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Abstract

:

The epithelial to mesenchymal transition (EMT) is a cellular program that is involved in embryonic development; wound healing, but also in tumorigenesis. Breast carcinoma (BC) is the most common cancer in women worldwide, and the majority of deaths (90%) are caused by invasion and metastasis. The EMT plays an important role in invasion and subsequent metastasis. Several distinct biological events integrate a cascade that leads not only to a change from an epithelial to mesenchymal phenotype, but allows for detachment, migration, invasion and ultimately, colonization of a second site. Understanding the biological intricacies of the EMT may provide important insights that lead to the development of therapeutic targets in pre-invasive and invasive breast cancer, and could be used as biomarkers identifying tumor subsets with greater chances of recurrence, metastasis and therapeutic resistance leading to death.
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1. Introduction


The epithelial to mesenchymal transition (EMT) is a complex program in which epithelial cells acquire a mesenchymal phenotype and motility through a cascade of biological events. There are three types of EMT programs; type 1 relates to embryogenesis, gastrulation and neural crest formation; type 2 is related to tissue regeneration and wound healing; and type 3 is associated with malignancy, invasion and metastasis [1,2,3]. The EMT is a natural phenomenon in development and wound repair but also represents one of the “hallmarks of cancer” [2]. During tumorigenesis, changes in EMT regulatory pathways lead to a loss of cellular adhesions, changes in the polarization of the cell and cytoskeleton, detachment, migration, intra-vasation, and survival in the vascular system; extravasation, and finally, metastasis [3,4]. Morphologically, the EMT is classically characterized by the dedifferentiation from an epithelial to mesenchymal phenotype, marked by the decrease expression of E-cadherin and increased expression of N-cadherin, vimentin as well as expression of cellular proteases. The EMT is also believed to be a critical step in the progression of cancers from both the pre-invasive to invasive state (e.g., in DCIS, PIN, etc.), and from organ confined to metastatic disease [4], though there is evidence to show that the EMT is not an obligate step to metastasis, as discussed further in this review. However, a pivotal challenge in the study of the EMT is the fact that it represents a transitory state. Studies suggest that in some situations, following the migration of a cancer cell which has undergone EMT to a distant site, a reverse process or mesenchymal to epithelial transition (MET) occurs. The MET is a state when a mesenchymal tumor cell reverts back to the epithelial phenotype, especially in distant metastatic sites [2].



The master regulators of the EMT include many pathways, however the primary mediators of the EMT include signaling through TGF-β, Notch and Wnt; but are also influenced by the effects of the tumor microenvironment such as hypoxia as well as the differential expression of microRNAs (miRNAs) (Figure 1) [5,6]. Common to all these pathways are the convergence on the transcriptional factors SNAI (Snail), Zeb and Twist, whose differential expression in cancers has been shown to lead to the EMT. Indeed, both canonical and non-canonical TGF-β signaling [6] (Figure 2) lead to changes in the gene expression of the transcription factors Snail, Zeb, Twist and Six1. Similarly, Notch signaling acts on NF-κB, inducing the transcription of SNAI1, SNAI2 (Slug), Twist and Zeb1/Zeb2; as well as increasing cytokine production and cell survival. The Wnt pathway, often deregulated in cancer, leads to induction of SNAI1 expression with subsequent downregulation of E-cadherin via β-catenin. External stimulus, as in the case of hypoxia, leads to changes in mitochondrial function, leading to HIF1 stimulation, with subsequent Zeb1 expression.



In this brief review, we will discuss the roles of these pathways in the EMT program as it pertains to its contribution to the progression of breast cancer and offer insight to the potential for biomarker discovery and therapeutic intervention.




2. Impact of the EMT on Breast Cancer


Both classical histological and molecular subtyping of breast cancers [1] have identified the impact of the EMT on breast cancer prognosis. Clinical-histologic studies of basal-like breast cancers show that they are among the most aggressive and deadly breast cancer subtypes, displaying a high metastatic ability associated with mesenchymal features [1,3,4]. The molecular mechanism underlying the maintenance of mesenchymal features in the basal-type cancers remains obscure. However, KRAS activation appears to be more prominent among this group, more so than in luminal tumors; implicating a role for KRAS in maintaining the mesenchymal phenotypes via SNAI2 expression [4]. Unsupervised hierarchical clustering performed by Sarrio et al. showed an up-regulation of the classical EMT markers (vimentin, smooth-muscle actin, N-cadherin and cadherin-11); overexpression of extracellular matrix proteins and invasion-associated genes (SPARC, laminin, and fascin), with reduction of epithelial markers among basal-like tumors [7].



Transcriptional profiling has also helped to identify an EMT gene-expression signature associated with claudin-low and metaplastic breast cancers; which correlates these tumors with a lower complete pathologic response and poor survival among these patients. These tumors were shown to display differential expression of Snail, Twist and TGF-β. However, the authors emphasize, that the expression of these markers is heterogeneous across the tumor, implicating a role for the stroma in the biology of the tumors, and the contribution of induction of the EMT by the surrounding tissues [8].



Since breast cancers are driven by the aberrant hormone-dependent pathways, the hypothesis that loss of estrogen receptor (ER) function results in trans-differentiation from an epithelial to a mesenchymal phenotype, with increased aggressiveness and metastatic potential, has been explored by several authors in recent years [9]. For example, the siRNA-mediated silencing of ER in cell lines like MCF7 resulted in cells with altered morphology, increased motility and switch from keratin/actin to a vimentin based cytoskeleton [9]. In this context, the various intrinsic subtypes of breast cancer have been receiving increased attention in stratifying breast cancer, especially in terms of prognostic and predictive information [10]. There is currently no extensive data on luminal breast carcinomas; however, immunohistochemistry-based platforms analyzing the expression of transcription factors, SLUG and SOX9, which are involved both in embryonic development, across 617 breast carcinomas by tissue microarray, showed the general loss of SOX9 expression in what was classified as luminal A and B, and moderate loss among those classed as triple negative [10]. Additionally, SLUG was expressed among of triple negative cancers, while not expressed among luminal tumors [10]. Although the classification of the tumors into subtypes was performed using ER, progesterone receptor (PgR) and HER2 immunohistochemistry, rather than by transcriptional profiling, the authors concluded that there was an inversed preferential nuclear expression of SLUG, SOX10 and SOX9 in triple negative tumors and non-triple negative tumors—that is, loss of SOX9 in luminal and HER2 positive cancers; moderate loss of SOX9 in triple negative cancers; loss of SLUG in luminal and HER2 positive cancers; expression of SLUG in triple negative cancers; expression of SOX10 in luminal and HER2 positive tumors, and lower expression of SOX10 in triple negative cancers [10].



These histologic and clinical observations speak to the biological heterogeneity of breast cancers [4]. Scimeca et al. investigated the correlation among poorly differentiated carcinomas and expression of NF-kB, Sonic Hedgehog (SHH), K-RAS, and PTX3 in 100 breast cancer biopsies. The different number of cells positive for vimentin, nuclear β-catenin, and CD44 expression, in high-grade ductal infiltrating carcinoma, as compared to low-grade carcinoma and benign lesions suggested that the process of de-differentiation of breast cancer cells could be related to the EMT [4].



Furthermore, molecular subtyping [1] supports the histological observations showing the so-called Luminal A/B and HER2-enriched cancers as those which retain a more epithelial phenotype; while the non-luminal cancers, comprising the triple negative or basal-like cancers are characterized by more mesenchymal features [1,10]. These observations can be generally correlated clinically to the findings that basal-like cancers are constitutively more invasive than their non-basal counterparts [9].



In the context of progression from relatively benign lesions to ductal carcinoma in situ (DCIS), preclinical data shows that understanding specific differences in gene expression is important to understanding progression to invasive disease [11]. Among the genes, those that have been implicated as key players in the EMT in DCIS and ADH include SNAI2, TGFβR3, EPCAM and SOX4 [12]. However, to date, much of the work investigating the role of the EMT in breast cancers has focused around the non-luminal subtypes and cancers in the metastatic setting. A recent gene transcriptional study demonstrated that gene expression signatures obtained from normal mammary stem cells are most similar to claudin-low profiles. This is consistent with findings by Taube et al., showing that expression changes associated with the EMT correlates closely to claudin-low tumors and metaplastic carcinomas [2]. Micalizzi et al. highlighted the findings that triple-negative breast cancer displays up-regulation of EMT markers (vimentin, smooth-muscle-actin, N-cadherin, and cadherin-11) and overexpression of proteins involved in extracellular matrix remodeling and invasion (SPARC, laminin, and fascin); together with reduced expression of epithelial markers (E-cadherin and cytokeratins), which preferentially occur in breast tumors with the “basal-like phenotype”, linking EMT with the latter [3].



The role of the EMT among other breast cancer subtypes however has yet to be fully elucidated. Another relevant concept in the role of the EMT on breast pathogenesis is that the MET contributes significantly once invasion or metastasis has been accomplished. In this way, the mesenchymal tumor cell acquires or reverts back to its epithelial phenotype at the site of metastasis [3].



EMT in the Progression to Metastatic Disease


There are numerous studies describing the role of the EMT in breast cancer progression and metastasis [3,13,14,15,16,17]. Transcriptional profiling, to elucidate differences between metaplastic carcinoma and invasive ductal carcinoma, identified the downregulation of epithelial genes, such as E-cadherin, and upregulation of genes related to the production of the extracellular matrix [8], and mesenchymal state hallmarks such fibronectin and N-cadherin. However, because the EMT reflects a transitional state, it is difficult to readily identify, in clinical samples, whether EMT/MET has occurred; therefore the contribution of the EMT in breast cancer progression has been evaluated primarily in cell line models. For example, in an ERα knockdown model of MCF-7 by Bouris et al., the demonstrated loss of ER expression was associated with the acquisition of the EMT phenotype, including enhance proliferation and migration, as well as changes among components of the extracellular matrix and matrix metalloproteases [15]. Additionally, Faronato et al. showed that DMXL2, a novel regulator of Notch signaling was overexpressed in a subset of breast carcinoma cell lines and similarly associated with features of the epithelial to mesenchymal transition [18].



Arguably, there is also data suggesting that disease progression and metastasis is mediated by other mechanisms aside from the EMT. Fischer et al. showed that breast cancer progression may occur in the absence of the EMT, by demonstrating that mammary tumors in mice can metastasize to the lung without going through an apparent EMT process. The resulting lung metastases consisted mainly of non-EMT tumor cells that maintained their epithelial phenotype as shown by the EMT lineage tracing experiments [19]. Moreover, Fischer et al. suggested that while modulation of EMT-associated transcription factors could be achieved, it does not necessarily impact on metastatic potential [19].





3. Primary Pathways Involved in EMT and Their Roles in Breast Cancer


3.1. Transforming Growth Factor-β


Transforming growth factor-β is a multifunctional cytokine involved in several physiological processes, including the EMT [6]. Mammals express three distinct isoforms of TGF-β: TGF-β1, TGF-β2 and TGF-β3 [6], which are associated with three different receptors: types I, II and III. TGF-βR-III is the most abundant receptor that works as an accessory receptor presenting the TGF-β to its signaling receptors. Binding of TGF-βs to TGF-βR-II enables the recruitment and activation of TGF-βR-I, leading to induction of canonical Smad 2/3-dependent signaling [3,6]. Both canonical and non-canonical TGF-β signaling systems are involved in EMT as shown in Figure 2. Specifically, TGF-β receptors activate Smad 2 and Smad 3, resulting in an activated complex composed of Smad 2/3 that further complexes with Smad 4 [6]. This complex interacts with several transcription factors to regulate genes involved in the EMT including the direct phosphorylation of receptors of SMAD transcription factors and cytoplasmic proteins regulating cell polarity. The overexpression of Smad 2 and Smad 3 also contributes to the EMT, while the reduction of their expression is associated with decreased metastatic potential [3,6] (see Figure 2). Non-canonical EMT TGFβ signaling is represented by several pathways including NF-κB, Par6, small GTPases, PI3K/AKT/TOR and MAP kinase family with activation of ZEB-1. These pathways regulate distinct processes including cytoskeleton organization, cell survival, migration and invasion [3,5,6]. Gene expression induced by TGF-β includes the transcription factors Snail (SNAI1 and SNAI2/Slug), ZEB, Twist and Six family of homeobox (Six1) [3].



Among breast cancers, TGF-β over-expression has been implicated in the EMT by mediating the functional conversion of TGF-β during breast cancer progression, suggesting that the chemotherapeutic targeting of EMT induced by TGF-β may offer new inroads in treating metastatic disease in breast cancer patients [3,13].




3.2. E-Cadherin


3.2.1. E-Cadherin Loss in EMT Leads to Loss of Cell-Cell Adhesion


E-cadherin, a transmembrane glycoprotein, establishes homophilic interactions with adjacent E-cadherin molecules expressed by neighboring epithelial cells [20,21]. Expressed by the CDH1 gene, E-cadherin is a critical in the EMT. Upon downregulation, epithelial cells acquire a fibroblastic phenotype, enabling the dissociation of the epithelium and enhanced migratory capabilities [20]. This process is essential for the processes including gastrulation, neural crest formation, kidney development, etc. Silencing or reduction of CDH1 can occur either by somatic mutation, chromosomal deletions, proteolytic cleavage, and silencing of CDH1 promoter by epigenetic modification, ultimately resulting in the disruption of tight junctions and desmosomes [21]. In addition to increasing migration potential, E-cadherin downregulation also increases resistance to apoptosis [20,21].



Alterations in E-cadherin can occur genomically, transcriptional and post-transcriptionally, however, there is controversy regarding the impact of these different mechanisms of E-cadherin inactivation. The primary mechanisms of E-cadherin inactivation include mutation or promoter hypermethylation [20,21,22]. Lombartaes et al. observed that CDH1 promoter hypermethylation, but not CDH1 mutational inactivation, in the context of the EMT, resulted in a more aggressive tumor cell phenotype, and increased invasiveness [20]. However, this study had the limitation of analyzing expressions in cell lines instead of tissue samples [20]. In contrast, a recent study by Ciriello et al., presented a description of molecular portraits of invasive lobular breast cancer that does not support the occurrence of CDH1 epigenetic silencing in invasive lobular breast cancer [21]. Although there is controversy as to whether hypermethylation is the most common mechanism of CDH1 silencing associated with the EMT, and conferring more aggressive tumor behavior, it is known that epigenetic regulatory programs involve DNA methylation, chromatin (histone) modification, and non-coding RNA (small non-coding RNAs or micro-RNAs) in cancer stem cell associated with the EMT [3,21,22].



E-cadherin expression may also be repressed through the action of TGF-β, via its ability to induce the expression of Snail/ZEB family [3]. It has been shown that Snail may also form complexes that recruit different chromatin modifying enzymes and cofactors leading to DNA hypermethylation of the CDH1 promoter and silencing of E-cadherin expression [20,21,22]. Snail not only represses E-cadherin expression, but also down-regulates the expression of claudins, occludins, and mucin-1; and inducing invasive behavior [3].



Elevation of N-cadherin expression, a known mesenchymal marker, with the concomitant decrease of E-cadherin contributes to the loss of adhesion between tumor cells [22]; which is observed more prominently among basal-like breast cancers as well as in HER2+ tumors [18]. The clinically aggressive basal-like breast tumors show the highest intensity of N-cadherin expression, particularly close to vascular-rich areas [21,22]. The upregulation of N-cadherin in tumor cells that have diminished E-cadherin has been associated with elevated cell motility and poor clinical outcomes in patients [5,20,21,22].




3.2.2. Migration and Invasion related to E-cadherin loss and changes in Metalloproteinases


Loss of cell polarity and cell-cell junctions, and the partial disassembly of epithelial tissues are changes associated with cancer progression to an invasive and metastatic state [5]. Rearrangement of structural proteins, via the relocation of actin and E-cadherin from tight junctions to the cytoskeleton, promotes formation of stress fibers that increase cell strength, flexibility and migration. These influence changes in cell morphology, phenotype and migratory ability, and therefore are subjects of analysis when defining the EMT program [20]. While tumor cells can become more motile, increased migratory and invasive potential is also mediated by changes in the extracellular matrix surrounding tumor cells [5,22].



The basement membrane provides a physical barrier which impedes tumor cell invasion [15,16,23,24]. The penetration of this barrier is a pivotal step in tumor progression. During the EMT, tumor cells increase the production of proteases with the capacity to degrade the surrounding basement membrane [15,17,21]. Increased abundance of the metalloproteinases MMP14 (MT1), MMP9 and ADAMTS1 have been identified in tumors and believed to contribute to proteolytic cascades leading to basement membrane destruction and tumor cell invasion [15,17,24].



Matrix metalloproteinases (MMPs) are endopeptidases which are notably known for facilitating the degradation of the proteins of the extracellular matrix. However, MMPs can also cleave cell surface receptors and participate in the processing of bioactive molecules. Metalloproteinases 2 and 9 are highly associated with invasion and metastasis in EMT programming [5,17]. These observations support the notion that as part of the genetic reprogramming during EMT, tumor cells switch to a pro-invasive/migratory phenotype an essential component of the metastatic program [23,24].





3.3. WNT/β-Catenin Pathway


The activation of the WNT/β-catenin pathway is particularly important for tumorigenesis in general, and forms part of the EMT and epithelial plasticity in normal development [23]. Activation of WNT/β-catenin induces SNAI1 expression with subsequent down regulation of e-cadherin and upregulation of vimentin [23,24]. Aberrant β-catenin expression, as determined by assessment of its subcellular localization, constitutes a surrogate marker of Wnt signaling pathway activation, and has been reported in a subset of breast cancers [25,26,27]. However, the association of β-catenin/Wnt pathway activation with clinical outcome and the mechanisms leading to its activation in breast cancers still remain a matter of controversy [27,28], with some studies showing that cumulative alterations in more than one Wnt antagonist and increased accumulation of β-catenin play an important role in the development of breast carcinoma while other studies show that alterations in the Wnt pathway are associated with the EMT programming, but β-catenin alone, is not sufficient to induce the EMT [2,28].



In studies of spindle lesions of the breast, aberrant β-catenin expression is often observed in metaplastic breast carcinomas, suggesting that Wnt pathway activation is found in at least a subset of breast cancers [27]. Moreover, β-catenin, also acts as a molecular bridge to enhance cell-cell adhesion in the tight junctions of epithelial cells, when coupled with E-cadherin [28]. In the absence of Wnt, cytoplasmic β-catenin is constantly degraded by the action of the Axin complex (Axin protein, APC gene product, casein kinase 1 and glycogen synthase kinase 3), with subsequent ubiquitination and proteasomal degradation [25,26,27]. β-catenin stabilization, following Wnt activation, results in its higher nuclear levels and pathological effects. One of these effects is the association with a transcription factor (TCF/LEF) and promotion of the expression of target genes involved in EMT [5].




3.4. Notch


Notch signaling normally balances cell proliferation, differentiation and apoptosis; activates the NF-κB pathway, and modulates TGF-β orchestration of EMT [6,29,30]. In normal mammary gland development, the Notch pathway is associated with the regulation of cell survival and has been implicated in cancer initiation and progression [29,30]. Recent studies have shown that Notch signaling is essential for maintaining the cancer stem cell-like population in a breast cancer cell line [29]. Notch signaling controls Snail expression by two synergistic mechanisms: including direct transcriptional activation of Snail, and an indirect mechanism operating via lysyl oxidase (LOX) [30]. Notch also increases LOX by recruiting HIF-1α, which stabilizes Snail, resulting in up-regulation of the EMT program, and subsequent migration and invasion of cancer cells. Meta-analysis of 3867 breast carcinomas showed that increased Notch expression has been associated with progression and poor prognosis, with higher Notch over-expression among the basal cancers [31]. Currently, Notch inhibition is an experimental treatment strategy for several cancers, including breast carcinoma [5,29,30,31].




3.5. Hypoxia


Hypoxia is one of the major physiological drivers responsible for the EMT (Figure 2), including the upregulation of hypoxia-inducible factor 1-α (HIF1α), hepatocyte growth factor (HGF), SNAI1 and TWIST1; activation of the Notch or NF-κB pathways, and induction of DNA hypomethylation [5,32,33]. Evidence has shown that the hypoxic microenvironment plays a key role in regulating breast cancer progression and metastasis [32], with elevated expression of hypoxia-associated genes associated with poor prognosis. Indeed, studies by Yang et al. showed that expression of the HIF-1α gene, a regulator of the hypoxic response, or a hypoxia meta-gene signature was associated with a poor outcome to endocrine treatment in ERα (+) breast cancer. Moreover, HIF-1α was able to contribute to endocrine therapy resistance to ERα (+) breast cancer cells [32,33].



In vitro studies on multiple human cancer cell lines show that low (3%) oxygen levels can induce the EMT phenotype, by inhibiting the activity of GSK3β, thereby sparing β-catenin from phosphorylation and subsequent destruction, and leading to its stabilization [5]. In other studies, the activation of Notch signaling was required for hypoxia-induced EMT by activating WNT/β-catenin signaling with the resulting stimulation of SNAI1 [5,32]. Hypoxia may also activate self-reinforcing positive-feedback loops that help to stabilize the mesenchymal state [5].




3.6. Tumor Necrosis Factor-Alpha (TNF-α)


TNF-α is a pivotal cytokine involved in several processes including inflammation, cellular homeostasis and tumor progression [34,35]. It promotes cancer invasion and angiogenesis associated with EMT programs, through the intersection of pathways that contribute to the repression of E-cadherin and activation of MMP9 [5]. Though unclear, the mechanism EMT induction by TNF-α suggests that the upregulation of Twist-1 may be involved in the process [35]. Upregulation of TNF-α has been shown to be associated with increase metastatic potential and invasiveness in breast cancer [34].



It has been shown that the EMT and cancer “stemness” properties, induced by TNF-α, are mediated by the upregulation Twist-1 [35]. The exposure to TNF-α, induced Twist-1 mRNA and protein expression in breast cancer cells, cell lines and mouse models, leading to the hypothesis that there is a signaling axis through which the tumor microenvironment and TNF-α elicit Twist-1 expression to promote cancer metastasis [35]. The authors suggest that targeting NF-κB-mediated Twist-1 upregulation may offer an effective therapeutic strategy for breast cancer treatment [35]. In renal cell carcinomas (RCC), TNF-α induced EMT of RCC cells by repressing E-cadherin, promoting invasiveness and activating MMP9 activity [34].




3.7. MicroRNAs


miRNAs are an evolutionarily conserved class of small noncoding RNAs that control gene expression by targeting mRNAs by binding to the 3′-untraslated region (3′UTR), leading to reduced translation of proteins, or degradation of the target mRNAs [36,37,38,39]. Dicer, also known as endoribonuclease Dicer or helicase with RNase motif is an enzyme encoded by the DICER1 gene. Being part of the RNase III family, Dicer cleaves double-stranded RNA (dsRNA) and pre-microRNA (pre-miRNA) into short double-stranded RNA fragments called small interfering RNAs (siRNAs) and miRNAs, respectively [39]. During mammary gland development, miRNAs act as regulators of gene expression [39,40]. In general, the levels of most mature (processed) miRNAs are decreased in cancer versus normal tissue [36,37].



miRNA-200c has been shown to suppress the EMT, by targeting ZEB1/ZEB2, and maintaining E-cadherin expression [37,38,39]. It is a member of the tumor suppressive family of miRNAs including miRNA-200a, -200b, -200c, -141 and -429. Differential expression of the miRNA-200 family, for example in the upregulation of miR-200c, increased Dicer expression in two ERα-negative cell lines [36,37,38,39]. Similarly, in a study by Rhodes et al., the overexpression of miR-200b-3p, in a triple negative breast cancer cell line with no expression of miRNA-200 members, repressed the EMT, as demonstrated by the decrease in migratory capability and increased CDH1 expression [37]. This suggests that loss of miR-200 family members contributes to the EMT, as members of the miR-200 family of miRNAs can directly target repressors of CDH1, ZEB-1 and ZEB-2 [37].



Another miRNA, miRNA-300, was shown by Yu et al. [40] to be downregulated in breast cancer cells undergoing EMT, when compared to cells with a typical epithelial phenotype. miRNA-300 was shown to target Twist and negatively regulate the EMT and invasion [40].



Although the majority of miRNAs are decreased after neoplastic transformation, some miRNAs may be increased [39]. For example overexpression of miRNA-103/107 targets Dicer and inhibits its expression, thereby promoting EMT in breast cancer cell lines and metastasis in murine cell lines [39]. miR-10b, which represses homeobox D10 expression, releases transcriptional inhibition of the prometastatic Ras homolog gene family member C, while miRNA-221/222 can upregulate β-catenin expression and increased its the nuclear fraction [37].



Another miRNA involved in breast cancer metastasis and invasion in the context of the EMT is miR-10b. miR-10b is associated with mesenchymal features and invasive properties in breast cancer when overexpressed, through translational inhibition of HOXD10 (transcription factor associated with Wilms tumor) and upregulation of RHOC protein levels, enabling matrix extracellular degradation [5].



Finally, miRNA-21 has been identified to be overexpressed in several malignancies, and is known to promote breast cancer growth, proliferation, migration and metastasis partly by inhibiting PI3K/Akt targeting PIK3R1 and reversing EMT [5,39,40,41].




3.8. Cancer Stem Cell and EMT in Breast Cancer


Poor cancer survival has been linked to the enrichment of cancer stem cells that are capable of undergoing invasion, migration, survival, colonization and metastasis. Cancer stem cells are defined as those cells within a tumor that can self-renew and drive tumorigenesis, and are typically described as being CD44+/CD24−. The cancer stem-cell concept has important implications for cancer therapy [5,42]. In breast cancer, the properties of “stemness” is measured in vitro by the ability to form mammospheres, form tumors when injected into mouse models, and the ability to promote metastasis [5,42,43,44,45,46,47]. The cancer stem cell properties of breast cancer exhibit great phenotypical plasticity which allows the cell to undergo EMT at the site of primary tumor [42,44,45,46,47]. The expression of EMT-associated genes in CD44+/CD24− cells isolated from normal human breast tissue, and from primary breast cancer, showed that many of the EMT transcription factors were expressed more so when cells had stem cell-like features [5,42].



In addition to its contribution to tumor progression and metastasis, the EMT has implications for therapeutic resistance. Moreover, the stem cell phenotype has also been associated with an increased resistance to apoptosis [46]. Highlighting the importance of EMT in therapeutic resistance, cancer cells with stem cell features have been found to be enriched in the residual tumors remaining after standard chemotherapy. In patients with breast cancer undergoing neoadjuvant therapy, there was an increase of CD44+/CD24− cells expressing EMT-associated genes found in the post-treatment biopsy [46].





4. EMT Clinical Behavior, Tumor Invasion and Metastasis


Invasion is one of the central hallmarks of cancer. In this context, EMT as a complex reprogramming process of the epithelial cell is thought to play an indispensable role. Much of the evidence for an EMT role in invasion and metastasis is derived from experimental studies where the EMT can be induced in vitro [15,17,24,34,35]. Mesenchymal-like cancer cells invade tissues and migrate to distant sites through mechanisms similar to those observed in normal developmental embryogenesis [17,46,47,48].



Interestingly, the EMT rarely occurs homogenously across the whole tumor [13]. For invasion with subsequent metastasis, it is hypothesized that breast cancer tumor cells at the tumor margin lose epithelial properties and acquire features of mesenchymal cells [48]. The EMT has been suggested to be of prime importance for tissue and vessel invasion. For instance, when analyzing a sample with several components; in situ and invasive lesions, the expression of EMT markers will be differently expressed among different compartments of the cancer (DCIS, invasive breast cancer and, normal) in the same patient [48]. Alkatout et al. showed that SNAI1, SNAI2, Twist and Zeb1 are differentially expressed between normal breast epithelium, ductal carcinoma in situ and invasive breast cancer. Both invasive and in situ carcinoma expressed less Slug and Twist and more Zeb1 compared to normal epithelium. However, in lobular carcinomas [20], the expression of EMT markers appears uniformly throughout the cancer, in contrast to other tumors and breast carcinomas where the changes are observed only in subsets of cancer cells. Clearly, interactions between other tumor pathways and EMT may modulate invasion in different molecular and pathological subtypes. The transient nature of expression of EMT markers also complicates strategies for understanding and ultimately targeting these pathways [48].




5. Potential Prognostic and Predictive Value of EMT in Breast Cancer


EMT-gene signatures and biomarkers in BC and in other tumors may act as both prognostic (residual risk) and predictive assays [45]. The potential progression from invasive BC cancer to metastasis may better be understood by understanding EMT mechanisms leading to potential novel treatment decisions. In this respect, the EMT may provide opportunities for novel targeted therapies, and there are several drugs currently being tested for different tumors that are “anti-EMT” (discussed below).



To date, there are no commercial gene signatures that are prognostic or predictive that focuses specifically on the genes of the EMT. A current need is the elucidation of markers for ductal carcinoma in situ, where identification of tumors with the potential to recur; or to progress to locally invasive or metastatic disease, would significantly impact patient treatment with respect to radiotherapy or surgical resection alone. Along these lines, Knudsen et al., investigated the differences in gene expression between ductal carcinoma in situ (DCIS) and invasive breast cancer epithelia, with their findings showing that EMT-associated genes were consistently upregulated in invasive disease, relative to pure DCIS [45]. Similarly, in a meta-analysis of gene expression signatures defining EMT during cancer progression, Grӧger et al., identified 365 genes from 10 datasets. From this list, 130 genes were shown to be differentially expressed, with 67 identified as being upregulated, and the remaining 63 found to be downregulated in breast cancer cells. Investigation of the pathways associated with these differentially expressed genes showed that they were predominantly associated with adhesion, migration, development, cell differentiation, proliferation, angiogenesis, wound healing, metabolism and others [45].




6. EMT Targeted Therapy


With the EMT program influence by many pathways, so are the opportunities for therapeutic intervention [40,49,50,51,52,53,54]. As mentioned previously, miRNAs play an important role in the EMT processes. One prominent miRNA, miRNA-300, has been investigated in epithelial tumors for its contribution to the EMT [40]. miRNA-300 has been found to be downregulated in head and neck squamous cell carcinomas and breast cancer cells that had undergone the EMT. In luciferase and rescue assays, miRNA-300 has been shown to directly target Twist. Clinically, miR-300 expression was found to inversely correlate with Twist expression, and reduced miR-300 was associated with metastasis in patients’ specimens, implicating miR-300 as a possible candidate for cancer therapy [41,42]. Antagonism of miRNA-21, one of the first miRNAs described revealed reversion of the EMT with stem cell phenotypes in breast cancer cells via AKT and ERK1/2 pathways by targeting PTEN. This information may be useful for developing new treatments [37,40].



Studies by Yen et al., used xenograft tumors, to evaluate the antitumor effect of the anti-Notch 2/3 antibody, OMP-59R5. Immunohistochemistry, RNA microarray, real-time PCR, and in vivo serial transplantation assays found when used as a single agent, or in combination with other chemotherapeutics, efficacy was demonstrated in a broad spectrum of epithelial tumors, including breast, lung, ovarian, and pancreatic cancers [48], and is currently being explored [49,50,51].



Similarly, Song et al., found that Sinomemine, a drug used for rheumatic diseases, can induce apoptosis in several cell types by suppressing NF-κB. Co-immunoprecipitation analysis revealed that Sinomenine enhanced the binding of NF-κB and IκB in a dose-dependent manner, suggesting its effect on inactivation of NF-κB [52].



Targeting Wnt/β-catenin was demonstrated in a study using cell lines and xenografts, using the phytochemical, Baicalein, which downregulated the expression of Wnt1 and β-catenin proteins, as well as the and transcriptional level of Wnt/β-catenin-targeted genes. Baicalein was able to suppressed proliferation, migration, and invasion of MDA-MB-231 cells and on assays carried out in xenograft mouse model, inhibiting tumor metastasis in vivo [53].



Finally, the use of a pan-inhibitor of Aurora kinases, danusertib, promoted cellular apoptosis and autophagy, and inhibited the EMT in breast cancer cells, via modulation of p38 MAPK/Erk 1/2/Akt/mTOR signaling pathways, making this a promising anticancer treatment for breast cancer [49].




7. Conclusions


The understanding of EMT programs in breast cancer has evolved in the last few years, from the recognition of the role for E-cadherin repression, to a complex molecular integration of multiple pathways. During the EMT, tumor cells acquire invasive traits through overexpression, mutation or amplification of oncogenes and also repression of tumor suppressors, leading to the aberrant expression of signaling pathways. In this brief overview of the EMT, it is clear that understanding the complex mechanisms underlying the change of the epithelial cell phenotype to a mesenchymal, and a more motile state, is critical to understanding breast cancer pathogenesis, and holds promise in providing predictive and prognostic biomarkers as well as novel therapeutic interventions.







Acknowledgments


Joema Felipe Lima is an Ontario Institute for Cancer Research Pathology Fellow funded by the Province of Ontario by the Ministry of Research, Innovation and Science.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Prat, A.; Perou, C.M. Desconstructing the molecular portraits of breast cancer. Mol. Oncol. 2011, 5, 5–23. [Google Scholar] [CrossRef] [PubMed]

	



Taube, J.H.; Herschkowitz, J.I.; Komurov, K.; Zhou, A.Y.; Gupta, S.; Yang, J.; Hartwell, K.; Onder, T.T.; Gupta, P.B.; Evans, K.W.; et al. Core epithelial-to-mesenchymal transition interactome gene-expression signature is associated with claudin-low and metaplastic breast cancer subtypes. Proc. Natl. Acad. Sci. USA 2010, 107, 15449–15454. [Google Scholar] [CrossRef] [PubMed]

	



Micalizzi, D.; Ford, H. Epithelial to mesenchymal transition in development of cancer. Future Oncol. 2009, 8, 1129–1143. [Google Scholar] [CrossRef] [PubMed]

	



Scimeca, M.; Antonacci, C.; Colombo, D.; Bonfiglio, R.; Buonomo, O.C.; Bonanno, E. Emerging prognostic markers related to mesenchymal characteristics of poorly differentiated breast cancers. Tumor Biol. 2016, 37, 5427–5435. [Google Scholar] [CrossRef] [PubMed]

	



Polyak, K.; Weinberg, R.A. Transitions between epithelial and mesenchymal states: Acquisition of malignant and stem cell traits. Nat. Rev. 2009, 9, 265–273. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, M.A.; Parvani, J.G.; Schiemann, W.P. The pathophysiology of epithelial-mesenchymal transition induced by transforming growth factor-β in normal and malignant mammary epithelial cells. J. Mammary Gland Biol. Neoplasia 2010, 15, 169–190. [Google Scholar] [CrossRef] [PubMed]

	



Sarrió, D.; Rodriguez-Pinilla, S.M.; Hardisson, D.; Cano, A.; Moreno-Bueno, G.; Palacios, J. Epithelial-Mesenchymal transition in breast cancer relates to the basal-like phenotype. Cancer Res. 2008, 68, 989–997. [Google Scholar] [CrossRef] [PubMed]

	



Lien, H.C.; Hsiao, Y.H.; Lin, Y.S.; Yao, Y.T.; Juan, H.F.; Kuo, W.H.; Hung, M.C.; Chang, K.J.; Hsieh, F.J. Molecular signatures of metaplastic carcinoma of the breast by large-scale transcriptional profiling: Identification of genes potentially related to epithelial-mesenchymal transition. Oncogene 2007, 26, 7859–7871. [Google Scholar] [CrossRef] [PubMed]

	



Al Saleh, S.; Al Mulla, F.; Luqmani, Y.A. Estrogen receptor silencing induces epithelial to mesenchymal transition in human breast cancer cells. PLoS ONE 2011, 6, e20610. [Google Scholar] [CrossRef] [PubMed]

	



Pomp, V.; Leo, C.; Mauracher, A.; Korol, D.; Guo, W.; Varga, Z. Differential expression of epithelial-mesenchymal transition and stem cell markers in intrinsic subtypes of breast cancer. Breast Cancer Res. Treat. 2015, 154, 45–55. [Google Scholar] [CrossRef] [PubMed]

	



Czerwinska, P.; Kaminska, B. Regulation of breast cancer stem cell features. Contemp. Oncol. 2015, 19, A7–A15. [Google Scholar] [CrossRef] [PubMed]

	



Coradini, D.; Boracchi, P.; Ambrogi, F.; Biganzoli, E.; Oriana, S. Cell polarity. Epithelial-mesenchymal transition and cell-fate decision gene expression in ductal carcinoma in situ. Int. J. Surg. Oncol. 2012, 2012, 984346. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhou, B.P. Epithelial-mesenchymal transition—A hallmark of breast cancer metastasis. Cancer Hallm. 2013, 1, 38–49. [Google Scholar] [CrossRef] [PubMed]

	



Knudsen, E.S.; Ertel, A.; Davicioni, E.; Kline, J.; Schwartz, G.F.; Witkiewicz, A.K. Progression of ductal carcinoma in situ to invasive breast cancer is associated with gene expression programs of EMT and myoepithelial. Breast Cancer Res. Treat. 2012, 133, 1009–1024. [Google Scholar] [CrossRef] [PubMed]

	



Bouris, P.; Skandalis, S.S.; Piperigkou, Z.; Afratis, N.; Karamanou, K.; Aletras, A.J.; Moustakas, A.; Theocharis, A.D.; Karamanos, N.K. Estrogen receptor alpha mediates epithelial to mesenchymal transition, expression of specific matrix effectors and functional properties of breast cancer cells. Matrix Biol. 2015, 43, 42–60. [Google Scholar] [CrossRef] [PubMed]

	



Radisky, E.; Radisky, D. Matrix metalloproteinase-induced epithelial-mesenchymal transition in breast cancer. J. Mammary Gland Biol. Neoplasia 2012, 15, 201–212. [Google Scholar] [CrossRef] [PubMed]

	



Cichon, M.A.; Nelson, C.M.; Radisky, D.C. Regulation of epithelial-mesenchymal transition in breast cancer cells by cell contact and adhesion. Cancer Inform. 2015, 14 (Suppl. 3), 1–13. [Google Scholar] [PubMed]

	



Faronato, M.; Nguyen, V.T.; Patten, D.K.; Lombardo, Y.; Steel, J.H.; Patel, N.; Woodley, L.; Shousha, S.; Pruneri, G.; Coombes, R.C.; et al. DMXL2 drives epithelial to mesenchymal transition in hormonal therapy resistant breast cancer through notch hyper-activation. Oncotarget 2015, 6, 22467–22479. [Google Scholar]

	



Fischer, K.; Durrans, A.; Lee, S.; Sheng, J.; Li, F.; Wong, S.T.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. Epithelial-to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472–476. [Google Scholar] [CrossRef] [PubMed]

	



Lombaerts, M.; van Wezel, T.; Philippo, K.; Dierssen, J.W.; Zimmerman, R.M.; Oosting, J.; van Eijk, R.; Eilers, P.H.; van de Water, B.; Cornelisse, C.J.; et al. E-cadherin transcriptional downregulation by promoter methylation but not mutation is related to epithelial-to-mesenchymal transition in breast cancer cell lines. Br. J. Cancer 2006, 94, 661–671. [Google Scholar] [CrossRef] [PubMed]

	



Ciriello, G.; Gatza, M.L.; Beck, A.H.; Wilkerson, M.D.; Rhie, S.K.; Pastore, A.; Zhang, H.; McLellan, M.; Yau, C.; Kandoth, C.; et al. Comprehensive molecular portraits of invasive lobular breast cancer. Cell 2015, 163, 506–519. [Google Scholar] [CrossRef] [PubMed]

	



Onder, T.T.; Gupta, P.B.; Mani, S.A.; Yang, J.; Lander, E.S.; Weinberg, R.A. Loss of E-cadherin promotes metastasis via multiple downstream transcriptional pathways. Cancer Res. 2008, 68, 3645–3654. [Google Scholar] [CrossRef] [PubMed]

	



Thomson, S.; Petti, F.; Sujka-Kwok, I.; Mercado, P.; Bean, J.; Monaghan, M.; Seymour, S.L.; Argast, G.M.; Epstein, D.M.; Haley, J.D. A system view of epithelial-mesenchymal transition signaling states. Clin. Exp. Metastasis 2011, 28, 137–155. [Google Scholar] [CrossRef] [PubMed]

	



Abdulla, T.; Luna-Zurita, L.; de la Pompa, J.L.; Schleich, J.M.; Summers, R. Epithelial to mesenchymal transition—The roles of cell morphology, labile adhesion and junctional coupling. Comput Methods Progr. Biomed. 2013. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Katz, E.; Dubois-Marshall, S.; Sims, A.H.; Gautier, P.; Caldwell, H.; Meehan, R.R.; Harrison, D.J. An in vitro model that recapitulates the epithelial to mesenchymal transition (EMT) in human breast cancer. PLoS ONE 2001, 6, e17083. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nelson, W.J.; Nusse, R. Convergence of Wnt, beta-catenin, and cadherin pathways. Science 2004, 303, 1483–1487. [Google Scholar] [CrossRef] [PubMed]

	



Geyer, F.C.; Lacroix-Triki, M.; Savage, K.; Arnedos, M.; Lambros, M.B.; MacKay, A.; Natrajan, R.; Reis-Filho, J.S. β-catenin pathway activation in breast cancer is associated with triple-negative phenotype but not with CTNNB1 mutation. Mod. Pathol. 2011, 24, 209–231. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, N.; Panda, C. Subtype-specific alterations of the Wnt signaling pathway in breast cancer. Clin. Progn. Signif. Cancer Sci. 2012, 103, 210–220. [Google Scholar]

	



Li, Y.; Wang, Z. Regulation of EMT by Notch signaling pathway in tumor progression. Curr. Cancer Drug Targets 2013, 13, 957–962. [Google Scholar] [CrossRef] [PubMed]

	



Farnie, G.; Clarke, R. Mammary stem cells and breast cancer—Role of Notch signaling. Stem Cell Rev. 2007, 3, 169–175. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Zhang, M.; Wu, H.; Xu, H.; Han, N.; Chu, Q.; Yu, S.; Chen, Y.; Wu, K. Expression of Notch 1 correlates with breast cancer progression and prognosis. PLoS ONE 2015, 10, e0131689. [Google Scholar]

	



Liu, Z.J.; Semenza, G.L.; Zhang, H.F. Hypoxia-inducible factor 1 and breast cancer metastasis. Biomed. Biotechnol. 2015, 16, 32–43. [Google Scholar] [CrossRef] [PubMed]

	



Aiwei, Y.; Kieber-Emons, T. Adipocyte hypoxia causes epithelial to mesenchymal transition—Related gene expression and estrogen receptor-negative phenotype in breast cancer cells. Oncol. Rep. 2015, 33, 2689–2694. [Google Scholar]

	



Ho, M.Y.; Tang, S.J.; Chuang, M.J.; Cha, T.L.; Li, J.Y.; Sun, G.H.; Sun, K.H. TNF-α induces epithelial-mesenchymal transition of renal cell carcinoma cells via a GSK3β-dependent mechanism. Mol. Cancer Res. 2012, 10, 1109–1119. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.W.; Xia, W.; Huo, L.; Lim, S.O.; Wu, Y.; Hsu, J.L.; Chao, C.H.; Yamaguchi, H.; Yang, N.K.; Ding, Q.; et al. Epithelial-mesenchymal transition induced by TNF-α requires NF-κB-mediated transcriptional upregulation of Twist 1. Cancer Res. 2012, 72, 1290–1300. [Google Scholar] [CrossRef] [PubMed]

	



Iorio, M.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.; Campiglio, M.; et al. MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65, 7065–7070. [Google Scholar] [CrossRef] [PubMed]

	



Rhodes, L.V.; Martin, E.C.; Segar, H.C.; Miller, D.F.; Buechlein, A.; Rusch, D.B.; Nephew, K.P.; Burow, M.E.; Collins-Burow, B.M. Dual regulation by micro RNA-200b-3b and microRNA-200b-5p in the inhibition of epithelial-to-mesenchymal transition in triple-negative breast cancer. Oncotarget 2015, 6, 16639–16652. [Google Scholar] [CrossRef] [PubMed]

	



Creighton, C.J.; Gibbons, D.L.; Kurie, J.M. The role of epithelial-mesenchymal transition programming in invasion and metastasis: A clinical perspective. Cancer Manag. Res. 2013, 5, 187–195. [Google Scholar] [CrossRef] [PubMed]

	



Guttilla, I.; White, B. ERα, microRNAs, and the epithelial-mesenchymal transition in breast cancer. Trends Endocrinol. Metab. 2012, 3, 73–82. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Xie, F.; Bao, X.; Chen, W.; Xu, Q. miR-300 inhibits epithelial to mesenchymal transition and metastasis by targeting Twist in human epithelial cancer. Mol. Cancer 2014, 13, 121. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Dong, C.; Zhou, B.P. Epigenetic regulation of EMT: The snail story. Curr. Pharm. Des. 2014, 20, 1698–1705. [Google Scholar] [CrossRef] [PubMed]

	



Sigurdsson, V.; Gudjonsson, T. Endothelial induced EMT in breast epithelial cells with stem cells properties. PLoS ONE 2011, 6, e23833. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wendt, M.K.; Schiemann, W.P. Mechanisms of epithelial-mesenchymal transition by TGF-β. Future Oncol. 2009, 5, 1145–1168. [Google Scholar] [CrossRef] [PubMed]

	



Kalluri, R.; Wienberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [Google Scholar] [CrossRef] [PubMed]

	



Groger, C.; Grubinger, M.; Waldhör, T.; Vierlinger, K.; Mikulits, W. Meta-analysis of gene expression signatures defining the epithelial to mesenchymal transition during cancer progression. PLoS ONE 2012, 7, e51136. [Google Scholar] [CrossRef] [PubMed]

	



Srishti, K.; Susinjam, B. Breast cancer stem cells, EMT and therapeutic targets. Biochem. Biophys. Res. Commun. 2014, 453, 112–116. [Google Scholar]

	



Eaves, C. Cancer stem cells: Here, there, everywhere? Nature 2008, 456, 581–582. [Google Scholar] [CrossRef] [PubMed]

	



Alkatout, I.; Klapper, W. Transcription factors associated with epithelial-mesenchymal transition and cancer stem cells in the tumor center and margin of invasive breast cancer. Exp. Mol. Pathol. 2013, 94, 168–173. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.P.; Yang, Y.X.; Liu, Q.L.; Zhou, Z.W.; Pan, S.T.; He, Z.X.; Zhang, X.; Yang, T.; Pan, S.Y.; Duan, W.; et al. The pan-inhibitor of Aurora kinases danusertib induces apoptosis and autophagy and suppresses epithelial-to-mesenchymal transition in human breast cancer cells. Drug Des. Dev. Ther. 2015, 9, 1027–1062. [Google Scholar]

	



Yen, W.C.; Fischer, M.M.; Axelrod, F.; Bond, C.; Cain, J.; Cancilla, B.; Henner, W.R.; Meisner, R.; Sato, A.; Shah, J.; et al. Targeting Notch signaling with a Notch2/Notch3 antagonist (Tarextumab) inhibits tumor growth and decreases tumor-initiating cell frequency. Clin. Cancer Res. 2015, 21, 2084–2094. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.; Mernaugh, R.; Yi, F.; Blum, D.; Carbone, D.P.; Dang, T.P. Targeting specific regions of the Notch3 ligand-binding domain induces apoptosis and inhibits tumor growth in lung cancer. Cancer Res. 2010, 70, 632–638. [Google Scholar] [CrossRef] [PubMed]

	



Song, L.; Liu, D.; Zhao, Y.; He, J.; Kang, H.; Dai, Z.; Wang, X.; Zhang, S.; Zan, Y. Sinomenine inhibits breast cancer cell invasion and migration by suppressing NF-κB activation mediated by IL-4/miR-324-5p/CUEDC2 axis. Biochem. Biophys. Res. Commun. 2015, 464, 705–710. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Yan, W.; Dai, Z.; Gao, X.; Ma, Y.; Xu, Q.; Jiang, J.; Zhang, S. Baicalein suppresses metastasis of breast cancer cells by inhibiting EMT via downregulation of SATB1 and Wnt/β-catenin pathway. Drugs Des. Dev. Ther. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Han, M.; Liu, M.; Wang, Y.; Chen, X.; Xu, J.; Sun, Y.; Zhao, L.; Qu, H.; Fan, Y.; Wu, C. Antagonism of miR-21 reverses epithelial-mesenchymal transition and cancer stem cell phenotype through AKT/ERK1/2 inactivation by targeting PTEN. PLoS ONE 2012, 7, e39520. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 05 00065 g001 1024] 





Figure 1. Epithelial to mesenchymal transition overview. Selected signaling pathways are depicted. Transforming growth factor-β, Notch, WNT can induce EMT through multiple pathways. EMT and MET (mesenchymal to epithelial transition) are associated with changes in the cytoskeleton and disruption of tight junctions and desmosomes. Adapted from Polyak et al. [5]. 
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Figure 2. Transmembrane signaling by TGF-β. Canonical TGF binds to TβR-III, with recruitment of TβR-I, resulting in activation of Smad 3/2 and 4 translocate to the nucleus to regulate TGF-β genes (left); The non-canonical TGF binds to TβR-II (or III with subsequent binding of II) through Smad-independent pathway including Par-6, NF-kB, PI3K is shown (right). Adapted from Taylor et al. [6]. 
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