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Simple Summary: Although much progress has been made in recent years in the clinical manage-
ment of solid tumors, pancreatic ductal adenocarcinoma (PDAC) remains a malignancy with limited
therapeutical options. Indeed, responses to standard chemotherapy and targeted therapies vary
widely when administered to unselected patient populations. This is in part due to the heterogeneous
and variable molecular profile of PDAC. Here, we review current knowledge about the genomic
heterogeneity of PDAC and its impact on disease behavior, and treatment including the molecular
mechanisms of chemoresistance.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer death
due to limited advances in recent years in early diagnosis and personalized therapy capable of
overcoming tumor resistance to chemotherapy. In the last decades, significant advances have been
achieved in the identification of recurrent genetic and molecular alterations of PDAC including those
involving the KRAS, CDKN2A, SMAD4, and TP53 driver genes. Despite these common genetic
traits, PDAC are highly heterogeneous tumors at both the inter- and intra-tumoral genomic level,
which might contribute to distinct tumor behavior and response to therapy, with variable patient
outcomes. Despite this, genetic and genomic data on PDAC has had a limited impact on the clinical
management of patients. Integration of genomic data for classification of PDAC into clinically defined
entities—i.e., classical vs. squamous subtypes of PDAC—leading to different treatment approaches
has the potential for significantly improving patient outcomes. In this review, we summarize current
knowledge about the most relevant genomic subtypes of PDAC including the impact of distinct
patterns of intra-tumoral genomic heterogeneity on the classification and clinical and therapeutic
management of PDAC.

Keywords: pancreatic ductal adenocarcinoma; genetic heterogeneity; genomic subtypes;
prognosis; chemoresistance

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal types of cancer [1],
which may become the second leading cause of cancer-related death in 2030 [1,2]. At
present, consensus exists on the close association between delayed diagnosis, lack of
effective therapies, and/or resistance of neoplastic cells to conventional chemotherapy and
the poor outcome of PDAC [3,4]. Like in other types of cancer, in order to overcome the
poor prognosis of PDAC, a better understanding of tumor genetic, genomic, and epigenome
alterations emerges as a critical step.

In the last two decades, important advances have been achieved in the identifica-
tion of recurrent genetic and molecular alterations in PDAC [5–8]. Thus, at present, it
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is well established that virtually all PDAC carry activating (point) mutations of KRAS
(93% of tumors) [9,10] and inactivating alterations of the CDKN2A/p16 (95%) [3], TP53
(72–74%) [6,9], and SMAD4/DPC4 (50–78%) genes [3,6,9,11], which progressively accu-
mulate from early pancreatic pre-neoplastic lesions to late-stage metastatic disease [12].
Despite these common genetic traits, PDAC consists of a highly heterogeneous group
of tumors that frequently carry complex genetic profiles with many different coexisting
alterations [4,9,10,13], including alterations that have been directly associated with trans-
formation to PDAC [3,5,12,14–25].

In addition to all recurrently altered genes and signaling pathways, other less fre-
quently altered genes (≈10% of all PDAC) [5–7,9,10,25] have also been described in PDAC.
These include those coding for regulators of axon guidance (ROBO2, SLIT2) [6,7], disrup-
tion of the G1/S checkpoint machinery (TP53BP2) [10], DNA damage repair (ATM, PALB2,
BRCA1, BRCA2, SF3B1) [6,7,9,26], and mismatch repair (MMR) genes (MLH1, MSH2,
and MSH6) [27,28], together with genes involved in chromatin modification (KDM6A,
RNF43, PBRM1, ADRB1, EPC1, ARID2, SETD2, and the ASCOM complex members
MLL2 and MLL3 [6,7,9,10,27,29], and genes involved in the TGFβ- (SMAD3, TGFBR1,
TFGBR2, ACVR1B, and ACVR2A) [5–7,9,10,27], MAPK- (RREB1, MAP2K4) [5,6,9] and
PI3K/AKT/mTOR- (PREX2) [6] signaling pathways. Of note, some of these latter genetic
alterations are frequently detected in PDAC patients with a genetic predisposition, particu-
larly those involving germinal mutations in DNA damage repair genes and MMR genes
(<15% of all hereditary PDAC tumors) [30].

In contrast to other solid tumors, such as breast cancer, lung cancer, and prostate
cancer, where clinical and molecular classification systems have been adopted for better
patient management, the clinical and prognostic impact of tumor genetics in PDAC still
remains under investigation. This may be related, at least in part, to the lower prevalence
and the great genetic heterogeneity of PDAC among different tumors [4] (and between as
different cells inside a tumor) [3], together with its dismal outcome. In addition, current
knowledge indicates that the clinical and biological behavior of a neoplasm depends not
only on the underlying genetic alterations but also on the interaction between tumor cells
and the surrounding tumor microenvironment (TME). In this regard, PDAC is a unique
tumor in which neoplastic cells are surrounded by an abundant and dense stroma associ-
ated with tissue inflammation [31]. Thus, the tumor-stromal compartment of PDAC may
represent up to 90% of the whole tumor mass and consists of extensive fibrosis, reduced
vascularization, a hypoxic environment with an associated (highly variable) immune cell in-
filtrate (TILs). The fibrotic tumor tissue (identified as tissue desmoplasia by histopathology)
mainly consists of cancer-associated fibroblasts (CAFs), endothelial cells, and pancreatic
stellate cells (PSCs) immersed in a highly variable extracellular matrix (ECM) of colla-
gen, glycosaminoglycans, proteoglycans, and growth factors [31], that further enhance
tumor heterogeneity.

In this review, we provide a comprehensive summary of currently available data on
the genomic heterogeneity of primary PDAC tumors at both the inter-tumoral and the
intra-tumoral cell levels, and its potential implications on disease behavior and resistance
to therapy.

2. Molecular Heterogeneity of PDAC
2.1. Genomic Signatures of PDAC Cells Associated with Patient Outcome

In the last decades, several attempts have been made to define molecular subgroups
of PDAC with a significant impact on patient outcomes (Supplementary Table S1). This
was facilitated by the progressive availability of a growing number of massive genome-
wide analysis techniques, which provided the tools for the first attempts for an in-depth
molecular characterization of PDAC.

Early studies evaluated the potential association between point mutations of the KRAS,
TP53, CDKN2A, and SMAD4 genes on the outcome of PDAC with contradictory results.
Thus, Yachida et al. [32] established a direct relationship between the number of alterations
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in these genes and both disease free-survival (DFS) and overall survival (OS) of PDAC pa-
tients. Schlitter et al. [33] confirmed and extended these observations with the first proposal
for a prognostic classification of PDAC based on histological, mutational, and DNA copy
number alteration profiles. This included the definition of a poorer-prognostic subgroup of
PDAC patients with adenosquamous or combined (gyriform, clear cell, papillary, and/or
complex histological components) PDAC subtypes with KRAS mutations, altered CDKN2A,
and >3 co-existing mutations of the KRAS, TP53, CDKN2A, and/or SMAD4 genes [33]. In
contrast, Dal Molin et al. [34] and others [35–37] found similar mutational profiles between
long-term PDAC patient survivors (OS >10 years) and other PDAC patients, suggesting
that these (and other) gene mutations on their own, might not provide sufficient prognostic
discrimination in PDAC. In parallel, several studies have found an association between
specific cytogenetic profiles identified by interphase fluorescence in situ hybridization
(iFISH) and/or high-density single-nucleotide polymorphism (SNP) arrays and prognostic
features of PDAC [13,38–41]. Thus, alterations of chromosomes 4, 7, 9q34 17q, and 20, in
the absence of abnormalities involving chromosome 18q, including specific (numerical)
alterations of chromosomes 4, 7, and 9q34 [11] and gains/amplification of chromosome
8q24, 17q, and 20q, have all been associated with more extended and disseminated disease
at diagnosis and/or a poorer patient outcome [8,11,13,41–43].

In parallel, to these genetic studies, gene expression profiling (GEP) has also been
extensively applied to define subgroups of PDAC patients with different clinical out-
comes. Thus, Stratford et al. [44] proposed an algorithm based on overexpression of six
genes (i.e., FOSB, KLF6, NFKBIZ, ATP4A, GSG1, and SIGLEC11) to identify PDAC pa-
tients at risk of developing metastatic disease. Likewise, Haider et al. [45], based on a
meta-analysis, defined a 36-gene-based GEP associated with shorter survival and poorer
outcome. This GEP signature included several genes (e.g., ITGA5, KIF4A, CDC45, and
NOSTRIN) which had been previously identified to define GEP signatures related to the
prognosis of PDAC [39,46], as well as some genes (CDX2, CEBPA, SP1, STAT3, FOS, JUN,
and BRCA1) [47] which had even been validated at the protein level by immunohisto-
chemistry. In a more recent study, a gene signature composed of 20 genes (PPS20) [48]
was used to build a prognostic score that could discriminate among subgroups of PDAC
patients with different outcomes and potentially distinct responses to targeted therapies.
Thus, the PPS20 high-risk PDAC patient group is characterized by increased expression
of proliferation-associated markers (CCNB, EGFR), DNA repair genes (RAD51), epithe-
lial to mesenchymal transition (EMT) genes (EPS8) and cell motility, invasiveness, and
tumor aggressiveness genes (TRIO, LDHA, MAP4K4, and ARNTL2); in contrast, low-risk
PPS20 PDAC is characterized by a more differentiated pancreatic phenotype enriched
in ion channel transport gene sets related to digestive enzyme secretion, together with
genes involved in the inhibition of cell motility, migration and/or proliferation, and in-
duction of cell cycle arrest (CBX7, MIA3, and KANK1), in association with a better patient
outcome. Other poorer-prognosis GEP described for PDAC patients include those de-
fined by a combination of genes involved in axonal guidance signaling pathways—the
SLIT/ROBO pathway (ROBO, ROBO3) and semaphorins (SEMA3A, PLXNA1) [7,49]—and
the p53/COX2 pathway, associated with upregulation of the miR-574-5p, miR-1244, and
miR-474-5p miRNAs [50]. Other key components of cancer-associated signaling pathways,
such as the SMAD4 and PIK3CA genes also showed differential mutational profiles associ-
ated with upregulation of the TGF-β pathway in younger (<55 years) vs. older (≥70 years)
PDAC patients, but they lacked prognostic relevance [51].

Despite all the above findings and prognostic associations, the genomic alterations de-
scribed in PDAC in the above studies still remain unable to fully explain the heterogeneous
clinical behavior of PDAC. Thus, further efforts have been dedicated to a more accurate def-
inition of distinct molecular subtypes of PDAC with potential diagnostic and therapeutic
implications via integration of genomic, transcriptomic, and/or epigenomic data.
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2.2. Transcriptional Subtypes of PDAC

In 2011, Collisson et al. [46] defined for the first time three different subtypes of pri-
mary PDAC and human and murine cell lines, based on their transcriptomic profiles, with
potential prognostic and therapeutic implications. These included the classical (35% of all
PDAC), quasi-mesenchymal (30%), and exocrine-like (35%) subtypes of PDAC. Further
independent studies confirmed and extended these findings with the identification of
new molecular subtypes of PDAC which (completely or partially) overlap with those
defined by Collisson et al. [46] (Supplementary Table S1). Despite all different nomencla-
tures and subtypes proposed so far, all classifications consistently share two molecular
subtypes of PDAC with unique, recurrently different, profiles (Supplementary Table S1):
(i) a well-differentiated subgroup of tumors defined by expression of epithelial genes
named classical [9,35,46,52–55], GEP-A [24], pancreatic progenitor [10], epithelial [56],
notch [57], lipogenic [58], non-glycolytic [59], and cholesterogenic [60] tumor subtype,
which is associated with a better patient outcome; and, (ii) a poorly differentiated tumor
subtype characterized by predominant expression of mesenchymal genes (named quasi-
mesenchymal [46], GEP-B [24], squamous [9,10,55], basal-like [35,53,54], mesenchymal [56],
hedgehog/Wnt [57], glycolytic [58–60], immune escape [36] and innate immune [61]), and
a poorer patient outcome.

In recent years, a consensus has been reached about these two PDAC tumor sub-
types defined based on the analysis of neoplastic cells (i.e., isolated PDAC cells from laser
capture microdissected tissues, cell lines, and/or orthotopic xenografts) and recognized
now as classical and squamous PDAC according to the proposed harmonized nomencla-
ture [23,62]. In the following sections, we describe the most relevant features of these two
major classical and squamous PDAC subtypes. In addition, based on studies that used
bulk tumor tissues with variable admixtures of tumor and stromal cells, other molecular
subtypes of PDAC have also been identified which will be also discussed below (Figure 1;
Supplementary Table S1).

2.2.1. Classical Subtype of PDAC

The classical subtype of PDAC represents a major fraction (71%) of all PDAC [63]. It is
characterized by an epithelial GEP consisting of an increased expression of epithelial mark-
ers, carcinoembrionary antigens, and cytokeratins (e.g., specific adhesion and epithelial
genes such as E-cadherin and EpCAM) [24], together with a strong dependence of PDAC
cells on the KRAS signaling pathway [46]. This main molecular signature of classical PDAC
might be associated with the upregulation of several transcriptional programs involved in
endodermal tissue identity and/or differentiation toward the pancreatic cell lineage. From
the genetic point of view, it includes copy number gains and overexpression (associated or
not with epigenetic activation) of GATA6, a transcription factor that maintains epithelial
differentiation in PDAC cells [9,10,35,37,46,61,64–68], together with the up-regulation of
BMP2, FOS, FOXA1/2/3, FOXP1/4, GATA4, HES1, HNF4A/G, HNF1A/B, KLF4, MNX1, PDX1,
and SHH [10,37,65–67,69], and high expression of long non-coding RNA genes (lncRNAs)
involved in pancreatic differentiation programs such as DEANR1 and GATA6-AS1 [9].
Remarkably, some of the above genes, such as HNF1A/B, HNF4A, and GATA6 [66,69,70]
act as strong master regulators of PDAC development and thereby, they are also surrogate
biomarkers for the classical subtype of PDAC [64].
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Figure 1. Key molecular, histopathological, and immunological features of the major molecular
subtypes of PDAC defined based on the GEP of individual tumors. Classical, exocrine, and endocrine
differentiated and immune-related PDAC harbor pancreatic epithelial cell differentiation driven by
increased expression of endodermal identity genes (depicted in red), that are frequently associated
with both low cellular collagen-rich (mature) stroma and variable profiles of tumor infiltrating
immune cells. In contrast, squamous PDAC cells display histological dedifferentiation driven by the
downregulation of pancreatic endodermal cell-fate determining genes and activation of EMT program
(depicted in purple) to further acquisition of mesenchymal features, and are usually embedded in
a highly cellular stroma enriched in activated CAFs (immature). EMT: epithelial-to-mesenchymal
transition; PSC: pancreatic stellate cells; Treg: regulatory T lymphocytes; NK: natural killer cells; TAM:
tumor-associated macrophages; CAF: cancer associated fibroblast; AI: allelic imbalance. (↓): decrease;
(↑): increase. Created with BioRender.com.
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Further transcriptional studies indicated that the classical PDAC GEP also involves
a set of (altered) genes associated with cell proliferation, motility, tissue invasion, and
tumor progression, together with high expression of mitochondrial components, ribosome,
and angiogenesis signatures [24,56], in addition to genes involved in the innate and adap-
tive immune response, chronic immune pancreatic disease, cell stress, and tissue injury
disease [24], in association with limited infiltration of the TME by TILs [61]. In turn, the
classical PDAC gene expression program is strongly influenced by DNA and histone-based
epigenetic regulators [54,67], leading to differential epigenomic landscapes that involve
Ras signaling (e.g., KITLG, RASA3) and metabolic regulators (e.g., HKDC1, FBP1) [37]
which appear to exert their regulatory influence on other transcription factors associated
with the upregulation of lipid metabolism (PPARs) and major carcinogenic pathways [37].
In this regard, tumor cells from classical PDAC display cellular functions which are usually
associated with other gastrointestinal tissues and that include pathways related to metabo-
lite transport and fatty acid oxidation, steroid hormone biosynthesis and drug metabolism,
whereas they retain some level of their typical pancreatic digestive function [54]. In line
with these findings, unique metabolic features have also been reported among classical
PDAC tumors [58–60] in association with a prominent metabolic adaptation [61] reflected
by enrichment for lipogenic/cholesterogenic [58–60,63,68] or non-glycolytic [59,60] phe-
notypes. Thus, classical PDAC tumors show deregulation of mitochondrial pyruvate
transport at the mRNA level leading to increased pyruvate shuttling into the mitochon-
dria [60] that contributes to preferential use of glucose for the tricarboxylic acid cycle and an
accelerated cholesterol uptake, and biosynthesis [58,68]. In turn, such lipogenic metabolic
program is characterized by increased transcription of several glycerophospholipid genes
involved in lipogenesis, sterol and cholesterol synthesis, and homeostasis [54,60,68], as
well as in lipid and electron transport chain metabolite gene expression. In particular, over-
expression of the NPC1L1 intestinal cholesterol uptake regulator (associated with extensive
hypomethylation) [54,68] and cholesteryl ester occurs, supporting increased cholesterol
absorption activity in classical PDAC [54]. Importantly, these metabolic features may be
used for potential tailored treatment as some classical PDAC cell lines showed sensitivity
to lipid inhibitors [58]. Despite this, evidence from patient samples and PDAC mice models
revealed a metabolic trigger of the autocrine TGFβ signaling, the EMT, and thereby, of
increased tumor aggressiveness, when cholesterol biosynthesis is reduced (e.g., by phar-
macologic treatment with statins), which ultimately promotes a squamous phenotype
associated with poorer patient outcomes [68].

The molecular background of classical PDAC translates at the histological level in
the presence of a high proportion (>60%) of well-formed glands by morphology [71,72].
These include glands with a tubular stellate configuration, lined by pancreaticobiliary-type
epithelium with well to moderate cytological atypia, or (usually large) tubulo-papillary
glands with a wide range of sizes, consisting of (uniform) cells with low-grade dyspla-
sia [72]. However, some specific subsets of classical PDAC such as the pancreatic progenitor
tumors, are closely associated with the pancreaticobiliary subtype of intraductal papillary
mucinous neoplasm (IPMN) and an invasive IPMN cancer histology [10], and they show
moderately or poorly differentiated tumor cells [73]. Hence, classical PDAC typically con-
sists of (low grade) well-differentiated tumor tissues [53,54,62], which frequently express
(>10%) mucin markers associated with pancreatic differentiation [35], together with the
O-linked glycosylated MUC5AC and MUC1 mucins, but not MUC2 or MUC6 [10].

2.2.2. Squamous Subtype of PDAC

The squamous PDAC subtype is the most consistent PDAC phenotype across all
classification systems proposed so far [23,74] and it represents between 17% and 54% of all
PDAC [36,63]. In contrast to the classical subtype, squamous PDAC show decreased expres-
sion of epithelial markers, down-regulated expression of adhesion molecules, and genes in-
volved in cell–cell adhesion-associated signaling pathways [24], together with upregulation
of ECM related genes, and an inflammatory and strongly hypoxic GEP [10,27,68]. As the
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main characteristic of squamous PDAC, these tumors typically lack endodermal identity-
associated genes due to down-regulation and/or hypermethylation of pancreatic endoder-
mal cell-fate determining genes such as GATA6, PDX1, MNX1, HNF1A/B [9,10,67,69,75,76],
and HNF4A [61,67], together with the GATA6-AS1 and LINC00261 lincRNAs non-coding
genes [9,77] and/or expression of the GATA6 transcriptional repressor EZH2 [75]. Conse-
quently, deregulation of GATA6 and HNF1B, loss of expression of the E-cadherin protein,
and induction of EMT are all typical features of squamous PDAC that allow tumor cells
to detach from the tumor mass and migrate [66,69]; in parallel, silencing of GATA6 also
increases the metastatic capacity of PDAC cells via direct inhibition of transcription factors
such as FOXA1/2 [66].

From the genetic point of view, squamous PDAC frequently shows homozygous loss of
CDKN2A [59,65], TP53 deletion/mutation [9,10,59,65,71], C-MYC gain/amplification [78],
and mutations of both the SMAD4 and PIK3CA genes [36], together with recurrent muta-
tions in key epigenetic regulator genes involved in chromatin modification (DNA methy-
lation and acetylation) such as the MLL2, MLL3 (also known as KMT2D and KMT2C,
respectively) and KDM6A genes [10]. These findings highlight the potential relevance
of several molecular pathways in this tumor subgroup, including those associated with
chromatin modification and aberrant WNT signaling [6,54].

Even though all PDAC subtypes carry mutant KRAS as a dominant oncogene driver,
greater transcript levels of mutant KRASG12D in association with EMT induction, up-
regulation of Vimentin, and repression of E-cadherin have been described in primary
tumors [56,79] and human squamous (vs. other) PDAC cell lines [79]. Of note, overex-
pression of KRASG12D is frequently associated with amplification of the mutant KRASG12D

allele relative to the wildtype allele [65,79] in both classical and squamous PDAC, but at
significantly more pronounced ratios in the latter PDAC subtype [65] and in metastatic vs.
primary tumors [65,79]. Altogether, these findings support a more aggressive, undifferenti-
ated [59,79], and chemoresistant phenotype for tumors harboring a major KRASG12D allelic
imbalance (compared to PDAC with no or minor KRASG12D imbalance) [65]; in addition,
they point out a role for the KRASG12D dose in shaping PDAC cellular phenotypes, where a
higher mutant KRASG12D dose may lead to increased Ras signaling and promotion of tumor
metastases [65]. Interestingly, other genetic alterations typically observed in squamous
PDAC, such as TP53 deletion/mutation and loss of CDKN2A, also predisposed to more
pronounced KRASG12D allelic imbalances in PDAC mouse models [79], supporting a role
for this abnormality in shaping tumorigenesis in PDAC [79].

Altogether, the above genetic alterations lead to a unique downstream transcrip-
tional response to oncogenic KRAS in squamous PDAC [35,79], which involve the Hedge-
hog/WNT (developmental) pathway [10,37,54,57,61,67], EGF [10,55], and other signaling
pathways (PI3K-AKT and -mTOR, Hippo) associated with tumor aggressiveness [37,67,68],
together with alterations in cell differentiation, proliferation and apoptosis-associated genes
(e.g., C-MYC, YAP1, HEY1, and E2F7) [10,37,71,80].

On top of all the above, activation of other key transcriptional programs also con-
verge in squamous PDAC in the development of mesenchymal features and increased
tumor growth, aggressiveness, metastatic potential, and chemoresistance [10,58,60,67,80] of
PDAC cells. Thus, activation of the TGF-β signaling pathway [65,67,68,81]—modulated by
miR-29c and miR-192 [81]—leads to overexpression of primary drivers of a mesenchymal
phenotype (ZEB1/2, TWIST, GLI1/2, and SNAI1/2) [10,24,37,57,65,68,69,80,82], while up-
regulation of the TP63∆N transcriptional network in the presence of TP53 mutations [10,74],
and hypermethylation of the MET receptor [37], regulate tumor cell plasticity and prolifera-
tion allowing for the development and establishment of a squamous PDAC transcriptional
profile. Some of these molecular alterations found in squamous PDAC, such as inhibi-
tion of pancreatic epithelial differentiation genes (HNF4A and GATA6) [67] together with
increased hypoxia [58–60,63,68], HIF1A, C-MYC [58–60] and WNT, insulin, and PI3K-
AKT signaling [72], promote a metabolic rewiring of tumor cells to glycolysis. This is
characterized by increased glucose uptake, ECM acidification (i.e., by prominent lactate
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production) and reduced oxygen consumption [67]. Accordingly, squamous PDAC more
frequently present with tumor and stromal [54] copy number gains and/or increased
expression of genes involved in glycolysis and the pentose phosphate signaling path-
way (LDHA, SLC16A3, TPI1, GAPDH, ENO1, LDHA, and PGK1), regulation of glucose
homeostasis (GSK3β) and hypoxia inducer genes (HIF1A and FOXM1) [67], along with
downregulation of NSDHL and other cholesterol biosynthesis genes [68]. Once glycolysis
is activated, induced expression of FOXM1 strengths the squamous PDAC phenotype by
(over)stimulation of tumor hypoxia and the EMT [59]. These data suggest that induction of
glycolysis together with inhibition of the cholesterol pathways in squamous PDAC may act
as metabolic triggers for the EMT, whereas, once it is established, other factors (GLI1/2 and
ZEB1) modulate lineage commitment, cell viability [68], and the acquired tumor resistance
to chemotherapy [80]. These data highlight the strong correlation between EMT and the
squamous PDAC gene expression program in this subtype of PDAC.

The major features of squamous PDAC described above (EMT, hypoxia, and glycolytic
metabolism) all act together toward the development of unfavorable histological and im-
munological profiles [36,59,61,83–85]. Thus, histological dedifferentiation and increased
capacity to dissociative growth and migration of squamous PDAC cells [36,72,84] is pro-
moted by low expression of HNF1A/B genes [69,76] and miRNAs that regulate the EMT
(miR-200a, miR-200b, miR-200c, miR-141, and miR-429) [86], together with increased—
tumor and stromal—expression of the SNAIL, ZEB1, and ZEB2 genes [86,87]. As a result,
squamous PDAC usually displays poorly differentiated tissues phenotypes [53,54,62,73,79]
including <40% of non-gland-forming ducts [72] associated with a squamous [71,72] and/or
adenosquamous carcinoma-like morphology [10] with cells that lose adhesion and discon-
nect from the main tumor tissue on their own or as small groups of up to four cells [72],
known as tumor buds, with unique features analogous to those of cancer stem cells (i.e.,
regarding drug resistance and metastatic potential) [85]; this may contribute to explain
the poorer prognosis of PDAC tumors exhibiting high-grade tumor budding [36,84,87].
In turn, severe hypoxia and glycolysis promotes the suppression of anti-tumor immunity
and enhancement of host immune evasion [36,59,83], while activation of the EMT-related
Hedgehog signaling pathway activates CAFs to produce a dense ECM stromal deposi-
tion [57] which might exclude T cells from the squamous PDAC TME. These characteristics
are reflected at the transcriptomics level on the absence of a specific immunogenic pro-
file and increased expression of immunosuppressive pathways in squamous PDAC [24],
confirmed in situ by low level immune cell infiltrates [36,53,61,74], deficient activation of
B and T effector cells [36,59,83], and a relative enrichment on immunosuppressive cells
(activated Tregs [36], M2-polarised macrophages [36,57,83,88], NK cells, neutrophils [53,61],
and CTLA-4+ T leukocytes [83]). Since T effector cells are strongly dependent on aerobic
glycolysis, the combination of high hypoxia levels and a glucose-depleted TME enriched
in lactate production, observed in squamous PDAC, may further reinforce infiltrating T ef-
fector cells to rely on glycolysis, which would finally lead to their dysfunction [36,83,84]; in
contrast, a significant increase in tumor-associated macrophages is observed in squamous
PDAC, potentially due to their capacity of fatty acid oxidation to survive in a low-glucose
concentration environment [83]. Finally, excessive lactate production by tumor cells and its
release to the TME would also result in the inhibition of CD4+ T helper cells and NK cells,
and activation and promotion of polarization towards an immunosuppressive phenotype
of tumor infiltrating myeloid cells [59,89].

2.2.3. PDAC Tumors with Exocrine and/or Endocrine Differentiation-Associated GEP

The third most frequently identified subtype of PDAC in the literature has been
defined as exocrine-like [46], aberrantly differentiated endocrine-exocrine (ADEX) [10],
secretory [56], notch [57], and quiescent [60] subtype of PDAC. It consists of tumors defined
by transcriptional programs typically associated with terminally differentiated pancreatic
tissue, characterized by upregulation of genes involved in exocrine (NR5A2, MIST1, RBPJL)
and endocrine (INS, NEUROD1, NKX2-2) tissue differentiation, β-cell development, and
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tumor–derived digestive enzyme and pancreatic secretion (CPA1, AMY2B, PRSS1, INS) [10,35,56].
In addition to this GEP, exo/endocrine PDAC displays signs of activation of the notch
signaling pathway [57] and reduced expression of genes involved in the amino acid
catabolism, nucleotide metabolism, and pentose phosphate pathways, reflecting an over-
all low metabolic activity of these tumors. At the histopathological level, PDAC with
exo/endocrine differentiation display specific features of rare acinar cell carcinomas [10],
associated in some studies with a more prominent adaptive TILs and marked upregulation
of genes known to play a role in immune checkpoint inhibition (e.g., CTLA-4, BTLA, PD-1,
TIGIT) [57,61].

Although PDAC with exo/endocrine differentiation has been recurrently identified
across independent studies, whether this subtype actually exists or results from con-
tamination by adjacent normal tissue in low cellularity tumor samples—even after laser
microdissection [9,35,52,53,55]—still remains a matter of discussion, suggesting that even
small amounts of normal pancreatic tissue may disturb the output of the bulk tumor tissue
transcriptome [9,52–55,90] (Figure 1). In this regard, it has been clearly demonstrated
that sample purity influences cancer molecular subtyping. Thus, analysis of highly pure
tumor cells is typically restricted to the classical and squamous subtypes of PDAC [9],
while the exo/endocrine PDAC subtype is strongly associated with samples showing low
tumor cell contents [9,71]. However, a unique methylation pattern has been reported in
exo/endocrine PDAC vs normal pancreas, which mimics that observed in other PDAC [10].
These findings, together with the identification of exo/endocrine PDAC profiles in patient-
derived xenografts, primary PDAC cell cultures [91], and organoids [92], suggest that
tumor purity may not be the only determinant for this specific tumor subtype [10] and
deserves further investigation.

2.2.4. Immune-Related PDAC Subtypes

In several studies, other specific subtypes of PDAC have been identified which display
distinct GEP related to immune cell function [61], TILs, and/or mechanisms for evading
the host immune response [9,52–55,90] which range from immunogenic (anti-tumoral) to
immunosuppressive (tolerant) tumor immune profiles associated with the morphologic
appearance of the tumor and the behavior of the disease [84]. Thus, Bailey et al. [10] first
reported on an immunogenic PDAC subtype enriched in immune signaling pathways,
driven by a significant infiltration by leukocytes, with overlapping molecular and histolog-
ical features with classical PDAC [10,36,53,55,73], but clearly distinct from the squamous,
pancreatic progenitor and ADEX PDAC subtypes [10]. Such immunogenic PDAC subtype
shows deregulation of B-cell function and antigen presentation along with up-regulation
of toll-like receptor and CD4+ and CD8+ T cell-associated signaling pathways, including
CD4+CD25+FOXP3+ Treg cell and immunosuppressive-associated features (CTLA-4 and
PD-1) [10]. Subsequent studies confirmed these findings [53,59,61,73,93] and further iden-
tified new PDAC molecular subtypes that partially overlapped with the immunogenic
and/or classical molecular profiles, that provide an additional layer of heterogeneity and
complexity of the GEP of these tumors [36,53,57,61,73] which is potentially due to variable
levels of immune cell infiltration in the tumor specimens [53,57,83]. Among these latter
molecular signatures, the immune-rich PDAC [36] profile is defined by a high cytotoxic
immune cell phenotype enriched in NK, B and T effector cells, M1-macrophages, and
tertiary lymphoid tissue, along with reduced numbers of immunosuppressive cells (Tregs
and M2-polarized macrophages), similarly to the immunogenic PDAC subtype. From
the pathogenic point of view such heterogeneous immune profiles may be due, at least
in part, to the different mutational burden, the number of tumor-associated neoantigens
and the variable stromal components [54,59], as suggested by the fact that tumors with a
low mutational burden are embedded in the reduced-volume immature stroma with low
levels of expression of immune-associated markers, while PDAC with a higher mutational
burden display greater amounts of TILs with highly variable immune cell subset con-
tents [57,83]. Moreover, activation of specific immune evasion mechanisms in PDAC leads
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to an immune-exhausted PDAC phenotype (11% of all PDAC) [36] with shared features
with immunogenic PDAC (i.e., immunogenic TME with lower levels of Treg cells, in associ-
ation or not with deficient MMR and microsatellite instability; MSI) [10] associated with
unfavorable immunosuppressive features such as upregulation of PD-L1, tumor budding,
and an immune evasion phenotype, leading to a poorer biological tumor behavior similar
to that of squamous PDAC [36].

Altogether, these findings illustrate the complexity of the immune cell microenviron-
ment in PDAC and its contribution to tumor heterogeneity over a common classical PDAC
molecular background [54], with potential implications for future immunotherapeutic
strategies [83].

2.2.5. Stromal Subtypes of PDAC

Increasing evidence suggests that the stroma of PDAC tumors is responsible, at least in
part, for local tumor cell aggressiveness [4]. In contrast, the role of the tumor stroma during
carcinogenesis remains controversial with both tumor growth supporting and restraining
functions [94–96]. This is potentially due to the highly heterogeneous nature of the stromal
components in PDAC and their relationship with neoplastic cells and some specific TME
components (i.e., immune cells) [83]. In order to better address the evaluation of the role
of the stroma on tumor growth and/or control, the characterization of the isolated tumor
stromal compartment vs the bulk tumor has been pursued in several studies [35,62].

In a pilot study investigating the specific contribution of the tumor stroma to the over-
all molecular profile of PDAC, Moffitt et al. [35] identified two distinct stromal subtypes
with prognostic consequences: the normal and activated stroma. These stroma profiles
were found to be independent and complementary to the classical and basal-like PDAC
tumor cell profiles simultaneously identified on individual tumors by these authors. Such
observations have been further recapitulated, extended and refined in several transcrip-
tomics [52,53,73,83,94,97] and proteomics [95] studies (Figure 1, Supplementary Table S1).

According to the classification proposed by Moffitt et al. [35], activated PDAC stroma
tumors [35,53] (also known as immature [83], ACTA2-rich [97], FAP-rich [97], and ECM-
rich [52] profiles), are characterized on histopathology by a small but highly cellular
stroma tissue component with a limited collagen matrix and an overall immature stroma
appearance [53,83,97]. It is typically associated with large and poorly differentiated
tumors [97] and a more adverse patient outcome (i.e., inferior survival after tumor re-
section) [35,54,83,97,98]. From the molecular point of view, activated stroma tumors
show overexpression of numerous ECM-associated genes involved in tumor promotion
(SPARC) [35,53], hypoxia (CA9), glycolysis (MCT4) [83], the Hedgehog signaling path-
way [53], and poor survival (WNT2, WNT5A, MMP9, and MMP11) [35]. This hypoxic
and glycolytic phenotype of tumors carrying an activated stroma profile are associated
with unique but heterogeneous immune infiltrates [35,61,99], and increased recruitment
of immunosuppressive macrophages (ITGAM), chemokines (CCL13, CCL18), and T-cell
phenotypes [35], with predominance of macrophage and peritumoral T cells enriched in
CTLA-4+ and Treg lymphocytes [83] in some of the tumors vs. low CD8+ T-cell and intense
neutrophil infiltration levels in other PDAC tumors with an activated stroma profile [97].
In this regard, more subsequent in-depth studies [97] further distinguished two subgroups
of PDAC with an activated stroma profile: tumors with an ACTA2-dominant fibroblast-rich
stroma (30% of PDAC) and PDAC neoplasms with an FAP-dominant fibroblast-rich stroma
(44%), depending on the pattern of expression of the CAF activation markers ACTA2 (also
known as α-SMA) and FAP, respectively [35,53,97]. Of note, the presence of FAP-expressing
CAFs (previously related to poorer prognosis PDAC [100]) together with a high stroma
activity and low collagen deposition, further confers an even poorer outcome among PDAC
patients harboring an activated stroma profile [97,98].

In contrast to PDAC with an activated stroma profile, tumors with a normal PDAC
stroma (26%) [97] (also known as mature [83], collagen-rich [97], desmoplastic [53], and
immune-rich [52] tumors) display a tumor stroma with limited cellularity [83] which is
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enriched in collagen deposition (mature) around tumor glands [83,97,98], similarly to what
is observed in chronic pancreatitis tissues [96], but with relatively higher expression of
PSCs markers (i.e., VIM and DES) together [35] or not [97] with the expression of ACTA2.
In addition, normal stroma PDAC show overexpression of CTLA-4 and vascular stromal
components [53], together with downregulation of fibroblast marker genes (FAP, PDPN),
metalloproteases (MMPs, ADAMs), and other ECM-associated genes (FN1, POSTN) [97].
As in the activated stroma subtype of PDAC, some degree of variability on the immune and
inflammatory infiltrates is also observed within normal stroma PDAC; thus, while some
tumors display relatively high levels of TILs (immune rich stroma) [52–54,73], scarce
immune cell infiltrates associated with a pure normal stroma are observed in others
tumors [83]. From the prognostic point of view, a normal stroma profile is associated
with a better outcome [35], which is potentially due to the increased fibrogenic activity that
may contribute to confine neoplastic cells, similarly to what happens in the healing phase
of pancreatitis [98].

2.2.6. Consensus Transcriptomics Subtypes of PDAC

Computational and/or physical removal of the stroma and stroma-associated GEP has
contributed to a more refined (re-)classification of the molecular subtypes of PDAC [53,55].
Thus, genes used to define major subtypes of classical and squamous PDAC are heavily
weighted toward the degree of epithelial differentiation (Figure 1), suggesting that these
genes mostly provide information about the malignant tumor cell compartment, regardless
of the (amount of) tumor stroma. In contrast, genes that define immune-related PDAC
subtypes are mostly weighted toward the TME gene expression profiles, suggesting that
in these molecular subtypes of PDAC the GEP identified are largely independent of the
malignant tumor cell compartment [52,54,62].

Of note, despite that squamous and classical PDAC molecular profiles may be associ-
ated with both the activated and normal stroma patterns [10], a tendency towards a close
relationship was observed between the tumor squamous PDAC and the activated stroma
profiles on one side [52], and the classical PDAC and normal stroma patterns on the other
side, with a continuous grading [52,54,97] in individual tumors (Figure 1). From the prog-
nostic point of view, the tumor and stromal components act in a cumulative way [53,99] as
compared to either compartment alone [52]. Thus, squamous PDAC with minimum or no
stroma component was associated with the poorest prognosis, independently of stromal
molecular phenotype [53]; in contrast, classical PDAC showed the best survival rates in
the absence of (significant) stroma [101], while when embedded in an activated stroma
profile classical PDAC had an intermediate prognosis [53]. Altogether, these data may
contribute to explain, at least in part, the poorer clinical performance of stromal inhibitors
targeting the, i.e., ACTA2 and Hedgehog pathways in PDAC preclinical trials in which
reduction in tumor stroma was associated with poorer responses and increased tumor
progression rates [102,103]. At the same time, these data also suggest that the stroma
originating from surrounding host cells is closely associated with the tumor cell phenotype,
which probably reflects a close interplay between the composition and function of TME
and that of neoplastic cells (Figure 1).

Based on all the above findings, it may be concluded that, as proposed by Collisson et al. [23],
non-squamous PDAC would contain a spectrum of molecular subtypes of tumors that par-
allel the embryonic development of the pancreas, frequently embedded in a normal stroma
frame which might be further subdivided into a classical-like or a more exo/endocrine
differentiation-associated subtype of PDAC [52] (Figure 1). Subsequent subclassification of
the above classical-like PDAC subtypes may consist of a pure classical PDAC and different
immune-related subtypes of PDAC [9,52–55] (Figures 1 and 2). In contrast, squamous
PDAC are derived from the mesenchymal cell lineage defined by tumor cell-intrinsic fea-
tures [56] and/or an admixture of epithelial tumor cell and activated stromal profiles [23]
(Figure 1). However, more recent proteomics-based data also pointed out the existence of
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additional squamous PDAC subtypes including a proliferative and an inflammatory tumor
subtype that requires further investigation and confirmatory studies [104].

Figure 2. Schematic overview of the most relevant clinico-pathological features that have been
recurrently associated with distinct molecular subtypes of PDAC. Dotted lines indicate non-well-
defined clear-cut features between different molecular subtypes of PDAC. d-DSBR: double-strand
break repair deficient; d-MMR: mismatch repair-deficient; GEM: gemcitabine; i: inhibitor; AI: al-
lelic imbalance; amp: gene amplification; (↓): decrease; (↑): increase; (+): positive expression;
(−): negative expression.

3. Clinical Impact of the Distinct Molecular Subtypes of PDAC
3.1. Clinical Impact and Therapeutical Implications

As already indicated above, the molecular, as well as histological and morphological
characteristics of PDAC, are all consistent with an association between the classical PDAC
profiles and a better prognosis [27,46,53,57,60–62,68,69,72,105] compared to squamous
PDAC [36,52,53,56,57,59,62,68,73,74] (Figure 2). Thus, classical PDAC have been more
frequently associated with complete tumor resection [56], earlier stage (TNM stage I/II)
disease [65] and prolonged overall survival (OS) rates ranging from 10.1 to 21.9 months [63].
In contrast, squamous PDAC would be associated with an earlier onset of the disease and
larger tumors at (diagnostic) resection [59,74], together with higher rates (95%) of (unre-
sectable) advanced disease [54,65,106,107], metastatic spread [37,53,74] and shorter DFS
and OS rates [27,35,37,53–55,59,60,62,74,99,105,108] of 2 to 11.9 months [63,74] compared to
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classical PDAC, even when such comparisons are restricted to metastatic tumors [60,64,69].
In line with these observations, the squamous PDAC phenotype is significantly overrep-
resented among PDAC metastasis [27] (Figure 2). Despite all the above, in some studies
nearly similar survival rates have been reported for classical vs. squamous PDAC [65,69].

In contrast to the clinical impact of the classical and squamous subtypes of PDAC de-
scribed above, no consensus exists about the clinical significance of other well-differentiated
(non-squamous) subtypes of PDAC [54,55] (Figure 2). Thus, while some reports suggest
that PDAC tumors with an exo/endocrine differentiation (molecular) profile are associated
with a better [57,61,91] or intermediate [46] clinical outcome (comparable to that of classical
PDAC) [62], other studies reported a poorer survival for exo/endocrine differentiation
tumors similar to that of squamous PDAC [56,69,109].

An even more complex scenario exists as regards patients harboring PDAC with dis-
tinct immune-related molecular profiles, with some reports suggesting that immunogenic
and immune-rich PDAC profiles (Figure 2) could confer prolonged OS rates to PDAC pa-
tients [10,36] possibly due to the involvement of the adaptive immune response and higher
rates of infiltrating CD8+ T cells in the TME, while those PDAC with an immune-exhausted
PDAC profile (Figure 2) would be associated with a more adverse prognosis [36].

3.1.1. Molecular Biomarkers for Risk Stratification of PDAC Patients

Despite substantial progress has been made in the molecular subtyping of PDAC,
there is still a lack of consensus on the specific genes and biomarkers that may be used for
precise identification of the distinct molecular subtypes of PDAC. In order to overcome this
limitation, several studies aimed at identifying combinations of GEP markers associated
with specific molecular subtypes of PDAC have been developed, both in bulk resected tu-
mors and in low-input (i.e., biopsy) samples, including formalin-fixed paraffin-embedded
tumor tissues (Supplementary Table S1). Based on these studies, robust identification of
PDAC patients harboring poor-prognosis squamous tumors and high-risk patients associ-
ated with poor treatment response may be reached by relatively simple nanostring- and/or
PCR-based molecular classifiers such as the PurIST (Purity Independent Subtyping of
Tumors) and ISP (Immune, Stromal and cell Proliferation signature) algorithms, which also
facilitate the choice for more effective therapies in PDAC patients already at diagnosis [55],
independently even of the neoadjuvant treatments that have been previously administered
to the patients [99]. Further efforts directed to overcome limitations related to the effect of
the mRNA quality decay on molecular subtyping of PDAC have been made in this regard
(Figures 2 and 3; Supplementary Table S1). Thus, the assessment of surrogate markers by
immunohistochemistry such as KRT81 and HNF1A [91], CFTR [92], and/or CDH17 and
LGALS4 [110], have been proposed for the identification of exocrine-like (HNF1A+, CFTR+,
CDH17+ and/or LGALS4+ tumors), squamous (KRT81+), and classical (negative for all
above markers) [91,105] PDAC (Figure 3). In addition to KRT81, staining for KRT17 also
contributes to delineate tumors falling into the squamous PDAC [111] (Figure 3) and to iden-
tify tumors that are chemoresistant to gemcitabine- and 5-FU-based regimens [112]. Hence,
simplified PDAC stratification by assessment of expression profiles for a restricted number
of proteins provides the opportunity to define clinically relevant molecular subtypes of
PDAC in routine diagnostic laboratories, in both resectable [92,105,113] and advanced-
stage tumors [105] undergoing, e.g., volumetric whole-tumor analysis via radiomic-based
investigations [113]. Further specific biomarkers remain to be established (at the protein
level) for positive identification of classical (HNF1A-/CFTR- and KRT81-/KRT17-) PDAC.
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Figure 3. Detection of GATA6, HNF1A, CFTR, KRT81, and KRT17 PDAC molecular subtype-
associated biomarker expression by immunohistochemistry of paraffin-embedded primary PDAC
sections. Representative images of well/moderately differentiated tumor tissues displaying over-
expression of GATA6 and lack of expression of KRT81 and KRT17, associated (i.e., exo/endocrine
PDAC) or not (i.e., classical) with higher levels of HNF1A and CFTR proteins altogether are typically
seen in tumors with non-squamous PDAC subtypes (A); whereas poorly-differentiated tissues with
high expression levels of KRT81 and KRT17 showing no stain of GATA6, HNF1A, CFTR are fre-
quently present in the squamous PDAC tumors (B). HE: hematoxylin and eosin staining; (+): positive
expression; (−): negative expression. Images of GATA6 and HNF1A, and CFTR and KRT81 were
obtained with permission from the Human Protein Atlas (v20.proteinatlas.org) and Henning et al.,
respectively [92].

3.1.2. Therapeutic Implications of PDAC Transcriptomics Profiles

The reported prognostic advantage of classical PDAC has been particularly observed
among patients treated with FOLFIRINOX (vs. gemcitabine-based) protocols [53,64]. This
is even true when classical PDAC that display high levels of expression of the hENT1
nucleoside transporter are associated with an increased sensitivity to adjuvant gemcitabine
therapy [114], or classical PDAC harboring liver metastases, are considered [104]. Other
more recent treatment protocols that have been associated with a better in vitro response
to chemotherapy of classical PDAC include combinations of inhibitors of MEK and EGFR
(e.g., erlotinib) as well as HER3 [46,86], which enhance inhibition of cell proliferation and
tumor growth, with a synergistic pro-apoptotic effect that sensitizes classical PDAC cells to
chemotherapy [86].

In contrast, according to the COMPASS (Comprehensive Molecular Characterization of
Advanced Pancreatic Ductal Adenocarcinoma for Better Treatment Selection, NCT02750657)
trial [64] and other studies [59], squamous PDAC is a more aggressive tumor subtype that
is less sensitive to first-line adjuvant chemotherapy based on FOLIFIRNOX [55,105], 5-FU,
oxaliplatin [92], or isolated leucovorin [66], as well as combined (or not) MEK and EGFR
inhibitors [46,86]. Overall, this may be due, at least in part, to alterations in drug delivery
modulated by glycolysis [59], in addition to ZEB1-mediated resistance to MEK plus EGFR
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inhibitors [86]. Therefore, squamous PDAC is currently treated with conventional (adju-
vant) gemcitabine-based protocols (in combination or not with oxaliplatin, irinotecan, or
nab-paclitaxel) [46,57], particularly in case of locally advanced and metastatic disease [72],
but with heterogeneous responses and frequent chemoresistance [56,65,113]. Resistance
of squamous PDAC to gemcitabine is driven by differential upregulation on neoplastic
cells of the WNT pathway [85,115,116] and enzymes such as SHMT1 [104]. In this regard,
several stroma-dependent mechanisms have been associated with resistance to therapy
in squamous PDAC such as those counteracting the cytotoxic effect of chemotherapy
via activation of anti-apoptotic mechanisms, hypoxia-mediated resistance of EMT cells,
and/or suppression of reactive oxygen species (ROS) by metabolic glycolysis, in addition
to impaired drug metabolism, and decreased (passive) absorption of drugs by acidification
of TME due to increased production of lactate and carbonic anhydrase by glycolysis and
HIF1A-induced expression [85,117]. Acidification of the TME due to enhanced produc-
tion of lactate also induces polarization of macrophages toward M2 immunosuppressive
tumor-associated macrophages which further contribute to the development of resistance
to gemcitabine via inhibition of caspase-3 mediated therapy-induced apoptosis [118] and
decreased gemcitabine uptake by tumor cells associated with a release of pyrimidines [119],
at the same time it enhances the development and maintenance of a squamous PDAC
phenotype [59]. An alternative to standard chemotherapy regimens, promising data from
pre-clinical studies has been reported on the potential benefit of the administration of
inhibitors of the GSK3β (iGSK3β) regulator of glucose homeostasis associated with both
the control of the glycolytic pathways that are altered in PDAC and sensitization of tumor
cells to gemcitabine [67] in squamous PDAC tumors that express high levels of GSK3β.
However, metabolic adaptation and tolerance to iGSK3β have been observed after iGSK3β-
targeted monotherapy in a subset of squamous PDAC due to epigenetic activation of
WNT ligands [67]. Based on these findings, future investigations are required to optimize
treatment regimens based on iGSK3β (combined or not with chemotherapy), in which the
effects of the drug on the transcriptomics and epigenetic profiles of PDAC are evaluated in
parallel [67,120].

Neoplastic cells from exo/endocrine PDAC harbor an inherent ability to oxidize,
metabolize, and inactivate small molecule drugs associated with increased CYP3A5 activ-
ity [91]. Thus, exo/endocrine PDAC might respond better to FOLFIRINOX [91,105] than
gemcitabine, paclitaxel, and other small molecule drugs (i.e., erlotinib and dasatinib). Since
CYP3A5 is not strictly required for normal cell homeostasis and it also mediates acquired
drug resistance after longer-term chemotherapy in PDAC tumors subtypes other than
the exo/endocrine subtype [91], the use of CYP3A5 inhibitors in combination with other
subtype-specific tailored therapies (i.e., erlotinib in classical PDAC) emerges as a promising
therapeutic option, not only for exo/endocrine but also for other molecular subtypes of
PDAC [91].

Both the immunogenic (including immune-rich) and the immune-exhausted sub-
type of PDAC are currently considered good candidates for immune checkpoint block-
ade targeted therapies [36,121]. In the case of PDAC that lack tumor-infiltrating CD8+
T cells (i.e., immune-exclusion PDAC [36]), administration of immune checkpoint blockers
might be combined with conventional chemotherapy (i.e., gemcitabine plus nab-paclitaxel)
aimed at boosting the immune response via an increased CD8+ effector T-cell/FOXP3+
Treg ratio, associated with a significantly higher density of CD8+ T-cells inside (on-
treatment) tumor samples, as observed among PDAC responders in phase II clinical
trials (NCT02077881) [122]. Altogether, these data suggest that baseline assessment of
the molecular profile and the cellular composition of TILs in treatment-naïve PDAC may
contribute to better treatment decisions in PDAC patients.

Several clinical trials based on chemotherapeutic agents and novel targeted therapies,
which have proven to be effective in other malignancies, have failed to benefit (unselected)
PDAC patients. The few exceptions to this general rule include a small subgroup (7–8%)
of PDAC patients that carry germline BRCA1, BRCA2, ATM, and PALB2 mutations in
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whom combined treatment with cisplatin, other platinum compounds, mitomycin C,
or poly(ADP-ribose) polymerase 1 (PARP-1) inhibitors (iPARP) have shown promising
results [9,26,30,64,123]. Those findings have further led to the approval of the iPARP
inhibitor olaparib for the treatment of PDAC by the US Food and Drug Administration
(FDA) in 2019 [124]. In addition, Waddell et al. [6] and Connor et al. [26] in two pioneering
studies on PDAC patients, identified an unstable vs. a stable genetic subtype of PDAC, as
defined by the presence vs. absence of a large number of (structural) chromosomal gene
rearrangements (>200) [6], including tumors carrying a double-strand break repair (DSBR)
gene profile [26] characterized by either germline or somatic defects in genes involved in
homologous recombination repair (HRD) of double-strand DNA breaks such as the BRCA1,
BRCA2, PALB2, or ATM genes [6,26,64,125]. These tumor subtypes represent a subset of
14% and 24% of all PDAC patients which may benefit from therapeutic regimens based
on agents that induce DNA damage (i.e., iPARP). However, still, around 10% of these
latter PDAC patients did not show response to platinum-based chemotherapy protocols
in clinical trials, which may be due to (i) the lack of germline or somatic inactivating
mutations in BRCA1/2 (“BRCAness” tumors) despite showing an HRD genomic profile [26],
(ii) to common platinum resistance after secondary BRCA1 or BRCA2 mutations [126], (iii)
upregulation of multidrug resistance transporters, and/or (iv) emerging EMT features
in ATM-deficient neoplastic cells [127]. Altogether, these findings set the basis for the
inclusion of genomic instability and the DSBR gene mutational profile genotypes in clinical
trials (e.g., COMPASS [64]) based on platinum and/or novel drugs (e.g., iPARP) that target
similar (DNA repair) mechanisms (Figure 2 and Supplementary Table S1).

In addition to the unstable/DSBR PDAC subtypes, another 1–2% of all PDAC display
alterations that involve DNA mismatch repair (MMR) genes [26], as defined by unique
MSH1, PMS2, MLH1, and MSH6 expression/mutational profiles found in primary PDAC
tumors [36] and/or their paired metastasis [26] (Figure 2 and Supplementary Table S1).
Although MMR contributes little to PDAC, patients bearing MMR signatures with MSI are
less likely prone to be sensitive to 5-fluorouracil (5-FU) compared to other microsatellite-
stable PDAC patients. Interestingly, PDAC tumors bearing DSBR and/or MMR gene
signatures also exhibit a higher frequency of somatic mutations and tumor-associated
neoantigens [128], which leads to increased immunogenicity associated with an enhanced
local antitumor immunity, as reflected by increased activation of CD8+ T lymphocytes, a
high T effector/Treg cell ratio, and overexpression of regulatory molecules such as CTLA-4,
PD-1 and IDO-1 [36]. Altogether these findings suggest that assessment of markers that
are potential candidates to be targeted by immunotherapy in DSBR and/or MMR PDAC
might contribute to an improved rate of response to PD-1 or IDO-1 blockers such as
pembrolizumab (approved by the FDA for first-line treatment of any solid tumor with
dMMR and/or MSI [129]) in these specific subtypes of PDAC [26,130]. In contrast, these
observations might also contribute to explain the limited success of immunotherapy in
PDAC, beyond the dMMR and/or MSI genomic tumor subtypes.

Other potential therapeutic targets present in a small fraction of PDAC patients (1–2%)
include genomic amplification of ERBB2, MET, CDK6, PIK3CA, and PIK3R3 [6]. In this
regard, it should be emphasized that early data from the COMPASS trial [64] revealed
that 30% of PDAC patients harbor targetable somatic aberrations, such as mutations in the
ARID1A and PIK3CA genes involved in activation of the PI3K pathway, that may respond
to EZH2, ATR, and PARP inhibitors, as well as to distinct combinations of PI3K and
CDK4/6 inhibitors; if this holds true, a significant subset of advanced PDAC patients might
benefit in the future from such tailored therapies. However, in practice, the applicability of
pharmacogenomics in PDAC currently remains largely restricted to the subgroup of PDAC
patients that display unstable/DSBR and MMR genomic profiles.

3.2. Impact of Intratumoral Genomic Heterogeneity on the Molecular Subtype of PDAC

Although most PDAC may actually be classified as either classical or squamous tu-
mors, in-depth molecular analyses have revealed that between 12% [63] and 27% [72] of
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PDAC display discordant transcriptional and/or morphological profiles which are compat-
ible with a hybrid signature in which molecular features of classical and squamous PDAC
coexist (Supplementary Table S1). Despite these findings possibly being related to a sam-
pling bias (insufficient tumor areas analyzed to correctly define tumor morphology and/or
preferential capture of a glandular component on microdissection prior to transcriptomics
studies), a certain degree of intratumoral heterogeneity exists which might also contribute
to explain such variability [56,95,131]. In order to assess the contribution of intra-tumor
heterogeneity to the molecular subtyping of PDAC, Chan-Seng-Yue et al. [65] investigated
the potential co-existence of squamous and classical cell populations at the single tumor
cell level. Results from this study showed that such hybrid squamous/classical PDAC are
much more frequent than expected (87% of all analyzed tumors) suggesting that in fact,
tumors presenting with mixed classical/squamous cell features are due to the presence
of more than one cell subpopulation within individual tumors expressing squamous vs
classical tumor cell phenotypes [106]. These results were further confirmed and extended
by others [56,60,65] who have even shown that such hybrid molecular subtypes also arise
at the stromal cell compartment level [83]. In fact, single-cell transcriptomics studies of
human PDAC specimens further this observation by highlighting the existence of up to
four distinct subpopulations of neoplastic ductal cells present in all PDAC tumors but in
different proportions [90,106], which display differential and/or overlapping gene expres-
sion programs (i.e., potential tumor progenitor; epithelial, classical, and/or proliferative;
or squamous and/or invasive EMT ductal cells) [65,90,101,106,131,132], supporting the
existence of a great level of inta-tumoral heterogeneity in PDAC [131]. This indicates that
the molecular subtypes of PDAC cannot be fully recapitulated when individual (single)
cell populations are analyzed at the intratumoral cell level vs. the bulk tumor.

Altogether, these findings highlight the fact that the great molecular heterogeneity
of PDAC, may also be due to the lack of pure molecular profiles at the single-cell level
within distinct cell populations that show different phenotypes and that are represented at
variable proportions within individual tumors, intratumoral genomic heterogeneity thereby
contributing to the final bulk tumor profile with clinical consequences [65,90,106,131].
Whether or not patients with discordant/hybrid tumor subtypes should be considered as a
separate entity, rather than grouped into the major squamous or classical profiles, remains
a matter of debate [63]. In this regard, a combinatory approach based on a squamous
score (such as PurIST or ISP) in combination with surrogate biomarkers (e.g., HNF1A and
KRT18) of specific molecular subtypes of PDAC [64] (Figure 3) will probably contribute to a
more accurate and reproducible delineation between (unequivocal) classical and squamous
tumors on one side, and PDAC patients showing less robust classical and squamous tumor
signatures that cannot be directly assigned to either group [63]. Precise identification of
PDAC patients harboring intermediate molecular features between the two well-defined
tumor subtypes may be adopted in order to also predict for response to treatment and
restrict specific cytotoxic drug therapies (i.e., FOLFIRINOX) to patients who will most
likely benefit from them, avoiding its side effects in non-responding tumors such as those
presenting hybrid molecular features between the two major subtypes of PDAC with a
PurIST and/or ISP score close to the squamous PDAC phenotype [55,105,133].

3.3. Spatio-Temporal Heterogeneity of PDAC at the Molecular Level

The molecular features of primary PDAC also vary according to tumor localization
in the pancreas, both at the macroscopic [108] and microscopic level [134,135]. Further to
such spatial heterogeneity of PDAC, time adds another layer of complexity associated with
both tumor cell plasticity and clonal selection [107,134] induced in part by therapy [136],
together with changes in the TME [87,101]. Altogether, this raises an important issue
in terms of the heterogeneity of a tumor depending on its localization and time of sam-
pling, which should be considered, when assessing the molecular profile of PDAC, for its
subsequent classification.
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3.3.1. Spatial Heterogeneity and Tumor Evolution

Spatial heterogeneity in PDAC is now well-established based on the reported associa-
tion between the squamous [56,74,108] and the activated stroma [108] profiles, and tumor
localization in the pancreas body and tail at diagnosis (Supplementary Table S1). These find-
ings seem to reflect a relatively late clinical onset and molecular presentation of body/tail
PDAC associated with ongoing genomic instability leading to advanced disease at diagno-
sis, which is ultimately associated with EMT and increased tumor cell proliferation [74,108].
Altogether, these and other features (e.g., larger and poorly-differentiated tumors) suggest
that squamous PDAC would either present at later clinical stages of the disease [71] or it
has an accelerated dedifferentiation pathway with a more aggressive biological behavior
already at the earliest stages of the disease [74], compared to classical PDAC.

Based on the above findings, it has been hypothesized that classical PDAC would
represent a baseline/default molecular subtype of PDAC, a subset of these tumors acquiring
a squamous phenotype during tumor progression due to specific epigenomic changes that
would occur during the evolution of these tumors [65,107]. In line with this hypothesis, a
high frequency of classical PDAC in the pancreas head has been observed regardless of
the tumor (clinical) stage, associated with high GATA6 transcript levels (typically detected
in classical PDAC) in the benign pancreatic tissue adjacent to the tumor [65]. In addition,
the existence of tumors that display a continuum of intermediate phenotypes between the
classical and squamous subtypes, together with the coexistence of intra-tumoral tissue
areas harboring neoplastic cell populations with a squamous phenotype within a glandular
(classical) tumor background [71,107], and evidence of the switching of PDAC cells from
a classical to a squamous tumor profile all point out a potential transition between the
classical and squamous PDAC profiles during tumor evolution [63,105,113]. In line with
this hypothesis, PDAC cells harboring genetic alterations which are typically associated
with progression of PDAC (i.e., C-MYC copy number gain and gene amplification) [11]
have been preferentially detected in tumor areas that display a squamous morphology
when compared to those with a classical glandular appearance from the same tumor [71].

Another striking finding in PDAC localized in the pancreas body/tail is the lack of
immunogenic tumor profiles with limited TIL [74,108]; these findings are in line with the
close association reported between immunogenic and classical PDAC subtypes [23,36].
At the same time, they highlight a differential potential of distinct anatomic regions of
the pancreas to enroll and activate immune cells (i.e., defective leukocyte recruitment to
the distal regions of the pancreas) [108], with prognostic and therapeutic implications, as
regards, e.g., immunotherapy.

In addition to the above-discussed variability observed among tumors localized in
different anatomic regions of the pancreas, distinct molecular profiles and tumor cell popu-
lations have also been reported in response to adaptation to the TME within different areas
of individual tumors such as the central area of the tumor vs. the invasive borders [137].
This includes distinct molecular profiles of both the single cells and the surrounding
acellular components present in the different areas of individual tumors [101,135,138].
Altogether, these results suggest that neoplastic cells in PDAC rather, than behaving in a
uniform way, may act as independent (tumor gland) units leading to differential responses
to stress and a distinct predisposition to undergo EMT, proliferate, and invade surround-
ing tissues [90,101,135]. Indeed, recent single-cell RNAseq analysis demonstrated that
tumor areas with low to moderate stromal content are frequently associated with EMT
characteristics [90,101]. The variable proportion and localization of different populations
of CAF cells (i.e., myofibroblasts, inflammatory, and MHC class II+ antigen-presenting
cells) in the stroma surrounding the different areas of the tumor [94,132,139,140] may con-
tribute to explain such heterogeneity of neoplastic cells among different tumor areas. These
findings support the role of the stroma in shaping tumor architecture via modulation of
the molecular profile and cellular composition of distinct tumor glands within individual
PDAC tumors.
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3.3.2. Plasticity of PDAC Cells

In parallel to the influence of the stroma on the local tumor cell behavior, increasing
evidence indicates that PDAC cells with epithelial (classical) and mesenchymal (squa-
mous) molecular profiles have the ability to interconvert among the different pheno-
typic states [63,65] after chemotherapy [136], modulation of key molecular genes (HNF4A,
GATA6, and GLI1/2) [56,67,141,142], in response to TGF-β [68,136] and/or under the influ-
ence of the TME due to re-shaping of the transcriptional programs of tumor cells [56,143].
Thus, treatment of PDAC cells with FOLFIRINOX [136] or autocrine activation of TGF-β
(i.e., driven by forced GLI2 expression, cholesterol-lowering statins, or loss of HNF4A and
GATA6 [67]) are sufficient to convert classical PDAC cells to squamous tumor cells [68,80].
Likewise, the switching of tumor cell transcriptomics profiles from squamous toward
classical GEP has also been observed in different experimental models of PDAC via: (i)
inhibition of MET [37] and ZEB1 [86], (ii) blockade of GLI2, OPN, and molecular regula-
tors derived from PSCs [80], and (iii) through depletion of CSF1R+ M2-macrophages (by
targeting CSF1R or CXCR2) [88]. In contrast, administration of Vitamin D reinforces the
epithelial phenotype of neoplastic PDAC cells with a baseline classical molecular profile,
via reprogramming of CAFs into a more quiescent state in the absence of a clear shift of
squamous tumor cells to a more classical phenotype [140]. Of note, evidence exists which
indicates that interconversion of PDAC cells from a classical to a squamous phenotype
might also occur spontaneously [65,80] in association with the acquisition of a major im-
balance of KRAS during metastatic progression of a tumor, in the absence of other stimuli.
However, changes from squamous PDAC toward a less aggressive (classical) disease phe-
notype might only be achieved when a tumor shifts from a major KRAS imbalance that
disappears after therapy, due to subsequent outgrowth of minor clone(s) that carry no
KRAS imbalance [136].

Altogether, these findings reinforce the dynamic nature of tumor gene expression
and transcriptomics programs, underscoring the relevance of the TME vs. the tumor cells
themselves in defining the molecular signatures of the tumor [88] and resistance to therapy
via emergence and expansion of tumor subclones with different molecular alterations [134]
and/or activation of distinct signaling pathways [78], that afford PDAC cells a different
behavior and the potential to evade therapy, which ultimately determines disease behavior
and patient outcome.

4. Conclusions

Overall, distinct genetic/molecular subtypes of PDAC exist which result from both
inter-tumor and intra-tumor heterogeneity in tumor morphology and histopathology, cel-
lular composition, and molecular profiles, all associated with a different clinical behavior,
response to therapy, and patient outcome. To date, two major molecular profiles of PDAC
(the classical and squamous subtypes) have been identified which are closely associated
with unique stromal (e.g., normal mature, collagen-rich vs activated immature, collagen-
poor stroma) patterns, with potential therapeutic implications. Whether or not these
molecular profiles represent different stages of tumor evolution associated with EMT tran-
sition, from classical to squamous cell phenotypes, still remains to be fully demonstrated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13174451/s1, Table S1: Available genetic/molecular classifications of PDAC tumors.

Author Contributions: Conceptualization, M.L.G.; writing—original draft preparation, M.L.G.;
writing—review and editing, L.M.-B. and A.O.; supervision, L.M.-B. and A.O.; project administration
and funding acquisition, M.L.G., L.M.-B. and A.O. All authors have read and agreed to the published
version of the manuscript.

https://www.mdpi.com/article/10.3390/cancers13174451/s1
https://www.mdpi.com/article/10.3390/cancers13174451/s1


Cancers 2021, 13, 4451 20 of 26

Funding: This research was funded by Gerencia Regional de Salud de Castilla y León, Valladolid,
Spain (GRS2041/A/19, GRS2188/A/2020), RTICC and CIBERONC from the ISCIII, Madrid, Spain
(RD12/0020/0035-FEDER, RD12/0036/0048-FEDER, CB16/12/00400), Junta Provincial de Sala-
manca de la Asociación Española Contra el Cáncer, Salamanca, Spain (SAL16/004), and Fundación
Memoria de Don Samuel Solórzano Barruso, Salamanca, Spain (FS/16-2016-2017; FS/22-2018;
FS/31-2020). M.L.G was funded by “Stop fuga de Cerebros” grant from ROCHE FARMA SA, Madrid,
Spain and Consejería de Educación de la Junta de Castilla y León (SA0109P20), Valladolid, Spain.

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

References
1. Ferlay, J.; Partensky, C.; Bray, F. More deaths from pancreatic cancer than breast cancer in the EU by 2017. Acta Oncol. 2016,

55, 1158–1160. [CrossRef]
2. 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]

3. De Wilde, R.F.; Hruban, R.H.; Maitra, A.; Offerhaus, G.J. Reporting precursors to invasive pancreatic cancer: Pancreatic
intraepithelial neoplasia, intraductal neoplasms and mucinous cystic neoplasm. Diagn. Histopathol. 2012, 18, 17–30. [CrossRef]

4. Samuel, N.; Hudson, T.J. The molecular and cellular heterogeneity of pancreatic ductal adenocarcinoma. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 77–87. [CrossRef] [PubMed]

5. Jones, S.; Zhang, X.; Parsons, D.W.; Lin, J.C.; 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]

6. 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] [PubMed]

7. 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]

8. Harada, T.; Chelala, C.; Bhakta, V.; Chaplin, T.; Caulee, K.; Baril, P.; Young, B.D.; Lemoine, N.R. Genome-wide DNA copy number
analysis in pancreatic cancer using high-density single nucleotide polymorphism arrays. Oncogene 2008, 27, 1951–1960. [CrossRef]
[PubMed]

9. The Cancer Genome Atlas Research Network. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer
Cell 2017, 32, 185–203.e113. [CrossRef] [PubMed]

10. 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.; Quinn, M.C.;
et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47–52. [CrossRef] [PubMed]

11. Gutierrez, M.L.; Munoz-Bellvis, L.; Sarasquete, M.E.; Hernandez-Mejia, D.G.; Abad Mdel, M.; Bengoechea, O.; Corchete, L.;
Gonzalez-Gonzalez, M.; Garcia-Garcia, J.; Gonzalez, M.; et al. Altered interphase fluorescence in situ hybridization profiles of
chromosomes 4, 8q24, and 9q34 in pancreatic ductal adenocarcinoma are associated with a poorer patient outcome. J. Mol. Diagn.
2014, 16, 648–659. [CrossRef]

12. Singh, M.; Maitra, A. Precursor lesions of pancreatic cancer: Molecular pathology and clinical implications. Pancreatology 2007,
7, 9–19. [CrossRef] [PubMed]

13. Gutierrez, M.L.; Sayagues, J.M.; Abad, M.M.; Bengoechea, O.; Gonzalez-Gonzalez, M.; Orfao, A.; Munoz-Bellvis, L. Cytogenetic
heterogeneity of pancreatic ductal adenocarcinomas: Identification of intratumoral pathways of clonal evolution. Histopathology
2011, 58, 486–497. [CrossRef] [PubMed]

14. Real, X.F.; Rodolosse, A.; Merlos, A. The cell biology of pancreatic cancer. In Exocrine Pancreas Cancer (EPC-RC); Gress, T.M.,
Neoptolemos, J.P., Lemoine, N.R., Real, F.X., Eds.; Feisenstein CCCP: Hannover, Germany, 2005; pp. 108–117.

15. 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] [PubMed]

16. Delpu, Y.; Hanoun, N.; Lulka, H.; Sicard, F.; Selves, J.; Buscail, L.; Torrisani, J.; Cordelier, P. Genetic and epigenetic alterations in
pancreatic carcinogenesis. Curr. Genom. 2011, 12, 15–24. [CrossRef]

17. Prasad, N.B.; Biankin, A.V.; Fukushima, N.; Maitra, A.; Dhara, S.; Elkahloun, A.G.; Hruban, R.H.; Goggins, M.; Leach, S.D. Gene
expression profiles in pancreatic intraepithelial neoplasia reflect the effects of Hedgehog signaling on pancreatic ductal epithelial
cells. Cancer Res. 2005, 65, 1619–1626. [CrossRef]

18. Rosty, C.; Ueki, T.; Argani, P.; Jansen, M.; Yeo, C.J.; Cameron, J.L.; Hruban, R.H.; Goggins, M. Overexpression of S100A4 in
pancreatic ductal adenocarcinomas is associated with poor differentiation and DNA hypomethylation. Am. J. Pathol. 2002,
160, 45–50. [CrossRef]

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

http://doi.org/10.1080/0284186X.2016.1197419
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://doi.org/10.1016/j.mpdhp.2011.10.012
http://doi.org/10.1038/nrgastro.2011.215
http://www.ncbi.nlm.nih.gov/pubmed/22183185
http://doi.org/10.1126/science.1164368
http://doi.org/10.1038/nature14169
http://www.ncbi.nlm.nih.gov/pubmed/25719666
http://doi.org/10.1038/nature11547
http://doi.org/10.1038/sj.onc.1210832
http://www.ncbi.nlm.nih.gov/pubmed/17952125
http://doi.org/10.1016/j.ccell.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28810144
http://doi.org/10.1038/nature16965
http://www.ncbi.nlm.nih.gov/pubmed/26909576
http://doi.org/10.1016/j.jmoldx.2014.06.007
http://doi.org/10.1159/000101873
http://www.ncbi.nlm.nih.gov/pubmed/17449961
http://doi.org/10.1111/j.1365-2559.2011.03771.x
http://www.ncbi.nlm.nih.gov/pubmed/21323969
http://doi.org/10.1101/gad.1415606
http://www.ncbi.nlm.nih.gov/pubmed/16702400
http://doi.org/10.2174/138920211794520132
http://doi.org/10.1158/0008-5472.CAN-04-1413
http://doi.org/10.1016/S0002-9440(10)64347-7
http://doi.org/10.1158/1078-0432.CCR-11-2347


Cancers 2021, 13, 4451 21 of 26

20. Xue, Y.; Abou Tayoun, A.N.; Abo, K.M.; Pipas, J.M.; Gordon, S.R.; Gardner, T.B.; Barth, R.J., Jr.; Suriawinata, A.A.; Tsongalis, G.J.
MicroRNAs as diagnostic markers for pancreatic ductal adenocarcinoma and its precursor, pancreatic intraepithelial neoplasm.
Cancer Genet. 2013, 206, 217–221. [CrossRef]

21. Nichols, L.S.; Ashfaq, R.; Iacobuzio-Donahue, C.A. Claudin 4 protein expression in primary and metastatic pancreatic cancer:
Support for use as a therapeutic target. Am. J. Clin. Pathol. 2004, 121, 226–230. [CrossRef]

22. Sanada, Y.; Hirose, Y.; Osada, S.; Tanaka, Y.; Takahashi, T.; Yamaguchi, K.; Yoshida, K. Immunohistochemical study of claudin 18
involvement in intestinal differentiation during the progression of intraductal papillary mucinous neoplasm. Anticancer Res.
2010, 30, 2995–3003. [PubMed]

23. Gutierrez, M.L.; Corchete, L.; Teodosio, C.; Sarasquete, M.E.; del Mar Abad, M.; Iglesias, M.; Esteban, C.; Sayagues, J.M.; Orfao,
A.; Munoz-Bellvis, L. Identification and characterization of the gene expression profiles for protein coding and non-coding RNAs
of pancreatic ductal adenocarcinomas. Oncotarget 2015, 6, 19070–19086. [CrossRef] [PubMed]

24. 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. Nat. Commun. 2015, 6, 6744.
[CrossRef]

25. Collisson, E.A.; Bailey, P.; Chang, D.K.; Biankin, A.V. Molecular subtypes of pancreatic cancer. Nat. Rev. Gastroenterol. Hepatol.
2019, 16, 207–220. [CrossRef] [PubMed]

26. Connor, A.A.; Denroche, R.E.; Jang, G.H.; Timms, L.; Kalimuthu, S.N.; Selander, I.; McPherson, T.; Wilson, G.W.; Chan-Seng-Yue,
M.A.; Borozan, I.; et al. Association of Distinct Mutational Signatures with Correlates of Increased Immune Activity in Pancreatic
Ductal Adenocarcinoma. JAMA Oncol. 2017, 3, 774–783. [CrossRef]

27. Connor, A.A.; Denroche, R.E.; 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, 35, 267–282.e267. [CrossRef]

28. Wang, L.; Tsutsumi, S.; Kawaguchi, T.; Nagasaki, K.; Tatsuno, K.; Yamamoto, S.; Sang, F.; Sonoda, K.; Sugawara, M.; Saiura,
A.; et al. Whole-exome sequencing of human pancreatic cancers and characterization of genomic instability caused by MLH1
haploinsufficiency and complete deficiency. Genome Res. 2012, 22, 208–219. [CrossRef] [PubMed]

29. Zhou, B.; Irwanto, A.; Guo, Y.M.; Bei, J.X.; Wu, Q.; Chen, G.; Zhang, T.P.; Lei, J.J.; Feng, Q.S.; Chen, L.Z.; et al. Exome sequencing
and digital PCR analyses reveal novel mutated genes related to the metastasis of pancreatic ductal adenocarcinoma. Cancer Biol.
Ther. 2012, 13, 871–879. [CrossRef] [PubMed]

30. Roberts, N.J.; Norris, A.L.; Petersen, G.M.; Bondy, M.L.; Brand, R.; Gallinger, S.; Kurtz, R.C.; Olson, S.H.; Rustgi, A.K.; Schwartz,
A.G.; et al. Whole Genome Sequencing Defines the Genetic Heterogeneity of Familial Pancreatic Cancer. Cancer Discov. 2016,
6, 166–175. [CrossRef]

31. Veenstra, V.L.; Garcia-Garijo, A.; van Laarhoven, H.W.; Bijlsma, M.F. Extracellular Influences: Molecular Subclasses and the
Microenvironment in Pancreatic Cancer. Cancers 2018, 10, 34. [CrossRef]

32. Yachida, S.; White, C.M.; Naito, Y.; Zhong, Y.; Brosnan, J.A.; Macgregor-Das, A.M.; Morgan, R.A.; Saunders, T.; Laheru, D.A.;
Herman, J.M.; et al. Clinical significance of the genetic landscape of pancreatic cancer and implications for identification of
potential long-term survivors. Clin. Cancer Res. 2012, 18, 6339–6347. [CrossRef]

33. Schlitter, A.M.; Segler, A.; Steiger, K.; Michalski, C.W.; Jager, C.; Konukiewitz, B.; Pfarr, N.; Endris, V.; Bettstetter, M.; Kong, B.;
et al. Molecular, morphological and survival analysis of 177 resected pancreatic ductal adenocarcinomas (PDACs): Identification
of prognostic subtypes. Sci. Rep. 2017, 7, 41064. [CrossRef]

34. Dal Molin, M.; Zhang, M.; de Wilde, R.F.; Ottenhof, N.A.; Rezaee, N.; Wolfgang, C.L.; Blackford, A.; Vogelstein, B.; Kinzler, K.W.;
Papadopoulos, N.; et al. Very Long-term Survival Following Resection for Pancreatic Cancer Is Not Explained by Commonly
Mutated Genes: Results of Whole-Exome Sequencing Analysis. Clin. Cancer Res. 2015, 21, 1944–1950. [CrossRef] [PubMed]

35. Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.; 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, 47, 1168–1178. [CrossRef] [PubMed]

36. 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. 2018, 24, 4444–4454. [CrossRef] [PubMed]

37. Lomberk, G.; Blum, Y.; Nicolle, R.; Nair, A.; Gaonkar, K.S.; Marisa, L.; Mathison, A.; Sun, Z.; Yan, H.; Elarouci, N.; et al. Distinct
epigenetic landscapes underlie the pathobiology of pancreatic cancer subtypes. Nat. Commun. 2018, 9, 1978. [CrossRef]

38. Gutierrez, M.L.; Munoz-Bellvis, L.; Abad, M.M.; Bengoechea, O.; Gonzalez-Gonzalez, M.; Orfao, A.; Sayagues, J.M. Associa-
tion between genetic subgroups of pancreatic ductal adenocarcinoma defined by high density 500 K SNP-arrays and tumor
histopathology. PLoS ONE 2011, 6, e22315. [CrossRef] [PubMed]

39. Donahue, T.R.; Tran, L.M.; Hill, R.; Li, Y.; Kovochich, A.; Calvopina, J.H.; Patel, S.G.; Wu, N.; Hindoyan, A.; Farrell, J.J.; et al.
Integrative survival-based molecular profiling of human pancreatic cancer. Clin. Cancer Res. 2012, 18, 1352–1363. [CrossRef]

40. Lee, J.H.; Giovannetti, E.; Hwang, J.H.; Petrini, I.; Wang, Q.; Voortman, J.; Wang, Y.; Steinberg, S.M.; Funel, N.; Meltzer, P.S.; et al.
Loss of 18q22.3 involving the carboxypeptidase of glutamate-like gene is associated with poor prognosis in resected pancreatic
cancer. Clin. Cancer Res. 2012, 18, 524–533. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cancergen.2013.05.020
http://doi.org/10.1309/K144PHVDDUPDD401
http://www.ncbi.nlm.nih.gov/pubmed/20683045
http://doi.org/10.18632/oncotarget.4233
http://www.ncbi.nlm.nih.gov/pubmed/26053098
http://doi.org/10.1038/ncomms7744
http://doi.org/10.1038/s41575-019-0109-y
http://www.ncbi.nlm.nih.gov/pubmed/30718832
http://doi.org/10.1001/jamaoncol.2016.3916
http://doi.org/10.1016/j.ccell.2018.12.010
http://doi.org/10.1101/gr.123109.111
http://www.ncbi.nlm.nih.gov/pubmed/22156295
http://doi.org/10.4161/cbt.20839
http://www.ncbi.nlm.nih.gov/pubmed/22797009
http://doi.org/10.1158/2159-8290.CD-15-0402
http://doi.org/10.3390/cancers10020034
http://doi.org/10.1158/1078-0432.CCR-12-1215
http://doi.org/10.1038/srep41064
http://doi.org/10.1158/1078-0432.CCR-14-2600
http://www.ncbi.nlm.nih.gov/pubmed/25623214
http://doi.org/10.1038/ng.3398
http://www.ncbi.nlm.nih.gov/pubmed/26343385
http://doi.org/10.1158/1078-0432.CCR-17-3401
http://www.ncbi.nlm.nih.gov/pubmed/29661773
http://doi.org/10.1038/s41467-018-04383-6
http://doi.org/10.1371/journal.pone.0022315
http://www.ncbi.nlm.nih.gov/pubmed/21811587
http://doi.org/10.1158/1078-0432.CCR-11-1539
http://doi.org/10.1158/1078-0432.CCR-11-1903
http://www.ncbi.nlm.nih.gov/pubmed/22128300


Cancers 2021, 13, 4451 22 of 26

41. Loukopoulos, P.; Shibata, T.; Katoh, H.; Kokubu, A.; Sakamoto, M.; Yamazaki, K.; Kosuge, T.; Kanai, Y.; Hosoda, F.; Imoto, I.; et al.
Genome-wide array-based comparative genomic hybridization analysis of pancreatic adenocarcinoma: Identification of genetic
indicators that predict patient outcome. Cancer Sci. 2007, 98, 392–400. [CrossRef] [PubMed]

42. Schleicher, C.; Poremba, C.; Wolters, H.; Schafer, K.L.; Senninger, N.; Colombo-Benkmann, M. Gain of chromosome 8q: A potential
prognostic marker in resectable adenocarcinoma of the pancreas? Ann. Surg. Oncol. 2007, 14, 1327–1335. [CrossRef]

43. Luebke, A.M.; Baudis, M.; Matthaei, H.; Vashist, Y.K.; Verde, P.E.; Hosch, S.B.; Erbersdobler, A.; Klein, C.A.; Izbicki, J.R.;
Knoefel, W.T.; et al. Losses at chromosome 4q are associated with poor survival in operable ductal pancreatic adenocarcinoma.
Pancreatology 2012, 12, 16–22. [CrossRef] [PubMed]

44. Stratford, J.K.; Bentrem, D.J.; Anderson, J.M.; Fan, C.; Volmar, K.A.; Marron, J.S.; Routh, E.D.; Caskey, L.S.; Samuel, J.C.; Der,
C.J.; et al. A six-gene signature predicts survival of patients with localized pancreatic ductal adenocarcinoma. PLoS Med. 2010,
7, e1000307. [CrossRef] [PubMed]

45. Haider, S.; Wang, J.; Nagano, A.; Desai, A.; Arumugam, P.; Dumartin, L.; Fitzgibbon, J.; Hagemann, T.; Marshall, J.F.; Kocher,
H.M.; et al. A multi-gene signature predicts outcome in patients with pancreatic ductal adenocarcinoma. Genome Med. 2014,
6, 105. [CrossRef]

46. 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] [PubMed]

47. Winter, C.; Kristiansen, G.; Kersting, S.; Roy, J.; Aust, D.; Knosel, T.; Rummele, P.; Jahnke, B.; Hentrich, V.; Ruckert, F.; et al. Google
goes cancer: Improving outcome prediction for cancer patients by network-based ranking of marker genes. PLoS Comput. Biol.
2012, 8, e1002511. [CrossRef] [PubMed]

48. Demirkol Canli, S.; Dedeoglu, E.; Akbar, M.W.; Kucukkaraduman, B.; Isbilen, M.; Erdogan, O.S.; Erciyas, S.K.; Yazici, H.; Vural, B.;
Gure, A.O. A novel 20-gene prognostic score in pancreatic adenocarcinoma. PLoS ONE 2020, 15, e0231835. [CrossRef]

49. Nones, K.; Waddell, N.; Song, S.; Patch, A.M.; Miller, D.; Johns, A.; Wu, J.; Kassahn, K.S.; Wood, D.; Bailey, P.; et al. Genome-wide
DNA methylation patterns in pancreatic ductal adenocarcinoma reveal epigenetic deregulation of SLIT-ROBO, ITGA2 and MET
signaling. Int. J. Cancer 2014, 135, 1110–1118. [CrossRef]

50. Namkung, J.; Kwon, W.; Choi, Y.; Yi, S.G.; Han, S.; Kang, M.J.; Kim, S.W.; Park, T.; Jang, J.Y. Molecular subtypes of pancreatic
cancer based on miRNA expression profiles have independent prognostic value. J. Gastroenterol. Hepatol. 2016, 31, 1160–1167.
[CrossRef]

51. Ben-Aharon, I.; Elkabets, M.; Pelossof, R.; Yu, K.H.; Iacubuzio-Donahue, C.A.; Leach, S.D.; Lowery, M.A.; Goodman, K.A.;
O’Reilly, E.M. Genomic Landscape of Pancreatic Adenocarcinoma in Younger versus Older Patients: Does Age Matter? Clin.
Cancer Res. 2019, 25, 2185–2193. [CrossRef]

52. Maurer, C.; Holmstrom, S.R.; He, J.; Laise, P.; Su, T.; Ahmed, A.; Hibshoosh, H.; Chabot, J.A.; Oberstein, P.E.; Sepulveda, A.R.;
et al. Experimental microdissection enables functional harmonisation of pancreatic cancer subtypes. Gut 2019, 68, 1034–1043.
[CrossRef]

53. 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.e1993. [CrossRef] [PubMed]

54. Nicolle, R.; Blum, Y.; Marisa, L.; Loncle, C.; Gayet, O.; Moutardier, V.; Turrini, O.; Giovannini, M.; Bian, B.; Bigonnet, M.; et al.
Pancreatic Adenocarcinoma Therapeutic Targets Revealed by Tumor-Stroma Cross-Talk Analyses in Patient-Derived Xenografts.
Cell Rep. 2017, 21, 2458–2470. [CrossRef]

55. Rashid, N.U.; Peng, X.L.; Jin, C.; Moffitt, R.A.; Volmar, K.E.; Belt, B.A.; Panni, R.Z.; Nywening, T.M.; Herrera, S.G.; Moore, K.J.;
et al. Purity Independent Subtyping of Tumors (PurIST), A Clinically Robust, Single-sample Classifier for Tumor Subtyping in
Pancreatic Cancer. Clin. Cancer Res. 2020, 26, 82–92. [CrossRef] [PubMed]

56. Dijk, F.; Veenstra, V.L.; Soer, E.C.; Dings, M.P.G.; Zhao, L.; Halfwerk, J.B.; Hooijer, G.K.; Damhofer, H.; Marzano, M.; Steins, A.;
et al. Unsupervised class discovery in pancreatic ductal adenocarcinoma reveals cell-intrinsic mesenchymal features and high
concordance between existing classification systems. Sci. Rep. 2020, 10, 337. [CrossRef] [PubMed]

57. Sivakumar, S.; de Santiago, I.; Chlon, L.; Markowetz, F. Master Regulators of Oncogenic KRAS Response in Pancreatic Cancer:
An Integrative Network Biology Analysis. PLoS Med. 2017, 14, e1002223. [CrossRef]

58. Daemen, A.; Peterson, D.; Sahu, N.; McCord, R.; Du, X.; Liu, B.; Kowanetz, K.; Hong, R.; Moffat, J.; Gao, M.; et al. Metabolite
profiling stratifies pancreatic ductal adenocarcinomas into subtypes with distinct sensitivities to metabolic inhibitors. Proc. Natl.
Acad. Sci. USA 2015, 112, E4410–E4417. [CrossRef]

59. Follia, L.; Ferrero, G.; Mandili, G.; Beccuti, M.; Giordano, D.; Spadi, R.; Satolli, M.A.; Evangelista, A.; Katayama, H.; Hong, W.;
et al. Integrative Analysis of Novel Metabolic Subtypes in Pancreatic Cancer Fosters New Prognostic Biomarkers. Front. Oncol.
2019, 9, 115. [CrossRef]

60. Karasinska, J.M.; Topham, J.T.; Kalloger, S.E.; Jang, G.H.; Denroche, R.E.; Culibrk, L.; Williamson, L.M.; Wong, H.L.; Lee, M.K.C.;
O’Kane, G.M.; et al. Altered Gene Expression along the Glycolysis-Cholesterol Synthesis Axis Is Associated with Outcome in
Pancreatic Cancer. Clin. Cancer Res. 2020, 26, 135–146. [CrossRef]

61. De Santiago, I.; Yau, C.; Heij, L.; Middleton, M.R.; Markowetz, F.; Grabsch, H.I.; Dustin, M.L.; Sivakumar, S. Immunophenotypes
of pancreatic ductal adenocarcinoma: Meta-analysis of transcriptional subtypes. Int. J. Cancer 2019, 145, 1125–1137. [CrossRef]

http://doi.org/10.1111/j.1349-7006.2007.00395.x
http://www.ncbi.nlm.nih.gov/pubmed/17233815
http://doi.org/10.1245/s10434-006-9113-x
http://doi.org/10.1016/j.pan.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22487468
http://doi.org/10.1371/journal.pmed.1000307
http://www.ncbi.nlm.nih.gov/pubmed/20644708
http://doi.org/10.1186/s13073-014-0105-3
http://doi.org/10.1038/nm.2344
http://www.ncbi.nlm.nih.gov/pubmed/21460848
http://doi.org/10.1371/journal.pcbi.1002511
http://www.ncbi.nlm.nih.gov/pubmed/22615549
http://doi.org/10.1371/journal.pone.0231835
http://doi.org/10.1002/ijc.28765
http://doi.org/10.1111/jgh.13253
http://doi.org/10.1158/1078-0432.CCR-18-3042
http://doi.org/10.1136/gutjnl-2018-317706
http://doi.org/10.1053/j.gastro.2018.08.033
http://www.ncbi.nlm.nih.gov/pubmed/30165049
http://doi.org/10.1016/j.celrep.2017.11.003
http://doi.org/10.1158/1078-0432.CCR-19-1467
http://www.ncbi.nlm.nih.gov/pubmed/31754050
http://doi.org/10.1038/s41598-019-56826-9
http://www.ncbi.nlm.nih.gov/pubmed/31941932
http://doi.org/10.1371/journal.pmed.1002223
http://doi.org/10.1073/pnas.1501605112
http://doi.org/10.3389/fonc.2019.00115
http://doi.org/10.1158/1078-0432.CCR-19-1543
http://doi.org/10.1002/ijc.32186


Cancers 2021, 13, 4451 23 of 26

62. Birnbaum, D.J.; Finetti, P.; Birnbaum, D.; Mamessier, E.; Bertucci, F. Validation and comparison of the molecular classifications of
pancreatic carcinomas. Mol. Cancer 2017, 16, 168. [CrossRef] [PubMed]

63. Topham, J.T.; Karasinska, J.M.; Lee, M.K.C.; Csizmok, V.; Williamson, L.M.; Jang, G.H.; Denroche, R.E.; Tsang, E.S.; Kalloger, S.E.;
Wong, H.L.; et al. Subtype-Discordant Pancreatic Ductal Adenocarcinoma Tumors Show Intermediate Clinical and Molecular
Characteristics. Clin. Cancer Res. 2021, 27, 150–157. [CrossRef]

64. Aung, K.L.; Fischer, S.E.; Denroche, R.E.; Jang, G.H.; Dodd, A.; Creighton, S.; Southwood, B.; Liang, S.B.; Chadwick, D.; Zhang,
A.; et al. Genomics-Driven Precision Medicine for Advanced Pancreatic Cancer: Early Results from the COMPASS Trial. Clin.
Cancer Res. 2018, 24, 1344–1354. [CrossRef]

65. 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] [PubMed]

66. Martinelli, P.; Madriles, F.; Canamero, M.; Pau, E.C.; Pozo, N.D.; Guerra, C.; Real, F.X. The acinar regulator Gata6 suppresses
KrasG12V-driven pancreatic tumorigenesis in mice. Gut 2016, 65, 476–486. [CrossRef]

67. Brunton, H.; Caligiuri, G.; Cunningham, R.; Upstill-Goddard, R.; Bailey, U.M.; Garner, I.M.; Nourse, C.; Dreyer, S.; Jones, M.;
Moran-Jones, K.; et al. HNF4A and GATA6 Loss Reveals Therapeutically Actionable Subtypes in Pancreatic Cancer. Cell Rep.
2020, 31, 107625. [CrossRef]

68. Gabitova-Cornell, L.; Surumbayeva, A.; Peri, S.; Franco-Barraza, J.; Restifo, D.; Weitz, N.; Ogier, C.; Goldman, A.R.; Hartman, T.R.;
Francescone, R.; et al. Cholesterol Pathway Inhibition Induces TGF-beta Signaling to Promote Basal Differentiation in Pancreatic
Cancer. Cancer Cell 2020, 38, 567–583.e511. [CrossRef] [PubMed]

69. Janky, R.; Binda, M.M.; Allemeersch, J.; Van den Broeck, A.; Govaere, O.; Swinnen, J.V.; Roskams, T.; Aerts, S.; Topal, B. Prognostic
relevance of molecular subtypes and master regulators in pancreatic ductal adenocarcinoma. BMC Cancer 2016, 16, 632. [CrossRef]
[PubMed]

70. Kloesch, B.; Ionasz, V.; Paliwal, S.; Hruschka, N.; Martinez de Villarreal, J.; Ollinger, R.; Mueller, S.; Dienes, H.P.; Schindl, M.;
Gruber, E.S.; et al. A GATA6-centred gene regulatory network involving HNFs and DeltaNp63 controls plasticity and immune
escape in pancreatic cancer. Gut 2021. [CrossRef] [PubMed]

71. 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]

72. Kalimuthu, S.N.; Wilson, G.W.; Grant, R.C.; Seto, M.; O’Kane, G.; Vajpeyi, R.; Notta, F.; Gallinger, S.; Chetty, R. Morphological
classification of pancreatic ductal adenocarcinoma that predicts molecular subtypes and correlates with clinical outcome. Gut
2020, 69, 317–328. [CrossRef] [PubMed]

73. Zhao, L.; Zhao, H.; Yan, H. Gene expression profiling of 1200 pancreatic ductal adenocarcinoma reveals novel subtypes. BMC
Cancer 2018, 18, 603. [CrossRef] [PubMed]

74. Dreyer, S.B.; Jamieson, N.B.; Upstill-Goddard, R.; Bailey, P.J.; McKay, C.J.; Australian Pancreatic Cancer Genome, I.; Biankin, A.V.;
Chang, D.K. Defining the molecular pathology of pancreatic body and tail adenocarcinoma. Br. J. Surg. 2018, 105, e183–e191.
[CrossRef]

75. Patil, S.; Steuber, B.; Kopp, W.; Kari, V.; Urbach, L.; Wang, X.; Kuffer, S.; Bohnenberger, H.; Spyropoulou, D.; Zhang, Z.; et al.
EZH2 Regulates Pancreatic Cancer Subtype Identity and Tumor Progression via Transcriptional Repression of GATA6. Cancer Res.
2020, 80, 4620–4632. [CrossRef]

76. Jiang, X.; Zhang, W.; Kayed, H.; Zheng, P.; Giese, N.A.; Friess, H.; Kleeff, J. Loss of ONECUT1 expression in human pancreatic
cancer cells. Oncol. Rep. 2008, 19, 157–163. [CrossRef] [PubMed]

77. Glass, M.; Dorn, A.; Huttelmaier, S.; Haemmerle, M.; Gutschner, T. Comprehensive Analysis of LincRNAs in Classical and
Basal-Like Subtypes of Pancreatic Cancer. Cancers 2020, 12, 2077. [CrossRef] [PubMed]

78. Genovese, G.; Carugo, A.; Tepper, J.; Robinson, F.S.; Li, L.; Svelto, M.; Nezi, L.; Corti, D.; Minelli, R.; Pettazzoni, P.; et al. Synthetic
vulnerabilities of mesenchymal subpopulations in pancreatic cancer. Nature 2017, 542, 362–366. [CrossRef]

79. Mueller, S.; Engleitner, T.; Maresch, R.; Zukowska, M.; Lange, S.; Kaltenbacher, T.; Konukiewitz, B.; Ollinger, R.; Zwiebel, M.;
Strong, A.; et al. Evolutionary routes and KRAS dosage define pancreatic cancer phenotypes. Nature 2018, 554, 62–68. [CrossRef]

80. Adams, C.R.; Htwe, H.H.; Marsh, T.; Wang, A.L.; Montoya, M.L.; Subbaraj, L.; Tward, A.D.; Bardeesy, N.; Perera, R.M.
Transcriptional control of subtype switching ensures adaptation and growth of pancreatic cancer. eLife 2019, 8, e45313. [CrossRef]

81. Zhang, Y.; Zhu, L.; Wang, X. A Network-Based Approach for Identification of Subtype-Specific Master Regulators in Pancreatic
Ductal Adenocarcinoma. Genes 2020, 11, 155. [CrossRef] [PubMed]

82. Scheel, C.; Weinberg, R.A. Phenotypic plasticity and epithelial-mesenchymal transitions in cancer and normal stem cells? Int. J.
Cancer 2011, 129, 2310–2314. [CrossRef] [PubMed]

83. Knudsen, E.S.; Vail, P.; Balaji, U.; Ngo, H.; Botros, I.W.; Makarov, V.; Riaz, N.; Balachandran, V.; Leach, S.; Thompson, D.M.; et al.
Stratification of Pancreatic Ductal Adenocarcinoma: Combinatorial Genetic, Stromal, and Immunologic Markers. Clin. Cancer Res.
2017, 23, 4429–4440. [CrossRef]

84. Karamitopoulou, E.; Gloor, B. Clinical Scenarios Emerging from Combined Immunophenotypic, Molecular and Morphologic
Analysis of Pancreatic Cancer: The Good, the Bad and the Ugly Scenario. Cancers 2019, 11, 968. [CrossRef]

http://doi.org/10.1186/s12943-017-0739-z
http://www.ncbi.nlm.nih.gov/pubmed/29110659
http://doi.org/10.1158/1078-0432.CCR-20-2831
http://doi.org/10.1158/1078-0432.CCR-17-2994
http://doi.org/10.1038/s41588-019-0566-9
http://www.ncbi.nlm.nih.gov/pubmed/31932696
http://doi.org/10.1136/gutjnl-2014-308042
http://doi.org/10.1016/j.celrep.2020.107625
http://doi.org/10.1016/j.ccell.2020.08.015
http://www.ncbi.nlm.nih.gov/pubmed/32976774
http://doi.org/10.1186/s12885-016-2540-6
http://www.ncbi.nlm.nih.gov/pubmed/27520560
http://doi.org/10.1136/gutjnl-2020-321397
http://www.ncbi.nlm.nih.gov/pubmed/33846140
http://doi.org/10.1038/s43018-019-0010-1
http://doi.org/10.1136/gutjnl-2019-318217
http://www.ncbi.nlm.nih.gov/pubmed/31201285
http://doi.org/10.1186/s12885-018-4546-8
http://www.ncbi.nlm.nih.gov/pubmed/29843660
http://doi.org/10.1002/bjs.10772
http://doi.org/10.1158/0008-5472.CAN-20-0672
http://doi.org/10.3892/or.19.1.157
http://www.ncbi.nlm.nih.gov/pubmed/18097590
http://doi.org/10.3390/cancers12082077
http://www.ncbi.nlm.nih.gov/pubmed/32727085
http://doi.org/10.1038/nature21064
http://doi.org/10.1038/nature25459
http://doi.org/10.7554/eLife.45313
http://doi.org/10.3390/genes11020155
http://www.ncbi.nlm.nih.gov/pubmed/32024063
http://doi.org/10.1002/ijc.26311
http://www.ncbi.nlm.nih.gov/pubmed/21792896
http://doi.org/10.1158/1078-0432.CCR-17-0162
http://doi.org/10.3390/cancers11070968


Cancers 2021, 13, 4451 24 of 26

85. Wang, Z.; Li, Y.; Kong, D.; Banerjee, S.; Ahmad, A.; Azmi, A.S.; Ali, S.; Abbruzzese, J.L.; Gallick, G.E.; Sarkar, F.H. Acquisition of
epithelial-mesenchymal transition phenotype of gemcitabine-resistant pancreatic cancer cells is linked with activation of the
notch signaling pathway. Cancer Res. 2009, 69, 2400–2407. [CrossRef] [PubMed]

86. Mirzoeva, O.K.; Collisson, E.A.; Schaefer, P.M.; Hann, B.; Hom, Y.K.; Ko, A.H.; Korn, W.M. Subtype-specific MEK-PI3 kinase
feedback as a therapeutic target in pancreatic adenocarcinoma. Mol. Cancer Ther. 2013, 12, 2213–2225. [CrossRef] [PubMed]

87. Galvan, J.A.; Zlobec, I.; Wartenberg, M.; Lugli, A.; Gloor, B.; Perren, A.; Karamitopoulou, E. Expression of E-cadherin repressors
SNAIL, ZEB1 and ZEB2 by tumour and stromal cells influences tumour-budding phenotype and suggests heterogeneity of
stromal cells in pancreatic cancer. Br. J. Cancer 2015, 112, 1944–1950. [CrossRef] [PubMed]

88. Candido, J.B.; Morton, J.P.; Bailey, P.; Campbell, A.D.; Karim, S.A.; Jamieson, T.; Lapienyte, L.; Gopinathan, A.; Clark, W.; McGhee,
E.J.; et al. CSF1R(+) Macrophages Sustain Pancreatic Tumor Growth through T Cell Suppression and Maintenance of Key Gene
Programs that Define the Squamous Subtype. Cell Rep. 2018, 23, 1448–1460. [CrossRef] [PubMed]

89. Anderson, K.G.; Stromnes, I.M.; Greenberg, P.D. Obstacles Posed by the Tumor Microenvironment to T cell Activity: A Case for
Synergistic Therapies. Cancer Cell 2017, 31, 311–325. [CrossRef]

90. Lin, W.; Noel, P.; Borazanci, E.H.; Lee, J.; Amini, A.; Han, I.W.; Heo, J.S.; Jameson, G.S.; Fraser, C.; Steinbach, M.; et al. Single-cell
transcriptome analysis of tumor and stromal compartments of pancreatic ductal adenocarcinoma primary tumors and metastatic
lesions. Genome Med. 2020, 12, 80. [CrossRef]

91. Noll, E.M.; Eisen, C.; Stenzinger, A.; Espinet, E.; Muckenhuber, A.; Klein, C.; Vogel, V.; Klaus, B.; Nadler, W.; Rosli, C.; et al.
CYP3A5 mediates basal and acquired therapy resistance in different subtypes of pancreatic ductal adenocarcinoma. Nat. Med.
2016, 22, 278–287. [CrossRef]

92. Hennig, A.; Wolf, L.; Jahnke, B.; Polster, H.; Seidlitz, T.; Werner, K.; Aust, D.E.; Hampe, J.; Distler, M.; Weitz, J.; et al. CFTR
Expression Analysis for Subtyping of Human Pancreatic Cancer Organoids. Stem Cells Int. 2019, 2019, 1024614. [CrossRef]
[PubMed]

93. Balli, D.; Rech, A.J.; Stanger, B.Z.; Vonderheide, R.H. Immune Cytolytic Activity Stratifies Molecular Subsets of Human Pancreatic
Cancer. Clin. Cancer Res. 2017, 23, 3129–3138. [CrossRef]

94. Neuzillet, C.; Tijeras-Raballand, A.; Ragulan, C.; Cros, J.; Patil, Y.; Martinet, M.; Erkan, M.; Kleeff, J.; Wilson, J.; Apte, M.; et al.
Inter- and intra-tumoural heterogeneity in cancer-associated fibroblasts of human pancreatic ductal adenocarcinoma. J. Pathol.
2019, 248, 51–65. [CrossRef] [PubMed]

95. Le Large, T.Y.; Mantini, G.; Meijer, L.L.; Pham, T.V.; Funel, N.; van Grieken, N.C.; Kok, B.; Knol, J.; van Laarhoven, H.W.; Piersma,
S.R.; et al. Microdissected pancreatic cancer proteomes reveal tumor heterogeneity and therapeutic targets. JCI Insight 2020,
5, e138290. [CrossRef] [PubMed]

96. Haeberle, L.; Steiger, K.; Schlitter, A.M.; Safi, S.A.; Knoefel, W.T.; Erkan, M.; Esposito, I. Stromal heterogeneity in pancreatic cancer
and chronic pancreatitis. Pancreatol. Off. J. Int. Assoc. Pancreatol. 2018, 18, 536–549. [CrossRef]

97. Ogawa, Y.; Masugi, Y.; Abe, T.; Yamazaki, K.; Ueno, A.; Fujii-Nishimura, Y.; Hori, S.; Yagi, H.; Abe, Y.; Kitago, M.; et al. Three
Distinct Stroma Types in Human Pancreatic Cancer Identified by Image Analysis of Fibroblast Subpopulations and Collagen.
Clin. Cancer Res. 2021, 27, 107–119. [CrossRef] [PubMed]

98. Erkan, M.; Michalski, C.W.; Rieder, S.; Reiser-Erkan, C.; Abiatari, I.; Kolb, A.; Giese, N.A.; Esposito, I.; Friess, H.; Kleeff, J. The
activated stroma index is a novel and independent prognostic marker in pancreatic ductal adenocarcinoma. Clin. Gastroenterol.
Hepatol. 2008, 6, 1155–1161. [CrossRef]

99. Kandimalla, R.; Tomihara, H.; Banwait, J.K.; Yamamura, K.; Singh, G.; Baba, H.; Goel, A. A 15-Gene Immune, Stromal, and
Proliferation Gene Signature that Significantly Associates with Poor Survival in Patients with Pancreatic Ductal Adenocarcinoma.
Clin. Cancer Res. 2020, 26, 3641–3648. [CrossRef]

100. Shi, M.; Yu, D.H.; Chen, Y.; Zhao, C.Y.; Zhang, J.; Liu, Q.H.; Ni, C.R.; Zhu, M.H. Expression of fibroblast activation protein in
human pancreatic adenocarcinoma and its clinicopathological significance. World J. Gastroenterol. 2012, 18, 840–846. [CrossRef]

101. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P.;
Tattersall, I.W.; et al. Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell 2014,
25, 735–747. [CrossRef]

102. Ozdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.; Sugimoto, H.; Kahlert, C.;
Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates
pancreas cancer with reduced survival. Cancer Cell 2014, 25, 719–734. [CrossRef]

103. Law, H.C.; Lagundzin, D.; Clement, E.J.; Qiao, F.; Wagner, Z.S.; Krieger, K.L.; Costanzo-Garvey, D.; Caffrey, T.C.; Grem, J.L.;
DiMaio, D.J.; et al. The Proteomic Landscape of Pancreatic Ductal Adenocarcinoma Liver Metastases Identifies Molecular
Subtypes and Associations with Clinical Response. Clin. Cancer Res. 2020, 26, 1065–1076. [CrossRef]

104. Muckenhuber, A.; Berger, A.K.; Schlitter, A.M.; Steiger, K.; Konukiewitz, B.; Trumpp, A.; Eils, R.; Werner, J.; Friess, H.; Esposito, I.;
et al. Pancreatic Ductal Adenocarcinoma Subtyping Using the Biomarkers Hepatocyte Nuclear Factor-1A and Cytokeratin-81
Correlates with Outcome and Treatment Response. Clin. Cancer Res. 2018, 24, 351–359. [CrossRef]

105. Juiz, N.; Elkaoutari, A.; Bigonnet, M.; Gayet, O.; Roques, J.; Nicolle, R.; Iovanna, J.; Dusetti, N. Basal-like and classical cells coexist
in pancreatic cancer revealed by single-cell analysis on biopsy-derived pancreatic cancer organoids from the classical subtype.
FASEB J. 2020, 34, 12214–12228. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-08-4312
http://www.ncbi.nlm.nih.gov/pubmed/19276344
http://doi.org/10.1158/1535-7163.MCT-13-0104
http://www.ncbi.nlm.nih.gov/pubmed/23918833
http://doi.org/10.1038/bjc.2015.177
http://www.ncbi.nlm.nih.gov/pubmed/25989272
http://doi.org/10.1016/j.celrep.2018.03.131
http://www.ncbi.nlm.nih.gov/pubmed/29719257
http://doi.org/10.1016/j.ccell.2017.02.008
http://doi.org/10.1186/s13073-020-00776-9
http://doi.org/10.1038/nm.4038
http://doi.org/10.1155/2019/1024614
http://www.ncbi.nlm.nih.gov/pubmed/31191661
http://doi.org/10.1158/1078-0432.CCR-16-2128
http://doi.org/10.1002/path.5224
http://www.ncbi.nlm.nih.gov/pubmed/30575030
http://doi.org/10.1172/jci.insight.138290
http://www.ncbi.nlm.nih.gov/pubmed/32634123
http://doi.org/10.1016/j.pan.2018.05.004
http://doi.org/10.1158/1078-0432.CCR-20-2298
http://www.ncbi.nlm.nih.gov/pubmed/33046515
http://doi.org/10.1016/j.cgh.2008.05.006
http://doi.org/10.1158/1078-0432.CCR-19-4044
http://doi.org/10.3748/wjg.v18.i8.840
http://doi.org/10.1016/j.ccr.2014.04.021
http://doi.org/10.1016/j.ccr.2014.04.005
http://doi.org/10.1158/1078-0432.CCR-19-1496
http://doi.org/10.1158/1078-0432.CCR-17-2180
http://doi.org/10.1096/fj.202000363RR
http://www.ncbi.nlm.nih.gov/pubmed/32686876


Cancers 2021, 13, 4451 25 of 26

106. Hosein, A.N.; Huang, H.; Wang, Z.; Parmar, K.; Du, W.; Huang, J.; Maitra, A.; Olson, E.; Verma, U.; Brekken, R.A. Cellular
heterogeneity during mouse pancreatic ductal adenocarcinoma progression at single-cell resolution. JCI Insight 2019, 4, e129212.
[CrossRef]

107. Birnbaum, D.J.; Bertucci, F.; Finetti, P.; Birnbaum, D.; Mamessier, E. Head and Body/Tail Pancreatic Carcinomas Are Not the
Same Tumors. Cancers 2019, 11, 497. [CrossRef]

108. Kim, S.; Kang, M.; Lee, S.; Bae, S.; Han, S.; Jang, J.Y.; Park, T. Identifying molecular subtypes related to clinicopathologic factors in
pancreatic cancer. Biomed. Eng. Online 2014, 13, S5. [CrossRef] [PubMed]

109. Kuhlmann, L.; Nadler, W.M.; Kerner, A.; Hanke, S.A.; Noll, E.M.; Eisen, C.; Espinet, E.; Vogel, V.; Trumpp, A.; Sprick, M.R.; et al.
Identification and Validation of Novel Subtype-Specific Protein Biomarkers in Pancreatic Ductal Adenocarcinoma. Pancreas 2017,
46, 311–322. [CrossRef] [PubMed]

110. Roa-Pena, L.; Leiton, C.V.; Babu, S.; Pan, C.H.; Vanner, E.A.; Akalin, A.; Bandovic, J.; Moffitt, R.A.; Shroyer, K.R.; Escobar-Hoyos,
L.F. Keratin 17 identifies the most lethal molecular subtype of pancreatic cancer. Sci. Rep. 2019, 9, 11239. [CrossRef]

111. Pan, C.H.; Otsuka, Y.; Sridharan, B.; Woo, M.; Leiton, C.V.; Babu, S.; Torrente Goncalves, M.; Kawalerski, R.R.; JD, K.B.; Chang,
D.K.; et al. An unbiased high-throughput drug screen reveals a potential therapeutic vulnerability in the most lethal molecular
subtype of pancreatic cancer. Mol. Oncol. 2020, 14, 1800–1816. [CrossRef]

112. Kaissis, G.A.; Ziegelmayer, S.; Lohofer, F.K.; Harder, F.N.; Jungmann, F.; Sasse, D.; Muckenhuber, A.; Yen, H.Y.; Steiger, K.;
Siveke, J.; et al. Image-Based Molecular Phenotyping of Pancreatic Ductal Adenocarcinoma. J. Clin. Med. 2020, 9, 724. [CrossRef]
[PubMed]

113. Marechal, R.; Bachet, J.B.; Mackey, J.R.; Dalban, C.; Demetter, P.; Graham, K.; Couvelard, A.; Svrcek, M.; Bardier-Dupas, A.;
Hammel, P.; et al. Levels of gemcitabine transport and metabolism proteins predict survival times of patients treated with
gemcitabine for pancreatic adenocarcinoma. Gastroenterology 2012, 143, 664–674.e666. [CrossRef] [PubMed]

114. Griesmann, H.; Ripka, S.; Pralle, M.; Ellenrieder, V.; Baumgart, S.; Buchholz, M.; Pilarsky, C.; Aust, D.; Gress, T.M.; Michl, P.
WNT5A-NFAT signaling mediates resistance to apoptosis in pancreatic cancer. Neoplasia 2013, 15, 11–22. [CrossRef] [PubMed]

115. Humbert, M.; Casteran, N.; Letard, S.; Hanssens, K.; Iovanna, J.; Finetti, P.; Bertucci, F.; Bader, T.; Mansfield, C.D.; Moussy, A.;
et al. Masitinib combined with standard gemcitabine chemotherapy: In vitro and in vivo studies in human pancreatic tumour
cell lines and ectopic mouse model. PLoS ONE 2010, 5, e9430. [CrossRef] [PubMed]

116. Liang, C.; Shi, S.; Meng, Q.; Liang, D.; Ji, S.; Zhang, B.; Qin, Y.; Xu, J.; Ni, Q.; Yu, X. Complex roles of the stroma in the intrinsic
resistance to gemcitabine in pancreatic cancer: Where we are and where we are going. Exp. Mol. Med. 2017, 49, e406. [CrossRef]

117. Weizman, N.; Krelin, Y.; Shabtay-Orbach, A.; Amit, M.; Binenbaum, Y.; Wong, R.J.; Gil, Z. Macrophages mediate gemcitabine
resistance of pancreatic adenocarcinoma by upregulating cytidine deaminase. Oncogene 2014, 33, 3812–3819. [CrossRef]

118. Halbrook, C.J.; Pontious, C.; Kovalenko, I.; Lapienyte, L.; Dreyer, S.; Lee, H.J.; Thurston, G.; Zhang, Y.; Lazarus, J.; Sajjakulnukit, P.;
et al. Macrophage-Released Pyrimidines Inhibit Gemcitabine Therapy in Pancreatic Cancer. Cell Metab. 2019, 29, 1390–1399.e1396.
[CrossRef]

119. Ding, L.; Madamsetty, V.S.; Kiers, S.; Alekhina, O.; Ugolkov, A.; Dube, J.; Zhang, Y.; Zhang, J.S.; Wang, E.; Dutta, S.K.; et al.
Glycogen Synthase Kinase-3 Inhibition Sensitizes Pancreatic Cancer Cells to Chemotherapy by Abrogating the TopBP1/ATR-
Mediated DNA Damage Response. Clin. Cancer Res. 2019, 25, 6452–6462. [CrossRef]

120. Herbst, R.S.; Soria, J.C.; Kowanetz, M.; Fine, G.D.; Hamid, O.; Gordon, M.S.; Sosman, J.A.; McDermott, D.F.; Powderly, J.D.;
Gettinger, S.N.; et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature 2014,
515, 563–567. [CrossRef]

121. Balachandran, V.P.; Beatty, G.L.; Dougan, S.K. Broadening the Impact of Immunotherapy to Pancreatic Cancer: Challenges and
Opportunities. Gastroenterology 2019, 156, 2056–2072. [CrossRef]

122. Lowery, M.A.; Kelsen, D.P.; Stadler, Z.K.; Yu, K.H.; Janjigian, Y.Y.; Ludwig, E.; D’Adamo, D.R.; Salo-Mullen, E.; Robson, M.E.;
Allen, P.J.; et al. An emerging entity: Pancreatic adenocarcinoma associated with a known BRCA mutation: Clinical descriptors,
treatment implications, and future directions. Oncologist 2011, 16, 1397–1402. [CrossRef]

123. Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; 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]

124. Dreyer, S.B.; Chang, D.K.; Bailey, P.; Biankin, A.V. Pancreatic Cancer Genomes: Implications for Clinical Management and
Therapeutic Development. Clin. Cancer Res. 2017, 23, 1638–1646. [CrossRef]

125. Hammel, P.; Zhang, C.; Matile, J.; Colle, E.; Hadj-Naceur, I.; Gagaille, M.P.; Bouattour, M.; Cros, J.; de Mestier, L.; Lamuraglia, M.
PARP inhibition in treatment of pancreatic cancer. Expert Rev. Anticancer 2020, 20, 939–945. [CrossRef]

126. Gout, J.; Perkhofer, L.; Morawe, M.; Arnold, F.; Ihle, M.; Biber, S.; Lange, S.; Roger, E.; Kraus, J.M.; Stifter, K.; et al. Synergistic
targeting and resistance to PARP inhibition in DNA damage repair-deficient pancreatic cancer. Gut 2021, 70, 743–760. [CrossRef]

127. Semaan, A.; Bernard, V.; Lee, J.J.; Wong, J.W.; Huang, J.; Swartzlander, D.B.; Stephens, B.M.; Monberg, M.E.; Weston, B.R.;
Bhutani, M.S.; et al. Defining the Comprehensive Genomic Landscapes of Pancreatic Ductal Adenocarcinoma Using Real-World
Endoscopic Aspiration Samples. Clin. Cancer Res. 2021, 27, 1082–1093. [CrossRef] [PubMed]

128. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef] [PubMed]

129. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef]

http://doi.org/10.1172/jci.insight.129212
http://doi.org/10.3390/cancers11040497
http://doi.org/10.1186/1475-925X-13-S2-S5
http://www.ncbi.nlm.nih.gov/pubmed/25560450
http://doi.org/10.1097/MPA.0000000000000743
http://www.ncbi.nlm.nih.gov/pubmed/27846146
http://doi.org/10.1038/s41598-019-47519-4
http://doi.org/10.1002/1878-0261.12743
http://doi.org/10.3390/jcm9030724
http://www.ncbi.nlm.nih.gov/pubmed/32155990
http://doi.org/10.1053/j.gastro.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22705007
http://doi.org/10.1593/neo.121312
http://www.ncbi.nlm.nih.gov/pubmed/23359789
http://doi.org/10.1371/journal.pone.0009430
http://www.ncbi.nlm.nih.gov/pubmed/20209107
http://doi.org/10.1038/emm.2017.255
http://doi.org/10.1038/onc.2013.357
http://doi.org/10.1016/j.cmet.2019.02.001
http://doi.org/10.1158/1078-0432.CCR-19-0799
http://doi.org/10.1038/nature14011
http://doi.org/10.1053/j.gastro.2018.12.038
http://doi.org/10.1634/theoncologist.2011-0185
http://doi.org/10.1056/NEJMoa1903387
http://doi.org/10.1158/1078-0432.CCR-16-2411
http://doi.org/10.1080/14737140.2020.1820330
http://doi.org/10.1136/gutjnl-2019-319970
http://doi.org/10.1158/1078-0432.CCR-20-2667
http://www.ncbi.nlm.nih.gov/pubmed/33188144
http://doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://doi.org/10.1126/science.aan6733


Cancers 2021, 13, 4451 26 of 26

130. Peng, J.; Sun, B.F.; Chen, C.Y.; Zhou, J.Y.; Chen, Y.S.; Chen, H.; Liu, L.; Huang, D.; Jiang, J.; Cui, G.S.; et al. Single-cell RNA-
seq highlights intra-tumoral heterogeneity and malignant progression in pancreatic ductal adenocarcinoma. Cell Res. 2019,
29, 725–738. [CrossRef]

131. Kalloger, S.E.; Karasinska, J.M.; Keung, M.S.; Thompson, D.L.; Ho, J.; Chow, C.; Gao, D.; Topham, J.T.; Warren, C.; Wong, H.L.;
et al. Stroma vs epithelium-enhanced prognostics through histologic stratification in pancreatic ductal adenocarcinoma. Int. J.
Cancer 2021, 148, 481–491. [CrossRef] [PubMed]

132. Reiter, J.G.; Baretti, M.; Gerold, J.M.; Makohon-Moore, A.P.; Daud, A.; Iacobuzio-Donahue, C.A.; Azad, N.S.; Kinzler, K.W.;
Nowak, M.A.; Vogelstein, B. An analysis of genetic heterogeneity in untreated cancers. Nat. Rev. Cancer 2019, 19, 639–650.
[CrossRef] [PubMed]

133. Moncada, R.; Barkley, D.; Wagner, F.; Chiodin, M.; Devlin, J.C.; Baron, M.; Hajdu, C.H.; Simeone, D.M.; Yanai, I. Integrating
microarray-based spatial transcriptomics and single-cell RNA-seq reveals tissue architecture in pancreatic ductal adenocarcinomas.
Nat. Biotechnol. 2020, 38, 333–342. [CrossRef]

134. Porter, R.L.; Magnus, N.K.C.; Thapar, V.; Morris, R.; Szabolcs, A.; Neyaz, A.; Kulkarni, A.S.; Tai, E.; Chougule, A.; Hillis, A.; et al.
Epithelial to mesenchymal plasticity and differential response to therapies in pancreatic ductal adenocarcinoma. Proc. Natl. Acad.
Sci. USA 2019, 116, 26835–26845. [CrossRef] [PubMed]

135. Ligorio, M.; Sil, S.; Malagon-Lopez, J.; Nieman, L.T.; Misale, S.; Di Pilato, M.; Ebright, R.Y.; Karabacak, M.N.; Kulkarni, A.S.; Liu,
A.; et al. Stromal Microenvironment Shapes the Intratumoral Architecture of Pancreatic Cancer. Cell 2019, 178, 160–175.e127.
[CrossRef] [PubMed]

136. Nakamura, T.; Kuwai, T.; Kitadai, Y.; Sasaki, T.; Fan, D.; Coombes, K.R.; Kim, S.J.; Fidler, I.J. Zonal heterogeneity for gene
expression in human pancreatic carcinoma. Cancer Res. 2007, 67, 7597–7604. [CrossRef]

137. Carstens, J.L.; Correa de Sampaio, P.; Yang, D.; Barua, S.; Wang, H.; Rao, A.; Allison, J.P.; LeBleu, V.S.; Kalluri, R. Spatial
computation of intratumoral T cells correlates with survival of patients with pancreatic cancer. Nat. Commun. 2017, 8, 15095.
[CrossRef] [PubMed]

138. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.; Biffi, G.; Lucito, M.S.;
et al. Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma Reveals Antigen-Presenting Cancer-Associated
Fibroblasts. Cancer Discov. 2019, 9, 1102–1123. [CrossRef] [PubMed]

139. Ohlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.; Hearn, S.A.; Lee, E.J.;
et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J. Exp. Med. 2017, 214, 579–596.
[CrossRef]

140. Nielsen, M.F.B.; Mortensen, M.B.; Sorensen, M.D.; Wirenfeldt, M.; Kristensen, B.W.; Schroder, H.D.; Pfeiffer, P.; Detlefsen, S.
Spatial and phenotypic characterization of pancreatic cancer-associated fibroblasts after neoadjuvant treatment. Histol. Histopathol.
2020, 35, 811–825. [CrossRef] [PubMed]

141. 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.e518.
[CrossRef]

142. Somerville, T.D.D.; Xu, Y.; Miyabayashi, K.; Tiriac, H.; Cleary, C.R.; Maia-Silva, D.; Milazzo, J.P.; Tuveson, D.A.; Vakoc, C.R.
TP63-Mediated Enhancer Reprogramming Drives the Squamous Subtype of Pancreatic Ductal Adenocarcinoma. Cell Rep. 2018,
25, 1741–1755.e1747. [CrossRef] [PubMed]

143. Koopmann, J.; Buckhaults, P.; Brown, D.A.; Zahurak, M.L.; Sato, N.; Fukushima, N.; Sokoll, L.J.; Chan, D.W.; Yeo, C.J.; Hruban,
R.H.; et al. Serum macrophage inhibitory cytokine 1 as a marker of pancreatic and other periampullary cancers. Clin. Cancer Res.
2004, 10, 2386–2392. [CrossRef] [PubMed]

http://doi.org/10.1038/s41422-019-0195-y
http://doi.org/10.1002/ijc.33304
http://www.ncbi.nlm.nih.gov/pubmed/32955725
http://doi.org/10.1038/s41568-019-0185-x
http://www.ncbi.nlm.nih.gov/pubmed/31455892
http://doi.org/10.1038/s41587-019-0392-8
http://doi.org/10.1073/pnas.1914915116
http://www.ncbi.nlm.nih.gov/pubmed/31843922
http://doi.org/10.1016/j.cell.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31155233
http://doi.org/10.1158/0008-5472.CAN-07-0874
http://doi.org/10.1038/ncomms15095
http://www.ncbi.nlm.nih.gov/pubmed/28447602
http://doi.org/10.1158/2159-8290.CD-19-0094
http://www.ncbi.nlm.nih.gov/pubmed/31197017
http://doi.org/10.1084/jem.20162024
http://doi.org/10.14670/HH-18-201
http://www.ncbi.nlm.nih.gov/pubmed/31960942
http://doi.org/10.1016/j.ccell.2018.02.003
http://doi.org/10.1016/j.celrep.2018.10.051
http://www.ncbi.nlm.nih.gov/pubmed/30428345
http://doi.org/10.1158/1078-0432.CCR-03-0165
http://www.ncbi.nlm.nih.gov/pubmed/15073115

	Introduction 
	Molecular Heterogeneity of PDAC 
	Genomic Signatures of PDAC Cells Associated with Patient Outcome 
	Transcriptional Subtypes of PDAC 
	Classical Subtype of PDAC 
	Squamous Subtype of PDAC 
	PDAC Tumors with Exocrine and/or Endocrine Differentiation-Associated GEP 
	Immune-Related PDAC Subtypes 
	Stromal Subtypes of PDAC 
	Consensus Transcriptomics Subtypes of PDAC 


	Clinical Impact of the Distinct Molecular Subtypes of PDAC 
	Clinical Impact and Therapeutical Implications 
	Molecular Biomarkers for Risk Stratification of PDAC Patients 
	Therapeutic Implications of PDAC Transcriptomics Profiles 

	Impact of Intratumoral Genomic Heterogeneity on the Molecular Subtype of PDAC 
	Spatio-Temporal Heterogeneity of PDAC at the Molecular Level 
	Spatial Heterogeneity and Tumor Evolution 
	Plasticity of PDAC Cells 


	Conclusions 
	References

