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During physiological epithelial-mesenchymal transition (EMT), which is important for embryogenesis and wound healing, epithelial cells activate a program to remodel their structure and achieve a mesenchymal fate. In cancer cells, EMT confers increased invasiveness and tumor-initiating capacity, which contribute to metastasis and resistance to therapeutics. However, cellular plasticity that navigates between epithelial and mesenchymal states and maintenance of a hybrid or partial E/M phenotype appears to be even more important for cancer progression. Besides other core EMT transcription factors, the well-characterized Snail-family proteins Snail (SNAI1) and Slug (SNAI2) play important roles in both physiological and pathological EMT. Often mentioned in unison, they do, however, differ in their functions in many scenarios. Indeed, Slug expression does not always correlate with complete EMT or loss of E-cadherin (CDH1). For example, Slug plays important roles in mammary epithelial cell progenitor cell lineage commitment and differentiation, DNA damage responses, hematopoietic stem cell self-renewal, and in pathologies such as pulmonary fibrosis and atherosclerosis. In this Perspective, we highlight Slug functions in mammary epithelial cells and breast cancer as a “non-EMT factor” in basal epithelial cells and stem cells with focus reports that demonstrate co-expression of Slug and E-cadherin. We speculate that Slug and E-cadherin may cooperate in normal mammary gland and breast cancer/stem cells and advocate for functional assessment of such Slug+/E-cadherinlow/+ (SNAI2+/CDH1low/+) “basal-like epithelial” cells. Thus, Slug may be regarded as less of an EMT factor than driver of the basal epithelial cell phenotype.
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INTRODUCTION

Phenotypic plasticity refers to the ability of cells to change their phenotype such as transitioning from epithelial to mesenchymal characteristics or from stem cell to a differentiated state. This plasticity may be one-directional or reversible and transient or permanent. In addition, cells may inhabit any state between such defined phenotypes in a stable or metastable manner. The cellular plasticity of cancer cells relies on molecular mechanisms from the playbook of normal embryonic or postnatal development. The mammary gland is a particularly dynamic organ undergoing expansion and differentiation during pregnancy and early lactation, followed by cell death and remodeling during the course of weaning (Richert et al., 2000; Shamir and Ewald, 2015). One type of plasticity, the epithelial-mesenchymal transition (EMT) is an important process for normal development and tumor biology. During EMT cells lose their epithelial polarization and organization and E-cadherin expression is drastically reduced through active inhibition of gene expression (Micalizzi et al., 2010). Thus, E-cadherin downregulation is often used as a (surrogate) marker for EMT. Snail and Slug are two transcription factors that can directly repress the E-cadherin gene (CDH1) promoter while activating the promoters of key mesenchymal genes such as ZEB1 and vimentin (Ye et al., 2015; Xu et al., 2019). For comprehensive background information, we refer the reader to a number of excellent recent reviews, which summarize Slug functions and regulation of expression (Zhou et al., 2019), regulation by posttranslational modifications (Xu et al., 2019), and the non-redundant functions of EMT factors (Stemmler et al., 2019).

Snail and Slug are often named in unison as if functionally synonymous, and expression of Slug alone suggested as indication of a mesenchymal gene program. However, the endogenous functions of Snail and Slug can vary significantly, in part due to differences in DNA-binding affinity and interaction partners. Thus, Slug and Snail have overlapping (e.g., CDH1, VIM) as well-distinct sets of target genes (e.g., L1CAM, PTEN) (Stemmler et al., 2019; Xu et al., 2019). Slug plays a role in maintaining the structure of the normal mammary gland and modulates the specific phenotypes of breast cancer subtypes (Phillips and Kuperwasser, 2014). Overexpression of ectopic Slug may lead to cellular responses that mimic Snail functions, such as inhibition of CDH1 gene expression. However, at physiological levels, Slug and E-cadherin are often co-expressed. Thus, results from overexpression studies and cell culture paradigms, as has been noted before (Alves et al., 2009), have created the perception of Slug as an EMT transcription factor, when many times it is not. The above-mentioned reviews provide numerous examples for the role of Slug in EMT. Whether Slug can execute this role in the absence of its partner Snail, has perhaps not been addressed in detail. In experimental systems where Slug “inhibits expression of E-cadherin,” it may be reduced but not abolished (e.g., Leong et al., 2007). The co-occurrence of Slug and E-cadherin may be particularly relevant for hybrid EMT and cellular plasticity, which are being recognized as important factors in cancer progression (Jolly et al., 2018; Aiello and Kang, 2019; Gupta et al., 2019), along with the role of E-cadherin in not only the establishment of metastases but also the process of dissemination (Rodriguez et al., 2012; Padmanaban et al., 2019; Voglstaetter et al., 2019). In this Perspective, we want to highlight examples of co-expression of Slug and E-cadherin and hypothesize on its relevance for tumor biology.



SLUG PROMOTES THE BASAL CELL PHENOTYPE AND STEMNESS IN THE MAMMARY EPITHELIUM: NOT WITHOUT E-CADHERIN?

The mammary gland epithelium is a bilayer of luminal epithelial cells and basal/myoepithelial cells that express unique sets of cytokeratins. Within each layer are subsets of cells with different characteristics based on e.g., expression of specific steroid hormone receptors and stem cell or lineage progenitors properties (Visvader and Stingl, 2014). To our knowledge, Slug protein expression has not been investigated in normal human mammary stem/progenitor cells. Mouse models have, however, provided significant insights about Slug's function in development. Slug is expressed in basal mammary epithelial cells (MECs) and is the only EMT factor that is enriched in both mouse and (by mRNA) human mammary stem cells (MaSC) that reside within this compartment (Lim et al., 2010; Guo et al., 2012; Nassour et al., 2012). Interestingly, SNAI2/Slug mRNA expression is detectable in human luminal progenitors (albeit at significantly lower levels compared to basal cells) but not in their mouse counterpart (Lim et al., 2010). Its functional significance has yet to be determined but may be relevant for the development of luminal breast cancer (see below). Slug plays an important role in maintaining stemness in cooperation with proteins such as Sox9 and the chromatin modifier LSD1 (Guo et al., 2012; Phillips et al., 2014; Bai et al., 2017). In addition, Slug determines progenitor cell lineage commitment and differentiation by actively repressing the luminal cell state (Phillips and Kuperwasser, 2014). Snail, on the other hand, is expressed in the mesenchymal stromal fibroblasts surrounding the mammary duct and not in normal mammary epithelial cells (Nassour et al., 2012; Ye et al., 2015). P-cadherin (CDH3), the classical myoepithelial cadherin (Shamir and Ewald, 2015), is a target gene of Slug and mediates many of its functions (Idoux-Gillet et al., 2018). E-cadherin is highly expressed in luminal cells, but Slug expressing basal cells also express E-cadherin (Ye et al., 2015). E-cadherin localizes to the lateral cell-junctions. Basal cells and luminal cells are very different in size and shape. Most likely, normal cells engage feedback mechanisms to regulate the levels of E-cadherin based on their cell-cell contacts. How should one compare the “functionally equivalent” amounts of E-cadherin cell-cell adhesions? For these reasons, here we use the term “E-cadherin+” to refer to cells that express any detectable amount of the protein.

Surprisingly, Slug-deficiency does not impair the regeneration capacity of transplanted mammary tissue fragments although lineage dynamics were compromised (Nassour et al., 2012). However, when the tissue was dissociated, the organoid-forming and gland-reconstituting activities of stem cells are dependent on Slug (Guo et al., 2012; Phillips et al., 2014). The apparent paradox might be explained by a pro-survival function of Slug in stem cells that becomes apparent in the dissociation paradigm and could also be relevant for cancer stem cell assays. Whether E-cadherin plays a role in MaSCs is not known (Figure 1). However, E-cadherin is important for pluripotency in embryonic stem cells through cooperation with the Wnt signaling pathway (Pieters and van Roy, 2014). Studies of the mechanisms leading to expansion of the mammary gland during pregnancy revealed that a TGFβ2/integrin-αvβ3 pathway induces Slug protein accumulation in MaSCs without affecting mRNA expression or overt EMT signatures. Knockdown of αvβ3 in MDA-MB-231 cells reduced Slug expression and compromised survival of tumor initiating cells (Desgrosellier et al., 2014). In addition, Slug has a role in genome maintenance. Slug knockout mice exhibited premature aging of mammary epithelium with loss of mammary stem cell activity, luminal differentiation of basal cells, and increased DNA damage due to replicative stress (Gross et al., 2019). Conceivably, this function could also contribute to cancer stem cell maintenance and resistance to chemotherapeutics. Unexpectedly though, Slug knockout impairs MEC death during post-lactational mammary gland involution (Castillo-Lluva et al., 2015). The contrast of functions in developmental cell death vs. promoting cancer cell survival is not unique to Slug but also seen with STAT3 and C/EBPδ transcription factors (Balamurugan and Sterneck, 2013; Resemann et al., 2014). In summary, studies in mouse models demonstrate that Slug determines a basal MEC phenotype and promotes mammary stem cell self-renewal, genomic maintenance and cell survival, all of which is at least compatible with E-cadherin expression.
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FIGURE 1. Schematic of the mammary epithelial stem cell hierarchy depicting the known and proposed relationships of Slug and E-cadherin (see text for details). Relative differences in expression levels between cells can be assumed but are not depicted. Figure was created with BioRender.com.




SLUG AND BREAST CANCER STEM CELLS: WHICH ONES, AND WHAT ABOUT E-CADHERIN?

Breast cancer (BC) is classified into subtypes based on expression of hormone receptors and HER2, which are usually associated with a luminal cell phenotype. Triple negative breast cancer (TNBC) lacking expression of these markers presents mostly with a basal or basal-like BC (BLBC) phenotype. Mesenchymal markers are enriched in a subset of TNBCs and are correlated with stemness properties (Dai et al., 2016). Despite controversies surrounding the cancer stem cell (CSC) theory, the concept has contributed to the identification of cancer cell plasticity and important mechanisms underlying tumor progression (Wang et al., 2015). Various cell surface molecules (e.g., CD44, CD24, CD133) and combinations thereof as well as ALDH activity have been used to enrich for cells with stemness properties and their frequency varies by BC subtype (Rodriguez et al., 2019). The CD44+/CD24−/low CSCs are mesenchymal-like while ALDH1+ and CD44+/CD24+ stem cells are epithelial-like. In node-positive BC, co-occurrence of ALDH1 and Slug in primary lesions was associated with shorter disease-free survival, though co-expression at the single cell level was not assessed (Ito et al., 2016). Transcriptomic analysis of patient-derived xenograft models showed that SNAI2/Slug mRNA was enriched in the mesenchymal CSCs “consistent” with its classification as an “EMT factor” (Liu et al., 2018). However, low levels of mRNA do not preclude Slug protein expression as shown for HMLER hybrid E/M cells (Kroger et al., 2019). Slug expression and its role in distinct types of tumor initiating cells with low proteasome activity, high STAT3, or SOX2/OCT4 activity has not been investigated (Vlashi et al., 2013; Wei et al., 2014; Tang et al., 2015). However, Slug was shown to be important for survival of integrin αvβ3/Src-induced CSCs that also express E-cadherin and exist across BC subtypes (Sun et al., 2018). Mesenchymal CD44+/CD24−/low CSCs do not express E-cadherin but gain further tumor initiating capacity with the expression of the epithelial adhesion molecule EpCAM that marks “hybrid E/M” states (Dittmer, 2018). In BLBC cell lines, the p63 transcription factor, which is important for MaSCs (Memmi et al., 2015), promotes invasiveness through Slug without compromising E-cadherin expression (Dang et al., 2015). It is thus conceivable that E-cadherin may be important for a subset of breast CSCs. E-cadherin promotes BC cell mammosphere formation, a measure of stem cell self-renewal (Manuel Iglesias et al., 2013). E-cadherin can promote stemness in lung and gastric cancer cells (Tang et al., 2019; Ye et al., 2020) and signaling pathways that are known to support CSCs such as by EGFR (Rodriguez et al., 2012; Steelman et al., 2016), LIFR (del Valle et al., 2013), and Wnt (Pieters and van Roy, 2014). To our knowledge, the expression and potential function of E-cadherin in different types of BC stem cells has not been analyzed to date.



BRIEF UPDATE ON SLUG IN BREAST CANCER: QUITE BASAL AND TO THE BONE—ALONG WITH E-CADHERIN?

Not surprisingly, Slug expression is preferentially observed in basal/TNBC as are mesenchymal and stemness markers. Compelling evidences for an important role of Slug in human breast cancer and mechanistic underpinnings have been reviewed (Phillips and Kuperwasser, 2014; Zhou et al., 2019). Here, we want to point out that the majority of basal/TNBC cancers do, however, not lose E-cadherin expression (Rodriguez et al., 2012; Horne et al., 2018). In support of the dissociation of Slug from the EMT processes, expression of Slug protein or E-cadherin (CDH1) mRNA were not correlated with the activation of a core EMT gene expression signature in breast cancer (Savci-Heijink et al., 2019). However, aberrant expression of Slug explains the emergence of basal tumor phenotypes from luminal progenitors (Phillips and Kuperwasser, 2014), or conversion of a luminal to basal phenotype through TGFβ (Sflomos et al., 2016). Furthermore, Slug contributes to treatment resistance of luminal cancers in part through promoting a phenotypic shift to a basal phenotype such as in HER2+ cells (Oliveras-Ferraros et al., 2012) and ER+ cells (Tsou et al., 2015; Geng et al., 2016; Alves et al., 2018). In addition, Slug expression in ER+ BC cell lines also promotes mammosphere formation, proliferation and invasive properties (Storci et al., 2010; Chimge et al., 2011; Mendoza-Villanueva et al., 2016; Manne et al., 2017). Interestingly, although CDH1 mRNA levels increased with Slug knockdown in drug-resistant MCF-7 cells, total E-cadherin protein levels did not (Alves et al., 2018). A negative feedback loop between Slug and ER is seen in ER+ breast cancer cell lines, where estrogen inhibits TGFβ-induced EMT by suppressing Slug but not Snail expression (Liu et al., 2019). In the context of RUNX2/TGFβ/Wnt-signaling, a balanced expression of Slug and ERα is implicated in bone metastasis of ER+ BC cell lines (Chimge et al., 2011). Furthermore, in TNBC cell lines, Slug promotes bone metastasis but not lung infiltration (Ferrari-Amorotti et al., 2014). Given the implications of integrin αvβ3 in bone metastasis of various epithelial cancers (Kwakwa and Sterling, 2017), above-mentioned role of Slug in the integrin αvβ3+ breast CSCs that do express E-cadherin (Sun et al., 2018), and elevated E-cadherin expression in BC bone metastases (Saha et al., 2007; Matteucci et al., 2013), we hypothesize that E-cadherin expressing αvβ3+/Slug+ stem-like cells could play a significant role in breast cancer bone metastasis.



SLUG AND EMT: GUILTY BY ASSOCIATION?

Without doubt, Slug's cousin Snail is a potent mediator of EMT. Slug and Snail are often coordinately expressed (Katoh, 2011), and Slug can thereby be implicated in EMT as “caught at the scene.” For example, in breast cancers that show correlation of Slug and Snail with lymph node metastasis, only Slug expression was seen in more histologically semi-differentiated structures. The observation led the authors to the hypothesis (foresight?) that each drives distinct tumor invasion modes (Come et al., 2006). Investigations of the mouse MMTV-PyMT tumor model showed that Snail expressing cells are mesenchymal while Slug expressing cells exhibited an epithelial phenotype. Despite a large number of common target genes, only Snail occupied the promoters of key mesenchymal marker genes (Ye et al., 2015). In MDA-MB-231 cells, Snail was necessary for binding of Slug to the ZEB1 promoter and its activation indicating that Slug alone may not drive EMT in the absence of Snail (Ye et al., 2015). On the other hand, Slug can attenuate E-cadherin levels indirectly by post-transcriptional mechanisms through miR-221 and by promoting protein degradation (Pan et al., 2016; Anzai et al., 2017). Using oncogene-transformed human mammary epithelial cells (HMLER), Kroger et al. showed that Slug protein expression in such epithelial cells was similar to that in mesenchymal and hybrid E/M cells. Only epithelial cells expressed E-cadherin. Mesenchymal cells had the highest levels of ZEB1, while hybrid E/M cells exhibited the most Snail expression along with CSC activity. Interestingly, hybrid E/M cells showed significant downregulation of Slug mRNA but no change at the protein level, suggesting significant stabilization of Slug protein in these cells (Kroger et al., 2019). While the mRNA data are consistent with reports that Snail can repress Slug/SNAI2 expression (Sundararajan et al., 2019), such results illustrate the importance of protein data even when mRNA expression is downregulated. Indeed, several mechanisms for stabilization of the Slug protein have been reported (Xu et al., 2019; Zhou et al., 2019). In the MMTV-PyMT mouse tumor model, Slug+ populations also express E-cadherin and a subpopulation of Slug+ cells also express EpCAM. Immunocytochemistry showed at the single cell level that among human basal breast cancer cell lines, there are various percentages of single and double positive cells for Slug and Snail protein (Ye et al., 2015). E-cadherin was not evaluated here, but these may be good models to mechanistically dissect the expression and function of E-cadherin in Slug+ cells.

The specific position of a cell along the E-M continuum may depend in part on the expression levels of Snail vs. Slug and their fine-tuning of E-cadherin expression levels. Mutual regulation of Snail and Slug has also been described in other cell types. Snail inhibits Slug in ovarian cancer cell lines, i.e., Slug is downregulated during EMT (Sundararajan et al., 2019). Snail and Slug engage in mutual negative feedback of expression during bone development (Chen and Gridley, 2013). In oral squamous carcinoma cell lines, Snail and Slug can engage in mutual attenuation of expression although both are induced by TGFβ (Nakamura et al., 2018). Lastly, Slug can support its own gene transcription in cooperation with Sox9 during embryonic development, i.e., when SOX9 is induced by BMP and Wnt signaling, Slug expression self-amplifies (Sakai et al., 2006). These types of feedback regulation may not only balance their relative expression levels but play a role in generating a metastable cell phenotype with Slug/Snail ratios performing the function of an E/M rheostat and tuning the expression level of E-cadherin.



DISCUSSION: WHAT ARE THE FRONTIERS?

A comprehensive analysis of Slug's prognostic/predictive biomarker potential and correlation with E-cadherin expression at single cell resolution with well-validated antibodies is still outstanding. Stratification by subtype and additional clinical criteria and biomarkers will be essential to gain significant insight. Because nuclear expression of Slug has also been correlated with cytoplasmic E-cadherin staining (Prasad et al., 2009), subcellular resolution may be important as well as consideration of E-cadherin isoforms (Ye et al., 2013; Konze et al., 2014; Wu et al., 2016). Similarly, sensitive single cell resolution analysis of Slug and E-cadherin protein expression among the diversity of cells in the mouse and human mammary epithelium and breast cancer may bring about new frontiers for functional studies.

Figure 2 summarizes cancer cell-related hypotheses on E-cadherin expression in relation to Slug and their potentially cooperative contribution to cancer progression. Due to the limited scope of this Perspective, the many other factors that are known to modulate these phenotypes were not included. A cell that expresses a moderate level of E-cadherin and Slug may be in a particular goldilocks state that facilitates these functions. Increasingly, a role for E-cadherin in cancer cell dissemination is being recognized (see Introduction). Collective migration/dissemination is one aspect in which Slug and E-cadherin may cooperate (Dang et al., 2015), and Slug+/E-cadherin+ cells may be particularly relevant in metastasis to the bone. In these contexts, the E-cadherin+ cell may not be expressing high but still functionally relevant levels of E-cadherin. As hybrid E/M phenotypes in circulating tumor cells (CTCs) reveal strong association with tumor-initiation potential and metastasis (Fabisiewicz et al., 2020), Slug+/E-cadherin+ cells are likely contributors to disseminating CTCs as well, perhaps in part through inhibition of anoikis or E-cadherin's potential to support stemness promoting signaling pathways.


[image: Figure 2]
FIGURE 2. Model describing expression of E-cadherin and Slug in luminal epithelial, basal epithelial and mesenchymal cancer cells and the proposed qualities of basal epithelial cancer cells due to co-expression of Slug and E-cadherin. Luminal basal transition (LBT) and basal luminal transition (BLT) are proposed terminologies in addition to EMT and MET. See text for details. Figure was created with BioRender.com.


The epithelial cadherin EpCAM has received much attention for its expression and functions in tumor cells (Dittmer, 2018). It is time that E-cadherin emerges from its shadow and sheds the prevailing image of being (only) a tumor suppressor. Considering mesenchymal vs. epithelial state and luminal vs. basal state along with time of development (of the organ or tumor) and space (microenvironment), cells navigate at least these six dimensions to attain a particular phenotype, challenging our need for classification. Regard for Slug+/E-cadherin+/low cells may in part address this challenge and contribute to better understanding of cancer biology.



AUTHOR CONTRIBUTIONS

ES and KB performed literature research and wrote the manuscript. DP reviewed literature, co-wrote the manuscript, and generated the figures. All authors contributed to the article and approved the submitted version.



FUNDING

The authors are supported by the Intramural Research Program of the NIH, National Cancer Institute.



ACKNOWLEDGMENTS

The authors apologize for not being able to discuss and cite a large body of relevant publications due to space limitations and the scope of the Perspective. Figures were created with BioRender.com.



REFERENCES

 Aiello, N. M., and Kang, Y. (2019). Context-dependent EMT programs in cancer metastasis. J. Exp. Med. 216, 1016–1026. doi: 10.1084/jem.20181827

 Alves, C. C., Carneiro, F., Hoefler, H., and Becker, K. F. (2009). Role of the epithelial-mesenchymal transition regulator Slug in primary human cancers. Front. Biosci. 14, 3035–3050. doi: 10.2741/3433

 Alves, C. L., Elias, D., Lyng, M. B., Bak, M., and Ditzel, H. J. (2018). SNAI2 upregulation is associated with an aggressive phenotype in fulvestrant-resistant breast cancer cells and is an indicator of poor response to endocrine therapy in estrogen receptor-positive metastatic breast cancer. Breast Cancer Res. 20:60. doi: 10.1186/s13058-018-0988-9

 Anzai, E., Hirata, K., Shibazaki, M., Yamada, C., Morii, M., Honda, T., et al. (2017). FOXA1 induces E-cadherin expression at the protein level via suppression of slug in epithelial breast cancer cells. Biol. Pharm. Bull. 40, 1483–1489. doi: 10.1248/bpb.b17-00307

 Bai, J. W., Chen, M. N., Wei, X. L., Li, Y. C., Lin, H. Y., Chen, M., et al. (2017). The zinc-finger transcriptional factor Slug transcriptionally downregulates ERα by recruiting lysine-specific demethylase 1 in human breast cancer. Oncogenesis 6:e330. doi: 10.1038/oncsis.2017.38

 Balamurugan, K., and Sterneck, E. (2013). The many faces of C/EBPδ and their relevance for inflammation and cancer. Int. J. Biol. Sci. 9, 917–933. doi: 10.7150/ijbs.7224

 Castillo-Lluva, S., Hontecillas-Prieto, L., Blanco-Gomez, A., Del Mar Saez-Freire, M., Garcia-Cenador, B., Garcia-Criado, J., et al. (2015). A new role of SNAI2 in postlactational involution of the mammary gland links it to luminal breast cancer development. Oncogene 34, 4777–4790. doi: 10.1038/onc.2015.224

 Chen, Y., and Gridley, T. (2013). Compensatory regulation of the Snai1 and Snai2 genes during chondrogenesis. J. Bone Miner. Res. 28, 1412–1421. doi: 10.1002/jbmr.1871

 Chimge, N. O., Baniwal, S. K., Little, G. H., Chen, Y. B., Kahn, M., Tripathy, D., et al. (2011). Regulation of breast cancer metastasis by Runx2 and estrogen signaling: the role of SNAI2. Breast Cancer Res. 13:R127. doi: 10.1186/bcr3073

 Come, C., Magnino, F., Bibeau, F., de Santa Barbara, P., Becker, K. F., Theillet, C., et al. (2006). Snail and slug play distinct roles during breast carcinoma progression. Clin. Cancer Res. 12, 5395–5402. doi: 10.1158/1078-0432.CCR-06-0478

 Dai, X., Xiang, L., Li, T., and Bai, Z. (2016). Cancer hallmarks, biomarkers and breast cancer molecular subtypes. J. Cancer 7, 1281–1294. doi: 10.7150/jca.13141

 Dang, T. T., Esparza, M. A., Maine, E. A., Westcott, J. M., and Pearson, G. W. (2015). ΔNp63α promotes breast cancer cell motility through the selective activation of components of the epithelial-to-mesenchymal transition program. Cancer Res. 75, 3925–3935. doi: 10.1158/0008-5472.CAN-14-3363

 del Valle, I., Rudloff, S., Carles, A., Li, Y., Liszewska, E., Vogt, R., et al. (2013). E-cadherin is required for the proper activation of the Lifr/Gp130 signaling pathway in mouse embryonic stem cells. Development 140, 1684–1692. doi: 10.1242/dev.088690

 Desgrosellier, J. S., Lesperance, J., Seguin, L., Gozo, M., Kato, S., Franovic, A., et al. (2014). Integrin alphavbeta3 drives slug activation and stemness in the pregnant and neoplastic mammary gland. Dev. Cell 30, 295–308. doi: 10.1016/j.devcel.2014.06.005

 Dittmer, J. (2018). Breast cancer stem cells: features, key drivers and treatment options. Semin. Cancer Biol. 53, 59–74. doi: 10.1016/j.semcancer.2018.07.007

 Fabisiewicz, A., Szostakowska-Rodzos, M., Zaczek, A. J., and Grzybowska, E. A. (2020). Circulating tumor cells in early and advanced breast cancer; biology and prognostic value. Int. J. Mol. Sci. 21:1671. doi: 10.3390/ijms21051671

 Ferrari-Amorotti, G., Chiodoni, C., Shen, F., Cattelani, S., Soliera, A. R., Manzotti, G., et al. (2014). Suppression of invasion and metastasis of triple-negative breast cancer lines by pharmacological or genetic inhibition of slug activity. Neoplasia 16, 1047–1058. doi: 10.1016/j.neo.2014.10.006

 Geng, C., Li, J., Ding, F., Wu, G., Yang, Q., Sun, Y., et al. (2016). Curcumin suppresses 4-hydroxytamoxifen resistance in breast cancer cells by targeting SLUG/Hexokinase 2 pathway. Biochem. Biophys. Res. Commun. 473, 147–153. doi: 10.1016/j.bbrc.2016.03.067

 Gross, K. M., Zhou, W., Breindel, J. L., Ouyang, J., Jin, D. X., Sokol, E. S., et al. (2019). Loss of slug compromises DNA damage repair and accelerates stem cell aging in mammary epithelium. Cell Rep. 28, 394–407.e6. doi: 10.1016/j.celrep.2019.06.043

 Guo, W., Keckesova, Z., Donaher, J. L., Shibue, T., Tischler, V., Reinhardt, F., et al. (2012). Slug and Sox9 cooperatively determine the mammary stem cell state. Cell 148, 1015–1028. doi: 10.1016/j.cell.2012.02.008

 Gupta, P. B., Pastushenko, I., Skibinski, A., Blanpain, C., and Kuperwasser, C. (2019). Phenotypic plasticity: driver of cancer initiation, progression, and therapy resistance. Cell Stem Cell 24, 65–78. doi: 10.1016/j.stem.2018.11.011

 Horne, H. N., Oh, H., Sherman, M. E., Palakal, M., Hewitt, S. M., Schmidt, M. K., et al. (2018). E-cadherin breast tumor expression, risk factors and survival: pooled analysis of 5,933 cases from 12 studies in the breast cancer association consortium. Sci. Rep. 8:6574. doi: 10.1038/s41598-018-23733-4

 Idoux-Gillet, Y., Nassour, M., Lakis, E., Bonini, F., Theillet, C., Du Manoir, S., et al. (2018). Slug/Pcad pathway controls epithelial cell dynamics in mammary gland and breast carcinoma. Oncogene 37, 578–588. doi: 10.1038/onc.2017.355

 Ito, M., Shien, T., Omori, M., Mizoo, T., Iwamoto, T., Nogami, T., et al. (2016). Evaluation of aldehyde dehydrogenase 1 and transcription factors in both primary breast cancer and axillary lymph node metastases as a prognostic factor. Breast Cancer 23, 437–444. doi: 10.1007/s12282-015-0583-1

 Jolly, M. K., Mani, S. A., and Levine, H. (2018). Hybrid epithelial/mesenchymal phenotype(s): The 'fittest' for metastasis? Biochim. Biophys. Acta Rev. Cancer 1870, 151–157. doi: 10.1016/j.bbcan.2018.07.001

 Katoh, M. (2011). Network of WNT and other regulatory signaling cascades in pluripotent stem cells and cancer stem cells. Curr. Pharm. Biotechnol. 12, 160–170. doi: 10.2174/138920111794295710

 Konze, S. A., van Diepen, L., Schroder, A., Olmer, R., Moller, H., Pich, A., et al. (2014). Cleavage of E-cadherin and β-catenin by calpain affects Wnt signaling and spheroid formation in suspension cultures of human pluripotent stem cells. Mol. Cell. Proteomics 13, 990–1007. doi: 10.1074/mcp.M113.033423

 Kroger, C., Afeyan, A., Mraz, J., Eaton, E. N., Reinhardt, F., Khodor, Y. L., et al. (2019). Acquisition of a hybrid E/M state is essential for tumorigenicity of basal breast cancer cells. Proc. Natl. Acad. Sci. U.S.A. 116, 7353–7362. doi: 10.1073/pnas.1812876116

 Kwakwa, K. A., and Sterling, J. A. (2017). Integrin αvβ3 signaling in tumor-induced bone disease. Cancers 9:84. doi: 10.3390/cancers9070084

 Leong, K. G., Niessen, K., Kulic, I., Raouf, A., Eaves, C., Pollet, I., et al. (2007). Jagged1-mediated Notch activation induces epithelial-to-mesenchymal transition through Slug-induced repression of E-cadherin. J. Exp. Med. 204, 2935–2948. doi: 10.1084/jem.20071082

 Lim, E., Wu, D., Pal, B., Bouras, T., Asselin-Labat, M. L., Vaillant, F., et al. (2010). Transcriptome analyses of mouse and human mammary cell subpopulations reveal multiple conserved genes and pathways. Breast Cancer Res. 12:R21. doi: 10.1186/bcr2560

 Liu, B. W., Yu, Z. H., Chen, A. X., Chi, J. R., Ge, J., Yu, Y., et al. (2019). Estrogen receptor- α-miR-1271-SNAI2 feedback loop regulates transforming growth factor-β-induced breast cancer progression. J. Exp. Clin. Cancer Res. 38:109. doi: 10.1186/s13046-019-1112-4

 Liu, M., Liu, Y., Deng, L., Wang, D., He, X., Zhou, L., et al. (2018). Transcriptional profiles of different states of cancer stem cells in triple-negative breast cancer. Mol. Cancer 17:65. doi: 10.1186/s12943-018-0809-x

 Manne, R. K., Agrawal, Y., Bargale, A., Patel, A., Paul, D., Gupta, N. A., et al. (2017). A MicroRNA/ubiquitin ligase feedback loop regulates slug-mediated invasion in breast cancer. Neoplasia 19, 483–495. doi: 10.1016/j.neo.2017.02.013

 Manuel Iglesias, J., Beloqui, I., Garcia-Garcia, F., Leis, O., Vazquez-Martin, A., Eguiara, A., et al. (2013). Mammosphere formation in breast carcinoma cell lines depends upon expression of E-cadherin. PLoS ONE 8:e77281. doi: 10.1371/journal.pone.0077281

 Matteucci, E., Maroni, P., Luzzati, A., Perrucchini, G., Bendinelli, P., and Desiderio, M. A. (2013). Bone metastatic process of breast cancer involves methylation state affecting E-cadherin expression through TAZ and WWOX nuclear effectors. Eur. J. Cancer 49, 231–244. doi: 10.1016/j.ejca.2012.05.006

 Memmi, E. M., Sanarico, A. G., Giacobbe, A., Peschiaroli, A., Frezza, V., Cicalese, A., et al. (2015). p63 Sustains self-renewal of mammary cancer stem cells through regulation of Sonic Hedgehog signaling. Proc. Natl. Acad. Sci. U.S.A. 112, 3499–3504. doi: 10.1073/pnas.1500762112

 Mendoza-Villanueva, D., Balamurugan, K., Ali, H. R., Kim, S. R., Sharan, S., Johnson, R. C., et al. (2016). The C/EBPδ protein is stabilized by estrogen receptor α activity, inhibits SNAI2 expression and associates with good prognosis in breast cancer. Oncogene 35, 6166–6176. doi: 10.1038/onc.2016.156

 Micalizzi, D. S., Farabaugh, S. M., and Ford, H. L. (2010). Epithelial-mesenchymal transition in cancer: parallels between normal development and tumor progression. J. Mammary Gland Biol. Neoplasia 15, 117–134. doi: 10.1007/s10911-010-9178-9

 Nakamura, R., Ishii, H., Endo, K., Hotta, A., Fujii, E., Miyazawa, K., et al. (2018). Reciprocal expression of slug and snail in human oral cancer cells. PLoS ONE 13:e0199442. doi: 10.1371/journal.pone.0199442

 Nassour, M., Idoux-Gillet, Y., Selmi, A., Come, C., Faraldo, M. L., Deugnier, M. A., et al. (2012). Slug controls stem/progenitor cell growth dynamics during mammary gland morphogenesis. PLoS ONE 7:e53498. doi: 10.1371/journal.pone.0053498

 Oliveras-Ferraros, C., Corominas-Faja, B., Cufi, S., Vazquez-Martin, A., Martin-Castillo, B., Iglesias, J. M., et al. (2012). Epithelial-to-mesenchymal transition (EMT) confers primary resistance to trastuzumab (herceptin). Cell Cycle 11, 4020–4032. doi: 10.4161/cc.22225

 Padmanaban, V., Krol, I., Suhail, Y., Szczerba, B. M., Aceto, N., Bader, J. S., et al. (2019). E-cadherin is required for metastasis in multiple models of breast cancer. Nature 573, 439–444. doi: 10.1038/s41586-019-1526-3

 Pan, Y., Li, J., Zhang, Y., Wang, N., Liang, H., Liu, Y., et al. (2016). Slug-upregulated miR-221 promotes breast cancer progression through suppressing E-cadherin expression. Sci. Rep. 6:25798. doi: 10.1038/srep25798

 Phillips, S., and Kuperwasser, C. (2014). SLUG: Critical regulator of epithelial cell identity in breast development and cancer. Cell Adh. Migr. 8, 578–587. doi: 10.4161/19336918.2014.972740

 Phillips, S., Prat, A., Sedic, M., Proia, T., Wronski, A., Mazumdar, S., et al. (2014). Cell-state transitions regulated by SLUG are critical for tissue regeneration and tumor initiation. Stem Cell Rep. 2, 633–647. doi: 10.1016/j.stemcr.2014.03.008

 Pieters, T., and van Roy, F. (2014). Role of cell-cell adhesion complexes in embryonic stem cell biology. J Cell Sci. 127(Pt. 12), 2603–2613. doi: 10.1242/jcs.146720

 Prasad, C. P., Rath, G., Mathur, S., Bhatnagar, D., Parshad, R., and Ralhan, R. (2009). Expression analysis of E-cadherin, Slug and GSK3β in invasive ductal carcinoma of breast. BMC Cancer 9:325. doi: 10.1186/1471-2407-9-325

 Resemann, H. K., Watson, C. J., and Lloyd-Lewis, B. (2014). The Stat3 paradox: a killer and an oncogene. Mol. Cell. Endocrinol. 382, 603–611. doi: 10.1016/j.mce.2013.06.029

 Richert, M. M., Schwertfeger, K. L., Ryder, J. W., and Anderson, S. M. (2000). An atlas of mouse mammary gland development. J. Mammary Gland Biol. Neoplasia 5, 227–241. doi: 10.1023/A:1026499523505

 Rodriguez, D., Ramkairsingh, M., Lin, X., Kapoor, A., Major, P., and Tang, D. (2019). The Central contributions of breast cancer stem cells in developing resistance to endocrine therapy in estrogen receptor (ER)-positive breast cancer. Cancers 11:1028. doi: 10.3390/cancers11071028

 Rodriguez, F. J., Lewis-Tuffin, L. J., and Anastasiadis, P. Z. (2012). E-cadherin's dark side: possible role in tumor progression. Biochim. Biophys. Acta 1826, 23–31. doi: 10.1016/j.bbcan.2012.03.002

 Saha, B., Chaiwun, B., Imam, S. S., Tsao-Wei, D. D., Groshen, S., Naritoku, W. Y., et al. (2007). Overexpression of E-cadherin protein in metastatic breast cancer cells in bone. Anticancer Res. 27, 3903–3908.

 Sakai, D., Suzuki, T., Osumi, N., and Wakamatsu, Y. (2006). Cooperative action of Sox9, Snail2 and PKA signaling in early neural crest development. Development 133, 1323–1333. doi: 10.1242/dev.02297

 Savci-Heijink, C. D., Halfwerk, H., Hooijer, G. K. J., Koster, J., Horlings, H. M., Meijer, S. L., et al. (2019). Epithelial-to-mesenchymal transition status of primary breast carcinomas and its correlation with metastatic behavior. Breast Cancer Res. Treat. 174, 649–659. doi: 10.1007/s10549-018-05089-5

 Sflomos, G., Dormoy, V., Metsalu, T., Jeitziner, R., Battista, L., Scabia, V., et al. (2016). A Preclinical model for ERα-positive breast cancer points to the epithelial microenvironment as determinant of luminal phenotype and hormone response. Cancer Cell 29, 407–422. doi: 10.1016/j.ccell.2016.02.002

 Shamir, E. R., and Ewald, A. J. (2015). Adhesion in mammary development: novel roles for E-cadherin in individual and collective cell migration. Curr. Top. Dev. Biol. 112, 353–382. doi: 10.1016/bs.ctdb.2014.12.001

 Steelman, L. S., Fitzgerald, T., Lertpiriyapong, K., Cocco, L., Follo, M. Y., Martelli, A. M., et al. (2016). Critical roles of EGFR family members in breast cancer and breast cancer stem cells: targets for therapy. Curr. Pharm. Des. 22, 2358–2388. doi: 10.2174/1381612822666160304151011

 Stemmler, M. P., Eccles, R. L., Brabletz, S., and Brabletz, T. (2019). Non-redundant functions of EMT transcription factors. Nat. Cell Biol. 21, 102–112. doi: 10.1038/s41556-018-0196-y

 Storci, G., Sansone, P., Mari, S., D'Uva, G., Tavolari, S., Guarnieri, T., et al. (2010). TNFalpha up-regulates SLUG via the NF-kappaB/HIF1α axis, which imparts breast cancer cells with a stem cell-like phenotype. J. Cell. Physiol. 225, 682–691. doi: 10.1002/jcp.22264

 Sun, Q., Lesperance, J., Wettersten, H., Luterstein, E., deRose, Y. S., Welm, A., et al. (2018). Proapoptotic PUMA targets stem-like breast cancer cells to suppress metastasis. J. Clin. Invest. 128, 531–544. doi: 10.1172/JCI93707

 Sundararajan, V., Tan, M., Tan, T. Z., Ye, J., Thiery, J. P., and Huang, R. Y. (2019). SNAI1 recruits HDAC1 to suppress SNAI2 transcription during epithelial to mesenchymal transition. Sci. Rep. 9:8295. doi: 10.1038/s41598-019-44826-8

 Tang, B., Raviv, A., Esposito, D., Flanders, K. C., Daniel, C., Nghiem, B. T., et al. (2015). A flexible reporter system for direct observation and isolation of cancer stem cells. Stem Cell Reports 4, 155–169. doi: 10.1016/j.stemcr.2014.11.002

 Tang, Y., Yang, G., Zhang, J., Li, X., Zhang, C., Wang, Y., et al. (2019). E-cadherin is required for the homeostasis of Lgr5(+) gastric antral stem cells. Int. J. Biol. Sci. 15, 34–43. doi: 10.7150/ijbs.28879

 Tsou, S. H., Chen, T. M., Hsiao, H. T., and Chen, Y. H. (2015). A critical dose of doxorubicin is required to alter the gene expression profiles in MCF-7 cells acquiring multidrug resistance. PLoS ONE 10:e0116747. doi: 10.1371/journal.pone.0116747

 Visvader, J. E., and Stingl, J. (2014). Mammary stem cells and the differentiation hierarchy: current status and perspectives. Genes Dev. 28, 1143–1158. doi: 10.1101/gad.242511.114

 Vlashi, E., Lagadec, C., Chan, M., Frohnen, P., McDonald, A. J., and Pajonk, F. (2013). Targeted elimination of breast cancer cells with low proteasome activity is sufficient for tumor regression. Breast Cancer Res. Treat. 141, 197–203. doi: 10.1007/s10549-013-2688-6

 Voglstaetter, M., Thomsen, A. R., Nouvel, J., Koch, A., Jank, P., Navarro, E. G., et al. (2019). Tspan8 is expressed in breast cancer and regulates E-cadherin/catenin signalling and metastasis accompanied by increased circulating extracellular vesicles. J. Pathol. 248, 421–437. doi: 10.1002/path.5281

 Wang, T., Shigdar, S., Gantier, M. P., Hou, Y., Wang, L., Li, Y., et al. (2015). Cancer stem cell targeted therapy: progress amid controversies. Oncotarget 6, 44191–44206. doi: 10.18632/oncotarget.6176

 Wei, W., Tweardy, D. J., Zhang, M., Zhang, X., Landua, J., Petrovic, I., et al. (2014). STAT3 signaling is activated preferentially in tumor-initiating cells in claudin-low models of human breast cancer. Stem Cells 32, 2571–2582. doi: 10.1002/stem.1752

 Wu, S. M., Lin, W. Y., Shen, C. C., Pan, H. C., Keh-Bin, W., Chen, Y. C., et al. (2016). Melatonin set out to ER stress signaling thwarts epithelial mesenchymal transition and peritoneal dissemination via calpain-mediated C/EBPβ and NFκB cleavage. J. Pineal Res. 60, 142–154. doi: 10.1111/jpi.12295

 Xu, R., Won, J. Y., Kim, C. H., Kim, D. E., and Yim, H. (2019). Roles of the phosphorylation of transcriptional factors in epithelial-mesenchymal transition. J. Oncol. 2019:5810465. doi: 10.1155/2019/5810465

 Ye, T., Li, J., Sun, Z., Liu, D., Zeng, B., Zhao, Q., et al. (2020). Cdh1 functions as an oncogene by inducing self-renewal of lung cancer stem-like cells via oncogenic pathways. Int. J. Biol. Sci. 16, 447–459. doi: 10.7150/ijbs.38672

 Ye, X., Tam, W. L., Shibue, T., Kaygusuz, Y., Reinhardt, F., Ng Eaton, E., et al. (2015). Distinct EMT programs control normal mammary stem cells and tumour-initiating cells. Nature 525, 256–260. doi: 10.1038/nature14897

 Ye, Y., Tian, H., Lange, A. R., Yearsley, K., Robertson, F. M., and Barsky, S. H. (2013). The genesis and unique properties of the lymphovascular tumor embolus are because of calpain-regulated proteolysis of E-cadherin. Oncogene 32, 1702–1713. doi: 10.1038/onc.2012.180

 Zhou, W., Gross, K. M., and Kuperwasser, C. (2019). Molecular regulation of Snai2 in development and disease. J. Cell Sci. 132:jcs235127. doi: 10.1242/jcs.235127

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Sterneck, Poria and Balamurugan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Slug and E-Cadherin: Stealth Accomplices?



		Introduction



		Slug Promotes the Basal Cell Phenotype and Stemness in the Mammary Epithelium: Not Without E-Cadherin?



		Slug and Breast Cancer Stem Cells: Which Ones, and What About E-Cadherin?



		Brief Update on Slug in Breast Cancer: Quite Basal and to the Bone—Along With E-Cadherin?



		Slug and EMT: Guilty by Association?



		Discussion: What are the frontiers?



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers o
in Molecular Biosciences

Slug and E-Cadherin: Stealth
Accomplices?





OPS/images/fmolb-07-00138-g001.gif
Mammary Stem | Bipotent Stem 4™l | Mature Luminal

Cells (Masc) Cells Progenitor

Myoepithelial Mature
Progenitor |” Myoepithelial






OPS/images/fmolb-07-00138-g002.gif
Luminal Epithelial Basal Epithelial ‘Mesenchymal
EAN ‘ é \ LN ’ ‘f\
E-Cadherin et ecadrern Swer ki
;
of o{a ° ‘.S"l'.‘g‘. B Sl
7 ——
Stemness (Wnt/EGFR/LIF)  Cancer stem cell subtypes
Tumorigenesis Collective migration

Circulating tumor cells  Bone metastasis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers o
in Molecular Biosciences





