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Abstract: Pancreatic cancer (PC) is a highly malignant and aggressive tumor. Despite medical
advancement, the silent nature of PC results in only 20% of all cases considered resectable at the
time of diagnosis. It is projected to become the second leading cause in 2030. Most pancreatic
cancer cases are diagnosed in the advanced stages. Such cases are typically unresectable and are
associated with a 5-year survival of less than 10%. Although there is no guideline consensus regarding
recommendations for screening for pancreatic cancer, early detection has been associated with better
outcomes. In addition to continued utilization of imaging and conventional tumor markers, clinicians
should be aware of novel testing modalities that may be effective for early detection of pancreatic
cancer in individuals with high-risk factors. The pathogenesis of PC is not well understood; however,
various modifiable and non-modifiable factors have been implicated in pancreatic oncogenesis. PC
detection in the earlier stages is associated with better outcomes; nevertheless, most oncological
societies do not recommend universal screening as it may result in a high false-positive rate. Therefore,
targeted screening for high-risk individuals represents a reasonable option. In this review, we aimed
to summarize the pathogenesis, genetic risk factors, high-risk population, and screening modalities
for PC.
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1. Introduction

Pancreatic cancer (PC) is a highly aggressive malignant tumor and is the seventh
highest cause of cancer-related mortality worldwide, the fourth most common in the United
States (US), and projected to become the second leading cause of cancer-related mortality
by 2030 [1]. Each year in the United States, more than 60,000 patients are diagnosed with
PC. Unfortunately, most of these patients die from cancer-related consequences [2,3]. PC is
more prevalent among those aged older than 45 years old, with a peak incidence among
those aged 65 and 75 years old for males and females, respectively [4]. In addition, gender,
ethnicity, and racial factors may influence PC incidence; for instance, males, blacks, and
African Americans have a higher incidence than other groups [5,6]. The tumorigenesis of
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PC is not well understood, with various associated genetic mutations and derangements
causing genomic instability and subsequent tumor progression. In addition, PC appears to
be an end result of precursor lesions that evolve with the acquisition of somatic mutations in
a step-wise fashion [7]. PC is frequently used to indicate pancreatic ductal adenocarcinoma,
which accounts for 85% of pancreatic malignancies [8].

Despite various medical therapeutical advancements, the overall survival of PC has
barely improved [9]. In nodal-positive PC, the 5-year survival rate is 8–10% [10]. Although
the 5-year survival rate may reach up to 30% in the absence of nodal involvement, 70%
of patients present with nodal involvement upon diagnosis [11–13]. In addition, less than
20% of cases are considered resectable at presentation, and the majority of patients present
with metastatic or advanced disease at diagnosis. However, the widespread use of imaging
has resulted in increased detection of stage IA PC. Fortunately, the 5-year overall survival
associated with this early-stage PC has significantly increased from 45% to 84% [14].

Previous studies have shown that PC screening may be associated with improved
outcomes including reduced mortality and a prolonged median cancer-specific survival
rate in high-risk individuals [15]. Most oncological societies, however, do not support
universal screening for PC due to high false-positive rates. In addition to increased medical
expenditures, more invasive testing may be performed, which can be hazardous and
carry emotional distress for the patients and their families. Nevertheless, it would not be
unreasonable to target high-risk individuals who can benefit from such testing [16]. Family
history and specific associated conditions may be utilized to identify patients who are high
risk and may potentially benefit from screening for pancreatic cancer. Different screening
modalities have been used in practice for PC screening including imaging, serological,
and pathological testing. Liquid biopsy has arisen as a non-invasive method to detect PC,
including circulating tumor DNA (ctDNA), circulating tumor cells (CTCs) and microRNAs
(miRNAs) [17,18]. Unfortunately, there is no reliable serological marker for the early
recognition of PC. In this review, we aim to discuss the pathogenesis of PC, including
tumorigenesis, precursor lesions, and associated genetic risk factors. In addition, we
discuss different screening approaches and their modalities.

2. Pancreatic Tumorigenesis

PC is often used to describe pancreatic ductal adenocarcinoma (PDAC), which ac-
counts for 85% of pancreatic malignancies. However, pancreatic neoplasms can be further
classified based on origin as exocrine or endocrine pancreatic neoplasms, accounting for
95% and 5%, respectively [8,19].

2.1. Pathophysiology of Pancreatic Cancer

The complexity of PC arises from the various mutations associated with it. Although
ATM, BRCA1/2, and CDKN2A are linked to PC initiation and progression, KRAS mutation
appears to be the most prevalent [20].

Mutated RAS genes, such as HRAS, NRAS, and KRAS, have also been observed
in 10–30% of human cancers. However, the latter represents 86% of RAS family muta-
tions [21–23]. KRAS is activated upon binding to a guanosine triphosphate (GTP) molecule
forming KRAS-GTP, a process promoted via guanine nucleotide exchange factors (GEFs).
Upon activation, KRAS propagates downstream signaling involving mitogen-activated
protein (MAP) kinase, phosphoinositide-3- kinase (PI3K), and Ras-like guanine nucleotide
exchange factor (RALGEF) pathways, which leads to an enhanced cellular division, growth,
differentiation, and survival [24–27]. Under normal physiologic circumstances, KRAS is
switched to an off state with the aid of its intrinsic GTPase, which hydrolyzes GTP into
guanosine diphosphate (GDP) and renders KRAS inactivated, a process that is enabled
via GTPase-activating proteins (GAPs) [28–31]. Oncogenic KRAS in pancreatic acinar cells
has also been shown to upregulate the expression of intercellular adhesion molecule-1
(ICAM-1), which attracts macrophages that accelerate the formation of precancerous lesions
by remodeling the extracellular matrix [32]. Mutant KRAS also induces Krüppel-like factor
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4 (KLF4) expression, which subsequently leads to metaplasia and formation of pancre-
atic intraepithelial neoplasia (PanINs) [33]. Furthermore, oncogenic KRAS mutations can
induce constitutive activation of SRY (sex-determining region Y)-box 9 (SOX9), which
acts as a cofactor that regulates downstream gene transcription, ultimately leading to cell
proliferation and PanIN formation [34].

The mutations in the KRAS gene were found to impair GTPase activity, allowing
KRAS to be continuously linked to GTP [35,36]. Thus, the constitutively active KRAS
gene is believed to permit uncontrolled cellular proliferation and division and enhance
neoplastic invasion and metastasis [37–39]. The activating KRAS mutations were observed
to be the initial process of pancreatic carcinogenesis in different in vivo studies [40,41].
However, observations from many mouse models highlighted the inability of KRAS muta-
tion solely to result in PDAC, as the development of PDAC was observed in only 7% of
the mice; additionally, KRAS mutations were observed in healthy populations, suggesting
the involvement of other factors, in addition to KRAS mutation, to induce PC [35,42–51].
Other mutations associated with the development of PC are TP53, CDKN2A, and SMAD4,
all of which are tumor-suppressor genes that can be inactivated later on in the process of
PC development and progression [40,41,52–54]. CDKN2A and TP53 inactivation result in
genetic instability due to removal of cell cycle checkpoints; additionally, the immunosup-
pressive effects of TP53 inactivation may potentiate PC progression [55,56]. The acquisition
of these mutations results in the progression of different PanINs into PC [57–59].

2.2. Pancreatic Cancer Environmental Factors

PC is a multifactorial disorder, as chronic inflammation, cigarette smoking, obesity,
and diabetes mellites have been implicated in its pathogenesis [60]. Multiple studies have
proven the causal association between smoking and PC. Among modifiable risk factors
of PC, smoking is regarded as the most significant factor [61–63]. The associated inflam-
matory process can potentiate the activity of pancreatic stellate cells (PaSC), enhancing
a desmoplastic response that permits PC progression [64,65]. In addition to the immuno-
suppressive effects of smoking, nicotine has been proven to accentuate tumor growth and
survival, potentially by augmenting HGF-MET and AKT-ERKMYC signaling and enhanc-
ing K-RAS oncogene activity [66,67]. In addition to nicotine, other carcinogens, including
nitrosamines and polycyclic aromatic hydrocarbons, can generate reactive oxygen species
that are mitogenic for significant tumor-suppressor genes (e.g., p. 53) [68].

Obesity has significantly increased PC risk and is associated with worse outcomes [69,70].
Several malignancies, including PC, have been connected with the inflammatory state
associated with obesity [71]. High levels of adipose-tissue-produced cytokines such as
TNF-α, IL-6, leptin, and adiponectin can influence tumor progression, proliferation, and
vascular invasion [72]. In addition, insulin resistance and subsequent high glucose levels
linked to obesity provide a suitable environment for cancer cell growth and proliferation.
Furthermore, high IGF-1 levels due to increased insulin result in PI3K/MAPK/mTOR
pathways hyperactivity that subsequently overactivates the RAS/ERK pathway resulting
in cellular division, survival, and proliferation [38]. Diabetes mellitus (DM) is associated
with PC. In fact, therapeutic interventions with insulin or oral hypoglycemic agents have
been associated with decreased risk of PC with improved glucose metabolism [73–75];
additionally, higher PaSC activity was observed in patients with DM, which in the setting
of hyperinsulinemia potentiates the desmoplastic response and accentuates transforming
growth factor beta1 (TGF-β1) signaling contributing to PC development [64,75–78]. Other
contributing factors may include chronic infections (e.g., Helicobacter pylori, and hepatitis
B and C viruses), some dietary exposure, or alcohol; however, evidence to suggest their
correlation is insufficient [79].

2.3. Origins and Precursors of Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) can arise from different precursor le-
sions [80]. In the literature, histological subtypes that have been previously highlighted
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as precursor lesions include intraductal papillary mucinous neoplasm (IPMN), a mucin-
producing subtype arising from the pancreatic duct system and mucinous cystic neoplasm
(MCN), characterized by the presence of ovarian-type stroma [81]. PanINs comprise the
majority of precursor lesions, and the underlying pathological process is illustrated in
Figure 1. These lesions are marked by variable epithelial proliferation, and based on the
dysplasia degree, they can be classified based on severity into mild (PanIN-1), moderate
(PanIN-2), or severe (PanIN-3) [82–84]. Although oncogenic KRAS is highly prevalent in
PanINs, most of these lesions remain low grade and rarely progress to cancer. Progression is
primarily seen with the acquisition of somatic mutations, which accentuate tumor survival
and growth. Therefore, most solely KRAS-driven PanINs remain limited to their origin
with minimal genomic instability [46,55].
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Figure 1. Pathogenesis of Pancreatic Ductal Adenocarcinoma.

The plasticity of pancreatic acinar cells permits ductal metaplasia during cellular stress,
which is believed to give rise to PanINs. Mice observations have found that acinar cells have
an extremely high potential to undergo ductal metaplasia [44,85,86]. In addition, based on
acinar cell biological function, it is presumed that ductal metaplasia represents a protective
adaptation from the acinar digestive enzymes that harm the adjacent ducts [87,88]. As ex-
plained earlier, the extracellular matrix of PDAC is desmoplastic, in which many molecules
have been shown to potentiate PDAC progression. In a recent study, Angiopoietin-like 4
(ANGPTL4), which is known to upregulate cancer growth and metastasis, was found to
accelerate the acinar to ductal metaplasia and eventual progression to PC, supporting the
acinar origin of PC [89].

In the presence of cellular stress and/or ANGPTL4, or driven by KRAS-induced ICAM-1,
KLF4, and/or SOX9, pancreatic acinar cells undergo ductal metaplasia, which eventually
gives rise to PanINs. Acquisition of mutations, mainly affecting KRAS or tumor suppression
genes (e.g., TP52, CDKN2A, and SMAD4), accelerates development of pancreatic ductal
adenocarcinoma. PDAC: pancreatic ductal adenocarcinoma; ANGPTL4: Angiopoietin-like
4 (ANGPTL4); ICAM-1: intercellular adhesion molecule-1; KLF4: Krüppel-like factor 4;
PanIN: pancreatic intraepithelial neoplasia; SOX9: SRY (sex-determining region Y)-box 9.

3. Genetic Risk Factors of Pancreatic Cancer

Numerous meta-analyses and pooled studies have been propagated on the etiology
of PC. Among the non-modifiable risk factors, ethnicity, family history, and genetics are
important factors that predispose to PC progression. Racial differences influence PC
progression; for instance, the highest incidence rate was reported in African Americans and
the lowest among Asian Americans. Despite the attribution of many modifiable factors to
a higher incidence of PC among particular racial groups, other unreported or even unknown
factors may be the culprit; this may include, but is not limited to, biological differences
in nicotine detoxification and the presence of unrecognized mutant oncogenes that can
increase cancer risk [2,90,91]. This was suggested with different expression of TP53 and
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KRAS genes in a different racial group [92]. Additionally, PC was more prevalent in patients
who had a family history of PC; interestingly, Luo et al. reported that 10% of PC cases were
observed in the presence of a family history of PC [93]. Although familial PC was typically
used to describe cases of PC with two or more first-degree relatives with PC, there is no
established consensus on this definition. For instance, the term has also been used to refer
to different contexts, including families with three or more relatives with PC regardless
of the degree of relationship, when the diagnosis is made in at least one of the relatives
prior to the age of 50, as supported by the Brune et al. study that showed an independent
risk of PC in families with cases diagnosed earlier than 50 years old [94]. Furthermore,
some studies showed a 9-fold and 32-fold increased risk of PC in the presence of a single
first-degree relative and three or more first-degree relatives with PC, respectively [95,96].
In the presence of a family history of PC, few genetic mutations were reported in such
cases; however, these mutations were not identified in more thorough studies [97–99]. For
instance, BRCA1/BRCA2 and CDKN2A were positive in up to 17% and 5% of patients with
a family history of PC, respectively; however, these observations were seen in a fraction of
patients, and further studies are needed to evaluate their contribution [100–103].

3.1. Genetics Role in Pancreatic Cancer

Approximately 10% of patients with PC have a degree of genetic predisposition [104,105].
ATM, APC, BRCA1/2, CDKN2A, MSH2/6, MLH1, PALB2, PMS2, PRSS1, and STK11 were
among the most prevalent germline mutations in patients with hereditary PC [96,104].
Additionally, 21 susceptible loci were identified with GWAS analysis. The most commonly
investigated loci are summarized in Table 1.

Table 1. Characteristics of Common Loci Implicated in Pancreatic Cancer.

Loci Function Mutation Effects Author

17q24.3

Antitumor RNA
Regulates the ubiquitination of

PTPN11 (SHP2) with subsequent
SRC–ERK oncogenic
pathway suppression

Induces STAT1-dependent
antitumor responses

G > A at rs11655237 in LINC00673
may yield cancer susceptibility,
since it inflates cellular PTPN11

levels, hence promoting the
proliferation and growth of

PDAC cells

Zheng et al. (2016) [106]

13q22.1 DIS3 expression Altered nuclear RNA processing
and decay Hoskins et al. (2016) [107]

5p15.33
Contains TERT and CLPTM1L

Reduces telomerase activity
through ZNF148 knockdown

rs36115365 variant alters TERT
expression through ZNF148 Fang et al. (2017) [108]

TERT: telomerase reverse transcriptase; CLPTM1L: cleft lip- and palate-associated transmembrane 1-like protein.

3.1.1. Familial Cancer Syndromes

There is an established association between PC and other familial cancer syndromes.
This section illustrates hereditary diseases associated with PC, and the key features of
familial cancer syndromes associated with PC are summarized in Table 2.
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Table 2. Brief Summary of Familial Cancer Syndromes Associated with Pancreatic Cancer (PC).

Familial Cancer
Syndromes

Inheritance
Pattern

Hallmark
Presentation

Associated
Genes

Increased Risk
of PC

Other Associated
Malignancies References

Hereditary
non-polyposis
colon cancer

(HNPCC)

Autosomal
dominant NA

Mismatch repair
(MMR) genes,

including MLH1,
MSH2/6,
or PMS2

8.6 fold
Colon cancer

Endomet-
rial cancer

[107–110]

Familial atypical
multiple mole

melanoma
syndrome
(FAMMM)

Autosomal
dominant

Numerous atypical
nevi (>50), which is

accompanied by
a family history of

melanoma in one or
more first- or
second-deg-
ree relatives

CDKN2A on
chromosome

9p21.3
13 to 22 fold Melanoma [111–117]

Peutz–Jeghers
syndrome (PJS)

Autosomal
dominant

Colonic
hamartomatous

polyps, in addition to
oral, buccal, and

digital pigmentation

STK11 (19p13.3)
in up to 70%

of cases

PC:
11–36%

Any cancer:
15 fold (general

population)
20 fold (women)

Lung cancer
Gastric cancer
Colon cancer

Bladder
cancer

Breast cancer
Gynecological

cancer

[118–125]

Hereditary breast
and ovarian

cancer syndrome
(HBOC)

Autosomal
dominant NA

BRCA1/BRCA2
(most cases),
TP53, PTEN,
CDH1, ATM,

CHEK2,
or PALB2

3–7% and up to
17% if ≥ 3

affected relatives

Breast cancer
Ovarian cancer [126–131]

Familial
adenomatous

polyposis (FAP)

Autosomal
dominant

High number of
colonic polyps

Adenomatous
polyposis coli
(APC) gene on
chromosome

5q21-q22

Up to 4 fold
Colorectal cancer

Breast cancer
Lung cancer

[131–134],
[135,136]

Li–Fraumeni
syndrome (LF)

Autosomal
dominant NA TP53 7 fold

Breast cancer
Adrenocortical

cancer
Lung cancer

Prostate cancer
Ovarian cancer

Melanoma
Sarcoma

Leukemia
Lymphoma

[137–143]

Hereditary
pancreatitis (HP)

Autosomal
dominant

Repetitive acute
pancreatitis that can
progress to chronic

pancreatitis

Cationic
trypsinogen gene

(PRSS1) on
chromosome 7q35

in 70% of cases

Up to 50%
accumulated
lifetime risk

None [144–148]

Cystic fibrosis Autosomal
recessive

Impaired electrolytes
secretion and water

reabsorption resulting
in increased mucus

viscosity and exagge-
rated inflammation

Cystic fibrosis
transmembrane

conductance
regulator (CFTR)

leading to
MUC4 and

STAT-1 upregulation

1.4 fold Digestive tract
cancers [149–155]

Hereditary Non-Polyposis Colon Cancer (HNPCC)

Mutated mismatch repair (MMR) genes, including MLH1, MSH2/6, or PMS2, have
been linked with HNPCC, also known as Lynch syndrome, with an autosomal dominant
inheritance. Moreover, colon and endometrial cancer are the most commonly associated
malignancies [109,110]. Despite their scarcity, there are a few reports suggesting HNPCC
association with PC. For instance, a review of 147 families with mutated-MMR genes
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showed a PC prevalence of 21% (31 cases). Furthermore, the reported cumulative risk
was 3.68% and 5% in patients younger and older than 50, respectively, with an overall
8.6-fold increased risk of PC than non-carrier [111,112]. Among mutated MMR genes,
MLH1 and MSH2 were the most frequently associated with PC; however, the data on
the actual prevalence are inconclusive. MLH1 carriers had an 8-fold increased risk of PC;
however, no risk associated with MSH2, MSH6, and PMS2 was observed [113]. These
findings differ from another study, which found a higher incidence of PC in MSH6 carriers
than in other MMR mutations [114]. In conclusion, in the presence of a family history of
PC, it is plausible that 5 to 10 percent of PC might be attributed to HNPCC.

Familial Atypical Multiple Mole Melanoma Syndrome (FAMMM)

Similar to Lynch syndrome, FAMMM syndrome is an autosomal dominant inherited
disease. Classically, this condition presents with numerous atypical nevi (>50), which
is accompanied by a family history of melanoma in one or more first- or second-degree
relatives. A mutated CDKN2A gene on chromosome 9p21.3 that encodes the proteins
p14ARF, p16(INK4), p15(INK4b), p18(INK4), and p19ARF is believed to be the culprit.
CDKN2A encodes the alternatively spliced tumor suppressors p16INK4a and p14ARF,
which function through different signaling pathways. p16INK4a is a cyclin-dependent
kinase (CDK) inhibitor that regulates the course of the cell cycle by inhibiting CDK4 and
CDK6. In contrast, p14ARF blocks the degradation of the cell-cycle regulator p53 by
creating a stable nucleoprotein complex with Mdm2 [115–117]. Germline alterations result
in an increased risk of early or multiple melanomas and PC FAMMM is associated with a
13- to 22-fold increased risk of developing PC. Further analysis revealed the detrimental
mutations in the CDKN2A gene, including p.L65P, p.G67R, c.-201ACTC > CTTT, p.R144C
and the founder mutations p.E27X and p.G101W (the “p16-Leiden” mutation), the latter
of which was linked with PC cumulative risk of 17% by age 75 in patients of Dutch-
decent [156–159]. Recent research suggests that the p16 protein plays an essential role in
pancreatic carcinogenesis. The pathogenic variant affecting p16INK4a encoded protein was
positive in 58% of cases among Dutch families with PC. These findings were supported by
the reduction/absence of immunohistochemistry expression in up to 80% of PC studied
cases [57,118–121,160,161].

Peutz–Jeghers Syndrome (PJS)

As the earlier mentioned syndromes, PJS is a rare autosomal dominant disease char-
acterized by colonic hamartomatous polyps, in addition to oral, buccal, and digital pig-
mentation. In more than two-thirds of cases, the mutated STK11 (19p13.3) gene is the main
culprit, which is a tumor-suppresser gene, that encodes for the Serine/Threonine Kinase
11 (Liver Kinase B1). This protein kinase requires the binding of MO25 and Ste20-related
adaptor protein (STRAD) for its activity. Although the exact role of STK11 in PC is not fully
known, it is suggested that STK11 controls apoptosis in rapidly proliferating cells (e.g.,
intestinal epithelium).

It inhibits mTORC1 indirectly by phosphorylating AMPK, which accounts for the
opposite response of both pathways to AMP:ATP ratios. In nutrient-deficient environments,
ATP depletion causes the ratio to shift toward AMP, thus enhancing AMPK activation.
In turn, AMPK phosphorylates TSC1/2 to promote GAP activity toward Rheb, thereby
inhibiting mTORC1. However, it was also shown that AMPK suppresses mTORC1 by
phosphorylating raptor, the mTORC1 scaffold protein. Therefore, AMPK has the ability to
control mTORC1 both directly and indirectly [122–124].

Mutant STK11 copy is noted to raise the lifetime risk of cancer by 15 fold compared
to the general population and seems to be especially detrimental in women (20 fold) due
to an elevated risk of breast and gynecological cancers. PC risk also rises by 11 to 36% in
these individuals; nevertheless, up to 30% of PJS patients are caused by a mutation in an
undiscovered gene that imparts significant cancer susceptibility [125–129].
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Hereditary Breast and Ovarian Cancer Syndrome (HBOC)

HBOC is characterized by an increased susceptibility to breast and/or ovarian can-
cer. Although BRCA1 and BRCA2 represent the majority of associated mutations, other
mutations may include TP53, PTEN, CDH1, ATM, CHEK2, or PALB2. These patients are
more susceptible to developing PC than the average population. A pooling of 24 studies’
results showed an increased risk of up to 3% and 7% of developing pancreatic cancer in
patients with BRCA1 and BRCA2 mutations, respectively [130,131]. Interestingly, patients
with BRCA2 mutation appeared to have a higher risk of 17% developing PC with the
involvement of three or more relatives [105,132,133]. Although BRCA1 has the notion of
being less prevalent in PC, a similar rate to BRCA2 or even higher was reported in patients
with an earlier-onset presentation [134,162].

Familial Adenomatous Polyposis (FAP)

FAP is characterized by a high number of colonic polyps. This autosomal dominant
condition has a nearly 100% penetrance of adenomatous polyps. However, extracolonic
manifestations can be variable presentations. Adenomatous polyposis coli (APC) gene
is a tumor-suppressor gene on chromosome 5q21-q22 [163–165]. APC downregulates the
Wnt/β-catenin signaling pathway. Mutated APC has been observed initially in patients
with colorectal cancer [166–169]. In fact, more than 80% of colorectal cancer had an in-
activated APC gene, rendering it the most prevalent mutation in colorectal cancer [135].
Additionally, APC has been identified in extra-colonic cancers, including breast, lung, and
pancreatic cancer. Furthermore, it has been shown that APC can initiate tumorigenesis
in Wnt-independent signaling mechanisms, which also contributes to the development
of chemoresistant malignancies, suggesting a tissue-specific effect of APC on carcino-
genesis [136–138]. The risk of pancreatic cancer increased up to 4 fold in patients with
FAP [139,162]. However, the studies in diverse populations are limited, with other studies
reporting far lower risk. Therefore, further investigations may be needed to establish
a more accurate association [140].

Li–Fraumeni Syndrome (LF)

LF syndrome has been associated with an increased risk of malignancies. Almost half
of the patients develop cancer by the age of 30. This autosomal dominant syndrome is
caused by a germline mutation that involves the TP53 gene, resulting in a broad range of
childhood and adult-onset malignancies [141,142] The most commonly observed malignan-
cies in patients with LF are breast, and adrenocortical cancers, in addition to sarcomas and
leukemias. Increased risk of lymphoma, melanoma, lung, prostate, and ovarian cancers was
also reported. In addition to the increased risk of PC, Aversa et al. reported an association
of LF with a primitive neuroectodermal tumor of the pancreas [143,170]. TP53 alterations
remain rare, with a prevalence of 0.005–0.01% among the general population [144]. The rel-
ative risk of developing PDAC in affected patients was not estimated in a high population
level study; however, an analysis of 24 families with LF estimated an approximately 7-fold
increase [145,146].

3.1.2. Hereditary Pancreatitis (HP)

The first case of HP was reported initially in 1952. It was noticed after diagnosing
repetitive acute pancreatitis in the same family group [147]. However, the autosomal
dominant inheritance was confirmed years later by Le Bodic et al. [148].

This condition has a penetrance rate of 80%, and it uniquely presents with recurrent at-
tacks of acute pancreatitis that can subsequently progress into chronic pancreatitis [171,172].
Mutated cationic trypsinogen gene (PRSS1) on 7q35 accounts for 70% of hereditary pancre-
atitis, which results in impeding of trypsin inactivation, rendering persistence of zymogen
activation and auto-digestion of pancreatic tissue [172,173]. The persistent inflammation
and tissue damage are the main drivers of PC progression in these patients. Furthermore,
smoking has been linked with a 2-fold increased risk of PC in this patient group [149–151].
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Notably, patients with HP constitute a high-risk group for developing PDAC with an
estimated accumulated lifetime risk of up to 50% [152,171]. Given the significantly elevated
risk, Scholten et al. emphasized the importance of prophylactic pancreatectomy for this
patient population and recommended utilizing shared decision tables to balance the risks
in lieu of lifelong surveillance as an alternative management against the benefit of reducing
PDAC risk [153].

3.1.3. Cystic Fibrosis

Cystic fibrosis represents the most common genetic disease in Caucasians It is in-
herited in an autosomal recessive fashion, and it is caused by a mutated cystic fibrosis
transmembrane conductance regulator (CFTR) gene that secretes chloride and HCO3- ions
across the apical surface of the epithelial cells. The impaired electrolytes secretion and,
secondarily, water reabsorption results in an increased mucus viscosity and exaggerated
inflammation [154]. PC association with cystic fibrosis has been reported in many studies,
including case series of 28,511 cystic fibrosis patients with an OR of 31.5 (95% CI = 4.8–205)
for developing PC [155]. Additionally, even CFTR mutation carriers had a higher risk of
developing PC compared to non-carrier, which was reported in a large-scale meta-analysis
that pooled 1674 PC patients versus 19,036 controls, which confirmed a statistically sig-
nificant increased risk (OR = 1.41; 95% CI = 1.07–1.84) [174]. Although the pathogenesis
behind increased PC risk in patients with cystic fibrosis is not completely understood, it
may be linked to persistent chronic inflammation, recurrent pancreatitis, and high acidity
of the concentrated pancreatic fluid [175,176]. Other interesting findings were linked to the
upregulation of MUC4, a transmembrane glycoprotein that appeared to be upregulated in
patients with defective CFTR genes. MUC4 has been linked with increased PC progression
due to STAT-1 upregulation [175,177,178].

4. Screening of Pancreatic Cancer

More than half of PC cases present with metastasis at the time of diagnosis, and less
than 20% present are localized. Initiating screening for an average-risk population may not
be associated with improved outcomes; however, detection of PC in its early stages may con-
tribute to reduced mortality in a specific clinical setting [15,18,179,180]. Katz et al. reported
a median cancer-specific survival rate of 26 months versus 4.8 months in patients with
stage I resectable PC and unresectable PC [181–183]. Furthermore, a long-term surveillance
study showed that 90% of detected PC in the high-risk population were resectable with
an improved short-term outcome and a median 3-year survival [184]. Similarly, another
long-term surveillance study, consisting of magnetic resonance cholangiopancreatography
and optional endoscopic ultrasound, in high-risk individuals harboring germline CDKN2A
mutations demonstrated the benefit of screening in this population. Out of 347 patients,
31 (8.9%) developed PDAC; moreover, 83.3% of cases were resectable at diagnosis which
enabled resection in 71% of patients, leading to a 5-year OS rate of 44.1% (95% CI, 27.2
to 71.3). On the other hand, nine patients underwent resection for what proved to be
low-grade dysplasia, which highlights the importance of selecting screening modalities
with high specificity to avoid unnecessary invasive interventions [180].

The extremely low prevalence of PC decreases the utility of any screening modality;
even with highly specific testing, the high rate of false-positive results may lead to unneces-
sary diagnostic evaluation. In addition to the possible hazards of work-up and increased
medical expenditure, the emotional burden can be detrimental for any individual receiving
such a diagnosis. Therefore, it is crucial that screening approaches be individualized and
targeted based on the risk of PC [185].

4.1. High-Risk Group

The identification of high-risk groups is crucial to optimize clinical care, prevent any
harmful intervention, and mitigate medical expenditure. Certain patient groups should
be targeted, including individuals with ≥5% life-time risk of PC (or 5-fold relative risk) as
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well as the individuals with a history of familial PC, including ≥2 first-degree relative and
>2 relatives, with ≥1 being a first-degree relative [18,94,186,187].

The appropriate age of screening initiation is not well established, neither the screening
intervals nor the age of screening cessation. The National Comprehensive Cancer Network
(NCCN) recommendations suggest a gene/syndrome-based strategy in identifying the
most suitable age for screening, summarized in Table 3 [16].

Table 3. Screening Age Recommendations for High-Risk Patient Groups.

Patient Group Age of Initiation

High-risk genetic mutation, any of:

- ATM, BRCA1, BRCA2, MLH1, MSH2, MSH6, PALB2
or TP53

With a first-degree relative diagnosed with PC.

Whichever earlier:

- At 50 years old, or
- 10 years prior to the first PDAC in the family

Peutz–Jeghers syndrome At 30–35 years old

Hereditary pancreatitis
- 40 years old, or
- 20 years following the onset of pancreatitis

CDKN2A mutation
- 40 years old, or
- Within 10 years of the first PDAC in the family

4.2. Screening Modalities

For the early detection of PC, no biomarkers or panels of biomarkers with appropriate
diagnostic accuracy have been endorsed yet. In this section, we aim to evaluate the existing
PC screening and diagnostic modalities and their potential outcomes, including imaging
strategies, pathological examination, serological testing, liquid biopsies, and other emerging
advanced diagnostic tools.

4.2.1. Serology

Although serological testing may provide an adjunctive diagnostic method, there is
no reliable serological marker for the early recognition of PC. There are, however, few
promising tumor biomarkers that are discussed and compared in this review.

Carbohydrate Antigen 19-9 (CA19-9)

CA19-9 has been studied extensively as a PC tumor marker. It is approved by the U.S.
Food and Drug Administration (FDA) for PC; however, it has been utilized in a broader
context to include other gastrointestinal, urological, gynecological, and even pulmonary
diseases [188]. However, the low sensitivity and specificity (80% and 75%, respectively)
limit its usefulness in clinical practice. In addition, CA19-9 showed a low positive predic-
tive value in both asymptomatic individuals (0.9%) and patients with high suspicion of
PC (0.5%) [189–191]. Furthermore, the expression of CA19-9 necessitates the presence of
1,4-fucosyltransferase, a product that is absent in the Lewis α-β genotype, that can be seen
in 5–10% of Caucasians and in 22% of non-Caucasians [192]. Additionally, the high false-
positive rate constitutes another limitation, which can be observed in obstructive biliary dis-
ease, pancreatitis, cholangitis, chronic liver diseases, or even healthy individuals [193–195]
or patients with diabetes [196]. Moreover, CA19-9 levels do not correlate with a worse
degree of differentiation in pancreatic neoplasms [192]. Although these factors may limit
CA19-9 utility, it carries a prognostic value in estimating the therapeutic response, detecting
recurrence, or predicting unresectability; the latter, however, may be variable [197–199].
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CEA, CA125, and CA242

Carcinoembryonic antigen (CEA) is recognized as a tumor marker for colorectal
carcinoma. However, recent studies have shown a correlation of CEA with extra-colonic
disorders, including gastric, pulmonary, renal, and pancreatic diseases. Interestingly,
some of these extra-colonic conditions were associated with a higher mean than colorectal
diseases [200]. The studies regarding CEA accuracy are variable. Meng et al. observed
no superiority of CEA over CA19-9 when used separately, while a more recent meta-
analysis showed a higher sensitivity ratio with CA19-9 compared to CEA [189,201]. CA125
association with PC was observed by Luo et al. when CA125 showed a superior outcome
in predicting the resectability of PC compared to CA19-9 [202]. CA242 appeared to have
the highest specificity (90%) among the prior tumor markers; however, it has a lower
sensitivity [189,203,204].

Using CA19-9, CEA, CA125, and CA242 in combination was associated with 90.4%
and 93.8% sensitivity and specificity, respectively, much greater than any single marker;
therefore, the suspicion of PC should warrant testing these four tumor markers [203].

Immunoglobulin G4 (IgG4)

IgG4 is typically used in the evaluation of autoimmune pancreatitis (AIP), which is
associated with PC, as discussed earlier in this review. Despite having a high specificity
(89–100%), IgG4 has a relatively lower sensitivity of 72% (95% CI = 0.68–0.76) in discriminat-
ing AIP from PC [205–208]. Four serum biomarkers, including CA19-9, globulin, eosinophil,
and hemoglobin, were evaluated by Yan et al. to serve as independent markers that distin-
guish AIP from PC, showing their combinations identified AIP with 92% and 79% sensitivity
and specificity, respectively [209]. The addition of serum hybrid κ/λ antibodies to IgG4
resulted in further increased sensitivity [210]. Some immunogenic membrane antigens were
identified (e.g., coiled-coil helix coiled-coil helix domain-containing protein 3). However, fur-
ther studies are required to work on their association with PC [211].

Glycoproteomics

Glycoproteomics has arisen recently as a novel testing utility. The tumor-specific
alterations may involve protein glycosylation which may potentially mapped and therefore
assessed in the early detection of PC. Aronsson et al. [212] created a panel that included
IL.17E, B7.1, and DR6, in addition to CA19-9, to identify PC. These biomarkers showed 100%
and 90% sensitivity and specificity, respectively, in a patient with stage 1 PC. Additionally,
Liu et al. [213] discovered that levels of 25 isomeric biomarkers substantially changed
in PC, which had a 93.5% sensitivity and 90.6% specificity in distinguishing PC from
unaffected individuals. These findings can be extremely promising in detecting a novel set
of non-invasive testing that can potentially detect PC in the early stages.

Lipodomic Profiling

Advances in oncolipidomics research have demonstrated that lipid concentrations
change significantly in various cancer types [210]. A three-phase study recently showed
that changes in serum lipid concentration can be attributed to PDAC. Reduced levels of very
long chain monounsaturated sphingomyelins and ceramides were observed. Interestingly,
lipidomic profiling had consistently higher sensitivity than CA 19-9 and CancerSeek,
independent of the cancer stage, which is particularly relevant for screening high-risk
individuals [211]. Combining both CA 19-9 and lipid profiling enhances specificity and
constitutes a promising approach for screening. Nevertheless, follow-up confirmatory and
clinical studies are crucial before uptake of this approach into clinical practice.

4.2.2. Liquid Biopsy

Liquid biopsy has been recently identified as a novel utility in detecting circulating
tumor markers. These markers can be detected from body fluids including serum, urine,
cerebrospinal fluid, or saliva. Specifically in PDAC, driver mutations such as KRAS G12V
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and G12D mutations have been reported to aid in diagnosis by detecting in DNA collected
from pancreatic juice despite pancreatic juice cytology yielding negative results [214].
Circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs) represent the most
heavily studied markers; however, other markers may include exosomes and microRNAs
(miRNAs) [17].

Liquid biopsy can substitute the conventional “invasive” biopsies. In addition, it
can provide genomic analysis that provides a better understanding of drug-resistance in
cancer patients [215,216]. Fortunately, these markers are evaluated in an accelerating trend
carrying a high potential of heralding a new era of diagnosing PC and other malignancies.

CTCs and ctDNA

CTCs are solid tumor cancer cells identified in the peripheral circulation; these markers
indicate tumor spread and invasion, as they are typically produced with tumor vascular in-
vasion and angiogenesis [217]. CTCs offer substantial predictive significance for PC patients,
as their presence is associated with poorer outcomes (HR = 1.558, 95% CI = 1.238–1.908). In
addition, a recent study by Abdelrahim et al. observed a lower recurrence-free survival in
patients with early-stage PC who are ctDNA positive. These findings can be suggestive of
an additional outcome-predicting value of ctDNA [218]. However, due to their limited and
varied sensitivity (ranging from 25% to 100%) in relation to the various stages of PC, several
experts question the diagnostic utility of CTCs [218–222]. However, combining CTCs and
other biomarkers in a liquid biopsy is anticipated to give a reliable, non-invasive diagnos-
tic approach with appropriate sensitivity. For instance, combining CTCs and glypican-1
(GPC-1)-positive exosome detection exhibited the best diagnostic sensitivity of 100% for
resectable PC [223]. Due to the rarity of CTCs in the blood, new procedures and equipment
are being created to enhance the diagnostic accuracy of CTCs for cancer. Therefore, en-
hanced technological and methodological techniques must be specified to illustrate this
methodology’s regular application.

Cell-Free DNA (cfDNA)

cfDNA is 150 and 200 base pairs that are fragmented from the DNA in the plasma.
When these fragments are identified following cellular necrosis of the tumor cells, they
are often referred to as ctDNA. In addition, using digital droplet PCR (ddPCR), genomic
mutations can be identified. For instance, Kras mutation was detected in the bloodstream,
aiding the diagnosis of PC [224]. Furthermore, the detection of ctDNA was associated
with a poorer outcome, shorter disease-free survival, and higher recurrence rate following
resection, findings that suggest the prognostic role of such markers [17,225,226]. Despite all
the promising findings, the ctDNA detection rate in the earlier stages of PC is low (48%) in
contrast to advanced cases with a detection rate of (75%) [227]. Another limitation of ctDNA
as a freely circulating marker is that the prediction of tumor origin can be challenging.

Circulating miRNAs

miRNA are tiny (18–22 nucleotides) non-coding molecules. Once activated, miRNAs
are involved in post-transcriptional gene regulation. These molecules can be altered,
resulting in oncogenesis [228]. The differential expression of miRNAs amongst malignant
versus normal tissues can be implemented to detect various malignancies, including PC.
For instance, miR-103 and miR-107 overexpression and miR-155 underexpression were
observed to differentiate patients with PC from healthy individuals [229]. In addition,
a poorer degree of differentiation was associated with a higher expression of some miRNA,
particularly miR-155, which was associated with a 2.6-fold and 7.4-fold overexpression in
patients with PanIN-2 and PanIN-3, respectively [230]. Moreover, miR-196b was uniquely
expressed in PanIN-3 [231]. However, the detection rate is dependent on tumor burden
limiting the usefulness of these markers in patients with smaller lesions.
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miRNA-based biomarker panel (including; miR-20a, miR-21, miR-24, miR25, miR99a,
miR185, and miR191) utilization in PC was associated with a higher diagnostic accuracy
compared to CA19-9 (83.6% versus 56.4%) [232].

In addition, the combination of miRNA panel with CA19-9 was associated with
a higher AUC of 0.94 (95% CI = 0.90–0.98, p = 0.1) compared with CA19-9 alone with
an AUC of 0.90 (95% CI = 0.87–0.94) [230]. In summation, using various biomarkers
collectively, including, for example miRNA, CA19-9, and MIC-1, can provide a higher
diagnostic accuracy [233]. On the basis of these investigations, miRNAs may become
among the most prevalent and promising non-invasive biomarkers; nevertheless, more
research in bigger cohorts is necessary to verify the final miRNA panels for future routine
clinical applications.

Circulating Exosomes

Exosomes are 30 to 150 nm extracellular vehicles (EVs) approximately 30–150 nm
in size, composed of a lipid bilayer interleaved with diverse membranous proteins [234].
These molecules are freely circulating in the plasma; in addition, they are produced by all
the cells regardless of their benign or malignant nature. Interestingly, EVs or circulating
exosomes (crExos) have been studied more recently in the early diagnosis of PC. Although
different EV-related molecules were identified, including epidermal growth factor receptor
(EGFR) and Mucin 1 (MUC1 or episialin), Glypican-1 (GPC-1) has the highest diagnostic
value in recognition of PC [235]. Melo et al. [236] observed a 100% sensitivity and specificity
in GPC-1 producing crExos from all patients with PC. Moreover, Kras mutation was solely
identified as GPC-1+ crExos, supporting their cancer cell origin [236].

4.2.3. Imaging

Important roles are played by medical imaging in PC screening and early detection,
preoperative assessment and staging, differential diagnosis, follow-up, and therapy eval-
uation [185]. However, there is no standard imaging screening technique in place at this
time. The United States Preventive Services Task Force (USPSTF) states that imaging-based
approaches such as CT, MRI, and EUS have been evaluated as screening strategies in studies
including high-risk individuals with inherited genetic disorders or familial PC [223]. As
indicated before, EUS is more effective for screening high-risk patients [224].

The role of imaging in PC has risen tremendously with the new advancements in this
field; in addition to the early recognition of PC, imaging is crucial in staging, management
planning, postoperative assessment, and recurrence detection [198]. There is no common
consensus on the preferred modality for screening. Furthermore, the USPSTF did not
endorse any imaging modality for PC screening [237,238]. In this review, we will address
different imaging methods that have been studied in PC screening. The attributes and
advantages of each modality are outlined in Table 4.

Transabdominal Ultrasound (TAUS)

TAUS is used as a part of the initial diagnostic tools in evaluating patients with
suspected PC. It has a variable sensitivity (75–89%) and specificity (90–99%), which are in-
fluenced by the operator skills, anatomical variation of the pancreas, and body habitus [246].
The use of TAUS for the screening of PC is not promising. In fact, most medical societies
do not recognize TAUS as a screening tool [247–249]. Tanaka et al. [250] implemented an
ultrasonographic approach focusing on the pancreas accompanied by periodic screening
that improved the sensitivity of detecting pancreatic cysts from 70.2% to 92.2% [251]. This
method was used in Japan [252] due to its feasibility; however, TAUS remains far less
sensitive and specific than other imaging modalities, with a diagnostic accuracy of 67.5%
compared to 98% with endoscopic ultrasound [239].
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Table 4. Summary of Available Imaging Modalities for Screening and Early Detection of Pancreatic
Cancer (PC).

Modality Accuracy Sensitivity Specificity Advantage

TAUS 67.5% [239] 52.4% [240] Readily available in most health care settings

CT 98.0% 42.8% [240] 64% [241] Detected local fatty changes of the pancreatic parenchyma

MRI 86.5% [239] 67% [241] Detecting hepatic micro-metastasis, assessing the systematic
effects of PC (e.g., sarcopenia)

EUS 78.6–86.5%
[239,242] 83.1–95.2% [240]

The most sensitive, specific, and accurate testing in
diagnosing and screening, with a better safety profile given

the lack of radio-contrast or radiation exposure

EUS-FNA 85–92% [243] 73.68% [244] 90% [244]

Ability to obtain tissue for histopathologic evaluation from
the lesion and from possible regional metastases via

fine-needle biopsy (FNB), as well as cyst fluid aspirate for
cytology and mutational analysis via fine-needle

aspiration (FNA)

CEH-EUS 84.1% [239,242] 94.5% [242] 80% [245] Provides higher accuracy and technical feasibility to EUS

Endoscopic Ultrasound (EUS)

EUS may represent the most sensitive, specific, and accurate testing in diagnosing and
screening for PC. It has a diagnostic accuracy of 98%. Furthermore, a systematic review
reported a sensitivity of 91–100% in diagnosing PC [239,253]. EUS was found superior to
CT scan and MRI in detecting small pancreatic lesions <2 cm with a sensitivity of 94.4%
compared to a 50% sensitivity with CT scan [254,255]. In addition, EUS showed a similar
result to CT scan in detecting PC resectability. However, the lack of radiation exposure
and the ability to obtain a pathological specimen may tip the balance toward EUS over
CT scan [256]. Although not commonly used, the contrast enhancement of EUS has been
shown to provide further diagnostic accuracy. These findings were supported by the ability
of CE-EUS to identify false-negative EUS results in addition to detecting smaller lesions
(<15 mm) [257,258]. Moreover, CE-EUS showed a better performance in differentiating
malignant from benign pancreatic lesions with a pooled sensitivity and specificity of 94%
(95% CI: 91–95%) and 89% (95% CI: 85–92%), respectively [259]. In a recent randomized
clinical trial, the diagnostic accuracy with the use of fine needle aspiration (FNA) through
CE-EUS compared to conventional EUS was not statistically significant; however, the
sampling was more feasible in CE-EUS, which can be very promising as the accuracy of
such testing can be influenced with operator skills and experience [260]. Performing KRAS
mutation analysis by digital droplet PCR on EUS-FNA histopathology tissue samples
significantly increase the sensitivity of EUS-FNA from 71.4% to 91.6%. Such mutation
analysis was found to have superior sensitivity to plasma ctDNA KRAS analysis and
CA 19-9 [259]. Real-time elastography (RTE), a novel ultrasound-based technology for
measuring tissue elasticity, has been utilized to distinguish malignant from benign tumors
in many instances. It has a 94.4% diagnostic accuracy, 93.4% sensitivity, and 100% specificity
when combined with EUS-FNA [261].

Computed Tomography (CT) Scan

CT scan is the modality of choice for diagnosing PC. Some studies reported diagnostic
accuracy of 98% in detecting PC [239]. Multidetector row CT scan has had an excellent
performance in evaluating local disease progression, vascular invasion, nodal involvement,
and distant metastasis [262]. In addition, a pancreatic protocol CT scan was more effi-
cient in differentiating pancreatic lesions from normal tissue by evaluating the attenuation
difference with contrast administration [263,264]. Furthermore, a CT scan detected local
fatty changes of the pancreatic tissue in the early stages of PC (stage 0 in 42% and stage
I in 41.8% of cases) [239]. CT scan can provide additional values with staging, preoper-
ative evaluation, resectability, and postoperative evaluation; the latter can be enhanced
with the use of positron emission tomography scanning [265–267]. However, a CT scan
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appeared to be less sensitive and specific than EUS in detecting smaller pancreatic le-
sions [268]. It would be reasonable to implement a multimodal approach to detect PC in
high-risk patients.

Magnetic Resonance Imaging (MRI)

MRI can be used in PC for staging, detecting hepatic micro-metastasis, assessing the
systematic effects of PC (e.g., sarcopenia), and evaluating inconclusive CT scan results [269–271].
The use of MRI for screening may be challenging, given the high cost and availability.
In addition, a recent study showed that EUS had outperformed MRI in detecting solid
lesions [272].

5. Conclusions

The silent nature of PC only renders most of the cases diagnosable in the advanced
or metastatic stages. Early detection is associated with better outcomes; however, given
the rarity of this cancer, targeting screening toward high-risk individuals should be rec-
ommended. Novel liquid biopsy markers, including ctDNA, may serve as non-invasive
prognostic and screening methods. CE-EUS appears to be an effective modality to detect
PC, with superior outcomes to CT scan and MRI, and may be utilized for screening in
first-degree relatives of patients with PC from familial syndromes, carriers of p16 or BRCA2
mutations with an affected first-degree relative, patients with Peutz–Jeghers and Lynch
syndrome, and an affected first-degree relative with PC. The combination of the discussed
diagnostic tests should be further evaluated in large-scale studies to assess their role in
PC detection.

Author Contributions: Conceptualization, M.B., A.A. (Adham Abdelrahim), A.E. and M.A. (Maen
Abdelrahim); software and designs, A.E.; validation, M.A. (Maen Abdelrahim), A.E. and A.A.
(Ala Abudayyeh); investigation, G.U., E.A.-N., G.R., M.A. (Mohammed Alkhulaifawi), A.A. (Ala
Abudayyeh) and K.A.; data curation, G.U., E.A.-N., G.R., M.A. (Mohammed Alkhulaifawi), A.A. (Ala
Abudayyeh), K.A. and A.E.; writing—original draft preparation M.B., A.A. (Adham Abdelrahim),
A.E. and G.U.; writing—review and editing, A.E. and M.A. (Maen Abdelrahim); visualization, M.B.,
G.U., A.E. and M.A. (Maen Abdelrahim); project supervisor, A.E. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Houston
Methodist Hospital.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths

to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913–2921.
[CrossRef] [PubMed]

2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA A Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
3. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

4. Pourshams, A.; Sepanlou, S.G.; Ikuta, K.S.; Bisignano, C.; Safiri, S.; Roshandel, G.; Sharif, M.; Khatibian, M.; Fitzmaurice, C.;
Nixon, M.R.; et al. The global, regional, and national burden of pancreatic cancer and its attributable risk factors in 195 countries
and territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet. Gastroenterol. Hepatol. 2019,
4, 934–947. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/S2468-1253(19)30347-4


Curr. Oncol. 2022, 29 8708

5. Zhang, J.; Dhakal, I.; Ning, B.; Kesteloot, H. Patterns and trends of pancreatic cancer mortality rates in Arkansas, 1969-2002: A
comparison with the US population. Eur. J. Cancer Prev. Off. J. Eur. Cancer Prev. Organ. ECP 2008, 17, 18–27. [CrossRef] [PubMed]

6. Howlader, N.; Noone, A.M.; Krapcho, M.; Miller, D.; Brest, A.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto, A.; Lewis, D.R.; et al.
(Eds.) SEER Cancer Statistics Review, 1975–2018; National Cancer Institute: Bethesda, MD, USA, 2021.

7. Reiter, J.G.; Iacobuzio-Donahue, C.A. Pancreatic cancer: Pancreatic carcinogenesis—several small steps or one giant leap? Nat.
Reviews. Gastroenterol. Hepatol. 2016, 14, 7–8. [CrossRef]

8. Klimstra, D.S. Nonductal neoplasms of the pancreas. Mod. Pathol. 2007, 20, S94–S112. [CrossRef]
9. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef]
10. Kang, M.J.; Jang, J.Y.; Chang, Y.R.; Kwon, W.; Jung, W.; Kim, S.W. Revisiting the concept of lymph node metastases of pancreatic

head cancer: Number of metastatic lymph nodes and lymph node ratio according to N stage. Ann. Surg. Oncol. 2014, 21,
1545–1551. [CrossRef]

11. Matsuno, S.; Egawa, S.; Fukuyama, S.; Motoi, F.; Sunamura, M.; Isaji, S.; Imaizumi, T.; Okada, S.; Kato, H.; Suda, K.; et al.
Pancreatic Cancer Registry in Japan: 20 years of experience. Pancreas 2004, 28, 219–230. [CrossRef]

12. Yamamoto, Y.; Shimada, K.; Takeuchi, Y.; Sofue, K.; Shibamoto, K.; Nara, S.; Esaki, M.; Sakamoto, Y.; Kosuge, T.; Hiraoka,
N. Assessment of the interface between retroperitoneal fat infiltration of pancreatic ductal carcinoma and the major artery by
multidetector-row computed tomography: Surgical outcomes and correlation with histopathological extension. World J. Surg.
2012, 36, 2192–2201. [CrossRef] [PubMed]

13. Yamamoto, Y.; Sakamoto, Y.; Ban, D.; Shimada, K.; Esaki, M.; Nara, S.; Kosuge, T. Is celiac axis resection justified for T4 pancreatic
body cancer? Surgery 2012, 151, 61–69. [CrossRef] [PubMed]

14. Blackford, A.L.; Canto, M.I.; Klein, A.P.; Hruban, R.H.; Goggins, M. Recent Trends in the Incidence and Survival of Stage 1A
Pancreatic Cancer: A Surveillance, Epidemiology, and End Results Analysis. J. Natl. Cancer Inst. 2020, 112, 1162–1169. [CrossRef]
[PubMed]

15. Canto, M.I.; Goggins, M.; Hruban, R.H.; Petersen, G.M.; Giardiello, F.M.; Yeo, C.; Fishman, E.K.; Brune, K.; Axilbund, J.; Griffin,
C.; et al. Screening for early pancreatic neoplasia in high-risk individuals: A prospective controlled study. Clin. Gastroenterol.
Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2006, 4, 766–781, quiz 665. [CrossRef]

16. NCCN. The NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®): Pancreatic Adenocarcinoma; The Publisher NCCN:
Plymouth Meeting, PA, USA, 2019; Version 1.

17. Samandari, M.; Julia, M.G.; Rice, A.; Chronopoulos, A.; Del Rio Hernandez, A.E. Liquid biopsies for management of pancreatic
cancer. Transl. Res. J. Lab. Clin. Med. 2018, 201, 98–127. [CrossRef]

18. Canto, M.I.; Harinck, F.; Hruban, R.H.; Offerhaus, G.J.; Poley, J.-W.; Kamel, I.; Nio, Y.; Schulick, R.S.; Bassi, C.; Kluijt, I.; et al.
International Cancer of the Pancreas Screening (CAPS) Consortium summit on the management of patients with increased risk
for familial pancreatic cancer. J. Gut. 2013, 62, 339–347. [CrossRef]

19. Ryan, D.P.; Hong, T.S.; Bardeesy, N. Pancreatic adenocarcinoma. N. Engl. J. Med. 2014, 371, 1039–1049. [CrossRef]
20. Petersen, G.M. Familial Pancreatic Adenocarcinoma. Hematol. Oncol. Clin. North Am. 2015, 29, 641–653. [CrossRef]
21. Parker, J.A.; Mattos, C. The K-Ras, N-Ras, and H-Ras Isoforms: Unique Conformational Preferences and Implications for Targeting

Oncogenic Mutants. Cold Spring Harb. Perspect. Med. 2018, 8, a031427. [CrossRef]
22. Hobbs, G.A.; Der, C.J.; Rossman, K.L. RAS isoforms and mutations in cancer at a glance. J. Cell Sci. 2016, 129, 1287–1292.

[CrossRef]
23. Stephen, A.G.; Esposito, D.; Bagni, R.K.; McCormick, F. Dragging ras back in the ring. Cancer Cell 2014, 25, 272–281. [CrossRef]

[PubMed]
24. Colicelli, J. Human RAS Superfamily Proteins and Related GTPases. Sci. STKE 2004, 2004, re13. [CrossRef] [PubMed]
25. Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33.

[CrossRef] [PubMed]
26. Pylayeva-Gupta, Y.; Grabocka, E.; Bar-Sagi, D. RAS oncogenes: Weaving a tumorigenic web. Nat. Rev. Cancer 2011, 11, 761–774.

[CrossRef]
27. Downward, J. Targeting RAS signalling pathways in cancer therapy. Nat. Rev. Cancer 2003, 3, 11–22. [CrossRef]
28. Bos, J.L.; Rehmann, H.; Wittinghofer, A. GEFs and GAPs: Critical elements in the control of small G proteins. Cell 2007,

129, 865–877. [CrossRef]
29. Papke, B.; Der, C.J. Drugging RAS: Know the enemy. Science 2017, 355, 1158–1163. [CrossRef]
30. Scheffzek, K.; Ahmadian, M.R.; Kabsch, W.; Wiesmüller, L.; Lautwein, A.; Schmitz, F.; Wittinghofer, A. The Ras-RasGAP Complex:

Structural Basis for GTPase Activation and Its Loss in Oncogenic Ras Mutants. Science 1997, 277, 333–339. [CrossRef]
31. Maertens, O.; Cichowski, K. An expanding role for RAS GTPase activating proteins (RAS GAPs) in cancer. Adv. Biol. Regul. 2014,

55, 1–14. [CrossRef]
32. Liou, G.Y.; Döppler, H.; Necela, B.; Edenfield, B.; Zhang, L.; Dawson, D.W.; Storz, P. Mutant KRAS-induced expression of ICAM-1

in pancreatic acinar cells causes attraction of macrophages to expedite the formation of precancerous lesions. Cancer Discov 2015,
5, 52–63. [CrossRef]

http://doi.org/10.1097/CEJ.0b013e32809b4ccd
http://www.ncbi.nlm.nih.gov/pubmed/18090906
http://doi.org/10.1038/nrgastro.2016.190
http://doi.org/10.1038/modpathol.3800686
http://doi.org/10.3322/caac.21654
http://doi.org/10.1245/s10434-013-3473-9
http://doi.org/10.1097/00006676-200404000-00002
http://doi.org/10.1007/s00268-012-1618-9
http://www.ncbi.nlm.nih.gov/pubmed/22562451
http://doi.org/10.1016/j.surg.2011.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22088810
http://doi.org/10.1093/jnci/djaa004
http://www.ncbi.nlm.nih.gov/pubmed/31958122
http://doi.org/10.1016/j.cgh.2006.02.005
http://doi.org/10.1016/j.trsl.2018.07.008
http://doi.org/10.1136/gutjnl-2012-303108
http://doi.org/10.1056/NEJMra1404198
http://doi.org/10.1016/j.hoc.2015.04.007
http://doi.org/10.1101/cshperspect.a031427
http://doi.org/10.1242/jcs.182873
http://doi.org/10.1016/j.ccr.2014.02.017
http://www.ncbi.nlm.nih.gov/pubmed/24651010
http://doi.org/10.1126/stke.2502004re13
http://www.ncbi.nlm.nih.gov/pubmed/15367757
http://doi.org/10.1016/j.cell.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28666118
http://doi.org/10.1038/nrc3106
http://doi.org/10.1038/nrc969
http://doi.org/10.1016/j.cell.2007.05.018
http://doi.org/10.1126/science.aam7622
http://doi.org/10.1126/science.277.5324.333
http://doi.org/10.1016/j.jbior.2014.04.002
http://doi.org/10.1158/2159-8290.CD-14-0474


Curr. Oncol. 2022, 29 8709

33. Wei, D.; Wang, L.; Yan, Y.; Jia, Z.; Gagea, M.; Li, Z.; Zuo, X.; Kong, X.; Huang, S.; Xie, K. KLF4 Is Essential for Induction of Cellular
Identity Change and Acinar-to-Ductal Reprogramming during Early Pancreatic Carcinogenesis. Cancer Cell 2016, 29, 324–338.
[CrossRef] [PubMed]

34. Abbosh, C.; Frankell, A.M.; Garnett, A.T.; Harrison, T.; Weichert, M.; Licon, A.; Veeriah, S.; Daber, B.; Moreau, M.; Chesh, A.S.;
et al. Abstract CT023: Phylogenetic tracking and minimal residual disease detection using ctDNA in early-stage NSCLC: A lung
TRACERx study. Cancer Res. 2020, 80, CT023. [CrossRef]

35. di Magliano, M.P.; Logsdon, C.D. Roles for KRAS in pancreatic tumor development and progression. Gastroenterology 2013, 144,
1220–1229. [CrossRef] [PubMed]

36. Bournet, B.; Buscail, C.; Muscari, F.; Cordelier, P.; Buscail, L. Targeting KRAS for diagnosis, prognosis, and treatment of pancreatic
cancer: Hopes and realities. Eur. J. Cancer 2016, 54, 75–83. [CrossRef] [PubMed]

37. Jonckheere, N.; Vasseur, R.; Van Seuningen, I. The cornerstone K-RAS mutation in pancreatic adenocarcinoma: From cell signaling
network, target genes, biological processes to therapeutic targeting. Crit. Rev. Oncol. Hematol. 2017, 111, 7–19. [CrossRef]

38. 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. [CrossRef]

39. Liu, P.; Wang, Y.; Li, X. Targeting the untargetable KRAS in cancer therapy. Acta Pharm. Sinica. B 2019, 9, 871–879. [CrossRef]
40. Bardeesy, N.; Cheng, K.H.; Berger, J.H.; Chu, G.C.; Pahler, J.; Olson, P.; Hezel, A.F.; Horner, J.; Lauwers, G.Y.; Hanahan, D.; et al.

Smad4 is dispensable for normal pancreas development yet critical in progression and tumor biology of pancreas cancer. Genes
Dev. 2006, 20, 3130–3146. [CrossRef]

41. Aguirre, A.J.; Bardeesy, N.; Sinha, M.; Lopez, L.; Tuveson, D.A.; Horner, J.; Redston, M.S.; DePinho, R.A. Activated Kras
and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal adenocarcinoma. Genes Dev. 2003, 17, 3112–3126.
[CrossRef]

42. Waters, A.M.; Der, C.J. KRAS: The Critical Driver and Therapeutic Target for Pancreatic Cancer. Cold Spring Harb. Perspect. Med.
2018, 8, a031435. [CrossRef]

43. Habbe, N.; Shi, G.; Meguid, R.A.; Fendrich, V.; Esni, F.; Chen, H.; Feldmann, G.; Stoffers, D.A.; Konieczny, S.F.; Leach, S.D.; et al.
Spontaneous induction of murine pancreatic intraepithelial neoplasia (mPanIN) by acinar cell targeting of oncogenic Kras in
adult mice. Proc. Natl. Acad. Sci. USA 2008, 105, 18913–18918. [CrossRef] [PubMed]

44. Kopp, J.L.; von Figura, G.; Mayes, E.; Liu, F.F.; Dubois, C.L.; Morris, J.P.t.; Pan, F.C.; Akiyama, H.; Wright, C.V.; Jensen, K.; et al.
Identification of Sox9-dependent acinar-to-ductal reprogramming as the principal mechanism for initiation of pancreatic ductal
adenocarcinoma. Cancer Cell 2012, 22, 737–750. [CrossRef] [PubMed]

45. Morris, J.P.t.; Cano, D.A.; Sekine, S.; Wang, S.C.; Hebrok, M. Beta-catenin blocks Kras-dependent reprogramming of acini into
pancreatic cancer precursor lesions in mice. J. Clin. Investig. 2010, 120, 508–520. [CrossRef] [PubMed]

46. Guerra, C.; Schuhmacher, A.J.; Cañamero, M.; Grippo, P.J.; Verdaguer, L.; Pérez-Gallego, L.; Dubus, P.; Sandgren, E.P.; Barbacid,
M. Chronic pancreatitis is essential for induction of pancreatic ductal adenocarcinoma by K-Ras oncogenes in adult mice. Cancer
Cell 2007, 11, 291–302. [CrossRef]

47. Daniluk, J.; Liu, Y.; Deng, D.; Chu, J.; Huang, H.; Gaiser, S.; Cruz-Monserrate, Z.; Wang, H.; Ji, B.; Logsdon, C.D. An NF-κB
pathway-mediated positive feedback loop amplifies Ras activity to pathological levels in mice. J. Clin. Investig. 2012, 122,
1519–1528. [CrossRef]

48. Yakubovskaya, M.S.; Spiegelman, V.; Luo, F.C.; Malaev, S.; Salnev, A.; Zborovskaya, I.; Gasparyan, A.; Polotsky, B.; Machaladze,
Z.; Trachtenberg, A.C.; et al. High frequency of K-ras mutations in normal appearing lung tissues and sputum of patients with
lung cancer. Int. J. Cancer 1995, 63, 810–814. [CrossRef]

49. Tada, M.; Ohashi, M.; Shiratori, Y.; Okudaira, T.; Komatsu, Y.; Kawabe, T.; Yoshida, H.; Machinami, R.; Kishi, K.; Omata, M.
Analysis of K-ras gene mutation in hyperplastic duct cells of the pancreas without pancreatic disease. Gastroenterology 1996,
110, 227–231. [CrossRef]

50. Logsdon, C.D.; Lu, W. The Significance of Ras Activity in Pancreatic Cancer Initiation. Int. J. Biol. Sci. 2016, 12, 338–346. [CrossRef]
51. Huang, H.; Daniluk, J.; Liu, Y.; Chu, J.; Li, Z.; Ji, B.; Logsdon, C.D. Oncogenic K-Ras requires activation for enhanced activity.

Oncogene 2014, 33, 532–535. [CrossRef]
52. Hezel, A.F.; Kimmelman, A.C.; Stanger, B.Z.; Bardeesy, N.; Depinho, R.A. Genetics and biology of pancreatic ductal adenocarci-

noma. Genes Dev. 2006, 20, 1218–1249. [CrossRef]
53. Witkiewicz, A.K.; Knudsen, K.E.; Dicker, A.P.; Knudsen, E.S. The meaning of p16(ink4a) expression in tumors: Functional

significance, clinical associations and future developments. Cell Cycle Georget. Tex. 2011, 10, 2497–2503. [CrossRef] [PubMed]
54. Knudsen, E.S.; O’Reilly, E.M.; Brody, J.R.; Witkiewicz, A.K. Genetic Diversity of Pancreatic Ductal Adenocarcinoma and

Opportunities for Precision Medicine. Gastroenterology 2016, 150, 48–63. [CrossRef] [PubMed]
55. Hayashi, A.; Hong, J.; Iacobuzio-Donahue, C.A. The pancreatic cancer genome revisited. Nat. Rev. Gastroenterol. Hepatol. 2021,

18, 469–481. [CrossRef] [PubMed]
56. Siolas, D.; Vucic, E.; Kurz, E.; Hajdu, C.; Bar-Sagi, D. Gain-of-function p53R172H mutation drives accumulation of neutrophils in

pancreatic tumors, promoting resistance to immunotherapy. Cell Rep. 2021, 36, 109578. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccell.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26977883
http://doi.org/10.1158/1538-7445.AM2020-CT023
http://doi.org/10.1053/j.gastro.2013.01.071
http://www.ncbi.nlm.nih.gov/pubmed/23622131
http://doi.org/10.1016/j.ejca.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26735353
http://doi.org/10.1016/j.critrevonc.2017.01.002
http://doi.org/10.1038/s41575-019-0245-4
http://doi.org/10.1016/j.apsb.2019.03.002
http://doi.org/10.1101/gad.1478706
http://doi.org/10.1101/gad.1158703
http://doi.org/10.1101/cshperspect.a031435
http://doi.org/10.1073/pnas.0810097105
http://www.ncbi.nlm.nih.gov/pubmed/19028870
http://doi.org/10.1016/j.ccr.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23201164
http://doi.org/10.1172/JCI40045
http://www.ncbi.nlm.nih.gov/pubmed/20071774
http://doi.org/10.1016/j.ccr.2007.01.012
http://doi.org/10.1172/JCI59743
http://doi.org/10.1002/ijc.2910630611
http://doi.org/10.1053/gast.1996.v110.pm8536861
http://doi.org/10.7150/ijbs.15020
http://doi.org/10.1038/onc.2012.619
http://doi.org/10.1101/gad.1415606
http://doi.org/10.4161/cc.10.15.16776
http://www.ncbi.nlm.nih.gov/pubmed/21775818
http://doi.org/10.1053/j.gastro.2015.08.056
http://www.ncbi.nlm.nih.gov/pubmed/26385075
http://doi.org/10.1038/s41575-021-00463-z
http://www.ncbi.nlm.nih.gov/pubmed/34089011
http://doi.org/10.1016/j.celrep.2021.109578
http://www.ncbi.nlm.nih.gov/pubmed/34433022


Curr. Oncol. 2022, 29 8710

57. Tang, B.; Li, Y.; Qi, G.; Yuan, S.; Wang, Z.; Yu, S.; Li, B.; He, S. Clinicopathological Significance of CDKN2A Promoter Hyperme-
thylation Frequency with Pancreatic Cancer. Sci. Rep. 2015, 5, 13563. [CrossRef] [PubMed]

58. Sherr, C.J. The INK4a/ARF network in tumour suppression. Nat. Reviews. Mol. Cell Biol. 2001, 2, 731–737. [CrossRef] [PubMed]
59. Maitra, A.; Adsay, N.V.; Argani, P.; Iacobuzio-Donahue, C.; De Marzo, A.; Cameron, J.L.; Yeo, C.J.; Hruban, R.H. Multicomponent

analysis of the pancreatic adenocarcinoma progression model using a pancreatic intraepithelial neoplasia tissue microarray. Mod.
Pathol. Off. J. United States Can. Acad. Pathol. Inc. 2003, 16, 902–912. [CrossRef]

60. Midha, S.; Chawla, S.; Garg, P.K. Modifiable and non-modifiable risk factors for pancreatic cancer: A review. Cancer Lett. 2016,
381, 269–277. [CrossRef]

61. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Tobacco smoke and involuntary smoking. IARC
Monogr. Eval. Carcinog. Risks Hum. 2004, 83, 1–1438.

62. Ezzati, M.; Henley, S.J.; Lopez, A.D.; Thun, M.J. Role of smoking in global and regional cancer epidemiology: Current patterns
and data needs. Int. J. Cancer 2005, 116, 963–971. [CrossRef]

63. Ghadirian, P.; Lynch, H.T.; Krewski, D. Epidemiology of pancreatic cancer: An overview. Cancer Detect. Prev. 2003, 27, 87–93.
[CrossRef]

64. Eibl, G.; Cruz-Monserrate, Z.; Korc, M.; Petrov, M.S.; Goodarzi, M.O.; Fisher, W.E.; Habtezion, A.; Lugea, A.; Pandol, S.J.; Hart,
P.A.; et al. Diabetes Mellitus and Obesity as Risk Factors for Pancreatic Cancer. J. Acad. Nutr. Diet. 2018, 118, 555–567. [CrossRef]
[PubMed]

65. Weissman, S.; Takakura, K.; Eibl, G.; Pandol, S.J.; Saruta, M. The Diverse Involvement of Cigarette Smoking in Pancreatic Cancer
Development and Prognosis. Pancreas 2020, 49, 612–620. [CrossRef] [PubMed]

66. Delitto, D.; Zhang, D.; Han, S.; Black, B.S.; Knowlton, A.E.; Vlada, A.C.; Sarosi, G.A.; Behrns, K.E.; Thomas, R.M.; Lu, X.; et al.
Nicotine Reduces Survival via Augmentation of Paracrine HGF-MET Signaling in the Pancreatic Cancer Microenvironment. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2016, 22, 1787–1799. [CrossRef]

67. Hermann, P.C.; Sancho, P.; Cañamero, M.; Martinelli, P.; Madriles, F.; Michl, P.; Gress, T.; de Pascual, R.; Gandia, L.; Guerra, C.;
et al. Nicotine promotes initiation and progression of KRAS-induced pancreatic cancer via Gata6-dependent dedifferentiation of
acinar cells in mice. Gastroenterology 2014, 147, 1119–1133.e4. [CrossRef]

68. Schaal, C.; Chellappan, S.P. Nicotine-mediated cell proliferation and tumor progression in smoking-related cancers. Mol. Cancer
Res. MCR 2014, 12, 14–23. [CrossRef]

69. Davoodi, S.H.; Malek-Shahabi, T.; Malekshahi-Moghadam, A.; Shahbazi, R.; Esmaeili, S. Obesity as an important risk factor for
certain types of cancer. Iran. J. Cancer Prev. 2013, 6, 186–194.

70. Xu, M.; Jung, X.; Hines, O.J.; Eibl, G.; Chen, Y. Obesity and Pancreatic Cancer: Overview of Epidemiology and Potential Prevention
by Weight Loss. Pancreas 2018, 47, 158–162. [CrossRef]

71. Shadhu, K.; Xi, C. Inflammation and pancreatic cancer: An updated review. Saudi J. Gastroenterol. Off. J. Saudi Gastroenterol. Assoc.
2019, 25, 3–13. [CrossRef]

72. Rawla, P.; Thandra, K.C.; Sunkara, T. Pancreatic cancer and obesity: Epidemiology, mechanism, and preventive strategies. Clin. J.
Gastroenterol. 2019, 12, 285–291. [CrossRef]

73. Li, D.; Tang, H.; Hassan, M.M.; Holly, E.A.; Bracci, P.M.; Silverman, D.T. Diabetes and risk of pancreatic cancer: A pooled analysis
of three large case-control studies. Cancer Causes Control 2011, 22, 189–197. [CrossRef] [PubMed]

74. Bosetti, C.; Rosato, V.; Li, D.; Silverman, D.; Petersen, G.M.; Bracci, P.M.; Neale, R.E.; Muscat, J.; Anderson, K.; Gallinger, S.; et al.
Diabetes, antidiabetic medications, and pancreatic cancer risk: An analysis from the International Pancreatic Cancer Case-Control
Consortium. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2014, 25, 2065–2072. [CrossRef] [PubMed]

75. Permert, J.; Ihse, I.; Jorfeldt, L.; von Schenck, H.; Arnquist, H.J.; Larsson, J. Improved glucose metabolism after subtotal
pancreatectomy for pancreatic cancer. Br. J. Surg. 1993, 80, 1047–1050. [CrossRef] [PubMed]

76. Calle, E.E.; Kaaks, R. Overweight, obesity and cancer: Epidemiological evidence and proposed mechanisms. Nat. Rev. Cancer
2004, 4, 579–591. [CrossRef]

77. Andersen, D.K.; Korc, M.; Petersen, G.M.; Eibl, G.; Li, D.; Rickels, M.R.; Chari, S.T.; Abbruzzese, J.L. Diabetes, Pancreatogenic
Diabetes, and Pancreatic Cancer. Diabetes 2017, 66, 1103–1110. [CrossRef]

78. Yang, J.; Waldron, R.T.; Su, H.Y.; Moro, A.; Chang, H.H.; Eibl, G.; Ferreri, K.; Kandeel, F.R.; Lugea, A.; Li, L.; et al. Insulin promotes
proliferation and fibrosing responses in activated pancreatic stellate cells. Am. J. Physiol. Gastrointest Liver Physiol. 2016, 311,
G675–G687. [CrossRef]

79. Debraekeleer, A.; Remaut, H. Future perspective for potential Helicobacter pylori eradication therapies. Future Microbiol. 2018,
13, 671–687. [CrossRef]

80. Esposito, I.; Konukiewitz, B.; Schlitter, A.M.; Klöppel, G. Pathology of pancreatic ductal adenocarcinoma: Facts, challenges and
future developments. World J. Gastroenterol. 2014, 20, 13833–13841. [CrossRef]

81. Yang, Z.; Shi, G. Comparison of clinicopathologic characteristics and survival outcomes between invasive IPMN and invasive
MCN: A population-based analysis. Front Oncol. 2022, 12, 899761. [CrossRef]

http://doi.org/10.1038/srep13563
http://www.ncbi.nlm.nih.gov/pubmed/26338139
http://doi.org/10.1038/35096061
http://www.ncbi.nlm.nih.gov/pubmed/11584300
http://doi.org/10.1097/01.MP.0000086072.56290.FB
http://doi.org/10.1016/j.canlet.2016.07.022
http://doi.org/10.1002/ijc.21100
http://doi.org/10.1016/S0361-090X(03)00002-3
http://doi.org/10.1016/j.jand.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28919082
http://doi.org/10.1097/MPA.0000000000001550
http://www.ncbi.nlm.nih.gov/pubmed/32433397
http://doi.org/10.1158/1078-0432.CCR-15-1256
http://doi.org/10.1053/j.gastro.2014.08.002
http://doi.org/10.1158/1541-7786.MCR-13-0541
http://doi.org/10.1097/MPA.0000000000000974
http://doi.org/10.4103/sjg.SJG_390_18
http://doi.org/10.1007/s12328-019-00953-3
http://doi.org/10.1007/s10552-010-9686-3
http://www.ncbi.nlm.nih.gov/pubmed/21104117
http://doi.org/10.1093/annonc/mdu276
http://www.ncbi.nlm.nih.gov/pubmed/25057164
http://doi.org/10.1002/bjs.1800800841
http://www.ncbi.nlm.nih.gov/pubmed/8402064
http://doi.org/10.1038/nrc1408
http://doi.org/10.2337/db16-1477
http://doi.org/10.1152/ajpgi.00251.2016
http://doi.org/10.2217/fmb-2017-0115
http://doi.org/10.3748/wjg.v20.i38.13833
http://doi.org/10.3389/fonc.2022.899761


Curr. Oncol. 2022, 29 8711

82. Basturk, O.; Hong, S.M.; Wood, L.D.; Adsay, N.V.; Albores-Saavedra, J.; Biankin, A.V.; Brosens, L.A.; Fukushima, N.; Goggins,
M.; Hruban, R.H.; et al. A Revised Classification System and Recommendations From the Baltimore Consensus Meeting for
Neoplastic Precursor Lesions in the Pancreas. Am. J. Surg. Pathol. 2015, 39, 1730–1741. [CrossRef]

83. Zamboni, G.; Hirabayashi, K.; Castelli, P.; Lennon, A.M. Precancerous lesions of the pancreas. Best Pract. Research. Clin.
Gastroenterol. 2013, 27, 299–322. [CrossRef] [PubMed]

84. Klöppel, G.; Basturk, O.; Schlitter, A.M.; Konukiewitz, B.; Esposito, I. Intraductal neoplasms of the pancreas. Semin. Diagn. Pathol.
2014, 31, 452–466. [CrossRef] [PubMed]

85. Storz, P. Acinar cell plasticity and development of pancreatic ductal adenocarcinoma. Nat. Rev. Gastroenterol. Hepatol. 2017,
14, 296–304. [CrossRef] [PubMed]

86. Krah, N.M.; De La, O.J.; Swift, G.H.; Hoang, C.Q.; Willet, S.G.; Chen Pan, F.; Cash, G.M.; Bronner, M.P.; Wright, C.V.; MacDonald,
R.J.; et al. The acinar differentiation determinant PTF1A inhibits initiation of pancreatic ductal adenocarcinoma. eLife 2015,
4, e07125. [CrossRef] [PubMed]

87. Strobel, O.; Dor, Y.; Alsina, J.; Stirman, A.; Lauwers, G.; Trainor, A.; Castillo, C.F.D.; Warshaw, A.L.; Thayer, S.P. In Vivo Lineage
Tracing Defines the Role of Acinar-to-Ductal Transdifferentiation in Inflammatory Ductal Metaplasia. Gastroenterology 2007, 133,
1999–2009. [CrossRef] [PubMed]

88. Reichert, M.; Rustgi, A.K. Pancreatic ductal cells in development, regeneration, and neoplasia. J. Clin. Investig. 2011, 121,
4572–4578. [CrossRef] [PubMed]

89. Yan, H.H.; Jung, K.H.; Lee, J.E.; Son, M.K.; Fang, Z.; Park, J.H.; Kim, S.J.; Kim, J.Y.; Lim, J.H.; Hong, S.S. ANGPTL4 accelerates
KRAS(G12D)-Induced acinar to ductal metaplasia and pancreatic carcinogenesis. Cancer Lett. 2021, 519, 185–198. [CrossRef]

90. Yadav, D.; Lowenfels, A.B. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology 2013, 144, 1252–1261.
[CrossRef]

91. Arnold, L.D.; Patel, A.V.; Yan, Y.; Jacobs, E.J.; Thun, M.J.; Calle, E.E.; Colditz, G.A. Are racial disparities in pancreatic cancer
explained by smoking and overweight/obesity? Cancer Epidemiol. Biomark. Prev. 2009, 18, 2397–2405. [CrossRef]

92. Dong, M.; Nio, Y.; Tamura, K.; Song, M.M.; Guo, K.J.; Guo, R.X.; Dong, Y.T. Ki-ras point mutation and p53 expression in human
pancreatic cancer: A comparative study among Chinese, Japanese, and Western patients. Cancer Epidemiol. Biomark. Prev. 2000,
9, 279–284.

93. Luo, W.; Tao, J.; Zheng, L.; Zhang, T. Current epidemiology of pancreatic cancer: Challenges and opportunities. Chin. J. Cancer
Res. 2020, 32, 705–719. [CrossRef] [PubMed]

94. Brune, K.A.; Lau, B.; Palmisano, E.; Canto, M.; Goggins, M.G.; Hruban, R.H.; Klein, A.P. Importance of Age of Onset in Pancreatic
Cancer Kindreds. JNCI J. Natl. Cancer Inst. 2010, 102, 119–126. [CrossRef] [PubMed]

95. Greer, J.B.; Whitcomb, D.C.; Brand, R.E. Genetic predisposition to pancreatic cancer: A brief review. Am. J. Gastroenterol. 2007, 102,
2564–2569. [CrossRef] [PubMed]

96. Vincent, A.; Herman, J.; Schulick, R.; Hruban, R.H.; Goggins, M. Pancreatic cancer. Lancet 2011, 378, 607–620. [CrossRef]
97. Hruban, R.H.; Klein, A.P.; Eshleman, J.R.; Axilbund, J.E.; Goggins, M. Familial pancreatic cancer: From genes to improved patient

care. Expert Rev. Gastroenterol. Hepatol. 2007, 1, 81–88. [CrossRef]
98. Klein, A.P.; Borges, M.; Griffith, M.; Brune, K.; Hong, S.M.; Omura, N.; Hruban, R.H.; Goggins, M. Absence of deleterious palladin

mutations in patients with familial pancreatic cancer. Cancer Epidemiol Biomark. Prev. 2009, 18, 1328–1330. [CrossRef] [PubMed]
99. Pogue-Geile, K.L.; Chen, R.; Bronner, M.P.; Crnogorac-Jurcevic, T.; Moyes, K.W.; Dowen, S.; Otey, C.A.; Crispin, D.A.; George,

R.D.; Whitcomb, D.C.; et al. Palladin mutation causes familial pancreatic cancer and suggests a new cancer mechanism. PLoS
Med. 2006, 3, e516. [CrossRef]

100. Thiagalingam, S.; Lengauer, C.; Leach, F.S.; Schutte, M.; Hahn, S.A.; Overhauser, J.; Willson, J.K.V.; Markowitz, S.; Hamilton, S.R.;
Kern, S.E.; et al. Evaluation of candidate tumour suppressor genes on chromosome 18 in colorectal cancers. Nat. Genet. 1996,
13, 343–346. [CrossRef]

101. Rulyak, S.J.; Brentnall, T.A.; Lynch, H.T.; Austin, M.A. Characterization of the neoplastic phenotype in the familial atypical
multiple-mole melanoma-pancreatic carcinoma syndrome. Cancer 2003, 98, 798–804. [CrossRef]

102. Whelan, A.J.; Bartsch, D.; Goodfellow, P.J. Brief report: A familial syndrome of pancreatic cancer and melanoma with a mutation
in the CDKN2 tumor-suppressor gene. N. Engl. J. Med. 1995, 333, 975–977. [CrossRef]

103. Schutte, M.; Hruban, R.H.; Hedrick, L.; Cho, K.R.; Nadasdy, G.M.; Weinstein, C.L.; Bova, G.S.; Isaacs, W.B.; Cairns, P.; Nawroz, H.;
et al. DPC4 gene in various tumor types. Cancer Res. 1996, 56, 2527–2530. [PubMed]

104. Solomon, S.; Das, S.; Brand, R.; Whitcomb, D.C. Inherited pancreatic cancer syndromes. Cancer J. 2012, 18, 485–491. [CrossRef]
[PubMed]

105. Murphy, K.M.; Brune, K.A.; Griffin, C.; Sollenberger, J.E.; Petersen, G.M.; Bansal, R.; Hruban, R.H.; Kern, S.E. Evaluation of
candidate genes MAP2K4, MADH4, ACVR1B, and BRCA2 in familial pancreatic cancer: Deleterious BRCA2 mutations in 17%.
Cancer Res. 2002, 62, 3789–3793. [PubMed]

http://doi.org/10.1097/PAS.0000000000000533
http://doi.org/10.1016/j.bpg.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23809247
http://doi.org/10.1053/j.semdp.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25282472
http://doi.org/10.1038/nrgastro.2017.12
http://www.ncbi.nlm.nih.gov/pubmed/28270694
http://doi.org/10.7554/eLife.07125
http://www.ncbi.nlm.nih.gov/pubmed/26151762
http://doi.org/10.1053/j.gastro.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18054571
http://doi.org/10.1172/JCI57131
http://www.ncbi.nlm.nih.gov/pubmed/22133881
http://doi.org/10.1016/j.canlet.2021.07.036
http://doi.org/10.1053/j.gastro.2013.01.068
http://doi.org/10.1158/1055-9965.EPI-09-0080
http://doi.org/10.21147/j.issn.1000-9604.2020.06.04
http://www.ncbi.nlm.nih.gov/pubmed/33446994
http://doi.org/10.1093/jnci/djp466
http://www.ncbi.nlm.nih.gov/pubmed/20068195
http://doi.org/10.1111/j.1572-0241.2007.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/17958761
http://doi.org/10.1016/S0140-6736(10)62307-0
http://doi.org/10.1586/17474124.1.1.81
http://doi.org/10.1158/1055-9965.EPI-09-0056
http://www.ncbi.nlm.nih.gov/pubmed/19336541
http://doi.org/10.1371/journal.pmed.0030516
http://doi.org/10.1038/ng0796-343
http://doi.org/10.1002/cncr.11562
http://doi.org/10.1056/NEJM199510123331505
http://www.ncbi.nlm.nih.gov/pubmed/8653691
http://doi.org/10.1097/PPO.0b013e318278c4a6
http://www.ncbi.nlm.nih.gov/pubmed/23187834
http://www.ncbi.nlm.nih.gov/pubmed/12097290


Curr. Oncol. 2022, 29 8712

106. Zheng, J.; Huang, X.; Tan, W.; Yu, D.; Du, Z.; Chang, J.; Wei, L.; Han, Y.; Wang, C.; Che, X.; et al. Pancreatic cancer risk variant in
LINC00673 creates a miR-1231 binding site and interferes with PTPN11 degradation. Nat. Genet 2016, 48, 747–757. [CrossRef]
[PubMed]

107. Hoskins, J.W.; Ibrahim, A.; Emmanuel, M.A.; Manmiller, S.M.; Wu, Y.; O’Neill, M.; Jia, J.; Collins, I.; Zhang, M.; Thomas, J.V.; et al.
Functional characterization of a chr13q22.1 pancreatic cancer risk locus reveals long-range interaction and allele-specific effects
on DIS3 expression. Hum. Mol. Genet. 2016, 25, 4726–4738. [CrossRef] [PubMed]

108. Fang, J.; Jia, J.; Makowski, M.; Xu, M.; Wang, Z.; Zhang, T.; Hoskins, J.W.; Choi, J.; Han, Y.; Zhang, M.; et al. Functional
characterization of a multi-cancer risk locus on chr5p15.33 reveals regulation of TERT by ZNF148. Nat. Commun. 2017, 8, 15034.
[CrossRef] [PubMed]

109. Moreira, L.; Balaguer, F.; Lindor, N.; de la Chapelle, A.; Hampel, H.; Aaltonen, L.A.; Hopper, J.L.; Le Marchand, L.; Gallinger,
S.; Newcomb, P.A.; et al. Identification of Lynch syndrome among patients with colorectal cancer. JAMA 2012, 308, 1555–1565.
[CrossRef]

110. Pearlman, R.; Frankel, W.L.; Swanson, B.; Zhao, W.; Yilmaz, A.; Miller, K.; Bacher, J.; Bigley, C.; Nelsen, L.; Goodfellow, P.J.; et al.
Prevalence and Spectrum of Germline Cancer Susceptibility Gene Mutations Among Patients With Early-Onset Colorectal Cancer.
JAMA Oncol. 2017, 3, 464–471. [CrossRef]

111. Kastrinos, F.; Mukherjee, B.; Tayob, N.; Wang, F.; Sparr, J.; Raymond, V.M.; Bandipalliam, P.; Stoffel, E.M.; Gruber, S.B.; Syngal, S.
Risk of Pancreatic Cancer in Families With Lynch Syndrome. JAMA 2009, 302, 1790–1795. [CrossRef]

112. Matsubayashi, H.; Takaori, K.; Morizane, C.; Maguchi, H.; Mizuma, M.; Takahashi, H.; Wada, K.; Hosoi, H.; Yachida, S.; Suzuki,
M.; et al. Familial pancreatic cancer: Concept, management and issues. World J. Gastroenterol. 2017, 23, 935–948. [CrossRef]

113. Møller, P.; Seppälä, T.T.; Bernstein, I.; Holinski-Feder, E.; Sala, P.; Gareth Evans, D.; Lindblom, A.; Macrae, F.; Blanco, I.; Sijmons,
R.H.; et al. Cancer risk and survival in path_MMR carriers by gene and gender up to 75 years of age: A report from the Prospective
Lynch Syndrome Database. Gut 2018, 67, 1306–1316. [CrossRef] [PubMed]

114. Dudley, B.; Karloski, E.; Monzon, F.A.; Singhi, A.D.; Lincoln, S.E.; Bahary, N.; Brand, R.E. Germline mutation prevalence in
individuals with pancreatic cancer and a history of previous malignancy. Cancer 2018, 124, 1691–1700. [CrossRef] [PubMed]

115. Kamb, A.; Gruis, N.A.; Weaver-Feldhaus, J.; Liu, Q.; Harshman, K.; Tavtigian, S.V.; Stockert, E.; Day, R.S., 3rd; Johnson, B.E.;
Skolnick, M.H. A cell cycle regulator potentially involved in genesis of many tumor types. Science 1994, 264, 436–440. [CrossRef]
[PubMed]

116. Kamijo, T.; Zindy, F.; Roussel, M.F.; Quelle, D.E.; Downing, J.R.; Ashmun, R.A.; Grosveld, G.; Sherr, C.J. Tumor suppression at the
mouse INK4a locus mediated by the alternative reading frame product p19ARF. Cell 1997, 91, 649–659. [CrossRef]

117. Weber, H.O.; Samuel, T.; Rauch, P.; Funk, J.O. Human p14(ARF)-mediated cell cycle arrest strictly depends on intact p53 signaling
pathways. Oncogene 2002, 21, 3207–3212. [CrossRef]

118. Waddell, N.; Pajic, M.; Patch, A.-M.; Chang, D.K.; Kassahn, K.S.; Bailey, P.; Johns, A.L.; Miller, D.; Nones, K.; Quek, K.; et al.
Whole genomes redefine the mutational landscape of pancreatic cancer. Nature 2015, 518, 495–501. [CrossRef]

119. Attri, J.; Srinivasan, R.; Majumdar, S.; Radotra, B.D.; Wig, J. Alterations of tumor suppressor gene p16INK4a in pancreatic ductal
carcinoma. BMC Gastroenterol. 2005, 5, 22. [CrossRef]

120. Tsiambas, E.; Karameris, A.; Gourgiotis, S.; Salemis, N.; Athanassiou, A.E.; Karakitsos, P.; Papalois, A.; Merikas, E.; Kosmidis,
P.; Patsouris, E. Simultaneous deregulation of p16 and cyclin D1 genes in pancreatic ductal adenocarcinoma: A combined
immunohistochemistry and image analysis study based on tissue microarrays. J. BUON Off. J. Balk. Union Oncol. 2007,
12, 261–267.

121. Chang, D.T.; Chapman, C.H.; Norton, J.A.; Visser, B.; Fisher, G.A.; Kunz, P.; Ford, J.M.; Koong, A.C.; Pai, R.K. Expression of
p16(INK4A) but not hypoxia markers or poly adenosine diphosphate-ribose polymerase is associated with improved survival in
patients with pancreatic adenocarcinoma. Cancer 2010, 116, 5179–5187. [CrossRef]

122. Hahn-Windgassen, A.; Nogueira, V.; Chen, C.C.; Skeen, J.E.; Sonenberg, N.; Hay, N. Akt activates the mammalian target of
rapamycin by regulating cellular ATP level and AMPK activity. J. Biol. Chem. 2005, 280, 32081–32089. [CrossRef]

123. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK phosphoryla-
tion of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef] [PubMed]

124. Shaw, R.J.; Bardeesy, N.; Manning, B.D.; Lopez, L.; Kosmatka, M.; DePinho, R.A.; Cantley, L.C. The LKB1 tumor suppressor
negatively regulates mTOR signaling. Cancer Cell 2004, 6, 91–99. [CrossRef] [PubMed]

125. Boardman, L.A.; Thibodeau, S.N.; Schaid, D.J.; Lindor, N.M.; McDonnell, S.K.; Burgart, L.J.; Ahlquist, D.A.; Podratz, K.C.;
Pittelkow, M.; Hartmann, L.C. Increased risk for cancer in patients with the Peutz-Jeghers syndrome. Ann. Intern. Med. 1998, 128,
896–899. [CrossRef] [PubMed]

126. Giardiello, F.M.; Brensinger, J.D.; Tersmette, A.C.; Goodman, S.N.; Petersen, G.M.; Booker, S.V.; Cruz-Correa, M.; Offerhaus, J.A.
Very high risk of cancer in familial Peutz-Jeghers syndrome. Gastroenterology 2000, 119, 1447–1453. [CrossRef] [PubMed]

127. Olschwang, S.; Boisson, C.; Thomas, G. Peutz-Jeghers families unlinked to STK11/LKB1 gene mutations are highly predisposed
to primitive biliary adenocarcinoma. J. Med. Genet. 2001, 38, 356–360. [CrossRef]

http://doi.org/10.1038/ng.3568
http://www.ncbi.nlm.nih.gov/pubmed/27213290
http://doi.org/10.1093/hmg/ddw300
http://www.ncbi.nlm.nih.gov/pubmed/28172817
http://doi.org/10.1038/ncomms15034
http://www.ncbi.nlm.nih.gov/pubmed/28447668
http://doi.org/10.1001/jama.2012.13088
http://doi.org/10.1001/jamaoncol.2016.5194
http://doi.org/10.1001/jama.2009.1529
http://doi.org/10.3748/wjg.v23.i6.935
http://doi.org/10.1136/gutjnl-2017-314057
http://www.ncbi.nlm.nih.gov/pubmed/28754778
http://doi.org/10.1002/cncr.31242
http://www.ncbi.nlm.nih.gov/pubmed/29360161
http://doi.org/10.1126/science.8153634
http://www.ncbi.nlm.nih.gov/pubmed/8153634
http://doi.org/10.1016/S0092-8674(00)80452-3
http://doi.org/10.1038/sj.onc.1205429
http://doi.org/10.1038/nature14169
http://doi.org/10.1186/1471-230X-5-22
http://doi.org/10.1002/cncr.25481
http://doi.org/10.1074/jbc.M502876200
http://doi.org/10.1016/j.molcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18439900
http://doi.org/10.1016/j.ccr.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15261145
http://doi.org/10.7326/0003-4819-128-11-199806010-00004
http://www.ncbi.nlm.nih.gov/pubmed/9634427
http://doi.org/10.1053/gast.2000.20228
http://www.ncbi.nlm.nih.gov/pubmed/11113065
http://doi.org/10.1136/jmg.38.6.356


Curr. Oncol. 2022, 29 8713

128. Giardiello, F.M.; Welsh, S.B.; Hamilton, S.R.; Offerhaus, G.J.; Gittelsohn, A.M.; Booker, S.V.; Krush, A.J.; Yardley, J.H.; Luk, G.D.
Increased risk of cancer in the Peutz-Jeghers syndrome. N. Engl. J. Med. 1987, 316, 1511–1514. [CrossRef]

129. Matsubayashi, H. Familial pancreatic cancer and hereditary syndromes: Screening strategy for high-risk individuals. J. Gastroen-
terol. 2011, 46, 1249–1259. [CrossRef]

130. Zhong, Q.; Peng, H.L.; Zhao, X.; Zhang, L.; Hwang, W.T. Effects of BRCA1- and BRCA2-related mutations on ovarian and breast
cancer survival: A meta-analysis. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 211–220. [CrossRef]

131. Petrucelli, N.; Daly, M.B.; Pal, T.; Adam, M.P.; Mirzaa, G.M.; Pagon, R.A. BRCA1- and BRCA2-Associated Hereditary Breast
and Ovarian Cancer. Gene Rev. 1993, 1993–2022. Available online: https://europepmc.org/article/NBK/nbk1247 (accessed on
7 October 2022).

132. Hahn, S.A.; Greenhalf, B.; Ellis, I.; Sina-Frey, M.; Rieder, H.; Korte, B.; Gerdes, B.; Kress, R.; Ziegler, A.; Raeburn, J.A.; et al. BRCA2
germline mutations in familial pancreatic carcinoma. J. Natl. Cancer Inst. 2003, 95, 214–221. [CrossRef]

133. Habbe, N.; Langer, P.; Sina-Frey, M.; Bartsch, D.K. Familial pancreatic cancer syndromes. Endocrinol. Metab. Clin. North Am. 2006,
35, 417–430. [CrossRef] [PubMed]

134. Salo-Mullen, E.E.; O’Reilly, E.M.; Kelsen, D.P.; Ashraf, A.M.; Lowery, M.A.; Yu, K.H.; Reidy, D.L.; Epstein, A.S.; Lincoln, A.; Saldia,
A.; et al. Identification of germline genetic mutations in patients with pancreatic cancer. Cancer 2015, 121, 4382–4388. [CrossRef]
[PubMed]

135. Segditsas, S.; Tomlinson, I. Colorectal cancer and genetic alterations in the Wnt pathway. Oncogene 2006, 25, 7531–7537. [CrossRef]
[PubMed]

136. Prosperi, J.R.; Khramtsov, A.I.; Khramtsova, G.F.; Goss, K.H. Apc mutation enhances PyMT-induced mammary tumorigenesis.
PLoS ONE 2011, 6, e29339. [CrossRef] [PubMed]

137. Ginesta, M.M.; Diaz-Riascos, Z.V.; Busquets, J.; Pelaez, N.; Serrano, T.; Peinado, M.; Jorba, R.; García-Borobia, F.J.; Capella, G.;
Fabregat, J. APC promoter is frequently methylated in pancreatic juice of patients with pancreatic carcinomas or periampullary
tumors. Oncol. Lett. 2016, 12, 2210–2216. [CrossRef] [PubMed]

138. Jäkel, C.; Bergmann, F.; Toth, R.; Assenov, Y.; van der Duin, D.; Strobel, O.; Hank, T.; Klöppel, G.; Dorrell, C.; Grompe, M.; et al.
Genome-wide genetic and epigenetic analyses of pancreatic acinar cell carcinomas reveal aberrations in genome stability. Nat.
Commun. 2017, 8, 1323. [CrossRef] [PubMed]

139. Giardiello, F.M.; Offerhaus, G.J.; Lee, D.H.; Krush, A.J.; Tersmette, A.C.; Booker, S.V.; Kelley, N.C.; Hamilton, S.R. Increased risk of
thyroid and pancreatic carcinoma in familial adenomatous polyposis. Gut 1993, 34, 1394–1396. [CrossRef]

140. DaVee, T.; Coronel, E.; Papafragkakis, C.; Thaiudom, S.; Lanke, G.; Chakinala, R.C.; Nogueras González, G.M.; Bhutani, M.S.;
Ross, W.A.; Weston, B.R.; et al. Pancreatic cancer screening in high-risk individuals with germline genetic mutations. Gastrointest.
Endosc. 2018, 87, 1443–1450. [CrossRef]

141. Valdez, J.M.; Nichols, K.E.; Kesserwan, C. Li-Fraumeni syndrome: A paradigm for the understanding of hereditary cancer
predisposition. Br. J. Haematol. 2017, 176, 539–552. [CrossRef]

142. Correa, H. Li-Fraumeni Syndrome. J. Pediatr. Genet. 2016, 5, 84–88. [CrossRef]
143. McBride, K.A.; Ballinger, M.L.; Killick, E.; Kirk, J.; Tattersall, M.H.; Eeles, R.A.; Thomas, D.M.; Mitchell, G. Li-Fraumeni syndrome:

Cancer risk assessment and clinical management. Nat. Reviews. Clin. Oncol. 2014, 11, 260–271. [CrossRef] [PubMed]
144. Gonzalez, K.D.; Noltner, K.A.; Buzin, C.H.; Gu, D.; Wen-Fong, C.Y.; Nguyen, V.Q.; Han, J.H.; Lowstuter, K.; Longmate, J.; Sommer,

S.S.; et al. Beyond Li Fraumeni Syndrome: Clinical characteristics of families with p53 germline mutations. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2009, 27, 1250–1256. [CrossRef] [PubMed]

145. Ruijs, M.W.; Verhoef, S.; Rookus, M.A.; Pruntel, R.; van der Hout, A.H.; Hogervorst, F.B.; Kluijt, I.; Sijmons, R.H.; Aalfs, C.M.;
Wagner, A.; et al. TP53 germline mutation testing in 180 families suspected of Li-Fraumeni syndrome: Mutation detection rate
and relative frequency of cancers in different familial phenotypes. J. Med. Genet. 2010, 47, 421–428. [CrossRef] [PubMed]

146. Birch, J.M.; Alston, R.D.; McNally, R.J.; Evans, D.G.; Kelsey, A.M.; Harris, M.; Eden, O.B.; Varley, J.M. Relative frequency and
morphology of cancers in carriers of germline TP53 mutations. Oncogene 2001, 20, 4621–4628. [CrossRef]

147. Comfort, M.W.; Steinberg, A.G. Pedigree of a family with hereditary chronic relapsing pancreatitis. Gastroenterology 1952,
21, 54–63. [CrossRef]

148. Le Bodic, L.; Schnee, M.; Georgelin, T.; Soulard, F.; Ferec, C.; Bignon, J.D.; Sagniez, M. An exceptional genealogy for hereditary
chronic pancreatitis. Dig. Dis. Sci. 1996, 41, 1504–1510. [CrossRef]

149. Lowenfels, A.B.; Maisonneuve, P.; Cavallini, G.; Ammann, R.W.; Lankisch, P.G.; Andersen, J.R.; Dimagno, E.P.; Andrén-Sandberg,
A.; Domellöf, L. Pancreatitis and the risk of pancreatic cancer. International Pancreatitis Study Group. N. Engl. J. Med. 1993, 328,
1433–1437. [CrossRef]

150. Witt, H.; Luck, W.; Hennies, H.C.; Classen, M.; Kage, A.; Lass, U.; Landt, O.; Becker, M. Mutations in the gene encoding the serine
protease inhibitor, Kazal type 1 are associated with chronic pancreatitis. Nat. Genet 2000, 25, 213–216. [CrossRef]

151. Lowenfels, A.B.; Maisonneuve, P.; Whitcomb, D.C.; Lerch, M.M.; DiMagno, E.P. Cigarette smoking as a risk factor for pancreatic
cancer in patients with hereditary pancreatitis. JAMA 2001, 286, 169–170. [CrossRef]

http://doi.org/10.1056/NEJM198706113162404
http://doi.org/10.1007/s00535-011-0457-z
http://doi.org/10.1158/1078-0432.CCR-14-1816
https://europepmc.org/article/NBK/nbk1247
http://doi.org/10.1093/jnci/95.3.214
http://doi.org/10.1016/j.ecl.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16632103
http://doi.org/10.1002/cncr.29664
http://www.ncbi.nlm.nih.gov/pubmed/26440929
http://doi.org/10.1038/sj.onc.1210059
http://www.ncbi.nlm.nih.gov/pubmed/17143297
http://doi.org/10.1371/journal.pone.0029339
http://www.ncbi.nlm.nih.gov/pubmed/22216254
http://doi.org/10.3892/ol.2016.4868
http://www.ncbi.nlm.nih.gov/pubmed/27602165
http://doi.org/10.1038/s41467-017-01118-x
http://www.ncbi.nlm.nih.gov/pubmed/29109526
http://doi.org/10.1136/gut.34.10.1394
http://doi.org/10.1016/j.gie.2017.12.019
http://doi.org/10.1111/bjh.14461
http://doi.org/10.1055/s-0036-1579759
http://doi.org/10.1038/nrclinonc.2014.41
http://www.ncbi.nlm.nih.gov/pubmed/24642672
http://doi.org/10.1200/JCO.2008.16.6959
http://www.ncbi.nlm.nih.gov/pubmed/19204208
http://doi.org/10.1136/jmg.2009.073429
http://www.ncbi.nlm.nih.gov/pubmed/20522432
http://doi.org/10.1038/sj.onc.1204621
http://doi.org/10.1016/S0016-5085(52)80120-9
http://doi.org/10.1007/BF02088580
http://doi.org/10.1056/NEJM199305203282001
http://doi.org/10.1038/76088
http://doi.org/10.1001/jama.286.2.169


Curr. Oncol. 2022, 29 8714

152. Howes, N.; Lerch, M.M.; Greenhalf, W.; Stocken, D.D.; Ellis, I.; Simon, P.; Truninger, K.; Ammann, R.; Cavallini, G.; Charnley,
R.M.; et al. Clinical and genetic characteristics of hereditary pancreatitis in Europe. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J.
Am. Gastroenterol. Assoc. 2004, 2, 252–261. [CrossRef]

153. Scholten, L.; Latenstein, A.E.; Aalfs, C.M.; Bruno, M.J.; Busch, O.R.; Bonsing, B.A.; Koerkamp, B.G.; Molenaar, I.Q.; Ubbink,
D.T.; van Hooft, J.E.; et al. Prophylactic total pancreatectomy in individuals at high risk of pancreatic ductal adenocarcinoma
(PROPAN): Systematic review and shared decision-making programme using decision tables. United Eur. Gastroenterol. J. 2020,
8, 865–877. [CrossRef] [PubMed]

154. Carlyle, B.E.; Borowitz, D.S.; Glick, P.L. A review of pathophysiology and management of fetuses and neonates with meconium
ileus for the pediatric surgeon. J. Pediatr. Surg. 2012, 47, 772–781. [CrossRef] [PubMed]

155. Neglia, J.P.; FitzSimmons, S.C.; Maisonneuve, P.; Schöni, M.H.; Schöni-Affolter, F.; Corey, M.; Lowenfels, A.B. The risk of cancer
among patients with cystic fibrosis. Cystic Fibrosis and Cancer Study Group. N. Engl. J. Med. 1995, 332, 494–499. [CrossRef]
[PubMed]

156. Goldstein, A.M.; Fraser, M.C.; Struewing, J.P.; Hussussian, C.J.; Ranade, K.; Zametkin, D.P.; Fontaine, L.S.; Organic, S.M.;
Dracopoli, N.C.; Clark, W.H., Jr.; et al. Increased risk of pancreatic cancer in melanoma-prone kindreds with p16INK4 mutations.
N. Engl. J. Med. 1995, 333, 970–974. [CrossRef] [PubMed]

157. Moskaluk, C.A.; Hruban, H.; Lietman, A.; Smyrk, T.; Fusaro, L.; Fusaro, R.; Lynch, J.; Yeo, C.J.; Jackson, C.E.; Lynch, H.T.; et al.
Novel germline p16(INK4) allele (Asp145Cys) in a family with multiple pancreatic carcinomas. Mutations in brief no. 148. Online.
Hum. Mutat. 1998, 12, 70. [CrossRef]

158. Ghiorzo, P.; Fornarini, G.; Sciallero, S.; Battistuzzi, L.; Belli, F.; Bernard, L.; Bonelli, L.; Borgonovo, G.; Bruno, W.; De Cian, F.;
et al. CDKN2A is the main susceptibility gene in Italian pancreatic cancer families. J. Med. Genet. 2012, 49, 164–170. [CrossRef]
[PubMed]

159. Vasen, H.F.; Gruis, N.A.; Frants, R.R.; van Der Velden, P.A.; Hille, E.T.; Bergman, W. Risk of developing pancreatic cancer in
families with familial atypical multiple mole melanoma associated with a specific 19 deletion of p16 (p16-Leiden). Int. J. Cancer
2000, 87, 809–811. [CrossRef]

160. Overbeek, K.A.; Rodríguez-Girondo, M.D.; Wagner, A.; van der Stoep, N.; van den Akker, P.C.; Oosterwijk, J.C.; van Os, T.A.; van
der Kolk, L.E.; Vasen, H.F.A.; Hes, F.J.; et al. Genotype-phenotype correlations for pancreatic cancer risk in Dutch melanoma
families with pathogenic CDKN2A variants. J. Med. Genet. 2021, 58, 264–269. [CrossRef]

161. Heestand, G.M.; Kurzrock, R. Molecular landscape of pancreatic cancer: Implications for current clinical trials. Oncotarget 2015, 6,
4553–4561. [CrossRef]

162. Lynch, H.T.; Deters, C.A.; Lynch, J.F.; Brand, R.E. Familial pancreatic carcinoma in Jews. Fam. Cancer 2004, 3, 233–240. [CrossRef]
163. Li, J.; Woods, S.L.; Healey, S.; Beesley, J.; Chen, X.; Lee, J.S.; Sivakumaran, H.; Wayte, N.; Nones, K.; Waterfall, J.J.; et al. Point

Mutations in Exon 1B of APC Reveal Gastric Adenocarcinoma and Proximal Polyposis of the Stomach as a Familial Adenomatous
Polyposis Variant. Am. J. Hum. Genet. 2016, 98, 830–842. [CrossRef] [PubMed]

164. Burt, R.W.; DiSario, J.A.; Cannon-Albright, L. Genetics of colon cancer: Impact of inheritance on colon cancer risk. Annu. Rev.
Med. 1995, 46, 371–379. [CrossRef] [PubMed]

165. Bisgaard, M.L.; Fenger, K.; Bülow, S.; Niebuhr, E.; Mohr, J. Familial adenomatous polyposis (FAP): Frequency, penetrance, and
mutation rate. Hum. Mutat. 1994, 3, 121–125. [CrossRef] [PubMed]

166. Herrera, L.; Kakati, S.; Gibas, L.; Pietrzak, E.; Sandberg, A.A. Gardner syndrome in a man with an interstitial deletion of 5q. Am. J.
Med. Genet. 1986, 25, 473–476. [CrossRef]

167. Bodmer, W.F.; Bailey, C.J.; Bodmer, J.; Bussey, H.J.; Ellis, A.; Gorman, P.; Lucibello, F.C.; Murday, V.A.; Rider, S.H.; Scambler, P.;
et al. Localization of the gene for familial adenomatous polyposis on chromosome 5. Nature 1987, 328, 614–616. [CrossRef]

168. Leppert, M.; Burt, R.; Hughes, J.P.; Samowitz, W.; Nakamura, Y.; Woodward, S.; Gardner, E.; Lalouel, J.M.; White, R. Genetic
analysis of an inherited predisposition to colon cancer in a family with a variable number of adenomatous polyps. N. Engl. J. Med.
1990, 322, 904–908. [CrossRef]

169. Tanaka, K.; Oshimura, M.; Kikuchi, R.; Seki, M.; Hayashi, T.; Miyaki, M. Suppression of tumorigenicity in human colon carcinoma
cells by introduction of normal chromosome 5 or 18. Nature 1991, 349, 340–342. [CrossRef]

170. Aversa, J.G.; De Abreu, F.B.; Yano, S.; Xi, L.; Hadley, D.W.; Manoli, I.; Raffeld, M.; Sadowski, S.M.; Nilubol, N. The first pancreatic
neuroendocrine tumor in Li-Fraumeni syndrome: A case report. BMC Cancer 2020, 20, 256. [CrossRef]

171. Rebours, V.; Boutron-Ruault, M.C.; Schnee, M.; Férec, C.; Maire, F.; Hammel, P.; Ruszniewski, P.; Lévy, P. Risk of pancreatic
adenocarcinoma in patients with hereditary pancreatitis: A national exhaustive series. Am. J. Gastroenterol. 2008, 103, 111–119.
[CrossRef]

172. Rieder, H.; Bartsch, D.K. Familial pancreatic cancer. Fam. Cancer 2004, 3, 69–74. [CrossRef]
173. Whitcomb, D.C.; Gorry, M.C.; Preston, R.A.; Furey, W.; Sossenheimer, M.J.; Ulrich, C.D.; Martin, S.P.; Gates, L.K., Jr.; Amann, S.T.;

Toskes, P.P.; et al. Hereditary pancreatitis is caused by a mutation in the cationic trypsinogen gene. Nat. Genet 1996, 14, 141–145.
[CrossRef] [PubMed]

http://doi.org/10.1016/S1542-3565(04)00013-8
http://doi.org/10.1177/2050640620945534
http://www.ncbi.nlm.nih.gov/pubmed/32703081
http://doi.org/10.1016/j.jpedsurg.2012.02.019
http://www.ncbi.nlm.nih.gov/pubmed/22498395
http://doi.org/10.1056/NEJM199502233320803
http://www.ncbi.nlm.nih.gov/pubmed/7830730
http://doi.org/10.1056/NEJM199510123331504
http://www.ncbi.nlm.nih.gov/pubmed/7666916
http://doi.org/10.1002/(SICI)1098-1004(1998)12:1&lt;70::AID-HUMU12&gt;3.0.CO;2-J
http://doi.org/10.1136/jmedgenet-2011-100281
http://www.ncbi.nlm.nih.gov/pubmed/22368299
http://doi.org/10.1002/1097-0215(20000915)87:6&lt;809::AID-IJC8&gt;3.0.CO;2-U
http://doi.org/10.1136/jmedgenet-2019-106562
http://doi.org/10.18632/oncotarget.2972
http://doi.org/10.1007/s10689-004-9549-8
http://doi.org/10.1016/j.ajhg.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27087319
http://doi.org/10.1146/annurev.med.46.1.371
http://www.ncbi.nlm.nih.gov/pubmed/7598472
http://doi.org/10.1002/humu.1380030206
http://www.ncbi.nlm.nih.gov/pubmed/8199592
http://doi.org/10.1002/ajmg.1320250309
http://doi.org/10.1038/328614a0
http://doi.org/10.1056/NEJM199003293221306
http://doi.org/10.1038/349340a0
http://doi.org/10.1186/s12885-020-06723-6
http://doi.org/10.1111/j.1572-0241.2007.01597.x
http://doi.org/10.1023/B:FAME.0000026822.67291.a1
http://doi.org/10.1038/ng1096-141
http://www.ncbi.nlm.nih.gov/pubmed/8841182


Curr. Oncol. 2022, 29 8715

174. Cazacu, I.M.; Farkas, N.; Garami, A.; Balaskó, M.; Mosdósi, B.; Alizadeh, H.; Gyöngyi, Z.; Rakonczay, Z., Jr.; Vigh, É.; Habon,
T.; et al. Pancreatitis-Associated Genes and Pancreatic Cancer Risk: A Systematic Review and Meta-analysis. Pancreas 2018, 47,
1078–1086. [CrossRef] [PubMed]

175. Singh, A.P.; Chauhan, S.C.; Andrianifahanana, M.; Moniaux, N.; Meza, J.L.; Copin, M.C.; van Seuningen, I.; Hollingsworth, M.A.;
Aubert, J.P.; Batra, S.K. MUC4 expression is regulated by cystic fibrosis transmembrane conductance regulator in pancreatic
adenocarcinoma cells via transcriptional and post-translational mechanisms. Oncogene 2007, 26, 30–41. [CrossRef] [PubMed]

176. Slae, M.; Wilschanski, M. Cystic fibrosis and the gut. Frontline Gastroenterol. 2021, 12, 622–628. [CrossRef]
177. Chaturvedi, P.; Singh, A.P.; Moniaux, N.; Senapati, S.; Chakraborty, S.; Meza, J.L.; Batra, S.K. MUC4 mucin potentiates pancreatic

tumor cell proliferation, survival, and invasive properties and interferes with its interaction to extracellular matrix proteins. Mol.
Cancer Res. 2007, 5, 309–320. [CrossRef]

178. Andrianifahanana, M.; Moniaux, N.; Schmied, B.M.; Ringel, J.; Friess, H.; Hollingsworth, M.A.; Büchler, M.W.; Aubert, J.P.; Batra,
S.K. Mucin (MUC) gene expression in human pancreatic adenocarcinoma and chronic pancreatitis: A potential role of MUC4 as a
tumor marker of diagnostic significance. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2001, 7, 4033–4040.

179. Hayashi, A.; Fan, J.; Chen, R.; Ho, Y.J.; Makohon-Moore, A.P.; Lecomte, N.; Zhong, Y.; Hong, J.; Huang, J.; Sakamoto, H.; et al. A
unifying paradigm for transcriptional heterogeneity and squamous features in pancreatic ductal adenocarcinoma. Nat. Cancer
2020, 1, 59–74. [CrossRef] [PubMed]

180. Pandharipande, P.V.; Heberle, C.; Dowling, E.C.; Kong, C.Y.; Tramontano, A.; Perzan, K.E.; Brugge, W.; Hur, C. Targeted screening
of individuals at high risk for pancreatic cancer: Results of a simulation model. Radiology 2015, 275, 177–187. [CrossRef] [PubMed]

181. Katz, M.H.; Hu, C.Y.; Fleming, J.B.; Pisters, P.W.; Lee, J.E.; Chang, G.J. Clinical calculator of conditional survival estimates for
resected and unresected survivors of pancreatic cancer. Arch. Surg. 2012, 147, 513–519. [CrossRef] [PubMed]

182. Shin, E.J.; Canto, M.I. Pancreatic cancer screening. Gastroenterol. Clin. North Am. 2012, 41, 143–157. [CrossRef]
183. Greenhalf, W.; Grocock, C.; Harcus, M.; Neoptolemos, J. Screening of high-risk families for pancreatic cancer. Pancreatol. Off. J. Int.

Assoc. Pancreatol. IAP 2009, 9, 215–222. [CrossRef] [PubMed]
184. Canto, M.I.; Almario, J.A.; Schulick, R.D.; Yeo, C.J.; Klein, A.; Blackford, A.; Shin, E.J.; Sanyal, A.; Yenokyan, G.; Lennon, A.M.;

et al. Risk of Neoplastic Progression in Individuals at High Risk for Pancreatic Cancer Undergoing Long-term Surveillance.
Gastroenterology 2018, 155, 740–751.e742. [CrossRef] [PubMed]

185. Poruk, K.E.; Firpo, M.A.; Adler, D.G.; Mulvihill, S.J. Screening for pancreatic cancer: Why, how, and who? Ann. Surg. 2013,
257, 17–26. [CrossRef]

186. Syngal, S.; Brand, R.E.; Church, J.M.; Giardiello, F.M.; Hampel, H.L.; Burt, R.W. ACG Clinical Guideline: Genetic Testing and
Management of Hereditary Gastrointestinal Cancer Syndromes. Am. J. Gastroenterol. 2015, 110, 223–262. [CrossRef]

187. Hasan, S.; Jacob, R.; Manne, U.; Paluri, R. Advances in pancreatic cancer biomarkers. Oncol. Rev. 2019, 13, 410. [CrossRef]
[PubMed]

188. Lee, T.; Teng, T.Z.J.; Shelat, V.G. Carbohydrate antigen 19-9—Tumor marker: Past, present, and future. World J. Gastrointest. Surg.
2020, 12, 468–490. [CrossRef] [PubMed]

189. Xing, H.; Wang, J.; Wang, Y.; Tong, M.; Hu, H.; Huang, C.; Li, D. Diagnostic Value of CA 19-9 and Carcinoembryonic Antigen for
Pancreatic Cancer: A Meta-Analysis. Gastroenterol. Res. Pract. 2018, 2018, 8704751. [CrossRef] [PubMed]

190. Kim, J.E.; Lee, K.T.; Lee, J.K.; Paik, S.W.; Rhee, J.C.; Choi, K.W. Clinical usefulness of carbohydrate antigen 19-9 as a screening test
for pancreatic cancer in an asymptomatic population. J. Gastroenterol. Hepatol. 2004, 19, 182–186. [CrossRef]

191. 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. [CrossRef]

192. Scarà, S.; Bottoni, P.; Scatena, R. CA 19-9: Biochemical and Clinical Aspects. Adv. Exp. Med. Biol. 2015, 867, 247–260. [CrossRef]
193. Kim, B.J.; Lee, K.T.; Moon, T.G.; Kang, P.; Lee, J.K.; Kim, J.J.; Rhee, J.C. How do we interpret an elevated carbohydrate antigen 19-9

level in asymptomatic subjects? Dig. Liver Dis. Off. J. Ital. Soc. Gastroenterol. Ital. Assoc. Study Liver 2009, 41, 364–369. [CrossRef]
[PubMed]

194. Duffy, M.J.; Sturgeon, C.; Lamerz, R.; Haglund, C.; Holubec, V.L.; Klapdor, R.; Nicolini, A.; Topolcan, O.; Heinemann, V. Tumor
markers in pancreatic cancer: A European Group on Tumor Markers (EGTM) status report. Ann. Oncol. Off. J. Eur. Soc. Med.
Oncol. 2010, 21, 441–447. [CrossRef] [PubMed]

195. Ventrucci, M.; Pozzato, P.; Cipolla, A.; Uomo, G. Persistent elevation of serum CA 19-9 with no evidence of malignant disease.
Dig. Liver Dis. Off. J. Ital. Soc. Gastroenterol. Ital. Assoc. Study Liver 2009, 41, 357–363. [CrossRef] [PubMed]

196. Luo, G.; Jin, K.; Deng, S.; Cheng, H.; Fan, Z.; Gong, Y.; Qian, Y.; Huang, Q.; Ni, Q.; Liu, C.; et al. Roles of CA19-9 in pancreatic
cancer: Biomarker, predictor and promoter. Biochim. Biophys. Acta. Rev. Cancer 2021, 1875, 188409. [CrossRef] [PubMed]

197. Deng, G.; Yan, H.; Guo, Z.; Dai, G. Relationship between CA199 and prognosis of patients with advanced pancreatic cancer. Acad.
J. Chin. PLA Med. Sch. 2019, 40, 33–36.

198. Yang, J.; Xu, R.; Wang, C.; Qiu, J.; Ren, B.; You, L. Early screening and diagnosis strategies of pancreatic cancer: A comprehensive
review. Cancer Commun. 2021, 41, 1257–1274. [CrossRef]

http://doi.org/10.1097/MPA.0000000000001145
http://www.ncbi.nlm.nih.gov/pubmed/30134356
http://doi.org/10.1038/sj.onc.1209764
http://www.ncbi.nlm.nih.gov/pubmed/16799633
http://doi.org/10.1136/flgastro-2020-101610
http://doi.org/10.1158/1541-7786.MCR-06-0353
http://doi.org/10.1038/s43018-019-0010-1
http://www.ncbi.nlm.nih.gov/pubmed/35118421
http://doi.org/10.1148/radiol.14141282
http://www.ncbi.nlm.nih.gov/pubmed/25393849
http://doi.org/10.1001/archsurg.2011.2281
http://www.ncbi.nlm.nih.gov/pubmed/22351874
http://doi.org/10.1016/j.gtc.2011.12.001
http://doi.org/10.1159/000210262
http://www.ncbi.nlm.nih.gov/pubmed/19349734
http://doi.org/10.1053/j.gastro.2018.05.035
http://www.ncbi.nlm.nih.gov/pubmed/29803839
http://doi.org/10.1097/SLA.0b013e31825ffbfb
http://doi.org/10.1038/ajg.2014.435
http://doi.org/10.4081/oncol.2019.410
http://www.ncbi.nlm.nih.gov/pubmed/31044028
http://doi.org/10.4240/wjgs.v12.i12.468
http://www.ncbi.nlm.nih.gov/pubmed/33437400
http://doi.org/10.1155/2018/8704751
http://www.ncbi.nlm.nih.gov/pubmed/30584422
http://doi.org/10.1111/j.1440-1746.2004.03219.x
http://doi.org/10.3978/j.issn.2078-6891.2011.021
http://doi.org/10.1007/978-94-017-7215-0_15
http://doi.org/10.1016/j.dld.2008.12.094
http://www.ncbi.nlm.nih.gov/pubmed/19162573
http://doi.org/10.1093/annonc/mdp332
http://www.ncbi.nlm.nih.gov/pubmed/19690057
http://doi.org/10.1016/j.dld.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18602352
http://doi.org/10.1016/j.bbcan.2020.188409
http://www.ncbi.nlm.nih.gov/pubmed/32827580
http://doi.org/10.1002/cac2.12204


Curr. Oncol. 2022, 29 8716

199. Usón Junior, P.L.S.; Callegaro-Filho, D.; Bugano, D.D.G.; Moura, F.; Maluf, F.C. Predictive Value of Serum Carbohydrate Antigen
19-9 (CA19-9) for Early Mortality in Advanced Pancreatic Cancer. J. Gastrointest. Cancer 2018, 49, 481–486. [CrossRef]

200. Hao, C.; Zhang, G.; Zhang, L. Serum CEA levels in 49 different types of cancer and noncancer diseases. Prog. Mol. Biol. Transl. Sci.
2019, 162, 213–227. [CrossRef]

201. 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. OncoTargets Ther. 2017, 10, 4591–4598.
[CrossRef]

202. Luo, G.; Xiao, Z.; Long, J.; Liu, Z.; Liu, L.; Liu, C.; Xu, J.; Ni, Q.; Yu, X. CA125 is superior to CA19-9 in predicting the resectability
of pancreatic cancer. J. Gastrointest. Surg. Off. J. Soc. Surg. Aliment. Tract 2013, 17, 2092–2098. [CrossRef]

203. Gu, Y.L.; Lan, C.; Pei, H.; Yang, S.N.; Liu, Y.F.; Xiao, L.L. Applicative Value of Serum CA19-9, CEA, CA125 and CA242 in Diagnosis
and Prognosis for Patients with Pancreatic Cancer Treated by Concurrent Chemoradiotherapy. Asian Pac. J. Cancer Prev. APJCP
2015, 16, 6569–6573. [CrossRef] [PubMed]

204. Pasanen, P.A.; Eskelinen, M.; Partanen, K.; Pikkarainen, P.; Penttilä, I.; Alhava, E. Clinical evaluation of a new serum tumour
marker CA 242 in pancreatic carcinoma. Br. J. Cancer 1992, 65, 731–734. [CrossRef] [PubMed]

205. Dai, C.; Cao, Q.; Jiang, M.; Sun, M.J. Serum Immunoglobulin G4 in Discriminating Autoimmune Pancreatitis From Pancreatic
Cancer: A Diagnostic Meta-analysis. Pancreas 2018, 47, 280–284. [CrossRef] [PubMed]

206. Hamano, H.; Kawa, S.; Horiuchi, A.; Unno, H.; Furuya, N.; Akamatsu, T.; Fukushima, M.; Nikaido, T.; Nakayama, K.; Usuda, N.;
et al. High serum IgG4 concentrations in patients with sclerosing pancreatitis. N. Engl. J. Med. 2001, 344, 732–738. [CrossRef]
[PubMed]

207. Sah, R.P.; Chari, S.T. Serologic issues in IgG4-related systemic disease and autoimmune pancreatitis. Curr. Opin. Rheumatol. 2011,
23, 108–113. [CrossRef]

208. Okazaki, K.; Kawa, S.; Kamisawa, T.; Ito, T.; Inui, K.; Irie, H.; Irisawa, A.; Kubo, K.; Notohara, K.; Hasebe, O.; et al. Japanese
clinical guidelines for autoimmune pancreatitis. Pancreas 2009, 38, 849–866. [CrossRef]

209. Yan, T.; Ke, Y.; Chen, Y.; Xu, C.; Yu, C.; Li, Y. Serological characteristics of autoimmune pancreatitis and its differential diagnosis
from pancreatic cancer by using a combination of carbohydrate antigen 19-9, globulin, eosinophils and hemoglobin. PLoS ONE
2017, 12, e0174735. [CrossRef]

210. Hao, M.; Li, W.; Yi, L.; Yu, S.; Fan, G.; Lu, T.; Yang, X.; Wang, G.; Zhang, D.; Ding, J.; et al. Hybrid kappa\lambda antibody is a
new serological marker to diagnose autoimmune pancreatitis and differentiate it from pancreatic cancer. Sci. Rep. 2016, 6, 27415.
[CrossRef]

211. Ning, L.; Pan, B.; Zhao, Y.P.; Liao, Q.; Zhang, T.P.; Chen, G.; Wang, W.B.; Yang, Y.C. Immuno-proteomic screening of human
pancreatic cancer associated membrane antigens for early diagnosis. Zhonghua Wai Ke Za Zhi Chin. J. Surg. 2007, 45, 34–38.

212. Aronsson, L.; Andersson, R.; Bauden, M.; Andersson, B.; Bygott, T.; Ansari, D. High-density and targeted glycoproteomic
profiling of serum proteins in pancreatic cancer and intraductal papillary mucinous neoplasm. Scand. J. Gastroenterol. 2018, 53,
1597–1603. [CrossRef]

213. Liu, Y.; Wang, C.; Wang, R.; Wu, Y.; Zhang, L.; Liu, B.F.; Cheng, L.; Liu, X. Isomer-specific profiling of N-glycans derived from
human serum for potential biomarker discovery in pancreatic cancer. J. Proteom. 2018, 181, 160–169. [CrossRef] [PubMed]

214. Okada, T.; Iwano, H.; Ono, Y.; Karasaki, H.; Sato, T.; Yamada, M.; Omori, Y.; Sato, H.; Hayashi, A.; Kawabata, H.; et al. Utility of
“liquid biopsy” using pancreatic juice for early detection of pancreatic cancer. Endosc. Int. Open 2018, 6, E1454–E1461. [CrossRef]
[PubMed]

215. Crowley, E.; Di Nicolantonio, F.; Loupakis, F.; Bardelli, A. Liquid biopsy: Monitoring cancer-genetics in the blood. Nat. Rev. Clin.
Oncol. 2013, 10, 472–484. [CrossRef] [PubMed]

216. Corcoran, R.B.; Chabner, B.A. Application of Cell-free DNA Analysis to Cancer Treatment. N. Engl. J. Med. 2018, 379, 1754–1765.
[CrossRef] [PubMed]

217. Onuigbo, W.I. An Index of the Fate of Circulating Cancer Cells. Lancet 1963, 2, 828–831. [CrossRef]
218. Abdelrahim, M.; Esmail, A.; Xu, J.; Katz, T.A.; Sharma, S.; Kalashnikova, E.; Malhotra, M.; Olshan, P.; Billings, P.R.; Aleshin, A.

Early Relapse Detection and Monitoring Disease Status in Patients with Early-stage Pancreatic Adenocarcinoma using Circulating
Tumor DNA. J. Surg. Res. 2021, 4, 602–615.

219. Xie, Z.B.; Yao, L.; Jin, C.; Fu, D.L. Circulating tumor cells in pancreatic cancer patients: Efficacy in diagnosis and value in prognosis.
Discov. Med. 2016, 22, 121–128.

220. Herreros-Villanueva, M.; Bujanda, L. Non-invasive biomarkers in pancreatic cancer diagnosis: What we need versus what we
have. Ann. Transl. Med. 2016, 4, 134. [CrossRef]

221. Abdelrahim, M.; Esmail, A.; Katz, T.; Sharma, S.; Kalashnikova, E.; Malhotra, M.; Olshan, P.; Billings, P.; Aleshin, A. P-108
Circulating tumor DNA for early relapse detection and monitoring disease status in patients with early-stage pancreatic
adenocarcinoma. Ann. Oncol. 2021, 32, S135. [CrossRef]

http://doi.org/10.1007/s12029-017-0007-x
http://doi.org/10.1016/bs.pmbts.2018.12.011
http://doi.org/10.2147/OTT.S145708
http://doi.org/10.1007/s11605-013-2389-9
http://doi.org/10.7314/APJCP.2015.16.15.6569
http://www.ncbi.nlm.nih.gov/pubmed/26434876
http://doi.org/10.1038/bjc.1992.154
http://www.ncbi.nlm.nih.gov/pubmed/1316775
http://doi.org/10.1097/MPA.0000000000000994
http://www.ncbi.nlm.nih.gov/pubmed/29351121
http://doi.org/10.1056/NEJM200103083441005
http://www.ncbi.nlm.nih.gov/pubmed/11236777
http://doi.org/10.1097/BOR.0b013e3283413469
http://doi.org/10.1097/MPA.0b013e3181b9ee1c
http://doi.org/10.1371/journal.pone.0174735
http://doi.org/10.1038/srep27415
http://doi.org/10.1080/00365521.2018.1532020
http://doi.org/10.1016/j.jprot.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29674015
http://doi.org/10.1055/a-0721-1747
http://www.ncbi.nlm.nih.gov/pubmed/30539069
http://doi.org/10.1038/nrclinonc.2013.110
http://www.ncbi.nlm.nih.gov/pubmed/23836314
http://doi.org/10.1056/NEJMra1706174
http://www.ncbi.nlm.nih.gov/pubmed/30380390
http://doi.org/10.1016/S0140-6736(63)90518-X
http://doi.org/10.21037/atm.2016.03.44
http://doi.org/10.1016/j.annonc.2021.05.163


Curr. Oncol. 2022, 29 8717

222. Esmail, A.; Guan, J.; Xu, J.; Al-Rawi, H.; Parks, B.; Al Saadi, N.; Khan, T.; Madoux, L.; Taha, M.; Abdelrahim, M. Prognostic Value
of Molecular Response via ctDNA Measurement in Predicating Response of Systemic Therapy in Patients with Advanced Solid Cancer;
American Society of Clinical Oncology: Alexandria, VA, USA, 2022.

223. Buscail, E.; Alix-Panabières, C.; Quincy, P.; Cauvin, T.; Chauvet, A.; Degrandi, O.; Caumont, C.; Verdon, S.; Lamrissi, I.;
Moranvillier, I.; et al. High Clinical Value of Liquid Biopsy to Detect Circulating Tumor Cells and Tumor Exosomes in Pancreatic
Ductal Adenocarcinoma Patients Eligible for Up-Front Surgery. Cancers 2019, 11, 1656. [CrossRef]

224. Jaworski, J.J.; Morgan, R.D.; Sivakumar, S. Circulating Cell-Free Tumour DNA for Early Detection of Pancreatic Cancer. Cancers
2020, 12, 3704. [CrossRef] [PubMed]

225. Kinugasa, H.; Nouso, K.; Miyahara, K.; Morimoto, Y.; Dohi, C.; Tsutsumi, K.; Kato, H.; Matsubara, T.; Okada, H.; Yamamoto, K.
Detection of K-ras gene mutation by liquid biopsy in patients with pancreatic cancer. Cancer 2015, 121, 2271–2280. [CrossRef]
[PubMed]

226. Sausen, M.; Phallen, J.; Adleff, V.; Jones, S.; Leary, R.J.; Barrett, M.T.; Anagnostou, V.; Parpart-Li, S.; Murphy, D.; Kay Li, Q.; et al.
Clinical implications of genomic alterations in the tumour and circulation of pancreatic cancer patients. Nat. Commun. 2015,
6, 7686. [CrossRef] [PubMed]

227. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra224. [CrossRef]
[PubMed]

228. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]
229. Roldo, C.; Missiaglia, E.; Hagan, J.P.; Falconi, M.; Capelli, P.; Bersani, S.; Calin, G.A.; Volinia, S.; Liu, C.G.; Scarpa, A.; et al.

MicroRNA expression abnormalities in pancreatic endocrine and acinar tumors are associated with distinctive pathologic features
and clinical behavior. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2006, 24, 4677–4684. [CrossRef]

230. Ryu, J.K.; Hong, S.M.; Karikari, C.A.; Hruban, R.H.; Goggins, M.G.; Maitra, A. Aberrant MicroRNA-155 expression is an early
event in the multistep progression of pancreatic adenocarcinoma. Pancreatol. Off. J. Int. Assoc. Pancreatol. IAP 2010, 10, 66–73.
[CrossRef]

231. Yu, J.; Li, A.; Hong, S.M.; Hruban, R.H.; Goggins, M. MicroRNA alterations of pancreatic intraepithelial neoplasias. Clin. Cancer
Res. Off. J. Am. Assoc. Cancer Res. 2012, 18, 981–992. [CrossRef]

232. Liu, R.; Chen, X.; Du, Y.; Yao, W.; Shen, L.; Wang, C.; Hu, Z.; Zhuang, R.; Ning, G.; Zhang, C.; et al. Serum microRNA expression
profile as a biomarker in the diagnosis and prognosis of pancreatic cancer. Clin. Chem. 2012, 58, 610–618. [CrossRef]

233. Yuan, W.; Tang, W.; Xie, Y.; Wang, S.; Chen, Y.; Qi, J.; Qiao, Y.; Ma, J. New combined microRNA and protein plasmatic biomarker
panel for pancreatic cancer. Oncotarget 2016, 7, 80033–80045. [CrossRef]

234. Lane, J.S.; Hoff, D.V.; Cridebring, D.; Goel, A. Extracellular Vesicles in Diagnosis and Treatment of Pancreatic Cancer: Current
State and Future Perspectives. Cancers 2020, 12, 1530. [CrossRef] [PubMed]

235. Yang, K.S.; Im, H.; Hong, S.; Pergolini, I.; Del Castillo, A.F.; Wang, R.; Clardy, S.; Huang, C.H.; Pille, C.; Ferrone, S.; et al.
Multiparametric plasma EV profiling facilitates diagnosis of pancreatic malignancy. Sci. Transl. Med. 2017, 9, eaal3226. [CrossRef]
[PubMed]

236. Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F.; Gammon, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.; Weitz, J.; Rahbari, N.;
et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 2015, 523, 177–182. [CrossRef] [PubMed]

237. Owens, D.K.; Davidson, K.W.; Krist, A.H.; Barry, M.J.; Cabana, M.; Caughey, A.B.; Curry, S.J.; Doubeni, C.A.; Epling, J.W., Jr.;
Kubik, M.; et al. Screening for Pancreatic Cancer: US Preventive Services Task Force Reaffirmation Recommendation Statement.
JAMA 2019, 322, 438–444. [CrossRef]

238. Canto, M.I.; Hruban, R.H.; Fishman, E.K.; Kamel, I.R.; Schulick, R.; Zhang, Z.; Topazian, M.; Takahashi, N.; Fletcher, J.; Petersen,
G.; et al. Frequent detection of pancreatic lesions in asymptomatic high-risk individuals. Gastroenterology 2012, 142, 796–804,
quiz e714–795. [CrossRef]

239. Kanno, A.; Masamune, A.; Hanada, K.; Maguchi, H.; Shimizu, Y.; Ueki, T.; Hasebe, O.; Ohtsuka, T.; Nakamura, M.; Takenaka, M.;
et al. Multicenter study of early pancreatic cancer in Japan. Pancreatol. Off. J. Int. Assoc. Pancreatol. IAP 2018, 18, 61–67. [CrossRef]

240. Maguchi, H.; Takahashi, K.; Osanai, M.; Katanuma, A. Small pancreatic lesions: Is there need for EUS-FNA preoperatively? What
to do with the incidental lesions? Endoscopy 2006, 38 (Suppl. S1), S53–S56. [CrossRef]

241. Müller, M.F.; Meyenberger, C.; Bertschinger, P.; Schaer, R.; Marincek, B. Pancreatic tumors: Evaluation with endoscopic US, CT,
and MR imaging. Radiology 1994, 190, 745–751. [CrossRef]
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