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Hallmarks of epithelial-mesenchymal D
plasticity in cancer
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Abstract

Cancer stem cells (CSCs) drive tumour initiation, progression, metastasis, and therapy resistance through their
remarkable plasticity, enabling dynamic transitions between stem-like and differentiated states. A pivotal
mechanism underlying this plasticity is epithelial-mesenchymal plasticity (EMP), which encompasses epithelial-
mesenchymal transition (EMT), partial or hybrid EMT (E/M) states, and mesenchymal-epithelial transition (MET),
allowing cancer cells to acquire invasive, stem-like properties while maintaining proliferative potential. Unlike the
traditional binary view of EMT, recent evidence reveals a spectrum of intermediate E/M phenotypes that exhibit
increased tumorigenicity, metastatic potential, and therapy resistance. This plasticity is orchestrated by intricate
regulatory networks involving EMT-inducing transcription factors, signalling pathways, and non-coding RNAs. The
tumour microenvironment (TME), with its cellular and non-cellular components, provides critical extrinsic cues that
stabilize E/M states. Notably, metabolic reprogramming cooperates with EMP. Indeed, E/M flexibly shifts between
glycolysis, oxidative phosphorylation, and lipid metabolism alterations to fuel invasion, buffer oxidative stress, and
evade ferroptosis. Advanced and recently developed in vitro and in vivo models have illuminated these dynamics:
dual-fluorescent reporters, microfluidic tumour-on-a-chip, genetically engineered mouse models, bioluminescence
imaging, and intravital microscopy enable real-time tracking of EMP during progression and therapy response.

On the other side, in silico tools, single-cell/spatial transcriptomics, network inference, machine learning, and
agent-based modelling, map hybrid states, predict trajectories, and help identify biomarkers, revealing EMP’s role
in evolutionary fitness. Therapeutically, targeting EMP holds promise to target resistant cancer cells and prevent
relapse, though challenges arise from redundancy and plasticity. Strategies include pathway inhibitors, metabolic
disruptors, epigenetic agents, TME modulators, and differentiation inducers. Combination therapies, guided by
EMP biomarkers and rational models, act in combination with standard treatments to lock cells in epithelial states,
disrupt hybrid phenotypes, and overcome resistance. This review highlights EMP as the main driver of tumour
evolution, offering a unified framework for understanding tumour heterogeneity and heterogeneity-driven failures
in therapy. By elucidating molecular mechanisms and vulnerabilities, it paves the way for precision interventions
that could transform outcomes in aggressive malignancies, ultimately restraining metastasis and recurrence.
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Introduction

In this review, we deepen the EMP from its molecu-
lar foundations to its therapeutic implications. We first
explore the intimate connection between CSCs and
EMP, highlighting how dynamic transitions between
stem-like and differentiated states, spanning classi-
cal EMT, its reverse MET, and intermediate E/M states,
drive tumorigenicity, stemness, and therapy resistance.
We then examine EMP’s role in the metastatic cascade,
with particular focus on the E/M phenotype as the con-
figuration most competent for systemic dissemination.
Metabolic reprogramming is discussed as an integral
dimension of EMP, covering dynamic shifts between
glycolysis, oxidative phosphorylation, and lipid metabo-
lism that fuel invasion and immune evasion. The TME is
subsequently addressed as a critical extrinsic regulator
of E/M states, through paracrine signals, biomechanical
forces, and metabolic cues delivered by cancer-associ-
ated fibroblasts (CAFs), immune, endothelial, and neural
cells. Experimental approaches, including dual-fluores-
cent reporters, organoids, genetically engineered mouse
models, and spatial transcriptomics, are then surveyed
alongside in silico methodologies. Finally, therapeutic
strategies targeting EMP through signalling inhibition,
epigenetic modulation, metabolic disruption, and TME
reprogramming are critically discussed, emphasizing
combination approaches and emerging targets for true
EMP modulation.

CSCs and EMP

CSCs, which were first identified in 1997 [1], constitute a
minority but pivotal subpopulation within tumours that
possess the unique ability to self-renew, differentiate into
heterogeneous cancer cell types, and initiate tumour
growth. Their discovery revolutionized the understand-
ing of tumour biology by providing a hierarchical model,
akin to normal tissue stem cells, in which CSCs drive
tumour initiation, maintenance, progression, and metas-
tasis [2]. CSCs often possess a dysregulated metabolic
profile [3], and are endowed with resistance to conven-
tional therapies such as chemotherapy and radiation [4],
which preferentially kill the bulk of differentiated tumour
cells but fail to eradicate the CSC fraction. This therapy
resistance contributes to tumour relapse and poor patient
prognosis. Plasticity is a hallmark of CSCs, referring to
their ability to transition between stem-like and non-
stem states, as well as among various intermediate states.
This dynamic/plastic state enables tumours to adapt rap-
idly to changing TME conditions and therapeutic inter-
ventions, resulting in increased heterogeneity and
resilience. The plastic nature of CSCs is influenced by
intrinsic factors such as transcriptional regulators
(OCT4, NANOG, SOX2, KLF4), epigenetic modifica-
tions, and non-coding RNAs, as well as extrinsic signals
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from the TME [5]. Indeed, TME plays a crucial role in
driving the expansion or selection of specific CSC subsets
during the different phases of tumour progression. The
TME components, including CAFs, immune cells, extra-
cellular matrix (ECM), hypoxia, and secreted cytokines,
play essential roles in maintaining CSC phenotypes and
plasticity by providing niche signals that modulate cellu-
lar states [6, 7]. For instance, hypoxia-inducible factors
drive the expression of stemness and EMT-related genes
in hypoxic tumour regions, promoting CSC maintenance
and metastasis [8, 9]. The plasticity model merges the tra-
ditional hierarchical CSC model with the clonal evolu-
tion model by recognizing bidirectional transitions and
cellular state interconversions as key drivers of intratu-
moral heterogeneity [2]. One major molecular program
involved in CSC plasticity is the EMT and its reverse,
MET. The EMT is a fundamental biological process
essential for embryogenesis [10], wound healing, and tis-
sue remodelling, and its partial and reversible activation
in carcinoma cells has been linked to cancer progression
and metastatic dissemination [11]. EMT is a dynamic and
reversible biological process where epithelial cells can
acquire mesenchymal features, thus adopting new char-
acteristics regarding motility, immune evasion, and resis-
tance to therapeutic agents [12]. Epithelial cells, from
which EMT originates, are characterized by stable cell-
cell junctions, apical-basal polarity, and interactions with
the underlying basement membrane. In the context of
EMT regulation, several key signalling pathways are acti-
vated at the plasma membrane and are influenced by
lipid metabolism. Mutations in oncogenic pathways such
as AMPK, PI3K, LKB1, RAS, WNT, TGF-B, P53, and
mTOR continuously alter cellular metabolism and drive
the induction of EMT [13, 14]. Extensive research over
the past decade has shifted this paradigm, revealing that
EMT is better conceptualized as a continuum of states,
rather than a strict epithelial versus mesenchymal binary
status. To challenge this binary vision, since 2020, the
term EMP has been preferred to encompass the diversity
of the cellular states that can arise [15—-17]. EMT endows
epithelial tumour cells with mesenchymal properties,
including motility and invasiveness, which are indispens-
able for metastasis. Importantly, EMT is tightly linked
with the acquisition of stem-like traits, enabling dissemi-
nated tumour cells to initiate secondary tumours at dis-
tant sites [18]. However, full EMT is not always necessary
or sufficient for stemness; rather, cells in E/M states often
display the highest plasticity, tumorigenic potential, and
resistance to therapies [19-21]. A recent study high-
lighted how cells can gain/retain mesenchymal proper-
ties, but not stemness, a mechanism regulated by the cell
division process, particularly by epithelial splicing regula-
tory protein 1 (ESRP1). The overexpression of ESRP1
prevents the acquisition of stem-like traits, without
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impairing the mesenchymal phenotype. In this study, den
Hollander and colleagues have shown that all cancer cells
endowed with stemness exhibit mesenchymal traits, but
not all mesenchymal cells are characterized by stemness
[22]. Technological advances, such as single-cell RNA
sequencing (scRNA-seq), have recently demonstrated
that EMT does not operate as a binary process but rather
spans a spectrum of intermediate or hybrid states, each
characterized by distinct properties that fuel tumour het-
erogeneity, metastatic potential, and treatment resis-
tance. Within this spectrum, E/M states coexist with fully
epithelial and fully mesenchymal cells and display mixed
marker profiles, endowing cancer cells with plasticity and
diverse functional behaviours during tumour evolution
and in response to therapy [23]. The relationship between
CSC'’s identity and EMP has been fundamentally revised
by evidence demonstrating that stemness is not a prop-
erty of fully mesenchymal cells but rather emerges pref-
erentially within intermediate E/M states. As elegantly
framed by Lambert and Weinberg, activation of an EMT
programme generates a heterogeneous spectrum of
quasi-mesenchymal phenotypes. It is specifically within
these intermediate states, rather than at the fully mesen-
chymal pole, that cells acquire the highest tumour-initiat-
ing potential, a concept encapsulated in the notion of a
tuneable “stemness window” along the EMT axis [24].
This association is mechanistically underpinned by the
coupled regulatory circuitry of the miR-200/ZEB and
LIN28/let-7 feedback loops, which collectively permit
only E/M cells to achieve the intermediate levels of
OCT4 and stemness gene expression that define a func-
tional CSC state, as mathematically predicted by Jolly and
colleagues and subsequently validated in multiple cancer
models [25]. In this context, Canciello and co-authors
further extended this framework by demonstrating that
the E/M state represents a peak in both plasticity and
stemness gene expression along the EMT continuum,
with fully mesenchymal cells paradoxically losing the
self-renewal and colonization capacity that defines meta-
static competence [19]. To note, while the convergence of
evidence linking E/M states to CSC properties has been
compelling, it is important to acknowledge that these two
cellular categories, despite sharing a remarkably overlap-
ping molecular and functional signature, should not be
regarded as fully coincident or interchangeable popula-
tions [26, 27]. Both E/M cells and CSCs could be inher-
ently heterogeneous entities: the E/M compartment itself
encompasses a spectrum of distinct intermediate pheno-
types, differing in the relative balance of epithelial and
mesenchymal marker expression, in their gene regulatory
network configurations, and in their degrees of pheno-
typic stability, while the CSC compartment is equally het-
erogeneous, harbouring coexisting epithelial-like and
mesenchymal-like stem cell subsets that differ in their
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proliferative activity, quiescence, and tumour-initiating
capacity [28]. Demonstrating that these two populations
are fully overlapping remains technically and conceptu-
ally challenging, as the markers currently used to isolate
E/M cells and CSCs are not identical, are context- and
tumour-type-dependent, and may capture distinct,
although partially overlapping, subsets of cells within the
same tumour [29]. Furthermore, the dynamic and revers-
ible nature of both EMP and CSC state transitions means
that the degree of overlap between these populations is
likely to fluctuate over time and in response to microen-
vironmental cues, rendering any static characterization
inherently incomplete [30]. Taken together, while E/M
states and the CSC phenotype are deeply interrelated and
likely mutually reinforcing, caution should be exercised
in equating them, and future studies employing single-
cell multi-omic approaches combined with functional
lineage tracing will be essential to precisely delineate the
boundaries and the true extent of the overlap between
these two biologically distinct yet intertwined cellular
identities.

Thus, a better understanding of the molecular and
microenvironmental mechanisms governing cancer cell
plasticity, particularly the interplay with EMT programs,
holds promise for developing targeted therapies designed
to overcome intratumoral heterogeneity and improve
patient outcomes.

EMP: from primary tumour to metastases
EMT is a pivotal biological process in tumour progres-
sion whereby cancer cells lose their epithelial character-
istics, such as cell-cell adhesion and polarity, and acquire
a mesenchymal phenotype, conferring enhanced migra-
tory, invasive, and metastatic capabilities that drive dis-
ease advancement [31-33]. Besides its effect on tumour
cells, EMT also affects TME thanks to the secretion of
soluble factors, direct cell contact, release of exosomes
and enzymes, as well as metabolic reprogramming [34,
35]. Between the two extremes lie E/M phenotypes,
also called partial EMT states, in which cancer cells co-
express epithelial and mesenchymal markers [25] (Fig. 1).
Cells in these hybrid states retain cell-cell junctions and
some degree of epithelial morphology while acquiring
mesenchymal traits such as motility and stress resistance.
This plastic, intermediate phenotype confers several
advantages during metastatic progression [36]. Notably,
E/M cells demonstrate enhanced collective migration
capabilities, allowing groups or clusters of tumour cells
to invade and disseminate together while maintaining
intercellular communication, which is critical for sur-
vival in the bloodstream and metastatic colonization
[23, 31, 37]. Collective migration and cancer stemness
represent two deeply intertwined facets of tumour pro-
gression, and recent research has begun to illuminate the
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Fig. 1 Hallmarks of EMP and target therapies. This figure represents a schematic diagram of the hallmarks of cancer cells endowed with EMP (coloured
spokes and rounded boxes), and the novel therapeutic strategies to target them (black coloured squared boxes)

molecular mechanisms that coordinate these processes at
both the intracellular and intercellular levels [38]. Differ-
ent studies shed light on distinct but converging regula-
tory axes that govern cancer cell plasticity, self-renewal,
and invasive behaviour. Vilchez Mercedes and colleagues
demonstrated that NRF2 acts as a phenotypic stability
factor for E/M states during collective cancer migration.
Using experimental and computational approaches, they
showed that NRF2 prevents complete EMT and stabilizes
an intermediate E/M phenotype immediately behind the
leading edge, where it coordinates NOTCH-DLL4-JAG1
signalling to govern leader-follower cell asymmetry [39].
In this context, Liiond et al. employed sophisticated dual
recombinase lineage tracing in a breast cancer mouse
model to demonstrate that E/M cells, marked by TENAS-
CIN C expression, dynamically cycle between hybrid and
epithelial states, acting as leader cells during collective
invasion [40]. These cells were significantly enriched in
lung metastases, and their selective ablation dramati-
cally reduced metastatic burden, confirming their func-
tional necessity. Full EMT cells, by contrast, remained
stationary in perivascular niches and failed to colonize
distant organs. Interestingly, both partial EMT (p-EMT)
and full EMT populations contributed to chemotherapy
resistance.

Indeed, these E/M states are implicated in tumour-initi-
ating ability, immune evasion, and therapeutic resistance
[41-46]. Unlike fully mesenchymal cells, which often
show reduced proliferative capacity, E/M cells balance
motility with growth potential, making them especially
effective in establishing metastatic lesions. In different
cancer models, circulating tumour cell (CTC) clusters
displaying E/M markers have been shown to possess sig-
nificantly higher metastatic capacity compared to solitary
mesenchymal or epithelial CTCs [40, 47-49]. At the tran-
scriptional level, E/M cells can be recognized by the con-
comitant expression of epithelial genes such as CDHI,
EPCAM, or CLAUDIN (CLDN) family members together
with mesenchymal genes including VIM, ZEBI/2,
SNAI1/2, TWISTI, or CDH2-related programs, although
the exact marker set is context-dependent and can vary
by tumour type and assay platform. At the phenotypic
level, these cells may display intermediate morphol-
ogy, partial loss of cell-cell adhesion, retained epithelial
organization, and acquisition of motility or invasive com-
petence without full conversion to a mesenchymal phe-
notype. Functionally, E/M cells are often distinguished by
a combination of collective migration, increased plastic-
ity, stemness-associated traits, metastatic competence,
and the capacity to dynamically revert toward either epi-
thelial or mesenchymal states [50]. Several biomarkers
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have been proposed to identify hybrid EMT populations,
but no single marker is sufficient on its own. Among
transcript-based approaches, the VIM: CDH1 axis, and
specifically the VIM: CDH1/CLDN7-associated frame-
work, has been used to assign cells to epithelial, hybrid,
or mesenchymal categories [51], while scRNA-seq can
better resolve mixed marker expression within individual
tumour cells. Protein-level markers that support a hybrid
state include co-expression of epithelial markers such as
EPCAM, E-CADHERIN, and cytokeratins with mesen-
chymal markers such as Vimentin, N-CADHERIN, and
EMT-associated transcription factors, especially when
these signals are detected in the same cell rather than
in different cells within the sample. Additional support
can come from functional readouts, including enhanced
motility, invasion, spheroid/cluster dissemination, and
stem-like behaviour, which are frequently associated
with hybrid states. Importantly, an E/M state should be
distinguished from a mixed population of separate epi-
thelial and mesenchymal cells. In a true E/M state, both
epithelial and mesenchymal markers are co-expressed in
the same cell, whereas in a mixed population, the epithe-
lial markers are confined to one subset and mesenchymal
markers to another. This distinction requires single-cell
or spatially resolved methods, such as scRNA-seq, mul-
tiplex immunofluorescence, imaging cytometry, or in
situ hybridization, because bulk assays can incorrectly
interpret admixture of distinct populations as hybrid-
ity. Recent advances have identified phenotypic stability
factors, including GRHL2 and OVOL2, which modu-
late standard EMT regulators to maintain the E/M state
[52-55]. However, it remains unclear if the hybrid EMT
state constitutes a fixed cellular phenotype or merely cap-
tures a transient phase of fluctuating EMP in individual
tumour cells.

To note, although EMT has long been considered a key
driver of metastasis, accumulating evidence indicates
that certain tumours can form distant lesions through
EMT-independent routes. In these settings, cancer cells
disseminate while largely maintaining epithelial features,
using alternative mechanisms such as collective migra-
tion, passive shedding into circulation, or cooperation
with stromal and immune components. Indeed, while
EMP is widely implicated in promoting tumour dis-
semination, recent lineage-tracing studies in genetically
engineered mouse models have challenged its neces-
sity for metastatic colonization. In breast cancer models
using mesenchymal-specific reporters (e.g., Fspl-Cre or
VIMENTIN-CreER driving a fluorescent switch from
RFP to GFP upon EMT), lung macro metastases were
predominantly composed of non-EMT-marked epithelial
cells (RFP*), despite EMT events (GFP*) being detect-
able in 1-2% of primary tumour cells and enriched in
circulating tumour cells (CTCs) [56, 57]. These findings
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indicate that EMP facilitates early steps such as invasion
and chemoresistance but is dispensable for seeding and
outgrowth of secondary tumours, as epithelial cells can
directly form metastases [56, 58]. However, limitations
of single-marker reporters, such as insensitivity to E/M
or dynamic reversions, may underestimate EMP’s role,
prompting calls for multi-marker, single-cell-resolved
lineage-tracing [28, 59, 60]. Alternative mechanisms,
including phenotypic cooperativity between EMT and
non-EMT tumour subpopulations, heterotypic cluster-
ing, or stromal support, could enable epithelial cells to
exploit mesenchymal advantages without undergoing full
transition. Such findings challenge the traditional view
that EMT is an obligate prerequisite for metastasis and
underscore the remarkable plasticity of tumour cells in
adapting to different microenvironmental and mechani-
cal constraints.

The ability of cancer cells to reversibly transit via E/M
states facilitates dissemination and seeding while per-
mitting re-establishment of epithelial traits through
MET, necessary for colonization and outgrowth of
macro metastases [61]. The regulation of E/M involves
complex signalling networks integrating diverse inputs
from the TME and intracellular signalling pathways.
EMT-inducing transcription factors (EMT-TFs) such as
SNAIL, SLUG, TWIST, and Zinc finger E-box-binding
homeobox (ZEB) families are extensively studied regula-
tors of this plasticity [62]. These EMT-TFs can activate
or repress epithelial and mesenchymal gene programs
through direct binding to promoter regions or by recruit-
ing epigenetic modifiers that remodel chromatin acces-
sibility. EMT-TFs such as SNAIL and TWIST not only
mediate phenotypic transitions but also contribute to
the emergence of a subpopulation of cancer cells with
self- renewal [63]. Similarly, expression of pluripotency
factors like NANOG and OCT4 reinforces mesenchymal
plasticity in oesophageal adenocarcinoma [64]. Overex-
pression of stemness markers such as NANOG, OCT4,
and EMT-key regulator such as SNAI2 has been associ-
ated with poor prognosis across multiple tumour types,
including ovarian, colorectal, oesophageal, and lung [65,
66]. A study by Mani et al. demonstrated a causal link
between EMT and the CSC phenotype. They observed
the emergence of cells expressing CSC markers and
enhanced sphere-forming ability in mammary epithe-
lial cells after EMT induction [63]. EMP is governed
by a complex interplay of signalling pathways, includ-
ing TGF-B/SMAD, WNT/ B-CATENIN, NOTCH, and
HEDGEHOG, all of which are implicated in maintaining
stemness and promoting EMT [67]. In colorectal cancer
(CRC), disheveled3 (DVL3), involved in TGF-B1-induced
EMT, was also shown to promote stemness and EMT-
phenotype through the WNT/B-CATENIN/c-MYC/
SOX2 axis [68]. A recent study performed on pancreatic
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ductal adenocarcinoma (PDAC) has shown that JAGI,
one of the major cell surface ligands that activates the
Notch signalling pathway, regulates the E/M state and
identifies pancreatic CSCs [69]. From a preclinical per-
spective, the depletion of the E/M cell population led to
a gradual collapse of organoids and inhibition of their
tumorigenic capacity. Contrarily, the overexpression of
JAG1 boosted the tumour-initiating cell self-renewal,
confirming that JAG1-mediated regulation of the Notch
signalling pathway controls the E/M cell phenotype in
PDAC [69].

The EMP onset and CSC traits acquisition are orches-
trated by multifactorial mechanisms, including epigen-
etic modifications and regulatory non-coding RNAs.
These latter can modulate gene expression without
altering the DNA sequence, thereby enabling dynamic
and reversible changes in cellular phenotype [70]. A key
example of epigenetic regulation is illustrated by DNA-
methyltransferase 1 (DNTM1), an enzyme responsible
for gene silencing through CpG island methylation. In
prostate cancer cells, an increase of protein kinase C
alpha (PKCa) and reduced DNA- methyltransferase 1
(DNMT1) expression by 5-azacitidine promotes the
suppression of H3K9me3 and H3K27me3 on the pro-
moter of EMT and stemness-related genes ZEB2 and
KLF4, involved in somatic reprogramming. This there-
fore increases EMT, metastatic potential, emergence of
CSC, and sphere formation in vitro [71]. PKCa is also
reported to be involved in CSC-enriched populations of
breast cancer [72]. Long non-coding RNAs (IncRNAs)
play a pivotal role in modulating EMT and CSC pro-
grams by regulating transcriptional and post-transcrip-
tional networks [73]. For instance, IncRNA MALAT1
and HOTAIR have been shown to promote EMT, stem-
ness, and drug resistance in several cancer types through
epigenetic remodelling and interaction with chromatin-
modifying complexes [74—76]. The tumour microenvi-
ronment exerts a profound influence over EMP and CSC
dynamics. In CRC, the 3D soft fibrin microenvironment
may be responsible for the emergence of a hybrid pheno-
type resistant to ferroptosis via glutathione peroxidases/
ferritin signalling. This resistant phenotype is thought
to be the result of concomitant action of histone acety-
lation and the Wnt/B-catenin pathway [77]. It was also
shown that microenvironment cues sustain expression
of EMT and CSC markers and enhance mesenchymal
potential of cells in a zebrafish xenograft model of human
prostate cancer [78]. Similarly, the crosstalk between
stromal and cancer cells can lead to both EMP and CSC
phenotypes. For example, in the highly aggressive tri-
ple-negative breast cancer (TNBC), tumour-associated
macrophages (TAMs) activate AKT signalling by CCL2
secretion, which increases -catenin expression and leads
to its nuclear localization, where it interacts with TCF/
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LEF transcription factors. This, therefore, promotes EMT
and enriches the cancer cell population in CD247/CD44*
and ALDH]1 expressing cells [79]. In oesophageal adeno-
carcinoma, IL-6 secretion by fibroblasts favours cancer
stem-like cells expansion by increasing mRNA and pro-
tein levels of CSC transcription factors like SOX2, OCT4,
and NANOG, leading to EMP by NANOG [64]. Recent
studies have demonstrated that cellular metabolism,
mechanical stresses, and microenvironmental heteroge-
neity also orchestrate E/M states. For example, hypoxic
niches induce HIF-1a, which cooperates with EMT-TFs
to sustain partial EMT, while metabolic reprogramming
towards glycolysis or oxidative phosphorylation supports
cellular energy requirements during transition states [8,
80, 81]. Furthermore, extracellular matrix stiffness and
cell-cell adhesion forces influence EMT progression by
modulating intracellular signalling cascades and cyto-
skeletal reorganization. The E/M paradigm challenges
traditional drug development strategies focused solely
on eliminating purely epithelial or mesenchymal states.
Instead, it highlights the importance of targeting inter-
mediate phenotypes, which are arguably the most meta-
static and therapy resistant. A better understanding of
how E/M states arise, are maintained, and their cross-
talk with CSC properties will guide novel interventions
aimed at preventing dissemination, overcoming drug
resistance, and curbing tumour recurrence. Increasing
evidence suggests that EMP is a central driver of cancer
stemness and tumour- initiating potential. In skin squa-
mous cell carcinoma, deletion of the tumour suppres-
sor FAT Atypical Cadherin 1 (FAT1) activates a dual
signalling cascade. On one hand, phosphorylated Ca2+/
calmodulin-dependent protein kinase II (CAMK?2) acti-
vates the CD44-SRC pathway, promoting nuclear trans-
location of YAP, leading to ZEB1 expression, which
induces a mesenchymal state. Simultaneously, FAT1 loss
also inactivates EZH2, enabling SOX2 expression with
the emergence of epithelial traits. The activation of these
pathways results in a hybrid phenotype with enhanced
tumour-initiating capacity and malignant progression
[82]. EMP also contributes to disease progression and
recurrence by enabling normal cancer cells to acquire
CSC-like features. It has been demonstrated that stem-
like cells arising from EMP resemble stem cells isolated
from normal and neoplastic populations [63]. In TNBC,
it was reported that intermediate E/M cells are enriched
in CSCs [83]. The stable E/M phenotype driven by the
SNAIL EMT-transcription factor and canonical Wnt
signalling, identified by integrin B4 (CD104)*/CD44"ish
expression, a marker combination for CSCs, was also
associated with enhanced tumorigenicity [84, 85]. EMP
facilitates metastatic colonization through MET, which
supports the implantation of CTCs in distant tissues [44].
In this scenario, recent studies demonstrated that E/M
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cancer cells act as leaders in collective invasion [86]. In
PDAC, E/M favours CTC cluster formation and enables
collective migration of cells, in contrast to the complete
EMT program, associated with single-cell dissemination
[38]. EMP may also promote intravasation of CTC and
dissemination by activating angiogenesis-related genes,
thereby facilitating escape from the primary tumour
microenvironment [87]. Distinct EMT states play differ-
ent roles in cancer progression [88]. Lineage tracing in a
mouse model of breast cancer revealed that hybrid cells,
but not fully mesenchymal cells, are required for lung
metastasis. Although both partial and complete EMT
cells contribute to chemoresistance, the latter contribute
to a larger extent to it [40]. Further research by Youssef
et al. helps distinguish two distinct EMP programs: one
associated with invasion and the generation of hybrid
stem-like cells, and another linked to inflammatory sig-
nalling in fully transitioned cells [89]. The dynamic
nature of E/M states provides tumours with the flexibility
to adapt and survive under therapeutic pressure. Future
therapeutic strategies should aim to target the regula-
tory networks inducing both EMP and CSC phenotypes.
Since EMP and CSC programs are often co-activated,
targeting shared molecular nodes, such as VIMENTIN
phosphorylation, could simultaneously suppress stem-
ness and plasticity [90].

Implications of E/M and metabolic reprogramming in
cancer cells

Metabolic reprogramming in neoplastic cells has been
investigated since the identification of the Warburg effect
in the 1920s [91]. Cancer cells exhibiting E/M possess the
ability to switch between distinct metabolic states, such
as glycolysis and oxidative phosphorylation (OXPHOS),
depending on microenvironmental cues, nutrient avail-
ability, and energy demand. Metabolic reprogramming
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associated with E/M involves complex modifications in
glucose metabolism, mitochondrial function, and lipid
metabolism [92] (Fig. 2).

This metabolic adaptability confers upon CSCs the
capacity to adapt to endogenous and exogenous micro-
environmental stimuli, primarily through their own
plasticity and considerable versatility in nutrient uptake
and utilization [93]. Significant focus has been directed
towards the metabolic perturbations intrinsically linked
to pivotal stages of cancer dissemination, including but
not limited to the initiation of metastasis, systemic cir-
culation, subsequent colonization, and the development
of chemoresistance [94, 95]. Here, although molecular
mechanisms are not fully understood, we reported recent
findings about the existing link between the metabolic
reprogramming and the co-existence of the E/M pheno-
type in the CSC subpopulation.

The role of glycolytic and OXPHOS metabolism in shaping
the EMT plasticity spectrum

EMT drives cancer stemness through a spectrum of
plastic cell states, and this phenotypic flexibility is fun-
damentally sustained by continuous shifts in meta-
bolic flux, linking cellular identity transitions directly to
metabolic reprogramming. Consequently, the interplay
between EMT plasticity and the shifting metabolic land-
scape defines the adaptive potential of CSCs within the
evolving TME. Interestingly, the acquisition of stemness
during the EMT is driven by a sophisticated coupling of
phenotypic plasticity and metabolic reprogramming [96].
While differentiated epithelial cancer cells primarily uti-
lize OXPHOS [97, 98], the transition into an E/M CSC
state necessitates a concomitant upregulation of glycoly-
sis, resulting in a highly proliferative, bi-energetic pheno-
type (OXPHOS"&"/glycolysis"'8") [99-101]. These E/M
cells may subsequently shift toward a mesenchymal-like

Glucose
/ Glycolysis
OXPHOS = =
= /Q _ Lactate

e %) \_ =

Increased migration and invasion
Lower O, consumption
Resistance to stress

Fig. 2 Metabolic rewiring associated with EMP. This figure shows the metabolic reprogramming of cancer cells from an epithelial phenotype (green
colour), which mostly relies on OXPHOS metabolism, to a mesenchymal one (red colour) that is associated with enhanced glycolysis, passing through a

hybrid phenotype that maintains both characteristics (yellow colour)
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state, characterized by metabolic quiescence and a reduc-
tion in OXPHOS and an increase in glycolysis (OXPHO-
S'%/glycolysis") [102, 103], or lose their stemness by
downregulating glycolysis to differentiate into mesenchy-
mal cancer cells (OXPHOSMeM) [103]. Accordingly, Ren et
al. have discovered that stem-like and E/M breast cancer
cells are able to drive tumour progression and metastasis
formation via a metabolic reprogramming driven by the
GPX2 /HIF1A/P63 axis. In particular, within the primary
tumour, the epithelial cells start acquiring an upregula-
tion of mesenchymal genes, leading to the emergence of
E/M subpopulations, supported by both OXPHOS and
glycolysis. Later during tumour progression, dissemi-
nated cells in metastatic lesions regain epithelial traits,
thus becoming mainly dependent on OXPHOS. This
precise regulatory framework is governed by p63, which
appears to orchestrate partial EMT or MET transitions
in both primary and metastatic sites. Mechanistically,
GPx2 knockdown initiates redox signalling by activating
HIF1«, which regulates p63, leading to the onset of par-
tial EMT and MET [104]. Similarly, a mouse breast can-
cer stem-like model, represented by 4T1 cells, exhibits
an increased level of OXPHOS and glycolysis underlying
the acquisition of a mixed metabolic and E/M pheno-
type (CK8"/aSMA™). Specifically, this metabolic signa-
ture appears to be sustained by PGC-1gq, a transcription
factor that drives the expression of metabolic signatures
(including oxidative phosphorylation, lipid biogenesis,
and mitochondrial biogenesis) and EMT-related genes,
thereby driving the acquisition of an invasive phenotype
[105]. In line with these findings, breast CSCs have been
shown to comprise two EMT subpopulations. Firstly, the
CD44Meh/CD24Y  which are more-mesenchymal-like
breast CSCs, and the aldehyde dehydrogenase (ALDHY)
E/M cells. Interestingly, this latter is characterized by
a mixed metabolic phenotype showing both OXPHOS
and glycolysis, which drives metastatization [103, 106].
Moreover, another ALDH family member, ALDH1A3,
drives the acquisition of E/M in CD44*/CD24~ TNBC
stem cells. acc This finely regulated metabolic balance
determines the acquisition of an E/M state in TN-BCSCs
[107].

Finally, focusing only on glycolytic metabolism, Lac-
tate dehydrogenase A (LDHA), which catalyses the con-
version of pyruvate to lactate, the final step of anaerobic
glycolysis, can promote EMT by upregulating the tran-
scription factor ZEB2 [108]. Knockdown of LDHA has
been shown to increase E-CADHERIN expression while
decreasing the expression of focal adhesion kinase (FAK),
matrix metalloproteinase 2 (MMP2), and vascular endo-
thelial growth factor (VEGF), all of which are key regu-
lators of EMT [109, 110]. Moreover, lactate produced by
cancer cells contributes to EMT by lowering extracellu-
lar pH, which activates latent extracellular TGF- [111].
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Simultaneously, the efflux of lactate elevates intracellular
pH, stimulating Wnt signalling and further promoting
EMT [112]. NRF2, a key transcription factor of cellular
metabolism, has been shown to induce and maintain an
E/M phenotype. Specifically, NRF2 is positively regulated
at the transcriptional level by AHR, ARNT, NF-«B, JUN,
and MYC, while being negatively controlled at the post-
translational level by CRLKeapl, SCEB-TrCP, CRIFI,
SIAH2, and RNF4 [113, 114]. From a metabolic perspec-
tive, emerging evidence suggests that NRF2 exerts a pro-
found influence on cellular metabolism by enhancing
fatty acid oxidation and repressing lipogenesis [115, 116].
The pivotal role of NRF2 in lipid metabolism is linked to
the suppression of gluconeogenesis [117]. Taken together,
these findings suggest that such a plastic and versatile
phenotype cannot be confined to rigid metabolic catego-
ries. Instead, the acquisition of the EMT spectrum must
be contextualized based on the specific cancer model,
tumour stage, TME involvement, and driver mutations.

Lipid metabolism and EMP

In this scenario of high heterogeneity and metabolic plas-
ticity, lipid metabolism has recently been recognized as a
key regulator of the EMT in cancer cells, and it is also
linked to the balance between proliferative and invasive
cellular states. Lipid metabolism has been recently
defined as a main regulator of the EMT state of cancer
cells, being also associated with different proliferative/
invasive states and with the ability to adapt in highly
nutrient and growth factor-deprived tumour microenvi-
ronments. Alterations in fatty acid synthesis and oxida-
tion pathways help meet the increased energy demands
and provide essential building blocks for cell membrane
remodelling and signalling molecule production. Indeed,
lipid metabolism is significantly altered in various can-
cers, during tumour initiation and progression. E/M cells
have been shown to exhibit increased lipid uptake along
with enhanced accumulation of lipid droplets, which
serve as reservoirs to buffer oxidative stress, to supply
energy during the metastatic cascade, and to resist ther-
apy [13, 107, 118]. Dysregulated lipid metabolism can
trigger EMT and stimulate multiple oncogenic pathways
linked to this transition by modulating key signalling cas-
cades, such as EGFR, RAS, MAPK, JAK2, STAT3, PI3K,
AKT, and mTOR. Within EMT phenotypes, several criti-
cal signalling pathways are initiated at the plasma mem-
brane and are influenced by lipid metabolic processes.
Mammalian cells acquire lipids through two main mech-
anisms: de novo lipogenesis and lipid uptake. De novo
lipogenesis is an intricate metabolic process whereby
fatty acids are produced from non-lipid precursors, pre-
dominantly carbohydrates, leading to the production of
long-chain fatty acids stored as triglycerides [13, 119,
120]. The enzyme primarily involved in this process is
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ATP citrate lyase (ACLY), which converts citrate into
acetyl-CoA and plays a rate-limiting role in lipid synthe-
sis. The produced acetyl-CoA is then carboxylated to
form malonyl-CoA, marking the initial step in fatty acid
biosynthesis. In addition, acetyl-CoA is a crucial sub-
strate in the mevalonate pathway, where two molecules
of acetyl-CoA combine to form acetoacetyl-CoA, ulti-
mately leading to cholesterol production [121]. The phos-
phoinositide 3-kinase (PI3K)/AKT signalling pathway
plays a central role in promoting cell survival across
many types of cancer. In tumour cells, AKT directly regu-
lates ACLY by inducing its phosphorylation and activa-
tion. Additionally, AKT enhances ACLY gene expression
by activating the sterol regulatory element-binding pro-
tein 1 (SREBP-1), a transcription factor that controls
genes involved in cholesterol and fatty acid biosynthesis.
However, evidence suggests that the PI3K/AKT pathway
primarily increases ACLY activity through post-transla-
tional modification, specifically phosphorylation, rather
than through transcriptional upregulation. This phos-
phorylation also helps stabilize the ACLY protein.
Beyond AKT, ACLY can be phosphorylated at multiple
sites by other kinases, including nucleoside diphosphate
kinase and cyclic AMP-dependent protein kinase [122].
ACLY serves as a central enzyme in de novo lipogenesis
and acts as a metabolic link connecting lipogenesis with
the Krebs cycle and gluconeogenesis [122]. Besides its
specific role in regulating lipid metabolism, ACLY can act
as a bridge, promoting EMT phenotypes through
[B-catenin signalling [92, 121]. Inhibition of ACLY sup-
presses tumour cell proliferation, growth, and stemness,
with knockdown studies demonstrating reversal of EMT
and inhibition of tumour growth via modulation of the
PIBK/AKT pathway [123]. Acetyl-CoA carboxylase
(ACC) catalyses the carboxylation of acetyl-CoA to malo-
nyl-CoA, resulting in the synthesis of palmitate (16:0), a
critical step in fatty acid metabolism [124, 125]. In differ-
ent studies, ACC has been widely identified as a potential
therapeutic target for suppressing tumour growth by
modulating the metabolic alterations characteristic of
cancer cells [126]. ACC is activated within the mitochon-
dria in response to elevated citrate levels generated by
citrate synthase. Two isoforms have been identified:
ACC1, which is cytoplasmic, and its function is to syn-
thesize malonyl-CoA used for de novo synthesis of fatty
acids [127], and ACC2, which is associated with the
mitochondrial membrane. ACC2 regulates fatty acid oxi-
dation by catalysing the carboxylation of acetyl-CoA to
malonyl-CoA, thereby inhibiting carnitine palmitoyl
transferase I (CPT-I), the rate-limiting step in fatty acid
uptake and oxidation [127]. These isoforms regulate de
novo lipogenesis and fatty acid oxidation, respectively.
Silencing ACC2 results in reduced p-oxidation and
increased lipid accumulation, ultimately promoting the
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expression of genes associated with EMT, particularly an
increase in TGF-B expression [127]. ACCI1 regulates
EMT through non-canonical pathways; in particular,
TGE-B and leptin suppress ACC1 activity via AMPK-
mediated phosphorylation at Ser79, thereby promoting
EMT [128]. This effect is driven by the accumulation of
acetyl-CoA following ACCI1 inhibition, which enhances
the acetylation of SMAD2, a key mediator of TGF-p-
induced EMT [128]. In addition, ACC supplies funda-
mental substrates for de novo lipogenesis and functions
in coordination with fatty acid synthase (FASN), convert-
ing acetyl-CoA into malonyl-CoA to support fatty acid
chain elongation [124]. Fatty acid synthesis by FASN
occurs in three main stages: (1) initiation, where acetyl-
CoA and malonyl-CoA undergo condensation; (2) elon-
gation, involving repeated cycles of reduction and
dehydration that extend the fatty acid chain by two car-
bons each round; and (3) termination, in which palmitate
is cleaved from the acyl carrier protein (ACP) [129]. In
cancer cells, fatty acid synthase (FASN) expression is
controlled by the transcription factor SREBP-1c [129].
Fatty acid synthase (FASN) catalyses the last step of de
novo lipogenesis in different cancer types and is strongly
associated with tumour progression [125, 129, 130] and is
widely recognized as a driver of EMT [124, 129]. Evi-
dence from patient-derived samples highlights a func-
tional association between FASN, EMT, and major
signalling pathways, including mTOR and EGFR. These
pathways not only enhance lipogenic flux but also con-
verge on transcriptional programs that promote EMT,
including the upregulation of factors like SNAIL, TWIST,
and ZEB family proteins. In this context, FASN-derived
lipid products contribute to membrane remodelling and
the formation of lipid rafts, thereby facilitating receptor-
mediated signalling and amplifying downstream pro-
EMT pathways [131]. In CSCs, FASN signalling plays a
pivotal role in regulating the EMT phenotype. Its activity
is tightly regulated at the post-transcriptional level,
where specific microRNAs suppress FASN expression
with a significant inhibition of EMT. Furthermore, TGE-
B upregulates FASN expression, establishing a positive
feedback loop in which enhanced lipogenesis promotes
EMT [132, 133]. Stearoyl-CoA desaturase (SCD) intro-
duces a double bond at the C9 position of long-chain sat-
urated fatty acids, primarily converting stearoyl-CoA into
oleoyl-CoA, a monounsaturated fatty acid, and is regu-
lated by sterol regulatory element binding transcription
factor 1c (SREBPI1c) [134]. This modification markedly
alters lipid properties and functions. Two isoforms of
SCD are found in human tissues: SCD1 and SCD5. Both
SCD1 and SCD5 isoforms are overexpressed and highly
active in cancer cells, where they contribute to tumour
progression. Increased SCD expression activates the Akt
pathway, leading to phosphorylation and inhibition of
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GSK3p, which stabilizes p-catenin and enhances EMT
signalling [135]. Stearoyl-CoA desaturase (SCD) is fre-
quently co-expressed with EMT markers, where it down-
regulates the epithelial marker E-CADHERIN while
upregulating the mesenchymal marker vimentin [136].
Acyl-CoA synthetases (ACSLs) are key enzymes in fatty
acid metabolism that catalyse the conversion of long-
chain fatty acids to acyl-CoA, a crucial step for phospho-
lipid and triglyceride synthesis. Several isoforms,
including ACSL1, ACSL3, and ACSL4, are frequently
upregulated in cancer [92]. These isoforms display sub-
strate specificity: ACSL1 preferentially activates oleate
and linoleate, ACSL3 metabolizes myristate, palmitate,
arachidonate, and eicosapentaenoic acid, whereas ACSL4
primarily utilizes arachidonate [137]. Notably, co-overex-
pression of ACSL and SCD has been associated with
enhanced EMT regulation, marked by increased expres-
sion of SNAI2 and N-CADHERIN, as well as metastatic
phenotypes. This synergistic effect likely arises from their
combined roles in providing metabolic energy and pro-
moting EMT-associated gene expression, thereby facili-
tating cancer cell invasiveness and progression [136, 138].
Lipolysis is a metabolic pathway that, under basal condi-
tions, catalyses triacylglycerols into three fatty acids and
one glycerol molecule through the action of specific
enzymes: adipose triglyceride lipase (ATGL), hormone-
sensitive lipase (HSL), and monoglyceride lipase (MGL).
Inhibition of lipolysis enhances expression of EMT-asso-
ciated genes and reduces endothelial cell differentiation
capacity by suppressing E-CADHERIN transcription. In
contrast, blocking glycolysis diminishes the expression of
key EMT markers, including VIMENTIN, ZEB1, and
SNAIL [139-141]. Furthermore, a strong association
exists between EMT and fatty acid B-oxidation (FAO),
largely driven by mitochondrial ROS signalling pathways,
underscoring the importance of ROS in the biology of
CSCs. FAO is regulated by transcriptional programs
involving peroxisome proliferator-activated receptors
(PPARSs), particularly PPARa, which drive the expression
of enzymes required for lipid catabolism. PI3K/AKT/
mTOR is a key regulatory pathway for FAO, and dysregu-
lation of this pathway in tumour cells is closely associated
with abnormal FAO metabolism [142]. Carnitine palmi-
toyl transferase 1 (CPT1) is the key rate-limiting enzyme
of FAO, responsible for catalysing the transfer of long-
chain acyl groups from coenzyme A to carnitine, enabling
the transport of long-chain fatty acids into the mitochon-
drial matrix for oxidation [124]. Increased FAO has been
suggested to sustain the self-renewal capacity of CSCs by
controlling lipid and membrane biosynthesis, reducing
oxidative stress through NADPH generation, and
enhancing resistance to chemotherapy. CPT1A-driven
FAO sustains cancer cell survival during detachment by
maintaining intracellular NADPH levels and redox
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balance, thereby promoting anoikis resistance [143].
Conversely, a metabolic shift toward lipogenesis favours
the generation of monounsaturated fatty acids, which are
less prone to lipid peroxidation, thereby limiting ROS-
induced damage in CSCs. Excess free fatty acids can also
be converted into triglycerides and stored in lipid drop-
lets to prevent lipotoxicity, an accumulation commonly
observed in CSCs. Notably, this lipogenic shift further
enhances glycolytic reprogramming, as fatty acid synthe-
sis regenerates NAD+, which is essential for sustaining
glycolysis [119]. Moreover, upstream mechanisms of lipid
acquisition significantly contribute to the dependency on
FAO observed in CSCs. Among these mechanisms, the
fatty acid translocase CD36 has emerged as a key regula-
tor of lipid uptake in both aggressive tumours and CSC
populations. CD36-mediated fatty acid import fuels
mitochondrial FAO, thereby meeting the heightened
energetic and biosynthetic requirements characteristic of
highly plastic cancer cells. Furthermore, CD36 signalling
promotes EMT through activation of TGF-$ pathways,
characterized by reduced E-CADHERIN and increased
vimentin expression [144, 145]. This contributes to the
maintenance of stemness and enhanced metastatic
potential, positioning CD36 at the crossroads of meta-
bolic reprogramming and phenotypic plasticity.
Upstream mechanisms of lipid acquisition significantly
contribute to the dependency on FAO observed in CSCs.
Notably, enhanced lipid uptake via CD36 has been dem-
onstrated to support CSC survival and confer resistance
to various stress conditions, including anchorage-inde-
pendent growth. In mesenchymal-like CSC subsets,
CD36-driven FAO is particularly crucial for survival
under detachment conditions. By generating ATP and
NADPH, FAO mitigates oxidative stress and facilitates
prolonged persistence in the circulatory system, thereby
promoting resistance to anoikis and enabling successful
metastatic colonization [146]. The signalling networks
that orchestrate EMT involve multiple growth factor
pathways, such as mitogen-activated protein kinase
(MAPK), Hedgehog, epidermal growth factor (EGEF),
NOTCH, and TGEF-p, along with related downstream
effectors like extracellular signal-regulated kinase (ERK),
phosphatidylinositol 3-kinase (PI3K)/AKT, and nuclear
factor kappa-B (NF-«kB) [124]. These pathways are acti-
vated in response to metabolic stress, hypoxia, and
inflammation, which collectively stimulate EMT-associ-
ated transcription factors, including ZEB1/2, SNAIL, and
TWIST [32, 119]. In addition, EGF receptor (EGFR) con-
tributes to the regulation of cancer cell metabolism by
sustaining intracellular lipid and glucose homeostasis
through mechanisms involving protein stability rather
than kinase activity. When cellular energy levels are low,
AMP and ADP binding activate AMPK, which stimulates
FAO and promotes glucose uptake. Additionally, AMPK
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activates peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a), supporting oxida-
tive metabolism and enhancing mitochondrial biogenesis
[109, 147]. Notably, PGC-la-driven metabolic repro-
gramming toward OXPHOS collaborates with EMT acti-
vation, further promoting cancer cell plasticity and
progression [105]. Another example is represented by
TGF-B, which is a potent inducer of EMT in various can-
cer types and is strongly associated with pro-oncogenic
responses [148]. TGF-P signalling activates the TGE-f
type I receptor (TGF-BRI), which phosphorylates the
receptor-regulated Smad proteins, Smad2 and Smad3.
Once phosphorylated, Smad2 and Smad3 form a complex
with the common mediator Smad4 and translocate into
the nucleus. At the nuclear level, they function as tran-
scription factors, promoting the expression of SMAD2
and SMAD3 themselves and inducing genes associated
with EMT (SNAIL and ZEB) and increasing the expres-
sion of mesenchymal markers [149]. Notably, blocking
TGF-p signalling can reverse mesenchymal features and
restore epithelial characteristics in cancer cells. Inhibi-
tion of FASN has been shown to disrupt EMT by down-
regulating mesenchymal markers, partly by interrupting
the positive feedback loop between FASN and TGF-f1.
Moreover, TGF-B-driven EMT is linked to increased ATP
production and enhanced oxygen consumption, support-
ing the energy demands of transitioning cells. TGF-p1
has also been found to elevate ROS levels, which further
drive cancer cell proliferation and EMT progression [150,
151].

While recent research has shed light on specific meta-
bolic pathways implicated in this transition, the precise
molecular mechanisms orchestrating these changes
remain elusive. Further investigation is critically needed
to unravel how alterations in metabolic pathways con-
tribute to the plasticity and stability of the E/M state.
Understanding these unresolved complexities is para-
mount for developing targeted therapeutic strategies.
From a therapeutic perspective, targeting the metabolic
vulnerabilities unique to E/M CSCs presents a promising
avenue to disrupt metastasis and overcome drug resis-
tance. However, the inherent metabolic plasticity of E/M
cells poses challenges, as these cells can compensate for
the inhibition of one pathway by shifting toward another
metabolic route. Therefore, combination therapies and
the development of biomarkers to predict and moni-
tor metabolic states are critical for effective targeting. In
conclusion, the interconnection between E/M and met-
abolic reprogramming endows cancer cells, especially
CSCs, with phenotypic plasticity and metabolic flexibility
that are essential for tumour progression, metastasis, and
resistance to therapy. Investigating the molecular mecha-
nisms underlying this coupling and developing strategies
to disrupt these pathways may reveal novel and effective

Page 11 of 33

therapeutic modalities aimed at eradicating the most
aggressive cancer cell populations.

The bidirectional crosstalk between EMT and cancer
metabolism

The molecular interplay between EMT and metabolic
reprogramming remains a subject of intense debate and
is not yet fully understood. Despite this uncertainty,
emerging evidence suggests a bidirectional relationship:
EMT can drive metabolic alterations and vice versa [152].

EMT induces metabolic reprogramming

EMT involves extensive metabolic reconfiguration,
driven by specific transcription factors, to meet the
bioenergetic demands of enhanced motility and sur-
vival within adverse microenvironments. For example,
SNAII expression was negatively associated with fruc-
tose-1,6-bisphosphatase 1 (FBP1), an enzyme involved
in the glycolytic pathway [153]. In an NSCLC model, it
was found that ZEB1 activates the expression of glucose
transporter 3 (GLUT3) [154]. Similarly, overexpression
of caveolin-1 (CAV1) in colorectal cancer models has
been shown to enhance aerobic glycolysis by promoting
HMGA1-induced GLUT3 transcription [155]. Further-
more, in NSCLC, TGF-p induces a metabolic shift from
glycolysis toward OXPHOS. Specifically, TGF-B sup-
presses glycolytic flux while enhancing glutamate utiliza-
tion by increasing carbon entry into the tricarboxylic acid
(TCA) cycle. This metabolic reprogramming is mediated
by the downregulation of pyruvate dehydrogenase kinase
4 (PDK4), an enzyme associated with EMT [156]. Simi-
larly, in colorectal cancer, TGF-f drives EMT and pro-
motes the nuclear translocation of pyruvate kinase M2
(PKM2), a key glycolytic enzyme responsible for con-
verting phosphoenolpyruvate (PEP) to pyruvate [157].
In a glioblastoma model, TGF-} showed a crucial role in
the upregulation of glucose transporter (GLUT) 1, hexo-
kinase 2 (HK2), and lactate dehydrogenase A (LDHA)
in glioblastoma [158]. It has been reported that TGF-p
exhibits increased expression of 6-phosphofructo-2-ki-
nase/fructose-2,6-biphosphatase 3 (PFKFB-3) in PANC-1
cells, which is linked to increased glucose flux within the
cells and, consequently, lactate production [159]. Hexo-
kinase, glyceraldehyde-3-phosphate = dehydrogenase
(GAPDH), and ENO, three glycolytic enzymes, were
found positively enriched in both early and late EMT
stages, upon TGF-p induction [160]. Analogously, ZEB1
enhances glucose uptake by upregulating the expression
of glucose transporter 3 (GLUT3) [154]. Furthermore,
during EMT, SNAIL plays a crucial role in the meta-
bolic reprogramming from glucose flux between aerobic
glycolysis and the pentose phosphate pathway (PPP) by
repressing phosphofructokinase platelet (PFKP) [161].
Regarding lipid metabolism in prostate cancer, both
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TNEF-a and TGF-f have been implicated in the increasing
levels of unsaturated triacylglycerols [162]. Furthermore,
SNAI1 overexpression in A549 NSCLC cells inhibits the
transcriptional regulator of lipogenesis, carbohydrate-
responsive element-binding protein (ChREBP), thereby
downregulating both fatty acid synthase (FASN) and ace-
tyl-CoA carboxylase (ACC) [151]. Taken together, these
studies demonstrate that the EMT-driven metabolic
landscape is highly context-dependent, varying between
the promotion of glycolysis, the enhancement of oxida-
tive process, and the modulation of lipid metabolism. By
orchestrating the expression of key enzymes and trans-
porters, the EMT program ensures that migrating cells
can adapt their bioenergetic strategies to diverse micro-
environments. Understanding this complex interplay
could offer critical insights into identifying new thera-
peutic vulnerabilities in metastatic cancer.

Metabolic reprogramming induces EMT changes

A growing body of evidence suggests that metabolic
reprogramming plays a pivotal role in driving EMT-
related changes. Recent findings indicate that mes-
enchymal cancer cells exhibit heightened metabolic
requirements compared to their epithelial counterparts.
This phenomenon may be attributed to the increased
energy demands associated with the superior motility
and invasive capacity typical of the mesenchymal phe-
notype. Consistently, Shaul et al. utilized public in silico
datasets to demonstrate a robust correlation between the
expression of 44 metabolic genes and of 1000 tumours
characterized by high mesenchymal marker expres-
sion. Among these metabolic genes, they found Dihy-
dropyridine dehydrogenase (DPYD), which encodes
for an enzyme driving pyrimidine catabolism [163]. For
example, from a lipid metabolism point of view, some
lipid enzymes such as acetyl-CoA synthases (ACSL1 and
ACSL4), SCD, support the EMT program in colorectal
cancer [136]. Accordingly, hepatic cancer cells activate
the EMT program, via Wnt and TGF-f, upon free fatty
acids (FFAs) uptake driven by CD36 [144]. Emerging evi-
dence links glycolytic metabolism and EMT alterations.
The overexpression of the glycolytic enzyme phospho-
glucose isomerase (PGI), which is implicated in the con-
version of glucose-6P to fructose-6P, induces, via NF-«B,
ZEB1 and ZEB2 activation and miR-200s repression
[164]. In addition to glycolytic enzymes, fructose-bispho-
sphate aldolase A (ALDOA), an enzyme implicated in
the conversion of fructose-1,6-bisphosphate to glyceral-
dehyde-3-phosphate and hydroxy-acetone, induces EMT
via mesenchymal markers upregulation in lung squa-
mous carcinoma [165]. Similarly, GAPDH supports EMT
through SNAI1 expression in colon cancer [166]. The lac-
tate dehydrogenase (LDHA/B), the enzyme that converts
pyruvate into lactate during anaerobic glycolysis, showed

Page 12 of 33

a positive correlation with EMT markers in muscle-inva-
sive bladder cancer [167]. Some evidence showed that
high glucose plays a crucial role in cancer. For example,
glucose drives, in CRC, a reduction of E-CADHERIN and
upregulation of VIMENTIN [168]. In addition, high glu-
cose levels promote EMT by increasing YAP1 and TAZ
in breast and bladder cancer models [169, 170]. Meta-
bolic mitochondrial dysfunctions are also linked to EMT
reprogramming in several cancer histotypes. Fumarate
hydratase (FH) is a mitochondrial enzyme that is involved
in fumarate to malate conversion. In renal cancer, FH
induces EMT signature via miR-200b/200a/429 [171,
172]. Conversely, lymphoid-specific helicase (LSH), after
recruiting the epigenetic silencer factor G9a, represses
FH. Downregulation of FH level leads to an abrogation
of succinate, fumarate, and malate production, which in
turn downregulates E-CADHERIN and ZO-1 expres-
sion and overexpresses VIMENTIN in nasopharyngeal
carcinoma [173, 174]. Succinate dehydrogenase (SDH)
converts succinate to fumarate. SDH downregulation
promotes cell migration and invasion via TGF-B/SNAI1
in colon and ovarian cancer [175, 176]. Furthermore,
Succinate Dehydrogenase Complex Assembly Factor 2
(SDHAF2) via glycogen-synthase kinase (GSK-3p)-p-
catenin axis induces EMT in lung cancer cells [177]. Iso-
citrate dehydrogenases (IDHs) are enzymes that catalyse
the conversion of isocitrate to alpha-ketoglutarate
(a-KG). Mutations in IDH genes are involved in the acti-
vation of the EMT pathway via the miR200-ZEB1 axis
[178]. Amino acids represent an alternative metabolic
source useful for cancer metabolism [179]. It has been
shown that the distal-less homeobox-2 (Dlx-2)/gluta-
minase 1 (GLS1)/glutamine (Gln) metabolism axis drives
TGE-B/Wnt/SNAIL-induced EMT and the glycolytic
switch. Mechanistically, DLX-2 enhances SNAIL mRNA
stability by inducing GLS1/GIn metabolism [180]. Gluta-
minase 2 (GLS2) has a contradictory role in inducing or
suppressing the EMT process [181, 182]. However, it has
been demonstrated that GLS2 induces EMT by increas-
ing ERK phosphorylation and, consequently, both ZEB1
and VIMENTIN levels [182]. Similarly, another enzyme
involved in the amino acid metabolism/EMT duality is
glutamate dehydrogenase (GDH), which is implicated
in a-KG production from glutamate. GDH upregulation
drives the tyrosine phosphorylation of STAT3, mediat-
ing EMT acquisition in CRC models [183]. Collectively,
this evidence highlights the existence of a regulatory axis
from cellular metabolism to EMP. The modulation of
these metabolic pathways underscores how intermediate
metabolites act as signalling molecules to determine the
fate of specific EMT states. Deciphering these complex
interactions provides a framework for identifying meta-
bolic vulnerabilities that could be exploited in anti-can-
cer therapies.
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Disentangling the causal directionality of the EMT-
metabolism axis requires orthogonal deconvolution
strategies that collectively resolve both the molecular
hierarchy and the spatiotemporal dynamics of this cross-
talk. First, temporal single-cell multi-omics, integrating
scRNA-seq with single-cell metabolic gene signatures
and pseudo time trajectory inference, could enable the
mapping of EMP states onto discrete metabolic pro-
grams, identifying whether glycolytic, oxidative, or
lipid-anabolic shifts precede or follow transcriptional
EMT commitment; this approach is particularly power-
ful for resolving hybrid E/M intermediates, which bulk
transcriptomics systematically obscures. Second, stable
isotope tracing with '*C-labeled glucose or glutamine in
isogenic CRISPR-edited models, where individual EMT-
TFs are selectively knocked out or activated, would allow
direct quantification of carbon flux through glycolysis,
the pentose phosphate pathway, and the TCA cycle under
defined genetic perturbations, causally assigning each
metabolic rewiring to a specific transcriptional driver
rather than inferring it from correlative data. Third, in
vivo genetic lineage tracing, combining Cre-lox systems
driven by EMT-specific promoters with fluorescent
metabolic biosensors, would enable dynamic tracking of
metabolic state transitions within cells undergoing EMT
in living tumour models, capturing the spatially resolved
heterogeneity between invasive fronts and tumour cores
that static in vitro assays cannot recapitulate. Each of
these strategies, discussed in detail in the following sec-
tions, addresses a distinct layer of the EMT—metabolism
relationship and, when applied in concert, offers a frame-
work to determine whether metabolic reprogramming
is a driver, an enabler, or a consequence of specific EMP
states, with direct implications for identifying context-
dependent therapeutic vulnerabilities.

Tumour microenvironment and EMP

EMP in cancer cells is dynamically regulated by the
multifaceted TME, encompassing cellular compo-
nents, CAFs, immune cells (i.e., tumour-associated
macrophages TAMs, myeloid-derived suppressor cells
(MDSCs), T cells, endothelial cells (ECs), pericytes, and
non-cellular elements like the ECM, all of which deliver
paracrine signals, biomechanical forces, and metabolic
cues to drive E/M states promoting invasion, stemness,
metastasis, and therapy resistance [184—186].

CAFs, endothelial, and immune cells

CAFs, the predominant stromal cells originating from
resident fibroblasts, epithelial/endothelial-mesenchymal
transitions, or bone marrow precursors, secrete TGF-
B, IL-6, PDGEF, and HGF to activate SMAD2/3, STAT3,
and PIBK/AKT pathways, upregulating EMT transcrip-
tion factors (SNAIL, SLUG, TWIST, ZEB1/2) while
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repressing E-CADHERIN [187, 188]. Endothelial cells
contribute via VEGF/Notch signalling, inducing endo-
thelial-mesenchymal transition-like responses in tumour
cells [189], and secreting TGF-/Wnt ligands that stabi-
lize B-catenin and NICD to reinforce partial EMP [190,
191], facilitating vascular mimicry and intravasation
[192, 193]. Pericytes stabilize aberrant vessels but, when
activated, release PDGF-BB to crosstalk with CAFs [194,
195], amplifying ECM remodelling and stiffness [196].
Immune cells profoundly shape EMP: TAMs (M2-polar-
ized) produce TGF-B, TNF-a, IL-6/10, and CCL2 to trig-
ger STAT3/SMAD-mediated Snail/ZEB expression and
immune evasion via PD-L1 upregulation in mesenchymal
states [197-199]; MDSCs suppress anti-tumour immu-
nity while secreting ARG1/IL-6 to sustain plasticity [200,
201]; regulatory T cells contribute TGF-B/ID1 signals
for hybrid phenotypes [202-204]. On the other hand,
E/M cancer cells can be crucial during the metastatic
process, thanks to their crosstalk with immune cells, as
highlighted by their capacity to express high levels of
inhibitory signals that protect them from NK cell-medi-
ated clearance [45], or to express high levels of PD-L1,
thus generating an immune-evasive phenotype, without
requiring the need to undergo a transition toward a full
mesenchymal phenotype [46]. These interactions cre-
ate immunosuppressive loops, with mesenchymal cells
recruiting more protumour immune infiltrates [205].

Neural cells

Neural cells within the TME, including neurons,
Schwann cells, and neural crest-derived glia, actively
contribute to cancer progression by releasing neuro-
trophic factors such as brain-derived neurotrophic fac-
tor (BDNF), nerve growth factor (NGF), and neurturin
(NRTN), thereby fostering tumour-neural crosstalk that
drives malignancy. These peritumoral nerves innervate
tumours and promote plasticity through synaptic-like
connections, where neurotransmitter release and neu-
rotrophins signalling reprogram cancer cells toward
stemness and invasiveness [206, 207]. Neurotrophic fac-
tors play a pivotal role in cancer biology by modulating
tumour cell plasticity, particularly through the regulation
of EMT [206]. These factors bind to high-affinity Tropo-
myosin receptor kinase (Trk) receptors (e.g., TRKA for
NGE TRKB for BDNF) and the low-affinity p75NTR
receptor, activating downstream pathways such as PI3K/
AKT, MAPK/ERK, and PLCy, which converge to repro-
gram cellular states [208]. In CSCs, BDNF/TrkB signal-
ling upregulates EMT transcription factors like SLUG,
SNAIL, and TWIST1, driving the acquisition of mesen-
chymal traits, such as increased N-CADHERIN, VIMEN-
TIN, and ZEB1 expression, while suppressing epithelial
markers like E-CADHERIN [206, 209, 210]. This shift not
only enriches CSC pools with self-renewal capacity (e.g.,
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via sphere formation and CD44"¢"/CD24'°" phenotypes
in breast and lung cancers) but also confers resistance
to therapies by enabling adaptive plasticity in response
to stress. In specific contexts, NGF induces SLUG via
p75NTR in breast cancer cells, promoting invasion and
stemness, while NRTN enhances ZEB1/N-CADHERIN
in colorectal and pancreatic tumours to boost motility
and angiogenesis [211]. BDNF further supports glioma
progression through synaptic plasticity mechanisms,
including AMPA receptor trafficking and CAMK2 acti-
vation, linking neural-tumour interactions to metastatic
potential [207]. Collectively, these neurotrophin-driven
processes underscore their contribution to tumour het-
erogeneity, progression, therapeutic evasion, and plas-
ticity, positioning their targeting as promising agents to
disrupt plasticity.

ECM

The ECM, comprising collagens (I/IV), fibronectin, hyal-
uronic acid, and laminins, undergoes CAF/MMP-driven
remodelling, increasing stiffness that engages integrin-
a5p1/avp3-FAK/Src/RhoA/YAP/TAZ  mechanosignal-
ling to lock EMP, disrupt basement membranes, and
promote invadopodia formation [212-215]. Moreover,
ECM proteins like fibronectin cooperate with TGF-p
for ERK/MAPK activation [216-218]. However, recent
studies have highlighted that matrix stiffness can regu-
late invadopodia in a context-dependent manner. In 3D
basement membrane-like matrices, Chang et al. showed
that increasing stiffness reduced the probability of inva-
dopodia extension, shortened invadopodia length and
lifetime, and impaired cell migration, indicating that a
stiffer and less permissive environment can physically
restrict protrusive invasion. Importantly, these find-
ings contrast with earlier 2D gelatine- or collagen-based
assays, in which increased stiffness was associated with
greater invadopodia-mediated degradation, suggest-
ing that stiffness does not exert a uniform effect across
experimental systems. This apparent discrepancy likely
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reflects fundamental differences in dimensionality,
matrix composition, and readout. In 2D assays, inva-
dopodia are scored mainly by proteolytic degradation
on rigid, ligand-coated substrates, whereas in 3D base-
ment membrane-like matrices, invadopodia must extend
through a confined, mechanically plastic environment
and support directional migration. Thus, stiffness may
enhance degradative activity under planar conditions
while simultaneously limiting protrusion extension in 3D
by increasing confinement and reducing matrix plasticity.
Taken together, the available evidence suggests that inva-
dopodia respond not only to stiffness per se, but also to
the mechanical architecture of the surrounding matrix,
interpreting stiffness-dependent effects as highly context
dependent [219]. Collectively, these TME elements act
in synergy, with CAF-ECM stiffening that amplifies EC/
TAM-derived TGF-pB/Notch signalling, yielding revers-
ible hybrid states resistant to therapies. Thus, the target-
ing of multi-axis using specific inhibitors (TGE-p traps,
anti-FAK, CAF-depleters) could disrupt EMP networks.

Models to monitor the E/M state of cancer cells

In vitro models

Recent advances in in vitro modelling have dramatically
expanded our capacity to monitor and dissect EMP in
cancer cells at unprecedented molecular and temporal
resolution (Table 1).

Dual-fluorescent reporter systems, which utilize pro-
moter regions of epithelial (e.g., E-CADHERIN) and
mesenchymal (e.g., VIMENTIN) markers to drive spec-
trally distinct fluorophores (such as RFP and GFP), have
emerged as powerful tools to track EMT dynamics in real
time across colorectal, lung, and breast cancer models
[220]. These dual-reporter constructs enable the identi-
fication and isolation of distinct epithelial (E), mesenchy-
mal (M), and E/M subpopulations via flow cytometry and
live-cell imaging, revealing that intermediate phenotypes
represent a balanced stemness and invasive capacity,

Table 1 Summary table showing in vitro and in vivo models to investigate the EMT status of cancer cells

Approach Applications

(PMID)

Representative Studies/Tools

Strenghts Limitations

Network inference &

GRN modeling

Single-cell & spatial
transcriptomics
Machine learning &
deep learning

Agent-based &
dynamic modeling

Multi-omics
integration

Identify EMT drivers, recon-
struct regulatory circuits

Map EMT/hybrid states,
analyze heterogeneity
Predict EMT states, drug
response, biomarker
discovery

Simulate EMT transitions,
study plasticity & evolution
Uncover novel signatures,
link molecular layers

SpidermiR [173], Network analysis
[171]

Spatial transcriptomics [34, 168],
SCRNA-seq [179]

UNAGI [169], ML review [170], ML or-

genelles [175], ML morphology [176].

Agent-based [177], >ODE/Boolean
[178]

SpidermiR [171],UNAGI [169], ML
review [170]

Reveals key regulators, inte-
grates multi-omics

High resolution, spatial con-
text, captures plasticity
Handles high-dimen-

sional data, enables in
silicoscreening

Captures dynamics, models
cell-cell interactions

Holistic view, identifies cross-

talk between pathways

Dependent on data
quality, may miss context-
specific effects

Costly, complex analysis,
limited by tissue sampling
Requires large datasets,
interpretability challenges

Model assumptions, com-
putationally intensive
Data integration chal-
lenges, batch effects
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compared to pure epithelial or mesenchymal states,
thus making it the ideal target for designing novel anti-
tumour therapies. Additional reporter strategies incor-
porate microRNA-based sensors, such as miR-200 fused
to fluorescent proteins, to robustly detect EMT and MET
events, thereby capturing bidirectional plasticity and
distinguishing cancer stem cell-like populations within
heterogeneous tumours [221]. Complementing these
plasmid-based systems, CRISPR/Cas9-mediated endog-
enous tagging of EMT-related genes (SNAII, ZEBI,
CDH?2) with fluorescent proteins provides physiologically
relevant models that preserve native regulatory elements,
subcellular localization, and post-translational modifica-
tions, thus avoiding overexpression artifacts [222, 223].
CRISPR-based knockout/knockdown and overexpression
approaches dysregulating phenotypic stability factors
(e.g., ESRP1, GRHL2, and OVOL2) further permit dissec-
tion of the molecular circuitry governing E/M state sta-
bilization and reveal how loss of these factors drives cells
toward complete EMT [224-227]. In parallel, sophisti-
cated three-dimensional (3D) culture platforms, includ-
ing patient-derived organoids (PDOs), tumour spheroids
embedded in ECM, and microfluidic tumour-on-chip
devices, recapitulate critical TME features such as tissue
architecture, hypoxia, matrix stiffness, and biochemical
gradients [228-232]. TGF-B-induced EMT in breast can-
cer PDOs, for instance, triggers morphological changes,
downregulation of E-CADHERIN, cytoskeletal reorgani-
zation, and enhanced organoid adhesion to culture sub-
strates, reflecting migration and invasion through the
ECM [233]. Advanced imaging modalities, combined
with deep learning algorithms, enable the quantitative,
high-throughput assessment of EMT susceptibility, inter-
and intra-organoid heterogeneity, and dynamic cellular
responses across patient-derived lines. Microfluidic plat-
forms further enhance these capabilities by providing
spatiotemporal control over nutrient delivery, drug expo-
sure, and mechanical cues, while permitting real-time
visualization of collective cell invasion, single-cell EMT
dynamics, and phenotypic switching under defined con-
ditions [234, 235].

In vivo models

In vivo monitoring of EMP in mouse models has been
revolutionized by bioluminescence imaging (BLI) and
fluorescent protein-based reporter systems, enabling
real-time, non-invasive tracking of EMT dynamics dur-
ing tumour progression and metastasis. Luciferase-based
reporters provide the most sensitive and quantitative
approach for longitudinal in vivo tracking, as biolumines-
cent signals from firefly or Renilla luciferase-expressing
cancer cells can be detected throughout the body, even
in deep tissues, with photon emission correlating linearly
with tumour burden. Dual luciferase reporter systems
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that combine constitutive expression of one luciferase
isoform (e.g., firefly luciferase for tumour burden), with
EMT-responsive expression of a second isoform (e.g.,
Renilla luciferase driven by ZEB1 or SNAI1 promot-
ers) enable ratiometric quantification of EMT status in
xenograft and orthotopic models [236]. For instance,
Renilla luciferase fused to the 3’-UTR of ZEB1 mRNA
serves as a biosensor for miR-200 family activity, with
bioluminescence signals being strongly repressed in
epithelial cells but activated in mesenchymal or TGE-
B-treated cells undergoing EMT. Orthotopic xenograft
models implanted with luciferase-tagged cancer cells
into anatomically relevant sites (e.g., colon, pancreas,
lung) recapitulate the natural tumour microenviron-
ment and metastatic dissemination patterns observed in
patients, with serial BLI measurements enabling detec-
tion of primary tumour growth and distant metastases
without sacrificing animals. In colorectal cancer models,
subcutaneous or orthotopic injection of CT-26-Luc cells
results in lung metastases detectable by BLI within 1-2
weeks, with bioluminescence intensity showing strong
correlation with tumour volume measured by micro-
computed tomography (micro-CT) imaging. Genetically
engineered mouse models (GEMMs) carrying tissue-
specific, inducible EMT reporters represent the most
physiologically relevant systems for studying spontane-
ous EMT during de novo tumorigenesis. Dual reporter
GEMMs of PDAC engineered with fluorescent proteins
driven by EMT markers, such as a-smooth muscle actin
(aSMA) and fibroblast-specific protein 1 (FSP1), enable
lineage tracing of EMP in spontaneously arising tumours
within an intact immune microenvironment [237]. These
GEMM-based systems revealed that EMT programs are
dynamically regulated during PDAC progression, with
aSMA-positive mesenchymal cells exhibiting enhanced
invasiveness and contributing to tumour heterogeneity.
Intravital microscopy (IVM) combined with fluorescent
protein reporters provides the highest spatiotemporal
resolution for visualizing EMT dynamics in living mice.
Multi-photon IVM through surgically implanted imag-
ing windows (e.g., mammary, cranial, dorsal skin, or lung
windows) allows repeated imaging of the same tumour
region over days to weeks, revealing that motile, inva-
sive tumour cells express mesenchymal markers (e.g.,
VIMENTIN-GFP) while proliferative cells at the tumour
core retain epithelial characteristics (E-CADHERIN-
RFP) [238, 239]. Recent IVM studies using CSC biosen-
sors, such as the SORE6 > GFP reporter activated by
SOX2/0OCT4 binding, demonstrate that CSCs exhibiting
EMT-like properties are enriched at tumour-microenvi-
ronment of metastasis doorways, specialized microana-
tomical sites where cancer cells interact with perivascular
macrophages to facilitate intravasation [240, 241]. Fur-
thermore, IVM with FRET-based biosensors for SRC,
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Rho GTPases, or caspase-3 activity enables real-time
visualization of signalling events driving EMT, migra-
tion, and resistance to apoptosis at single-cell resolution
within the native TME [242-244]. Collectively, lucifer-
ase-based BLI for whole-body metastasis tracking, fluo-
rescent protein reporters in GEMMs for lineage tracing,
and IVM for subcellular dynamics constitute a compre-
hensive in vivo toolkit for dissecting EMP across multiple
scales, from molecular signalling to tissue-level tumour
architecture, during cancer progression and therapeu-
tic response. Collectively, these integrated in vitro and
in vivo models (Fig. 3), spanning genetically encoded
reporters, CRISPR-engineered cell lines, 3D organoid
systems, microfluidic devices, and GEMMs, constitute
robust and versatile toolkits for interrogating the molec-
ular mechanisms, regulatory networks, and therapeutic
vulnerabilities underlying epithelial-mesenchymal plas-
ticity in cancer.

In conclusion, single- and dual-reporter systems offer
distinct advantages and caveats in studying EMP. Single
reporters, such as luciferase- or fluorescence-based con-
structs driven by EMT-associated promoters, provide
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sensitive, quantitative, and often non-invasive tracking of
EMT dynamics in vitro and in vivo, yet they capture only
unidimensional aspects of phenotypic transitions. In con-
trast, dual-reporter systems linking epithelial and mes-
enchymal promoters to spectrally distinct fluorophores
enable simultaneous visualization of bidirectional transi-
tions, intermediate hybrid states, and cell-state heteroge-
neity, thus offering higher spatiotemporal resolution and
functional insight into dynamic EMP trajectories. How-
ever, these approaches may suffer from promoter leaki-
ness, artificial overexpression, or limited physiological
relevance, particularly in plasmid-based models that lack
endogenous regulatory context. CRISPR/Cas9-mediated
knock-in reporters and GEMMs partially overcome these
limitations by preserving native gene regulation and
allowing lineage tracing within the tumour microenvi-
ronment. Overall, integrating single and dual reporters
across complementary platforms, from 3D organoids to
intravital microscopy, provides a more comprehensive
and mechanistically faithful framework to dissect EMP
regulation during cancer progression and therapeutic
response.
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Fig. 3 In vitro and in vivo models to study EMP. Schematic overview of in vitro and in vivo strategies for monitoring EMT states and studying EMP in
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In silico methodology to study the EMT process

The identification and quantification of E/M states
remain challenging due to the lack of reliable biomark-
ers and the inherent fluidity of the process. However,
scRNA-seq and spatial transcriptomics have enabled the
mapping of these populations within tumours, revealing
that E/M cells are often enriched at the invasive front and
are associated with increased metastatic potential and
therapy resistance [23, 44, 245]. In this context, in silico
methodologies have emerged as indispensable tools,
enabling the integration and analysis of high-dimensional
omics data, the modelling of complex regulatory net-
works, and the simulation of dynamic cellular processes
[246—-248]. For example, spatial transcriptomics has been
used to localize E/M populations within the tumour
microenvironment, demonstrating their spatial asso-
ciation with invasive niches and their dynamic response
to microenvironmental cues [245]. GEMMs employ-
ing lineage tracing strategies, such as vimentin- and
E-CADHERIN-driven GFP and RFP reporters [220], have
provided direct evidence that hybrid and mesenchymal
lineages are crucial for tumour progression and metas-
tasis. Ablation of EMT-proficient cells in these models
dramatically impairs both primary tumour growth and
metastatic dissemination, while spatial profiling and
whole-genome sequencing have revealed that EMT-
derived cells are associated with increased chromosomal
instability and chromothripsis, directly linking EMP to
tumour evolution and the emergence of high-fitness
malignant clones [249, 250]. In this scenario, network-
based approaches have been instrumental in dissect-
ing the regulatory logic underlying EMT and its hybrid
states. Tools such as SpidermiR [251] enable the inte-
gration of gene expression, copy number variation, and
miRNA data to reconstruct gene regulatory networks
(GRNs) in cancer. In prostate cancer, SpidermiR was
used to identify miR-145-5p as a central regulator of an
aggressive gene network, highlighting how network infer-
ence can pinpoint non-canonical drivers of EMT and
hybrid phenotypes. Similarly, network topology analysis
has been applied to identify master regulators of EMT in
various tumour types, revealing that E/M states are often
governed by complex, multi-layered regulatory circuits
[248].

Single-cell RNA-seq and spatial transcriptomics have
revolutionized the study of EMT dynamics by enabling
the high-resolution mapping of cellular states within
tumours [252]. These technologies have been pivotal in
identifying and characterizing E/M populations. For
instance, spatial transcriptomics was used to map E/M
cells at the invasive front of tumours, demonstrating their
spatial heterogeneity and association with metastatic
potential [245]. Single-cell analysis has further revealed
that E/M states are not rare intermediates but constitute
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a significant fraction of tumour cell populations, with
distinct transcriptional programs and functional proper-
ties [23, 44]. A landmark study using scRNA-seq in head
and neck squamous cell carcinoma identified a specific
E/M signature that was spatially localized at the lead-
ing edge of primary tumours; notably, this E/M program
was found to be a better predictor of nodal metastasis
than canonical EMT markers, highlighting the clinical
relevance of hybrid states [253-255]. These approaches
have also uncovered the dynamic plasticity of E/M cells,
including their ability to revert to epithelial or progress
to fully mesenchymal states in response to environmental
cues. In parallel with single-cell and spatial approaches,
several transcriptomics-based scoring metrics have been
developed to quantitatively position patient samples
along the epithelial-hybrid—mesenchymal (E-H-M)
spectrum. A seminal study introduced an E/M gene
expression scoring metric capable of stratifying tumours
based on their hybrid phenotype and predicting survival
outcomes across multiple cancer types, demonstrating
that E/M states are often associated with poor progno-
sis and increased metastatic potential [51]. Subsequent
comparative analyses systematically evaluated differ-
ent EMT scoring frameworks, highlighting their relative
strengths, limitations, and consistency in capturing the
E-H-M continuum [256]. These studies emphasized that
EMT is not a binary switch but a continuous and mul-
tidimensional spectrum requiring quantitative tools for
robust clinical interpretation. Beyond prognostic strati-
fication, EMT scoring approaches have been integrated
with stemness and immune-related signatures, revealing
that EMP is tightly linked to CSC traits and the modu-
lation of the tumour immune microenvironment [257].
Such integrative scoring systems provide a systems-
level framework to correlate E/M states with therapeu-
tic resistance, immune evasion, and disease progression.
From a theoretical perspective, the existence of stable
hybrid states predicted by transcriptomic scoring met-
rics is supported by computational studies of multistable
GRNs. Recent in silico studies have further refined this
dynamical systems perspective by demonstrating that
the enhanced plasticity of E/M states can be explained
by specific topological features of EMT regulatory net-
works. In particular, network analyses have revealed the
existence of mutually reinforcing “teams” of nodes cor-
responding to epithelial and mesenchymal programs,
each characterized by dense intra-team positive feedback
and inter-team antagonism [258, 259]. Fully epithelial or
mesenchymal states are stabilized when one team domi-
nates the regulatory landscape; in contrast, hybrid E/M
states arise in configurations where neither team achieves
complete dominance. This intermediate topological bal-
ance results in reduced structural reinforcement, render-
ing hybrid states more responsive to perturbations and
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therefore more plastic. Such findings provide a mecha-
nistic explanation for the experimentally observed adapt-
ability of E/M cells and link network topology directly to
phenotypic stability and transition potential. Theoretical
and computational frameworks describing multistability,
bifurcations, and attractor landscapes have demonstrated
how feedback loops and nonlinear regulatory interac-
tions can generate multiple coexisting stable phenotypes,
including epithelial, mesenchymal, and hybrid attractor
states [260]. These approaches provide a rigorous dynam-
ical systems foundation for understanding EMP, linking
molecular regulatory circuits to phenotypic stability and
transitions. Together, EMT scoring metrics and multi-
stability-based modelling frameworks bridge quantita-
tive transcriptomic data with dynamical systems theory,
enabling a more precise and predictive characterization
of EMP in patient samples.

The complexity and volume of multi-omics data often
necessitate the use of machine learning (ML) and arti-
ficial intelligence (AI) to extract meaningful patterns
and make predictions. Deep generative models, such as
the UNAGI framework [246], power time-series single-
cell data to model disease progression and simulate the
effects of pharmacological perturbations. UNAGI learns
disease-informed cell embeddings that capture the con-
tinuous transcriptomic shifts during EMT, enabling
the identification of intermediate (hybrid) states and
dynamic marker genes. In practical terms, UNAGI has
been used to simulate in silico drug screening, predict-
ing which compounds can revert hybrid or mesenchymal
states toward a more epithelial phenotype, and priori-
tizing candidates for experimental validation. Comple-
menting transcriptomics-based EMT scoring, a recent
morphology-driven machine learning framework lever-
aging high-content Cell Painting imaging and organelle
feature extraction (e.g., endoplasmic reticulum/mito-
chondrial texture metrics and cell-shape solidity) enables
continuous, annotation-independent quantification of
epithelial-mesenchymal plasticity, capturing EMT kinet-
ics, hybrid states, and MET across different inducers and
cancer types, with clear scalability for high-throughput
phenotypic drug screening [261]. Beyond transcrip-
tomics and molecular marker-based readouts, deep
learning pipelines for morphology-driven phenotyping,
benchmarked on brightfield intestinal organoid images,
demonstrate that CNN architectures and Vision Trans-
formers can accurately classify organoid developmental
stages and morphological transitions reflective of epi-
thelial plasticity, offering a scalable, automated imaging
workflow applicable to EMT-like morphological changes
across diverse organoid and cancer models [262].

Agent-based models and dynamic simulations provide
a powerful framework for studying the temporal and spa-
tial evolution of EMT and its hybrid states. For example,
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agent-based modelling has been used to simulate the
transition between epithelial, hybrid, and mesenchymal
states, demonstrating how cellular plasticity influences
metastatic dissemination and therapeutic response [263].
Dynamic modelling approaches, including ordinary dif-
ferential equations (ODEs) and Boolean networks, have
been applied to simulate the regulatory circuits control-
ling EMT, predicting the existence of stable hybrid states
and identifying key feedback loops that stabilize these
phenotypes [264]. These models have revealed that E/M
states can act as attractors in the regulatory landscape,
indicating that hybrid phenotypes are not merely tran-
sient intermediates but can represent dynamically stable
configurations determined by the structure of the under-
lying gene regulatory network, conferring robustness and
adaptability to tumour cell populations. Integrative analy-
sis of genomics, transcriptomics, proteomics, and metab-
olomics data provides a holistic view of EMT and its
hybrid states. For example, SpidermiR [251] and UNAGI
[246] both exemplify how multi-omics integration can
uncover novel regulatory interactions and therapeutic
targets. By combining data from multiple molecular lay-
ers, these approaches have revealed that E/M states are
associated with unique gene signatures and regulatory
networks that are not apparent from single-omic analyses
[247].

In silico approaches have significantly advanced the
identification of novel EMT drivers, moving beyond
canonical transcription factors to uncover complex regu-
latory networks involving microRNAs and other molecu-
lar effectors. Computational predictions are increasingly
validated using sophisticated experimental models,
such as GEMMs, PDOs, and patient-derived xenografts,
which preserve tumour heterogeneity and microenviron-
mental complexity [44]. SpidermiR-based identification
of miR-145-5p as a key regulator in prostate cancer was
followed by experimental validation in cell lines and ani-
mal models, confirming its role in driving aggressive phe-
notypes [251]. Similarly, Al-driven models like UNAGI
have been used to predict the response of tumour cells
to anti-EMT therapies, guiding the prioritization of can-
didate compounds for preclinical testing [246]. The study
of cellular plasticity, particularly the identification and
characterization of E/M states, has been greatly facili-
tated by single-cell and spatial transcriptomics, which
reveal the heterogeneity and dynamic nature of tumour
cell populations. These insights are critical for the devel-
opment of therapies targeting the supportive niches that
sustain tumour progression. Despite their transforma-
tive potential, in silico models face significant challenges.
The validation of computational predictions remains a
bottleneck, often constrained by the resource-intensive
nature of experimental work and the need for robust,
scalable validation pipelines. The predictive accuracy of
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Table 2 Summary of main in silico approaches for EMT research, their applications, representative studies/tools, strengths, and

limitations

Approach Key Question Answered Applications Representative Stud-  Strengths Limitations
ies/Tools (PMID)

Network inference  Which molecular circuits and |dentify EMT drivers,  SpidermiR [252], Net- Reveals key regulators, Dependent on

& GRN modelling master regulators drive EMT/

hybrid states?

reconstruct regula-
tory circuits

Single cell & spatial
transcriptomics

Where are hybrid cells located
and how does the microenvi-
ronment influence them?

Map EMT/hybrid
states, analyse
heterogeneity
Predict EMT states,
drug response, bio-
marker discovery

Machine learning &
deep learning

Can we predict drug responses
or identify new biomarkers
from complex data?

Agent-based & dy-
namic modelling

What are the temporal trajec-
tories and stability of EMT/MET

transitions? & evolution

How do different molecular
layers (DNA, RNA, protein)
crosstalk during EMT?

Multi-omics
integration tures, link molecular

layers

Simulate EMT transi-
tions, study plasticity

Uncover novel signa-

work analysis [249]

Spatial transcriptomics
[246], scRNA-seq
[254-256]

UNAGI [247], ML review
[248], ML organelles
[262], ML morphology
[263].

Agent-based [264], E/M
states [265]

SpidermiR [252], UNAGI
[247], ML review [248]

integrates multi-omics

High resolution, spatial
context, captures
plasticity

Handles high-dimen-
sional data, enables in
silico screening

Captures dynam-

ics, models cell-cell
interactions

Holistic view, identifies
crosstalk between
pathways

data quality, may
miss context-
specific effects
Costly, complex
analysis, limited
by tissue sampling
Requires large da-
tasets, interpret-
ability challenges

Model assump-
tions, computa-
tionally intensive
Data integration
challenges, batch
effects

these models is fundamentally dependent on the qual-
ity and diversity of training data, with issues of data
standardization and interoperability persisting as major
obstacles [247]. Future progress will hinge on the integra-
tion of emerging technologies, including Al, single-cell
multi-omics, and spatial transcriptomics, to build more
realistic and comprehensive models of disease. The har-
monization of high-resolution data with advanced ana-
lytics promises to enhance diagnostics, identify novel
therapeutic targets, and enable the development of per-
sonalized therapies [246]. In silico methodologies have
revolutionized the study of EMT, complementing tradi-
tional experimental approaches and enabling the inte-
gration and interpretation of complex, high-dimensional
data. These computational tools facilitate the modelling
of dynamic cellular processes, the identification of regu-
latory networks and biomarkers, and the simulation of
therapeutic interventions. Their application holds signifi-
cant promise for improving diagnosis, prognosis, and the
development of targeted therapies, ultimately advancing
the realization of personalized medicine in oncology.
Despite their transformative potential, each of these in
silico approaches faces specific limitations that must be
addressed to ensure clinical translatability (Table 2). For
instance, while transcriptomics-based scoring metrics
provide a quantitative framework, they often lack cross-
platform consistency; a sample might be classified dif-
ferently depending on the specific gene set or algorithm
used, complicating the establishment of universal thresh-
olds for ‘hybrid’ states. Furthermore, single-cell and spa-
tial transcriptomics, while high-resolution, are frequently
hampered by technical noise, ‘dropout’ events in gene
detection, and the high costs associated with large-scale
patient cohorts. Network-based and dynamic models

(such as ODEs and Boolean networks) are inherently
limited by the ‘curse of dimensionality’ and the scarcity
of kinetic parameters for most regulatory interactions,
often requiring simplifying assumptions that may over-
look the stochastic nature of cellular transitions. Simi-
larly, while AI and deep learning frameworks like UNAGI
offer powerful predictive capabilities, they often operate
as ‘black boxes, making it difficult to extract the under-
lying biological logic behind a prediction. Moreover, the
predictive accuracy of these models is fundamentally
dependent on the quality and diversity of training data;
issues of data standardization and interoperability persist
as major obstacles, particularly when integrating multi-
omics datasets from different laboratories. Finally, the
validation of computational predictions remains a sig-
nificant bottleneck, as the resource-intensive nature of
experimental work with GEMMs or organoids cannot
yet match the throughput of in silico screenings, neces-
sitating more robust and scalable automated validation
pipelines.

Therapeutic strategies to target EMP in cancer

Despite significant advances in tumour treatment, the
acquisition of EMP features remains a key driver of
cancer recurrence and chemoresistance. Targeting the
EMT plasticity represents a promising approach in can-
cer therapy, given its critical role in tumour progression,
metastasis, and resistance to conventional treatments
[265]. However, the inherent plasticity and dynamic
nature of EMT, particularly the existence of heteroge-
neous populations with completely epithelial or mes-
enchymal phenotypes and E/M states that confer both
stemness and invasive capabilities, pose significant chal-
lenges to developing effective therapies [266]. EMP is
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regulated by complex signalling networks and transcrip-
tional programs, including pathways such as TGF-p and
PI3K/AKT, and transcription factors like SNAIL, SLUG,
and ZEB1 [258]. Supporting this, Verstappe et al., using a
Krt14CreTg/*-Trp53F1/Fl mice, responsible for the cuta-
neous squamous cell carcinomas development, in asso-
ciation with the expression of ZEB2, a transcriptional
factor modulating EMP, highlighted that the expression
of ZEB2 induces the generation of heterogenic cancer
cells population with a plastic phenotype [267]. Similarly,
in a hybrid cellular model of NSCLC, characterized by a
dynamic equilibrium between E-CADHERIN and SNAI2
expression, TGF-PB1 treatment induced the acquisition
of an EMP state and increased CD133 expression [268],
a marker associated with highly metastatic lung CSCs
[269]. These findings collectively indicate that EMP con-
tributes to tumour progression and increased malignancy
[268]. Considering this, the possibility of preventing or
reversing the mesenchymal-like phenotype represents
a critical approach to effective cancer therapy. Current
therapeutic strategies targeting EMP focus on inhibiting
upstream pathways involved in EMT, modulating meta-
bolic reprogramming, epigenetic regulation, and co-tar-
geting both the TME and intracellular mechanisms that
sustain tumour growth and progression.

Intracellular signalling pathways

The inhibition of intracellular pathways is based on the
use of inhibitors directed against key intracellular signal-
ling pathways, including TGF-p, c-MET, NF-«kB, EGER,
WNT, and Notch, as well as the use of ligand-neutraliz-
ing antibodies. The TGF-} pathway is well-known for its
involvement in several cellular processes, such as prolif-
eration, differentiation, and immunosurveillance [270].
Recently, its role in regulating EMP through the expres-
sion of EMT transcriptional factors has also emerged.
In this context, bone morphogenetic protein-7 (BMP-7),
a member of the TGF-f superfamily, plays a key role in
the inhibition of EMT in melanoma, breast, and colon
cancer [271-273]. In melanoma cells, treatment with
BMP-7 induces MET, characterized by a reduction in the
expression levels of TWIST and SNAIL [272]. In a recent
study, Rastgar-Pouyani and colleagues have shown that
the combinatorial treatment based on pirfenidone (PFD),
which is an inhibitor of TGF-p, and paclitaxel (PTX),
possesses a synergistic effect on the downregulation of
breast cancer cell viability, colony-forming, and invasive
capacity [274]. Importantly, the PFD + PTX combinato-
rial approach was able to reduce the expression of plu-
ripotency transcription factors, and it mitigated the
tumorigenic and metastatic ability of cancer cells. The
HGEF-c-MET axis is a potential therapeutic target pri-
marily involved in cell proliferation. Additionally, it plays
a significant role in regulating the EMT mechanism,
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ultimately enhancing the invasiveness of cancer cells
[275]. Indeed, in vitro and in vivo studies have shown
that HGF stimulation has been shown to upregulate the
expression of Snail and Vimentin, key markers of the
mesenchymal phenotype. Furthermore, activation of the
HGEF/c-MET signalling pathway in vitro induces chemo-
resistance. The treatment with crizotinib, a Met inhibi-
tor, restores the chemotherapy sensitivity of small cell
lung cancer cells, and alongside this reduces the expres-
sion of mesenchymal markers [276]. Despite its critical
role, targeting the TGF-B pathway remains challenging
due to its involvement in regulating stromal and immune
cell behaviour [277, 278]. Nonetheless, inhibitors of this
pathway are currently being evaluated in both preclini-
cal and clinical settings. AXL, a receptor tyrosine kinase,
is another receptor implicated in the regulation of EMT
markers. Analysis of matched pairs of primary tumours
and metastatic sites has shown that AXL expression is
higher in metastases compared to primary tumours, sug-
gesting that AXL is associated with poor prognosis in
breast cancer patients and is crucial for the metastatic
process. Silencing AXL in mesenchymal-like breast can-
cer cell lines has been shown to reduce both in vitro and
in vivo tumour initiation and metastasis formation [279].
In addition, Koorstra and colleagues demonstrated that
in pancreatic adenocarcinoma cells, AXL sustains the
mesenchymal phenotype, with its silencing leading to the
downregulation of key EMT transcription factors, such as
SNAIL, TWIST, and SLUG [280]. In NSCLC, the upreg-
ulation of AXL and its ligand GASG6 is associated with
EMT signature and resistance to EGFR and PI3K inhibi-
tors. Notably, combined treatment with EGFR inhibitor
erlotinib and the AXL inhibitor SGI-7079 counteracted
drug resistance in mesenchymal-like NSCLC in a mouse
xenograft model. These findings highlight AXLs role in
driving the EMT phenotype and CSC-like characteristics,
suggesting it is a promising therapeutic target for elimi-
nating CSCs that have undergone EMT [281]. The PI3K/
AKT signalling pathway plays a crucial role in the induc-
tion of EMT through a SMAD-independent mechanism,
leading to the activation of EMT-related transcription
factors. Mechanistically, PI3SK/AKT signalling inhibits
the activity of GSK-3p, preventing the double phosphory-
lation of Snail at distinct serine residues, thereby block-
ing its cytoplasmic translocation (Ser 97, Ser 101) and
proteasomal degradation (Ser108, Serl12, Ser116, and
Ser120), and enhancing its transcriptional activity [282].
In lung cancer cells under hypoxic stress, overexpres-
sion of NETRIN-1, a laminin-related glycoprotein, acti-
vates the PI3K/AKT pathway, which in turn promotes
cell proliferation, migration, and stimulates the EMT
process [283]. Furthermore, Cassier et al. showed that in
endometrial adenocarcinoma, the treatment with NP137,
an anti-Netrin-1 antibody, not only induces tumour cell
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death but also effectively inhibits the expression of mes-
enchymal genes in preclinical models and patients with
endometrial adenocarcinoma, highlighting its potential
as a therapeutic agent [284]. In line with the key role
of the PI3K pathway in the regulation of EMT, a recent
study showed that the knockdown of the polycomb group
factor 1 (PCGF1) led to reduced colorectal cancer cell
proliferation, with the concomitant downregulation of
EMT biomarkers, cancer cell invasive and migratory
capacity, through the downregulation of Wnt/B-Catenin
and PIBK/AKT/mTOR pathways. Another intracellular
regulator implicated in EMP is the EGFR. In a tyrosine-
kinase inhibitor (TKI) resistant model of NSCLC, the
treatment with metformin, an anti-diabetic drug, has
been shown to overcome this resistance and inhibit EMT
[285]. In conclusion, targeting intracellular signalling
pathways involved in EMP represents a promising thera-
peutic strategy to counteract tumour progression, metas-
tasis, and drug resistance. Key pathways such as TGF-f3,
HGF/c-MET, AXL, EGFR, and PI3K/AKT play central
roles in regulating EMT and associated cancer stem cell—
like properties. The inhibition of these pathways, either
alone or in combination with conventional therapies, has
demonstrated significant potential in reversing EMT,
restoring drug sensitivity, and reducing tumour aggres-
siveness in preclinical and clinical settings.

Redifferentiation strategy

An effective strategy to target the EMT process is to pro-
mote the re-differentiation of mesenchymal cells into
an epithelial phenotype, regulating the EMT marker
expression, including E-CADHERIN, N-CADHERIN,
and Vimentin. Fang et al. demonstrated in an in vitro
study that lung cancer stem cells exhibit upregulation
of BTBD?7, a protein-protein interaction motif related to
epithelial tissue remodelling and formation of branched
organs [286, 287]. The upregulation of this protein
induces a decrease in E-CADHERIN expression, contrib-
uting to the development of chemoresistance and facili-
tating the EMT. Importantly, silencing BTBD7 leads to a
reduction in mesenchymal markers, specifically targeting
cancer stem cells that are undergoing EMT [287]. In a
recent work, Yan and colleagues showed that treatment
with f3-elemene, a natural sesquiterpenic compound,
mainly extracted from Curcuma wenyujin, reduced cell
viability of breast cancer cells by inducing anoikis, down-
regulation of EMT markers such as MMPs, VIMENTIN,
N-CADHERIN, TWIST1, and IGEF, leading to a rever-
sion of the EMT state in cancer cells [288]. Another
example of EMT suppression and differentiation thera-
peutic approach is represented by Taxifolin (a natural,
plant-derived flavonoid with powerful antioxidant, anti-
inflammatory, and anti-tumour properties), which has
been shown to inhibit proliferative and self-renewal of
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glioblastoma stem cells, and induce apoptosis, thus sup-
porting its potential as a differentiation-based adjuvant
therapy [289]. Interestingly, this work demonstrated that
Taxifolin suppresses tumour growth, without toxicity,
and boosts the therapeutic effect of temozolomide.

Targeting EMP-associated metabolism

In recent years, the interplay between EMP and the
metabolic reprogramming in cancer cells has attracted
significant interest as a key factor in cancer cell adap-
tation during the metastatic process. One example of
this connection is the increased uptake of FFAs via the
fatty acid translocase (CD36), which promotes Wnt/p-
Catenin-mediated EMT in hepatocellular carcinoma.
This is accompanied by elevated expression of mesenchy-
mal markers, such as SNAIL, TWIST, ZEB, VIMENTIN,
in HepG2 cells [144]. Importantly, chemical inhibition of
CD36 has been shown to reduce the expression of these
mesenchymal markers, further supporting the functional
role of CD36-mediated FFAs uptake in driving EMT. A
well-characterized aspect of this metabolic-EMT inter-
play is the dependence of cancer cells on glutamine
metabolism to fuel the tricarboxylic acid (TCA) cycle
[290], a process known to regulate EMT. In particular, in
lung cancer, the suppression of glutaminolysis, the con-
version of glutamine to glutamate mediated by glutamin-
ase GLS1, has been shown to suppress the expression
of the EMT-inducing transcription factor Snail, thereby
reducing metastatic dissemination [291]. These find-
ings highlight the potential of targeting lipid metabolism
as a therapeutic strategy to inhibit EMT and suppress
metastasis.

Consistent with this, emerging therapeutic strategies
exploit the dynamic metabolic rewiring that sustains
E/M states, invasion, stemness, and resistance. EMT
shifts metabolism from glycolysis toward oxidative phos-
phorylation (OXPHOS), fatty acid oxidation, and onco-
metabolite accumulation like succinate, which stabilizes
mesenchymal traits via HIF-1a stabilization, SUCNR1/
GPRI1 signalling, or ROS-mediated pathways, while
extracellular vesicles (EVs) from cancer-associated fibro-
blasts transfer mtDNA or miRNAs to further reprogram
mitochondrial function in tumour cells. In this scenario,
repurposed metabolic inhibitors offer promise: MCT1
inhibitors (e.g., AZD3965, phase I/II trials) block lactate
efflux critical for EMT migration; glutaminase inhibitors
(CB-839) disrupt glutamine-fuelled anaplerosis in mes-
enchymal cells; and STAT3 inhibitors (e.g., napabucasin)
revert partial EMT by normalizing OXPHOS. Emerging
approaches include EV-engineered delivery of mitochon-
drial-targeted miRNAs or doxorubicin to OXPHOS-
addicted cells, citrate supplementation to override
hypoxic adaptation in low-glycolytic hepatocellular
carcinomas (reducing HIFla), and succinate pathway
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antagonists like SUCNR1 blockers or TRAPI1 inhibi-
tors to curb metastasis [292, 293]. Along similar lines,
treatment with simvastatin, an inhibitor of 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
in bladder cancer cells reduces the expression of the mes-
enchymal marker vimentin while increasing the expres-
sion of the epithelial marker E-CADHERIN. Additionally,
this treatment decreases the proliferative, invasive, and
migratory capacities of these cells [294]. In NSCLC, acti-
vation of the lipid metabolism enzyme fatty acid synthase
(FASN) enhances the EMT induced by TGF-p, and the
treatment with TVB-2640, a FASN inhibitor, reduces
the EMT-associated metastatic potential in NSCLC cells
resistant to cisplatin [131]. Another potential therapeutic
target is glucose metabolism. In colorectal cancer cells,
activation of the TGF-B/JNK/ATEF2 signalling pathway
increases GLUT-3 expression, thereby promoting EMT
[295]. In this context, targeting this transporter could
reduce the EMT-associated metastatic potential of can-
cer cells. Altogether, integrating metabolic targeting with
conventional therapies may provide a more effective
strategy to suppress EMP-driven tumour plasticity and
improve clinical outcomes.

Targeting the epigenetic and post-transcriptional regulation

of EMP

Epigenetic therapies have gained attention as an alter-
native strategy to reverse chromatin modifications that
maintain EMT and stemness traits. Histone deacetylase
inhibitors (HDACis) and DNMT inhibitors (DNMTis)
can restore the expression of epithelial markers like
E-CADHERIN and attenuate mesenchymal character-
istics. For example, HDACis such as vorinostat have
been shown to sensitize tumours to chemotherapy by
modulating EMT plasticity, thereby overcoming resis-
tance mechanisms [296, 297]. Moreover, the reduction of
ZEB1 expression induced by HDACis or DNMTis is able
to restore the sensitivity to chemotherapy in pancreatic
cancer and osteosarcoma models. In the same way, the
inhibition of ZEBI1 resensitizes ovarian cancer cells to
paclitaxel treatment [298]. In parallel, the use of mono-
clonal antibodies specific for crucial mediators of EMP is
emerging as a novel and efficient therapeutic approach.
Simanovich et al. have recently demonstrated that a
monoclonal antibody specific for EMMPRIN (hMR18-
mAb), a membrane glycoprotein implicated in cell-
cell interactions, proliferation, angiogenesis, and EMT,
loaded on U937 monocytic-like cells, inhibits the EMT
process in breast and oral squamous cancer cells. This
effect is mediated by a reduced release of EMT-inducer
cytokines by macrophages, an increased E-CADHERIN,
and reduced vimentin expression. Moreover, the treat-
ment with hMR18-mAb was sufficient to reduce the
onset of dormant phenotypes, which are often associated
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with the metastatic potential of cancer cells [299].
Recently, the role of miRNA, a single-stranded non-cod-
ing RNA, has emerged in the context of EMT transition
[300]. As evidenced by the miR-200 family, microRNAs
can suppress EMT by targeting EMT-regulating tran-
scription factors such as ZEB1 and ZEB2 [62]. Ma et al.
reported that in gemcitabine-resistant pancreatic cancer
cells, high expression of this miRNA induces a mesenchy-
mal state, whereas inhibition of miR-223 activates MET
and reduces cell motility and invasion capacity [301].

TME reprogramming

A complementary strategy focuses on targeting the TME,
which plays a crucial role in sustaining EMP and promot-
ing tumour progression. By modulating both cellular and
non-cellular components of the TME, these strategies aim
to interfere with the external cues that sustain mesenchy-
mal-like phenotypes, ultimately enhancing the efficacy
of conventional and targeted anticancer treatments [302,
303]. Therapies targeting CAFs include fibroblast activa-
tion protein (FAP) inhibitors or CAR-T cells for direct
depletion [304, 305], TGF-p pathway blockers (e.g., Galu-
nisertib, AVID200) to prevent activation and EMT induc-
tion, and reprogramming agents like vitamin D analogues
or all-trans retinoic acid (ATRA) to revert myCAFs to
quiescent states, thereby reducing cytokine secretion and
ECM remodelling that sustain EMP [306]. Losartan, an
angiotensin II receptor antagonist, curbs collagen depo-
sition and CAF contractility, improving drug penetra-
tion in preclinical models [307]. Anti-angiogenic agents
such as bevacizumab (anti-VEGF) or sunitinib normalize
tumour vasculature, alleviating hypoxia-driven HIF-1a/
EMP signalling from ECs [308]. Interestingly, vascular
normalization therapies enhance the efficacy of immuno-
therapy by improving T-cell infiltration. Several pieces of
evidence have demonstrated that the acquisition of EMP
phenotype modulated the TME toward an immunosup-
pressive state. Additionally, in different tumours, it was
demonstrated that the EMP induces an enhancement of
immune checkpoint expression, such as PD-1 and PD-L1
[309, 310]. In this scenario, phase I/II trials demonstrate
safety and synergy with PD-1 inhibitors by restoring
TME immunosurveillance [211, 311-314]. In a mouse
model, the use of Galunisertib (LY2157299), an inhibi-
tor of TGF-B, induces the reduction of tumour growth
and metastasis formation, enhancing the immune cells’
response following anti-PD-1/PD-L1 treatment [315].
Regarding the immune cell compartment, TAMs can be
depleted or reprogrammed to M1 antitumor phenotypes
using CSFIR inhibitors (e.g., pexidartinib) or CD40 or
TLR agonists [316, 317]. This treatment reduces TGF-f3/
IL-6 output, fuelling STAT3/Snail-mediated EMP. On the
other hand, MDSCs succumb to low-dose gemcitabine/5-
FU or ATRA to block recruitment/differentiation via
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CCL2/ARG1 inhibition, while Tregs are depleted by
anti-CD25 antibodies or targeted via PI3K&/y inhibi-
tors, alleviating immunosuppression and partial EMT
stabilization [318]. Targeting neurotrophic factors and
neural cells in tumours offers promising strategies to dis-
rupt tumour plasticity, EMT, and progression driven by
tumour-neural crosstalk. Small-molecule tyrosine kinase
inhibitors like Larotrectinib and entrectinib potently
block TrkA/B/C signalling, reducing BDNF/NGF-medi-
ated CSC enrichment and EMT in cancers such as lung,
breast, and neuroblastoma. These FDA-approved agents
(NTRK fusion-positive tumours) show clinical efficacy
in shrinking Trk-driven lesions while overcoming plas-
ticity-induced resistance; ongoing trials combine them
with chemotherapy to target perineural invasion [210,
319]. Differently, monoclonal antibodies or decoy recep-
tors against p75NTR can be used to interrupt low-affinity
neurotrophins binding, suppressing SLUG induction and
invasion in breast/glioma models [320-322]. Anti-BDNF
or anti-NGF antibodies (e.g., tanezumab analogues
repurposed for oncology) neutralize circulating ligands,
curbing tumour angiogenesis and motility [323]. Surgical
or pharmacological denervation (e.g., botulinum neuro-
toxin) severs peritumoral nerves, halting the release of
neurotransmitters and neurotrophins that fuel tumour
plasticity and EMT [324, 325]. Finally, the combinatorial
therapy based on the use of neurotrophin receptor inhib-
itors and EMT reversers (e.g., TGF-f blockers), or meta-
bolic disruptors, could exploit synthetic lethality in E/M
states. Future strategies may pair these with CAR-T cells
engineered against neural antigens to eliminate innervat-
ing glia/Schwann cells. Finally, ECM stiffness is mitigated
by losartan or relaxin to decrease collagen crosslinking/
HA accumulation, inhibiting integrin-FAK-YAP/TAZ
mechanotransduction that locks E/M states; LOXL2
inhibitors (e.g., simtuzumab) prevent fibrosis [326, 327].
These approaches enhance chemotherapy/radiotherapy
penetration and cooperate with immunotherapies like
ICB by easing physical barriers and T-cell exhaustion.
Targeting the TME offers a synergistic approach to limit
EMP and its associated pro-tumorigenic effects, repre-
senting a strategy to overcome resistance, limit tumour
plasticity, and improve overall clinical outcomes.

In conclusion, while the therapeutic strategies
described above underscore the breadth of potential tar-
gets within EMP-associated signalling, metabolism, epi-
genetics, and the TME, a fundamental challenge remains:
the very plasticity that renders EMP clinically dangerous
could potentially allow cancer cells to circumvent thera-
peutic pressure. Unlike static oncogenic drivers, EMP is
inherently dynamic. Cancer cells do not simply occupy
a fixed epithelial or mesenchymal state but continu-
ously shift along a phenotypic spectrum in response to
microenvironmental cues, including those inadvertently
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generated by treatment itself. Therefore, targeting a single
EMT state or a specific molecular mediator may be insuf-
ficient, as surviving cells can readily transition toward
alternative E/M states, effectively escaping therapeutic
intervention. This adaptive phenotypic switching, rather
than classical genetic resistance, represents one of the
most formidable obstacles in anti-EMP therapy, demand-
ing strategies that account not only for the identity of the
target, but for the fluidity of the system being targeted.

Unsolved questions and future directions

Despite significant advances, the study of EMP continues
to raise fundamental questions regarding its regulation
and functional relevance in tumour progression. Clari-
fying how EMP operates across distinct tumour types,
microenvironmental contexts, and disease stages remains
a central challenge, as does defining the contribution of
transient or hybrid phenotypic states to metastatic dis-
semination and therapeutic resistance. The development
of more sophisticated lineage-tracing systems, spatial
transcriptomic approaches, and integrative multi-omic
analyses will be critical to dissect these dynamic pro-
cesses in vivo. Moreover, integrating EMP research with
studies of immune modulation, stromal crosstalk, and
metabolic adaptation may illuminate how these inter-
connected layers collectively shape tumour evolution.
A mechanistic and context-dependent understanding of
EMP may ultimately reconcile current discrepancies in
the field and provide the basis for novel therapeutic strat-
egies designed to constrain malignant plasticity, enhance
treatment sensitivity, and limit disease recurrence.

Conclusion

Based on accumulating evidence, this review establishes
EMP as the main driver of CSC self-renewal, intratumor
heterogeneity, metastatic dissemination, and resistance
to therapies across diverse malignancies. EMP states,
enriched in CSCs, confer higher tumorigenicity through
balanced epithelial-mesenchymal traits, dynamic meta-
bolic shifts (glycolysis/OXPHOS/lipid rewiring), and
TME synergies involving CAFs, TAMs, endothelial cells,
immune cells, neural cells, and ECM stiffness. Sophisti-
cated tools, from dual-fluorescent reporters and organ-
oids to spatial transcriptomics, intravital microscopy,
and Al-driven models, have recently helped in mapping
EMP trajectories, validating its evolutionary fitness and
biomarker potential. However, enduring gaps continue
to hinder translation. Despite these current challenges,
therapeutic optimism remains: single-pathway inhibi-
tors (e.g., targeting TGF-B or Notch) often fail because
redundancy and cellular plasticity enable compensa-
tory adaptations, and metabolic disruptors can cause
off-target toxicity unless they achieve true CSC speci-
ficity. Future advances demand multi-omics integration,
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patient-derived avatars for combinatorial regimens (e.g.,
EMP-blockers + immunotherapy), and robust biomarkers
to stratify hybrid-enriched subsets, ultimately disman-
tling this adaptive vulnerability to avert relapse. Given the
redundancy and complexity of EMT regulatory networks,
combination therapies targeting multiple facets of EMT
alongside conventional chemotherapies, targeted thera-
pies, or immunotherapies are likely necessary to prevent
treatment resistance and metastatic relapse [328]. Ratio-
nal design guided by biomarkers capable of identifying
EMT and CSC states will improve patient stratification
and therapeutic outcomes. In summary, therapeutic
strategies targeting EMT and particularly E/M states in
cancer encompass inhibition of signalling pathways, epi-
genetic modulation, metabolic disruption, and microen-
vironmental remodelling. As the understanding of EMT
plasticity deepens, new, precise, and effective treatments
aimed at eradicating the most aggressive CSC-enriched
tumour cell populations are anticipated to emerge, offer-
ing renewed hope for combating metastatic disease.
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ZEB Zinc finger E-box-binding homeobox
Z0-1 Zonula Occludens-1

a-KG alpha-ketoglutarate

a-SMA Alpha-smooth muscle actin

{3-catenin Beta catenin

B-TrCP Beta-transducin repeat-containing protein
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