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Abstract: Pancreatic cancer is one of the most aggressive cancers with a very poor 5-year survival
rate and reduced therapeutic options when diagnosed in an advanced stage. The dismal prognosis of
pancreatic cancer has guided significant efforts to discover novel biomarkers in order to anticipate
diagnosis, increasing the population of patients who can benefit from curative surgical treatment. CA
19-9 is the reference biomarker that supports the diagnosis and guides the response to treatments.
However, it has significant limitations, a low specificity, and is inefficient as a screening tool. Several
potential biomarkers have been discovered in the serum, urine, feces, and pancreatic juice of patients.
However, most of this evidence needs further validation in larger cohorts. The advent of advanced
omics sciences and liquid biopsy techniques has further enhanced this field of research. The aim of
this review is to analyze the historical evolution of the research on novel biomarkers for the early
diagnosis of pancreatic cancer, focusing on the current evidence for the most promising biomarkers
from different body fluids and the novel trends in research, such as omics sciences and liquid biopsy,
in order to favor the application of modern personalized medicine.

Keywords: pancreatic cancer; biomarkers; CA 19-9; liquid biopsy; omics sciences; personalized medicine

1. Introduction

Pancreatic cancer (PC) is a leading cause of cancer-related mortality worldwide, with
an increased global burden in the last decades and a dreadful prognosis due to the lack
of adequate tools for identifying populations at risk and early diagnostic methods, as
well as the poor response to treatments [1]. Indeed, in about 85% of cases, the disease is
already locally advanced or metastatic at the time of diagnosis and is thus not susceptible
to surgical treatment, which is the only one that significantly improves survival and quality
of life in combination with oncological therapy protocols. A complete resection (R0) with
disease-free resection margins is only possible in 15–20% of patients presenting with
resectable PC. However, even after an optimal surgical intervention, 80% of patients relapse
within 2 years. For patients who are not eligible for surgery, the prognosis is definitely
worse, as oncological therapy alone does not determine a significant increase in 5-year
survival. Evidence regarding adjuvant chemotherapy with gemcitabine, FOLFIRINOX,
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and nab-paclitaxel has demonstrated only a modest improvement in overall survival and
progression-free survival, with a high grade of toxicity, such as neutropenia, asthenia,
neuropathy, and diarrhea. The lack of efficient treatments for the advanced stage of disease
has always been an impetus for the research and validation of novel biomarkers for the
early identification of pancreatic cancer in the last decades and nowadays [2].

Carbohydrate antigen 19-9 (CA19-9) is a validated diagnostic biomarker of PC, which
is currently the reference standard in clinical practice in association with imaging tech-
niques. However, it does not guarantee effective sensitivity and specificity, and it has
many limitations in the early identification of disease [3]. For this reason, novel biomarkers
that are implicated in the early stages of carcinogenesis and selectively expressed in a
large percentage of tumors have been investigated through the application of different
revolutionary techniques and analysis in different body fluids in recent years [4]. In par-
ticular, the fascinating idea of non-invasive diagnosis has focused efforts on the study of
biomarkers from different body fluids. Indeed, the anatomic location of the gland and
the high expertise required for invasive diagnosis of PC are other limitations for the early
diagnosis of the disease [5].

Moreover, the recent advent of omics techniques is expected to open novel perspectives
in the precise non-invasive diagnosis of PC, offering clinical implications for personalized
therapy [6].

The aim of this review is to summarize the importance of biomarkers for the early
diagnosis of PC, focusing on the history that led to the biomarkers that are currently used in
clinical practice and discussing promising research paths in this field for the development
of future biomarkers.

2. The Past

A biomarker is a biological indicator that correlates with a given disease or response
to a given treatment. To be valid, a marker should be able to be measured precisely,
reliably, and quickly, and it should have high prognostic or predictive value and be able to
predict the presence of a disease or its evolution, in the case of a disease marker, or to give
indications on the most suitable type of drug and the response, in the case of a marker of
response to treatment [7].

Until the 1970s, the diagnosis of PC was made by exploratory surgery. The only
supportive biomarker for the diagnosis of PC of the head of the pancreas was serum
bilirubin, despite its value being significantly nonspecific [8].

2.1. Carcinoembryonic Antigen (CEA)

Carcinoembryonic antigen (CEA) is a fetal glycoprotein with a described role in surveil-
lance and the prognosis of colorectal cancer and potential implications in other neoplasms,
such as ovarian, cervical, lung, and breast cancers [9]. Due to its scarce production after
birth, its diagnostic value was also investigated in PC. CEA was one of the first serum
biomarkers that was associated with PC with encouraging supportive results, particularly
in advanced disease [10].

However, since the 1980s, the receiver-operating characteristic (ROC) curves demon-
strated that CA 19-9 is more discriminating than CEA, for any serum value. Hence, CEA
determination was considered unsatisfactory compared to CA 19.9 [11]. Hence, its use for
the diagnosis of PC was abandoned. More recently, the use of CEA in combination with CA
19.9 offered a slightly higher diagnostic accuracy, but the sensitivity was not better than
CA 19.9 alone [12]. Endorsing these conclusions, the current European Society for Medical
Oncology (ESMO) guidelines do not recommend the use of CEA in PC management [13].

CEA determination in cystic fluid still plays a role in the diagnosis of mucinous
pancreatic cystic neoplasms [14].
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2.2. Carbohydrate Antigen 125 (CA 125)

Carbohydrate antigen 125 (CA 125) is a high-molecular-weight mucin-like glycopro-
tein that has been associated with ovarian cancer, colorectal cancer, and cholangiocarci-
noma [15–17]. Its levels are increased in about half of patients with PC, and its combination
with CA 19.9 increases the sensitivity by 6% when compared with CA 19.9 alone [18].
Unlike CA 19.9, it has no correlation with serum bilirubin levels; thus, it is not influenced
by jaundice [18]. However, since CA 125 is also produced by the serosal epithelia, serum CA
125 levels are increased when serosal fluid is present, which is not uncommon in patients
with PC [19].

Small studies reported a potential role of CA 125 in predicting PC resectability and
predicting metastasis-associated disease burden and recurrence after resection [20,21].
However, this evidence is still far from being applied in clinical practice. Interestingly,
patients with both neoantigens in the tumor antigen CA 125 and an abundance of CD8+
T-cell infiltrates had longer survival. Moreover, the loss of CA 125 neoantigenic clones was
associated with tumor progression and metastasis [22].

2.3. Other Biomarkers

Carbohydrate antigen 50 (CA 50) is a ganglioside glycoprotein that is expressed on
tumor cell surfaces. The CA50 epitope is assumed to be similar to the CA19-9 epitope
(sialyl-Lewis a) and showed comparable diagnostic performance for PC [23]. However, in
contrast to CA 19.9, it can be expressed by non-gastrointestinal cancers [24]. Due to the
significant diagnostic overlap with CA 19.9, its use has declined since the 1990s.

In small populations, serum immunoreactive elastase 1 (IRE) was found in about 70%
of patients with PC. However, it is also expressed in patients with pancreatitis [25]. Hence,
it is not used in clinical practice.

3. The Present
3.1. Carbohydrate Antigen 19-9 (CA 19-9)

Since the 1980s, CA19-9, also called sialyl Lewis a (sLea) has been the current gold-
standard biomarker for PC [26,27]. It is commonly used for PC diagnosis in symptomatic
patients, assessment of prognosis, resectability, and monitoring of therapy because of its
demonstrated correlation with tumor burden [28,29]. In 1979, Koprowski and colleagues
derived it from a monoclonal antibody synthesized by a hybridoma obtained from mouse
spleen inoculated with a human colorectal cancer cell line [30].

CA 19-9 is a high-molecular-weight glycolipid that expresses as its epitope a sialy-
lated form of the Lewis a antigen (sialyl Lea) of the Lewis blood group system. It is the
ligand for selectins E and P on endothelial cells, mediating the binding of tumor cells to
endothelial cells that leads to systemic spread; thus, it is involved in the development
of metastasis [31–33]. Its biosynthesis is strongly affected by β1,3-galactosyltransferases
(B3GALTs), α(2,3) sialyl-transferases (S3TOs), and α(1,3/4) fucosyltransferase (FUT3): the
activity and the location of these glycosylation enzymes and the amount of substrate can
lead to an abnormal glycosylation that is closely related to PC development [34–37].

CA 19-9 is physiologically synthesized by fetal tissues, pancreatic and biliary ductal
cells, and by gastric, colonic, endometrial, and salivary epithelia, so it is normally present
in minimal concentrations in the blood (a normal cut-off of <37 U/mL is mostly used) [34].
In neoplasms, the alterations of some processes that regulate the production and passage
into the circulation of mucins determine an increase in its serum levels. Moreover, it is
implicated in the malignant evolution of PC because of its role in modifying proteins,
affecting hematogenous metastasis by binding to selectin, mediating the immunological
response, and facilitating angiogenesis [38–40].

During the last decades, conspicuous evidence has clarified its diagnostic and prognos-
tic performance for PC. The sensitivity of CA19-9 for PC is reported to be in the range of 70%
to 95% with a specificity between 72% and 90%. Moreover, several studies demonstrated a
good potential for CA 19-9 in detecting early-stage PC with a median sensitivity of 76.1%
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(AUC 0.89) and a median specificity of 82%, with increased sensitivity up to 80.1% when
considering all stages of PC [41,42].

In addition to diagnostic guidance, CA19-9 levels are also useful in the evaluation
of tumor resectability in combination with clinical staging. In a study by Ferrone et al.,
preoperative CA19-9 levels correlated with the stage of the tumor and can predict survival
in patients with resectable PC. The median preoperative CA19-9 was lower in patients
without lymph node involvement (9 vs. 164 IU/mL, p = 0.06) and in patients with stage I-II
compared to patients with stage III (41 vs. 162 IU/mL, p = 0.03). If the pre-intervention
CA19-9 was less than 1000 IU/mL, there was a gain in survival of 16 months (p = 0.01) [43].
Another study by Berger et al. showed significantly poor survival for patients with postop-
erative CA19-9 higher than 180 (HR, 3.53; p < 0.0001) and for patients with CA19-9 higher
than 90 (HR, 3.4; p < 0.0001) [44]. Additionally, high postoperative CA19-9 levels were
shown to have a significant correlation with microscopically positive surgical margins and
hepatic or peritoneal recurrence [45]. In another study, the resectability rate during surgery
compared to imaging decreased as the preoperative CA 19-9 levels increased (CA19-9 levels,
U/mL, <5, 73.7% resectability rate; 5–37, 79.7%; 37–100, 83.3%; 100–250, 82.2%; 250–500,
72.1%; 500–1000, 67.4%; 1000–2000, 61.1%; 2000–4000, 45.7%; and ≥4000, 38.3%) [28]. In a
study by Kilic and colleagues, the average CA19-9 was 68.8 U/mL in the group of resectable
patients (n = 18) and 622 U/mL in the unresectable group (n = 33) [46]. Since preoperative
CA 19-9 >500 IU/mL was associated with a worse prognosis after surgery, despite the fact
that no precise cut-off has been defined, an international consensus discouraged surgery in
these cases [47]. This recommendation has been endorsed by the ESMO guidelines for the
management of PC [13].

Furthermore, CA 19-9 demonstrated a good prognostic accuracy for the evaluation of
the efficacy of neoadjuvant therapy. A decrease in the level of >50% seems to be associated
with R0 (OR = 4.2; p = 0.05) after neoadjuvant therapy. Moreover, they could also predict
histopathologic response and survival benefits, as described by Takahashi et al. [48,49].

Pancreatic cancer recurrence is strongly and promptly predicted by CA 19-9 elevation
during follow-up. Reductions in CA19-9 values postoperatively are also an important pre-
dictive factor for the patient’s long-term prognosis compared to the levels at diagnosis [50].

From the perspective of monitoring therapy, postoperative CA19-9 levels were tested
for their utility in determining the response to adjuvant chemotherapy for resected PC
and in assessing the efficacy of systemic chemotherapy in advanced PC. Humphris et al.
found that patients with postoperative CA19-9 levels ≤90 IU/mL had a good response
to adjuvant chemotherapy (median 26.0 vs. 16.7 months, p = 0.011) after one month of
administration, whereas those with postoperative CA19-9 levels >90 IU/mL had a poor
response (16.2 vs. 9.0 months, p = 0.719) [51]. Conroy et al. evaluated the PC response
to mFOLFIRINOX as adjuvant treatment and suggested that patients with postoperative
CA19-9 levels ≤90 IU/mL benefited more from mFOLFIRINOX than from gemcitabine
(HR 0.61, 95% CI, 0.48–0.77). Similarly, patients with any CA19-9 decline at week 8 of
chemotherapy had a better prognosis than those without a decline in CA19-9 at week
8 (median 11.1 versus 8.0 months; p = 0.005), supporting the hypothesis that a CA19-9
decrease >15% was a reliable indicator of a more favorable outcome in patients treated for
advanced PC who received chemotherapy. Moreover, it was an independent prognostic
predictor for both overall survival (OS) and progression-free survival (PFS) (HR 1.92 and
2.15, p < 0.001, respectively) [52].

As previously mentioned, CA 19-9 is supposed to have a role in PC progression
and metastasis. Based on this hypothesis, CA19-9 is an attractive therapeutic target for
different antibodies and vaccines through the blockade of CA19-9/E-selectin-mediated
systemic metastasis and the inhibition of CA19-9 biosynthesis. Sawada et al. identified
the fully human monoclonal antibody 5B1 that specifically targets CA19-9 from circulating
lymphocytes in subjects immunized with an sLea-KLH vaccine and showed an antitumor
effect against CA19-9-positive cancer [53]. Similarly, cimetidine, a histamine type 2 receptor
antagonist, was investigated as a potential suppressor of the metastasis of tumor cells by
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inhibiting the expression of E-selectin on endothelial cells and critical enzymes in CA 19-9
biosynthesis, such as FUT3. When downregulated, it can reduce the adhesion capacity of
cancer cells and the colonization of the liver by tumor cells [54,55].

For all these reasons, CA 19-9 has represented the current and validated gold-standard
biomarker for PC since its discovery. However, its US Food and Drug Administration
approval was based on its performance in monitoring the response of PC to treatment, but
its performance as a potential screening test for PC has been considered suboptimal. In
the application of CA 19-9 as a diagnostic biomarker of PC, different limitations have been
found, suggesting the need for further investigation to improve its performance. In particu-
lar, black tea consumption [56] or heavy tea consumption [57], liver damage [58], increased
erythrocyte sedimentation rate [59], jaundice [60], bile duct obstruction and inflammation,
pancreatitis [61], interstitial pulmonary disease [62], uncontrolled diabetes mellitus [63],
various types of cystic tumors [64], collagen vascular diseases [65], endometriosis [66],
hydro-nephrosis [67], colon diverticulitis [68], hypothyroidism [69], acute diarrhea, dys-
pepsia, gastric ulcer, and pulmonary fibrosis can elevate CA 19-9 values [70]. Moreover,
aberrant levels of CA 19-9 have also been detected in other malignancies, such as colorec-
tum, gastric, lung, breast, liver, and pancreatic neuroendocrine tumors, pointing out that
CA 19-9 cannot be considered a tumor type-specific biomarker [71]. Additionally, the
expression of the sialyl Lea antigen depends on the Lewis phenotype; therefore, approxi-
mately 5–10% of the population that is phenotypically negative for Lewis and does not have
the Lewis fucosyltransferase enzyme is incapable of synthesizing CA 19-9, thus yielding
false negative results for PC in Lewis-negative subjects [72].

Considering this evidence, new strategies for improving the CA19-9 diagnostic accu-
racy were performed: many studies have tried to combine CA19-9 with other biomark-
ers to improve the diagnostic performance of CA19-9, including other types of glycans,
thrombospondin-1, thrombospondin-2, protein metabolite panels, and laminin-γC. To
overcome the problem concerning the false negative cases related to Lewis-negative PC
or Lewis-negative patients, CA 19-9 levels were combined with the Lewis genotype and
other markers, such as duke pancreatic monoclonal antigen type 2 (DUPAN-2), sialyl Lewis
x (sLex), CEA, CA 125 (CA 125), and the IgG/Gal ratio [73,74]. In Tables 1 and 2, we
summarized the merits and drawbacks of the use of CA 19-9 in clinical practice.

Table 1. Merits of CA 19-9 in clinical practice.

Author Results

Goonetilleke et al. (2007) [41]
Kim et al. (2017) [42]

Good potential in detecting early-stage PC with a median sensitivity of 76.1% (AUC 0.89) and a median
specificity of 82%; increased sensitivity up to 80.1% when considering all stages of PC

Ferrone et al. (2006) [43]
Correlation of preoperative levels with the stage of the tumor and prediction of survival in patients with

resectable PC; median preoperative CA19-9 lower in patients without lymph node involvement (9 vs. 164 IU/mL,
p = 0.06) and in patients with stage I-II compared to patients with stage III (41 vs. 162 IU/mL, p = 0.03)

Berger et al. (2008) [44] Poor survival for patients with postoperative CA19-9 >180 (HR, 3.53; p < 0.0001) and CA19-9 >90
(HR, 3.4; p < 0.0001)

Hata et al. (2012) [45] Correlation of high postoperative CA19-9 levels with microscopically positive surgical margins and hepatic or
peritoneal recurrence

Hartwig et al. (2013) [28]
Correlation of increased preoperative CA 19-9 levels with decreased resectability rate during surgery (CA19-9

levels, U/mL, <5, 73.7% resectability rate; 5–37, 79.7%; 37–100, 83.3%; 100–250, 82.2%; 250–500, 72.1%;
500–1000, 67.4%; 1000–2000, 61.1%; 2000–4000, 45.7%; and ≥4000, 38.3%)

Boone et al. (2014) [48]
Takahashi et al. (2010) [49]

Good prognostic accuracy for the evaluation of the efficacy of neoadjuvant therapy and prediction of
histopathologic response and survival benefits; levels decreasing >50% associated with R0 (OR = 4.2; p = 0.05)

after neoadjuvant therapy

Humphris et al. (2012) [51] Correlation of postoperative CA19-9 levels ≤90 IU/mL with good response to adjuvant chemotherapy
(median 26.0 vs. 16.7 months, p = 0.011) after one month of administration

Conroy et al. (2018) [52]

Correlation of postoperative CA19-9 levels ≤90 IU/mL with more benefit from mFOLFIRINOX than from
gemcitabine (HR 0.61, 95% CI, 0.48–0.77); role of CA19-9 decrease >15% as a reliable indicator of a more

favorable outcome in patients treated for advanced PC who received chemotherapy; role of CA 19-9 as an
independent prognostic predictor for both overall survival (OS) and progression-free survival (PFS) (HR 1.92

and 2.15, p < 0.001, respectively)
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Table 2. Drawbacks of CA 19-9 in clinical practice.

Author Results

Isaji et al. (2017) [47] No precise cut-off defined to discourage surgery, despite correlation of preoperative CA 19-9 >500 IU/mL
with a worse prognosis after surgery

Al-Janabi et al. (2017) [56]
Howaizi et al. (2003) [57] Elevation of CA 19-9 values because of black tea consumption or heavy tea consumption

Basso et al. (1990) [58]
Goh et al. (2017) [60]

Mujica et al. (2000) [61]

Elevation of CA 19-9 values because of liver damage, jaundice,
bile duct obstruction and inflammation, pancreatitis

Kim et al. (2009) [59]
Totani et al. (2005) [62]

Cantagrel et al. (1994) [65]

Elevation of CA 19-9 values because of increased erythrocyte sedimentation rate, collagen vascular disease,
and interstitial pulmonary disease

Huang et al. (2012) [63]
Tekin et al. (2002) [69] Elevation of CA 19-9 values because of uncontrolled diabetes mellitus and hypothyroidism

Jones et al. (2009) [64]
Alencar et al. (2019) [71]

Elevation of CA 19-9 values because of various types of cystic tumors and other malignancies, (colorectal,
gastric, lung, breast, liver, and pancreatic neuroendocrine tumors)

Harada et al. (2002) [66]
Inayama et al. (2006) [67]

Nakamura et al. (2002) [68]
Elevation of CA 19-9 values because of endometriosis, hydro-nephrosis, and colon diverticulitis

Ventrucci et al. (2009) [70] Elevation of CA 19-9 values because of acute diarrhea, dyspepsia, gastric ulcer, and pulmonary fibrosis

Luo et al. (2018) [72] False negative results in Lewis-negative subjects because of the absence of fucosyltransferase
enzyme and the incapability of synthesizing CA 19-9

3.2. KRAS

According to the ESMO Clinical Practice Guidelines for pancreatic cancer, KRAS
mutation is recognized as a genetic biomarker of disease because of its critical role in
driving oncogenesis [13].

The KRAS gene encodes a member of the Ras family of small GTPases. It is mutated
in 85% of PCs, critically impairing Ras GTPase activity, permanently activating the Ras
protein, and maintaining the cellular processes of proliferation, transformation, invasion,
and survival [75]. The evidence regarding the genetic analysis of clinical specimens suggests
that the onset of this mutation is an early event in stage 1 pancreatic intraepithelial neoplasia
(PanIN), confirming the role of the Ras signaling pathway as a key oncogenic driver of PC
development [76].

Different biological samples, including fresh and fixed tumor tissue or biopsy samples,
fine-needle aspiration materials and cytological samples, total blood, and plasma, can
be used to detect KRAS mutation [77]. Even though multigene NGS is not currently
recommended in patients with advanced PC in clinical practice, experts proposed its
application in the context of molecular screening programs by clinical research centers
as a tool to screen patients eligible for clinical trials, to accelerate drug development,
and to increase the sensitivity, negative predictive value, and accuracy of cytopathology
in the diagnosis of PC and differential diagnosis with chronic pancreatitis through the
potential combination of the KRAS mutation assay with endoscopic ultrasonography-
guided cytopathology [78].

In this context, the identification and characterization of the molecular profiles of
KRAS-wild type metastatic PC with next-generation DNA/RNA sequencing, microsatellite
instability (MSI), and mismatch repair status determination seem to be crucial to expand
therapeutic options and offer targeted treatments in clinical practice. Real-world evidence
suggests the frequent detection of different mutations within the DNA-damage repair
(BRCA2, ATM, BAP1, RAD50, FANCE, PALB2), chromatin remodeling (ARID1A, PBRM1,
ARID2, KMT2D, KMT2C, SMARCA4, SETD2), and cell-cycle control pathways (CDKN2A,
CCND1, CCNE1) in KRAS-wild type PC, as well as gene fusions of BRAF (6.6%), FGFR2
(5.2%), ALK (2.6%), RET (1.3%), and NRG1 (1.3%) and amplification of FGF3 (3%), ERBB2
(2.2%), FGFR3 (1.8%), NTRK (1.8%), and MET (1.3%). Moreover, these targetable alterations
provide a survival advantage for KRAS-wild type patients in overall cohorts and in patients
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treated with gemcitabine/nab-paclitaxel or 5-FU/oxaliplatin. Although in the case of the
most common KRAS mutation, KRAS G12D, there have been several attempts to target
this driver gene, specific inhibitors in monotherapy do not seem to be sufficient to control
the disease because of a strong correlation between the presence of RAS mutations and
resistance to immunotherapy, elucidating the rationale behind the promising results of
combining KRAS inhibitors with immunotherapy [79].

4. The Future

The limitations in the performance of CA 19-9 in clinical practice and the lack of
efficacy of treatments in the advanced stages of disease have encouraged research on novel
biomarkers for PC.

From this perspective, through the application of omics techniques, nowadays, there
are many studies in the literature that aim to find novel biomarkers for the early diagnosis,
prediction of prognosis, choice of treatments, and monitoring of the response to therapies
for PC, using different modalities for specimen collection for biomarker analysis [80].

In Figure 1, we propose a graphical evolution of the research on biomarkers for the
early diagnosis of pancreatic cancer.

Figure 1. The past, present, and future of biomarkers of pancreatic cancer.

In this section of the review, we discuss the main evidence from omics sciences and
its application in the research of novel proteins isolated from different body fluids and
identified as potential biomarkers of disease.

In Table 3, we also proposed an analysis of the limitations of different samples in the
research on new biomarkers of disease.
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Table 3. Limitations of the most used samples in the research on potential biomarkers.

Sample Limitations

Serum Tumor marker dilution or obscuration by other serum proteins in the sample

Urine Little evidence regarding the urinary proteome and its potential available in the literature

Saliva Large amounts of salivary amylase, albumin, and immune-globulin contained in saliva that reduce the sensitivity

Pancreatic juice Obtained through invasive procedures with associated risk of induced pancreatitis, contamination of the sample with
duodenal and gastric juice, and reduced possibility of performing this technique in a large population of patients

Pancreatic cystic fluid Limited by the amount of fluid aspirated and the size of the cyst, which can occasionally be insufficient

4.1. Serologic Biomarkers

Among the different modalities for specimen collection, serum is the most commonly
used medium because of the simplicity, low cost, and low risk of complications associated
with sample collection. Despite the feasibility of analysis and research on biomarkers
in serum samples through different methods of quantification and measurement of their
plasma levels, some limitations depending on tumor marker dilution or obscuration by
other serum proteins in the sample have to be considered [81].

In addition to the serum biomarkers already discussed in the previous sections, a
large amount of glycolipids and proteins has been evaluated in the literature as potential
biomarkers for the early diagnosis of PC. In this regard, osteonectin has been demonstrated
to be involved in the mechanisms of invasion and metastasis of PC and to be able to detect
PC at an early stage with a good sensitivity (84.6%) and specificity (87.5%), as well as
secreted protein acidic and rich in cysteine (SPARC) [82,83].

Mucins are one of the most promising families of glycoproteins expressed by PC, with
a possible diagnostic potential for early disease. They have a role in promoting metastasis,
chemoresistance, and tumorigenesis [84,85]. In particular, MUC16 levels have a strong
association with metastatic disease, whereas MUC5AC has great efficacy in differentiating
resectable early-stage PC from healthy controls, with significant sensitivity for disease
detection when combined with CA 19-9 and almost 100% specificity [86].

Likewise, apolipoprotein isoforms acting as lipid carriers and ligands for cell mem-
brane receptors have been identified as promising serum biomarkers for PC diagnosis and
prognosis [87]. APOE showed a sensitivity and specificity of 76.2% and 71.4%, respec-
tively, for distinguishing patients with PC from healthy controls. Similarly, APOA2 was
even better at detecting early-stage PC and identifying patients at high risk of pancreatic
malignancy [88,89]. Higher APOC1 levels showed a correlation with poorer prognosis
and independently predicted survival. Hence, its expression was considered a marker of
aggressiveness in PC [90].

Insulin-like growth factor binding proteins 2 and 3 (IGFBP-2 and IGFBP-3) in a com-
bined diagnostic panel had high discriminatory power in distinguishing intraductal papil-
lary mucinous neoplasm (IPMN) and controls [91,92].

Protein expression already investigated in other neoplasms was also tested in patients
with PC. Trefoil factors with ascertained roles in gastric cancer demonstrated significant
elevation in PC compared to chronic pancreatitis patients and benign controls. Moreover,
they showed a better accuracy in discriminating these populations when combined with CA
19-9 (AUC 0.93) [93,94]. Transthyretin, a carrier thyroxin, and triiodothyronine hormones
that appeared to be elevated in endocrine tumors and decreased in epithelial ovarian
carcinoma showed heterogenous levels of expression in PC patients [95]. PARK7/DJ-1,
implicated in Parkinson’s disease and solid organ malignancies, presented with a good
accuracy in identifying PC when compared to CA 19-9 (AUC 0.6647) [96].

Proteinase inhibitors, such as tissue factor pathway inhibitor, have been studied for
their activity related to coagulation initiation. In multiple biomarker panels, their use in
combination with tenascin C contributed to an improvement in the diagnostic performance
of CA 19-9 [97]. On the contrary, the metalloproteinases involved in the regulation of cell
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proliferation and apoptosis, such as TIMP-1, showed lower sensitivity (47.1%), specificity
(69.2%), and accuracy (AUC 0.64) than CA 19-9 in the detection of PC [98].

In the context of extracellular matrix (ECM), an upregulation of osteopontin (OPN)
has been reported to have a good ability to distinguish PC from chronic pancreatitis and
healthy controls, both alone and in combination with CA 19-9 [99–101]. In another study,
laminin γ2 (LAMC2) levels was used in a diagnostic panel for PC in combination with
CA 125 and CA 19-9. Its levels also showed an inverse correlation with OS in patients
with PC [102]. In the analysis of glycoproteins that mediate cell-to-cell and cell-to-matrix
interactions, CEA-related cell adhesion molecules (CEACAMs) 5 and 6, which are asso-
ciated with the membrane through a glycosylphosphatidylinositol linkage, and 1, which
is anchored to the cellular membrane by transmembrane domains, are expressed in a
high percentage of PCs. However, there is scant evidence of their role in the detection
of PC due to their overexpression in other solid organ malignancies [103–105]. ICAM-1
serum levels in PC have been evaluated in different studies as well, but its inability to
distinguish between early- and late-stage PC limits its implementation as a screening and
diagnostic biomarker [106]. In another study, the accuracy of thrombospondin-2 (THBS2)
and thrombospondin-1 (THBS1) in the detection of PC was remarkable, with AUC values of
0.952 and 0.86, respectively. However, THBS2 showed no difference in expression between
PC and distal cholangiocarcinoma, highlighting a potential diagnostic dilemma depending
on a lack of specificity [107,108]. Similarly, despite the high levels of serum trypsinogen-2
in patients with PC and the high sensitivity (100%) of heat shock protein 27 (HSP27), serum
amyloid A (96.5%), and M2-pyruvate kinase (85%) in the detection of PC, unfortunately, the
elevation of their levels in chronic pancreatitis and benign obstructive disease highlighted
a significant lack of specificity of these markers in the most common differential diagnosis
in clinical practice [109–112].

Considering their implications in cell proliferation, pancreatic morphogenesis, epithe-
lial mesenchymal transition, angiogenesis, and distant metastasis, growth factors represent
promising diagnostic biomarkers of disease.

Zhao et al. observed higher levels of transforming growth factor-beta (TGF-β) in
the sera of PC patients compared to benign controls and a significant correlation with
poorer prognosis and reduced overall survival. Conversely, Yako et al. found heterogenous
TGF-β levels, thus contradicting its possible use as a reliable biomarker [113,114]. Similarly,
fibroblast growth factor 10/keratinocyte growth factor-2 (FGF-10/KGF-2) exhibited sig-
nificant levels in the sera of patients with PC compared to controls. Vascular endothelial
growth factor-A (VEGF-A) has been reported to be a predictor of distant metastasis and
poor prognosis in PC [115,116]. Limited data are available about platelet-derived growth
factor (PDGF) and tumor-specific growth factor. They seem to be associated with diagnostic
superiority in the discrimination of PC when combined with CA 19-9, CA 242, and other
interleukins [117,118].

In the study of the microenvironment, many cytokines and chemokines may play a
key role as potential biomarkers of early disease. The serum expression of macrophage
inhibitory cytokine-1/growth differentiation factor-15 was discovered to have comparable
diagnostic accuracy to CA 19-9, with a sensitivity of 80%, specificity of 88%, and diagnostic
odds ratio (DOR) of 24.57, with a moderately superior AUC (0.8945) in diagnosing PC and a
moderate predictive capacity to identify high-risk patients for developing cancer, according
to familial and genetic factors [119]. In the protein kinase pathways, CXCL11/interferon
inducible T cell alpha chemokine overexpression in PC has been demonstrated to predict
treatment response to gemcitabine and erlotinib [120]. Unfortunately, different studies high-
lighted the extreme variability and a lack of diagnostic ability of TNF-α and ILs for PC com-
pared to biliary tract neoplasm and benign disease, and there is limited published literature
concerning the elevated levels of oncostatin M (OSM), CXC motif ligand 8 (CXCL8/IL-8),
stem cell factor (SCF), and macrophage colony-stimulating factor in PC [121–123].

Minimal evidence is found in the literature about other potential protein biomarkers.
The levels of C4b-binding protein a-chain, implicated in B cell proliferation and CD40 acti-



Biomedicines 2024, 12, 2840 10 of 31

vation to reverse immune suppression and stimulate anti-tumor T cell responses; colfilin-1,
implicated in chemotaxis, cell migration, and tumor cell invasion; and soluble gC1qR
(sgC1qR), implicated in inflammation and malignancy, have been reported in a single
study to be significantly elevated in PC compared to chronic pancreatitis or healthy con-
trols [124–126]. Leucine-rich a2-glycoprotein-1 (LRG1), soluble CD40 ligand (sCD40L),
and aminopeptidase N were tested in a small study as early diagnostic biomarkers; how-
ever, larger sample sizes and a validation cohort are needed to confirm their diagnostic
efficacy [127–129].

From the perspective of precision-targeted metabolomics, creatine, inosine, beta-
sitosterol, sphinganine, glycocholic acid, and succinic acid were identified to improve
the diagnosis and detection of disease progression in PC. Through the combination in a
biomarker panel of 10 different blood metabolites, great accuracy in distinguishing PC
patients from healthy controls, diabetic patients, and colorectal cancer patients (AUC
values of 0.997, 0.992, and 0.653, respectively) was shown [130,131]. In Tables 4 and 5,
we summarized the most promising serologic biomarkers with their advantages and
disadvantages for clinical applications.

Table 4. Most promising serologic biomarkers and their advantages for clinical applications.

Author Biomarkers Advantages

Papapanagiotou et al. (2018)
[82] Osteonectin Involved in the mechanisms of invasion and metastasis; detection of

PC at early stage with good sensitivity (84.6%) and specificity (87.5%)

Liu et al. (2016) [86] MUC16 and MUC5AC
MUC16 has a strong association with metastatic disease; MUC5AC has
great efficacy in differentiating resectable early-stage PC from healthy

controls (100% specificity in combination with CA 19-9)

Honda et al. (2019) [88] APOE, APOA2, and
APOC1

APOE and APOA2 have a high sensitivity and specificity in
distinguishing PC from healthy controls; APOC1 correlated with

poorer prognosis and independently predicted survival

Yoneyama et al. (2016) [91] IGFBP-2 and IGFBP-3 High discriminatory power in distinguishing intraductal papillary
mucinous neoplasm (IPMN) and controls

Zhang et al. (2020) [93] Trefoil factors Significant elevation in PC compared to chronic pancreatitis and benign
controls; better accuracy when combined with CA 19-9 (AUC 0.93)

He et al. (2011) [99] Osteopontin Good ability to distinguish PC from chronic pancreatitis and healthy
controls, both alone and in combination with CA 19-9

Mitsunaga et al. (2010) [102] Laminin γ2 (LAMC2) Inverse correlation with OS in patients with PC

Jenkinson et al. (2016) [107] THBS1 Remarkable accuracy in the detection of PC (AUC 0.86)

Nomura et al. (2008) [115] FGF-10/KGF-2 Significant levels in the sera of patients with PC compared to controls

Yang et al. (2018) [119]
Macrophage inhibitory

cytokine-1/growth
differentiation factor-1

Comparable diagnostic accuracy to CA 19-9 (sensitivity 80%, specificity
88%, diagnostic odds ratio 24.57) and moderately superior AUC

(0.8945) in diagnosing PC; moderate predictive capacity to identify
high-risk patients for developing cancer

Torres et al. (2014) [120]
CXCL11/interferon

inducible T cell alpha
chemokine

Prediction of treatment response to gemcitabine and erlotinib when
overexpressed in PC

Mehta et al. (2017) [130]

Creatine, inosine,
beta-sitosterol,
sphinganine,

glycocholic acid, and
succinic acid

Great accuracy in distinguishing PC patients from healthy controls,
diabetic patients, and colorectal cancer patients (AUC values of 0.997,

0.992, and 0.653, respectively)
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Table 5. Other serologic biomarkers and their limitations for clinical applications.

Author Biomarker Disadvantages

Chen et al. (2013) [95] Transthyretin Expression also in endocrine tumors and epithelial ovarian carcinoma;
heterogenous levels of expression in PC patients

Joergensen et al. (2010) [98] TIMP-1 Lower sensitivity (47.1%), specificity (69.2%), and accuracy (AUC 0.64)
than CA 19-9 in the detection of PC

Gebauer et al. (2014) [103] CEACAM 5 and 6 Scant evidence for the detection of PC due to their overexpression in
other solid organ malignancies

Markocka-Maczka et al.
(2003) [106] ICAM-1 Inability to distinguish between early- and late-stage PC

Le Large et al. (2019) [108] THBS2 No difference in expression between PC and distal cholangiocarcinoma

Hedström et al. (1996) [109]
Trypsinogen-2, HSP27,
serum amyloid A, and

M2-pyruvate kinase

Elevation of their levels also in chronic pancreatitis and benign
obstructive disease

Yang et al. (2018) [119] TGF-β
Heterogeneous levels despite a significant correlation with poorer

prognosis and reduced overall survival in PC patients compared to
benign controls

Miekus et al. (2021) [121] TNF- α Extreme variability and lack of diagnostic ability for PC compared to
biliary tract neoplasms and benign disease

Sogawa et al. (2016) [124]
C4b-binding protein
a-chain and soluble

gC1qR

A single study but there was significant elevation in PC compared to
chronic pancreatitis or healthy controls

Furukawa et al. (2015) [127] LRG1, sCD40L, and
aminopeptidase N

Single small study, need for larger sample sizes and validation cohorts
to confirm diagnostic efficacy

4.2. Urinary Biomarkers

Urine is another easy-to-collect medium to identify potential specific biomarkers of
PC. However, only a small amount of evidence regarding the urinary proteome is available
in the literature. A combined biomarker panel composed of lymphatic vessel endothelial 1
(LYVE-1), hyaluronan receptor 1, REG1A, and thyroid transcription factor 1 was tested by
Radon et al. and found to detect PC with AUC values of 0.89 and 0.92 in the training and
validation datasets, respectively [132]. By replacing REG1A with REG1B in this panel, a
higher accuracy (97%) for early PC detection was reached with a deep learning model.

Schneider et al. evaluated the urinary levels of TIMP-1, LYVE-1, and prostaglandin E
Metabolite (PGEM) through the application of ELISA methods to distinguish patients with
PC from IPMN and healthy controls: the median urinary TIMP-1 levels were significantly
lower in healthy controls (n = 9; 0.32 ng/mg creatinine) compared to PC (n = 13; 1.95).
However, they were not significantly different between low/moderate-grade (n = 20; 0.71)
and high-grade/invasive IPMN (n = 20; 1.12). No significant difference in the urinary
expression of LYVE-1 and PGEM was found between the groups [133]. The combination
of four polyamines (acetylputrescine, diacetylspermidine, N8-acetylspermidine, and di-
acetylputrescine) distinguished pancreatic cancer and premalignant lesions of the pancreas
from controls (sensitivity = 94%, specificity = 68%, and AUC = 0.88); the combination of
diacetylspermidine, N8-acetylspermidine, and diacetylspermine distinguished acute pan-
creatitis from controls (sensitivity = 94%, specificity = 92%, and AUC = 0.98); the combina-
tion of acetylputrescine, diacetylspermidine, and diacetylputrescine distinguished chronic
pancreatitis from controls (sensitivity = 98%, specificity = 71%, and AUC = 0.93) [134].
Interestingly, the electrolyte analysis of urine calcium and magnesium may also add some
information for the identification of PC. Indeed, significantly lower levels were found in PC
compared with healthy controls. These biomarkers identified metal dyshomeostasis with a
sensitivity of 99.5% [135]. Hence, urinary biomarkers, combined with serum biomarkers,
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may enhance the diagnostic accuracy for PC [136,137]. The main results regarding this
evidence are reported in Table 6.

4.3. Salivary Biomarkers

Saliva is emerging as an area interest in the field of biomarker detection as it provides
a non-invasive means through which potential diagnostic biomarkers can be sampled. It
has already found applications in other tumors, such as oral, breast, lung, ovarian, and
esophageal cancer [138]. As for PC, Sugimoto et al. analyzed the saliva of 215 patients with
different neoplasms and identified 48 metabolites as candidate biomarkers to discriminate
PC with an AUC of 0.993 [139]. However, research on proteomic biomarkers in salivary
fluid has shown some limitations because of the large amounts of salivary amylase, albumin,
and immune-globulin contained in the saliva that extremely reduce the sensitivity in PC
diagnosis [140]. The main results for this evidence are also reported in Table 6.

4.4. Pancreatic Juice and Biliary Biomarkers

An emerging and attractive modality of specimen collection is represented by pancre-
atic juice, which can be obtained through invasive procedures such as ERCP or endoscopy
from the duodenum after secretin administration. Similarly, biliary tract fluid obtained from
ERCP represents a potential source for biomarkers. Indeed, the presence and metabolic
influence of PC may significantly alter their composition. However, the main limitations of
the research on biomarkers in pancreatic juice and biliary tract fluid are the associated risk
of induced pancreatitis, the risk of contamination of the sample with duodenal and gastric
juice, and the reduced possibility of performing this technique in a large population of
patients [141]. If the current literature about the assessment of biliary tract fluid biomarkers
is scant, the expression of a large number of proteins, especially mucins, has been exten-
sively evaluated in the pancreatic juice of patients with PC. Among them, Matsumoto et al.
reported good results of KL-6 mucin expression in the pancreatic juice of patients with PC
compared to inflammatory lesions and IPMN, despite a lack of specificity. In this regard,
the heterogenous results obtained and the small cohort studies performed hinder their
implementation as diagnostic biomarkers of disease [142]. The main results concerning this
evidence are also reported in Table 6.

4.5. Pancreatic Cystic Fluid Biomarkers

In consideration of the risk of development of PC from pancreatic precancerous
cystic lesions including IPMN and mucinous cystic neoplasms (MCNs), the analysis of
pancreatic cystic fluid obtained from aspiration during EUS (EUS-FNA) has been proven to
be a promising field of research for biomarker identification. However, this technique is
limited by the amount of fluid aspirated and the size of the cyst, which can occasionally be
insufficient [143]. The most important isolated proteins that have shown potential efficacy
in discriminating premalignant and malignant lesions from benign ones are CEA, VEGF-A,
and mucins. Among them, MUC4 may play a role in early carcinogenesis; thus, it is being
used for the early detection of PC. Similarly, MUC1, MUC2, and MUC5AC were associated
with PC when upregulated. On the other hand, MUC7 is significantly less specific as
a diagnostic biomarker, since it was also found to be upregulated in IPMN and chronic
pancreatitis [144–147]. The main results regarding this evidence are also reported in Table 6.

4.6. Fecal Biomarkers and Microbiota Analysis

The pancreas is a digestive organ, and thus, the occurrence of PC may influence
the composition of stools and the fecal microbiota. Hence, among the different non-
invasive methods of detection of novel biomarkers of disease, Haug et al. firstly focused
on the rationale of using stool markers for the early detection of PC [148]. However, only
a few studies focused on the use of this medium to identify biomarkers or metabolic
signatures. miRNAs were detectable in fecal samples with high reproducibility. Lower
concentrations of miR-216a, miR-196a, miR-143, and miR-155 were found in the feces
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of PC patients as compared to controls (p < 0.05). miR-181b and miR-210 were used to
distinguish PC from healthy patients with ROC and AUC-ROC values of 0.745 and 0.772,
respectively [149,150]. Scarce literature about fecal liquid biopsy and Kras mutations
originating from the cells of pancreatic adenocarcinomas and from cells shed by abnormal
pancreatic duct epithelium detected in the stool is now available [151]. Hence, further
exploration of the fecal biomarkers’ role in screening assays for the early detection of
pancreatic adenocarcinomas and precursors is needed.

In this scenario, fecal specimens are useful for the analysis of the microbiota, which
has demonstrated significant perturbations in patients with PC and may have a possible
role as a driver for carcinogenesis and progression of disease and thus a promising role
as a diagnostic biomarker [152]. At present, there is scarce evidence about this field in
the literature, but an abundance Veillonella atypica, Fusobacterium nucleatum/hwasookii, and
Alloscardovia omnicolens and a depletion in Romboutsia timonensis, Faecalibacterium prausnitzii,
Bacteroides coprocola, and Bifidobacterium bifidum were observed in the gut microbiota of
PC patients as compared to healthy controls with an AUC of 0.84 in the distinction of the
two groups [153]. Other interesting discoveries concern the microbiota-derived molecules’
influence on the efficacy of chemotherapy through the analysis of microbiota-derived
tryptophan metabolite indole-3-acetic acid (3-IAA), which seems to be increased in patients
who are responders to chemotherapy [154]. Hence, the study of the microbiota needs to be
further explored because of its possible key role in helping to individualize PC care in the
future. The main results of this evidence are also reported in Table 6.

Table 6. Urinary, salivary, pancreatic juice, pancreatic cystic fluid, fecal, and gut microbiota biomarkers.

Author Biomarker Sample Results

Radon et al. (2015) [132]

Lymphatic vessel endothelial 1
(LYVE-1), hyaluronan receptor 1,

REG1A, and thyroid transcription
factor 1

Urine AUC values of 0.89 and 0.92 in the training and
validation datasets, respectively, to detect PC

Yip-Schneider et al. (2020) [133] TIMP-1, LYVE-1, and prostaglandin
E Metabolite (PGEM) Urine

No significant difference in TIMP-1 levels between
low/moderate-grade and high-grade/invasive
IPMN; no significant difference in the urinary
expression of LYVE-1 and PGEM between PC,

IPMN, and healthy controls

Nissinen et al. (2019) [134]
N8-acetylspermidine,

acetylputrescine, diacetylputrescine,
and diacetylspermidine

Urine
Good accuracy in distinguishing PC and pancreatic
premalignant lesions from controls (sensitivity =

94%, specificity = 68%, and AUC = 0.88)

Sugimoto et al. (2010) [139] 48 different metabolites Saliva Discriminated PC with an AUC of 0.993

Matsumoto et al. (1994) [142] KL-6 mucin Pancreatic juice
Higher expression in PC compared to

inflammatory lesions and IPMN, despite the lack
of specificity and small cohort studies

Etekpo et al. (2018) [144] MUC4, MUC1, MUC2, MUC5AC,
and MUC7

Pancreatic cystic
fluid

MUC4 has a role in early carcinogenesis and the
early detection of PC; upregulation of MUC1,

MUC2, and MUC5AC in PC; lower specificity of
MUC7 because of its upregulation in IPMN and

chronic pancreatitis

Ren et al. (2012) [149] miR-216a, miR-196a, miR-143,
miR-155, miR-181b, and miR-210 Feces

Lower levels of miR-216a, miR-196a, miR-143, and
miR-155 in PC patients compared to controls

(p < 0.05); good accuracy of miR-181b and miR-210
in distinguishing PC from healthy patients (ROC

0.745, AUC-ROC 0.772)

Kartal et al. (2022) [153]
Veillonella atypica, Fusobacterium

nucleatum/hwasookii, and
Alloscardovia omnicolens

Gut microbiota Abundance in PC patients compared to healthy
controls (AUC 0.84)

Tintelnot et al. (2023) [154] Tryptophan metabolite
indole-3-acetic acid (3-IAA) Gut microbiota Increased in PC patient responders to

chemotherapy
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4.7. Liquid Biopsy

The term “liquid biopsy” refers to a minimally invasive methodology to obtain tumor-
derived information from body fluids [155]. In this field, the most intriguing topic is repre-
sented by extracellular vesicles (EVs), which are lipid bilayer-coated globular organoids
produced by all cells and contain molecules expressed by the originating cell (proteins,
nucleic acids, lipids). They show different characteristics according to size and biogenesis:
exosomes (30 to 150 nm) originate from the endocytosis of the plasma membrane and
are discharged by exocytosis, and microvesicles (50 to 1000 nm) are generated via plasma
membrane budding [156,157]. The growing interest in EVs concerns their release into the
extracellular environment to mediate intercellular communication, the possibility of their
isolation and identification in every biological fluid, their influence on metabolism and
genome expression, and their enhancement of pathogenic mechanisms such as inflamma-
tion and carcinogenesis [158–160]. Promising studies about this topic have highlighted
the potential role of EVs in favoring the epithelial–mesenchymal transition (EMT) through
mediators such as lncRNAs, promoting lymphangiogenesis, promoting the progression of
other cancer cells through an EV-mediated communication network and the recruitment of
pancreatic stellate cells (PSCs) for the development of metastasis, activating mast cells to
release inflammatory mediators, and regulating the immune response in PC [161–164].

In this regard, the identification of surface proteins and the analysis of the proteomic
profiles of EVs are remarkably significant. Melo et al. identified glypican-1 (GPC1) as a
diagnostic, prognostic, and predictive marker for disease-specific survival in PC (hazard
ratio (HR): 5.353, CI: 1.651–17.358, p = 0.005). Indeed, significantly higher levels of GPC1+
exosomes were observed in PC patients, both at early and late stages, compared with benign
pancreatic disease and healthy controls (p < 0.0001), with absolute sensitivity (100%–95% CI:
98.1–100%) and specificity (100%–95% CI: 97.1–100%), a positive predictive value of 100%
(95% CI: 98.1–100%), and a negative predictive value of 100% (95% CI: 86.8–100%) [165].
However, heterogenous results about the ability to distinguish PC from benign lesions using
GPC1+ EVs were obtained by Frampton et al. and Lucien et al., highlighting that further
studies are needed to validate GPC-1 as a diagnostic biomarker of PC [166,167]. In the same
direction, interesting studies investigated other possible PC-specific biomarker candidates,
showing high levels of EVs expressing CLDN4, EPCAM, CD151, LGALS3BP, HIST2H2BE,
HIST2H2BF, Annexin A6, CD151, and Tspan8. These subpopulations of EVs exhibited
correlations with tumor progression, angiogenesis, and the formation of the pre-metastatic
niche [168,169]. In addition, the exploration of the glycomic profile of EVs through a lectin
microarray system detected the serum expression of O-linked glycosylation on mucin-1
(MUC1) and O-glycan-binding lectins Agaricus bisporus agglutinin (ABA) and Amaranthus
caudatus agglutinin (ACA) as promising tools for the early diagnosis of PC [170,171].
Interestingly, Zheng et al. firstly identified multiple carcinoembryonic antigen-related cell
adhesion molecules (CEACAMs), extracellular matrix (ECM) proteins (tenascin C, MMP7,
LAMB3, LAMC2), and mucins (MUC1, MUC4, MUC5AC, MUC6, MUC16) in exosomes
isolated from specimens of pancreatic juice [172].

In addition to the interest in proteomics, EV-derived nucleic acids showed a remark-
able potential as reliable biomarkers for the early diagnosis and prognosis of PC due to
the prolonged half-life of microRNAs (miRNAs, miRs) when encapsulated into EVs. In
particular, miR-192-5p has been demonstrated to distinguish PC patients from healthy
controls in exosomes (AUC = 0.83, p = 0.0004) with a diagnostic accuracy comparable to
CA 19-9; unfortunately, it was not able to distinguish patients with PC and chronic pan-
creatitis [173]. Reese et al. observed the overexpression of miR-200b and miR-200c in the
serum exosomes of PC patients compared with healthy controls (p < 0.001; p = 0.024) and
chronic pancreatitis (p = 0.005; p = 0.19). Their combined diagnostic accuracy along with
CA 19-9 reached 97% (p < 0.0001) in the prediction of PC [174]. Similarly, great sensitivity
(71.1%) and specificity (96.9%) were obtained from miR-200b expression in exosomes in
the distinction of PC from healthy controls, with a correlation between miR-200, SIP1, and
E-cadherin expression [175]. Moreover, exosomal miRNAs were also investigated for their
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role in differentiating early-stage PC from healthy controls and advanced-stage PC, with an
improved diagnostic value (AUC = 0.791, p < 0.0001) observed with the combination of miR-
21 and miR-10b (p < 0.05, early stage vs. healthy; p < 0.001, early stage vs. advanced stage);
in their prognostic role, correlations were observed for higher levels of EV-derived miR-
17-5p with metastasis and advanced-stage PC and miR-200c in total serum exosomes with
shorter overall survival (p = 0.038) [176,177]. Furthermore, an interesting evaluation of the
exosomal surface antigen panel PaCIC (CD44v6, Tspan8, EpCAM, MET, and CD104) and
serum exosome miRNA markers (miR-1246, miR-4644, miR-3976, and miR-4306) confirmed
that the combination of different potential diagnostic tools can increase the sensitivity (1.00,
CI: 0.95–1) and specificity (0.80, CI: 0.67–0.90) in the differentiation of PC from chronic
pancreatitis, healthy controls, and non-pancreatic malignancies [178].

More recently, novel diagnostic biomarkers for PC were isolated from urine samples,
revealing that the elevation of the miR-3940-5p/miR-8069 ratio was specific for PC at a
relatively early stage of disease and tended to be higher in urine exosomes than in the
serum of patients with PC; the sensitivity (93.0%) and positive predictive value (100%)
were improved when in combination with elevated CA 19-9 [179].

Other applications of liquid biopsy concern the isolation from different body fluids of
circulating extracellular nucleic acids (cell-free DNA—cfDNA) and circulating tumor DNA
(ctDNA) that can be assayed using next-generation sequencing (NGS). The performance
of circulating tumor cells (CTCs) as an adjunctive biomarker at the time of disease presen-
tation was firstly investigated by Kulemann et al., who suggested their possible role in
characterizing the genetic alterations of PC because of the ability to capture, cytologically
identify, and genetically analyze CTCs [180]. Then, Ankeny et al. used KRAS mutation
analysis to compare CTCs with primary tumor tissue: promising results revealed CTCs
as a good diagnostic tool for PC (sensitivity = 75.0%, specificity = 96.4%, area under the
curve (AUROC) = 0.867, 95% CI = 0.798–0.935, and p < 0.001) with a cut-off of ≥3 CTCs
in 4 mL of venous blood to discriminate between local/regional and metastatic disease
(AUROC = 0.885; 95% CI = 0.800–0.969; and p < 0.001) [181]. The detection of folate receptor
(FR)-positive CTCs through ligand-targeted polymerase chain reaction (LT-PCR) showed
significantly higher levels of FR+ CTCs in malignant diseases than in benign pancreatic
diseases (p < 0.01), with a better diagnostic efficiency, high sensitivity (97.8%), and high
specificity (83.3%) in the case of the combination of FR+ CTCs with CA 19-9 [182].

In recent years, liquid biopsy has also focused on DNA extraction from the urine
of PC patients, with the hypothesis based on cfDNA originating from the shedding of
cells from the genitourinary tract or through the kidney and the glomerulus: analysis of
KRAS mutations with droplet digital PCR showed heterogeneous results according to
renal functions, with a detection rate of urine KRAS mutations increasing in the group
with a worse creatinine clearance rate [183]. Further applications concern the assessment
of the diagnostic utility of telomerase activity in pancreatic juice, which was revealed
to be a reliable biomarker in PC: the detection of mRNA for human telomerase reverse
transcriptase (hTERT) has been validated in different studies as a diagnostic biomarker for
PC because of the significant role played by telomerase reactivation in the development
of hepatobiliary and pancreatic tumors [184,185]. Additionally, the assessment of the
diagnostic accuracy of mutant KRAS oncogene detection from pancreatic juice in PC
revealed a wide range of variation in sensitivity (38%–89%) and specificity (13%–100%);
the DNA methylation status of MUC1, MUC2, and MUC4 for the differential diagnosis
of human pancreatic neoplasms had a sensitivity and specificity of 87% and 80% for PC;
and methylated ppENK and p16 were found in the pancreatic juice of patients with PC
in 90.9% and 18.2% of cases, respectively [186–188]. Finally, Levink et al. highlighted
the role of 8q24 gain-of-function mutation in the oncogene Myc in pancreatic juice as a
promising biomarker for the detection of PC with a sensitivity of 33% (95% CI 16–55%) and
a specificity of 94% (95% CI 70–100%) [189].

The improvement in these techniques might allow for performing a risk assessment
of cancer cells present in the circulation of patients before cancer detection, for making a
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prospective screening population, and for preventing the progression of pancreatic cystic
lesions to PC. In this scenario, DNA-based biomarkers, including KRAS and GNAS noted to
be elevated in mucin-producing cysts, and supervised machine learning techniques might
represent an innovative tool to develop a comprehensive test, CompCyst, based on selected
clinical and imaging features combined with cyst fluid genetic and biochemical markers,
to guide the management of pancreatic cysts. However, these promising applications are
still far from being applicable in clinical practice and need further standardization and
validation of the techniques [190–192]. Moreover, the ability to non-invasively sample
tumor tissues might also help to tailor treatments from the perspective of personalized
medicine. In Table 7, we synthesized the most promising exosome biomarkers in liquid
biopsy, comparing the advantages and disadvantages for clinical applications for each
of them.

Table 7. Main evidence about advantages and disadvantages of exosome biomarkers in liquid biopsy.

Author Biomarker Sample Advantages Disadvantages

Melo et al. (2015) [165],
Frampton et al. (2018) [166],

Lucien et al. (2019) [167]
GPC-1 Serum exosomes

Significantly higher levels of GPC1+
exosomes in PC patients compared
with benign pancreatic disease and
healthy controls (p < 0.0001), with

absolute sensitivity and positive and
negative predictive value (100%)

Heterogenous results about the
ability to distinguish PC from

benign lesions using GPC1+ EVs

Flammang et al. (2020) [173] miR-192-5p Serum exosomes

Diagnostic accuracy comparable to
CA 19-9 in distinguishing PC patients

from healthy controls (AUC = 0.83,
p = 0.0004)

Not able to distinguish patients
with PC and chronic pancreatitis

Reese et al. (2020) [174] miR-200b and
miR-200c Serum exosomes

Overexpression in PC patients
compared with healthy controls
(p < 0.001; p = 0.024) and chronic

pancreatitis (p = 0.005; p = 0.19) with
a combined diagnostic accuracy

along with CA 19-9 of 97%
(p < 0.0001) in predicting PC

Circulating exosomal miR-200c
(AUC = 0.70) did not reach the
previously reported diagnostic
accuracy of miR-200c derived
from tissue (AUC = 0.84) or

blood serum (AUC = 0.78) in
differentiating between PC and

non-PC

Pu et al. (2020) [176]
miR-21 and miR-10b

miR-3940-5p,
miR-8069

Serum exosomes

Improved diagnostic value (AUC =
0.791, p < 0.0001) in differentiating

early-stage PC from healthy controls
and

advanced-stage PC

Future studies should examine
the levels of these miRs before

and after treatment, such as
surgery, radiotherapy,

chemotherapy, and molecular
targeted therapy

Yoshizawa et al. (2020) [179] miR-3940-5p/miR-
8069 ratio Urine exosomes

Improved sensitivity (93.0%) and
positive predictive value (100%) in

combination with elevated CA 19-9 at
a relatively early stage of disease

Small number of samples; lack of
data about its relationship with

PC prognosis or possible
changes after therapy

Ankeny et al. (2016) [181] KRAS mutations Circulating tumor cells

Good diagnostic tool for PC
(sensitivity = 75.0%, specificity =
96.4%, AUROC = 0.867, p < 0.001)

with a cut-off of ≥3 CTCs in 4 mL of
venous blood to discriminate
between local/regional and

metastatic disease (AUROC = 0.885
and p < 0.001)

Use of an epithelial surface
marker (EpCAM) for CTC

capture that potentially led to
decreased sensitivity secondary

to loss of CTCs expressing
non-epithelial surface markers

Terasawa et al. (2019) [183] KRAS mutations Urinary cell-free DNA

Potential role of urinary liquid biopsy
in PC with detection rate and

sensitivity comparable to plasma
liquid biopsy

Heterogeneous results according
to renal functions, single center
study, small number of patients
enrolled, patient characteristics

also biased, no early
disease stage

4.8. Non-Coding RNAs

Non-coding RNAs include RNAs of different length that are not translated into pro-
teins: long non-coding RNAs, with a length greater than 200 nucleotides, and micro-RNAs,
composed of a sequence of 20–25 nucleotides produced from a precursor transcript by
consecutive cleavage [193]. They are released into the circulation from tumor cells, even
though the basis of this mechanism is still unclear, and they can possibly be isolated
from serum and other body fluids, such as cerebrospinal fluid, breast milk, saliva, and
urine [194,195]. Non-coding RNAs have been shown to have a role in mediating cell-to-cell
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interactions, particularly modulating the processes of transcription, chromatin modification,
gene transcription, post-translational modification, the regulation of gene expression and
intracellular signaling pathways, promoting or suppressing tumor growth, and modu-
lating both intrinsic and acquired chemoresistance [196,197]. Hence, a growing interest
in the study of non-coding genetic materials, particularly micro-RNA (miRNA, miR), as
biomarkers of disease has developed in the last years.

Wang et al. profiled the plasma levels of four different miRNAs (miR-21, miR-210,
miR-155, and miR-196a) that are potentially implicated in the development of PC, observing
a sensitivity of 64% and a specificity of 89% in the identification of early PC [198]. Abue et al.
confirmed the role of miR-21 in distinguishing PC patients from healthy controls (p < 0.01)
and demonstrated its expression at higher levels at the advanced stage of disease (p < 0.05),
in metastasis to the lymph nodes and liver (p < 0.01), and the shorter survival (p < 0.01) in
patients with PC [199]. Similarly, Guz et al. and Ho et al. in their studies further supported
the previous evidence about the increased levels of miR-210-3p in the sera of patients
with PC compared with chronic pancreatitis patients (p = 0.015) and the control group
(p < 0.001). They also showed a positive correlation between miR210-3p levels and alkaline
phosphatase (r = 0.605; p = 0.022) and γ-glutamyltranspeptidase (r = 0.529; p = 0.029) and
considered miR210-3p as a novel marker of hypoxia [200,201].

Yan et al. analyzed the expression profiles of 2.555 serum miRNAs in 100 pancreatic
cancer patients and 150 healthy controls. They identified 13 pancreatic cancer signature
miRNAs (miR-125a-3p, miR-6893-5p, miR-125b-1-3p, miR-6075, miR-6836-3p, miR-1469,
miR-6729-5p, miR-575, miR-204-3p, miR-6820-5p, miR-4294, miR-4476, and miR-4792) that
may classify the PC patients and healthy controls and 432 miRNAs that may predict the
resectability of PC [202].

Since such mediators are rapidly degraded in the bloodstream, extracellular vesicle
(EV)-derived micro-RNAs are considered a more reliable biomarker of disease. Panels of
different mRNAs (miR-21, -34a, -99a, -100, -125b, -148a, -155, -200a, -200b, -200c, and -1246)
have been tested to evaluate their diagnostic role and accuracy in comparison with CA
19-9 levels and their prognostic role in PC, identifying a possible correlation with a poorer
overall survival and a more rapid progression of disease [174,203,204].

The interest in lncRNAs has increased in the last 10 years, because of their binding
to gene promotors, their action as a miRNA sponge, and their influence on the biological
behavior of cancer, with heterogeneous results obtained from their evaluation as potential
diagnostic markers of PC and the difficulty of validation caused by single cohort studies.
The lncRNA Linc-pint showed lower expression in plasma samples of PC patients com-
pared with healthy individuals and adjacent tissues, carcinoma of the ampulla of Vater
(CAV), and cholangiocarcinoma (CCA) and was correlated with tumor recurrence and poor
prognosis after pancreatectomy [205]. Guo et al. and Shuai et al. demonstrated significant
upregulation of lncRNA SNHG15 in PC with a potential role in differentiating PC tissues
from normal pancreatic tissues and PC patients from healthy controls and in predicting
tumor differentiation (p = 0.000), lymph node metastasis (p = 0.001), tumor stage (p = 0.005),
and shorter overall survival (p = 0.003) [206,207]. LINC01638 showed an inhibitor effect on
the migration and invasion of PC cells by reducing TGFβ signaling, HULC through the
Wnt/β-catenin signaling pathway, and ABHD11-AS1 and UFC-1 lncRNAs and thus might
serve as a potential serum biomarker for the diagnosis and prognosis of PC [208–211]. At
present, no evidence about the urinary or pancreatic juice isolation of lncRNAs is available
in the literature. Xie et al. identified salivary HOTAIR and PVT1 as novel non-invasive
biomarkers with significantly higher levels in PC compared to healthy groups [212].

Debernardi et al. tested the miRNAs in urine specimens of patients with PC for
non-invasive, early detection of disease. They identified a significant overexpression of
three miRNAs (miR-143, miR-223, and miR-30e) in patients with stage I cancer compared
with healthy controls (p = 0.022, 0.035, and 0.04, respectively) and with stages II-IV PC
(p = 0.025, 0.013, and 0.008, respectively). The AUC of the combination of miR-143 and
miR-30e was 0.923 (95% CI 0.793–1.000), with a sensitivity of 83.3% (95% CI 50.0–100.0)
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and specificity of 96.2% (95% CI 88.5–100.0) [213]. Sadakari et al. proved the existence
of miRNAs in pancreatic juice and compared their expression levels in patients with PC
and chronic pancreatitis: miRNA-21 and miRNA-155 were significantly higher in PC than
chronic pancreatitis (p < 0.001 and p = 0.008, respectively), with AUC values of 0.90 and
0.89 and accuracy values of 83% and 89%, respectively. No correlation was demonstrated
with the preoperative cytological results of pancreatic juice [214]. Moreover, in the analysis
of miRNA biomarkers in pancreatic juice, Wang et al. observed a significant difference in
the profiles of expression of four circulating miRNAs (miR-205, miR-210, miR-492, and
miR-1427) between PC and healthy controls, predicting PC with a specificity of 88% and
sensitivity of 87%. Among them, higher levels of expression of miR-205 and miR-210
predicted lymph node metastasis, representing promising candidate biomarkers of poor
prognosis in patients with PC [215]. Humeau et al. identified that miR-21, miR-23a, miR-23b,
and miR-29c were significantly upregulated in the saliva of patients with unresectable PC
compared to controls, showing sensitivities of 71.4%, 85.7%, 85,7%, and 57%, respectively,
and excellent specificity (100%) [216]. Xie et al. analyzed salivary miR-3679-5p and miR-940
as good discriminatory biomarkers to detect resectable pancreatic cancer, with reasonable
specificity and sensitivity [217].

MiRNAs were also tested in distinguishing between premalignant and malignant
lesions. Matthaei et al. studied potential candidate miRNAs (miR-18a, miR-24, miR-30a-
3p, miR-92a, miR-99b, miR-106b, miR-142-3p, miR-342-3p, miR-532-3p) that helped in
identifying patients with high-grade IPMN and excluding non-mucinous cysts. Farrell et al.
identified miR-21 as a candidate biomarker to distinguish between benign, premalignant,
and malignant cysts, even if this evidence will require validation in a prospective setting
to ultimately confirm its clinical usefulness [218,219]. In Table 8, we clarified the positive
aspects presented by the most promising non-coding RNAs for clinical application.

Table 8. Main evidence regarding non-coding RNAs.

Author Biomarker Sample Results

Wang et al. (2009) [198] miR-21, miR-210,
miR-155, and miR-196a Serum Sensitivity of 64% and specificity of 89% in the

identification of early PC

Abue et al. (2015) [199] miR-21 Serum

Role in distinguishing PC patients from healthy controls
(p < 0.01); higher levels at advanced stage of disease

(p < 0.05), metastasis to lymph node and liver (p < 0.01),
and shorter survival (p < 0.01) in patients with PC

Guz et al. (2021) [200]
Ho et al. (2010) [201] miR-210-3p Serum

Increased levels in PC compared with chronic pancreatitis
patients (p = 0.015) and control group (p < 0.001); positive
correlation with alkaline phosphatase (r = 0.605; p = 0.022)

and γ-glutamyltranspeptidase (r = 0.529; p = 0.029)

Guo et al. (2018) [206]
Shuai et al. (2020) [207] lncRNA SNHG15 Serum

Upregulation in differentiating PC from healthy controls;
role in predicting tumor differentiation (p = 0.000), lymph
node metastasis (p = 0.001), tumor stage (p = 0.005), and

shorter overall survival (p = 0.003)

Debernardi et al. (2015) [213] miR-143, miR-223, and
miR-30e Urine

Overexpression in stage I PC compared with healthy
controls (p = 0.022, 0.035, and 0.04, respectively) and with
stages II-IV PC (p = 0.025, 0.013, and 0.008, respectively)

Sadakari et al. (2010) [214] miRNA-21 and
miRNA-155 Pancreatic juice

Significantly higher in PC than chronic pancreatitis
(p < 0.001 and p = 0.008, respectively); AUC of 0.90 and 0.89

and accuracy of 83% and 89%, respectively

Wang et al. (2014) [215] miR-205, miR-210,
miR-492, and miR-1427 Pancreatic juice

Prediction of PC with specificity of 88% and sensitivity of
87% when combined; higher levels of expression of

miR-205 and miR-210 predicted lymph node metastasis

Humeau et al. (2015) [216] miR-21, miR-23a,
miR-23b and miR-29c Saliva

Upregulation in unresectable PC compared to control with
sensitivities of 71.4%, 85.7%, 85,7%, and 57% and specificity

of 100%
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Table 8. Cont.

Author Biomarker Sample Results

Xie et al. (2015) [217] miR-3679-5p and
miR-940 Saliva

Role in distinguishing resectable pancreatic cancer within
the three categories (PC, benign pancreatic tumors, healthy
controls) with sensitivities of 72.5%, 62.5%, and 70.0% and

specificities of 70.0%, 80.0%, and 70.0%, respectively

Matthaei et al. (2012) [218]

miR-18a, miR-24,
miR-30a-3p, miR-92a,
miR-99b, miR-106b,

miR-142-3p,
miR-342-3p,
miR-532-3p

Cystic fluid
Role in the prediction of cyst pathology implying resection
vs. conservative management with a sensitivity of 89%, a

specificity of 100%, and area under the curve of 1

4.9. Omics Sciences

The advent of advanced technology in the field of biomedical research has opened
the way for advances in the comprehension of diseases for which traditional approaches
have failed to find tools and treatment that are able to modify the course of disease [6]. Re-
cently, the development of omics technologies, such as non-targeted metabolomics, genome
sequencing, tandem mass spectrometry molecular networking, and high-throughput screen-
ing, have also altered the natural products discovery landscape and their role as important
sources of new drug development and alternative de-replication approaches for efficient
natural products discovery [220].

Omics sciences play a key role in the investigation of PC pathogenesis, the distinction
of different subtypes of PC according to molecular genetic and transcriptomic profiling
and metabolic changes, the identification of a new panel of biomarkers using proteomics
analysis, and the application of revolutionizing methods of the computational analysis of
imaging [221–223].

Proteomics has offered opportunities for the identification of altered protein expression
through comparative analysis between normal and pathological tissues and in the evalua-
tion of secreted proteins and serum protein profiles. Such information may contribute to
the study of the tumor microenvironment; the distinction of inflammatory, precancerous,
and malignant lesions; the application of immune cells and cytokine expression in the field
of immunotherapy; and the assessment of tumor burden. Indeed, when specific proteins
with a role in carcinogenesis are expressed, a shorter OS, shorter PFS, and chemotherapy
resistance are frequent [224,225]. Considering a direct application of proteomics in the
optimization of vaccine immunogens, enzymes for sustainable chemistry, and proteins
with therapeutic potential, despite the fact that proteins can exhibit complex folds defying
atomistic design calculations, computational protein design accuracy has been improved
by the advent of deep learning-based ab initio structure predictors to mitigate the risk of
misfolding and aggregation [226].

Similarly, a better comprehension of the tumor microenvironment, carcinogenesis,
and biological behavior of PC is possible through the investigation of cancer cell metabolic
reprogramming, specifically glucose, lipid, and amino acid metabolism in response to
oncogenic alterations that involve lower amino acid and carbohydrate levels or the en-
richment of glycolysis and serine pathway components and the abundance of different
lipid metabolites. These findings seem to be useful in identifying different PC subtypes,
distinguish cancerous and non-cancerous conditions and PC from other neoplasms, and
in the understanding of disease aggressiveness [227–229]. In this regard, relevant patient-
derived models, including patient-derived xenografts (PDXs), patient-derived organoids
(PDOs), and patient-derived explants (PDEs), play a crucial role in the comprehension of
the intricate intercellular communication among tumor cells and the mechanisms under-
lying tumor growth, drug responsiveness, and individual patient sensitivities to enable
personalized medical approaches [230]. In the future, this knowledge may help to indi-
vidualize treatments and avoid useless and harmful therapies in patients with predictable
non-responsiveness.
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Moreover, the genomic landscape of PC has been deeply analyzed to find key mu-
tations, such as KRAS, loss of TP53, and the inactivation of CDKN2A and SMAD4; gene
overexpression and recombination, including C-Myc, BRCA 1/2, and PALB2; and mis-
match repair deficiency in driving disease development, chemoresistance, intra-tumor
angiogenesis, epithelial-mesenchymal transition (EMT), tumoral invasion, and metasta-
sis [79,231,232].

The study of oncogenes represents a promising tool for a personalized approach
and a direct application of new genomic evidence in the treatment in clinical practice, as
already demonstrated for KRAS inhibitors and targeted therapies with activity against
ROS1 [233,234].

Furthermore, the advent of new computational models based on mathematical meth-
ods of the extraction of quantitative data from acquired CT or MRI images represents a
promising tool for diagnosis, staging, choice of treatments, response to treatments, and
prognosis of PC [235–238]. For example, radiomics features can find application in the
prediction of the risk of lymph node metastasis to avoid unnecessary surgery and post-
operative complications and in the identification of good candidates for immunotherapy
targeting immune checkpoint inhibitors [239–242].

5. Conclusions

In conclusion, the wide evidence available regarding the research on novel reliable
biomarkers for the early diagnosis of PC underlines how this field is particularly thriving
in the literature, following the growing number of cases and deaths from this tumor,
which is estimated to become the second leading cause of death by 2030. Further studies
will be needed to expand the population samples considered; confirm the sensitivity,
specificity, and accuracy; and evaluate the reliability of these biomarkers. The main aim
is to validate new biomarkers of disease, isolated from different body fluids, in order
to anticipate the timing of diagnosis of PC, increase the number of patients that can be
potentially cured with surgery, and improve their 5-year survival, which is currently
still very dismal. Furthermore, the possibility of the application of these biomarkers
for predictive purposes of the response to antineoplastic treatments and complications
following surgical interventions lays the foundation for personalized medicine in this field.
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4. Litman-Zawadzka, A.; Łukaszewicz-Zając, M.; Mroczko, B. Novel potential biomarkers for pancreatic cancer—A systematic

review. Adv. Med. Sci. 2019, 64, 252–257. [CrossRef]
5. Schlick, K.; Kiem, D.; Greil, R. Recent Advances in Pancreatic Cancer: Novel Prognostic Biomarkers and Targeted Therapy-A

Review of the Literature. Biomolecules 2021, 11, 1469. (In English) [CrossRef]

https://doi.org/10.1016/S0140-6736(16)00141-0
https://www.ncbi.nlm.nih.gov/pubmed/26830752
https://doi.org/10.1007/s11684-023-1050-6
https://www.ncbi.nlm.nih.gov/pubmed/38151666
https://doi.org/10.4240/wjgs.v12.i12.468
https://www.ncbi.nlm.nih.gov/pubmed/33437400
https://doi.org/10.1016/j.advms.2019.02.004
https://doi.org/10.3390/biom11101469


Biomedicines 2024, 12, 2840 21 of 31

6. Nicoletti, A.; Paratore, M.; Vitale, F.; Negri, M.; Quero, G.; Esposto, G.; Mignini, I.; Alfieri, S.; Gasbarrini, A.; Zocco, M.A.; et al.
Understanding the Conundrum of Pancreatic Cancer in the Omics Sciences Era. Int. J. Mol. Sci. 2024, 25, 7623. (In English)
[CrossRef]

7. Califf, R.M. Biomarker definitions and their applications. Exp. Biol. Med. 2018, 243, 213–221. (In English) [CrossRef]
8. Bouchier, I.A. Cancer of the pancreas. Br. Med. J. 1968, 3, 169–171. (In English) [CrossRef]
9. Hall, C.; Clarke, L.; Pal, A.; Buchwald, P.; Eglinton, T.; Wakeman, C.; Frizelle, F. A Review of the Role of Carcinoembryonic

Antigen in Clinical Practice. Ann. Coloproctol. 2019, 35, 294–305. (In English) [CrossRef]
10. Kalser, M.H.; Barkin, J.S.; Redlhammer, D.; Heal, A. Circulating carcinoembryonic antigen in pancreatic carcinoma. Cancer 1978,

42, 1468–1471. (In English) [CrossRef]
11. Del Favero, G.; Fabris, C.; Plebani, M.; Panucci, A.; Piccoli, A.; Perobelli, L.; Pedrazzoli, S.; Baccaglini, U.; Burlina, A.; Naccarato,

R. CA 19-9 and carcinoembryonic antigen in pancreatic cancer diagnosis. Cancer 1986, 57, 1576–1579. (In English) [CrossRef]
[PubMed]

12. Meng, Q.; Shi, S.; Liang, C.; Liang, D.; Xu, W.; Ji, S.; Zhang, B.; Ni, Q.; Xu, J.; Yu, X. Diagnostic and prognostic value of
carcinoembryonic antigen in pancreatic cancer: A systematic review and meta-analysis. Onco Targets Ther. 2017, 10, 4591–4598.
(In English) [CrossRef] [PubMed]

13. Conroy, T.; Pfeiffer, P.; Vilgrain, V.; Lamarca, A.; Seufferlein, T.; O’reilly, E.; Hackert, T.; Golan, T.; Prager, G.; Haustermans, K.;
et al. Pancreatic cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann. Oncol. 2023, 34, 987–1002.
(In English) [CrossRef] [PubMed]

14. European Study Group on Cystic Tumours of the Pancreas. European evidence-based guidelines on pancreatic cystic neoplasms.
Gut 2018, 67, 789–804. (In English) [CrossRef] [PubMed]

15. Jacobs, I. Screening for ovarian cancer by CA-125 measurement. Lancet 1988, 1, 889. (In English) [CrossRef]
16. Giessen, C.; Nagel, D.; Glas, M.; Spelsberg, F.; Lau-Werner, U.; Modest, D.P.; Michl, M.; Heinemann, V.; Stieber, P.; Schulz, C.

Evaluation of preoperative serum markers for individual patient prognosis in stage I-III rectal cancer. Tumour Biol. 2014, 35,
10237–10248. (In English) [CrossRef]

17. Wu, W.R.; Shi, X.-D.; Zhang, R.; Zhu, M.-S.; Xu, L.-B.; Yu, X.-H.; Zeng, H.; Wang, J.; Liu, C. Clinicopathological significance of
aberrant Notch receptors in intrahepatic cholangiocarcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 3272–3279. (In English)

18. Haglund, C. Tumour marker antigen CA125 in pancreatic cancer: A comparison with CA19-9 and CEA. Br. J. Cancer 1986, 54,
897–901. (In English) [CrossRef]

19. Sevinc, A.; Camci, C.; Turk, H.M.; Buyukberber, S. How to interpret serum CA 125 levels in patients with serosal involvement? A
clinical dilemma. Oncology 2003, 65, 1–6. (In English) [CrossRef]

20. Napoli, N.; Kauffmann, E.F.; Ginesini, M.; Lami, L.; Lombardo, C.; Vistoli, F.; Campani, D.; Boggi, U. Ca 125 is an independent
prognostic marker in resected pancreatic cancer of the head of the pancreas. Updates Surg. 2023, 75, 1481–1496. (In English)
[CrossRef]

21. Luo, X.; Lin, X.; Lin, R.; Yang, Y.; Wang, C.; Fang, H.; Huang, H.; Lu, F. The CA125 level postoperative change rule and its
prognostic significance in patients with resectable pancreatic cancer. BMC Cancer 2023, 23, 832. (In English) [CrossRef] [PubMed]

22. Australian Pancreatic Cancer Genome Initiative; Balachandran, V.P.; Łuksza, M.; Zhao, J.N.; Makarov, V.; Moral, J.A.; Remark, R.;
Herbst, B.; Askan, G.; Bhanot, U.; et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer.
Nature 2017, 551, 512–516. (In English) [CrossRef] [PubMed]

23. Haglund, C.; Roberts, P.J.; Kuusela, P.; Jalanko, H. Tumour markers in pancreatic cancer. Scand. J. Gastroenterol. Suppl. 1986, 126,
75–78. (In English) [CrossRef]

24. Haglund, C.; Kuusela, P.; Jalanko, H.; Roberts, P.J. Serum CA 50 as a tumor marker in pancreatic cancer: A comparison with CA
19-9. Int. J. Cancer 1987, 39, 477–481. (In English) [CrossRef]

25. Hayakawa, T.; Kondo, T.; Shibata, T.; Hamano, H.; Kitagawa, M.; Sakai, Y.; Ono, H. Sensitive serum markers for detecting
pancreatic cancer. Cancer 1988, 61, 1827–1831. (In English) [CrossRef]

26. Luo, G.; Guo, M.; Jin, K.; Liu, Z.; Liu, C.; Cheng, H.; Lu, Y.; Long, J.; Liu, L.; Xu, J.; et al. Optimize CA19-9 in detecting pancreatic
cancer by Lewis and Secretor genotyping. Pancreatology 2016, 16, 1057–1062. (In English) [CrossRef]

27. Ryan, D.P.; Hong, T.S. Bardeesy Pancreatic adenocarcinoma. N. Engl. J. Med. 2014, 371, 2140–2141. [CrossRef]
28. Hartwig, W.; Strobel, O.; Hinz, U.; Fritz, S.; Hackert, T.; Roth, C.; Büchler, M.W.; Werner, J. CA19-9 in potentially resectable

pancreatic cancer: Perspective to adjust surgical and perioperative therapy. Ann. Surg. Oncol. 2013, 20, 2188–2196. (In English)
[CrossRef]

29. Ballehaninna, U.K.; Chamberlain, R.S. The clinical utility of serum CA 19-9 in the diagnosis, prognosis and management of
pancreatic adenocarcinoma: An evidence based appraisal. J. Gastrointest. Oncol. 2012, 3, 105–119. (In English) [CrossRef]

30. Koprowski, H.; Steplewski, Z.; Mitchell, K.; Herlyn, M.; Herlyn, D.; Fuhrer, P. Colorectal carcinoma antigens detected by
hybridoma antibodies. Somatic Cell Genet. 1979, 5, 957–971. (In English) [CrossRef]

31. Orntoft, T.F.; Vestergaard, E.M.; Holmes, E.; Jakobsen, J.S.; Grunnet, N.; Mortensen, M.; Johnson, P.; Bross, P.; Gregersen,
N.; Skorstengaard, K.; et al. Influence of Lewis alpha1-3/4-L-fucosyltransferase (FUT3) gene mutations on enzyme activity,
erythrocyte phenotyping, and circulating tumor marker sialyl-Lewis a levels. J. Biol. Chem. 1996, 271, 32260–32268. (In English)
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms25147623
https://doi.org/10.1177/1535370217750088
https://doi.org/10.1136/bmj.3.5611.169
https://doi.org/10.3393/ac.2019.11.13
https://doi.org/10.1002/1097-0142(197809)42:3+%3C1468::AID-CNCR2820420816%3E3.0.CO;2-I
https://doi.org/10.1002/1097-0142(19860415)57:8%3C1576::AID-CNCR2820570823%3E3.0.CO;2-9
https://www.ncbi.nlm.nih.gov/pubmed/3456255
https://doi.org/10.2147/OTT.S145708
https://www.ncbi.nlm.nih.gov/pubmed/28979147
https://doi.org/10.1016/j.annonc.2023.08.009
https://www.ncbi.nlm.nih.gov/pubmed/37678671
https://doi.org/10.1136/gutjnl-2018-316027
https://www.ncbi.nlm.nih.gov/pubmed/29574408
https://doi.org/10.1016/S0140-6736(88)91642-X
https://doi.org/10.1007/s13277-014-2338-6
https://doi.org/10.1038/bjc.1986.259
https://doi.org/10.1159/000071198
https://doi.org/10.1007/s13304-023-01587-4
https://doi.org/10.1186/s12885-023-11346-8
https://www.ncbi.nlm.nih.gov/pubmed/37670245
https://doi.org/10.1038/nature24462
https://www.ncbi.nlm.nih.gov/pubmed/29132146
https://doi.org/10.3109/00365528609091898
https://doi.org/10.1002/ijc.2910390412
https://doi.org/10.1002/1097-0142(19880501)61:9%3C1827::AID-CNCR2820610918%3E3.0.CO;2-8
https://doi.org/10.1016/j.pan.2016.09.013
https://doi.org/10.1056/NEJMra1404198
https://doi.org/10.1245/s10434-012-2809-1
https://doi.org/10.3978/j.issn.2078-6891.2011.021
https://doi.org/10.1007/BF01542654
https://doi.org/10.1074/jbc.271.50.32260
https://www.ncbi.nlm.nih.gov/pubmed/8943285


Biomedicines 2024, 12, 2840 22 of 31

32. Takada, A.; Ohmori, K.; Yoneda, T.; Tsuyuoka, K.; Hasegawa, A.; Kiso, M.; Kannagi, R. Contribution of carbohydrate antigens
sialyl Lewis A and sialyl Lewis X to adhesion of human cancer cells to vascular endothelium. Cancer Res. 1993, 53, 354–361.
(In English) [PubMed]

33. Magnani, J.L. The discovery, biology, and drug development of sialyl Lea and sialyl Lex. Arch. Biochem. Biophys. 2004, 426,
122–131. (In English) [CrossRef] [PubMed]

34. Hansson, G.C.; Zopf, D. Biosynthesis of the cancer-associated sialyl-Lea antigen. J. Biol. Chem. 1985, 260, 9388–9392. (In English)
[CrossRef]

35. Dohi, T.; Hashiguchi, M.; Yamamoto, S.; Morita, H.; Oshima, M. Fucosyltransferase-producing sialyl Le(a) and sialyl Le(x)
carbohydrate antigen in benign and malignant gastrointestinal mucosa. Cancer 1994, 73, 1552–1561. (In English) [CrossRef]

36. Guo, M.; Luo, G.; Lu, R.; Shi, W.; Cheng, H.; Lu, Y.; Jin, K.; Yang, C.; Wang, Z.; Long, J.; et al. Distribution of Lewis and Secretor
polymorphisms and corresponding CA19-9 antigen expression in a Chinese population. FEBS Open Biol. 2017, 7, 1660–1671.
(In English) [CrossRef]

37. Dall’Olio, F.; Malagolini, N.; Trinchera, M.; Chiricolo, M. Mechanisms of cancer-associated glycosylation changes. Front. Biosci.
(Landmark Ed.) 2012, 17, 670–699. (In English) [CrossRef]

38. Engle, D.D.; Tiriac, H.; Rivera, K.D.; Pommier, A.; Whalen, S.; Oni, T.E.; Alagesan, B.; Lee, E.J.; Yao, M.A.; Lucito, M.S.; et al. The
glycan CA19-9 promotes pancreatitis and pancreatic cancer in mice. Science 2019, 364, 1156–1162. (In English) [CrossRef]

39. Gebauer, F.; Wicklein, D.; Stübke, K.; Nehmann, N.; Schmidt, A.; Salamon, J.; Peldschus, K.; Nentwich, M.F.; Adam, G.; Tolstonog,
G.; et al. Selectin binding is essential for peritoneal carcinomatosis in a xenograft model of human pancreatic adenocarcinoma in
pfp--/rag2-- mice. Gut 2013, 62, 741–750. (In English) [CrossRef]

40. Kannagi, R.; Izawa, M.; Koike, T.; Miyazaki, K.; Kimura, N. Carbohydrate-mediated cell adhesion in cancer metastasis and
angiogenesis. Cancer Sci. 2004, 95, 377–384. (In English) [CrossRef]

41. Goonetilleke, K.S.; Siriwardena, A.K. Systematic review of carbohydrate antigen (CA 19-9) as a biochemical marker in the
diagnosis of pancreatic cancer. Eur. J. Surg. Oncol. 2007, 33, 266–270. (In English) [CrossRef] [PubMed]

42. Kim, J.; Bamlet, W.R.; Oberg, A.L.; Chaffee, K.G.; Donahue, G.; Cao, X.-J.; Chari, S.; Garcia, B.A.; Petersen, G.M.; Zaret, K.S.
Detection of early pancreatic ductal adenocarcinoma with thrombospondin-2 and CA19-9 blood markers. Sci. Transl. Med. 2017,
9, eaah5583. (In English) [CrossRef] [PubMed]

43. Ferrone, C.R.; Finkelstein, D.M.; Thayer, S.P.; Muzikansky, A.; Fernandez-delCastillo, C.; Warshaw, A.L. Perioperative CA19-9
levels can predict stage and survival in patients with resectable pancreatic adenocarcinoma. J. Clin. Oncol. 2006, 24, 2897–2902.
(In English) [CrossRef] [PubMed]

44. Berger, A.C.; Garcia, M., Jr.; Hoffman, J.P.; Regine, W.F.; Abrams, R.A.; Safran, H.; Konski, A.; Benson, A.B.; Macdonald, J.; Willett,
C.G. Postresection CA 19-9 predicts overall survival in patients with pancreatic cancer treated with adjuvant chemoradiation: A
prospective validation by RTOG 9704. J. Clin. Oncol. 2008, 26, 5918–5922. (In English) [CrossRef]

45. Hata, S.; Sakamoto, Y.; Yamamoto, Y.; Nara, S.; Esaki, M.; Shimada, K.; Kosuge, T. Prognostic impact of postoperative serum CA
19-9 levels in patients with resectable pancreatic cancer. Ann. Surg. Oncol. 2012, 19, 636–641. (In English) [CrossRef]

46. Kiliç, M.; Göçmen, E.; Tez, M.; Ertan, T.; Keskek, M.; Koç, M. Value of preoperative serum CA 19-9 levels in predicting resectability
for pancreatic cancer. Can. J. Surg. 2006, 49, 241–244. (In English)

47. Isaji, S.; Mizuno, S.; Windsor, J.A.; Bassi, C.; Castillo, C.F.-D.; Hackert, T.; Hayasaki, A.; Katz, M.H.; Kim, S.-W.; Kishiwada,
M.; et al. International consensus on definition and criteria of borderline resectable pancreatic ductal adenocarcinoma 2017.
Pancreatology 2018, 18, 2–11. (In English) [CrossRef]

48. Boone, B.A.; Steve, J.; Zenati, M.S.; Hogg, M.E.; Singhi, A.D.; Bartlett, D.L.; Zureikat, A.H.; Bahary, N.; Zeh, H.J. Serum CA 19-9
response to neoadjuvant therapy is associated with outcome in pancreatic adenocarcinoma. Ann. Surg. Oncol. 2014, 21, 4351–4358.
(In English) [CrossRef]

49. Takahashi, H.; Ohigashi, H.; Ishikawa, O.; Eguchi, H.; Gotoh, K.; Yamada, T.; Nakaizumi, A.; Uehara, H.; Tomita, Y.; Nishiyama,
K.; et al. Serum CA19-9 alterations during preoperative gemcitabine-based chemoradiation therapy for resectable invasive ductal
carcinoma of the pancreas as an indicator for therapeutic selection and survival. Ann. Surg. 2010, 251, 461–469. (In English)
[CrossRef]

50. Azizian, A.; Rühlmann, F.; Krause, T.; Bernhardt, M.; Jo, P.; König, A.; Kleiß, M.; Leha, A.; Ghadimi, M.; Gaedcke, J. CA19-9 for
detecting recurrence of pancreatic cancer. Sci. Rep. 2020, 10, 1332. (In English) [CrossRef]

51. Humphris, J.L.; Chang, D.K.; Johns, A.L.; Scarlett, C.J.; Pajic Jones, M.D.; Colvin, E.K.; Nagrial Chin, V.T.; Chantrill, L.A.; Samra,
J.S.; Gill, A.J.; et al. The prognostic and predictive value of serum CA19.9 in pancreatic cancer. Ann. Oncol. 2012, 23, 1713–1722.
[CrossRef] [PubMed]

52. Conroy, T.; Hammel, P.; Hebbar, M.; Abdelghani, M.B.; Wei, A.C.; Raoul, J.-L.; Choné, L.; Francois, E.; Artru, P.; Biagi, J.J.; et al.
FOLFIRINOX or Gemcitabine as Adjuvant Therapy for Pancreatic Cancer. N. Engl. J. Med. 2018, 379, 2395–2406. [CrossRef]
[PubMed]

53. Sawada, R.; Sun, S.-M.; Wu, X.; Hong, F.; Ragupathi, G.; Livingston, P.O.; Scholz, W.W. Human monoclonal antibodies to
sialyl-Lewis (CA19.9) with potent CDC, ADCC, and antitumor activity. Clin. Cancer Res. 2011, 17, 1024–1032. (In English)
[CrossRef] [PubMed]

54. Kobayashi, K.; Matsumoto, S.; Morishima, T.; Kawabe, T.; Okamoto, T. Cimetidine inhibits cancer cell adhesion to endothelial
cells and prevents metastasis by blocking E-selectin expression. Cancer Res. 2000, 60, 3978–3984. (In English) [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/7678075
https://doi.org/10.1016/j.abb.2004.04.008
https://www.ncbi.nlm.nih.gov/pubmed/15158662
https://doi.org/10.1016/S0021-9258(17)39378-X
https://doi.org/10.1002/1097-0142(19940315)73:6%3C1552::AID-CNCR2820730605%3E3.0.CO;2-6
https://doi.org/10.1002/2211-5463.12278
https://doi.org/10.2741/3951
https://doi.org/10.1126/science.aaw3145
https://doi.org/10.1136/gutjnl-2011-300629
https://doi.org/10.1111/j.1349-7006.2004.tb03219.x
https://doi.org/10.1016/j.ejso.2006.10.004
https://www.ncbi.nlm.nih.gov/pubmed/17097848
https://doi.org/10.1126/scitranslmed.aah5583
https://www.ncbi.nlm.nih.gov/pubmed/28701476
https://doi.org/10.1200/JCO.2005.05.3934
https://www.ncbi.nlm.nih.gov/pubmed/16782929
https://doi.org/10.1200/JCO.2008.18.6288
https://doi.org/10.1245/s10434-011-2020-9
https://doi.org/10.1016/j.pan.2017.11.011
https://doi.org/10.1245/s10434-014-3842-z
https://doi.org/10.1097/SLA.0b013e3181cc90a3
https://doi.org/10.1038/s41598-020-57930-x
https://doi.org/10.1093/annonc/mdr561
https://www.ncbi.nlm.nih.gov/pubmed/22241899
https://doi.org/10.1056/NEJMoa1809775
https://www.ncbi.nlm.nih.gov/pubmed/30575490
https://doi.org/10.1158/1078-0432.CCR-10-2640
https://www.ncbi.nlm.nih.gov/pubmed/21343375
https://www.ncbi.nlm.nih.gov/pubmed/10919677


Biomedicines 2024, 12, 2840 23 of 31

55. Insug, O.; Otvos, L.; Kieber-Emmons, T.; Blaszczyk-Thurin, M. Role of SA-Le(a) and E-selectin in metastasis assessed with peptide
antagonist. Peptides 2002, 23, 999–1010. (In English) [CrossRef]

56. Al-Janabi, A.A.H.S.; Tawfeeq, E.F. Interfering Effect of Black Tea Consumption on Diagnosis of Pancreatic Cancer by CA 19-9. J.
Gastrointest. Cancer 2017, 48, 148–150. (In English) [CrossRef]

57. Howaizi, M.; Abboura, M.; Krespine, C.; Sbai-Idrissi, M.S.; Marty, O.; Djabbari-Sobhani, M. A new cause for CA19.9 elevation:
Heavy tea consumption. Gut 2003, 52, 913–914. (In English) [CrossRef]

58. Basso, D.; Fabris, C.; Del Favero, G.; Piccoli, A.; Angonese, C.; Pasquali, C.; Castoro, C.; Plebani, M.; Leandro, G.; Burlina, A. How
does liver dysfunction influence serum CA 19-9 in pancreatic cancer? Ital. J. Gastroenterol. 1990, 22, 1–6. (In English)

59. Kim, H.R.; Lee, C.H.; Kim, Y.W.; Han, S.K.; Shim, Y.S.; Yim, J.J. Increased CA 19-9 level in patients without malignant disease.
Clin. Chem. Lab. Med. 2009, 47, 750–754. (In English) [CrossRef]

60. Goh, S.K.; Gold, G.; Christophi, C.; Muralidharan, V. Serum carbohydrate antigen 19-9 in pancreatic adenocarcinoma: A mini
review for surgeons. ANZ J. Surg. 2017, 87, 987–992. (In English) [CrossRef]

61. Mujica, V.R.; Barkin, J.S.; Go, V.L. Acute pancreatitis secondary to pancreatic carcinoma. Study Group Participants. Pancreas 2000,
21, 329–332. (In English) [CrossRef] [PubMed]

62. Totani, Y.; Saito, Y.; Miyachi, H.; Yoneda, Y.; Shimizu, H.; Hoshino, T.; Hayashi, M.; Uchiyama, Y.; Isogai, S.; Matsui, K.;
et al. Clinical characterization of CA19-9 in patients with interstitial pneumonia showing pathological nonspecific interstitial
pneumonia pattern. Nihon Kokyuki Gakkai Zasshi 2005, 43, 77–83. (In Japanese) [PubMed]

63. Huang, Y.; Xu, Y.; Bi, Y.; Xu, M.; Lu, J.; Wang, T.; Li, M.; Chen, Y.; Liu, Y.; Huang, F.; et al. Relationship between CA 19-9 levels
and glucose regulation in a middle-aged and elderly Chinese population. J. Diabetes 2012, 4, 147–152. (In English) [CrossRef]
[PubMed]

64. Jones, N.B.; Hatzaras, I.; George, N.; Muscarella, P.; Ellison, E.C.; Melvin, W.S.; Bloomston, M. Clinical factors predictive of
malignant and premalignant cystic neoplasms of the pancreas: A single institution experience. HPB 2009, 11, 664–670. (In English)
[CrossRef] [PubMed]

65. Cantagrel, A.; Moulinier, L.; Beljio, K.; Duffaut, M.; Laroche, M.; Bon, E.; Mazières, B. Increase of CA 19.9 in dysimmune
inflammatory rheumatism. Apropos of 6 cases. Rev. Rhum. Ed. Fr. 1994, 61, 599–606. (In French)

66. Harada, T.; Kubota, T.; Aso, T. Usefulness of CA19-9 versus CA125 for the diagnosis of endometriosis. Fertil. Steril. 2002, 78,
733–739. (In English) [CrossRef]

67. Inayama, Y.; Uesato, M.; Takase, K.; Motono, N.; Nakatani, Y.; Kitamura, H. Immunohistochemical study of CA 19-9 and SPan-1
in cases of hydronephrosis. Urol. Int. 1996, 57, 93–98. (In English) [CrossRef]

68. Nakamura, T.; Maruyama, K.; Kashiwabara, H.; Sunayama, K.; Ohata, K.; Fukazawa, A.; Yasumi, K.; Sugimura, H.; Nakamura, S.
Diverticulitis causing a high serum level of carbohydrate antigen 19-9: Report of a case. Surg. Today 2002, 32, 282–284. (In English)
[CrossRef]

69. Tekin, O. Hypothyroidism-related CA 19-9 elevation. Mayo Clin. Proc. 2002, 77, 398. (In English) [CrossRef]
70. Ventrucci, M.; Pozzato, P.; Cipolla, A.; Uomo, G. Persistent elevation of serum CA 19-9 with no evidence of malignant disease.

Dig. Liver Dis. 2009, 41, 357–363. (In English) [CrossRef]
71. Alencar, R.; Kendler, D.B.; Andrade, F.; Nava, C.; Bulzico, D.; Pessoa, C.C.d.N.; Corbo, R.; Vaisman, F. CA19-9 as a Predictor of

Worse Clinical Outcome in Medullary Thyroid Carcinoma. Eur. Thyroid. J. 2019, 8, 186–191. (In English) [CrossRef] [PubMed]
72. Luo, G.; Fan, Z.; Cheng, H.; Jin, K.; Guo, M.; Lu, Y.; Yang, C.; Fan, K.; Huang, Q.; Long, J.; et al. New observations on the utility of

CA19-9 as a biomarker in Lewis negative patients with pancreatic cancer. Pancreatology 2018, 18, 971–976. (In English) [CrossRef]
[PubMed]

73. Kaur, S.; Smith, L.M.; Patel, A.; Menning, M.; Watley, D.C.; Malik, S.S.; Krishn, S.R.; Mallya, K.; Aithal, A.; Sasson, A.R.; et al. A
Combination of MUC5AC and CA19-9 Improves the Diagnosis of Pancreatic Cancer: A Multicenter Study. Am. J. Gastroenterol.
2017, 112, 172–183. (In English) [CrossRef] [PubMed]

74. Chan, A.; Prassas, I.; Dimitromanolakis, A.; Brand, R.E.; Serra, S.; Diamandis, E.P.; Blasutig, I.M. Validation of biomarkers that
complement CA19.9 in detecting early pancreatic cancer. Clin. Cancer Res. 2014, 20, 5787–5795. (In English) [CrossRef] [PubMed]

75. Cox, A.D.; Fesik, S.W.; Kimmelman, A.C.; Luo, J.; Der, C.J. Drugging the undruggable RAS: Mission possible? Nat. Rev. Drug
Discov. 2014, 13, 828–851. (In English) [CrossRef]

76. Hruban, R.H.; Wilentz, R.E.; Kern, S.E. Genetic progression in the pancreatic ducts. Am. J. Pathol. 2000, 156, 1821–1825. (In English)
[CrossRef]

77. Buscail, L.; Bournet, B.; Cordelier, P. Role of oncogenic KRAS in the diagnosis, prognosis and treatment of pancreatic cancer. Nat.
Rev. Gastroenterol. Hepatol. 2020, 17, 153–168. (In English) [CrossRef]

78. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.; Barlesi, F.; Lolkema, M.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-Bernstam,
F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A report from
the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. (In English) [CrossRef]

79. Philip, P.A.; Azar, I.; Xiu, J.; Hall, M.J.; Hendifar, A.E.; Lou, E.; Hwang, J.J.; Gong, J.; Feldman, R.; Ellis, M.; et al. Molecular
Characterization of KRAS Wild-type Tumors in Patients with Pancreatic Adenocarcinoma. Clin. Cancer Res. 2022, 28, 2704–2714.
(In English) [CrossRef]

80. Turanli, B.; Yildirim, E.; Gulfidan, G.; Arga, K.Y.; Sinha, R. Current State of “Omics” Biomarkers in Pancreatic Cancer. J. Pers. Med.
2021, 11, 127. (In English) [CrossRef]

https://doi.org/10.1016/s0196-9781(02)00024-4
https://doi.org/10.1007/s12029-016-9855-z
https://doi.org/10.1136/gut.52.6.913
https://doi.org/10.1515/CCLM.2009.152
https://doi.org/10.1111/ans.14131
https://doi.org/10.1097/00006676-200011000-00001
https://www.ncbi.nlm.nih.gov/pubmed/11075985
https://www.ncbi.nlm.nih.gov/pubmed/15770937
https://doi.org/10.1111/j.1753-0407.2011.00179.x
https://www.ncbi.nlm.nih.gov/pubmed/22176810
https://doi.org/10.1111/j.1477-2574.2009.00114.x
https://www.ncbi.nlm.nih.gov/pubmed/20495634
https://doi.org/10.1016/S0015-0282(02)03328-9
https://doi.org/10.1159/000282887
https://doi.org/10.1007/s005950200037
https://doi.org/10.4065/77.4.398
https://doi.org/10.1016/j.dld.2008.04.002
https://doi.org/10.1159/000497201
https://www.ncbi.nlm.nih.gov/pubmed/31602360
https://doi.org/10.1016/j.pan.2018.08.003
https://www.ncbi.nlm.nih.gov/pubmed/30131287
https://doi.org/10.1038/ajg.2016.482
https://www.ncbi.nlm.nih.gov/pubmed/27845339
https://doi.org/10.1158/1078-0432.CCR-14-0289
https://www.ncbi.nlm.nih.gov/pubmed/25239611
https://doi.org/10.1038/nrd4389
https://doi.org/10.1016/S0002-9440(10)65054-7
https://doi.org/10.1038/s41575-019-0245-4
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1158/1078-0432.CCR-21-3581
https://doi.org/10.3390/jpm11020127


Biomedicines 2024, 12, 2840 24 of 31

81. Pan, S.; Chen, R.; Crispin, D.A.; May, D.; Stevens, T.; McIntosh, M.W.; Bronner, M.P.; Ziogas, A.; Anton-Culver, H.; Brentnall, T.A.
Protein alterations associated with pancreatic cancer and chronic pancreatitis found in human plasma using global quantitative
proteomics profiling. J. Proteome Res. 2011, 10, 2359–2376. (In English) [CrossRef] [PubMed]

82. Papapanagiotou, A.; Sgourakis, G.; Karkoulias, K.; Raptis, D.; Parkin, E.; Brotzakis, P.; Panchal, S.; Papavassiliou, A.G. Osteonectin
as a screening marker for pancreatic cancer: A prospective study. J. Int. Med. Res. 2018, 46, 2769–2779. (In English) [CrossRef]
[PubMed]

83. Rossi, M.K.; Gnanamony, M.; Gondi, C.S. The ‘SPARC’ of life: Analysis of the role of osteonectin/SPARC in pancreatic cancer
(Review). Int. J. Oncol. 2016, 48, 1765–1771. (In English) [CrossRef] [PubMed]

84. Wang, S.; You, L.; Dai, M.; Zhao, Y. Quantitative assessment of the diagnostic role of mucin family members in pancreatic cancer:
A meta-analysis. Ann. Transl. Med. 2021, 9, 192. (In English) [CrossRef]

85. Kaur, S.; Kumar, S.; Momi, N.; Sasson, A.R.; Batra, S.K. Mucins in pancreatic cancer and its microenvironment. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 607–620. (In English) [CrossRef]

86. Liu, L.; Xu, H.-X.; Wang, W.-Q.; Wu, C.-T.; Xiang, J.-F.; Liu, C.; Long, J.; Xu, J.; Fu, D.-L.; Ni, Q.-X.; et al. Serum CA125 is a novel
predictive marker for pancreatic cancer metastasis and correlates with the metastasis-associated burden. Oncotarget 2016, 7,
5943–5956. (In English) [CrossRef]

87. Honda, K.; Kobayashi, M.; Okusaka, T.; Rinaudo, J.A.; Huang, Y.; Marsh, T.; Sanada, M.; Sasajima, Y.; Nakamori, S.; Shimahara,
M.; et al. Plasma biomarker for detection of early stage pancreatic cancer and risk factors for pancreatic malignancy using
antibodies for apolipoprotein-AII isoforms. Sci. Rep. 2015, 5, 15921. (In English) [CrossRef]

88. Honda, K.; Katzke, V.A.; Hüsing, A.; Okaya, S.; Shoji, H.; Onidani, K.; Olsen, A.; Tjønneland, A.; Overvad, K.; Weiderpass, E.;
et al. CA19-9 and apolipoprotein-A2 isoforms as detection markers for pancreatic cancer: A prospective evaluation. Int. J. Cancer
2019, 144, 1877–1887. (In English) [CrossRef]

89. Chen, J.; Zhu, H.; Chen, S.; Mi, H. Apolipoprotein E is a Potential Biomarker for Predicting Cancer Prognosis and is Correlated
with Immune Infiltration. Onco. Targets Ther. 2024, 17, 199–214. (In English) [CrossRef]

90. Takano, S.; Yoshitomi, H.; Togawa, A.; Sogawa, K.; Shida, T.; Kimura, F.; Shimizu, H.; Tomonaga, T.; Nomura, F.; Miyazaki, M.
Apolipoprotein C-1 maintains cell survival by preventing from apoptosis in pancreatic cancer cells. Oncogene 2008, 27, 2810–2822.
(In English) [CrossRef]

91. Yoneyama, T.; Ohtsuki, S.; Honda, K.; Kobayashi, M.; Iwasaki, M.; Uchida, Y.; Okusaka, T.; Nakamori, S.; Shimahara, M.; Ueno, T.;
et al. Identification of IGFBP2 and IGFBP3 As Compensatory Biomarkers for CA19-9 in Early-Stage Pancreatic Cancer Using
a Combination of Antibody-Based and LC-MS/MS-Based Proteomics. PLoS ONE 2016, 11, e0161009. (In English) [CrossRef]
[PubMed]

92. Kim, Y.; Kang, M.; Han, D.; Kim, H.; Lee, K.; Kim, S.-W.; Kim, Y.; Park, T.; Jang, J.-Y.; Kim, Y. Biomarker Development for
Intraductal Papillary Mucinous Neoplasms Using Multiple Reaction Monitoring Mass Spectrometry. J. Proteome Res. 2016, 15,
100–113. (In English) [CrossRef] [PubMed]

93. Zhang, C.X.; Wu, C.T.; Xiao, L.; Tang, S.H. The diagnostic and clinicopathological value of trefoil factor 3 in patients with gastric
cancer: A systematic review and meta-analysis. Biomarkers 2021, 26, 95–102. (In English) [CrossRef] [PubMed]

94. Jahan, R.; Ganguly, K.; Smith, L.M.; Atri, P.; Carmicheal, J.; Sheinin, Y.; Rachagani, S.; Natarajan, G.; Brand, R.E.; Macha, M.A.;
et al. Trefoil factor(s) and CA19.9: A promising panel for early detection of pancreatic cancer. EBioMedicine 2019, 42, 375–385.
(In English) [CrossRef]

95. Chen, J.; Chen, L.-J.; Xia, Y.-L.; Zhou, H.-C.; Yang, R.-B.; Wu, W.; Lu, Y.; Hu, L.-W.; Zhao, Y. Identification and verification of
transthyretin as a potential biomarker for pancreatic ductal adenocarcinoma. J. Cancer Res. Clin. Oncol. 2013, 139, 1117–1127.
(In English) [CrossRef]

96. He, X.Y.; Liu, B.Y.; Yao, W.Y.; Zhao, X.J.; Zheng, Z.; Li, J.F.; Yu, B.Q.; Yuan, Y.Z. Serum DJ-1 as a diagnostic marker and prognostic
factor for pancreatic cancer. J. Dig. Dis. 2011, 12, 131–137. (In English) [CrossRef]

97. Balasenthil, S.; Huang, Y.; Liu, S.; Marsh, T.; Chen, J.; Stass, S.A.; KuKuruga, D.; Brand, R.; Chen, N.; Frazier, M.L.; et al. A
Plasma Biomarker Panel to Identify Surgically Resectable Early-Stage Pancreatic Cancer. J. Natl. Cancer Inst. 2017, 109, djw341.
(In English) [CrossRef]

98. Joergensen, M.T.; Brünner, N.; De Muckadell, O.B. Comparison of circulating MMP-9, TIMP-1 and CA19-9 in the detection of
pancreatic cancer. Anticancer. Res. 2010, 30, 587–592. (In English)

99. Poruk, K.E.; Firpo, M.A.; Scaife, C.L.; Adler, D.G.; Emerson, L.L.; Boucher, K.M.; Mulvihill, S.J. Serum osteopontin and tissue
inhibitor of metalloproteinase 1 as diagnostic and prognostic biomarkers for pancreatic adenocarcinoma. Pancreas 2013, 42,
193–197. (In English) [CrossRef]

100. Li, J.J.; Li, H.Y.; Gu, F. Diagnostic significance of serum osteopontin level for pancreatic cancer: A meta-analysis. Genet. Test. Mol.
Biomark. 2014, 18, 580–586. (In English) [CrossRef]

101. Rychlíková, J.; Vecka, M.; Jáchymová, M.; Macášek, J.; Hrabák, P.; Zeman, M.; Vávrová, L.; Řoupal, J.; Krechler, T.; ák,
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