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Heterogeneity of BCSCs contributes to the metastatic organotropism of breast cancer
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Abstract
Breast cancer is one of the most-common female malignancies with a high risk of relapse and distant metastasis. The distant metastasis of breast cancer exhibits organotropism, including brain, lung, liver and bone. Breast cancer stem cells (BCSCs) are a small population of breast cancer cells with tumor-initiating ability, which participate in regulating distant metastasis in breast cancer. We investigated the heterogeneity of BCSCs according to biomarker status, epithelial or mesenchymal status and other factors. Based on the classical “seed and soil” theory, we explored the effect of BCSCs on the metastatic organotropism in breast cancer at both “seed” and “soil” levels, with BCSCs as the “seed” and BCSCs-related microenvironment as the “soil”. We also summarized current clinical trials, which assessed the safety and efficacy of BCSCs-related therapies. Understanding the role of BCSCs heterogeneity for regulating metastatic organotropism in breast cancer would provide a new insight for the diagnosis and treatment of advanced metastatic breast cancer.
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Background
Breast cancer (BC) is one of the most-common malignant tumors in females worldwide and functions as the leading cause of cancer-related death [1]. In spite of the rapid development of medical technologies, many BC patients still bear the burden of a poor prognosis due to the occurrence of relapse and metastasis. It was reported that 20 - 30 % of BC patients suffered from metastasis after early diagnosis and basic anti-tumor therapies [2]. Moreover, BC patients with metastasis had a remarkably decreased 5-year survival rate of approximately 26 % [3]. However, distant metastasis of BC was recognized to display organotropism, including brain, lung, liver and bone, which represented different symptoms, prognosis and treatments [4]. Bone metastasis was the most frequent BC metastatic event while BC patients with bone metastasis endured bone damages and severe pains, exhibiting the 5-year overall survival (OS) rate of 22.8 %. Lung metastasis with chest tightness or dyspnea displayed the 5-year OS rate of 16.8 %, liver metastasis with emaciation or fatigue showed the 5-year OS rate of 12.5 % while brain metastasis had a worse 5-year OS rate of 12 % with the symptoms of decreased vision, aphasia or balance disorder [5]. Therefore, it is worthy to understand the potential mechanism of the metastatic organotropism in BC, which deserves further investigation.
Breast cancer stem cells (BCSCs) are a small population of breast cancer cells with typical biological features, including self-renewal, multipotent differentiation and tumor-initiating, which play an important role in mediating tumor relapse, metastasis and resistance to chemotherapy or radiotherapy [6]. It was demonstrated that BCSCs exhibited apparent heterogeneity and plasticity, which were of great importance and became a research hotspot in recent years. With regard to heterogeneity, BCSCs can be further classified into different subtypes according to various biological factors, for example biomarkers, epithelial/mesenchymal status and so on. Besides, the plasticity of BCSCs allowed for the reversible transition between different BCSCs subtypes, such as the transition between epithelial and mesenchymal status, which was observed in the process of BC distant metastasis [7].
Most recently, an increasing number of researches have indicated the potential relationship between BCSCs and distant metastasis of BC. BCSCs were found to mediate the process of BC distant metastasis through different biological steps, consisting of stemness maintenance in primary tumor, invading and surviving in blood circulation and colonization in distant organs [8]. However, whether BCSCs also take part in the regulation of metastatic organotropism in BC is still unclear and deserves further investigation. The classical metastatic “seed and soil” theory was proposed in 1889 and clarified the association between tumor cells and host organs [9]. Based on the “seed and soil” theory, we tried to investigate the effect of BCSCs on the metastatic organotropism of BC at both “seed” and “soil” levels, with BCSCs as the “seed” and BCSCs-related microenvironment as the “soil”, which would provide a novel insight for the diagnosis and therapies of advanced metastatic BC patients.
Heterogeneity of BCSCs
It was reported that BCSCs displayed high heterogeneity among BC patients, which played a significant role in BC recurrence and metastasis, consisting of location in tumor, biological characteristics, tumor-initiating capacity, genetic differences and so on. Based on recent researches, we classified BCSCs into different types, mainly according to their biomarker status, epithelial or mesenchymal status and other biological factors (Table 1).

Table 1Heterogeneity of BCSCs


	Heterogeneity
	Biological characteristics
	Genetic characteristics

	Biomarker
status
	CD24- CD44+
BCSCs
	Tumor invasive edge;
Highly invasive; [10]
Great tumor-initiating capacity:100 cells [11]
	Over-expressed genes:IGFBP1, ST8SIA2, PLD5, SCG5, MYOT;
KEGG enrichment:focal adhesion, PI3K-AKT signaling [12]

	ALDH+
BCSCs
	Center of tumor;
Highly proliferative; [10]
Great tumor-initiating capacity:500 cells [13]
	Over-expressed genes:WNT2,IGF1,DLL1;
KEGG enrichment:ribosome, oxidative phosphorylation, proteasome; [12]
Mutation:BRCA1 mutation [14]

	CD24- CD44+
& ALDH+
BCSCs
	The greatest tumor-initiating capacity:20 cells [13]
	-

	Epithelial/
mesenchymal
status
	Epithelial-like
BCSCs
	Resemble luminal stem cells of normal mammary gland;
Identified by ALDH+;
Highly proliferative;
Mediate colonization of metastatic foci [10]
	Up-regulated MET-related genes:CDH1, OCLN, CLDN [15]

	Mesenchymal-like
BCSCs
	Resemble basal stem cells of normal mammary gland;
Identified by CD24- CD44+;
Highly invasive;
Mediate tumor invasion into blood circulation [10]
	Up-regulated EMT-related genes:VIM, ZEB1, ZEB2 [15]


BCSCs breast cancer stem cells



Biomarker status
Classical biomarkers of BCSCs included CD24, CD44 and ALDH1. CD24 is a glycosylated protein connected to the cell membrane, which is responsible for regulating cellular adhesion and metastasis [16]. CD44 is a transmembrane glycoprotein located on cell surface, which can bind various components in extracellular matrix, taking part in cell adhesion, interaction and migration [17]. ALDH1, one member of aldehyde dedydrogenase family, has the ability to oxidize retinol to retinoic acid, participating in regulating self-renewal and maintenance of BCSCs [18].
According to biomarker status, BCSCs can be classified into three types: CD24 - CD44+ BCSCs, ALDH+ BCSCs and BCSCs expressing both CD24- CD44+ and ALDH+. The biological characteristics of three types of BCSCs are various as follows. CD24- CD44+ BCSCs are localized at the tumor invasive edge, staying quiescent with highly invasive characteristics while ALDH+ BCSCs are located at the center of tumor with highly proliferative characteristics. In addition, BCSCs expressing both CD24- CD44+ and ALDH+ are recognized as highly purified BCSCs, exhibiting the greatest tumor-initiating capacity [10]. With regard to the tumor-initiating ability in immune deficient mice, the number of CD24- CD44+ BCSCs was 100 cells, compared with 500 cells in ALDH+ BCSCs, while BCSCs expressing both CD24- CD44+ and ALDH+ phenotypes only needed 20 cells to generate tumors, indicating its most remarkable stemness features [11, 13].
Moreover, it was reported that gene expression signatures varied a lot between CD24- CD44+ and ALDH+ BCSCs groups. The most over-expressed genes contained IGFBP1, ST8SIA2, PLD5, SCG5 and MYOT in CD24- CD44+ BCSCs group, compared with WNT2, IGF1 and DLL1 in ALDH+ BCSCs group. Besides, as demonstrated in KEGG pathways, differentially expressed genes (DEGs) were enriched in focal adhesion and phosphatidylinositol 3-kinase-AKT signaling in CD24- CD44+ BCSCs group while DEGs of ALDH+ BCSCs group were involved in ribosome, oxidative phosphorylation and proteasome [12]. Meanwhile, Heerma van Voss found that BRCA1 mutation could lead to a differentiation block of BCSCs and BRCA1 related BC patients were more likely to have ALDH+ BCSCs [14].
Furthermore, many researches reported that clinicopathological features and survival status showed differences among three type BCSCs. The larger amount of CD24 - CD44+ BCSCs was associated with higher possibility of lymph node metastasis while ALDH+ BCSCs were correlated with microvessel density and estrogen receptor expression [19, 20]. Considering histological types, medullary and metaplastic breast cancers exhibited remarkably increased frequency of BCSCs with CD24- CD44+ and ALDH+ [21]. Besides, BCSCs expressing both CD24- CD44+ and ALDH+ were related with worse progression-free survival (PFS) and could serve as an independent prognostic factor in some subgroups of triple negative breast cancer [22].
Epithelial/mesenchymal status
It is recognized that the reversible transformation of epithelial cells and mesenchymal cells plays a significant role in regulating the progression of breast cancer. The epithelial - mesenchymal transition (EMT) is defined as the transition from epithelial cells to mesenchymal cells, with reduced cell-cell contacts, loss of polarity and cytoskeleton changes, responsible for enhanced possibility of tumor metastasis, whereas mesenchymal - epithelial transition (MET) exhibits reversible biological behaviors, suggesting high proliferative capacity of tumor cells for colonization in metastatic foci [23].
According to the epithelial or mesenchymal status, BCSCs can be classified into two types: epithelial-like BCSCs and mesenchymal-like BCSCs. Mesenchymal-like BCSCs were characterized as enrichment of EMT-related genes, including VIM, ZEB1 and ZEB2 while upregulation of MET-related genes was discovered in epithelial-like BCSCs, containing CDH1, OCLN and CLDN [15]. In addition, it was demonstrated that epithelial-like and mesenchymal-like BCSCs shared similar biological characteristics separately with luminal and basal stem cells in normal mammary glands. Based on markers CD49f and EPCAM, the heterogeneity of normal mammary gland cells was classified into four types, consisting of EPCAM+ CD49f- epithelial cells, EPCAM+ CD49f+ luminal progenitor cells, EPCAM- CD49f+ stem cells and EPCAM- CD49f- stromal cells. As was reported, EPCAM+ CD49f+ luminal progenitor cells were enriched for epithelial-like BCSCs while EPCAM- CD49f+ stem cells exhibited high proportion of mesenchymal-like BCSCs.Moreover, gene expression profiling indicated that epithelial-like BCSCs could be recognized by expression of ALDH+ while mesenchymal-like BCSCs could be identified via CD24- CD44+ expression in tissue, cell lines and primary xenografts of breast cancer [10].
As is known, the plasticity of BCSCs allowed the reversible transition between epithelial-like and mesenchymal-like status, suggesting the potential function of BCSCs for regulating metastatic behaviors of breast cancer. The matrigel invasion assay indicated that mesenchymal-like BCSCs displayed more invasive properties than epithelial-like BCSCs. According to the experiment results, theories were proposed that mesenchymal-like BCSCs mediated tumor invasion into blood circulation and could resist from anoikis apoptosis whereas epithelial-like BCSCs from niches in distant metastatic organs exhibited high proliferative properties, promoting colonization of metastatic foci [10]. In the meantime, many potential mechanisms were discovered to mediate the plasticity of BCSCs. For example, the lack of miR-200c/141 cluster could promote the generation of mesenchymal-like BCSCs via increasing HIPK1 expression, thus enhancing lung metastasis of breast cancer [24]. Besides, many BCSCs-related signaling pathways were also reported to participate in mediating the process of EMT, thus regulating the metastatic behaviors of breast cancer [25].
Other factors related with the heterogeneity of BCSCs
Apart from the mentioned factors, BCSCs can also be classified into various types according to other important biological factors. Leth-Larsen R indicated that CD24-CD44+ triple-negative breast cancer cells could be further classified into two types: mesenchymal/basal B and luminal/basal A types. Compared with mesenchymal/basal B type, luminal/basal A type exhibited more typical behaviors of BCSCs, for example mammosphere formation, chemotherapy resistance and so on [26]. In addition, due to alternative splicing, BCSCs marker CD44 was divided into two splice isoforms: CD44 standard splice isoform (CD44s) and CD44 variant splice isoform (CD44v). CD44s was positively associated with the gene signatures of BCSCs while CD44v showed the inverse tendency. Besides, the switching from CD44v to CD44s through splicing factor ESRP1 could promote BCSCs properties [27]. Moreover, Mannello F. reported that a majority of BCSCs displayed marker CD49f and combination of CD24-CD44+ and EpCAM/CD49f could be applied as a novel marker to identify BCSCs subgroups with high mammosphere forming capacity [28].
With regard to BCSCs marker ALDH, 9 out of 19 ALDH isoforms displayed aldehyde dehydrogenase activity with distribution differences. For example, ALDH1A1 was enriched in cytosol and nucleus, ALDH1A3 was found in cytosol while ALDH2 was located in mitochondria [29]. Meanwhile, Vaillant F found that marker CD61/beta3 integrin could recognize a potential BCSCs population with high capability for tumorigenesis in MMTV-wnt-1 tumors [30]. According to Wong NK, in spite of the significance of Notch signaling to BCSCs, BCSCs could still be divided into Notch-dependent and Notch-independent groups. When blocking the Notch signaling, Notch-independent BCSCs group still possessed tumor-initiating capacity [31]. Furthermore, it was proposed by Gyan E that racial heterogeneity of BCSCs played an important role in their effects on clinical outcomes of breast cancer patients. Compared with BCSCs in Caucasians, CD24-CD44+ BCSCs of Asians were explored to significantly influence PFS and OS of breast cancer patients [32].
Effect of BCSCs on the metastatic organotropism in breast cancer
Despite combination of advanced therapies, many BC patients still possess a worse prognosis due to relapse and metastasis. It is well known that metastatic BC patients always exhibit the organotropism in the process of distant metastasis, including brain, lung, liver and bone. Moreover, metastatic BC patients with different distant metastatic organs always suffer from different symptoms, therapeutic schedules and survival prognosis, which highlights the importance of investigating the underlying mechanism in the organotropism of breast cancer.
Most recently, many researches revealed that there was a potential association between BCSCs and the metastatic organotropism of breast cancer. According to the classical “seed and soil” theory, which was proposed in 1889 to describe the correlation between tumor cells and host organs, we also tried to explore the effect of BCSCs on the organotropism of breast cancer at the “seed” and “soil” levels respectively, with BCSCs as the “seed” and BCSCs-related microenvironment as the “soil”.
Effect of BCSCs on the metastatic organotropism as “seed”
It is recognized that BC patients with different molecular subtypes always displayed apparent metastatic organotropism. At the meantime, BC molecular subtypes were reported to be associated with the heterogeneity of BCSCs. Therefore, we propose a hypothesis that the heterogeneity of BCSCs may contribute to the metastatic organotropism in breast cancer, which agrees with the “seed” model of BCSCs and deserves further investigation (Fig. 1) (Table 2).
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Fig. 1 Different molecular subtypes of breast cancer have different metastatic organotropism and BCSCs features. Luminal A breast cancer with a low proportion of BCSCs tends to bone metastasis. Luminal B breast cancer with a low proportion of BCSCs tends to metastasis of bone and liver. HER2 enriched breast cancer with a high proportion of ALDH+/Epithelial-like BCSCs tends to metastasis of lung, brain and liver. Triple negative breast cancer with a high proportion of CD24- CD44+/Mesenchymal-like BCSCs tends to metastasis of lung, brain and distant nodes



Table 2Metastatic organotropism and BCSCs features in different molecular subtypes of breast cancer


	Molecular subtype
	Metastatic organotropism
	Features of BCSCs

	
Proportion

	
Molecular marker

	
Epithelial / Mesenchymal status


	Luminal A
	Bone [33]
	Low
	-
	-

	Luminal B
	Bone, Liver [33, 34]
	Low
	-
	-

	HER2 enriched
	Lung, Brain, Liver [33]
	High
	ALDH+ [35–37]
	Epithelial-like

	Triple negative
	Lung, Brain, Distant nodes [33]
	High
	CD24- CD44+ [35, 38, 39]
	Mesenchymal-like [40]


BCSCs: breast cancer stem cells



According to molecular subtypes, breast cancer patients can be classified into four main subgroups, including luminal A, luminal B, human epidermal growth factor receptor 2 (HER2) enriched and triple negative subtypes. Recent researches demonstrated that molecular subtypes of breast cancer are associated with the heterogeneity of BCSCs, consisting of proportion, molecular markers, epithelial or mesenchymal status and so on. As reported by Ricardo S, luminal cell lines displayed high levels of CD24, low levels of CD44 and low ALDH1 activities while HER2-OE cell lines showed enhanced ALDH1 activities and Basal/mesenchymal cell lines had low CD24 expressions and high CD44 expressions [35]. Besides, Xu indicated that basal-like subtype possessed higher CD44 expression with more tendency of epithelial - mesenchymal transition, compared with luminal subtype of breast cancer [40]. Moreover, as to Kong, serum level of CD44 in triple negative subtype was remarkably higher than that in luminal subtype, which could function as an independent prognostic factor in breast cancer [38]. Based on immunohistochemistry analysis of CD24 and CD44 expression in 50 breast cancer patients, Idowu MO also suggested that CD24-CD44+ BCSCs played a significant role in triple negative subtype of breast cancer [39]. In addition, Tsukabe M found that ALDH+ BCSCs were more likely to overlap with HER2-positive tumor cells while luminal A subtype displayed low ALDH1 activities [36]. Similar with Tsukabe M, Park SY discovered that the frequency of ALDH1-positive cells was higher in HER2+ breast tumors than luminal breast tumors [37].
Apart from the association between molecular subtypes of breast cancer and the heterogeneity of BCSCs, many researches also identified the significant correlation between molecular subtypes and the distant metastatic sites in breast cancer, for example brain, lung, liver, bone and lymph nodes. Kennecke H demonstrated that bone served as the most common metastatic site in luminal A and B subtypes whereas the least common metastatic site in basal subtype [33]. At the meantime, Eroles P recognized that luminal A and B subtypes displayed the highest incidence of bone metastasis while luminal B subtype also showed a high rate of liver metastasis [34]. Moreover, compared with luminal A subtype which had the lowest metastatic risk, Kennecke H also indicated that the HER2 enriched subtype showed a higher metastatic rate of lung, brain and liver while the basal-like subtype had a higher metastatic rate of lung, brain and distant nodes. Furthermore, median survival time from first distant metastasis varied a lot among different molecular subtypes of breast cancer, with luminal A patients of 2.2 years, luminal B patients of 1.6 years, HER2 enriched patients of 0.7 year and basal-like patients of 0.5 year [33].
As mentioned above, different molecular subtypes of breast cancer exhibited both heterogeneity of BCSCs and metastatic organotropism of BC and we thus suppose that the heterogeneity of BCSCs may contribute to the selectivity and targeting of distant metastatic organs in breast cancer. The role of BCSCs for mediating the metastatic organotropism of BC is still under research and urges for further investigations.
Effect of BCSCs-related microenvironment on the metastatic organotropism as “soil”
Apart from the heterogeneity of BCSCs, BCSCs-related microenvironment is also identified to regulate metastatic organotropism of BC, which functions as the “soil”. The BCSCs-related microenvironment is composed of cellular components and non-cellular regulatory factors. Cellular components mainly contain fibroblasts, adipocytes and immune cells while non-cellular regulatory factors consist of extracellular matrix, cytokines, physical and chemical factors. As is known, both of cellular components and non-cellular regulatory factors in BCSCs-related microenvironment can influence the number or function of BCSCs by regulating signaling pathways, suggesting that the interaction between BCSCs and BCSCs-related microenvironment plays an important role in BC progression, including the distant metastasis. As demonstrated by classical theories, BCSCs-related distant metastasis included three important steps: stemness maintenance in primary tumor, invading and surviving in blood circulation and colonization in distant organs. For more details, stemness maintenance in primary tumor depends on biological behaviors, like self-renewal and apoptosis, while EMT and escaping from immune response are responsible for invading and surviving in blood circulation. Hereinafter, we investigated the effect of BCSCs-related microenvironment on the metastatic organotropism in BC (Fig. 2).
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Fig. 2 Three important steps of BCSCs-related distant metastasis. BCSCs-related distant metastasis includes three important steps: (1) stemness maintenance in primary tumor; (2) invading and surviving in blood circulation; (3) colonization in distant organs. Stemness maintenance in primary tumor depends on BCSCs self-renewal and apoptosis. Invading and surviving in blood circulation depends on epithelial-mesenchymal transition and escaping from immune response


BCSCs-related Lung metastasis
We investigated BCSCs-related lung metastasis according to crucial biological behaviors, which participated in BC metastasis, including self-renewal, apoptosis, EMT and immune response (Fig. 3).

[image: ../images/13046_2021_2164_Fig3_HTML.png]
Fig. 3 Regulatory networks of BCSCs-related lung metastasis in breast cancer. BCSCs can regulate lung metastasis of breast cancer through various biological processes, including self-renewal, apoptosis, epithelial-mesenchymal transition and immune response. Arrow represents up-regulation while perpendicular line represents down-regulation


The BCSCs self renewal-related lung metastasis was demonstrated to be promoted by miR-31 through inhibiting the Wnt/β-catenin signaling antagonist Dkk1 [41]. Besides, benzyl butyl phthalate (BBP) activated the SPHK1/S1P/S1PR3 signaling and thereby stimulated the BCSCs self renewal-related lung metastasis [42]. Meanwhile, the BCSCs self renewal-related lung metastasis was enhanced by Id proteins via decreasing the expression of Robo1 [43]. On the contrary, AF38469, an orally bioavailable small molecule, was discovered to weaken the BCSCs self renewal-related lung metastasis by down-regulating progranulin domain A [44]. Also, the ALDH inhibitor diethylaminobenzaldehyde (DEAB) displayed a suppressed role in BCSCs self renewal-related lung metastasis by reducing the level of HIF-2α [45].
The BCSCs apoptosis was proclaimed to be suppressed by high expression of PHGDH through up-regulating the level of NADPH, thus stimulating lung metastasis of BC [46]. Besides, the inhibition of BCSCs apoptosis caused by TUFT1 could result from the activation of Rac1/β-catenin signaling pathway, which enhanced BC lung metastasis [47]. However, miR-30 was indicated to work as a promoter in the BCSCs apoptosis via targeting both Ubc9 and ITGB3, thus preventing lung metastasis in BC [48]. In addition, a new oral compound QAP14 was disclosed to increase the expression of dopamine D1 receptor (D1DR), accordingly inducing BCSCs apoptosis and impairing BC lung metastasis[49].
The BCSCs EMT-induced lung metastasis was elucidated to be enhanced by CDK12 via activating the c-myc/β-catenin signaling pathway [50]. Moreover, the important role of Wnt/β-catenin signaling pathway for promoting BCSCs EMT-induced lung metastasis was proven to be supported through both BCL11A and LGR4 [51, 52]. At the meantime, AMPKα2, restrained by UBE2O, exhibited a potential role of weakening mTORC1 signaling pathway and thus accelerated the BCSCs EMT-induced lung metastasis [53]. On the contrary, the reduction of BCSCs EMT-induced lung metastasis was observed to be associated with high level of miR-1976 through targeting PIK3CG [54]. Besides, the TGF-β type I receptor kinase (ALK5) inhibitor EW-7197 served as an inhibitor in BCSCs EMT-induced lung metastasis via impairing the level of paclitaxel-induced reactive oxygen species (ROS) under the regulation of TGF-β signaling pathway [55]. Additionally, the role of AECHL-1, a novel triterpenoid, in repressing BCSCs EMT-induced lung metastasis contributed to its negative regulation of TGF-β/TNF-α [56].
With regard to immune response, it was illustrated that IL20RA could stimulate JAK1-STAT3-SOX2 signaling pathway to suppress recruitment of CD8+ T cells and natural killer cells, which inhibited immune response and thereby enhanced BCSCs-related lung metastasis in BC [57]. Nevertheless, miR-20 functioned as a suppressor in natural killer cell-associated immune response through down-regulating the level of MICA/MICB, thereby enhancing BCSCs-related lung metastasis, which could be restrained by all-trans retinoic acid [58]. Moreover, the natural compound emodin displayed an inhibitor in tumor associated macrophages (TAMs)-related suppressed immune response via blocking the TGF-β1 signaling pathway, which may reduce BCSCs-related lung metastasis in BC [59]. In addition, GD2-targeted chimeric antigen receptor T cells (GD2-CAR-T) was also confirmed to lead to the prevented BCSCs-related lung metastasis [60].
BCSCs-related Liver metastasis
We investigated BCSCs-related liver metastasis according to important biological behaviors in BC metastasis, including stemness maintenance and EMT (Fig. 4). It was clarified that smoothened (Smo) up-regulated the level of STAT3, accordingly promoting BCSCs maintenance-related liver metastasis in BC [61]. Besides, S100A10 was discovered to participate in enhancing BCSCs maintenance-related liver metastasis [62]. In addition, combined treatment with JAK2 inhibitors (ruxolitinib and pacritinib) and SMO inhibitors (vismodegib and sonidegib) could served as a suppressor in BCSCs maintenance-related liver metastasis by simultaneously blocking JAK2-STAT3 and SMO-GLI1/tGLI1 signaling pathways [63].
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Fig. 4 Regulatory networks of BCSCs-related metastasis of liver, bone and brain in breast cancer. The diagram displays the function of BCSCs for regulating breast cancer metastasis of liver, bone and brain through biological processes, like stemness maintenance, epithelial-mesenchymal transition and dedifferentiation. Arrow represents up-regulation while perpendicular line represents down-regulation


Moreover, it was reported that lovastatin weakened the BCSCs EMT-induced liver metastasis through decreasing the level of cytoskeleton-associated proteins, including FLNA, TMSB10, STMN1 and so on [64]. Also, high level of PDGFRβ, which was stimulated by TWIST1, could increase the expression of FAK and Src, thus inducing BCSCs EMT-induced liver metastasis [65].
BCSCs-related bone metastasis
We investigated BCSCs-related bone metastasis according to important biological behaviors in BC metastasis, including stemness maintenance, dedifferentiation and EMT (Fig. 4). It was recognized that bone-derived osteopontin (OPN) supported the BCSCs maintenance-related bone metastasis in BC via enhancing the phosphorylation of WNK-1 and PRAS40 [66]. Meanwhile, TGF-β, which was inhibited by BMP2/7 heterodimer, could strengthen the BCSCs maintenance-related bone metastasis through activating the level of Smad [67]. Additionally, high expression of CXCR4 was found to be associated with the enhanced BCSCs maintenance-related bone metastasis[68].
At the meantime, mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs) were announced to strengthen the Wnt/β-catenin signaling pathway, which promoted the dedifferentiation of breast cancer cells into BCSCs and enhanced colonization of BC in bone marrow[69]. What’s more, hypoxia-induced high expression of Jagged2 was reported to stimulate the Notch signaling pathway,thus increasing BCSCs EMT-induced bone metastasis[70]. Moreover, a natural small-molecule compound ZL170 was investigated to refrain TGF-β/BMP, which enhanced BCSCs EMT-induced bone metastasis via up-regulating Smads[71]. Furthermore, it was clarified that miR-628 could act as a suppressor in BCSCs EMT-induced bone metastasis through targeting SOS1 [72].
BCSCs-related brain metastasis
We investigated BCSCs-related brain metastasis according to important biological behaviors in BC metastasis, including stemness maintenance and EMT (Fig. 4). It was confirmed that the role of miR-7 in impairing the BCSCs maintenance-related brain metastasis contributed to its negative regulation of KLF4 [73]. Besides, PCDH7 was illustrated to be refrained by the selective PLC inhibitor edelfosine and showed a potential of supporting BCSCs maintenance-related brain metastasis by stimulating the PLCβ-Ca2+/CaMKII/S100A4 signaling pathway [74]. Moreover, combination of reparixin and paclitaxel was recognized to suppress BCSCs maintenance-related brain metastasis via decreasing the level of CXCR1 [75]. However, the ALDH1A3 inhibitor MF-7 was elucidated to weaken BCSCs EMT-induced brain metastasis by impairing the expression of ALDH1A3 [76].
Current situation and future prospects
As mentioned above, we investigated the association between BCSCs and BC metastatic organotropism at the “seed” and “soil” levels, with BCSCs as the “seed” and BCSCs-related microenvironment as the “soil”. The heterogeneity of BCSCs could contribute to BC metastatic organotropism while BCSCs-related microenvironment regulated BC metastatic organotropism through different signaling pathways in the process of BCSC self-renewal, apoptosis, EMT and immune response.
With regard to signaling pathways, some classical signaling pathways have been widely recognized in BCSCs regulation, consisting of Wnt, Notch and Hedgehog signaling pathways. These classical signaling pathways were also reported in BCSCs-related BC metastatic organotropism, which deserved close attentions, including the miR-31-Dkk1-Wnt/β-catenin axis, the BCL11A-Wnt/β-catenin axis, the LGR4-Wnt/β-catenin axis in BC lung metastasis, the Vismodegib&Sonidegib-SMO-GLI1/tGLI1 axis in BC liver metastasis and the MSC-derived EVs-Wnt/β-catenin axis, the hypoxia-Jagged2-Notch axis in BC bone metastasis. Apart from classical signaling pathways, an increasing number of brand-new signaling pathways were also discovered and worthy of further exploration.
However, there are still some limitations in current researches. On the one hand, current researches for BCSCs-related BC metastatic organotropism remain superficial and lack of further investigations for underlying molecular mechanisms. According to current experimental researches, we would like to put forward potential hypotheses for BCSCs-related BC metastatic organotropism, for example cross-talk between BCSCs and distant organs, pre-metastatic niche formation in distant organs and so on, which need for exploration in the future. On the other hand, current research results mainly come from cell and mice experiments, whose guiding value for clinical diagnosis and treatment of BC patients remains unclear. Therefore, it is of great significance to perform clinical trials for verifying the anti-tumor efficacy and safety of potential BCSCs-related targets and signaling pathways.
Clinical trials of BCSCs-related therapies
Despite traditional therapies of surgery, chemotherapy, radiotherapy, immunotherapy and so on, a majority of BC patients still suffer from distant metastasis, which is believed to be driven by BCSCs. Therefore, an increasing number of researchers begin to focus on BCSCs-related therapies to overcome clinical challenges. Most recently, a variety of clinical trials have been conducted to investigate the safety and efficacy of BCSCs-related therapies. Current BCSCs-related clinical trials are mainly designed to target receptors of BCSCs or classical signaling pathways of BCSCs regulation, including Notch signaling pathway, Hedgehog signaling pathway and Wnt signaling pathway, which are performed in breast cancer patients or advanced solid tumor patients with partial breast cancer patients (Table 3).

Table 3Clinical trials of BCSCs-related therapies


	Modality
	Clinical trial
	Phase
	Study arms
	Enrolled population
	Patients (n)
	Status
	Preliminary antitumor efficacy

	Monotherapy
	NCT00106145
[77]
	I
	MK-0752
	adult patients with advanced solid tumors
	Total: 103
BC: 24
	Completed
	Objective CR: 1 glioma patient
SD ≥4 months: 10 glioma patients
BC patients: no significant efficacy

	Combination therapy
	MK-8669-049
NCT01295632
[78]
	I
	MK-0752 + Ridaforolimus
	advanced solid tumors
	Total: 30
BC: 2
	Completed
	CR: 1 HNSCC patient
PR: 1 HNSCC patient
SD ≥6 months: 1 HNSCC patient
BC patients: no significant efficacy

	Combination therapy
	NCT00645333
[79]
	Ib
	MK-0752 + Docetaxel
	locally advanced or metastatic breast cancer
	30
	Completed
	PR: 11 patients
SD: 9 patients
PD: 3 patients

	Combination therapy
	NCT02784795
[80]
	Ib
	LY3039478 + taladegib
LY3039478 + LY3023414
LY3039478 + abemaciclib
	advanced or metastatic solid tumors
	Total: 63
BC: 12
	Completed
	CR/PR: none
DCR: Part A: NA, Part B: 18.8 %, Part C: 26.1 %
BC patients: no significant efficacy

	Combination therapy
	EDALINE
NCT02027376
[81]
	Ib
	sonidegib (LDE225) + docetaxel
	triple negative advanced breast cancer
	12
	Completed
	Median TTP: 42.5 days (95 % CI: 29-155 days)

	Monotherapy
	NCT01351103
[82]
	I
	WNT974
	advanced solid tumors
	Total: 94
BC: 20
	Recruiting
	SD: 16 %
BC patients: no significant efficacy

	Monotherapy
	NCT01861054
[83]
	II
	Reparixin
	operable HER2-negative breast cancer
	20
	Terminated
	BCSC markers CD24-/CD44+ and ALDH+: decrease ≥20 %

	Combination therapy
	NCT02001974
[84]
	Ib
	Reparixin + Paclitaxel
	HER2-negative metastatic breast cancer
	30
	Completed
	RR: 30 %
DR >12 months: 2 patients


CR complete response, PR partial response, SD stable disease, DCR disease control rate, TTP time to progression, RR response rate, DR durable response, HNSCC head and neck squamous cell carcinoma, BC breast cancer, NA not available



MK-0752 is an oral inhibitor of γ-secretase, which could function as an enzyme for activating Notch pathway, suggesting that applying MK-0752 to block Notch pathway could prevent the progress of BCSCs. Recently, a phase I clinical trial was conducted to investigate the safety and anti-tumor efficacy of MK-0752 in 103 adult patients with advanced solid tumors, including 24 breast cancer patients. With regard to pharmacokinetics and pharmacodynamics, MK-0752 had a half-life of approximately 15 h while it exhibited remarkable role of inhibiting Notch pathway with 1800 mg to 4200 mg weekly dose levels. Among glioma patients, 1 patient had an objective complete response (CR) and 10 patients had a stable disease (SD) longer than four months whereas breast cancer patients showed no significant efficacy. Besides, the most common drug-related toxicities lied in gastrointestinal symptoms and fatigue [77]. MK-8669-049 is another phase I study to explore the combination of MK-0752 and mTOR inhibitor ridaforolimus in 30 advanced solid tumor patients, including 2 breast cancer patients. Primary results indicated that patients suffered from grade 2 or 3 dose-limiting toxicities (DLT) among 20 mg or 30 mg ridaforolimus groups while maximum tolerated dose (MTD) lied in 20 mg daily ridaforolimus 5 days/week + 1800 mg weekly MK-0752. As to anti-tumor efficacy, among head and neck squamous cell carcinoma (HNSCC) patients, 1 patient had a CR, 1 patient had a partial response (PR) and 1 patient had a SD longer than six months whereas breast cancer patients showed no significant efficacy [78]. Another phase Ib clinical trial was performed to integrate MK-0752 and docetaxel in 30 locally advanced or metastatic breast cancer patients. The analysis data informed that specific DLTs included pneumonitis, hand-foot syndrome, LFT elevation and diarrhea while 11 patients had a PR, 9 patients had a SD and 3 patients had a progressive disease (PD) [79]. Meanwhile, crenigacestat (LY3039478) is another potential Notch inhibitor, whose combination with other anti-tumor drugs could play a synergistic role for inhibiting BCSCs. A phase Ib clinical study was conducted to explore the combination of LY3039478 with other anti-tumor target agents (taladegib, LY3023414 or abemaciclib) in 63 patients with advanced or metastatic solid tumors, including 12 breast cancer patients. As shown in this trial, DLTs included diarrhea, nausea and vomiting, which occurred in 12 patients while 75.0-82.6 % adverse events were beyond Grade 3. Besides, the MTD of patients with LY3023414 was 25 mg compared with 50 mg among patients with abemaciclib while disease control rate exhibited 18.8 % or 26.1 % among patients with LY3023414 or abemaciclib. However, no CR or PR was observed and breast cancer patients showed no significant efficacy [80].
Moreover, Smo plays an important role in regulating Hedgehog signaling pathway, which is associated with the progress of BCSCs, while sonidegib (LDE225) serves as a selective oral inhibitor of smo. EDALINE is a phase Ib clinical trial to investigate the combination of sonidegib (LDE225) and docetaxel in 12 triple negative advanced breast cancer patients. The latest results informed that no pharmacokinetic interactions exhibited between sonidegib and docetaxel while patients with 800 mg sonidegib had grade 3 adverse events, including neutropenia, CPK increase, leukopenia and paresthesia. Besides, the addition of LDE225 plus docetaxel could lead to a median time to progression (TTP) of 42.5 days [81]. In addition, porcupine is a membrane-bound O-acyltransferase enzyme, participating in regulating Wnt signaling pathway, while WNT974 is a potential inhibitor of porcupine. A phase I clinical study using WNT974 was performed in 94 patients with advanced solid tumors, including 20 breast cancer patients. Preliminary results showed that recommended dose for expansion was 10 mg once daily while adverse events lied in dysgeusia. Besides, as to antitumor efficacy, 16 % of patients had a SD whereas breast cancer patients showed no significant efficacy [82]. At the meantime, chemokine receptor 1 (CXCR1) is one of the receptors selectively expressed in BCSCs. Reparixin is an investigational allosteric inhibitor of CXCR1, indicating its potential role of reducing BCSCs. Most recently, a phase II study of reparixin has recruited 20 operable Her2-negative breast cancer patients to assess the safety and anti-tumor efficacy. As shown in this trial, BCSCs markers CD24-/CD44+ and ALDH+ decreased by more than 20 % in part of patients, suggesting the potential role of reparixin for reducing BCSCs [83]. Another phase Ib trial that integrated reparixin with paclitaxel was designed in 30 Her2-negative metastatic breast cancer patients. The update results demonstrated that no pharmacokinetic interactions exhibited between reparixin and paclitaxel while 2 patients had durable response more than 12 months and the response rate (RR) reached 30 % [84].
Conclusions
Breast cancer is one of the leading female malignant tumors with a high risk of relapse and distant metastasis. BC patients with distant metastasis always exhibit apparent organotropism, including brain, lung, liver and bone. BCSCs are a small population of breast cancer cells with tumor-initiating capacity, which participate in regulating distant metastasis of BC. However, whether BCSCs have an effect on the metastatic organotropism of BC is still unclear and deserves further investigation. In this review, we firstly investigated the heterogeneity of BCSCs according to biomarker status, epithelial or mesenchymal status and other biological factors. Then, we explored the effect of BCSCs on the BC metastatic organotropism based on the “seed and soil” theory, with BCSCs as the “seed” and BCSCs-related microenvironment as the “soil”. At last, we summarized clinical trials which assessed the safety and efficacy of BCSCs-related therapies. Exploring the potential correlation between BCSCs and the metastatic organotropism of BC is of great significance and provides guidance for advanced metastatic breast cancer.
Acknowledgements
Not applicable.

Authors’ contributions
XG, JT and XH provided the direction and guidance of this manuscript. CW wrote the whole manuscript. KX and RW made significant revisions to the manuscript. All authors have read and approved the final manuscript.

Funding
This work was supported by a Key International Cooperation of the National Natural Science Foundation of China (No.81920108029 to X.G.) and a Key Foundation for Social Development Project of the Jiangsu Province, China (BE2021741 to X.G.).

Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J Clin. 2021;71(1):7-33.

	2.
Effects of chemotherapy and hormonal therapy for early breast cancer on recurrence and 15-year survival: an overview of the randomised trials. Lancet. 2005; 365(9472):1687–1717.

	3.
Peart O. Metastatic Breast Cancer. Radiol Technol. 2017; 88(5):519m-539m.PubMed

	4.
Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity of breast cancer: Molecular mechanism and potential therapeutic targets. Semin Cancer Biol. 2020; 60:14–27.PubMed

	5.
Xiong Z, Deng G, Huang X, Li X, Xie X, Wang J, et al. Bone metastasis pattern in initial metastatic breast cancer: a population-based study. Cancer Manag Res. 2018; 10:287–295.PubMedPubMedCentral

	6.
Dittmer J. Breast cancer stem cells: features, key drivers and treatment options. Semin Cancer Biol. 2018;53:59–74.PubMed

	7.
Sousa B, Ribeiro AS, Paredes J. Heterogeneity and plasticity of breast cancer stem cells. Adv Exp Med Biol. 2019;1139:83–103.PubMed

	8.
Luo M, Brooks M, Wicha MS. Epithelial-mesenchymal plasticity of breast cancer stem cells: implications for metastasis and therapeutic resistance. Curr Pharm Des. 2015; 21(10):1301–1310.PubMedPubMedCentral

	9.
Paget S. The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis Rev. 1989; 8(2):98–101.PubMed

	10.
Liu S, Cong Y, Wang D, Sun Y, Deng L, Liu Y, et al. Breast cancer stem cells transition between epithelial and mesenchymal states reflective of their normal counterparts. Stem Cell Rep. 2014;2(1):78–91.

	11.
Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A. 2003; 100(7):3983–3988.PubMedPubMedCentral

	12.
Colacino JA, Azizi E, Brooks MD, Harouaka R, Fouladdel S, McDermott SP, et al. Heterogeneity of human breast stem and progenitor cells as revealed by transcriptional profiling. Stem Cell Rep. 2018;10(5):1596–609.

	13.
Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, et al. ALDH1 is a marker of normal and malignant human mammary stem cells and a predictor of poor clinical outcome. Cell Stem Cell. 2007; 1(5):555–567.PubMedPubMedCentral

	14.
Heerma van Voss MR, van der Groep P, Bart J, van der Wall E, van Diest PJ. Expression of the stem cell marker ALDH1 in BRCA1 related breast cancer. Cell Oncol (Dordr). 2011; 34(1):3–10.

	15.
Malanchi I, Santamaria-Martínez A, Susanto E, Peng H, Lehr HA, Delaloye JF, et al. Interactions between cancer stem cells and their niche govern metastatic colonization. Nature. 2011; 481(7379):85–89.PubMed

	16.
Kristiansen G, Sammar M, Altevogt P. Tumour biological aspects of CD24, a mucin-like adhesion molecule. J Mol Histol. 2004; 35(3):255–262.PubMed

	17.
Senbanjo LT, Chellaiah MA. CD44: a multifunctional cell surface adhesion receptor is a regulator of progression and metastasis of cancer cells. Front Cell Dev Biol. 2017;5:18.PubMedPubMedCentral

	18.
Tomita H, Tanaka K, Tanaka T, Hara A. Aldehyde dehydrogenase 1A1 in stem cells and cancer. Oncotarget. 2016; 7(10):11018–11032.PubMedPubMedCentral

	19.
Wei W, Hu H, Tan H, Chow LW, Yip AY, Loo WT. Relationship of CD44+CD24-/low breast cancer stem cells and axillary lymph node metastasis. J Transl Med. 2012; 10 Suppl 1(Suppl 1):S6.PubMed

	20.
Lv X, Wang Y, Song Y, Pang X, Li H. Association between ALDH1+/CD133+ stem-like cells and tumor angiogenesis in invasive ductal breast carcinoma. Oncol Lett. 2016; 11(3):1750–1756.PubMedPubMedCentral

	21.
de Beça FF, Caetano P, Gerhard R, Alvarenga CA, Gomes M, Paredes J, et al. Cancer stem cells markers CD44, CD24 and ALDH1 in breast cancer special histological types. J Clin Pathol. 2013; 66(3):187–191.PubMed

	22.
Yang F, Cao L, Sun Z, Jin J, Fang H, Zhang W, et al. Evaluation of breast cancer stem cells and intratumor stemness heterogeneity in triple-negative breast cancer as prognostic factors. Int J Biol Sci. 2016;12(12):1568–77.PubMedPubMedCentral

	23.
Moreno-Bueno G, Portillo F, Cano A. Transcriptional regulation of cell polarity in EMT and cancer. Oncogene. 2008; 27(55):6958–6969.PubMed

	24.
Liu B, Du R, Zhou L, Xu J, Chen S, Chen J, et al. miR-200c/141 regulates breast cancer stem cell heterogeneity via targeting HIPK1/β-catenin axis. Theranostics. 2018;8(21):5801–13.PubMedPubMedCentral

	25.
Takebe N, Warren RQ, Ivy SP. Breast cancer growth and metastasis: interplay between cancer stem cells, embryonic signaling pathways and epithelial-to-mesenchymal transition. Breast Cancer Res. 2011; 13(3):211.PubMedPubMedCentral

	26.
Leth-Larsen R, Terp MG, Christensen AG, Elias D, Kühlwein T, Jensen ON, et al. Functional heterogeneity within the CD44 high human breast cancer stem cell-like compartment reveals a gene signature predictive of distant metastasis. Mol Med. 2012; 18(1):1109–1121.PubMedPubMedCentral

	27.
Zhang H, Brown RL, Wei Y, Zhao P, Liu S, Liu X, et al. CD44 splice isoform switching determines breast cancer stem cell state. Genes Dev. 2019; 33(3-4):166–179.PubMedPubMedCentral

	28.
Mannello F. Understanding breast cancer stem cell heterogeneity: time to move on to a new research paradigm. BMC Med. 2013; 11:169.PubMedPubMedCentral

	29.
Zhou L, Sheng D, Wang D, Ma W, Deng Q, Deng L, et al. Identification of cancer-type specific expression patterns for active aldehyde dehydrogenase (ALDH) isoforms in ALDEFLUOR assay. Cell Biol Toxicol. 2019; 35(2):161–177.PubMed

	30.
Vaillant F, Asselin-Labat ML, Shackleton M, Forrest NC, Lindeman GJ, Visvader JE. The mammary progenitor marker CD61/beta3 integrin identifies cancer stem cells in mouse models of mammary tumorigenesis. Cancer Res. 2008; 68(19):7711–7717.PubMed

	31.
Wong NK, Fuller M, Sung S, Wong F, Karsan A. Heterogeneity of breast cancer stem cells as evidenced with Notch-dependent and Notch-independent populations. Cancer Med. 2012; 1(2):105–113.PubMedPubMedCentral

	32.
Gyan E, Owiredu W, Fondjo LA, Jackson AM, Green AR, Rahman GA. A review of the racial heterogeneity of breast cancer stem cells. Gene. 2021;796–797:145805.PubMed

	33.
Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH, et al. Metastatic behavior of breast cancer subtypes. J Clin Oncol. 2010; 28(20):3271–3277.PubMed

	34.
Eroles P, Bosch A, Pérez-Fidalgo JA, Lluch A. Molecular biology in breast cancer: intrinsic subtypes and signaling pathways. Cancer Treat Rev. 2012; 38(6):698–707.PubMed

	35.
Ricardo S, Vieira AF, Gerhard R, Leitão D, Pinto R, Cameselle-Teijeiro JF, et al. Breast cancer stem cell markers CD44, CD24 and ALDH1: expression distribution within intrinsic molecular subtype. J Clin Pathol. 2011; 64(11):937–946.PubMed

	36.
Tsukabe M, Shimazu K, Morimoto K, Naoi Y, Kagara N, Shimoda M, et al. Clinicopathological analysis of breast ductal carcinoma in situ with ALDH1-positive cancer stem cells. Oncology. 2013; 85(4):248–256.PubMed

	37.
Park SY, Lee HE, Li H, Shipitsin M, Gelman R, Polyak K. Heterogeneity for stem cell-related markers according to tumor subtype and histologic stage in breast cancer. Clin Cancer Res. 2010; 16(3):876–887.PubMedPubMedCentral

	38.
Kong Y, Lyu N, Wu J, Tang H, Xie X, Yang L, et al. Breast cancer stem cell markers CD44 and ALDH1A1 in serum: distribution and prognostic value in patients with primary breast cancer. J Cancer. 2018; 9(20):3728–3735.PubMedPubMedCentral

	39.
Idowu MO, Kmieciak M, Dumur C, Burton RS, Grimes MM, Powers CN, et al. CD44(+)/CD24(-/low) cancer stem/progenitor cells are more abundant in triple-negative invasive breast carcinoma phenotype and are associated with poor outcome. Hum Pathol. 2012; 43(3):364–373.PubMed

	40.
Xu H, Tian Y, Yuan X, Liu Y, Wu H, Liu Q, et al. Enrichment of CD44 in basal-type breast cancer correlates with EMT, cancer stem cell gene profile, and prognosis. Onco Targets Ther. 2016; 9:431–444.PubMedPubMedCentral

	41.
Lv C, Li F, Li X, Tian Y, Zhang Y, Sheng X, et al. MiR-31 promotes mammary stem cell expansion and breast tumorigenesis by suppressing Wnt signaling antagonists. Nat Commun. 2017;8(1):1036.

	42.
Wang YC, Tsai CF, Chuang HL, Chang YC, Chen HS, Lee JN, et al. Benzyl butyl phthalate promotes breast cancer stem cell expansion via SPHK1/S1P/S1PR3 signaling. Oncotarget. 2016; 7(20):29563–29576.PubMedPubMedCentral

	43.
Teo WS, Holliday H, Karthikeyan N, Cazet AS, Roden DL, Harvey K, et al. Id Proteins Promote a Cancer Stem Cell Phenotype in Mouse Models of Triple Negative Breast Cancer via Negative Regulation of Robo1. Front Cell Dev Biol. 2020; 8:552.PubMedPubMedCentral

	44.
Rhost S, Hughes É, Harrison H, Rafnsdottir S, Jacobsson H, Gregersson P, et al. Sortilin inhibition limits secretion-induced progranulin-dependent breast cancer progression and cancer stem cell expansion. Breast Cancer Res. 2018; 20(1):137.PubMedPubMedCentral

	45.
Kim RJ, Park JR, Roh KJ, Choi AR, Kim SR, Kim PH, et al. High aldehyde dehydrogenase activity enhances stem cell features in breast cancer cells by activating hypoxia-inducible factor-2α. Cancer Lett. 2013; 333(1):18–31.PubMed

	46.
Samanta D, Park Y, Andrabi SA, Shelton LM, Gilkes DM, Semenza GL. PHGDH Expression Is Required for Mitochondrial Redox Homeostasis, Breast Cancer Stem Cell Maintenance, and Lung Metastasis. Cancer Res. 2016; 76(15):4430–4442.PubMed

	47.
Liu W, Chen G, Sun L, Zhang Y, Han J, Dai Y, et al. TUFT1 Promotes Triple Negative Breast Cancer Metastasis, Stemness, and Chemoresistance by Up-Regulating the Rac1/β-Catenin Pathway. Front Oncol. 2019; 9:617.PubMedPubMedCentral

	48.
Yu F, Deng H, Yao H, Liu Q, Su F, Song E. Mir-30 reduction maintains self-renewal and inhibits apoptosis in breast tumor-initiating cells. Oncogene. 2010; 29(29):4194–4204.PubMed

	49.
Yong L, Yao Y, Chen GS, Yan XX, Guo YC, Han MY, et al. QAP14 suppresses breast cancer stemness and metastasis via activation of dopamine D1 receptor. Acta Pharmacol Sin. 2021. Epub ahead of print

	50.
Peng F, Yang C, Kong Y, Huang X, Chen Y, Zhou Y, et al. CDK12 Promotes Breast Cancer Progression and Maintains Stemness by Activating c-myc/β -catenin Signaling. Curr Cancer Drug Targets. 2020; 20(2):156–165.PubMed

	51.
Zhu L, Pan R, Zhou D, Ye G, Tan W. BCL11A enhances stemness and promotes progression by activating Wnt/β-catenin signaling in breast cancer. Cancer Manag Res. 2019; 11:2997–3007.PubMedPubMedCentral

	52.
Yue Z, Yuan Z, Zeng L, Wang Y, Lai L, Li J, et al. LGR4 modulates breast cancer initiation, metastasis, and cancer stem cells. FASEB J. 2018;32(5):2422–37.PubMedPubMedCentral

	53.
Liu X, Ma F, Liu C, Zhu K, Li W, Xu Y, et al. UBE2O promotes the proliferation, EMT and stemness properties of breast cancer cells through the UBE2O/AMPKα2/mTORC1-MYC positive feedback loop. Cell Death Dis. 2020; 11(1):10.PubMedPubMedCentral

	54.
Wang J, Li M, Han X, Wang H, Wang X, Ma G, et al. MiR-1976 knockdown promotes epithelial-mesenchymal transition and cancer stem cell properties inducing triple-negative breast cancer metastasis. Cell Death Dis. 2020; 11(7):500.PubMedPubMedCentral

	55.
Park SY, Kim MJ, Park SA, Kim JS, Min KN, Kim DK, et al. Combinatorial TGF-β attenuation with paclitaxel inhibits the epithelial-to-mesenchymal transition and breast cancer stem-like cells. Oncotarget. 2015; 6(35):37526–37543.PubMedPubMedCentral

	56.
Dasgupta A, Sawant MA, Kavishwar G, Lavhale M, Sitasawad S. AECHL-1 targets breast cancer progression via inhibition of metastasis, prevention of EMT and suppression of Cancer Stem Cell characteristics. Sci Rep. 2016; 6:38045.PubMedPubMedCentral

	57.
Gao W, Wen H, Liang L, Dong X, Du R, Zhou W, et al. IL20RA signaling enhances stemness and promotes the formation of an immunosuppressive microenvironment in breast cancer. Theranostics. 2021; 11(6):2564–2580.PubMedPubMedCentral

	58.
Wang B, Wang Q, Wang Z, Jiang J, Yu SC, Ping YF, et al. Metastatic consequences of immune escape from NK cell cytotoxicity by human breast cancer stem cells. Cancer Res. 2014; 74(20):5746–5757.PubMed

	59.
Liu Q, Hodge J, Wang J, Wang Y, Wang L, Singh U, et al. Emodin reduces Breast Cancer Lung Metastasis by suppressing Macrophage-induced Breast Cancer Cell Epithelial-mesenchymal transition and Cancer Stem Cell formation. Theranostics. 2020; 10(18):8365–8381.PubMedPubMedCentral

	60.
Seitz CM, Schroeder S, Knopf P, Krahl AC, Hau J, Schleicher S, et al. GD2-targeted chimeric antigen receptor T cells prevent metastasis formation by elimination of breast cancer stem-like cells. Oncoimmunology. 2020; 9(1):1683345.PubMed

	61.
Wang L, Duan W, Kang L, Mao J, Yu X, Fan S, et al. Smoothened activates breast cancer stem-like cell and promotes tumorigenesis and metastasis of breast cancer. Biomed Pharmacother. 2014; 68(8):1099–1104.PubMed

	62.
Yanagi H, Watanabe T, Nishimura T, Hayashi T, Kono S, Tsuchida H, et al. Upregulation of S100A10 in metastasized breast cancer stem cells.  Cancer Sci. 2020;111(12):4359–70.

	63.
Doheny D, Sirkisoon S, Carpenter RL, Aguayo NR, Regua AT, Anguelov M, et al. Combined inhibition of JAK2-STAT3 and SMO-GLI1/tGLI1 pathways suppresses breast cancer stem cells, tumor growth, and metastasis. Oncogene. 2020;39(42):6589–605.

	64.
Zheng C, Yan S, Lu L, Yao H, He G, Chen S, et al. Lovastatin Inhibits EMT and Metastasis of Triple-Negative Breast Cancer Stem Cells Through Dysregulation of Cytoskeleton-Associated Proteins. Front Oncol. 2021; 11:656687.PubMedPubMedCentral

	65.
Yeeravalli R, Kaushik K, Das A. TWIST1-mediated transcriptional activation of PDGFRβ in breast cancer stem cells promotes tumorigenesis and metastasis. Biochim Biophys Acta Mol Basis Dis. 2021; 1867(7):166141.PubMed

	66.
Pio GM, Xia Y, Piaseczny MM, Chu JE, Allan AL. Soluble bone-derived osteopontin promotes migration and stem-like behavior of breast cancer cells. PLoS One. 2017;12(5):e0177640.

	67.
Buijs JT, van der Horst G, van den Hoogen C, Cheung H, de Rooij B, Kroon J, et al. The BMP2/7 heterodimer inhibits the human breast cancer stem cell subpopulation and bone metastases formation. Oncogene. 2012; 31(17):2164–2174.PubMed

	68.
Ling LJ, Wang S, Liu XA, Shen EC, Ding Q, Lu C, et al. A novel mouse model of human breast cancer stem-like cells with high CD44+CD24-/lower phenotype metastasis to human bone. Chin Med J (Engl). 2008; 121(20):1980–1986.

	69.
Sandiford OA, Donnelly RJ, El-Far MH, Burgmeyer LM, Sinha G, Pamarthi SH, et al. Mesenchymal stem cell-secreted extracellular vesicles instruct stepwise dedifferentiation of breast cancer cells into dormancy at the bone marrow perivascular region. Cancer Res. 2021;81(6):1567–82.PubMed

	70.
Xing F, Okuda H, Watabe M, Kobayashi A, Pai SK, Liu W, et al. Hypoxia-induced Jagged2 promotes breast cancer metastasis and self-renewal of cancer stem-like cells. Oncogene. 2011; 30(39):4075–4086.PubMedPubMedCentral

	71.
Di L, Liu LJ, Yan YM, Fu R, Li Y, Xu Y, et al. Discovery of a natural small-molecule compound that suppresses tumor EMT, stemness and metastasis by inhibiting TGFβ/BMP signaling in triple-negative breast cancer. J Exp Clin Cancer Res. 2019; 38(1):134.PubMedPubMedCentral

	72.
Lin C, Gao B, Yan X, Lei Z, Chen K, Li Y, et al. MicroRNA 628 suppresses migration and invasion of breast cancer stem cells through targeting SOS1. Onco Targets Ther. 2018; 11:5419–5428.PubMedPubMedCentral

	73.
Okuda H, Xing F, Pandey PR, Sharma S, Watabe M, Pai SK, et al. miR-7 suppresses brain metastasis of breast cancer stem-like cells by modulating KLF4. Cancer Res. 2013; 73(4):1434–1444.PubMedPubMedCentral

	74.
Ren D, Zhu X, Kong R, Zhao Z, Sheng J, Wang J, et al. Targeting brain-adaptive cancer stem cells prohibits brain metastatic colonization of triple-negative breast cancer. Cancer Res. 2018;78(8):2052–64.PubMedPubMedCentral

	75.
Brandolini L, Cristiano L, Fidoamore A, De Pizzol M, Di Giacomo E, Florio TM, et al. Targeting CXCR1 on breast cancer stem cells: signaling pathways and clinical application modelling. Oncotarget. 2015; 6(41):43375–43394.PubMedPubMedCentral

	76.
Yamashita D, Minata M, Ibrahim AN, Yamaguchi S, Coviello V, Bernstock JD, et al. Identification of ALDH1A3 as a viable therapeutic target in breast cancer metastasis-initiating cells. Mol Cancer Ther. 2020;19(5):1134–47.

	77.
Krop I, Demuth T, Guthrie T, Wen PY, Mason WP, Chinnaiyan P, et al. Phase I pharmacologic and pharmacodynamic study of the gamma secretase (Notch) inhibitor MK-0752 in adult patients with advanced solid tumors. J Clin Oncol. 2012; 30(19):2307–2313.PubMed

	78.
Piha-Paul SA, Munster PN, Hollebecque A, Argilés G, Dajani O, Cheng JD, et al. Results of a phase 1 trial combining ridaforolimus and MK-0752 in patients with advanced solid tumours. Eur J Cancer. 2015; 51(14):1865–1873.PubMedPubMedCentral

	79.
Schott AF, Landis MD, Dontu G, Griffith KA, Layman RM, Krop I, et al. Preclinical and clinical studies of gamma secretase inhibitors with docetaxel on human breast tumors. Clin Cancer Res. 2013; 19(6):1512–1524.PubMedPubMedCentral

	80.
Azaro A, Massard C, Tap WD, Cassier PA, Merchan J, Italiano A, et al. A phase 1b study of the Notch inhibitor crenigacestat (LY3039478) in combination with other anticancer target agents (taladegib, LY3023414, or abemaciclib) in patients with advanced or metastatic solid tumors. Invest New Drugs. 2021;39(4):1089–98.

	81.
Ruiz-Borrego M, Jimenez B, Antolín S, García-Saenz JA, Corral J, Jerez Y, et al. A phase Ib study of sonidegib (LDE225), an oral small molecule inhibitor of smoothened or Hedgehog pathway, in combination with docetaxel in triple negative advanced breast cancer patients: GEICAM/2012-12 (EDALINE) study. Invest New Drugs. 2019;37(1):98–108.

	82.
Rodon J, Argilés G, Connolly RM, Vaishampayan U, de Jonge M, Garralda E, et al. Phase 1 study of single-agent WNT974, a first-in-class Porcupine inhibitor, in patients with advanced solid tumours. Br J Cancer. 2021; 125(1):28–37.PubMed

	83.
Goldstein LJ, Perez RP, Yardley D, Han LK, Reuben JM, Gao H, et al. A window-of-opportunity trial of the CXCR1/2 inhibitor reparixin in operable HER-2-negative breast cancer. Breast Cancer Res. 2020; 22(1):4.PubMedPubMedCentral

	84.
Schott AF, Goldstein LJ, Cristofanilli M, Ruffini PA, McCanna S, Reuben JM, et al. Phase Ib pilot study to evaluate reparixin in combination with weekly paclitaxel in patients with HER-2-negative metastatic breast cancer. Clin Cancer Res. 2017;23(18):5358–65.PubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Heterogeneity of BCSCs contributes to the metastatic organotropism of breast cancer


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2021_2164_Fig4_HTML.png





OEBPS/css/envelope.png





OEBPS/images/13046_2021_2164_Fig3_HTML.png





OEBPS/images/13046_2021_2164_Fig2_HTML.png
*
',@/é

CO|0nI2atlj// \

0
0
1
'
'
'
0
'
'
'
I
1
'

Breast tumor cell Erythrocyte
ALDH+/Epithelial-like BCSC @) immune cel

CD24-CD44+/Mesenchymal-like BCSC






OEBPS/css/sidebar.gif





OEBPS/images/13046_2021_2164_Fig1_HTML.png
Luminal ABC

HER2

Enriched BC

Breast tumor cell

ALDH+/Epithelial-like BCSC
CD24-CD44+/Mesenchymal-like BCSC





