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Abstract

The epithelial–mesenchymal transition (EMT) confers mesenchymal properties on epithelial cells 

and has been closely associated with the acquisition of aggressive traits by carcinoma cells. EMT 

programs are orchestrated by a set of pleiotropically acting transcription factors (TFs). The actions 

of these EMT-TFs enable the early steps of metastasis: local invasion and subsequent 

dissemination of carcinoma cells to distant sites. However, in most malignancies, the subsequent 

outgrowth of micrometastatic deposits into macroscopic metastases has the greatest impact on 

clinical progression. Such metastatic “colonization” reflects the ability of disseminated tumor cells 

to adapt to a foreign tissue microenvironment. The outgrowth of a metastasis is also thought to be 

associated with self-renewal, the defining cellular trait of cancer stem cells (CSCs), also termed 

tumor-initiating cells. Importantly, molecular links between EMTTFs and self-renewal have 

emerged, suggesting that EMT programs play critical roles both early and late in the metastatic 

cascade. The genetic and epigenetic mechanisms that regulate the activation of EMTTFs and the 

traits they induce are areas under intensive investigation. Such studies may provide new 

opportunities for therapeutic intervention and help to overcome tumor heterogeneity and 

therapeutic resistance.
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1. Introduction

In many tumor types, the presence of distant metastases marks stage IV and indicates, 

almost invariably, incurable disease and relatively short overall survival [1]. On a biological 

level, our understanding of metastasis has been greatly advanced by viewing it as a series of 

distinct steps that together comprise the “invasion–metastasis cascade” [2,3]. As the first 

step, cancer cells in the primary tumor acquire the ability to invade into the surrounding 
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tissue: in carcinomas, this requires breaching of the basement membrane that confines the 

epithelial compartment. Tumor cells then must gain access to lymphatic and blood vessels, 

enter into the lumina of these vessels (intravasation), survive transport through these vessels, 

and exit from the vasculature (extravasation). Finally, in a process often termed colonization, 

small cell clumps or singly disseminated tumor cells (micrometastases) must acquire the 

ability to survive and proliferate in the microenvironment of a foreign tissue in order to form 

macroscopic metastases.

The complexity of the metastatic process raises a major conceptual problem: how do tumor 

cells acquire all of the individual properties that together comprise the metastatic cascade? A 

mechanistic solution to this conundrum is provided by the existence of a multi-faceted cell-

biological program that enables carcinoma cells to acquire a number of the traits required to 

accomplish the initial steps of metastatic cascade. Hence, rather than being pieced together 

one-by-one, many of the cell-biological traits needed to complete the metastatic cascade can 

be choreographed by small numbers of centrally acting, pleiotropic regulators; this greatly 

simplifies how we conceptualize this complex multi-step process. Thus, the epithelial–

mesenchymal transition (EMT) represents a cellular program that confers on neoplastic 

epithelial cells the biological traits needed to accomplish most of the steps of the invasion–

metastasis cascade [4–6].

In this review, we discuss the mechanisms through which EMT programs enable different 

steps of the metastatic cascade and the emerging connection between EMT programs and the 

traits displayed by CSCs. More specifically, we focus on the dual roles of certain 

transcription factors (TFs) that orchestrate EMT programs (EMT-TFs) and thereby impart 

traits required both for physical dissemination and entrance into the CSC state. Finally, we 

discuss the relevance of these connections between EMT and self-renewal for developing 

new strategies to overcome therapeutic resistance.

2. EMT programs and the early steps of metastasis

EMT programs were first observed in the context of embryonic development, where they 

function as transdifferentiation programs that effect critical morphogenetic steps, such as 

gastrulation and neural crest formation [7,8]. Specifically, EMTs generate mesenchymal cell 

types from epithelial and endothelial precursors. These epithelial–mesenchymal conversions 

are crucial for cell movements that take place during morphogenesis, such as neural crest 

migration. This explains why the EMTs described in carcinoma cells have been portrayed as 

opportunistic activations of normally latent, early embryogenic cell-biological programs 

[5,6].

A group of pleiotropic TFs have been found capable of orchestrating EMT programs [9,10]. 

EMT-TFs are usually expressed by a cell in response to certain contextual signals that it 

receives; alternatively, their expression may be forced experimentally. By either route, the 

expression of these EMT-TFs causes a profound re-arrangement of cell behavior and thus 

tissue organization with widespread functional ramifications [11].
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The defining characteristic of epithelial cell sheets is the lateral cell–cell tethering of 

individual epithelial cells to their neighbors, which is achieved through multiple intercellular 

junctions, specifically, desmosomes as well as adherens, tight and gap junctions. These cell–

cell junctions permit only cohesive cell movements of the epithelial cells, which are further 

restricted in normal tissues by the underlying basement membranes, which allow only lateral 

movements within the epithelial cell layer. Most EMT-TFs are transcriptional repressors and 

many, such as Snail [12], Slug [13], Zeb1 [14] and Twist [15], directly repress mediators of 

epithelial adhesion, the most important of which is E-Cadherin, an integral component of 

adherens junctions. Snail [16] and Slug [17] have also been shown to directly repress the 

expression of claudins, which are necessary for the assembly of tight junctions between 

adjacent cells.

While the loss of epithelial traits during an EMT is reasonably well understood, the 

mechanisms allowing the concomitant acquisition of mesenchymal features remains poorly 

characterized. These involve the up-regulation of N-Cadherin, the mesenchymal 

intermediary filament Vimentin and extracellular matrix (ECM) components such as 

Fibronectin. These changes culminate in a front-to-back polarization of individual cells and 

an acquired ability to migrate and invade into the surrounding stroma as single cells [5]. 

Acting in concert, these alterations are critical to completing the earlier steps of the 

metastatic cascade, i.e., local invasion, intravasation, survival while transiting through the 

circulation, and extravasation (Fig. 1). Indeed, these EMT-associated traits may often suffice 

to enable the translocation of primary carcinoma cells to the parenchyma of distant tissues.

3. EMT programs and the late steps of metastasis

3.1. Cancer stem cells and the metastatic cascade

The last step of the invasion–metastasis cascade – colonization – is likely to require 

adaptation of a disseminated cancer cells to the microenvironment of a foreign tissue. This 

represents a complex topic in and on itself and will not be covered in this review [18]. It 

seems unlikely that these adapative steps are enabled by EMT programs and thus may 

require additional changes to cells.

In addition, the trait of self-renewal also seems to be essential. In the narrowest sense, self-

renewal enables a cell to generate progeny that are copies of itself; in the context of stem-

cell biology, a self-renewing stem cell is also depicted as being able to spawn more 

differentiated progeny. Such self-renewing cells have been described in various neoplasias, 

where they are termed cancer stem cells (CSCs). It seems plausible that the tumor-initiating 

trait (discussed below) associated with the CSC state is critical to the ability of disseminated 

cancer cells to serve as founders of new colonies of metastatic cells, i.e., micro- and 

macrometastases.

CSCs have been operationally defined through their ability to generate tumors with high 

efficiency when injected in limiting dilutions into immunocompromised host mice [19]. 

CSCs were prospectively isolated first from acute myeloid leukemias based on cell-surface 

marker expression [20], and later in solid malignancies such as breast [21], brain [22], colon 

[23,24] and pancreatic cancer[25].
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In all of these cases, CSCs have been defined operationally by their ability to seed new 

tumors in appropriate host mice; hence, the term tumor-initiating cells (TICs) reflects the 

operational definition of CSCs. More specifically, cancer cell populations have been 

implanted at various limiting dilutions in order to quantify the representation of TICs in 

heterogeneous populations of cancer cells. In most cases, these have involved the 

implantation of human cancer cell populations into immunocompromised mouse hosts, 

generating tumor xenografts. However, more recently, implantation of murine tumors into 

syngeneic immunocompetent hosts has been reported as well [26]. The latter experiments 

have been important, in that some criticism of the CSC model has been directed at 

experiments in which functional host immune systems were not operative, raising questions 

about the involvement of immune mechanisms in the formation of CSCs [27]. Thus, tumor-

initiating rates of human melanoma cells have been shown to vary greatly in mouse strains 

with differing degrees of immunosuppression [28].

Importantly, the existing model of CSCs does not dictate that they invariably comprise only 

rare subpopulations within tumors[29]. Instead, their representation within neoplastic cell 

populations is likely to be dictated by a variety of factors, including (i) the normal cell-of-

origin from which the tumors arise, (ii) the genetic and epigenetic modifications that cancer 

cells have accumulated during the course of multi-step tumor progression, (iii) the 

contextual signals that such tumors experience in the tumor microenvironment, and (iv) the 

nature of the host in which the tumor is implanted [19]. In the last case, the immune 

competence of the host, as mentioned, as well as the anatomical site of implantation, may 

represent important determinants of the measured numbers of CSC.

These considerations dictate that the current methods of quantifying CSCs in larger 

populations of cancer cells can never yield absolute measurements of their representation. 

Instead, their output depends on the precise specifications of the tumor-initiating assay 

deployed to test for the presence of TICs/CSCs. Moreover, tumor-initiating assays used to 

quantify CSCs have also proven highly useful in gauging tumor aggressiveness and 

heterogeneity: recent evidence suggests that the aggressive clinical behavior of primary 

breast cancer samples can be correlated with their content of TICs [30].

Importantly, the ability of CSCs to initiate new tumors might be of critical importance for 

colonization, the last step of the metastatic cascade. As mentioned above, the ability to 

spawn an essentially unlimited number of progeny is a trait usually ascribed to stem cells, 

and thus involves the abilities of a cell to both self-renew and give rise to progeny that lack 

self-renewing ability [19,31–33]. In fact, the ability of a cancer cell to seed an entire tumor 

following experimental implantation and the ability to seed a macroscopic growth following 

metastatic dissemination appear to be very similar processes, leading to the notion that 

metastasis-forming ability is limited to CSCs [34]. Stated differently, cancer cells that 

complete the early steps of the metastatic cascade, but lack the ability to proliferate and self-

renew at a distant site, may well persist as micrometastatic deposits that have no clinical 

consequences for the cancer patient (Fig. 1). While attractive in concept, these notions have 

not yet been proven by experimentation.
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3.2. EMT and the acquisition of stem-cell traits

Of fundamental importance biologically, the activation of EMT programs has been 

associated with the acquisition of stem cell (SC) traits by normal and neoplastic cells 

[35,36]. The connection between EMT and SCs was most unexpected, indeed 

counterintuitive, as it indicated that epithelial SCs express a wide array of mesenchymal 

markers. However, currently available evidence indicates that the EMT-SC connection holds 

for both normal epithelial cell populations as well as populations of carcinoma cells [35,37]. 

Among other implications, this finding suggests that neo-plastic cell populations need not 

invent novel SC programs in order to acquire SC subpopulations; instead, EMT programs 

would seem to provide a ready source of CSCs by enabling the dedifferentiation of the more 

epithelial cells within carcinomas. Moreover, the SC programs that have been found, for 

example, in mammary carcinoma cells appear to be very similar to those operating within 

the normal mammary tissue. Hence, carcinoma cells can appropriate SC programs that were 

already operative in normal antecedent cell populations.

This connection between EMT and epithelial SCs indicates that the EMT process is doubly 

dangerous for the cancer patient: by imparting mesenchymal traits to carcinoma cells, an 

EMT can generate cellular traits associated with high-grade malignancy, including motility, 

invasiveness and a resistance to apoptosis; these can lead in turn to metastatic dissemination 

[4]. In addition, by imparting the trait of self-renewal to carcinoma cells, the EMT creates 

cancer cells that are qualified to seed the large colonies of cancer cells that form 

macroscopic metastases.

This apparent connection between EMT programs and the generation of metastatic CSCs 

should drive the development of therapeutic strategies designed to interfere with EMT 

programs operating in tumors. Accumulating evidence suggests that EMT programs 

generate cells with many of the traits of CSCs, in various malignancies, such as breast 

[35,36], pancreatic [38] colorectal [39] and hepatocellular carcinoma [40], However, it 

remains unclear whether passage through an EMT directly generates CSCs or simply cells 

that are poised to become CSCs.

In fact, molecular connections between the EMT program and the stem-cell state are 

beginning to emerge and thus substantiate the above-described connection between passage 

through an EMT and acquisition of SC traits (Fig. 2). First, the Zeb1 EMT-TF has been 

shown to negatively regulate expression of the microRNAs that function to suppress 

stemness, specifically members of the miR-200 (miR-)200 family [41–43]. These miR-200 

family members have been shown, in turn, to suppress expression of the polycomb protein 

Bmi-1, which is known to be critical to support the stem-cell state in both cancer cells and 

embryonic stem cells [37,44]. Hence, by suppressing miR-200 expression, the Zeb1 TF is 

able to enhance expression of Bmi-1 (Fig. 2, molecular links between EMT and stemness). 

Interestingly, Zeb1 and miR-200 family members have been shown to repress one another in 

a double negative-feedback loop, indicating that they act as homeostatic switches in the 

regulation of epithelial plasticity [41,42,45,46].

Yet other links between these molecules and the SC program have been discovered. Thus, 

miR-200b has been reported to suppress expression of Suz12 [47], a histone-modifying 
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enzyme that has been shown to be necessary for transcriptional repression of the CDH1 gene 

(E-Cadherin) by the Zeb1 and Snail EMT-TFs [48]. And as mentioned above, E-Cadherin, in 

turn, is the keystone of the epithelial state, functioning as the fundamental structural 

component of adherens junctions (reviewed by [49,50]). Hence, repression of epithelial 

differentiation and acquisition of stemness appear intimately interconnected (Fig. 2).

While EMT-TFs may regulate proteins involved in self-renewal, the opposite may also 

occur, i.e., proteins or pathways implicated in self-renewal directly regulate EMT-TF. For 

example, nuclear beta-catenin, an indication of active Wnt-beta-catenin cascade signaling, 

has been specifically observed at the invasion front of colorectal carcinoma, where an EMT 

occurs [51]. These and a multitude of other observations suggested that Wnt-beta-catenin 

signaling is involved in the induction of EMTs in carcinomas and, thereby, in the generation 

of CSCs [49].

At the same time, Wnt-beta-catenin signaling has been shown to be crucial for the 

maintenance of various somatic stem-cell populations [52–54] as well as being active in 

CSCs in a variety of cancers, particularly in breast [55], colon [56], liver carcinomas [57] 

and other malignancies, such as multiple myelomas [58] and myeloid leukemias [59–62]. 

This explains why the Wnt-beta-catenin signaling has been proposed as a major therapeutic 

target for the eradication of CSCs [63,64].

Importantly, Wnt signaling is also critically involved in regulating turnover and activity of 

the EMT-TF Snail in the context of breast cancer [65] as well as normal hepatocyte 

regeneration [66]. These studies provide a mechanistic link between Wnt signaling and 

regulation of EMT programs through Snail. Thus, the CDH1 gene encoding E-Cadherin, one 

of the transcriptional targets repressed by Snail, has been proposed to be a direct negative 

regulator of Wnt signaling: its cytoplasmic tail binds beta-catenin and sequesters it within 

the adherens junction complex, thereby preventing it from translocating to the nucleus where 

it can act as a transcriptional co-factor of TCF–LEF complexes [67]. Therefore, Snail, in 

turn, through its ability to repress E-Cadherin expression might thereby not only contribute 

to the suppression of epithelial characteristics, but also reinforce Wnt-beta-catenin signaling 

(Fig. 2).

3.3. EMT-TFs and apoptosis

CSCs exhibit a number of properties that would not seem to be directly connected to the trait 

of self-renewal, but might nonetheless be positively regulated by EMT-TFs. For example, 

Twist has been shown to directly suppress apoptosis through various mechanisms: by 

suppressing the pro-apoptotic effects of the Myc oncogene [68], through activation of NF-

kappaB signaling [69], and by repression of p53-induced proapoptotic genes [70]. The 

EMTTF Slug has also been shown to antagonize p53-induced apoptosis, by repressing the 

Bcl-2 antagonist PUMA in normal hematopoietic progenitor cells [71], and in the neoplastic 

cells of chronic myeloid leukemia cells [72]. The resulting elevated resistance to apoptosis 

might well contribute to a crucial property of metastasizing CSCs by promoting carcinoma 

cell survival during early steps of metastasis and, following dissemination, during their 

attempts at gaining a foothold in distant, potentially inhospitable tissue microenvironments.
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The discovery that EMT programs generate carcinoma cells with heightened resistance to 

apoptosis helps to explain a widely observed phenomenon in clinical oncology: populations 

of carcinoma cells that emerge following various cytotoxic treatments express, relative to the 

initially treated cells, elevated levels of certain mesenchymal markers. These observations 

have been made in a variety of carcinomas [38,73,74]. Given these observations and the 

known properties of EMT programs, it becomes highly likely that these treatment-resistant 

subpopulations of carcinoma cells have passed through EMTs. In light of the emerging links 

between EMTs and the stem-cell state, this holds the further implication that these therapy-

resistant survivors are greatly enriched for CSCs, which can then proceed to regenerate 

entirely new tumor populations and thereby drive clinical relapse.

3.4. EMT programs are regulated in a dynamic fashion

A critical question concerns the mechanisms that are responsible for the expression of the 

central coordinators of EMT programs, the EMT-TFs. This question becomes especially 

acute during the latter stages of tumor progression, when these programs are major 

determinants of carcinoma cell behavior. One key insight has come from the realization that 

EMT programs are dynamically maintained and reversible during both normal development 

and tumor pathogenesis. Thus, EMTs that are activated in the context of the primary tumor 

may empower carcinoma cells to translocate to anatomically distant sites, while the reverse 

process, termed the mesenchymal–epithelial transition (MET) may operate in these sites, 

enabling the disseminated cells to regain an epithelial phenotype (Fig. 1). This reversion to 

an epithelial state may be critical to their successful colonization of distant organs [75,76].

Pioneering work in this area on the regulation of Wnt signaling in colon cancer revealed 

striking analogies between the expression of nuclear beta-catenin in invading colon 

carcinoma cells and morphogenetic patterning during embryonic gastrulation [77]. This led 

subsequently to the speculation that colon carcinoma cells undergo an EMT specifically at 

the invasion front. Among other consequences, these observations provided striking 

evidence that the context of carcinoma cells – in this case their close apposition to the 

nearby tumor-associated stroma – was an important determinant of their behavior, 

specifically their activation of EMT programs[34].

Indeed, such reversible regulation of epithelial–mesenchymal interconversion is highly 

conserved evolutionarily and is indispensable for organ morphogenesis. To cite an example, 

during renal organogenesis the mesenchyme surrounding the ureteric bud, itself the product 

of an EMT, gives rise to kidney epithelium through an MET [78]. This developmental origin 

of the kidney epithelium has been utilized to develop therapeutic strategies for renal fibrosis, 

a pathology driven by EMT processes occurring in kidney epithelial cells [79,80].

These and other observations provide evidence that EMTs are provoked in epithelial cells by 

signals that they receive from their neighbors in the adjacent stroma. More specifically, such 

contextual signals induce the expression of EMT-TFs in the epithelial cells, which respond 

by executing the multiple changes associated with an EMT program [5]. Consequently, 

when these mesenchymal cells subsequently migrate and no longer experience these inciting 

contextual signals, they may revert via an MET to the epithelial state of their ancestors.
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In the context of carcinoma development, the EMT-inducing signals appear to originate in 

the adjacent stroma. For example, the TGF-beta growth factor has emerged as a major 

regulator of EMT in development [81] and disease [82]. In fact, a diverse set of extracellular 

signals has been reported to induce EMTs in various epithelial cell types, including, besides 

TGF-beta ligands, Wnt, Notch, Sonic Hedgehog and growth factors that activate tyrosine 

kinase receptors, such as EGF [5]. Moreover, other stimuli that originate within the tumor 

microenvironment have been implicated in the induction of EMT, notably hypoxia. 

Specifically, hypoxia-inducible factor alpha (HIF1-alpha) has been shown to directly activate 

Twist1 in head and neck squamous carcinomas [83].

While certain carcinoma cells can be induced to readily undergo an EMT in response to 

treatment with TGF-beta, the great majority of epithelial cell lines fail to do so [84]. This 

indicates that in many biological contexts, exposure to TGF-beta, while necessary, may not 

be sufficient to induce an EMT and may therefore require the collaborative actions of yet 

other signaling agents. This is illustrated during the process of gastrulation, the formation of 

the mesendoderm during early embryonic development in chordates, and other bilateria. 

During this process, TGF-beta induces the primitive streak, the initial site of mesoderm 

formation, doing so in cooperation with signals from the Wnt pathway and possibly other 

pathways that remain to be uncovered [85]. Indeed, it has been recently shown that both 

beta-catenin dependent, canonical as well as non-canonical Wnt signaling pathway 

collaborate with TGF-beta to induce and then maintain mesenchymal and stem-cell traits in 

both normal and neoplastic breast epithelial cells [86]. Accordingly, future studies 

investigating the regulation of EMT–MET transitions in cancer cells will need to take into 

account the signaling contexts that trigger EMTs and METs.

4. Conclusion and perspectives

One key implication for the development of therapies directed against high-grade 

malignancies is the necessity to identify agents and therapeutic strategies that specifically 

target CSCs, since these appear to be major sources of therapeutic resistance and tumor 

regrowth. Some initial steps have been made in this direction [87], and indeed many others 

are likely to follow. This strategy, attractive as it is in concept, may be complicated by one 

critical problem implicit in the earlier discussions: contextual signals in the 

microenvironment induce the activation of EMT programs in carcinoma cells, and EMT 

programs lead these cells, in turn, into the stem-cell state. Because of this cellular plasticity, 

the initial elimination of CSCs by targeted agents may be followed closely by the generation 

of new CSCs arising from the non-SCs within the treated population [88].

This consideration makes it apparent that durable clinical responses can only be achieved by 

the elimination of both subpopulations of cells within tumors [27]. This might be 

accomplished in the future by the use of CSC-targeted therapies applied together with more 

conventional agents that are already known to target the non-SCs within carcinomas. 

Alternatively, certain agents may be found capable of simultaneously eliminating both cell 

populations.
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In principle, the mechanisms of EMT induction, as described above, should present drug 

developers with multiple molecular targets. In practice, this may be quite challenging. The 

most desirable targets are surely the EMT-TFs that act pleiotropically to induce the EMT 

and, we propose, maintain the stem-cell state. By shutting down their function, CSCs may 

exit the stem-cell state and enter into compartments of the more differentiated epithelial cells 

within carcinomas. Accordingly, EMT-TFs like Twist, Snail and ZEB1 might be targeted by 

future generations of low molecular weight drugs. Unfortunately, the discovery and 

development of drugs that target various TFs has proven most challenging over the past 

decade, in part because these proteins do not bear the catalytic clefts that are useful for the 

docking of drug molecules (Box 1).

A more attractive prospect comes from the discoveries that EMTs are induced by contextual 

signals, such as TGF-beta, EGF, FGFs, Wnt and Notch ligands. In our own work, we find 

that signals of this sort are critically involved in both the initiation of EMT programs and the 

subsequent maintenance of cells in the resulting stem-cell state [87]. These signaling 

pathways have already been the objects of intensive drug development, largely because they 

play roles in the pathogenesis of a wide variety of diseases. In fact, the history of drug 

development to interrupt signaling pathways has been far more encouraging. This raises the 

question of whether combinations of drugs targeting these signaling pathways will one day 

be deployed to induce the exit of CSCs from the stem-cell state, rendering them more 

susceptible to conventional therapeutics that target the more differentiated epithelial cells in 

carcinomas.
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Fig. 1. 
The metastatic cascade. EMT programs are involved in early steps of the metastatic cascade, 

where they enable the invasion into the stroma (depicted in orange, underdlying the 

basement membrane in blue) and translocation of carcinoma cells (depicted in blue, 

changing to red when undergoing an EMT) to distant parenchyma (green). EMT programs 

are dynamically regulated and, during the last step of the metastatic cascade, colonization, 

carcinoma cells are thought to switch back to an epithelial state (blue cells) through the 

reverse process, mesenchymal–epithelial transition (MET).

Scheel and Weinberg Page 16

Semin Cancer Biol. Author manuscript; available in PMC 2018 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Molecular links between proteins implicated in self-renewal of normal and cancer stem cells 

(polycomb proteins Bmi-1, histone modifying protein Suz12 and Wnt/beta-catenin 

signaling) and EMT-TFs (Zeb1, Twist, Snail). Blue arrows indicate repressive/inhibitory 

actions, red arrows an upregulation. In the absence of active Wnt/beta-catenin signaling, 

GSK-3-beta phosphorylates both Snail and beta-catenin, thereby targeting them for 

ubiquitination and destruction in the proteasome. Both Snail and Zeb1 repress the CDH1 

gene whose product, E-Cadherin (indicated through dashed blue line) binds and inactivates 

beta-catenin, thereby preventing it to associated with TCF/LEF-TFs (dashed blue line) and 

activate Wnt target genes in the nucleus.

Scheel and Weinberg Page 17

Semin Cancer Biol. Author manuscript; available in PMC 2018 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	EMT programs and the early steps of metastasis
	EMT programs and the late steps of metastasis
	Cancer stem cells and the metastatic cascade
	EMT and the acquisition of stem-cell traits
	EMT-TFs and apoptosis
	EMT programs are regulated in a dynamic fashion

	Conclusion and perspectives
	References
	Fig. 1.
	Fig. 2.

