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Simple Summary: Cancer cells thrive because of their extraordinary ability to adapt to their
surroundings. This adaptability or ‘plasticity” plays a very important role in defining the sensitivity
of cancer cells to various therapies, and in the metastasis of primary tumors to distant organs. Thus,
a thorough understanding of the processes that lead to cancer cells” plasticity is critical in order to
treat cancer patients. This review article focuses on a few such processes, such as, epithelial-
mesenchymal transition, dedifferentiation and transdifferentiation, with an eye on how these
processes are regulated at epigenetic level, thus providing an opportunity for therapeutic
intervention.

Abstract: Cancer cell plasticity is a phenomenon that allows cancer cells to change their phenotype
in response to alterations in their microenvironment. This flexibility promotes tumor progression and
facilitates the emergence of therapy-resistant cells. Plasticity of cancer stem cells is critical for their
ability to help tumors overcome sensitivity to therapies and metastasize. Epigenetic modifications
like DNA methylation, histone modifications, and acetylation lead to epithelial-mesenchymal
transition (EMT) or dedifferentiation and contribute to tumor invasion and drug resistance. EMT is
associated with the acquisition of more motile mesenchymal traits while dedifferentiation allows cells
to switch to a less differentiated state, leading to the loss of original cell gene expression and
phenotype, and the acquisition of a new phenotype, all in an attempt to favorably adapt to changing
microenvironments, particularly when exposed to therapeutic agents. Therapeutic resistance can be
overcome by targeting these pathways, and more precisely by countering the associated plasticity.
This will require targeting not just the players: genes and other molecular markers/factors, but also
the underlying epigenetic events. Transdifferentiation is yet another phenomenon that can
potentially be exploited to overcome resistance by transforming tumor cells into a non-drug-resistant
state. Understanding these mechanisms, particularly the complexity of interactions and epigenetic
regulation, will hold the key to better cancer treatment and patient outcomes.
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1. Introduction

Cancer is the second leading cause of death worldwide. One remarkable characteristic of cancer
cells is their enormous flexibility in terms of modulating metabolism and adaptation to various
nutrients and other factors that can potentially impact their growth and existence [1]. Because of this
unique flexibility, cancer cells can ‘adapt and conquer’ [2] i.e. they not only can survive but can thrive
and make otherwise “unfavorable’ conditions favorable. This ‘flexibility” involves changes in their
gene expression, and more importantly in their phenotype, and affords cancer cells their ‘plasticity’.
The metabolic adaptability and plasticity of cancer cells is frequently the reason for frustration
associated with therapeutic interventions. One important phenomenon in this respect is the stemness
of cancer cells [3]. A stem cell is known for its ability to reproduce cells of its kind, known as self-
renewal or to differentiate into specialized cells [4]. In cancer, the cancer stem cells possesses an
unlimited capability to multiply and, in addition, they contribute to resistance against therapy, the
relapse of tumor, as well as cancer metastasis [5-11]. The phenomenon of stem cell plasticity can be
understood as a build-up on this basic foundation: stem cell plasticity could be defined as the
differentiation of stem cells to any cell type if removed from their original location. Stem cell plasticity
was first noted in their embryological origin [12], but later evidence showed that stem cells can
differentiate into cells of different germ layers [13]. While plasticity is a natural characteristic of stem
cells which is crucial during embryonic development, transdifferentiation pertains to a similar
property in adulthood. Transdifferentiation entails the irreversible switching of cells from a
particular tissue lineage into cells of an entirely different lineage, leading to the complete loss of the
original cell type's tissue-specific markers and functions. Instead, the cells acquire the markers and
functions associated with the new cell type.

Stem cell plasticity can be witnessed at work largely in tissue repair [4]. It allows for the
regeneration of tissues in scenarios where regeneration has failed to provide optimal results. For
example, the replacement of the infected tissue in post-myocardial infarction patients with
cardiomyocytes or skeletal myoblasts has been limited [14]. Although it may have been successful in
engraftment, it did not show optimal recovery of the myocardium and coronary vessels. However,
bone marrow cells injected into damaged myocardium produced endothelial cells and smooth cells,
resulting in angiogenesis and improved ventricular function. Another study supported this idea with
the experiment on bone marrow stem cells in the regeneration of oval cells [15]. By performing bone
marrow transplantation in mice models followed by partial hepatectomy, it was observed that the
oval cells found in the liver were bone marrow-derived which demonstrated stem cell plasticity’s
role in tissue repair. In addition to being critically important for tissue repair following injury, cellular
plasticity is relevant to cancer as it contributes to tumor heterogeneity [16]. Thus, apart from its
adaptation in normal physiological roles, stem cell plasticity has been shown to exert its role in
tumorigenesis [17]. It not only leads to tumor formation and metastasis but also plays a role in the
resistance against therapy. [18] For instance, Ewing sarcoma cells can undergo plasticity to give rise
to endothelial cells that contribute to vasculogenesis and a more aggressive form of cancer, and in
breast cancer, breast cancer stem cells transition between two states, mesenchymal-like and
epithelial-like to continue invasion, metastasis, and growth [19], thus exemplifying plasticity.

In terms of therapy resistance, cancer cell plasticity can allow cancer cells to develop resistance
against multiple therapies and escape apoptosis [20-22]. This concept is evident in the switching
between two cell states in response to therapies in colon cancer [23]. These tumor cells undergo self-
renewal in the LGR (Leucine-rich repeat-containing G protein-coupled receptor)-5+ state. However,
upon exposure to irinotecan, the cells undergo a quiescent state (LGR5-) with the ability to revert
back to a LGR5+ state in the absence of the drug. Another study by Wang et al. [24] showed that when
patients with urothelial cancer are treated with a PD-1 inhibitor, nivolumab, the cells with low
response rate and shorter survival were observed to have high EMT/stroma-related gene expression.
It was further observed that stromal cells played a major role in EMT gene expression. This evidence
supports the adaptive ability of cancer stem cells to undergo differentiation to combat the effects of
therapy.
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2. Mechanisms of cancer cell plasticity

To understand how cancer cells exhibit resistance to drugs, it is vital to identify the different
underlying mechanisms through which stem cell plasticity helps achieve therapeutic resistance. One
way tumor cells adapt to their environment is by the process of EMT (epithelial-mesenchymal
transition) [25,26]. Another attributing mechanism is transient drug-induced tolerance which
requires the cells to undergo a slow drug-resistant phase before a final multidrug resistance. Amongst
others, transdifferentiation, a subtype of cellular reprogramming, also plays a major role in
developing resistance towards drugs [25,27].

2.1. Epithelial-Mesenchymal Transition (EMT)

EMT is a dynamic mechanism that involves loss of epithelial cell-cell junction and actin
cytoskeleton reorganization [28] (Figure 1). The epithelial cells have inherent plasticity, which enables
them to transition into mesenchymal cells [29]. EMT is a spectrum of biological processes that are
reversible. Rather than transforming from a full epithelial state to a full mesenchymal state, the cells
dynamically transition to an intermediate phase. A shift in the opposite direction, known as a
mesenchymal-epithelial transition (MET) may also be observed [30]. EMT confers more mobility in
the cell and makes them invasive [31-33]. The change in cell differentiation during EMT is mediated
by transcription factors such as SNAIL, zinc-finger E-box-binding (ZEB), and basic helix-loop-helix
(bHLH) [34]. They repress epithelial marker genes such as claudins, occludins, E-cadherins,
desmoplakin, plakophilin, etc., and cause activation of genes such as fibronectin, vitronectin, N-
cadherin, MMPs, etc. which are associated with the mesenchymal phenotype [35,36]. This change in
gene expression during EMT is initiated and controlled by pathways activated in response to
extracellular signals, the most predominant of which is the TGF[ signaling pathway [34,37].

EMT plays a significant role during the embryonic developmental period and is integral to
embryonic stem cell differentiation. It is also observed pathologically, during wound healing,
fibrosis, and cancer progression [38]. During embryogenesis, EMT is required for the production of
primary mesenchymal cells that are successively capable of producing secondary epithelia via MET
[39]. During wound healing and fibrosis, epithelial cells transition into fibroblast-like cells containing
both epithelial cell markers as well as mesenchymal markers [39]. They help rebuild the tissue
following trauma or inflammation. The process of EMT is terminated once the repair is completed or
inflammation is reduced [39]. In the tumor cells, it is suggested that EMT causes them to lose their
cell-cell junctions, apical-basal polarity, and adherence to the basement membrane [40]. They
acquire characteristics of the mesenchymal cells allowing them to migrate and become invasive.
Histopathological analysis has shown the invasive front of the tumor to exhibit an EMT phenotype
[35,41-43]. Thus, EMT promotes the dissemination of tumor cells into the systemic circulation and
enhances the process via EMT-induced angiogenesis [44]. However, it is to be noted that EMT
phenotypes are not preferentially disseminated, as both epithelial and mesenchymal cells have been
found in the peripheral circulation [45]. Researchers have also demonstrated the association of EMT
transcription factors (TFs) such as TWIST1 with the acquisition of stem cell properties and enhanced
metastasis [46,47].
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Figure 1. Epithelial-Mesenchymal Transition (EMT). The process of EMT is marked by transition from an
‘epithelial” to a “‘mesenchymal’ phenotype. This involves loss of epithelial traits and gain of mesenchymal ones.
The reverse process is mesenchymal-epithelial transition (MET). EMT plays an important role in wound healing,

fibrosis, and cancer metastasis.

For metastasis, cancer cells are required to cross the endothelial cell barrier, enter into circulation
(intravasation), and exit the circulation into distant tissues (extravasation) [48]. While sufficient
experimental evidence is not present to determine if EMT enhances the transendothelial migration of
tumor cells, studies have found circulating tumor cells (CTCs) to exhibit EMT TFs [49,50]. Studies
have also shown that CTCs exist in different states including epithelial and mesenchymal, and also
exhibit characteristics of both epithelial and mesenchymal phenotypes [51,52]. However, it may also
be suggested that the CTCs undergo EMT in the peripheral circulation which is rich in TGEf [40].
Some studies also attribute extravasation and initial colonization of distant sites to EMT [53].

2.2. Dedifferentiation and Transdifferentiation

Dedifferentiation of tumor cells and acquisition of stem cell-like traits increases the likelihood of
the cancer metastasis to different organs, contributing to increased therapeutic resistance. A study by
Malta et al. [54] employed a machine learning algorithm for the assessment of tumor dedifferentiation
through integrated analysis of cancer stemness in almost 12,000 primary human tumors of 33
different cancer types. The cells were either known to arise from progenitor cells themselves or other
non-stem cells with dysregulated pathways. Metastasizing tumors were generally observed to
express a more dedifferentiated phenotype, which was associated with high intratumor
heterogeneity. The study also identified changes in key features such as the upregulation of
progenitor genes and downregulation of differentiation and cell adhesion. Certain transcription
factors such as SOX2 and NANOG externally play a role in dedifferentiation. NANOG is a regulatory
protein found in pluripotent cells and is found to drive differentiated cells like astrocytes [55] into
brain cancer stem cells in the absence of p53. Moreover, another study on colorectal cancer observed
TGF-f acting as an external stimulator to induce the TWIST1 gene into converting non-CSC CD44- to
undifferentiated CD44+ CSC [56].

Cancer stem cells (CSCs) possess the capability to undergo transdifferentiation, transforming
into cells of diverse lineages, typically via an intermediate dedifferentiation step. This process can
result in either a reduction of the tumor's aggressiveness or the formation of structures that support
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the tumor's growth and proliferation. The transdifferentiation of CSCs presents a promising
therapeutic approach, as their ability to transdifferentiate can be strategically employed to induce
their differentiation into terminally differentiated cells, thereby eliminating the tumor's capacity for
self-renewal. Accumulating evidence across various cancers underscores the potential of
transdifferentiation-based therapies utilizing this strategy.

2.3. Epigenetics of cancer cell plasticity

Dysregulation of epigenetic regulation plays a key role in cancers, leading to enhanced cancer
cell plasticity, inducing carcinogenesis and metastases, and increasing chemoresistance (Figure 2).
Widespread alterations of chromatin conformation and associated epigenetic changes can confer on
cancer cells the full range of oncogenic properties typically known as the ‘hallmarks of cancer’ [57].
Chromatin can be permissive or restrictive, based on the epigenetic events such as DNA methylation,
histone modifications (methylation and acetylation), and chromatin remodelling (SWI/SNF complex)
that can open certain areas for active transcription while restricting others, blocking cellular
differentiation or dysregulating cell programming, respectively. In cancer stem cells, bivalent
chromatin (which possesses both permissive and repressive histone modifications) allows the cancer
cell to retain its cell reprogramming ability and phenotypic plasticity, facilitating further growth and
migration of the tumor.
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Figure 2. Epigenetic Regulation of Cancer Cell Plasticity. Multiple epigenetic mechanisms influence the plasticity
that determines transcriptionally restrictive chromatin vs. the transcriptionally permissive chromatin. These
epigenetic changes have profound affect on genes with distinct functions such as transcription, pluripotency,

cell adhesion and cell cycle.

Hypermethylation of the CpG islands associated with tumor suppressor genes and hypo-
methylation of oncogenes in cancer has been reported in a number of studies. Frequent
hypermethylation is observed in the promoter sequences of tumor suppressor genes pl6INK4a
(CDKN2A) and p15INK4a (CDKN2B), which regulate the cell cycle, in a variety of cancers [58].
Silencing of genes involved in cell adhesion, CDH1 (E-cadherin), CDH2 (N-cadherin) and CDH13
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(H-cadherin) via promoter methylation is also implicated in proliferation and metastasis of the tumor
[59]. The expression of DAPK1, which participates in apoptotic cell death, and its related transcription
factors is downregulated through DNA hypermethylation [60]. Hypomethylation of oncogenes, on
the other hand, is frequently reported in the activation of HIF-1a and BCL2 [61,62].

The CTCF insulator protein plays a key role in creating chromatin loops and domain boundaries
and is highly sensitive to methylation. Hypermethylation of CTCF in IDH mutant gliomas leads to
loss-of-function at chromatin domain boundaries, dysregulating the interaction of a constitutive
enhancer with the well-known glioma oncogene, the platelet-derived growth factor receptor A
(PDGFRA) [63]. This drives oncogenic PDGFRA overexpression and is yet another example of
epigenetically-driven plasticity with a direct effect on tumor progression.

2.3.1. Epigenetic regulation of genes associated with EMT

EMT plays a significant role in cancer cell plasticity and is mediated by the epigenetic regulators
of genes, including genes implicated in cell adhesion, genes for transcription factors, and
pluripotency inducer genes. The CDHI1 gene encodes E-cadherin, an adherens junction protein that
maintains the stemness of cells in the epithelial state and prevents cell transition to the mesenchymal
migratory state, thus acting as a tumor suppressor gene. Epigenetic regulation of CDH1 leading to E-
cadherin downregulation is a key step for initiating EMT and causing the detachment of cells from
the bulk tumor. Cooperative functioning of transcription factors such as SNAIL, zinc-finger E-box-
binding homeobox (ZEB) and TWIST with others (HOXB?7, FOX, SOX) plays an important role in the
regulation of CDHI1 expression. Activation of SNAI1 and SNAI2 through ERK pathway is implicated
in the repression of CDH1 [64], as well as other genes involved in tight junctions (occludin and
claudin 1). In hepatocellular carcinoma cell lines, SNAI2 upregulation enhanced H3K9 methylation
and downregulated H3K4 and H3K56 acetylation in CDH1 promoters [65]. Additionally, this SNAI2
upregulation also interacted with G9%a and HDACs to suppress E-cadherin transcription, resulting in
migration and invasion. ZEB1 (Zinc finger E-box binding homeobox 1) blocks the expression of the
interleukin-2 gene and inhibits the CDH1 promoter, inducing EMT via recruiting SMARCA4/BRG1
[66]. Moreover, ZEB1 recruits the histone deacetylase HDACI or the methyltransferase DNMTT1 to
the CDH1 promoter, thereby maintaining the hypermethylation status of the CDH1 gene and
inhibiting its transcription. The HOXB? protein, encoded from the human HOXB cluster, is believed
to mediate CDHI1 expression via promoter hypermethylation of CDHI1 [67]. It has been postulated
this may occur through an indirect mechanism via the up-regulation of DNMT3B mediated by miR-
152, which then controls DNA methylation of the CDH1 promoter [67-69]. Transcription factor
Forkhead Box protein Al (FOXA2) was found to coordinate with the transcriptional coactivator
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla) in suppressing
TWIST1-mediated EMT, through regulating the expression of cadherin proteins E-cadherin (CDHI1)
and N-cadherin (CDH2) [70].

The pluripotency inducer genes, SOX2 and NANOG, and their crosstalk with several oncogenic
signaling pathways is linked to the regulation of EMT. Overexpression of SOX2 — a crucial embryonic
stem cell (ESC) gene which mediates EMT via inducing (-catenin — is linked to cellular migration,
tumor metastasis, and increased chemo-resistance of cancer cells [71]. Chromatin modifications,
where histone is altered by methylation and acetylation, are crucial for the epigenetic regulation of
SOX2 expression. Findings by Kar et al. indicate the overexpression of SOX2 in cancer is mainly
controlled by active histone 3 methylation (H3K4me3) and adjacent acetylation-phosphorylation
(H3K9acS510p) marks [72]. In prostate cancer clinical samples, high levels of methylation of the SOX2
promoter were found to be linked to high-grade prostate cancer [73]. Moreover, the upregulation of
NANOG has also been implicated in the reprogramming of normal cells into stem-like cancer cells.
In embryonic stem cells, significant hypermethylation was reported at the sites where NANOG binds.
The speckle-type POZ protein (SPOP) was implicated in the degradation of NANOG via the
ubiquitin-proteasome system (UPS), inhibiting the self-renewal and stem-like traits of prostate cancer
cells [74].
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3. Cell plasticity and therapy resistance

Cancer cells can build resistance to therapies due to their plasticity (Figure 3). Whether by
manifesting senescence or pathways like autophagy, cells undergo metabolic adaptations to undergo
resistance to treatment [75,76]. In terms of epigenetics, stem cells adopt resistance by modifying DNA
promoter regions, methylating histone protein, or deregulated acetylation [77-79]. ATM gene, known
to repair DNA double-strand breaks is known to be activated by radiation, chemotherapy, and stress
[80]. Somatic mutations in these genes allow tumor cells to be resistant to chemotherapeutic agents.
Another way tumor cells establish resistance is by the efflux pumps. The ability to efflux the drug at
a high rate can be acquired post-therapy or can be an internal feature of the tumor [81]. ABC
transporters are proteins known to pump toxins out of cells. Their use in tumor cells has allowed
them to resist drugs like methotrexate [82]. It has also been reported that drug-metabolizing enzymes
in Phase I (which catalyze oxidation, reduction, and hydrolysis reactions of drugs) and Phase II
(catalyzing conjugation reactions of drugs) play a significant role in chemoresistance. One such
enzyme that was seen elevated in sarcoma cell lines was aldehyde dehydrogenase [83]. Its expression
was also elevated in prostate cancer cells post-radiotherapy [84]. CSCs develop resistance by
deregulating apoptosis [85]. The process of resistance is highly dependent on the balance of apoptotic
and anti-apoptotic protein expression. For instance, a study by Taniai et al. [86] revealed that
cholangiocarcinoma cells treated with TNF-apoptosis-inducing ligand showed resistance to this
treatment. Upon analysis, these cells expressed high levels of anti-apoptotic proteins, Bcl-xI and Mcl-
1. It is essential to know that cells can change in many ways, whether it is receptor-based or
modifications in gene expression. Understanding these mechanisms will allow targeting specific
processes to overcome the ongoing adaptations towards resistance.
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Figure 3. Cancer Cell Plasticity and Therapy Resistance. Multiple mechanisms, including epigenetic ones,
underline the flexibility and plasticity of cancer cells that help them evade targeted as well as untargeted

anticancer therapies.

3.1. Reduced susceptibility to apoptosis
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The upregulation of anti-apoptotic genes and downregulation of apoptotic genes in cancer cells
is associated with increased chemoresistance. In their study, Wu et al. established an association
between the loss of the apoptotic tumor repressor gene, FHIT (fragile histidine triad), and cisplatin
resistance in NSCLC (non-small cell lung cancer) [87]. FHIT loss-of-function can induce EMT and
activate the AKT signaling pathway, causing upregulation of Slug transcription. This induces a
decrease in PUMA expression which is responsible for cisplatin resistance.

The inhibition of apoptotic signaling pathways is another mechanism for chemoresistance. In a
study by Lu et al.,, it was found that the loss of E-cadherin during EMT results in selective attenuation
of the apoptotic signaling via the death receptors, DR4 and DR5 [88]. Since TRAIL (TNF-related
apoptosis-inducing ligand) mediates its effects via these receptors, carcinoma cells become resistant
to TNF-induced apoptosis.

Another pathway that suppresses apoptosis of cancer cells is the survivin pathway. Rhodes et
al. [89] investigated the survivin pathway in dedifferentiation of NSLC models that received radiation
and were found to undergo plasticity. When NSCLC cells were treated with a survivin inhibitor, the
CSCs were found to be more radiosensitive. Survivin was also found to enhance radiation resistance
in glioblastoma multiform cell lines [90]. The survivin pathway is an anti-apoptotic protein associated
with tumorigenesis, therapeutic resistance, and poor prognosis [91-93]. It can be activated by
multiple factors such as microRNAs, tyrosine kinases, PI3K/Akt and STAT pathways. It plays a role
in tumorigenesis by interacting with cascades, regulating cell cycle and p53 amongst many signaling
pathways. In another study on GBM cell lines [90], radioresistant cells had higher expression of
survivin and significant double-stranded DNA repair. Moreover, these cells were also found to have
elevated intracellular accumulation of ATP. This suggests that by regulating tumor metabolism and
DNA repair, survivin produces a radioresistant phenotype cell in multiple tumors, including GBM.

3.2. Immune evasion

The evasion of cytotoxic T-cells by carcinoma cells is facilitated by elevated levels of PD-L1
(programmed cell death ligand 1) and TSP-1 during EMT [94,95]. PD-L1 binds to inhibitory
programmed cell death protein (PD-1) receptors on the cytotoxic T cell, which decreases the function
of the cytotoxic T- cells. TSP-1 (thrombospondin-1) secreted during EMT promotes the development
of regulatory T-cells within the tumor masses and results in decreased function of cytotoxic T-cells.
Thus, most anti-cancer therapies only eliminate the non-CSCs while the CSCs are left behind. Due to
their tumor-initiating potential, these cells are then able to give rise to new tumor masses, ultimately
leading to clinical relapse [96].

A study on a metastatic melanoma patient proved cytokine-induced plasticity [97]. When
melanoma cells were treated with ACT (adaptive T-cell therapy), they were found to undergo de-
differentiation to neural crest origin. The T-cell therapy was directed toward MART-1 antigen; there
was a decrease in the expression of MART-1 and gp-100, tumor antigens associated with melanoma
[98,99]. This indicated that a switch in phenotype has occurred. It was also observed that cells, later
on, expressed NGFR [100], a CSC marker, which supported the de-differentiation of melanoma cells
to neural crest origin. Moreover, the dedifferentiation was proven to be mediated by TNFa as cells
treated with TNFa were noted to have decreased expression of the MART-1 antigen and upregulation
of nerve growth factor receptor (NGFR). When TNFa was withdrawn, cells were marked by lower
NFGR and higher MART-1 expression. This concludes that inflammation-induced de-differentiation
is reversible and persistent TNFa is needed to continue this state. This identifies TNFa as a
prospective target to overcome the resistance.

3.3. Epigenetic targets

In terms of epigenetic mechanisms that drive chemoresistance, it was revealed that the Wnt/(3-
catenin pathway plays a major role in the process (Figure 4). Wnt is a protein that binds to
transmembrane receptors, FZA (frizzled) and LPR5/6, activating the [-catenin protein [101]. -
catenin allows cell-to-cell contact and regulates chromatin modification [20,102]. In cancer, it has been
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found to regulate stemness [103,104]. It has been reported that lymphoma cells treated with
cyclophosphamide can renter the cell cycle with higher expression of Wnt genes [105], and that in
colon cancer, mutated APC gene interacts with MEK inhibitors to enhance Wnt activity and maintain
the stemness of CSCs [106]. Targeting the Wnt pathway, thus, can be an excellent epigenetic approach
to overcome dedifferentiation. Ipafricept, a decoy receptor for Wnt ligands has proved to be well
tolerated and reduces the frequency of CSCs for advanced solid tumors, as revealed in results from
a phase 1 study [107].

l ‘Wnt p-catenin pathway

Dishevelled
J_ * Mutations in
- APC enhance
/’ Axin ( Wt activity
p—

\_,'/" *"':
B N

It activates oncogenes like

CyclinD1 and c-Myc, leading
l to cell proliferation,
classification, and maturation.
B- A
Catenin £
(o) [ oo
genes

Figure 4. Wnt - 3-catenin pathway: The binding of wnt to cell membrane frizzled triggers intracellular signaling
leading ultimately to activation of 3-catenin which regulates transcription of several genes that play a role in

tumorigenesis.

An in vitro study by Kim et al. reported widespread epigenetic changes to occur in the global
chromatin landscape of melanoma cells exposed to IFN-vy, as the cells underwent dedifferentiation.
The IFN-y-mediated epigenetic signature in the study correlated with a better outcome of melanoma
patients in clinics. Such observations also support the idea of targeting 3D chromatin architecture for
re-sensitizing tumor cells to therapies [108]. The epigenetic regulation of the process of
dedifferentiation is also being evaluated with the role of methylation, and signaling through f3-
catenin in dedifferentiation as relevant to aggressive adrenocortical carcinoma [109]. While the more
concrete experimental evidence is emerging slowly, the involvement of epigenetic events and their
role in dedifferentiation of cancer cells has been around for some time [110,111]. The emergence of
specific epigenetic targets represents a promising therapeutic approach for the treatment of drug-
resistant tumors.

3.4. Efflux of drugs

A number of studies have noted the role drug efflux as a chemoresistance mechanisms in
cancers. Vecchio et al. [112] studied the effects of artificially de-differentiated cells' therapeutic
resistance to paclitaxel and doxorubicin and observed a role of Twist [47], a transcriptional regulator.
These cells were found to have increased efflux activity and decreased ROS levels, both indicative of
highly resistant cell nature. Moreover, Saxena et al. in their study established that induction of EMT
increases the expression of multiple ATP-binding cassette transporters (ABC transporters), increasing
the efflux of drugs and making the cells drug-resistant [113]. Similarly, Fung et al. noted increased
expression of the hepatic oncofetal protein in hepatocellular carcinoma, where the ABC transporter
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was found to mediate EMT via the EMT inducers HIF1a/IL8 and Sox4, as well as regulate cancer
stemness properties and increase chemoresistance and drug efflux [114]. These findings highlight
the potential of transporter proteins involved in drug efflux, such as ABC transporters, as novel
therapeutic targets for cancers.

3.5. Alteration of drug targets

Epigenetic drugs like valproic acid function as HDAC inhibitors to allow tumor cells to undergo
pluripotency and render them resistant to taxol [115]. Treatment of breast cancer cells with valproic
acid was observed to result in high aldehyde dehydrogenase (ALDH) activity, a feature of a drug-
resistant state. This also indicated the phenotypic state of change in cells. These cells had an
upregulation of vimentin, and fibronectin, markers for EMT induction. The cells staying in G0/G1
phase further proved that CSCs underwent de-differentiation rather than proliferation.

4. Targeting cancer plasticity for therapy

4.1. Therapy targeting the phenomenon of EMT

As discussed above, EMT promotes the metastatic potential of tumor cells and makes them
resistant to existing therapeutic modalities. Thus, therapies that are aimed at either preventing or
eliminating cells undergoing EMT must be developed and used along with anti-tumor therapies. One
of the major pathways responsible for EMT initiation is the TGF pathway. Morris, et al. [116] in their
study on patients with malignant melanoma and renal cell carcinoma, found that Fresolimumab, a
human anti-TGF-b monoclonal antibody, can provide an acceptable level of safety with preliminary
evidence of anti-tumor activity. However, adverse effects such as the development of reversible
keratoacanthomas and hyperkeratosis were also observed. The Hepatocyte growth factor (HGF)-
HGEF receptor (HGFR) signaling pathway has also been known to initiate EMT. It uses tyrosine kinase
Met as its receptor to promote tumor invasion and metastasis in cells [117]. Two drugs that inhibit
this signaling pathway have now been approved by the FDA: crizotinib in the treatment of non-small
cell lung carcinoma (NSCLC), and cabozantinib for the treatment of medullary thyroid cancer and
renal cell carcinomas [96]. Douillard et al. [118] assessed the efficacy and safety of gefitinib, an
epidermal growth factor receptor tyrosine kinase inhibitor (EGFR TKI) in patients with EGFR
mutation-positive NSCLC. First-line Gefitinib was found to be effective and well tolerated, offering
longer progression-free survival and better quality of life as compared to first-line chemotherapy.
However, in a study aimed at disrupting N-cadherin adhesion complexes for increasing the
sensitivity of anti-tumor drug melphalan in the treatment of advanced extremity melanoma, no
difference in response to treatment was observed [119]. Several other drugs targeting EMT effectors
and receptors are at different stages of clinical trials and have shown promising results. However,
targeting effectors and receptors may be a difficult task because of the transient nature of the different
phases of cells undergoing EMT, and the redundant nature of various EMT pathways [120]. In
contrast, therapies targeting EMT TFs such as SNAIL, ZEB, bHLH, TWIST, etc. could be more
effective by having a broader effect, albeit it is conceivable that the effects might be a little too broad,
with implications even in the normal functioning of body. Thus, there is need for a better fine tunning.
Since EMT is mainly implicated in tumor cell metastasis and drug resistance and does not influence
tumor cell proliferation and survival, it is judicious to utilize EMT inhibitors in conjugation with other
established anti-tumor drugs rather than as a single first-line agent [121].

4.2. Therapies targeting transdifferentiation

Transdifferentiation is the conversion of one differentiated cell into another differentiated cell
with a different phenotype without entering pluripotency [122,123]. The process of
transdifferentiation in a cell can be achieved in many ways and one way is the mixed state. It is a state
where the transition happens in such a way that at one point, the cells are in a ‘transient’ state that


https://doi.org/10.20944/preprints202501.0010.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2025 d0i:10.20944/preprints202501.0010.v1

11 of 20

contains components of both cell types. A study by Lui et al. [124] supports this phenomenon as the
cells were found to transdifferentiate from fibroblasts to cardiomyocytes. Analysis showed that at the
early stages of induced cardiomyocytes, cells were found to express markers for both cardiomyocytes
and fibroblasts. Cells may also transdifferentiate by losing the original phenotype of the cell and
acquiring a new cell type. They achieve this by undergoing an intermediate state that is similar to
features of stemness. This state will not express markers for either of the cell types [122,125]. Lastly,
cells may also revert to a progenitor cell type, either completely or partially, before they differentiate
into a new cell type. For instance, Szabo et al. [126] discuss the ability of dermal fibroblasts to convert
into progenitor hematopoietic cells before they differentiate into erythrocytes, granulocytes, etc. The
lack of use of mesodermal pathways or stem cells supports the evidence of the multipotency of
progenitor cells. Moreover, this process can be performed by targeting organ-specific genes. For
instance, Jonsson et al. [127] observed that insulin-promoter-factor 1, also known as Pdx 1 is an
important transcription factor in the development of the pancreas. Following this idea, Ber et al. [128]
showed, by ectopic Pdx 1 expression in the liver, that hepatic cells can transdifferentiate into a
pancreatic phenotype with insulin-producing cells. In the field of oncogenesis, angiogenesis can thus
be promoted [129]. Glioblastoma cells have been reported to differentiate into endothelial cells via an
intermediate-progenitor state and maintain a tumor environment. Notch pathway and VEGF were
also known to play contributing factors [130]. Likewise, BM-MSCs (bone marrow-mesenchymal stem
cells) also play a role in the tumor environment by interacting with tumor cells via multiple factors
such as CCL5, TGFf3, and VEGF [131].

While transdifferentiation can potentiate tumor growth, it has also been observed to play a
therapeutic role in overcoming resistance. The first role of transdifferentiation as therapy was
observed by de The et al [132] where all-trans-retinoic acid was introduced as a treatment for APL
(acute promyelocytic anemia). Newer studies have shown transdifferentiation of breast cancer cells
into adipocytes downregulated tumor invasion and metastasis [133]. TGF[3 was found to induce the
differentiation of mammary tumor cells into a mesenchymal characteristic state [134,135]. With
induction of BMP2 (bone morphogenic protein 2) [136], it further differentiated into the adipocytes
lineage. These new cells were found to have similar expression of markers as mature adipocytes, such
as FABD and PPARY2 [137,138]. They are also observed to have downregulation of alpha-smooth
muscle actin, a feature of the mesenchymal cells. This reprogramming is known to be reversible [133].

In terms of oncogenic changes, the differentiated cells undergo cell cycle arrest with decreased
expression of oncogenic genes such as Cdk2 and upregulation of tumor suppressive genes such as
Cdkn2c. The differentiated cells also expressed PPARY, transcription regular of adipogenesis and
Zebl, the factors regulating EMT state [137,139]. To maintain this stemness, it is imperative to know
while TGFf induces the EMT state, it is a known inhibitor of adipogenesis. By inhibiting a TGFf3
inducing pathway, with a MEK inhibitor, this helps ensure adipogenesis takes place in the presence
of TGEp. The cells treated with MERK inhibitor were also treated with Rosiglitazone as it is known
to induce transdifferentiation and promote adipogenesis. This combination also showed inhibition
of metastasis and tumor invasion. There have not been many studies on transdifferentiation therapy
use to overcome resistance, but this study raises the possibility of implementing its use in resistant
tumors [133,134].

4.3. Therapies targeting differentiation

Recent advances in cancer differentiation highlight the potential of differentiation-based
therapeutic approaches in cancer. Differentiation-based therapy was first used in cancer by Flynn et
al. was in an acute promyelocytic leukaemia (APL) cell line [140]. The study found that retinoic acid
was able to stimulate granulocytic differentiation and maturation in the APL cell line, and in
promyelocytes from patient samples. Subsequently, there has been a growing amount of literature
supporting the use of retinoic acid, as well as its use in combination therapies for APL, including
several cases where complete eradication of the tumor was possible in patients. In particular, the use
of VPA in combination with retinoic acid has shown promise in inhibiting the proliferation of


https://doi.org/10.20944/preprints202501.0010.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2025 d0i:10.20944/preprints202501.0010.v1

12 of 20

leukemia-initiating cells and improving overall survival [141]. In other forms of cancers, studies on
differentiation-based have also shown a number of promising preclinical results. Treatment of colon
carcinoma with the vitamin D metabolite 1&,25-dihydroxyvitamin D3 upregulated expression of E-
cadherin, in addition to disrupting EMT and expression of Wnt/B-catenin genes. In addition,
Takahashi et al. found an inhibitor of a RhoA-associated kinase (ROCK) to stimulate adipogenic
conversion and inhibit proliferation of osteosarcoma stem cells [142]. Similarly, Hirozane et al. noted
inhibited growth of osteosarcoma cell lines when treated with NCB-0846, a small molecule inhibitor
that disrupted the Wnt signaling pathway [143]. Notably, disruption of Wnt signaling was observed
to cause osteosarcoma cells to switch lineage, converting into adipocytes through the activation of
PPARy singaling. Hirozane et al. furthermore identified TINK, a kinase transactivator of Wnt, as a
potential biomarker in osteosarcoma for therapeutic targeting.

5. Conclusions

Cancer cell plasticity is the ability of cancer cells to switch between different states or phenotypes
in response to changes in their microenvironment. This plasticity promotes tumorigenesis as well as
leads to the emergence of therapy-resistant cancer cells, which is an ongoing obstacle in cancer
treatment. Epigenetic modifications, such as DNA methylation, histone modifications, and
deregulated acetylation, can regulate gene expression and alter the cellular phenotype and are known
to be involved in cancer development and progression. In particular, these changes are achieved
through EMT or the state of dedifferentiation. The EMT process is associated with the acquisition of
mesenchymal features and increased cell progression, metastasis, and resistance to apoptosis. This
process is mediated by multiple transcription factors such as SNAIL, Zeb, and basic helix-loop-helix.
Activating multiple pathways, they repress epithelial markers like cadherin and claudins and activate
mesenchymal markers such as vimentin and fibronectin. EMT is associated with induced
angiogenesis and tumor invasiveness. Another pathway tumor cells undergo tumor resistance with
is dedifferentiation. It is the process of switching to a less differentiated state to further reverse back
to a progenitor cell. It loses the expression of the original cells gene and induces the expression of the
new phenotype state. Factors like SOX2 and NANOG are involved in this transformation with TGFf3
as an associated inducer.

Overcoming therapeutic resistance is a clinical necessity and can probably be done by
understanding these pathways. EMT programming has been controlled by focusing on inducers such
as TGF{3 and generating antibodies against it. MET and EGFR inhibitors have also been developed
and proved to show therapeutic results in multiple solid tumors. Transdifferentiation, the switching
of a differentiated cell to a different phenotypical differentiated cell has shown little yet promising
role as a therapy to overcome resistance. Using TGEFf3, cells undergo differentiation and use specific
cell-type transcriptional regulators to undergo stemness. By targeting TGFf3 and the specific pathway
such as MEK for adipocytes, tumor cells transform into a different state than the drug-resistant
phenotype. Additionally, it might also be important to forge more cross-disciplinary collaborations
to better understand and target epigenetic events leading to plasticity. For example, a better
understanding of materials in the process will help design novel engineered materials to target cell
plasticity, particularly through dynamic changes in histone methylation and acetylation [144].

Overall, the epigenetic regulation of cancer cell plasticity is a complex and dynamic process that
involves multiple mechanisms and pathways. Understanding these mechanisms and their impact on
therapy resistance is important for the development of new strategies to improve cancer treatment
and patient outcomes.
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