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Abstract: Pancreatic ductal adenocarcinoma (PDA) is the most common cancer of the exocrine
pancreas and probably the tumor that has benefited the least from clinical progress in the last
three decades. A consensus has been reached regarding the histologic classification of the ductal
preneoplastic lesions (pancreatic intra-epithelial neoplasia—PanIN) and the molecular alterations
associated with them. Mutations in KRAS and inactivation of CDKN2A, SMAD4 and TP53 are among
the most prevalent alterations. Next generation sequencing studies are providing a broad picture
of the enormous heterogeneity in this tumor type, describing new mutations less prevalent. These
studies have also allowed the characterization of different subtypes with prognostic value. However,
all this knowledge has not been translated into a clinical progress. Effective preventive and early
diagnostic strategies are essential to improve the survival rates. The main challenge is, indeed, to
identify new effective drugs. Despite many years of research and its limited success, gemcitabine
is still the first line treatment of PDA. New drug combinations and new concepts to improve drug
delivery into the tumor, as well as the development of preclinical predictive assays, are being explored
and provide optimism and prospects for better therapies.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is a devastating disease with a survival
rate of less than 10% [1]. This difficult prognosis is due to its late diagnosis—when the
tumor has already metastasized—and its chemoresistance. The only curative therapy is
surgery; however, this is only possible in 15-20% of cases. The impact of this disease is
increasing, and it is predicted to become the second most common cause of death in the
Western world [2,3]. It is therefore urgent to better understand the molecular bases of
this disease in order to find better therapeutic options. The pathology of the pancreas is
complex, and there are other pancreatic neoplasms such as mucinous papillary intraductal
tumors, undifferentiated tumors, acinar cell carcinomas, cystadenomas and endocrine
pancreatic tumors, but they are more infrequent and therefore we do not delve into them
in this review.

Pancreatic cancer development shows a strong association with the consumption of
tobacco in cigarettes, which increases the risk of contracting the disease by two or three
times. This risk is proportional to the number of packs consumed annually. Other risk
factors are diabetes, hereditary pancreatitis, chronic pancreatitis and exposure to ionizing
radiation and chemicals, such as hydrochlorinated solvents used in some pesticides [4].

Based on morphological criteria, it is assumed that the cell origin of PDA is the ductal
cell, which progresses from limited forms of neoplasia, such as pancreatic intra-epithelial
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neoplasia (PanIN), intraductal papillary mucinous neoplasia (IPMN) and cystic mucinous
neoplasia (MCN), to an infiltrating carcinoma. However, experiments in mouse models
have shown that the acinar cell can be a precursor for PDA development [5]. In this
regard, inflammatory processes, such as pancreatitis, induce acinar cell dedifferentiation
and subsequently trans-differentiation into a “ductal-like” cell, through a process known
acinar to ductal metaplasia (ADM). This change is reversible, but when it is maintained, for
example as a consequence of a chronic pancreatitis, it can lead to cellular transformation.
The linear model that explains the origin and progression of PDA is similar to the one
described for the colon, where a series of molecular alterations correlate with the degrees of
dysplasia associated with precursor lesions (PanINs). PanIN-1A and 1B are characterized
by the presence of elongated of ductal cells and mucus production (mucinous metaplasia),
mild nuclear atypia and KRAS mutations. PanIN-1B adds to the mucinous metaplasia the
formation of papillae or micro papillae; it keeps the atypia slight and molecularly shows
inactivation of CDKN2A. PanIN-2 shows a higher degree of dysplasia and stack nuclei
that look hyperchromatic and lose polarity. The presence of atypical mitosis towards the
luminal pole is related to greater dysplasia and molecularly correlates with CDKN2A loss
of function. Finally, PanIN-3 is characterized by TP53 and SMAD4 inactivation and has
been considered a carcinoma in situ. However, recent evidence relates this lesion to tumor
infiltration, indicating a possible mischaracterization. More extensive studies are required
to better characterize this stage using PanIN-3 at less or more advanced stages. This linear
model is currently under debate, and Notta et al. demonstrate that genomic instability due
to chromotripsis has an important role in PDA genetics specifically at early stages [6].

Intraductal papillary mucinous neoplasm (IPMN) maintains the majority of alterations
associated with PDA except SMAD4 losses and differentially presents mutations in PIK3CA,
GNAS and RNF43 [7]. The other precursor lesions involved in PDA development are
mucinous cystic neoplasm (MCN) and intraductal tubular papillary neoplasm (ITPN)
(Table 1). MCN is molecularly characterized by a lower degree of loss of heterozygosity
(LOH) in relation to PanINs and a lower number of mutations than IPMN, which could
be related to a better prognosis [8]. Finally, the less frequent precursor ITPN, which
is associated with higher risk of PDA development, very rarely presents mutations in
KRAS, NRAS and GNAS but shows PIK3CA mutations and alterations of the AKT and
mTOR pathway [9].

Table 1. Histological classification of pancreas neoplasms.

Benign Precursors Malignant

Serous adenocarcinoma
Pancreatic ductal
adenocarcinoma (PDA)

Pancreatic intraepithelial

Serous cystadenoma neoplasia: PanIN 1, 2 or 3

Mucinous cystic neoplasia
(MCN) with low- or
high-grade dysplasia
(Mucinous cystadenoma)

Mucinous cystic neoplasia
(MCN) with invasive
carcinoma (PDA)

Intraductal papillary
Intraductal papillary mucinous neoplasm with
mucinous neoplasm (IPMN) invasive carcinoma (PDA,

colloid carcinoma, etc.)

Pancreatic intraductal
oncocytic papillary neoplas
(IOPN)

Intraductal tubular papillary
neoplasia (ITPN)

IOPN with associated
invasive carcinoma

ITPN with invasive carcinoma
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Table 1. Cont.

Benign Precursors Malignant

Acinar cell carcinoma (ACC)

Pancreatoblastoma
Pseudopapillary solid Solid pseudopapillary
neoplasm neoplasm with recurrence
Mature teratoma Immature teratoma

New studies of next generation sequencing (NGS) can be used to describe new molec-
ular alterations and update PDA classification in different subgroups with different prog-
nosis and responses to treatment. This better classification will undoubtedly help the best
management of this type of tumor, adjusting it to the needs of each patient.

2. PDA Genetic Alterations

Tumor progression is the consequence of the accumulation of multiple genetic al-
terations that disrupt normal biological pathways. Oncogenic mutations, due to point
mutations, amplifications or translocations, are responsible of the different tumor hallmarks,
such as sustained proliferation, metabolic reprogramming, angiogenesis, inflammation
and metastasis. Loss of function in tumor suppressor genes due to mutations, deletions or
promoter inactivation contributes to tumor progression through the alteration of pathways
involved in DNA repair and apoptosis that leads ultimately to genome instability.

Oncogenes and tumor suppressors are equally altered in PDA, and recent NGS studies
have shown the enormous complexity in the number of molecular alterations present in
the PDA that range from somatic mutations (KRAS, TP53, ARID1A, TGFBR2, RREB1 and
PBRM]1), germline alterations (BRCA1, BRCA2, ATM and PALB2) and changes in copy
number with gains (c-MYC, ERRB2 and KRAS) and losses (CDKN2A, SMAD4, ARID1A
and PTEN). Of all these alterations, those that occur in KRAS, CDKN2A, TP53 and SMAD4
stand out as the most prevalent, either through mutations or variations in copy number.
In addition, a large number of alterations with lower prevalence are responsible for the
heterogeneity of this tumor type. In this group, we highlight genes involved in DNA repair,
cell cycle regulation, the TGF-$ pathway, chromatin regulators and axonal guidance [10-13].
It is necessary to highlight the presence of an important desmoplastic reaction in this type
of tumor—up to 90% of the tumor volume can be stroma—which have made the task of
identifying genetic alterations particularly difficult [14].

2.1. KRAS

Activating mutations in KRAS, usually in codon 12 (G12D, G12V and G12R), is con-
sidered the driver mutation, and it is the first recurrently mutated gene present in nearly
all PDA [15]. Besides point mutations, there are amplifications in the 12p12.1 region, where
the gene is located [7,13]. Chan-Seng-Yue et al. demonstrate how KRAS mutant dosage
defines different pancreatic cancer phenotypes; higher dosages are related to a more undif-
ferentiated and aggressive phenotype than lower, which progress differently through the
acquisition of other oncogenic gains such as MYC amplifications [16,17]. KRAS mutants
activate PI3K and MEK signal transduction pathways and the transcription factors c-JUN
and c-MYC, both potent inducers of cell proliferation, but also support pancreatic growth
through the regulation of nucleotide synthesis [18].

Conditional mouse models using Pdx1-Cre or Ptfla-Cre have shown the importance of
KRas mutations, mainly G12V and G12D, as an initiating event in PDA and have unrav-
eled the role of both acinar and ductal cells in PDA development. In these models, KRas
activation in acinar cells induces a high frequency of low-grade mouse PanINs (mPanINs)
compared with ductal cells that later evolve into high-grade mPanINs. On the contrary, duc-
tal cells are quite refractory to KRas mutant and lead to no mPanINs or very few. To be fully
transformed, acinar cells expressing mutant KRas require heterozygous mutation in Tp53,
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while ductal cells require homozygous mutations. When transformation occurs, mPanINs
derived from ductal cells give rise to more aggressive tumors compared with acinar de-
rived, supporting that acinar cell tumorigenesis is associated with low-grade mPanINs [19].
KRas®!2P expression in acinar cells concomitantly with the induction of pancreatitis in-
creased the frequency of PDA formation [5]. Inflammatory processes can induce acinar cell
dedifferentiation and its subsequent trans-differentiation through ADM, which favors cell
transformation. In this progenitor state, KRas activates inflammatory pathways to initiate
pancreatic cancer [20]. KRas drives the expression IL17 receptor and type I cytokine recep-
tor complexes (IL2ry-IL4ra and IL2ry-IL3ra1) to establish a “hematopoietic-to-epithelial
signaling axis” and enhance mPanIN progression and metabolic reprogramming [21,22].

2.2. CDKN2A

Experiments in mouse models clearly demonstrated the suppressive role of the
CDKN?2A locus in the development and progression of PDA [23]. This locus encodes
two tumor suppressors (p16NK* and p14ARF) through different initial exons and reading
frames and with different biological functions. While p16"™NK* is a CDK4/CDKG6 inhibitor,
p14ARF sequesters MDM2, which targets p53 for degradation. Their loss is usually observed
in moderately advanced lesions with some dysplasia (PanIN-1B, 2 and 3). CDKN2A loss
of function occurs in 70-80% of cases and may result from mutations and/or losses of the
wildtype allele (40%), homozygous deletions (40%) [24] or promoter hypermethylation
(20%) [13,25]. Due to this physical juxtaposition and the frequent homozygous deletion of
the locus, many pancreatic tumors lose both suppressors, which leads to the inactivation
of the retinoblastoma (Rb) and p53 pathways. However, mutations only affect p16"™NK4,
suggesting its prominent role in PDA.

2.3. TP53

TP53 mutations in the DNA binding domain occur in approximately 50-70% of PDA
cases and with variable frequency in PanIN-3 lesions, supporting the idea that PanIN-3
can show different levels of malignancy and PDA subtypes [16,26,27]. The loss of p53
function constitutes a double threat, since it results in the loss of cell cycle control and in
the deregulation of programmed cell death, leading to the survival and proliferation of
cells with chromosomal alterations. PDA tumors present a high frequency of copy number
aberrations, aneuploidy and complex chromosomal rearrangements as a consequence of
genomic instability and genome duplication during tumor progression [12,16]. Chan-Seng-
Yue et al. recently described that TP53 losses are more prevalent in specific molecular
subtypes (basal-like; see molecular classification) correlating with a higher metastatic
potential and poor response to chemotherapy [16]. TP53 losses activate the JAK2/STAT3
signaling pathway to promote pancreatic tumor growth and resistance to gemcitabine
treatments, which correlates with poor prognosis and reduced patient survival [28].

Besides the already known functions of p53 as a guardian of the genome, recent
evidence has demonstrated its implication in other biological processes such as splicing.
PDA cells harboring TP53 missense mutations exhibited aberrant use of exons compared
with wild-type or harboring truncating mutations. In particular, the TP53R7°H mutant reg-
ulates the expression of specific GTPase-activating protein isoforms (GAPs) in pancreatic
cancer as a consequence of altered alternative splicing [29]. Other hotspot mutants, such as
TP53R273H which inhibits the expression of KLF6, promote migration and metastasis [30].
Moreover, TP53R273H and TP53R17°H mutants can promote metabolic reprogramming in
pancreatic cancer by preventing the nuclear translocation of GAPDH and enhancing glycol-
ysis [31]. The KPC mouse model supports the importance of p53 during tumor progression,
and mice expressing TP53R172H concomitantly with KRas®'? in the pancreas (Pdx1-Cre) de-
velop highly metastatic pancreatic tumors through the upregulation of PDGFRb, mimicking
the human disease [32,33].



Int. J. Mol. Sci. 2021, 22,2077

50f15

2.4. SMAD4

The SMAD4 gene encodes a transcriptional regulator that constitutes a central element
in the transforming growth TGF-p (TGF-f) signaling pathway. It is subjected to homozy-
gous deletions (50%) and inactivating mutations (10-20%) [34]. SMAD4 inactivation is a
late event, detected only in PanIN-3 lesions and invasive tumors, so it is considered to
be linked with tumor progression and worse prognosis [27,35]. SMAD4 loss affects the
interaction with the microenvironment rather than cancer cell growth, and its restoration
in pancreatic cancer cell lines has a minimal impact on proliferation in vitro but impairs
its ability to form tumors in immunocompromised mice because of less angiogenesis and
remodeling of the extracellular matrix [36]. Mutations in SMAD4 are associated with
metastases and correlate with a worse prognosis [37]. SMAD4 loss renders pancreatic
cancer resistance to radiotherapy due to ROS induction and promotion of autophagy [38].
To favor metastasis, SMAD4 loss induces epithelial-mesenchymal transition (EMT) and
metabolic reprogramming through the translocation of phosphoglycerate kinase 1 (PGK1)
to the nucleus, where it is able to repress E-cadherin and favor EMT [39].

Mouse models have demonstrated that SMADA4 is dispensable for normal pancreas
development but is critical for pancreatic cancer progression [40]. Its inactivation accelerates
KRas®!?P dependent pancreatic cancer [41].

2.5. c-MYC

The c-MYC oncogene is a transcription factor and a potent driver of cell proliferation
overexpressed in a large number of tumors [42]. PanIN-2, PanIN-3 and PDA overexpress c-
MYC, independently of the mutational load. Its expression is associated with the squamous
molecular subtype and a worse prognosis [7] (Table 2). The increase in c-MYC levels may
be due to KRAS activation, SMAD4 loss and/or amplifications of the 8q24.13 locus [13].
Bhattacharyyra et al. recently described how the secretion of FGF1 by cancer associated
fibroblasts (CAFs), present in the tumor microenvironment, can sustain high c-MYC levels
in pancreatic tumor cells [43].

Table 2. PDA classification based on NGS studies.

Collisson et al. Moffit et al. Bailey et al. Puleo et al. Chan-Sang-Yue et al. Waddell et al.
Stable with local
Classic Classic Progenitor Pure classical Classic A and B rearrangements
Mesenchymal Squamous . . Scattered
. Basal Pure basal-like Basal-like A and B
Exocrine ADEX rearrangements
Unstable
Immunogenic Immune Classical
Normal/activated Stroma activated
stroma Desmoplastic

Mouse models have been extremely useful in deciphering the role of c-MYC in pan-
creas homeostasis and PDA development. c-MYC is required for pancreas development,
and its downregulation is required for complete acinar differentiation [44,45]. Its over-
expression in the acinar compartment (Elal-Myc mouse) induces ADM and transforma-
tion [45]. Its co-expression concomitantly with Kras©12P represses the type I interferon
pathway and enhances the expression of cytokines and chemokines that generate an im-
mune suppressive microenvironment [46-48]. Importantly, some of these results were
obtained with endogenous c-MYC levels, suggesting that c-MYC can participate in tumor
progression without being overexpressed and supporting its importance in pancreatic
cancer biology.
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2.6. GATA®6

GATAG is a pioneer transcription factor that regulates the maintenance of the acinar
identity [49]. It is frequently altered in PDA due to overexpression and copy number
alterations with an impact on prognosis [50]. This role has been validated in mouse models,
where KRas®%!2P and Gata6 cooperate to drive pancreatic tumorigenesis [51].

Grainne et al. observed that GATA6 expression is associated with specific molecular
subtypes with prognostic implications [52]. Gains in copy number correlate with a better
outcome, while low GATA®6 levels due to chromosomal loss or promoter hypermethylation
correlate with a worse evolution (Table 2) [10,13,16,51,53]. Mechanistically, GATA®6 is
necessary for the maintenance of a differentiated state and the inhibition of epithelial-
mesenchymal transition (EMT). Its loss activates the EMT program, promoting tumor
progression and resistance to adjuvant chemotherapy and radiotherapy with lower overall
survival [54].

3. PDA Epigenetic Alterations

Gene expression is regulated by a complex set of modifications—acetylation, methy-
lation and phosphorylation, among others—that affect histones, on which the DNA is
wrapped forming the nucleosomes. A specific group of proteins named chromatin modi-
fiers and chromatin remodelers introduce, erase or read these modifications to regulate
gene expression. Chromatin remodelers (readers) displace nucleosomes in order to allow
or repress transcription.

DNA methylation is the best characterized modification described for DNA at the
moment. DNA methylation patterns, especially in CpG islands, are associated with gene
expression silencing. In a recent study published by The Cancer Genome Atlas (TCGA)
on 150 cases of PDA, the integration of DNA methylation and mRNA expression showed
98 genes silenced by methylation, some of them previously involved in other tumor types
but not described in PDA, such as ZFP82, PARP6 and DNALC15, which were identified
in breast cancer as chemo-resistance associated genes [13]. Despite these groups of genes,
there is no evidence of a specific subtype of PDA with hypomethylation.

Mutations in gene coding for histone modifiers—MLL2, MLL3, SETD2 and KDM6A—
are frequently mutated in 24% of PDAs. KDM6A mutations have been described mainly
in squamous pancreatic tumors, correlating with worse prognosis [10,12]. In mouse mod-
els, KDM6A loss induces squamous-like metastatic pancreatic cancer through aberrant
activation of super-enhancers that regulate ANp63, c-MYC and RUNX [55].

Histone marks allow the recruitment of chromatin remodelers, the function of which
is the displacement of nucleosomes to regulate transcription; 14% of PDAs have mutations
in different subunits of the SWI/SNF chromatin remodeling complex, highlighting those
that occur in SMARCA4 (BRG1), SMARCA2 (BRM) and ARID1A [10,13]. Mouse models
have shown the complexity of its function and its dependency on the epigenetic context
to work as a tumor suppressor or oncogene. In the conditional mouse model Pdfla-Cre,
Brg1 loss in acinar cells cooperates with KrasG!?P at early stages to form cystic neoplastic
lesions similar to intraductal papillary mucinous neoplasia (IPMN), which progresses to a
less aggressive form of PDA without mPanINs [56] due to the role of Brgl in “acinar to
ductal dedifferentiation” [57]. In duct cells, KrasG1%P activation and Brg1 deletion induce a
“dedifferentiated ductal state” that favors IPMN. However, its re-expression during later
stages of neoplasia (IPMN) favors PDA development [58]. Thus, Brgl can act as a tumor
suppressor or oncogene depending on the epigenetic context.

ARIDI1A is another subunit of the SWI/SNF complex, which appears mutated or
deleted in 12-23% of PDAs [7]. In acinar cells, ARID1A loss is necessary for KrasG12P
induced transformation [59], and its absence is associated with acinar homeostasis alter-
ation in response to pancreatitis, poor cell differentiation and tumor formation with a more
aggressive mesenchymal phenotype [60,61]. In duct cells, ARIDIA loss correlates with
ductal dedifferentiation and in the presence of Kras®!?P facilitates the development of
intraductal papillary mucinous neoplasia (IPMN) and PDA [62].
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The characterization of all these alterations has allowed us to explore new vulnerabili-
ties of PDA tumors, a strategy known as “synthetic lethality”. Tumors with ARID1A defi-
ciency show a greater sensitivity to ARID1B inhibition, and tumors deficient in SMARCA4
have a high vulnerability to SMARCA2 inhibition [63,64]. ARID1A is necessary in DNA
damage response and is recruited actively to the damaged region. ARID1A-deficient
tumors have deficiencies in DNA repair processes and are more sensitive to poly ADP
ribose polymerase (PARP) inhibitors [65]. KDMG6A loss sensitizes pancreatic tumors to
bromodomain and extra terminal (BET) domain inhibitors and histone deacetylase (HDAC)
inhibitors [55,66].

4. PDA Molecular Subtypes

Massive sequencing studies have shown the heterogeneity and complexity of PDA
molecular alterations beside the classical four: KRAS, CDKN2A, SMAD4 and TP53. These
include less prevalent mutations, changes in copy number and chromosomic alterations as
a consequence of genome instability and genome doubling. The first attempt to obtain a
molecular characterization was carried out by exon sequencing in 24 PDA cases, wherein
65 mutations were described and grouped into 12 molecular pathways. This analysis was
later extended by Biankin et al. over 100 PDA cases but was insufficient to establish molec-
ular subtypes [11,67]. Collisson et al. described the first molecular classification in 27 PDA
cases using a microarray analysis to define three subtypes: (i) classical, characterized by
the expression of epithelial genes such as GATAG6; (ii) quasimesenchymal, characterized
by the expression of mesenchymal genes and worse prognosis and (iii) exocrine, charac-
terized by the expression of acinar genes [53]. A different strategy was used by Moffitt
et al., who carried out a transcriptomic study based on a virtual dissection to distinguish
molecular alterations present in the epithelium or in the stroma. With this approach they
described two major groups that simplified Collisson’s classification: (i) classical and (ii)
basal [68]. Chan-Seng-Yue et al. using laser capture microdissection (LCM), whole-genome
sequencing and whole-transcriptome sequencing split those classifications in two, classical
A and B and basal-like A and B, and showed the importance of genome duplications and
KRAS dosage in the different subtypes [16]. Other studies have emphasized the genomic
alterations present in this type of tumor. Waddell et al. combined massive sequencing
and chromosomal rearrangements and proposed four subtypes: (i) stable, characterized
by the presence of aneuploidy and few structural chromosomal variations; (ii) with local
rearrangements, with focal alterations and copy number changes; (iii) with dispersed
rearrangement, with a moderate range of chromosomal alterations; (iv) unstable, with
a high number of structural variations in addition to mutations in BRCA1, BRCA2 and
PALB2—genes involved in DNA repair [12]. Bailey et al. conducted the study with the
highest number of cases so far; 456 PDA cases were analyzed using massive sequencing,
deep exome sequencing and copy number analysis. This analysis identified four sub-
types: (i) squamous with high frequency of TP53 and KDM6A mutations in addition to
TP63AN overexpression and GATA6 promoter hypermethylation; (ii) progenitor, with a
high expression of transcription factors involved in pancreatic development (FOXA2/3,
PDX1); (iii) immunogenic, characterized by significant inflammation with infiltrates of B
and T cells; (iv) aberrantly differentiated endocrine/exocrine (ADEX), characterized by the
overexpression of genes related to pancreatic lineage differentiation [10].

A huge handicap of these studies, except the work carried out by Moffitt et al., was
the low tumor cellularity due to the high degree of stromal cell infiltration. In this regard,
the latest study published by The Cancer Genome Atlas (TCGA) showed this effect in
the different classifications and in their overlapping (Table 2). The squamous and basal
subtypes overlap as well as the progenitor and classical, but this study suggests that the
exocrine, immunogenic and ADEX subtypes are a consequence of the low tumor cellularity
and might not be real [13] (Table 2). These results were validated by Puleo et al. in a series
of 309 PDA cases that were analyzed by DNA sequencing and transcriptomic profile. By
deconvoluting normal, tumoral and microenvironment transcriptomic signals present in



Int. J. Mol. Sci. 2021, 22,2077

8 of 15

the tumor microenvironment, the authors identified five different subtypes with prognostic
value: (i) pure basal-like; (ii) stroma activated; (iii) desmoplastic; (iv) pure classical and (v)
immune classical. This work also supports the idea that the ADEX subtype is a possible
contamination by the normal exocrine pancreas rather than a real subtype [69].

We hope that a better characterization of the different molecular subtypes will be
transferred to the clinic to define more specific treatments in the future.

5. Intratumoral Heterogeneity and Metastasis

Pancreatic cancer is an aggressive disease; the main cause of death is the presence of
metastases, detected in 52% of cases at the time of diagnosis. It has been estimated that the
transformation process lasts about ten years until the establishment of a non-metastatic
primary tumor and five years for the generation of metastases. From this moment, the life
expectancy is about two years [70]. However, the dissemination process might begin at
early stages, Rhim et al. have demonstrated using the KPC mouse models the presence of
PDA cells in the bloodstream followed by liver colonization even before the emergence
of the bulk tumor [71]. This suggests that different genomic alterations allow the early
appearance of clones with metastatic potential.

There are few studies that correlate molecular alterations in primary tumors with
their corresponding metastases. Frequently, at the time of diagnosis the tumor has al-
ready metastasized, and patient’s poor condition does not allow surgery. Next generation
sequencing studies have demonstrated the existence of different parental clones in the
primary tumor, which develop as a result of the acquisition of new genetic alterations,
with different metastatic potential [70]. Although limited mutational heterogeneity has
been observed between primary and metastatic tumors [72,73], which might suggest the
importance of other non-genetic mechanisms, we must consider the technical limitations
of those studies based on primary tumors with low cellularity. Chan-Seng-Yue et al. solved
this problem using laser capture microdissection to perform whole-genome sequencing and
whole-transcriptome sequencing to demonstrate the presence of intratumoral heterogene-
ity and the coexistence of different molecular subtypes in the primary tumors—classical
and basal. The basal subtype is associated with the stage and metastatic potential, but
both subtypes harbor KRAS imbalance in 71% of their metastasis as a consequence of
genome doubling, indicating that KRAS dosage and polyploidization are driving forces
of metastasis [16].

Campbell et al. analyzed gene rearrangements in primary pancreatic tumors and their
corresponding metastases, concluding that there is a pattern of specific rearrangements
for PDA, with higher prevalence of deletions and inversions and less of duplication and
amplicon rearrangement. Some of these rearrangements are already present in the primary
tumor, and others are subsequently acquired, correlating with the colonization of specific
organs. For example, KRAS amplification occurs mainly in peritoneal metastases, while
PARK2 losses and c-MYC amplifications arise in pulmonary metastases [74]. SMAD4 loss
have been correlated with tumor spread and worse prognosis, regardless of tumor size,
grade and lymph node involvement [35,75], but we must consider that its loss is associated
with the classical subtype; most basal subtypes retain SMAD4 expression, suggesting that
alteration in other pathways may lead to the same outcome [16].

In addition to these genetic alterations, there are epigenetic modifications that arise as
a result of clonal evolution within the primary tumor. These alterations include changes
in histone methylation and acetylation patterns and changes in DNA methylation in het-
erochromatic and euchromatic regions that correlate with a metabolic reprogramming
towards oxidative pathways [76]. Connecting metabolism with invasion, Anderson et al.,
in a review of 143 PDA tumors, including metastases, found overexpression of Hexokinase
2 (HK2) and its correlation with a worse prognosis and lower survival. In cell lines, overex-
pression of HK? is correlated with increased proliferation, invasion and metastasis [77].
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6. Genetic Alterations Associated with Familial Pancreatic Cancer

Approximately 5-10% of patients diagnosed with pancreatic cancer have a genetic
basis and are considered familial pancreatic cancer (FPC) patients. In this group, we include
families with two or more first-degree family members affected by PDA. Some of them
correspond to known syndromes with germline mutations in genes associated with cancer
predisposition syndromes, such as BRCA2 [78], PALB2 [79] and ATM [80] (Table 3). In other
cases, they correspond to family groups without knowing the inherited mutation. The
presence of one member affected increases the risk of PDA by 2 or 3 times, 6 times if there
are two family members and 32 times if there are three [81]. The inheritance pattern found
in these cases is autosomal dominant with a variable penetrance. However, in most cases
of FPC the genetic cause is still unknown.

Table 3. Genetic syndromes associated with an increased risk of pancreatic cancer with family grouping.

Syndrome Inheritance Mode Gene PDA Risk (Mean Age)
Lynch syndrome Autosomal dominant MSH2 ((231;))’ MLHI 1.3-4% (70 years)
Familial breast
cancer (BRCA2) and BRACAZ (13q);
. . . PALB?2 (16p); Y
Fanconi anemia Autosomal dominant 3.5-10%
FANCG (9p);
(FANCC and BRCAI (17q)
FANCG) 9
X Family Autosomal domina PALLADIN (4q) Unknown incidence
Familial melanoma Autosomal dominant CDKN2A (9p) 10-17%
syndrome
Hereditary Autosomal dominant PRSS1 (7q) o
pancreatitis or recessive SPINK1 (5q) 25-40% (60 years)
Peutz-Jeghers Autosomal dominant STK11 30-60% (70 years)
Unknown
SNP alterations
postulated 9-38% (80 years)
Familial pancreatic . (telomerase, Group ABO (group 0
cancer Autosomal dominant NR5A2,13q22.1, phenotype has less risk
15q14) than blood groups A and B)
Locus 9934 of the
blood group

Genome-wide association studies (GWAS) have detected associations between Single
nucleotide polymorphisms (SNPs) and specific phenotypes. SNPs in the TERT gene, the
orphan nuclear receptor NR6A2 and others present in regions 13q22.1 and 15q14 (with-
out association with known genes) have been associated with a higher risk of PDA [82].
NR5A?2 is an orphan nuclear receptor involved in a large number of biological processes.
In the pancreas, NR5A2 has different expression patterns, contributing first to pancreas
development and later maintaining the acinar phenotype. Nr5a2 contributes to the com-
plete acinar differentiation through the direct regulation of the nuclear liver factor alpha 1
(Hnfla) [83]. Analysis of polymorphism in the proximity of the NR5A2 gene correlates with
a reduction in protein levels and the development of PDA. The stratification of patients
based on NR5A2 expression allows the distinction in two groups, with an association
between low levels of NR5A2 and a higher prevalence of chronic pancreatitis and PDA
development [82,84]. Finally, alterations in the locus 9q34 (SNP rs505922), which codes for
the first intron of the ABO blood group, is associated with an increased risk of pancreatic
cancer and correlates with the epidemiological findings of higher incidence of PDA in
groups A and B than in 0 [85].
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7. Molecular Alterations as a Predictive Response Factor and New Targets

PDA treatment should be multidisciplinary, with the aim of attaining free margins
after tumor resection. According to these criteria, PDAs can be: resectable; “borderline”
resectable; locally advanced unresectable and unresectable with metastases [86]. Currently,
in the case of resectable tumors, the best therapeutic option is surgery. Unfortunately, only
15-20% of cases are potentially resectable or borderline at the time of diagnosis. Regardless
of the quality of the surgery, up to 70% of tumors, initially classified as resectable present
surgical margins and a high rate of recurrence, locally and at distant sites. Therefore, the
use of adjuvant chemotherapy for all resected pancreatic tumors without prior neoadjuvant
therapy (including TINO) is considered, using gemcitabine-based protocols (DNA synthesis
inhibitor), gemcitabine with capecitabine or 5-Fluoruracil or FOLFIRINOX (oxaliplatin,
irinotecan with leucovorin and infusion of short duration of 5-FU). Unfortunately, the
disease frequently progresses as a result of resistance; sometimes the disease is already in
an unresectable or locally advanced state at the time of diagnosis.

Next generation sequencing studies have allowed the identification of new muta-
tions and the classification of PDA in subgroups with prognostic and predictive value,
in addition to the identification of new therapeutic targets. For example, the combined
FOLFIRINOX regimen increases survival in patients with molecular alterations in BRACI,
BRAC?2 or PALB2, present in the unstable subtype of the Waddell et al. classification [12].
These tumors have a higher sensitivity to platinum and PARP inhibitors, such as ola-
parib [87]. Mutations in PI3KCA and EGFR allowed the use of specific inhibitors, such as
erlotinib (EGFR inhibitor), but with limited benefits individually or in combination with
gemcitabine [88]. It is therefore essential to identify new targets with therapeutic potential,
and epigenetic regulators emerge as promising targets. The JQ1 inhibitor, specific for the
chromatin remodeler BRD4, belonging to the class of bromodomain and extra terminal
(BET) domain inhibitors (BET domains are responsible for recognizing histone acetylation)
has shown a therapeutic potential in orthotopic implant models [89] and in GEMM in
combination with gemcitabine and histone deacetylase inhibitors such as vorinostat [90].
Among the chromatin remodelers, BPTF stands out, a member of the NURF complex and
necessary for the transcriptional activity of the c-MYC oncogene. Its inhibition has proven
its therapeutic potential in a PDA mouse model driven by c-MYC (Elal-c-MYC), reducing
cell proliferation and tumor volume [91].

Immunotherapy treatments have not demonstrated relevant activity, although the
classification proposed by Bailey et al. described a specific immunogenic subtype. The low
response may be due to the high desmoplastic reaction, poor tumor vascularization and
the hypoxic environment present in the tumor microenvironment together with different
genetic alterations, for example in KRAS and c-MYC, which prevent the activation of path-
ways related to IFN« and PD-L1, favoring immune suppression [92]. Inhibition of CXCR4
in combination with pembrolizumab (anti-PD-1) has shown promising results in clinical
trials [93]. We require strong predictive markers for these treatments. In this direction, a
recent study by Wartenberg et al. that combined NGS analysis with immunohistochemistry
proposes three subtypes with different immune characteristics: (i) immune-escaped with
few tumor lymphocytes in the stroma (low expression of CD3, CD4, CD8 and increased T
regulators with FOXP3), mutations in KRAS and worse prognosis; (ii) immune-rich with
abundant CD4, CD8 and CD3 lymphocytes, and B cells but proportionally few FOXP3
lymphocytes. Molecularly, this subtype presents mutations in KRAS, and less frequent
mutations in CDKN2A, SMAD4 and PIK3CA than the immuno-escaped and is associated
with better survival; (iii) immuno-exhausted, with high percentage of lymphocytes (CD3,
CD4 and CD8) and CD8/FOXP3 ratio. The expression of PD-L1 is high and associated
with mutations in PIK3CA and JAK. Its prognosis is similar to immune-escaped. These
new studies may be used to better identify groups of patients susceptible to a better re-
sponse. Meanwhile, other alternatives are the combination of immunotherapy with stromal
modulation, Feig et al. combined the use of anti-PD-L1 with FAP inhibitors to facilitate
the recruitment of effector T lymphocytes [94], and Jiang et al. demonstrated how focal
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adhesion kinase (FAK) inhibition favors the action of anti-PD-L1 therapy, increases the
levels of CD8 cells and improves survival in mouse models [95]. Finally, Olive et al. and
Nagathihalli et al. demonstrated how the specific inhibition of the Hedgehog (Hh) or
STAT3 pathway, respectively, can reduce the desmoplastic reaction and enhance tumor
vascularization and therefore the response to gemcitabine [96,97].

8. Future Perspective

In this review, we focus on recently published data that describe the molecular bases
of this pathology with clinical implications. The new findings come from next generation
sequencing genomic analyses, and computational tools that have allowed the distinction of
different molecular subtypes. The heterogeneity of this tumor is reflected in the response to
treatments—some patients show a limited response followed by progression, others show
a stable response and later relapse and others do not respond at all—and in the described
subtypes. It is crucial to combine both factors to improve patient survival. In this regard,
two phase Il clinical trials are currently underway. The aim of clinical trial NCT04683315 is
to discriminate the efficacy of regimens of FOLFIRINOX in patients with “classical subtype”
versus gemcitabine/nab-paclitaxel in patients with “basal subtype”, and the clinical trial
NCT03977233 is evaluating the use of FOLFORINOX in neoadjuvant chemotherapy and
assessing the efficacy depending on tumor and stromal molecular subtype. We believe
that the design of clinical trials that establish targeted therapies based on morphological
and molecular characteristics present in the PDA subtypes will have a major impact on
patient survival.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review and
editing, supervision, Y.R.G., PJ.S., RM.V,, A.G.G,, V].S.-A.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The review was supported by the Fondo de Investigaciénes Sanitarias (FIS PI18/01080),
Instituto de Salud Carlos III (ISCIII). Raul Mufioz Velasco and Ana Garcia are funded by the Uni-
versidad Francisco de Vitoria (UFV). Paula Jiménez is funded by the Programa de Empleo Juvenil.
Comunidad de Madrid.

Acknowledgments: We really appreciate Francisco X. Real, Marta Flandez and Inmaculada Mon-
tanuy for their helpful comments and for the invaluable scientific discussion and Patricia Sanchez-
Arévalo Lobo for the grammatical corrections.

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

References

1.  Siegel, R.L,; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. Cancer J. Clin. 2021, 71, 7-33. [CrossRef]

2. Malvezzi, M.; Bertuccio, P; Levi, E; Vecchia, C.L.; Negri, E. European Cancer Mortality Predictions for the Year 2014. Ann. Oncol.
2014, 25, 1650-1656. [CrossRef]

3. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, ].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]

4. Sellam, F,; Harir, N.; Khaled, M.B.; Mrabent, N.M.; Salah, R.; Diaf, M. Epidemiology and Risk Factors for Exocrine Pancreatic
Cancer in a Northern African Population. |. Gastrointest. Cancer 2015, 46, 126-130. [CrossRef] [PubMed]

5. Guerra, C.; Schuhmacher, A J.; Cafiamero, M.; Grippo, PJ.; 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]

6. Notta, F; Chan-Seng-Yue, M.; Lemire, M.; Li, Y.; Wilson, G.W.; Connor, A.A.; Denroche, R.E.; Liang, S.-B.; Brown, AM.K;
Kim, J.C; et al. A Renewed Model of Pancreatic Cancer Evolution Based on Genomic Rearrangement Patterns. Nature 2016,
538, 378-382. [CrossRef] [PubMed]

7. Witkiewicz, A K.,; McMillan, E.A.; Balaji, U.; Baek, G.; Lin, W.-C.; Mansour, J.; Mollaee, M.; Wagner, K.-U.; Koduru, P.; Yopp, A.;
et al. Whole-Exome Sequencing of Pancreatic Cancer Defines Genetic Diversity and Therapeutic Targets. Nature Commun. 2015,
6, 6744. [CrossRef]

8.  Riva, G, Pea, A; Pilati, C.; Fiadone, G.; Lawlor, R.T; Scarpa, A.; Luchini, C. Histo-Molecular Oncogenesis of Pancreatic Cancer:

From Precancerous Lesions to Invasive Ductal Adenocarcinoma. World |. Gastrointest. Oncol. 2018, 10, 317-327. [CrossRef]


http://doi.org/10.3322/caac.21654
http://doi.org/10.1093/annonc/mdu138
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.1007/s12029-015-9693-4
http://www.ncbi.nlm.nih.gov/pubmed/25737417
http://doi.org/10.1016/j.ccr.2007.01.012
http://doi.org/10.1038/nature19823
http://www.ncbi.nlm.nih.gov/pubmed/27732578
http://doi.org/10.1038/ncomms7744
http://doi.org/10.4251/wjgo.v10.i10.317

Int. J. Mol. Sci. 2021, 22, 2077 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Yamaguchi, H.; Kuboki, Y.; Hatori, T.; Yamamoto, M.; Shiratori, K.; Kawamura, S.; Kobayashi, M.; Shimizu, M.; Ban, S.; Koyama,
L; et al. Somatic Mutations in PIK3CA and Activation of AKT in Intraductal Tubulopapillary Neoplasms of the Pancreas. Am. .
Surg. Pathol. 2011, 35, 1812-1817. [CrossRef] [PubMed]

Bailey, P.; Chang, D.K.; Nones, K,; Johns, A.L.; Patch, A.-M.; Gingras, M.-C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.C.; Quinn,
M.C.; et al. Genomic Analyses Identify Molecular Subtypes of Pancreatic Cancer. Nature 2016, 531, 47-52. [CrossRef]

Biankin, A.V.; Waddell, N.; Kassahn, K.S.; Gingras, M.-C.; Muthuswamy, L.B.; Johns, A.L.; Miller, D.K.; Wilson, P.J.; Patch, A.-M.;
Wu, J.; et al. Pancreatic Cancer Genomes Reveal Aberrations in Axon Guidance Pathway Genes. Nature 2012, 491, 399-405.
[CrossRef]

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]

Raphael, B.J.; Hruban, R.H.; Aguirre, A.].; Moffitt, R.A.; Yeh, ].].; Stewart, C.; Robertson, A.G.; Cherniack, A.D.; Gupta, M.; Getz,
G.; etal. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell 2017, 32, 185-203.e13. [CrossRef]
Iacobuzio-Donahue, C.A.; Ryu, B.; Hruban, R.H.; Kern, S.E. Exploring the Host Desmoplastic Response to Pancreatic Carcinoma:
Gene Expression of Stromal and Neoplastic Cells at the Site of Primary Invasion. Am. J. Pathol. 2002, 160, 91-99. [CrossRef]
Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.-M.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K.; Vogelstein, B.; et al. Presence
of Somatic Mutations in Most Early-Stage Pancreatic Intraepithelial Neoplasia. Gastroenterology 2012, 142, 730-733.€9. [CrossRef]
Chan-Seng-Yue, M.; Kim, J.C.; Wilson, G.W.; Ng, K; Figueroa, E.F; O'’Kane, G.M.; Connor, A.A.; Denroche, R.E.; Grant, R.C;
McLeod, J.; et al. Transcription Phenotypes of Pancreatic Cancer Are Driven by Genomic Events during Tumor Evolution. Nat.
Genet. 2020, 52, 231-240. [CrossRef]

Mueller, S.; Engleitner, T.; Maresch, R.; Zukowska, M.; Lange, S.; Kaltenbacher, T.; Konukiewitz, B.; C)llinger, R.; Zwiebel, M.;
Strong, A.; et al. Evolutionary Routes and KRAS Dosage Define Pancreatic Cancer Phenotypes. Nature 2018, 554, 62—68. [CrossRef]
Santana-Codina, N.; Roeth, A.A.; Zhang, Y.; Yang, A.; Mashadova, O.; Asara, ] M.; Wang, X.; Bronson, R.T.; Lyssiotis, C.A.; Ying,
H.; et al. Oncogenic KRAS Supports Pancreatic Cancer through Regulation of Nucleotide Synthesis. Nature Commun. 2018, 1-13.
[CrossRef]

Lee, A.Y.L.; Dubois, C.L.; Sarai, K.; Zarei, S.; Schaeffer, D.F,; Sander, M.; Kopp, J.L. Cell of Origin Affects Tumour Development
and Phenotype in Pancreatic Ductal Adenocarcinoma. Gut 2019, 68, 487. [CrossRef]

Li, Y; He, Y,; Peng, J.; Su, Z; Li, Z.; Zhang, B.; Ma, ]J.; Zhuo, M.; Zou, D.; Liu, X,; et al. Mutant Kras Co-Opts a Proto-Oncogenic
Enhancer Network in Inflammation-Induced Metaplastic Progenitor Cells to Initiate Pancreatic Cancer. Nat. Cancer 2020, 1-17.
[CrossRef]

McAllister, E,; Bailey, ].M.; Alsina, J.; Nirschl, C.J.; Sharma, R; Fan, H.; Rattigan, Y.; Roeser, J.C.; Lankapalli, R.H.; Zhang, H.; et al.
Oncogenic Kras Activates a Hematopoietic-to-Epithelial IL-17 Signaling Axis in Preinvasive Pancreatic Neoplasia. Cancer Cell
2014, 25, 621-637. [CrossRef]

Dey, P;; Li, ].; Zhang, J.; Chaurasiya, S.; Strom, A.; Wang, H.; Liao, W.-T.; Cavallaro, F.; Denz, P.; Bernard, V.; et al. Oncogenic
KRAS-Driven Metabolic Reprogramming in Pancreatic Cancer Cells Utilizes Cytokines from the Tumor Microenvironment.
Cancer Discov. 2020, 10, 608-625. [CrossRef]

Bardeesy, N.; Aguirre, A.J.; Chu, G.C.; Cheng, K.-H.; Lopez, L.V.; Hezel, A.F; Feng, B.; Brennan, C.; Weissleder, R.; Mahmood, U.;
et al. Both P16(Ink4a) and the P19(Arf)-P53 Pathway Constrain Progression of Pancreatic Adenocarcinoma in the Mouse. Proc.
Natl. Acad. Sci. USA 2006, 103, 5947-5952. [CrossRef] [PubMed]

Hustinx, S.R.; Leoni, L.M.; Yeo, C.J.; Brown, PN.; Goggins, M.; Kern, S.E.; Hruban, R.H.; Maitra, A. Concordant Loss of MTAP
and P16/CDKN2A Expression in Pancreatic Intraepithelial Neoplasia: Evidence of Homozygous Deletion in a Noninvasive
Precursor Lesion. Mod. Pathol. 2005, 18, 959-963. [CrossRef]

Fukushima, N.; Sato, N.; Ueki, T.; Rosty, C.; Walter, K.M.; Wilentz, R.E.; Yeo, C.]J.; Hruban, R.H.; Goggins, M. Aberrant Methylation
of Preproenkephalin and P16 Genes in Pancreatic Intraepithelial Neoplasia and Pancreatic Ductal Adenocarcinoma. Am. J. Pathol.
2002, 160, 1573-1581. [CrossRef]

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]

Scarlett, C.J.; Salisbury, E.L.; Biankin, A.V.; Kench, J. Precursor Lesions in Pancreatic Cancer: Morphological and Molecular
Pathology. Pathology 2011, 43, 183-200. [CrossRef]

Wormann, S.M.; Song, L.; Ai, ].; Diakopoulos, K.N.; Kurkowski, M.U.; Gorgiilii, K.; Ruess, D.; Campbell, A.; Doglioni, C.; Jodrell,
D.; et al. Loss of P53 Function Activates JAK2-STAT3 Signaling to Promote Pancreatic Tumor Growth, Stroma Modification, and
Gemcitabine Resistance in Mice and Is Associated With Patient Survival. Gastroenterology 2016, 151, 180-193.e12. [CrossRef]
Escobar-Hoyos, L.F,; Penson, A.; Kannan, R.; Cho, H.; Pan, C.-H.; Singh, R.K.; Apken, L.H.; Hobbs, G.A.; Luo, R.; Lecomte, N.;
et al. Altered RNA Splicing by Mutant P53 Activates Oncogenic RAS Signaling in Pancreatic Cancer. Cancer Cell 2020, 1-23.
[CrossRef] [PubMed]

Sun, S.; Chen, H.; Sun, L.; Wang, M.; Wu, X.; Xiao, Z.-X.J. Hotspot Mutant P53-R273H Inhibits KLF6 Expression to Promote Cell
Migration and Tumor Metastasis. Cell Death Dis. 2020, 11, 595. [CrossRef]

Butera, G.; Pacchiana, R.; Mullappilly, N.; Margiotta, M.; Bruno, S.; Conti, P.; Riganti, C.; Donadelli, M. Mutant P53 Prevents
GAPDH Nuclear Translocation in Pancreatic Cancer Cells Favoring Glycolysis and 2-Deoxyglucose Sensitivity. Biochim. Biophys.
Acta Mol. Cell Res. 2018, 1865, 1914-1923. [CrossRef]


http://doi.org/10.1097/PAS.0b013e31822769a0
http://www.ncbi.nlm.nih.gov/pubmed/21945955
http://doi.org/10.1038/nature16965
http://doi.org/10.1038/nature11547
http://doi.org/10.1038/nature14169
http://doi.org/10.1016/j.ccell.2017.07.007
http://doi.org/10.1016/S0002-9440(10)64353-2
http://doi.org/10.1053/j.gastro.2011.12.042
http://doi.org/10.1038/s41588-019-0566-9
http://doi.org/10.1038/nature25459
http://doi.org/10.1038/s41467-018-07472-8
http://doi.org/10.1136/gutjnl-2017-314426
http://doi.org/10.1038/s43018-020-00134-z
http://doi.org/10.1016/j.ccr.2014.03.014
http://doi.org/10.1158/2159-8290.CD-19-0297
http://doi.org/10.1073/pnas.0601273103
http://www.ncbi.nlm.nih.gov/pubmed/16585505
http://doi.org/10.1038/modpathol.3800377
http://doi.org/10.1016/S0002-9440(10)61104-2
http://doi.org/10.1101/gad.1415606
http://doi.org/10.1097/PAT.0b013e3283445e3a
http://doi.org/10.1053/j.gastro.2016.03.010
http://doi.org/10.1016/j.ccell.2020.05.010
http://www.ncbi.nlm.nih.gov/pubmed/32559497
http://doi.org/10.1038/s41419-020-02814-1
http://doi.org/10.1016/j.bbamcr.2018.10.005

Int. J. Mol. Sci. 2021, 22, 2077 13 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A_; Ross, S.; Conrads, T.P,; Veenstra, T.D.; Hitt,
B.A; et al. Preinvasive and Invasive Ductal Pancreatic Cancer and Its Early Detection in the Mouse. Cancer Cell 2003, 4, 437-450.
[CrossRef]

Weissmueller, S.; Manchado, E.; Saborowski, M.; Morris, ].P.; Wagenblast, E.; Davis, C.A.; Moon, S.-H.; Pfister, N.T.; Tschaharganeh,
D.E; Kitzing, T.; et al. Mutant P53 Drives Pancreatic Cancer Metastasis through Cell-Autonomous PDGF Receptor 3 Signaling.
Cell 2014, 157, 382-394. [CrossRef]

Wartenberg, M.; Cibin, S.; Zlobec, I.; Vassella, E.; Eppenberger-Castori, S.; Terracciano, L.; Eichmann, M.D.; Worni, M.; Gloor, B.;
Perren, A,; et al. Integrated Genomic and Immunophenotypic Classification of Pancreatic Cancer Reveals Three Distinct Subtypes
with Prognostic/Predictive Significance. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2018, 24, 4444—4454. [CrossRef]
Tacobuzio-Donahue, C.A.; Fu, B.; Yachida, S.; Luo, M.; Abe, H.; Henderson, C.M.; Vilardell, F.; Wang, Z.; Keller, ].W.; Banerjee, P,;
et al. DPC4 Gene Status of the Primary Carcinoma Correlates with Patterns of Failure in Patients with Pancreatic Cancer. J. Clin.
Oncol. 2009, 27, 1806-1813. [CrossRef]

Schwarte-Waldhoff, I.; Volpert, O.V.; Bouck, N.P,; Sipos, B.; Hahn, S.A_; Klein-Scory, S.; Liittges, J.; Kloppel, G.; Graeven, U.;
Eilert-Micus, C.; et al. Smad4/DPC4-Mediated Tumor Suppression through Suppression of Angiogenesis. Proc. Natl. Acad. Sci.
USA 2000, 97, 9624-9629. [CrossRef] [PubMed]

Chen, Y.-W.; Hsiao, P-J.; Weng, C.-C.; Kuo, K.-K ; Kuo, T.-L.; Wu, D.-C.; Hung, W.-C.; Cheng, K.-H. SMAD4 Loss Triggers the
Phenotypic Changes of Pancreatic Ductal Adenocarcinoma Cells. BMC Cancer 2014, 14, 181. [CrossRef]

Wang, E; Xia, X.; Yang, C.; Shen, J.; Mai, J.; Kim, H.-C.; Kirui, D.; Kang, Y.; Fleming, ].B.; Koay, E.J.; et al. SMAD4 Gene Mutation
Renders Pancreatic Cancer Resistance to Radiotherapy through Promotion of Autophagy. Clin Cancer Res. 2018, 24. [CrossRef]
Liang, C.; Shi, S.; Qin, Y.; Meng, Q.; Hua, J.; Hu, Q.; Ji, S.; Zhang, B.; Xu, J.; Yu, X.-J. Localisation of PGK1 Determines Metabolic
Phenotype to Balance Metastasis and Proliferation in Patients with SMAD4-Negative Pancreatic Cancer. Gut 2020, 69, 888.
[CrossRef]

Bardeesy, N.; Cheng, K.; Berger, ]. 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. Gene
Dev. 2006, 20, 3130-3146. [CrossRef]

Kojima, K.; Vickers, S.M.; Adsay, N.V,; Jhala, N.C.; Kim, H.-G.; Schoeb, T.R.; Grizzle, W.E.; Klug, C.A. Inactivation of Smad4
Accelerates KrasG12D-Mediated Pancreatic Neoplasia. Cancer Res. 2007, 67, 8121-8130. [CrossRef]

Dang, C.V. MYC on the Path to Cancer. Cell 2012, 149, 22-35. [CrossRef] [PubMed]

Bhattacharyya, S.; Oon, C.; Kothari, A.; Horton, W.; Link, J.; Sears, R.C.; Sherman, M.H. Acidic Fibroblast Growth Factor Underlies
Microenvironmental Regulation of MYC in Pancreatic Cancer. J. Exp. Med. 2020, 217. [CrossRef] [PubMed]

Nakhai, H,; Siveke, J.T.; Mendoza-Torres, L.; Schmid, R.M. Conditional Inactivation of Myc Impairs Development of the Exocrine
Pancreas. Development 2008, 135, 3191-3196. [CrossRef]

Lobo, VJ.5.-A.; Ferndndez, L.C.; Carrillo-de-Santa-Pau, E.; Richart, L.; Cobo, I.; Cendrowski, J.; Moreno, U.; del Pozo, N.; Megias,
D.; Bréant, B.; et al. C-Myc Downregulation Is Required for Preacinar to Acinar Maturation and Pancreatic Homeostasis. Gut
2018, 67, 707-718. [CrossRef]

Sodir, N.M.; Kortlever, R.M.; Barthet, V.J.A.; Campos, T.; Pellegrinet, L.; Kupczak, S.; Anastasiou, P.; Swigart, L.B.; Soucek, L.;
Arends, M.].; et al. MYC Instructs and Maintains Pancreatic Adenocarcinoma Phenotype. Cancer Discov. 2020. [CrossRef]
Kortlever, R M.; Sodir, N.M.; Wilson, C.H.; Burkhart, D.L.; Pellegrinet, L.; Swigart, L.B.; Littlewood, T.D.; Evan, G.I. Myc
Cooperates with Ras by Programming Inflammation and Immune Suppression. Cell 2017, 171, 1301-1315.e14. [CrossRef]
[PubMed]

Muthalagu, N.; Monteverde, T.; Raffo-Iraolagoitia, X.; Wiesheu, R.; Whyte, D.; Hedley, A.; Laing, S.; Kruspig, B.; Upstill-Goddard,
R.; Shaw, R.; et al. Repression of the Type I Interferon Pathway Underlies MYC- and KRAS-Dependent Evasion of NK and B Cells
in Pancreatic Ductal Adenocarcinoma. Cancer Discov. 2020, 10, 872-887. [CrossRef]

Martinelli, P.; Cafiamero, M.; del Pozo, N.; Madriles, F.; Zapata, A.; Real, EX. Gata6 Is Required for Complete Acinar Differentiation
and Maintenance of the Exocrine Pancreas in Adult Mice. Gut 2013, 62, 1481-1488. [CrossRef]

Kwei, K.A.; Bashyam, M.D.; Kao, J.; Ratheesh, R.; Reddy, E.C.; Kim, Y.H.; Montgomery, K.; Giacomini, C.P; Choi, Y.-L.; Chatterjee,
S.; et al. Genomic Profiling Identifies GATA6 as a Candidate Oncogene Amplified in Pancreatobiliary Cancer. Plos Genet. 2008,
4, e1000081. [CrossRef]

MARTINELLI, P.; Madriles, E; Cafiamero, M.; Pau, E.C.S.; Pozo, N.D.; Guerra, C.; Real, EX. The Acinar Regulator Gata6
Suppresses KrasG12V-Driven Pancreatic Tumorigenesis in Mice. Gut 2015. [CrossRef]

O’Kane, G.M,; Griinwald, B.T.; Jang, G.-H.; Masoomian, M.; Picardo, S.; Grant, R.C.; Denroche, RE.; Zhang, A.; Wang, Y.; Lam, B,;
et al. GATA6 Expression Distinguishes Classical and Basal-like Subtypes in Advanced Pancreatic Cancer. Clin. Cancer Res. 2020,
26,4901-4910. [CrossRef]

Collisson, E.A.; Sadanandam, A.; Olson, P.; Gibb, W.]J.; Truitt, M.; Gu, S.; Cooc, J.; Weinkle, J.; Kim, G.E.; Jakkula, L.; et al. Subtypes
of Pancreatic Ductal Adenocarcinoma and Their Differing Responses to Therapy. Nat. Med. 2011, 17, 500-503. [CrossRef]
MARTINELLI, P; Carrillo-de-Santa-Pau, E.; Cox, T.; Jr., B.S.; Dusetti, N.; Greenhalf, W.; Rinaldi, L.; Costello, E.; Ghaneh, P,;
Malats, N.; et al. GATA6 Regulates EMT and Tumour Dissemination, and Is a Marker of Response to Adjuvant Chemotherapy in
Pancreatic Cancer. Gut 2017, 66, 1665-1676. [CrossRef]


http://doi.org/10.1016/S1535-6108(03)00309-X
http://doi.org/10.1016/j.cell.2014.01.066
http://doi.org/10.1158/1078-0432.CCR-17-3401
http://doi.org/10.1200/JCO.2008.17.7188
http://doi.org/10.1073/pnas.97.17.9624
http://www.ncbi.nlm.nih.gov/pubmed/10944227
http://doi.org/10.1186/1471-2407-14-181
http://doi.org/10.1158/1078-0432.CCR-17-3435
http://doi.org/10.1136/gutjnl-2018-317163
http://doi.org/10.1101/gad.1478706
http://doi.org/10.1158/0008-5472.CAN-06-4167
http://doi.org/10.1016/j.cell.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22464321
http://doi.org/10.1084/jem.20191805
http://www.ncbi.nlm.nih.gov/pubmed/32434218
http://doi.org/10.1242/dev.017137
http://doi.org/10.1136/gutjnl-2016-312306
http://doi.org/10.1158/2159-8290.CD-19-0435
http://doi.org/10.1016/j.cell.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29195074
http://doi.org/10.1158/2159-8290.CD-19-0620
http://doi.org/10.1136/gutjnl-2012-303328
http://doi.org/10.1371/journal.pgen.1000081
http://doi.org/10.1136/gutjnl-2014-308042
http://doi.org/10.1158/1078-0432.CCR-19-3724
http://doi.org/10.1038/nm.2344
http://doi.org/10.1136/gutjnl-2015-311256

Int. J. Mol. Sci. 2021, 22, 2077 14 of 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Andricovich, J.; Perkail, S.; Kai, Y.; Casasanta, N.; Peng, W.; Tzatsos, A. Loss of KDM6A Activates Super-Enhancers to Induce
Gender-Specific Squamous-like Pancreatic Cancer and Confers Sensitivity to BET Inhibitors. Cancer Cell 2018, 33, 512-526.€8.
[CrossRef] [PubMed]

von Figura, G.; Fukuda, A.; Roy, N.; Liku, M.E,; IV, ] PM.; Kim, G.E.; Russ, H.A_; Firpo, M.A.; Mulvihill, S.J.; Dawson, D.W.;
et al. The Chromatin Regulator Brgl Suppresses Formation of Intraductal Papillary Mucinous Neoplasm and Pancreatic Ductal
Adenocarcinoma. Nat. Cell Biol. 2014, 16, 255-267. [CrossRef] [PubMed]

Tsuda, M.; Fukuda, A.; Roy, N.; Hiramatsu, Y.; Leonhardt, L.; Kakiuchi, N.; Hoyer, K.; Ogawa, S.; Goto, N.; Ikuta, K ; et al. The
BRG1/SOX9 Axis Is Critical for Acinar Cell-Derived Pancreatic Tumorigenesis. J. Clin. Investig. 2018, 128, 3475-3489. [CrossRef]
[PubMed]

Roy, N.; Malik, S.; Villanueva, K.E.; Urano, A.; Lu, X,; von Figura, G.; Seeley, E.S.; Dawson, D.W.; Collisson, E.A.; Hebrok, M. Brgl
Promotes Both Tumor-Suppressive and Oncogenic Activities at Distinct Stages of Pancreatic Cancer Formation. Genes Dev. 2015,
29, 658-671. [CrossRef] [PubMed]

Livshits, G.; Alonso-Curbelo, D.; Morris, J.P.; Koche, R.; Saborowski, M.; Wilkinson, J.E.; Lowe, S.W. Aridla Restrains Kras-
Dependent Changes in Acinar Cell Identity. eLife 2018, 7, 1766. [CrossRef]

Wang, W.; Friedland, S.C.; Guo, B.; O’Dell, M.R.; Alexander, W.B.; Whitney-Miller, C.L.; Agostini-Vulaj, D.; Huber, A.R.; Myers,
J.R.; Ashton, ].M,; et al. ARID1A, a SWI/SNF Subunit, Is Critical to Acinar Cell Homeostasis and Regeneration and Is a Barrier to
Transformation and Epithelial-Mesenchymal Transition in the Pancreas. Gut 2018. [CrossRef] [PubMed]

Zhang, L.; Wang, C.; Yu, S; Jia, C.; Yan, J.; Lu, Z; Chen, J. Loss of ARID1A Expression Correlates With Tumor Differentiation and
Tumor Progression Stage in Pancreatic Ductal Adenocarcinoma. Technol. Cancer Res. Treat. 2018, 17. [CrossRef] [PubMed]
Kimura, Y.; Fukuda, A.; Ogawa, S.; Maruno, T.; Takada, Y.; Tsuda, M.; Hiramatsu, Y.; Araki, O.; Nagao, M.; Yoshikawa, T.; et al.
ARID1A Maintains Differentiation of Pancreatic Ductal Cells and Inhibits Development of Pancreatic Ductal Adenocarcinoma in
Mice. Gastroenterology 2018, 155, 194-209.e2. [CrossRef]

Helming, K.C.; Wang, X.; Wilson, B.G.; Vazquez, F.; Haswell, ].R.; Manchester, H.E.; Kim, Y.; Kryukov, G.V.; Ghandi, M.; Aguirre,
Al etal. ARID1B Is a Specific Vulnerability in ARID1A-Mutant Cancers. Nat. Med. 2014, 20, 251-254. [CrossRef]

Hoffman, G.R.; Rahal, R.; Buxton, F; Xiang, K.; McAllister, G.; Frias, E.; Bagdasarian, L.; Huber, J.; Lindeman, A.; Chen, D.; et al.
Functional Epigenetics Approach Identifies BRM/SMARCA? as a Critical Synthetic Lethal Target in BRG1-Deficient Cancers.
Proc. Natl. Acad. Sci. USA 2014, 111, 3128-3133. [CrossRef] [PubMed]

Shen, J.; Peng, Y.; Wei, L.; Zhang, W.; Yang, L.; Lan, L.; Kapoor, P; Ju, Z.; Mo, Q.; Shih, I.-M.; et al. ARID1A Deficiency Impairs the
DNA Damage Checkpoint and Sensitizes Cells to PARP Inhibitors. Cancer Discov. 2015, 5, 752-767. [CrossRef] [PubMed]
Watanabe, S.; Shimada, S.; Akiyama, Y.; Ishikawa, Y.; Ogura, T.; Ogawa, K.; Ono, H.; Mitsunori, Y.; Ban, D.; Kudo, A.; et al. Loss
of KDM6A Characterizes a Poor Prognostic Subtype of Human Pancreatic Cancer and Potentiates HDAC Inhibitor Lethality. Int.
J. Cancer 2019, 145, 192-205. [CrossRef] [PubMed]

Jones, S.; Zhang, X.; Parsons, D.W,; Lin, ].C.-H.; Leary, R.J.; Angenendt, P; Mankoo, P; Carter, H.; Kamiyama, H.; Jimeno, A.; et al.
Core Signaling Pathways in Human Pancreatic Cancers Revealed by Global Genomic Analyses. Science 2008, 321, 1801-1806.
[CrossRef]

Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.H.; Hoadley, K.A.; Rashid, N.U.; Williams, L.A.; Eaton, S.C.; Chung,
A.H.; et al. Virtual Microdissection Identifies Distinct Tumor- and Stroma-Specific Subtypes of Pancreatic Ductal Adenocarcinoma.
Nat. Genet. 2015, 1-13. [CrossRef]

Puleo, F; Nicolle, R.; Blum, Y.; Cros, J.; Marisa, L.; Demetter, P.; Quertinmont, E.; Svrcek, M.; Elarouci, N.; Iovanna, J.; et al.
Stratification of Pancreatic Ductal Adenocarcinomas Based on Tumor and Microenvironment Features. Gastroenterology 2018,
155,1999-2013.e3. [CrossRef]

Yachida, S.; Jones, S.; Bozic, I.; Antal, T.; Leary, R.; Fu, B.; Kamiyama, M.; Hruban, R.H.; Eshleman, J.R.; Nowak, M.A; et al.
Distant Metastasis Occurs Late during the Genetic Evolution of Pancreatic Cancer. Nature 2010, 467, 1114-1117. [CrossRef]
Rhim, A.D.; Mirek, E.T.; Aiello, N.M.; Maitra, A.; Bailey, ] M.; McAllister, F.; Reichert, M.; Beatty, G.L.; Rustgi, A.K.; Vonderheide,
R.H.; et al. EMT and Dissemination Precede Pancreatic Tumor Formation. Cell 2012, 148, 349-361. [CrossRef] [PubMed]
Makohon-Moore, A.P,; Zhang, M.; Reiter, ].G.; Bozic, I.; Allen, B.; Kundu, D.; Chatterjee, K.; Wong, F,; Jiao, Y.; Kohutek, Z.A.; et al.
Limited Heterogeneity of Known Driver Gene Mutations among the Metastases of Individual Patients with Pancreatic Cancer.
Nat. Genet. 2017, 49, 358-366. [CrossRef]

Connor, A.A; Denroche, RE,; Jang, G.H.; Lemire, M.; Zhang, A.; Chan-Seng-Yue, M.; Wilson, G.; Grant, R.C.; Merico, D.; Lungu,
I; et al. Integration of Genomic and Transcriptional Features in Pancreatic Cancer Reveals Increased Cell Cycle Progression in
Metastases. Cancer Cell 2019, 1-24. [CrossRef]

Campbell, PJ.; Yachida, S.; Mudie, L.J.; Stephens, PJ.; Pleasance, E.D.; Stebbings, L.A.; Morsberger, L.A.; Latimer, C.; Mclaren, S.;
Lin, M.-L.; et al. The Patterns and Dynamics of Genomic Instability in Metastatic Pancreatic Cancer. Nature 2010, 467, 1109-1113.
[CrossRef] [PubMed]

Wang, J.-D.; Jin, K.; Chen, X.-Y.; Ly, J.-Q.; Ji, K.-W. Clinicopathological Significance of SMAD4 Loss in Pancreatic Ductal
Adenocarcinomas: A Systematic Review and Meta-Analysis. Oncotarget 2017, 8, 16704-16711. [CrossRef] [PubMed]

McDonald, O.G.; Li, X.; Saunders, T.; Tryggvadottir, R.; Mentch, S.J.; Warmoes, M.O.; Word, A.E.; Carrer, A.; Salz, T.H.; Natsume,
S.; et al. Epigenomic Reprogramming during Pancreatic Cancer Progression Links Anabolic Glucose Metabolism to Distant
Metastasis. Nat. Genet. 2017, 49, 367-376. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ccell.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29533787
http://doi.org/10.1038/ncb2916
http://www.ncbi.nlm.nih.gov/pubmed/24561622
http://doi.org/10.1172/JCI94287
http://www.ncbi.nlm.nih.gov/pubmed/30010625
http://doi.org/10.1101/gad.256628.114
http://www.ncbi.nlm.nih.gov/pubmed/25792600
http://doi.org/10.7554/eLife.35216
http://doi.org/10.1136/gutjnl-2017-315541
http://www.ncbi.nlm.nih.gov/pubmed/30228219
http://doi.org/10.1177/1533034618754475
http://www.ncbi.nlm.nih.gov/pubmed/29486633
http://doi.org/10.1053/j.gastro.2018.03.039
http://doi.org/10.1038/nm.3480
http://doi.org/10.1073/pnas.1316793111
http://www.ncbi.nlm.nih.gov/pubmed/24520176
http://doi.org/10.1158/2159-8290.CD-14-0849
http://www.ncbi.nlm.nih.gov/pubmed/26069190
http://doi.org/10.1002/ijc.32072
http://www.ncbi.nlm.nih.gov/pubmed/30556125
http://doi.org/10.1126/science.1164368
http://doi.org/10.1038/ng.3398
http://doi.org/10.1053/j.gastro.2018.08.033
http://doi.org/10.1038/nature09515
http://doi.org/10.1016/j.cell.2011.11.025
http://www.ncbi.nlm.nih.gov/pubmed/22265420
http://doi.org/10.1038/ng.3764
http://doi.org/10.1016/j.ccell.2018.12.010
http://doi.org/10.1038/nature09460
http://www.ncbi.nlm.nih.gov/pubmed/20981101
http://doi.org/10.18632/oncotarget.14335
http://www.ncbi.nlm.nih.gov/pubmed/28053288
http://doi.org/10.1038/ng.3753
http://www.ncbi.nlm.nih.gov/pubmed/28092686

Int. J. Mol. Sci. 2021, 22, 2077 15 of 15

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Anderson, M.; Marayati, R.; Moffitt, R.; Yeh, J.J. Hexokinase 2 Promotes Tumor Growth and Metastasis by Regulating Lactate
Production in Pancreatic Cancer. Oncotarget 2017, 8, 56081-56094. [CrossRef] [PubMed]

Couch, EJ.; Johnson, M.R; Rabe, K.G.; Brune, K.; de Andrade, M.; Goggins, M.; Rothenmund, H.; Gallinger, S.; Klein, A.; Petersen,
G.M.; et al. The Prevalence of BRCA2 Mutations in Familial Pancreatic Cancer. Cancer Epidemiol. Prev. Biomark. 2007, 16, 342-346.
[CrossRef]

Jones, S.; Hruban, R.H.; Kamiyama, M.; Borges, M.; Zhang, X.; Parsons, D.W,; Lin, ].C.-H.; Palmisano, E.; Brune, K.; Jaffee, EM.;
et al. Exomic Sequencing Identifies PALB2 as a Pancreatic Cancer Susceptibility Gene. Science 2009, 324, 217. [CrossRef] [PubMed]
Roberts, N.J.; Jiao, Y.; Yu, J.; Kopelovich, L.; Petersen, G.M.; Bondy, M.L.; Gallinger, S.; Schwartz, A.G.; Syngal, S.; Cote, M.L.; et al.
ATM Mutations in Patients with Hereditary Pancreatic Cancer. Cancer Discov. 2012, 2, 41-46. [CrossRef] [PubMed]

Klein, A.P; Brune, K.A ; Petersen, G.M.; Goggins, M.; Tersmette, A.C.; Offerhaus, G.J.A.; Griffin, C.; Cameron, J.L.; Yeo, C.J.; Kern,
S.; et al. Prospective Risk of Pancreatic Cancer in Familial Pancreatic Cancer Kindreds. Cancer Res. 2004, 64, 2634-2638. [CrossRef]
[PubMed]

Petersen, G.M.; Amundadottir, L.; Fuchs, C.S.; Kraft, P.; Stolzenberg-Solomon, R.Z.; Jacobs, K.B.; Arslan, A.A.; Bueno-de-
Mesquita, H.B.; Gallinger, S.; Gross, M.; et al. A Genome-Wide Association Study Identifies Pancreatic Cancer Susceptibility Loci
on Chromosomes 13q22.1, 1q32.1 and 5p15.33. Nat. Genet. 2010, 42, 224-228. [CrossRef]

Flandez, M.; Cendrowski, J.; Cafiamero, M.; Salas, A.; del Pozo, N.; Schoonjans, K.; Real, FEX. Nr5a2 Heterozygosity Sensitises to,
and Cooperates with, Inflammation in KRas(G12V)-Driven Pancreatic Tumourigenesis. Gut 2014, 63, 647-655. [CrossRef]
Cobo, I.; Martinelli, P.; Flandez, M.; Bakiri, L.; Zhang, M.; Carrillo-de-Santa-Pau, E; Jia, ].; Lobo, V.J.5.-A.; Megias, D.; Felipe, IL;
et al. Transcriptional Regulation by NR5A2 Links Differentiation and Inflammation in the Pancreas. Nature 2018, 554, 533-537.
[CrossRef] [PubMed]

Amundadottir, L.; Kraft, P.; Stolzenberg-Solomon, R.Z.; Fuchs, C.S.; Petersen, G.M.; Arslan, A.A.; Bueno-de-Mesquita, H.B.; Gross,
M.; Helzlsouer, K.; Jacobs, E.J.; et al. Genome-Wide Association Study Identifies Variants in the ABO Locus Associated with
Susceptibility to Pancreatic Cancer. Nat. Genet. 2009, 41, 986—990. [CrossRef]

Vera, R.; Dotor, E.; Feliu, J.; Gonzalez, E.; Laquente, B.; Macarulla, T.; Martinez, E.; Maurel, J.; Salgado, M.; Manzano, ].L. SEOM
Clinical Guideline for the Treatment of Pancreatic Cancer (2016). Clin. Transl. Oncol. 2016, 18, 1172-1178. [CrossRef] [PubMed]
Golan, T.; Hammel, P,; Reni, M.; Cutsem, E.V.; Macarulla, T.; Hall, M.].; Park, ]J.-O.; Hochhauser, D.; Arnold, D.; Oh, D.-Y,; et al.
Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer. N. Engl J. Med. 2019, 381, 317-327. [CrossRef]
Ko, A.H.; Bekaii-Saab, T.; Ziffle, ].V.; Mirzoeva, O.M.; Joseph, N.M.; Talasaz, A.; Kuhn, P.; Tempero, M.A.; Collisson, E.A.; Kelley,
RK,; etal. A Multicenter, Open-Label Phase II Clinical Trial of Combined MEK plus EGFR Inhibition for Chemotherapy-Refractory
Advanced Pancreatic Adenocarcinoma. Clin. Cancer Res. 2016, 22, 61-68. [CrossRef]

Garcia, PL.; Miller, A.L.; Kreitzburg, K.M.; Council, L.N.; Gamblin, T.L.; Christein, J.D.; Heslin, M.].; Arnoletti, ].P.; Richardson,
J.H.; Chen, D,; et al. The BET Bromodomain Inhibitor JQ1 Suppresses Growth of Pancreatic Ductal Adenocarcinoma in Patient-
Derived Xenograft Models. Oncogene 2015, 1-13. [CrossRef]

Mazur, PK.; Herner, A.; Mello, S.S.; Wirth, M.; Hausmann, S.; Sanchez-Rivera, FJ.; Lofgren, S.M.; Kuschma, T.; Hahn, S.A;
Vangala, D.; et al. Combined Inhibition of BET Family Proteins and Histone Deacetylases as a Potential Epigenetics-Based
Therapy for Pancreatic Ductal Adenocarcinoma. Nature Med. 2015. [CrossRef]

Richart, L.; Carrillo-de-Santa-Pau, E.; Rio-Machin, A.; de Andrés, M.P,; Cigudosa, ].C.; Lobo, V].S.-A.; Real, FX. BPTF Is Required
for C-MYC Transcriptional Activity and in Vivo Tumorigenesis. Nat. Commun. 2016, 7, 10153. [CrossRef] [PubMed]
Kabacaoglu, D.; Ciecielski, K.J.; Ruess, D.A.; Algiil, H. Immune Checkpoint Inhibition for Pancreatic Ductal Adenocarcinoma:
Current Limitations and Future Options. Front. Immunol. 2018, 9, 2913-2924. [CrossRef]

Bockorny, B.; Semenisty, V.; Macarulla, T.; Borazanci, E.; Wolpin, B.M.; Stemmer, S.M.; Golan, T.; Geva, R.; Borad, M.].; Pedersen,
K.S.; et al. BL-8040, a CXCR4 Antagonist, in Combination with Pembrolizumab and Chemotherapy for Pancreatic Cancer: The
COMBAT Trial. Nat. Med. 2020, 26, 878-885. [CrossRef] [PubMed]

Feig, C.; Jones, ].O.; Kraman, M.; Wells, R.].B.; Deonarine, A.; Chan, D.S.; Connell, C.M.; Roberts, E.W.; Zhao, Q.; Caballero, O.L.;
et al. Targeting CXCL12 from FAP-Expressing Carcinoma-Associated Fibroblasts Synergizes with Anti-PD-L1 Immunotherapy in
Pancreatic Cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 20212-20217. [CrossRef]

Jiang, H.; Hegde, S.; Knolhoff, B.L.; Zhu, Y.; Herndon, ].M.; Meyer, M.A.; Nywening, T.M.; Hawkins, W.G.; Shapiro, . M.; Weaver,
D.T; et al. Targeting Focal Adhesion Kinase Renders Pancreatic Cancers Responsive to Checkpoint Immunotherapy. Nat. Med.
2016, 22, 851-860. [CrossRef]

Olive, K.P; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.; Goldgraben, M. A.; Caldwell,
M.E.; Allard, D; et al. Inhibition of Hedgehog Signaling Enhances Delivery of Chemotherapy in a Mouse Model of Pancreatic
Cancer. Science 2009, 324, 1457-1461. [CrossRef] [PubMed]

Nagathihalli, N.S.; Castellanos, J.A.; Shi, C.; Beesetty, Y.; Reyzer, M.L.; Caprioli, R.; Chen, X.; Walsh, A ].; Skala, M.C.; Moses,
H.L.; et al. Signal Transducer and Activator of Transcription 3, Mediated Remodeling of the Tumor Microenvironment Results in
Enhanced Tumor Drug Delivery in a Mouse Model of Pancreatic Cancer. Gastroenterology 2015, 149, 1932-1943.€9. [CrossRef]


http://doi.org/10.18632/oncotarget.9760
http://www.ncbi.nlm.nih.gov/pubmed/28915575
http://doi.org/10.1158/1055-9965.EPI-06-0783
http://doi.org/10.1126/science.1171202
http://www.ncbi.nlm.nih.gov/pubmed/19264984
http://doi.org/10.1158/2159-8290.CD-11-0194
http://www.ncbi.nlm.nih.gov/pubmed/22585167
http://doi.org/10.1158/0008-5472.CAN-03-3823
http://www.ncbi.nlm.nih.gov/pubmed/15059921
http://doi.org/10.1038/ng.522
http://doi.org/10.1136/gutjnl-2012-304381
http://doi.org/10.1038/nature25751
http://www.ncbi.nlm.nih.gov/pubmed/29443959
http://doi.org/10.1038/ng.429
http://doi.org/10.1007/s12094-016-1586-x
http://www.ncbi.nlm.nih.gov/pubmed/27896637
http://doi.org/10.1056/NEJMoa1903387
http://doi.org/10.1158/1078-0432.CCR-15-0979
http://doi.org/10.1038/onc.2015.126
http://doi.org/10.1038/nm.3952
http://doi.org/10.1038/ncomms10153
http://www.ncbi.nlm.nih.gov/pubmed/26729287
http://doi.org/10.3389/fimmu.2018.01878
http://doi.org/10.1038/s41591-020-0880-x
http://www.ncbi.nlm.nih.gov/pubmed/32451495
http://doi.org/10.1073/pnas.1320318110
http://doi.org/10.1038/nm.4123
http://doi.org/10.1126/science.1171362
http://www.ncbi.nlm.nih.gov/pubmed/19460966
http://doi.org/10.1053/j.gastro.2015.07.058

	Introduction 
	PDA Genetic Alterations 
	KRAS 
	CDKN2A 
	TP53 
	SMAD4 
	c-MYC 
	GATA6 

	PDA Epigenetic Alterations 
	PDA Molecular Subtypes 
	Intratumoral Heterogeneity and Metastasis 
	Genetic Alterations Associated with Familial Pancreatic Cancer 
	Molecular Alterations as a Predictive Response Factor and New Targets 
	Future Perspective 
	References

