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Abstract

Epithelial-mesenchymal transition (EMT) and its reverse, mesenchymal-epithelial transition (MET),
are core cellular processes that drive epithelial-mesenchymal plasticity (EMP) in cancer. EMP
regulates how tumor cells switch between detached and proliferative states, affecting cancer
progression, spread, and resistance to treatment. Cancer cells gain invasive traits during EMT,
enabling their escape from the primary site. At the same time, MET allows seeded cancer cells at
distant sites to reacquire epithelial characteristics necessary for growth at secondary locations. These
transitions are regulated by interconnected signaling pathways such as TGF-{3, Wnt/p-catenin, and
Notch, coordinated by master transcription factors including Snail, ZEB, and Twist. The tumor
microenvironment—particularly hypoxia, inflammatory cues, and microRNA regulators like the
miR-200 family —modulates these processes, fostering hybrid epithelial/mesenchymal phenotypes
that underlie tumor heterogeneity and therapy resistance. Addressing EMP requires multi-level
therapeutic strategies and smart targeting reprogramming of transitional states, especially by
incorporating epigenetic modifiers into the treatment protocol. This review describes a Combination,
Timing, and Sequencing (CTS) framework to leverage EMP dynamics to improve cancer treatment
outcomes while minimizing toxicities.

Keywords: epithelial-mesenchymal transition; mesenchymal-epithelial transition; cancer metastasis;
tumor invasion; cellular plasticity; transcription factors; TGE-f3 signaling; microRNA regulation;
therapeutic resistance; cancer stem cells; hybrid phenotypes; personalized medicine; targeted therapy

Introduction

Epithelial-mesenchymal transition (EMT) and its reverse process, mesenchymal-epithelial
transition (MET), are key cellular plasticity regulators that underlie normal embryonic development
and pathological conditions such as cancer. During EMT, polarized epithelial cells acquire a
mesenchymal phenotype characterized by loss of cell-cell adhesion, reduced epithelial marker
expression, and elevated production of mesenchymal proteins including N-cadherin and vimentin.
These changes trigger several cascading effects. First, tumor cells with enhanced mesenchymal traits
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acquire a migratory phenotype, which drives tissue infiltration and metastasis, ultimately promoting
disease progression [1,2]. EMT facilitates tumor invasion and metastasis, enabling cancer cells to
disseminate from the primary tumor site to distant organs, a process critically linked with poor
prognostic outcomes in various cancers [1,3]. Second, acquiring stem cell-like properties often
accompanies this increased invasive capability. Third, EMT-associated mechanisms confer survival
advantages to cancer cells under therapeutic pressure, resulting in drug resistance [4].

After establishing a niche at the distant site under a favorable microenvironment, cancer cells
with mesenchymal characteristics need to undergo evolutionary reversion to epithelial cells to
proliferate at the distant site [5,6]. This process occurs through mesenchymal-epithelial transition
(MET), in which mesenchymal cells revert to a more epithelial-like state, gaining characteristics such
as enhanced adhesion and reduced motility [6,7]. MET thus plays a critical role in establishing
secondary tumors by restoring proliferative capabilities necessary for metastatic outgrowth at distant
sites [3]. EMT and MET are not binary transitions but represent a spectrum of intermediate
phenotypes that profoundly influence cancer cell behavior. This plasticity enables cancer cells to
dynamically adapt to changing microenvironmental conditions and therapeutic pressures [8].

This review explores the dynamic interplay between EMT and MET in driving tumor invasion,
stemness, and drug resistance. By examining the molecular triggers and functional consequences of
these transitions, we explore the mechanisms underlying metastasis and therapeutic failure to
identify potential strategies to target adaptive EMT/MET plasticity cancer cell populations and
simultaneously prevent cancer dissemination [3,9,10].

1. Cancer Transition, Stemness, Progression, and Ecological Evolution

Epithelial-Mesenchymal Transition (EMT) is a fundamental cellular process in which epithelial
cells lose their characteristic junctions and polarity, transitioning towards a more migratory and
invasive mesenchymal phenotype. This transformation is crucial in various biological contexts,
including embryogenesis, tissue repair, and notably, cancer metastasis [11]. During EMT, cells exhibit
reduced epithelial markers such as E-cadherin while gaining mesenchymal markers, including N-
cadherin and vimentin. Such changes facilitate enhanced migratory capabilities, enabling cells to
detach from the primary tumor and invade surrounding tissues [12]. Evidence suggests that cells
undergoing EMT may acquire stem-like properties, contributing to tumor heterogeneity and
metastatic potential [13].

1.1. Primary Drivers of EMT

1.1.1. ROS - Hypoxia Stress

Reactive oxygen species (ROS) are a set of normal metabolic messenger substances that, depending
on the metabolic dynamics, have a dual action of tumor promotion or apoptotic tumor suppression.
Due to inefficient mitochondrial respiration consequent to oxidative stress, excessive ROS build-up
sets in a cascade of events (Figure 1). Excessive ROS facilitates stabilization of hypoxia-inducible
factor la (HIF-1a), which is otherwise expected to typically break after deactivating ROS.
Accumulated HIF-la promotes glycolysis, reducing oxidative phosphorylation and further
increasing ROS production, setting up a vicious loop. With anaerobic glycolysis, the hydrogen ion
pump is activated to reduce intracellular acidosis, and H+ ion diffuses extracellularly, producing
extracellular acidosis. This increasing extracellular acidosis unwittingly = promotes
immunosuppression and inactivates several anticancer drugs. Intracellular HIF-1a thus
accumulates in low oxygen conditions, impacting mitochondrial and glucose metabolism [14].
This stabilized HIF-1a re-enters the nucleus. Re-entered HIF-1a forms a transcription complex
with the stable hypoxia-inducible factor 1 beta subunit (HIF-1p) to form a heterodimer,
which binds to DNA motifs affecting the dozens of homeostatic genes, leading to cascading
effects in cancer progression [15]. Hypoxia is a foundational stress that leads to core

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.1830.v3
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025 d0i:10.20944/preprints202411.1830.v3

3 of 30

phenotypes developing multidirectional adaptive mechanisms, one of which is EMT.
Downstream effects through HIF-1a are aberrant vasculature, metabolic reprogramming,
the acquisition of cancer stem cell traits, and immune dysregulation, all of which play critical
roles in cancer progression, EMT/metastasis, secondary mutations, heterogeneity, and
resistance [16,17]. HIFs promote the expression of EMT-inducing transcription factors such as Snail
and Twist. These transcription factors facilitate the downregulation of epithelial markers while
enhancing the expression of mesenchymal proteins, thereby promoting cellular plasticity [18,19].
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Figure 1. In a normoxic situation, Enzyme prolyl hydroxylases (PHDs) hydroxylate HIF-1a to relieve the free
radicals superoxide anion (O27), among others, generated by ROS stress. Von Hippel-Lindau (VHL) protein
marks for degradation. In a hypoxic environment, PHDs are inhibited, HIF-1 alpha stabilizes without
degradation, and accumulates in the cytosol. Stabilized HIF-1a enters the nucleus, forming a dimer with HIF-
1B, and that binds to DNA motifs, influencing numerous homeostatic genes and leading to cascading effects in
cancer progression. (1) Shift to anaerobic metabolism —Warburg effect: lactate production alters pH levels,
resulting in acidity. (2) Vascular Endothelial Growth Factor (VEGF) transcription stimulates angiogenesis,
resulting in abnormal neoangiogenesis, exacerbating hypoxia, and establishing a vicious HIF-la and
proangiogenic factors cycle. (3) Activation of genomic mutations that drive cancer progression and the formation
of diverse clones and subclones with phenotypically resistant populations of cancer cells. (4) Accumulation of
various types of immunosuppressive cells, cancer-associated fibroblasts (CAFs), and cytokines in the tumor
microenvironment (TME). (5) Epithelial-mesenchymal transition leading to the other pathway of stemness,

metastases, and resistance. Created with BioRender.com.

EMT-TME interaction further drives aggressive tumor phenotypes through upregulated
angiogenic factors, HIF-1a, vessel over-pruning, myeloid cell recruitment, CAFs, increased co-
option/mimicry, in turn promoting aberrant angiogenesis, tumor growth, EMT plasticity, and
metastasis. Hypoxia, which stimulates 1 integrin, decreases adherens junction proteins and impacts
pericyte coverage, promoting the invasiveness of the EMT cancer cells [20,21]. Tumor hypoxia also
induces angiogenic dormancy, autophagy, lactate production, stem cell proliferation, and
lymphangiogenesis, accompanying EMT, with increasing therapy resistance [22].
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1.1.2. Metabolic and Mitochondrial Stress

The heterodimer of HIF-1at and HIF-1§3 (Figure 1) promotes the expression of a series of target
genes, including glucose transporters (GLUTs) and the glycolysis enzyme lactate dehydrogenase A
(LDHA), upon formation under hypoxia, initiating anaerobic glycolysis—the Warburg effect. LDHA
accelerates the conversion of pyruvate to lactate, facilitating the proliferation of cancer cells [23].
Lactate, a byproduct of glycolysis, seeps into the tumor microenvironment (TME), resulting in an
acidic pH. This process leads to a significant and diverse accumulation of immunosuppressive cells,
which fosters genomic mutations and further fuels tumor growth, as well as the development of
resistant phenotypic sub-clones (Figure 1) [24,25].

Accelerated mitochondrial biogenesis and metabolic pathways hasten cancer progression and
EMT. Several studies have supported mitochondrial dysfunction, glycolysis, and TGF-B-induced
EMT. Despite reprogramming all three glucose, amino acid, and lipid metabolic pathways, forming
anetwork with intracellular signaling, proliferating cancer cells run out of nutrition, compelling them
to undergo mesenchymal transition [26].

1.1.3. Inflammatory Stress and Role of TGFf3

An inflammatory microenvironment (iTME) stress drives carcinogenesis, immune escape, and
progression, exacerbated by oxidative stress (ROS). A variety of transcription factors, kinases, and
chemokines are involved in this process. The first and primary factor identified is TGF-f3, which
initially takes the role of tumor suppression, later plays a fundamental role in tumor progression,
EMT, and stemness. The so-called poorly understood “TGF-{3 switch” leads to the induction of Snail
and Smad pathways, leading to EMT (Figure 2). Over time, TGF-f3 acquires multiple tumor-
promoting effects, including the induction of EMT, increasing the fibrosis/ rigidity of the ECM, and
preventing immunological cross-talk in the ECM, thus forming a critical therapy target. iTME
associated with cells like CAFs, TAMs, neutrophils, eosinophils, mast cells, T helper 17 (Th17), and
Treg cells induce and sustain EMT by producing proinflammatory cytokines [27]. Inflammatory
signals present in tumors, particularly cytokines such as IL-6 and IL-8, contribute to the induction of
EMT by activating pathways like JAK/STAT and NF-kB, which have been implicated in maintaining
mesenchymal traits and supporting tumor progression [19]. The interconnected resistance factors are
promoted by NF-kB-induced inflammation, resulting in the acquisition of cancer stem cell properties
and EMT, with invasion, angiogenesis, and metastasis [28].
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Figure 2. Signaling pathways of TGF{ activation, epithelial-mesenchymal transition (EMT), and Progression.
ECM = Extracellular Matrix; TGF{ = Transforming Growth Factor-Beta; TKR = Tyrosine Kinase Receptors; WNT
= "Wingless/Integrated" family of genes; SHH = Sonic Hedgehog - PTCH1 = Patched-1 Protein - SMO =
Smoothened, frizzled family receptor; IL = Interleukin; GP = Glycoprotein; Downstream = Transcription Factors

(see Text). Created with BioRender.com.

1.1.4. Spatial Stress

ECM and the cell stromal communication system undergo stiffness, altered shear force, and
increased pressure from increasing cell proliferation within a given space. This spatial stress is an
additional factor that induces EMT in cancer cells. This is an example of mechanotransduction, where
sensing and transmitting mechanical cues are converted to biochemical impulses, encouraging tumor
invasion and metastases through EMT. However, the mechanism involved is not fully understood
[29]. The reduction of spatial stress significantly impacts ECM softness and disrupts mechanical
barriers [30].

1.1.5. Hypoxia - Metabolic — Inflammatory Stress and Cancer Immune Editing Loop

Immunoediting theory describes a three-step immunosurveillance, equilibrium, and immune
escape by avoiding T cell homing [31]. During the immune editing phase, the process gives
decipherable cues about the dialectics in cross-talk between malignant cells, ECM, soluble cues
(cytokines/growth factors), and neighboring cells. This sets up a multiple-pathway converging loop
where EMT is initiated and sustained. Dynamic phenotypic plasticity and heterogeneity exist
between epithelial cells and immune cells. EMT in cancer is reprogramming borrowed from the
normal physiological embryonic harmonized process. Cytotoxic CD8+ T cells eliminate the potential
proliferating cancer cells during immunosurveillance and, in equilibrium. These cells are
reprogrammed into the immunosuppressive ones that stimulate EMT, immune exclusion/deviation,
and let cancer cells acquire augmented stemness and therapy resistance [32,33]. In various studies,
the interplay between hypoxia and inflammation has been illustrated to maintain a state of "partial
EMT," whereby cancer cells retain some epithelial characteristics while acquiring increased migratory
capabilities, enhancing their metastatic potential [18,19].

Figure 1 depicts the various stress mechanisms that lead to the initiation and multipathway
progression of cancer with the EMT.

1.1.6. Therapeutic Interventions — Evolutionary Mutational Predator - Prey Game

The remission outcome looks promising during and after anticancer therapy. However,
resistance might have developed much earlier, and the predator-prey dynamic could already favor
the “prey” (cancer). Within the tumor ecosystem, cancer cells exhibit ecological spatial and temporal
Darwinian dynamics of natural selection, leading to diverse cell subpopulations. The evolutionary
changes involve heritable genomic mutations such as chromosomal rearrangements, gene
duplication, and aneuploidy. Unlike infectious organisms, cancer cells—accessing the vast
information of the human genome—show remarkable adaptability, evolving alternative resistant
pathways. Through combined ecological and evolutionary interactions, resistance to therapy
develops. This “evolutionary rescue” can occur even in a small, rapidly declining cancer cell
population, after eliminating the bulk of cells. This rescue results firstly from the preexistence of a
small fraction of resistant cell population, secondly due to respite given for these cells to recover (for
example, due to inappropriate timing and drug holidays), or thirdly due to exposure to sublethal
drug concentrations that facilitate acclimatization (such as inadequate drug delivery to the tumor
microenvironment). At the molecular level, membrane extrusion pumps may amplify suboptimal
drug concentrations, leading to multidrug resistance (MDR). A classical example of success in
addressing these issues is the consistent sequencing of multiple drugs in pediatric lymphoma to
overcome MDR. Thus, incorporating eco-evolutionary principles in cancer therapy focuses on
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limiting proliferation, both with low-persisting cells or in advanced cases considered incurable.
However, these eco-evolutionary aspects are less thoroughly explored in the literature [4].

1.2. Molecular Drivers of EMT

1.2.1 Key signaling pathways play critical roles in driving EMT processes. Among the most
significant is the Transforming Growth Factor-beta (TGF-f3) signaling pathway, which is a well-
established inducer of EMT in various cancer types. TGF-$ activates Smad proteins that enter the
nucleus and regulate the transcription of EMT-related genes, subsequently leading to cytoskeletal
reorganization and increased cellular motility [34,35].

Other influential pathways include Integrin, Hepatocyte Growth Factor (HGF), Epidermal
Growth Factor (EGF), Tyrosine Kinase Receptors (TKR), Sonic Hedgehog - PTCH1(SHH), NOTCH,
and the Wingless/Integrated (Wnt/f)-catenin pathway, which can all promote EMT by activating
downstream transcription factors that compel the cells to acquire mesenchymal traits (Figure 2)
[36,37].

1.2.2 Transcription factors, particularly those categorized as EMT-TFs (transcription factors), are
instrumental in orchestrating the EMT process. The Snail family (SNAI1 and SNAI2), ZEB family
(ZEB1 and ZEB2), and TWIST1 are prominent transcriptional regulators that inhibit the expression
of E-cadherin and promote mesenchymal gene expression [38,39]. These EMT-TFs initiate the
transcriptional changes required for EMT and are subject to extensive post-translational
modifications, which can alter their activity and stability, thereby influencing the efficiency and
timing of the transition [40]. For example, phosphorylation and ubiquitination can modulate the
activity of these factors, enhancing or repressing their role in EMT [41]. Created with BioRender.com.

1.2.3 Role of MicroRNA: MicroRNA-200c (miR-200c) is increasingly recognized as a crucial miRNA
molecule that plays a spectrum of roles in all aspects of EMT and cancer cell evolution. It has context-
dependent actions where, in certain situations, it enhances apoptosis, tumor inhibition, reduces
cellular inflammation, suppresses pyroptosis, etc, and in other situations, it has a pivotal complex
role in promoting EMT. It can also play a role in modulating TME by M2 phenotypic macrophage
polarization, density of TILs, expression of PDL1, CTLs exhaustion, and cancer cell exosomal load.
MiR-200c can thus act as both a biomarker and a therapeutic target [10,42,43].

2. Mechanisms of MET

Mesenchymal-Epithelial Transition (MET) is the reverse process whereby mesenchymal cells
regain epithelial characteristics. MET is vital for metastatic colonization, allowing cancer cells to
proliferate at secondary sites [44]. Metastatic tumors maintain the primary tumor's histologic features
by the MET process by regaining E-cadherin, (3-catenin, and connexin, sometimes much more than
the primary tumor. In this transition, cells re-establish cell-cell junctions and regain epithelial
markers, providing an environment conducive to growth within new tissues [45]. The mesenchymal-
to-epithelial transition (MET) represents the reversal of Epithelial-Mesenchymal Transition (EMT)
and is facilitated by specific miRNAs. Agents facilitating MET can restore epithelial characteristics in
cancer cells, potentially reducing their metastatic capabilities and enhancing treatment sensitivity.
For example, compounds such as KLF4 have been shown to promote MET by downregulating EMT-
inducing transcription factors, effectively reversing the mesenchymal phenotype of cancer cells [46].
Repressed E-cadherin expression, a hallmark of EMT, on restoration re-establishes cell-cell junctions

and chromatin accessibility, impairing the migratory capabilities of cancer cells. Reversible surface
E-cadherin and cellular gene expression dynamics are closely related to TGFf3 treatment and its levels
during the in vitro study [47].

In various cancers, silencing the Translationally Controlled Tumor Protein (TCTP) is critical for
MET reversion. Normalizing the tumor microenvironment (TME) is a key strategy for cancer
reversion, as it restores the functional relationships with normal cells. As recently reported, although
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poorly understood, senescent cells, considered as irreversibly phenotypic, can be reactivated to
secrete promigratory cytokines or re-enter the cell cycle [48].

However, the exact molecular mechanism by which this happens is still elusive and less
characterized compared to EMT. The re-repression by transcription factor GRHL2, activating E-
cadherin and Claudin-4, and OVOL1/2 possibly drives towards MET. This drive towards MET may
be complete or incomplete, giving rise to hybrid plasticity [49].

The dynamic interplay between EMT and MET illustrates the plasticity of cancer cells, enabling
them to adapt to various microenvironments throughout cancer progression. Circulating tumor cells
have epithelial and mesenchymal markers, indicating a hybrid population [50]. Thus, EMT, when the
milieu is stressful (infiltration and metastasis), and MET, when the milieu is fertile (proliferation), are
the foundational mechanisms of cancer cells for adaptation, progression, evolution, and survival. In
vitro studies with the addition of bone morphogenetic protein 7 (BMP7), reduction of TGF-§3, and
hypoxia in MET are observed [51]. EMT-MET connections are separated in time and space,
undergoing multiple pathophysiological and epigenetic changes, indicating whether MET is truly a
reversal status of EMT or a transitional process [52]. Therefore, “Reversion” may be a more
appropriate term (compared to “reversal”) since the cancer cells may not reach the truly original state
by MET after EMT [53]. During these adaptations in the interim period, like EMT, MET re-
differentiation can also increase the stemness, indicating that the MET status at the metastatic site
may be more resistant than the primary, although of similar characteristics [50]. These lacunae in
understanding EMT-MET plasticity need to be considered in the treatment strategy of facilitating
MET.

3. EMT-MET Spectrum: Epithelial-Mesenchymal Plasticity (EMP)
Characterization

The dynamic, pleiotropic spectrum of to-and-fro EMT-MET adaptations by the cancer cells is
considered epithelial-mesenchymal plasticity (Figure 3). EMP bridges several milestones of cancer
development, such as proliferation, basement degradation, EMT, stemness, invasion of surrounding
tissue, extravasation into the vasculature, and dissemination through the circulatory system. This, in
turn, leads to metastatic seeding, dormancy, MET, and proliferation at the favorable metastatic site,
all leading to therapy resistance. The complexity of EMP, with only a minor number of cancer cells
of the total population participating, is replete with several controversies due to a lack of irrefutable
evidence. Additionally, several terms dot the literature analysis, like partial EMP (not committed to,
thus exploiting both polar states), incomplete EMP (just short of ), both referring to not fully
transitioning to either way, resulting in a hybrid state (coexpression of both) or metastable (relatively
fixed somewhere in the EMP axis spectrum). A similar situation occurs in non-epithelial cancers, such
as dedifferentiation and redifferentiation. The term transdifferentiation deals with the process of
MET, with cells getting features of different lineages, e.g., upon specific targeting, breast cancer cells
transformed into adipocytes [54].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.1830.v3
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025 d0i:10.20944/preprints202411.1830.v3

8 of 30

| EMT - MET ;? Cancer Cells at Primary

Cancer Cell Pathway e Reverting to Epithelial

; Proliferation
Primary

tumor Site - ’_’ """"""-.,_'. " &
/ﬂ W, MCC' ppithelium @
...... _3

- *ECM

Characteristics (MET)

EMT RESISTANCE

Mechanisms ) s

* Stemness : ‘Blood vessel ; G

o Cell-cell signaling Dissemination
Alterations

» Breaking Away Extravasation

+ Invasion
+ Migration

Metastatic Dormant
EMT Cancer cells

v /\ h | Activated to
- g\ @ Epithelial
> i I

Characteristics

¢ Immune evasion

(MET)

) Colomzatwn“
l . Prollferatlcn :
Metastatlc sn‘e |

EMT Reversion

Therapeutic

Extrame Interventions
Dormancy '»,4, Mesenchymal

Eplthellal© ~ .. @ g. . o 0 ‘ o

&
&
Flux »

Created with BioRender.com

Figure 3. Epithelial-Mesenchymal Transition (EMT) — Mesenchymal Epithelial Transition (MET) cancer cell
pathways of initiation, invasion, dissemination, and colonization, and development of epithelial-mesenchymal
plasticity (EMP). DMC = DNA methylation changes; CSC = Cancer Stem Cell; CC = Cell competition — Spatial
stress; MCC = Mutated Colorectal Cancer Oncogene; TGF = Transforming Growth Factor; DTPs = Drug-
Tolerant Persister cells. Created with BioRender.com.

These hybrid EMT states exhibit increasing stemness, plasticity, adaptability to varying
microenvironmental conditions and therapeutic pressures, and enhanced metastatic potential. The
interconnected roles of EMT-related transcription factors and cancer stem cell (CSC) markers (e.g.,
CD44, ALDH) hint at a complex regulatory network that underscores the plasticity and adaptability
of carcinoma cells during tumor progression [44].

Identifying specific epithelial and mesenchymal markers is crucial in characterizing EMT and
MET phenotypes. Epithelial markers such as E-cadherin, cytokeratins, and occludins are often
diminished in advanced cancer stages, whereas mesenchymal markers, including vimentin, N-
cadherin, and fibronectin, gain prominence [43,55]. Inmunohistochemical profiling of these markers
can provide insights into the EMT status of tumors, assisting in prognostic evaluations and
therapeutic decisions [12,56]. Additionally, hybrid epithelial/mesenchymal (E/M) states,
characterized by the co-expression of both epithelial and mesenchymal markers, have been linked to
increased tumor aggressiveness and therapeutic resistance [57,58]. In summary, characterization of
EMT and MET provides invaluable insights into cancer biology, particularly in the context of tumor
invasion and metastasis (Figure 4).
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Figure 4. Morphology of Epithelial-Mesenchymal Plasticity (EMP) and opportunity for restoration of
mesenchymal cells with epithelial characteristics. Identifiable targets for Epigenetic modifiers in restoring cell
junctions and signaling pathways. TGF = Transforming Growth Factor-Beta; TKR = Tyrosine Kinase Receptors;
WNT "Wingless/Integrated" family of genes; SHH = Sonic Hedgehog - PTCH1 = Patched-1 Protein - SMO =

Smoothened, frizzled family receptor; IL = Interleukin — GP = Glycoprotein. Created with BioRender.com.

Implications of EMP: 1. EMP helps the cancer cells to preserve original epithelial features,
preserving both higher metastatic potential and stemness as demonstrated with single-cell
sequencing, especially spatially localized to the leading edge of cancer [59]. 2. Therapy resistance can
arise from reduced proapoptotic signals, immune checkpoint upregulation, improved DNA repair,
enhanced suppression of immune cells, increased drug efflux, and cells switching to dormancy. The
presence of EMP post-therapy compared to pre-therapy is a poor prognostic factor [54]. 3. The
complex EMP regulatory network emphasizes the challenges of targeting EMT in therapeutic
settings, as inhibiting one process may inadvertently affect the survival and proliferation of cancer
stem cells [60,61]. To overcome such a possibility, epigenic regulators that target key steps,
preventing the interconversion of cancer cells within EMP, would sensitize them to subsequent
standard therapies or cause extreme EMT reversion to terminal differentiation/apoptosis [5]. 4. The
greatest advantage of the MET reversion strategy is that it can improve the sensitivity before timed
standard therapy CT/RT/Stereotactic Body Radiotherapy (SBRT), simultaneously targeting the
progression in the proliferation stage [62]. 5. The milieu is as critical as cancer cell features in EMP
and needs to be normalized for better therapy response. The stromal component plays a significant
role in MET in addition to intrinsic factors [63]. 6. Therefore, the strategic therapy approach requires
handling both the features in appropriate combination, timing, and sequence. Fundamentally, the
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drug that can sensitize should precede the next one that gets complemented in the scheduled
protocol. Also, an exploratory analysis is required to identify the regimen with the least precipitation
of partial EMP or DTPs.

Finally, the cancer is not just about EMT-MET, EMP plasticity, and resistance mechanisms. EMP
is embedded in a complex network of cancer cell protective dynamic evolutions, each factor feeding
on the others, forming a web of therapy escape resistant mechanisms (Figure 5).
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Figure 5. Cancer Heterogeneity Matrix and web of pathways (one pathway nurturing the other in propagating
the tumor) is responsible for resistance. Epithelial-mesenchymal transition (EMT) and plasticity (EMP) remain
at the core of the primary and secondary resistance. The treatment strategies should encompass EMP and the
entire gamut of cancer cell protective shields in a structured feedback-analytical approach. Limited pathway

targeted approaches will herald the increasing evolutionary resistance [4]. Created with BioRender.com.

4. Targeting EMT-MET Double-Bind — Combinations, Timing and Sequencing
(CTS) Strategy

The dynamic interplay between EMT, which encourages metastases, and MET, leading to
proliferation, represents a double-bind situation. Additionally, the spectrum of cells with a mix of
epithelial and mesenchymal dichotomies, with their plasticity to adapt to the changing milieu and
survive, represents a therapeutic opportunity, precision, and conundrum [64]. The deepest evasive
action and most difficult to eliminate comes from DTPs waiting for the appropriate
microenvironment condition to start reproliferating, much after the standard therapy is over and
presumed cure is achieved [4]. Recent advances in incorporating epigenetic modifiers in the
treatment protocol could disrupt this impasse. Therefore, the present authors emphasize that
changing the paradigm of monitored therapy approach from MTD to Evolutionary therapy
intervention during the course of therapy, as appropriate, becomes today's most advanced and
fundamental reason for the cure of cancer. Appropriate non-cross-resistant combination therapies, in
complementary timing and sequencing (CTS) strategy through personalized monitoring approaches, [65]
exploiting tumor-specific transitional states (EMP) using epigenetic modifiers, state-of-the-art
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technologies, and tumor micro- and macro-environmental (systemic immunity) factors, is the
foundation of this approach. Kwon et al (2021) also detail the right timing, combination, sequencing,
and delivery centered around optimizing immunotherapy response. The authors highlight prior
administration of IMMUNOTHERAPY when used with other conventional definitive combination
therapies [66].

4.1. Inducing Mesenchymal-Epithelial Transition (MET) — Clinical Imperativeness and An Opportunity?

A central challenge in oncology is the remarkable plasticity of cancer cells, particularly their
ability to switch between epithelial and mesenchymal states. The Epithelial-Mesenchymal Transition
(EMT) is a cellular reprogramming that endows cancer cells with the aggressive traits responsible for
the deadliest aspects of the disease. This transition facilitates invasion, dissemination, and acquiring
cancer stem cell (CSC) properties. Critically, EMT is a primary driver of acquired resistance to a broad
spectrum of therapies, including chemotherapy (CT), radiotherapy (RT), and targeted agents. Thus,
EMT-MET plasticity accommodates the changing milieu, forming an excellent tool for cancer cell
survival [67-69].

However, this plasticity could also be exploited as a key vulnerability. While EMT is essential
for cancer cells to escape the primary tumor, the reverse process, the indispensable step of
Mesenchymal-Epithelial Transition (MET), is required for these disseminated cells to colonize a
distant organ and form a macroscopic metastasis [5]. This biological necessity provides a compelling
therapeutic rationale: pharmacologically inducing MET can reprogram aggressive, mesenchymal-
like cancer cells to roll back into a more differentiated, less motile, and therapeutically susceptible
epithelial state. This strategy aims not to kill cancer cells directly during the EMT phase, but to strip
them of their greater malignant capabilities by inducing MET, thereby inhibiting metastasis and
inducing chemosensitization [70]. The pleotropic transitioning and interconversion unstable states
open the door for sensitizing them to stress during progression or pushing them to the extreme EMP
state (lethal EMT). The EMP cells can also be lead to terminal (trans) differentiation to adipocytes or
apoptosis, as is demonstrated in breast and pancreatic cancers, respectively [5,71,72]. The possibility
of enhancing metastatic growth with EMT reversing agents should be kept in mind, necessitating its
usage within a clear therapeutic window [73], highlighting the importance of timing in the
therapeutic protocol.

A growing body of preclinical and clinical evidence has identified several pharmacological
agents capable of inducing MET, offering a new dimension to cancer therapy.

Literature analysis shows that there are broadly five therapeutic categories of epigenetic
modifiers: 1. One that acts by preventing EMT and invasive ability [64]. 2. Those that sensitize the
cancer cells to subsequent CT/RT/targeted therapy/immunotherapy, requiring proper timing and
sequencing in any combination [74,75]. 3. Push the cancer cells to a lethal EMT/EMP state when the
cancer cells enter the DTP state, senescence, or dormancy-reversion. 4. Keep the cancer cells frozen
“locked up”, in “plastostatic state”, preventing them from progression or evolution to a more
resistant phenotype [64,76]. 5. The fifth type is the least explored, reverting the cells to a normalized,
relatively stable, or benign transdifferentiation state with the least potential to revert to a malignant
state [4,76]. This emphasizes the mechanism-based classification in the present article, strategizing
where EMs should be integrated in the CTS Strategy of MTD-EBT spectrum. This may be at some
variance with the target strategy based on the EMT process [64].

4.2. Epigenetic Modifiers

a) Eribulin - A Clinical Proof-of-Concept: The most definitive clinical validation of therapeutic
MET induction comes from studies of eribulin mesylate, an FDA-approved microtubule dynamics
inhibitor used in metastatic breast cancer. Beyond its primary antimitotic function, eribulin possesses
a unique, non-mitotic mechanism of action that reverses the EMT process.

Preclinical work in triple-negative breast cancer (INBC) models demonstrated that eribulin
treatment causes a profound phenotypic shift from a mesenchymal to an epithelial state. This is
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marked by the upregulation of epithelial markers like E-cadherin and the downregulation of
mesenchymal markers such as vimentin and the key EMT-transcription factor ZEB1 [74]. This
mechanism has been attributed to eribulin's ability to induce ZEB1-SWI/SNF-directed chromatin
remodeling, effectively reprogramming the cell's epigenetic landscape [77].

Crucially, these preclinical findings have been strongly supported by studies in patient-derived
orthotopic xenograft (PDOX) models, where eribulin treatment induced MET in tumors derived from
TNBC patients [75]. By inducing MET, eribulin reduces the metastatic potential of cancer cells and
resensitizes them to other therapeutic agents. This provides a strong rationale for using eribulin as
prepriming therapy before the evolution of chemoresistance and metastatic progression [74,75].

b). Histone deacetylase inhibitors (HDACis) can reprogram gene expression to favor an
epithelial state. The class I HDACi mocetinostat reverses ZEBl-associated drug resistance in
pancreatic cancer models by restoring the expression of miR-203, a microRNA that targets and
represses ZEB1 [69].

). Direct EMT-TF Inhibitors: Preclinical small molecules have been designed to block the
function of Snail transcription factors. GN25 prevents the interaction between Snaill and p53,
restoring p53's function and reducing tumor progression in K-Ras-mutated cancer models [78].
Other compounds, such as Co(Ill)-Ebox, prevent Snaill from binding to the E-cadherin promoter,
thereby blocking its primary repressive function [79]. In pancreatic adenocarcinoma, suppression of
EMT with the nontoxic low-dose ML210 chemical compound in combination with gemcitabine
prevented cell migration [80]. In an animal study, systemically tagged nanoparticle therapy after
endosomal escape at low pH releases siDANCR, which is degraded by the RNA-Induced Silencing
Complex (RISC) of cellular DANCR, preventing EMT and phosphorylation [81].

d). Repurposed Agents:

¢  Metformin improves insulin sensitivity, modulates metabolism, and inhibits EMT and reduces
the metastatic potential of cervical cancer cells via inhibition of mTOR and TGF-f signaling [82].
e  Salinomycin reverses doxorubicin-induced EMT by downregulating mesenchymal markers and
upregulating E-cadherin, and restores chemosensitivity [83].
Salinomycin, an AMPK inhibitor, can cause mitochondrial dysfunction and induce autophagy
to cause metabolic reprogramming and overcome CSCs' RT/CT resistance [84].

e). Targeted Therapies: Inhibitors of oncogenic pathways that drive EMT can also induce MET.
For example, c-MET inhibitors such as crizotinib resensitize small-cell lung cancer cells to CT by
blocking Met-dependent EMT [85].

f). miRNA-Based Therapeutics: The miR-200 family is a key regulator of the epithelial
phenotype, functioning in a double-negative feedback loop with ZEB1/ZEB2. Restoring miR-200
function using therapeutic mimics can induce MET, upregulate E-cadherin, and reduce motility [86].

g). Multitargeted-Epigenetic-Therapy (MTET): This approach did not use EMT-inducing
cytotoxic and cytostatic drugs. The strategy was to reverse the partial EMT to full MET status by
targeting the SNAIL, SLUG, and Wnt pathways epigenetic modifiers. The mainstay was using a
combination of polyphenols to modify epigenomic signatures. The other drugs were GnRH agonists
to target HIF-1a and VEGF by reducing hypoxia, inhibit the Ras-mediated MAPK; growth hormone
blocker somatostatin analogs to inhibit IGF-1 and TGFf3; quinolone-based drugs to inhibit Heat
Shock Protein-90 (HSP-90) chaperones and PI3k/MAPK pathways; off-label drug Riluzole inhibiting
NMDA coupling with PI3k; several small molecule TKI inhibitors; reversing EGFR resistance by C-
Met inhibitors; MEK inhibitor, Selumetenib to activate Wnt pathways. The authors note that
metformin should be used cautiously for fear of triggering PI3k, and celecoxib may induce EMT.
Results as documented with tumor response markers, plasma VEGF, IGF-1, and TGF-beta 1, imaging,
& CTC were promising without a decrease in quality of life [65].

4.3. Two Concepts and One Strategy

The first conventional concept and foundation of modern anticancer therapy is to eliminate the
maximum number of cancer cells in the shortest time, which is considered to have the maximum

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.1830.v3
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025 d0i:10.20944/preprints202411.1830.v3

13 of 30

chance for a potential cure. The cancer therapies are administered at the maximum tolerated dose
(MTD), foundational in phase I clinical trials, and translated into other phases. The two premises here
are, one to eliminate the cancer cells before the resistance develops, and second, that resistant
mutations are likely from a small rather than a large population of cancer cells. This time-tested
strategy has been proven to cure cancer in specific populations of all cancers [4].

According to the second concept, the conventional MTD approach is the antithesis of Darwinian
evolutionary dynamics. According to this proposal, the resistance trait is already encoded as partial
resistance at low frequency in a subpopulation, albeit small. When it repopulates after MTD, it
progresses into a whole resistance population. In colorectal cancer, a preexisting inherent resistant
phenotype has been identified for checkpoint inhibitors, osimertinib, and BET inhibitors. In the
second mechanism, cancer cells with features of phenotypic plasticity, having a spectrum of stem
cells, dormant cells, or poly-aneuploid features, survive the MTD and transition into a more resistant
state. Here, the evolutionary pressure ensuing MTD leads to acquired resistance where natural
directional selection exerts development of increasingly resistant phenotypes that were not
preexisting within the tumor cell population. In the evolutionary cascade, gene duplication, loss, and
gain function are used by accessing the entire human genome epigenetically, even alien to the tissue
of origin. This results in a small cancer cell population, scaling ecological recovery, and developing
environmentally mediated drug resistance. The release from competition by the sensitive cancer cells,
even normal cell pockets, and the cancer cell-modulated extracellular matrix facilitates the resistant
phenotypes of cancer cell proliferation. Treatment based on evolutionary principles — evolutionary-
based therapy (EBT) - is in the exploratory phase, the strategy of which is to remain ahead of the
evolution. This approach involves using metronomic treatment to keep the proliferation in check and
making dose adjustments to standard therapies while monitoring epigenetic markers as a dynamic
treatment process. In advanced cancers, this will keep the patient with a good quality of life without
toxicities, and no attempt is made to eradicate cancer cells, which the multidisciplinary group is
evaluating [4]. The following perspectives deal with unifying these two concepts, based on the
understanding that they are not mutually exclusive.

4.4. A Unified Perspective: Combinations, Timing, and Sequencing (CTS) Strategy

A cure is feasible with the MTD approach in the patient group where resistant traits are not
already established. In other cases, combining both principles is necessary when resistant phenotypic
evolution is possible. The current article proposes a CTS strategy to achieve that goal, supported by
an understanding of cancer cell EMT-MET dynamics. MTD attempts to eliminate resistance before
it develops, versus CTS, where sequencing takes out the resistant cell population one after another,
with epigenetic reversion forming the backbone during treatment. (Figure 6) Memory CTLs and the
immunity cycle. Immune editing theory. Three Foundations: Using maximum cell kill with minimal
or acceptable toxicity, epigenetic reversions, and restoring immune editing. HIF-1a and TGEf3 are the
two primary theoretical targets, yet the limitations are that they also play a key role in normal
homeostasis. Surgical excision of residual lesions or SBRT may help eliminate the core DTPs and
stemness where necessary.
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Figure 6. Smart Targering with Combination, Timing, and Sequencing (CTS) strategy. Starting the treatment
with antiangiogenics to normalize the vasculature (la), along with epigenetic modifiers to sensitize the
subsequent CT (1b), and inducing the more sensitive phase of MET reversion (1c). This is followed by cytotoxic
cell kill strategies with the maximum tolerated dose (MTD) (2). With enhanced vasculature and depletion of
immunosuppressive TME cells, the stage is set for optimized immunotherapy response (3). Inhibitory (a) and
(b) represent preventing cancer progression to EMT by timely CTS intervention 1, 2, and 3. The most difficult
to eliminate extreme mesenchymal state or drug-tolerant persister cells, i.e, DTPs, require surgery/SBRT (4) and
epigenetic modifiers with specific strategies (5). Created with BioRender.com.

The three-pronged strategy of handling EMP, preventing EMT, focusing on EMP alterations,
and encouraging MET reversion warrants caution since the entire gamut of the process can interfere
with normal physiological homeostasis. One strategy would be to forestall the pivotal downstream
oncogenic drivers by integrating targeted therapy with trimodal CT, RT, or immunotherapy [87].

4.5. Targeting Primary Mechanisms of EMP Resistance Network

a). Optimum Delivery of the Drug to the Intended Target: Due to deficient and aberrant
vasculature, increased interstitial pressure, and the mechanotransduction barriers of the TME,
effective drug delivery into the TME and the intracellular space is hindered. This leads to suboptimal
response and subsequently encourages the evolution of resistant pathways. E.g., Taxanes, which bind
to B-tubulin, and anthracyclines, which interact with topo-II, require an effective concentration at
target sites (without ABC proteins reducing intracellular drug levels by efflux) [88].

b). Heterogeneity: The essence of EMP is its heterogeneity, within several other heterogeneous
survival features of cancer (Figure 5) that need to be addressed with a tailored comprehensive
approach, along with disruption-normalization of tumor-supporting TME. This heterogeneity of
cancer requires using a non-cross-resistant combination in safe and optimal doses [88].

c). Plasticity: Three critical developments with EMP that need to be focused on in combination
therapy are the inherent stemness, presence of reversible slow proliferating therapy evading drug-
tolerant persisters (DTPs) progressing on Darwinian evolutionary mechanisms, and the
transdifferentiation of malignant phenotypes. In prostate cancer, hormone-independent
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neuroendocrine phenotype development can be prevented by anti-IL-6 monoclonal antibody
siltuximab and JAK kinase inhibitor ruxolitinib, operating upstream of STAT, laying the strategic
foundation for intercepting EMP at junctional points. Transformed SCLCs in NSCLC respond better
to taxanes than de novo ones and are resistant to immunotherapy [4,87]. DTPs are vulnerable to
bromodomain and extraterminal domain (BET) protein inhibitors, especially on re-entering the cell
cycle, inducing lethal apoptotic levels of ROS [89].

d). DTPs require special mention since they are the last barriers to therapy's success, being the
most intransigent for elimination. To eliminate or subdue DTPs, the CTS strategy requires a different
approach during the consolidation of the therapy phase, with a switch from the MTD schedule to
specific epigenetic targeting.

e). Drug Efflux: Loss of stemness decreases the expression of ATP-binding cassette (ABC)
proteins, reducing drug efflux and improving CT's efficacy. Therefore, the appropriate timing of anti-
EMP combination therapy is critical to avoid the contrary result or inhibition of the normal healing
process by EMT [90].

f). Stemness: EMP is one of the several reasons for stemness and requires calibrated sensitization
and sequencing of the drug combination therapy schedule. In the planned sequencing, the targeted
drug and epigenetic modifiers that tend to sensitize, irrespective of their independent action on
cancer cells, deserve to precede the primary therapy or vice versa. = Mesenchymal cells are sensitive
to the AXL inhibitor SGI-7079. TGF-f inhibitor SB-431542 or receptor antibodies increase sensitivity
to carboplatin. EMT signature showed better control with erlotinib in NSLC but not in other
therapies. EMP showed resistance to EGFR and PI3K/AKT inhibitors irrespective of mutational
status, but higher sensitivity was observed for CT [91].

4.6. Combinations, Timing, and Sequencing Strategy

In brief, selecting non-cross-resistant combination therapies, timing them to prevent resistance
mechanisms from developing, and using innovative sequencing to structure previous treatments to
sensitize cancer cells for the subsequent treatment—minimizing DTPs to manifest —becomes the key
approach in CTS cancer management strategy.

Based on the above literature review, the proposed strategy has V phases that must be
implemented systematically. The first is normalization of the vasculature, which will improve the
delivery and reduce hypoxia to sensitize the cancer cells to the subsequent administration of MTD
drugs in phase II priming therapy. (Table 1)

Table 1. Summary of Combinations, Timing, and Sequencing Strategy (CTS) strategy.

Phasesin | Strategy & Timing Objective References

Sequence | Mechanisms

PhaseIa | Prepriming therapy Start: Day 0 1. Normalization of Vascular Normalization:
Primarily Vascular vascular structure is a. Goel S et al, 2011 [92]
Normalization Essential for effective b. Jain RK et al 2005 [93]

a. With AAGs / Small subsequent chemo- c. Ting Yang et al, 2021 [94]
molecules to initiate immunotherapy delivery. | d. Zijing Liu, et al 2021 [95]
vascular normalization & It also improves e. Magnussen AL et al, 2021.
hypoxia targeting (3 weeks sensitivity to RT/SBRT. [96]

on 3 weeks off) 2. Improve by adding f. Zhili Guo, et al, 2024. [97]

newer strategies/drugs
for vascular

normalization.
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a. MTD strategy:

Cytotoxic therapy and
activation of cytotoxic
lymphocytes to “unmask”
the cancer for concurrent or
subsequent
immunotherapy even in
cold and PDL1-negative
tumors.

b. Professional
Phagocytosis

c. Decrease ISP

d. Antigenicity &
Adjuvanticity

f. Lymphatic normalization
g. In situ vaccination

h. Nanoparticle therapy

Immune
suppressive/exhausted
cell depletion in TME;
decrease ISP; enhanced
vascularity (vascular
promotion), improved
lymphatic drainage for
neoantigen presentation
in the lymph nodes, and
reinvigorating the
Immunity cycle;
enhanced fresh TME

CTLs infiltration.
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Phase 1b | Prepriming therapy: Starts in the 1st | 1. Anticancer standard Epigenetic Modifiers:
Primarily, Epigenetic week of AAGs therapy has been RT and | a. Guo H et al., 2025 [42].
Therapy as a CT/RT (>Day 2) CT for decades, evolving | b. Cardoso IIV et al. 2024 [60]
sensitizer with Maximum Tolerated | c.LiuD etal, 2019 [61]
a. With epigenetic Doses (MTD). EMs d. Bagheri M et al., 2024 [70]
modifiers for subsequent change the landscape by b. Huang Y et al., 2022. [90]
CT/RT in Phase II. Eg. reversing epigenetic d. Connolly EP et al., 2015
Eribulin changes, sensitizing [68]
b. Reducing Drug Efflux cancer cells for CT/RT. e. Meidhof S, et al., 2015 [69]
2. EMs help achieve f. Yoshida T et al., 2014, [74]
effective drug g. HYE IN LIM et al., 2020,
concentration in cancer [75]
cells
3. Prevent EMT
transformation and
ensuing stemness
Phase 1c | Prepriming therapy: Before the start | This facilitates | MET Iducers
Primarily, Epigenetic | of CT/RT - | Mesenchymal cells to | .KLF4: Subbalakshmi A et al,
Therapy as MET Inducer - | schedule to be | acquire more susceptible | 2021 [46]
MET Reversion optimized epithelial ~characteristics | .E-cadherin & TGFf: Johnson
Push the cells to EMT cells and reduce stemness.. K, etal, 2022 [47]
to gain Epithelial features .Target EMT  signaling:
using the MET pathway Ribatti et al, 2020 [49]
Phase II Priming therapy: Start CT/RT Cancer cell lysis .EMP Prevention: Bhat R et
Primarily, selective cancer | (SBRT) in the (preferably by ICD); al, 2024 [87]
cell kill and interstitial 1st week of Create waves of .RT/CT: Chen HW. 2017
pressure reduction. AAGs (>Day 2) | neoantigen generation; [100]

. Phagocytosis - Marc
Lecoultre et al, 2024. [102]

. ISP -Carl-Henrik Heldin, et
al., 2004, [101]

- Blendi Ura, et al., 2018 [103]
. Lymphatic normalization
Goel S et al, 2011 [92]

. Antigenicity &
Adjuvanticity

-Appleton, E., et al 2021. [98]
. In situ Vaccination: Feng
K, et al, 2025, [104]

. Nanoparticle therapy -
Naimeng Liu, et al [105]
.Vaccine therapy -Matthew
D Kerr, et al., 2022, [106]
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i. In vitro vaccine therapy

j- Epigenetic therapy (ET)

. Epigenetic Therapy
integration:

-Bangarh R et al. 2024 [107]
-Kurrey NK et al. 2009 [108]
-Fotana R et al, 2024 [109]

Phase II1

Primary therapy
Primarily Immune
Modulation

a. When Cancer Cells and
TME are primed and
Ready to initiate with
immunotherapy.
Additionally;

b. Timed/Pulsed
SBRT/SBRT Boost

c. Immune adjuvants
d. Phagocytosis
checkpoints

e. In situ vaccination

f. Nanoparticle therapy

g. Epigenetic therapy

2 to 3 weeks
after
Neoadjuvant
CT/RT (SBRT)

Or after Surgery

1. Optimize the
immunotherapy schedule
by starting
immunotherapy when
cancer cells are unmasked
and CCME modulated for
maximum response &
least toxicity.

2. Integrated
Boost/Pulsed SBRT for
dynamic generation of
contemporary neoantigen
for in-situ vaccination
effect and to improve

memory cell pool.

Immunotherapy
Optimization:
-Sordo-Bahamonde et al.,
2023, [115]
-Lussier, DM et al., 2022
[116]
. Timed SBRT:
-Breen, WG et al., 2020 [117]
-He K et al., 2021 [118].
- Mathieu Spaas, et al., 2019
[119]
. Oxygenation:
-Shibamoto, Y et al., 2016
[99]
. In situ vaccination:
-Feng K. et al, 2025; 104]
-Kewen He. et al, 2021. [118]
. Nanoparticle-
Immunotherapy:
- Naimeng Liu et al., 2025
[105]
. Epigenetic therapy: Shweta
Josh, et al., 2019. [121]

Phase IV

Post-Primary therapy:
Primarily about
eliminating
MRD/Dormancy/DTPs/
Senescence

a. Consolidation Therapy
of Immunotherapy Effects,
Normalization of ECM and
Immune Activated TILs.
b. Anti-evolutionary
resistance strategy &
epigenetic modifiers, e.g.,
(BET) protein inhibitors

c. Normalized soft ECM

2 to 3 weeks
After Primary
Therapy.
Maintenance
Immunotherapy
/ Targeted
therapy as per

the guidelines

1. Design the
maintenance therapy
with the least long-term
side effects.

2. Develop
anticancer/repurposed
drugs suitable for long-
term medications to
prevent the recurrence/
eliminate dormant cells,
like any other chronic

disease.

. Supple ECM:

-Zhao'Y, et al, 2020 [30]
-Targeting TGFp, Matrix
metallo-proteinases,
Integrins, etc.:

-Meiling Zhang, et al, 2025
[122]

.Targeting DTPs:

-Wei Lu et al, 2019 [5]
-Williams ED et al, 2019 [54]
-BET inhibitors:

- Chen M et al, 2024 [89]
.Epigenetic Reversion
-Pensotti A et al., 2024 [53]

. Monitoring;:

-Nezami et al., 2015 [65]
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Phase V Probative therapy: Starts from the 1. To keep the ECM .Reducing ROS/ HIF-1a:
Primarily to abate point when supple. Secondly, to -Mengnuo Chen, et al 2024
inflammation and restore patients are target HIF1-a and ROS to | [89]
immune editing. Presently | apparently flip towards .Senescence:
Exploratory — cured/ normalization of the ECM | -Skarkové A et al., 2024 [48]
Evolutionary Therapy unacceptable and eliminate dormant . Senolytics:
Strategy /EMP Intervention | toxicity/ cells. -Susan Short, et al, 2019 [123]
Strategy. Reprogramming Progression 2. Reducing inflammation | . Lifestyle:
of the ECM/Cancer by maintenance therapy, -Pasquale Marino. et al 2024
reversion. Prevents late senolytics, and lifestyle [125]
recurrences. Monitoring is modifications or -Shujie Liu, et al, 2025 [126]
done with epigenetic combinations thereof. . Evolutionary Therapies:
markers. 3. Evolutionary Infomed - Gatenby, et al, 2020 [4]
Therapy (EIT) or MTET - Nezami. et al., 2015. [65]
strategy. - Skarkova A, et al, 2024 [48]
. Monitoring;:
-Nezami. Et al 2015 [65]

CTS Phase Ia — Primarily Vascular Normalization: Hypoxia is one of the foundational stresses
for EMT initiation. Consequently, improving oxygen diffusion to sensitize the cells of EMT-MET
plasticity would be the first step in initiating anticancer therapy (Figure 6) [92,93]. Tumor
vascularization and oxygenation typically improve from day 1 of AAG administration. However, by
Day 28, continued AAG administration leads to excessive pruning/regression of blood vessels due to
anti-VEGF overaction, and the features of the aberrant vasculature, anoxia, and reproliferation of
cancer cells return. This interval between the onset of normalization (around Day 2) and the excessive
pruning of vessels with continued AAGs (around Day 28) is defined as a normalization time window.
Firstly, this window opens up the vasculature for enhanced delivery of cytotoxic drugs & CTLs into
the TME. Additionally, during this normalization window, the effectiveness of combinatorial
radiation therapy and CT/immunotherapy is enhanced due to improved cancer cell kill effect, fixing
the cytotoxic DNA damage. On stopping AAGs on Day 28, normalization of vascularization resumes
because of the withdrawal effects as observed on imaging during drug holidays [35,43]. This
second normalization window lasts about 3 to 4 weeks, and restarting AAGs at that time, the 3
normalization window opens up. Further work is required to exploit this cyclical process indefinitely.
Therefore, this approach becomes the first step of the prepriming phase for maximizing MTD
response in Phase II [92]. Vascular normalization has multiple effects of reducing tumor invasion and
metastasis, sensitizing cancer cells for subsequent CT, radiation therapy, and immunotherapy [94]; it
acts as a stepping stone for tumor inhibitory TME transformation; immunotherapy further improves
normalization, just like AAGs — vascular enhancement [95,96]. Certain local therapies and RT/CT
accentuate VN, enhancing antigenicity and adjuvanticity [97,98].

CTS Phase 1b — Primarily to Cancer Cell Sensitization for Phase II: Epigenetic Modulation,
reducing glycolysis in tumor cells, simultaneously making TILs nutrition-rich to improve the
sensitivity of cancer cells, priming them for CT/RT that follow it. In EMP, more than 30 spectra of
targetable genes involved with constant upregulation or downregulation may be a disadvantage in
identifying clinically useful targets. Despite the significant possibilities, therapy should balance the
context-dependent tumor suppressor and oncogene actions of miR-200c. In such situations, a
comprehensive stepwise approach may be required. a) Prepriming combination therapy of
antiangiogenics and miR-200c gene targeting, with other b) priming therapies, like reducing glycolysis
of tumor cells, enhancing sensitivity to cisplatin-based CT. Microtubule-targeting CT drugs through
class III B-tubulin (TUBB3) prevent resistance to 5-fluorouracil in ovarian cancer, improve the effects
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of PDL1 inhibitors immunotherapy, and targeted therapy like trastuzumab. Nanoparticles enhance
the delivery and the concentration of miR-200c targeting drugs [42].

The most important study to handle the EMT-MET Double-Bind may be the pharmacological
chromatin remodeling epigenetic mechanism of action of eribulin. Eribulin induces ZEB1-SWI/SNEF-
directed reversion of EMT to MET in triple-negative breast cancer ( especially with epithelial-
mesenchymal heterogeneity), thus reducing the metastatic potential. However, this raises the
theoretical possibility of a spurt in the proliferation of already seeded cancer cells in distant organs,
which have now acquired and are armed with epithelial characteristics [60,61]. This possibility can
be prevented by sequencing erubilin, which sensitizes MET-transformed cancer cells to the subsequent
CT, preempting metastatic progression and chemoresistance [70].

CTS Phase 1c: The objective is to induce MET before the MTD schedule to bring the cells into an
epithelial characteristics sensitive phase and have maximum cell kill without increased toxicity [87].

CTS Phase II — Primarily CT/TT/RT: This would be the standard CT/targeted therapy and
RT/SBRT as priming therapies, preparing for the next phase, i.e.,, immunological targeting. The
approach maximizes the cancer cell kill in MTD dose schedules, generates neoantigens to accelerate
the immunity cycle, and long-term memory cells. Depending on the indication, SBRT alone or in a
boost schedule improves the oxygenation by the 8t fraction in a schedule [99], in addition to
significant cancer cell kill, mitigation of immune suppressive TME, and neoantigen generation.
Cancer cells are made ready for immunotherapy by purging the immune suppressive elements by
“unmasking the TME” and sensitizing the cancer cells further for maximum impact in this step
(Figure 6). Other innovative local and intralesional therapies can be tested during this phase to
improve antigenicity and adjuvanticity of the trimodal combination therapy of RT-CT-
IMMUNOTHERAPY [98]. Radiation and CT over the decades have evolved into precise,
personalized, having immunogenic targets for effective cancer cell kill with minimal toxicity [100].
The drugs facilitating macrophage-mediated (professional) phagocytosis, decreasing interstitial
pressure by cytokine antagonists. The phagocytosis checkpoints immunotherapy, overcoming “don’t
eat me” signals from cancer cells, complements T-cell responses, and is the new era in
immunotherapy [101,102,104]. Even with decreased ISP and improved lymphatic channel patency,
function may not recover. This recovery is essential for DCs to reach lymph nodes, and TGFf3
blockers are known to restore lymphatic function, thus reestablishing the immunity cycle [92].
Additionally, CT/RT/SBRT during Phase II prepares the ground for subsequent immunotherapy/ex
vivo vaccine/cell therapies/nanoparticle therapies in Phase III, acting as an in situ neoantigen
generator [104-106].

Epigenetic Therapy (ET) strategic EMT inhibition also plays a role in this phase. Standard
anticancer treatments, such as CT, targeted therapy, and radiation, can encourage type III EMT,
resulting in immune evasion and anoikis resistance by Snail and Slug mediated inhibition of p53
induced apoptosis [107-109]. After CT/RT, specifically DTPs are believed to constitute a reservoir,
eventually leading to irreversible genetic mutations [110]. RT is generally indicated in 50 to 70% of
cancer patients and is known to induce EMT through TGF-{, Notch, and ERK pathways [111]. RT
induced EMT can be overcome with timed epigenetic modifiers. Combining Icotinib intensity-
modulated RT (Trial NCT01534585) in Nasopharyngeal carcinomas inhibits the EMT [112].
Vactosertib, a TGF-B/ALK5 inhibitor, reduces ROS oxidative stress, fibrosis, and stemness,
consequently EMT, in addition to an independent antitumor effect [113]. DNA
methyltransferase (DNMT) inhibitor, decitabine, sensitized cancer cells for RT, and resensitized
ovarian cancer cells for cisplatin/carboplatin. Bromodomain protein 4 (BRD4) inhibitors improve
sensitivity to chemo-RT and prevent the upregulation of PD-L1 by RT in NSLC [114]. The synergistic
effect of the multimodal approach with advances in nanomaterial in situ vaccination technology
awaits proper integration [105].

CTS Phase III - Primarily Immunotherapy: Strategically, at the beginning of this stage, cancer
TME should be unmasked or stripped of its major protective shields and made ready for immune
therapy manipulation. CT and RT, including SBRT, help improve immunotherapies' effect, although
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optimal dose, timing, and sequencing require further investigation [115,116]. Lesions no longer
responding to immunotherapy combinations may have enhanced antitumor immunity, in situ
vaccine effect, with re-oxygenation [9]. In the KEYNOTE-01 trial in non-small-cell lung cancer, even
at a median of 9.5 months after RT, the IMMUNOTHERAPY group with a previous history of RT had
longer progression-free and overall survival [117]. Incorporation of the Cyclical SBRT boost(s) 6 to 8
Gy/fraction in pulsed or PULSAR schedule will restore immunity cycle, memory cell bank
creation/expansion as a deterrent for long-term recurrences, and enhance the immunotherapy effects,
provided they precede (and not follow) each cycle of immunotherapy [117-119]. Professional
Phagocytic agents will continue to improve TME [120]. ET approaches at his phase further accentuate
immunotherapy effects [121].

CTS Phase IV: This is the consolidation therapy phase. Maintaining the soft ECM, encouraging
immunological cross-talk, and unfavorable TME for recurrence is part of mopping up surviving
cancer cells [30,122]. In addition to present-day standard chemo-immunotherapies, epigenetic
modifiers, discussed above, during the maintenance therapy can play a significant role in mopping
up the remaining cells/DCPs [89], or epigenetically inducing reversion/dedifferentiation or
transdifferentiation. The essence of Phase IV is the elimination of DTPs, which are extreme EMTs
persisting after TKIs or T-cell-centered immunotherapy within the population of MRD and drug
withdrawal-associated dormancy. DTPs are expertly adaptive and intensely heterogeneous, with an
intricate feedback ECM loop requiring an equally adaptive dosing schedule, epigenetic lethal
targeting approaches, and immune-mediated eradication, thus exploiting their vulnerabilities
[5,53,54]. Optimization and secondary targeting of TGF-f3 and ferroptosis is essential to reduce the
long-term neurological, fibrosis in liver/ lung fibrosis, and activation of autoimmune disorders [64],
which becomes critical since the EPs operate on the borderline of cancer-normal cell proliferation.

CTS Phase V - Presently Exploratory — Evolutionary EMP Intervention Strategy: Primarily, this
is about abating inflammation and restoring immune-editing. This phase also focuses on DTPs,
Dormancy, and Senescent cells that remain once the scheduled therapy course is over or stopped
because of toxicity or progression. The objective is to keep them “locked up” in the nonproliferation
phase/dormancy of EMP, targeting re-entering the cell cycle and encouraging reversion towards
normalcy. Mechanistically, the strategy is to mitigate/prevent the ROS stress. Methodology involves
specific epigenetic modifiers for lethal ROS-induced apoptosis [89], reducing inflammation, ECM
suppleness, and encouraging immune cross-talk [30]. Epigenetic modifications in reducing
inflammation and recurrence can be explored using senolytics/senostatics, although there could be
doubt about their clinical effectiveness [123,124] and lifestyle approaches [125,126].

Other approaches are evolutionary-informed therapy (EIT) or the MTET strategy. The objective
of adaptive therapy (dormancy therapy) is to prevent adaptive resistance, e.g., inhibiting DYRK1/2
kinases, forcing cancer cells into quiescence, and re-exposing them to CT on cell cycle re-entry, with
the strategy of preventing the establishment of resistant clones These approaches are being explored
in patients who have gone into remission or have exhausted the radical therapy options with
appropriate immunological monitoring, with the primary objective of preventing the evolution and
progression of resistance clones [4,48,65].

5. Limitations

These perspectives fall short of having a definitive outcome of a cure for cancer. Essentially, the
reversion hypothesis rightly suggests that reversing certain epigenetic changes and pathways of
transformed malignant cells may never restore them to their original state before carcinogenesis
began. EMP finally leaves residual malignant features in one of the forms, such as DTPs cells,
Dormancy, Senescent cells, or normalized (almost normal) cells, which can always have the potential
to get reactivated to proliferate and induce recurrence with an evolutionarily more resistant
population. In-depth understanding of EMP epigenetic interactions in the overall features of varied
types of heterogeneity in cancer and targeting with epigenetic modulators would be the new frontier
in oncology. These EMs can keep such cells locked up in a non-proliferation status, controlled under
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low ROS stress, or induce lethal intracellular ROS levels (e.g, BET inhibitors) - pushing the cells to
apoptosis. Since these low-level proliferating or hibernating cells function at the margins of normal
homeostasis, and if there is a need for long-term medications like any other chronic lifestyle disease,
the drugs should have low toxicity levels. However, the CTS strategy can potentially take anticancer
management, following the MTD schedule, to the deepest part, targeting DTPs, enforcing
reversion/differentiation, and activating in situ vaccine effects. Also, one fundamental aspect of the
CTS strategy in targeting EMP is effectively using the available therapeutic window [73]. Future
developments can be incorporated, depending on the mechanism of action, within the structure of
the CTS concept.

6. Summary

The interplay between epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial
transition (MET) is critical in cancer biology, influencing tumor progression, stemness, metastasis,
and therapeutic responses. EMT equips cancer cells with increased invasion and motility, allowing
them to detach from primary tumors and establish secondary growth sites. This transition contributes
to the aggressive nature of tumors and is related to the acquisition of cancer stem cell-like properties,
which often correlate with treatment resistance and poor clinical outcomes [127,128]. Conversely,
MET is responsible for establishing the metastatic growth, suggesting that a nuanced understanding
of these transitions is necessary to develop effective cancer therapies [129].

The dynamic nature of these processes implies that cancer cells can transition between epithelial
and mesenchymal states in response to environmental stimuli, including cytokines and growth
factors [128]. Such plasticity suggests that targeting pathways involved in these transitions could
provide a dual approach to inhibit tumor invasion while promoting MET, potentially enhancing
patient responses to existing therapies [130]. Changing contradictory dynamics of EMP, angiogenesis,
and TME immune profile encapsulate a critical aspect of tumor biology. The timing of therapies
within the available therapeutic window is vital. Vascular normalization, vascular promotion, EMP,
and cancer cell sensitization just before the established accelerated repopulation is a challenge in a
clinical setup, which mandates a careful strategy. One can extend the limited therapeutic window by
properly selecting “drugs” and planned sequencing [73,116,131]. For example, cyclical AAGs can
extend the normalization window [92]; Eribulin mesylate, which increases tumor vasculature
(vascular promotion) and perfusion in animal models, also induces MET and sensitizes cancer cells
if chemotherapy is administered subsequently [74,75,131].

Monitoring therapy with plasma VEGF, IGF-1, and TGF-beta 1, imaging, and CTC are promising
for adopting Epigenetic modifiers in clinical practice and evolving innovative approaches that are
effective in the labs [65,131].

7. Future Research Directions to Unravel Complexities and Improve Therapeutic
Strategies

Future research must focus on elucidating the intricate regulatory networks that manage the
dynamics of EMT and MET within the tumor microenvironment. Given the pivotal role of
microRNAs, long non-coding RNAs, and various signaling pathways in these transitions [132], a
comprehensive analysis of these components may reveal potential biomarkers for patient
stratification and treatment monitoring. Enhanced understanding of the temporal changes in EMT
and MET states can help identify new pharmacological targets, including agents that promote MET
or inhibit EMT effectively [133].

Research should also leverage single-cell sequencing technologies and advanced imaging
techniques to map the EMT-MET continuum across different cancer types. This will provide insights
into the heterogeneity of tumor cell populations and the influence of varying microenvironments on
these transitional states [134,135]. Furthermore, investigating the potential of combinatorial therapies
that aim to inhibit EMT while facilitating MET could represent a transformative approach in

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.1830.v3
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025 d0i:10.20944/preprints202411.1830.v3

22 of 30

managing aggressive cancers, ultimately enhancing the efficacy of existing treatments and improving
patient prognoses [136,137]. An earlier version of this article is in preprint [138].

In conclusion, a deeper understanding of the interplay between EMT and MET, combined with
advancements in research methodologies, holds the promise of unlocking new therapeutic
opportunities that could significantly alter the current landscape of cancer treatment. Giordanengo,
L et al (2025) highlight the detailed, intricate relationship between EMT and cancer progression
spectrum, offering an exciting paradigm in therapeutic potential. Lack of routine adoption of EMT
pathological characterization, integration into clinical practice, and absence of standardized protocols
despite a vast volume of experimental research results and a promising list of drugs make its
integration paramount [139]. A structured approach of a combination, timing, and sequencing
(CTS) strategy template enunciated in the present article, incorporating the epigenetic modifiers
(“currently the most clinically advanced strategy”) [64], is likely to be a major disruptor.

Not all the therapy approaches discussed in the present review are necessary for a given patient.
However, the present article provides the perspectives of any selected treatment, as per the
indications for a particular patient, vis-a-vis others in the combinations for maximum probability of
control with the least toxicity. Therefore, the present article highlights how to improve the efficiency
of combination therapies in relation to each other with appropriate timing and sequencing. The
critical role of drugs in acting at multiple levels of the pathways, e.g., Eribulin mesylate, a MET
inducer, chemosenitizer, and vascular promoter, or multispecific TGF[3 blockers (eg, Vactosertib), has
great potential [74,75,113,131]. Clinical trials are limited about EMT for its specific inhibition [139].
The proposed structured approach in the present article of individually effective treatments in
combinations can be a guide for future systematic research.
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