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Abstract
Epithelial-mesenchymal transition (EMT) is a complicated molecular process that governs cellular shape and function 
changes throughout tissue development and embryogenesis. In addition, EMT contributes to the development and spread 
of tumors. Expanding and degrading the surrounding microenvironment, cells undergoing EMT move away from the main 
location. On the basis of the expression of fibroblast-specific protein-1 (FSP1), fibroblast growth factor (FGF), collagen, and 
smooth muscle actin (-SMA), the mesenchymal phenotype exhibited in fibroblasts is crucial for promoting EMT. While EMT 
is not entirely reliant on its regulators like ZEB1/2, Twist, and Snail proteins, investigation of upstream signaling (like EGF, 
TGF-β, Wnt) is required to get a more thorough understanding of tumor EMT. Throughout numerous cancers, connections 
between tumor epithelial and fibroblast cells that influence tumor growth have been found. The significance of cellular cross-
talk stems from the fact that these events affect therapeutic response and disease prognosis. This study examines how classical 
EMT signals emanating from various cancer cells interfere to tumor metastasis, treatment resistance, and tumor recurrence.

Keywords Mesenchymal-to-epithelial transition (MET) · Targeting therapy · Non-coding RNAs · Signaling pathways · 
Multidrug-resistance (MDR)

1 Introduction

Overcoming treatment resistance is now one of oncology’s 
most significant issues since it is a recurring issue for the 
care of cancer patients. As metastasis is the primary cause 
of cancer-related mortality in human malignancies, it is 
crucial to vanquish therapeutic resistance by utilizing novel 
targeted-therapy tactics. Patients with resistance often also 
have an increase in metastases. Treatment resistance encom-
passes the rejection of medicines such as chemo, radiation, 
immunological, and targeted therapies in addition to the 
conventionally ingrained innate and acquired tumor ther-
apy resistance [1, 2]. There are some important molecular 
mechanisms by which cancer cells can become resistant to 
chemotherapy, including alteration in influx transporters, 

overexpression of anti-apoptotic proteins, and overexpres-
sion of multidrug-resistance (MDR) efflux transporters that 
lead to increased drug efflux [3]. The molecular processes 
behind therapeutic resistance have, however, only recently 
been fully understood. EMT has come to be recognized as 
a significant factor in therapeutic resistance [4]. EMT is an 
utterly conserved cellular process that transforms immobile 
and polarized epithelial cells into mesenchymal, mobile 
cells [5]. During the EMT program, epithelial cells lose 
their apicobasal polarity and their cell–cell contacts. In addi-
tion, their actin cytoskeleton is reorganized, and all of these 
alterations enable them to invade the extracellular matrix as 
a single cell. EMT has a role in tumor progression, metas-
tasis, and resistance to conventional treatments and inhibi-
tors of small-molecule targeted [6, 7]. Significant research 
involving tumor cell lines show how EMT contributes to 
resistance brought on by radiotherapy or chemotherapy [8, 
9]. Moreover, the epigenetic factors such as miRNAs have 
been considered as regulators of EMT in cancer invasion 
and metastasis [10, 11]. Yet there is not enough in vivo data 
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accessible, mostly because there are not enough adequate 
in vivo models and there are not enough human samples 
to evaluate for thorough investigations. Nonetheless, it is 
crucial to emphasize that transitional epithelial and mes-
enchymal (E/M) phenotypes coexist in carcinomas. As a 
result, several subpopulations are discovered, boosting the 
tumor’s adaptability. Pharmacogenomic techniques have an 
effect on this important element, even if the impact of these 
transitional E/M states on resistance to anticancer treatment 
medicines is not entirely known. Moreover, current oncology 
research has shown a crucial connection between EMT and 
the tumor microenvironment, emphasizing the necessity for 
customized cancer therapy for specific cancer patients [12, 
13]. This topic would not be further examined in light of the 
excellent recent publications on the significance of the tumor 
microenvironment and EMT in multidrug resistance [14]. 
In-depth discussion of the molecular mechanisms by which 
EMT creates treatment resistance and the role of the micro-
environment in this process in various malignancies will be 
covered in this review. Future views on bioinformatic and 
pharmacological techniques to overcome therapy resistance 
and the significance of non-coding RNAs in the regulation 
of EMT will also be reviewed.

2  EMT basics and role in metastasis 
of cancers

The biological process EMT is associated with both fibrosis 
and cancer [15]. It is crucial for developmental biology and 
wound healing. It is a biological process that is reversible 
and connected to epithelial cells’ disruption of cellular ori-
entation and adhesive interactions mediated by cadherins. 
These cells change into mesenchymal ones and then acquire 
the capacity for migration and invasion [16]. Receptor tyros-
ine kinases, Wnt/β-catenin, transforming growth factor-beta 
(TGF-β), Hedgehog (Hh), bone morphogenetic protein, 
and Notch are only a few of the signaling pathways that 
are involved in mediating EMT [17] (Fig. 1). The action of 
EMT and transcription factors (EMT-TFs) like Zinc finger 
E-box-binding homeobox 1/2 (ZEB1/2), Twist, SNAI1, and 
SNAI2 is to inhibit the expression of target genes, such as 
E-cadherin. Signaling pathways in turn mediate EMT-TFs 
like these. A crucial stage in EMT is thought to be the loss of 
E-cadherin [18]. EMT may cause cells to metastasize from 
primary tumor sites in the setting of malignancy, which has 
been linked to a poorer prognosis (Fig. 2).

Among the initial stages in the metastatic process thought 
to be the invasion of cells into the extracellular matrix, EMT 
has long been associated with cells that can migrate and 
infiltrate matrix, and this association has been utilized to 
characterize the function of EMT in metastasis [19]. A few 
of the numerous processes at work include the activation 
of MMP-2 and MMP-9, which breaks down the basement 

Fig. 1  Crosstalk between epi-
thelial-mesenchymal transition 
and various signaling pathways
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membrane [20], cytoskeletal remodeling, changes in the 
expression of molecules involved in cell adhesion, and per-
sistent autocrine growth factor signaling to prevent apopto-
sis and/or anoikis [21]. The initiation of EMT is necessary 
for primary tumor cells to migrate to the lungs. However, 
once these cells have disseminated, they must subsequently 
undergo a reversal of the EMT process and adopt epithe-
lial traits in order to effectively establish visible metastatic 
growths, according to studies using mouse models of skin 
and breast cancer [22, 23]. In a number of carcinomas, 
experimental EMT activation dramatically increases the 
capacity of these cells to form filopodium-like extensions 
that permit EMT-activated cells to proliferate after exiting 

the bloodstream and ultimately empower them to initiate 
metastatic growth [24].

3  An overview of EMT and drug resistance

Drug resistance is a well-known notion that has been inves-
tigated in a number of illness models. Drug resistance 
occurs when diseases stop responding to medicinal therapy. 
Acquired and de novo medication resistance have both 
been described [25]. Initially, “traditional” medicines like 
chemotherapy may be used to treat many malignancies, but 
as the biochemical and tumor microenvironment changes 
over time, cancer cells can sometimes develop resistance 
to these therapies. Many processes, including but not lim-
ited to metabolism, drug efflux, cell death inhibition, DNA 
damage repair, target alterations, and EMT, may contribute 
to this resistance [26]. Drug resistance in several malignan-
cies, including pancreatic [27], lung [28], breast cancers 
[29], and bladder [30] has been observed to be related with 
EMT. The link between EMT and drug resistance in cancer 
was initially proposed for the first time in the 1990s [31]. 
Cancer drugs have been shown to be produced when a wide 
range of cellular signaling pathways, such as Wnt, Notch, 
TGF, and Hh [32, 33], which are known to cause EMT, are 
activated. While some of the precise processes are starting 
to become clear, the process is complicated due to the broad 
spectrum of medications, tissue types, and signaling path-
ways involved, as shown in Table 1.

Additional mechanisms that trigger EMT have been 
directly connected to cancer treatment resistance. It has been 

Fig. 2  Epithelial-mesenchymal transition and related signaling and 
transcription factors

Table 1  Mechanisms of drug resistance through crosstalk between EMT and signaling pathways and transcription factors

Signaling pathways/TFs Drugs Mechanism of drug resistance Related malignancies References

Hh Anti-EGFR- tyrosine kinase 
inhibitors

Activation through EGFR-WT, 
EPHB3, Hh-STAT3, and 
EGFR-MT

Colorectal cancer and non-small 
lung cancer

[32, 34]

TGF-β Doxorubicin, TβRI kinase inhibi-
tor SB431542

Upregulation of PDK4 and 
TGF-β

Colorectal and colon cancer, 
triple-negative breast cancer

[35, 36]

Notch Gemcitabine Up-regulation of Notch signaling 
pathway

Pancreatic cancer [37]

Wnt Trastuzumab Transactivation of EGFR through 
Wnt/β-catenin pathway

Breast cancer (HER2-over 
expressing)

[38]

TWIST Taxol, anthracyclines Up-regulated TWIST, P-glyco-
protein expression activation 
mediated by twist

Bladder cancer, nasopharyngeal 
carcinoma

[39, 40]

ZEB2 Carboplatin, 5-fluorouracil 
(5-FU), and Oxaliplatin (OX)

Up-regulation of IL-1β that 
increases ZEB1, loss of 
FBXW7

Colorectal and colon cancers [40, 41]

SNAI1/SNAI2 Multidrug Up-regulation and activation of 
ABC transporters

Breast cancer [30]

ZEB1 Temozolomide (TMZ) Activation of CD133, OLIG2, 
MGMT and ROBO1

Glioblastoma [42]
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shown that Wnt contributes to therapy resistance in gastric 
cancer, Type-1 epithelial ovarian cancer, and HER2-over-
expressing breast cancer [38, 43]. The activation of Wnt/β-
catenin transactivating EGFR by Wnt3 overexpression in 
HER2-overexpressing breast cancer cells is thought to cause 
a partial EMT, which exploring its concept is crucial for 
gaining insights into trastuzumab resistance within these 
cells [38]. It has been shown that the Dapper1 Antagonist 
of Catenin1 (DACT1) adversely controls Wnt signaling and 
controls cisplatin resistance through controlling autophagy 
in EOCs. Full-length DACT1-carrying lentiviruses boosted 
autophagy and improved cisplatin sensitivity in EOC cells 
after transfection [44]. Overexpression of NANOGP8 in gas-
tric cancer results in resistance to anti-oxaliplatin (L OHP). 
It enhances Wnt signaling, upregulates markers of EMT, and 
boosts nucleus accumulation of β-catenin [43]. Moreover, 
drug resistance in non-small cell lung cancer that is resistant 
to EGFR-tyrosine kinase inhibitors [32], and in colorectal 
cancer that is resistant to cetuximab [34] has been associ-
ated to Hh pathway activation. Lastly, treatment resistance in 
pancreatic cancer has been linked to the Notch pathway. In 
gemcitabine-resistant cells, Notch-2 and Jagged-1 (Notch-2 
ligand) are both increased, and Notch knockdown partially 
reversed the EMT characteristics [37].

4  EMT‑TFs and cancer drug resistance

As shown in Table 1, several investigations in a range of 
tissue types have discovered EMT transcription factors, 
including TWIST, ZEB1/2, and SNAIL1/2 can directly 
impart treatment resistance in malignancies [45, 46]. Drug 
resistance may be conferred simply by upregulating these 
transcription factors [47]. Enhanced levels of EMT tran-
scription factors are linked to chemotherapy resistance and 
decreased survival in glioblastoma cells as well, where 
ZEB1 is abundantly expressed and connected to a variety 
of downstream targets (MGMT c-MYB, and ROBO1) via 
a ZEB1-miR200 feedback loop [42]. In CRC, it has been 
shown that the FBXW7-ZEB2 axis regulates a variety of 
crucial EMT-related traits as well as treatment resistance. 
The loss of FBXW7 as a tumor suppressor resulted in the 
EMT phenotype that ZEB2 knockdown was able to reverse 
[41]. Similar to this, TWIST overexpression or upregulation 
in cancer cells has been linked to chemoresistance; mecha-
nistically, this is accomplished in bladder cancer via increas-
ing P-Glycoprotein [40].

Numerous studies have demonstrated that several EMT-
TFs, including snail proteins (SNAI1 and SNAI2), TWIST, 
and FOXC2, result in the overexpression of ABC transport-
ers. Elevated transcription of these transporters imparts 
resistance to treatments, primarily due to their overexpres-
sion in malignant cells, potentially leading to the efflux of 

cytotoxic drugs [30]. Both morphological and phenotypic 
EMT hallmarks were seen in cell lines with cisplatin-resist-
ant phenotype, and gene expression profiling discovered 
many EMT-TFs, like snail proteins that were later shown 
to be important participants in drug resistance [48]. EMT 
pathways have been shown to function in a broad range of 
cell lines and tissues, including breast, colon, gastric, ovar-
ian, glioblastoma cells, and with a number of different medi-
cines, indicating a serious problem.

4.1  EMT and basic helix–loop–helix (bHLH) 
transcription factors

Major regulators of differentiation and lineage specifica-
tion are (bHLH) transcription factors. Inhibitor of differ-
entiation (ID) proteins, E47 and E12, TWIST-1 and -2, are 
among those that play critical roles in the advancement of 
EMT [18, 49]. As well as SNAIL, the expression of TWIST 
upregulates mesenchymal gene expression while downregu-
lating epithelial gene expression [50] (Fig. 3). Independent 
of SNAIL and most likely via the connection with other 
proteins, TWIST1 inhibits the production of E-cadherin 
and promotes the expression of N-cadherin in cancer cells 
[51]. In order to mediate H4K20 monomethylation, TWIST 
engages the methyltransferase SET8, which in humans is 
known as SETD8. H4K20 is a histone mark associated with 
the repression and activation of E-cadherin and N-cadherin 
promoters, respectively [51]. The PRC1 component B 
lymphoma Mo-MLV insertion region 1 homolog (BMI1), 
which is expressed in head and neck cancer cells, is acti-
vated by TWIST1. Then, at E-box sequences, BMI1 and 
TWIST1 collaborate to restrict the transcription of the cell 
cycle inhibitor p16 and E-cadherin [52]. PRC2 that can tri-
methylate H3K27 at the promoters of the E-cadherin and 
CDKN2A genes is recruited as part of this cooperation. 
TWIST expression is activated throughout development and 
cancer by different signaling pathways [17]. The hypoxia-
inducible factor 1 (HIF1) as another transcription factor, in 
particular, promotes EMT, and tumor cell spreads by induc-
ing TWIST expression when there is hypoxia68. Moreover, 
mechanical stress triggers the production of Twist in the 
epithelia of Drosophila melanogaster in a way that depends 
on β-catenin [53]. The makeup of TWIST’s dimers has a 
significant impact on its actions. Using E12 or E47, TWIST1 
and TWIST2 may create homodimers or heterodimers that 
control transcription and E-box DNA binding. Hence, ID 
proteins incapable of DNA binding connect with E12 or 
E47, and TWISTs, consequently hinder TWIST activity. As 
a consequence, TGF- ‘s suppression of ID gene expression 
causes TWIST (or other bHLH proteins) to be derepressed, 
which raises its activity in EMT [54]. Similar to SNAIL, 
phosphorylation controls TWIST1’s stability. MAPKs 
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phosphorylate TWIST1 at Ser68, preventing its degrada-
tion mediated by ubiquitin and boosting its activity [55].

4.2  ZEB1/ZEB2

ZEB1 and ZEB2, the two vertebrate ZEB transcription fac-
tors, attach to regulatory gene sequences at E-boxes and have 
the capacity to either suppress or activate transcription [18]. 
ZEB1 inhibits expression of E-cadherin independently of 
C-terminal-binding protein by recruiting the Switch/sucrose 
nonfermentable (SWI/SNF) chromatin remodeling pro-
tein BRG1 in some cancer cells; however, ZEB-mediated 
transcriptional repression is frequently associated with the 
recruitment of a CTBP co-repressor [56]. ZEB1 may change 
from inhibiting transcription to promoting transcription by 
interacting with the transcriptional coactivators including 
p300/CBP-associated factor (PCAF) and p30074. Moreo-
ver, ZEB1 may activate Lys-specific demethylase 1 (LSD1), 
suggesting a potential connection between it and EMT75’s 
histone demethylation. Consequently, similar to TWIST and 
SNAIL, ZEBs bind E-boxes and operate as transcriptional 
activators and repressors, promoting transcription of mes-
enchymal genes that characterize the EMT phenotype while 
suppressing certain epithelial junction and polarity genes 
[18] (Fig. 3).

When SNAIL expression is turned on, ZEB expression 
often follows and aligns with SNAIL1 directly targeting 
the ZEB1 gene. Furthermore, TWIST1 and SNAIL1 work 
together to trigger the expression of ZEB1 [57]. ZEB tran-
scription is elevated in response to growth factors, such as 
Wnt and TGFβ proteins, that stimulate RAS-MAPK signal-
ing. Activation of ETS1 mediated by MAPK signaling is 
involved in the activation of ZEB expression by TGF signal-
ing [58]. Polycomb repressive complex 2 (PRC2) sumoylates 
ZEB2 in the post-translational level inhibits it from asso-
ciating with CTBP and enhances its cytoplasmic location, 
which weakens inhibition of gene expression mediated by 
ZEB2 [59].

4.3  Slug and snail

SNAIL1 (SNAIL), SNAIL2 (SLUG), and SNAIL3 are the 
three vertebrate snail proteins that induce the EMT program 
throughout fibrosis, development, and tumor progression. 
SNAIL proteins have carboxy-terminal zinc-finger domains 
by which attaching to E-box DNA sequences and inhibit the 
expression of epithelial genes [18, 50, 60] (Fig. 3). SNAIL1 
activation at the E-cadherin promoter provides a clear illus-
tration of how SNAIL suppresses gene expression [61]. 
When E-box sequences within the proximal binding site of 

Fig. 3  Some most important transcription factors related to EMT
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the E-cadherin gene promoter region are engaged, SNAIL1 
triggers the activation of PRC2. This complex encompasses 
corepressor SIN3A, histone deacetylases 1, 2, and/or 3, Lys-
specific demethylase 1, as well as the methyltransferases 
enhancer of zeste homolog 2 (EZH2), G9a, and repressors, 
leading to a cascade of regulatory events [62]. Repressive 
chromatin is marked by H3K9 and H3K27 methylation, 
whereas active chromatin is identified by H3K4 methyla-
tion and H3K9 acetylation. In many promoters in embryonic 
stem cells, repressive and active markers coexist in “biva-
lent domains,” as shown in the promoter of E-cadherin [63]. 
This poised condition for the promoter allows for achieving 
prompt activation while preserving inhibition in the absence 
of differentiation cues. The E-cadherin promoter’s bivalent 
control may help explain why EMT is reversible. In addition 
to activating genes involved in the mesenchymal phenotype, 
SNAIL1 represses genes related to the epithelium. Bivalent 
domains, characterized by the presence of repressive H3K9 
trimethylation alongside activating H3K18 acetylation, 
may potentially have a role in enabling the production of 
the mesodermal transcription factor goosecoid in response 
to the TGF-related factor Nodal55.

Many signaling pathways work together to start and 
advance EMT, and they often trigger SNAIL1 transcription. 
Contingent upon the physiological setting, the Wnt family 
proteins, TGFs, Notch, and other types of growth factors that 
work via RTKs all trigger SNAIL1 expression [18]. To regu-
late gene expression, SNAIL1 and SNAIL2 work in concert 
with other transcription regulators. Moreover, it helps the 
SMAD3-SMAD4 complex induce TGF-β Signaling path-
ways-initiated post-translational changes and also regu-
lates the location, degradation, and consequently SNAIL1 
activation [18]. Its transcriptional activity is activated by 
the phosphorylation of SNAIL1 at two Ser-rich regions by 
GSK3. The nuclear export of SNAIL1 is facilitated by the 
phosphorylation of Ser97 and Ser101 in the first motif, and 
the following phosphorylation of Ser112, Ser120, Ser108, 
and Ser116 in the second motif marks SNAIL1 for degrada-
tion mediated by ubiquitin [64]. Many signaling pathways 
enhance SNAIL1 activity by modulating GSK3β-mediated 
phosphorylation. GSK3 phosphorylation of SNAIL1 is 
inhibited by the PI3K/AKT and Wnt/β-catenin pathways, 
while GSK3-SNAIL1 connections are disrupted by Notch 
and NF-κB signaling, both of which enhance SNAIL1 stabil-
ity and mediated suppression of the expression of occludin 
and E-cadherin [65]. Small C-terminal domain phosphatase 
1 (SCP1), on the other hand, blocks GSK3’s phosphorylation 
of SNAIL1, keeps it in the nucleus, and inhibits transcription 
[66]. In addition, phosphorylated Ser11 in SNAIL1 mediated 
by PKD1 promotes nuclear export, while phosphorylation 
of Ser246 in SNAIL1 via PAK1 activation or by large tumor 
suppressor 2 (LATS2) at Thr203 results in an increase in 
nuclear retention and encourages EMT. After its association 

with the ubiquitin ligase mouse double minute 2 (MDM2), 
p53 (as a critical tumor suppressor) recruits SNAIL2 for 
degradation, therefore inhibiting cancer invasion (Fig. 2) 
[67].

5  EMT and TGF‑β

TGF-β signaling has been linked to a variety of tissues, 
including stem cells from colorectal, breast, and squa-
mous cell carcinomas [68]. Nevertheless, the mechanisms 
by which it contributes to treatment resistance have been 
debated. Katsuno et al.’s study has illuminated the role of 
metabolism in colorectal cancer (CRC) by demonstrating 
that TGF-β governs 5-Fluorouracil resistance via the regula-
tion of PDK4 [36]. TGF-β transcriptionally stimulates p21, 
stabilizes NRF2, and increases glutathione metabolism in 
squamous cell carcinoma, decreasing the efficacy of treat-
ments [69]. In contrast, it was revealed that downregulat-
ing Smad4 increased sensitivity in colon cancer exhibiting 
resistance to doxorubicin (Dox), which had been indicated to 
be mediated by TGF-β [35]. TGF-β has been documented to 
play a crucial role in epirubicin resistance in triple-negative 
breast cancer by controlling EMT and cell death [68]. Resist-
ance to anti-cancer medication has also been linked to long-
term TGF-β treatment [36].

6  Non‑coding RNAs (ncRNAs) modulating 
EMT

Many types of RNAs without the capacity to encode proteins 
have regulatory roles in various physiological processes 
and have been found by several researchers. Researchers 
have been able to detect the presence of short ncRNAs 
in a variety of sample sources due to the advancement of 
high-throughput RNA sequencing technology [70]. These 
methods are very effective and sensitive for analyzing differ-
ent short non-coding RNAs [71]. These non-coding RNAs 
(ncRNAs), which also include miRNAs, lncRNAs, piRNAs, 
siRNAs, snRNAs, tiRNAs/trfs, and snoRNAs, have a crucial 
biological role in the transcriptional or post-transcriptional 
regulation of genes. To modify biological functions, they 
may interact with proteins, RNA, DNA, or other molecules. 
Non-coding RNAs (ncRNAs) have the ability to control a 
wide range of disorders, such as cancer, neurological, viral 
infection, and many others [72, 73]. It has been discovered 
that these non-coding RNAs control the EMT process and 
either encourage or hinder the spread of cancer cells. ncR-
NAs may be applied as potential diagnostic and prognostic 
biomarkers in a variety of malignancies if their regulatory 
functions in EMT and metastasis are better understood.
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MicroRNAs, which have a length of 21–25 nucleotides, 
are categorized as small ncRNAs. The transcription of its 
target gene is controlled by miRNA, which may destabilize 
the target mRNAs or prevent their translation. They control 
a vast range of physiological processes. MiRNA function 
dysregulation leads to the emergence of a number of ill-
nesses, including cancer. More than 50% of miRNAs are 
unregulated in human malignancies, according to recent 
research. Moreover, distinct predictive miRNA signatures 
for each kind of cancer exist and may be utilized to predict 
the prognosis of the illness [74]. Both positive and nega-
tive regulation of the EMT by miRNAs has been shown. 
MiRNAs that specifically target the epithelial markers may 
increase chemoresistance. For instance, miR-375 causes 
paclitaxel chemoresistance in lung cancer by specifically 
decreasing E-cadherin [75]. Furthermore, miR-514b-5p may 
lower E-cadherin expression to promote drug resistance. 
Interestingly, miR-514b-3p performs a different function in 
reversing the drug resistance caused by EMT, while being 
produced from the same RNA hairpin [76]. More research 
is needed to determine how the miR-514 precursor devel-
ops into the mature miR-514b-3p and miR-514b-5p, which 
play different functions. Moreover, the miR-106b 25 cluster 
increases doxorubicin resistance by suppressing EP300, an 
E-cadherin transcriptional activator [75].

Other lncRNAs have recently been linked to EMT and 
cancer cell metastasis through controlling EMT-TFs via 
a variety of ways. For example, the interaction between 
lncRNA antisense to ZEB1 (ZEB1-AS1) with MLL1 
can employ it to the promoter area of ZEB1 leading to 
ZEB1overexpression, increasing EMT and promoting metas-
tasis in cancer cells [77]. Also, in a xenograft mouse model 
of pancreatic cancer, direct interaction between lncRNA-
BX111887 and transcriptional factor Y-box protein (YB1) 
attracts YB1 to the ZEB1 promoter area and then promotes 
the expression of ZEB1 through high rate of its transcrip-
tion [78]. In addition, a group of lncRNAs that sequester 
miRNAs may post-transcriptionally control ZEB expression 
has been discovered.

Furthermore, it is discovered that a wide range of circR-
NAs regulate EMT by altering vital cytoskeleton and cell 
junctional elements. For instance, circ-AKT3 can sponge 
miR-296-3p to increase the expression of CDH1, which 
inhibits tumor cell dissemination in vivo, and invasion and 
migration of cancer cell lines [79]. Similar to this, circPT-
PRA controls E-cadherin and EMT in NSCLC by miR-96-5p 
sponging, allowing the production of RASSF8, which is 
the downstream tumor suppressor of miR-96-5p sequence. 
RASSF8 can interact with E-cadherin and maintain adhesion 
junctions [80]. Additionally, by acting as a sponge for miR-
193a-5p, circAMOTL1L increases protocadherin-α (Pcdha) 
transcription. Pcdha belongs to the cadherin superfamily 
and mediates cell–cell adhesion. Therefore, it is indicated 

that loss of Pcdha in prostate cancer cells encourages cell 
invasion, EMT, and cell migration cell lines as well as 
tumor development in prostate cancer animal models [81]. 
Intriguingly, targeting circPTK2 with shRNA dramatically 
reduced tumor metastasis in a xenograft mice model of CRC. 
CircPTK2 may bind to Ser82, Ser55, and Ser38 locations of 
vimentin and promote EMT both in tumor cell lines and ani-
mal models [82]. Combining the expanding understanding of 
ncRNAs in EMT and metastasis with ongoing advancements 
in nucleotide alterations and in vivo delivery technologies 
may eventually make it possible to use this fresh information 
in therapeutic settings. Various ncRNAs and their associa-
tion with EMT in different cancer metastasis and drug resist-
ance are elaborately described in refs [83] and [84].

7  EMT and chemoresistance in various 
cancers

EMT was previously exclusively linked to the invasion and 
metastasis of cancer cells. Recent research has indicated 
that cancerous cells undergoing EMT exhibit increased anti-
apoptotic activity, which considerably increases the resist-
ance of tumors to therapy [85, 86]. Moreover, EMT-affected 
tumor cells may develop a resistance to apoptosis, which has 
a direct effect on the effectiveness of chemotherapy, radio-
therapy, targeted treatment, and immunotherapy. As a possi-
ble method of treating tumors, reversing EMT or eliminating 
tumor cells with EMT defects has been suggested [86].

7.1  Brain tumors

The separation of tumor cells from the basement membrane 
is a component of EMT. Despite the absence of this essential 
tissue component in the central nervous system (CNS), other 
cancer types and CNS malignancies share crucial invasive 
processes [87]. Glioma mesenchymal characteristics may 
potentially be activated by the same triggers that cause 
EMT in other malignancies. EMT is a significant inducer 
of the stemness phenotype in cancer cells, in addition [88]. 
Glioblastoma mesenchymal subtypes (GBM) often dis-
play markers of neural stem cells and have an aggressive 
behavior [89]. In vitro and in the clinical context, expres-
sion of stem cell markers in glioma cells grants them high 
level of invasion potency and resistant to chemo- and radia-
tion therapy [90]. Overall, a hypoxic microenvironment is 
thought to be a powerful EMT trigger in different epithelial 
cancer types [91]. The recruitment of circulating or resident 
myeloid cells, such as macrophages or microglia, into the 
tumor stroma in gliomas may be caused by inflammatory 
processes or a hypoxic TME or close-by normal tissues [91]. 
The resident or circulating myeloid cells discharge a variety 
of growth factors, such as EGF, TGF, PDGF, and FGF2, that 



 Cancer and Metastasis Reviews

cause changes in the levels of EMT-TFs and in a variety of 
proteases that promote invasion potency into the surrounding 
normal brain [92]. Hence, in a hypoxic milieu, EMT may 
occur in glioma cells that are impacted by spectator myeloid 
cells and similar signaling factors.

Additionally, in a brain slice culture and using xenotrans-
plantation orthotopic model, it has been demonstrated 
that Twist expression is increased in malignant gliomas 
and encourages invasion in glioma cell via the mesenchy-
mal target gene Slug and the fibroblast activation protein, 
independent of the cadherin switch [93]. Moreover, Twist 
expression suppression significantly slows down the devel-
opment and production of GBM stem cell spheres. Accord-
ing to Nagaishi et al. [94], they found that mesenchymal 
gliosarcomas express Twist in a distinctive way; EMT is a 
factor in the development of biphasic tumor gliosarcoma. 
Slug is also intimately linked to the expansion of malignant 
glioma migration and invasion [95]. As was already indi-
cated, the notable transcription factors ZEB1 and ZEB2 are 
involved in mediating EMT in different cancers, like gliomas 
[96]. According to Wang et al. [96], individuals with GBM 
that included ZEB2 overexpression showed signs of recur-
rence with malignant transformation substantially sooner 
than patients with low levels of ZEB2. Nuclear factor B is 
activated by connective tissue growth factor, which makes 
glioma cells very invasive and starts the development of 
ZEB1, as well [97].

E-cadherin traps β-catenin in the cytoplasm in a variety 
of cancers, and β-catenin translocation into the nucleus after 
E-cadherin downregulation is directly associated with the 
development of the mesenchymal phenotype [98]. Despite 
the fact that the majority of GBMs do not exhibit E-cad-
herin expression, localization of β-catenin in the nucleus is 
mostly seen in the tumor’s invasive front [99]. Additionally, 
considerably shorter patient survival periods are associated 
with GBMs that exhibit high amounts of Wnt/β-catenin 
[100, 101]. Twist1, ZEB1, Snail, and Slug are among the 
EMT activators that are expressed by GBM cells when the 
Wnt/β-catenin pathway is engaged [102]. Additionally, the 
Wnt/β-catenin receptor Frizzled4 is highly expressed, which 
encourages Snail expression and the development of a mes-
enchymal character in GBM [103]. Moreover, NOTCH has 
a substantial role in the formation of many different cell 
and tissue types [104]. In several epithelial malignancies, 
including those of the lung, breast, and pancreatic, NOTCH 
signaling is a major EMT inducer [105]. According to Fan 
and colleagues, the level of CD133-positive stem-like cells 
in GBMs decreases when NOTCH signaling is inhibited by 
secretase inhibitors. NOTCH is a key regulator of stemness 
phenotype in glioma cells in their TME in addition to Wnt/β-
catenin [106]. PI3K/Akt pathway activation and NOTCH are 
also closely connected [107]. In addition, CD44s are the key 
inducers of EMT in colorectal and breast cancer. According 

to TCGA data, tumor invasion and resistance to treatments 
are both elevated in GBMs with transcriptional upregula-
tion of EMT-inducing hallmark markers, such as Slug and 
CD44 [108]. Nevertheless, functional information on EMT 
mediated by CD44 in GBM has not been completely clari-
fied [109]. Overall, as glioma cells undergo EMT, they gain 
the ability to start metastasis and invasion. The TME, in 
particular, a hypoxic environment or one in which recruited 
myeloid or mesenchymal stem cells produce proinflamma-
tory chemicals, has a significant impact on this process. 
These conditions may promote the development of cancer 
stem cells and result in chemoresistance.

7.2  Urological tumors

The metastatic process in prostate cancer (PCa) is tightly 
controlled by the interplay of molecular pathways that 
influence the EMT mechanism. While significant effort has 
been dedicated to the identification of different molecular 
pathways that control metastasis in prostate cancer, all of 
them have one thing in common: EMT’s crucial role as an 
inducer of metastasis and invasion. In actuality, the EMT 
state dictates the phenotype of cancerous prostate cells. 
These include both variables that induce EMT and those 
that inhibit PCa metastasis via modulating EMT. The regula-
tion of EMT is a HOXD13 function in PCa, and the ultimate 
effect is given through interacting with several molecular 
pathways. PCa has been shown to proceed much faster both 
in vitro and in vivo when HOXD13 is lost. Bone metastatic 
lesions in PCa increase when depletion of HOXD13 devel-
ops. Up-regulation of BMP4 causes EMT in PCa, while 
HOXD13 works by inhibiting SMAD1 to prevent BMP4 
from causing EMT in PCa [110]. Studies’ specific findings 
about the molecular interactions controlling the EMT pro-
cess are their main area of strength. Yet, it might be chal-
lenging to determine a gene’s role in modulating EMT when 
a gene exhibits multiple roles in malignancies. A bad prog-
nosis is provided by SHMT2 upregulation in bladder cancer 
[111]. Moreover, SHMT2 may encourage the proliferation 
and invasion of cancer cells [112]. As a result, SHMT2 func-
tion seems to be carcinogenic. In contrast to other research, 
however, decreased expression of SHMT2 in PCa encour-
ages tumor cell invasion. PCa is prevented from progressing 
by SHMT2, and when it is deficient, EMT is stimulated, 
accelerating cancer invasion [113]. While research sug-
gests that S100A14 may have a role in drug resistance and 
EMT induction in human malignancies [114], S100A14’s 
role in PCa is based on boosting FAT1 expression, which 
causes Hippo signaling, which lowers PCa malignancy 
and inhibits EMT [114]. Consequently, a critical discus-
sion of a gene’s or protein’s role in controlling EMT in PCa 
is necessary. A protein or gene may target more than one 
component that controls growth and invasion at once, and 
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EMT is not necessarily its only target. For example, in PCa, 
FSCN1 activates the YPA/TAZ axis, which improves gly-
colysis (metabolism) and encourages invasion through EMT 
[113]. EMT therefore participates crucially in controlling 
PCa metastasis and development [115]. The human tumors 
CXCR4 and CXCR7 exhibit overexpression, and they are 
powerful modulators of cancer growth [116]. In order to 
increase survival, angiogenesis, and growth, CXCL12 inter-
acts with CXCR4 and activates signaling pathways such 
MEK/ERK, PI3K/Akt, JAK-STAT, and NF-κB [117]. The 
role of the atypical chemokine receptor CXCR7 in cancer is 
debatable [118]. The modulation of cancer growth involves 
CXCR4, CXCR7, and ultimately CXCL12 [119]. A recent 
experiment examines the role of CXCR4 and CXCR7 in PCa 
growth. When CXCL12 is upregulated as a consequence of 
CXCR4 inhibition, EMT is induced and proliferation is sped 
up. Moreover, CXCR7 suppression has comparable effects 
in slowing PCa development. Because of this, CXCR4 and 
CXCR7 help to promote PCa development and induction of 
EMT [120].

According to a recent investigation, acetylated KLF5 
may boost CXCR4 expression, induce EMT, and maintain 
PCa cells as they acquire docetaxel resistance [121]. ISL1 
is an oncogenic factor that promotes cancer development, 
metastasis, and angiogenesis [122]. Furthermore, ISL1 
may make tumor cells resistant to cisplatin [123]. ISL1’s 
EMT pathway-related action mechanism in PCa is crucial. 
In order to mediate EMT in PCa cells and impart enzaluta-
mide resistance, ISL1 stimulates Akt phosphorylation [124]. 
According to intriguing research, activating the EMT pro-
cess may cause PCa to relapse and acquire docetaxel resist-
ance [125]. Castration resistance in PCa may also be caused 
by overexpression of the oncogenic FOX2 and development 
of EMT [126]. It has been demonstrated that the androgen 
receptor (AR) prompts the upregulation of Twist1 through 
ETV1, leads to increased EMT and enhanced migration of 
prostate cancer cells, and mediates castration resistance in 
PCa. Moreover, experimental studies indicated that TGF-β 
increases androgen receptor expression and that Twist1 and 
androgen receptor expression can be suppressed by TGF-β 
inhibitors [127]. Hypoxia is one of the factors that acceler-
ates PCa development.

Chrysin exerts its anti-tumor effect by suppressing the 
SPHK/HIF-α1 axis to slow the evolution of PCa, and expres-
sion level increases during hypoxia to facilitate glycolysis, 
which is disturbed by docetaxel [128, 129]. Propofol low-
ers HIF-1 to decrease EMT in order to overcome docetaxel 
resistance in PCa cells since HIF-α1 expression levels rise 
during hypoxia [130]. The formation of radioresistance in 
tumor cells may be caused by EMT, despite the fact that 
research has mostly focused on the involvement of EMT in 
chemoresistance [129, 131]. Radio resistance develops in 
PCa as a result of SMC1A’s induction of EMT [132]. Future 

research should take into account the molecular factors that 
contribute to EMT involvement in radioresistant PCa.

Genes strongly control the EMT-related proteins in 
modifying bladder cancer (BC) development. In order 
to improve N-cadherin and vimentin levels while down-
regulate E-cadherin, YKL-40 promotes Slug, Snail, and 
Twist, as inducers of EMT in BC [133]. Many malignan-
cies, including liver cancer and BC, have been linked to the 
etiology of type II diabetes mellitus (TIIDM) [134]. High 
glucose levels have also been linked to the etiology of dia-
betic problems such nephropathy and macrovascular pro-
teins, as well as the ability to mediate EMT [135]. High 
glucose levels in BC increase YAP1 and TAZ expression, 
promoting tumor spread and inducing EMT, demonstrating 
the need for greater attention to be paid to the care and man-
agement of diabetic patients [136]. A lot of work has gone 
into understanding the variables that control EMT, but what 
is fascinating is that SOX2 and Nanog levels are promoted 
by EMT, which increases the stemness of BC cells [137]. 
Hence, inhibiting EMT may reduce BC cell stemness in 
addition to decreasing invasion. BC cells become less sen-
sitive to chemotherapy when EMT is induced. By increas-
ing E cadherin levels and lowering N-cadherin and vimen-
tin levels, suppressing Notch signaling prevents EMT and 
increases BC’s drug sensitivity [138]. Autophagy is one of 
the systems that breaks down macromolecules and orga-
nelles and maintains cellular homeostasis. Its activation 
may happen under hunger and stress situations. Moreover, 
too much autophagy might cause cell death [139]. Current 
research has examined the role of autophagy in BC, and 
it has been shown that 4-Methoxydalbergione reduces the 
growth of tumor cells by inhibiting autophagy [140]. In 
addition, autophagy inhibition increases the expression of 
PD-1 and boosts immunosuppression in tumor cells [141]. 
Yet, autophagy’s protective role may help BC cells advance. 
Capsaicin increases Dhh/Ptch2/Zeb2 expression levels as a 
part of Hh signaling to cause EMT and mediate resistance to 
treatment with mitomycin C, gemcitabine, and doxorubicin 
in BC [142]. The complex signaling networks that exist in 
BC cells may contribute to BC’s development of treatment 
resistance. SETDB1 is an H3K9 methyltransferase whose 
role in numerous physiological and pathological conditions 
has been well established [143]. It is involved, among other 
cellular mechanisms, in gene regulation at the epigenetic 
level, such as the regulation of cell proliferation, cell death, 
the antiviral response, the inactivation of the X chromosome, 
and inflammatory responses. Circ-PTK2 has an interaction 
with PABPC1 to improve SETDB1’s stability at the mRNA 
level. This increases cancer spread and initiates gemcitabine 
resistance by inducing EMT [144].

Transmembrane metalloproteinases of the ADAM protein 
family have crucial roles in signal transmission, cellular con-
nections, and proteolysis [145]. A member of the ADAM 
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family, ADAM12, has been investigated for its participation 
in tumor progression and its role in promoting the spread of 
cancer cells [146]. Gemcitabine resistance in BC is medi-
ated by an increase in EGFR expression and stimulation of 
the EMT process by ADAM12 [147]. ADNP, whose over-
expression induces Akt signaling and accelerates BC cell 
proliferation, is another crucial element in the development 
of the disease [148]. Notably, ADNP promotes cisplatin 
resistance in tumor cells by promoting TGF-mediated EMT 
and is also implicated in the invasion of BC cells [149]. 
Chemokines have an important function in the course of 
BC, and a high level of CXCL5 expression mediated by circ-
DHTKD1 may lead to lymphatic metastasis [150]. To attract 
myeloid-derived suppressor cells and speed up BC devel-
opment, KIF4A promotes CXCL5 expression [151]. Sup-
pressing of CXCL5 down-regulates CD44 expression and 
reduces BC cell stemness and metastasis [152]. Mitomycin 
C resistance in BC is mediated by CXCL5, which elevates 
NF-κB levels and induces EMT [153]. These results suggest 
that EMT activation may make BC cells more aggressive 
and that when this happens, tumor cells are more likely to 
become resistant to treatment. Hence, EMT inhibition may 
increase cancer cells’ receptivity to treatment.

There are a few research assessing the role of EMT in 
renal cancer that should be taken into consideration in the 
upcoming trials, despite the fact that the EMT mechanism 
in other urological malignancies, such as BC and PCa, has 
been well investigated. The first crucial element is the con-
tribution of the EMT process to the accelerated advancement 
of kidney cancer. Although overexpression of SLC27A2 is 
a detrimental factor that inhibits EMT through a decrease 
in the expression to obstruct tumor cell development and 
metastasis, CDK3 can enhance EMT in the evolution 
of renal cancer [154]. SLC17A9, a separate factor from 
ALC27A2 that can also control the growth and metastasis 
of renal cancer, has a distinct method of action. SLC17A9 
increases the expression of PTHLH to promote EMT dur-
ing the invasion of renal carcinoma. As a result, SLC17A9 
silencing may hinder EMT in renal carcinoma metastasis 
[155]. It has to be emphasized, nonetheless, that induction 
of EMT in renal cells does not always suggest that the risk 
of cancer metastasis is increased. For instance, research has 
indicated that the cancer stem cell marker, CD105, may trig-
ger EMT but cannot promote metastasis [156]. To determine 
if there is a correlation between EMT and enhanced cancer 
invasion, investigations should assess EMT, cell transforma-
tion, and ultimate impact on the invasion of tumor cells. ZEB 
protein control of EMT was extensively covered in earlier 
sections. When ZEB2 is overexpressed in kidney carcinoma, 
EMT is stimulated, which accelerates the growth of tumor 
cells. Nevertheless, miR-124 and miR-203 work in con-
cert to decrease ZEB2 and prevent kidney carcinoma cells 
from migrating and invading [157]. Hence, deregulation of 

molecular pathways may result in EMT modulation in renal 
cancer, just as it occurs in other urological cancers [158]. 
Importantly, the EMT process and chemoresistance in kid-
ney cancer are related. Rock2 is upregulated when Nc886 
expression levels rise in renal carcinoma due to its phospho-
rylation. Then, it is discovered that β-catenin nuclear transfer 
underlies EMT-induced chemoresistance in renal carcinoma 
[159]. Moreover, HP-1’s EMT inhibition helps tumor cells 
become more sensitive to sunitinib [160]. The use of anti-
cancer substances that control EMT in renal cancer is thus 
advantageous in reducing carcinogenesis [161].

7.3  Gastrointestinal tumors

The contribution of EMT in metastasis and drug resistance 
in different gastrointestinal tumors, including gastric can-
cer, esophageal cancer, hepatocellular carcinoma, colorectal 
cancer, pancreatic cancer, and cholangiocarcinoma, has been 
reported in recent studies. According to reports, TGF-β1 
causes EMT in esophageal adenocarcinoma (EAC) by acti-
vating the SMAD4 pathway. BMP7 as a member of the TGF-
β1 superfamily, blocks this signaling [162]. It was shown 
that TGF-β1 controls mitochondrial superoxide dismutase 
2 (SOD2), an antioxidant enzyme, to change  CD44low cells 
into  CD44high cells using immortalized esophageal keratino-
cytes. NF-κB and ZEB2, but not ZEB1, were transcription-
ally responsible for regulating SOD2 expression [163]. In 
addition, it is mentioned that TGF-β1-mediated EMT in the 
same cells needed p53 mutation together with high-level 
expression of ZEB1 and the loss of EGFR-dependent senes-
cence program [164]. To investigate the reasons for resist-
ance to chemotherapy and the poor prognosis after treatment 
in esophageal cancer, Liu et al. created esophageal cancer 
cells, which are resistant to paclitaxel (PTX). Their research 
showed that these cancer cells exhibited stem cell biomark-
ers and were susceptible to EMT had features of cancer cells 
that are stem cells. Their findings revealed that after taking 
chemotherapeutic medications continuously for a while, 
the EMT biomarkers expression and EMT-related proteins 
linked to stemness increased in esophageal cancer cells. This 
research suggested that a better approach to treating drug 
resistance in esophageal cancer may include concurrently 
attacking EMT and stemness [165].

The Helicobacter pylori cytotoxin-associated gene A 
(CagA) oncoprotein, which causes the in vitro “humming-
bird” phenotype that resembles EMT, may play a role in the 
association between EMT and gastric cancer (GC) [166]. 
GC cells overexpressing CagA increased the transcription 
of mesenchymal and stem cell markers including CD44 
[166]. Cancer cells with high levels of CagA shown a strong 
capacity for tumorigenesis in vivo. Overexpression of CD44 
and upregulation of other mesenchymal markers were con-
firmed by immunohistochemical examination of samples 
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from people with H. pylori infection [167]. The runt domain 
transcription factor RUNX3 serves as a crucial TGF-path-
way mediator in the stomach epithelium. Gastric epithelial 
cells lacking RUNX3 undergo EMT and produce a fraction 
that expresses Lgr5 (the gastric stem cell marker), which 
is tumorigenic stem cell-like. Gastric epithelial cells were 
more susceptible to TGF-induced EMT as a consequence of 
the suppression of RUNX3 and p53, and the resulting induc-
tion of Lgr5 was made more potent by an aberrantly active 
Wnt pathway [168]. In gastric cancer, Cao et al. studied the 
possibility that FHL3 leads to EMT and drug resistance by 
upregulating slug and activating TGF-β/Smad-independent 
pathways [169]. Their findings suggested that lower over-
all survival and greater TNM stage are invariably associ-
ated with increased FHL3 expression. Oxaliplatin (OHP) 
resistance might result from excessive FHL3 expression. 
Although FHL3 knockdown significantly sensitized chem-
otherapy in vivo and in vitro, it only mildly decreased cell 
proliferation. Moreover, although down-regulating FHL3 
lowered E-cadherin, as the epithelial marker, it raised Slug, 
Snail, Twist1, and Vimentin (as the mesenchymal markers) 
[170]. It has also been shown via cell and animal studies 
that downregulating FHL3 may reduce cancer cell metas-
tasis. For the purpose of studying the process, inhibition of 
FHL3 declined the levels of the TGF-β/PI3K/Akt/GSK3b-
(Ring Finger Protein 146) RNF146/ubiquitin pathway and 
the MAPK/ ERK pathway. The ubiquitin complex (Slug/ 
GSK3b/RNF146) and Slug were competitively bound by 
FHL3, which prevented Slug from being ubiquitinated. Mul-
tidrug Resistance Gene 1 (MDR1) is more prevalent in mes-
enchymal phenotypic cells, and FHL3 knockdown reverses 
MDR1 in these cells [169].

In cancerous cells that were resistant to regorafenib ther-
apy, it has been discovered that HEY1, HES1, and Notch-1 
were considerably elevated. It is reported that suppress-
ing Notch-1 in resistant cells partly reversed resistance to 
regorafenib treatment in vitro studies [171]. Furthermore, 
because over-activation of Wnt/β-catenin signaling is a sig-
nificant contributor to the formation of CRC, Wnt signaling 
is both a key route for CRC progression and one of the vari-
ables contributing to the evolution of EMT [172]. A num-
ber of secreted glycoproteins make up the Wnt/β-catenin 
pathway. Hence, EMT activity in CRC cells and tolerance 
to certain cisplatin-based medications may be promoted by 
aberrant stimulation of Wnt/β-catenin signaling [173]. To 
evaluate CRC cells with various degrees of resistance to 
oxaliplatin, Zhou et al. measured the levels of miR-506 in 
individuals with the disease. They discovered that upregu-
lation of miR-506 decreased the Wnt/β-catenin pathway, 
reduced expression of MDR1 and P-gp, and increased oxali-
platin sensitivity in HCT116-OxR cells [173]. Consequently, 
the modulation of specific signaling pathways, like Notch, 
enables the potential reversion or elimination of cancerous 

cells that have already undergone EMT. This is a prominent 
concern in modern clinical practice [85]. In addition, Wang 
and colleagues discovered that colorectal cancer cells with 
high levels of Snail expression had significantly enhanced 
5-Fluorouracil resistance. The direct binding of Snail to the 
promoter of ABCB1 can increase its expression [174]. Also, 
they discovered that cutting down the ABCB1 gene might 
drastically reduce resistance to 5-Fluorouracil induced by 
Snail in colorectal cancer cells, suggesting a possible mecha-
nism for EMT and chemoresistance and offering a potential 
target for therapeutic therapy of this malignancy.

Transcriptomic research on human hepatocellular can-
cer tissue samples found that TGF-β signaling was active 
in a subset of HCC, known as Wnt-TGF-β subclass [170]. 
According to a sequential transcriptome study, TGF signal-
ing was a late event that was accompanied by significant 
gene changes [175]. During EMT, TGF-β has been found 
to cause post-translational modifications in hepatocyte 
nuclear factor-4α (HNF-4α) that coincide with the early loss 
of the capacity of HNF-4α to bind to promoters of target 
genes through GSK-3β kinase [176]. By phosphorylating 
SMAD3’s linker region at Ser213, which leads to the over-
expression of TGF-target genes such Snail, MMP9, PAI1, 
and the receptor tyrosine kinase Axl [175].

The greatest barrier to treating hepatocellular cancer 
is medication resistance. The acid-sensing ion channel 1a 
(ASIC1a) plays crucial functions in the invasion and metas-
tasis of cancer cells and in the development of therapeutic 
resistance [177]. ASIC1a levels and their connection to cell 
invasion, cell migration, and cell proliferation were exam-
ined by Zhang et al. HCC tissues overexpress ASIC1a and 
resistant HCC cells overexpress ASIC1a even more. Drug-
resistant cells experienced EMT more often than parental 
cells. Via EMT, ASIC1a inactivation reduced cell invasion 
and migration and boosted chemosensitivity in cells. When 
ASIC1a was overexpressed, it produced drug resistance, 
activated EMT, and boosted cell invasion, migration, and 
proliferation. When ASIC1a was knocked down by shRNA, 
the EMT program would be reversed. By controlling the 
production of fibronectin, vimentin, and catenin through the 
AKT/GSK-3/Snail pathway activated by TGF/Smad signals, 
ASIC1a promoted cell motility and invasion via EMT. Drug 
resistance in HCC is mediated by ASIC1a via EMT through 
the AKT/GSK-3/Snail pathway [177].

7.4  Gynecological tumors

Gynecologic malignancies are caused by neoplastic cells 
that develop in the ovaries, vagina, cervix, uterus, vulva, and 
fallopian tubes growing uncontrollably. Studies have shown 
that gynecologic malignancies have comparable risk factors, 
including obesity, exposure to certain chemicals, smoking, 
age, HIV infection, and infection to human papillomavirus. 
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This is true even if these tumors have diverse signs and 
symptoms. Despite recent improvements in gynecologic 
cancer prevention, diagnosis, and treatment, many patients 
still die from metastasis and recurrence. Significant empha-
sis should be provided in order to recognize the molecu-
lar anomalies causing EMT and its underlying signaling to 
decrease cancer morbidity and mortality because numer-
ous pieces of evidence indicate that the EMT process has a 
crucial role in metastatic relapse of cancer. Gynecological 
malignancies have increased cellular migration, metastasis, 
survival, recurrence, invasion, and treatment resistance, 
which may be caused by EMT [178]. Furthermore, chemo- 
and radiation resistance in cervical malignancies has been 
linked to its increased expression [179]. Patients with cer-
vical squamous cell carcinoma who express Twist2 have 
a higher risk of developing metastatic disease [180]. The 
induction of the AKT and Wnt/β-catenin pathways as well 
as the maintenance of the cells’ stem cell-like properties are 
caused by the expression of these transcription factors in 
cervical cancer cells [181]. Twist overexpression has been 
shown to be related with a worse patient survival rate in inva-
sive endometrial carcinomas [182]. Twist1 overexpression 
decreases keratin-8 and E-cadherin expression while pro-
moting N-cadherin transcription in ovarian cancer [183]. It 
has been reported that Twist2 decreases E-cadherin expres-
sion and is involved in EMT induction in vulvar cancer 
[184]. Twist expression in endometrial cancer cells can be 
induced by the upregulation of transcription factor KLF17. 
As a result, EMT was subsequently activated, cell invasion 
was enhanced, and drug resistance was developed. Twist 
and KLF17 both exhibit increased expression in endometrial 
cancer cells [185]. KLF4, a transcription factor related to 
KLF17, inhibits cell migration, cell invasion, and cell pro-
liferation by modulating EMT induction mediated by TGF in 
ovarian cancer cells, acting as a tumor suppressor [186]. A 
proinflammatory cytokine called interleukin 6 (IL-6) causes 
EMT in cervical and ovarian malignancies [187]. Via the 
STAT3 pathway, IL-6 promotes EMT activation in cervi-
cal cancer [188]. Increased levels of EGF in ovarian cancer 
boost the release of IL-6, which, via the PI3K/Akt SHP-2/
Ras, JAK/STAT3, and MAPK signaling pathways, promotes 
the cell mobility and cancer cells resistance to chemotherapy 
[189]. According to research, TFs including Twist, Snail, 
and FOXC2 overexpression in breast cancer boost the pro-
moter activity of ABC transporters, suggesting that EMT 
triggers are some of the ABC transporter regulators. Hence, 
transcription factors related to EMT are suggested as emerg-
ing therapeutic strategies to address metastasis and the asso-
ciated treatment resistance [30]. Significantly, breast cancer 
cells with intermediate E/M phenotypes are more capable 
of acquiring metastasis and treatment resistance than those 
with a fully mesenchymal condition [190]. The production 
of ITGB4 + in intermediate stages, which is controlled by 

Zeb1 via its suppression of Tap63 expression, a protein that 
promotes ITGB4 expression, is one of the molecular mecha-
nisms hypothesized for this resistance in mesenchymal-like 
triple-negative breast cancer cells [191].

In both normal and transformed human mammary epi-
thelial cells, stimulation of Twist up-regulation or inhibi-
tion of E-cadherin confers resistance to doxorubicin and 
paclitaxel. This is a noticeable example of EMT role and its 
related transcription factors in chemotherapy resistance. Yet, 
in basal-like breast cancer cells, Snail provides resistance 
to docetaxel and gemcitabine. Paclitaxel is only effective 
against breast cancer cells that have mesenchymal features. 
In fact, the EMT induction activates PERK-eIF2 and makes 
cells more vulnerable to substances that disrupt the function 
of the endoplasmic reticulum (ER) [192]. This illustrates a 
brand-new ER-stress sensitivity susceptibility of cancer cells 
during EMT. It is significant that the relationship between 
EMT and resistance to endocrine treatment in luminal breast 
cancer has been observed utilizing in xenograft models and 
in vitro studies. It is interesting to note that the production 
of estrogen receptor alpha gene (ESR1) fusion proteins in 
breast cancer cell lines accelerates the development of EMT 
without the use of estrogen by upregulating Snail and down-
regulating E-cadherin [193].

7.5  Hematological tumors

It is interesting to note that mounting data suggests that tran-
scription factors related to EMT are crucially involved in 
hematologic disorders. Hematopoietic and leukemic stem 
cells both exhibit high levels of Twist1 expression [194]. 
Hematopoiesis is associated with Twist1 expression. Twist1 
promotes apoptosis resistance and cancer cell self-renewal 
ability in leukemia and solid tumors [52, 195]. By prevent-
ing apoptosis, the snail family also aids in the growth of 
lymphocytes [196]. These results have prompted research 
into the involvement of EMT-TFs in the development of 
hematological malignancies and their resistance to treat-
ments. Drug resistance may also result from Twist1 expres-
sion. According to Nan et al., Twist1 expression was linked 
to mitoxantrone and daunorubicin resistance, which has a 
negative impact on prognosis. Nevertheless, the molecular 
and cytogenetic risk was unclear in this investigation [197]. 
As opposed to this, different research found that the aggres-
sive types of AML associated with high levels of Twist1 
had a stronger response to cytarabine therapy, resulting in 
a positive outcome [195]. These findings suggested that 
upregulation of Twist1 was linked to low cytogenetic and/
or molecular risk, which might account for the favorable 
prognosis. However, further research is needed to under-
stand how signaling pathways have an effective interaction 
with Twist1 in a low-risk AML subtype. Regardless of any 
additional resistance mechanisms, the amount of Twist1 
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expression in CD34 + CML cells served as both a prognostic 
indicator and a biomarker for early identification of tyrosine 
kinase inhibitor resistance in CML. Twist1 may be a crucial 
prognostic indicator for myeloid malignancies even if the 
relationship between it and Bcr-Abl translocation is unclear 
[198].

Mancera and coworkers discovered that the expression 
of Snail2 was increased and is necessary for the elevation 
of leukemogenesis in Bcr-Ablp190 transgenic mice [199]. 
Moreover, Snail2 expression made leukemia cells resist-
ant to apoptosis, but Snail2 inhibition promoted cell death 
[200]. Since ERK1/2 stimulates the expression of Snail2, 
p53 up-regulated modulator of apoptosis (PUMA) is down-
regulated, which results in chemoresistance to cytarabine 
and adriamycin [201]. Mancini et al. demonstrated in a CML 
cell line that Bcr-Ablp210 controlled Snail2 expression 
through ERK1/2, resulting in resistance to imatinib mesylate 
[202]. Leukemia development could be enhanced in Snail1-
expressing mice, and Snail1 expression also encouraged 
resistance to apoptosis, leading in radiotherapy resistance 
[203]. Overall, the Snail family, notably Snail2, may regulate 
leukemia's capacity for self-renewal, resistance to treatment, 
and anti-apoptosis. As a result, Snail proteins family is a 
possible target for leukemia therapy. Moreover, ZEB2 was 
shown to be a crucial transcription factor for maintaining 
the stemness of leukemia cells, and its absence resulted in 
abnormal differentiation and reduced proliferation [204].

8  EMT‑mediated tumor therapeutic 
resistance: therapeutic approaches

Reversing or suppressing EMT is a novel notion for thera-
peutic tumor sensitization because of the critical role EMT 
plays in tumor metastasis and tumor resistance. The process 
of mesenchymal-epithelial transition (MET) can be consid-
ered as the inverse of EMT. In contrast to the process of 
EMT, the process of MET involves the reversal of cellular 
phenotype from a mesenchymal state to an epithelial state. 
This transition is characterized by a shift towards a cellu-
lar phenotype that is more structured, less motile, and less 
invasive. As a result, tumor cells become more resistant to 
treatment by re-expressing epithelial markers and losing 
their mesenchymal properties [205]. A novel strategy for 
therapy resistance could be offered by the transformation of 
mesenchymal tumor cells into epithelioid phenotype. Target-
ing transcription factors related to EMT can be a strategy for 
treating cancers that have become resistant to therapy since 
MET may be caused by the diminished expression of EMT-
TFS and EMT-TRAN [206]. Via the AKT/GSK-3/Snail 
signaling pathway, it has been discovered that ionizing radia-
tion increases the radiotherapy resistance of hypopharyngeal 
cancer cells and promotes EMT. The EMT is reversed and 

the radiotherapy resistance of hypopharyngeal cancer cells is 
greatly reduced when Snail is silenced, but in oral squamous 
cell carcinoma, inhibiting Slug improves the cancer cells’ 
susceptibility to radiation [207, 208]. These findings imply 
that Snail and Slug may represent viable targets for EMT-
mediated radiation resistance treatment. With the E-cadherin 
promoter region, Twist may create a dimer or heterodimer, 
limiting its expression and accelerating the start of EMT 
[207]. Mice with reduced TWIST levels showed increased 
sensitivity to cisplatin treatment in cases of epithelial ovar-
ian cancer when siTWIST-MSN-HA, a novel nanoparticle 
delivery system, inhibited the expression of Twist. This sug-
gests that this technology could be applicable to malignan-
cies characterized by Twist overexpression [209]. In addi-
tion to being necessary for EMT activation, ZEB1 is also 
essential for the emergence of chemotherapeutic resistance. 
It has been shown that inhibiting ZEB1 expression makes 
CRC cells more susceptible to chemotherapy, suggesting 
that inhibiting the expression of ZEB1 can help reverse 
chemotherapy resistance mediated by ZEB1[210].

By effectively suppressing EMT to some extent, inhibi-
tors of several signaling pathways might reduce tumor resist-
ance to therapy. As mentioned before, EMT is governed 
by the TGF-β/Smad signaling pathway. In gastric cancer 
and glioma cells, LV2109761 and LV364947 have been 
shown to impede EMT brought on by ionizing radiation, 
hence increasing tumor cells’ irradiation sensitivity. Both 
LV2109761 and LV364947 are the TGF-receptor inhibitors 
[211, 212]. Moreover, regarding to the role of Wnt/β-catenin 
signaling pathway in EMT-mediated tumor therapy resist-
ance, driamycin sensitivity in lymphoma patients may be 
considerably increased by WNT974 as a suppressor of the 
Wnt/β-catenin signaling pathway. Moreover, radiation sen-
sitivity of cervical cancer cells has been markedly elevated 
by XAV939, which is a tankyrase inhibitor [213].

Numerous investigations have shown a connection 
between EMT and the control of certain ribosomal proteins 
in diverse cancer types. Inhibiting EMT and ultimately lead-
ing to chemoresistance, several ribosomal proteins have the 
capacity to control cell migration [214, 215]. Although the 
suppressing of RPL34, a ribosomal protein, is enough to 
diminish the EMT phenotype, inhibiting invasion and migra-
tion of esophageal cancer cells, the down-regulation of uL3, 
another ribosomal protein, is associated with promoted cell 
migration and EMT that in turn results in chemotherapy 
resistance [216]. Ribosomes are produced as a result of 
the translation of ribosomal protein-coding mRNAs (RP-
mRNAs), although it is unclear how these processes are 
controlled in relation to other cellular processes. During the 
process of cell migration into their environment, the RP-
mRNAs are localized in actin-rich cell protrusions. The 
localization of this protein is caused by the RNA-binding 
protein La-related protein 6 (LARP6). LARP6-mediated 
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mRNA localization is necessary for cell migration, and 
this pathway is connected to cancer formation during EMT 
[217]. Table 2 summarized some of the clinical trials related 
to targeted EMT for cancer treatment.

9  Conclusion and remarks

Several mechanisms underlie the development of treatment 
resistance in tumor cells, and the processes behind thera-
peutic effectiveness and resistance vary greatly across peo-
ple with various tumor types. Tumor treatment resistance 
is a result of heterogeneity and biological processes, like 
drug metabolism, DNA damage repair, autophagy, cell cycle 
arrest, drug efflux, and EMT. The treatment of tumor thera-
peutic resistance may also be influenced by the TME and 
other small-molecule substances in the blood. Future study 
should concentrate on the fundamental process in tumor 
cells that leads to their resistance to treatment since address-
ing only one of the processes mentioned above is inadequate 
to entirely reverse tumor cell treatment resistance. One of the 
most prevalent mechanisms causing cancer therapy resist-
ance is EMT. The function of EMT and the cellular process 
through which it takes place have gained considerable under-
standing as research has progressed. In cancer patients, EMT 
and therapy resistance have all been clearly linked, accord-
ing to a number of clinical investigations. Unfortunately, 
there are presently few therapeutic medications or healing 
methods that might improve the EMT process and, thus, the 
effectiveness of tumor treatments. Targeting certain sites can 
reverse EMT and increase tumor treatment sensitivity in cell 
and animal studies, but there are still significant hazards and 
challenges to long-term human success. As a consequence, a 
more thorough and in-depth investigation of the connection 
between EMT and tumor treatment resistance is required. 
To create a new strategy for the treatment of customized 
tumors in the future, fundamental experimentation, clinical 

research, and development must still be coordinated with 
translational medicine at their heart.

Author contributions All the authors have partidipated in paper 
preapration, its confirmation and final submission to the journal.

Data availability No data has been generated in this manuscript.

Declarations 

Ethics approval N/A

Informed consent N/A

Competing interests The authors declare no competing interests.

References

 1. Vasan, N., Baselga, J., & Hyman, D. M. (2019). A view on drug 
resistance in cancer. Nature, 575, 299–309. https:// doi. org/ 10. 
1038/ s41586- 019- 1730-1

 2. Yaray, K., Norbakhsh, A., Rashidzadeh, H., Mohammadi, A., 
Mozafari, F., Ghaffarlou, M., Mousazadeh, N., Ghaderzadeh, R., 
Ghorbani, Y., Nasehi, L., et al. (2023). Chemoradiation therapy 
of 4T1 cancer cells with methotrexate conjugated platinum nano-
particles under X-Ray irradiation. Inorganic Chemistry Com-
munications, 150, 110457. https:// doi. org/ 10. 1016/j. inoche. 2023. 
110457

 3. Assaraf, Y. G., Brozovic, A., Gonçalves, A. C., Jurkovicova, D., 
Linē, A., Machuqueiro, M., Saponara, S., Sarmento-Ribeiro, A. 
B., Xavier, C. P. R., & Vasconcelos, M. H. (2019). The multi-
factorial nature of clinical multidrug resistance in cancer. Drug 
Resistance Updates, 46, 100645. https:// doi. org/ 10. 1016/j. drup. 
2019. 100645

 4. Ashrafizadeh, M., Mirzaei, S., Hashemi, F., Zarrabi, A., Zabo-
lian, A., Saleki, H., Sharifzadeh, S. O., Soleymani, L., Daneshi, 
S., & Hushmandi, K. (2021). New insight towards development 
of paclitaxel and docetaxel resistance in cancer cells: EMT as a 
novel molecular mechanism and therapeutic possibilities. Bio-
medicine & Pharmacotherapy, 141, 111824.

 5. Ashrafizadeh, M., Zarrabi, A., Hushmandi, K., Kalantari, M., 
Mohammadinejad, R., Javaheri, T., & Sethi, G. (2020). Asso-
ciation of the epithelial–mesenchymal transition (EMT) with 

Table 2  Clinical trials targeting EMT in various cancers

Clinical trial Status Cancer Treatment approach

NCT02412462 Completed (Phase I) Solid tumors AB-16B5 (humanized monoclonal antibody) inhibits secreted form 
of clusterin (sCLU) (EMT inducer)

NCT00900328 Completed Adenocarcinoma (AC) of the lung Correlation of c-Met expression and EMT
NCT01070355 Completed (Phase II) Colorectal cancer liver metastases Targeted EMT by eicosapentaenoic acid (EPA)
NCT02204943 Completed Bone metastatic castration-resist-

ant prostate cancer
Treated with Radium-223 that decreases EMT markers

NCT00769483 Completed (Phase I/II) Advanced pancreatic cancer MK-0646 and gemcitabine ± erlotinib to target and decrease EMT 
markers

NCT01534585 Completed (Phase I/II) Nasopharyngeal cancer Icotinib hydrochloride combined with intensity-modulated radio-
therapy to target EMT

NCT01468922 Completed (Phase I) Advanced solid tumors Pazopanib and ARQ 197 (Tivantinib) block (c-MET)

https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1016/j.inoche.2023.110457
https://doi.org/10.1016/j.inoche.2023.110457
https://doi.org/10.1016/j.drup.2019.100645
https://doi.org/10.1016/j.drup.2019.100645


Cancer and Metastasis Reviews 

cisplatin resistance. International journal of Molecular Sci-
ences, 21, 4002.

 6. Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bron-
ner, M., Campbell, K., Cano, A., Casanova, J., Christofori, 
G., et al. (2020). Guidelines and definitions for research on 
epithelial-mesenchymal transition. Nature Reviews Molecu-
lar Cell Biology, 21, 341–352. https:// doi. org/ 10. 1038/ 
s41580- 020- 0237-9

 7. Mirzaei, S., Abadi, A. J., Gholami, M. H., Hashemi, F., Zabolian, 
A., Hushmandi, K., Zarrabi, A., Entezari, M., Aref, A. R., & 
Khan, H. (2021). The involvement of epithelial-to-mesenchymal 
transition in doxorubicin resistance: Possible molecular targets. 
European Journal of Pharmacology, 908, 174344.

 8. Olmeda, D., Moreno-Bueno, G., Flores, J. M., Fabra, A., Por-
tillo, F., & Cano, A. (2007). SNAI1 is required for tumor growth 
and lymph node metastasis of human breast carcinoma MDA-
MB-231 cells. Cancer Research, 67, 11721–11731. https:// doi. 
org/ 10. 1158/ 0008- 5472. Can- 07- 2318

 9. Nosrati, H., Salehiabar, M., Charmi, J., Yaray, K., Ghaffarlou, 
M., Balcioglu, E., & Ertas, Y. N. (2023). Enhanced in vivo radio-
therapy of breast cancer using gadolinium oxide and gold hybrid 
nanoparticles. ACS Applied Bio Materials, 6, 784–792. https:// 
doi. org/ 10. 1021/ acsabm. 2c009 65

 10. Ashrafizadeh, M., Hushmandi, K., Hashemi, M., Akbari, M. 
E., Kubatka, P., Raei, M., Koklesova, L., Shahinozzaman, M., 
Mohammadinejad, R., & Najafi, M. (2020). Role of microRNA/
epithelial-to-mesenchymal transition axis in the metastasis of 
bladder cancer. Biomolecules, 10, 1159.

 11. Mirzaei, S., Gholami, M. H., Aghdaei, H. A., Hashemi, M., 
Parivar, K., Karamian, A., Zarrabi, A., Ashrafizadeh, M., & Lu, 
J. (2023). Exosome-mediated miR-200a delivery into TGF-β-
treated AGS cells abolished epithelial-mesenchymal transition 
with normalization of ZEB1, vimentin and Snail1 expression. 
Environmental Research, 231, 116115.

 12. Boumahdi, S., & de Sauvage, F. J. (2020). The great escape: 
Tumour cell plasticity in resistance to targeted therapy. Nature 
Reviews Drug Discovery, 19, 39–56. https:// doi. org/ 10. 1038/ 
s41573- 019- 0044-1

 13. Gupta, P. B., Pastushenko, I., Skibinski, A., Blanpain, C., & 
Kuperwasser, C. (2019). Phenotypic plasticity: Driver of cancer 
initiation, progression, and therapy resistance. Cell Stem Cell, 
24, 65–78. https:// doi. org/ 10. 1016/j. stem. 2018. 11. 011

 14. Erin, N., Grahovac, J., Brozovic, A., & Efferth, T. (2020). Tumor 
microenvironment and epithelial mesenchymal transition as tar-
gets to overcome tumor multidrug resistance. Drug Resistance 
Updates, 53, 100715. https:// doi. org/ 10. 1016/j. drup. 2020. 100715

 15. Barriere, G., Fici, P., Gallerani, G., Fabbri, F., & Rigaud, M. 
(2015). Epithelial mesenchymal transition: A double-edged 
sword. Clinical and Translational Medicine, 4, 14. https:// doi. 
org/ 10. 1186/ s40169- 015- 0055-4

 16. Nieto, M. A., Huang, R. Y., Jackson, R. A., & Thiery, J. P. E. M. 
T. (2016). Cell, 2016(166), 21–45. https:// doi. org/ 10. 1016/j. cell. 
2016. 06. 028

 17. Lamouille, S., Xu, J., & Derynck, R. (2014). Molecular mecha-
nisms of epithelial-mesenchymal transition. Nature Reviews 
Molecular Cell Biology, 15, 178–196. https:// doi. org/ 10. 1038/ 
nrm37 58

 18. Peinado, H., Olmeda, D., & Cano, A. (2007). Snail, Zeb and 
bHLH factors in tumour progression: An alliance against the epi-
thelial phenotype? Nature Reviews Cancer, 7, 415–428. https:// 
doi. org/ 10. 1038/ nrc21 31

 19. Kang, Y., & Massagué, J. (2004). Epithelial-mesenchymal transi-
tions: Twist in development and metastasis. Cell, 118, 277–279. 
https:// doi. org/ 10. 1016/j. cell. 2004. 07. 011

 20. Wick, W., Platten, M., & Weller, M. (2001). Glioma cell inva-
sion: Regulation of metalloproteinase activity by TGF-beta. 

Journal of Neuro-oncology, 53, 177–185. https:// doi. org/ 10. 
1023/a: 10122 09518 843

 21. Kalluri, R., & Weinberg, R. A. (2009). The basics of epithelial-
mesenchymal transition. The Journal of Clinical Investigation, 
119, 1420–1428. https:// doi. org/ 10. 1172/ jci39 104

 22. Ocaña, O. H., Córcoles, R., Fabra, A., Moreno-Bueno, G., 
Acloque, H., Vega, S., Barrallo-Gimeno, A., Cano, A., & Nieto, 
M. A. (2012). Metastatic colonization requires the repression 
of the epithelial-mesenchymal transition inducer Prrx1. Cancer 
Cell, 22, 709–724. https:// doi. org/ 10. 1016/j. ccr. 2012. 10. 012

 23. Tsai, J. H., Donaher, J. L., Murphy, D. A., Chau, S., & Yang, 
J. (2012). Spatiotemporal regulation of epithelial-mesenchymal 
transition is essential for squamous cell carcinoma metastasis. 
Cancer Cell, 22, 725–736. https:// doi. org/ 10. 1016/j. ccr. 2012. 09. 
022

 24. Shibue, T., Brooks, M. W., & Weinberg, R. A. (2013). An inte-
grin-linked machinery of cytoskeletal regulation that enables 
experimental tumor initiation and metastatic colonization. Can-
cer Cell, 24, 481–498. https:// doi. org/ 10. 1016/j. ccr. 2013. 08. 012

 25. Nikolaou, M., Pavlopoulou, A., Georgakilas, A. G., & Kyrodi-
mos, E. (2018). The challenge of drug resistance in cancer treat-
ment: A current overview. Clinical & Experimental Metastasis, 
35, 309–318. https:// doi. org/ 10. 1007/ s10585- 018- 9903-0

 26. Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, 
M., Snyder, N., & Sarkar, S. (2014). Drug resistance in cancer: 
An overview. Cancers (Basel), 6, 1769–1792. https:// doi. org/ 10. 
3390/ cance rs603 1769

 27. Zheng, X., Carstens, J. L., Kim, J., Scheible, M., Kaye, J., Sugi-
moto, H., Wu, C. C., LeBleu, V. S., & Kalluri, R. (2015). Epi-
thelial-to-mesenchymal transition is dispensable for metastasis 
but induces chemoresistance in pancreatic cancer. Nature, 527, 
525–530. https:// doi. org/ 10. 1038/ natur e16064

 28. Fischer, K. R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S. 
T., Choi, H., El Rayes, T., Ryu, S., Troeger, J., et al. (2015). Epi-
thelial-to-mesenchymal transition is not required for lung metas-
tasis but contributes to chemoresistance. Nature, 527, 472–476. 
https:// doi. org/ 10. 1038/ natur e15748

 29. Huang, J., Li, H., & Ren, G. (2015). Epithelial-mesenchymal 
transition and drug resistance in breast cancer (Review). Inter-
national Journal of Oncology, 47, 840–848. https:// doi. org/ 10. 
3892/ ijo. 2015. 3084

 30. Saxena, M., Stephens, M. A., Pathak, H., & Rangarajan, A. 
(2011). Transcription factors that mediate epithelial-mesenchy-
mal transition lead to multidrug resistance by upregulating ABC 
transporters. Cell Death & Disease, 2, e179. https:// doi. org/ 10. 
1038/ cddis. 2011. 61

 31. Sommers, C. L., Heckford, S. E., Skerker, J. M., Worland, P., 
Torri, J. A., Thompson, E. W., Byers, S. W., & Gelmann, E. P. 
(1992). Loss of epithelial markers and acquisition of vimentin 
expression in adriamycin- and vinblastine-resistant human breast 
cancer cell lines. Cancer Research, 52, 5190–5197.

 32. Della Corte, C. M., Bellevicine, C., Vicidomini, G., Vitagliano, 
D., Malapelle, U., Accardo, M., Fabozzi, A., Fiorelli, A., Fasano, 
M., Papaccio, F., et al. (2015). SMO gene amplification and acti-
vation of the hedgehog pathway as novel mechanisms of resist-
ance to anti-epidermal growth factor receptor drugs in human 
lung cancer. Clinical Cancer Research, 21, 4686–4697. https:// 
doi. org/ 10. 1158/ 1078- 0432. Ccr- 14- 3319

 33. Adelian, S., Ahadi, A. M., Ayat, H., & Teimori, H. (2020). 
Enhanced recombinant C-terminal domain of gli2 gene expres-
sion can improve wound healing through promoting cdc25b and 
N-Myc genes expression. Gene Reports, 20, 100754. https:// doi. 
org/ 10. 1016/j. genrep. 2020. 100754

 34. Park, S. H., Jo, M. J., Kim, B. R., Jeong, Y. A., Na, Y. J., Kim, J. 
L., Jeong, S., Yun, H. K., Kim, D. Y., Kim, B. G., et al. (2019). 
Sonic hedgehog pathway activation is associated with cetuximab 

https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1158/0008-5472.Can-07-2318
https://doi.org/10.1158/0008-5472.Can-07-2318
https://doi.org/10.1021/acsabm.2c00965
https://doi.org/10.1021/acsabm.2c00965
https://doi.org/10.1038/s41573-019-0044-1
https://doi.org/10.1038/s41573-019-0044-1
https://doi.org/10.1016/j.stem.2018.11.011
https://doi.org/10.1016/j.drup.2020.100715
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1186/s40169-015-0055-4
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrc2131
https://doi.org/10.1038/nrc2131
https://doi.org/10.1016/j.cell.2004.07.011
https://doi.org/10.1023/a:1012209518843
https://doi.org/10.1023/a:1012209518843
https://doi.org/10.1172/jci39104
https://doi.org/10.1016/j.ccr.2012.10.012
https://doi.org/10.1016/j.ccr.2012.09.022
https://doi.org/10.1016/j.ccr.2012.09.022
https://doi.org/10.1016/j.ccr.2013.08.012
https://doi.org/10.1007/s10585-018-9903-0
https://doi.org/10.3390/cancers6031769
https://doi.org/10.3390/cancers6031769
https://doi.org/10.1038/nature16064
https://doi.org/10.1038/nature15748
https://doi.org/10.3892/ijo.2015.3084
https://doi.org/10.3892/ijo.2015.3084
https://doi.org/10.1038/cddis.2011.61
https://doi.org/10.1038/cddis.2011.61
https://doi.org/10.1158/1078-0432.Ccr-14-3319
https://doi.org/10.1158/1078-0432.Ccr-14-3319
https://doi.org/10.1016/j.genrep.2020.100754
https://doi.org/10.1016/j.genrep.2020.100754


 Cancer and Metastasis Reviews

resistance and EPHB3 receptor induction in colorectal cancer. 
Theranostics, 9, 2235–2251. https:// doi. org/ 10. 7150/ thno. 30678

 35. Li, J., Liu, H., Yu, J., & Yu, H. (2015). Chemoresistance to doxo-
rubicin induces epithelial-mesenchymal transition via upregula-
tion of transforming growth factor β signaling in HCT116 colon 
cancer cells. Molecular Medicine Reports, 12, 192–198. https:// 
doi. org/ 10. 3892/ mmr. 2015. 3356

 36. Katsuno, Y., Meyer, D. S., Zhang, Z., Shokat, K. M., Akhurst, R. 
J., Miyazono, K., & Derynck, R. (2019). Chronic TGF-β expo-
sure drives stabilized EMT, tumor stemness, and cancer drug 
resistance with vulnerability to bitopic mTOR inhibition. Science 
Signaling, 12, 570. https:// doi. org/ 10. 1126/ scisi gnal. aau85 44

 37. Wang, Z., Li, Y., Kong, D., Banerjee, S., Ahmad, A., Azmi, A. 
S., Ali, S., Abbruzzese, J. L., Gallick, G. E., & Sarkar, F. H. 
(2009). Acquisition of epithelial-mesenchymal transition phe-
notype of gemcitabine-resistant pancreatic cancer cells is linked 
with activation of the notch signaling pathway. Cancer Research, 
69, 2400–2407. https:// doi. org/ 10. 1158/ 0008- 5472. Can- 08- 4312

 38. Wu, Y., Ginther, C., Kim, J., Mosher, N., Chung, S., Slamon, 
D., & Vadgama, J. V. (2012). Expression of Wnt3 activates 
Wnt/β-catenin pathway and promotes EMT-like phenotype in 
trastuzumab-resistant HER2-overexpressing breast cancer cells. 
Molecular Cancer Research, 10, 1597–1606. https:// doi. org/ 10. 
1158/ 1541- 7786. Mcr- 12- 0155-t

 39. Wang, X., Ling, M. T., Guan, X. Y., Tsao, S. W., Cheung, H. W., 
Lee, D. T., & Wong, Y. C. (2004). Identification of a novel func-
tion of TWIST, a bHLH protein, in the development of acquired 
taxol resistance in human cancer cells. Oncogene, 23, 474–482. 
https:// doi. org/ 10. 1038/ sj. onc. 12071 28

 40. Chen, Y., Li, L., Zeng, J., Wu, K., Zhou, J., Guo, P., Zhang, D., 
Xue, Y., Liang, L., Wang, X., et al. (2012). Twist confers chem-
oresistance to anthracyclines in bladder cancer through upregu-
lating P-glycoprotein. Chemotherapy, 58, 264–272. https:// doi. 
org/ 10. 1159/ 00034 1860

 41. Li, N., Babaei-Jadidi, R., Lorenzi, F., Spencer-Dene, B., Clarke, 
P., Domingo, E., Tulchinsky, E., Vries, R. G. J., Kerr, D., Pan, 
Y., et al. (2019). An FBXW7-ZEB2 axis links EMT and tumour 
microenvironment to promote colorectal cancer stem cells and 
chemoresistance. Oncogenesis, 8, 13. https:// doi. org/ 10. 1038/ 
s41389- 019- 0125-3

 42. Siebzehnrubl, F. A., Silver, D. J., Tugertimur, B., Deleyrolle, L. 
P., Siebzehnrubl, D., Sarkisian, M. R., Devers, K. G., Yachnis, 
A. T., Kupper, M. D., Neal, D., et al. (2013). The ZEB1 path-
way links glioblastoma initiation, invasion and chemoresistance. 
EMBO Molecular Medicine, 5, 1196–1212. https:// doi. org/ 10. 
1002/ emmm. 20130 2827

 43. Ma, X., Wang, B., Wang, X., Luo, Y., & Fan, W. (2018). 
NANOGP8 is the key regulator of stemness, EMT, Wnt path-
way, chemoresistance, and other malignant phenotypes in gastric 
cancer cells. PLoS One, 13, e0192436. https:// doi. org/ 10. 1371/ 
journ al. pone. 01924 36

 44. Li, R. N., Liu, B., Li, X. M., Hou, L. S., Mu, X. L., Wang, H., & 
Linghu, H. (2017). DACT1 Overexpression in type I ovarian can-
cer inhibits malignant expansion and cis-platinum resistance by 
modulating canonical Wnt signalling and autophagy. Science and 
Reports, 7, 9285. https:// doi. org/ 10. 1038/ s41598- 017- 08249-7

 45. Deng, J. J., Zhang, W., Xu, X. M., Zhang, F., Tao, W. P., Ye, J. 
J., & Ge, W. (2016). Twist mediates an aggressive phenotype in 
human colorectal cancer cells. International Journal of Oncol-
ogy, 48, 1117–1124. https:// doi. org/ 10. 3892/ ijo. 2016. 3342

 46. Hill, C., & Wang, Y. (2020). The importance of epithelial-mes-
enchymal transition and autophagy in cancer drug resistance. 
Cancer Drug Resistance, 3, 38–47. https:// doi. org/ 10. 20517/ cdr. 
2019. 75

 47. Hojo, N., Huisken, A. L., Wang, H., Chirshev, E., Kim, N. 
S., Nguyen, S. M., Campos, H., Glackin, C. A., Ioffe, Y. J., & 

Unternaehrer, J. J. (2018). Snail knockdown reverses stemness 
and inhibits tumour growth in ovarian cancer. Science and 
Reports, 8, 8704. https:// doi. org/ 10. 1038/ s41598- 018- 27021-z

 48. Haslehurst, A. M., Koti, M., Dharsee, M., Nuin, P., Evans, 
K., Geraci, J., Childs, T., Chen, J., Li, J., Weberpals, J., et al. 
(2012). EMT transcription factors snail and slug directly con-
tribute to cisplatin resistance in ovarian cancer. BMC Cancer, 
12, 91. https:// doi. org/ 10. 1186/ 1471- 2407- 12- 91

 49. De Craene, B., & Berx, G. (2013). Regulatory networks defin-
ing EMT during cancer initiation and progression. Nature 
Reviews Cancer, 13, 97–110. https:// doi. org/ 10. 1038/ nrc34 47

 50. Xu, J., Lamouille, S., & Derynck, R. (2009). TGF-beta-induced 
epithelial to mesenchymal transition. Cell Research, 19, 156–
172. https:// doi. org/ 10. 1038/ cr. 2009.5

 51. Yang, F., Sun, L., Li, Q., Han, X., Lei, L., Zhang, H., & Shang, 
Y. (2012). SET8 promotes epithelial-mesenchymal transition 
and confers TWIST dual transcriptional activities. EMBO 
Journal, 31, 110–123. https:// doi. org/ 10. 1038/ emboj. 2011. 364

 52. Yang, M. H., Hsu, D. S., Wang, H. W., Wang, H. J., Lan, H. Y., 
Yang, W. H., Huang, C. H., Kao, S. Y., Tzeng, C. H., Tai, S. K., 
et al. (2010). Bmi1 is essential in Twist1-induced epithelial-
mesenchymal transition. Nature Cell Biology, 12, 982–992. 
https:// doi. org/ 10. 1038/ ncb20 99

 53. Farge, E. (2003). Mechanical induction of Twist in the Dros-
ophila foregut/stomodeal primordium. Current Biology, 13, 
1365–1377. https:// doi. org/ 10. 1016/ s0960- 9822(03) 00576-1

 54. Kang, Y., Chen, C. R., & Massagué, J. (2003). A self-enabling 
TGFbeta response coupled to stress signaling: Smad engages 
stress response factor ATF3 for Id1 repression in epithelial 
cells. Molecular Cell, 11, 915–926. https:// doi. org/ 10. 1016/ 
s1097- 2765(03) 00109-6

 55. Hong, J., Zhou, J., Fu, J., He, T., Qin, J., Wang, L., Liao, L., 
& Xu, J. (2011). Phosphorylation of serine 68 of Twist1 by 
MAPKs stabilizes Twist1 protein and promotes breast cancer 
cell invasiveness. Cancer Research, 71, 3980–3990. https:// 
doi. org/ 10. 1158/ 0008- 5472. Can- 10- 2914

 56. Sánchez-Tilló, E., Lázaro, A., Torrent, R., Cuatrecasas, M., 
Vaquero, E. C., Castells, A., Engel, P., & Postigo, A. (2010). 
ZEB1 represses E-cadherin and induces an EMT by recruiting 
the SWI/SNF chromatin-remodeling protein BRG1. Oncogene, 
29, 3490–3500. https:// doi. org/ 10. 1038/ onc. 2010. 102

 57. Dave, N., Guaita-Esteruelas, S., Gutarra, S., Frias, À., Beltran, 
M., Peiró, S., & de Herreros, A. G. (2011). Functional coop-
eration between Snail1 and twist in the regulation of ZEB1 
expression during epithelial to mesenchymal transition. Jour-
nal of Biological Chemistry, 286, 12024–12032. https:// doi. 
org/ 10. 1074/ jbc. M110. 168625

 58. Shirakihara, T., Saitoh, M., & Miyazono, K. (2007). Differ-
ential regulation of epithelial and mesenchymal markers by 
deltaEF1 proteins in epithelial mesenchymal transition induced 
by TGF-beta. Molecular Biology of the Cell, 18, 3533–3544. 
https:// doi. org/ 10. 1091/ mbc. e07- 03- 0249

 59. Long, J., Zuo, D., & Park, M. (2005). Pc2-mediated sumoyla-
tion of Smad-interacting protein 1 attenuates transcriptional 
repression of E-cadherin. Journal of Biological Chemistry, 
280, 35477–35489. https:// doi. org/ 10. 1074/ jbc. M5044 77200

 60. Bao, Z., Zeng, W., Zhang, D., Wang, L., Deng, X., Lai, J., Li, 
J., Gong, J., & Xiang, G. (2022). SNAIL induces EMT and 
lung metastasis of tumours secreting CXCL2 to promote the 
invasion of M2-type immunosuppressed macrophages in colo-
rectal cancer. International Journal of Biological Sciences, 18, 
2867.

 61. Wang, W.-D., Shang, Y., Li, Y., & Chen, S.-Z. (2019). Honokiol 
inhibits breast cancer cell metastasis by blocking EMT through 
modulation of Snail/Slug protein translation. Acta Pharmaco-
logica Sinica, 40, 1219–1227.

https://doi.org/10.7150/thno.30678
https://doi.org/10.3892/mmr.2015.3356
https://doi.org/10.3892/mmr.2015.3356
https://doi.org/10.1126/scisignal.aau8544
https://doi.org/10.1158/0008-5472.Can-08-4312
https://doi.org/10.1158/1541-7786.Mcr-12-0155-t
https://doi.org/10.1158/1541-7786.Mcr-12-0155-t
https://doi.org/10.1038/sj.onc.1207128
https://doi.org/10.1159/000341860
https://doi.org/10.1159/000341860
https://doi.org/10.1038/s41389-019-0125-3
https://doi.org/10.1038/s41389-019-0125-3
https://doi.org/10.1002/emmm.201302827
https://doi.org/10.1002/emmm.201302827
https://doi.org/10.1371/journal.pone.0192436
https://doi.org/10.1371/journal.pone.0192436
https://doi.org/10.1038/s41598-017-08249-7
https://doi.org/10.3892/ijo.2016.3342
https://doi.org/10.20517/cdr.2019.75
https://doi.org/10.20517/cdr.2019.75
https://doi.org/10.1038/s41598-018-27021-z
https://doi.org/10.1186/1471-2407-12-91
https://doi.org/10.1038/nrc3447
https://doi.org/10.1038/cr.2009.5
https://doi.org/10.1038/emboj.2011.364
https://doi.org/10.1038/ncb2099
https://doi.org/10.1016/s0960-9822(03)00576-1
https://doi.org/10.1016/s1097-2765(03)00109-6
https://doi.org/10.1016/s1097-2765(03)00109-6
https://doi.org/10.1158/0008-5472.Can-10-2914
https://doi.org/10.1158/0008-5472.Can-10-2914
https://doi.org/10.1038/onc.2010.102
https://doi.org/10.1074/jbc.M110.168625
https://doi.org/10.1074/jbc.M110.168625
https://doi.org/10.1091/mbc.e07-03-0249
https://doi.org/10.1074/jbc.M504477200


Cancer and Metastasis Reviews 

 62. Dong, C., Wu, Y., Yao, J., Wang, Y., Yu, Y., Rychahou, P. G., 
Evers, B. M., & Zhou, B. P. (2012). G9a interacts with Snail and 
is critical for Snail-mediated E-cadherin repression in human 
breast cancer. The Journal of Clinical Investigation, 122, 1469–
1486. https:// doi. org/ 10. 1172/ jci57 349

 63. Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, 
D. J., Cuff, J., Fry, B., Meissner, A., Wernig, M., Plath, K., et al. 
(2006). A bivalent chromatin structure marks key developmental 
genes in embryonic stem cells. Cell, 125, 315–326. https:// doi. 
org/ 10. 1016/j. cell. 2006. 02. 041

 64. Kao, S. H., Wang, W. L., Chen, C. Y., Chang, Y. L., Wu, Y. Y., 
Wang, Y. T., Wang, S. P., Nesvizhskii, A. I., Chen, Y. J., Hong, 
T. M., et al. (2014). GSK3β controls epithelial-mesenchymal 
transition and tumor metastasis by CHIP-mediated degradation 
of Slug. Oncogene, 33, 3172–3182. https:// doi. org/ 10. 1038/ onc. 
2013. 279

 65. Du, D., Katsuno, Y., Meyer, D., Budi, E. H., Chen, S. H., Koep-
pen, H., Wang, H., Akhurst, R. J., & Derynck, R. (2018). Smad3-
mediated recruitment of the methyltransferase SETDB1/ESET 
controls Snail1 expression and epithelial-mesenchymal transi-
tion. EMBO Reports, 19, 135–155. https:// doi. org/ 10. 15252/ 
embr. 20174 4250

 66. Du, C., Zhang, C., Hassan, S., Biswas, M. H., & Balaji, K. C. 
(2010). Protein kinase D1 suppresses epithelial-to-mesenchymal 
transition through phosphorylation of snail. Cancer Research, 70, 
7810–7819. https:// doi. org/ 10. 1158/ 0008- 5472. Can- 09- 4481

 67. Wang, S. P., Wang, W. L., Chang, Y. L., Wu, C. T., Chao, Y. 
C., Kao, S. H., Yuan, A., Lin, C. W., Yang, S. C., Chan, W. K., 
et al. (2009). p53 controls cancer cell invasion by inducing the 
MDM2-mediated degradation of Slug. Nature Cell Biology, 11, 
694–704. https:// doi. org/ 10. 1038/ ncb18 75

 68. Xu, X., Zhang, L., He, X., Zhang, P., Sun, C., Xu, X., Lu, Y., & 
Li, F. (2018). TGF-β plays a vital role in triple-negative breast 
cancer (TNBC) drug-resistance through regulating stemness, 
EMT and apoptosis. Biochemical and Biophysical Research 
Communications, 502, 160–165. https:// doi. org/ 10. 1016/j. bbrc. 
2018. 05. 139

 69. Oshimori, N., Oristian, D., & Fuchs, E. (2015). TGF-β promotes 
heterogeneity and drug resistance in squamous cell carcinoma. 
Cell, 160, 963–976. https:// doi. org/ 10. 1016/j. cell. 2015. 01. 043

 70. Anastasiadou, E., Jacob, L. S., & Slack, F. J. (2018). Non-cod-
ing RNA networks in cancer. Nature Reviews Cancer, 18, 5–18. 
https:// doi. org/ 10. 1038/ nrc. 2017. 99

 71. Singh, A., Malvankar, S., Ravi Kumar, Y. S., Seervi, M., Sriv-
astava, R. K., & Verma, B. (2022). Role of various non-coding 
RNAs in EMT, cancer, and metastasis: Recent trends and future 
perspective. Advances in Cancer Biology - Metastasis, 4, 100039. 
https:// doi. org/ 10. 1016/j. adcanc. 2022. 100039

 72. Madhry, D., Pandey, K. K., Kaur, J., Rawat, Y., Sapra, L., Ravi-
kumar, Y. S., Srivastava, R. K., Bhattacharyya, S., & Verma, B. 
(2021). Role of non-coding RNAs in Dengue virus-host interac-
tion. Frontiers in Bioscience-Scholar, 13(44), 55.

 73. Mazarei, M., Shahabi Rabori, V., Ghasemi, N., Salehi, M., Ray-
atpisheh, N., Jahangiri, N., & Saberiyan, M. (2023). LncRNA 
MALAT1 signaling pathway and clinical applications in over-
come on cancers metastasis. Clinical and Experimental Medi-
cine. https:// doi. org/ 10. 1007/ s10238- 023- 01179-x

 74. Calin, G. A., & Croce, C. M. (2006). MicroRNA signatures in 
human cancers. Nature Reviews Cancer, 6, 857–866. https:// doi. 
org/ 10. 1038/ nrc19 97

 75. Shen, Y., Zhou, J., Li, Y., Ye, F., Wan, X., Lu, W., Xie, X., & 
Cheng, X. (2014). miR-375 mediated acquired chemo-resistance 
in cervical cancer by facilitating EMT. PLoS One, 9, e109299. 
https:// doi. org/ 10. 1371/ journ al. pone. 01092 99

 76. Ren, L. L., Yan, T. T., Shen, C. Q., Tang, J. Y., Kong, X., 
Wang, Y. C., Chen, J., Liu, Q., He, J., Zhong, M., et al. (2018). 

The distinct role of strand-specific miR-514b-3p and miR-
514b-5p in colorectal cancer metastasis. Cell Death & Disease, 
9, 687. https:// doi. org/ 10. 1038/ s41419- 018- 0732-5

 77. Su, W., Xu, M., Chen, X., Chen, N., Gong, J., Nie, L., Li, L., 
Li, X., Zhang, M., & Zhou, Q. (2017). Long noncoding RNA 
ZEB1-AS1 epigenetically regulates the expressions of ZEB1 
and downstream molecules in prostate cancer. Molecular Can-
cer, 16, 142. https:// doi. org/ 10. 1186/ s12943- 017- 0711-y

 78. Deng, S. J., Chen, H. Y., Ye, Z., Deng, S. C., Zhu, S., Zeng, 
Z., He, C., Liu, M. L., Huang, K., Zhong, J. X., et al. (2018). 
Hypoxia-induced LncRNA-BX111 promotes metastasis and 
progression of pancreatic cancer through regulating ZEB1 
transcription. Oncogene, 37, 5811–5828. https:// doi. org/ 10. 
1038/ s41388- 018- 0382-1

 79. Xue, D., Wang, H., Chen, Y., Shen, D., Lu, J., Wang, M., 
Zebibula, A., Xu, L., Wu, H., Li, G., et al. (2019). Circ-AKT3 
inhibits clear cell renal cell carcinoma metastasis via altering 
miR-296-3p/E-cadherin signals. Molecular Cancer, 18, 151. 
https:// doi. org/ 10. 1186/ s12943- 019- 1072-5

 80. Wei, S., Zheng, Y., Jiang, Y., Li, X., Geng, J., Shen, Y., Li, 
Q., Wang, X., Zhao, C., Chen, Y., et al. (2019). The circRNA 
circPTPRA suppresses epithelial-mesenchymal transitioning 
and metastasis of NSCLC cells by sponging miR-96-5p. eBio-
Medicine, 44, 182–193. https:// doi. org/ 10. 1016/j. ebiom. 2019. 
05. 032

 81. Yang, Z., Qu, C. B., Zhang, Y., Zhang, W. F., Wang, D. D., Gao, 
C. C., Ma, L., Chen, J. S., Liu, K. L., Zheng, B., et al. (2019). 
Dysregulation of p53-RBM25-mediated circAMOTL1L bio-
genesis contributes to prostate cancer progression through the 
circAMOTL1L-miR-193a-5p-Pcdha pathway. Oncogene, 38, 
2516–2532. https:// doi. org/ 10. 1038/ s41388- 018- 0602-8

 82. Yang, H., Li, X., Meng, Q., Sun, H., Wu, S., Hu, W., Liu, 
G., Li, X., Yang, Y., & Chen, R. (2020). CircPTK2 (hsa_
circ_0005273) as a novel therapeutic target for metastatic colo-
rectal cancer. Molecular Cancer, 19, 13. https:// doi. org/ 10. 1186/ 
s12943- 020- 1139-3

 83. Khanbabaei, H., Ebrahimi, S., García-Rodríguez, J. L., Ghasemi, 
Z., Pourghadamyari, H., Mohammadi, M., & Kristensen, L. S. 
(2022). Non-coding RNAs and epithelial mesenchymal transi-
tion in cancer: Molecular mechanisms and clinical implications. 
Journal of Experimental & Clinical Cancer Research, 41, 278. 
https:// doi. org/ 10. 1186/ s13046- 022- 02488-x

 84. Pan, G., Liu, Y., Shang, L., Zhou, F., & Yang, S. (2021). EMT-
associated microRNAs and their roles in cancer stemness and 
drug resistance. Cancer Communications (Lond), 41, 199–217. 
https:// doi. org/ 10. 1002/ cac2. 12138

 85. Lu, H. Y., Zu, Y. X., Jiang, X. W., Sun, X. T., Liu, T. Y., Li, R. 
L., Wu, Q., Zhang, Y. S., & Zhao, Q. C. (2019). Novel ADAM-
17 inhibitor ZLDI-8 inhibits the proliferation and metastasis of 
chemo-resistant non-small-cell lung cancer by reversing Notch 
and epithelial mesenchymal transition in vitro and in vivo. Phar-
macological Research, 148, 104406. https:// doi. org/ 10. 1016/j. 
phrs. 2019. 104406

 86. Blazquez, R., Rietkötter, E., Wenske, B., Wlochowitz, D., Spar-
rer, D., Vollmer, E., Müller, G., Seegerer, J., Sun, X., Dettmer, 
K., et al. (2020). LEF1 supports metastatic brain colonization by 
regulating glutathione metabolism and increasing ROS resist-
ance in breast cancer. International Journal of Cancer, 146, 
3170–3183. https:// doi. org/ 10. 1002/ ijc. 32742

 87. Kahlert, U. D., Nikkhah, G., & Maciaczyk, J. (2013). Epithelial-
to-mesenchymal(-like) transition as a relevant molecular event 
in malignant gliomas. Cancer Letters, 331, 131–138. https:// doi. 
org/ 10. 1016/j. canlet. 2012. 12. 010

 88. Mani, S. A., Guo, W., Liao, M. J., Eaton, E. N., Ayyanan, A., 
Zhou, A. Y., Brooks, M., Reinhard, F., Zhang, C. C., Shipit-
sin, M., et al. (2008). The epithelial-mesenchymal transition 

https://doi.org/10.1172/jci57349
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1038/onc.2013.279
https://doi.org/10.1038/onc.2013.279
https://doi.org/10.15252/embr.201744250
https://doi.org/10.15252/embr.201744250
https://doi.org/10.1158/0008-5472.Can-09-4481
https://doi.org/10.1038/ncb1875
https://doi.org/10.1016/j.bbrc.2018.05.139
https://doi.org/10.1016/j.bbrc.2018.05.139
https://doi.org/10.1016/j.cell.2015.01.043
https://doi.org/10.1038/nrc.2017.99
https://doi.org/10.1016/j.adcanc.2022.100039
https://doi.org/10.1007/s10238-023-01179-x
https://doi.org/10.1038/nrc1997
https://doi.org/10.1038/nrc1997
https://doi.org/10.1371/journal.pone.0109299
https://doi.org/10.1038/s41419-018-0732-5
https://doi.org/10.1186/s12943-017-0711-y
https://doi.org/10.1038/s41388-018-0382-1
https://doi.org/10.1038/s41388-018-0382-1
https://doi.org/10.1186/s12943-019-1072-5
https://doi.org/10.1016/j.ebiom.2019.05.032
https://doi.org/10.1016/j.ebiom.2019.05.032
https://doi.org/10.1038/s41388-018-0602-8
https://doi.org/10.1186/s12943-020-1139-3
https://doi.org/10.1186/s12943-020-1139-3
https://doi.org/10.1186/s13046-022-02488-x
https://doi.org/10.1002/cac2.12138
https://doi.org/10.1016/j.phrs.2019.104406
https://doi.org/10.1016/j.phrs.2019.104406
https://doi.org/10.1002/ijc.32742
https://doi.org/10.1016/j.canlet.2012.12.010
https://doi.org/10.1016/j.canlet.2012.12.010


 Cancer and Metastasis Reviews

generates cells with properties of stem cells. Cell, 133, 704–
715. https:// doi. org/ 10. 1016/j. cell. 2008. 03. 027

 89. Zarkoob, H., Taube, J. H., Singh, S. K., Mani, S. A., & Kohan-
del, M. (2013). Investigating the link between molecular sub-
types of glioblastoma, epithelial-mesenchymal transition, and 
CD133 cell surface protein. PLoS One, 8, e64169. https:// doi. 
org/ 10. 1371/ journ al. pone. 00641 69

 90. Bhat, K. P. L., Balasubramaniyan, V., Vaillant, B., Ezhilarasan, 
R., Hummelink, K., Hollingsworth, F., Wani, K., Heathcock, 
L., James, J. D., Goodman, L. D., et al. (2013). Mesenchymal 
differentiation mediated by NF-κB promotes radiation resist-
ance in glioblastoma. Cancer Cell, 24, 331–346. https:// doi. 
org/ 10. 1016/j. ccr. 2013. 08. 001

 91. Ye, X. Z., Xu, S. L., Xin, Y. H., Yu, S. C., Ping, Y. F., Chen, 
L., Xiao, H. L., Wang, B., Yi, L., Wang, Q. L., et al. (2012). 
Tumor-associated microglia/macrophages enhance the invasion 
of glioma stem-like cells via TGF-β1 signaling pathway. The 
Journal of Immunology, 189, 444–453. https:// doi. org/ 10. 4049/ 
jimmu nol. 11032 48

 92. Iwadate, Y. (2016). Epithelial-mesenchymal transition in 
glioblastoma progression. Oncology Letters, 11, 1615–1620. 
https:// doi. org/ 10. 3892/ ol. 2016. 4113

 93. Mikheeva, S. A., Mikheev, A. M., Petit, A., Beyer, R., Oxford, 
R. G., Khorasani, L., Maxwell, J. P., Glackin, C. A., Waki-
moto, H., González-Herrero, I., et al. (2010). TWIST1 pro-
motes invasion through mesenchymal change in human glio-
blastoma. Molecular Cancer, 9, 194. https:// doi. org/ 10. 1186/ 
1476- 4598-9- 194

 94. Nagaishi, M., Paulus, W., Brokinkel, B., Vital, A., Tanaka, Y., 
Nakazato, Y., Giangaspero, F., & Ohgaki, H. (2012). Tran-
scriptional factors for epithelial-mesenchymal transition are 
associated with mesenchymal differentiation in gliosarcoma. 
Brain Pathology, 22, 670–676. https:// doi. org/ 10. 1111/j. 1750- 
3639. 2012. 00571.x

 95. Zhong, C., Tao, B., Chen, Y., Guo, Z., Yang, X., Peng, L., Xia, 
X., & Chen, L. (2020). B7–H3 regulates glioma growth and 
cell invasion through a JAK2/STAT3/Slug-dependent signaling 
pathway. OncoTargets and therapy, 13, 2215.

 96. Wang, Q., Li, X., Zhu, Y., & Yang, P. (2014). MicroRNA-16 
suppresses epithelial-mesenchymal transition-related gene 
expression in human glioma. Molecular Medicine Reports, 
10, 3310–3314. https:// doi. org/ 10. 3892/ mmr. 2014. 2583

 97. Edwards, L. A., Woolard, K., Son, M. J., Li, A., Lee, J., Ene, 
C., Mantey, S. A., Maric, D., Song, H., Belova, G., et  al. 
(2011). Effect of brain- and tumor-derived connective tissue 
growth factor on glioma invasion. Journal of the National 
Cancer Institute, 103, 1162–1178. https:// doi. org/ 10. 1093/ 
jnci/ djr224

 98. Pastushenko, I., & Blanpain, C. (2019). EMT transition states 
during tumor progression and metastasis. Trends in Cell Biology, 
29, 212–226. https:// doi. org/ 10. 1016/j. tcb. 2018. 12. 001

 99. Paul, I., Bhattacharya, S., Chatterjee, A., & Ghosh, M. K. (2013). 
Current understanding on EGFR and Wnt/β-catenin signaling in 
glioma and their possible crosstalk. Genes & Cancer, 4, 427–
446. https:// doi. org/ 10. 1177/ 19476 01913 503341

 100. Sandberg, C. J., Altschuler, G., Jeong, J., Strømme, K. K., 
Stangeland, B., Murrell, W., Grasmo-Wendler, U. H., Mykle-
bost, O., Helseth, E., Vik-Mo, E. O., et al. (2013). Comparison 
of glioma stem cells to neural stem cells from the adult human 
brain identifies dysregulated Wnt- signaling and a fingerprint 
associated with clinical outcome. Experimental Cell Research, 
319, 2230–2243. https:// doi. org/ 10. 1016/j. yexcr. 2013. 06. 004

 101. Clevers, H., Loh, K. M., & Nusse, R. (2014). Stem cell signaling 
An integral program for tissue renewal and regeneration: Wnt 
signaling and stem cell control. Science, 346, 1248012. https:// 
doi. org/ 10. 1126/ scien ce. 12480 12

 102. Gong, A., & Huang, S. (2012). FoxM1 and Wnt/β-catenin sign-
aling in glioma stem cells. Cancer Research, 72, 5658–5662. 
https:// doi. org/ 10. 1158/ 0008- 5472. Can- 12- 0953

 103. Jin, X., Jeon, H. Y., Joo, K. M., Kim, J. K., Jin, J., Kim, S. H., 
Kang, B. G., Beck, S., Lee, S. J., Kim, J. K., et al. (2011). Friz-
zled 4 regulates stemness and invasiveness of migrating glioma 
cells established by serial intracranial transplantation. Cancer 
Research, 71, 3066–3075. https:// doi. org/ 10. 1158/ 0008- 5472. 
Can- 10- 1495

 104. Ebrahimi, N., Adelian, S., Shakerian, S., Afshinpour, M., 
Chaleshtori, S. R., Rostami, N., Rezaei-Tazangi, F., Beiran-
vand, S., Hamblin, M. R., & Aref, A. R. (2022). Crosstalk 
between ferroptosis and the epithelial-mesenchymal transition: 
Implications for inflammation and cancer therapy. Cytokine & 
Growth Factor Reviews, 64, 33–45. https:// doi. org/ 10. 1016/j. 
cytog fr. 2022. 01. 006

 105. Brabletz, S., Bajdak, K., Meidhof, S., Burk, U., Niedermann, 
G., Firat, E., Wellner, U., Dimmler, A., Faller, G., Schubert, J., 
et al. (2011). The ZEB1/miR-200 feedback loop controls Notch 
signalling in cancer cells. EMBO Journal, 30, 770–782. https:// 
doi. org/ 10. 1038/ emboj. 2010. 349

 106. Fan, X., Khaki, L., Zhu, T. S., Soules, M. E., Talsma, C. E., 
Gul, N., Koh, C., Zhang, J., Li, Y. M., Maciaczyk, J., et al. 
(2010). NOTCH pathway blockade depletes CD133-positive 
glioblastoma cells and inhibits growth of tumor neurospheres 
and xenografts. Stem Cells, 28, 5–16. https:// doi. org/ 10. 1002/ 
stem. 254

 107. Kristoffersen, K., Villingshøj, M., Poulsen, H. S., & Stockhausen, 
M. T. (2013). Level of Notch activation determines the effect on 
growth and stem cell-like features in glioblastoma multiforme 
neurosphere cultures. Cancer Biology & Therapy, 14, 625–637. 
https:// doi. org/ 10. 4161/ cbt. 24595

 108. Si, D., Yin, F., Peng, J., & Zhang, G. (2020). High expression of 
CD44 predicts a poor prognosis in glioblastomas. Cancer Man-
agement and Research, 12, 769–775. https:// doi. org/ 10. 2147/ 
cmar. S2334 23

 109. Kolliopoulos, C., Ali, M. M., Castillejo-Lopez, C., Heldin, C. H., 
& Heldin, P. (2022). CD44 Depletion in glioblastoma cells sup-
presses growth and stemness and induces senescence. Cancers 
(Basel), 14, 3747. https:// doi. org/ 10. 3390/ cance rs141 53747

 110. Xu, F., Shangguan, X., Pan, J., Yue, Z., Shen, K., Ji, Y., Zhang, 
W., Zhu, Y., Sha, J., Wang, Y., et al. (2021). HOXD13 suppresses 
prostate cancer metastasis and BMP4-induced epithelial-mesen-
chymal transition by inhibiting SMAD1. International Journal 
of Cancer, 148, 3060–3070. https:// doi. org/ 10. 1002/ ijc. 33494

 111. Liu, C., Wang, L., Liu, X., Tan, Y., Tao, L., Xiao, Y., Deng, P., 
Wang, H., Deng, Q., Lin, Y., et al. (2021). Cytoplasmic SHMT2 
drives the progression and metastasis of colorectal cancer by 
inhibiting β-catenin degradation. Theranostics, 11, 2966–2986. 
https:// doi. org/ 10. 7150/ thno. 48699

 112. Xie, S. Y., Shi, D. B., Ouyang, Y., Lin, F., Chen, X. Y., Jiang, 
T. C., Xia, W., Guo, L., & Lin, H. X. (2022). SHMT2 promotes 
tumor growth through VEGF and MAPK signaling pathway 
in breast cancer. American Journal of Cancer Research, 12, 
3405–3421.

 113. Chen, L., Liu, H., Ji, Y., Ma, Z., Shen, K., Shangguan, X., Qian, 
H., Zhao, Y., Pan, C. W., & Xue, W. (2022). Downregulation of 
SHMT2 promotes the prostate cancer proliferation and metasta-
sis by inducing epithelial-mesenchymal transition. Experimental 
Cell Research, 415, 113138. https:// doi. org/ 10. 1016/j. yexcr. 2022. 
113138

 114. Jiang, S., Zhu, Y., Chen, Z., Huang, Z., Liu, B., Xu, Y., Li, Z., 
Lin, Z., & Li, M. (2021). S100A14 inhibits cell growth and 
epithelial-mesenchymal transition (EMT) in prostate cancer 
through FAT1-mediated Hippo signaling pathway. Human Cell, 
34, 1215–1226. https:// doi. org/ 10. 1007/ s13577- 021- 00538-8

https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1371/journal.pone.0064169
https://doi.org/10.1371/journal.pone.0064169
https://doi.org/10.1016/j.ccr.2013.08.001
https://doi.org/10.1016/j.ccr.2013.08.001
https://doi.org/10.4049/jimmunol.1103248
https://doi.org/10.4049/jimmunol.1103248
https://doi.org/10.3892/ol.2016.4113
https://doi.org/10.1186/1476-4598-9-194
https://doi.org/10.1186/1476-4598-9-194
https://doi.org/10.1111/j.1750-3639.2012.00571.x
https://doi.org/10.1111/j.1750-3639.2012.00571.x
https://doi.org/10.3892/mmr.2014.2583
https://doi.org/10.1093/jnci/djr224
https://doi.org/10.1093/jnci/djr224
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1177/1947601913503341
https://doi.org/10.1016/j.yexcr.2013.06.004
https://doi.org/10.1126/science.1248012
https://doi.org/10.1126/science.1248012
https://doi.org/10.1158/0008-5472.Can-12-0953
https://doi.org/10.1158/0008-5472.Can-10-1495
https://doi.org/10.1158/0008-5472.Can-10-1495
https://doi.org/10.1016/j.cytogfr.2022.01.006
https://doi.org/10.1016/j.cytogfr.2022.01.006
https://doi.org/10.1038/emboj.2010.349
https://doi.org/10.1038/emboj.2010.349
https://doi.org/10.1002/stem.254
https://doi.org/10.1002/stem.254
https://doi.org/10.4161/cbt.24595
https://doi.org/10.2147/cmar.S233423
https://doi.org/10.2147/cmar.S233423
https://doi.org/10.3390/cancers14153747
https://doi.org/10.1002/ijc.33494
https://doi.org/10.7150/thno.48699
https://doi.org/10.1016/j.yexcr.2022.113138
https://doi.org/10.1016/j.yexcr.2022.113138
https://doi.org/10.1007/s13577-021-00538-8


Cancer and Metastasis Reviews 

 115. Papanikolaou, S., Vourda, A., Syggelos, S., & Gyftopoulos, 
K. (2021). Cell plasticity and prostate cancer: The role of epi-
thelial-mesenchymal transition in tumor progression, invasion, 
metastasis and cancer therapy resistance. Cancers (Basel), 13, 
2795. https:// doi. org/ 10. 3390/ cance rs131 12795

 116. Chen, B., Liu, C., Bai, G., Zhu, Y., & Xu, H. (2021). BTBD7 
accelerates the epithelial-mesenchymal transition, proliferation 
and invasion of prostate cancer cells. Journal of B.U.ON., 26, 
2111–2116.

 117. Scala, S. (2015). Molecular pathways: Targeting the CXCR4-
CXCL12 axis–Untapped potential in the tumor microenviron-
ment. Clinical Cancer Research, 21, 4278–4285. https:// doi. 
org/ 10. 1158/ 1078- 0432. Ccr- 14- 0914

 118. Hernandez, L., Magalhaes, M. A., Coniglio, S. J., Condeelis, 
J. S., & Segall, J. E. (2011). Opposing roles of CXCR4 and 
CXCR7 in breast cancer metastasis. Breast Cancer Research, 
13, R128. https:// doi. org/ 10. 1186/ bcr30 74

 119. Saha, A., Ahn, S., Blando, J., Su, F., Kolonin, M. G., & DiGio-
vanni, J. (2017). Proinflammatory CXCL12-CXCR4/CXCR7 
signaling axis drives myc-induced prostate cancer in obese 
mice. Cancer Research, 77, 5158–5168. https:// doi. org/ 10. 
1158/ 0008- 5472. Can- 17- 0284

 120. Ahn, S., Saha, A., Clark, R., Kolonin, M. G., & DiGiovanni, 
J. (2022). CXCR4 and CXCR7 signaling promotes tumor pro-
gression and obesity-associated epithelial-mesenchymal transi-
tion in prostate cancer cells. Oncogene, 41, 4633–4644. https:// 
doi. org/ 10. 1038/ s41388- 022- 02466-9

 121. Zhang, B., Li, Y., Wu, Q., Xie, L., Barwick, B., Fu, C., Li, X., 
Wu, D., Xia, S., Chen, J., et al. (2021). Acetylation of KLF5 
maintains EMT and tumorigenicity to cause chemoresistant 
bone metastasis in prostate cancer. Nature Communications, 
12, 1714. https:// doi. org/ 10. 1038/ s41467- 021- 21976-w

 122. Li, L., Sun, F., Chen, X., & Zhang, M. (2018). ISL1 is upregu-
lated in breast cancer and promotes cell proliferation, inva-
sion, and angiogenesis. Oncotargets and Therapy, 11, 781–789. 
https:// doi. org/ 10. 2147/ ott. S1442 41

 123. Zhang, Y., Wang, L., Gao, P., Sun, Z., Li, N., Lu, Y., Shen, J., 
Sun, J., Yang, Y., Dai, H., et al. (2018). ISL1 promotes cancer 
progression and inhibits cisplatin sensitivity in triple-negative 
breast cancer cells. International Journal of Molecular Medi-
cine, 42, 2343–2352. https:// doi. org/ 10. 3892/ ijmm. 2018. 3842

 124. Choi, J. D., Kim, T. J., Jeong, B. C., Jeon, H. G., Jeon, S. S., 
Kang, M. Y., Yeom, S. Y., & Seo, S. I. (2021). ISL1 promotes 
enzalutamide resistance in castration-resistant prostate cancer 
(CRPC) through epithelial to mesenchymal transition (EMT). 
Science and Reports, 11, 21984. https:// doi. org/ 10. 1038/ 
s41598- 021- 01003-0

 125. Marín-Aguilera, M., Codony-Servat, J., Reig, Ò., Lozano, J. 
J., Fernández, P. L., Pereira, M. V., Jiménez, N., Donovan, M., 
Puig, P., Mengual, L., et al. (2014). Epithelial-to-mesenchy-
mal transition mediates docetaxel resistance and high risk of 
relapse in prostate cancer. Molecular Cancer Therapeutics, 13, 
1270–1284. https:// doi. org/ 10. 1158/ 1535- 7163. Mct- 13- 0775

 126. Børretzen, A., Gravdal, K., Haukaas, S. A., Beisland, C., 
Akslen, L. A., & Halvorsen, O. J. (2019). FOXC2 expression 
and epithelial-mesenchymal phenotypes are associated with 
castration resistance, metastasis and survival in prostate can-
cer. The Journal of Pathology: Clinical Research, 5, 272–286. 
https:// doi. org/ 10. 1002/ cjp2. 142

 127. Shiota, M., Itsumi, M., Takeuchi, A., Imada, K., Yokomizo, A., 
Kuruma, H., Inokuchi, J., Tatsugami, K., Uchiumi, T., Oda, Y., 
et al. (2015). Crosstalk between epithelial-mesenchymal transi-
tion and castration resistance mediated by Twist1/AR signaling 
in prostate cancer. Endocrine-Related Cancer, 22, 889–900. 
https:// doi. org/ 10. 1530/ erc- 15- 0225

 128. Peng, J., He, Z., Yuan, Y., Xie, J., Zhou, Y., Guo, B., & Guo, J. 
(2022). Docetaxel suppressed cell proliferation through Smad3/
HIF-1α-mediated glycolysis in prostate cancer cells. Cell Com-
munication and Signaling: CCS, 20, 194. https:// doi. org/ 10. 1186/ 
s12964- 022- 00950-z

 129. Zhao, X., Liu, X., Hu, S., Pan, Y., Zhang, J., Tai, G., & Shao, C. 
(2022). GDF15 contributes to radioresistance by mediating the 
EMT and stemness of breast cancer cells. International Journal 
of Molecular Sciences, 23, 10911. https:// doi. org/ 10. 3390/ ijms2 
31810 911

 130. Qian, J., Shen, S., Chen, W., & Chen, N. (2018). Propofol 
reversed hypoxia-induced docetaxel resistance in prostate cancer 
cells by preventing epithelial-mesenchymal transition by inhibit-
ing hypoxia-inducible factor 1α. BioMed Research International, 
2018, 4174232. https:// doi. org/ 10. 1155/ 2018/ 41742 32

 131. Sun, X. Y., Li, H. Z., Xie, D. F., Gao, S. S., Huang, X., Guan, H., 
Bai, C. J., & Zhou, P. K. (2022). LPAR5 confers radioresistance 
to cancer cells associated with EMT activation via the ERK/Snail 
pathway. Journal of Translational Medicine, 20, 456. https:// doi. 
org/ 10. 1186/ s12967- 022- 03673-4

 132. Yadav, S., Kowolik, C. M., Lin, M., Zuro, D., Hui, S. K., Riggs, 
A. D., & Horne, D. A. (2019). SMC1A is associated with radi-
oresistance in prostate cancer and acts by regulating epithelial-
mesenchymal transition and cancer stem-like properties. Molec-
ular Carcinogenesis, 58, 113–125. https:// doi. org/ 10. 1002/ mc. 
22913

 133. Hao, H., Chen, H., Xie, L., & Liu, H. (2021). YKL-40 promotes 
invasion and metastasis of bladder cancer by regulating epithelial 
mesenchymal transition. Annals of Medicine, 53, 1170–1178. 
https:// doi. org/ 10. 1080/ 07853 890. 2021. 19509 20

 134. Wei, H., Wang, J., Li, W., Ma, R., Xu, Z., Luo, Z., Lu, Y., Zhang, 
X., Long, X., Pu, J., et al. (2019). The underlying pathophysiol-
ogy association between the type 2-diabetic and hepatocellular 
carcinoma. Journal of Cellular Physiology, 234, 10835–10841. 
https:// doi. org/ 10. 1002/ jcp. 27919

 135. Zhang, H., Wei, X., Lu, S., Lin, X., Huang, J., Chen, L., Huang, 
X., Jiang, L., Li, Y., Qin, L., et al. (2019). Protective effect of 
DMDD, isolated from the root of Averrhoa carambola L., on 
high glucose induced EMT in HK-2 cells by inhibiting the TLR4-
BAMBI-Smad2/3 signaling pathway. Biomedicine & Pharma-
cotherapy, 113, 108705. https:// doi. org/ 10. 1016/j. biopha. 2019. 
108705

 136. Li, S., Zhu, H., Chen, H., Xia, J., Zhang, F., Xu, R., & Lin, Q. 
(2020). Glucose promotes epithelial-mesenchymal transitions in 
bladder cancer by regulating the functions of YAP1 and TAZ. 
Journal of Cellular and Molecular Medicine, 24, 10391–10401. 
https:// doi. org/ 10. 1111/ jcmm. 15653

 137. Migita, T., Ueda, A., Ohishi, T., Hatano, M., Seimiya, H., Hori-
guchi, S. I., Koga, F., & Shibasaki, F. (2017). Epithelial-mesen-
chymal transition promotes SOX2 and NANOG expression in 
bladder cancer. Laboratory Investigation, 97, 567–576. https:// 
doi. org/ 10. 1038/ labin vest. 2017. 17

 138. Wang, Y., Wang, G., Zhang, X., Zhou, X., Liu, Z., Huang, L., 
Liu, R., Lang, B., Xu, X., Liu, W., et al. (2015). γ-Secretase 
inhibitor inhibits bladder cancer cell drug resistance and inva-
sion by reducing epithelial-mesenchymal transition. Molecular 
Medicine Reports, 12, 2821–2827. https:// doi. org/ 10. 3892/ mmr. 
2015. 3750

 139. Baehrecke, E. H. (2005). Autophagy: Dual roles in life and 
death? Nature Reviews Molecular Cell Biology, 6, 505–510. 
https:// doi. org/ 10. 1038/ nrm16 66

 140. Du, H., Tao, T., Xu, S., Xu, C., Li, S., Su, Q., Yan, J., Liu, B., & 
Li, R. (2021). 4-Methoxydalbergione inhibits bladder cancer cell 
growth via inducing autophagy and inhibiting Akt/ERK signaling 
pathway. Frontiers in Molecular Biosciences, 8, 789658. https:// 
doi. org/ 10. 3389/ fmolb. 2021. 789658

https://doi.org/10.3390/cancers13112795
https://doi.org/10.1158/1078-0432.Ccr-14-0914
https://doi.org/10.1158/1078-0432.Ccr-14-0914
https://doi.org/10.1186/bcr3074
https://doi.org/10.1158/0008-5472.Can-17-0284
https://doi.org/10.1158/0008-5472.Can-17-0284
https://doi.org/10.1038/s41388-022-02466-9
https://doi.org/10.1038/s41388-022-02466-9
https://doi.org/10.1038/s41467-021-21976-w
https://doi.org/10.2147/ott.S144241
https://doi.org/10.3892/ijmm.2018.3842
https://doi.org/10.1038/s41598-021-01003-0
https://doi.org/10.1038/s41598-021-01003-0
https://doi.org/10.1158/1535-7163.Mct-13-0775
https://doi.org/10.1002/cjp2.142
https://doi.org/10.1530/erc-15-0225
https://doi.org/10.1186/s12964-022-00950-z
https://doi.org/10.1186/s12964-022-00950-z
https://doi.org/10.3390/ijms231810911
https://doi.org/10.3390/ijms231810911
https://doi.org/10.1155/2018/4174232
https://doi.org/10.1186/s12967-022-03673-4
https://doi.org/10.1186/s12967-022-03673-4
https://doi.org/10.1002/mc.22913
https://doi.org/10.1002/mc.22913
https://doi.org/10.1080/07853890.2021.1950920
https://doi.org/10.1002/jcp.27919
https://doi.org/10.1016/j.biopha.2019.108705
https://doi.org/10.1016/j.biopha.2019.108705
https://doi.org/10.1111/jcmm.15653
https://doi.org/10.1038/labinvest.2017.17
https://doi.org/10.1038/labinvest.2017.17
https://doi.org/10.3892/mmr.2015.3750
https://doi.org/10.3892/mmr.2015.3750
https://doi.org/10.1038/nrm1666
https://doi.org/10.3389/fmolb.2021.789658
https://doi.org/10.3389/fmolb.2021.789658


 Cancer and Metastasis Reviews

 141. Tsai, T. F., Chang, A. C., Chen, P. C., Ho, C. Y., Chen, H. 
E., Chou, K. Y., & Hwang, T. I. (2022). Autophagy blockade 
potentiates cancer-associated immunosuppression through pro-
grammed death ligand-1 upregulation in bladder cancer. Journal 
of Cellular Physiology, 237, 3587–3597. https:// doi. org/ 10. 1002/ 
jcp. 30817

 142. Amantini, C., Morelli, M. B., Nabissi, M., Cardinali, C., San-
toni, M., Gismondi, A., & Santoni, G. (2016). Capsaicin trig-
gers autophagic cell survival which drives epithelial mesenchy-
mal transition and chemoresistance in bladder cancer cells in 
an hedgehog-dependent manner. Oncotarget, 7, 50180–50194. 
https:// doi. org/ 10. 18632/ oncot arget. 10326

 143. Markouli, M., Strepkos, D., & Piperi, C. (2021). Structure, activ-
ity and function of the SETDB1 protein methyltransferase. Life 
(Basel), 11, 817. https:// doi. org/ 10. 3390/ life1 10808 17

 144. Meng, X., Xiao, W., Sun, J., Li, W., Yuan, H., Yu, T., Zhang, X., 
& Dong, W. (2023). CircPTK2/PABPC1/SETDB1 axis promotes 
EMT-mediated tumor metastasis and gemcitabine resistance in 
bladder cancer. Cancer Letters, 554, 216023. https:// doi. org/ 10. 
1016/j. canlet. 2022. 216023

 145. Kveiborg, M., Albrechtsen, R., Couchman, J. R., & Wewer, U. M. 
(2008). Cellular roles of ADAM12 in health and disease. Interna-
tional Journal of Biochemistry & Cell Biology, 40, 1685–1702. 
https:// doi. org/ 10. 1016/j. biocel. 2008. 01. 025

 146. Zhu, H., Jiang, W., Zhu, H., Hu, J., Tang, B., Zhou, Z., & He, X. 
(2022). Elevation of ADAM12 facilitates tumor progression by 
enhancing metastasis and immune infiltration in gastric cancer. 
International Journal of Oncology, 60, 1–13. https:// doi. org/ 10. 
3892/ ijo. 2022. 5341

 147. Wang, R., Gao, D., Chen, C., Fan, G., Cheng, H., Tao, Y., Lu, 
J., Tian, J., Wang, Y., & Wang, Z. (2022). ADAM12 promotes 
gemcitabine resistance by activating EGFR signaling pathway 
and induces EMT in bladder cancer. Clinical and Translational 
Oncology. https:// doi. org/ 10. 1007/ s12094- 022- 03044-x

 148. Zhu, S., Xu, Z., Zeng, Y., Long, Y., Fan, G., Ding, Q., Wen, 
Y., Cao, J., Dai, T., Han, W., et al. (2020). ADNP upregulation 
promotes bladder cancer cell proliferation via the AKT pathway. 
Frontiers in Oncology, 10, 491129. https:// doi. org/ 10. 3389/ fonc. 
2020. 491129

 149. Xie, Y., Zhu, S., Zang, J., Wu, G., Wen, Y., Liang, Y., Long, 
Y., Guo, W., Zang, C., Hu, X., et al. (2021). ADNP prompts 
the cisplatin-resistance of bladder cancer via TGF-β-mediated 
epithelial-mesenchymal transition (EMT) pathway. Journal of 
Cancer, 12, 5114–5124. https:// doi. org/ 10. 7150/ jca. 58049

 150. Lu, Q., Yin, H., Deng, Y., Chen, W., Diao, W., Ding, M., Cao, 
W., Fu, Y., Mo, W., Chen, X., et al. (2022). circDHTKD1 pro-
motes lymphatic metastasis of bladder cancer by upregulating 
CXCL5. Cell Death Discov, 8, 243. https:// doi. org/ 10. 1038/ 
s41420- 022- 01037-x

 151. Lin, N., Chen, L., Zhang, Y., Yang, Y., Zhang, L., Chen, L., 
Zhang, P., Su, H., & Yin, M. (2022). KIF4A promotes tumor 
progression of bladder cancer via CXCL5 dependent myeloid-
derived suppressor cells recruitment. Science and Reports, 12, 
6015. https:// doi. org/ 10. 1038/ s41598- 022- 10029-x

 152. Wang, W., Zhang, M., Huang, Z., Wang, L., Yue, Y., Wang, X., 
Lu, S., & Fan, J. (2022). Knockdown of CXCL5 inhibits the 
invasion, metastasis and stemness of bladder cancer lung meta-
static cells by downregulating CD44. Anti-Cancer Drugs, 33, 
e103–e112. https:// doi. org/ 10. 1097/ cad. 00000 00000 001153

 153. Wang, C., Li, A., Yang, S., Qiao, R., Zhu, X., & Zhang, J. (2018). 
CXCL5 promotes mitomycin C resistance in non-muscle invasive 
bladder cancer by activating EMT and NF-κB pathway. Biochem-
ical and Biophysical Research Communications, 498, 862–868. 
https:// doi. org/ 10. 1016/j. bbrc. 2018. 03. 071

 154. Xu, N., Xiao, W., Meng, X., Li, W., Wang, X., Zhang, X., & 
Yang, H. (2022). Up-regulation of SLC27A2 suppresses the 

proliferation and invasion of renal cancer by down-regulating 
CDK3-mediated EMT. Cell Death Discovery, 8, 351. https:// 
doi. org/ 10. 1038/ s41420- 022- 01145-8

 155. Li, W., Xu, N., Meng, X., Yuan, H., Yu, T., Miao, Q., Yang, 
H., Hai, B., Xiao, W., & Zhang, X. (2023). SLC17A9-PTHLH-
EMT axis promotes proliferation and invasion of clear renal 
cell carcinoma. iScience, 26, 105764. https:// doi. org/ 10. 1016/j. 
isci. 2022. 105764

 156. He, P., Dai, Q., & Wu, X. (2023). New insight in urological 
cancer therapy: From epithelial-mesenchymal transition (EMT) 
to application of nano-biomaterials. Environmental Research, 
229, 115672. https:// doi. org/ 10. 1016/j. envres. 2023. 115672

 157. Chen, J., Zhong, Y., & Li, L. (2020). miR-124 and miR-203 
synergistically inactivate EMT pathway via coregulation of 
ZEB2 in clear cell renal cell carcinoma (ccRCC). Journal 
of Translational Medicine, 18, 69. https:// doi. org/ 10. 1186/ 
s12967- 020- 02242-x

 158. Zhong, M., Zhu, M., Liu, Y., Lin, Y., Wang, L., Ye, Y., Chen, H., 
Yang, Y., Zhuang, G., & Huang, J. (2020). TNFAIP8 promotes 
the migration of clear cell renal cell carcinoma by regulating 
`the EMT. Journal of Cancer, 11, 3061–3071. https:// doi. org/ 
10. 7150/ jca. 40191

 159. Gao, W., Zhang, S., Guorong, L., Liu, Q., Zhu, A., Gui, F., Zou, 
Y., Wu, Y., Luo, Y., & Hong, Z. (2022). Nc886 promotes renal 
cancer cell drug-resistance by enhancing EMT through Rock2 
phosphorylation-mediated β-catenin nuclear translocation. Cell 
Cycle, 21, 340–351. https:// doi. org/ 10. 1080/ 15384 101. 2021. 
20204 31

 160. Fang, L., Zhang, Y., Zang, Y., Chai, R., Zhong, G., Li, Z., Duan, 
Z., Ren, J., & Xu, Z. (2019). HP-1 inhibits the progression of 
ccRCC and enhances sunitinib therapeutic effects by suppressing 
EMT. Carbohydrate Polymers, 223, 115109. https:// doi. org/ 10. 
1016/j. carbp ol. 2019. 115109

 161. Que, T., Ren, B., Fan, Y., Liu, T., Hou, T., Dan, W., Liu, B., Wei, 
Y., Lei, Y., Zeng, J., et al. (2022). Capsaicin inhibits the migra-
tion, invasion and EMT of renal cancer cells by inducing AMPK/
mTOR-mediated autophagy. Chemico-Biological Interactions, 
366, 110043. https:// doi. org/ 10. 1016/j. cbi. 2022. 110043

 162. Rees, J. R., Onwuegbusi, B. A., Save, V. E., Alderson, D., & 
Fitzgerald, R. C. (2006). In vivo and in vitro evidence for trans-
forming growth factor-beta1-mediated epithelial to mesenchymal 
transition in esophageal adenocarcinoma. Cancer Research, 66, 
9583–9590. https:// doi. org/ 10. 1158/ 0008- 5472. Can- 06- 1842

 163. Kinugasa, H., Whelan, K. A., Tanaka, K., Natsuizaka, M., Long, 
A., Guo, A., Chang, S., Kagawa, S., Srinivasan, S., Guha, M., 
et al. (2015). Mitochondrial SOD2 regulates epithelial-mesen-
chymal transition and cell populations defined by differential 
CD44 expression. Oncogene, 34, 5229–5239. https:// doi. org/ 
10. 1038/ onc. 2014. 449

 164. Ohashi, S., Natsuizaka, M., Wong, G. S., Michaylira, C. Z., Gru-
gan, K. D., Stairs, D. B., Kalabis, J., Vega, M. E., Kalman, R. A., 
Nakagawa, M., et al. (2010). Epidermal growth factor receptor 
and mutant p53 expand an esophageal cellular subpopulation 
capable of epithelial-to-mesenchymal transition through ZEB 
transcription factors. Cancer Research, 70, 4174–4184. https:// 
doi. org/ 10. 1158/ 0008- 5472. Can- 09- 4614

 165. Liu, X., He, M., Li, L., Wang, X., Han, S., Zhao, J., Dong, Y., 
Ahmad, M., Li, L., Zhang, X., et al. (2021). EMT and cancer cell 
stemness associated with chemotherapeutic resistance in esopha-
geal cancer. Frontiers in Oncology, 11, 672222. https:// doi. org/ 
10. 3389/ fonc. 2021. 672222

 166. Takaishi, S., Okumura, T., Tu, S., Wang, S. S., Shibata, W., 
Vigneshwaran, R., Gordon, S. A., Shimada, Y., & Wang, T. C. 
(2009). Identification of gastric cancer stem cells using the cell 
surface marker CD44. Stem Cells, 27, 1006–1020. https:// doi. 
org/ 10. 1002/ stem. 30

https://doi.org/10.1002/jcp.30817
https://doi.org/10.1002/jcp.30817
https://doi.org/10.18632/oncotarget.10326
https://doi.org/10.3390/life11080817
https://doi.org/10.1016/j.canlet.2022.216023
https://doi.org/10.1016/j.canlet.2022.216023
https://doi.org/10.1016/j.biocel.2008.01.025
https://doi.org/10.3892/ijo.2022.5341
https://doi.org/10.3892/ijo.2022.5341
https://doi.org/10.1007/s12094-022-03044-x
https://doi.org/10.3389/fonc.2020.491129
https://doi.org/10.3389/fonc.2020.491129
https://doi.org/10.7150/jca.58049
https://doi.org/10.1038/s41420-022-01037-x
https://doi.org/10.1038/s41420-022-01037-x
https://doi.org/10.1038/s41598-022-10029-x
https://doi.org/10.1097/cad.0000000000001153
https://doi.org/10.1016/j.bbrc.2018.03.071
https://doi.org/10.1038/s41420-022-01145-8
https://doi.org/10.1038/s41420-022-01145-8
https://doi.org/10.1016/j.isci.2022.105764
https://doi.org/10.1016/j.isci.2022.105764
https://doi.org/10.1016/j.envres.2023.115672
https://doi.org/10.1186/s12967-020-02242-x
https://doi.org/10.1186/s12967-020-02242-x
https://doi.org/10.7150/jca.40191
https://doi.org/10.7150/jca.40191
https://doi.org/10.1080/15384101.2021.2020431
https://doi.org/10.1080/15384101.2021.2020431
https://doi.org/10.1016/j.carbpol.2019.115109
https://doi.org/10.1016/j.carbpol.2019.115109
https://doi.org/10.1016/j.cbi.2022.110043
https://doi.org/10.1158/0008-5472.Can-06-1842
https://doi.org/10.1038/onc.2014.449
https://doi.org/10.1038/onc.2014.449
https://doi.org/10.1158/0008-5472.Can-09-4614
https://doi.org/10.1158/0008-5472.Can-09-4614
https://doi.org/10.3389/fonc.2021.672222
https://doi.org/10.3389/fonc.2021.672222
https://doi.org/10.1002/stem.30
https://doi.org/10.1002/stem.30


Cancer and Metastasis Reviews 

 167. Bessède, E., Dubus, P., Mégraud, F., & Varon, C. (2015). Heli-
cobacter pylori infection and stem cells at the origin of gastric 
cancer. Oncogene, 34, 2547–2555. https:// doi. org/ 10. 1038/ onc. 
2014. 187

 168. Voon, D. C., Wang, H., Koo, J. K., Nguyen, T. A., Hor, Y. T., 
Chu, Y. S., Ito, K., Fukamachi, H., Chan, S. L., Thiery, J. P., et al. 
(2012). Runx3 protects gastric epithelial cells against epithelial-
mesenchymal transition-induced cellular plasticity and tumo-
rigenicity. Stem Cells, 30, 2088–2099. https:// doi. org/ 10. 1002/ 
stem. 1183

 169. Cao, G., Li, P., He, X., Jin, M., Li, M., Chen, S., Xu, X., Sun, Q., 
Xiong, M., & Chen, B. (2021). FHL3 contributes to EMT and 
chemotherapy resistance through up-regulation of slug and acti-
vation of TGFβ/Smad-independent pathways in gastric cancer. 
Frontiers in Oncology, 11, 649029. https:// doi. org/ 10. 3389/ fonc. 
2021. 649029

 170. Chen, K., Xu, J., Tong, Y. L., Yan, J. F., Pan, Y., Wang, W. J., 
Zheng, L., Zheng, X. X., Hu, C., Hu, X., et al. (2023). Rab31 pro-
motes metastasis and cisplatin resistance in stomach adenocar-
cinoma through Twist1-mediated EMT. Cell Death & Disease, 
14, 115. https:// doi. org/ 10. 1038/ s41419- 023- 05596-4

 171. Mirone, G., Perna, S., Shukla, A., & Marfe, G. (2016). Involve-
ment of Notch-1 in resistance to regorafenib in colon cancer 
cells. Journal of Cellular Physiology, 231, 1097–1105. https:// 
doi. org/ 10. 1002/ jcp. 25206

 172. Ren, Y., Tao, J., Jiang, Z., Guo, D., & Tang, J. (2018). Pimoz-
ide suppresses colorectal cancer via inhibition of Wnt/β-catenin 
signaling pathway. Life Sciences, 209, 267–273. https:// doi. org/ 
10. 1016/j. lfs. 2018. 08. 027

 173. Zhou, H., Lin, C., Zhang, Y., Zhang, X., Zhang, C., Zhang, P., 
Xie, X., & Ren, Z. (2017). miR-506 enhances the sensitivity 
of human colorectal cancer cells to oxaliplatin by suppressing 
MDR1/P-gp expression. Cell Proliferation, 50, e12341. https:// 
doi. org/ 10. 1111/ cpr. 12341

 174. Wang, H., Li, J. M., Wei, W., Yang, R., Chen, D., Ma, X. D., 
Jiang, G. M., & Wang, B. L. (2020). Regulation of ATP-binding 
cassette subfamily B member 1 by Snail contributes to chemore-
sistance in colorectal cancer. Cancer Science, 111, 84–97. https:// 
doi. org/ 10. 1111/ cas. 14253

 175. Marquardt, J. U., Seo, D., Andersen, J. B., Gillen, M. C., Kim, 
M. S., Conner, E. A., Galle, P. R., Factor, V. M., Park, Y. N., & 
Thorgeirsson, S. S. (2014). Sequential transcriptome analysis of 
human liver cancer indicates late stage acquisition of malignant 
traits. Journal of Hepatology, 60, 346–353. https:// doi. org/ 10. 
1016/j. jhep. 2013. 10. 014

 176. Cozzolino, A. M., Alonzi, T., Santangelo, L., Mancone, C., 
Conti, B., Steindler, C., Musone, M., Cicchini, C., Tripodi, M., & 
Marchetti, A. (2013). TGFβ overrides HNF4α tumor suppressing 
activity through GSK3β inactivation: Implication for hepatocel-
lular carcinoma gene therapy. Journal of Hepatology, 58, 65–72. 
https:// doi. org/ 10. 1016/j. jhep. 2012. 08. 023

 177. Zhang, Y., Cao, N., Gao, J., Liang, J., Liang, Y., Xie, Y., Zhou, 
S., & Tang, X. (2022). ASIC1a stimulates the resistance of 
human hepatocellular carcinoma by promoting EMT via the 
AKT/GSK3β/Snail pathway driven by TGFβ/Smad signals. 
Journal of Cellular and Molecular Medicine, 26, 2777–2792. 
https:// doi. org/ 10. 1111/ jcmm. 17288

 178. Campo, L., Zhang, C., & Breuer, E. K. (2015). EMT-inducing 
molecular factors in gynecological cancers. BioMed Research 
International, 2015, 420891. https:// doi. org/ 10. 1155/ 2015/ 
420891

 179. Shibata, K., Kajiyama, H., Ino, K., Terauchi, M., Yamamoto, E., 
Nawa, A., Nomura, S., & Kikkawa, F. (2008). Twist expression in 
patients with cervical cancer is associated with poor disease out-
come. Annals of Oncology, 19, 81–85. https:// doi. org/ 10. 1093/ 
annonc/ mdm344

 180. Li, Y., Wang, W., Wang, W., Yang, R., Wang, T., Su, T., 
Weng, D., Tao, T., Li, W., Ma, D., et al. (2012). Correlation 
of TWIST2 up-regulation and epithelial-mesenchymal transi-
tion during tumorigenesis and progression of cervical carci-
noma. Gynecologic Oncology, 124, 112–118. https:// doi. org/ 
10. 1016/j. ygyno. 2011. 09. 003

 181. Li, J., & Zhou, B. P. (2011). Activation of β-catenin and Akt 
pathways by Twist are critical for the maintenance of EMT 
associated cancer stem cell-like characters. BMC Cancer, 11, 
49. https:// doi. org/ 10. 1186/ 1471- 2407- 11- 49

 182. Kyo, S., Sakaguchi, J., Ohno, S., Mizumoto, Y., Maida, Y., 
Hashimoto, M., Nakamura, M., Takakura, M., Nakajima, M., 
Masutomi, K., et al. (2006). High twist expression is involved 
in infiltrative endometrial cancer and affects patient survival. 
Human Pathology, 37, 431–438. https:// doi. org/ 10. 1016/j. 
humpa th. 2005. 12. 021

 183. Davidowitz, R. A., Selfors, L. M., Iwanicki, M. P., Elias, K. 
M., Karst, A., Piao, H., Ince, T. A., Drage, M. G., Dering, J., 
Konecny, G. E., et al. (2014). Mesenchymal gene program-
expressing ovarian cancer spheroids exhibit enhanced meso-
thelial clearance. The Journal of Clinical Investigation, 124, 
2611–2625. https:// doi. org/ 10. 1172/ jci69 815

 184. Rodrigues, I. S., Lavorato-Rocha, A. M., de, M. M. B., Stiep-
cich, M. M., de Carvalho, F. M., Baiocchi, G., Soares, F. A., 
Rocha, R. M. (2013). Epithelial-mesenchymal transition-like 
events in vulvar cancer and its relation with HPV. British Jour-
nal of Cancer, 109: 184–194, https:// doi. org/ 10. 1038/ bjc. 2013. 
273.

 185. Dong, P., Kaneuchi, M., Xiong, Y., Cao, L., Cai, M., Liu, X., 
Guo, S. W., Ju, J., Jia, N., Konno, Y., et al. (2014). Identification 
of KLF17 as a novel epithelial to mesenchymal transition inducer 
via direct activation of TWIST1 in endometrioid endometrial 
cancer. Carcinogenesis, 35, 760–768. https:// doi. org/ 10. 1093/ 
carcin/ bgt369

 186. Chen, Z., Wang, Y., Liu, W., Zhao, G., Lee, S., Balogh, A., Zou, 
Y., Guo, Y., Zhang, Z., Gu, W., et al. (2014). Doxycycline induc-
ible Krüppel-like factor 4 lentiviral vector mediates mesenchy-
mal to epithelial transition in ovarian cancer cells. PLoS One, 9, 
e105331. https:// doi. org/ 10. 1371/ journ al. pone. 01053 31

 187. Touboul, C., Lis, R., Al Farsi, H., Raynaud, C. M., Warfa, M., 
Althawadi, H., Mery, E., Mirshahi, M., & Rafii, A. (2013). Mes-
enchymal stem cells enhance ovarian cancer cell infiltration 
through IL6 secretion in an amniochorionic membrane based 
3D model. Journal of Translational Medicine, 11, 28. https:// 
doi. org/ 10. 1186/ 1479- 5876- 11- 28

 188. Miao, J. W., Liu, L. J., & Huang, J. (2014). Interleukin-6-induced 
epithelial-mesenchymal transition through signal transducer and 
activator of transcription 3 in human cervical carcinoma. Inter-
national Journal of Oncology, 45, 165–176. https:// doi. org/ 10. 
3892/ ijo. 2014. 2422

 189. Hiss, D. (2012). Optimizing molecular-targeted therapies in 
ovarian cancer: The renewed surge of interest in ovarian cancer 
biomarkers and cell signaling pathways. Journal of Oncology, 
2012, 737981. https:// doi. org/ 10. 1155/ 2012/ 737981

 190. Jolly, M. K., Somarelli, J. A., Sheth, M., Biddle, A., Tripathi, S. 
C., Armstrong, A. J., Hanash, S. M., Bapat, S. A., Rangarajan, 
A., & Levine, H. (2019). Hybrid epithelial/mesenchymal pheno-
types promote metastasis and therapy resistance across carcino-
mas. Pharmacology & Therapeutics, 194, 161–184. https:// doi. 
org/ 10. 1016/j. pharm thera. 2018. 09. 007

 191. Bierie, B., Pierce, S. E., Kroeger, C., Stover, D. G., Pattabiraman, 
D. R., Thiru, P., Liu Donaher, J., Reinhardt, F., Chaffer, C. L., 
Keckesova, Z., et al. (2017). Integrin-β4 identifies cancer stem 
cell-enriched populations of partially mesenchymal carcinoma 
cells. Proc Natl Acad Sci U S A, 114, E2337-e2346. https:// doi. 
org/ 10. 1073/ pnas. 16182 98114

https://doi.org/10.1038/onc.2014.187
https://doi.org/10.1038/onc.2014.187
https://doi.org/10.1002/stem.1183
https://doi.org/10.1002/stem.1183
https://doi.org/10.3389/fonc.2021.649029
https://doi.org/10.3389/fonc.2021.649029
https://doi.org/10.1038/s41419-023-05596-4
https://doi.org/10.1002/jcp.25206
https://doi.org/10.1002/jcp.25206
https://doi.org/10.1016/j.lfs.2018.08.027
https://doi.org/10.1016/j.lfs.2018.08.027
https://doi.org/10.1111/cpr.12341
https://doi.org/10.1111/cpr.12341
https://doi.org/10.1111/cas.14253
https://doi.org/10.1111/cas.14253
https://doi.org/10.1016/j.jhep.2013.10.014
https://doi.org/10.1016/j.jhep.2013.10.014
https://doi.org/10.1016/j.jhep.2012.08.023
https://doi.org/10.1111/jcmm.17288
https://doi.org/10.1155/2015/420891
https://doi.org/10.1155/2015/420891
https://doi.org/10.1093/annonc/mdm344
https://doi.org/10.1093/annonc/mdm344
https://doi.org/10.1016/j.ygyno.2011.09.003
https://doi.org/10.1016/j.ygyno.2011.09.003
https://doi.org/10.1186/1471-2407-11-49
https://doi.org/10.1016/j.humpath.2005.12.021
https://doi.org/10.1016/j.humpath.2005.12.021
https://doi.org/10.1172/jci69815
https://doi.org/10.1038/bjc.2013.273
https://doi.org/10.1038/bjc.2013.273
https://doi.org/10.1093/carcin/bgt369
https://doi.org/10.1093/carcin/bgt369
https://doi.org/10.1371/journal.pone.0105331
https://doi.org/10.1186/1479-5876-11-28
https://doi.org/10.1186/1479-5876-11-28
https://doi.org/10.3892/ijo.2014.2422
https://doi.org/10.3892/ijo.2014.2422
https://doi.org/10.1155/2012/737981
https://doi.org/10.1016/j.pharmthera.2018.09.007
https://doi.org/10.1016/j.pharmthera.2018.09.007
https://doi.org/10.1073/pnas.1618298114
https://doi.org/10.1073/pnas.1618298114


 Cancer and Metastasis Reviews

 192. Feng, Y. X., Sokol, E. S., Del Vecchio, C. A., Sanduja, S., 
Claessen, J. H., Proia, T. A., Jin, D. X., Reinhardt, F., Ploegh, 
H. L., Wang, Q., et al. (2014). Epithelial-to-mesenchymal tran-
sition activates PERK-eIF2α and sensitizes cells to endoplas-
mic reticulum stress. Cancer Discovery, 4, 702–715. https:// 
doi. org/ 10. 1158/ 2159- 8290. Cd- 13- 0945

 193. Lei, J. T., Shao, J., Zhang, J., Iglesia, M., Chan, D. W., Cao, 
J., Anurag, M., Singh, P., He, X., Kosaka, Y., et al. (2018). 
Functional annotation of ESR1 gene fusions in estrogen recep-
tor-positive breast cancer. Cell Reports, 24, 1434-1444.e1437. 
https:// doi. org/ 10. 1016/j. celrep. 2018. 07. 009

 194. Dong, C. Y., Liu, X. Y., Wang, N., Wang, L. N., Yang, B. X., 
Ren, Q., Liang, H. Y., & Ma, X. T. (2014). Twist-1, a novel 
regulator of hematopoietic stem cell self-renewal and myeloid 
lineage development. Stem Cells, 32, 3173–3182. https:// doi. 
org/ 10. 1002/ stem. 1803

 195. Chen, C. C., You, J. Y., Gau, J. P., Huang, C. E., Chen, Y. 
Y., Tsai, Y. H., Chou, H. J., Lung, J., & Yang, M. H. (2015). 
Favorable clinical outcome and unique characteristics in asso-
ciation with Twist1 overexpression in de novo acute myeloid 
leukemia. Blood Cancer Journal, 5, e339. https:// doi. org/ 10. 
1038/ bcj. 2015. 67

 196. Inaba, T., Inukai, T., Yoshihara, T., Seyschab, H., Ashmun, R. 
A., Canman, C. E., Laken, S. J., Kastan, M. B., & Look, A. 
T. (1996). Reversal of apoptosis by the leukaemia-associated 
E2A-HLF chimaeric transcription factor. Nature, 382, 541–
544. https:// doi. org/ 10. 1038/ 38254 1a0

 197. Wang, N., Guo, D., Zhao, Y. Y., Dong, C. Y., Liu, X. Y., 
Yang, B. X., Wang, S. W., Wang, L., Liu, Q. G., Ren, Q., 
et al. (2015). TWIST-1 promotes cell growth, drug resistance 
and progenitor clonogenic capacities in myeloid leukemia and 
is a novel poor prognostic factor in acute myeloid leukemia. 
Oncotarget, 6, 20977–20992. https:// doi. org/ 10. 18632/ oncot 
arget. 4007

 198. Cosset, E., Hamdan, G., Jeanpierre, S., Voeltzel, T., Sagorny, 
K., Hayette, S., Mahon, F. X., Dumontet, C., Puisieux, A., 
Nicolini, F. E., et al. (2011). Deregulation of TWIST-1 in the 
CD34+ compartment represents a novel prognostic factor in 
chronic myeloid leukemia. Blood, 117, 1673–1676. https:// doi. 
org/ 10. 1182/ blood- 2009- 11- 254680

 199. Pérez-Mancera, P. A., González-Herrero, I., Pérez-Caro, M., 
Gutiérrez-Cianca, N., Flores, T., Gutiérrez-Adán, A., Pintado, 
B., Sánchez-Martín, M., & Sánchez-García, I. (2005). SLUG 
in cancer development. Oncogene, 24, 3073–3082. https:// doi. 
org/ 10. 1038/ sj. onc. 12085 05

 200. Dorn, D. C., Kou, C. A., Png, K. J., & Moore, M. A. (2009). 
The effect of cantharidins on leukemic stem cells. Interna-
tional Journal of Cancer, 124, 2186–2199. https:// doi. org/ 10. 
1002/ ijc. 24157

 201. Wei, C. R., Liu, J., & Yu, X. J. (2015). Targeting SLUG 
sensitizes leukemia cells to ADR-induced apoptosis. Inter-
national Journal of Clinical and Experimental Medicine, 8, 
22139–22148.

 202. Mancini, M., Petta, S., Iacobucci, I., Salvestrini, V., Barbieri, 
E., & Santucci, M. A. (2010). Zinc-finger transcription factor 
slug contributes to the survival advantage of chronic myeloid 
leukemia cells. Cellular Signalling, 22, 1247–1253. https:// doi. 
org/ 10. 1016/j. cells ig. 2010. 04. 002

 203. Pérez-Mancera, P. A., Pérez-Caro, M., González-Herrero, I., 
Flores, T., Orfao, A., de Herreros, A. G., Gutiérrez-Adán, A., 
Pintado, B., Sagrera, A., Sánchez-Martín, M., et al. (2005). 
Cancer development induced by graded expression of Snail in 
mice. Human Molecular Genetics, 14, 3449–3461. https:// doi. 
org/ 10. 1093/ hmg/ ddi373

 204. Li, H., Mar, B. G., Zhang, H., Puram, R. V., Vazquez, F., Weir, 
B. A., Hahn, W. C., Ebert, B., & Pellman, D. (2017). The EMT 
regulator ZEB2 is a novel dependency of human and murine 
acute myeloid leukemia. Blood, the Journal of the American 
Society of Hematology, 129, 497–508.

 205. Bakir, B., Chiarella, A. M., Pitarresi, J. R., & Rustgi, A. K. 
(2020). EMT, MET, plasticity, and tumor metastasis. Trends in 
Cell Biology, 30, 764–776. https:// doi. org/ 10. 1016/j. tcb. 2020. 
07. 003

 206. Tang, Y., Durand, S., Dalle, S., & Caramel, J. (2020). EMT-
inducing transcription factors, drivers of melanoma phenotype 
switching, and resistance to treatment. Cancers (Basel), 12, 
2154. https:// doi. org/ 10. 3390/ cance rs120 82154

 207. Wang, H., Wang, Z., Li, Y., Lu, T., & Hu, G. (2020). Silencing 
snail reverses epithelial-mesenchymal transition and increases 
radiosensitivity in hypopharyngeal carcinoma. Oncotargets 
and Therapy, 13, 497–511. https:// doi. org/ 10. 2147/ ott. S2374 10

 208. Jiang, F., Zhou, L., Wei, C., Zhao, W., & Yu, D. (2016). Slug 
inhibition increases radiosensitivity of oral squamous cell car-
cinoma cells by upregulating PUMA. International Journal of 
Oncology, 49, 709–719. https:// doi. org/ 10. 3892/ ijo. 2016. 3570

 209. Shahin, S. A., Wang, R., Simargi, S. I., Contreras, A., Parra 
Echavarria, L., Qu, L., Wen, W., Dellinger, T., Unternaehrer, 
J., Tamanoi, F., et al. (2018). Hyaluronic acid conjugated nano-
particle delivery of siRNA against TWIST reduces tumor bur-
den and enhances sensitivity to cisplatin in ovarian cancer. 
Nanomedicine, 14, 1381–1394. https:// doi. org/ 10. 1016/j. nano. 
2018. 04. 008

 210. Wang, M., He, S. F., Liu, L. L., Sun, X. X., Yang, F., Ge, Q., 
Wong, W. K., & Meng, J. Y. (2017). Potential role of ZEB1 as 
a DNA repair regulator in colorectal cancer cells revealed by 
cancer-associated promoter profiling. Oncology Reports, 38, 
1941–1948. https:// doi. org/ 10. 3892/ or. 2017. 5888

 211. Hao, Y., Baker, D., & Ten Dijke, P. (2019). TGF-β-mediated 
epithelial-mesenchymal transition and cancer metastasis. Inter-
national Journal of Molecular Sciences, 20, 2767. https:// doi. 
org/ 10. 3390/ ijms2 01127 67

 212. Bayin, N. S., Ma, L., Thomas, C., Baitalmal, R., Sure, A., Fan-
siwala, K., Bustoros, M., Golfinos, J. G., Pacione, D., Snuderl, 
M., et al. (2016). Patient-specific screening using high-grade 
glioma explants to determine potential radiosensitization by 
a TGF-β small molecule inhibitor. Neoplasia, 18, 795–805. 
https:// doi. org/ 10. 1016/j. neo. 2016. 08. 008

 213. Zhang, J., Si, J., Gan, L., Guo, M., Yan, J., Chen, Y., Wang, 
F., Xie, Y., Wang, Y., & Zhang, H. (2020). Inhibition of Wnt 
signalling pathway by XAV939 enhances radiosensitivity in 
human cervical cancer HeLa cells. Artificial Cells, Nanomedi-
cine, and Biotechnology, 48, 479–487. https:// doi. org/ 10. 1080/ 
21691 401. 2020. 17167 79

 214. Prakash, V., Carson, B. B., Feenstra, J. M., Dass, R. A., 
Sekyrova, P., Hoshino, A., Petersen, J., Guo, Y., Parks, M. 
M., Kurylo, C. M., et al. (2019). Ribosome biogenesis dur-
ing cell cycle arrest fuels EMT in development and disease. 
Nature Communications, 10, 2110. https:// doi. org/ 10. 1038/ 
s41467- 019- 10100-8

 215. Dermit, M., Dodel, M., Lee, F. C. Y., Azman, M. S., Schwen-
zer, H., Jones, J. L., Blagden, S. P., Ule, J., & Mardakheh, F. 
K. (2020). Subcellular mRNA localization regulates ribosome 
biogenesis in migrating cells. Developmental Cell, 55, 298-
313.e210. https:// doi. org/ 10. 1016/j. devcel. 2020. 10. 006

 216. Pecoraro, A., Carotenuto, P., Russo, G., & Russo, A. (2019). 
Ribosomal protein uL3 targets E2F1 and Cyclin D1 in can-
cer cell response to nucleolar stress. Science and Reports, 9, 
15431. https:// doi. org/ 10. 1038/ s41598- 019- 51723-7

https://doi.org/10.1158/2159-8290.Cd-13-0945
https://doi.org/10.1158/2159-8290.Cd-13-0945
https://doi.org/10.1016/j.celrep.2018.07.009
https://doi.org/10.1002/stem.1803
https://doi.org/10.1002/stem.1803
https://doi.org/10.1038/bcj.2015.67
https://doi.org/10.1038/bcj.2015.67
https://doi.org/10.1038/382541a0
https://doi.org/10.18632/oncotarget.4007
https://doi.org/10.18632/oncotarget.4007
https://doi.org/10.1182/blood-2009-11-254680
https://doi.org/10.1182/blood-2009-11-254680
https://doi.org/10.1038/sj.onc.1208505
https://doi.org/10.1038/sj.onc.1208505
https://doi.org/10.1002/ijc.24157
https://doi.org/10.1002/ijc.24157
https://doi.org/10.1016/j.cellsig.2010.04.002
https://doi.org/10.1016/j.cellsig.2010.04.002
https://doi.org/10.1093/hmg/ddi373
https://doi.org/10.1093/hmg/ddi373
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.3390/cancers12082154
https://doi.org/10.2147/ott.S237410
https://doi.org/10.3892/ijo.2016.3570
https://doi.org/10.1016/j.nano.2018.04.008
https://doi.org/10.1016/j.nano.2018.04.008
https://doi.org/10.3892/or.2017.5888
https://doi.org/10.3390/ijms20112767
https://doi.org/10.3390/ijms20112767
https://doi.org/10.1016/j.neo.2016.08.008
https://doi.org/10.1080/21691401.2020.1716779
https://doi.org/10.1080/21691401.2020.1716779
https://doi.org/10.1038/s41467-019-10100-8
https://doi.org/10.1038/s41467-019-10100-8
https://doi.org/10.1016/j.devcel.2020.10.006
https://doi.org/10.1038/s41598-019-51723-7


Cancer and Metastasis Reviews 

 217. Mattijssen, S., Arimbasseri, A. G., Iben, J. R., Gaidamakov, 
S., Lee, J., Hafner, M., & Maraia, R. J. (2017). LARP4 mRNA 
codon-tRNA match contributes to LARP4 activity for ribo-
somal protein mRNA poly(A) tail length protection. Elife, 6, 
e28889. https:// doi. org/ 10. 7554/ eLife. 28889

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

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Nasim Ebrahimi1 · Mahdokht Sadat Manavi2 · Ferdos Faghihkhorasani3 · Siavash Seifollahy Fakhr4 · 
Fatemeh Jafari Baei5 · Fereshteh Faghih Khorasani6 · Mohammad Mehdi Zare6 · Nazanin Pazhouhesh Far7 · 
Fatemeh Rezaei‑Tazangi8 · Jun Ren9 · Russel J. Reiter10 · Noushin Nabavi11 · Amir Reza Aref12,13 · Chu Chen14 · 
Yavuz Nuri Ertas15,16 · Qi Lu14

 * Amir Reza Aref 
 amir@xspherabio.com

 * Yavuz Nuri Ertas 
 yavuznuri@gmail.com

 * Qi Lu 
 luqint@sina.com

1 Genetics Division, Department of Cell and Molecular 
Biology and Microbiology, Faculty of Science 
and Technology, University of Isfahan, Isfahan, Iran

2 Otolaryngology Department, Tehran University of Medical 
Science, Tehran, Iran

3 Medical Campus, Xi’an Jiaotong University, Xi’an, 
Shaanxi Province, China

4 Department of Biotechnology, Faculty of Applied Ecology, 
Agricultural Science and Biotechnology, Campus Hamar, 
Inland Norway University of Applied Sciences, Hamar, 
Norway

5 Amol University of Special Modern Technologies, Amol, 
Iran

6 Faculty of Medicine, Shahid Sadoughi University of Medical 
Sciences, Yazd, Iran

7 Department of Microbiology, Faculty of Advanced Science 
and Technology, Tehran Medical Science, Islamic Azad 
University, Tehran, Iran

8 Department of Anatomy, School of Medicine, Fasa 
University of Medical Sciences, Fasa, Iran

9 Department of Cardiology, Shanghai Institute 
of Cardiovascular Diseases, Zhongshan Hospital, Fudan 
University, Shanghai 200032, China

10 Department of Cellular and Structural Biology, UT Health 
Science Center, San Antonio, TX 77030, USA

11 Department of Urologic Sciences and Vancouver Prostate 
Centre, University of British Columbia, Vancouver, 
BC V6H3Z6, Canada

12 Translational Medicine Group, Xsphera Biosciences, 6 Tide 
Street, Boston, MA 02210, USA

13 Department of Medical Oncology, Dana-Farber Cancer 
Institute, Harvard Medical School, Boston, MA, USA

14 Department of Cardiology, Affiliated Hospital of Nantong 
University, Jiangsu 226001, China

15 ERNAM-Nanotechnology Research and Application Center, 
Erciyes University, Kayseri 38039, Türkiye

16 Department of Biomedical Engineering, Erciyes University, 
Kayseri 38039, Türkiye

https://doi.org/10.7554/eLife.28889

	Harnessing function of EMT in cancer drug resistance: a metastasis regulator determines chemotherapy response
	Abstract
	1 Introduction
	2 EMT basics and role in metastasis of cancers
	3 An overview of EMT and drug resistance
	4 EMT-TFs and cancer drug resistance
	4.1 EMT and basic helix–loop–helix (bHLH) transcription factors
	4.2 ZEB1ZEB2
	4.3 Slug and snail

	5 EMT and TGF-β
	6 Non-coding RNAs (ncRNAs) modulating EMT
	7 EMT and chemoresistance in various cancers
	7.1 Brain tumors
	7.2 Urological tumors
	7.3 Gastrointestinal tumors
	7.4 Gynecological tumors
	7.5 Hematological tumors

	8 EMT-mediated tumor therapeutic resistance: therapeutic approaches
	9 Conclusion and remarks
	References


