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Abstract

Cellular plasticity and therapy resistance are critical features of pancreatic cancer, a highly aggressive and fatal disease. The
pancreas, a vital organ that produces digestive enzymes and hormones, is often affected by two main types of cancer: the
pre-dominant ductal adenocarcinoma and the less common neuroendocrine tumors. These cancers are difficult to treat due
to their complex biology characterized by cellular plasticity leading to therapy resistance. Cellular plasticity refers to the
capability of cancer cells to change and adapt to different microenvironments within the body which includes acinar-ductal
metaplasia, epithelial to mesenchymal/epigenetic/metabolic plasticity, as well as stemness. This plasticity allows heteroge-
neity of cancer cells, metastasis, and evasion of host’s immune system and develops resistance to radiation, chemotherapy,
and targeted therapy. To overcome this resistance, extensive research is ongoing exploring the intrinsic and extrinsic factors
through cellular reprogramming, chemosensitization, targeting metabolic, key survival pathways, etc. In this review, we
discussed the mechanisms of cellular plasticity involving cellular adaptation and tumor microenvironment and provided a

comprehensive understanding of its role in therapy resistance and ways to overcome it.
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1 Introduction

Pancreatic cancer is a highly aggressive form of cancer
that affects the pancreas, a gland located in the abdomen
that produces digestive enzymes and hormones. Pancreatic
cancer is often difficult to detect in its early stages due to
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the lack of noticeable symptoms. Late diagnosis and early
metastasis are the main cause attributed to its low survival
rate [1]. Despite advances in surgical techniques and chem-
otherapy, pancreatic cancer remains a key public health
issue with a 5-year survival rate of about 12% [2]. There
has been minimal advancement in the clinical prognosis of
this devastating disease over the past three decades [3]. It
is expected to become the second most prevalent cause of
cancer-related deaths in the next 10 to 15 years [4]. Surgi-
cal removal is the only potentially curative option, but it
is only feasible for a small percentage of patients due to
the advanced stage at diagnosis. Chemotherapy and radia-
tion therapy are commonly used for advanced disease, but
they often provide limited success in extending the life of
patients. As per the most recent classification of tumors by
World Health Organization (WHO), there are two primary
categories of cancer found in the pancreas: (1) malignant
epithelial tumors and (2) neuroendocrine neoplasms [5]. The
first one encompasses ductal adenocarcinoma, acinar cell
carcinoma, pancreatoblastoma, and solid pseudopapillary
neoplasm. In contrast, the latter consists of functioning and
non-functioning neuroendocrine tumors, neuroendocrine
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carcinoma, and mixed neuroendocrine-non-neuroendocrine
neoplasms [5]. Pancreatic cancer typically denotes the more
aggressive form known as pancreatic ductal adenocarcinoma
(PDAC), which comprises approximately 90% of all cases
involving exocrine cells [6-9].

Pancreas develops from the gut endoderm, one of the
three primary germ layers that form in vertebrates follow-
ing gastrulation. This process involves a sequence of well-
coordinated signaling events and transcriptional regulatory
cascades that ultimately shape it into its mature form [10].
Developing pancreatic tissue receives cues from their macro-
and microenvironment results in a systematic differentia-
tion pattern. Such ability of pancreatic tissues to adapt their
development in response to their environment, regardless of
their inherent genetic makeup, is referred to as the pheno-
typic plasticity. This highly plastic nature allows pancreatic
cells to repair themselves in case of injury via transdiffer-
entiation to progenitor like cells. However, in the presence
of underlying mutation in certain genes such as Kirsten rat
sarcoma (KRAS) could lead to acinar to ductal metaplastic
(ADM) conversion instead of tissue repair. This inherent
cellular plasticity could potentially influence not only the
initial development of tumors but also the progression of
these tumors, including early-stage invasion, metastasis, and
metastatic organotropism [11-14].

This review includes an in-depth analysis of molecular
mechanisms involved in cellular plasticity, stemness, and
therapy resistance in pancreatic cancer. The review also
highlights the current therapeutic strategies for pancreatic
cancer, including chemotherapy and radiation therapy. The
role of cancer stem cells (CSCs) in therapy resistance has
been examined, and the potential for targeting cellular plas-
ticity and stemness as a means of overcoming therapy resist-
ance is discussed.

2 Cellular plasticity in pancreatic cancer

Cellular plasticity arises from various causes; however, in
the context of cancer, cellular plasticity denotes the ability
of cancer cells to endure dynamic changes, allowing them
to acclimatize to various environmental conditions (Fig. 1)
[15]. This plasticity reprograms their molecular and cellular
characteristics usually without genetic mutations which ena-
bles cancer cells to survive, proliferate, and evade treatment
strategies, contributing to tumor growth, metastasis, and
resistance to therapy [15, 16]. Cellular plasticity in cancer
involves several key aspects such as phenotypic heteroge-
neity, phenotypic switching, therapeutic resistance, metas-
tasis, and microenvironment adaptation [17-22]. Cancer
cells within a single tumor can exhibit diverse characteris-
tics, including differences in gene expression, cell surface
markers, and metabolic profiles [23—28]. This heterogeneity
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Fig. 1 Factors that stimulate cellular plasticity in normal and cancer
cells can lead to unfavorable consequences. G6P, glucose 6 phosphate
dehydrogenase; HDAC, histone deacetylase. The figure is created in
BioRender.com

is thought to arise from reversible epigenetic changes, and
microenvironmental influences [29]. Cancer cells can switch
between different cellular states, often resembling different
stages of cell development or differentiation. This plasticity
allows them to adopt traits that aid in tumor growth, inva-
sion, and resistance to treatment [15, 30]. For example, can-
cer cells might transition between epithelial and mesenchy-
mal states, a phenomenon known as epithelial-mesenchymal
transition (EMT), which can promote metastasis [31, 32].
Cellular plasticity can contribute to the development of
resistance to various cancer therapies, including chemother-
apy, targeted therapy, and immunotherapy [33—-36]. Cancer
cells that undergo phenotypic changes can escape the effects
of treatments that were originally effective against a differ-
ent cellular state. Plasticity is closely linked to the potential
of cancer cells to disseminate or spread to distant organs.
Cells that acquire more invasive and migratory character-
istics can separate from the primary tumor, travel through
the circulatory system, and establish secondary tumors in
distant locations [37-40]. Moreover, cancer cells can adapt
to the unique microenvironment of tumors, which can be
characterized by low oxygen levels (hypoxia), nutrient dep-
rivation, and inflammation. Cellular plasticity allows can-
cer cells to survive and thrive in these challenging condi-
tions. Cellular plasticity is also associated with the concept
of CSCs, which are a subpopulation of cancer cells with
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characteristics similar to stem cells. These cells have the
capability of self-renewal and differentiation into different
cell types within the tumor, contributing to tumor growth
and heterogeneity [41].

Understanding and targeting cellular plasticity in cancer
is a complex challenge in cancer research and therapy. It
requires a deeper understanding of the molecular mecha-
nisms that drive these transitions and the development of
strategies to prevent or reverse these changes, ultimately
leading to more effective treatments and improved patient
outcomes. Pancreatic cancer is characterized by a high
degree of cellular plasticity leading to tumor growth, metas-
tasis, disease progression, and therapy resistance in various
ways as discussed below.

2.1 Acinar-ductal metaplasia

Highest plastic characteristics of acinar cells in the adult
pancreas allow its transdifferentiation to ductal progenitor-
like cells called acinar-to-ductal metaplasia (ADM) [42].
ADM is a notable plastic feature that enables regeneration
of the pancreas after injury or inflammation [43]. Ironi-
cally, this metaplastic cell acts as a precursor of pancreatic
intraepithelial neoplasia (PanIN) leading to PDAC which
is evident from in vivo findings and lineage tracing studies
[44—47]. Multiple factors including KRAS hyperactivity and
transforming growth factor (TGF)-o/p have been implicated
for such transformation [48-53]. Transdifferentiation of aci-
nar cells into duct-like structures is frequently observed in
3D cultures in the presence of oncogenic KRAS, cytokines,
epidermal growth factor receptor (EGFR) activating factors,
etc. [48, 50, 54-56]. Research also showed that Kriippel-like
factor 4 (KLF4) exhibits increased expression within aci-
nar cells and is essential for the process of acinar-to-ductal
metaplasia [57]. A recent study published in 2020 showed
the involvement of interleukin-22 (IL-22) in the plasticity
of acinar cells that promote pancreatic tumor formation in
mice [42].

The ADM is a natural reversible mechanism which
becomes irreversible when acinar cells acquire KRAS
mutation or under the influence of continuous exposure
of growth factors. It has been demonstrated that oncogenic
KRAS suppresses acinar genes including basic helix-loop-
helix family member A15 (MIST1) and carboxypeptidase
A1 (CPAI) and expresses ductal genes for cytokeratin
19 (KRT19) and mucin 1 (MUCI) and the overexpres-
sion of pancreatic and duodenal homeobox 1 (PDX/) and
Sry-related high-mobility group box 9 (SOX9) [48, 56].
Oncogenic KRAS acts through phosphoinositide 3-kinase
(PI3K) subunit p110a via extracellular signal-regulated
kinases (ERK1/2) signaling as well as protein kinase B
(PKB/AKT). On the other hand, it has been demonstrated

that PTF1A, in collaboration with various transcription
factors, plays a crucial role in preserving the mature acinar
identity but inhibits KRAS-induced tumorigenesis (Fig. 2)
[58-61].

A serine/threonine kinase protein kinase D1 (PRKD1)
plays a crucial role in converging oncogenic and wild-type
KRAS signaling. PRKD1 upregulates SOX9 and PDX1
via neurogenic locus notch homolog protein 1 (NOTCH1)
activation [50, 54]. PRKDI1 also links oncogenic KRAS
signaling by activating NF-kB and increasing mitochon-
drial reactive oxygen species (ROS) [50]. Lineage tracing
experiment in the animal model has shown that oncogenic
KRASS'?P transdifferentiation pushes the cells towards
PanIN1A, PanIN1B, and PanIN2 [62]. Further progression
involves wild-type KRAS (EGFR signaling), inflamma-
tion, and additional gene mutations [49, 50, 63-68]. The
remarkable flexibility of acinar cells, essential for their
regenerative capacity following pancreatic injury, renders
them susceptible to enduring transdifferentiation into
PanlN cells upon exposure to oncogenic stress.
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Fig.2 Generation of pancreatic preneoplastic ductal cells from acinar
cells. Acinar cells harboring oncogenic KRAS can convert to pre-
neoplastic ductal cells with the help of PI3K p110. The process can
be inhibited by mature acinar cell maintaining factor PTF1A. Acinar
cells also can have similar conversion through a process known as
acinar-ductal metaplasia or ADM which is promoted by KLF4 over-
expression. The figure is created in BioRender.com
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2.2 Epithelial-mesenchymal plasticity

Epithelial cell plasticity refers to the dynamic and flexible
nature of these cells to undergo various changes in their
characteristics, behaviors, and functions, especially mesen-
chymal phenotype. In normal circumstances, epithelial cells
maintain their specific identity and functions within tissues,
but in cancer, they can exhibit a remarkable degree of plas-
ticity which allows them to acquire traits contributing to the
heterogeneity and aggressiveness of the tumor. Changes in
tumor cell motility and invasiveness often align with shifts
in epithelial plasticity [69].

In pancreatic cancer, epithelial plasticity is modulated by
several factors. A recent study published in 2019 reported
a significant role of TANK-binding kinase 1 (TBK1) in the
regulation of epithelial plasticity in KRAS-mutant PDAC
towards enhanced invasion and metastasis. The TBK1 activ-
ity was found to be induced by receptor tyrosine kinase AXL
in a RAS-Ras-related protein Ral-B (RALB)-dependent
manner [70]. The study also found accumulation of fibril-
lar collagen in TBK1 genetically modified Kras™St=672P/+
Cdkn2a™°x ptf1a“™** (KIC) mice which is a hallmark of
pancreatic cancer promoting EMT [70-72]. On the contrary,
metadherin (MTDH), a single-pass transmembrane protein
associated with cell proliferation in embryogenesis shown
to reverse EMT or promote MET process of PDAC cells to
facilitate metastatic colonization by downregulating twist-
related protein 1 (TWIST1) and upregulating E-cadherin.
The study also performed chromatin immunoprecipitation
(ChIP) sequence analysis and revealed paired related home-
obox 1A (PRRX1A) as an upstream regulator of MTDH [73,
74]. In pancreatic neuroendocrine neoplasm, EMT plastic-
ity is shown to increase as the tumor progresses. Venugo-
pal et al. demonstrated 17 EMT markers including CD24,
CD44, DAXX, and vimentin that are significantly increased
in the tissue of grade 3 pancreatic neuroendocrine tumors
(PanNETs) which were 9 and 11 in grade 1 and grade 2
PanNETs, respectively [75]. Higher expression of vimentin
along with E-cadherin loss is also evident in PanNETs which
is associated with a poor prognosis [76]. Such overexpres-
sion of EMT markers in PanNETs could be associated with
CSC marker doublecortin-like kinase 1 (DCLK1) [77].

Recent research conducted by Reichert et al. in 2018
delved into the mechanisms controlling epithelial plasticity
and cell fate decisions between liver and lung colonization
or metastatic organotropism in PDAC [13, 78]. They focused
on the role of p120 catenin (P120CTN), a protein involved
in E-cadherin binding and stabilization. Through experi-
ments using PDAC mouse models, they found that intact
or mono-allelic P120CTN expression favored liver metasta-
sis, while bi-allelic gene deletion shifted metastatic burden
towards the lungs. One allele of PI20CTN was sufficient for
stable E-cadherin in liver metastasis, but lung metastases
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lacked both proteins, suggesting non-MET-capable epithelial
character. Injections of PDAC cells with different P120CTN
status into mouse organs confirmed these results, indicat-
ing that epithelial plasticity is not the sole determinant of
metastatic potential. Why different organs prefer diverse cell
phenotypes remain unclear. Understanding such molecular
mechanisms is vital for advancing therapies in pancreatic
cancer. Emerging evidence suggests complex epithelial plas-
ticity involving partial EMT (P-EMT), where cells exhibit
both phenotypes and exhibit collective migration [79].

The plasticity of epithelial cells in pancreatic cancer is a
complex phenomenon driven by genetic mutations, epige-
netic changes, and interactions with the tumor microenviron-
ment. This plasticity not only contributes to the aggressive-
ness of the disease but also poses challenges for targeted
therapies, as cancer cells can adapt to treatments and develop
resistance through these dynamic transitions. Understanding
and targeting these plasticity mechanisms hold promise for
developing more effective strategies to combat pancreatic
cancer. Exploring metastatic organotropism and developing
genetic manipulation tools could offer novel PDAC thera-
peutic avenues and possibly improving patient outcomes.

2.3 Epigenetic plasticity

It is recognized that PDAC originates from the collaboration
of genetic and epigenetic reprogramming occurrences [80].
Genetically, PDAC exhibits lower heterogeneity in com-
parison to other types of cancers, and the prevalent KRAS
mutation alone is insufficient to drive neoplastic transfor-
mation without the presence of inflammation or additional
mutations [66, 81, 82]. It has been demonstrated that onco-
genic KRAS collaborates with inflammation to initiate sig-
nificant chromatin remodeling that stimulates the onset of
tumor [83-85]. Nonetheless, the mechanism through which
KRAS-mediated plasticity leads to the emergence of neo-
plastic lineages and facilitates their subsequent progression
into invasive disease remains unclear. Very recently in 2023,
Burdziak and colleagues demonstrated how plasticity devel-
ops during the initial phases of tumor formation by evaluat-
ing epigenetic landscape in PDAC [86]. Cellular plasticity
is primarily established at the chromatin level, involving
expansions or contractions in the array of transcriptional
programs accessible to a specific cell [87, 88]. Cells with
pronounced plasticity, like stem cells, frequently exhibit
an open chromatin stage [89, 90]. Utilizing single-cell
genomics (RNA-seq and ATAC-seq), computational meth-
ods, and functional perturbation in autochthonous geneti-
cally engineered mouse models, it was shown that certain
KRAS mutant cell population in response to inflammation
exhibits high epigenetic plasticity scores. These adaptable
cellular states have an abundance of open chromatin in the
vicinity of genes responsible for cell-cell communication,
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encompassing ligands, and cell-surface receptors. This
implies an elevated inclination for interacting with the sur-
rounding microenvironment. This group has identified a
reciprocal interaction between inflammation-driven epithe-
lial and immune cell states, which involves IL-33, a factor
previously linked to pancreatic tumorigenesis [86]. These
findings reveal a distinct tissue remodeling program specific
to neoplasia, which could potentially be utilized for pancre-
atic cancer intervention.

2.4 Metabolic plasticity

Metabolic plasticity in pancreatic cancer refers to the
tumor’s ability to adapt and switch between different meta-
bolic pathways in order to sustain its growth, survival, and
proliferation under varying conditions [91]. Pancreatic
cancer is known for its aggressive nature and resistance
to conventional treatments, partially attributed to its abil-
ity to rewire its metabolic processes [92-94]. Metabolic
reprogramming, an emerging hallmark of PDAC, includes
aerobic glycolysis, oxidative phosphorylation (OXPHOS),
anti-oxidative stress, autophagy, glutaminolysis, lipogen-
esis, and lipolysis [95-98]. PDAC cells achieve metabolic
plasticity both intrinsically and extrinsically. KRAS activa-
tion and mutations in tumor suppressor genes such as p53
act as an intrinsic factor and induce atypical mitochondrial
metabolism and enhance glycolysis, with alterations in
glutamine and lipid metabolism. In PDAC, KRAS rewires
glucose metabolism by upregulating glucose uptake and
glycolytic enzyme expression, including glucose exporter
type 1 (GLUT1), hexokinase 1/2 (HK1/2), phosphofruc-
tokinase (PFK), and lactate dehydrogenase A (LDHA).
These changes are regulated by c-MYC proto-oncogene
(c-MYC) and hypoxia-inducible factor 1-alpha (HIF-1a).
Autophagy induced by KRAS also supports glycolysis [99].
KRAS promotes anabolic metabolism, directing glycoly-
sis intermediates towards the pentose phosphate pathway
(PPP) non-oxidative arm for nucleotide biosynthesis [100].
Glutaminolysis, regulated by KRAS, is crucial for detoxi-
fication and biosynthesis [100-102]. Additionally, KRAS
enhances glucose flux via the hexosamine biosynthesis path-
way (HBP), which bridges glycolysis and glutaminolysis.
PDAC cells use a noncanonical KRAS-induced glutamine
pathway to maintain redox balance and support cell growth
by increasing the nicotinamide adenine dinucleotide phos-
phates (NADPH/NADP +) ratio [98].

The acidic and oxygen/nutrient deprivation act as extrin-
sic factors and promote cancer cells to reprogram metabo-
lism. The stromal cells, especially cancer-associated fibro-
blasts (CAFs) and immunocytes, play a significant role in
metabolic reprogramming. Both intrinsic and extrinsic fac-
tors exert independent and synergistic influences on meta-
bolic adaptability. Enhancing our comprehension of the

metabolic characteristics of PDAC will play a crucial role
in advancing innovative approaches for diagnosis and treat-
ment [98].

Tumor cells and stromal cells engage in metabolic signal-
ing to prioritize cancer cells for glucose utilization during
the scarcity of nutrients. Stromal cell metabolism has been
relatively underexplored, despite their prevalence in tumors,
accounting for as much as 80-90% in desmoplastic pancre-
atic cancer [103, 104]. Cancer cells with various phenotypes
use various energy sources through multiple metabolic path-
ways. Hypoxic cancer/stromal cells (e.g., CAFs) express
higher levels of GLUT1 and utilize transported glucose for
lactate production. Aerobic cancer cells receive lactate shut-
tle through communication between transporters monocar-
boxylate transporter 1 (MCT1) and MCT4, a phenomenon
known as reverse Warburg effect [98].

Stromal CAFs are commonly identified to stimulate
tumor advancement and metastasis [105, 106]. These CAFs
undergo metabolic reprogramming, use more glucose, and
secrete excess lactate mimicking the phenotype related to the
Warburg effect [98, 107]. CAFs also communicate with can-
cer cells via exosomes in nutrient-stressed conditions [108].
Specialized CAFs called pancreatic stellate cells (PSCs) can
swap between quiescent and activated phenotypes [109].
Upon activation, PSCs may release ECM molecules, inten-
sifying hypoxia-induced metabolic reprogramming of the
cancer cells [109, 110].

Targeting the metabolic plasticity of pancreatic can-
cer cells has emerged as a potential therapeutic strategy.
Metabolic symbiosis consequently triggers a condition of
“fibroblast addiction” in both primary and metastatic tumor
cells, revealing what appears to be a significant vulnerability
[111]. However, developing effective therapies requires a
deep understanding of the complex metabolic rewiring that
occurs in pancreatic cancer cells [98].

3 Stemness in pancreatic cancer

Stemness is the combination of the ability of a cell to rep-
licate its lineage, to differentiated cells, and to interconnect
with its environment to maintain homeostasis in proliferation
and regeneration [112]. CSCs are polymorphic, capable of
differentiated and self-renewable subpopulations of tumors,
which are responsible for resistance to chemotherapy and
radiation therapy. CSCs in the pancreas are conducive to
help in the development of PDAC. Over the past two dec-
ades, numerous specific biomarkers have been demonstrated
within the realm of CSCs, such as CD44, CD24, ESA, and
CD133, while other surface markers continue to be recog-
nized as distinct features of this tumor cell population and
would be found to describe elsewhere [113—115]. Pancre-
atic CSCs together with other cells, such as PSCs, CAFs,
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and mesenchymal stem cells, form a highly desmoplastic
tumor microenvironment (TME). Understanding the CSCs
of pancreatic cancer can guide the design of potent thera-
pies against PDAC. In PDAC, it has been demonstrated that
fluorescence-activated cell sorted (FACS) CD44 +/CD24 +/
ESA +cells act as CSC subpopulation [113]. The study con-
firmed that this subpopulation could recapitulate the primary
tumors in in vivo model systems [113].

The flow cytometric isolation of the secondary tumors
further confirmed that the frequencies of constituent subpop-
ulations closely resembled those initially identified during
the cell sorting process of the primary resected neoplasm.
Another distinct characterization of pancreatic CSCs was
isolated by Hermann et al. who employed selection marker
CD133 for the stem cell subpopulation [116]. Through serial
passaging experiments of the CD133 + subpopulation, they
demonstrated the cells’ capability to regenerate pancreatic
tumor and undergo differentiation, mirroring the character-
istics CD44 4 /CD24 + /ESA + subpopulation mentioned
above. Further investigation of pancreatic CSCs which are
CD133 and C-X-C chemokine receptor type 4 (CXCR-4)
positive showed its highly migratory potential towards the
CXCR4 ligand chemokine SDF-1a. The inhibition of migra-
tion by anti-CXCR4 antibodies affirms the involvement of
CXCR4 on the migratory nature of CSCs [116].

In addition to the investigation of pancreatic CSCs in the
human cell line, researchers have created a PDAC murine
model by inducing pluripotent stem cells (iPSCs), which can
differentiate and transfer into progenitor cells under certain
conditions [117]. It was observed that cell signaling within
the niche, functioning akin to the TME, not only influenced
the differentiation of CSCs but also conferred them with the
ability for self-renewal [117]. Based on those novel findings,
Calle et al. developed a second-generation PDAC murine
model using a PDAC cell line-condition medium. Under the
exposure of those mediums, iPSCs converted to CSCs, rep-
resenting the upregulation of the receptor tyrosine-protein
kinase ErbB-2 (ERBB2/3) cell signaling pathway in the ini-
tiation of pancreatic cancer cells. Inhibition of ERBB2/3
chemically and genetically generated three promising prop-
erties: (1) less tumorigenicity and stemness in CSCs, (2)
abolishing tube formation and self-renewal ability, and
(3) downregulating CD24 levels with activated mitogen-
activated protein kinase kinase/ERK (MEK/ERK) cascade
[118]. To further understand the formation of CSCs, Hassan
et al. elucidated the abnormal overexpression of cyclin D2
(CCND2), collagen type IV alpha 1/2 chain (COL4A1/2),
and actinin alpha 3 (ACTN3), which are associated with
cancer aggressiveness. These genes were linked to oxida-
tive phosphorylation and glycolysis, indicating the metabolic
regulations in pancreatic CSCs [119].

Recently, CSCs have been identified in PanNETs which
are marked by aldehyde dehydrogenases (ALDH) or CD90.
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These markers are involved in several key signaling path-
ways such as Src, Notch, Hedgehog, Wnt/p-catenin, EGFR,
mammalian target of rapamycin (mTOR), and signal trans-
ducers and activators of transcription 3 (STAT3). Further
study revealed cell surface markers CD47 and CD73 as the
vulnerability of ALDH + PanNETs CSCs [120-122].

4 Cellular plasticity and therapy resistance
in pancreatic cancer

Pancreatic tumors are highly heterogeneous, containing a
mix of different cell populations with varying characteristics
[123, 124]. Cellular plasticity allows some cancer cells to
switch between different states, such as epithelial and mes-
enchymal morphologies [11, 125, 126]. Cellular plasticity
can lead to changes in cellular metabolism, allowing cancer
cells to rely on different energy sources or bypass meta-
bolic vulnerabilities targeted by therapies [127]. Cellular
plasticity contributes to the Darwinian evolution of cancer.
Treatment exerts selective pressure on the tumor, favoring
the survival and expansion of cells with plasticity-related
resistance traits. Over time, this can lead to the emergence
of highly therapy-resistant cell populations. Cellular plas-
ticity can also promote tumor recurrence after initial treat-
ment success. Residual cancer cells with plasticity-driven
resistance traits can lie dormant and later reinitiate growth
[128]. Additionally, plasticity plays a role in the formation
of metastases, contributing to the spread of cancer cells to
distant sites. Generalized plasticity-mediated therapy resist-
ances are illustrated in Fig. 3.

4.1 Role of cellular adaptation

PDAC has been categorized into two main subtypes based
on transcriptional profiling: classical epithelial (E) type and
quasi-mesenchymal (QM) type [129-132]. Epithelial cells
tend to be more sensitive to chemotherapy, while mesenchy-
mal cells are often more resistant. The phenotypic switching
of cancer cells can occur in response to treatment, promoting
survival of the resistant cell population. Recent evidence
suggests that these subtypes exist on a spectrum, implying a
potential for interconversion between them. It has been dem-
onstrated that the FOLFIRINOX chemotherapy causes both
E and QM PDAC to shift more towards the QM state, both in
cell lines and patient tumors. Such QM plastic shift enables
PDAC to be intrinsically resistant to chemotherapy [129].
Similarly, Kloesch and colleagues observed distinct clusters
in PDAC cells through RNAseq analysis [133]. They identi-
fied cell lines expressing GATA binding protein 6 (GATA6)
as epithelial clusters, whereas those lacking GATAG6 as mes-
enchymal clusters. The study further demonstrated that the
absence of GATAG6 promotes cellular plasticity and evasion
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Fig.3 Cellular plasticity—medi-
ated therapy resistance in pan-
creatic cancer. FOLFIRINOX
and gemcitabine both can gener-
ate quasi-mesenchymal or CSC
type subpopulation that can lead
to therapy resistance. Genetic
events such as GATAG loss also
can induce cellular plasticity
and can suppress certain MHC
Class I genes resulting in less
immune cell infiltration in the
tumor. Extracellular vesicle-
mediated signaling can enhance
the communication between
CSCs and non-CSC which also
cause therapy resistance. PDAC,
pancreatic ductal adenocarci-

Epithelial
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noma; CSC, cancer stem cells; Ausp22
MHC, major histocompatibility
complex. The figure is created Cisplatin =
in BioRender.com
Gemcitabine
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of the immune system. GATAG6-positive cell lines exhib-
ited an enrichment of genes related to “apical junctions” in
gene set enrichment analysis (GSEA). In contrast, GATA6-
deficient cells displayed an enrichment of the EMT gene
set and a reduction of major histocompatibility complex
(MHC) class I genes H2-d1 and H2-k1 expression. The
loss of GATAG6 was linked to a reduction in the infiltration
of CD8a + T-cells into the tumor, suggesting that GATA6
loss may trigger immune evasion, resulting in resistance to
immunotherapy [133].

4.2 Role of cancer stem cells

Cellular plasticity can endow cancer cells with stem cell-like
properties, such as self-renewal and ability to differentiate
[134]. CSCs, which arise from this plasticity, are often more
resistant to therapies due to their ability to repair DNA dam-
age and evade cell death mechanisms [135-138]. Therapy
resistance and drug evasion in pancreatic cancer’s CSCs can
be attributed to two distinct mechanisms: (1) interactions
between CSCs and the TME and (2) cell signaling pathways
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involved in CSCs. The transmission of cellular compo-
nents directly from one cell to another through cell fusion,
exosomes, and tunneling nanotubes has been proposed as
alternative mechanisms for intercellular communication.
The direct exchange of cellular elements, such as proteins,
DNA, messenger RNA (mRNA), microRNA (miRNA), long
noncoding RNA (IncRNA), and organelles, between cells is
a pivotal factor in the modulation of cancer cell tumorigenic-
ity and metastatic capabilities within the TME [139-142].
Jang et al. discovered that gemcitabine chemotherapy could
potentially induce intercellular transfer of molecules within
the TME, leading to the reprogramming of pancreatic cancer
cells. This reprogramming process enhances their tumori-
genic potential and self-renewal capabilities and ultimately
therapeutic resistance [143]. The phenotypes represent the
upregulation of CD24 and CD44, which are the important
markers of CSCs. Interestingly, the CD44 + subpopulation
was found to exhibit an increased invasiveness and metas-
tasis; on the other hand, CD24 + cells are characterized
by their elevated aldehyde dehydrogenase activity. These
CSCs preserve their characteristics through reprogramming
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themselves which involves epigenetic modulations and inter-
cellular biomolecular interactions. Therefore, inhibition of
CD44 is considered as a potential strategy for overcoming
the emergence of refractoriness and recurrence in pancreatic
cancer [143].

4.3 Role of metabolism

It has been demonstrated that metabolic plasticity confers
resistance to erlotinib through the increased expression of
glucose-6-phosphate dehydrogenase (G6PD). Pancreatic
cancer cells enhance the expression of pentose phosphate
pathway (PPP) including G6PD and protect cells from ROS
by increasing NADPH/NADP + ratio. Mechanistically, can-
cer cells elevate the expression of the inhibitor of differen-
tiation (ID1), which subsequently increases G6PD levels,
leading to a modified metabolic profile and resistance to
erlotinib. Inhibition of PPP using 6-aminonicotinamide
(6AN) and siRNA-mediated silencing experiments con-
firmed such finding [144].

In PDAC, metabolic rewiring prioritizes anabolic pro-
cesses that provide the essential cellular components
required for unrestricted cancer cell proliferation. The acti-
vation of KRAS, along with autophagy and macropinocyto-
sis, empowers PDAC cells to adjust to varying nutrient and
oxygen levels. This remarkable capacity for adaptation has
been identified as a factor contributing to the profound resist-
ance to therapeutic interventions [145]. Autophagy bestows
therapy resistance (chemotherapy, radiation) by enhancing
cellular plasticity via supplying metabolites. Macropinocy-
tosis works in a similar way and utilizes lysosomes to release
metabolites to the cells. Consequently, multiple clinical tri-
als (NCT01978184, NCT01128296) are currently in pro-
gress to evaluate the efficacy of hydroxychloroquine (HCQ)
treatment in PDAC. Initial findings suggest the potential for
enhanced outcomes when HCQ is incorporated into chemo-
therapy regimens for localized PDAC [146]. Plasticity of
PDAC cells allows reactivation of ERK thus confers resist-
ance to inhibitors that target upstream molecules in the RAS/
RAF signaling pathway. Hence, directly targeting ERK may
represent a more efficacious treatment approach [147, 148].

In metabolically rewired cells, fatty acid synthase (FASN)
facilitates condensation reactions, while converting acetyl-
CoA into malonyl-CoA via acetyl-CoA carboxylase. A
recent investigation has revealed a connection between
elevated FASN expression and gemcitabine resistance.
Combining the FASN inhibitor orlistat with gemcitabine
produces a synergistic response [149, 150]. Resistance to
gemcitabine has also been observed to be linked to HIF1-
dependent metabolic adaptation. It has been shown that by
enhancing pyrimidine biosynthesis through the interplay
of HIF1 with MUCI1, PDAC tumors acquire resistance
to gemcitabine [151]. The plastic nature of PDAC cells
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demonstrated resistance to glutaminase (GLS) inhibitor
CB-839 when treated as a single agent. Despite cancer cells
relying on GLS, their metabolic adaptability enables them
to rewire alternative mechanisms for glutamate acquisition,
leading to therapy resistance [152].

4.4 Other factors

The tumor microenvironment contributes to cellular plas-
ticity and therapy resistance [36, 153]. Interactions with
stromal cells, immune cells, and extracellular matrix com-
ponents can induce plasticity in cancer cells [154]. The
microenvironment can also provide protective niches that
shield cancer cells from the effects of therapies. In addi-
tion, targeted therapies often aim to block specific signal-
ing pathways driving cancer growth. However, cancer cells
can switch to alternative pathways or bypass the blocked
pathways through plasticity, rendering the targeted therapy
ineffective [127]. EMT is a critical process associated with
cellular plasticity [155, 156]. During EMT, cancer cells lose
epithelial appearances (adhesion, polarity) and gain mesen-
chymal traits (motility, invasiveness) [157]. This transition
can lead to increased resistance to chemotherapy and other
targeted therapies.

Extracellular vehicles (EVs) contribute to communica-
tion between CSCs and non-CSCs in pancreatic tumors.
Those EVs undergo conformational changes under expo-
sure to chemotherapy or hypoxia that might thus represent
the underlying mechanism that cancer cells can adapt to the
changing environment thereby supporting cancer progres-
sion [158]. Moreover, the study revealed that CSC-derived
agrin (AGRN)-positive EVs not only regulate Yes1-associ-
ated transcriptional regulator (YAP) cell signaling but also
influence the AGRN/HIPPO axis, establishing a commu-
nication link between CSCs and non-CSCs. This observa-
tion demonstrated that the cross-linkage interaction routes
inside the tumor milieu support CSC growth and resistance
in PDAC [158].

Several cell signaling pathways participate in enhancing
stemness of CSCs after radiotherapy and chemotherapy.
Damage-associated molecular pattern (DAMP) molecule
high mobility group box 1 (HMGB1) was considered as a
mediator of crosstalk between the post-radiotherapy necrotic
environment and resting CSCs. The binding of HMGBI1 to
toll-like receptor 2 (TLR2) causes inflammation that could
further upregulate self-renewal potential in CD133 + pan-
creatic CSCs and downregulate WNT/B-catenin signaling
results in therapeutic resistance [159]. Another interesting
finding is the overexpression of ubiquitin-specific peptidase
22 (USP22) in cisplatin-resistant pancreatic CSCs [160].
Downregulation of USP22 could re-sensitize CSCs to cis-
platin and influence WNT/f-catenin signaling. Furthermore,
alterations in heat shock transcription factor 1 (HSF1),
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forkhead box M1 (FOXM1), and mitogen-activated protein
kinase 14 (p38) have been documented as successful strate-
gies to reverse resistance and mitigate stemness in pancreatic
CSCs [161-163].

Understanding the mechanisms underlying cellular plas-
ticity and its contributions to therapy resistance is crucial
for developing more effective treatment strategies. Target-
ing pathways involved in plasticity, combining therapies to
tackle multiple phenotypic states, and disrupting interactions
between cancer cells and the microenvironment are poten-
tial approaches to overcome therapy resistance in pancreatic
cancer.

5 Therapeutic strategies targeting cellular
plasticity in pancreatic cancer

5.1 Reprogramming cancer cells

Therapeutic strategies targeting cellular plasticity in pan-
creatic cancer typically aim to disrupt or reverse the pro-
cesses that allow cancer cells to change their characteris-
tics and adapt to different microenvironments. The idea
of reprogramming cancer cells into a benign counterpart
is not a novel, and the use of all-trans retinoic acid in pro-
myelocytic acute myelogenous leukemia is considered as
an early example. However, reprogramming solid tumors
is not common. In 2015, Kim and colleagues provided
the initial transcriptional proof of PDAC cells undergoing

Fig.4 Targeting cellular
plasticity to overcome therapy
resistance in pancreatic cancer.
Current strategies involve cellu-
lar reprogramming, chemosensi-
tization, pathway targeting spe- )
cifically mTOR, and metabolic Rapamycin —{ mTOR
targeting. Red arrow indicates

upregulation of genes. SHH, l

Pathway targeting

reprogramming into acinar cells. Quantitative PCR con-
firmed the elevated expression of acinar cell lineage genes,
such as serine protease 2 (PRSS2), chymotrypsin-like
elastase 3 (CELA3), CPA2, and MISTI, in three distinct
PDAC cell lines but not ductal genes. Moreover, chro-
matin immunoprecipitation revealed enhanced the basic
helix-loop-helix transcription factor E47 binding at the
promoter of MISTI. In vivo assessment of tumor develop-
ment showed that the presence of E47 in Pancl cells led
to a notable reduction in tumor growth. Additionally, the
study presented evidence of trypsinogen-positive staining
in the tumor originating from PDAC/E47 cells, suggest-
ing a persistent acinar cell reprogramming effect of E47
on Pancl cells in animals [164]. There are a number of
additional therapeutic strategies targeting cellular plas-
ticity in PDAC. For example, the activation of urokinase
plasminogen activator surface receptor (uPAR) serves as
a strong unfavorable predictor in the prognosis of PDAC.
uPAR and mutated KRAS collaborate to transition the
tumor from a quiescent epithelial state to an active mes-
enchymal one, potentially elucidating the grim progno-
sis associated with high uPAR levels in PDAC. Interest-
ingly, this active mesenchymal state appears to be more
susceptible to gemcitabine. Therefore, strategies aimed at
targeting either KRAS or uPAR should take into account
the possibility of this tumor-escaping mechanism (Fig. 4)
[165]. In fact, mutant KRAS specially KRASS!?P has been
targeted in PDAC successfully and recently reviewed by
Wei et al. [166].
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5.2 Targeting mTOR pathway

The mammalian target of rapamycin (mTOR) inhibitor was
the first recognized therapeutic strategy for pancreatic CSCs.
The traditional mTOR inhibitor rapamycin can reduce the
viability of CD133 + CSCs, which previously correlated
with increased metastasis and served as a poor progno-
sis biomarker in cancer cells. Matsubara et al. found that
treatment with mTORC1/2 inhibitor KU-0063794 inhib-
its the downstream signaling of mTORC]1 and decreased
CD133 + CSC'’s viability. Surprisingly, the inhibitor did not
affect AKT phosphorylation [167]. This discovery was inter-
preted as an implication of mTORCI signaling in sustaining
the formation of CSCs in the pancreas [167]. Furthermore,
the mTORI1/2 inhibitor was found to have an impact on the
Hedgehog (HH)/Gli cascade and the Sonic Hedgehog (SHH)
pathway, offering a potential means to eliminate pancreatic
CSCs and their stemness properties [168]. Due to SHH’s
link with enhancing stemness and invasiveness in pancre-
atic cancer, there has been interest in pre-clinical studies to
explore the potential of combining inhibitors targeting SHH
pathway with chemotherapy (Fig. 4). However, as reported
by de Jesus-Acosta et al., this combination approach did not
succeed in altering the stromal components of CSCs and
did not achieve the intended results in the group of patients
under investigation [169].

5.3 Targeting epigenetic modulator

Histone deacetylase (HDAC) inhibitor trichostatin A was
reported to re-sensitize chemotherapy-resistant pancreatic
CSCs by regulating them epigenetically. HDAC inhibitor,
domatinostat, has been indicated to re-sensitize PDAC under
the gemcitabine/taxol combination treatment in vitro and
in vivo [170]. Domatinostat not only impedes the activity
of FOXM1, a key player in stemness and DNA repair, but
also governs cellular and mitochondrial oxidative stress
in PDAC. However, the underlying mechanism of HDAC
inhibitors still need further investigation [170].

5.4 Targeting cellular metabolism

Targeting cellular metabolism has the potential to dimin-
ish stemness in PDAC. Cepeloa et al. demonstrated that the
mitochondria-targeted antioxidant MitoQ had the capacity
to inhibit mesenchymal PDAC cells and mitigate the expres-
sion of stemness markers [171]. Pancreatic CSCs that are
positive for CD133 and CD44 are shown to rely on oxidative
phosphorylation (OXPHOS) and thus sensitive to OXPHOS
inhibitors such as oligomycin and associated with tumor
regression in vivo [172]. Such metabolic (OXPHOS) vulner-
ability also has been successfully targeted by metformin in
PDAC models (Fig. 4) [173, 174]. These discoveries indicate
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that focusing on the reliance on metabolic reprogramming in
cells undergoing plasticity could yield favorable outcomes
[175, 176].

5.5 Targeting intracellular kinases

Inhibiting intracellular kinases could potentially impede the
formation of CSCs. For instance, the multi-kinase inhibi-
tor sorafenib has been demonstrated to repress PDAC CSCs
which is evident from reduced tumor sphere formation,
aldehyde dehydrogenase 1 (ALDHI1) activity, and tumor-
initiating capacity [177]. Targeting of overactive mitogen-
activated protein kinase (MAPK) or WNT/B-catenin sign-
aling along with standard chemotherapy suppresses CSCs
and shows significant potential in eradicating recurrence.
Moreover, targeting c-Jun N-terminal kinases (JNK) path-
way increased PDAC CSC sensitivity to 5-fluorouracil
(5-FU) or gemcitabine [178]. Sensitization to gemcitabine
also can be enhanced by phytochemicals such as resveratrol
by downregulating zinc finger E-box-binding homeobox 1
(ZEB1), zinc finger protein SNAI1 (SNAIL), zinc finger pro-
tein SNAI2 (SLUG), homeobox transcription factor nanog
(NANOG), POU class 5 homeobox 1 (POU5SF1/0CT4), and
ATP-binding cassette (ABC) transporters, which are associ-
ated with CSC maintenance [179].

5.6 Othertargets

The RNA polymerase II-associated factor 1 (PAF1) and
Yes-associated protein 1 (YAP1) proteins engage in differ-
ent cellular processes, comprising transcriptional regulation,
stemness, and cell growth. Targeting of the PAF1/YAP1 axis
is considered as an interesting strategy to regulate stemness.
C3, an inhibitor of YAPI1, can decrease the association of
the PAF1/YAP1 complex with the SOX9 promoter, lead-
ing to a reduction in stemness and mitigating the progres-
sion of PDAC cells [180]. Notably, Zhang and colleagues
demonstrated that aspirin possesses the capability to target
PDAC CSCs by diminishing their self-renewal capacity and
inducing apoptosis in an in vivo setting [181]. Likewise, the
correlation was observed when aiming to target CD44 or
impede ABC transporters with verapamil, resulting in a
reduced frequency of CSCs and a restoration of sensitiv-
ity to gemcitabine [182]. Targeting CSC by phytochemi-
cal is another emerging strategy and was recently reviewed
by Patil et al. [114]. Furthermore, targeting CSC-specific
surface markers, signal transducer, and activator of tran-
scription 3 (STAT3) signaling and PI3K/mTOR signaling
by monoclonal antibodies or small molecule inhibitors is
another effective strategy to overcome resistance developed
by cellular plasticity [114].

A preclinical evaluation of galunisertib demonstrated
its capability to modulate the characteristics of the mouse
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pancreatic cancer cell line KPC-MO09. It achieved this by
inhibiting the TGF-B-induced reduction of E-cadherin.
Galunisertib was additionally effective in restoring the
functional capabilities of both CD8 + T cells and NK cells,
which had been inhibited by TGF-p in vitro [183]. In Phase
II clinical investigations, galunisertib exhibited certain levels
of effectiveness against tumors in patients diagnosed with
PDAC [184]. These investigations, along with others, have
offered compelling proof that innovative medications can
influence or revert tumor cell plasticity and EMT, potentially
making tumor cells more responsive to immune-mediated
cell death [36]. An improved strategy for addressing PDAC
involves simultaneously targeting of CSCs and non-CSCs. In
this regard, salinomycin, an antibiotic in combination with
gemcitabine, has demonstrated remarkable effectiveness in
PDX models [185]. Given that research has demonstrated
the enhanced effectiveness of a combined treatment regimen
incorporating both chemotherapy and a CSC-inhibitor com-
pared to single-agent therapy in a typically resistant form
of pancreatic cancer, it is clear that targeting CSCs should
be an essential component of the comprehensive treatment
approach. Thus, there have been suggestions for inventive
strategies aimed at restoring the sensitivity of CSCs. These
include the use of a blend of medications that target ABC
transporters, signaling pathways related to stemness, DDR
machinery, immune checkpoint proteins, desmoplasia, and
fibrosis, as well as metabolic reprogramming.

6 Conclusions and future directions

Cellular plasticity is a fundamental driver of therapy resist-
ance in PDAC. The ability of cancer cells to switch between
different states and adapt to changing conditions poses a
significant challenge in treatment. Understanding the under-
lying molecular mechanisms of cellular plasticity and its role
in therapy resistance provides a foundation for developing
innovative therapeutic strategies. As we uncover more about
the intricacies of this process, the potential for novel thera-
peutic interventions becomes increasingly promising, offer-
ing renewed hope for better outcomes in pancreatic cancer
treatment. Though pancreatic cancer involves both ductal
adenocarcinoma and neuroendocrine neoplasms, cellular
plasticity—mediated therapy resistance is mostly studied in
ductal adenocarcinoma.

Further exploration of the molecular mechanisms under-
lying cellular plasticity and therapy resistance is crucial.
Identifying specific molecular targets within the pathways
associated with plasticity could lead to the development of
targeted therapies that disrupt these processes. Consider-
ing the complexity of cellular plasticity, combination thera-
pies that target both primary tumor cells and the microen-
vironment may be more effective in overcoming therapy

resistance. This could involve a combination of targeted
therapies, immunotherapies, and therapies targeting the
tumor microenvironment. Research efforts should focus on
identifying biomarkers that can predict the development of
therapy resistance through cellular plasticity. This would
enable early intervention and personalized treatment strate-
gies. Utilizing single cell sequencing and other advanced
technologies such as spatial profiling can provide insights
into the heterogeneity of cell populations within tumors,
shedding light on the dynamics of cellular plasticity and its
role in therapy resistance. This could involve targeting spe-
cific signaling pathways or immune cell interactions. Investi-
gating strategies to manipulate the tumor microenvironment
to prevent the emergence of therapy-resistant phenotypes is
a promising avenue.
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