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acquire enduring resistance. Understanding the processes 
of cellular plasticity provides innovative and enhanced 
strategies for cancer treatment [2]. Additional inquiry 
will yield more effective and pragmatic solutions to tackle 
these challenges. The adaptability of cancer cells allows 
them to alter in reaction to their environment, resulting 
in an increase in diverse tumors and resistance to treat-
ment [3, 4]. The flexibility of cancer cells is associated 
with the process of epithelial-mesenchymal transition 
(EMT) and the characteristics of stem cells [5]. These 
pathways are integral to tumor formation and progres-
sion, complicating the nature of cancer and the therapeu-
tic challenges it presents [6].

Despite advancements in targeted therapy, the capac-
ity of cancer cells to adapt and develop drug resistance 
remains a substantial challenge in cancer treatment. 

Introduction
The emergence of new advancements in cancer treat-
ment poses a considerable challenge to researchers and 
doctors in overcoming the different treatment resistances 
connected with this disease. Transformation mechanisms 
are necessary in addition to genetic changes that lead to 
resistance [1]. Enhancing the malleability of tumor cells 
leads to their conversion into a phenotype resistant to 
medicines. These robust cells constitute a layer charac-
terized by a decreased growth rate. Post-treatment, these 
cells may either regain susceptibility to the medication or 
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Notwithstanding progress in effective targeted cancer 
medicines, treatment evasion continues to pose a signifi-
cant challenge [7]. Historically, research has concentrated 
on genetic resistance, including mutations that disrupt 
drug binding or activate alternative signaling pathways 
[8]. These resistances arise from the selection of pre-
existing uncommon genetic variants or the appearance 
of novel mutations following the initiation of treatment 
[9]. Recent evidence highlights the significance of non-
genetic processes in treatment resistance. A minor frac-
tion of cancer cells can endure despite the most effective 
therapies. These cells, called minimum residual disease 
(MRD), may lead to cancer recurrence and ultimately 
develop drug-resistant genetic alterations [10, 11].

Cellular plasticity, or phenotypic flipping, allows cells 
to adjust to environmental alterations by assuming sev-
eral morphologies (Fig.  1). In cancer, this capability 
enables tumor cells to reversibly transition into identities 
independent of drug-targeted pathways [12]. Focusing on 
this plasticity presents a promising approach to avert the 
emergence of drug-resistant cells and improve the effi-
cacy of current treatments before developing new resis-
tance mutations [13].

Investigations examine cellular plasticity as a mecha-
nism to evade targeted therapy in several malignancies. 

The intricate epigenetic and transcriptional mechanisms 
that govern cellular plasticity and the crucial influence of 
the tumor microenvironment in promoting these pheno-
typic alterations highlight the urgent need for innovative 
therapeutic strategies to tackle this plasticity effectively. 
Comprehending cellular plasticity is essential for formu-
lating a more efficacious therapeutic approach, as this 
characteristic is pivotal in cancer adaptability and treat-
ment resistance [16]. Cancer cell plasticity is crucial for 
metastasis and tumor heterogeneity, enabling tumor 
cells to alter their phenotypes and evade terminal dif-
ferentiation [17]. This characteristic disrupts successful 
cancer care by modifying tumor response and inducing 
treatment resistance. Cellular plasticity encompasses 
mechanisms such as EMT and associated signaling path-
ways, which underscore its significance in tumorigenesis 
and differentiation [18, 19]. The fundamental plasticity 
processes encompass the depletion of particular tran-
scription factors and the development of stem and pro-
genitor cell traits. Moreover, epigenetic reprogramming 
is crucial in cancer progression, exemplified by hypoxia-
induced methylation alterations, highlighting a com-
plex interaction among various factors affecting cancer 
development [20–22]. It also highlights the significance 
of tumor heterogeneity in fostering plasticity and the 

Fig. 1  The pathways of drug Resistance. 1) Pre-existing cell (green) that develop intrinsic drug resistance while undergoing treatment. 2) Drug resistance 
developed. The cells can withstand the first treatment by gaining more genetic modifications (blue) that indicate resistance to treatment cycles
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multiple mechanisms through which cellular alterations 
transpire. It underscores the importance of cellular plas-
ticity in the development of drug resistance and explores 
its intricate functions, ranging from transient drug tol-
erance to permanent drug resistance. Data analysis will 
facilitate the identification of potential biomarkers and 
formulating innovative strategies to mitigate the effects 
of cellular plasticity on treatment efficacy [23]. Given the 
unresolved questions and prospective research avenues, 
this review advocates for a multifaceted approach to 
investigate and address cellular plasticity.

Mechanisms of plasticity and resistance
Cellular mechanisms in cancer cell plasticity; EMT/MET
Grasping the significance of phenotypic plasticity is 
essential for understanding cancer’s development, pro-
gression, and therapy responses at the cellular level. 
Research continues to ascertain the determinants of 
the shift from hierarchical organization to phenotypic 
plasticity in cells. Nonetheless, there remains an urgent 
necessity for a more thorough comprehension of the 
unique fingerprints and fundamental mechanisms that 
orchestrate the dedifferentiation processes [24, 25]. The 
comprehensive understanding of phenotypic plasticity’s 
contribution to diversity within and among tumors con-
tinues to be an area of active investigation. The concept 
of phenotypic plasticity can expose unexpected vulner-
abilities in the complex architecture of cancer, underscor-
ing the significance of identifying and using aspects of 
plasticity to develop innovative anticancer therapies. The 
activation or inactivation of particular transcription fac-
tors dynamically modulates the differentiation processes 
in healthy cells and tissues [26]. The parallels among 
wound healing, development, and cancer indicate that 
specific variables can induce alterations in cellular activ-
ity, resulting in plasticity in both normal and malignant 
cells. EMT is crucial in cancer biology when cells trans-
form from an epithelial to a mesenchymal phenotype. 
This process involves intricate epigenetic alterations, 
including cytoskeletal rearrangement, the creation of 
front-back polarity, and the breaking of intercellular con-
nections. Conversely, MET signifies the reverse sequence 
of this evolution ( [27]– [28]). Key contributors to these 
transitions include microRNAs and essential signal-
ing pathways, such as TGF-β, WNT, Notch, and Hippo, 
alongside transcription factors like Snail, Slug, Zeb1/
Zeb2, and Twist ( [29]– [30]).

Transcription factors that belong to the Snail and Twist 
families activate genetic pathways that lead to substan-
tial transcriptional alterations. Snail/SNAI1, Slug/SNAI2, 
and Smuc/SNAI3 suppress transcription and are integral 
to essential physiological processes, including mesoderm 
development and cell motility. Moreover, many tran-
scription factors can initiate EMT, with their expression 

profiles varying according to tissue type or malignancy 
characteristics [31, 32]. MicroRNAs regulate these pro-
cesses by suppressing or enhancing the expression of 
epithelial markers. Comprehending the intricate inter-
actions among these components elucidates the sophis-
ticated regulation of EMT, wherein diverse elements 
converge to influence cellular traits and behaviors [33].

Understanding the development of carcinoma has led 
to a growing body of evidence suggesting that the survival 
of cancer cells relies heavily on their ability to undergo 
cellular transitions, such as EMT. EMT is a fascinating 
process in which cancer cells originating from epithelial 
tissues undergo a remarkable transformation, enabling 
them to acquire a migratory and invasive behavior. This 
newfound ability allows cancer cells to escape from their 
original location and venture to distant sites in the body. 
It enables cancer cells to separate from their initial sur-
roundings and migrate to different body areas, where 
they can potentially develop secondary tumors [34, 35].

Nevertheless, maintaining the mesenchymal pheno-
type is not always essential. It is fascinating how cancer 
cells can undergo a mesenchymal-to-epithelial transi-
tion (MET) when they reach a metastatic site. MET may 
enable cancer cells to thrive and develop in their new sur-
roundings, potentially resulting in long-lasting metasta-
ses. Understanding the shifts in cell dynamics, notably 
the transition from mesenchymal to epithelial states, is 
crucial in comprehending how cancer cells can effectively 
adjust to various bodily environments [36, 37].

MET and EMT are controlled by various signaling 
pathways, including receptor tyrosine kinases (RTKs), 
TGF-β, Wnt, and Notch. It is important to note that 
TGF-β signaling, which is active in cancer cells, plays 
a crucial role in regulating the processes of EMT and 
MET. Transcription factors that support EMT, includ-
ing Snail, ZEB, and Twist, can inhibit MET and induce 
a mesenchymal phenotype. Epigenetic modifications and 
microRNAs also significantly contribute to the regulation 
of these processes and aid in their management [38–41].

Developing novel and efficient therapies requires a 
more profound comprehension of these mechanisms 
and their interplay. Highly adaptive cancer cells are more 
prone to acquire medication resistance and evade treat-
ment plans. MET targeting is investigated as a possible 
treatment approach. Preclinical and clinical studies have 
demonstrated encouraging outcomes for research aimed 
at MET-related molecular pathways, including TGF-β 
signaling and RTKs [42–44].

Dedifferentiation
Cellular plasticity entails the conversion of cells from one 
lineage to another, referred to as neuroendocrine differ-
entiation. This differentiation was observed in instances 
of prostate cancer and non-small-cell lung cancer 
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(NSCLC). Comprehending the biology of prostate tumor 
proliferation is essential for formulating effective thera-
pies. This instance emphasizes the targeting and reducing 
androgens critical to the androgen receptor (AR) signal-
ing pathway. Studies demonstrate that genetic modifi-
cations and diverse therapeutic strategies can lead to 
neuroendocrine differentiation and treatment resistance 
[45, 46]. The genetic changes observed in adenocarci-
nomas persist intact following recurrence in neuroen-
docrine prostate cancer (NEPC). Moreover, stimulating 
neuroendocrine differentiation via androgen depriva-
tion therapy can result in a dynamic transformation that 
enables the return of differentiation to an AR-driven state 
[47–50].

It is worth noting that tumor cells in prostate can-
cer can differentiate towards a neuroendocrine fate, as 
revealed by tracing analysis. However, cancer cells can 
develop resistance and continue proliferating. Cells in 
lung and prostate cancers resistant to androgen recep-
tor signaling no longer depend on this signal. NEPC 
tumors display neuroendocrine characteristics such as 
decreased AR signaling, deletion of RB1 and TP53 genes, 
and expression of synaptophysin and chromogranin A. It 
is interesting to note that in both lung and prostate can-
cers, tumors lacking the TP53 and RB1 genes are more 
likely to differentiate into small-cell tumors. This sug-
gests that silencing these genes might be a key genetic 
event promoting differentiation towards a neuroendo-
crine identity. The allelic inactivation of TP53 and RB1 
was previously experienced by their common ancestor, 
according to a clonal study of lung adenocarcinomas 
that progressed to SCLC. This implies that the complete 
deactivation of both genes may be a reliable indicator for 
developing a neuroendocrine phenotype [51–53].

Nevertheless, prior research suggests that the loss of 
TP53 and RB1 alone cannot trigger neuroendocrine dif-
ferentiation in adenocarcinomas or affect their respon-
siveness to EGFR-TKI inhibitors. Furthermore, it is 
worth noting that gene inactivation is observed in non-
neuroendocrine tumors. This suggests that the range 
of mutations and the original type of cancer cells play a 
crucial role in determining the probability of tumor cells 
transforming into neuroendocrine cells [54, 55]. Under-
standing the plasticity of melanoma is critical in the field 
of cancer biology. Researchers have identified two main 
transcriptional programs that play a role in the differen-
tiation stages of melanoma. The first program, known as 
the proliferative phenotype, is characterized by microph-
thalmia-associated transcription factor (MITF) and low 
expression of AXL. These markers are essential in deter-
mining the state of the cancer. The cancer cells exhibit 
a more differentiated and epithelial-like appearance in 
this phenotype. MITF activates differentiation-related 
genes, such as permelanosomal protein, dopachrome 

tautomeraseو, tyrosinase, and melan-A. Upstream activa-
tors frequently present at high levels in the proliferative 
phenotype, including SOX10, PAX3, EDNRB, and CREB, 
impact MITF regulation. The complexity of this regula-
tory network highlights melanoma’s flexibility and the 
role transcriptional programs play in its growth and dif-
ferentiation. Comprehending these indicators and modu-
lators offers a significant understanding of the molecular 
foundations of melanoma and opens up possible treat-
ment paths [56–60].

Cancer stem cells
Cancer Stem Cells (CSCs) are a unique subpopulation 
of tumor cells with stem cell-like characteristics, such 
as the capacity to self-renew, produce different types of 
cells, and differentiate involved in tumor growth. These 
cells are crucial for the development and progression 
of tumors because they use their innate mechanisms 
of differentiation and self-renewal to promote malig-
nancy. According to the model CSC concept, a particu-
lar group of cancer cells can self-renew, multiply, and 
change into different forms, resulting in varied appear-
ance and antigen expression within the original tumor. 
This model illustrates a cellular hierarchy within each 
distinct tumor. For these cells to experience pathogen-
esis, it is necessary to interrupt the self-renewal process 
[61, 62]. Specific genes and communication pathways 
carefully control self-renewal in healthy cells. However, 
in CSCs, the regulatory mechanisms are compromised, 
leading to uncontrolled tumor cell growth while main-
taining the ability to multiply. Understanding the disrup-
tion in the self-renewal pathway is crucial in combating 
tumors’ persistent resilience and growth. It is imperative 
to focus on targeting CSCs to develop effective therapeu-
tic strategies. Within advanced tumors, “tumor stem-
ness” revolves around the remarkable capacity of tumor 
cells to undergo self-renewal and generate the vast array 
of cellular elements that constitute the tumor mass [63, 
64]. Understanding this process is made more complex 
by the EMT mechanism, which triggers mesenchymal 
traits and is linked to the activation of stem cell markers 
and an increased ability to form mammospheres, defin-
ing characteristics of mammary epithelial stem cells [65]. 
Activating EMT programs enables cancer cells to obtain 
CSC properties, enhancing metastasis and invasion. 
These cells gain the ability to detach from the primary 
tumor, infiltrate the bloodstream, and spread to distant 
sites. Moreover, cells exhibiting CSC characteristics rely 
not solely on particular programs like EMT. Alterna-
tively, they may also emerge from random transitions. 
Research indicates that under specific conditions, cer-
tain cells inside the mammary epithelium can autono-
mously convert into stem cells and exhibit traits akin to 
cancer stem cells (CSCs). This transition enhances tumor 
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growth capacity, and the adaptability of tumor cells pres-
ents opportunities for successful treatment techniques 
[66] (Fig. 2).

Non-CSCs in breast cancer cell cultures can rapidly 
convert into a CSC state, indicating that these transfor-
mations stem from the cells’ intrinsic flexibility [67]. 
Prior research has demonstrated that non-tumorigenic 
breast cells can withstand cellular change. Nonetheless, 
the rate of change from non-CSCs to CSCs in breast 
cancer remains ambiguous [68]. Multiple factors influ-
ence the formation and sustenance of cancer stem cells 
inside the tumor microenvironment. These factors allow 
the cells to demonstrate self-renewal, differentiation, 
survival, metastasis, and the possibility of cancer recur-
rence. It regulates cellular communication and signals 
that dictate cellular adaptation. In this environment, 
diverse biological constituents, including mesenchymal 
stem cells (MSCs), cancer-associated fibroblasts (CAFs), 
immune cells, and exosomes, are pivotal in influenc-
ing the plasticity of CSCs. Specific substances generated 
by immune cells, including macrophages, can convert 
non-cancer stem cells into cancer stem cells, enhancing 
their colony formation capacity. The plasticity exhibited 
in malignancies is regulated by many signaling pathways 

predominantly influenced by fibroblasts and CAFs. The 
pathways encompass Notch, IGF-II/IGF1R, c-Met/FRA1/
HEY1, and FAK [69–72].

Recent investigations indicate that transitioning from 
neuroepithelial to mesenchymal cells in breast, ovar-
ian, and pancreatic cancers is a slow and partial process 
rather than an abrupt change. Attributes in appearance 
and function evolve throughout time in different forms of 
malignancies. The gradual transition to a mesenchymal 
state is referred to as partial EMT. This discovery aug-
ments our understanding of cancer biology and under-
scores the need for more targeted therapy strategies that 
account for the dynamic changes in cancer cells [73, 74].

Epigenetic modification in cancer cell plasticity
A critical factor in cancer cells’ flexibility is the wide-
spread alterations in genome methylation patterns that 
show significant disruptions in epigenetics. The primary 
mechanism causing these alterations is the intricate 
interaction between external cues and the regulation of 
gene expression, namely by increasing the accessibility 
or compactness of chromatin. Furthermore, the epigen-
etic context may result in improper cellular reprogram-
ming or differentiation arrest, altering the chromatin 

Fig. 2  The development of CSCs and genetic rewiring. Diagrams show the dynamic changes that occur depending on the kind of cell throughout early 
development and carcinogenesis. All cell types can be developed from pluripotent stem cells, and these cells can eventually become fully differentiated 
adult tissues. Tumorigenesis, a process that disrupts the normal course of cell development, is facilitated by a complex interplay of epigenetic modifica-
tions, stem cell signaling, genetic alterations, oncogenic changes, and metabolic reprogramming. The process of tumorigenesis entails the differentiation 
of the cell state into CSCs, dysregulated stem cell-like entities. These are plastic cells that can self-renew capacity and specialize into numerous types of 
cancer cells
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landscape’s openness or closeness. According to observa-
tions made in cancer genomic studies, cancer genomes 
may exhibit a bivalent chromatin state, defined by active 
and repressive markers close to specific genes.These 
characteristics, which enable the cells to constantly self-
renew and undergo phenotypic change, may be preserved 
in CSCs, promoting the cells’ development and prolifera-
tion. A comprehensive comprehension of these epigen-
etic modifications is essential as it can enhance therapy 
options and provide a deeper insight into the intricacies 
of cancer [75]. Recent research suggests that epigenetic 
factors, rather than genetic ones, are more influential 
in the changes in cell identity induced by pharmaceuti-
cal interventions. These findings indicate that intricate 
genomic modifications in histone methylation patterns, 
resulting from the disruption of epigenetic regulators, 
are often associated with phenotypic anomalies. Further-
more, prostate cancer cells that have transformed into 
NEPCs may display modified cellular phenotypes and 
altered sensitivity to treatment due to the inhibition of 
EZH2 gene activity. These data indicate that EZH2 and 
other epigenetic factors may be pivotal in changing the 
identity of cancer cells and their response to treatment 
[76].

A notable characteristic of NEPC is the heightened 
activity of EZH2, the catalytic component of the Poly-
comb repressive complex 2 (PRC2). A significant feature 
of NEPC is the increased activity of EZH2, the catalytic 
element of the Polycomb repressive complex 2 (PRC2). 
This phenomenon has been evidenced across many ani-
mal models, cell lines, and clinical samples across mul-
tiple research platforms. In NEPC, EZH2 is essential 
for sustaining cancer cells’ aggressive and treatment-
resistant nature [77]. Notably, EZH2 overexpression 
facilitated neuroendocrine development in a lung cancer 
mouse model, suggesting that EZH2 may be a universal 
mediator of this process. NEPC generally demonstrates 
dysregulation of the RE1 silencing transcription factor 
(REST), an additional epigenetic regulator. REST inhib-
its gene expression by recruiting co-repressors such as 
EZH2 [78]. The inhibitory function of REST in neuro-
endocrine development is noteworthy, as demonstrated 
by the increased expression of neuroendocrine markers, 
such as synapsin 1, following REST reduction in vitro. 
This REST activity is reflected in lung cancer, which con-
verts neuroendocrine to non-neuroendocrine chemicals 
generated by Notch [79].

Various epigenetic alterations can impact the tran-
scription of genetic sequences. These include chromatin 
remodeling, which is mediated by the SWI/SNF complex, 
and covalent histone modifications, including methyla-
tion and acetylation. These alterations are typically the 
result of genetic variations or other factors that impact 
the ever-changing chromatin landscape. Various factors 

are involved in these events, such as those responsible 
for methylation, demethylation, chromatin remodeling, 
insulation, and histone modifications. Biologists often 
observe a common occurrence in cancer where CpG 
islands in the promoter of tumor suppressor genes (TSG) 
become hypermethylated. This, along with a general 
hypomethylation landscape, can benefit oncogenes. The 
hypermethylated promoter was initially discovered in the 
promoter of the RB gene and subsequently observed in 
other types of cancer, such as renal cell carcinoma, where 
the VHL gene promoter is hypermethylated [80].

Genetic mutations
Genetic abnormalities, such as mutations, chromosomal 
rearrangements, and other irregularities, primarily drive 
cancer occurrence. Advances in DNA sequencing tech-
nologies and extensive research have revealed that muta-
tions in specific genes, specifically oncogenes and TSG, 
play a crucial role in developing numerous types of can-
cer. These genetic alterations not only initiate the trans-
formation of normal cells but also enhance the diversity 
within the tumor and lay the groundwork for the devel-
opment of various cancer subclones. Chromosome 
abnormalities, including aneuploidy and structural rear-
rangements like deletions, translocations, or amplifica-
tions, are frequently seen in cancer cells [81].

These large-scale genetic alterations can drastically 
modify cellular characteristics when paired with more 
subtle modifications like localized point mutations. 
While loss-of-function mutations can interfere with 
genes controlling the cell cycle and improve “stemness”-
related features, both mutations can potentially change 
how cells behave in the context of cancer. Genes that 
control stem cell development or characteristics may also 
be impacted by flaws in DNA repair and replication pro-
cesses, which may promote the flexibility of cancer cells. 
In hematologic malignancies, including acute lymphoid 
leukemia (ALL) and chronic myeloid leukemia (CML), 
leukemogenesis is induced by chromosomal transloca-
tions in hematopoietic stem cells. Genetic abnormalities 
in solid tumors, like colon cancer, can have significant 
impacts [82]. The absence of APC changes the Wnt sig-
naling pathway, leading to increased cancer growth and 
invasion. These genetic modifications can also indirectly 
affect cancer plasticity. Furthermore, research has dem-
onstrated that the loss of the Rb1 gene results in epigen-
etic disorders in retinoblastoma [83].

Transcription factors (TF) in cell plasticity
Studying cell plasticity after drug treatment involves 
using transcriptional profiling, a crucial tool in this field. 
These analyses highlight the essential role of various 
reprogramming factors and lineage-specific transcrip-
tion factors, such as the genes from the SOX family, in 
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the ability to withstand and bypass therapy by switching 
lineages [84]. Research on basal skin cancer (BCC) exam-
ines the chromatin regions in cells that persist after drug 
treatment. These accessible regions have been found to 
contain a significant number of binding motifs for differ-
ent transcription factors, including those from the SOX 
family. Based on the data, specific aspects and genes are 
crucial in determining the transition of cell identity in 
BCC following drug treatment. Prostate and lung can-
cer xenograft models and genetic models lacking Rb1 
and p53 exhibit increased expression of SOX2, one of the 
transcription factors utilized to convert adult fibroblasts 
into induced pluripotent stem cells. SOX2 also stimu-
lates neuroendocrine development. Accordingly, in vivo 
and in vitro models of prostate cancer that were treated 
with Sox2 short hairpin RNA suppression reversed the 
lineage transition and regained susceptibility to antian-
drogen medicines [85–87]. It is worth noting that the 
study uncovered the involvement of MITF and SOX10 in 
both the development of melanocytes and the regulation 
of multiple cellular states related to drug resistance in 
melanoma patients. Intriguingly, SOX10 can facilitate the 
transformation of cell states in breast cancer by promot-
ing a state resembling neural crest cells. In drug treat-
ment, reprogramming and lineage-specific transcription 
factors influence cellular plasticity. Specifically, SOX2 is 
linked to the shift towards neuroendocrine differentia-
tion, while SOX10 facilitates the transition to the neural 
crest state [88, 89].

EMT/MET-inducing transcription factors
The EMT process is regulated by transcription factors 
(EMT-TFs) that profoundly modify cell physiology. Dur-
ing EMT and its inverse, MET, cells experience signifi-
cant alterations. They diminish intercellular adhesions, 
undergo a decline in epithelial polarity, restructure their 
cytoskeleton, and destroy basement membranes. The 
changes are influenced by numerous critical transcrip-
tion factors, namely Snail1, Snail2 (Slug), Twist1, Twist2, 
ZEB1, and ZEB2. These molecules regulate gene expres-
sion by suppressing and binding to the promoter regions, 
especially those associated with cell-cell adhesion [90]. 
The Snail transcriptional repressor family interacts with 
the CDH1 promoter, suppressing E-cadherin production, 
an essential EMT component. The metastatic features of 
breast cancer are associated with the increase of Snail1 
in the nucleus [91]. Moreover, tumor cells exhibiting 
metastatic HCC demonstrate markedly elevated levels 
of Snail1 compared to persons without metastatic HCC 
[92]. Furthermore, Snail2 is associated with other devel-
opmental processes, such as neural crest migration, gas-
trulation, and the initiation of epithelial-mesenchymal 
transition during cancer metastasis. The proliferation 
and progression of cancer are contingent upon Twist1 

and Twist2, two constituents of the bHLH transcription 
factor family. Twist1 enhances gene expression by engag-
ing with the SNAI2 promoter, facilitating EMT. This 
element is commonly seen in metastatic breast malig-
nancies and is crucial in the initial stages of breast tumor 
development [93].

The ZEB family plays a crucial function in modulat-
ing cancer progression and participating in neural crest 
formation. ZEB1 and ZEB2 can attach to particular DNA 
regions referred to as bipartite E-box regions. This inter-
action results in the suppression of CDH1 promoter 
activity. Furthermore, they contribute to the upregulation 
of genes encoding matrix metalloproteinases (MMPs) 
and regulate the matrix remodeling process associated 
with EMT. Additionally, these pathways also encompass 
microRNAs. ZEB1 and ZEB2 establish a feedback loop 
that modulates EMT by binding to miR-200 promoters. 
The miR-200 family diminishes the levels of ZEB protein 
at the CDH1 promoter. The complex regulatory network 
underscores the mechanisms that regulate EMT and its 
significance in cancer progression [94, 95].

Molecular mechanism of cancer cell plasticity
The molecular pathways that contribute to the plastic-
ity of cancer cells are a critical focus of research in the 
complex field of oncology. This section analyzes the 
molecular dynamics of neoplastic cells. This trait enables 
cancer cells to circumvent treatment while enhancing 
their potential for metastasis and invasion. This compre-
hensive analysis establishes a basis for subsequent sec-
tions elucidating the ramifications of cellular plasticity 
and prepares for an understanding of the intricate char-
acteristics of cancer cells. Comprehending the practical 
ramifications of molecular constituents demonstrates 
that cancer cell plasticity is not an isolated phenomenon 
but a vital component in the complex mechanisms of 
cancer progression and treatment resistance. The infor-
mation in this section establishes a basis for future dis-
cussions on treatment methodologies and the diverse 
challenges faced in clinical environments. It is essential 
to fully understand the complexities related to this illness 
[96].

Signaling pathways on cellular plasticity
TGF-β, smad, and non- smad signaling in EMT/MET
TGF-β proteins function by using cell surface complexes, 
including two pairs of dual-specificity receptor kinases. 
They activate type I receptors, and ligands phosphorylate 
type II receptors when they bind. Smad proteins at their 
C-terminus, causing them to activate and separate from 
receptors. Though BMPs activate Smad1, Smad5, and 
Smad8, TGF-β activate Smad2 and Smad3. Still, TGF-β 
has been shown to activate Smad1 and Smad5. Once acti-
vated, these Smads join with Smad4 to create trimeric 
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complexes that enter the nucleus and interact with tran-
scription factors that attach to DNA to regulate target 
gene transcription. The DNA binding transcription fac-
tors and target genes that Smads regulate are diverse [97] 
(Fig. 3).

Understanding Smad-mediated transcription relies 
heavily on the ability of the transcription factor to bind 
to DNA and the availability of the specific DNA sequence 
for Smad binding. Various activators and repressors, such 
as methyltransferases, histone acetyltransferases, deacet-
ylases, and demethylases, are crucial in determining the 

repression and activation of Smad-mediated transcrip-
tion. The collaborative character of Smad-mediated tran-
scription serves as a foundation for signal disruption in 
gene regulation. The binding of Smad complexes with 
TCF, β-catenin, and LEF enables Smad to work along 
with Wnt signaling, whereas the interaction of Smad 
with CSL or NICD allows it to disrupt Notch signaling. 
Transforming growth factor (TGF-β) proteins can also 
stimulate non-Smad pathways, which result in non-tran-
scriptional responses, while simultaneously influencing 
the regulation of genes regulated by Smad. TGF-β and 

Fig. 3  Illustrates the signaling pathways of EMT produced by growth factors in the development of cancer. TGF-β and bone morphogenic proteins 
(BMP) activate the expression of genes linked to EMT, such as transcription repressors and mesenchymal genes, by binding to the TGFRI/RII and BMPRI/
RII receptors, respectively. Transcription activation can occur through the stimulation of the Ras/ERK pathway, which is dependent on Smads. Created 
with BioRender.com
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BMPs activate Erk, JNK MAPK, p38, and signaling path-
ways. In particular, Erk MAPK signaling is triggered by 
the phosphorylation of Shc at Tyr by TβRI. Moreover, the 
TGF-β response involves the PI3K-Akt-mTOR pathway 
because BMPs and TGF-β activate Akt and PI3K. Ulti-
mately, in the downstream pathway of the mTOR2 com-
plex, TGF-β activates ROCK and RhoA. Uniquely, TGF-β 
and associated proteins can drive gene expression pat-
terns and other cellular modifications required for EMT 
by combining these non-Smad pathways with Smad-
dependent mechanisms for gene expression [98–100] 
(Fig. 4).

Among the many ligands in the enlarged TGF-β super-
family are three TGF isoforms (TGF-1, 2, and 3) and 
six BMP isoforms (BMP2 to BMP7). There are particu-
lar functions for each isoform in signaling activation. In 
some systems, especially cancer and fibrosis, TGF-1 is 
essential for regulating EMT. TGF-3 is active in palate 
development, although TGF-2 primarily controls EMT 
during cardiac evolution. BMP2 and BMP4, particularly 
BMP4, present in various tissues, have been linked to the 
induction of EMT in cancer. These isoforms’ significant 
prevalence in invasive epithelial tissues, as opposed to 

colon mucosa, fibrosis, and breast cancer, indicates their 
significance in revitalizing growth pathways. Curiously, 
BMP5 inhibits TGF-induced EMT, while BMP7 consis-
tently inhibits EMT and primarily supports the epithelial 
cell phenotype. These discoveries highlight the impact of 
BMP isoforms on the development and symptoms of ill-
ness. It is worth mentioning that BMP signaling operates 
independently from TGF-β pathways, utilizing its own 
type II receptors instead of TGF-RII. Understanding the 
intricate connections between receptor types, signaling 
pathways, and ligand-receptor dynamics provides valu-
able insights into the intricate world of EMT induction 
and regulation. It highlights the significance of each ele-
ment in the larger framework of growth and pathological 
phenomena [101, 102].

TGF-RII, a protein kinase that phosphorylates serine 
and threonine residues, activates SMAD2 and SMAD3 
transcription factors. It facilitates the phosphorylation of 
TGF-RI, a crucial step in this intricate process. This pro-
cess happens in the GS-rich domain of TGF-RI, resulting 
in the phosphorylation of Ser residues in the C-terminal 
domain of SMADs. This phosphorylation helps form a 
complex with SMAD4. When TGF-RI phosphorylates 

Fig. 4  EMT programs signaling pathways. The regulation of EMT is governed by the common signaling pathways of TGFβ, WNT, PTCH1, NOTCH, and TRK. 
The signaling pathway culminates in the promotion of EMT by repressing genes that are markers of epithelial cells and activating genes that are typical 
of mesenchymal cells. The WNT signal pathway is triggered when a WNT-protein ligand binds to a Frizzled receptor, leading to the inhibition of glycogen 
synthase kinase-3β (GSK3β). This inhibition stabilizes β-catenin and prevents destruction. Following translocation to the nucleus, β-catenin interacts 
with the lymphoid enhancer-binding factor and T cell factor to initiate the production of genes associated with EMT. NOTCH signaling is activated when 
ligands from the Jagged family bind to the NOTCH receptor. This binding then starts a series of proteolytic cleavage events by the enzymes TACE and 
γ-secretase. As a result, the intracellular part of the NOTCH receptor is released to the cytoplasm. EGF can trigger EMT by activating RTKs, which in turn 
activate the RAS-RAF-MEK-ERK and PI3K signaling cascades that promote the development of the mesenchymal phenotype. TGF-β signaling is initiated 
when ligand binding, the TGFβ family of receptors. TGF-β can activate the PI3K-AKT, RAS-RAF-MEK-ERK, p38 MAPK, and JNK pathways. Simultaneous 
activation of these pathways can lead to the activation of the EMT program
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MH2 domains, it kickstarts the process of SMAD2/
SMAD3 joining forces with SMAD4 and unraveling a 
nuclear localization signal. This unraveling is crucial for 
the R-SMAD/SMAD4 complex to enter the nucleus. 
Once inside the nucleus, SMAD complexes kickstart the 
transcription of genes associated with EMT. These com-
plexes can interact with Snail1, suppressing the expres-
sion of genes that encode E-cadherin and occludin.

Additionally, they can bind to the SNAI1 promoter, 
promoting its transcription. The role of SMAD com-
plexes in regulating EMT is not simple. It involves a 
complex interplay with the transcription factors ZEB 
and HGMA2, which are pivotal in controlling the expres-
sion of SNAI1, SNAI2, and Twist. This intricate dance 
of molecular interactions underscores the depth of our 
research in this field [103–105]. T.

GF receptors modulate SMAD-independent pathways 
and disrupt RTK signaling. The PI3K/Akt pathway is cru-
cial in regulating EMT because TGF can activate PI3K 
either directly or indirectly. Studies have demonstrated 
that TGF-β triggers the activation of PI3K and Akt path-
ways in different types of cells. When PI3K is activated, 
it transforms PIP2 into PIP3, attracting and stimulat-
ing Akt. This phenomenon in cancer is linked to genetic 
alterations in the p110 subunit of PI3K and heightened 
synthesis of PIP3.

Furthermore, integrin activation can induce the phos-
phorylation of Akt by ILK. Akt2 activation leads to the 
phosphorylation of hnRNPE1, resulting in an upregula-
tion of the translation of proteins associated with EMT. 
Akt enhances EMT in squamous cell carcinoma cells by 
activating NF-κB and upregulating SNAI1 gene expres-
sion [106–108] (Fig. 4).

Wnt signaling
The LRP and Frizzled receptors in the plasma mem-
brane initiate the Wnt signaling process. A group of pro-
teins, including Axin, GSK-3β, and APC, is responsible 
for phosphorylating beta-catenin and retaining it in the 
cytoplasm for proteasomal destruction when no signal 
is present. A change in signaling caused by Wnt ligands 
binding to Frizzled causes LRP6 to become phosphory-
lated and attract Axin and Disheveled to the plasma 
membrane. This mechanism blocks β-catenin phos-
phorylation and enables β-catenin to enter the nucleus, 
where it binds to TCF/LEF transcription factors to facili-
tate EMT. In addition to promoting EMT, the Wnt path-
way causes Snail1 and Snail2 to stabilize and become 
active. This process is crucial in the development of inva-
sive breast cancer and is linked to a reduction in E-cad-
herin and an increase in fibronectin. Furthermore, the 
WNT-β-catenin pathway induces treatment resistance 
in CRPC and basal cell carcinoma (BCC). Suppression 
of WNT signaling with substances like LGK-974 and 

LRP6 antibodies might decrease the number of remain-
ing abnormalities and postpone tumor recurrence. The 
IL-6-STAT3 pathway inhibits the androgen receptor in 
PC, leading to EMT characteristics and neuroendocrine 
differentiation. Furthermore, activating the retinoid X 
receptor in melanoma plays a role in developing neural 
crest-like stem cells (NCSCs). By using the specific antag-
onist HX531, it is possible to target RXR and decrease 
the number of NCSC-like cells. This, in turn, enhances 
the responsiveness of melanomas to treatment [109–112] 
(Fig. 4).

Notch signaling
It significantly impacts the cell plasticity induced by 
drugs in cancer. Within this pathway, enzymes like 
γ-secretase and TACE play a role in degrading the Notch 
receptor, releasing NICD. NICD moves into the nucleus 
and interacts with CSL transcriptional repressor com-
plexes, activating genes crucial in tumor proliferation. 
This pathway indirectly influences EMT by modulating 
various signaling cascades and controlling the expression 
of miRNAs. Furthermore, an excessive Notch expres-
sion within the vascular network can activate EndMT 
and deplete vascular endothelial cadherin. Furthermore, 
these investigations have demonstrated that restricting 
the activity of Notch1 can decrease the invasive char-
acteristics and reverse the process of EMT in lung can-
cer. In summary, the intricacy of Notch signaling and its 
diverse impacts on controlling EMT are well established 
[113, 114] (Fig. 4).

The role of microenvironment in cancer cell plasticity
Tumors consist of more than just cancer cells; they also 
have an intricate connection with their surrounding envi-
ronment, referred to as the tumor microenvironment 
(TME). This interaction has been the subject of signifi-
cant interest in research and clinical studies. Within the 
TME, various cell types, such as tumor cells, immune 
cells, and stromal cells, interact complexly. The TME 
also consists of blood vessels and extracellular matrix 
(ECM). Study findings show that cancer cells can use 
intricate communication networks to regulate the behav-
ior of both cellular and non-cellular components. These 
interactions between cells and their surroundings result 
in new phenotypes in non-malignant cells, promoting 
tumor growth. Moreover, these relationships may play a 
role in the development of tumors, their inherent vari-
ety, and their resistance to medication treatments [115]. 
Tumor cell plasticity enables tumor cells to alter their 
characteristics and adapt to ensure their survival, and the 
TME plays a crucial role in facilitating this interaction. 
Studies have demonstrated that the quantity of genetic 
mutations in cells within a tumor is significantly more 
than what is observed in laboratory cultures, indicating 
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that the TME may contribute to genetic instability during 
the advancement of the tumor.

Furthermore, tumor heterogeneity might cause the 
reorganization of the TME, leading to the development 
of treatment resistance in cancer [116]. Recent studies 
have demonstrated that hypoxia can alter cell pheno-
typic and hence lead to medication resistance. Research 
findings indicate that hypoxic stress modifies EMT phe-
notypes in lung cancer and modifies EMT transcription 
factors, including SNAI1, SNAI2, and ZEB2. These modi-
fications eventually result in resistance to cytotoxicity. 
Tumor hypoxia can be a risk factor for increased devel-
opment of CSCs and metastasis, in addition to being one 
of the primary causes of medication resistance. Further-
more, cytokines that contribute to the tumor environ-
ment, including TNF and interferon-gamma, seem to 
make stromal cells more malleable [117].

The interaction between cancer cells and other stro-
mal components, such as immune cells, endothelial cells, 
and fibroblasts inside the extracellular matrix (ECM), is 
essential in solid tumors. A network of blood vessels sup-
ports this interaction. This complex environment coordi-
nates crucial processes in the progression of tumors and 
their response to treatments. The release of factors and 
interactions with the ECM regulates cellular adaptability 
to medicinal treatments. Cancer-associated fibroblasts 
(CAFs) play a crucial role in promoting treatment resis-
tance in melanoma by directly interacting with cancer 
cells and releasing soluble mediators such as HGF [118].

Fibroblasts in areas with abundant supporting tis-
sue demonstrate heightened MAPK activity, modifying 
the structure and stiffness of the tumor matrix. Conse-
quently, melanoma cells might rapidly acquire resis-
tance to the therapy. Mature fibroblasts secrete the 
protein sFRP2, which inhibits WNT signaling. This pro-
tein diminishes MITF synthesis and augments resistance 
to BRAF inhibition [119].

The role of non-coding RNAs in cancer cell plasticity
Non-coding RNA (ncRNA) consists of molecules rec-
ognized for their inability or limited capacity to encode 
proteins. It is fascinating to learn that most human genes 
produce RNAs that serve functions beyond protein 
translation. Recent advancements in cutting-edge tech-
nologies and combining different scientific disciplines 
have unveiled an intricate signaling network formed by 
non-coding RNAs in human cells. These non-coding 
RNAs significantly impact various biological processes 
and are crucial for accurately controlling gene expression. 
Their various functions highlight the intricate levels of 
regulatory control that contribute to the vast network of 
genomic interactions. This finding not only broadens our 
comprehension of genetic regulation but also presents 

fresh avenues for investigating various biological pro-
cesses at the molecular scale [120].

MiRNAs in cancer cell plasticity
MiRNAs, which are between 19 and 23 nucleotides 
long and non-destructive, are essential for controlling 
the expression of genes following transcription. These 
molecules attach to complementary sequences in tar-
get mRNAs to either cause or prevent mRNA instabil-
ity. miRNAs are implicated in apoptosis, cell division, 
and proliferation. Research indicates that the disruption 
of miRNA regulation can act as either an oncogene or 
a tumor suppressor and is associated with many malig-
nancies. Research indicates that cancer cells frequently 
undergo the EMT pathway by activating TGF-β [121]. 
TGF-β regulates EMT in advanced malignancies by 
increasing the activity of Snail, ZeB, and Twist transcrip-
tion factors. Various microRNAs, including miR-200, 
miR-21, and miR-31, serve as possible mediators in the 
EMT pathway induced by TGF-1. Stimulating TGF-β 
enhances the production of miR-31 and miR-21, which 
specifically target TIAM1 and promote EMT. Accord-
ing to studies, TGF-β stimulates the EMT process, which 
is frequently present in cancer cells. By promoting the 
transcription factors Twist, Snail, and ZeB, TGF-β coor-
dinates EMT in advanced malignancies. Many miRNAs, 
including miR-21, miR-200, and miR-31, may function as 
middlemen in the TGF-1-to-EMT pathway. TGF-β stim-
ulation enhances the production of miR-31 and miR-21 
to target TIAM1 and facilitate EMT. The miR-200 fam-
ily, comprising miR-200B, miR-200 C, miR-200 A, miR-
141, and miR-429, significantly regulates EMT, thereby 
successfully inhibiting tumor metastasis. These miRNAs 
diminish in invasive breast cancer cells and cells under-
going TGF-β-induced epithelial-mesenchymal transition. 
SIP1 and ZB1 mRNAs are transcripts of E-Cadherin, and 
miR-200 suppresses them to maintain E-Cadherin levels 
and epithelial shape. Modifying miR-200 in mesenchymal 
cells, SIP1 and Zeb1 establish a feedback loop that affects 
EMT and offers potential treatment avenues [122–126].

Long non-coding RNAs in cancer cell plasticity
Long non-coding RNAs (LncRNAs) have a considerable 
fraction of ncRNA sets, ranging from 200 pairs to 100KB. 
These chemicals, some of which are not yet functioning, 
may have a repressive or carcinogenic impact on different 
types of cancer.

LncRNA-HOTAIR & ANRIL
HOTAIR and ANRIL are prominent lncRNAs that sub-
stantially influence drug resistance, metastasis, and can-
cer. Early-stage breast tumors and metastases exhibit 
increased HOTAIR expression, recognized as a depend-
able prognostic indicator of malignancy. Inhibiting its 
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expression may hinder the proliferation of cancer cells 
[127]. Moreover, ANRIL facilitates cancer progression by 
suppressing the expression of the P15 INK4B gene. These 
lncRNAs facilitate cancer progression by obstructing the 
function of genes that limit tumor growth. The complex 
interaction between lncRNAs and miRNAs is essential in 
governing cancer traits. Studies have shown that elevated 
temperatures contribute to EMT and the preservation of 
CSC populations in breast cancer.

In contrast, miR-34  A reduces the expression of 
HOTAIR in prostate cancer. This complex network reg-
ulates non-coding RNAs, genes linked to EMT, and the 
associated signaling cascades. It is essential in ascertain-
ing the compatibility and phenotype of CSCs. Notably, 
HOTAIR, an important lncRNA in breast cancer, partici-
pates in the epithelial-mesenchymal transition process 
and sustains the population of cancer stem cells. This 

lncRNA is essential in controlling cancer-related mecha-
nisms by influencing the expression of the HOXD10 gene 
and interacting with specific microRNAs, including miR-
34 A. The links indicated that miRNAs and lncRNAs may 
be viable therapeutic targets (Fig. 5). Nonetheless, com-
plexities and ambiguities regarding their function and 
efficacy persist, warranting more investigation [128–131].

LncRNA-MALAT1
MALAT1 is a lncRNA crucial in several stages of cancer 
initiation and progression. This RNA regulates numer-
ous essential signaling pathways and mediates in various 
intracellular processes. Regulation of alternative splicing: 
Through engagement with proteins associated with alter-
native splicing. This chemical can also influence splicing 
patterns. This synthesizes several mRNA variants, which 
may alter proteins and cellular organelles. The MALAT1 

Fig. 5  LncRNAs affect different EMT subtypes. Polarized epithelium cells functionally change into secretory, migratory mesenchymal cells during EMTs. 
Cell transition is characterized by a gradual decrease in epithelial markers and an increase in mesenchymal markers. The presence of mesenchymal and 
epithelial cell markers, as well as their lncRNAs, is demonstrated
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gene interacts with transcription factors and proteins, 
either promoting or suppressing the transcription of 
essential genes involved in cancer progression. MALAT1 
can alter chromatin structure by interacting with dif-
ferent chromatin complexes. This may lead to changes 
in gene availability and the regulation of their function. 
MALAT1 can affect cancer cell plasticity through its 
molecular actions by facilitating EMT, a crucial pheno-
typic change associated with increased cell proliferation 
and migration. Moreover, it can enhance cell prolifera-
tion, a hallmark of cancer cell spread, and facilitate the 
emergence of drug resistance, a significant challenge in 
cancer therapy [120, 132].

LncRNA-H19
H19 is a lncRNA that is expressed as an imprint. This 
lncRNA is improperly regulated in various malignancies 
and is involved in cellular mechanisms associated with 
cancer cell plasticity. H19 is especially engaged in the 
control of signaling pathways related to EMT, metasta-
sis, and CSC. H19 increases EMT by altering the TGF-β 
signaling pathway, a key process regulator. H19 regulates 
genes in the TGF-β pathway, leading to EMT-related 
phenotypic alterations and cancer cell migration and 
invasion. Furthermore, H19 modifies the genes of sig-
naling pathways linked to metastasis, improving tumor 
cells’ capacity to spread to different organs. H19 can 
control the production of invasive factors like MMPs, 
which aid in the breakdown of the extracellular matrix 
and promote the migration of tumor cells. Addition-
ally, it promotes the survival of these cells by controlling 
the signaling pathways associated with the fundamental 
characteristics of cancer cells. Generally speaking, CSCs 
are recognized for their self-renewal capacity and strong 
resistance to anticancer therapies. Its impact on pathways 
like Wnt/β-catenin is essential for the differentiation and 
self-renewal of CSC and helps it survive [133–135].

LncRNA-UCA1
In certain cancer types, this specific molecule demon-
strates abnormal expression. This lncRNA significantly 
enhances cancer cell plasticity by regulating EMT, treat-
ment resistance, and metastasis. UCA1 engages with pro-
teins and miRNAs within various pathways to promote 
these effects. MiRNAs, generally negative regulators 
of EMT, influence UCA1. UCA1 can enlist the endog-
enous inhibitors of epithelial-mesenchymal transition, 
miR-145 and miR-204. UCA1 enhances the expression 
of EMT-stimulating genes by reducing miRNA levels. 
This lncRNA modifies the phenotypic of cancer cells by 
upregulating mesenchymal genes and downregulating 
epithelial genes, thereby enhancing their motility and 
invasion.

Furthermore, it is crucial in facilitating the dissemina-
tion and invasion of cancer cells via its interaction with 
proteins associated with the Wnt and β-catenin signaling 
pathways. It facilitates the degradation of the extracel-
lular matrix and the motility of tumor cells via regulat-
ing genes such as MMPs. UCA1 is crucial to cancer cells’ 
resistance to chemotherapy agents. It accomplishes this 
by using miR-16 and enhancing the synthesis of proteins 
such as P-glycoprotein [136–138].

LncRNA-TUG1
TUG1 regulates the expression of genes associated with 
EMT, metastasis, and therapeutic resistance, affecting the 
adaptability of cancer cells [139]. The interactions medi-
ate the effects between TUG1, transcription factors like 
ZEB1 and Snail, and chromatin-modifying complexes 
like PRC2. TUG1 interacts with PRC2 and alters chro-
matin architecture, inhibiting epithelial gene expression 
and promoting mesenchymal gene activation. Moreover, 
the presence of ZEB1 and Snail amplifies the expression 
of mesenchymal genes while inhibiting epithelial genes, 
hence facilitating the migration and invasion of tumor 
cells [140]. TUG1 can augment the chemoresistance of 
cancer cells by upregulating the expression of multidrug 
resistance (MDR) genes. Moreover, TUG1 can engage 
with specific miRNAs that are involved in the regulation 
of drug resistance. These interactions reduce the efficacy 
of miRNAs and augment the expression of genes linked 
to treatment resistance [141].

LncRNA-MEG3
MEG3 acts as a tumor suppressor and is downregulated 
in various cancer types. MEG3 can reduce the expression 
of miR-155 and miR-21, microRNAs that inherently pro-
mote EMT [142]. These interactions lead to a decrease in 
the expression of genes linked to mesenchymal traits and 
an increase in the expression of genes linked to epithe-
lial traits, suppressing EMT. Moreover, MEG3 augments 
the activity of transcription factors critical for prevent-
ing EMT, such as p53, and engages with these factors 
to reduce EMT. Furthermore, MEG3 can reduce the 
expression of genes associated with metastasis, including 
MMPs. These enzymes facilitate the degradation of the 
extracellular matrix and enhance tumor cell motility by 
inhibiting miR-21 [143].

LncRNA-NEAT1
NEAT1 (nuclear paraspeckle assembly transcript 1) is a 
lengthy, non-coding RNA that profoundly influences the 
adaptability of cancer cells. NEAT1’s functional mecha-
nism involves multiple facets related to gene activity 
control, cellular structure and function modifications, 
and interactions with other elements that facilitate can-
cer growth. The signaling mechanisms of NEAT1 remain 
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incompletely elucidated; nonetheless, significant path-
ways like PI3K/AKT, Wnt/β-catenin, and MAPK are 
likely to influence it. These pathways are essential for reg-
ulating cell division, growth, and migration. Through its 
interaction with components of these pathways, NEAT1 
not only affects cancer progression but also modulates 
essential processes associated with cellular plasticity, 
thereby underscoring its importance in cancer biology 
[144, 145].

Challenges in overcoming resistance
Tumor heterogeneity (Intratumor and intertumor) and cancer 
cells plasticity
This section examines cancer cell plasticity and tumor 
heterogeneity, illustrating how various cellular settings 
inside tumors facilitate cancer cell adaptability and plas-
ticity. These insights establish a fundamental founda-
tion for a deeper understanding and the progression of 
subsequent sections. Specific cancer types have been 
identified to harbor CSCs, signifying their capacity to 
differentiate into non-tumorigenic cells. The application 
of this paradigm to different cancer types and its treat-
ment implications remains unknown. Deep sequencing 
is a sophisticated technique that offers a more thorough 
insight into therapy resistance and illness progression. 
Recurrence and metastasis account for almost 80% of 
cancer fatalities, underscoring the substantial ability of 
cancer to reappear and disseminate. Managing advanced 
stages of cancer is a considerable difficulty owing to 
the extraordinary capacity of cancer cells to adapt. This 
adaptation depends on epigenetic reprogramming and 
is affected by the tumor microenvironment. Tumor 
heterogeneity can be categorized as intratumoral and 
intertumoral heterogeneity [146, 147]. Intratumor het-
erogeneity refers to the diversity of tumor cells within a 
single tumor. Conversely, intertumor heterogeneity illus-
trates the genetic variations among people possessing the 
same tumor type. Two principal hypotheses have been 
proposed to elucidate this variability: the “clonal evolu-
tion” model, which posits that random genetic altera-
tions confer a survival advantage to specific cells, and 
the “cancer stem cell-like” model, which underscores 
the significance of self-renewing cells in initiating and 
perpetuating tumors. The “CSC plasticity” concept pos-
its that cancer stem cells can shift between undifferenti-
ated and differentiated states in reaction to genetic and 
environmental stimuli [148–150]. EMT is a character-
istic associated with an increased risk of tumor starts. 
The cancer microenvironment, comprising cytokines, 
growth factors, tumor-associated fibroblasts (TAFs), and 
related macrophages, affects the interactions between 
CSCs and the EMT, which entails cellular modifications 
resulting in the conversion to stem cells. The regulation 
is affected by tumor-associated macrophages (TAMs) 

and hypoxic conditions. This connection exacerbates 
medication resistance, facilitates the metastasis of cancer 
to other regions of the body, and contributes to disease 
recurrence [151, 152]. Research indicates that non-stem 
cancer cells can acquire stem-like characteristics medi-
ated by factors such as ZEB1. Cell surface indicators are 
predominantly utilized to identify CSCs, demonstrating 
remarkable variety and adaptability among cancer types. 
Research indicates that many markers and genes, includ-
ing the Wnt target gene and LGR5, are essential for this 
plasticity in colorectal cancer. A recent study has identi-
fied particular markers for metastatic cancer stem cells, 
further complicating the situation. Studies demonstrate 
that the concurrent activation of mesenchymal and epi-
thelial genes amplifies the stem cell-like characteristics of 
cancer cells, observable through the formation of struc-
tures termed “tumorspheres.” Research suggests that cells 
in a partially EMT state may have enhanced tumor initia-
tion capabilities akin to fully mesenchymal cells. This dis-
covery challenges the relationship among the stemness of 
cancer cells, the partial epithelial-mesenchymal transi-
tion state, and the cancer stem cell and cancer evolution 
models. It underscores the necessity for a more thorough 
and integrated understanding of cancer heterogeneity 
[153, 154].

Drug resistance in cancer cell plasticity
We still have much to learn about these mechanisms. 
However, it is believed that these mechanisms follow a 
gradual process, where tumor cells initially shift from a 
state of drug tolerance to eventually developing a drug-
resistant identity. Most studies investigating the survival 
procedures of slow-cycling cells have mainly been con-
ducted in laboratory settings using the idea of drug-resis-
tant persistence [155].

Research indicates that non-stem cancer cells can 
develop stem-like characteristics influenced by factors 
like ZEB1. Cell surface markers are primarily used to 
identify CSCs exhibiting significant heterogeneity and 
adaptability across various cancer types. Studies have 
revealed that specific genes and markers, such as the Wnt 
target gene and LGR5, significantly impact colorectal 
cancer (CRC) tumor plasticity. Following focused treat-
ment of cancer cells, a range of outcomes may arise, such 
as partial tumor removal or cancer cell persistence. These 
changes typically arise from genetic mutations or cellular 
reprogramming [156, 157]. Under certain circumstances, 
the complete deactivation of TP53 and RB1 genes can 
make cells more susceptible to neuroendocrine differ-
entiation. After treatment, the remaining cells typically 
experience a more relaxed life cycle, and the pathway tar-
geted by the drug is suppressed. In addition, certain fac-
tors, like the histone-modifying enzymes and SOX family 
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genes, have been found to play a role in reprogramming 
cells to develop drug resistance [158].

Understanding the intricate dynamics of the tumor 
environment involves studying the impact of cytokines 
secreted by cancer-associated fibroblasts (CAFs) and 
macrophages. CAFs release hepatocyte growth factor 
(HGF) and TGFβ, while macrophages produce tumor 
necrosis factor (TNF) and IL-6. Additionally, the level of 
oxygen plays a role in regulating cell plasticity. If treat-
ment is stopped, cells resistant to the drug may activate 
a pathway that promotes cancer, return to their original 
characteristics, multiply, and regain sensitivity to the 
drug. The cellular phenotypic transition from drug sen-
sitivity to drug resistance has been discovered in pro-
karyotic cells for the first time. Cells that are resistant to 
drugs can live even after being treated with antibiotics. 
Furthermore, these cells can resume their ability to mul-
tiply if the drugs are stopped, and they can re-establish a 
population that is susceptible to the drugs. This suggests 
that phenotypic alteration does not transpire via genetic 
modifications. Drug-resistant stabilizers (DTPs) are sub-
populations of cancer cells that have been found to with-
stand exposure to fatal medications after therapy briefly. 
Curiously, this state of being resistant to drugs is tempo-
rary yet remains genetically consistent. Moreover, these 
cells originate sporadically from a cell population that 
is constantly changing variably. In addition, comparable 
drug-resistant quiescent cells have been discovered in liv-
ing organisms [159].

These trials illustrate that establishing a state of slow 
cycling can effectively foster medication tolerance. This 
research reveals that all drug-tolerant cell morphologies, 
even in a condition of slow cycling, include unique resis-
tance mechanisms that transcend genetic modifications. 
Prolonged culture of DTPs can lead to the emergence 
of several resistance mechanisms, including irrevers-
ible genetic changes frequently seen in patient samples 
that result in the reactivation of the drug-targeted path-
way. Consequently, this may entail several stages, 
including the following: Following prolonged pharmaco-
logical intervention, cancer cells reversibly reconfigure 
their transcriptome to adopt a slow-cycling phenotype. 
Subsequently, they recover the ability to proliferate and 
ultimately resist other epigenetic alterations, diverting 
them from the target medication [160].

Genetic alterations may trigger this process. This indi-
cates the existence of a drug-resistant, slow-cycling state 
that is independent of tumor type or treatment protocol, 
presenting a potential target for therapeutic intervention. 
It is essential to recognize that most of these studies were 
performed in laboratory environments, and subsequent 
research should occur in home contexts. The formation 
of a novel cellular identity during pharmacological inter-
vention can be ascribed to the environmental conditions 

of the tumor cell of origin and the epigenetic and tran-
scriptional alterations associated with this process [161].

Exploring the phenomenon of tumor cell plasticity
Comprehending the influence of tumor cell plasticity 
on drug resistance is essential for enhancing treatment 
outcomes. Formulating pharmaceuticals that precisely 
target these processes is promising in this context. Mul-
tiple techniques have been proposed, including imped-
ing plasticity development by inhibiting the fundamental 
molecular pathways, eradicating drug-resistant tumor 
cells to focus on cells with an alternative identity, and 
reversing the process to reinstate the original condition. 
Employing alternating doses to inhibit essential pathways 
after exposure to carcinogenic agents, in conjunction 
with targeted therapy, immunotherapy, radiotherapy, or 
chemotherapy, while focusing on slow-cycling cells and 
disrupting signaling pathways, can facilitate the creation 
of a novel cellular identity. Intermittent treatments may 
impede the emergence of enduring resistance in cells. 
Formulating intermittent dose regimens in clinical prac-
tice is challenging due to the simultaneous emergence of 
many resistance mechanisms [75].

Harnessing cellular plasticity
Integrating combined treatments
Utilizing combined and alternating treatment regimens 
as an innovative strategy to avert medication resistance 
offers advantages over monotherapy methods. These 
strategies can effectively reduce the development of 
medicine resistance and, in some instances, improve the 
therapeutic response rate. To effectively implement these 
tactics, one needs to have a thorough understanding of 
resistance mechanisms and the capability to manage 
therapy time and dosages appropriately. Therefore, addi-
tional research in this area is essential to develop strat-
egies to successfully address the challenges of medicine 
resistance and improve patient therapy management 
[14, 162, 163]. During the initial stages of pharmacologi-
cal treatment, there is a noticeable activation of concur-
rent signaling pathways, including YAP and PI3K, an 
elevation of anti-apoptotic proteins such as MCL1, and 
an enhancement of critical receptors like IGF1R, EGFR, 
MET, and AXL. Consequently, it is feasible to further 
reduce the number of remnant tumor cells by integrating 
targeted therapies that obstruct these pathways. Integrat-
ing targeted therapies with radiation, immunotherapy, or 
chemotherapy can enhance outcomes. Enhancing treat-
ment approaches for individual patients and carefully 
adjusting pharmaceutical administration is essential for 
achieving optimal results and reducing unpleasant effects 
[164, 165].
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Phenotypic modulation
A crucial strategy in combating drug resistance is to 
concentrate on significant crossings. Slow-cycling cells 
are recognized as a critical phase in the phenotypic 
transformation process, a fact that has been previously 
established. Research has shown that multiple routes 
facilitate the reinforcing of drug-resistant cells. These 
processes include enhanced IGF1R signaling, increased 
drug efflux, endoplasmic reticulum stress signaling, and 
intricate chromatin remodeling. The robust link between 
epigenetic aberrations and the incidence of DTPs sug-
gests that a viable method may entail the development 
of pharmaceuticals that precisely target epigenetic regu-
lators. Research has shown that H3K9me3 can facilitate 
changes, including the formation of heterochromatin in 
NSCLC [166]. This alteration results in the inhibition 
of long interspersed nuclear element 1 (LINE-1) and a 
reduction in the production of genes stimulated by anti-
viral response elements and Interferon. These epigen-
etic modifications augment the viability of DTPs. The 
reactivation of LINE-1 elements can be accomplished by 
inhibiting HDAC with agents such as trichostatin A or 
enthiostat (MS-275), reducing drug-resistant cell popu-
lations. Trichostatin A can efficiently eradicate drug-
resistant cells by inhibiting LINE-1 elements. Studies 
have shown that trichostatin A treatment for melanoma 
cells characterized by slow-cycling and drug resistance 
yields a temporary positive effect. The survival of DTPs 
is greatly affected by the activity of histone demethylases 
KDM6A/B and KDM5A/B. In glioblastoma, stable cells 
exhibited reduced proliferation when KDM6 enzymatic 
activity was suppressed with a specific inhibitor. Com-
prehensive testing is essential to evaluate the properties 
and efficacy of the many KDM inhibitors developed. The 
transcriptional regulation of critical genes may be crucial 
for DTP survival via a transcriptional addiction mecha-
nism, as these proteins are influenced by global chro-
matin changes that govern transcription. In T-cell acute 
lymphoblastic leukemia, cells produced after γ-secretase 
inhibitor therapy exhibit increased repressive histone 
marks and enhanced compaction of modified chromatin. 
The injection of JQ1 diminished cell viability by inhibit-
ing the expression of essential genes, including BCL2 and 
MYC. Furthermore, interfering with the signaling path-
ways essential for establishing a new identity may impede 
MRD development and reduce the probability of resis-
tance [167–170].

Restoring cellular identity
Epigenetic pathways often affect cellular plasticity; phar-
macological therapies can mitigate this plasticity and 
reestablish cellular sensitivity. Nonetheless, inhibiting 
epigenetic regulators vital for cellular plasticity must 
be cautiously approached due to their considerable 

physiological importance. Thalidomide analogs can 
degrade SOX factors, critical transcription factors impli-
cated in reprogramming. Given that these factors are 
closely linked to their chromatin environment, one alter-
native strategy is to suppress lineage-specific transcrip-
tion factors by targeting chromatin-modifying enzymes 
associated with those factors. Moreover, multiple efforts 
have been made to inhibit TGF signaling to reverse the 
EMT [171]. Nonetheless, therapeutically targeting this 
pathway is challenging due to the myriad and complex 
roles TGFs fulfill in cancer, especially their dual partici-
pation at various stages of carcinogenesis. This complex-
ity underscores the necessity for further research on the 
strategic use of TGF inhibitors in combination therapies, 
particularly to mitigate drug-induced cellular plasticity. 
Research has predominantly concentrated on inhibiting 
TGF-β signaling. Nonetheless, the intricate and paradox-
ical roles of TGF-β in cancer throughout different stages 
of tumor progression complicate the effective inhibition 
of this pathway for therapeutic applications. Therefore, 
it is essential to rigorously evaluate the effectiveness of 
TGF-β inhibition in combination therapies to reduce the 
impact of drug-induced cellular plasticity. Forskolin and 
cholera toxin have been found to activate the E-cadherin 
promoter in mesenchymal cells. These chemicals upregu-
late the MET pathway in mesenchymal cells, enhancing 
the cells’ vulnerability to anticancer agents [172].

Cellular reprogramming
Addressing cellular plasticity necessitates prioritizing 
innovative cell identities exhibiting drug resistance. This 
methodology may be executed with existing methodolo-
gies or identifying new vulnerabilities. Numerous studies 
are investigating the relationship between cancers exhib-
iting neuroendocrine differentiation and their treatment 
sensitivity profiles, which are analogous to minor cell 
variants [173]. SCLC cells originating from EGFR-mutant 
adenocarcinomas undergo a transition that leads to the 
cessation of EGFR expression, hence conferring resis-
tance to EGFR inhibitors. Nonetheless, these cells exhibit 
a transient response to platinum-etoposide therapy, anal-
ogous to primary SCLC cells [174].

Studies suggest that specific patients with enzalu-
tamide-resistant prostate cancer may exhibit remarkable 
responsiveness to pembrolizumab, a PD1 inhibitor. The 
link between AXL receptor tyrosine kinase expression 
and the emergence of the EMT characteristic in NSCLC 
suggests that AXL may serve as a new target for thera-
peutic intervention. The concurrent injection of erlotinib, 
an EGFR inhibitor, with SGI-7079, an AXL inhibitor, 
improves the sensitivity of NSCLC mesenchymal cells 
to erlotinib [175]. Nonetheless, inhibiting AXL does not 
augment susceptibility to TKIs; instead, it exhibits syn-
ergy with antimitotic agents. The observed variances 
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may be ascribed to the lack of selectivity in existing AXL 
inhibitors. Research indicates that persons with NSCLC 
can safely administer BGB324, which preferentially tar-
gets AXL. In specific instances, it has even stabilized 
the condition. An increase in AXL expression has been 
observed in melanoma after pharmacological therapy. 
The simultaneous delivery of a therapeutic antibody and 
MAPK inhibitors to AXL-expressing cells has demon-
strated efficacy in inhibiting tumor progression in xeno-
graft models derived from melanoma patients [176, 177].

Autophagy and senescence in cancer cell plasticity
Autophagy and senescence are essential mechanisms that 
enhance cancer cell adaptability and confer treatment 
resistance. Autophagy is a survival mechanism during 
stressful conditions, such as exposure to chemothera-
peutic drugs or targeted therapy. Autophagy facilitates 
metabolic adaptability by digesting damaged organelles 
and recycling intracellular components, enabling cancer 
cells to sustain survival in adverse conditions. Research 
indicates that autophagy suppression can enhance 
tumor sensitivity to treatment and interfere with phe-
notypic plasticity, especially in DTP cells. Senescence, 
viewed solely as a tumor-suppressive mechanism due to 
its capacity to induce sustained cell cycle arrest, is now 
acknowledged as a factor in therapy resistance and tumor 
growth through the senescence-associated secretory phe-
notype (SASP). SASP components, including IL-6, IL-8, 
MMPs, and growth factors, provide a pro-inflammatory 
and pro-tumorigenic milieu that fosters tumor heteroge-
neity, immune evasion, EMT, and the reprogramming of 
adjacent non-senescent cells into more plastic or stem-
like states.

Future directions
The plasticity of cancer cells and the shift from tempo-
rary drug tolerance to enduring resistance are funda-
mentally based on the interplay between epigenetic and 
metabolic reprogramming. Metabolites serve as crucial 
cofactors and direct regulators of epigenetic enzymes, 
while epigenetic modifications subsequently alter signifi-
cant metabolic pathways, including glycolysis, fatty acid 
oxidation, and glutaminolysis. The bidirectional interplay 
guarantees that drug-tolerant persister cells cannot be 
eradicated by a singular intervention, as the epigenetic–
metabolic network offers several redundant pathways 
for survival. Future perspectives should concentrate on 
strategies that concurrently address this common inter-
face. Approaches may involve identifying and inhibiting 
“dual-function nodes” like EZH2 or BRD4, which con-
trol chromatin structure and metabolic activity; design-
ing combination therapies that pair epigenetic inhibitors 
(e.g., HDAC or BET inhibitors) with metabolic inhibi-
tors (e.g., LDHA or CPT1A blockers); and employing 

advanced delivery systems such as hypoxia-responsive 
nanocarriers or tumor-activated prodrugs to improve 
treatment specificity and efficacy. In addition to these 
strategies, several critical questions warrant further 
exploration: What epigenetic and metabolic signatures 
can be utilized as reliable biomarkers for the stratifica-
tion of patients? Does sequential therapy, involving epi-
genetic priming followed by metabolic inhibition and 
standard treatment, provide greater advantages than 
concurrent administration? What is the role of exosomes 
and tumor-derived non-coding RNAs in restoring plas-
ticity following dual inhibition? To address these ques-
tions, integrated multi-omics approaches, systems-level 
modeling, and patient-tailored clinical trials are neces-
sary. These efforts will enhance our comprehension of the 
fundamental mechanisms underlying plasticity and resis-
tance, while also expediting the advancement of more 
effective and durable therapeutic strategies. The grow-
ing conjunction of artificial intelligence (AI), machine 
learning (ML), and systems biology must be admitted as 
ground-breaking tools for understanding and predicting 
the course of cancer.These computational approaches 
promote the analysis of complicated, high-dimensional 
datasets acquired from genomes, transcriptomics, pro-
teomics, and imaging, hence facilitating precise modeling 
of tumor dynamics and resistance patterns. AI systems 
and deep learning models have shown great promise in 
anticipating drug reactions, detecting resistance-related 
biomarkers, and classifying patients for improved treat-
ment protocols.Simultaneously, systems biology enables 
the simulation of complex molecular networks, the 
reconstruction of signaling pathways, and the identifi-
cation of susceptibility nodes within plasticity-related 
circuits, including EMT, CSC maintenance, and epi-
genetic control. Integrating AI and systems biology cre-
ates a framework for developing predictive digital twins. 
These individualized computational models of malignan-
cies may simulate responses to diverse treatment regi-
mens before clinical implementation. This convergence 
enhances precision oncology and presents a proactive 
strategy for therapy design, intending to address resis-
tance preemptively before its clinical emergence.

Conclusion
Cancer cell plasticity serves as an evolutionary adapta-
tion to therapeutic selection pressures and microen-
vironmental stresses, offering a dynamic strategy that 
enhances survival probability. Tumors increase the 
likelihood of subclones that can adapt to therapy by 
generating a spectrum of phenotypic states. Plasticity 
facilitates evasion from drug pressure, hypoxia, nutri-
ent deprivation, and host immune surveillance. The 
emergence of transient drug-tolerant states, which may 
evolve into stable drug-resistant phenotypes, is driven 
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by the synergistic interplay of signaling networks, epi-
genetic remodeling, metabolic reprogramming, and 
intercellular communication. The tumor microenvi-
ronment comprises various stromal and immune cells, 
including cancer-associated fibroblasts, M2-polarized 
macrophages, regulatory T cells, endothelial cells, and 
mesenchymal stem cells, which secrete critical factors 
such as TGF-β, TNF-α, IL-6, and VEGF. These signals 
enhance EMT, stemness, and survival pathways. TGF-β 
induces EMT via both SMAD-dependent and indepen-
dent pathways, while also collaborating with the Hippo/
YAP–TAZ axis to enhance invasive transcriptional pro-
grams. IL-6 activates STAT3 signaling to maintain stem-
ness and tolerance; TNF-α triggers NF-κB to enhance 
survival and inflammation; and VEGF stabilizes HIF-1α, 
promoting angiogenesis, metabolic adaptation, and EMT. 
Extracellular matrix stiffness and mechanotransduction 
through integrin FAK–SRC signaling increase nuclear 
YAP/TAZ activity, establishing a feed-forward loop that 
perpetuates EMT and invasive behavior. The interaction 
among key oncogenic pathways, such as Wnt/β-catenin, 
Notch, TGF-β, Hedgehog, PI3K/AKT/mTOR, and RAS–
ERK, contributes to the stabilization of plastic states. The 
Wnt and Notch pathways collaborate to preserve stem-
like characteristics, while TGF-β works in conjunction 
with YAP/TAZ to enhance EMT. Additionally, the PI3K/
AKT pathway facilitates survival during therapy-induced 
stress and promotes protein translation and biomass 
accumulation in DTP cells via mTOR activation. Per-
sister cells generally emerge from reversible, non-genetic 
alterations, including chromatin remodeling and meta-
bolic switching. Under sustained therapeutic pressure, 
these cells may evolve toward genetically fixed resistance. 
The fundamental mechanism underlying plasticity is 
predominantly epigenetic. Changes in chromatin acces-
sibility, histone modifications (such as H3K27 trimeth-
ylation by EZH2 or histone deacetylation by HDACs), 
DNA methylation by DNMTs, and the remodeling of 
chromatin complexes like SWI/SNF play a dynamic role 
in regulating the promoters and enhancers of EMT and 
stemness genes. This plasticity allows for swift transitions 
among epithelial, mesenchymal, and hybrid states with-
out necessitating immediate mutations, thus promoting 
early drug tolerance. Metabolic reprogramming concur-
rently sustains these states: glycolytic switching, known 
as the Warburg effect, generates ATP and biosynthetic 
precursors; fatty acid oxidation ensures energy stabil-
ity during stress; glutamine metabolism supports the 
TCA cycle; and redox balancing mitigates harmful ROS 
while preserving NAD+/NADH ratios, thereby improv-
ing tolerance to therapies that induce oxidative stress. 
Intercellular communication introduces an additional 
regulatory layer. Exosomes and extracellular vesicles con-
taining miRNAs, lncRNAs, proteins, and lipids transmit 

plasticity signals throughout tumor tissues. These ves-
icles facilitate the transfer of EMT and stemness pro-
grams from resistant to sensitive cells, activate survival 
pathways such as PI3K/AKT and Wnt in recipient cells, 
and deliver immune checkpoint molecules like PD-L1 
to enhance local immune suppression. These exchanges 
contribute to the homogenization of resistant pheno-
types and elevate the risk of disease relapse following an 
initial response.

Author contributions
S. GH. Conceptualization, Methodology, Investigation, Writing – original draft, 
Visualization, Project administration, Methodology, Supervision, Writing – 
review & editing.

Funding
No funding received for this work.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 August 2025 / Accepted: 1 September 2025

References
1.	 Emran TB, Shahriar A, Mahmud AR, Rahman T, Abir MH, Siddiquee MF, Ahmed 

H, Rahman N, Nainu F, Wahyudin E, Mitra S. Multidrug resistance in cancer: 
Understanding molecular mechanisms, Immunoprevention and therapeutic 
approaches. Front Oncol. 2022;12:891652.

2.	 Liang XW, Liu B, Chen JC, Cao Z, Chu FR, Lin X, Wang SZ, Wu JC. Characteris-
tics and molecular mechanism of drug-tolerant cells in cancer: a review. Front 
Oncol. 2023;13:1177466.

3.	 Fendt SM, Frezza C, Erez A. Targeting metabolic plasticity and flexibility 
dynamics for cancer therapy. Cancer Discov. 2020;10(12):1797–807.

4.	 Qin S, Li B, Ming H, Nice EC, Zou B, Huang C. Harnessing redox signaling to 
overcome therapeutic-resistant cancer dormancy. Biochimica et biophysica 
acta (BBA)-Reviews on cancer. 2022;1877(4):188749.

5.	 Scheel C, Weinberg RA. Cancer stem cells and epithelial–mesenchymal transi-
tion: concepts and molecular links. InSeminars in cancer biology 2012;22(5–
6):396–403. Academic.

6.	 Ramos P, Bentires-Alj M. Mechanism-based cancer therapy: resistance to 
therapy, therapy for resistance. Oncogene. 2015;34(28):3617–26.

7.	 Pérez-Herrero E, Fernández-Medarde A. Advanced targeted therapies in can-
cer: drug nanocarriers, the future of chemotherapy. Eur J Pharm Biopharm. 
2015;93:52–79.

8.	 Lei ZN, Tian Q, Teng QX, Wurpel JN, Zeng L, Pan Y, Chen ZS. Understanding 
and targeting resistance mechanisms in cancer. MedComm. 2023;4(3):e265.

9.	 Bou Antoun N, Chioni AM. Dysregulated signalling pathways driving antican-
cer drug resistance. Int J Mol Sci. 2023;24(15):12222.

10.	 Salgia R, Kulkarni P. The genetic/non-genetic duality of drug ‘resistance’in 
cancer. Trends Cancer. 2018;4(2):110–8.

11.	 Blagosklonny MV. Selective protection of normal cells from chemotherapy, 
while killing drug-resistant cancer cells. Oncotarget. 2023;14:193.

12.	 Whiting FJ, Househam J, Baker AM, Sottoriva A, Graham TA. Phenotypic noise 
and plasticity in cancer evolution. Trends Cell Biol. 2023.

13.	 Shi ZD, Pang K, Wu ZX, Dong Y, Hao L, Qin JX, Wang W, Chen ZS, Han CH. 
Tumor cell plasticity in targeted therapy-induced resistance: mechanisms 
and new strategies. Signal Transduct Target Therapy. 2023;8(1):113.



Page 19 of 22Ghorbian Hereditas         (2025) 162:188 

14.	 Qin S, Jiang J, Lu Y, Nice EC, Huang C, Zhang J, He W. Emerging role of tumor 
cell plasticity in modifying therapeutic response. Signal Transduct Target 
Therapy. 2020;5(1):228.

15.	 Bhat GR, Sethi I, Sadida HQ, Rah B, Mir R, Algehainy N, Albalawi IA, Masoodi T, 
Subbaraj GK, Jamal F, Singh M. Cancer cell plasticity: from cellular, molecular, 
and genetic mechanisms to tumor heterogeneity and drug resistance. 
Cancer Metastasis Rev. 2024;8:1–32.

16.	 Maleki EH, Bahrami AR, Matin MM. Cancer cell cycle heterogeneity as a critical 
determinant of therapeutic resistance. Genes Dis. 2024;11(1):189–204.

17.	 Garg M. Epithelial plasticity and cancer stem cells: major mechanisms of can-
cer pathogenesis and therapy resistance. World J Stem Cells. 2017;9(8):118.

18.	 Bornes L, Belthier G, van Rheenen J. Epithelial-to-mesenchymal transition in 
the light of plasticity and hybrid E/M States. J Clin Med. 2021;10(11):2403.

19.	 Davies A, Zoubeidi A, Beltran H, Selth LA. The transcriptional and epigenetic 
landscape of cancer cell lineage plasticity. Cancer Discov. 2023;13(8):1771–88.

20.	 Cheng Y, He C, Wang M, Ma X, Mo F, Yang S, Han J, Wei X. Targeting epigenetic 
regulators for cancer therapy: mechanisms and advances in clinical trials. 
Signal Transduct Target Therapy. 2019;4(1):62.

21.	 Kumar VE, Nambiar R, De Souza C, Nguyen A, Chien J, Lam KS. Targeting 
epigenetic modifiers of tumor plasticity and cancer stem cell behavior. Cells. 
2022;11(9):1403.

22.	 Lu Y, Chan YT, Tan HY, Li S, Wang N, Feng Y. Epigenetic regulation in human 
cancer: the potential role of epi-drug in cancer therapy. Mol Cancer. 
2020;19:1–6.

23.	 Khan SU, Fatima K, Aisha S, Malik F. Unveiling the mechanisms and challenges 
of cancer drug resistance. Cell Communication Signal. 2024;22(1):109.

24.	 Liu Y, Jiang X, Zhang X, Chen R, Sun T, Fok KL, Dong J, Tsang LL, Yi S, Ruan 
Y, Guo J. Dedifferentiation-reprogrammed mesenchymal stem cells with 
improved therapeutic potential. Stem Cells. 2011;29(12):2077–89.

25.	 Jopling C, Boue S, Belmonte JC. Dedifferentiation, transdifferentiation 
and reprogramming: three routes to regeneration. Nat Rev Mol Cell Biol. 
2011;12(2):79–89.

26.	 Nemec S, Kilian KA. Materials control of the epigenetics underlying cell 
plasticity. Nat Reviews Mater. 2021;6(1):69–83.

27.	 Das V, Bhattacharya S, Chikkaputtaiah C, Hazra S, Pal M. The basics of epithe-
lial–mesenchymal transition (EMT): A study from a structure, dynamics, and 
functional perspective. J Cell Physiol. 2019;234(9):14535–55.

28.	 Ribatti D, Tamma R, Annese T. Epithelial-mesenchymal transition in cancer: a 
historical overview. Translational Oncol. 2020;13(6):100773.

29.	 Ghasaban FT, Ghanei M, Mahmoudian RA, Taghehchian N, Abbaszadegan 
MR, Moghbeli M. MicroRNAs as the critical regulators of epithelial mesenchy-
mal transition in pancreatic tumor cells. Heliyon. 2024;10(9):e30599

30.	 Ang HL, Mohan CD, Shanmugam MK, Leong HC, Makvandi P, Rangappa 
KS, Bishayee A, Kumar AP, Sethi G. Mechanism of epithelial-mesenchymal 
transition in cancer and its regulation by natural compounds. Med Res Rev. 
2023;43(4):1141–200.

31.	 Kielbik M, Szulc-Kielbik I, Klink M. Snail transcription factors–Characteristics, 
regulation and molecular targets relevant in vital cellular activities of ovarian 
cancer cells. Biochimica et biophysica acta (BBA)-Molecular cell research. 
2024:119705.

32.	 Radhakrishnan K, Truong L, Carmichael CL. An unexpected role for EMT 
transcription factors in hematological development and malignancy. Front 
Immunol. 2023;14:1207360.

33.	 Feng J, Hu S, Liu K, Sun G, Zhang Y. The role of MicroRNA in the regulation of 
tumor epithelial–mesenchymal transition. Cells. 2022;11(13):1981.

34.	 Brabletz T, Kalluri R, Nieto MA, Weinberg RA. EMT in cancer. Nat Rev Cancer. 
2018;18(2):128–34.

35.	 Chaffer CL, San Juan BP, Lim E, Weinberg RA. EMT, cell plasticity and metasta-
sis. Cancer Metastasis Rev. 2016;35:645–54.

36.	 Goossens S, Vandamme N, Van Vlierberghe P, Berx G. EMT transcription fac-
tors in cancer development re-evaluated: beyond EMT and MET. Biochim Et 
Biophys Acta (BBA)-Reviews Cancer. 2017;1868(2):584–91.

37.	 Smith BN, Bhowmick NA. Role of EMT in metastasis and therapy resistance. J 
Clin Med. 2016;5(2):17.

38.	 Nieszporek A, Skrzypek K, Adamek G, Majka M. Molecular mechanisms of 
epithelial to mesenchymal transition in tumor metastasis. Acta Biochim Pol. 
2019;66(4).

39.	 Li L, Tang P, Li S, Qin X, Yang H, Wu C, Liu Y. Notch signaling pathway 
networks in cancer metastasis: a new target for cancer therapy. Med Oncol. 
2017;34:1–0.

40.	 Guo X, Wang XF. Signaling cross-talk between TGF-β/BMP and other path-
ways. Cell Res. 2009;19(1):71–88.

41.	 Katoh M, Katoh M. Molecular genetics and targeted therapy of WNT-related 
human diseases. Int J Mol Med. 2017;40(3):587–606.

42.	 Huang X, Li E, Shen H, Wang X, Tang T, Zhang X, Xu J, Tang Z, Guo C, Bai X, 
Liang T. Targeting the HGF/MET axis in cancer therapy: challenges in resis-
tance and opportunities for improvement. Front Cell Dev Biology. 2020;8:152.

43.	 Derynck R, Muthusamy BP, Saeteurn KY. Signaling pathway Cooperation 
in TGF-β-induced epithelial–mesenchymal transition. Curr Opin Cell Biol. 
2014;31:56–66.

44.	 Moustakas A, Heldin CH. Mechanisms of TGFβ-induced epithelial–mesenchy-
mal transition. J Clin Med. 2016;5(7):63.

45.	 Rubin MA, Bristow RG, Thienger PD, Dive C, Imielinski M. Impact of lineage 
plasticity to and from a neuroendocrine phenotype on progression and 
response in prostate and lung cancers. Mol Cell. 2020;80(4):562–77.

46.	 Thankamony AP, Subbalakshmi AR, Jolly MK, Nair R. Lineage plasticity in 
cancer: the Tale of a skin-walker. Cancers. 2021;13(14):3602.

47.	 Zhang Y, Zheng D, Zhou T, Song H, Hulsurkar M, Su N, Liu Y, Wang Z, Shao L, 
Ittmann M, Gleave M. Androgen deprivation promotes neuroendocrine dif-
ferentiation and angiogenesis through CREB-EZH2-TSP1 pathway in prostate 
cancers. Nat Commun. 2018;9(1):4080.

48.	 Asberry AM, Liu S, Nam HS, Deng X, Wan J, Hu CD. Reprogramming land-
scape highlighted by dynamic transcriptomes in therapy-induced neuroen-
docrine differentiation. Comput Struct Biotechnol J. 2022;20:5873–85.

49.	 Li W, Zheng D, Zhang Y, Yang S, Su N, Bakhoum M, Zhang G, Naderinezhad 
S, Mao Z, Wang Z, Zhou T. Androgen deprivation induces neuroendocrine 
phenotypes in prostate cancer cells through CREB1/EZH2-mediated down-
regulation of REST. Res Square. 2023.

50.	 Patel GK, Chugh N, Tripathi M. Neuroendocrine differentiation of pros-
tate cancer—An intriguing example of tumor evolution at play. Cancers. 
2019;11(10):1405.

51.	 Brennen WN, Zhu Y, Coleman IM, Dalrymple SL, Antony L, Patel RA, Hanratty 
B, Chikarmane R, Meeker AK, Zheng SL, Hooper JE. Resistance to androgen 
receptor signaling Inhibition does not necessitate development of neuroen-
docrine prostate cancer. JCI Insight. 2021;6(8).

52.	 Imamura J, Ganguly S, Muskara A, Liao RS, Nguyen JK, Weight C, Wee CE, 
Gupta S, Mian OY. Lineage plasticity and treatment resistance in prostate can-
cer: the intersection of genetics, epigenetics, and evolution. Front Endocrinol. 
2023;14:1191311.

53.	 Akamatsu S, Inoue T, Ogawa O, Gleave ME. Clinical and molecular 
features of treatment-related neuroendocrine prostate cancer. Int J Urol. 
2018;25(4):345–51.

54.	 Zhang L. RB1 Loss Accelerates acquired Therapeutic Resistance in EGFR 
Mutant Lung Adenocarcinoma via Lineage Plasticity (Doctoral dissertation, 
State University of New York at Buffalo).

55.	 Zhang L, Goodrich DW. RB1, cancer lineage plasticity, and therapeutic resis-
tance. Annual Rev Cancer Biology. 2022;6:201–21.

56.	 Wellbrock C, Arozarena I. Microphthalmia-associated transcription factor in 
melanoma development and MAP‐kinase pathway targeted therapy. Pig-
ment Cell Melanoma Res. 2015;28(4):390–406.

57.	 Gelmi MC, Houtzagers LE, Strub T, Krossa I, Jager MJ. MITF in normal mela-
nocytes, cutaneous and uveal melanoma: a delicate balance. Int J Mol Sci. 
2022;23(11):6001.

58.	 Pagliuca C, Di Leo L, De Zio D. New insights into the phenotype switching of 
melanoma. Cancers. 2022;14(24):6118.

59.	 Tudrej KB, Czepielewska E, Kozłowska-Wojciechowska M. SOX10-MITF path-
way activity in melanoma cells. Archives Med Sci. 2017;13(6):1493–503.

60.	 Pingault V, Zerad L, Bertani-Torres W, Bondurand N. SOX10: 20 years of phe-
notypic plurality and current Understanding of its developmental function. J 
Med Genet. 2022;59(2):105–14.

61.	 Frank NY, Schatton T, Frank MH. The therapeutic promise of the cancer stem 
cell concept. J Clin Investig. 2010;120(1):41–50.

62.	 Tan Y, Qin S, Zhang Z, Liu Y, Zhou L, Li B, Nice EC, Zhang Y, Jing J. Unraveling 
the underlying mechanisms of cancer stem cells in therapeutic resistance for 
optimizing treatment strategies. MedComm–Oncology. 2025;4(1):e70009.

63.	 Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche 
in regulating stemness of tumor cells? Cell Stem Cell. 2015;16(3):225–38.

64.	 Hu Y, Yu X, Liu S, Liu S. Cancer stem cells: a shifting subpopulation of cells 
with stemness? Med Hypotheses. 2013;80(5):649–55.

65.	 Piscitelli E, Cocola C, Thaden FR, Pelucchi P, Gray B, Bertalot G, Albertini A, 
Reinbold R, Zucchi I. Culture and characterization of mammary cancer stem 
cells in mammospheres. InStem Cell Protocols. 2014 Oct 29 (pp. 243–262). 
New York, NY: Springer New York.



Page 20 of 22Ghorbian Hereditas         (2025) 162:188 

66.	 Liu X, Fan D. The epithelial-mesenchymal transition and cancer stem cells: 
functional and mechanistic links. Curr Pharm Design. 2015;21(10):1279–91.

67.	 Smigiel JM, Taylor SE, Bryson BL, Tamagno I, Polak K, Jackson MW. Cellular 
plasticity and metastasis in breast cancer: a pre-and post-malignant problem. 
J Cancer Metastasis Treat. 2019;5.

68.	 Li S, Zhou J, Wu H, Lu Q, Tai Y, Liu Q, Wang C. Oncogenic transformation 
of normal breast epithelial cells co-cultured with cancer cells. Cell Cycle. 
2018;17(16):2027–40.

69.	 Peitzsch C, Tyutyunnykova A, Pantel K, Dubrovska A. Cancer stem cells: The 
root of tumor recurrence and metastases. InSeminars in cancer biology 2017 
Jun 1 (Vol. 44, pp. 10–24). Academic Press.

70.	 Liu Q, Guo Z, Li G, Zhang Y, Liu X, Li B, Wang J, Li X. Cancer stem cells and their 
niche in cancer progression and therapy. Cancer Cell Int. 2023;23(1):305.

71.	 Zhao Y, Shen M, Wu L, Yang H, Yao Y, Yang Q, Du J, Liu L, Li Y, Bai Y. Stromal 
cells in the tumor microenvironment: accomplices of tumor progression? Cell 
Death Dis. 2023;14(9):587.

72.	 Wu F, Yang J, Liu J, Wang Y, Mu J, Zeng Q, Deng S, Zhou H. Signaling pathways 
in cancer-associated fibroblasts and targeted therapy for cancer. Signal 
Transduct Target Therapy. 2021;6(1):218.

73.	 Gener P, Seras-Franzoso J, Callejo PG, Andrade F, Rafael D, Martínez F, Montero 
S, Arango D, Sayós J, Abasolo I, Schwartz S Jr. Dynamism, sensitivity, and 
consequences of mesenchymal and Stem-Like phenotype of cancer cells. 
Stem Cells Int. 2018;2018(1):4516454.

74.	 Ishiwata T. Cancer stem cells and epithelial-mesenchymal transition: novel 
therapeutic targets for cancer. Pathol Int. 2016;66(11):601–8.

75.	 Shenoy S. Cell plasticity in cancer: A complex interplay of genetic, epigenetic 
mechanisms and tumor micro-environment. Surg Oncol. 2020;34:154–62.

76.	 Ge R, Wang Z, Montironi R, Jiang Z, Cheng M, Santoni M, Huang K, Massari F, 
Lu X, Cimadamore A, Lopez-Beltran A. Epigenetic modulations and lineage 
plasticity in advanced prostate cancer. Ann Oncol. 2020;31(4):470–9.

77.	 Davies A, Zoubeidi A, Selth LA. The epigenetic and transcriptional 
landscape of neuroendocrine prostate cancer. Endocrine-related Cancer. 
2020;27(2):R35–50.

78.	 Kaarijärvi R, Kaljunen H, Ketola K. Molecular and functional links between 
neurodevelopmental processes and treatment-induced neuroendocrine 
plasticity in prostate cancer progression. Cancers. 2021;13(4):692.

79.	 Martínez-Ruiz C, Black JR, Puttick C, Hill MS, Demeulemeester J, Larose 
Cadieux E, Thol K, Jones TP, Veeriah S, Naceur-Lombardelli C, Toncheva A. 
Genomic–transcriptomic evolution in lung cancer and metastasis. Nature. 
2023;616(7957):543–52.

80.	 Gupta S, Kanwar SS. Biomarkers in renal cell carcinoma and their targeted 
therapies: a review. Explor Target Anti-tumor Therapy. 2023;4(5):941.

81.	 Shlyakhtina Y, Moran KL, Portal MM. Genetic and non-genetic mechanisms 
underlying cancer evolution. Cancers. 2021;13(6):1380.

82.	 Tosic N, Marjanovic I, Lazic J. Pediatric acute myeloid leukemia: insight into 
genetic landscape and novel targeted approaches. Biochem Pharmacol. 
2023;31:115705.

83.	 Zoni E, van der Pluijm G, Gray PC, Kruithof-de Julio M. Epithelial plasticity in 
cancer: unmasking a MicroRNA network for TGF-β‐, Notch‐, and Wnt‐medi-
ated EMT. J Oncol. 2015;2015(1):198967.

84.	 Morgan MP, Finnegan E, Das S. The role of transcription factors in the 
acquisition of the four latest proposed hallmarks of cancer and correspond-
ing enabling characteristics. InSeminars in cancer biology 2022;86:1203–15. 
Academic.

85.	 Kuonen F, Li NY, Haensel D, Patel T, Gaddam S, Yerly L, Rieger K, Aasi S, Oro AE. 
c-FOS drives reversible basal to squamous cell carcinoma transition. Cell Rep. 
2021;37(1).

86.	 Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen CC, Wongvipat J, Ku 
SY, Gao D, Cao Z, Shah N. SOX2 promotes lineage plasticity and antian-
drogen resistance in TP53-and RB1-deficient prostate cancer. Science. 
2017;355(6320):84–8.

87.	 Ma M, Zhu Y, Xiao C, Li R, Cao X, Kang R, Wang X, Li E. Novel insights into 
RB1 in prostate cancer lineage plasticity and drug resistance. Tumori J. 
2024;5:03008916231225576.

88.	 Hou L, Arnheiter H, Pavan WJ. Interspecies difference in the regulation 
of melanocyte development by SOX10 and MITF. Proc Natl Acad Sci. 
2006;103(24):9081–5.

89.	 Mollaaghababa R, Pavan WJ. The importance of having your SOX on: role of 
SOX10† in the development of neural crest-derived melanocytes and glia. 
Oncogene. 2003;22(20):3024–34.

90.	 Casas E, Kim J, Bendesky A, Ohno-Machado L, Wolfe CJ, Yang J. Snail2 is an 
essential mediator of Twist1-induced epithelial mesenchymal transition and 
metastasis. Cancer Res. 2011;71(1):245–54.

91.	 Smith BN, Burton LJ, Henderson V, Randle DD, Morton DJ, Smith BA, Talia-
ferro-Smith L, Nagappan P, Yates C, Zayzafoon M, Chung LW. Snail promotes 
epithelial mesenchymal transition in breast cancer cells in part via activation 
of nuclear ERK2. PLoS ONE. 2014;9(8):e104987.

92.	 Du YQ, Yuan B, Ye YX, Zhou FL, Liu H, Huang JJ, Wei YF. Plumbagin regulates 
snail to inhibit hepatocellular carcinoma Epithelial-Mesenchymal transition in 
vivo and in vitro. J Hepatocellular Carcinoma 2024;565–80.

93.	 Suthakaran S, Singh D, Deshmukh RK, Das A. Targeting Epithelial-to-Mes-
enchymal transition for breast cancer stem cells therapeutics. InHandbook 
of oxidative stress in cancer: Therapeutic aspects 2022;2539–63. Singapore: 
Springer Nature Singapore.

94.	 Title AC, Silva PN, Godbersen S, Hasenöhrl L, Stoffel M. The miR-200–Zeb1 axis 
regulates key aspects of β-cell function and survival in vivo. Mol Metabolism. 
2021;53:101267.

95.	 Funato N, Yanagisawa H. TBX1 targets the miR-200–ZEB2 axis to induce 
epithelial differentiation and inhibit stem cell properties. Sci Rep. 
2022;12(1):20188.

96.	 Yuan S, Norgard RJ, Stanger BZ. Cellular plasticity in cancer. Cancer Discov. 
2019;9(7):837–51.

97.	 Hata A, Chen YG. TGF-β signaling from receptors to Smads. Cold Spring Harb 
Perspect Biol. 2016;8(9):a022061.

98.	 Aashaq S, Batool A, Mir SA, Beigh MA, Andrabi KI, Shah ZA. TGF-β signaling: A 
recap of SMAD‐independent and SMAD‐dependent pathways. J Cell Physiol. 
2022;237(1):59–85.

99.	 Moustakas A, Heldin CH. Non-Smad TGF-β signals. J Cell Sci. 
2005;118(16):3573–84.

100.	 Luo K. Signaling cross talk between TGF-β/Smad and other signaling path-
ways. Cold Spring Harb Perspect Biol. 2017;9(1):a022137.

101.	 Graham H, Peng C. Activin receptor-like kinases: structure, function and 
clinical implications. Endocrine, metabolic & immune Disorders-Drug targets 
(Formerly current drug targets-Immune. Endocr Metabolic Disorders). 
2006;6(1):45–58.

102.	 Massagué J, Sheppard D. TGF-β signaling in health and disease. Cell. 
2023;186(19):4007–37.

103.	 Balogh P, Katz S, Kiss AL. The role of endocytic pathways in TGF-β signaling. 
Pathol Oncol Res. 2013;19:141–8.

104.	 Majc B, Sever T, Zarić M, Breznik B, Turk B, Lah TT. Epithelial-to-mesen-
chymal transition as the driver of changing carcinoma and glioblastoma 
microenvironment. Biochim Et Biophys Acta (BBA)-Molecular Cell Res. 
2020;1867(10):118782.

105.	 Perrin M. SMAD2/3-FOXH1 regulation during cell cycle progression upon 
differentiation (Doctoral dissertation).

106.	 Julien S, Puig I, Caretti E, Bonaventure J, Nelles L, Van Roy F, Dargemont C, 
De Herreros AG, Bellacosa A, Larue L. Activation of NF-κB by Akt upregulates 
snail expression and induces epithelium mesenchyme transition. Oncogene. 
2007;26(53):7445–56.

107.	 Chaudhury A, Hussey GS, Ray PS, Jin G, Fox PL, Howe PH. TGF-β-mediated 
phosphorylation of HnRNP E1 induces EMT via transcript-selective transla-
tional induction of Dab2 and ILEI. Nat Cell Biol. 2010;12(3):286–93.

108.	 Chander P. Transforming Growth Factor-Beta (TGFβ) stimulated isoform spe-
cific activation of Akt2 via Ras mediates Epithelial-Mesenchymal Transition 
(EMT) (Master’s thesis, Cleveland State University).

109.	 Song Y, Li ZX, Liu X, Wang R, Li LW, Zhang Q. The Wnt/β-catenin and PI3K/Akt 
signaling pathways promote EMT in gastric cancer by epigenetic regulation 
via H3 lysine 27 acetylation. Tumor Biology. 2017;39(7):1010428317712617.

110.	 Zhang J, Tian XJ, Xing J. Signal transduction pathways of EMT induced by 
TGF-β, SHH, and WNT and their crosstalks. J Clin Med. 2016;5(4):41.

111.	 Katoh M, Katoh M. WNT signaling and cancer stemness. Essays Biochem. 
2022;66(4):319–31.

112.	 Diazzi S, Tartare-Deckert S, Deckert M. The mechanical phenotypic plasticity 
of melanoma cell: an emerging driver of therapy cross-resistance. Oncogen-
esis. 2023;12(1):7.

113.	 Shi Q, Xue C, Zeng Y, Yuan X, Chu Q, Jiang S, Wang J, Zhang Y, Zhu D, Li L. 
Notch signaling pathway in cancer: from mechanistic insights to targeted 
therapies. Signal Transduct Target Therapy. 2024;9(1):128.

114.	 Zhou B, Lin W, Long Y, Yang Y, Zhang H, Wu K, Chu Q. Notch signaling path-
way: architecture, disease, and therapeutics. Signal Transduct Target Therapy. 
2022;7(1):95.



Page 21 of 22Ghorbian Hereditas         (2025) 162:188 

115.	 Zuo J, Yan H, Qin S, Yan Y, Wang S, Yang L, Yang J, Yang J. Extracellular vesicles 
in cancer drug resistance: mechanistic insights and therapeutic implications. 
MedComm–Oncology. 2024;3(4):e94.

116.	 Zhuang X, Zhang H, Hu G. Cancer and microenvironment plasticity: double-
edged swords in metastasis. Trends Pharmacol Sci. 2019;40(6):419–29.

117.	 Giannoni E, Parri M, Chiarugi P. EMT and oxidative stress: a bidirec-
tional interplay affecting tumor malignancy. Antioxid Redox Signal. 
2012;16(11):1248–63.

118.	 Zhao Z, Li T, Sun L, Yuan Y, Zhu Y. Potential mechanisms of cancer-associated 
fibroblasts in therapeutic resistance. Biomed Pharmacother. 2023;166:115425.

119.	 Czarnecka AM, Bartnik E, Fiedorowicz M, Rutkowski P. Targeted therapy in 
melanoma and mechanisms of resistance. Int J Mol Sci. 2020;21(13):4576.

120.	 Xu J, Liu S. Noncoding RNAs in cancer cell plasticity. The Long and Short Non-
coding RNAs in Cancer Biology. 2016:173 – 89.

121.	 D’Amato NC, Howe EN, Richer JK. MicroRNA regulation of epithelial plasticity 
in cancer. Cancer Lett. 2013;341(1):46–55.

122.	 Hu Y, Tang H. MicroRNAs regulate the epithelial to mesenchymal transition 
(EMT) in cancer progression. Microrna. 2014;3(2):108–17.

123.	 Zaravinos A. The regulatory role of MicroRNAs in EMT and cancer. J Oncol. 
2015;2015(1):865816.

124.	 Yu L, Cao C, Li X, Zhang M, Gu Q, Gao H, Balic JJ, Xu D, Zhang L, Ying L, Xu D. 
Complete loss of miR-200 family induces EMT associated cellular senescence 
in gastric cancer. Oncogene. 2022;41(1):26–36.

125.	 Xu X, Hong P, Wang Z, Tang Z, Li K. MicroRNAs in transforming growth factor-
beta signaling pathway associated with fibrosis involving different systems of 
the human body. Front Mol Biosci. 2021;8:707461.

126.	 Suzuki HI. MicroRNA control of TGF-β signaling. Int J Mol Sci. 2018;19(7):1901.
127.	 Aalijahan H, Ghorbian S. Long non-coding RNAs and cervical cancer. Exp Mol 

Pathol. 2019;106:7–16.
128.	 Angrand PO, Vennin C, Le Bourhis X, Adriaenssens E. The role of long non-

coding RNAs in genome formatting and expression. Front Genet. 2015;6:165.
129.	 Qiu JJ, Wang Y, Liu YL, Zhang Y, Ding JX, Hua KQ. The long non-coding RNA 

ANRIL promotes proliferation and cell cycle progression and inhibits apopto-
sis and senescence in epithelial ovarian cancer. Oncotarget. 2016;7(22):32478.

130.	 Tang Y, Song G, Liu H, Yang S, Yu X, Shi L. Silencing of long non-coding RNA 
HOTAIR alleviates epithelial–mesenchymal transition in pancreatic cancer via 
the Wnt/β-catenin signaling pathway. Cancer Manage Res. 2021;14:3247–57.

131.	 Wu D, Zhu J, Fu Y, Li C, Wu B. LncRNA HOTAIR promotes breast cancer pro-
gression through regulating the miR-129-5p/FZD7 axis. Cancer Biomarkers. 
2021;30(2):203–12.

132.	 Hussein MA, Valinezhad K, Adel E, Munirathinam G. MALAT-1 is a key regula-
tor of Epithelial–Mesenchymal transition in cancer: A potential therapeutic 
target for metastasis. Cancers. 2024;16(1):234.

133.	 Lecerf C, Peperstraete E, Le Bourhis X, Adriaenssens E. Propagation and 
maintenance of cancer stem cells: A major influence of the long non-coding 
RNA H19. Cells. 2020;9(12):2613.

134.	 Zeng Z, Fu M, Hu Y, Wei Y, Wei X, Luo M. Regulation and signaling pathways 
in cancer stem cells: implications for targeted therapy for cancer. Mol Cancer. 
2023;22(1):172.

135.	 Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, Zhou Z, Shu G, Yin G. Wnt/β-catenin 
signalling: function, biological mechanisms, and therapeutic opportunities. 
Signal Transduct Target Therapy. 2022;7(1):3.

136.	 Xiao C, Wu CH, Hu HZ. LncRNA UCA1 promotes epithelial-mesenchymal tran-
sition (EMT) of breast cancer cells via enhancing Wnt/beta-catenin signaling 
pathway. Eur Rev Med Pharmacol Sci. 2016;20(13).

137.	 Xuan W, Yu H, Zhang X, Song D. Crosstalk between the Lnc RNA UCA 1 and 
micro RNA s in cancer. FEBS Lett. 2019;593(15):1901–14.

138.	 Chen QN, Wei CC, Wang ZX, Sun M. Long non-coding RNAs in anti-cancer 
drug resistance. Oncotarget. 2017;8(1):1925.

139.	 Zhou H, Sun L, Wan F. Molecular mechanisms of TUG1 in the prolif-
eration, apoptosis, migration and invasion of cancer cells. Oncol Lett. 
2019;18(5):4393–402.

140.	 Guo C, Qi Y, Qu J, Gai L, Shi Y, Yuan C. Pathophysiological functions of the 
LncRNA TUG1. Curr Pharm Design. 2020;26(6):688–700.

141.	 Yang L, Du Y, Yu P, Fan J, Wang X, Wu Y. Long non-coding RNA TUG1 regulates 
the development of multidrug resistance in hepatocellular carcinoma via 
P-gp and MDR1. Int J Clin Experimental Med. 2016;9(11).

142.	 Xu J, Wang X, Zhu C, Wang K. A review of current evidence about LncRNA 
MEG3: A tumor suppressor in multiple cancers. Front Cell Dev Biology. 
2022;10:997633.

143.	 Xu G, Meng L, Yuan D, Li K, Zhang Y, Dang C, Zhu K. MEG3/miR-21 axis affects 
cell mobility by suppressing epithelialmesenchymal transition in gastric 
cancer. Oncol Rep. 2018;40(1):39–48.

144.	 Dong P, Xiong Y, Yue J, Hanley SJ, Kobayashi N, Todo Y, Watari H. Long 
non-coding RNA NEAT1: a novel target for diagnosis and therapy in human 
tumors. Front Genet. 2018;9:471.

145.	 Tan H, Zhang S, Zhang J, Zhu L, Chen Y, Yang H, Chen Y, An Y, Liu B. Long 
non-coding RNAs in gastric cancer: new emerging biological functions and 
therapeutic implications. Theranostics. 2020;10(19):8880.

146.	 Vessoni AT, Filippi-Chiela EC, Lenz G, Batista LF. Tumor propagating cells: 
drivers of tumor plasticity, heterogeneity, and recurrence. Oncogene. 
2020;39(10):2055–68.

147.	 Hass R, von der Ohe J, Ungefroren H. Impact of the tumor microenvironment 
on tumor heterogeneity and consequences for cancer cell plasticity and 
stemness. Cancers. 2020;12(12):3716.

148.	 Diaz-Cano SJ. Tumor heterogeneity: mechanisms and bases for a reliable 
application of molecular marker design. Int J Mol Sci. 2012;13(2):1951–2011.

149.	 Ding L, Raphael BJ, Chen F, Wendl MC. Advances for studying clonal evolution 
in cancer. Cancer Lett. 2013;340(2):212–9.

150.	 Greaves M, Maley CC. Clonal evolution in cancer. Nature. 
2012;481(7381):306–13.

151.	 Li YR, Fang Y, Lyu Z, Zhu Y, Yang L. Exploring the dynamic interplay between 
cancer stem cells and the tumor microenvironment: implications for novel 
therapeutic strategies. J Translational Med. 2023;21(1):686.

152.	 Sato R, Semba T, Saya H, Arima Y. Concise review: stem cells and epithelial-
mesenchymal transition in cancer: biological implications and therapeutic 
targets. Stem Cells. 2016;34(8):1997–2007.

153.	 Zhang H, Steed A, Co M, Chen X. Cancer stem cells, epithelial-mesenchymal 
transition, ATP and their roles in drug resistance in cancer. Cancer Drug Resist. 
2021;4(3):684.

154.	 Benítez L, Barberis L, Vellón L, Condat CA. Understanding the influence of 
substrate when growing tumorspheres. BMC Cancer. 2021;21:1–1.

155.	 Goldman A, Khiste S, Freinkman E, Dhawan A, Majumder B, Mondal J, 
Pinkerton AB, Eton E, Medhi R, Chandrasekar V, Rahman MM. Targeting tumor 
phenotypic plasticity and metabolic remodeling in adaptive cross-drug toler-
ance. Sci Signal. 2019;12(595):eaas8779.

156.	 Morgan RG, Mortensson E, Williams AC. Targeting LGR5 in colorectal cancer: 
therapeutic gold or too plastic? Br J Cancer. 2018;118(11):1410–8.

157.	 Walter RJ, Sonnentag SJ, Orian-Rousseau V, Munoz-Sagredo L. Plasticity in 
colorectal cancer: why cancer cells differentiate. Cancers. 2021;13(4):918.

158.	 Pouremamali F, Vahedian V, Hassani N, Mirzaei S, Pouremamali A, Kazemzadeh 
H, Faridvand Y, Jafari-Gharabaghlou D, Nouri M, Maroufi NF. The role of SOX 
family in cancer stem cell maintenance: with a focus on SOX2. Pathology-
Research Pract. 2022;231:153783.

159.	 Dhanyamraju PK, Schell TD, Amin S, Robertson GP. Drug-tolerant persister 
cells in cancer therapy resistance. Cancer Res. 2022;82(14):2503–14.

160.	 Chisholm RH, Lorenzi T, Lorz A, Larsen AK, Almeida LN, Escargueil A, 
Clairambault J. Emergence of drug tolerance in cancer cell populations: an 
evolutionary outcome of selection, nongenetic instability, and stress-induced 
adaptation. Cancer Res. 2015;75(6):930–9.

161.	 Wang X, Zhang H, Chen X. Drug resistance and combating drug resistance in 
cancer. Cancer Drug Resist. 2019;2(2):141.

162.	 Anand U, Dey A, Chandel AK, Sanyal R, Mishra A, Pandey DK, De Falco V, 
Upadhyay A, Kandimalla R, Chaudhary A, Dhanjal JK. Cancer chemotherapy 
and beyond: current status, drug candidates, associated risks and progress in 
targeted therapeutics. Genes Dis. 2023;10(4):1367–401.

163.	 Vanneman M, Dranoff G. Combining immunotherapy and targeted therapies 
in cancer treatment. Nat Rev Cancer. 2012;12(4):237–51.

164.	 Kimani SG, Kumar S, Davra V, Chang YJ, Kasikara C, Geng K, Tsou WI, Wang 
S, Hoque M, Boháč A, Lewis-Antes A. Normalization of TAM post-receptor 
signaling reveals a cell invasive signature for Axl tyrosine kinase. Cell Com-
munication Signal. 2016;14:1–5.

165.	 Ramazi S, Dadzadi M, Sahafnejad Z, Allahverdi A. Epigenetic regulation in 
lung cancer. MedComm. 2023;4(6):e401.

166.	 Williams RJ, Trichostatin A. An inhibitor of histone deacetylase, inhib-
its hypoxia-induced angiogenesis. Expert Opin Investig Drugs. 
2001;10(8):1571–3.

167.	 Taylor-Papadimitriou J, Burchell JM. Histone Methylases and demethylases 
regulating antagonistic Methyl marks: changes occurring in cancer. Cells. 
2022;11(7):1113.

168.	 Vinogradova M, Gehling VS, Gustafson A, Arora S, Tindell CA, Wilson C, Wil-
liamson KE, Guler GD, Gangurde P, Manieri W, Busby J. An inhibitor of KDM5 



Page 22 of 22Ghorbian Hereditas         (2025) 162:188 

demethylases reduces survival of drug-tolerant cancer cells. Nat Chem Biol. 
2016;12(7):531–8.

169.	 Li Q, Pan S, Xie T, Liu H. MYC in T-cell acute lymphoblastic leukemia: functional 
implications and targeted strategies. Blood Sci. 2021;3(03):65–70.

170.	 Roderick JE, Tesell J, Shultz LD, Brehm MA, Greiner DL, Harris MH, Silverman 
LB, Sallan SE, Gutierrez A, Look AT, Qi J. c-Myc Inhibition prevents leukemia 
initiation in mice and impairs the growth of relapsed and induction failure 
pediatric T-ALL cells. Blood J Am Soc Hematol. 2014;123(7):1040–50.

171.	 Roux AE, Zhang C, Paw J, Zavala-Solorio J, Malahias E, Vijay T, Kolumam G, 
Kenyon C, Kimmel JC. Diverse partial reprogramming strategies restore 
youthful gene expression and transiently suppress cell identity. Cell Syst. 
2022;13(7):574–87.

172.	 Yang Y, Ye WL, Zhang RN, He XS, Wang JR, Liu YX, Wang Y, Yang XM, 
Zhang YJ, Gan WJ. The role of TGF-β signaling pathways in cancer and its 
potential as a therapeutic target. Evidence‐Based Complement Altern Med. 
2021;2021(1):6675208.

173.	 Wang H, Yang Y, Liu J, Qian L. Direct cell reprogramming: approaches, mecha-
nisms and progress. Nat Rev Mol Cell Biol. 2021;22(6):410–24.

174.	 Digiacomo N, De Pas T, Rossi G, Bossi P, Stucchi E, Conforti F, Cocorocchio E, 
Laszlo D, Pala L, Zattarin E, Catania C. Exon-18-EGFR mutated transformed 

Small-Cell lung cancer: A case report and literature review. Curr Oncol. 
2023;30(3):3494–9.

175.	 Marcoux N, Gettinger SN, O’Kane G, Arbour KC, Neal JW, Husain H, Evans TL, 
Brahmer JR, Muzikansky A, Bonomi PD, Del Prete S. EGFR-mutant adenocar-
cinomas that transform to small-cell lung cancer and other neuroendocrine 
carcinomas: clinical outcomes. J Clin Oncol. 2019;37(4):278–85.

176.	 Nicolè L, Cappello F, Cappellesso R, Piccin L, Ventura L, Guzzardo V, Del Fiore P, 
Chiarion-Sileni V, Dei Tos AP, Mocellin S, Fassina A. RIPK3 and AXL expression 
study in primary cutaneous melanoma unmasks AXL as predictor of Sentinel 
node metastasis: A pilot study. Front Oncol. 2021;11:728319.

177.	 Davidsen K, Wnuk-Lipinska K, Du W, Blø M, Engelsen A, Terry S, D´ mello S, 
Lie M, Kang J, Hodneland L, Bougnaud S. BGB324, a selective small-molecule 
inhibitor of receptor tyrosine kinase AXL, targets tumor immune suppres-
sion and enhances immune checkpoint inhibitor efficacy. Cancer Res. 
2018;78(13Supplement):3774.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Cancer cell plasticity and therapeutic resistance: mechanisms, crosstalk, and translational perspectives
	﻿Introduction
	﻿Mechanisms of plasticity and resistance
	﻿Cellular mechanisms in cancer cell plasticity; EMT/MET


	﻿Dedifferentiation
	﻿Cancer stem cells
	﻿Epigenetic modification in cancer cell plasticity
	﻿Genetic mutations
	﻿Transcription factors (TF) in cell plasticity
	﻿EMT/MET-inducing transcription factors

	﻿Molecular mechanism of cancer cell plasticity
	﻿Signaling pathways on cellular plasticity
	﻿TGF-﻿β﻿, smad, and non- smad signaling in EMT/MET
	﻿Wnt signaling
	﻿Notch signaling
	﻿The role of microenvironment in cancer cell plasticity

	﻿The role of non-coding RNAs in cancer cell plasticity
	﻿MiRNAs in cancer cell plasticity
	﻿Long non-coding RNAs in cancer cell plasticity
	﻿LncRNA-HOTAIR & ANRIL
	﻿LncRNA-MALAT1
	﻿LncRNA-H19
	﻿LncRNA-UCA1
	﻿LncRNA-TUG1
	﻿LncRNA-MEG3
	﻿LncRNA-NEAT1

	﻿Challenges in overcoming resistance
	﻿Tumor heterogeneity (Intratumor and intertumor) and cancer cells plasticity
	﻿Drug resistance in cancer cell plasticity
	﻿Exploring the phenomenon of tumor cell plasticity

	﻿Harnessing cellular plasticity
	﻿Integrating combined treatments
	﻿Phenotypic modulation
	﻿Restoring cellular identity
	﻿Cellular reprogramming
	﻿Autophagy and senescence in cancer cell plasticity

	﻿Future directions
	﻿Conclusion
	﻿References


