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Pancreatic cancer is one of the deadliest cancers and remains a major unsolved health
problem. While pancreatic ductal adenocarcinoma (PDAC) is associated with driver
mutations in only four major genes (KRAS, TP53, SMAD4, and CDKN2A), every tumor
differs in its molecular landscape, histology, and prognosis. It is crucial to understand and
consider these differences to be able to tailor treatment regimens specific to the
vulnerabilities of the individual tumor to enhance patient outcome. This review focuses
on the heterogeneity of pancreatic tumor cells and how in addition to genetic alterations,
the subsequent dysregulation of multiple signaling cascades at various levels, epigenetic
and metabolic factors contribute to the oncogenesis of PDAC and compensate for each
other in driving cancer progression if one is tackled by a therapeutic approach. This
implicates that besides the need for new combinatorial therapies for PDAC, a personalized
approach for treating this highly complex cancer is required. A strategy that combines both
a target-based and phenotypic approach to identify an effective treatment, like Reverse
Clinical Engineering

®
using patient-derived organoids, is discussed as a promising way

forward in the field of personalized medicine to tackle this deadly disease.
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INTRODUCTION

Treating pancreatic cancer is a major clinical challenge. It is aggressive, often diagnosed late in its
course and treatment options are not only limited but also with a low success rate—despite strong
efforts in basic and clinical research to better understand and tackle this deadly disease.

The most frequent histological type of pancreatic cancer is the pancreatic ductal adenocarcinoma
(PDAC) arising from epithelial ductal cells of the pancreas (Warshaw and Castillo, 1992; Li et al.,
2004). PDAC is among the cancers with the worst prognosis with a 5-year survival rate of less than
9% (Siegel et al., 2021) and is predicted to be the second leading cause of cancer death by 2030 (Rahib
et al., 2014).
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The only curative treatment for PDAC so far is surgery, but
most of the patients are diagnosed at late stages and already
metastasized. 85% of PDACs are unresectable (Seufferlein et al.,
2014; Orth et al., 2019) and currently the most common
treatment for these patients is chemotherapy that includes
combinations with gemcitabine and 5-fluorouracil (5-FU).
Combination therapy of gemcitabine and nab-paclitaxel
improved overall survival to gemcitabine therapy alone by
1.8 months (8.5 vs 6.7 months median overall survival) with
the 2-years survival rate increasing to 9% on gemcitabine plus
nab-paclitaxel compared to 4% on gemcitabine therapy alone
(Von Hoff et al., 2013; Saito et al., 2017).

Improved therapy results were also shown for FOLFIRINOX,
which is a combination of 5-FU, irinotecan, oxaliplatin, and
folinic acid, but also exhibits increased side effects and affects
the quality of life (Conroy et al., 2011). For patients treated with
FOLFIRINOX, the overall survival increased by 4.3 months
compared to gemcitabine (11.1 vs 6.8 months) (Conroy et al.,
2011), and the response rate to gemcitabine or FOLFIRINOX
therapy was only 10 and 31% respectively (Conroy et al., 2011;
Bian et al., 2017).

While these two regimes were considered as a success story in
the therapeutic arena of PDAC, the overall survival is still very
low with only small improvements, illustrating that an effective
treatment of PDAC is still missing. Further, chemoresistance of
the tumor is prevalent and is one of the main reasons for the very
low survival rate of this aggressive cancer (Juiz et al., 2019).

Targeted therapies aiming specifically at genomic aberrant
pathways, often using specific molecular profiles of individual
cancer to stratify patients, significantly enhanced cancer
treatment—but not yet for PDAC. For example, colorectal
cancer patients with wild type proto-oncogene KRAS or BRAF
benefit often from treatment with monoclonal antibodies
targeting the epidermal growth factor receptor (EGFR)
(Amado et al., 2008; Karapetis et al., 2008; Di Nicolantonio
et al., 2008). In PDAC, combination therapy of the anti-EGFR
antibody erlotinib and gemcitabine has been approved as a first
line therapy for metastatic disease, independent of KRAS
mutational status, and showed clinical benefit compared to
gemcitabine alone (Moore et al., 2007; Wang et al., 2015).
However, also here the median survival time increased only to
6.24 months compared to 5.91 months for gemcitabine treatment
alone in the initial trial (Moore et al., 2007) and KRASmutational
status was shown as not predictive for the treatment response to
erlotinib in PDAC (Boeck et al., 2013).

In PDAC, some targeted therapies improved treatment but
unfortunately only for a small proportion of patients with specific
aberrations. PDAC patients with high microsatellite instability or
DNA mismatch repair-deficient tumors (0.8% of PDAC cases)
were shown to respond to immune checkpoint blockade
inhibitors, such as anti PD-1/PD-L1, with durable responses
(Diaz et al., 2017; Hu et al., 2018; Eso et al., 2020). Therapies
targeting either DNA damage repair (i.e., PARP inhibitors) in
germline BRCAmutated metastatic PDAC (about 7% of patients)
(Vincent et al., 2011a; Golan et al., 2019) and therapies targeting
specific oncogenes such as mutant BRAF (about 4% of patients)
or kinase fusion genes in KRAS wild type tumors (about 4% of

patients) (Luchini et al., 2020) were also shown to benefit patients
in a clinically relevant fashion.

So why is there so little progress in PDAC treatment? The
highly desmoplastic tumor stroma (Öhlund et al., 2017; Hosein
et al., 2020) making it difficult for a drug to reach the tumor is
considered as one reason for treatment failure in PDAC (not
reviewed here). Another is the effective immune-evasion
mechanisms employed by PDAC (Saka et al., 2020) (not
reviewed here). But on the other hand, it is the individual
differences at the molecular and cellular level of each tumor,
its heterogeneity, as well as the interplay between various
pathways and dysregulations, the context that confers different
susceptibility to drugs. These tumor-cell intrinsic features are the
topic of this review.

Much is known about the genetic landscape and mutations
driving PDAC development and progression. PDAC is associated
with mutations in only four major genes: the proto-oncogene
KRAS as the main disease driver, followed by tumor suppressor
genes tumor protein 53 (TP53), SMAD family member 4
(SMAD4) and cyclin dependent kinase inhibitor 2A
(CDKN2A) (Hingorani et al., 2005). The current model for
PDAC development is that genomic alterations occur in a
stepwise manner with mutations in KRAS and CDKN2A
preceding in early Pan-IN lesions, which are precursor lesions
for invasive carcinoma, often followed by mutations in TP53 and
SMAD4 which contribute to the tumor’s invasiveness (Aguirre
et al., 2003; Hingorani et al., 2005; Iacobuzio-Donahue et al.,
2012; Ryan et al., 2014).

However, despite overwhelming research on PDAC biology
and genetics, we were not yet able to harness this knowledge to
develop effective targeted therapies for pancreatic cancer. The
main lingering question that remains is how to translate the
knowledge of disease biology and its heterogeneity into targeted
therapies for individual patients. It is much needed to unearth the
tumors’ resistance mechanisms and identify chemo-sensitivity
signatures in PDAC, which will increase the chances of
identifying clinically effective targeted therapies.

This review delineates the difficulties in targeting highly
heterogenous, mutant KRAS-driven PDAC cells due to the
presence of dysregulations at multiple level. Dysregulations at
genome level is just one aspect driving this disease but there are
also dysregulations at the metabolic space, epigenetic alterations
and additional pathway deregulations that enhance tumor
progression. In addition, several compensatory mechanisms
are utilized by PDAC cells for their survival when the highly
dysregulated KRAS signaling pathway is targeted. Therefore,
identifying and targeting vulnerabilities not only in the genetic
landscape but also at the epigenetic and metabolic level is
necessary for effective treatment. Further, it is required to
approach PDAC therapy in an individualized manner to take
the heterogeneity and the context of the multiple dysregulations
into account. This review further highlights that patient-derived
organoids are an excellent tool to functionally profile individual
tumors and that Reverse Clinical Engineering®, an approach that
combines target-based and phenotypic screening strategies as a
single system in a potentially high-throughput manner holds an
important component of the future of personalized oncology.
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DISTINCT SUBTYPES REVEAL PDAC
HETEROGENEITY

Molecular taxonomy of PDAC has been described in several gene
expression studies in different, independent cohorts. Collisson
and colleagues identified three subtypes (quasi mesenchymal,
classical, and exocrine-like) in 2011, based on analyses of global
gene expression from human and mice PDAC lines along with
micro-dissected human PDAC tissue and found that these
subtypes progress and respond to treatment differently
(Collisson et al., 2011). A 2015 study by Moffitt et al. on bulk
resected primary, non-treated PDAC tumors and metastases
stratified PDAC into tumor-specific and stromal-specific
subtypes using a sophisticated computational approach
(Moffitt et al., 2015). Distinct molecular mechanisms
associated with distinct tumor subtypes were identified by the
Australian Pancreatic Cancer Genome Initiative in 2016 using
integrated genomic, epigenomic, and transcriptomic analysis.
Here, four subtypes were identified based on whole genome,
deep exome, and RNA expression profiles: squamous, pancreatic
progenitor, immunogenic and aberrantly differentiated exocrine-
and endocrine-like (Bailey et al., 2016). Differential expression of
transcription factors and their downstream effectors among these
subtypes revealed the heterogeneity in PDAC pathophysiology.

Distinct classifications from different cohorts (Collisson et al.,
2011; Moffitt et al., 2015; Bailey et al., 2016; Puleo et al., 2018)
overlap (Raphael et al., 2017) and altogether sum up to two major
tumor-specific subtypes based on high purity tumor samples:
classical/pancreatic progenitor and squamous/basal-like. Both
subtypes are associated with specific genetic programs and
prognosis. The classical subtype has a higher level of
differentiation and better prognosis compared to the basal-
like/squamous subtype (Bailey et al., 2016).

A study from 2020 further improved the purification of PDAC
tumor cells for genomic analysis using laser capture
microdissection and classified the two major PDAC subtypes
into further subclasses based on the degree of squamous
signatures and clinical staging to classical-like A, classical-like
B, basal-like A, basal-like B, and hybrid (Chan-Seng-Yue et al.,
2020). Basal-like A phenotype was shown to be highly prevalent
in metastatic advanced disease, enriched with squamous
signatures and associated with increased genomic instability
such as genome doubling and high KRAS imbalance
(i.e., imbalance between wildtype and mutant KRAS alleles
favoring the mutant KRAS allele) (Chan-Seng-Yue et al.,
2020). However, if a relationship exists between high
imbalance in KRAS, genomic doubling and increased
expression of squamous signature is still unclear. Despite that,
it suggests that increased mutant KRAS dosage may lead to
increased KRAS signaling and promote metastasis.

Additional studies at single cell resolution revealed that most
PDAC tumors harbor both classical and basal-like tumor cells,
thereby showing that the two subtypes co-exist in a single tumor
(Juiz et al., 2020). This demonstration of high intra-tumor
heterogeneity even at the subtype level further highlights the
need for personalized oncology. Treatment targeting for example
basal-like tumor cells will not be sufficient if both subtypes are

present in most tumors, demonstrating the complexity of
targeting tumor cell subtypes.

In summary, distinct subtypes identified in massive
sequencing studies revealed pronounced heterogeneity in
PDAC with also less prevalent mutations, genome doubling,
copy number changes, and chromosome alterations
contributing to tumorigenesis besides mutations in the four
major PDAC drivers (KRAS, CDKN2A, SMAD4, and TP53).
This heterogeneity is the main reason for the current
treatments not being more effective in PDAC, as the
differences that prevail at molecular and cellular level of each
tumor confer different susceptibility to treatment.

This demonstrates that while we need targeted therapies that
specifically target the dysregulated molecular mechanisms
driving tumor progression, there will never be a “one size fits
all” solution in PDAC but a need for individualized treatment, for
truly personal oncology.

COMBINATION THERAPIES FOR
UNDRUGGABLE KRAS

90% of PDAC possess mutations in the proto-oncogene KRAS
(Almoguera et al., 1988; Raphael et al., 2017) and KRAS
mutations which were shown to initiate the disease (Hingorani
et al., 2005). In addition to KRAS mutation, KRAS amplification
also contribute for disease progression in cancers including
PDAC (Silverman et al., 1990; Liu et al., 1998; Heidenblad
et al., 2002; O’Hagan et al., 2002; Aguirre et al., 2003; Yamada
et al., 2008). Given the strong KRAS oncogene addiction of PDAC
(Eser et al., 2014; Zeitouni et al., 2016), it appears as the obvious
aim for targeted PDAC therapy.

KRAS is a small GTP binding protein, localized at the lipid
rich cell membrane and cycling between GDP-bound inactive
and GTP-bound active states. Activated KRAS triggers a
signaling cascade by activating further downstream kinase
effectors such as mitogen-activated protein 3 kinases
(MAP3K) RAF, which then activate MAP2K kinases like
MEK, activating MAP kinases (MAPK) like ERK, activating
finally transcription factors that regulate gene expression
changes involved in cell cycle regulation, tissue repair,
angiogenesis, and differentiation (Ullrich and Schlessinger,
1990; Adjei, 2001; Lemmon and Schlessinger, 2010).

Researchers in the academic and pharmaceutical arena are
trying for over four decades to discover a drug that effectively
targets mutated RAS. A crucial amino acid is the glycine at
position 12 which upon mutation is often replaced with
another amino acid. The consequence is a prevention of GTP
hydrolysis, constantly favoring the active GTP-bound state
activating the downstream signaling cascade responsible for
cell proliferation and survival (Scheffzek et al., 1997).
Inhibitors have been developed that target mutant KRASG12C

protein which were shown to be effective for lung cancer patients
(Ostrem et al., 2013; Lito et al., 2016; Janes et al., 2018). However,
in PDAC this mutation is only found in around 2% of cases, with
KRASG12D being the most common driver mutation (Cox et al.,
2014). But despite tiring efforts, no clinically effective inhibitor
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for KRASG12D has been available for PDAC patients yet (Cox
et al., 2014).

Efforts to develop effective KRAS inhibitors failed on one
hand due to difficulties in targeting KRAS directly. Its high
intrinsic affinity for GTP prevents the binding of competitive
GTP inhibitors (Karnoub and Weinberg, 2008; Stephen et al.,
2014). Another reason for the failure of KRAS inhibitors is
that PDAC cells gain resistance based on other compensatory
pathways (Karnoub and Weinberg, 2008; Stephen et al.,
2014).

So indirect approaches to target KRAS appear to be required
and one option would be targeting its downstream effector
signaling. Several studies have provided compelling reason to
consider the RAS-RAF-MEK-ERK pathway to target mutant
KRAS-driven PDAC (Chen et al., 2016; Foster et al., 2016;
Hayes et al., 2016; Riquelme et al., 2016; Raphael et al., 2017).

In a mutant KRAS-driven model of PDAC it was shown that
mutant KRAS can be phenocopied by replacement with an
activated mutant BRAFV600E allele (Collisson et al., 2012). In
the rare cases of PDAC with wild type KRAS, a high percentage
have a BRAFV600E mutation (Witkiewicz et al., 2015; Raphael
et al., 2017; Seghers et al., 2020). However, BRAF selective
inhibitors are effective only in BRAF mutant tumor models
and have paradoxically activated ERK signaling in KRAS
mutant or RAS/RAF wild type tumor models (Hatzivassiliou
et al., 2010; Poulikakos et al., 2010). This supports the notion
that these inhibitors might have opposing roles and function
either as an inhibitor or activator of the same signaling pathway
depending on the cellular context.

Inhibition of ERK as monotherapy is limited by normal cell
toxicity and cancer cells often acquire resistance by ERK
reactivation through loss of an ERK-dependent negative
feedback mechanism (Ozkan-Dagliyan et al., 2020; Klomp
et al., 2021). MEK inhibitors also caused feedback reactivation
of ERK and have shown limited to no activity in KRAS mutant
cancers (Samatar and Poulikakos, 2014).

Combination therapy inhibiting distinct nodes of the same
pathway concurrently was suggested as a strategy to treat KRAS
mutant PDAC (Ozkan-Dagliyan et al., 2020). Lower doses of
RAF-ERK inhibitory combinations were shown to exhibit a
synergistic suppression of activated ERK and caused cell cycle
arrest and apoptosis (Ozkan-Dagliyan et al., 2020). Similarly,
studies have also shown that combined RAF-MEK inhibition
would overcome ERK reactivation in KRAS mutant or wild type
cancer lines (Lamba et al., 2014; Yen et al., 2018), implicating this
as a potential strategy for PDAC. Supporting studies from BRAF
mutant melanoma have shown that combined BRAF-MEK
inhibition is effective, exhibiting synergistic growth
suppression and delaying onset of resistance, and has been
clinically approved for this cancer type (Flaherty et al., 2012;
Larkin et al., 2014; Long et al., 2014; Dummer et al., 2018). There
is an ongoing clinical trial evaluating a pan-RAF inhibitor in
combination with ERK or MEK inhibitors in KRAS-mutant non-
small cell lung cancer and NRAS-mutant melanoma which will
hopefully provide insights about RAF-ERK vs RAF-MEK
inhibitory combinations (NCT02974725) (Ozkan-Dagliyan
et al., 2020).

In summary, while mutant KRAS itself appears to be
undruggable, identifying combination therapies that overcome
pathway reactivation by targeting distinct compensatory
mechanisms cancer cells use for their survival when KRAS
signaling is suppressed is crucial for the development of
effective combinatorial strategies that would result in
synergistic tumor regression effects.

PI3K PATHWAY DRIVES PDAC
PROGRESSION AND COMPENSATES
WHEN KRAS SIGNALING IS SUPPRESSED
Another signaling pathway activated by KRAS and implicated in
PDAC is the PI3K/AKT pathway (Edling et al., 2010).
Phosphoinositide 3 kinase (PI3K) describes a family of
heterodimeric enzymes composed of a regulatory and a
catalytic subunit. The catalytic subunits are classified into
p110α, p110β, p110γ, and p110δ encoded by the genes
PIK3CA, PIK3CB, PIK3CG, and PIK3D respectively (Hawkins
et al., 2006). Upon activation, PI3K convert the cell membrane
component phosphotidylinositol (4, 5) bisphosphate (PIP2) to
phosphatidylinositol (3, 4, and 5) trisphosphate (PIP3) (Cantrell,
2001). PIP3 acts as an activating anchor for 3-phosphoinositide-
dependent protein kinase 1 (PDK1) which in turn activates
protein kinase B (PKB), also called AKT (Alessi et al., 1997;
Currie et al., 1999). AKT activates further downstream signaling
components such as the mechanistic target of rapamycin kinase
(mTOR) (Cantrell, 2001; Janku, 2017). PI3K pathway activation
plays a major role in cell cycle regulation, survival, and
differentiation (Alessi et al., 1997; LoPiccolo et al., 2008). The
tumor suppressor protein phosphatase tensin homolog (PTEN)
converts PIP3 back to PIP2, acting as a negative regulator of the
PI3K pathway and preventing cellular over proliferation
(Maehama and Dixon, 1998).

PI3K was shown to be activated by oncogenic KRAS in both
human and mouse models of PDAC (Jimeno et al., 2008;
Kennedy et al., 2011; Ying et al., 2011). PDAC tumors have
further been shown to have gain of function mutations in the
oncogene PIK3CA or loss of function mutations in the tumor
suppressor gene PTEN (Ying et al., 2011; Foo et al., 2013; Waddell
et al., 2015). Oncogenic PIK3CA expression phenocopied KRAS
driven PDAC progression (Payne et al., 2015). PIK3CA was also
shown to regulate tumor immunogenicity and a genetic ablation
of PIK3CA rendered mutant KRAS/TP53 driven pancreatic
tumors more immunogenic by increasing the expression of
major histocompatibility complex class 1 (MHC 1) and CD80,
both of which are needed for T-cell stimulation (Sivaram et al.,
2019). Almost 60–70% of PDAC is also associated with increased
AKT activity, for example through AKT2 oncogene amplification
(Cheng et al., 1996; Ruggeri et al., 1998; Schlieman et al., 2003).

Oncogenic KRAS was also shown to drive PDAC progression
through PDK1 (Eser et al., 2013). Inactivation of PDK1 in
epithelial cells of the pancreas significantly reduced tumor
formation driven by KRASG12D (Eser et al., 2013). However,
inactivation of PDK1 using a recombinant strategy in epithelial cells
of the lung have shown no decrease in progression of non-small cell
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lung cancer (NSCLC) (Eser et al., 2013). Further, in mutant KRAS
driven NSCLC inhibition of PI3K-mTOR did not reduce tumor
growth substantially (Engelman et al., 2008) but inhibition of cRAF,
another effector of KRAS, decreased cancer progression (Blasco
et al., 2011; Karreth et al., 2011). This demonstrates that each tissue
has its own specific molecular events and signaling requirements for
tumor progression. Hence, it is important to investigate the
differences of the activated effector pathways driven by oncogenic
KRAS in a tissue and context specific manner (Eser et al., 2013).

Distinct mutations are also associated with different biological
potency of driving cancer progression, as well as conferring
distinct therapeutic vulnerabilities. Commonly found PDAC
mutations KRASG12D and KRASG12V were both shown to
elevate macropinocytosis, a nutrient-scavenging metabolic
activity critical for PDAC growth, through the key effector
PI3Kα (p110α) (Hobbs et al., 2020). However, a rarer
KRASG12R mutation, which is still found in about 20% of
PDAC cases, does not interact with PI3Kα due to structural
deformity, but the mutant cells still elevate macropinocytosis
through a compensatory mechanism that activates the PI3K
pathway through upregulation of another PI3K isoform,
namely PI3Kγ (p110γ) (Hobbs et al., 2020). Hence, inhibitors
selective to p110γ PI3K, but not p110α were effective in blocking
macropinocytosis in KRASG12R driven PDAC cells, whereas for
KRASG12D driven PDAC cells, both, a p110α or p110γ selective
inhibitor, were effective. In addition, the drug sensitivity pattern
to other targeted therapies differed between KRASG12R and
KRASG12D mutant PDAC cells (Hobbs et al., 2020).

This study further illustrated that the distinct PI3K isoforms
might have different roles in supporting cancer progression. Since
these isoforms exist in both tumor and supporting stromal cells
(Graupera et al., 2008; Thorpe et al., 2015; Conway et al., 2019),
isoform specific targeting could enhance tumor regression and
prevent off-target side effects in healthy tissues (Thorpe et al.,
2015; Yap et al., 2015). In this line, combination therapies
targeting EGFR and PI3Kα (p110α) in PDAC with high EGFR
and AKT activity have shown promising efficacy (Wong et al.,
2014).

Another study showed that p110α PI3K is required for KRAS-
induced transformation of acinar to ductal metaplasia (ADM) via
regulation of RAC1 (a known regulator of tumorigenesis) (Wu
et al., 2014). Ablation of p110α but not p110β PI3K resulted in
protection from tumorigenesis in a KRASG12D driven pancreatic
tumor mouse model. However, ablation or long-term inhibition
of p110α PI3K lead to an activation of downstream AKT,
probably due to compensatory activity of other PI3K isoforms,
suggesting that both isoform specific targeting and combinatorial
therapies are important (Wu et al., 2014).

PDAC cells were shown to use the PI3K pathway as a
compensatory mechanism for their survival. When KRAS was
ablated, PI3K was shown to activate MAPK signaling and an
unbiased chemical screen identified KRAS ablated cells sensitive
to PI3K inhibition (Muzumdar et al., 2017). KRAS inhibition was
shown to activate AKT through the mTORC2 complex (Brown
et al., 2020). Combinatorial inhibition of KRASG12C and
mTORC1/2 or MEK and mTROC1/2 however suppressed
tumor growth in PDAC in vitro models and in vivo

experiments (Brown et al., 2020), identifying another potential
targeted combination to overcome resistance mechanisms.

In another study, a subset of mutant KRAS dependent PDAC
cells acquired de novo resistance upon treatment with an ERK
inhibitor through activation of the PI3K pathway, thereby
overcoming ERK inhibition (Hayes et al., 2016). Modest anti-
tumor activity was observed when MEK and PI3K were
concurrently inhibited in mouse models of PDAC (Alagesan
et al., 2015; Junttila et al., 2015). However, normal tissue
toxicity is a limiting factor for combinatory inhibition of MEK
and PI3K (Shimizu et al., 2012; Tolcher et al., 2015).

Multi-drug resistance pathways were shown to be activated by
PI3K signaling in different cancers such as lung, breast, and
chronic myeloid leukemia (Chen et al., 2018; Soltani et al., 2019;
Wu et al., 2019). Chemoresistance through accelerated cell cycle
processes was also credited to the activation of NF-κB, a
downstream effector of the PI3K-AKT pathway, in several
cancers including PDAC (Sui et al., 2014; Hu et al., 2015; Zhu
et al., 2015; Eberle, 2019; Liu et al., 2020). Targeting the pathway
component mTOR in cancer associated fibroblasts was
demonstrated to reduce chemoresistance in PDAC (Duluc
et al., 2015).

In summary, PI3K is another important signaling pathway
involved in PDAC oncogenesis through various deregulations
and a key player for the development of adaptive resistance to
KRAS signaling inhibition, illustrating the need for combinatorial
targeted treatment approaches beyond the KRAS-MAPK
pathway.

METABOLIC ALTERATIONS DRIVE PDAC
PROGRESSION

Several studies showed that PDAC cells tend to reprogram their
metabolic activity to allow them to survive in the hypoxic tumor
microenvironment (Commisso et al., 2013; Guillaumond et al.,
2013; Son et al., 2013; Chini et al., 2014).

Increased glycolysis is a major hallmark acquired by cancer
cells for their uncontrolled growth (Vander Heiden et al., 2009;
Lu et al., 2012; Ying et al., 2012; Cai et al., 2013) and PDAC
cells were shown to have an increased glycolysis conferred
through the enzyme NADP(H) oxidase (NOX) (Lu et al.,
2012). In a mutant KRAS driven mouse model of PDAC,
the increase in glycolytic activity was driven by KRAS
through the ERK-MAPK pathway and through loss of the
oncogene MYC (Ying et al., 2012). Bryant et al., extended this
observation to human PDAC in 2019 and showed that the
glycolytic flux decreased upon both, KRAS suppression and
ERK inhibition (Bryant et al., 2019).

Broad metabolic profiling stratified PDAC into different
metabolic subtypes, lipogenic, and glycolytic, based on distinct
metabolic reprogramming events and it was shown that each
subtype has unique drug sensitivity profiles for specific classes of
metabolic inhibitors (Daemen et al., 2015). The study also
demonstrated that the lipogenic and glycolytic metabolic
subtypes correlate with an epithelial and mesenchymal
phenotype of PDAC respectively (Daemen et al., 2015).
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The two major PDAC subtypes, classical and squamous, were
shown to be driven by distinct metabolic phenotypes (Brunton
et al., 2020). The worst prognostic squamous subtype of PDAC
was shown to be highly catabolic, enriched with glycolytic
transcripts and associated with increased glycolytic flux with
high lactate secretion and decreased oxygen consumption
(Bailey et al., 2016; Brunton et al., 2020). In homozygote
KRASG12D/G12D mutated lung cancer cells glucose metabolism
was increased relative to KRASG12D/WT heterozygous cells (Kerr
et al., 2016). However, DNA sequencing analysis of PDAC
established that KRASG12D hetero- and homozygote cells were
present across both PDAC subtypes (Brunton et al., 2020),
therefore, another genetic or epigenetic event might have acted
as a switch driving these metabolic changes in PDAC. It was
shown that epigenetic loss of the genes HNF4A (hepatocyte
nuclear factor 4 alpha) and GATA6 (GATA binding protein
6), drives the metabolic reprogramming and switches the
PDAC cells from classical to squamous subtype with increased
glycolytic flux (Brunton et al., 2020).

Other metabolic pathways, namely macropinocytosis, an
endocytic mechanism that PDAC cells utilize to accumulate
essential amino acids (Commisso et al., 2013; Andreasson
et al., 2020) and cholesterol metabolism (Chen et al., 2015;
Guillaumond et al., 2015) also play significant roles in PDAC
progression. Epidemiological and other studies have shown that
statins, i.e., drugs reducing serum concentration of cholesterol,
can be used to reduce the tumor load and improve the survival of
PDAC patients (Walker et al., 2015; Wu et al., 2015; Huang et al.,
2016). The signaling pathways that drive this dysregulation in
metabolism and the order of direct and indirect signaling events is
yet to be deciphered.

Another metabolic alteration associated with KRAS
suppression or ERK inhibition in PDAC is impaired
mitochondrial function (Viale et al., 2014; Kashatus et al.,
2015; Bryant et al., 2019). A study performed in mouse PDAC
cells showed that the PDAC cells resistant to oncogene ablation of
KRASG12D relied on increased mitochondrial respiration for
survival (Viale et al., 2014). Mitochondrial fission, which
includes fragmentation of mitochondrial matrix, was shown to
be associated with KRAS induced transformation. Inhibition of
the ERK-MAPK pathway resulted in increased mitochondrial
fusion through blocking of mitochondrial fission, also reflecting
increased oxygen consumption (Kashatus et al., 2015; Serasinghe
et al., 2015). However, another study did not observe an increase
in oxygen consumption with acute KRAS suppression or ERK
inhibition in both human and mouse PDAC cell lines, instead the
mitochondrial activity persisted at a lower level (Bryant et al.,
2019). Potentially, ERK inhibition also suppressed the genes
involved in mitochondrial biogenesis (Bryant et al., 2019).

Elevated autophagy was identified as a compensatory
metabolic pathway that PDAC cells use when the glycolytic
pathway and mitochondrial function were ablated through
inhibition of KRAS signaling (Guo et al., 2011; Yang et al.,
2011, 2014; Bryant et al., 2019; Kinsey et al., 2019). When
KRAS was ablated by either siRNA, chemical inhibitors, or in
a doxycycline-inducible model, all resulted in an elevated
autophagic flux (Bryant et al., 2019). This metabolic alteration

of increased autophagic flux was shown to be mediated mainly by
the RAS-RAF-MEK-ERK pathway and the combination of ERK/
MEK and autophagic inhibitors such as hydroxychloroquine
resulted in a synergistic anti-tumor activity (Bryant et al.,
2019; Kinsey et al., 2019). Several clinical trial studies have
been initiated for this combined MEK/ERK and autophagy
inhibition in RAS-mutant cancers including PDAC
(NCT03825289, NCT04132505, NCT04214418, NCT04386057,
and NCT04145297; https://clinicaltrials.gov).

In summary, metabolic alterations also drive PDAC
progression and act as compensatory mechanisms under
treatment. Therefore, metabolic dysregulation should also be
considered in treatment strategies and there are indeed clinical
studies underway that target autophagy in addition to KRAS
signaling.

EPIGENETIC ALTERATIONS DRIVE PDAC
PROGRESSION

Cancer cells attain malignant transformation via genomic
instability, which serves as one of the main hallmarks for
disease progression (Yao and Wei, 2014). Genomic instability
can occur at both, the genetic and epigenetic level (Putiri and
Robertson, 2011) and it increases as the tumor progresses.
Epigenetics refers to the control of gene expression without
changing the DNA sequence, e.g., via chemical modifications
like methylation of the DNA, that can be passed on in cell
divisions (Jones and Baylin, 2007; Akhavan-Niaki and
Samadani, 2013; Ciernikova et al., 2020; Alonso-Curbelo et al.,
2021). Epigenetic changes like gene silencing by promoter
hypermethylation or gene overexpression by promoter
hypomethylation were shown to impact cancer progression
(Jones and Baylin, 2007).

Epigenetic drugs were shown to reduce tumorigenicity in pre-
clinical models and some are already used in clinical trials
(Hessmann et al., 2017; Ciernikova et al., 2020; Morel et al.,
2020). However, so far, they are associated with limited efficacy
and not successful as monotherapy.

Epigenetic changes should also be considered for biomarker
discovery. CpG island (i.e., genomic regions with many CpG
dinucleotide repeats) methylation that leads to loss of gene
expression is widely studied in cancer and known to be an
efficient biomarker since the 1990’s (Jones and Baylin, 2002,
2007). Studies have also demonstrated that it is possible to detect
DNA methylation markers in liquids secreted by the pancreas
(“pancreatic juice”) of PDAC patients which can be used for
PDAC diagnosis (Matsubayashi et al., 2006; Kisiel et al., 2015).

Several studies have shown that aberrant hyper- and
hypomethylation of specific genes contribute to PDAC
development and progression (Ueki et al., 2000, 2001; Sato
et al., 2003a, 2005). Genome wide studies have identified 1,658
loci which were differentially methylated in PDAC when
compared to normal pancreas (Vincent et al., 2011b).
Another study using a microarray platform to profile DNA
methylation in a genome wide manner showed that hundreds
of promoters and CpG island were aberrantly methylated in
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PDAC cells (Omura et al., 2008). Utilizing the DNA-
hypomethylating agent 5-Aza-dC and comparing the gene
expression profiles before and after treatment in PDAC cell
lines, resulted in the identification of several genes that showed
abnormal methylation patterns at both CpG rich and CpG
poor islands. This abnormal methylation was also detected in a
selection of those genes in cancer tissue and pancreatic juice
samples from PDAC patients (Sato et al., 2003b).

Genes with epigenetic dysregulation in PDAC include the cell
cycle regulator CDKN2A and tumor suppressor E-cadherin,
which were shown to be silenced by promoter DNA
hypermethylation (Fukushima et al., 2002; Vincent et al.,
2011b). Genes involved in the process of epithelial-
mesenchymal transition (EMT), an important step in cancer
progression, such as TWIST1 and BMP3 were found to be
over-expressed with promoter hypomethylation (Tew et al.,
2020).

An epigenetic mechanism behind an observed relationship
between KRAS dependency and EMT in PDAC cell lines had also
been suggested in an earlier study. The study found that KRAS
dependent PDAC cells had a better differentiated epithelial
phenotype with higher expression of the epithelial marker
E-cadherin and upon EMT, KRAS dependency was reduced
but there was no association with the mutational status of
tumor suppressor and oncogenes other than KRAS, potentially
suggesting an epigenetic mechanism behind the loss and gain of
KRAS dependency (Singh et al., 2009).

KRAS also plays a role in gene expression regulation at the
epigenetic level (Gazin et al., 2007; Serra et al., 2014). RAS was
shown to mediate the epigenetic silencing of genes such as FAS,
coding for the Fas cell surface death receptor which is needed for
apoptosis in KRAS transformed mouse NIH3T3 and KRAS
transformed human HEC1A cell lines (Gazin et al., 2007). A
study performed in cell lines from lung cancer models showed
that changes in DNA methylation were associated with mutant
KRASG12V overexpression influencing the expression of genes
encoding for factors mainly involved in the biological processes of
differentiation and development (Tew et al., 2020). In the same
study, KRAS mutant and dependent pancreatic cancer lines also
exhibited over 8,000 differential methylations of CpGs upon
KRAS knockdown and differentially methylated promoters also
showed an enrichment of genes involved in differentiation and
development (Tew et al., 2020). Interestingly, while this study
demonstrated an effect of KRAS on epigenetic changes, they also
found that the observed DNA methylation changes were mostly
random and strongly influenced by cell type, contributing to high
heterogeneity between cell lines (Tew et al., 2020). Another
noteworthy finding was that the ERK pathway, which is the
main effector signaling pathway for uncontrolled proliferation in
mutant KRAS driven PDAC (Hayes et al., 2016), was not
responsible for the associated methylation changes over the
observed short time frame (Tew et al., 2020), leaving the
responsible signaling pathway to be deciphered.

The differences between the PDAC subtypes such as
classical and squamous involve changes in the epigenetic
landscape (Bailey et al., 2016; Lomberk et al., 2018;
Somerville et al., 2018). The worst prognostic basal/

squamous subtype of PDAC was shown to be highly
hypermethylated (Bailey et al., 2016; Miyabayashi et al.,
2020). This subtype was also associated with mutations in
genes of several epigenetic regulators such as KDM6A,
KMT2C, and KMT2D (Collisson et al., 2011; Bailey et al.,
2016; Andricovich et al., 2018). Loss of gene expression that
drive endodermal lineage specification, namely HNF4A and
GATA6, through epigenetic silencing with promoter
hypermethylation were shown to drive the cancer to a more
squamous-like subtype (Brunton et al., 2020). Several studies
have also shown that the cancer progresses to an invasive
basal/squamous subtype through epigenetic modifications at
the level of super enhancers mediated by the transcription
factor TP63 (Andricovich et al., 2018; Hamdan and Johnsen,
2018; Somerville et al., 2018). However, more studies are
needed to determine whether there is a consistent change in
methylation patterns in the subtypes of PDAC and whether
oncogenic KRAS controls the epigenomic changes that are
crucial for cancer phenotype.

Epigenetic regulation has been shown to impact drug
response. One example is the promoter methylation of the
gene MGMT (O-6-methylguanine-DNA methyltransferase),
coding for a DNA repair enzyme, which was shown to
increase sensitivity to drugs such as carmustine and
temozolomide in gliomas (Esteller et al., 2000; Hegi et al.,
2005). In a multi-omic analysis on PDAC xenografts, the
cholesterol transporter NPC1L1 (NPC1 like intracellular
cholesterol transporter 1) was identified as a potential
therapeutic target and found to be highly epigenetically
deregulated. High levels of NPC1L1 were observed in PDAC
tumors of the classical subtype and low levels in the basal/
squamous subtype. Interestingly, the NPC1L1 inhibitor
ezetimibe was more effective on basal subtype PDAC cells
than classical subtype, as the inhibitor also functions as a
cholesterol competitor, thereby also supporting the implication
for metabolic approaches in PDAC treatment (Nicolle et al.,
2017).

A potential resource to identify additional epigenetic
deregulated targets are databases. Pancreatic Cancer
Methylation Database (PCMdb) (http://crdd.osdd.net/raghava/
pcmdb/) is a database that was developed to support the
identification of DNA methylation-based biomarkers in
pancreatic cancer. It provides data on the DNA methylation
status of 4,342 genes from PDAC cell lines and tissues (Nagpal
et al., 2014). It further integrated drug resistance data from
another database, the Cancer Drug Resistance Database
(CancerDR) (http://crdd.osdd.net/raghava/cancerdr/) which
provides information on 148 anti-cancer drugs and their
pharmacological profiling across distinct cancer cell lines
(Kumar et al., 2013). These different database tools will
facilitate the concept of personalized medicine and highlight
the importance of utilizing DNA methylation of genes as an
effective predictor of response to chemotherapeutic cancer drugs
(Nagpal et al., 2014).

In summary, epigenetic regulation has implications in the
phenotype, drug response and clinical outcome of PDAC and
epigenetic alterations can be considered as another major driving
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factor in PDAC oncogenesis. Therefore, targeting epigenetic
changes in mutant KRAS dependent PDAC could be a new
therapeutic intervention.

WNT PATHWAY IS ANOTHER FACTOR IN
PDAC CHEMORESISTANCE

The Wnt signaling pathway is crucial for stem cell maintenance,
tissue repair, embryonic development and differentiation and
plays a vital role in pancreatic organ development (Clevers et al.,
2014). For pancreatic specification during embryonic
development, Wnt pathway inhibition is needed, while
activation of the Wnt pathway is required for the growth and
maintenance of the organ and differentiation of pancreatic
progenitor cells into exocrine and endocrine lineages
(Murtaugh and Kopinke, 2008a; Murtaugh, 2008).

TheWnt pathway can be divided into either canonical or non-
canonical pathways (Miao et al., 2013). In the canonical Wnt
signaling pathway, the central molecule is β-catenin (Miao et al.,
2013). Upon binding of a Wnt-protein ligand to Frizzled
receptors in association with the co-receptor lipoprotein
receptor–related protein (LRP)-5/6, several downstream
signaling cascades occur resulting in the accumulation of
β-catenin and its translocation to the nucleus where it binds
with the transcription factor TCF and activates the transcription
of Wnt pathway target genes (Nakamura et al., 2003; Sano et al.,
2016).

Mutations of β-catenin are uncommon in PDAC (Bailey et al.,
2016). However, in vitro, and in vivo studies have shown that the
canonical Wnt signaling pathway influences PDAC
tumorigenesis, and the majority of PDACs are characterized
by an upregulated Wnt/β-catenin transcriptional signature
(Zeng et al., 2006; Magliano et al., 2007).

The Wnt signaling pathway has been described to promote
resistance to apoptosis and maintenance of cancer stem cells
(CSCs), resulting in the pathogenesis of PDAC (Modi et al., 2016)
and is also upregulated in the worst prognostic squamous subtype
of PDAC (Fang et al., 2017).

It was shown that higher expression of canonical Wnt ligands
such as WNT2, WNT5A, and WNT7A are highly implicated in
pancreatic carcinogenesis (Jiang et al., 2014; Bo et al., 2016; Wu
et al., 2018; Makena et al., 2019). Also, other Wnt pathway
associated genes, such as Wnt antagonists DKK1 (Dickkopf-1)
and HMGA2, a member of the non-histone chromosomal high
mobility group (HMG), played an important role in PDAC
oncogenesis (Tang et al., 2018). In addition, activation of the
non-canonical Wnt signaling pathway through GATA-binding
factor 6 (GATA6), cyclin-dependent kinase 8 (CDK8) and
R-spondin lead to a progression of PDAC (Zhong et al., 2011;
Xu et al., 2015; Chartier et al., 2016). GATA6 promoted Wnt
activation and PDAC growth through transcriptional
downregulation of the secreted Wnt inhibitor DKK1 (Zhong
et al., 2011).

Targeting the Wnt/β-catenin pathway is an actively
prosecuted strategy in the treatment of PDAC (Krishnamurthy
and Kurzrock, 2018). Several novel inhibitors of the Wnt/

β-catenin pathway have been developed as well as monoclonal
antibodies against Wnt ligands to block their oncogenic activity
(Krishnamurthy and Kurzrock, 2018). The monoclonal antibody
vantictumab (OMP-18R5), for instance, showed growth
inhibition in breast, pancreatic, colon, and lung cancer
xenograft models (Smith et al., 2013). Vantictumab is effective
against PDAC in transgenic and xenograft models alone or
synergistically with chemotherapy, including gemcitabine or
nab-paclitaxel (Gurney et al., 2012).

Wnt antagonists have been applied successfully to sensitize
also for other drug treatments, such a taxane, in PDAC models
(Fischer et al., 2017; Makena et al., 2019). Treatment with taxanes,
a class of chemotherapeutics that inhibits mitotic spindle
degradation, as monotherapy had no significant effect on
tumor cells with high Wnt signaling activity, leading to tumor
cell accumulation (Fischer et al., 2017; Makena et al., 2019).
However, sequential administration of Wnt antagonists such as
vantictumab and ipafricept followed by taxane treatment
prevented this selection for Wnt-active taxane-resistant tumor
cells and demonstrated superior antitumor activity in PDAC
models (Fischer et al., 2017). This combination strategy was
also incorporated into PDAC phase I clinical trials
(NCT02005315 and NCT02050178).

It was also shown that KRAS signaling increases the
interaction of β-catenin with cAMP response element binding
protein (CREB)-binding protein (CBP), interestingly creating a
potential point for therapeutic intervention (Manegold et al.,
2018). In this study, the specific small molecule CBP/β-catenin
antagonist ICG-001 was used to investigate its effect on human
PDAC cells in both an orthotopic mouse model and a human
patient-derived xenograft (PDX) model of PDAC. ICG-001
sensitized PDAC cells and PDX tumors to gemcitabine
treatment which significantly decreased the tumor volume
(Manegold et al., 2018). ICG-001 has demonstrated anti-tumor
effects in several tumor types (Grigson et al., 2015). Another
inhibitor, PRI-724, was also shown to block the interaction
between β-catenin and CBP (Lenz and Kahn, 2014). In PDAC
cell lines, PRI-724 promoted differentiation of chemotherapy-
resistant cancer stem cells and decreased the metastatic potential
(Lenz and Kahn, 2014). A phase I clinical trial demonstrated that
PRI-724 can be safely administered in combination with
gemcitabine in PDAC patients (Ko et al., 2016).

The E3 ligase RNF43 (Ring Finger Protein 43) inhibits Wnt
signaling by ubiquitinating Frizzled receptors for degradation (Tu
et al., 2019). Mutations in RNF43 occur in approximately 5–7% of
PDAC (Aguilera and Dawson, 2021) and may serve as a useful
biomarker for patient selection during clinical development of
Wnt inhibitors, as it was shown that RNF43 mutant PDAC cell
lines and xenograft models were sensitive to the porcupine
inhibitor LGK974 (Jiang et al., 2013). Porcupine is an
acyltransferase required for the secretion and activity of Wnt
ligands (Proffitt and Virshup, 2012) and its inhibitor LGK974 is
currently tested in a phase I clinical trial in several cancers
including PDAC (NCT01351103).

The microRNA MiR-29a was reported to induce gemcitabine
chemoresistance via the canonical Wnt signaling pathway
(Nagano et al., 2013). The inhibition of Wnt signaling could
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reverse this chemoresistance to gemcitabine in PDAC (Nagano
et al., 2013). MiR-33a, on the other hand, was reported to increase
gemcitabine sensitivity in human PDAC cells by downregulating
the nuclear translocation of β-catenin (Liang et al., 2015). The
tyrosine kinase inhibitor masitinib also increased the sensitivity of
pancreatic cell lines to gemcitabine by downregulation of the
Wnt/β-catenin pathway (Jia and Xie, 2015). Wnt/β-catenin
signaling is also associated with 5-FU resistance in PDAC cells
as demonstrated in a 2018 study by Cao et al., which showed that
the inhibition of glypican-4 (GPDAC4), a member of the glypican
family and regulator of Wnt/β-catenin signaling, increased
sensitivity to 5-FU in PDAC cells (Cao et al., 2018).

In summary, theWnt signaling is another pathway involved in
PDAC tumorigenesis and development of chemoresistance and
targeting this pathway in combinatorial treatment approaches is
an actively pursued strategy.

DUALITY ROLE OF TGF-β PATHWAY IN
PDAC

The transforming growth factor β (TGF-β) pathway plays an
important, context-dependent role as both a tumor suppressor
and a promoter of PDAC and is altered in 47% of PDAC cases
(Bailey et al., 2016; Dardare et al., 2020). SMAD4 is an essential
signal transducer of the canonical TGF-β pathway (Dardare et al.,
2020) and is inactivated in approximately 60% of PDAC cases
(Hahn et al., 1996). Thus, precision targeting of the TGF-
β/SMAD4 pathway could be critical in the treatment of PDAC
(Ahmed et al., 2019).

An alteration in SMAD4 is generally associated with worse
overall survival in both primary and metastatic PDAC
demonstrating the importance of the canonical TGF-β
pathway (Singh et al., 2011; Yamada et al., 2015; Shugang
et al., 2016; Zhao et al., 2018). The squamous molecular
subtype also presents activation of TGF-β signaling pathway
(Bailey et al., 2016).

In normal pancreatic cells and in stages I and II of PDAC,
TGF-β signaling acts as a tumor suppressor inhibiting cell
proliferation (Glazer et al., 2014; Dardare et al., 2020). On the
other hand, TGF-β signaling has been shown to have tumorigenic
activity in many late-stage malignancies, including PDAC, due to
severe dysregulations, suggesting an explanation for the apparent
TGF-β paradox (Principe et al., 2014; Melzer et al., 2017).

Upregulated and overexpressed TGF-β has been shown to
induce stromal proliferation in PDAC tumor microenvironment,
promote EMT leading to metastases and consequently is a
potential target for cancer therapy (Pickup et al., 2013; David
et al., 2016; Hussain et al., 2018). TGF-β targeted therapy is
established for various human cancers and data from several
preclinical and clinical studies indicates that TGF-β blockade
could be effective in the treatment of PDAC as well (Ahmed et al.,
2019).

There are three possible approaches to target TGF-β signaling:
inhibition at the translational level, inhibition at the ligand-
receptor level, and inhibition of receptor-mediated signaling
(Massagué, 2008). The goal of each of these targeted therapy

approaches is to inhibit the tumor-promoting function and
maintain the tumor-suppressive function of TGF-β (Haque
and Morris, 2017). Another approach is to target TGF-β
induced EMT that plays a critical role in PDAC progression
and metastatic disease development (Alvarez et al., 2019).

The use of anti-TGF-β-based therapies in phase I and II
clinical trials in metastatic PDAC highlights the importance of
understanding the role of TGF-β in PDAC progression (Alvarez
et al., 2019). A phase I/II clinical study has shown a survival
benefit in PDAC and melanoma using AP-12009, an antisense
oligonucleotide that acts directly against the mRNA of TGF-β2
(Nemunaitis et al., 2006; Oettle et al., 2011). Monoclonal
antibodies targeting the ligand-receptor binding and
preventing subsequent signaling of the TGF-β pathway
(Gomez-Puerto et al., 2019) are under clinical investigation
such as lerdelimumab (CAT-152, Trabio™ for TGF-β2) and
metelimumab (CAT-192 for TGF-β1) (Ahmed et al., 2019).

Immunological pathways have proven to be successful targets
in the treatment of other cancers, but not in PDAC (Hilmi et al.,
2018). It was previously shown that TGF-β exerts an
immunosuppressive function in the tumor immune
microenvironment by antagonizing interleukin 15-mediated
proliferation of natural killer (NK) cells (Wilson et al., 2011).
This immunosuppressive function of NK and T cells through the
SMAD-dependent canonical TGF-β pathway is another key role
for TGF-β in promoting tumor immune evasion (Thomas and
Massagué, 2005; Trotta et al., 2008). TGF-β signaling inhibition
was shown to reverse this immune evasion function by restoring
immune activity against tumor cells (Wilson et al., 2011).

Checkpoint inhibitors are another immune-targeting
approach in treating cancer (Darvin et al., 2018).
Monotherapy with checkpoint inhibitors failed to elicit efficacy
in PDAC patients (Henriksen et al., 2019). However, there is
growing evidence that combining checkpoint inhibitors with
TGF-β signaling inhibition may prolong survival in several
cancers (Bai et al., 2019).

The SMAD-independent or non-canonical TGF-β pathways
include several branches that lead to activation of the Rho-like
GTPase signaling pathway, PI3K/AKT pathway and/or MAP
kinase pathway (Zhang, 2009). The MAP kinase pathway
component ERK upregulates the cyclin-dependent kinase
inhibitor 1A (CDKN1A), also called p21, thereby facilitating
TGF-β-mediated cell cycle arrest (Tang et al., 2002; Torii
et al., 2006). An ERK-induced cell cycle arrest through TGF-
β/SMAD4 mediated CDKN1A upregulation was also observed in
benign pancreatic cell lines (Principe et al., 2017). While ERK can
contribute to tumor-suppressive TGF-β signaling in normal
pancreatic epithelial cells, TGF-β-induced activation of ERK
can be very damaging in the disease state (Principe et al.,
2017). For this reason, the crossover between TGF-β and ERK
signaling pathways deserves further attention, particularly
regarding the functional switch from tumor-suppressive to
tumor-promoting TGF-β signaling.

Therapies targeting TGF-β signaling have been investigated in
the preclinical and clinical setting and have shown efficacy in
PDAC (Shen et al., 2017). However, the paradoxical effects of
TGF-β in human cancers are poorly understood, and although
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FIGURE 1 | Different approaches to drug discovery. (A): A target-based approach aims to identify a hit to a known target using a biochemical screen. (B): A
phenotypic-based approach identifies hits based on their effect in a cell-based assay, e.g., their ability to induce apoptosis or growth arrest, without necessarily knowing
the compound’s biochemical target and its role in disease biology. (C): A combined targeted phenotypic approach leverages both, a target-based and phenotypic
approach. The effect of compounds is tested in a cellular environment and hits selected based on their effect on the cells’ phenotype. A powerful model system here
are patient-derived organoids that recapitulate the genetic and molecular alterations of a patient’s tumor, and which are for example used in the approach of Reversed
Clinical Engineering

®
. Then, using target deconvolution strategies like the integration of genomic, transcriptomic, and proteomic data, mechanisms (induced by the

“hits”) conferring to drug sensitivity and/or resistance and suitable compounds for treatment can be identified for each individual patient tumor.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 76070510

Sankarasubramanian et al. Context Matters in Pancreatic Cancer

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


therapies targeting the TGF-β pathway have merit, it is important
to ensure that they target only the tumor-promoting effect.

COMBINED TARGETED PHENOTYPIC
APPROACH UTILIZING PATIENT DERIVED
ORGANOIDS—A PROMISING STRATEGY
FOR PDAC TREATMENT DEVELOPMENT

So how can we translate our knowledge about the manifold
dysregulations and compensatory mechanisms driving PDAC
into more effective treatment options for patients?

To identify effective treatments for cancer, knowledge about
commonly found aberrations and dysregulations is invaluable.
This “target-based approach” (Figure 1A) aims to identify
compounds that specifically act on a previously defined target
in the context of such known, often genetic mutation-based
dysregulations to attack the tumor. Unfortunately, in PDAC
targeting major genomic dysregulations such as those involved
in KRAS or PI3K signaling did not result in effective therapies
until now (Van Cutsem et al., 2004; Javle et al., 2010; Milroy and
Ottmann, 2014).

An alternative “phenotypic based approach” (Figure 1B) aims
to identify compounds that elicit a growth inhibitory or apoptotic
effect on tumor cells in a cell-based assay without necessarily
requiring knowledge about the tumor’s dysregulations and/or
compounds’ mechanism of action. This functional approach
takes the tumor’s complexity, interplay between different
dysregulations, compensatory mechanisms and tumor
heterogeneity into account and allows identification of
compounds acting through unprecedented drug mechanisms
(Moffat et al., 2017; Swinney and Lee, 2020).

One step further goes the “combined targeted phenotypic
approach” (Figure 1C). After testing different single agents
and combinatorial compounds in a phenotypic assay, allowing
the rapid identification of responders and non-responders at a
cellular level, integration of e.g., genomic, transcriptomic and/or
proteomic data to those responders and non-responders allows
identification of underlying drug sensitivity and/or resistance
mechanisms (targets). Besides identification of effective
compounds, potentially in a personalized manner, this
approach can also be used for identification of biomarkers
related to sensitivity or resistance towards a specific compound.

An essential prerequisite for the combined targeted
phenotypic based approach is a suitable in vitro cancer model.
Here patient-derived organoids are of specific interest and allow
to identify the therapeutic responses of individual patient tumors
including PDAC (Tiriac et al., 2018; Driehuis et al., 2019).

Patient-derived organoids are 3D cell culture models derived
from small pieces of tissue, for example from a patient’s primary
tumor or a metastasis (Silvestri et al., 2017; Schumacher et al.,
2019; Pfohl et al., 2021). Culture conditions allow cancer stem-
like cells to self-organize and form miniature versions of a
patient’s tumor, i.e., organoids, that recapitulate the genetic,
histologic, and molecular alterations of the tumor (Boj et al.,
2015; Schütte et al., 2017; Driehuis et al., 2019), including its

intra-tumor heterogeneity and functional phenotype
(Schumacher et al., 2019; Pfohl et al., 2021). Further, patient-
derived organoids were shown to be a suitable tool to predict
treatment response in cancer patients (Vlachogiannis et al., 2018;
Wensink et al., 2021) and can be used for high-throughput drug
screens (Boehnke et al., 2016) and genetic manipulation (Boj
et al., 2015).

Several studies have described the successful establishment of
tumor organoid cultures from PDAC patients (Boj et al., 2015;
Tiriac et al., 2018; Driehuis et al., 2019; Tuveson and Clevers,
2019). Organoid cultures were shown to recapitulate the hybrid
nature of PDAC exhibiting distinct subtypes in a single tumor
(Chan-Seng-Yue et al., 2020; Hayashi et al., 2020; Juiz et al., 2020).

Miyabayashi et al. performed an experiment in mice in 2020
where they carefully injected in vitro generated organoids directly
into the pancreatic duct, the site where the pre-invasive
pancreatic neoplasms originate and progress, and followed the
patterns of intraepithelial neoplasms to gain cellular and
molecular insights into the mechanisms promoting
progression of PDAC (Miyabayashi et al., 2020). The
organoids implanted in the duct, referred to as intraductally
grafted organoid (IGO), gave rise to two different classes of
neoplasm with distinct phenotypes, fast growing and slow
growing, recapitulating the histologic heterogeneity of the
tissue from which the organoids were derived. Fast progressor
organoid-derived neoplasm recapitulated the basal-like or
squamous subtype, showing invasiveness, migration from the
duct, hyperactivation of the RAS pathway and activating cancer
associated fibroblasts (CAFs). While the slow growing organoid-
derived neoplasm recapitulated the classical or progenitor
subtype and were more contained within the ducts
(Miyabayashi et al., 2020). The study further showed that
KRAS copy number was increased and the KRAS pathway was
hyperactivated in the fast-growing organoids, whereas slow
growing organoids showed increased expression of GATA6, a
marker of the classical subtype, and low copy number for KRAS
(Miyabayashi et al., 2020).

PDAC derived organoids were successfully used to assess drug
sensitivity (Huang et al., 2015; Tiriac et al., 2018; Driehuis et al.,
2019). Importantly, when treated with standard-of-care
chemotherapeutics, the treatment response of PDAC-derived
organoids was shown to correspond to that of the patients the
models were originating from (Tiriac et al., 2018). This further
supports the notion that patient-derived organoids have the
potential to be used as personalized model of PDAC, predict
therapy responses, thereby enabling prospective treatment
selection and identification of new therapeutic strategies and
can also be exploited for genomic and functional studies
(Tiriac et al., 2018; Driehuis et al., 2019).

To allow utilization of the potential of patient-derived
organoids as preclinical models but also to address the need
for personalized oncology approaches, large collections of
patient-derived tumor organoids and matching healthy
(normal) organoids, i.e., organoid biobanks from various
tumor entities including PDAC, were generated (van de
Wetering et al., 2015; Drost and Clevers, 2018; Sachs et al.,
2018; Calandrini et al., 2020; Botti et al., 2021). These
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biobanks contain genetically diverse cultures and are suitable to
represent disease heterogeneity. Together with the integration of
genomic and drug screening data, these organoid biobanks
facilitate drug development by predicting the drug response
and toxicity profiles for individual patients (van de Wetering
et al., 2015), thereby including personalized medicine in the
treatment discovery process. Furthermore, biobanks allow
future assessment of newly developed drugs or combinations
on the same tumor models and direct comparison with current
treatment effects.

However, there are also limitations such as the need for
optimization of culture methods for individualized normal and
tumor cultures (Kondo et al., 2011). Organoid models can only be
established under specific culture conditions, and these
dependencies often reflect differences in the tumor’s
mutational background (Fujii et al., 2016). However, in most
cases the genetic background is not yet determined when
establishing organoids from fresh patient tissues. This could
lead to an underrepresentation of some alterations inhibitory
to organoid derivation in the resulting biobanks. Poorly and
moderately differentiated PDAC derived organoids could not be
established in a biobank effort, further supporting the fact that
distinct tumor subtypes require distinct culture conditions
(Huang et al., 2015; Fujii et al., 2016).

Small scale drug screens on organoid biobanks already yielded
promising results (Gao et al., 2014; van de Wetering et al., 2015;
Sachs et al., 2018)) and further efforts to generate large,
standardized, globally accessible banks of organoid models for
the research community will continue to facilitate drug
development and enhance personalized medicine.

Reverse Clinical Engineering® is an approach that combines a
phenotypic based assay with a target deconvolution strategy in a
single system utilizing patient-derived organoids (Figure 1C). It
is a technique that establishes patient-derived organoids from
individual patient tumors, exposes them to a wide range of
therapeutic regimen and integrates the treatment response
with genomic, transcriptomic, and proteomic data. This
approach does not only allow identification of functionally
effective compounds for the individual tumor, meaning
patient, but also deciphers the tumor’s molecular
characteristics driving its therapy sensitivity or resistance.
Reverse Clinical Engineering® can be performed on an
individual patient-derived organoid model, identifying the
Achilles heel of this specific tumor, or on a collection of
patient-derived organoids from a biobank of e.g., a specific
cancer type (PDAC or other) to identify for example a new
treatment strategy and/or biomarker for this tumor type. Either
way, this approach of functionally profiling tumors in a
potentially high through-put manner is of high potential for
real personalized oncology (Pfohl et al., 2021) and a promising
strategy to finally identify effective treatment options for PDAC
patients.

Patient-derived organoids have the potential to connect
compound screening and clinical trials. However,
establishing distinct culture and assay conditions for each
distinct tumor entity and constant supply of patient
material for large screens remain a major challenge in using

this combined targeted phenotypic approach with patient-
derived organoids (Boehnke et al., 2016). Efficient
establishment of organoid cultures for different entities,
drug assays including initial seeding material and density,
treatment regimen, assay reproducibility, evaluation of drug
response (e.g., IC50, area-under-the curve, Z-score IC50), drug
validation, and assay scalability remain technical constraints
and all need to be optimized (Boehnke et al., 2016; Phan et al.,
2019; Bergdorf et al., 2020) In addition, potential off-target
toxicity cannot be assessed by organoid monocultures (Pfohl
et al., 2021). Nevertheless, patient derived organoids are a
powerful tool which can be further expanded to take the tumor
microenvironment into account, known to impact drug
response, through suitable co-culture systems with e.g.,
cancer associated fibroblasts or immune cells (Tsai et al.,
2018).

DISCUSSION

PDAC is a highly heterogeneous disease with a complex
combination of genetic, epigenetic, metabolic, and
microenvironment dysregulations. Each patient exhibits
distinct molecular alterations, different gene expression profiles
and specific therapeutic responses.

Although genomic studies support the notion that PDAC is
associated with only 4 driver mutations (KRAS, CDKN2A, TP53,
and SMAD4) and perceived to be uniformly aggressive, a high
level of clinical heterogeneity exists. High level of intrinsic cell
plasticity, a random nature of genomic instability, constellations
of genomic aberrations rather than a single event, dynamic
epigenetic modulations and involvement and contribution of
non-genetic features such as tumor-microenvironment with
high desmoplastic stroma and low vascularity together
contribute for the emergence of distinct phenotypic states in
PDAC, making it highly heterogenous and exhibiting different
treatment responses, often with pronounced drug resistance
(Adams et al., 2019; Chan-Seng-Yue et al., 2020; Miyabayashi
et al., 2020). Further, studies have shown that for most PDAC
cases there is no association between genetic mutations and
therapeutic responses (Witkiewicz et al., 2016; Knudsen and
Witkiewicz, 2017), supporting the notion that multiple
mechanisms of dysregulation need to be taken into account.

The molecular und clinical heterogeneity of PDAC with
distinct subtypes having different biologic and prognostic
relevance, the alterations at various levels and multiple layers
of dysregulation highlight the need for precision oncology to treat
this complex cancer (Figure 2).

The pronounced heterogeneity of PDAC illustrates clearly that
context matters and needs to be considered to develop effective
treatment strategies. While 90% of PDAC contain a KRAS
mutation (Almoguera et al., 1988; Raphael et al., 2017),
strategies to target (just) this aberration did not yet lead to an
improved PDAC treatment. As highlighted throughout this
review, additional layers of dysregulation are present beyond
genomic aberrations and other signaling pathways are
deregulated in addition to KRAS, although often conferring
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with it. These dysregulations are not only cancer drivers by
themselves but can also act in a compensatory way if one
aberration is targeted by therapy.

Despite several inhibitors for distinct effector pathways
developed and tested in pre-clinical models and clinical trials,
adaptive resistance is still a major hurdle. When KRAS orMEK or
mTORC1/2 are inhibited individually in PDAC cells, tumor cell
plasticity and rapid adaptation to stress activates compensatory
pathways and favors the survival of tumor cells (Brown et al.,
2020). Hence, identifying co-vulnerabilities in these tumors often
driven by mutant KRAS and developing combinatorial and
concurrent inhibitory strategies will prevent the ability of
PDAC to survive through compensatory growth promoting
pathways. However, limitations in combinatorial approaches
include the selection of appropriate doses of individual
therapies for optimal efficacy, considering for the presence of
off-target, normal cell toxicity and different molecular subtypes of
PDAC exhibiting different sensitivity profiles. In addition, the
mechanisms of how cancer cells get adapted to several layers of
inhibition is a complex phenomenon which is yet to be
understood.

Each PDAC tumor is unique. Even if alterations occurred on
the same level or by the same mechanism, the exact changes
within the cancer cells are still heterogenous (Tew et al., 2020).
Further, the combinations of dysregulations and alterations are
heterogenous. One of the main reasons for multi-drug resistance

is the genetic and molecular heterogeneity of cancer cells
(Gottesman et al., 2002). The impact of genetic alterations
depends on oncogenic contexts and several studies showed
that dysregulations should be analyzed in a tissue- or cancer
entity specific manner (Eser et al., 2013; Foggetti et al., 2021).
Therefore, to identify much needed, effective treatment strategies
for PDAC, its heterogeneity needs to be considered. This
translates into the need for personalized oncology with better
patient stratification and treating individual patients separately
by functionally profiling the individual tumors.

As a potential solution, this review highlighted the combined
targeted phenotypic approach as a promising strategy to identify
effective compounds using a cell-based assay, allowing to take this
tumor heterogeneity and the context of various unique alterations
into account—given suitable cellular models are used. A powerful
tool for this approach are patient-derived organoids as these are
suitable models for tumor heterogeneity and personalized
oncology, but also for high-throughput drug screens (Pfohl
et al., 2021).

In summary, the tumor driving mechanisms and associated
molecular alterations are different for each tumor and due to this
heterogeneity, it is basically impossible to develop a drug or
treatment regimen that will be effective for all PDAC patients.
Overcoming chemoresistance and identifying chemo sensitive
signatures using pharmacogenomic profiling is emerging as a new
way forward and reason for hope. Although target-based

FIGURE 2 | PDAC heterogeneity requires a personalized approach for treatment. PDAC is a highly heterogenous cancer at the cellular level, often driven by KRAS
mutations but with multiple layers of dysregulation affecting each other, that also need to be considered. Alterations occur at various levels including genomic,
transcriptomic, epigenomic and metabolomic aberrations. The resulting clinically and molecularly heterogenous tumor is unlikely to be successfully treated with a “one
drug fits all” approach but requires a personalized approach specifically targeting its individual dysregulations.
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screening strategies that screened vast compounds for a single
target have identified many “best in class” compounds, most of
the “first in class” compounds in earlier decades were identified
using phenotypic screening i.e., screening vast compounds on
cells without a known target (Moffat et al., 2017). The sweet spot
for the future lies in combining these target-based and phenotypic
approaches in a single system.

Reverse Clinical Engineering®, a combined targeted phenotypic
approach using patient-derived organoids, enables to identify effective
drugs or drug combinations for an individual tumor within a cellular
context, and deconvoluting the treatment’s mechanism of action by
utilizing technological advances in genomics, transcriptomic and/or
proteomics. The application of patient-derived organoids allows to
incorporate tumor heterogeneity—a factor not yet sufficiently
considered in PDAC therapy.

This approach of functionally profiling individual tumors in a
potentially high throughput fashion utilizing automated liquid
robotic system offers several advantages and has potential
applications also in the rare disease space (Puca et al., 2018;
Phan et al., 2019). It offers the ability to model also rare tumors
and poses an opportunity to identify drugs in a disease and
mechanism agnostic manner (Phan et al., 2019).

In conclusion, PDAC is a complex and heterogenous cancer
with currently insufficient treatment options. Drug screening
using patient-derived organoids of PDAC can factor in tumor

heterogeneity and the context of the multi-layered dysregulations
to identify new treatment strategies and transform PDAC therapy
to personalized oncology.
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