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Abstract The transcription factor Snail1 induces epithelial-to-mesenchymal transition (EMT) in 

tumor epithelial cells, a process associated with the emergence of stemness, invasion and 

cancer malignancy. Here, we review recent reports indicating that Snail1 also regulates 

mesenchymal plasticity and paracrine signaling and propose that Snail1 orchestrates the 

generation of cancer stem cells (CSCs) and cancer-associated fibroblasts (CAFs). Our view 

supports the current models for tumorigenesis that consider stemness and tumor 

microenvironment as retroactive actors for metastasis formation, revealing Snail1 as a 

regulator of these metastatic forces. This view offers new perspectives for understanding and 

targeting metastasis. 

  



1. Introduction 

Malignancy in epithelial tumors associates with the formation of metastasis. A simple 

explanation for how metastasis initiates considers that tumor cells acquire malignant 

migratory and stem properties by undergoing epithelial-to-mesenchymal transition (EMT). 

Snai1 depletion in embryos blocks development at stages that require EMT [1]. Currently, it is 

broadly accepted that Snail1 is a transcription factor that initiates EMT by directly repressing E-

cadherin, a gene essential for maintaining the epithelial phenotype [2]. After undergoing full 

EMT, the initially static epithelial cells with apicobasal polarity acquire a mesenchymal-like 

anterior-posterior polarity that allows them to migrate as single units. Similar to other 

developmental processes involving cell plasticity, EMT has been proposed to be reactivated in 

tumor cells, allowing these to acquire invasive characteristics (Fig. 1A; ref. 3). 

2. Do cancer cells require Snail1 expression and EMT for tumor metastasis? 

Although numerous studies have characterized Snail1 expression in a wide variety of cancer 

cells (reviewed in ref. 4), these results need to be analyzed with caution. Most studies are 

based on RNA expression, which however does not always reflect protein levels due to the 

prominent role of post-translational regulation on Snail1 protein stability [5]. Moreover, when 

extracting RNA from tumors samples, epithelial and stromal components are typically analyzed 

together, while stromal Snail1 RNA contamination is not taken into account. Finally, most 

Snail1 protein analyses have been hindered by the poor specificity of available commercial 

antibodies and by the transient expression of Snail1 during EMT, making it very hard to detect 

this protein in immunohistochemical analyses of tumor slides. All of these difficulties may 

explain the discrepant conclusions obtained from these analyses; for instance, in breast 

tumors, Snail1 expression has been reported to be both significantly [6,7] and not significantly 

[8,9] associated with patient survival.  



On the other hand, a number of oncologists and pathologists remain skeptical about applying 

the EMT concept to human tumor progression [10]. Their skepticism is supported by the fact 

that the vast majority of metastatic carcinoma cells show aberrant expression of a few 

mesenchymal markers yet still retain epithelial features. Moreover, most carcinomas invade by 

cohesive migration, maintaining an epithelioid cell shape and preserving cell-cell junctions. 

Other observations suggest that epithelial cells can directly intravasate to tumor-induced 

neoangiogenic vessels and colonize metastatic tissues starting from the intravascular growth 

of tumor cells attached to the endothelium, which eventually destroys the vessel wall. Based 

on these and other observations, some authors argue that EMT may not be a necessary step 

for metastasis (Fig. 1B; reviewed in 11).  

Nevertheless, cell tracking experiments in genetically engineered mouse models (GEMM) 

support the idea that EMT is relevant in metastasis. A GEMM of pancreatic cancer has 

identified tagged epithelial cells that exhibit mesenchymal traits in the stroma and 

bloodstream [12]. These tagged cells colonize the liver, indicating that at least in this 

metastatic model, epithelial tumor cells can undergo EMT, spread out of the primary tumor 

and target distant organs [12]. Cell tracking experiments on Snail1-inducible knock-out (KO) 

mice have also confirmed that Snail1 is required for metastasis. Data from two different 

GEMMs of breast cancer show that transient expression of Snail1 in tumor cells is necessary 

for metastatic competence. However, a sustained expression of Snail1 inhibits metastasis [13].  

Strong support for the relevance of Snail1 expression and EMT to tumorigenesis comes from 

recent experiments showing that Snail1 and EMT are required to generate cancer stem cells 

(CSCs): expression of Snail1 and other EMT-TFs on tumor cells confers stemness [14,15], while 

Snail1 expression is required to maintain the status of isolated CSCs [16,17]. Properties of 

CSCs, such as resistance to anoikis and other insults, self-renewal and a multilineage 

differentiation potential, are required to maintain tumor cells in hostile non-epithelial 



microenvironments, to overcome therapeutic insults, and to generate heterogeneous 

metastatic foci [15]. Thus, although direct evidence of Snail1 protein expression in CSCs within 

tumors is still missing, Snail1 and EMT have been conceptually associated with the CSC 

hierarchical model for tumorigenesis.  

3. Links between EMT and CSC  

Although not always taken into consideration, both stemness and EMT are general concepts 

that encompass distinct cell states. For instance, the diversity of stem markers expressed in 

the different cells within a single tissue [18] highlights the distinct populations of stem cells. In 

these lines, the three main methods of isolating CSC from tumor samples—by flow cytometry 

using CSC-specific cell surface markers, such as CD133, by Hoechst 33342 dye exclusion that 

selects the side population phenotype, and by sphere formation in defined medium that 

maintains undifferentiated CSCs—often give rise to different subpopulations [19]. Accordingly, 

Brabletz et al. proposed that there are two subpopulations of CSCs that can be distinguished 

histologically and that have different migratory capacities [20]. They identified the migratory 

subpopulation, which expresses high nuclear beta-catenin levels and is localized at the invasive 

tumor front, as the one relevant for metastasis [20]. 

The terms “partial EMT” and intermediate epithelial-mesenchymal state–like have emerged to 

define the ambiguous cell status observed in many cancers, with tumoral cells expressing both 

epithelial and mesenchymal determinants [10,21]. This intermediate state has also been 

defined by in silico approaches. Both stemness and EMT are determined by a binary feedback 

loop, in which two factors are mutually inhibited. The LIN28/let-7 double inhibition governs 

stemness, whereas miR-200/ZEB controls EMT. These two modules are coupled, since LIN28 is 

inhibited by miR-200, and they are both triggered by Snail1, which inhibits let7 [22] and 

activates ZEB [23]. A mathematical model based on these two central circuits is sufficient to 

predict the existence of an intermediate state of EMT, which has a high probability of gaining 



stemness as compared to the epithelial or mesenchymal state [24]. This model supports the 

concept that partial EMT is associated with stemness. 

 Accordingly, it has been proposed that cells acquire stemness along EMT when they reach a 

suitable status of dedifferentiation; however, they lose this property when they are forced to 

progress further to a fully committed mesenchymal status. Thus, stemness is maintained by 

signaling from the niches only within a window between a partially dedifferentiated epithelial 

status and a partially dedifferentiated mesenchymal status. The relative amounts of structural 

epithelial and mesenchymal determinants distinguish epithelial stem cells (ESCs) from 

mesenchymal stem cells (MSCs). ESCs are more static and proliferative, whereas MSCs are 

migratory [25]. The tumor counterparts of these non-pathological cells are static and migratory 

CSCs, respectively. An epithelial cell niche, such as that at the bottom of intestinal cripts or at 

the suprabasal region of breast glands, restricts the CSCs to their static phenotype; however, 

local micro-environments generated by tumor-stroma at the invasive front can enable 

migratory CSCs to be generated [26]. Therefore, the EMT gradient model considers different 

stem and EMT statuses and explains how stemness and EMT are linked (Fig. 2, upper panel). 

 4. Snail1 promotes epithelial plasticity by controlling the cytoskeleton organization 

Molecularly, one of the main elements reorganized by Snail1 during EMT is the cytoskeleton. 

Cytoskeletal fibers specify cell architecture and are anchored to membrane platforms 

interacting with extracellular matrix substrates and neighboring cells. Additionally, cytoskeletal 

and cytoskeletal-associated proteins participate in a wide variety of essential signal 

transduction pathways that ultimately dictate cell shape and fate. Epithelial cell function is 

strictly dependent on their apicobasal polarized morphology. This morphology is sustained and 

regulated by a cortical actomyosin cytoskeletal ring anchored to, and stabilized by, an apical 

intercellular junctional complex that includes adherens (AJ) and tight junctions (TJ). However, 

the cytoskeleton is dynamic, thus enabling cell plasticity. 



Snail1 expression initiates EMT by acting as a direct transcriptional repressor of cytoskeletal 

components of both the core proteins of the epithelial junctions, such as E-cadherin from AJ 

[2] and claudin/occludin from tight junctions TJ [27], and the epithelial intermediate filaments, 

such as cytokeratin 18 [23]. In addition, Snail1 promotes the activity of RhoA and, through the 

actions of this GTPase, acts on the contractile cytoskeleton anchored to cell-substrate contacts 

(within structures termed focal adhesions [FA]), although the molecular details have not been 

well characterized [28,29]. Cells with highly structured epithelial junctions and cytoskeleton 

are more resistant to undergoing EMT, since junctions sequester regulatory transcription 

factors required for Snail1 effects on cell plasticity, such as NF-κB and β-catenin [30]. The basal 

lamina of epithelial tissues prevents the first steps of EMT by reinforcing epithelial junctions by 

activation of the epithelial specific collagen IV receptor, DDR1. However, if the basal lamina is 

altered, for instance by the deposition of stromal collagen I, EMT is favored by the activation of 

a DDR2 receptor that promotes Snail1 protein stabilization [31] and by the lack of DDR1 

signaling [32].  

As mentioned above, initiation of disassembly of the epithelial cytoskeleton allows cells to 

temporarily acquire a dedifferentiated structure or stem state that can be maintained if they 

encounter the appropriate stem niche. Static and migratory stem cell states are reversible [26] 

in a Snail1-dependent manner [33]. Accordingly, cultures of mesenchymal stem cells isolated 

from human bone marrow express Snail1 [34], and overexpression of ectopic Snail1 on human 

mammary epithelial produces cells with MSC properties [35]. Thus, within stemness, a 

sustained Snail1 expression associates with MSCs, while its transitory expression associates 

with static ESCs (Fig. 2, upper panel).  

If EMT advances beyond the stem state, the cytoskeleton adopts a stable organization 

characteristic of fibroblasts. However, adult fibroblasts do not express Snail1 [36], and their 

anterio-posterior polarity is maintained by transcription factors other than Snail1, such as 



Twist, Slug or ZEB1/2 [24,37,38]. Therefore, the final output of EMT is fixed by a Snail1-

independent mechanism. Note however that fibroblasts are not the only output of the EMT 

process (Fig. 2, upper panel). For instance, if TGFβ induces Snail1 expression in cultured 

epithelial renal cells, the cells eventually undergo EMT [39], but if epithelial contacts are 

disrupted by complementary external inputs—such as wounding or calcium deprivation [40] or 

in conditions of elevated matrix rigidity [41]—cells undergo epithelial-to-myofibroblast 

transition (EMyT).  

Myofibroblasts (MFs) are a specialized fibroblasts with a cytoskeleton that contains the 

smooth muscle actin alpha isoform, αSMA [42]. Both a complete disruption of the apical 

epithelial contacts [43] and extracellular rigidity [41] promote αSMA transcription due to an 

increase of myocardin-related transcription factor (MRTF). Acquisition of a αSMA-cytoskeleton 

provides these fibroblasts with strong contractibility, which is very relevant for their capacity 

to remodel the ECM [42]. MFs in normal or pathological situations, such as in skin wounds 

[9,36], epithelial cancer lesions [36,44–46], sarcomas [36,47] and fibrotic lesions [48–51], 

express elevated levels of Snail1. This correlation suggests a role of Snail1 in promoting the 

αSMA cytoskeleton of MFs (addressed in the next section).  

5. Sustained Snail1 expression maintains intra- and extracellular myofibroblastic skeletons 

Although both MSCs and MFs express Snail1, MSCs do not express αSMA, so that additional 

signals to further enhance Snail1 expression, such as induction of the TGFβ pathway, are 

required to promote conversion of MSC to MFs (Fig. 2, upper panel) [9,34,52]. MFs can also 

transdifferentiate from fibroblasts by sustained activation of Snail1 with TGFβ [9,34]. Indeed, 

MFs are often generated in vivo from cytokine-dependent activation of tissue-recruited 

hematopoietic MSCs or from resident stroma fibroblasts [53–55]. 

Using cultured fibroblasts, we have recently demonstrated that a sustained TGFβ treatment 

generates MFs that remodel the extracellular matrix in a Snail1-dependent manner [9]. This 



remodeling produces abundant fibronectin fibers that are anisotropically aligned and 

connected with the internal cytoskeleton through mature FA (Fig. 3A). The rigidity of the 

extracellular matrix (ECM) generated by MFs is dependent on LOX crosslinking of collagen 

fibers polymerized using fibronectin as a template [56]. Snail1 participates in the transcription 

of ECM and ECM-modifying molecules, such as fibronectin and LOX, by directly acting as a co-

activator of p65-NFκB [57]. Moreover, Snail1 is required for the activation of RhoA caused by 

TGFβ [9]. In the absence of Snail1, MFs do not form cytoskeletal structures such as αSMA-

fibers, mature AJ and FA, or anisotropic extracellular fibronectin fibers. Consequently, the 

characteristic stiffening of the ECM produced by MFs [56] is not produced in the absence of 

Snail1 [9].  

In MFs, Snail1 levels—and thereby the MF phenotype [58,59]—are auto-sustained by signaling 

from the tensioned ECM they generate. Thus, mature myofibroblastic FA transmit out–in 

mechanosensing signals that induce Snail1 expression at the transcriptional level [60–62]. MFs 

also express DDR2 [63], a collagen I receptor that, when active, prevents Snail1 degradation 

[31]. On the other hand, the ECM conformational changes produced by MFs can induce the 

release of latent TGFβ forms embedded in the extracellular compartment [64], feeding back to 

enhance RhoA activity and Snail1 expression. Moreover, MFs activate autocrine feed-back 

loops to produce more TGFβ[65] in a Snail1-dependent fashionFig. 3B) Therefore, Snail1 and 

RhoA activities are maintained by feedback signaling from the extracellular compartment 

generated by MFs. This cell-specific property perpetuates the myofibroblastic phenotype. 

6. Relevance of fibroblasts expressing Snail1 in cancer 

A population of MFs associated to tumors, termed cancer-associated fibroblasts (CAFs), 

participates in establishing a dynamic tumor-microenvironment crosstalk required for the 

onset of metastasis. CAFs are recruited and activated by factors derived from neoplastic cells, 

mimicking non-pathological processes such as wound healing, where these recruiting factors 



are secreted from injured epithelial cells and macrophages [66]. Subsequently, by secreting 

soluble factors and remodeling the architecture of the ECM, CAFs favor stemness, migration of 

tumor cells and eventually metastasis [66]. 

 Several studies have focused on Snail1 expression in CAFs by analyzing its correlation with 

cancer progression. At early stages (I and II) of colon cancers, Snail1 expression in the tumor 

stroma correlates with poor survival [36]; similarly, in early infiltrating breast cancer at 

diagnosis, the presence of few Snail1-expressing CAFs in the tumor stroma associates with 

lymph node involvement and poor outcome [9]. Snail1 expression in endothelial cells and 

tumor stromal myofibroblasts also predicts poor survival in pharyngeal squamous cell 

carcinomas [67]. 

In infiltrating breast cancers, the presence of even a low number of Snail1-expressing CAFs in 

the tumor stroma correlates with the appearance of desmoplastic areas with anisotropic 

fibers. Accordingly, in cultured CAFs lines, Snail1 levels correlates with the levels of fibronectin, 

αSMA, and N-cadherin and with the degree of tridimensional organization of ECM fibers. Co-

cultures with low percentages of CAFs are sufficient to educate non-activated naive fibroblasts 

to produce an organized ECM resembling that observed in vivo. Rigid and organized matrices 

promote not only anisotropic tumor cell movement and increased invasiveness but also EMT 

and stemness [9,68–70]. A similar control of the extracellular architecture by Snail1-expressing 

fibroblasts is also observed in wound healing. Skin wound closure is delayed in Snail1 KO–

induced mice that present an unusual granulocyte tissue including fibroblasts with low αSMA 

expression and a disorganized fiber structure compared to control animals, which have Snail1-

positive fibroblasts in this tissue [9]. 

Additionally, CAFs produce a characteristic secretome that is also Snail1-dependent. Thus, the 

levels of Snail1 expressed by different CAF lines established from colon cancer patients 

associate with a cytokine profile and with a capacity to induce migration of colon tumor cell in 



a paracrine manner [46]. In a further study, the protein-secreted profile of TNFα stimulated 

cancer cells was shown to be Snail1-dependent [71]. TNFα promotes the CBP-dependent 

acetylation of Snail1, which regulates the transcription and secretion of two chemokines, CCL2 

and CCL5, involved in recruitment of tumor-associated macrophages (TAMs). The presence of 

acetylated Snail1 and TAMs in head and neck cancers associates with low patient survival [71]. 

Therefore, Snail1 activity controls the pro-tumorigenic paracrine signaling generated by both 

activated tumor cells and CAFs.  

We propose that although only few tumor cells and CAFs express detectable levels of Snail1, 

this can be sufficient to induce metastasis through a mechanism involving mutual cooperation. 

The malignant properties described to be a consequence of Snail1 expression in tumor cells 

(migration, invasiveness and stemness) are indirectly induced by the activity of CAFs that 

express Snail1. Indeed, rigid ECMs and exocrine signaling, generated by Snail1-expressing CAFs, 

favor Snail1 expression in tumor cells [72]. It is plausible that a Snail1-dependent bi-directional 

paracrine signaling between epithelial tumor cells and mesenchymal host cells activates the 

Snail1-dependent plastic processes affecting these cells. These reciprocal effects on plasticity, 

which generates cooperative phenotypes requiring Snail1, may also occur during liver repair. In 

this organ, tissue injuries switch Snail1 on in hepatocytes, promoting their growth and 

producing an inflammatory response [49]; these inflammatory signals induce Snail1 in 

mesenchymal hepatic stellate cells, potentiating their contractility and their production of 

additional signals required for hepatocyte regeneration [73]. 

7. Conclusion 

By mutually coordinating the onset of plastic processes in tumor and stromal cells, Snail1 

governs the tumor fate. In tumor cells, Snail1 expression promotes cytoskeleton changes 

required for the partial activation of the EMT program, providing them with two essential 

metastatic properties: stemness and motility. In non-tumoral stroma cells, such as fibroblasts 



or tumor-recruited MSCs, tumor-derived cytokines induce Snail1 expression and promote the 

acquisition of myofibroblastic traits. Thus, Snail1-expressing CAFs can sustain a physically and 

chemically pro-metastatic micro-environment. Through this circuit between tumor and stromal 

cells, Snail1 contributes to tumor progression in a more potent fashion to what was initially 

proposed. However, it is possible that in certain tumor types, activation of only a part of these 

Snail1-dependent events may be sufficient to promote tumor progression. For instance, in 

pancreatic cancer, Snail1-induced EMT and stemness may be enough for the tumor cells to 

spread to the blood stream, whereas in most cancers, the activity of fibroblasts expressing 

Snail1 is also required. For the future, we have the immediate goals of accurately detecting 

Snail1 in tumors, elucidating its role in cell plasticity, and characterizing the paracrine signaling 

observed in the different type of tumors, all of which will provide new clues for the 

mechanisms leading to invasion and dissemination of epithelial neoplasms. Elucidating these 

details will be critical for determining, and then exploiting, the potential of Snail1 as a 

pharmacological target. 
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Fig. 1. Simple EMT dependent and independent metastasis models. A) EMT-dependent model. Static 
tumor epithelial cells acquire migratory and invasive properties by EMT. Single cells generated by EMT 
escape from primary tumors, intravasate, and extravasate at distant organs. A subsequent reversion of 
EMT, a mesenchymal-to-epithelial transition (MET), is required to generate an epithelial metastasis. B) 
in the EMT-independent model, neoangiogenic vessels that infiltrate tumors are susceptible to be 
intravasated by clusters of epithelial tumor cells that, once attached to capillary endothelia of distant 
organs, can growth and eventually extravasate. Metastasis originates from these epithelial cells. All of 
these processes require signaling from activated host cells, which are not depicted here. Green cells: 
cells undergoing EMT or acquiring stemness properties that express or may have expressed Snail1 at the 
onset of their activation. 



 

Fig. 2. Snail1 expression along cancer-associated cell plasticity. Upper panel: EMT/MET is a cell plasticity 
process with intermediate phenotypes associated with stemness. In a non-pathological epithelial tissue, 
most of the cells are fixed in a differentiated status by the epithelial cortical cytoskeleton. However, 
signaling of cytokines such as TGFβ, which induces Snail1 expression and partially disassembles the 
epithelial structure, allow cells within stem niches maintain an intermediate EMT status with stem 
characteristics. If this signal is discontinued, cells progress backwards towards differentiated epithelial 
lineages. When EMT proceeds further by the action of external signals that maintain Snail1 expression, 
cells acquire a mesenchymal structure that can eventually differentiate into fibroblasts or 
myofibroblasts. In contrast to fibroblasts, which require factors other than Snail1 to set their 
mesenchymal structure, myofibroblasts require continuous Snail1 expression to generate a highly 
contractile αSMA-cytoskeleton. MF-remodeled extracellular microenvironment promotes feedback 
signaling that sustains Snail1 expression and myofibroblastic phenotype. Middle panel: In tumor cells, 
the onset of EMT within stem cell niches produces stationary CSCs that can feed heterogeneous 
epithelial tumors. Tumor stroma–induced local microenvironments rich in cytokines and fibrotic 
molecules, such as collagen I, produce the appropriate conditions to stimulate Snail1 and generate 
migratory CSCs. At distant organs, local microenvironments partially reverse this EMT to produce 
stationary CSCs, which favors growth of metastatic foci resembling the primary tumor. Lower panel: 
Generation of Snail1-expressing CAFs with myofibroblastic traits from resident or tumor-recruited MSCs 
is dependent on factors secreted by tumor and tumor-activated cells. Once activated, CAFs reorganize 
the ECM and establish self-sufficient signals necessary for maintaining their contractile skeleton and 
phenotype. Micro-environmental changes generated by CAFs favor cancer cell migration and metastasis.   
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Fig. 3. Snail1 expression and extracellular architecture are mutually sustained in MFs. A) tridimensional 
reconstruction of confocal immunofluorescence images showing cellular and matrix alignment of TGFβ-
activated fibroblasts. Fibronectin staining is shown in red, αSMA, in green, and nuclei (DAPI), in blue (J. 
Stanisavljevic and J.B., unpublished observations). B) feedback loops sustaining Snail1 expression in MFs. 
External stimuli that induce MFs, such as TGFβ, initiate the expression of Snail1 and activate RhoA. 
Neither TGFβ nor Snail1 alone can fully activate RhoA, and their downstream effectors are responsible 
for formation of active αSMA stress fibers, maturation of FA, ordered fibronectin-fibrillogenesis, and 
collagen assembly and crosslinking. Snail1 also mediates the transcription of ECM molecules that favors 
the formation of a rich fibrillar microenvironment typical of fibrotic and desmoplastic tissues. Feedback 
mechanisms sustaining Snail1 levels and myofibroblastic phenotype are activated by the remodeled 
ECM, including mechano-transduction through FA, activation of collagen DDR2 receptors, and release of 
latent TGFβ through conformational changes associated to increased stiffness. Fibronectin fibers are 
shown in pink, collagen fibers, in violet, SMA stress fibers, in green, and mature FAs, in red.  


