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Abstract

:

NOD-like receptor protein 3 (NLRP3) may contribute to the growth and propagation of breast cancer (BC). The effect of estrogen receptor-α (ER-α), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) on NLRP3 activation in BC remains unknown. Additionally, our knowledge of the effect of blocking these receptors on NLRP3 expression is limited. We used GEPIA, UALCAN, and the Human Protein Atlas for transcriptomic profiling of NLRP3 in BC. Lipopolysaccharide (LPS) and adenosine 5′-triphosphate (ATP) were used to activate NLRP3 in luminal A MCF-7 and in TNBC MDA-MB-231 and HCC1806 cells. Tamoxifen (Tx), mifepristone (mife), and trastuzumab (Tmab) were used to block ER-α, PR, and HER2, respectively, on inflammasome activation in LPS-primed MCF7 cells. The transcript level of NLRP3 was correlated with ER-ɑ encoding gene ESR1 in luminal A (ER-α+, PR+) and TNBC tumors. NLRP3 protein expression was higher in untreated and LPS/ATP-treated MDA-MB-231 cells than in MCF7 cells. LPS/ATP-mediated NLRP3 activation reduced cell proliferation and recovery of wound healing in both BC cell lines. LPS/ATP treatment prevented spheroid formation in MDA-MB-231 cells but did not affect MCF7. HGF, IL-3, IL-8, M-CSF, MCP-1, and SCGF-b cytokines were secreted in both MDA-MB-231 and MCF7 cells in response to LPS/ATP treatment. Tx (ER-α inhibition) promoted NLRP3 activation and increased migration and sphere formation after LPS treatment of MCF7 cells. Tx-mediated activation of NLRP3 was associated with increased secretion of IL-8 and SCGF-b compared to LPS-only-treated MCF7 cells. In contrast, Tmab (Her2 inhibition) had a limited effect on NLRP3 activation in LPS-treated MCF7 cells. Mife (PR inhibition) opposed NLRP3 activation in LPS-primed MCF7 cells. We have found that Tx increased the expression of NLRP3 in LPS-primed MCF7. These data suggest a link between blocking ER-α and activation of NLRP3, which was associated with increased aggressiveness of the ER-α+ BC cells.
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1. Introduction


NOD-like receptor protein 3 (NLRP3), an intracellular oligomeric protein complex, is formed followed by the priming of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [1,2]. A secondary signal, such as adenosine 5′-triphosphate (ATP), is required to trigger the polymerization and formation of an active NLRP3 complex [3,4]. There is considerable evidence suggesting the role of NLRP3 in tumor pathogenesis, although results are often controversial. Some studies have shown that NLRP3 accelerates tumor progression by inducing epithelial-mesenchymal transition (EMT) and angiogenesis [5,6]. Others have revealed limited tumor cell survival due to pyroptotic cell death [7,8]. The mechanisms of these conflicting data remain largely unknown.



Previously, we demonstrated that the degree of NLRP3 inflammasome activation varies among cancer cell lines, resulting in different cancer cell growth patterns [9]. We also have shown that a high level of NLRP3 expression in cancer cells promotes more aggressive tumor features, such as enhanced proliferation and migration, compared to cancer cells that express a lower level of NLRP3 [9]. In addition, overexpression of NLRP3 enhanced resistance to chemotherapy [10,11]. Previous studies demonstrated that these anticancer therapeutics link chemoresistance to promoting NLRP3 expression [11,12]. Therefore, predicting the effects of chemotherapy drugs on tumor growth requires prior testing of the NLRP3 expression status.



Hormone-based therapeutics are often used to treat breast and ovarian cancers [13,14,15]. Tamoxifen (Tx), an estrogen receptor alpha (ER-ɑ) antagonist, is recommended as adjuvant therapy in breast cancer (BC) patients with an ER-ɑ expressing, lymph-node-negative or lymph-node-positive tumor [16,17]. Additionally, a progesterone receptor (PR) antagonist, mifepristone (mife), has been shown to inhibit the growth of ovarian cancer and BC cells with high PR expression [18,19]. Monoclonal-antibody-based immunotherapeutics, such as trastuzumab (Tmab), that target human epidermal growth factor receptor 2 (HER2) are used to treat HER2-expressing BC cancer cells [20,21,22,23]. Our understanding of the therapeutic mechanisms of these drugs is based on the inhibition of hormone-activated intracellular pathways [16,17,18,19,24]. However, there is a limited understanding of the interaction between NLRP3 activation and hormone receptor inhibition in cancer cells, which could contribute to the therapeutic efficacy of these drugs.



BC tumors are classified based on the expression of receptors ER-α and PR as well as HER2 [25]. Tumors lacking ER-α/PR and HER2 are classified as triple-negative BC (TNBC) [26]. The majority, 70%, of BC tumors express hormone receptors ER-α and/or PR [27], whereas 20–30% have amplification or overexpression of HER2 [28]. The TNBCs constitute the smaller fraction, 12–17%, of BC tumors [29]. These receptors’ role in BC’s pathogenesis is established; however, our understanding of the ER-α, PR, and HER2 expression on NLRP3 inflammasome is limited. The tumor-specific variations in these receptors’ expression could contribute to mechanisms of inflammasome-associated tumor growth. This study aims to address this knowledge gap by investigating the NLRP3 expression effect on BC proliferation in ER-α, PR, and HER2 expressing cells, as well as in TNBC.



The effect of NLRP3 activation on cancer progression in TNBC, MDA-MB-231 and HCC1806 cells, and MCF7 cells, expressing ER-α, PR, and low to moderate levels of HER2, was investigated. ER-α antagonist Tx [30], PR antagonist mife [31] and Tmab inhibiting HER2 [32] were used to analyze the effect of these receptors’ expression on NLRP3 expression in MCF7 cells. We found that TNBC cells MDA-MB-231 and HCC1806 have a higher NLRP3 expression than hormone-receptor-expressing BC cell MCF7. NLRP3 activation increased proliferation, migration, and release of inflammatory cytokines in TNBC cell MDA-MB-231. In contrast, MCF7 cells expressing these receptors had low NLRP3 activation associated with reduced BC cell growth, migration, and lower production of proinflammatory cytokines. In LPS-treated cells, Tx induced NLRP3 expression and caused a more aggressive MCF7 cell phenotype similar to that when cells were treated with LPS/ATP. In contrast, blocking PR with mife reduced NLRP3 activation in LPS/ATP-primed MCF7 cells. Blocking HER2 by Tmab had a limited effect on NLRP3 expression in MCF7 cells.




2. Results


2.1. Transcriptional Levels of NLRP3 in BC Tumors and Cell Lines


The mean RNA transcript level of the NLRP3 was lower in BC tumor samples than in normal tissues in the Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx)-derived BC patients (Figure 1A). However, BC patients with high NLRP3 expressed tumors had a lower overall and disease-free survival (Figure 1B,C). BC tumors expressing only ER-α or ER-α and PR were classified as luminal A; those expressing ER-α and HER2 were classified as luminal B; and those not expressing ER-α, PR, or HER2 were classified as triple-negative [33]. The transcript level of NLRP3 was detected as higher in the luminal and triple-negative groups (Figure 1D). Accordingly, we analyzed the correlation of the RNA transcript levels between ER-α encoding gene ESR1, PR encoding gene PGR, and HER2 encoding gene ERBB2 in tumor samples of BC patients. The results indicated that the RNA transcript level of NLRP3 was negatively correlated with ESR1 (p < 0.001) and ERBB2 (p = 0.038). In contrast, no correlation was determined between NLRP3 and PGR (Figure 1E). Depending on the molecular classification of BC, the RNA transcript level of NLRP3 was higher in TNBC cells compared to luminal A group in BC cells derived from the primary tumor site (Figure 1F) and metastatic site (Figure 1G). According to the Human Protein Atlas (HPA) database, a negative correlation was determined between the RNA transcript level of NLRP3 and ESR1 in luminal A (ER-α+, PR+) and TNBC cells (p = 0.046). In contrast, no correlation between NLRP3 and ESR1 was detected in luminal B (ER-α+ and HER2+) and HER2+ BC cell lines (Figure 1H,I). No correlation was detected between NLRP3 and ERBB2 in luminal A, TNBC, luminal B, and HER2+ BC cell lines. These data suggest that ER-α coding ESR1 gene expression could inhibit RNA expression of NLRP3 in luminal A cells. In contrast, the absence of ESR1 transcripts liberates NLRP3 expression in TNBC cells. However, NLRP3 expression could not be affected by ESR1 in luminal type B cells.




2.2. NLRP3 Protein Levels Vary in TNBC and Luminal A Type Cells


LPS/ATP increased NLRP3 protein expression in TNBC MDA-MB-231, HCC1806, and luminal A MCF7 cells (Figure 2A; Figure S1). However, untreated MDA-MB-231 cells produced more NLRP3 protein compared to untreated MCF7 cells, which resulted in a higher concentration of NLRP3 production of LPS/ATP-treated MDA-MB-231 cells compared to LPS/ATP-treated MCF7 cells (Figure 2A). In addition, although the NLRP3 expression of untreated and LPS/ATP-treated HCC1806 cells was lower than MDA-MB-231 cells, it was higher than in MCF7 cells (Figure S1, Table S1). The secretion of interleukin (IL)-1β was increased in LPS/ATP-treated MDA-MB-231 cells (p < 0.001) compared to the control. As anticipated, this cytokine production was less affected in MCF-7 cells than in the control (Figure 2B,C, Table S2). These data demonstrate that LPS/ATP activates NLRP3 in MDA-MB-231 cells, which are TNBC. However, inflammasome induction had a limited effect on MCF-7, expressing ER-α+, PR+, and low-Her2+ cells.




2.3. The Proliferation of MDA-MB-231 and MCF-7 Cells Differ after NLRP3 Activation


MDA-MB-231 and MCF-7 cells treated with LPS only and LPS/ATP were used to investigate the real-time impact of NLRP3 activation on cell growth. Cell proliferation rate kinetics in untreated, LPS-only, and LPS/ATP-treated MDA-MB-231 cells were higher than in MCF7 cells (Figure 3A,B). LPS/ATP substantially attenuated cell growth in MDA-MB-231 and MCF-7 cells compared to untreated and LPS-only-treated cells (Figure 3A,B).



The effect of LPS/ATP on the tumor cell sphere differed in MDA-MB-231 and MCF-7 cells. In MDA-MB-231 (TNBC; ER-α−, PR−, Her2−), untreated and LPS-only-treated MDA-MB-231 cells started forming spheres in the first 4 h, forming a whole sphere from large-size diffuse aggregates in 24 h, which resulted in a smaller size of the spheres. After 24 and 48 h, there was no difference in the size of spheres formed by untreated and LPS-only-treated MDA-MB-231 cells. However, although LPS/ATP-treated MDA-MB-231 cells started to form spheres in 4 h, the size of the spheres increased during 24 h (p = 0.008, Figure 3C, Table S3), and then did not change until the 48 h time point. At 48 h, the size of the LPS-ATP-treated MDA-MB-231 spheres was larger than the untreated spheres (p = 0.048, Table S4). In contrast, the size of untreated MCF7 cells was unchanged for the first 4 h. However, they became enlarged by the 24 h time point (p = 0.020; Figure 3D, Table S3). The size of the spheres remained the same for the remaining incubation time. Interestingly, treatment with LPS only induced rapid growth of the sphere in the first 4 h (p = 0.023, Figure 3D, Table S3). However, the size of these spheres remained unchanged for the remaining time. LPS/ATP did not affect sphere sizes compared to untreated MCF7 cells. Our data suggest that NLRP3 activation was more pronounced in MDA-MB-231, a TNBC cell, and it was also characterized by sphere growth. In contrast, limited capacity to activate NLRP3 in ER-α+, PR+, and HER-2low+ MCF7 cells was associated with a lack of effect on sphere formation and growth.



LPS only and LPS/ATP did not affect the rate of early apoptosis (annexin V (+)/PI (−)) in MDA-MB231 and MCF7 (Figure 4A,B, Table S5). These data suggest that NLRP3 activation failed to induce apoptotic cell death independent of ER-α+, PR+, and Her2+ expression status in BC cells.




2.4. NLRP3 Expression Reduces the Migration Capacity of BC Cells


The effect of NLRP3 activation on the migration of MDA-MB-231 and MCF-7 cells was investigated using uncoated CIM-16 xCELLigence plates. The untreated MDA-MB-231 cell migration rate through uncoated membranes was higher than MCF7 cells (Figure 5A,B). The migration rate decreased following LPS only and LPS/ATP treatment compared with untreated cells in both cell lines (Figure 5A,B).



Likewise, in the scratch wound healing assay, the wound closing rate in untreated MDA-MB-231 cells was higher than that of MCF7 cells in 48 h (t = 3.26; p = 0.026, Figure 5C,D). In untreated MDA-MB-231 cells, the wounded area closed within 48 h (p < 0.001, Figure 5C, Table S6), whereas it remained open in MCF7 cells. LPS only reduced wound healing in 24 h in MDA-MB-231 compared to untreated cells (p = 0.027, Figure 5C, Table S7). In contrast, LPS only did not affect the wound closing rate in MCF-7 compared to untreated cells in 24 or 48 h. LPS/ATP reduced the speed of wound healing over 48 h in MDA-MB231 and MCF7 cells compared to untreated and LPS-only-treated cells (p < 0.001). However, most spreading MDA-MB-231 cells were attached, motile cells, whereas MCF7 cells were detached and immotile [36] (Figure 5C,D, Table S7).




2.5. Effect of NLRP3 Activation on Cytokine Release in BC Cells


The level of 48 cytokines was measured 24 h after treatment of BC cells with LPS/ATP. Secretion levels of granulocyte colony-stimulating factor (G-CSF), IL-18, interferon gamma-induced protein 10 (IP10), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein-1 alpha (MIP-1a), and stem cell factor (SCF) were significantly higher in untreated MDA-MB-231 cells compared to untreated MCF7 cells (Figure 6A–F; Tables S8 and S9). These data suggest the higher proinflammatory capacity of MDA-MB-231 cells compared to MCF7 cells.



LPS/ATP treatment induced the secretion of proinflammatory HGF, IL-3, IL-8, M-CSF, MCP-1, and SCGF-b in MDA-MB-231 and MCF7 cells (Figure 6A, Tables S10 and S11). However, changes in these cytokines’ levels were significant only in MDA-MB-231 cells. Secretion of cutaneous T-cell-attracting chemokine (CTACK), SCF, IL-1a, and regulated upon activation, normal T cell expressed and presumably secreted (RANTES) was increased in LPS/ATP-treated MDA-MB-231 cells (Figure 6B,C, Tables S10 and S11). In contrast, LPS/ATP did not affect the secretion of these cytokines in MCF7 cells (Figure 6B,C, Tables S10 and S11). These data indicate that inflammasome activation induced a proinflammatory cytokine secretion in TNBC MDA-MB-231 BC cells. These cells are characterized by high NLRP3 activation capacity. In contrast, MCF7 cells expressing hormone receptors had modest cytokine secretion upon inflammasome activation. It should be noted that MCF7 cells have a limited capacity for inflammasome activation [9].




2.6. Targeting Hormone Receptors affect NLRP3 Status in MCF7 Cells


LPS primed MCF7 (ER-α+, PR+, HER-2low+) cells treated with Tx, mife, and Tmab to block ER-α, PR, and HER2, respectively. In LPS-primed MCF7 cells, blocking ER-α with Tx induced NLRP3 expression (Figure 7A, Table S12). In contrast, mife, which targets PR, reduced NLRP3 expression compared to LPS-only MCF7 cells. Additionally, LPS/Tx increased the secretion of IL-1β (p = 0.05; Figure 7B), whereas LPS/mife decreased the release of this cytokine compared to LPS-only-treated MCF7 cells (p = 0.010, Figure 7B, Table S13).



Tmab, which targets HER2, did not affect NLRP3 protein expression and IL-1β secretion (Figure 7A,B). Upon treatment with LPS/Tx/mife and LPS/Tx/mife/Tmab, expression of NLRP3 was reduced compared to LPS only. Also, the secretion of IL-1β was lower than LPS only (Figure 7A,B). In contrast, LPS/Tx/Tmab had a limited effect on NLRP3 expression and IL-1β secretion, which remained similar to that in cells treated with LPS/Tx (Figure 7A,B). These findings suggest that the effects of ER-α and PR antagonists on NLRP3 expression vary. While Tx blocking ER-α induces inflammasome expression, blocking PR with mife reduced NLRP3 expression in LPS-primed MCF7 cells.




2.7. NLRP3 Activation Combined with Tx Blocking ER-α Promotes MCF7 Cells Migration and Proliferation


It was only blocking ER-α with Tx increased NLRP3 expression. Therefore, the effect of Tx on cell proliferation, migration, and sphere formation was analyzed in MCF7 cells. MCF-7 cells treated with LPS only or LPS/Tx to investigate the real-time impact of NLRP3 activation on cell growth. Cell proliferation kinetics indicated that LPS/Tx had a limited effect on the proliferation rate of MCF-7 cells compared to LPS only (Figure 8A). Supporting these data, LPS/Tx did not affect the apoptotic cell counts compared to LPS only (Figure 8B). In addition, LPS/Tx reduced the sphere size at the initial 4 h (p < 0.001, Figure 8C, Table S14). At the later time points (48 h of incubation), the sphere sizes were significantly larger than LPS-only-treated cells (p = 0.014, Figure 8C, Table S15). These data suggest that when NLRP3 is activated, Tx-mediated suppression of ER-α could increase cell proliferation and enhance the sphere size.



A wound healing assay was used to investigate the effect of Tx suppression of ER-α on the migratory properties of MCF-7 cells after inflammasome activation. LPS/Tx increased the wound healing rate over 48 h (p < 0.001, Figure 8D, Table S16). The wound healing was higher than in LPS-only and LPS/ATP-treated MCF7 cells during 48 h (p < 0.001; Figure 8D; Table S17). These data suggest that Tx increased the migration ability of MCF7 cells when the inflammasome is activated. Supporting this, LPS/Tx enhanced the secretion of the inflammatory cytokines IL-8 and SCGF-b. These cytokines could promote cancer cell migration, invasion, and induction of BC stem-like cell (BSC) phenotype [37,38], compared to untreated and LPS-only-treated MCF cells (Figure 8E; Table S18). Interestingly, the secretion of MCP-1 was not affected by LPS/Tx treatment compared to LPS only. These data indicate that a combination of activated inflammasome and ER-α blockade with Tx in MCF7 cells could promote a more aggressive phenotype.





3. Discussion


NLRP3 expression was detected in high levels in many types of tumors, such as head and neck squamous cell carcinoma [39], laryngeal squamous cell carcinoma [40], bladder cancer [41], and prostate cancer [42], compared to their nontumor tissue samples. In addition, a study showed an increased level of NLRP3 in BC cell lines MDA-MB-231, MCF-7, and SKBR3 compared to normal mammary epithelial cells [43]. NLRP3 expression and IL-1β secretion of BC tumors promote myeloid-derived suppressor cell (MDSCs) and tumor-associated macrophage (TAM) infiltration to the tumor microenvironment and facilitate an inflammatory microenvironment for cancer progression [44]. Supporting this, in this study, high NLRP3 expression decreased overall and disease-free survival in TCGA- and GTEx-derived BC patients. However, except for luminal and TNBC, NLRP3 transcription level in BC tumors was lower than that of normal tissue. In addition, the NLRP3 transcript levels of luminal A and TNBC cells were inversely correlated with the transcription level of ER-α encoding gene ESR1. Therefore, our study evaluated the effect of NLRP3 on BC cells in a luminal A type cell line, MCF7, and TNBC type cell lines MDA-MB-231 and HCC1800, which differ in terms of ESR1 transcript level.



NLRP3 activation requires priming with PAMPs and a second stimulus for inflammasome oligomerization [45]. The oligomerized inflammasome targets pro-caspase-1 and releases the active enzyme [46]. The functional caspase-1 cleaves pro-IL-1β, liberating active cytokines [46]. In this study, we used LPS, a PAMPs ligand for toll-like receptor 4 (TLR4), to prime inflammasome, which induces the transcription of structural components of NLRP3 and pro-IL-1β [47,48]. ATP was the second stimulus to initiate the functional inflammasome assembly [49]. We have found the highest NLRP3 activation in MDA-MB-231, TNBC cell line (ER-α−, PR−, HER2−), among all investigated cell lines after LPS/ATP induction. In addition, the expression of NLRP3 was higher in HCC1806, TNBC cell line (ER-α−, PR−, HER2−), compared to MCF-7 (ER-α+, PR+, HER2low+) cells after LPS/ATP induction. Additionally, LPS/ATP-treated MDA-MB-231 cells secreted more IL-1β, which confirms NLRP3 activation [50]. In contrast, LPS/ATP failed to increase the secretion of this cytokine in MCF7 cells, which corroborates the lack of inflammasome activation in these cells. MDA-MB-231 and HCC1806 cells are TNBC [34,35,51]. In contrast, MCF7 cells express a high level of ER-α and PR and a basal level of HER2 [52]. Additional molecular characteristics differ between these cell lines. These differences are mutations in P53, KRAS2, BRAF, and NF1 genes present in MDA-MB-231, but they are absent in MCF7 and HCC1806 cells. In contrast, MCF7 has mutations in PIK3CA and GATA3 that are not found in MDA-MB-231 [53,54,55]. Recent studies have identified that RAS mutational activation can stimulate NLRP3 inflammasome [56,57]. Therefore, the presence of RAS pathway mutations could explain the highest expression of NLRP3 in MDA-MB-231 compared to MCF7 and HCC1806 cells. Interestingly, we found the higher NLRP3 expression in HCC1806 compared to MCF7 cells. In this study, in addition to RAS pathway mutations, the expression status of ER and PR could also affect NLRP3. Supporting our findings, other studies showed an inverse correlation between the expression of ER-α and tumor secretion of the NLRP3 product IL-1β in BC tumor tissues [58,59]. Therefore, these data suggest that TNBC cells would have a higher capacity to establish NLRP3-mediated inflammation when exposed to PAMPs.



Similar to our previous findings [9], it appears that proliferation is independent of the NLRP3 activation capacity of tumor cells. LPS/ATP treatment decreased proliferation in both MDA-MB-231 and MCF7. However, the size of the tumor spheres formed by MDA-MB-231 and MCF7 cells differed. LPS/ATP increased the size of the tumor spheres in MDA-MB-231 cells, which had a high NLRP3 expression and IL-1β release. In contrast, LPS/ATP in MCF7 cells did not affect the tumor sphere size, where NLRP3 and IL-β were low. These data corroborate our previous report demonstrating tumor sphere growth in PC3 and U138MG expressing a high level of NLRP3, while tumor sphere size was reduced in SH-SY5Y, A549, and MCF7, where the NLRP3 expression was low [9]. Differences in BSC counts in MDA-MB-231 and MCF7 could explain the sphere formation. It was demonstrated that MDA-MB-231 cells have a large BSC population, expressing CD44high and CD24low [60], whereas lower BSC counts were reported in MCF7 [61]. SCGF-b is a hypoxia-inducible cytokine [62] that maintains the stem-like cell characteristic in tumors [63,64,65]. We have found that inflammasome activation of MDA-MB-231 increased SCGF-b secretion compared to MCF7 cells. Additionally, the inflammasome-associated production of IL-1β was shown to stimulate the hypoxic signaling pathways [66,67]. Hypoxia triggers the self-renewal of stem-like cells and facilitates the growth of tumor spheres, representing an in vivo equivalent of malignant tumor progression [68,69]. Therefore, the large size of tumor spheres in LPS/ATP-treated MDA-MB-231 cells could be explained by hypoxia, indicated by the high SCGF-b and IL-1β secretion level. This hypoxia could result in BSC renewal, leading to the increased size of spheres.



One of the hallmarks of cancer progression is metastasis, indicating cancer cell migration and invasion of the adjacent tissues [70]. We have found that inflammasome activation is associated with higher migration of MDA-MB-231 compared to MCF7 cells. Our previous study showed that, after NLRP3 activation, cancer cells with a low NLRP3 expression capacity could reduce cell growth and migratory features. In contrast, highNLRP3-expressed cancer cells can survive after a rapid decrease in cell proliferation [9]. The secretion of VEGF and MMP13 was reduced after NLRP3 activation in MCF7 cells [9], indicating that NLRP3 activation leads to decreased migratory properties of MCF7 cells [71,72]. In contrast, in high NLRP3-expressed cancer cells, such as prostate cancer cell line PC3, the secretion of VEGF and MMP-13 was higher compared to MCF-7 cells [9]. In line with this, in this study, although LPS-ATP decreased the cell proliferation rate of both MCF7 and MDA-MB-231 cells, the migration rate of MCF7 cells decreased, and MDA-MB-231 cells could migrate similarly to untreated cells. Supporting this, we observed motile cell spreading of MDA-MB-231 cells, while the detached MCF7 cells were immotile. In addition, inflammasome activation induced the secretion of HGF, IL-3, IL-8, M-CSF, and MCP-1 in both MDA-MB-231 and MCF7 cells. However, the level of secreted cytokines was higher in MDA-MB-231 compared to MCF7 cells. HGF, IL-8, and MCP-1 were shown to facilitate cancer cell migration, invasion, and metastasis by promoting EMT [73,74,75,76,77]. TLR4-mediated inflammasome activation mechanisms were suggested by Yang et al. to explain enhanced migration and wound healing of MDA-MB-231 cells [78]. The inflammasome activation by LPS/TLR4 signaling was shown to be mediated by the secretion of HGF [79], a cytokine we found secreted by both cell lines. LPS/TLR4 activation of the ERK pathway was identified as a mechanism of IL-8 [80] and MCP-1 [81,82] activation. Therefore, these findings suggest that low NLRP3-expressed MCF7 loses its migratory features, whereas high NLRP3-expressed MDA-MB-231 cells are more persistent in migration ability upon LPS-ATP-mediated NLRP3 induction.



TLR4 was shown to prime NLRP3 activation [83,84] in TNBC cells lines (MDA-MB-231, MDA-MB-468, SUM-149, and SUM-159) compared to ER-α and PR expressing cells (MCF-7, T47D, and CAMA-1) [85]. It was demonstrated that the functional suppression of ER-ɑ using an antagonist Tx could enhance the expression of TLR4 in cancer cells [86]. In addition, blocking estrogen–ER-α interaction by antagonists leads to the accumulation of inflammatory mediators [87]. Estrogen inhibits inflammation induced by LPS, which is mediated through binding to ER [87]. Our data support that LPS/Tx-mediated ER-α suppression induced NLRP3 activation and increased the release of IL-1β in MCF7 cells. These data provide evidence of the possibility of the negative effect of ER-ɑ on NLRP3 activation (Figure 9). Additional analyses of cell lines from the different breast cancer subtypes (luminal A, luminal B, HER2+ve, and TNBC) would be worthwhile based on the data generated in this study.



PR inhibition with an antagonist mife was shown to avert LPS-induced NLRP3 activation [93]. Our findings corroborate these data as mife reduced NLRP3 expression in MCF7 cells. Interestingly, co-suppression of ER and PR by Tx/mife reduced NLRP3 expression and IL-1β secretion. It was shown that activation of the ER-α downstream pathway could be modulated by PR in BC [94]. Also, mife blockage of PR could inhibit ER-α signaling [95]. Our data support previous studies showing a regulatory effect of PR inhibition of ER-α pathways. We further advance our understanding of this interaction by demonstrating that blocking PR could reduce NLRP3 expression promoted by ER-α antagonist Tx.



A HER2 antagonist, Tmab, was reported to activate NLRP3 [96]. However, we have found that a functional blockade of HER2 by Tmab had a limited effect on the NLRP3 expression of MCF7 cells. The amplification of HER was not demonstrated in MCF cells [52,97,98], although these cells were shown to have weak to moderate levels of HER2 mRNA and protein expression [52,97,98]. Also, HER2 requires phosphorylation to become active [99]. Tmab mechanisms were shown to be sensitive to HER2 phosphorylation in HER2-negative breast cancers [100,101]. Hence, although the HER2 antagonist effect of Tmab could be limited in MCF7 cells due to a lack of HER2 amplification, our data suggest that suppressing HER2 phosphorylation using Tmab could be insufficient to activate NLRP3.



In conclusion, in this study we demonstrated the high expression of NLRP3 in two TNBC cell lines, MDA-MB-231 and HCC1806, compared to a luminal A group cell line MCF7. Considering the heterogeneous nature of different TNBC tumors, the level of NLRP3 expression could further vary in these cells depending on the difference in their karyotype, microenvironment [102], redox balance [103,104], and osmolarity [105]. Although validations using other ER-α-expressing BC cells appear to be necessary, our findings in MCF7 cells indicate that considerations are required when selecting Tx for treatment of BC patients with ER-α+-expressing tumors. This is because Tx treatment in these patients could promote an inflammatory microenvironment, potentially promoting tumor growth. Also, our data further advance our understanding of the mechanisms of NLRP3 activation in hormone-dependent BC tumor cells.




4. Material and Methods


4.1. The Transcriptomic Profiling of NLRP3 in BC


The Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/ (accessed on 15 February 2023)) analyzed the NLRP3 transcript level of BC tumors and normal tissues, the effect of NLRP3 in overall and disease-free survival of BC patients, and the correlation between the NLRP3 transcripts and the transcripts of the ER-α coding gene ESR1, the PR encoding gene PGR, and the HER2 encoding gene ERBB2 in the transcriptomic data of BC patients’ tumor samples from the TCGA and GTEx projects. The NLRP3 expression between subgroups of invasive and metastatic BC tumors was compared using the Cancer Genome Atlas Program (TCGA) dataset using the University of Alabama at Birmingham Cancer (UALCAN) portal database (http://ualcan.path.uab.edu/index.html; accessed on 19 February 2023).



The Human Protein Atlas (HPA) version 22.0 (https://www.proteinatlas.org/ (accessed on 15 February 2023)) was used to generate a list of BC cell lines. In addition, the association of the level of NLRP3 and ESR1, PGR, and ERBB2 transcripts was assessed by HPA depending on the molecular portraits of cell line groups, including luminal A, luminal B, Her2+, and TNBC.




4.2. Cell Lines and Reagents


MCF7, a noninvasive human breast adenocarcinoma cancer cell line (ER-α+, PR+, and low-level HER2), and MDA-MB-231, HCC1806, an invasive TNBC cell line, were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). HCC1806, a TNBC cell line, was kindly gifted by Prof. Sergei Boichuk from Kazan State Medical University. Cells (passage 15) were maintained in Dulbecco’s Modified Eagle’s Medium-F12 (DMEM/F12; PanEco, Moscow, Russia), supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM L-glutamine (Capricorn Scientific, Darmstadt, Germany), and 1 mM sodium pyruvate (PanEco, Moscow, Russia) in a 5% CO2 incubator at 37 °C.



Lipopolysaccharide (LPS) from Escherichia coli O111:B4 (L4391), ATP (A3377), Tx (T5648), and mife (M8046) were purchased from Sigma (St. Louis, MO, USA). Tmab was obtained from Roch Diagnostics GmbH, Mannheim, Germany.




4.3. Immunoblotting


Cells were lysed using a Radioimmunoprecipitation Assay buffer to quantify the total protein concentration (Pierce BCA Protein Assay Kit; Thermo Fischer Scientific, Inc., Waltham, MA, USA). Proteins were separated by gel electrophoresis (4–12% two-gradient polyacrylamide gel) and immune-blotted onto PVDF membranes (Biorad, Hercules, CA, USA). Membranes were blocked (5% nonfat milk, 1 h) and incubated with primary antibody rabbit anti-NLRP3 (1:1000, Abcam, Cambridge, MA, USA) overnight at 4 °C. Washed (3×, 5 min with PBS containing 0.1% Tween 20) membranes were incubated with antirabbit IgG (1:2000, Santa Cruz Biotechnology, Germany) secondary antibodies for 2 h at room temperature (RT). A mouse anti-actin Beta-HRP conjugated antibody (1:2000, Sigma, St. Louis, MO, USA) was used to control protein load. Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA) was used to reveal the primary–secondary antibody reaction, and signals were detected using ChemiDoc XRS Plus (Bio-Rad, Hercules, CA, USA). The intensity of the signal was quantified using ImageJ software (National Institutes of Health).




4.4. Enzyme-Linked Immunosorbent Assay (ELISA)


IL-1β, IL-8, and MCP-1 secretion was analyzed using ELISA following the manufacturer’s recommendations (Vector-Best, Novosibirsk, Russia). Briefly, the cell-free medium (100 µL) was added to anti-IL-1β, anti-IL-8, and anti-MCP-1 antibody precoated wells for 2 h, blocked with 5% bovine serum albumin, and treated with human anti-IL-1β-, anti-IL-8-, and anti-MCP-1-HRP conjugated antibodies for 1 h at RT. Wells were washed (3×; 0.5% Tween20 in PBS) and incubated with 100 µL of substrate solution in the dark for 30 min at RT. The reference standards of IL-1β, IL-8, and MCP-1 were used to generate the standard curve. IL-1β-antibody immune complexes were visualized using a TECAN Infinite 200 plate reader (Grödig, Austria) at OD450 nm and reference OD620 nm. Data were reported as an average of three technical repeats.




4.5. Live-Cell Monitoring


MCF-7 and MDA-MB-231 cells were seeded onto an E-Plate 16 (5 × 104 cells per well) (ACEA Biosciences, San Diego, CA, USA) in the complete DMEM/F12 medium. The electrical impedance was recorded every 15 min over 50 h. A cell proliferation curve was generated using the xCELLigence biosensor cell analysis system (ACEA Biosciences, San Diego, CA, USA).




4.6. Annexin V Assay


Annexin V expression was assessed using a annexin V: APC assay kit according to the manufacturer’s protocol (BioRad, Hercules, USA). Annexin V positive cells were analyzed by flow cytometry using BD FACSAria III (BD Biosciences, USA). Data were processed using the FlowJo software package (FlowJo LLC, USA). Experiments were conducted in triplicate. Those positive for annexin V-Alexa Flour (AF) 647A only were identified as early apoptotic cells, whereas those positive for both annexin V-AF647A and PI or PI only were categorized as late apoptotic or nonapoptotic cells [106].




4.7. Scratch Wound Healing Assay


A confluent monolayer of MDA-MB-231 and MCF7 cells was scratched by dragging a 200 μL pipette tip across the thin membrane and was washed in PBS to remove cell debris, as described by Liang et al. [107]. Monolayers were maintained in the complete DMEM/F12 medium. Microscopic images of the entire wounded area were taken immediately after the scratch, followed by every 24 h for 48 h using an Axiovision Rel 4.5 software with a Zeiss AxioObserver.Z1 microscope. Changes in the wound size were measured using the Axiovision Rel 4.5 software. Each experiment was done in three technical replicates.




4.8. Sphere Formation Analysis


To assess the effect of NLRP3 on tumor sphere growth, cells (0.5 × 104) were seeded onto 2.5% Matrigel Basement Membrane Matrix coated 96-well U-bottom plates and maintained in the complete DMEM/F12 medium (5% CO2, 37 °C) [108]. Plates were centrifugated at 560× g for 10 min to form spheroids. The cells were treated with LPS after 48 h. Sphere size and counts were obtained before LPS (1 µg/mL) treatment (time 0), 30 min, and 24–48 h after the second stimulus. Sphere size and counts were obtained before LPS (1 µg/mL) treatment (time 0), 30 min, and 24–48 h after the second stimulus (ATP 5 mM or Tx 5 µM, mife 10 nM, and Tmab 10 μg/mL) with a Zeiss Observer Z1 inverted microscope (Göttingen, Germany), using Axiovision Rel 4.5 software (Göttingen, Germany).




4.9. Cytokine and Chemokine Analysis


Cytokine and chemokine levels were determined using the magnetic bead suspension array using Bio-Plex Pro™ Human Cytokine Screening Panel (48 plex) and Human Chemokine Panel (40 plex) following the manufacturer’s directions (Bio-Rad Laboratories, Hercules, CA, USA). Fifty µL of cell-free culture medium was analyzed by collecting a minimum of 50 beads per analyte. Median fluorescence intensities were collected using a MAGPIX analyzer (Luminex, Austin, TX, USA). Each sample was analyzed in triplicate. Data collected were analyzed with MasterPlex CT control software and MasterPlex QT analysis software (MiraiBio, San Bruno, CA, USA). Standard curves for each cytokine were generated using standards provided by the manufacturer. The average values of measured cytokine and chemokine levels were presented as a heatmap using the web-based tool Heatmapper (http://www.heatmapper.ca/ (accessed on 7 December 2022)) [109].




4.10. In Vitro Experimental Design


LPS, a PAMP, was used as a priming signal to activate the transcription of NLRP3 and pro-IL-1β [110]. ATP was added to provide an activation signal [111] to form an active inflammasome complex. NLRP3 was activated in MDA-MB-231, HCC1806, and MCF7 cells by adding LPS (1 µg/mL) to the culture medium for 3 h. Washed cells were treated with ATP (5 mM) for 25 min. Receptor antagonists were added 3 h after the end of LPS treatment: ER-ɑ antagonist Tx (5 µM; 24 h), PR antagonist mife (10 nM; 48 h), or HER2 antagonist Tmab (10 μg/mL; 48 h). In some experiments, a combination of Tx/mife, mife/Tmab, Tx/Tmab, or Tx/mife/Tmab was used to block multiple receptors. A schematic of the experimental design is shown in Figure 10.




4.11. Statistical Analysis


Statistical analysis was done using IBM SPSS Statistics for Windows, Version 20.0 (IBM Corp., Armonk, NY, USA). One-way ANOVA with Tukey’s post hoc analysis was used to analyze ELISA, sphere formation assays, annexin V, and scratch wound healing assays where the data were parametric. An independent t-test calculated the difference in the scratch wound healing between different cell lines. The Mann–Whitney U test and Kruskal–Wallis one-way analysis of variance were used for the multiplex data where the data were nonparametric. Data are presented as mean  ±  SE. Significance was established at a value of p  < 0.05.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24054846/s1.





Author Contributions


Data curation, E.E.G. and G.T.; Formal analysis, S.H. and E.E.G.; Investigation, S.H., E.E.G. and M.A.; Methodology, S.H., M.A. and G.T.; Resources, E.E.G. and S.F.K.; Software, E.E.G.; Validation, M.A.; Writing—original draft, G.T.; Writing—review and editing, S.F.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Kazan Federal University Strategic Academic Leadership Program (PRIORITY-2030) and Russian Science Foundation grant number 21-74-00048.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in this published article. The data that support the findings of this study are available from the corresponding author upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bauernfeind, F.G.; Horvath, G.; Stutz, A.; Alnemri, E.S.; MacDonald, K.; Speert, D.; Fernandes-Alnemri, T.; Wu, J.; Monks, B.G.; Fitzgerald, K.A.; et al. Cutting Edge: NF-κB Activating Pattern Recognition and Cytokine Receptors License NLRP3 Inflammasome Activation by Regulating NLRP3 Expression. J. Immunol. 2009, 183, 787–791. [Google Scholar] [CrossRef] [PubMed]

	



Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [Google Scholar] [CrossRef] [PubMed]

	



Dostert, C.; Pétrilli, V.; van Bruggen, R.; Steele, C.; Mossman, B.T.; Tschopp, J. Innate Immune Activation through Nalp3 Inflammasome Sensing of Asbestos and Silica. Science 2008, 320, 674–677. [Google Scholar] [CrossRef] [PubMed]

	



Piccini, A.; Carta, S.; Tassi, S.; Lasiglié, D.; Fossati, G.; Rubartelli, A. ATP is released by monocytes stimulated with pathogen-sensing receptor ligands and induces IL-1β and IL-18 secretion in an autocrine way. Proc. Natl. Acad. Sci. USA 2008, 105, 8067–8072. [Google Scholar] [CrossRef]

	



Kantono, M.; Guo, B. Inflammasomes and Cancer: The Dynamic Role of the Inflammasome in Tumor Development. Front. Immunol. 2017, 8, 1132. [Google Scholar] [CrossRef]

	



Karki, R.; Man, S.M.; Kanneganti, T.-D. Inflammasomes and Cancer. Cancer Immunol. Res. 2017, 5, 94–99. [Google Scholar] [CrossRef]

	



Dupaul-Chicoine, J.; Arabzadeh, A.; Dagenais, M.; Douglas, T.; Champagne, C.; Morizot, A.; Rodrigue-Gervais, I.G.; Breton, V.; Colpitts, S.L.; Beauchemin, N.; et al. The Nlrp3 Inflammasome Suppresses Colorectal Cancer Metastatic Growth in the Liver by Promoting Natural Killer Cell Tumoricidal Activity. Immunity 2015, 43, 751–763. [Google Scholar] [CrossRef]

	



Yu, J.; Li, S.; Qi, J.; Chen, Z.; Wu, Y.; Guo, J.; Wang, K.; Sun, X.; Zheng, J. Cleavage of GSDME by caspase-3 determines lobaplatin-induced pyroptosis in colon cancer cells. Cell Death Dis. 2019, 10, 193. [Google Scholar] [CrossRef]

	



Tezcan, G.; Garanina, E.E.; Alsaadi, M.; Gilazieva, Z.E.; Martinova, E.V.; Markelova, M.I.; Arkhipova, S.S.; Hamza, S.; McIntyre, A.; Rizvanov, A.A.; et al. Therapeutic Potential of Pharmacological Targeting NLRP3 Inflammasome Complex in Cancer. Front. Immunol. 2021, 11, 607881. [Google Scholar] [CrossRef]

	



Zheng, Q.; Yao, D.; Cai, Y.; Zhou, T. NLRP3 augmented resistance to gemcitabine in triple-negative breast cancer cells via EMT/IL-1β/Wnt/β-catenin signaling pathway. Biosci. Rep. 2020, 40, BSR20200730. [Google Scholar] [CrossRef]

	



Feng, X.; Luo, Q.; Zhang, H.; Wang, H.; Chen, W.; Meng, G.; Chen, F. The role of NLRP3 inflammasome in 5-fluorouracil resistance of oral squamous cell carcinoma. J. Exp. Clin. Cancer Res. 2017, 36, 81. [Google Scholar] [CrossRef]

	



Bruchard, M.; Mignot, G.; Derangère, V.; Chalmin, F.; Chevriaux, A.; Vegran, F.; Boireau, W.; Simon, B.; Ryffel, B.; Connat, J.L.; et al. Chemotherapy-triggered cathepsin B release in myeloid-derived suppressor cells activates the Nlrp3 inflammasome and promotes tumor growth. Nat. Med. 2012, 19, 57–64. [Google Scholar] [CrossRef]

	



Mørch, L.S.; Løkkegaard, E.; Andreasen, A.H.; Krüger-Kjær, S.; Lidegaard, O. Hormone Therapy and Ovarian Cancer. JAMA 2009, 302, 298–305. [Google Scholar] [CrossRef]

	



Drăgănescu, M.; Carmocan, C. Hormone Therapy in Breast Cancer. Chirurgia 2017, 112, 413–417. [Google Scholar] [CrossRef]

	



Whitmore, W.F. Hormone therapy in prostatic cancer. Am. J. Med. 1956, 21, 697–713. [Google Scholar] [CrossRef]

	



Fisher, B.; Dignam, J.; Emir, B.; Bryant, J.; DeCillis, A.; Wolmark, N.; Wickerham, D.L.; Dimitrov, N.V.; Abramson, N.; Atkins, J.N.; et al. Tamoxifen and Chemotherapy for Lymph Node-Negative, Estrogen Receptor-Positive Breast Cancer. Gynecol. Oncol. 1997, 89, 1673–1682. [Google Scholar] [CrossRef]

	



Farrar, M.C.; Jacobs, T.F. Tamoxifen; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Goyeneche, A.A.; Carón, R.W.; Telleria, C.M. Mifepristone Inhibits Ovarian Cancer Cell Growth in vitro and in vivo. Clin. Cancer Res. 2007, 13, 3370–3379. [Google Scholar] [CrossRef]

	



Elía, A.; Saldain, L.; Vanzulli, S.I.; Helguero, L.A.; Lamb, C.A.; Fabris, V.; Pataccini, G.; Martínez-Vazquez, P.; Burruchaga, J.; Caillet-Bois, I.; et al. Beneficial Effects of Mifepristone Treatment in Patients with Breast Cancer Selected by the Progesterone Receptor Isoform Ratio: Results from the MIPRA Trial. Clin. Cancer Res. 2022, OF1–OF12. [Google Scholar] [CrossRef] [PubMed]

	



Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [Google Scholar] [CrossRef] [PubMed]

	



Emens, L.A.; Davidson, N.E. Trastuzumab in breast cancer. Oncology 2004, 18, 1117–1128. [Google Scholar] [PubMed]

	



Davidson, M.; Starling, N. Trastuzumab in the management of gastroesophageal cancer: Patient selection and perspectives. OncoTargets Ther. 2016, 9, 7235–7245. [Google Scholar] [CrossRef]

	



Meza-Junco, J.; Au, H.-J.; Sawyer, M.B. Trastuzumab for gastric cancer. Expert Opin. Biol. Ther. 2009, 9, 1543–1551. [Google Scholar] [CrossRef] [PubMed]

	



Shou, J.; Massarweh, S.; Osborne, C.K.; Wakeling, A.E.; Ali, S.; Weiss, H.; Schiff, R. Mechanisms of Tamoxifen Resistance: Increased Estrogen Receptor-HER2/neu Cross-Talk in ER/HER2-Positive Breast Cancer. Gynecol. Oncol. 2004, 96, 926–935. [Google Scholar] [CrossRef]

	



Onitilo, A.A.; Engel, J.M.; Greenlee, R.T.; Mukesh, B.N. Breast Cancer Subtypes Based on ER/PR and Her2 Expression: Comparison of Clinicopathologic Features and Survival. Clin. Med. Res. 2009, 7, 4–13. [Google Scholar] [CrossRef] [PubMed]

	



Brown, S.D.; Warren, R.L.; Gibb, E.A.; Martin, S.D.; Spinelli, J.J.; Nelson, B.H.; Holt, R.A. Neo-antigens predicted by tumor genome meta-analysis correlate with increased patient survival. Genome Res. 2014, 24, 743–750. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, B.; Chin, S.-F.; Rueda, O.M.; Vollan, H.-K.M.; Provenzano, E.; Bardwell, H.A.; Pugh, M.; Jones, L.; Russell, R.; Sammut, S.-J.; et al. The somatic mutation profiles of 2433 breast cancers refine their genomic and transcriptomic landscapes. Nat. Commun. 2016, 7, 11479. [Google Scholar] [CrossRef]

	



Mitri, Z.; Constantine, T.; O’Regan, R. The HER2 Receptor in Breast Cancer: Pathophysiology, Clinical Use, and New Advances in Therapy. Chemother. Res. Pract. 2012, 2012, 743193. [Google Scholar] [CrossRef]

	



Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-Negative Breast Cancer. N. Engl. J. Med. 2010, 363, 1938–1948. [Google Scholar] [CrossRef]

	



Heldring, N.; Nilsson, M.; Buehrer, B.; Treuter, E.; Gustafsson, J.-A. Identification of Tamoxifen-Induced Coregulator Interaction Surfaces within the Ligand-Binding Domain of Estrogen Receptors. Mol. Cell. Biol. 2004, 24, 3445–3459. [Google Scholar] [CrossRef]

	



Perrault, D.; Eisenhauer, E.A.; Pritchard, K.I.; Panasci, L.; Norris, B.; Vandenberg, T.; Fisher, B. Phase II study of the progesterone antagonist mifepristone in patients with untreated metastatic breast carcinoma: A National Cancer Institute of Canada Clinical Trials Group study. J. Clin. Oncol. 1996, 14, 2709–2712. [Google Scholar] [CrossRef]

	



Rossi, M.; Carioli, G.; Bonifazi, M.; Zambelli, A.; Franchi, M.; Moja, L.; Zambon, A.; Corrao, G.; La Vecchia, C.; Zocchetti, C.; et al. Trastuzumab for HER2+ metastatic breast cancer in clinical practice: Cardiotoxicity and overall survival. Eur. J. Cancer 2015, 52, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, H.J.; Jung, S.J.; Kim, T.H.; Oh, M.K.; Yoon, H.-K. Differences in Clinical Outcomes between Luminal A and B Type Breast Cancers according to the St. Gallen Consensus 2013. J. Breast Cancer 2015, 18, 149–159. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, G.; Zhang, S.; Yazdanparast, A.; Li, M.; Pawar, A.V.; Liu, Y.; Inavolu, S.M.; Cheng, L. Comprehensive comparison of molecular portraits between cell lines and tumors in breast cancer. BMC Genom. 2016, 17, 281–301. [Google Scholar] [CrossRef]

	



Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor Subtyping. J. Cancer 2017, 8, 3131–3141. [Google Scholar] [CrossRef]

	



Landman, K.A.; Cai, A.Q.; Hughes, B.D. Travelling Waves of Attached and Detached Cells in a Wound-Healing Cell Migration Assay. Bull. Math. Biol. 2007, 69, 2119–2138. [Google Scholar] [CrossRef] [PubMed]

	



Ning, Y.; Manegold, P.C.; Hong, Y.K.; Zhang, W.; Pohl, A.; Lurje, G.; Winder, T.; Yang, D.; LaBonte, M.J.; Wilson, M.L.; et al. Interleukin-8 is associated with proliferation, migration, angiogenesis and chemosensitivity in vitro and in vivo in colon cancer cell line models. Int. J. Cancer 2010, 128, 2038–2049. [Google Scholar] [CrossRef]

	



Levina, V.; Marrangoni, A.M.; Demarco, R.; Gorelik, E.; Lokshin, A.E. Drug-Selected Human Lung Cancer Stem Cells: Cytokine Network, Tumorigenic and Metastatic Properties. PLoS ONE 2008, 3, e3077. [Google Scholar] [CrossRef]

	



Chen, L.; Huang, C.-F.; Li, Y.-C.; Deng, W.-W.; Mao, L.; Wu, L.; Zhang, W.-F.; Zhang, L.; Sun, Z.-J. Blockage of the NLRP3 inflammasome by MCC950 improves anti-tumor immune responses in head and neck squamous cell carcinoma. Cell. Mol. Life Sci. 2017, 75, 2045–2058. [Google Scholar] [CrossRef]

	



Xue, Y.; Du, H.-D.; Tang, D.; Zhang, D.; Zhou, J.; Zhai, C.-W.; Yuan, C.-C.; Hsueh, C.-Y.; Li, S.-J.; Heng, Y.; et al. Correlation between the NLRP3 Inflammasome and the Prognosis of Patients with LSCC. Front. Oncol. 2019, 9, 588. [Google Scholar] [CrossRef]

	



Poli, G.; Brancorsini, S.; Cochetti, G.; Barillaro, F.; Egidi, M.G.; Mearini, E. Expression of inflammasome-related genes in bladder cancer and their association with cytokeratin 20 messenger RNA. Urol. Oncol. Semin. Orig. Investig. 2015, 33, 505.e1–505.e7. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Wang, H.; Qin, Z.; Zhao, F.; Zhou, L.; Xu, L.; Jia, R. NLRP3 inflammasome promoted the malignant progression of prostate cancer via the activation of caspase-1. Cell Death Discov. 2021, 7, 399. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, H.; Zang, Y.; Wang, F. NLRP3 inflammasome inactivation driven by miR-223-3p reduces tumor growth and increases anticancer immunity in breast cancer. Mol. Med. Rep. 2019, 19, 2180–2188. [Google Scholar] [CrossRef]

	



Guo, B.; Fu, S.; Zhang, J.; Liu, B.; Li, Z. Targeting inflammasome/IL-1 pathways for cancer immunotherapy. Sci. Rep. 2016, 6, 36107. [Google Scholar] [CrossRef]

	



He, Y.; Hara, H.; Núñez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 2016, 41, 1012–1021. [Google Scholar] [CrossRef]

	



Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A molecular platform triggering activation of inflammatory caspases and processing of proIL-β. Mol. Cell 2002, 10, 417–426. [Google Scholar] [CrossRef]

	



Kayagaki, N.; Wong, M.T.; Stowe, I.B.; Ramani, S.R.; Gonzalez, L.C.; Akashi-Takamura, S.; Miyake, K.; Zhang, J.; Lee, W.P.; Muszyński, A.; et al. Noncanonical Inflammasome Activation by Intracellular LPS Independent of TLR4. Science 2013, 341, 1246–1249. [Google Scholar] [CrossRef]

	



Franchi, L.; Eigenbrod, T.; Muñoz-Planillo, R.; Nuñez, G. The inflammasome: A caspase-1-activation platform that regulates immune responses and disease pathogenesis. Nat. Immunol. 2009, 10, 241–247. [Google Scholar] [CrossRef] [PubMed]

	



Jo, E.-K.; Kim, J.K.; Shin, D.-M.; Sasakawa, C. Molecular mechanisms regulating NLRP3 inflammasome activation. Cell. Mol. Immunol. 2015, 13, 148–159. [Google Scholar] [CrossRef] [PubMed]

	



Cullen, S.P.; Kearney, C.J.; Clancy, D.M.; Martin, S.J. Diverse Activators of the NLRP3 Inflammasome Promote IL-1β Secretion by Triggering Necrosis. Cell Rep. 2015, 11, 1535–1548. [Google Scholar] [CrossRef]

	



Boichuk, S.; Galembikova, A.; Sitenkov, A.; Khusnutdinov, R.; Dunaev, P.; Valeeva, E.; Usolova, N. Establishment and characterization of a triple negative basal-like breast cancer cell line with multi-drug resistance. Oncol. Lett. 2017, 14, 5039–5045. [Google Scholar] [CrossRef] [PubMed]

	



Lee, A.V.; Oesterreich, S.; Davidson, N.E. MCF-7 Cells—Changing the Course of Breast Research and Care for 45 Years. J. Natl. Cancer Inst. 2015, 107, djv073. [Google Scholar] [CrossRef]

	



Hui, L.; Zheng, Y.; Yan, Y.; Bargonetti, J.; Foster, D.A. Mutant p53 in MDA-MB-231 breast cancer cells is stabilized by elevated phospholipase D activity and contributes to survival signals generated by phospholipase D. Oncogene 2006, 25, 7305–7310. [Google Scholar] [CrossRef]

	



Patra, S.; Young, V.; Llewellyn, L.; Senapati, J.; Mathew, J. BRAF, KRAS and PIK3CA Mutation and Sensitivity to Trastuzumab in Breast Cancer Cell Line Model. Asian Pac. J. Cancer Prev. 2017, 18, 2209–2213. [Google Scholar] [CrossRef]

	



Eng, C.H.; Wang, Z.; Tkach, D.; Toral-Barza, L.; Ugwonali, S.; Liu, S.; Fitzgerald, S.L.; George, E.; Frias, E.; Cochran, N.; et al. Macroautophagy is dispensable for growth of KRAS mutant tumors and chloroquine efficacy. Proc. Natl. Acad. Sci. USA 2015, 113, 182–187. [Google Scholar] [CrossRef]

	



Hamarsheh, S.; Osswald, L.; Saller, B.S.; Unger, S.; de Feo, D.; Vinnakota, J.M.; Konantz, M.; Uhl, F.M.; Becker, H.; Lübbert, M.; et al. Oncogenic KrasG12D causes myeloproliferation via NLRP3 inflammasome activation. Nat. Commun. 2020, 11, 1659. [Google Scholar] [CrossRef]

	



Hamarsheh, S.; Groß, O.; Brummer, T.; Zeiser, R. Immune modulatory effects of oncogenic KRAS in cancer. Nat. Commun. 2020, 11, 5439. [Google Scholar] [CrossRef]

	



Miller, L.J.; Kurtzman, S.H.; Anderson, K.; Wang, Y.; Stankus, M.; Renna, M.; Lindquist, R.; Barrows, G.; Kreutzer, D.L. Interleukin-1 Family Expression in Human Breast Cancer: Interleukin-1 Receptor Antagonist. Cancer Investig. 2000, 18, 293–302. [Google Scholar] [CrossRef] [PubMed]

	



Chavey, C.; Bibeau, F.; Gourgou-Bourgade, S.; Burlinchon, S.; Boissière, F.; Laune, D.; Roques, S.; Lazennec, G. Oestrogen receptor negative breast cancers exhibit high cytokine content. Breast Cancer Res. 2007, 9, R15. [Google Scholar] [CrossRef] [PubMed]

	



Lucero, M.; Thind, J.; Sandoval, J.; Senaati, S.; Jimenez, B.; Kandpal, R.P. Stem-like Cells from Invasive Breast Carcinoma Cell Line MDA-MB-231 Express a Distinct Set of Eph Receptors and Ephrin Ligands. Cancer Genom. Proteom. 2020, 17, 729–738. [Google Scholar] [CrossRef]

	



Fillmore, C.M.; Kuperwasser, C. Human breast cancer cell lines contain stem-like cells that self-renew, give rise to phenotypically diverse progeny and survive chemotherapy. Breast Cancer Res. 2008, 10, R25. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Chaudhry, A.; Lee, I.; Frank, J.A. Effects of Long-Term Hypoxia and Pro-Survival Cocktail in Bone Marrow-Derived Stromal Cell Survival. Stem Cells Dev. 2014, 23, 530–540. [Google Scholar] [CrossRef]

	



Mego, M.; Cholujova, D.; Gronesova, P.; Pastorek, M.; Miskovska’, V.; Obertova, J.; Usakova, V.; Ondrus, D.; Spanik, S.; Mardiak, J. A Cytokine and Angiogenic Factor (CAF) Analysis in Plasma in Testicular Germ Cell Tumor Patients. Ann. Oncol. 2012, 23, ix286. [Google Scholar] [CrossRef]

	



Jiang, J.; Ye, F.; Yang, X.; Zong, C.; Gao, L.; Yang, Y.; Zhao, Q.; Han, Z.; Wei, L. Peri-tumor associated fibroblasts promote intrahepatic metastasis of hepatocellular carcinoma by recruiting cancer stem cells. Cancer Lett. 2017, 404, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Sukowati, C.H.C.; Patti, R.; Pascut, D.; Ladju, R.B.; Tarchi, P.; Zanotta, N.; Comar, M.; Tiribelli, C.; Crocè, L.S. Serum Stem Cell Growth Factor Beta for the Prediction of Therapy Response in Hepatocellular Carcinoma. BioMed Res. Int. 2018, 2018, 6435482. [Google Scholar] [CrossRef] [PubMed]

	



Tanno, T.; Matsui, W. Development and Maintenance of Cancer Stem Cells under Chronic Inflammation. J. Nippon. Med. Sch. 2011, 78, 138–145. [Google Scholar] [CrossRef]

	



Lin, T.-Y.; Tsai, M.-C.; Tu, W.; Yeh, H.-C.; Wang, S.-C.; Huang, S.-P.; Li, C.-Y. Role of the NLRP3 Inflammasome: Insights into Cancer Hallmarks. Front. Immunol. 2021, 11, 610492. [Google Scholar] [CrossRef]

	



Schwab, L.P.; Peacock, D.L.; Majumdar, D.; Ingels, J.F.; Jensen, L.C.; Smith, K.D.; Cushing, R.C.; Seagroves, T.N. Hypoxia-inducible factor 1α promotes primary tumor growth and tumor-initiating cell activity in breast cancer. Breast Cancer Res. 2012, 14, R6. [Google Scholar] [CrossRef]

	



Yun, Z.; Lin, Q. Hypoxia and Regulation of Cancer Cell Stemness. Adv. Exp. Med. Biol. 2013, 772, 41–53. [Google Scholar] [CrossRef]

	



Yamaguchi, H.; Wyckoff, J.; Condeelis, J. Cell migration in tumors. Curr. Opin. Cell Biol. 2005, 17, 559–564. [Google Scholar] [CrossRef]

	



Kiso, M.; Tanaka, S.; Saji, S.; Toi, M.; Sato, F. Long isoform of VEGF stimulates cell migration of breast cancer by filopodia formation via NRP1/ARHGAP17/Cdc42 regulatory network. Int. J. Cancer 2018, 143, 2905–2918. [Google Scholar] [CrossRef] [PubMed]

	



Yu, T.; Wu, Y.; Helman, J.I.; Wen, Y.; Wang, C.; Li, L. CXCR4 Promotes Oral Squamous Cell Carcinoma Migration and Invasion through Inducing Expression of MMP-9 and MMP-13 via the ERK Signaling Pathway. Mol. Cancer Res. 2011, 9, 161–172. [Google Scholar] [CrossRef] [PubMed]

	



Dulak, A.M.; Gubish, C.T.; Stabile, L.P.; Henry, C.; Siegfried, J.M. HGF-independent potentiation of EGFR action by c-Met. Oncogene 2011, 30, 3625–3635. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.; Liu, P.; Wang, Y.; Li, H.; Wei, F.; Cheng, Y.; Han, L.; Yu, J. Neurotensin, a Novel Messenger to Cross-Link Inflammation and Tumor Invasion via Epithelial-Mesenchymal Transition Pathway. Int. Rev. Immunol. 2016, 35, 340–350. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.; Wang, S.; Lin, Y.; Miao, Y.; Zeng, Y.; Nie, Y.; Guo, P.; Jiang, G.; Wu, J. Epithelial-mesenchymal transition in cancer: Role of the IL-8/IL-8R axis. Oncol. Lett. 2017, 13, 4577–4584. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.-C.; Ho, H.-C.; Su, Y.-C.; Lee, M.-S.; Hung, S.-K.; Lin, C.-H. MCP1-Induced Epithelial-Mesenchymal Transition in Head and Neck Cancer by AKT Activation. Anticancer Res. 2015, 35, 3299–3306. [Google Scholar]

	



Li, S.; Lu, J.; Chen, Y.; Xiong, N.; Li, L.; Zhang, J.; Yang, H.; Wu, C.; Zeng, H.; Liu, Y. MCP-1-induced ERK/GSK-3β/Snail signaling facilitates the epithelial–mesenchymal transition and promotes the migration of MCF-7 human breast carcinoma cells. Cell. Mol. Immunol. 2017, 14, 621–630. [Google Scholar] [CrossRef]

	



Yang, H.; Wang, B.; Wang, T.; Xu, L.; He, C.; Wen, H.; Chunyan, H.; Su, H.; Zhu, X. Toll-Like Receptor 4 Prompts Human Breast Cancer Cells Invasiveness via Lipopolysaccharide Stimulation and Is Overexpressed in Patients with Lymph Node Metastasis. PLoS ONE 2014, 9, e109980. [Google Scholar] [CrossRef]

	



Wang, P.-P.; Xie, D.-Y.; Liang, X.-J.; Peng, L.; Zhang, G.-L.; Ye, Y.-N.; Xie, C.; Gao, Z.-L. HGF and Direct Mesenchymal Stem Cells Contact Synergize to Inhibit Hepatic Stellate Cells Activation through TLR4/NF-kB Pathway. PLoS ONE 2012, 7, e43408. [Google Scholar] [CrossRef]

	



He, W.; Qu, T.; Yu, Q.; Wang, Z.; Lv, H.; Zhang, J.; Zhao, X.; Wang, P. LPS induces IL-8 expression through TLR4, MyD88, NF-kappaB and MAPK pathways in human dental pulp stem cells. Int. Endod. J. 2012, 46, 128–136. [Google Scholar] [CrossRef]

	



Wang, X.; Jiang, X.; Deng, B.; Xiao, J.; Jin, J.; Huang, Z. Lipopolysaccharide and palmitic acid synergistically induced MCP-1 production via MAPK-meditated TLR4 signaling pathway in RAW264.7 cells. Lipids Health Dis. 2019, 18, 71. [Google Scholar] [CrossRef]

	



Seo, S.-W.; Park, S.-K.; Oh, S.-J.; Shin, O.S. TLR4-mediated activation of the ERK pathway following UVA irradiation contributes to increased cytokine and MMP expression in senescent human dermal fibroblasts. PLoS ONE 2018, 13, e0202323. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Gu, X.; Chen, Y.; Liu, J.; Hou, C.; Lin, S.; Hao, N.; Liang, Y.; Chen, W.; Meng, H. Toll-like receptor 4 activates the NLRP3 inflammasome pathway and periodontal inflammaging by inhibiting Bmi-1 expression. Int. J. Mol. Med. 2020, 47, 137–150. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Wise, L.; Fukuchi, K.-I. TLR4 Cross-Talk with NLRP3 Inflammasome and Complement Signaling Pathways in Alzheimer’s Disease. Front. Immunol. 2020, 11, 724. [Google Scholar] [CrossRef]

	



Mehmeti, M.; Allaoui, R.; Bergenfelz, C.; Saal, L.H.; Ethier, S.P.; Johansson, M.E.; Jirström, K.; Leandersson, K. Expression of functional toll like receptor 4 in estrogen receptor/progesterone receptor-negative breast cancer. Breast Cancer Res. 2015, 17, 130. [Google Scholar] [CrossRef] [PubMed]

	



Lv, T.; Zhang, Z.; Yu, H.; Ren, S.; Wang, J.; Li, S.; Sun, L. Tamoxifen Exerts Anticancer Effects on Pituitary Adenoma Progression via Inducing Cell Apoptosis and Inhibiting Cell Migration. Int. J. Mol. Sci. 2022, 23, 2664. [Google Scholar] [CrossRef]

	



Vegeto, E.; Bonincontro, C.; Pollio, G.; Sala, A.; Viappiani, S.; Nardi, F.; Brusadelli, A.; Viviani, B.; Ciana, P.; Maggi, A. Estrogen Prevents the Lipopolysaccharide-Induced Inflammatory Response in Microglia. J. Neurosci. 2001, 21, 1809–1818. [Google Scholar] [CrossRef] [PubMed]

	



Nawas, A.F.; Mistry, R.; Narayanan, S.; Thomas-Jardin, S.E.; Ramachandran, J.; Ravichandran, J.; Neduvelil, E.; Luangpanh, K.; Delk, N.A. IL-1 induces p62/SQSTM1 and autophagy in ERα+/PR+ BCa cell lines concomitant with ERα and PR repression, conferring an ERα−/PR− BCa-like phenotype. J. Cell. Biochem. 2018, 120, 1477–1491. [Google Scholar] [CrossRef] [PubMed]

	



Escobar, P.; Bouclier, C.; Serret, J.; Bièche, I.; Brigitte, M.; Caicedo, A.; Sanchez, E.; Vacher, S.; Vignais, M.-L.; Bourin, P.; et al. IL-1β produced by aggressive breast cancer cells is one of the factors that dictate their interactions with mesenchymal stem cells through chemokine production. Oncotarget 2015, 6, 29034–29047. [Google Scholar] [CrossRef]

	



Mon, N.N.; Senga, T.; Ito, S. Interleukin-1β activates focal adhesion kinase and Src to induce matrix metalloproteinase-9 production and invasion of MCF-7 breast cancer cells. Oncol. Lett. 2016, 13, 955–960. [Google Scholar] [CrossRef]

	



Holen, I.; Lefley, D.V.; Francis, S.E.; Rennicks, S.; Bradbury, S.; Coleman, R.E.; Ottewell, P. IL-1 drives breast cancer growth and bone metastasis in vivo. Oncotarget 2016, 7, 75571–75584. [Google Scholar] [CrossRef]

	



Tulotta, C.; Ottewell, P.D. The role of IL-1B in breast cancer bone metastasis. Endocr.-Relat. Cancer 2018, 25, R421–R434. [Google Scholar] [CrossRef]

	



Sobesky, J.L.; D’Angelo, H.M.; Weber, M.D.; Anderson, N.D.; Frank, M.G.; Watkins, L.R.; Maier, S.F.; Barrientos, R.M. Glucocorticoids Mediate Short-Term High-Fat Diet Induction of Neuroinflammatory Priming, the NLRP3 Inflammasome, and the Danger Signal HMGB1. Eneuro 2016, 3. [Google Scholar] [CrossRef]

	



Li, Z.; Wei, H.; Li, S.; Wu, P.; Mao, X. The Role of Progesterone Receptors in Breast Cancer. Drug Des. Dev. Ther. 2022, 16, 305–314. [Google Scholar] [CrossRef]

	



Narvekar, N.; Cameron, S.; Critchley, H.O.D.; Lin, S.; Cheng, L.; Baird, D.T. Low-Dose Mifepristone Inhibits Endometrial Proliferation and Up-Regulates Androgen Receptor. J. Clin. Endocrinol. Metab. 2004, 89, 2491–2497. [Google Scholar] [CrossRef]

	



Maurea, N.; Quagliariello, V.; Iaffaioli, R.V.; de Laurentiis, M.; Botti, G. The sodium-glucose cotransporter-2 inhibitor dapagliflozin exerts cardioprotective effects against doxorubicin and trastuzumab toxicity through tlr4/MYD88/NF-KB signaling and NLRP3 inflam-masome pathway. J. Am. Coll. Cardiol. 2020, 75, 1192. [Google Scholar] [CrossRef]

	



Larsen, S.S.; Egeblad, M.; Jäättelä, M.; Lykkesfeldt, A.E. Acquired antiestrogen resistance in MCF-7 human breast cancer sublines is not accomplished by altered expression of receptors in the ErbB-family. Breast Cancer Res. Treat. 1999, 58, 41–56. [Google Scholar] [CrossRef] [PubMed]

	



Emlet, D.R.; Brown, K.A.; Kociban, D.L.; Pollice, A.A.; Smith, C.A.; Ong, B.B.L.; Shackney, S.E. Response to trastuzumab, erlotinib, and bevacizumab, alone and in combination, is correlated with the level of human epidermal growth factor receptor-2 expression in human breast cancer cell lines. Mol. Cancer Ther. 2007, 6, 2664–2674. [Google Scholar] [CrossRef] [PubMed]

	



Weigelt, B.; Lo, A.T.; Park, C.C.; Gray, J.W.; Bissell, M.J. HER2 signaling pathway activation and response of breast cancer cells to HER2-targeting agents is dependent strongly on the 3D microenvironment. Breast Cancer Res. Treat. 2009, 122, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



Paik, S.; Kim, C.; Wolmark, N. HER2 Status and Benefit from Adjuvant Trastuzumab in Breast Cancer. N. Engl. J. Med. 2008, 358, 1409–1411. [Google Scholar] [CrossRef] [PubMed]

	



Burguin, A.; Furrer, D.; Ouellette, G.; Jacob, S.; Diorio, C.; Durocher, F. Trastuzumab effects depend on HER2 phosphorylation in HER2-negative breast cancer cell lines. PLoS ONE 2020, 15, e0234991. [Google Scholar] [CrossRef]

	



Rubartelli, A.; Bajetto, A.; Allavena, G.; Cozzolino, F.; Sitia, R. Post-translational regulation of interleukin 1β secretion. Cytokine 1993, 5, 117–124. [Google Scholar] [CrossRef]

	



Tassi, S.; Carta, S.; Delfino, L.; Caorsi, R.; Martini, A.; Gattorno, M.; Rubartelli, A. Altered redox state of monocytes from cryopyrin-associated periodic syndromes causes accelerated IL-1β secretion. Proc. Natl. Acad. Sci. USA 2010, 107, 9789–9794. [Google Scholar] [CrossRef] [PubMed]

	



Carta, S.; Tassi, S.; Pettinati, I.; Delfino, L.; Dinarello, C.A.; Rubartelli, A. The Rate of Interleukin-1β Secretion in Different Myeloid Cells Varies with the Extent of Redox Response to Toll-like Receptor Triggering. J. Biol. Chem. 2011, 286, 27069–27080. [Google Scholar] [CrossRef] [PubMed]

	



Perregaux, D.G.; Laliberte, R.E.; Gabel, C.A. Human Monocyte Interleukin-1β Posttranslational Processing. J. Biol. Chem. 1996, 271, 29830–29838. [Google Scholar] [CrossRef]

	



Lagarkova, M.A.; Shutova, M.V.; Bogomazova, A.; Vassina, E.M.; Glazov, E.A.; Zhang, P.; Rizvanov, A.; Chestkov, I.V.; Kiselev, S. Induction of pluripotency in human endothelial cells resets epigenetic profile on genome scale. Cell Cycle 2010, 9, 937–946. [Google Scholar] [CrossRef]

	



Liang, C.-C.; Park, A.Y.; Guan, J.-L. In Vitro scratch assay: A convenient and inexpensive method for analysis of cell migration in vitro. Nat. Protoc. 2007, 2, 329–333. [Google Scholar] [CrossRef] [PubMed]

	



Badea, M.A.; Balas, M.; Hermenean, A.; Ciceu, A.; Herman, H.; Ionita, D.; Dinischiotu, A. Influence of Matrigel on Single- and Multiple-Spheroid Cultures in Breast Cancer Research. SLAS Discov. Adv. Sci. Drug Discov. 2019, 24, 563–578. [Google Scholar] [CrossRef] [PubMed]

	



Babicki, S.; Arndt, D.; Marcu, A.; Liang, Y.; Grant, J.R.; Maciejewski, A.; Wishart, D.S. Heatmapper: Web-enabled heat mapping for all. Nucleic Acids Res. 2016, 44, W147–W153. [Google Scholar] [CrossRef] [PubMed]

	



Schroder, K.; Sagulenko, V.; Zamoshnikova, A.; Richards, A.A.; Cridland, J.A.; Irvine, K.M.; Stacey, K.J.; Sweet, M.J. Acute lipopolysaccharide priming boosts inflammasome activation independently of inflammasome sensor induction. Immunobiology 2012, 217, 1325–1329. [Google Scholar] [CrossRef]

	



Juliana, C.; Fernandes-Alnemri, T.; Kang, S.; Farias, A.; Qin, F.; Alnemri, E.S. Non-transcriptional Priming and Deubiquitination Regulate NLRP3 Inflammasome Activation. J. Biol. Chem. 2012, 287, 36617–36622. [Google Scholar] [CrossRef]








[image: Ijms 24 04846 g001 550] 





Figure 1. The expression of NLRP3 in BC tumors and the representative BC cell type-specific expressed NLRP3 transcripts. (A) The comparison of NLRP3 transcript levels between BC tumors and normal tissues (GEPIA; n = 1376). (B) NLRP3 dependent overall and (C) disease-free survival of BC patients (GEPIA, n = 1606). (D) NLRP3 expression in major subclasses of BC (UALCAN; n = 811). (E) The correlation between NLRP3, ESR1, PGR, and ERBB2 in BC tumors (GEPIA, n = 1067). (F) The transcript levels NLRP3, ESR1, PGR, and ERBB2 in BC cells from the primary tumor site and (G) the metastasis site (HPA). Cells were manually selected from HPA. Cell lines with BRCA1 mutations or controversial molecular classifications were excluded [34,35]. (H) The correlation between NLRP3 and ESR1 and ERBB2 in luminal A and TNBC cell lines and (I) HER2+ and luminal B cell lines. Luminal A: ER-α+, PR+; luminal B: ER-α+, HER2+; TNBC: triple-negative. TPM: transcripts per million; nTPM: normalized transcripts per million. 
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Figure 2. NLRP3 expression and IL-1β secretion levels in MDA-MB-231 and MCF-7 cells. LPS (1 µg/mL, 3 h) was used for NLRP3 induction, followed by ATP (5 mM ATP; 25 min) inflammasome formation in MDA-MB-231 and MCF-7 cells. (A) Western blot analysis of NLRP3 protein expression in MDA-MB-231 and MCF7 cells; (B) ELISA assessment of IL-1β secretion in MDA-MB-231 cells; (C) ELISA detection of IL-1β release in MCF7 cells. Data represent three technical repeats. L: LPS only, LA: LPS/ATP, U: untreated. p value was calculated using the one-way ANOVA model with Tukey’s post hoc tests. * p < 0.05. 
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Figure 3. The effect of NLRP3 activation on proliferation and sphere formation of MDA-MB-231 and MCF-7 cells. Cells were incubated with LPS (1 µg/mL, 3 h) to activate NLRP3, followed by ATP treatment (5 mM ATP; 25 min) to form an inflammasome complex. Images were captured before LPS treatment (time 0), 30 min after ATP treatment (time 4), and 24–48 h after LPS/ATP treatment. The effect of LPS only and LPS/ATP on proliferation kinetics of MDA-MB-231 (A) and MCF-7 cells (B). Data represent three technical repeats. p value was calculated at the 48th hour using the one-way ANOVA and Tukey test. The sphere formation capacity of MDA-MB-231 (C) and MCF-7 cells (D) after NLRP3 activation. Images were analyzed using Image J software. p value was calculated using the one-way ANOVA and Tukey test. Data represent five technical repeats. * Comparison of untreated, LPS-only, and LPS-ATP-treated cells at different incubation times. ◊: Comparison of LPS-only and LPS-ATP-treated cells to untreated cells at the 48 h time point. The mean difference is significant at 0.05 for all analyses (black: untreated cells, blue: LPS-only-treated cells, red: LPS/ATP-treated cells). U: untreated, L: LPS, LA: LPS/ATP. 
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Figure 4. The effect of NLRP3 activation on cell death in MDA-MB-231 and MCF-7 cells. Cells were incubated with LPS (1 µg/mL, 3 h) to activate NLRP3 followed by ATP treatment (5 mM ATP; 25 min) to form an inflammasome complex. Images were analyzed using FlowJo software. (A) MDA-MB-231 cells; (B) MCF-7 cells. L: LPS only, LA: LPS/ATP, U: untreated. p value was calculated using the one-way ANOVA model with Tukey’s post hoc tests. Data represent three technical repeats. 
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Figure 5. The effect of NLRP3 activation on the migration of MDA-MB-231 and MCF-7 cells. Cells were incubated with LPS (1 µg/mL, 3 h) to activate NLRP3, followed by ATP treatment (5 mM ATP; 25 min) to form an inflammasome complex. Images were captured before LPS treatment (time 0), 30 min after ATP treatment (time 4), and 24–48 h after LPS/ATP treatment. The effect of LPS only and LPS/ATP on migration kinetics in MDA-MB-231 (A) and MCF-7 (B) cells. Light-colored cells are attached, whereas dark color cells are detached [36]. Data represent three technical repeats. p value was calculated at the 24th hour using the one-way ANOVA and Tukey test. The effect of LPS only and LPS/ATP on the wound area size in MDA-MB-231 (C) and MCF-7 (D) cells. Images were analyzed using Image J software. The p value was calculated using the one-way ANOVA and Tukey test. Data represent five technical repeats. * The mean difference is significant at 0.05 for all analyses (blue: LPS-only-treated cells, red: LPS/ATP-treated cells). U: untreated, L: LPS, LA: LPS/ATP. 
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Figure 6. The heat map analysis of cytokine secretion in MDA-MB-231 and MCF-7 cells after NLRP3 activation. After inflammasome activation, cytokine secretion in MDA-MB 231 and MCF7 cells was analyzed using Bio-Plex Pro Cytokine Screening Panel. Results were calculated with BioPlex Manager v.6.1. A minimum of 50 beads per well for each cytokine were analyzed. (A) Cytokines released by MDA-MB-321 and MCF7 cells; (B) cytokines activated only in MDA-MB-231; (C) cytokines activated in MDA-MB-231 but decreased in MCF7; (D) cytokines decreased in MDA-MB-231 but unaffected in MCF7. (E) ELISA assessment of IL-8 secretion in MCF7 and MDA-MB-231 cells; (F) ELISA detection of MCP-1 release in MCF7 and MDA-MB-231 cells. p value was calculated using the Mann–Whitney U test for (A–D) and using an independent sample t test for (E,F). * The mean difference is significant at 0.05. U: untreated, LA: LPS/ATP. Data represent three technical repeats. 
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Figure 7. Effect of Tx, mife, and Tmab on NLRP3 expression in MCF-7 cells. LPS (1 µg/mL; 3 h) was used to prime NLRP3 transcription and translation in MCF-7 cells. Tx (5 µM; 24 h), mife (10 nM; 48 h), and Tmab (10 μg/mL; 48 h) were added 3 h after LPS treatment. For positive control of NLRP3 inflammasome activation, MDA-MB-231 cells were primed LPS. (A) Western blot analysis of NLRP3 protein expression in MCF7 cells. Data represent two technical repeats. (B) ELISA detection of IL-1β secretion in MCF7 cells. Data represent technical repeats. p value was calculated using the one-way ANOVA model with Tukey’s post hoc tests for all analyses. * p < 0.05; L: LPS, Tx: tamoxifen, mife: mifepristone, Tmab: trastuzumab. 
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Figure 8. Tx-mediated ER-α suppression affects cell proliferation, sphere formation, and wound healing in LPS/ATP-treated MCF7 cells. (A) The effect of L-Tx on proliferation kinetics; (B) apoptosis; (C) the sphere formation; (D) the in vitro closure of the wound healing area; (E) HGF, IL-8, MCP-1, and SCGF-b secretion. Data represent three technical repeats for (A,B,E) and five technical repeats for (C,D). The p-value was calculated using the one-way ANOVA model with Tukey’s post hoc tests for (A–C) and independent-samples Kruskal-Wallis test for (E). * p < 0.05 (blue: LPS-only-treated cells, red: LPS/ATP-treated cells, yellow: LPS/Tx-treated cells). L: LPS, LA: LPS/ATP, LTx: LPS/tamoxifen, U: untreated. 
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Figure 9. Schematic presentation of Tx mechanisms of NLRP3 activation in MCF7 cells. (A) Estrogen binds to the ER-α receptor, which blocks transcription of TLR4 receptor RNA. Blocking TLR4 transcription could result in a reduction of TLR4 expression on the cell membrane. As a result, cells become less susceptible to LPS-induced activation of the inflammasome. (B) Tx blocks ER-α. Therefore, the expression of TLR4 becomes enhanced after exposure to LPS, a TLR4 ligand, and an NLRP3 priming signal. This will lead to increased transcription of NLRP3, pro-caspase-1, and IL-1β transcription and protein synthesis. Activation signal (ATP) initiates inflammasome formation and proteolytically cleaves pro-caspase-1. Caspase-1 cleaves pro-IL-1β and creates the release of IL-1β. The secretion of IL-1β from primary BC tumors was shown to repress ER-ɑ in adjacent tumor cells and confers an ER-ɑ- phenotype that causes an aggressive tumor type and Tx resistance [88]. The IL-1β secretion of BC induces chemokine production that could facilitate their interaction with mesenchymal stem cells, enhancing tumor growth or metastasis [89]. In line with this, IL-1β was shown to promote matrix metalloproteinase-9 production and invasion in MCF7 cells [90]. Additionally, our previous study showed that NLRP3-induced IL-1β secretion of MCF7 cells increases the capillary formation of human umbilical vein endothelial cells (HUVECs), which evidenced the angiogenesis and metastasis-promoting effect of IL-1β [9]. Supporting tumor-promoting capacity was the demonstration of IL-1β facilitating BC metastasis to the bone [91,92]. 






Figure 9. Schematic presentation of Tx mechanisms of NLRP3 activation in MCF7 cells. (A) Estrogen binds to the ER-α receptor, which blocks transcription of TLR4 receptor RNA. Blocking TLR4 transcription could result in a reduction of TLR4 expression on the cell membrane. As a result, cells become less susceptible to LPS-induced activation of the inflammasome. (B) Tx blocks ER-α. Therefore, the expression of TLR4 becomes enhanced after exposure to LPS, a TLR4 ligand, and an NLRP3 priming signal. This will lead to increased transcription of NLRP3, pro-caspase-1, and IL-1β transcription and protein synthesis. Activation signal (ATP) initiates inflammasome formation and proteolytically cleaves pro-caspase-1. Caspase-1 cleaves pro-IL-1β and creates the release of IL-1β. The secretion of IL-1β from primary BC tumors was shown to repress ER-ɑ in adjacent tumor cells and confers an ER-ɑ- phenotype that causes an aggressive tumor type and Tx resistance [88]. The IL-1β secretion of BC induces chemokine production that could facilitate their interaction with mesenchymal stem cells, enhancing tumor growth or metastasis [89]. In line with this, IL-1β was shown to promote matrix metalloproteinase-9 production and invasion in MCF7 cells [90]. Additionally, our previous study showed that NLRP3-induced IL-1β secretion of MCF7 cells increases the capillary formation of human umbilical vein endothelial cells (HUVECs), which evidenced the angiogenesis and metastasis-promoting effect of IL-1β [9]. Supporting tumor-promoting capacity was the demonstration of IL-1β facilitating BC metastasis to the bone [91,92].
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Figure 10. Schematic presentation of the in vitro experimental design. (A). LPS-only (3 h) and LPS/ATP (25 min) treatments were used to activate the NLRP3 inflammasome complex in MDA-MB-231, HCC1806, and MCF7 cells. (B). The treatment groups: Tx (for 24 h), mife (for 48 h), Tmab (for 48 h), or their combination after pretreatment with LPS for 3 h. 
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