK 18 and CK 19
	Expressed in 70-100%
	I
	115-117

	CK 17
	Expressed in 50-70%
	I
	115-117

	CK 20
	Expressed in < 20%
	I
	115-117

	CEA
	Distinguish infiltrating adenocarcinoma from reactive glands
	II
	119

	MUC 2
	Expressed in < 10% pancreatic adenocarcinoma; but in majority of IPMN
	II
	124-126

	MUC 6
	Expressed in 25%;
	II
	124-126

	Trefoil factor-2
	Expressed in minority of pancreatic adenocarcinoma, but in >90% of IPMN and MCN
	IV
	216

	Mesothelin
	Expressed in close to 100%; pilot studies suggest protein expression by immunohistochemistry can aid in cytology interpretation
	IV
	215

	MADH4/SMAD4/DPC4 tumor suppressor gene
	Down-regulated in 55%; associated with poor prognosis
	I
	124-126


CK, cytokeratin; LOE=level of evidence.
Table 4: Candidate serum protein markers of pancreatic ductal adenocarcinoma
	Marker
	Phase of Development
	Uses and Potential Uses
	LOE*
	References

	CA19-9
	Accepted clinical use
	Monitoring of disease burden, adjunct to diagnosis
	I
	70-98

	CA242
	Evaluation
	Diagnosis; not superior to CA19-9
	III
	126-133

	CAM17.1
	Evaluation
	Diagnosis; not superior to CA19-9
	III
	134-137

	TPS
	Evaluation
	Diagnosis; not superior to CA19-9
	III
	43, 138-141

	MIC-1
	Research/Discovery
	Diagnosis; maybe more sensitive than CA19-9, but also often elevated in patients with chronic pancreatitis
	III
	142-145

	Osteopontin
	Research/Discovery
	Diagnosis; studies using plasma and accurate assays required
	IV
	146-148

	TIMP-1
	Research/Discovery
	Diagnosis; studies using plasma and accurate assays required
	IV
	149-152

	SELDI proteomic profiling
	Research/Discovery
	Diagnosis; pilot studies have identified peptide markers, but require confirmatory studies
	IV
	155-158


LOE=level of evidence.
Table 5: Candidate DNA markers applicable to pancreatic juice analysis
	Marker
	Phase of Development
	Potential Uses
	LOE
	References

	Mutant p53
	Evaluation
	Diagnosis: Mutations thought to be highly specific for neoplasia but better assays are needed to detect the spectrum of p53 mutations, to detect them at low concentrations and to use assays that can be routinely applied in clinical labs.
	I
	173-183

	Mutant KRAS
	Evaluation
	Diagnosis: KRAS mutations are not specific for pancreatic cancer. Further studies ongoing to evaluate the diagnostic accuracy of assays that quantify as opposed to merely detecting mutant KRAS levels
	I
	164-172

	Methylated DNA
	Evaluation
	Diagnosis: Numerous candidate markers including SPARC, TFPI-2, ppENK, and others. Each are moderately sensitive and highly specific for pancreatic cancer using MSP in pure pancreatic juice. Ongoing studies are evaluating their diagnostic accuracy 
	IV
	191-196-198

	Mitochondrial DNA mutations
	Evaluation
	Diagnosis: Pilot studies using chip technology
	IV
	186


LOE=level of evidence.
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