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Abstract 

 

Epithelial-mesenchymal transition (EMT) is a process during which cells lose their epithelial 

characteristics, for instance apical-basal cell polarity and cell–cell contact, and gain 

mesenchymal properties, such as increased motility. In colorectal cancer (CRC), EMT 

plays an important role in tumour progression, metastasis, and drug resistance. In this 

review, we describe the accumulating evidence from preclinical and early clinical studies 

which show that EMT markers may serve as outcome predictors and potential therapeutic 

targets in CRC. There have been accumulating evidence from preclinical and early clinical 

studies which show that EMT markers may serve as outcome predictors and potential 

therapeutic targets in CRC. This review decribes the fundamentals of EMT which include 

the biology of EMT and the newly-minted partial EMT (pEMT), and their associated 

changes. We have also provided a comprehensive summary of therapeutic compounds 

capable of targetting EMT markers, ranging from preclinical stage, clinical trials or 

repurpose potential. Lastly, we have also explored on the potential obstacles that lie ahead 

of EMT bench to bedside drug development. 

 

Introduction 

 

Colorectal cancer (CRC) is the third most prevalent malignant tumour worldwide, 

accounting for more than 9% of annual cancer mortality1. Although advances have been 

made in screening, early detection and management of established disease, targeted 

therapeutic innovations have been relatively sparse. It is therefore widely acknowledged 

that a deeper understanding of the complex biology of CRC must precede rational drug 

development.  

 

Epithelial-mesenchymal transition (EMT) was first described in embryogenesis and refers 

to a cellular reprogramming process in which epithelial cells acquire a mesenchymal 

phenotype. EMT plays an important role in development, wound healing, and malignant 

progression in which cancer cells are endowed with properties associated with more 

aggressive phenotypes2.  

 

Upon activation of EMT, tumour cells undergo a series of physical changes including tight 
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junction dissolution, disruption of apical–basal polarity, and reorganization of the 

cytoskeletal architecture, all of which facilitate the dissemination of cells from their primary 

site, invasion of surrounding tissues, survival in the general circulation, leading finally to 

the formation of metastases in distant organs. In addition, recent studies have attributed 

increased resistance to chemotherapy and immunotherapy to EMT as it promotes 

interaction with tumour-associated stromal cells, known for their protumorogenic 

properties3,4. (Figure 1).  

 

EMT-associated changes 

 

EMT is a generic description integrating several processes which share certain common 

features, but which can vary according to the tissue origin, stromal cell components and 

environmental cytokines. EMT is multifaceted, often reversible and involves a range of 

changes in cell biology, gene expression and physiology. NotablyTraditionally, EMT is 

though to be a binary process. However, accumulating evidence has shown otherwise., 

EMT programming runs on a spectrum;. it can range from complete EMT/MET to cells with 

incomplete suppression of pre-existing epithelial characteristics and incomplete acquisition 

of mesenchymal ones, a hybrid intermediate stage known as partial EMT (pEMT)5. In the 

intervening years, heterogenous populations with different degree of EMT can be observed 

within tumours and pEMT has been widely observed across a broad range of cancers. 

Recent evidence has proven that cancer populations with pEMT have the highest 

metastatic potential. Interestingly, among these hybrid subpopulations, those with more 

epithelial features and less mesenchymal conversion have the greatest malignancy and 

metastatic potential6,7(Figure 1). It has been reported that patients with primary prostate, 

breast or lung cancers that exhibit the full range of epithelial-mesenchymal plasticity, that 

is, transcriptional evidence of both EMT and MET, have the poorest outcomes8. 

 

Cellular changes Increased motility and migration through extracellular matrix (ECM) is a 

typical feature of cells undergoing EMT, during which epithelial cell-cell junctions are 

dissolved, and the integrity of their basement membranes compromised. These changes 

are accompanied by alterations in cell polarity, cytoskeletal rearrangements, and a switch 

in expression from mainly keratin to mainly vimentin. Morphologically, this leads to a 

striking loss of the typical polygonal, cobblestone appearance of epithelia and the 

emergence of spindle-shaped fibrous cells which express mesenchymal cell markers, eg. 

neural cadherin (N-cadherin), vimentin and fibronectin and cell-associated matrix 

metalloproteinase (MMP) activity9. 

 

Genetic changes A number of highly conserved transcription factors (EMT-TFs) have 

been identified, such as Snail, Slug (Snail2), Zeb1, Zeb2, and Twist, which are major 

regulators of EMT programs, functioning in a variety of cell-specific combinations with each 

another. In addition, a number of microRNAs (miRNAs) as well as non-coding RNAs can 

regulate, and be regulated by, the key EMT genes and influence EMT programming. 

Among these non-coding RNAs, miR-200 family and miR-34 family are the most 

researched (Figure 1). For example, miR-200c targets Zeb1 to suppress its expression, 



thus inhibiting migration and invasion of CRC10. These interrelationships leads to 

numerous permutations which call for the need to resolve them for better understanding of 

CRC EMT. 

 

Physiological changes Many studies have demonstrated an association between EMT 

and acquisition of stem cell-like properties, characterised by expression of classical surface 

markers (CD44highCD24low). CD51, a putative cancer stem cell marker in CRC, has been 

found to be one of the most frequently expressed markers11. CD44- and SOX2-enriched 

tumorspheres have been detected in TGFβ1-treated CRC cells12. Theseis acquisitions 

confers a range of properties including relative anticancer drug resistance and upregulation 

of immune checkpoint proteins, both capable of circumventing cytotoxicity against cancer 

cells by immune cells or drugs. Stem cell-like resistance against chemotherapy and 

radiotherapy is mediated by upregulation of drug transport pumps, cellular quiescence, 

enhanced DNA repair abilities, overexpression of multidrug-resistance gene (MDR) and 

anti-apoptosis mechanisms13. Recent studies reported that activation of EMT in carcinoma 

cells can diminish the response to immunotherapy, mediated by release of TGF-β1, which 

increases the number of immunosuppressive regulatory T (Treg) cells and suppresses 

CD8+ cytotoxic T cells and natural killer (NK) cell activity14. Also, EMT increases tumoral 

expression of programmed death ligand-1, capable of conferring resistance to checkpoint 

blockade-based immunotherapy, thus exacerbating immune evasion15 (Figure 2). 

 

Metabolic changes Cancer cells are known to reprogram their metabolic circuitries to 

meet the bioenergetic demands associated with EMT. Apart from their canonical roles, 

EMT-inducing signals, transcription factors and lncRNAs are shown to enhance glycolysis 

and fatty acid oxidation (FAO), and suppress oxidative phosphorylation (OXPHOS). 

Conversely, EMT-inhibiting miRNA can regulate the expression of metabolite transporters 

and metabolic enzymes, thus inhibiting both glycolysis and FAO. It is now recognised that 

these dysfunctional metabolic changes can influence EMT16 (Figure 2). For example, 

Pyruvate kinase M2, a glycolytic rate-limiting enzyme, have been shown to relieve 

transcriptional suppression of the gene encoding for E-cadherin, thus promoting EMT in 

CRC cells17. Also, it has been suggested that Acetyl CoA carboxylase 1, a FAO rate limiting 

enzyme, can be inactivated in breast cancer. This eventually leads to acetylation of EMT-

inducing Smad218. 

 

Regulation of EMT  

 

EMT is highly regulated and orchestrated to insure the correct spatial and temporal 

activation of all the participating genes. To date, a wide array of factors has been shown to 

be involved in carcinogenic EMT and they can be broadly categorized into the following: 

EMT inducers which kickstart the EMT program; EMT regulators which orchestrate and 

direct the progression of EMT; EMT effectors which deal with the execution and delivery 

of the functional consequences of EMT (Figure 3).  

 

EMT inducers 



 

 

Canonical WNT/β-Catenin Signalling One of thePerhaps the best-known inducers of 

CRC is the near universal activation of the WNT/β-Catenin signalling pathway19. 

Fundamentally, canonical WNT/β-Catenin pathway stops β-Catenin nuclear accumulation 

by sequestering it into the cytoplasm. Enhanced WNT signalling results in upregulated 

level of Snail, a core regulator of EMT that represses E-cadherin and promotes migration 

and local invasion20,21. This crosstalk between WNT signalling and Snail then oscillates in 

a positive feedback loop where overexpression of Snail enhances expression of WNT 

target genes22. Additionally, Glycogen Synthase Kinase 3 beta (GSK3β) is inhibited by 

enhanced WNT signalling. This allows Slug to avoid destruction by shielding it from GSK3β 

phosphorylation and β-Transducin Repeat Containing E3 Ubiquitin Protein Ligase (β-

TrCP)-mediated ubiquitination. Lastly, accumulation of Snail and Slug also represses E-

Cadherin, a major hallmark symbolizing EMT23. 

 

TGF-β Signalling It has been well established that TGF-β signalling exhibits tumour static 

effects during early cancer onset24,25. but plays a dichotomous role in late stage 

tumourigenesis26,27. Canonical TGF-β Signalling involves heterodimerization of type I and 

type II receptor serine/threonine kinases (TGFBR1/2) upon ligand binding28. This 

propagates a signal via phosphorylation to Smad proteins. Ultimately, cooperation amongst 

Smad2,3 and 4 with other transcription factors induces gene transcription events which 

lead to EMT29. TGF-β can also induce EMT via a Smad4 independent pathway, mediated 

by Rho-A which induces expression of Slug and triggers EMT30,31.  

 

Notch Signalling Notch signalling is an extensive signalling network that was found to be 

actively involved in CRC EMT, mediated by Notch1 inducing Jagged1 upregulation in CRC. 

Subsequently, additional Notch receptors like Notch3 are activated in response to this 

interaction, increasing CD44, Slug and Smad3 expression, eventually leading to EMT32.  

 

RAS Signalling RAS operates via two main branches of cellular pathways: mitogen-

activated protein kinases and phosphoinositide-3 kinase (PI3K) pathways. These 

pathways are primarily activated by the activation of receptor tyrosine kinases (RTK), but 

it can also receive crosstalk signals from TGF-β via Smad4 independent path. Trickling 

down the canonical signalling cascades, it ultimately activates transcription factors like 

NF-κB, and Snail that are known to promote EMT.  

 

EMT regulators 

 

The transcriptional machinery which regulates EMT can be divided into 3 branches, namely, 

the SNAIL, ZEB and TWIST families. 

 

SNAIL family SNAIL family of transcription factors takes the form of zinc-finger, all of which 

bind to a common binding motif known as the E-box33,34. Similarly, Snail2 more commonly 

known as Slug shares the same binding pattern as Snail35,36, but it should be noted that 



there are still molecular differences between the two genes, given their differential spatial 

distribution37. In addition to their primary role in repressing E-cadherin expression, Snail 

and Slug coordinate with diverse pathways required to activate the expression of 

mesenchymal genes; vimentin, N-cadherin and fibronectin38,39.Additionally, 

overexpression of Slug has been found to induce other EMT-regulators like Zeb1 or Zeb240. 

 

ZEB family Zeb1 and Zeb2 bind to regulatory gene motifs at E-boxes and have been 

rigorously proven to be one of the master regulatory families of EMT41-43 and are often 

found to be upregulated in CRC44,45. Zeb1/2 regulate EMT directly by binding to E-box on 

E-cadherin (CDH1) promoter region46, in a similar fashion to Snail or indirectly through the 

recruitment of co-repressor C-terminal-binding protein (CtBP)47. Both result in 

downregulation of E-cadherin protein expression. Moreover, Zeb1 is capable of inducing 

the loss of basal membrane by silencing epithelial BM component Laminin subunit alpha-

3 (LAMA3) expression48. Concomitantly, upregulation of Zeb1 activates expression of 

mesenchymal genes like laminin gamma 2 (LAMC2) and urokinase plasminogen activator 

(uPA) to promote tumour invasiveness49. Similarly, hyper expression of Zeb2 also actuates 

other EMT proteins such as matrix metalloproteinase 9 (MMP-9) and Twist50. 

 

TWIST family Studies have shown that Twist1/2 are overexpressed in a wide array of 

cancers, including CRC51,52 and activate the N-cadherin promoter and switch on 

mesenchymal markers such as N-cadherin53 and fibronectin54. Consequently, this causes 

a loss of E-cadherin-mediated cell-cell adhesion, thereby promoting EMT. 

 

EMT effectors 

 

Beyond the activation of EMT transcription factors at genomic level, EMT is ultimately 

executed and delivered by 2 separate dynamic events: (a) downregulation of epithelial 

adhesive protein E-cadherin, junctional proteins like occludins and claudins, which leads 

to destabilization of cell adhesion. (b) Gain of mesenchymal protein products like N-

cadherin, vimentin and fibronectin55, which drive cell locomotion and invasion.  

 

Vimentin Aside from the classically described loss and gain of E- and N-cadherin 

respectively, vimentin has also proven to be an excellent indicator for EMT in CRC56. 

Vimentin is a type III intermediate filament (IF) cytoskeletal protein primarily found in 

mesenchymal cells57. Functionally, vimentin confers resistance and integrity to the cells58. 

Beyond this basic function, it also promotes cell migration by processing mechanical 

feedbacks and modulating the dynamics of microtubules and the actomyosin network59. 

As such, abnormal expression of vimentin as in CRC undoubtedly promotes CRC invasion.  

 

Fibronectin Fibronectin is an extracellular matrix glycoprotein responsible for cell-

adhesion and migration in mesenchymal cells. However, accumulating evidence has 

pointed out that fibronectin is often implicated in CRC pathogenesis and elevated levels of 

fibronectin are closely associated with poor CRC prognosis60,61. More recently, it has been 

elucidated that CRC-derived fibronectin extra domain A (EDA) promotes EMT in 



surrounding CRC cells via interaction with α9β1 integrin. Although the precise mechanism 

remains unknown, this eventually leads to upregulation of Snail and vimentin and 

substantially reduced E-cadherin levels60. 

 

Use of EMT markers to predict prognosis.  

 

Molecular typing and genotyping are finding an increasing role to guide clinicians in the 

stratification of different tumour types. Identification of predictive biomarkers allows 

companion diagnostics to be matched to specific therapies, and prognostic indicators 

permit treatment intensity to be tailored to risk of tumour recurrence or progression. 

 

There are wealth of data suggesting that individual markers of EMT (eg. loss of E cadherin 

expression, overexpression of vimentin) may act as predictors for therapeutic and survival 

outcomes of CRC patients13,44,61-67. However, most of these studies of individual markers 

are relatively modest in size and require independent validation in larger patient cohorts, 

where they should be tested in combination using multiplexing immunohistochemistry. 

Multi-marker combination analysis of the altered expression of E-cadherin, β-catenin, 

vimentin, snail and CD133 in the invasive front of CRC showed stronger correlation with 

disease-free survival (DFS) (66.2 vs. 84.6 months) and overall survival (OS) (60.8 vs. 77.9 

months) than individual protein analysis13. Similarly, another study has demonstrated that 

combining EMT markers like E-cadherin, β-catenin, Snail and Zeb1 improves prognostic 

performance. In 185 patients with CRC, cytoplasmic Ssnail (HR 1.94 95% confidence 

interval [CI] 1.15–3.29, p = 0.012) and the combined biomarker EMT score (HR 3.86 95% 

CI 2.17–6.86, p < 0.001) were associated with decreased cancer‐specific survival68. 
 

These examples highlight the strength of combinatory analysis in unravelling observations 

that may be missed when genes are viewed individually. This approach has also proven 

useful in other cancers apart from CRC. A study comprising of 78 oesophageal squamous 

cell carcinoma cases demonstrated that the vimentin/E-cadherin ratio was correlated with 

tumour invasion and can serve as an independent prognostic factor among chemo-naive 

patients69. Likewise, the combined expression pattern of 6 EMT-related proteins (snail-1, 

vimentin, S100A4, CK19, E-cadherin, β-catenin) predicted shortened disease-free survival 

in cholangiocarcinoma70. 

 

Building on these examples, large-scale sequencing technologies has enabled the creation 

of Consensus Molecular Subtyping (CMS) which comprises four groups with distinctive 

features of which CMS4 (mesenchymal, 23%), exhibits prominent transforming growth 

factor–activation, stromal invasion and angiogenesis71. Specially, CMS4 classification is 

associated with EMT features characterised with a distinct drop in miRNAs that regulate 

tumour suppression via Zeb1 and/or Zeb2. This attribute coupled with the gain of matrix 

remodelling and TGF-β associated signatures likely explained why CMS4 exhibited the 

worst prognosis amongst the four subtypes, with the worst overall survivalOS and worst 

relapse-free survival72.  

  



Analysis of EMT signatures in liquid biopsies, especially in circulating tumour cells (CTCs), 

has emerged as another promising prognostic indicator. CTCs characterized by the 

presence of EMT features with hybrid epithelial and mesenchymal (EM) phenotypes have 

been associated with increased likelihood of metastasis and worse survival in CRC 

patients73 and may also serve as an indicator of therapeutic response74. CTCs are currently 

isolated using the epithelial cell adhesion molecule (EpCAm)-based enrichment technique, 

but CTC subgroups will obviously not be detected using this technique, given their deletion 

of this cell surface marker. Thus, a combination of different epithelial and mesenchymal 

biomarkers might provide a practical solution to reflect a clearer picture of all CTC 

compartments and therefore refine their prognostic value. 

 

 

 

EMT elements as therapeutic targets 

 

Clinical development pathways targeting EMT inducers, regulators or effectors face 

several challenges due to the plasticity and heterogeneity of the various pathways involved. 

The spillover effects amongst pathways further permutate the complexity in drugging 

through EMT. As such, targeting of a single EMT receptor is unlikely to be effective due to 

the redundant nature of several pathways, whereas perhaps focusing upstream on EMT-

TFs as a target could have a more pronounced phenotypic effect. Aside from the technical 

obstacles in discovering specific molecular inhibitors, the biological features of EMT 

transformed cells, increased cell mobility, invasiveness, increased metastability and 

relative chemoresistance present trial design complexities. The vast majority of anticancer 

agents are antiproliferative, pro-apoptotic and necrotic giving more immediate surrogates 

of clinical activity like reduction in tumour volume, reduction in the rate of rise of tumour 

markers or of tumoural metabolic activity. For drugs which seek to inhibit EMT, two three 

broad therapeutic strategies are in questioncould be applied. Firstly, combination with 

conventional anticancer drugs to overcome pharmacological resistance in advanced 

disease., using PFS in randomised phase II/III trials. Although chemotherapy forms the 

backbone of CRC treatment, it is rarely if ever, curative as chemoresistance is all but 

inevitable. Mechanistically, there are several means through which disruption of cellular 

functions participating in EMT can confer resistance to 5-Fluorouracil, the most widely used 

anticancer treatment for CRC. For example, proinflammatory cytokine CCL21 can lead to 

5-Fluorouracil resistance through AKT/GSK3β/Snail-induction of P-glycoprotein-1, a MDR 

protein75. Secondly, for use in the adjuvant setting to reduce recurrence, perhaps after 

resection of metastatic disease, where the event rate is higher than after resection of 

primary tumours, and where there is no accepted role for post-operative chemotherapy, 

thus simplifying trial design. Thirdly, but most distant as a therapeutic strategy, one could 

consider that EMT inhibitors could be developed as chemopreventive agents, if drugs with 

an appropriate safety profile could be found. Here we summarised in Table 1 on a list of 

drugs at various stage of clinical trials, capable of targeting EMT markers. 

 

Inducers Several therapeutic strategies against TGF-β are currently under experimental 



testing or clinical trial. Among the different pharmacological approaches to block TGF-β 

signalling there is a particular focus on small molecule inhibitors. Galunisertib (LY2157299), 

an oral small molecule inhibitor of the TGF-β receptor I kinase, was able to specifically 

downregulate the phosphorylation of Smad2, thus abrogating activation of the canonical 

TGF-β pathway76. Similarly, LY2109761, a dual kinase inhibitor of TGF-βbeta type I and 

type II receptors, inhibited TGF-β-mediated activation of Smad and non-Smad pathways 

in colon adenocarcinoma cells, attenuated cell migration, invasion and tumorigenicity, and 

further decreased liver metastases and prolonged survival in a metastasis model77. The 

mean survival of LY2109761-treated mice were prolonged to 35.2 days compared with 

24.5 days in control mice (P < 0.001). TGF-β1-blocking peptides P17 and P144 significantly 

reduced metastasis to the liver induced by TGF-β1 in a mouse model of CRC78. 

Interestingly, some natural compounds were reported to have antitumorigenic property 

acting on TGF-β. Resveratrol is extracted from Chinese herbal medicine Polygonum 

cuspidatum and in vitro assays suggested that resveratrol reduced the rate of lung 

metastases and hepatic metastases by inhibiting TGF-β1-induced EMT in CRC models79. 

An alternative strategy is monoclonal antibody to target TGF-β. However, the available 

experimental evidence in CRC is still limited as compared to other tumour types. 

Fresolimumab (GC-1008) is a human anti-TGF-β monoclonal antibody that neutralizes all 

isoforms of TGF-β. In a multi-centre phase-I trial, 28 patients with pre-treated malignant 

melanoma or renal cell carcinoma patients were given GC-1008, and one malignant 

melanoma patient achieved a partial response, and six had stable disease with a median 

progression-free survival of 24 weeks. Notably, there was were no drug-related grade 4 or 

5 adverse events80. 

 

Another class of emerging therapy is antisense oligonucleotides (ASOs). ASOs are short 

(13~25 nucleotides) single-stranded sequences complementary to mRNA sequences of 

interest, capable of blocking protein translation when bound. Trabedersen (AP 12009) 

binds specifically to TGF-β2 mRNA. An ongoing phase I/II study used Trabedersen has 

been used to treat patients with stage IV pancreatic carcinoma, malignant melanoma, or 

colorectal carcinoma and brain cancers. Encouraging preliminary results were observed 

on its efficacy: One pancreatic carcinoma (stage IV) patient who received Trabedersen (80 

mg/m2/d), experienced a complete regression of liver metastases and survived past 128 

weeks81. However, Trabedersen failed to demonstrate increased antitumorigenicity in 

patients with glioblastoma and anaplastic astrocytoma in a phase II trial82.  

 

Regorafenib, an oral multitargeted tyrosine kinase inhibitor (TKI) of BRAF, VEGFR-1, -2, -

3, KIT, TIE-2, PDGFR-β, FGFR-1, RET and RAF-1, has been approved by FDA for mCRC 

patients as a last-line therapy. A study has found that regorafenib activates Protein tyrosine 

phosphatase (PTPase) SH2-domain-containing phosphatase 1 (SHP-1) resulting in the 

abolishment of EMT-induced invasion and metastasis in CRC83.  

 

Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, has been found to resist EMT-

related changes, including modifications of β-catenin intracellular localization or vimentin 

and E-cadherin levels, induced by hypoxia and/or EGF in CRC cell lines84, although 



Despite its potential, our trial of the a COX-2 inhibitor, Rofecoxib in the adjuvant setting for 

CRC was negative85. 

 

Cabozantinib is a multi-kinase inhibitor targeting VEGFR, MET, FLT3, c-Kit, and AXL. In 

CRC, knockdown of AXL resulted in decreased migration and invasion by downregulation 

of transcription factors required for EMT, including Slug, Twist, and Zeb1, and to increased 

expression of E-cadherin86. A clinical trial is ongoing to investigateinvolving combinational 

therapy of cabozantinib and panitumumab (an EGFR-targeting monoclonal antibody) in 

KRAS wild-type CRC (NCT02008383) reported an objective response rate (ORR) of 16%87. 

and final results are not yet available.  

 

Regulators The powerful transcriptional machinery controlling proliferation, invasion, and 

migration make EMT regulators appealing drug discovery targets. As tantalising as they 

are, there is a profound paucity of drugs against EMT regulators as transcription factors 

have been widely deemed as “undruggable”. One underlying reason why drugging EMT 

regulators proves to be a difficult challenge to surmount, is due to the fact (a) transcription 

is a nuclear event that is not readily accessible to drugs, (b) highly positively charged helical 

DNA binding interfaces limit drug accessibility, and (c) flat protein–protein interaction 

surfaces, lacking deep druggable binding pockets88,89. There are several tantalising 

preclinical observations supporting this thesis. Moscatilin, derived from the orchid 

Dendrobrium loddigesii, has been shown to induce cell cycle arrest and apoptosis in CRC 

cells. Moscatilin has been further shown to act on AKT/TWIST signalling and suppress 

migration and metastasis of breast cancer cells. Snail has also been a popular drug target 

and depletion restored cellular sensitivity to chemotherapy in lung cancer cells. High 

mobility group A2 (HMGA2) protein was reported to be able to induce EMT by regulating 

Snail expression. A small-molecule antifungal agent ciclopirox (CPX) has been identified 

as a novel inhibitor of HMGA2 and it can induce cytotoxicity in CRC through direct 

interaction with HMGA2. 

 

Effectors The loss of E-cadherin is a key feature of EMT, and restoration of its expression 

could be considered to a promising approach to suppress metastasis. A pilot drug library 

screen (n=9600) revealed that Methotrexate (MTX) was able to induce a 10-fold increase 

in E-cadherin expression in CRC cell lines. MTX is not active as a single agent in the 

treatment of advanced CRC, but these data, which require further validation in more 

extensive models, possibly suggest a clinical development pathway, using low dose oral 

MTX following conventional adjuvant chemotherapy to prevent further metastasis, as a 

quasi-maintenance therapy90. Similarly, the ionophore antibiotic salinomycin 

downregulates the expression of vimentin while increasing the expression of E-cadherin in 

CD133+ CRC cells and can reverse doxorubicin-induced EMT, restoring chemosensitivity 

both in vitro and in vivo in hepatocellular cancer xenografts, warranting further clinical 

investigation91. 

 

Apart from targeting cells that express active biomarkers of EMT and prevention of EMT 

induction discussed above, many efforts have also been made to investigate the reversion 



of EMT by induction of the reverse mesenchymal-epithelial transition (MET) program. 

Previous data have indicated that activation of MET in human mammary epithelial cells 

(HMLE cells) resulted in reduced invasiveness, increased spheroid formation ability and 

increased sensitivity to therapeutic agents including doxorubicin, paclitaxel, proteasome 

inhibitors and EGFR inhibitors92. Although these findings proved to be promising, there lies 

a valley of death to be bridged before they can be applied in clinical practice. Particularly, 

the inactivation of EMT and induction of MET are both necessary for efficient metastatic 

colonization and outgrowth at the distant site93. In this context, therapeutically promoting 

MET may accelerate metastasis of disseminated cells. Thus, precise therapeutic windows 

have to be carefully defined. 

 

Beyond EMT Apart from drugging EMT targets directly, exploration has been made into 

other landscapes to repurpose drugs that can potentially impact EMT status indirectly. 

Metabolic reprogramming has been gaining traction as an approach for EMT phenotypic 

switching in cancer cells16. Ramesh et al., have recently published a key list of metabolic 

drugs reported to have EMT-inhbiting features94. Many of which have already been 

approved for cancers or other diseases, indicating that agents with acceptable toxicity 

profiles and clinical efficacy are available for additional trials. 

 

 

 

Discussion 

 

EMT programs are highly orchestrated through a complex network which encompasses 

numerous regulatory factors of many cellular signalling pathways, with the latter 

interplaying with each other to form extensive crosstalk. Recent research has provided 

evidence that the elements driving EMT may be exploited as potentially useful prognostic 

markers or as drug development targets. However, we have also underlined the challenges 

of translating these preclinical or early clinical findings into routine practice. These include 

potential on-target, off-tumour toxicity, given that these mesenchymal markers are widely 

expressed by non-tumour mesenchymal cells, such as fibroblasts; the regulatory network 

governing EMT is complex, with significant cross talk and redundancy making identification 

of a master controller difficult; prevention of EMT induction by interfering with TGF-β 

signalling requires recognition of its dual effect in CRC, and a balance would need to be 

found between abrogation of the pro-tumour properties of TGF-β signalling without 

impairing its tumour suppressor functions in early stages of the disease. 

   

Another obstacle derives from the non-negligible gap between the preclinical models and 

clinical cancer progression. The induced model of EMT is commonly used in most 

preclinical studies to mimic the effect of EMT on invasiveness, metastasis and drug 

resistance. They are also frequently used to assess the efficacy of drug development 

programs. However, these models may not fully recapitulate the true heterogeneity of a 

tumour and the transient and reversible plasticity of EMT that is essential for tumour 

progression is difficult reproduce in these models. Given the current climate of research, 



one suggestion to overcome this obstacle will be to eliminate semantic problems in EMT 

through a levelled interdisciplinary discussion and collaboration. It is, therefore, of interest 

to highlight the consensus statement drawn up in 2020 by the EMT International 

Association (TEMTIA), that aims to provide consensual guidelines for EMT research95. This 

will go a long way towards guiding early career scientist pursuing this field as well as 

benefitting existing researchers in reaching consensus on a panel of robust and validated 

biomarkers, useful for clinical drug testing. Also, it is worthwhile to take a combinatorial or 

multi-omics approach, integrating metabolic, proteomic and gene signatures together at 

single-cell resolution in order to robustly establish biomarkers for EMT, particularly for the 

elusive pEMT. 

 

This field does represent an interesting clinical development challenge. Most novel 

anticancer agents are first tested against advanced tumours, to demonstrate tumour 

shrinkage and improvements in progression freePFS and perhaps OSoverall survival 

before proceeding to treatment of early-stage disease. If we are to follow the science, as it 

was, and plan to introduce EMT inhibitors into the clinicAs such, for these preclinical EMT 

inhibitors to be taken from bench to bedside, itidentification of robust and validated 

biomarkers should take precedence. Although pEMT constitutes to the most malignant 

form of cancers, it remains elusive in terms of specific biomarkers. Therefore, it is 

imperative to place focus on this particular aspect before any form of clinical testing 

becomes a reality. would be logical to consider a trial to prevent metastasis. One possible 

clinical scenario could therefore be after resection of hepatic metastases or of biomarker 

defined high risk primary disease. 

 

Search strategy and selection criteria 

References for this Review were identified by searches of Pubmed using the search terms 

“epithelial-mesenchymal transition”, “EMT”, “MET”, “pEMT”, “colorectal cancer”, “cancer”, 

“chemotherapy”, “immunotherapy”, “targeted therapy”, “chemoresistance”, “prognosis”, 

“consensus molecular subtypes”, “CMS”. No date limits were applied. Papers published in 

English were reviewed. Additionally, ClinicalTrials.gov was visited during May 2020 to 

February 2021 for trials of the targeted therapies of interest.  

 

Contributors  

N.Z., A.S.N., and D.K. conceptualised the manuscript. N.Z. and A.S.N. did the literature 

review and wrote the original draft. A.S.N. conceptualised and did the illustrations using 

Biorender.com. N.Z., A.S.N., and D.K. did the revision of the manuscript. S.C., Q.L., Y.L., 

and D.K. supervised the project. 

 

Declaration of interests 

D.K. reports research grant from University of Oxford-Sichuan University Huaxi Joint 

Centre for Gastrointestinal Cancer; consultation fees from SAB and Indivumed; stock 

options as Director from Oxford Cancer Biomarkers and Celleron Therapeutics. All other 

authors declare no competing interests. 

 



Acknowledgement 

N.Z. is supported by studentship from China Scholarship Council. A.S.N. is supported by 

the National Science Scholarship from A*STAR, Singapore. All illustrations were created 

with Biorender.com. 

 

References  

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 

2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J Clin 2018; 68(6): 394-424. 

2. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in 

development and disease. Cell 2009; 139(5): 871-90. 

3. Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic link and clinical 

implications. Nat Rev Clin Oncol 2017; 14(10): 611-29. 

4. Terry S, Savagner P, Ortiz-Cuaran S, et al. New insights into the role of EMT in tumor 

immune escape. Mol Oncol 2017; 11(7): 824-46. 

5. Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT: 2016. Cell 2016; 166(1): 21-45. 

6. Pastushenko I, Brisebarre A, Sifrim A, et al. Identification of the tumour transition states 

occurring during EMT. Nature 2018; 556(7702): 463-8. 

7. Gupta PB, Pastushenko I, Skibinski A, Blanpain C, Kuperwasser C. Phenotypic Plasticity: 

Driver of Cancer Initiation, Progression, and Therapy Resistance. Cell Stem Cell 2019; 24(1): 

65-78. 

8. Stylianou N, Lehman ML, Wang C, et al. A molecular portrait of epithelial–mesenchymal 

plasticity in prostate cancer associated with clinical outcome. Oncogene 2019; 38(7): 913-34. 

9. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. 

Nat Rev Mol Cell Biol 2014; 15(3): 178-96. 



10. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. 

Nature reviews Molecular cell biology 2014; 15(3): 178-96. 

11. Wang J, Zhang B, Wu H, et al. CD51 correlates with the TGF-beta pathway and is a 

functional marker for colorectal cancer stem cells. Oncogene 2017; 36(10): 1351-63. 

12. Zubeldia IG, Bleau A-M, Redrado M, et al. Epithelial to mesenchymal transition and cancer 

stem cell phenotypes leading to liver metastasis are abrogated by the novel TGFβ1-targeting 

peptides P17 and P144. Experimental Cell Research 2013; 319(3): 12-22. 

13. Choi JE, Bae JS, Kang MJ, et al. Expression of epithelial-mesenchymal transition and 

cancer stem cell markers in colorectal adenocarcinoma: Clinicopathological significance. Oncol 

Rep 2017; 38(3): 1695-705. 

14. Sanjabi S, Oh SA, Li MO. Regulation of the Immune Response by TGF-β: From 

Conception to Autoimmunity and Infection. Cold Spring Harb Perspect Biol 2017; 9(6). 

15. Dongre A, Rashidian M, Reinhardt F, et al. Epithelial-to-Mesenchymal Transition 

Contributes to Immunosuppression in Breast Carcinomas. Cancer Res 2017; 77(15): 3982-9. 

16. Jia D, Park JH, Kaur H, et al. Towards decoding the coupled decision-making of 

metabolism and epithelial-to-mesenchymal transition in cancer. British Journal of Cancer 2021. 

17. Hamabe A, Konno M, Tanuma N, et al. Role of pyruvate kinase M2 in transcriptional 

regulation leading to epithelial–mesenchymal transition. Proceedings of the National Academy 

of Sciences 2014; 111(43): 15526. 

18. Rios Garcia M, Steinbauer B, Srivastava K, et al. Acetyl-CoA Carboxylase 1-Dependent 

Protein Acetylation Controls Breast Cancer Metastasis and Recurrence. Cell Metabolism 2017; 

26(6): 842-55.e5. 



19. Sanchez-Vega F, Mina M, Armenia J, et al. Oncogenic Signaling Pathways in The Cancer 

Genome Atlas. Cell 2018; 173(2): 321-37.e10. 

20. Barrallo-Gimeno A, Nieto MA. The Snail genes as inducers of cell movement and survival: 

implications in development and cancer. Development 2005; 132(14): 3151-61. 

21. Horvay K, Casagranda F, Gany A, Hime GR, Abud HE. Wnt signaling regulates Snai1 

expression and cellular localization in the mouse intestinal epithelial stem cell niche. Stem cells 

and development 2011; 20(4): 737-45. 

22. Stemmer V, de Craene B, Berx G, Behrens J. Snail promotes Wnt target gene expression 

and interacts with beta-catenin. Oncogene 2008; 27(37): 5075-80. 

23. Côme C, Magnino F, Bibeau F, et al. Snail and slug play distinct roles during breast 

carcinoma progression. Clinical cancer research : an official journal of the American Association 

for Cancer Research 2006; 12(18): 5395-402. 

24. Derynck R, Akhurst RJ, Balmain A. TGF-beta signaling in tumor suppression and cancer 

progression. Nat Genet 2001; 29(2): 117-29. 

25. Seoane J, Gomis RR. TGF-β Family Signaling in Tumor Suppression and Cancer 

Progression. Cold Spring Harb Perspect Biol 2017; 9(12). 

26. Hao Y, Baker D, Ten Dijke P. TGF-β-Mediated Epithelial-Mesenchymal Transition and 

Cancer Metastasis. Int J Mol Sci 2019; 20(11). 

27. Yeh HW, Lee SS, Chang CY, Lang YD, Jou YS. A New Switch for TGFβ in Cancer. Cancer 

Res 2019; 79(15): 3797-805. 

28. Huang T, David L, Mendoza V, et al. TGF-β signalling is mediated by two autonomously 

functioning TβRI:TβRII pairs. Embo j 2011; 30(7): 1263-76. 



29. Shi Y, Massagué J. Mechanisms of TGF-beta signaling from cell membrane to the nucleus. 

Cell 2003; 113(6): 685-700. 

30. Bhowmick NA, Ghiassi M, Bakin A, et al. Transforming growth factor-beta1 mediates 

epithelial to mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol Biol 

Cell 2001; 12(1): 27-36. 

31. Levy L, Hill CS. Smad4 dependency defines two classes of transforming growth factor 

{beta} (TGF-{beta}) target genes and distinguishes TGF-{beta}-induced epithelial-

mesenchymal transition from its antiproliferative and migratory responses. Mol Cell Biol 2005; 

25(18): 8108-25. 

32. Fender AW, Nutter JM, Fitzgerald TL, Bertrand FE, Sigounas G. Notch-1 promotes 

stemness and epithelial to mesenchymal transition in colorectal cancer. J Cell Biochem 2015; 

116(11): 2517-27. 

33. Nieto MA. The snail superfamily of zinc-finger transcription factors. Nat Rev Mol Cell Biol 

2002; 3(3): 155-66. 

34. Kataoka H, Murayama T, Yokode M, et al. A novel snail-related transcription factor Smuc 

regulates basic helix-loop-helix transcription factor activities via specific E-box motifs. Nucleic 

Acids Res 2000; 28(2): 626-33. 

35. Batlle E, Sancho E, Francí C, et al. The transcription factor snail is a repressor of E-

cadherin gene expression in epithelial tumour cells. Nature cell biology 2000; 2(2): 84-9. 

36. Cano A, Pérez-Moreno MA, Rodrigo I, et al. The transcription factor snail controls 

epithelial-mesenchymal transitions by repressing E-cadherin expression. Nature cell biology 

2000; 2(2): 76-83. 



37. Villarejo A, Cortés-Cabrera A, Molina-Ortíz P, Portillo F, Cano A. Differential role of Snail1 

and Snail2 zinc fingers in E-cadherin repression and epithelial to mesenchymal transition. J 

Biol Chem 2014; 289(2): 930-41. 

38. Stanisavljevic J, Porta-de-la-Riva M, Batlle R, de Herreros AG, Baulida J. The p65 subunit 

of NF-κB and PARP1 assist Snail1 in activating fibronectin transcription. J Cell Sci 2011; 124(Pt 

24): 4161-71. 

39. Toiyama Y, Yasuda H, Saigusa S, et al. Increased expression of Slug and Vimentin as 

novel predictive biomarkers for lymph node metastasis and poor prognosis in colorectal cancer. 

Carcinogenesis 2013; 34(11): 2548-57. 

40. Guaita S, Puig I, Franci C, et al. Snail induction of epithelial to mesenchymal transition in 

tumor cells is accompanied by MUC1 repression and ZEB1 expression. J Biol Chem 2002; 

277(42): 39209-16. 

41. Drápela S, Bouchal J, Jolly MK, Culig Z, Souček K. ZEB1: A Critical Regulator of Cell 

Plasticity, DNA Damage Response, and Therapy Resistance. Front Mol Biosci 2020; 7: 36. 

42. Sánchez-Tilló E, Siles L, de Barrios O, et al. Expanding roles of ZEB factors in 

tumorigenesis and tumor progression. Am J Cancer Res 2011; 1(7): 897-912. 

43. Zhang Y, Xu L, Li A, Han X. The roles of ZEB1 in tumorigenic progression and epigenetic 

modifications. Biomed Pharmacother 2019; 110: 400-8. 

44. Kahlert C, Lahes S, Radhakrishnan P, et al. Overexpression of ZEB2 at the invasion front 

of colorectal cancer is an independent prognostic marker and regulates tumor invasion in vitro. 

Clin Cancer Res 2011; 17(24): 7654-63. 

45. Zhang GJ, Zhou T, Tian HP, Liu ZL, Xia SS. High expression of ZEB1 correlates with liver 



metastasis and poor prognosis in colorectal cancer. Oncol Lett 2013; 5(2): 564-8. 

46. Larsen JE, Nathan V, Osborne JK, et al. ZEB1 drives epithelial-to-mesenchymal transition 

in lung cancer. J Clin Invest 2016; 126(9): 3219-35. 

47. Zhang P, Sun Y, Ma L. ZEB1: at the crossroads of epithelial-mesenchymal transition, 

metastasis and therapy resistance. Cell Cycle 2015; 14(4): 481-7. 

48. Spaderna S, Schmalhofer O, Hlubek F, et al. A transient, EMT-linked loss of basement 

membranes indicates metastasis and poor survival in colorectal cancer. Gastroenterology 2006; 

131(3): 830-40. 

49. Moon YW, Rao G, Kim JJ, et al. LAMC2 enhances the metastatic potential of lung 

adenocarcinoma. Cell Death Differ 2015; 22(8): 1341-52. 

50. Yalim-Camci I, Balcik-Ercin P, Cetin M, et al. ETS1 is coexpressed with ZEB2 and 

mediates ZEB2-induced epithelial-mesenchymal transition in human tumors. Molecular 

carcinogenesis 2019; 58(6): 1068-81. 

51. Cheng C, Qin Y, Li Y, Pan J, Wang J. Expression of Twist protein in colorectal carcinoma 

and its effect on proliferation and invasion of colorectal cancer cells. Pakistan journal of 

pharmaceutical sciences 2017; 30(2(Suppl.)): 641-5. 

52. Gomez I, Peña C, Herrera M, et al. TWIST1 is expressed in colorectal carcinomas and 

predicts patient survival. PLoS One 2011; 6(3): e18023. 

53. Franco HL, Casasnovas J, Rodríguez-Medina JR, Cadilla CL. Redundant or separate 

entities?--roles of Twist1 and Twist2 as molecular switches during gene transcription. Nucleic 

Acids Res 2011; 39(4): 1177-86. 

54. Yang J, Mani SA, Donaher JL, et al. Twist, a master regulator of morphogenesis, plays an 



essential role in tumor metastasis. Cell 2004; 117(7): 927-39. 

55. Vu T, Datta PK. Regulation of EMT in Colorectal Cancer: A Culprit in Metastasis. Cancers 

(Basel) 2017; 9(12). 

56. Du L, Li J, Lei L, et al. High Vimentin Expression Predicts a Poor Prognosis and 

Progression in Colorectal Cancer: A Study with Meta-Analysis and TCGA Database. Biomed 

Res Int 2018; 2018: 6387810. 

57. Eriksson JE, Dechat T, Grin B, et al. Introducing intermediate filaments: from discovery to 

disease. J Clin Invest 2009; 119(7): 1763-71. 

58. Goldman RD, Khuon S, Chou YH, Opal P, Steinert PM. The function of intermediate 

filaments in cell shape and cytoskeletal integrity. J Cell Biol 1996; 134(4): 971-83. 

59. Battaglia RA, Delic S, Herrmann H, Snider NT. Vimentin on the move: new developments 

in cell migration. F1000Res 2018; 7. 

60. Ou J, Deng J, Wei X, et al. Fibronectin extra domain A (EDA) sustains CD133(+)/CD44(+) 

subpopulation of colorectal cancer cells. Stem cell research 2013; 11(2): 820-33. 

61. Yi W, Xiao E, Ding R, Luo P, Yang Y. High expression of fibronectin is associated with 

poor prognosis, cell proliferation and malignancy via the NF-κB/p53-apoptosis signaling 

pathway in colorectal cancer. Oncology reports 2016; 36(6): 3145-53. 

62. Yun JA, Kim SH, Hong HK, et al. Loss of E-Cadherin expression is associated with a poor 

prognosis in stage III colorectal cancer. Oncology 2014; 86(5-6): 318-28. 

63. Yan X, Yan L, Liu S, Shan Z, Tian Y, Jin Z. N-cadherin, a novel prognostic biomarker, 

drives malignant progression of colorectal cancer. Mol Med Rep 2015; 12(2): 2999-3006. 

64. Peña C, García JM, Silva J, et al. E-cadherin and vitamin D receptor regulation by SNAIL 



and ZEB1 in colon cancer: clinicopathological correlations. Hum Mol Genet 2005; 14(22): 3361-

70. 

65. Shioiri M, Shida T, Koda K, et al. Slug expression is an independent prognostic parameter 

for poor survival in colorectal carcinoma patients. Br J Cancer 2006; 94(12): 1816-22. 

66. Weng W, Okugawa Y, Toden S, Toiyama Y, Kusunoki M, Goel A. FOXM1 and FOXQ1 

Are Promising Prognostic Biomarkers and Novel Targets of Tumor-Suppressive miR-342 in 

Human Colorectal Cancer. Clin Cancer Res 2016; 22(19): 4947-57. 

67. Santiago L, Daniels G, Wang D, Deng FM, Lee P. Wnt signaling pathway protein LEF1 in 

cancer, as a biomarker for prognosis and a target for treatment. Am J Cancer Res 2017; 7(6): 

1389-406. 

68. Roseweir AK, Kong CY, Park JH, et al. A novel tumor-based epithelial-to-mesenchymal 

transition score that associates with prognosis and metastasis in patients with Stage II/III 

colorectal cancer. Int J Cancer 2019; 144(1): 150-9. 

69. Niwa Y, Yamada S, Koike M, et al. Epithelial to mesenchymal transition correlates with 

tumor budding and predicts prognosis in esophageal squamous cell carcinoma. J Surg Oncol 

2014; 110(6): 764-9. 

70. Ryu HS, Chung JH, Lee K, et al. Overexpression of epithelial-mesenchymal transition-

related markers according to cell dedifferentiation: clinical implications as an independent 

predictor of poor prognosis in cholangiocarcinoma. Hum Pathol 2012; 43(12): 2360-70. 

71. Guinney J, Dienstmann R, Wang X, et al. The consensus molecular subtypes of colorectal 

cancer. Nat Med 2015; 21(11): 1350-6. 

72. Linnekamp JF, Hooff SRV, Prasetyanti PR, et al. Consensus molecular subtypes of 



colorectal cancer are recapitulated in in vitro and in vivo models. Cell Death Differ 2018; 25(3): 

616-33. 

73. Lim SH, Becker TM, Chua W, Ng WL, de Souza P, Spring KJ. Circulating tumour cells and 

the epithelial mesenchymal transition in colorectal cancer. J Clin Pathol 2014; 67(10): 848-53. 

74. Cohen SJ, Punt CJ, Iannotti N, et al. Relationship of circulating tumor cells to tumor 

response, progression-free survival, and overall survival in patients with metastatic colorectal 

cancer. J Clin Oncol 2008; 26(19): 3213-21. 

75. Blondy S, David V, Verdier M, Mathonnet M, Perraud A, Christou N. 5-Fluorouracil 

resistance mechanisms in colorectal cancer: From classical pathways to promising processes. 

Cancer Science 2020; 111(9): 3142-54. 

76. Herbertz S, Sawyer JS, Stauber AJ, et al. Clinical development of galunisertib (LY2157299 

monohydrate), a small molecule inhibitor of transforming growth factor-beta signaling pathway. 

Drug Des Devel Ther 2015; 9: 4479-99. 

77. Zhang B, Halder SK, Zhang S, Datta PK. Targeting transforming growth factor-beta 

signaling in liver metastasis of colon cancer. Cancer Lett 2009; 277(1): 114-20. 

78. Zubeldia IG, Bleau AM, Redrado M, et al. Epithelial to mesenchymal transition and cancer 

stem cell phenotypes leading to liver metastasis are abrogated by the novel TGFβ1-targeting 

peptides P17 and P144. Exp Cell Res 2013; 319(3): 12-22. 

79. Ji Q, Liu X, Han Z, et al. Resveratrol suppresses epithelial-to-mesenchymal transition in 

colorectal cancer through TGF-β1/Smads signaling pathway mediated Snail/E-cadherin 

expression. BMC Cancer 2015; 15: 97. 

80. Morris JC, Tan AR, Olencki TE, et al. Phase I study of GC1008 (fresolimumab): a human 



anti-transforming growth factor-beta (TGFβ) monoclonal antibody in patients with advanced 

malignant melanoma or renal cell carcinoma. PLoS One 2014; 9(3): e90353. 

81. Hilbig A, Seufferlein T, Schmid RM, et al. Preliminary results of a phase I/II study in patients 

with pancreatic carcinoma, malignant melanoma, or colorectal carcinoma using systemic i.v. 

administration of AP 12009. Journal of Clinical Oncology 2008; 26(15_suppl): 4621-. 

82. Teixeira AF, ten Dijke P, Zhu H-J. On-Target Anti-TGF-β Therapies Are Not Succeeding 

in Clinical Cancer Treatments: What Are Remaining Challenges? Frontiers in Cell and 

Developmental Biology 2020; 8(605). 

83. Fan LC, Teng HW, Shiau CW, et al. Regorafenib (Stivarga) pharmacologically targets 

epithelial-mesenchymal transition in colorectal cancer. Oncotarget 2016; 7(39): 64136-47. 

84. Bocca C, Bozzo F, Cannito S, Parola M, Miglietta A. Celecoxib inactivates epithelial-

mesenchymal transition stimulated by hypoxia and/or epidermal growth factor in colon cancer 

cells. Molecular carcinogenesis 2012; 51(10): 783-95. 

85. Midgley RS, McConkey CC, Johnstone EC, et al. Phase III randomized trial assessing 

rofecoxib in the adjuvant setting of colorectal cancer: final results of the VICTOR trial. J Clin 

Oncol 2010; 28(30): 4575-80. 

86. Mudduluru G, Vajkoczy P, Allgayer H. Myeloid zinc finger 1 induces migration, invasion, 

and in vivo metastasis through Axl gene expression in solid cancer. Mol Cancer Res 2010; 8(2): 

159-69. 

87. Strickler JH, Rushing CN, Uronis HE, et al. Cabozantinib and Panitumumab for RAS Wild-

Type Metastatic Colorectal Cancer. Oncologist 2021. 

88. Bushweller JH. Targeting transcription factors in cancer — from undruggable to reality. 



Nature Reviews Cancer 2019; 19(11): 611-24. 

89. Dang CV, Reddy EP, Shokat KM, Soucek L. Drugging the 'undruggable' cancer targets. 

Nature reviews Cancer 2017; 17(8): 502-8. 

90. Hirano T, Satow R, Kato A, et al. Identification of novel small compounds that restore E-

cadherin expression and inhibit tumor cell motility and invasiveness. Biochem Pharmacol 2013; 

86(10): 1419-29. 

91. Dong TT, Zhou HM, Wang LL, Feng B, Lv B, Zheng MH. Salinomycin selectively targets 

'CD133+' cell subpopulations and decreases malignant traits in colorectal cancer lines. Ann 

Surg Oncol 2011; 18(6): 1797-804. 

92. Pattabiraman DR, Bierie B, Kober KI, et al. Activation of PKA leads to mesenchymal-to-

epithelial transition and loss of tumor-initiating ability. Science 2016; 351(6277): aad3680. 

93. Nieto MA. Epithelial plasticity: a common theme in embryonic and cancer cells. Science 

2013; 342(6159): 1234850. 

94. Ramesh V, Brabletz T, Ceppi P. Targeting EMT in Cancer with Repurposed Metabolic 

Inhibitors. Trends in Cancer 2020; 6(11): 942-50. 

95. Yang J, Antin P, Berx G, et al. Guidelines and definitions for research on epithelial–

mesenchymal transition. Nature Reviews Molecular Cell Biology 2020; 21(6): 341-52. 

 



Novel Therapeutic Strategies: Targeting Epithelial-Mesenchymal Transition in 

Colorectal Cancer 

 
†Nan Zhang1,2,3,4, †Aik Seng Ng2,3, Shijie Cai2,3, Qiu Li1,4, Li Yang1,3,5 and David Kerr1,2,3 

1. West China School of Medicine, Sichuan University 

2. Radcliffe Department of Medicine, University of Oxford 

3. Sichuan-Oxford Gastrointestinal Research Centre, Oxford 

4. Department of Oncology, West China Hospital, Sichuan 

5. Department of Gastroenterology, West China Hospital, Sichuan 

† Contributed equally 

 

Abstract 

 

Epithelial-mesenchymal transition (EMT) is a process during which cells lose their epithelial 

characteristics, for instance apical-basal cell polarity and cell–cell contact, and gain 

mesenchymal properties, such as increased motility. In colorectal cancer (CRC), EMT 

plays an important role in tumour progression, metastasis, and drug resistance. There have 

been accumulating evidence from preclinical and early clinical studies which show that 

EMT markers may serve as outcome predictors and potential therapeutic targets in CRC. 

This review decribes the fundamentals of EMT which include the biology of EMT and the 

newly-minted partial EMT (pEMT), and their associated changes. We have also provided 

a comprehensive summary of therapeutic compounds capable of targetting EMT markers, 

ranging from preclinical stage, clinical trials or repurpose potential. Lastly, we have also 

explored on the potential obstacles that lie ahead of EMT bench to bedside drug 

development. 

 

Introduction 

 

Colorectal cancer (CRC) is the third most prevalent malignant tumour worldwide, 

accounting for more than 9% of annual cancer mortality1. Although advances have been 

made in screening, early detection and management of established disease, targeted 

therapeutic innovations have been relatively sparse. It is therefore widely acknowledged 

that a deeper understanding of the complex biology of CRC must precede rational drug 

development.  

 

Epithelial-mesenchymal transition (EMT) was first described in embryogenesis and refers 

to a cellular reprogramming process in which epithelial cells acquire a mesenchymal 

phenotype. EMT plays an important role in development, wound healing, and malignant 

progression in which cancer cells are endowed with properties associated with more 

aggressive phenotypes2.  

 

Upon activation of EMT, tumour cells undergo a series of physical changes including tight 

junction dissolution, disruption of apical–basal polarity, and reorganization of the 

cytoskeletal architecture, all of which facilitate the dissemination of cells from their primary 
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site, invasion of surrounding tissues, survival in the general circulation, leading finally to 

the formation of metastases in distant organs. In addition, recent studies have attributed 

increased resistance to chemotherapy and immunotherapy to EMT as it promotes 

interaction with tumour-associated stromal cells, known for their protumorogenic 

properties3,4.  

 

EMT-associated changes 

 

EMT is a generic description integrating several processes which share certain common 

features, but which can vary according to the tissue origin, stromal cell components and 

environmental cytokines. EMT is multifaceted, often reversible and involves a range of 

changes in cell biology, gene expression and physiology. Traditionally, EMT is though to 

be a binary process. However, accumulating evidence has shown otherwise. EMT 

programming runs on a spectrum; it can range from complete EMT/MET to cells with 

incomplete suppression of pre-existing epithelial characteristics and incomplete acquisition 

of mesenchymal ones, a hybrid intermediate stage known as partial EMT (pEMT)5. In the 

intervening years, heterogenous populations with different degree of EMT can be observed 

within tumours and pEMT has been widely observed across a broad range of cancers. 

Recent evidence has proven that cancer populations with pEMT have the highest 

metastatic potential. Interestingly, among these hybrid subpopulations, those with more 

epithelial features and less mesenchymal conversion have the greatest malignancy and 

metastatic potential6,7(Figure 1). It has been reported that patients with primary prostate, 

breast or lung cancers that exhibit the full range of epithelial-mesenchymal plasticity, that 

is, transcriptional evidence of both EMT and MET, have the poorest outcomes8. 

 

Cellular changes Increased motility and migration through extracellular matrix (ECM) is a 

typical feature of cells undergoing EMT, during which epithelial cell-cell junctions are 

dissolved, and the integrity of their basement membranes compromised. These changes 

are accompanied by alterations in cell polarity, cytoskeletal rearrangements, and a switch 

in expression from mainly keratin to mainly vimentin. Morphologically, this leads to a 

striking loss of the typical polygonal, cobblestone appearance of epithelia and the 

emergence of spindle-shaped fibrous cells which express mesenchymal cell markers, eg. 

neural cadherin (N-cadherin), vimentin and fibronectin and cell-associated matrix 

metalloproteinase (MMP) activity9. 

 

Genetic changes A number of highly conserved transcription factors (EMT-TFs) have 

been identified, such as Snail, Slug (Snail2), Zeb1, Zeb2, and Twist, which are major 

regulators of EMT programs, functioning in a variety of cell-specific combinations with each 

another. In addition, a number of microRNAs (miRNAs) as well as non-coding RNAs can 

regulate, and be regulated by, the key EMT genes and influence EMT programming. 

Among these non-coding RNAs, miR-200 family and miR-34 family are the most 

researched (Figure 1). For example, miR-200c targets Zeb1 to suppress its expression, 

thus inhibiting migration and invasion of CRC10. These interrelationships leads to 

numerous permutations which call for the need to resolve them for better understanding of 



CRC EMT. 

 

Physiological changes Many studies have demonstrated an association between EMT 

and acquisition of stem cell-like properties, characterised by expression of classical surface 

markers. CD51, a putative cancer stem cell marker in CRC, has been found to be one of 

the most frequently expressed markers11. CD44- and SOX2-enriched tumorspheres have 

been detected in TGFβ1-treated CRC cells12. These acquisitions confer a range of 

properties including relative anticancer drug resistance and upregulation of immune 

checkpoint proteins, both capable of circumventing cytotoxicity against cancer cells by 

immune cells or drugs. Stem cell-like resistance against chemotherapy and radiotherapy 

is mediated by upregulation of drug transport pumps, cellular quiescence, enhanced DNA 

repair abilities, overexpression of multidrug-resistance gene (MDR) and anti-apoptosis 

mechanisms13. Recent studies reported that activation of EMT in carcinoma cells can 

diminish the response to immunotherapy, mediated by release of TGF-β1, which increases 

the number of immunosuppressive regulatory T (Treg) cells and suppresses CD8+ 

cytotoxic T cells and natural killer (NK) cell activity14. Also, EMT increases tumoral 

expression of programmed death ligand-1, capable of conferring resistance to checkpoint 

blockade-based immunotherapy, thus exacerbating immune evasion15 (Figure 2). 

 

Metabolic changes Cancer cells are known to reprogram their metabolic circuitries to 

meet the bioenergetic demands associated with EMT. Apart from their canonical roles, 

EMT-inducing signals, transcription factors and lncRNAs are shown to enhance glycolysis 

and fatty acid oxidation (FAO), and suppress oxidative phosphorylation (OXPHOS). 

Conversely, EMT-inhibiting miRNA can regulate the expression of metabolite transporters 

and metabolic enzymes, thus inhibiting both glycolysis and FAO. It is now recognised that 

these dysfunctional metabolic changes can influence EMT16 (Figure 2). For example, 

Pyruvate kinase M2, a glycolytic rate-limiting enzyme, have been shown to relieve 

transcriptional suppression of the gene encoding for E-cadherin, thus promoting EMT in 

CRC cells17. Also, it has been suggested that Acetyl CoA carboxylase 1, a FAO rate limiting 

enzyme, can be inactivated in breast cancer. This eventually leads to acetylation of EMT-

inducing Smad218. 

 

Regulation of EMT  

 

EMT is highly regulated and orchestrated to insure the correct spatial and temporal 

activation of all the participating genes. To date, a wide array of factors has been shown to 

be involved in carcinogenic EMT and they can be broadly categorized into the following: 

EMT inducers which kickstart the EMT program; EMT regulators which orchestrate and 

direct the progression of EMT; EMT effectors which deal with the execution and delivery 

of the functional consequences of EMT (Figure 3).  

 

EMT inducers 

 

Canonical WNT/β-Catenin Signalling Perhaps the best-known inducer of CRC is the 



near universal activation of the WNT/β-Catenin signalling pathway19. Fundamentally, 

canonical WNT/β-Catenin pathway stops β-Catenin nuclear accumulation by sequestering 

it into the cytoplasm. Enhanced WNT signalling results in upregulated level of Snail, a core 

regulator of EMT that represses E-cadherin and promotes migration and local invasion20,21. 

This crosstalk between WNT signalling and Snail then oscillates in a positive feedback loop 

where overexpression of Snail enhances expression of WNT target genes22. Additionally, 

Glycogen Synthase Kinase 3 beta (GSK3β) is inhibited by enhanced WNT signalling. This 

allows Slug to avoid destruction by shielding it from GSK3β phosphorylation and β-

Transducin Repeat Containing E3 Ubiquitin Protein Ligase (β-TrCP)-mediated 

ubiquitination. Lastly, accumulation of Snail and Slug also represses E-Cadherin, a major 

hallmark symbolizing EMT23. 

 

TGF-β Signalling It has been well established that TGF-β signalling exhibits tumour static 

effects during early cancer onset24,25. but plays a dichotomous role in late stage 

tumourigenesis26,27. Canonical TGF-β Signalling involves heterodimerization of type I and 

type II receptor serine/threonine kinases (TGFBR1/2) upon ligand binding28. This 

propagates a signal via phosphorylation to Smad proteins. Ultimately, cooperation amongst 

Smad2,3 and 4 with other transcription factors induces gene transcription events which 

lead to EMT29. TGF-β can also induce EMT via a Smad4 independent pathway, mediated 

by Rho-A which induces expression of Slug and triggers EMT30,31.  

 

Notch Signalling Notch signalling is an extensive signalling network that was found to be 

actively involved in CRC EMT, mediated by Notch1 inducing Jagged1 upregulation in CRC. 

Subsequently, additional Notch receptors like Notch3 are activated in response to this 

interaction, increasing CD44, Slug and Smad3 expression, eventually leading to EMT32.  

 

RAS Signalling RAS operates via two main branches of cellular pathways: mitogen-

activated protein kinases and phosphoinositide-3 kinase (PI3K) pathways. These 

pathways are primarily activated by the activation of receptor tyrosine kinases (RTK), but 

it can also receive crosstalk signals from TGF-β via Smad4 independent path. Trickling 

down the canonical signalling cascades, it ultimately activates transcription factors like 

NF-κB, and Snail that are known to promote EMT.  

 

EMT regulators 

 

The transcriptional machinery which regulates EMT can be divided into 3 branches, namely, 

the SNAIL, ZEB and TWIST families. 

 

SNAIL family SNAIL family of transcription factors takes the form of zinc-finger, all of which 

bind to a common binding motif known as the E-box33,34. Similarly, Snail2 more commonly 

known as Slug shares the same binding pattern as Snail35,36, but it should be noted that 

there are still molecular differences between the two genes, given their differential spatial 

distribution37. In addition to their primary role in repressing E-cadherin expression, Snail 

and Slug coordinate with diverse pathways required to activate the expression of 



mesenchymal genes; vimentin, N-cadherin and fibronectin38,39.Additionally, 

overexpression of Slug has been found to induce other EMT-regulators like Zeb1 or Zeb240. 

 

ZEB family Zeb1 and Zeb2 bind to regulatory gene motifs at E-boxes and have been 

rigorously proven to be one of the master regulatory families of EMT41-43 and are often 

found to be upregulated in CRC44,45. Zeb1/2 regulate EMT directly by binding to E-box on 

E-cadherin (CDH1) promoter region46, in a similar fashion to Snail or indirectly through the 

recruitment of co-repressor C-terminal-binding protein (CtBP)47. Both result in 

downregulation of E-cadherin protein expression. Moreover, Zeb1 is capable of inducing 

the loss of basal membrane by silencing epithelial BM component Laminin subunit alpha-

3 (LAMA3) expression48. Concomitantly, upregulation of Zeb1 activates expression of 

mesenchymal genes like laminin gamma 2 (LAMC2) and urokinase plasminogen activator 

(uPA) to promote tumour invasiveness49. Similarly, hyper expression of Zeb2 also actuates 

other EMT proteins such as matrix metalloproteinase 9 (MMP-9) and Twist50. 

 

TWIST family Studies have shown that Twist1/2 are overexpressed in a wide array of 

cancers, including CRC51,52 and activate the N-cadherin promoter and switch on 

mesenchymal markers such as N-cadherin53 and fibronectin54. Consequently, this causes 

a loss of E-cadherin-mediated cell-cell adhesion, thereby promoting EMT. 

 

EMT effectors 

 

Beyond the activation of EMT transcription factors at genomic level, EMT is ultimately 

executed and delivered by 2 separate dynamic events: (a) downregulation of epithelial 

adhesive protein E-cadherin, junctional proteins like occludins and claudins, which leads 

to destabilization of cell adhesion. (b) Gain of mesenchymal protein products like N-

cadherin, vimentin and fibronectin55, which drive cell locomotion and invasion.  

 

Vimentin Aside from the classically described loss and gain of E- and N-cadherin 

respectively, vimentin has also proven to be an excellent indicator for EMT in CRC56. 

Vimentin is a type III intermediate filament (IF) cytoskeletal protein primarily found in 

mesenchymal cells57. Functionally, vimentin confers resistance and integrity to the cells58. 

Beyond this basic function, it also promotes cell migration by processing mechanical 

feedbacks and modulating the dynamics of microtubules and the actomyosin network59. 

As such, abnormal expression of vimentin as in CRC undoubtedly promotes CRC invasion.  

 

Fibronectin Fibronectin is an extracellular matrix glycoprotein responsible for cell-

adhesion and migration in mesenchymal cells. However, accumulating evidence has 

pointed out that fibronectin is often implicated in CRC pathogenesis and elevated levels of 

fibronectin are closely associated with poor CRC prognosis60,61. More recently, it has been 

elucidated that CRC-derived fibronectin extra domain A (EDA) promotes EMT in 

surrounding CRC cells via interaction with α9β1 integrin. Although the precise mechanism 

remains unknown, this eventually leads to upregulation of Snail and vimentin and 

substantially reduced E-cadherin levels60. 



 

Use of EMT markers to predict prognosis.  

 

Molecular typing and genotyping are finding an increasing role to guide clinicians in the 

stratification of different tumour types. Identification of predictive biomarkers allows 

companion diagnostics to be matched to specific therapies, and prognostic indicators 

permit treatment intensity to be tailored to risk of tumour recurrence or progression. 

 

There are wealth of data suggesting that individual markers of EMT (eg. loss of E cadherin 

expression, overexpression of vimentin) may act as predictors for therapeutic and survival 

outcomes of CRC patients13,44,61-67. However, most of these studies of individual markers 

are relatively modest in size and require independent validation in larger patient cohorts, 

where they should be tested in combination using multiplexing immunohistochemistry. 

Multi-marker combination analysis of the altered expression of E-cadherin, β-catenin, 

vimentin, snail and CD133 in the invasive front of CRC showed stronger correlation with 

disease-free survival (DFS) (66.2 vs. 84.6 months) and overall survival (OS) (60.8 vs. 77.9 

months) than individual protein analysis13. Similarly, another study has demonstrated that 

combining EMT markers like E-cadherin, β-catenin, Snail and Zeb1 improves prognostic 

performance. In 185 patients with CRC, cytoplasmic Snail (HR 1.94 95% confidence 

interval [CI] 1.15–3.29, p = 0.012) and the combined biomarker EMT score (HR 3.86 95% 

CI 2.17–6.86, p < 0.001) were associated with decreased cancer‐specific survival68. 
 

These examples highlight the strength of combinatory analysis in unravelling observations 

that may be missed when genes are viewed individually. This approach has also proven 

useful in other cancers apart from CRC. A study comprising of 78 oesophageal squamous 

cell carcinoma cases demonstrated that the vimentin/E-cadherin ratio was correlated with 

tumour invasion and can serve as an independent prognostic factor among chemo-naive 

patients69. Likewise, the combined expression pattern of 6 EMT-related proteins (snail-1, 

vimentin, S100A4, CK19, E-cadherin, β-catenin) predicted shortened disease-free survival 

in cholangiocarcinoma70. 

 

Building on these examples, large-scale sequencing technologies has enabled the creation 

of Consensus Molecular Subtyping (CMS) which comprises four groups with distinctive 

features of which CMS4 (mesenchymal, 23%), exhibits prominent transforming growth 

factor–activation, stromal invasion and angiogenesis71. Specially, CMS4 classification is 

associated with EMT features characterised with a distinct drop in miRNAs that regulate 

tumour suppression via Zeb1 and/or Zeb2. This attribute coupled with the gain of matrix 

remodelling and TGF-β associated signatures likely explained why CMS4 exhibited the 

worst prognosis amongst the four subtypes, with the worst OS and worst relapse-free 

survival72.  

  

Analysis of EMT signatures in liquid biopsies, especially in circulating tumour cells (CTCs), 

has emerged as another promising prognostic indicator. CTCs characterized by the 

presence of EMT features with hybrid epithelial and mesenchymal (EM) phenotypes have 



been associated with increased likelihood of metastasis and worse survival in CRC 

patients73 and may also serve as an indicator of therapeutic response74. CTCs are currently 

isolated using the epithelial cell adhesion molecule (EpCAm)-based enrichment technique, 

but CTC subgroups will obviously not be detected using this technique, given their deletion 

of this cell surface marker. Thus, a combination of different epithelial and mesenchymal 

biomarkers might provide a practical solution to reflect a clearer picture of all CTC 

compartments and therefore refine their prognostic value. 

 

EMT elements as therapeutic targets 

 

Clinical development pathways targeting EMT inducers, regulators or effectors face 

several challenges due to the plasticity and heterogeneity of the various pathways involved. 

The spillover effects amongst pathways further permutate the complexity in drugging 

through EMT. As such, targeting of a single EMT receptor is unlikely to be effective due to 

the redundant nature of several pathways, whereas perhaps focusing upstream on EMT-

TFs as a target could have a more pronounced phenotypic effect. Aside from the technical 

obstacles in discovering specific molecular inhibitors, the biological features of EMT 

transformed cells, increased cell mobility, invasiveness, increased metastability and 

relative chemoresistance present trial design complexities. The vast majority of anticancer 

agents are antiproliferative, pro-apoptotic and necrotic giving more immediate surrogates 

of clinical activity like reduction in tumour volume, reduction in the rate of rise of tumour 

markers or of tumoural metabolic activity. For drugs which seek to inhibit EMT, three broad 

therapeutic strategies could be applied. Firstly, combination with conventional anticancer 

drugs to overcome pharmacological resistance in advanced disease. 

Althoughchemotherapy forms the backbone of CRC treatment, it is rarely if ever, curative 

as chemoresistance is all but inevitable. Mechanistically, there are several means through 

which disruption of cellular functions participating in EMT can confer resistance to 5-

Fluorouracil, the most widely used anticancer treatment for CRC. For example, 

proinflammatory cytokine CCL21 can lead to 5-Fluorouracil resistance through 

AKT/GSK3β/Snail-induction of P-glycoprotein-1, a MDR protein75. Secondly, for use in the 

adjuvant setting to reduce recurrence, perhaps after resection of metastatic disease, where 

the event rate is higher than after resection of primary tumours, and where there is no 

accepted role for post-operative chemotherapy, thus simplifying trial design. Thirdly, but 

most distant as a therapeutic strategy, one could consider that EMT inhibitors could be 

developed as chemopreventive agents, if drugs with an appropriate safety profile could be 

found. Here we summarised in Table 1 on a list of drugs at various stage of clinical trials, 

capable of targeting EMT markers. 

 

Inducers Several therapeutic strategies against TGF-β are currently under experimental 

testing or clinical trial. Among the different pharmacological approaches to block TGF-β 

signalling there is a particular focus on small molecule inhibitors. Galunisertib (LY2157299), 

an oral small molecule inhibitor of the TGF-β receptor I kinase, was able to specifically 

downregulate the phosphorylation of Smad2, thus abrogating activation of the canonical 

TGF-β pathway76. Similarly, LY2109761, a dual kinase inhibitor of TGF-β type I and type II 



receptors, inhibited TGF-β-mediated activation of Smad and non-Smad pathways in colon 

adenocarcinoma cells, attenuated cell migration, invasion and tumorigenicity, and further 

decreased liver metastases and prolonged survival in a metastasis model77. The mean 

survival of LY2109761-treated mice were prolonged to 35.2 days compared with 24.5 days 

in control mice (P < 0.001). TGF-β1-blocking peptides P17 and P144 significantly reduced 

metastasis to the liver induced by TGF-β1 in a mouse model of CRC78. Interestingly, some 

natural compounds were reported to have antitumorigenic property acting on TGF-β. 

Resveratrol is extracted from Chinese herbal medicine Polygonum cuspidatum and in vitro 

assays suggested that resveratrol reduced the rate of lung metastases and hepatic 

metastases by inhibiting TGF-β1-induced EMT in CRC models79. An alternative strategy is 

monoclonal antibody to target TGF-β. However, the available experimental evidence in 

CRC is still limited as compared to other tumour types. Fresolimumab (GC-1008) is a 

human anti-TGF-β monoclonal antibody that neutralizes all isoforms of TGF-β. In a multi-

centre phase-I trial, 28 patients with pre-treated malignant melanoma or renal cell 

carcinoma patients were given GC-1008, and one malignant melanoma patient achieved 

a partial response, and six had stable disease with a median progression-free survival of 

24 weeks. Notably,there were no drug-related grade 4 or 5 adverse events80. 

 

Another class of emerging therapy is antisense oligonucleotides (ASOs). ASOs are short 

(13~25 nucleotides) single-stranded sequences complementary to mRNA sequences of 

interest, capable of blocking protein translation when bound. Trabedersen (AP 12009) 

binds specifically to TGF-β2 mRNA. Trabedersen has been used to treat patients with 

stage IV pancreatic carcinoma, malignant melanoma, colorectal carcinoma and brain 

cancers. Encouraging preliminary results were observed on its efficacy: One pancreatic 

carcinoma (stage IV) patient who received Trabedersen (80 mg/m2/d), experienced a 

complete regression of liver metastases and survived past 128 weeks81. However, 

Trabedersen failed to demonstrate increased antitumorigenicity in patients with 

glioblastoma and anaplastic astrocytoma in a phase II trial82.  

 

Regorafenib, an oral multitargeted tyrosine kinase inhibitor (TKI) of BRAF, VEGFR-1, -2, -

3, KIT, TIE-2, PDGFR-β, FGFR-1, RET and RAF-1, has been approved by FDA for mCRC 

patients as a last-line therapy. A study has found that regorafenib activates Protein tyrosine 

phosphatase (PTPase) SH2-domain-containing phosphatase 1 (SHP-1) resulting in the 

abolishment of EMT-induced invasion and metastasis in CRC83.  

 

Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, has been found to resist EMT-

related changes, including modifications of β-catenin intracellular localization or vimentin 

and E-cadherin levels, induced by hypoxia and/or EGF in CRC cell lines84 Despite its 

potential, our trial of a COX-2 inhibitor, Rofecoxib in the adjuvant setting for CRC was 

negative85. 

 

Cabozantinib is a multi-kinase inhibitor targeting VEGFR, MET, FLT3, c-Kit, and AXL. In 

CRC, knockdown of AXL resulted in decreased migration and invasion by downregulation 

of transcription factors required for EMT, including Slug, Twist, and Zeb1, and to increased 



expression of E-cadherin86. A clinical trial involving combinational therapy of cabozantinib 

and panitumumab (an EGFR-targeting monoclonal antibody) in KRAS wild-type CRC 

(NCT02008383) reported an objective response rate (ORR) of 16%87.  

 

Regulators The powerful transcriptional machinery controlling proliferation, invasion, and 

migration make EMT regulators appealing drug discovery targets. As tantalising as they 

are, there is a profound paucity of drugs against EMT regulators as transcription factors 

have been widely deemed as “undruggable”. One underlying reason why drugging EMT 

regulators proves to be a difficult challenge to surmount, is due to the fact (a) transcription 

is a nuclear event that is not readily accessible to drugs, (b) highly positively charged helical 

DNA binding interfaces limit drug accessibility, and (c) flat protein–protein interaction 

surfaces, lacking deep druggable binding pockets88,89.  

 

Effectors The loss of E-cadherin is a key feature of EMT, and restoration of its expression 

could be considered to a promising approach to suppress metastasis. A pilot drug library 

screen (n=9600) revealed that Methotrexate (MTX) was able to induce a 10-fold increase 

in E-cadherin expression in CRC cell lines. MTX is not active as a single agent in the 

treatment of advanced CRC, but these data, which require further validation in more 

extensive models, possibly suggest a clinical development pathway, using low dose oral 

MTX following conventional adjuvant chemotherapy to prevent further metastasis, as a 

quasi-maintenance therapy90. Similarly, the ionophore antibiotic salinomycin 

downregulates the expression of vimentin while increasing the expression of E-cadherin in 

CD133+ CRC cells and can reverse doxorubicin-induced EMT, restoring chemosensitivity 

both in vitro and in vivo in hepatocellular cancer xenografts, warranting further clinical 

investigation91. 

 

Apart from targeting cells that express active biomarkers of EMT and prevention of EMT 

induction discussed above, many efforts have also been made to investigate the reversion 

of EMT by induction of the reverse mesenchymal-epithelial transition (MET) program. 

Previous data have indicated that activation of MET in human mammary epithelial cells 

(HMLE cells) resulted in reduced invasiveness, increased spheroid formation ability and 

increased sensitivity to therapeutic agents including doxorubicin, paclitaxel, proteasome 

inhibitors and EGFR inhibitors92. Although these findings proved to be promising, there lies 

a valley of death to be bridged before they can be applied in clinical practice. Particularly, 

the inactivation of EMT and induction of MET are both necessary for efficient metastatic 

colonization and outgrowth at the distant site93. In this context, therapeutically promoting 

MET may accelerate metastasis of disseminated cells. Thus, precise therapeutic windows 

have to be carefully defined. 

 

Beyond EMT Apart from drugging EMT targets directly, exploration has been made into 

other landscapes to repurpose drugs that can potentially impact EMT status indirectly. 

Metabolic reprogramming has been gaining traction as an approach for EMT phenotypic 

switching in cancer cells16. Ramesh et al., have recently published a key list of metabolic 

drugs reported to have EMT-inhbiting features94. Many of which have already been 



approved for cancers or other diseases, indicating that agents with acceptable toxicity 

profiles and clinical efficacy are available for additional trials. 

 

Discussion 

 

EMT programs are highly orchestrated through a complex network which encompasses 

numerous regulatory factors of many cellular signalling pathways, with the latter 

interplaying with each other to form extensive crosstalk. Recent research has provided 

evidence that the elements driving EMT may be exploited as potentially useful prognostic 

markers or as drug development targets. However, we have also underlined the challenges 

of translating these preclinical or early clinical findings into routine practice. These include 

potential on-target, off-tumour toxicity, given that these mesenchymal markers are widely 

expressed by non-tumour mesenchymal cells, such as fibroblasts; the regulatory network 

governing EMT is complex, with significant cross talk and redundancy making identification 

of a master controller difficult; prevention of EMT induction by interfering with TGF-β 

signalling requires recognition of its dual effect in CRC, and a balance would need to be 

found between abrogation of the pro-tumour properties of TGF-β signalling without 

impairing its tumour suppressor functions in early stages of the disease. 

   

Another obstacle derives from the non-negligible gap between the preclinical models and 

clinical cancer progression. The induced model of EMT is commonly used in most 

preclinical studies to mimic the effect of EMT on invasiveness, metastasis and drug 

resistance. They are also frequently used to assess the efficacy of drug development 

programs. However, these models may not fully recapitulate the true heterogeneity of a 

tumour and the transient and reversible plasticity of EMT that is essential for tumour 

progression is difficult reproduce in these models. Given the current climate of research, 

one suggestion to overcome this obstacle will be to eliminate semantic problems in EMT 

through a levelled interdisciplinary discussion and collaboration. It is, therefore, of interest 

to highlight the consensus statement drawn up in 2020 by the EMT International 

Association (TEMTIA), that aims to provide consensual guidelines for EMT research95. This 

will go a long way towards guiding early career scientist pursuing this field as well as 

benefitting existing researchers in reaching consensus on a panel of robust and validated 

biomarkers, useful for clinical drug testing. Also, it is worthwhile to take a combinatorial or 

multi-omics approach, integrating metabolic, proteomic and gene signatures together at 

single-cell resolution in order to robustly establish biomarkers for EMT, particularly for the 

elusive pEMT. 

 

This field does represent an interesting clinical development challenge. Most novel 

anticancer agents are first tested against advanced tumours, to demonstrate tumour 

shrinkage and improvements in PFS and perhaps OSbefore proceeding to treatment of 

early-stage disease. As such, for these preclinical EMT inhibitors to be taken from bench 

to bedside, identification of robust and validated biomarkers should take precedence. 

Although pEMT constitutes to the most malignant form of cancers, it remains elusive in 

terms of specific biomarkers. Therefore, it is imperative to place focus on this particular 



aspect before any form of clinical testing becomes a reality.  

 

Search strategy and selection criteria 

References for this Review were identified by searches of Pubmed using the search terms 

“epithelial-mesenchymal transition”, “EMT”, “MET”, “pEMT”, “colorectal cancer”, “cancer”, 

“chemotherapy”, “immunotherapy”, “targeted therapy”, “chemoresistance”, “prognosis”, 

“consensus molecular subtypes”, “CMS”. No date limits were applied. Papers published in 

English were reviewed. Additionally, ClinicalTrials.gov was visited during May 2020 to 

February 2021 for trials of the targeted therapies of interest.  
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Reviewers' comments: 

Reviewer #1: This is a very well written and a comprehensive review focused on the potential of EMT as a 
target in advanced tumors. The structure and the information included are suitable and accessible for LO 
readers. 
We thank the reviewer for the valuable inputs and for finding our work a well written one. 
 
1 - I would recommend to modify table 1 in order to include the clinical trials conducted to date with EMT 
targeted agents and the tumor types included. 
We have amended the table as suggested by the reviewer and provided corresponding clinical trial 
identifiers. 
 
2 - I would also suggest to be cautious with the proposal about a trial in the perioperative setting. As it is 
very well described by the authors, the efficacy of these agents have not been proved and the toxicity 
profile is a particular issue to consider. Additionally, the interplay between EMT and other key questions 
in the adjuvant setting like the role of ctDNA or immune signatures needs to be established. 
This is an important point and we have modified the discussion to blend in with a point highlighted by 
reviewer #2 that is to identify robust biomarkers before any clinical drug test can be taken forward. 
 
Reviewer #2: Zhang et al. review basic and clinical aspect of EMT, mostly in the context of colorectal 
cancer. It is overall a good piece of work, with a good potential to improve the knowledge of the clinical 
scientists in the EMT world, and therefore the effort is appreciable. There are, however, a number of 
issues that could be fixed to improve and update the work, as follows: 
We thank the reviewer for the valuable inputs and for finding potential in our work. 
 
1) While it is perfectly understandable the need to simplify, schematize and somehow reduce the topic to 
basic understandable terms, it should also not be oversimplified, especially when this might give the 
readers some incorrect information. The EMT field went recently through a significant revolution, based 
on intense debate in the last 10+ years over conflicting data, and now the whole new concept of 
partial/hybrid EMT has been quite accepted and formalized. The idea, proven by several fundamental 
papers from 2018 and 2019, is that pEMT cells are those with the highest tumor-initiating and metastasis-
initiating capacity (one could see the works by Pasthushenho et al in Nature 2018, but there are many 
others that could be acknowledged at a similar level). While this concept is delivered in the first part of the 
manuscript, I think it should be given more importance in the paper, as well as in the figures (Figure 1), as 
the old-fashioned E. vs M. dualistic model can no longer be supported. See also Williams at al. Nature 
Reviews Cancer 2019.  
We concur with this point made by the reviewer and have edited our manuscript and figure. As reviewer 
#2 will see in the revised manuscript, we have placed emphasis in pEMT in text and figure, providing 
readers on the implications of pEMT in cancer malignancy. 
 
2) The mention of CD44highCD24low surface markers in page 2 is confusing, as this is (probably) related 
to breast cancer. This should be specified and maybe more details on CRC EMT and CSC biomarkers 
should be given. 
We have taken note about the point raised by the reviewer. Indeed, to spotlight CRC, we have identified 
CSC biomarkers relevant to CRC and have replaced accordingly. 
 
3) Metabolism should be included in the "EMT elements as therapeutic" section, and some space should 
be dedicated to the potential use of metabolic inhibitors to reduce the EMT lethal effects, citing the work 
by Ramesh et al. Trends in Cancer 2020, and including more basic examples of that promising approach. 
Also, an interesting approach on how to integrate metabolism and EMT in the therapeutic decision-
making effort has also been recently conceptually introduced by Jia et al. British Journal of Cancer 2021. 
Metabolism has been gaining traction in recent years and we think that metabolic reprograming should be 
highlighted as a therapeutic avenue. As such, we have supplemented information on metabolic changes 
associated with EMT and explained how existing metabolic drugs can be repurposed to reduce EMT, 
citing Ramesh, et al. 
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4) One more reason why targeting EMT regulators may not represent an easy therapeutical target for 
blocking EMT directly, is due to the fact that they are mainly transcription factors, which are notoriously 
hard to drug. This fact should be mentioned with relevant literature. I can think for instance Dang et al. 
Nat Rev Cancer 2017. 
This is an important point and we have modified the manuscript to provide explanation behind the paucity 
of drugs targeting transcription factors. 
 
5) Unfortunately the manuscript I have for review lacks line and page numbering, but in the "Regulators" 
section (at what could be page 8) a clear link to EMT of the article chosen is missing. While Snail is a TF 
with EMT-regulating properties, we cannot be sure that the observed effect are in fact due to a specific 
EMT blockage (wb in the referenced paper are of low quality and not clear interpretation, and IF data are 
missing). I would suggest the authors to better select their sources and make sure that the information 
are actually robust enough to be further disseminated. 
We concur with the reviewer and have amended the section to avoid conveying the wrong message to 
readers. 
 
6) Along the same line, a reference should be made to the recent consensus paper: Guidelines and 
definitions for research on epithelial-mesenchymal transition, recently published in Nature Reviews Mol 
Cell Biol by Yang et al. This could be also important for anyone that wants to start EMT research from 
other molecular oncology fields. 
We thank the reviewer for providing this important reference. We find this reference extremely applicable 
in providing groundwork and platform to level out this field to allow interdisciplinary discussions and 
collaboration. This ties in nicely with the next point raised by the reviewer. Essentially, this consensus 
statement works towards addressing confounds in the field and can better encourage interdisciplinary 
research to address the lack of models and to investigate heterogeneity of the disease. 
 
7) I liked and agreed with the points raised in the Discussion. However, I would prefer that also some 
possible solutions are offered for the obstacles pointed out. For instance, regarding the lack of models to 
recapitulate and investigate the heterogeneity of the disease, what action could be taken? Similarly, in the 
following period it needs to be stressed that the clinical testing on EMT-targeting drugs can became 
reality only in the presence of robust and validated biomarkers (for instance: we need to identify pEMT- 
specific biomarkers!). 
We have tied in point 6 as a platform to provide cross fertilisation of ideas among EMT researchers. We 
think that identifying biomarkers of pEMT based on a single aspect of biology would be difficult given how 
protein expression is rarely black or white. As such, we have suggested to combine molecular events 
from proteome to genetic to metabolome to construct a clearer picture as to what constitute to pEMT. 
 
8) One additional important aspect that I think goes overlooked in this work is the strong impact of EMT in 
determining chemotherapy resistance. This is also one of the EMT features most consistently reported in 
different works and among different cancer types, and one of the most interesting in terms of therapeutic 
implications. What is the situation in CRCs? What are the opportunities associated with it? I think this 
should not be missing in a Review focused on clinical oncology. 
This is an important point raised by the reviewer and we have been consistently keeping it in mind as 
reflected in the text and figure. But we have since expanded on the situation in CRC; explaining how EMT 
is associated to chemoresistance against conventional CRC chemotherapy like 5-FU and how developing 
EMT inhibitors can achieve other positive impact such as chemoprevention, if drugs with an appropriate 
safety profile could be found. 
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Figure 1: Overview of CRC epithelial mesenchymal transition (EMT) and mesenchymal epithelial transition 
(MET). EMT and MET are non-binary reversible processes that emphasize on the plasticity of cell to transit along 

these two states.  
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Figure 2: EMT-associated changes. EMT is associated with changes in various aspects; (a) cellular, (b) genetic, 
(c) physiological, and (d) metabolism. Resultantly, these changes confer CRC with chemoresistance, ability to 
withstand apoptosis, and support proliferation and invasion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 3: Overview of EMT regulation. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Class Name Mechanism of Action

Galunisertib TGF-βRI inhibitor

Vactosertib TGF-βRI inhibitor

Resveratrol TGF-β1 inhibitor

Baicalin TGF-β1 inhibitor

AVID-200 TGF-β inhibitor

Trabedersen TGF-β2 mRNA inhibitor

Regorafenib RTK inhibitor

NIS-793 Anti-TGF-β antibody

Fresolimumab Anti-TGF-β antibody

SAR-439459 Anti-TGF-β antibody

IMC-TR1 Anti-TGF-βRII antibody

Inducers

Table



Celecoxib COX-2 inhibitor

Panitumumab Anti-EGFR antibody

Simotinib hydrochloride EGFR inhibitor

GSK-690693 AKT inhibitor

Ipatasertib AKT inhibitor

Miransertib AKT inhibitor

ARQ 751 pan-AKT inhibitor

Inducers



Tegavivint β-catenin inhibitor

Cabozantinib RTK inhibitor

Metformin Snail/Twist inhibitor

MRX34 Snail Inhibitor

Moscatilin AKT/Twist inhibitor

Ciclopirox HGM2 inhbitor

Methotrexate DHFR inhibitor/ E-cadherin inhibitor

Salinomycin Lysosomal iron sequestration

Inducers

Effectors

Regulators



Tumour Type FDA Approval

Breast, Hepatocellular, Prostate, Carcinosarcoma, Ovarian, Rectal, 

Gliobastoma, Colorectal & Nasopharyngeal Cancer
Phase I/II

Gastric, Pancreatic, Colorectal, Lung (NSCLC), Urothelial & Myeloma Phase I/II

Colorectal, Hepatic, Neuroendocrine, Breast, Myeloma & Melanoma N/A

Colorectal Cancer Preclinical

Malignant Solid Tumour Phase I

Pancreatic, Melanoma, Colorectal, Brain Cancer N/A

Colorectal, Gastrointestinal & Hepatocellular Cancer Approved

Breast, Lung, Hepatocellular, Colorectal, Pancreatic & Renal cancer Phase I

Lung Cancer Phase I/II

Malignant Solid Tumour, Neoplasms & Advance Liver Cancer Phase I/II

Neoplasm and Tumour Phase I



Bladder, Colorectal, Pancreatic, Fallopian Tube, Peritoneal Cavity, 

Recurrent Ovarian Epithelial, Endometrium, Oropharyngeal , Glioma, 

Breast, Hepatocellular, Prostate, Medulloblastoma, Ependymoma, ATRT, 

Ewing's Sarcoma 

Approved for pain and inflammation 

Phase I/II/III

Colorectal Cancer Approved

Non-small Cell Lung Cancer N/A

Solid Tumour N/A

Breast, Solid Tumour, Lung, Prostate, Ovarian, Glioma, Gastric & Bladder 

Cancer
Phase I/II/III

Solid Tumour, Ovarian, Endometrial N/A

Solid Tumour N/A



Desmoid Tumour Phase I

Renal, Thyroid & Hepatic Cancer Approved

Breast, Colon, Prostate, Pancreatic Cancer
Approved for diabetes                   

Phase I/II/III

SCLC, Lymphoma, Melanoma, Multiple Myeloma, Renal Cell Carcinoma, 

NSCLC & Primary Liver Cancer
Phase I (Terminated)

Breast Cancer Preclinical

Advanced Solid Tumour
Approved for antifungal use            

Phase I

Head and Neck, Glioma, Lung, Bladder & Breast Cancer Approved for rheumatoid arthritis

Colorectal Cancer
Approved for poultry supplement 

Preclinical 

Table 1: Classes of drugs targeting EMT.



Identifier

NCT02672475 

NCT02906397 

NCT02178358 

NCT02452008 

NCT03206177 

NCT02688712 

NCT01582269 

NCT01682187 

NCT04031872 

NCT04605562
NCT03698825 

NCT04656002 

NCT04258072 

NCT03666832 

NCT03724851 

NCT03732274 

NCT04064190 

NCT03143985

NCT00256334 

NCT02261844 

NCT01476592 

NCT03482401 

NCT00920556 

NCT01107665

N/A

NCT03834662

NCT00844064 

NCT00761280 

NCT00431561

N/A

NCT02947165  

NCT04390763

NCT02581787

NCT03192345 

NCT04729725 

NCT04524871

NCT01646203



NCT02885974 

NCT03645187 

NCT03638297 

NCT01150045 

NCT03026140 
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