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Breast cancer has become the most significant malignant tumor threatening women’s lives. Caveolae are concave pits formed by invagination of the plasma membrane that participate in many biological functions of the cell membrane, such as endocytosis, cell membrane assembly, and signal transduction. In recent years, Caveolae family-related proteins have been found to be closely related to the occurrence and development of breast cancer. The proteins associated with the Caveolae family-related include Caveolin (Cav) and Cavins. The Cav proteins include Cav-1, Cav-2 and Cav-3, among which Cav-1 has attracted the most attention as a tumor suppressor and promoting factor affecting the proliferation, apoptosis, migration, invasion and metastasis of breast cancer cells. Cav-2 also has dual functions of inhibiting and promoting cancer and can be expressed in combination with Cav-1 or play a regulatory role alone. Cav-3 has been less studied in breast cancer, and the loss of its expression can form an antitumor microenvironment. Cavins include Cavin-1, Cavin-2, Cavin-3 and Cavin-4. Cavin-1 inhibits Cav-1-induced cell membrane tubule formation, and its specific role in breast cancer remains controversial. Cavin-2 acts as a breast cancer suppressor, inhibiting breast cancer progression by blocking the transforming growth factor (TGF-β) signaling pathway. Cavin-3 plays an anticancer role in breast cancer, but its specific mechanism of action is still unclear. The relationship between Cavin-4 and breast cancer is unclear. In this paper, the role of Caveolae family-related proteins in the occurrence and development of breast cancer and their related mechanisms are discussed in detail to provide evidence supporting the further study of Caveolae family-related proteins as potential targets for the diagnosis and treatment of breast cancer.
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1 INTRODUCTION
Breast cancer (BC) is one of the most common malignant tumors in women worldwide. In recent years, the incidence of breast cancer has increased significantly, and it shows a trend of younger age, which not only causes serious harm to women’s health and quality of life but also seriously increases the resulting social and economic burden (Heer et al., 2020). At present, despite remarkable progress in targeted therapy, hormone therapy, surgery, chemotherapy and radiotherapy, breast cancer is still the main cause of cancer death in women (Waks et al., 2019; Sung et al., 2021). The occurrence and development of breast cancer is a multistep process, and the expression of Caveolae family-related proteins is closely related to the proliferation, apoptosis, migration, invasion, metastasis and drug resistance of breast cancer cells, playing a dual role in inhibiting and promoting cancer.
A Caveola is formed by the inward depression of the plasma membrane of the cell. It is a special cystic structure rich in cholesterol and forms a “flask” structure with a diameter of 60–80 nm on the cell membrane, also known as cell membrane Cave-like invagination. Its main function is to regulate certain signaling molecules. As a signal transduction hub, it is involved in transmembrane material transport and various intercellular interactions (Filippini and D'Alessio, 2020). It has always been believed that the function of Caveolae is mainly to participate in transmembrane material transport. Recent studies have found that Caveolae are also hubs of cell signaling molecule enrichment and signal transduction and play a direct regulatory role in the activity of many key signaling molecules. The integrity of the Caveolae is closely related to tumor cell function (Parton Caveolae, 2018; Singh and Lamaze, 2020). Caveolae, as cytoplasmic membrane structures, are mainly composed of lipids and proteins. The lipid components mainly include cholesterol, glycosphingolipids (GSLs) and sphingomyelin (SPH), which constitute the lipid core of Caveolae. If the cholesterol content of Caveolae is reduced too much, the number of Caveolae invaginations will be reduced. Similarly, blocking cholesterol transport to the cell surface pharmacologically indicates that cholesterol plays an important role in maintaining the structure of Caveolae (Fernandes and Oliveira-Brett, 2020).
Caveolae family-related proteins, also known as Caveolins and Cavins, are the main components of the Caveolae and play important roles in various physiological and pathological processes, such as cell endocytosis, maintenance of lipid homeostasis, signal transduction and the occurrence and development of tumors (Part et al., 2020). Mammalian Caveolins (Cavs) include Cav-1, Cav-2, and Cav-3. Cavins include Cavin-1 (polymerase 1 transcription release factor (PTRF)), Cavin-2 (serum deprivation response factor (SDPR)), Cavin-3 (c kinase binding SDR-associated gene product (SRBC)) and Cavin-4 (muscle-restricted friable protein (MURC)) (Parton et al., 2018). Because of the differences in the structure and function of these proteins, they have different biological effects in the body. However, the specific mechanism of action and the exact function are still unclear, and there are still many controversies. In this paper, the role of Caveolae family-related proteins in breast cancer is summarized as follows.
2 RELATIONSHIP BETWEEN CAVEOLINS AND BREAST CANCER
2.1 Cav-1 and breast cancer
Cav-1, a member of the Caveolae family-related proteins was discovered and reported by Palade in 1953 when he observed mouse capillary endothelial cells (Palade, 1953) and was identified and cloned by Rothberg et al. (Rothberg et al., 1992) in 1992. Cav-1, an integrated membrane protein composed of 178 amino acid residues with a molecular weight of 22 kDa, is one of the main scaffold proteins of Caveolae (Figure 1). Its expression is missing in breast cancer, lung cancer, ovarian cancer and osteosarcoma and may be related to its abnormal promoter methylation (Parat and Riggins, 2012).
[image: Figure 1]FIGURE 1 | The structure of Caveolin1. Caveolae are cholesterol-enriched, rigid membrane microdomains that are composed of scaffold proteins named caveolins. The most important constituent protein is Caveolin-1.
Sgara et al. (Sagara et al., 2004) found that Cav-1 can regulate the distribution and translocation of ER in normal breast epithelium and is closely related to progesterone receptors to maintain normal breast development. At present, there are two views on the correlation between Cav-1 and breast cancer: 1) Cav-1 acts as a suppressor gene of breast cancer, which inhibits the malignant process of breast cancer; 2) Cav-1 expression promotes the occurrence and development of breast cancer. Some researchers support the first view because low or absent levels of Cav-1 mRNA and protein can be seen in tumor tissue samples from human primary breast cancer patients, oncogene-transformed cells, transgenic mouse breast cancer models, and some human or mouse transformed epithelial cell lines (Razani et al., 2000). Later, some scholars designed experiments to force the re-expression of Cav-1 in transformed breast cancer cells, which not only eliminated the cancerous potential of these cells but also inhibited aggressiveness (Zhang et al., 2000; Fiucci et al., 2002). Other researchers support the second view, and their evidence is that the Cav-1 gene locus is located at the aggregation point of suppressor genes in many human epithelial origin malignancies, including breast cancer (Zen et al., 1995; Zenklusen et al., 1995). However, until now, there has been no unified understanding of the mechanism of the association between Cav-1 and breast cancer.
2.1.1 Effect of Cav-1 on the proliferation of breast cancer cells
At present, the findings of most studies suggest that Cav-1 can inhibit the proliferation of breast cancer and act as a tumor suppressor in the occurrence and development of breast cancer (Qian et al., 2019). Research results have shown that compared with normal breast tissue and adjacent tissues, the expression of Cav-1 protein in breast cancer tissue is low, and inhibiting the expression of Cav-1 by gene knockout in normal breast epithelial cells can significantly upregulate the expression of related tumor growth factors (Shi et al., 2016). For example, stromal cell derived factor-1 (SDF-1), epidermal growth factor (EGF), and fibroblast specific protein-1 (FSP-1) promote the growth and carcinogenesis of mammary epithelial cells (Shi et al., 2016).
In addition, Cav-1 can also affect the proliferation of breast cancer by inhibiting aerobic glycolysis in breast cancer (Warburg effect) (Jiao et al., 2019). Aerobic glycolysis is the most common form of energy recombination in tumors. Even in the presence of sufficient oxygen, tumor cells still rapidly supply energy through glycolysis to meet their abnormally high proliferation and metabolic energy needs. Mechanistically, Cav-1 reduces the entry of p65/p50 into the nucleus by inhibiting the phosphorylation of NF-κB, thus inhibiting the transcriptional activation of C-myc, which, as a classical aerobic glycolysis-related protein, mediates the orderly progression of aerobic glycolysis. Therefore, high expression of Cav-1 can lead to a decrease in glucose in the cell and in the production of lactic acid and to low expression of lactate dehydrogenase A (LDH-A) and 3-phosphoinositol-dependent protein kinase-1 (PDK1), the key enzymes in glycolysis, thus inhibiting aerobic glycolysis and hence the proliferation of breast cancer cells. In recent years, the role of Cav-1 in negatively regulating the proliferation of breast cancer by inhibiting autophagy has been widely studied. Cav-1 inhibits the production of autophagic lysosomes by blocking the fusion of lysosomes and autophagosomes, thus blocking autophagic flow and inhibiting the proliferation of breast cancer cells (Shi et al., 2015).
The inactivation of the Cav-1 gene leads to increased (Estrogen Receptor alpha) ERα expression, which can be seen in both human breast cancer epithelial cells and mouse primary breast cancer epithelial cells, and can promote the growth of stimulated three-dimensional epithelioid structures (Li et al., 2006). Earlier studies have shown that downregulation of Cav-1 can stimulate the expression of ERα, which also indicates that Cav-1 may play an important regulatory role in the maintenance of normal cell growth in breast tissue (Zhang et al., 2005). Therefore, mutation or low expression of Cav-1 is undoubtedly a factor promoting the progression of ERα (+) breast cancer. It is a risk factor for a poor breast cancer prognosis.
Other studies have shown that downregulation of Cav-1 in breast cancer MCF-7 cells can increase the expression of large conductive Ca2+-activated potassium channels (BKCa) in the cell membrane and promote cell proliferation (Du et al., 2014). Cav-1 can also promote the binding of epidermal growth factor receptor (EGFR) to the kinase domain of the Caveolin binding motif and act as a pro-cancer factor to activate EGFR-mediated mitosis initiation (Liang et al., 2018). Studies have shown that abnormal expression of Cav-1 can enhance EGFR signaling and increase the malignant potential of MCF-7 breast cancer cells, while overexpression of Cav-1 can enhance the cell growth inhibition ability of EGFR tyrosine kinase inhibitors (Agelaki et al., 2009).
Cav-1 negatively regulates cell proliferation by inhibiting the expression of cyclin D1. Overexpression of Cav-1 can induce upregulation of the cell cycle Factors p21, p27 and cyclin B1 and downregulation of cyclin D2, which leads to G2/M phase arrest of cells. Inhibition of proliferation of breast cancer MDA-MB-231 and MCF-7 cells (Kang et al., 2016). In addition, under normal circumstances, Cav-1 can inhibit the Cyclin Dl promoter and downregulate the expression of Cyclin D1, thereby blocking cells in the G0/G1 phase and regulating the cell cycle. In addition, in breast cancer tumor tissues of ERa (+) breast cancer patients, Cyclin D1 overexpression was also observed in samples with Cav-1 mutations. ERa was not expressed in tissues negative for Cyclin D1 immunostaining, and Cav-1 gene expression was normal (Li et al., 2006). Therefore, the inactivation of Cav-1 is likely to occur in the early stage of breast transformation and induce increased sensitivity to estrogen, upregulating ERa, and simultaneously to induce upregulation of Cyclin D1 expression. In other words, the amplification or overexpression of Cyclin D1 and ERa in breast cancer may occur through the same pathway. Both are induced by mutations in Cav-1.
Studies have shown that the interstitium of breast cancer cells is usually in a high-oxygen microenvironment, and the transport efficiency of Cav-1 into cells is low (Monti et al., 2017). In the hypoxic TME, bisphenol A (BPA) in cells can induce the competitive binding of G protein estrogen receptor (GPER) to Cav-1, resulting in the release of heat shock protein 90 (HSP90), activation of hypoxia-inducing factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF), and promotion of cell proliferation (Xu et al., 2017).
It is concluded that Cav-1 can affect cell proliferation in breast cancer by inducing changes in receptor activity and membrane surface ion channels, regulating the cell cycle, and regulating the tumor microenvironment (TME) and intercellular interactions.
2.1.2 Effect of Cav-1 on apoptosis of breast cancer cells
At present, the role of Cav-1 in breast cancer apoptosis is still controversial, and there are different studies on its ability to promote or inhibit apoptosis (Wang et al., 2014a; Chen et al., 2019). Regarding the promotion of Cav-1 apoptosis in breast cancer cells, studies have found that docetaxel (DTX) can upregulate Cav-1 in MCF-7 and MDA-MB-231 breast cancer cells, thereby regulating apoptosis pathway-related proteins, Bcl-2 phosphorylation, p53 and Bax expression, and cleaved PARP cleavage (Kang et al., 2016). In addition, Shi et al. (2016) found that the expression of P53 and apoptosis regulator (TIGAR) was upregulated in BT474 cells, and apoptosis was thus inhibited. Subsequently, Shi et al. (2015) found that Cav-1 deletion and lipid raft breakdown could increase V-ATPase activity, activate autophagy‒lysosome fusion, improve autophagy levels and inhibit apoptosis.
However, Wang et al. (2014b) found that in breast ductal cancer cells (BT474), Cav-1 can activate the extracellular signal-regulating kinase ERK1/2 signaling pathway, upregulate the expression of cell cyclin D1 and β-catenin-related factors, reduce G0/G1 phase arrest and increase the proportion of S-phase cells. At the same time, the expression of the autophagy-related proteins Beclin-1, light chain 3-Ⅱ and Atg12/5 was enhanced, which promoted the formation of autophagosomes and inhibited apoptosis. Cav-1 knockdown inhibited cell migration and invasion. Badana et al. (2018) also proposed that methyl-β-cyclodextrin (MβCD) in lipids can downregulate the expression of Cav-1 and Wnt receptor LRP6, synergistically affect the expression of survivin, Bcl-2 and Bax, induce the breakdown of lipid rafts, and mediate apoptosis.
At present, the effect of Cav-1 on the apoptosis of breast cancer cells is mainly dependent on apoptosis-related proteins and autophagy. However, there is no consensus on whether Cav-1 promotes or inhibits autophagy, which may be related to the stage of Cav-1’s influence on autophagy.
2.1.3 Effect of Cav-1 on the invasion and metastasis of breast cancer
Invasion and metastasis of breast cancer are among the important characteristics of malignant progression of breast cancer and represent the main challenge in the clinical prevention and treatment of breast cancer. Studies have shown that the expression of Cav-1 protein in MDA-MB-231 cells of metastatic breast cancer is significantly higher than that in MCF-7 cells of nonmetastatic breast cancer, and there is also a positive correlation between metastasis ability and Cav-1 protein expression in breast cancer tissues (Alevizos et al., 2014). Current research on breast cancer metastasis mainly focuses on epithelial-mesenchymal transformation (EMT), extracellular matrix (ECM) changes, cytoskeleton reconstruction, and angiogenesis (Lu and Kang, 2019). Interestingly, Cav-1 plays an important role in these processes and can affect the migration and invasion of breast cancer cells by regulating the expression of epithelial mesenchymal transition (EMT)-related markers, matrix metalloproteinases (MMPs) and Rho-GTPases. It can affect the metastasis of breast cancer by regulating the expression of metastasis-related proteins and apoptosis of cells.
It has been reported that the decreased expression of Cav-1 affects the expression of EMT-related genes, such as the increased expression of E-cadherin, while the decreased expression of EMT-related transcription factors such as Vimentin, Snail and Slug can inhibit the occurrence of EMT. In addition, during high sugar-induced EMT, it has been observed that inhibition of the estrogen receptor signaling pathway leads to an upregulation in both mRNA and protein expression of Cav-1. This subsequently promotes the upregulation of Slug expression, thereby enhancing the invasive and migratory capabilities of breast cancer cells. (Zielinska et al., 2018). This evidence suggests that Cav-1 may promote the invasion and migration of breast cancer by promoting the EMT process.
In addition, studies have shown that downregulation of Cav-1 in BT474 cells can also downregulate the expression of MMP-2, MMP-9 and MMP-1 and inhibit cell migration and invasion. In addition, in metastasis-associated macrophages, the deletion of Cav-1 can enhance VEGF-A/VEGFR1 activity, induce the downstream expression of MMP-9 and colony-stimulating factor-1 (CSF-1), and jointly promote angiogenesis and tumor metastatic growth. In vitro cell experiments showed that Scleromitrion diffusum can effectively inhibit the metastasis of breast cancer cells, possibly by inhibiting the expression of Cav-1 protein, thereby reducing matrix metalloproteinases (MMPs) and inhibiting its ability to invade and migrate (Yang et al., 2019). Zheng et al. (2018) also found that Antarctic Krill docosahexaenoic acid (DHA) could enhance the interaction between CD95 (Fas/APO-1) and Cav-1 in MCF-7 cells, inhibit the FAK/SRC/PI3K/AKT signaling pathway, and downregulate the expression of MMP-2, thereby inhibiting invasion and metastasis.
Rho family proteins are a group of guanosine triphosphate (GTP)-binding proteins with molecular weights ranging from 20 to 25 kDa that have GTPase activity and are also known as small G proteins, which are highly activated in a variety of malignant tumors and participate in the regulation of tumor cell morphology, extracellular matrix adhesion and cytoskeletal remodeling. Cav-1 plays an important regulatory role in tumor invasion and migration (Matsuoka and Yashiro, 2014). In inflammatory breast cancer (IBC) cells, the high expression of Cav-1 activates the Akt1 signaling pathway and phosphorylates the RhoC-GTP enzyme, thereby promoting the adhesion and migration of breast cancer cells and enhancing cell invasion (Joglekar et al., 2015). In addition, phosphorylation of the 14th tyrosine of Cav-1 can activate Rac1, another Rho family protein, by upregulating the expression of Ras-related protein 5A (Rab5). Rac1 can bind to various intracellular molecules in the form of a molecular bridge and activate various signaling pathways. For example, the PI3K/Akt/mTOR signaling pathway promotes cytoskeletal remodeling and cell invasion and migration (Diaz et al., 2014).
In addition, Cav-1 can also act on integrin, another important molecule, to promote the invasion and migration of breast cancer cells (Kozyulina et al., 2015). Integrin is a Ca2+ and Mg2+dependent heterophile cell adhesion molecule located on the cell surface that mediates the mutual recognition and adhesion between cells and between cells and the extracellular matrix. The invasion and metastasis of cells require stable adhesion between the cell pseudopods and ECM, providing a traction fulcrum for cells to migrate forward. Therefore, integrins, as transmembrane connectors connecting the extracellular matrix and intracellular actin skeleton, bind extracellular domains to extracellular ligands (such as fibridesmin and laminin), resulting in changes in the terminal configuration of intracellular domains and changes in the interactions between intracellular domains and neighboring proteins, thus activating a series of signaling cascades and connecting with the cytoskeleton. This provides anchor sites for cell migration (De Franceschi et al., 2015). The transfer-promoting protein NEDD9 can regulate the intracellular transport of integrin and the localized expression of the cell membrane through Cav-1. Vesicles expressing Cav-1 can engraft ligand-bound integrins into the cells, promote the dissociation of ligands and integrins and release integrins, thus playing an important role in cell adhesion and migration. When NEDD9 is absent, although the expression of integrin does not change, it significantly affects the adhesion of integrin on the surface of the cell membrane. Overexpression of Cav-1 phosphorylated at 14-tyrosine can restore integrin activity and promote cell invasion (Kozyulina et al., 2015).
However, Lv et al. (2016) found that macrophage migration inhibitor (MIF) can induce the phosphorylation of Cav-1 and promote the transfer of high mobility group protein B1 (HMGB1) from the cytoplasm to the ECM, thus activating TLR4 signaling and promoting breast cancer metastasis. Studies have shown that after MDA-MB231 cells escape the extracellular matrix (ECM) and enter the hemodynamic environment, low fluid shear stress can induce the upregulation of Cav-1 expression, promote the inactivation of protease caspase-8, and enhance the anti-nest loss ability of cells (Li et al., 2019). Breast cancer metastasis involves multiple steps, such as cell adhesion, movement, local invasion and migration, and circulating tumor cells (CTCs) have the ability to resist programmed apoptosis (loss of nests), so patients with metastatic breast cancer often have a poor prognosis. Gene expression profile analysis showed that the expression level of Cav-1 in bone marrow metastatic breast cancer cells was significantly higher than that in CTCs (Magbanua et al., 2018). Wang et al. (2018) found that in MDA-MB-231 cells, overexpression of Cav-1 can activate the PI3K/AKT and MEK/ERK survival signaling pathways and ITGB1-FAK signaling pathways and improve cell resistance to nest loss.
Therefore, Cav-1 may play an important role in the invasion and metastasis of breast cancer by regulating epithelial-mesenchymal transformation, extracellular matrix changes, Rho family proteins and integrin endocytosis.
2.1.4 Cav-1 inhibits the formation of breast cancer stem cells
Tumor stem cells are cells in tumors that have the ability to self-renew and generate heterogeneous tumor cells. Breast cancer stem cells (BCSCs) have been found to play a key role in the proliferation, metastasis and recurrence of breast cancer (Yoon et al., 2019; Wang et al., 2020). Recently, an increasing number of studies have begun to focus on the physiological role of Cav-1 in BCSCs formation. In cloned spheres derived from breast cancer cells, the expression of Cav-1 is significantly downregulated, and inhibition of Cav-1 can upregulate indicators related to tumor stemness (CD44/CD24), promote the self-renewal ability of breast cancer stem cells, and thus promote the malignant tumor behavior of breast cancer, such as EMT, invasion and metastasis (Yoon et al., 2019). In addition, Cav-1 inhibits the self-renewal capacity and aerobic glycolysis of breast cancer stem cells through C-myc-mediated tumor metabolic reprogramming (Shi et al., 2015). The mechanism mainly shows that inhibition of Cav-1 can reduce the binding of the E3 ligase VHL to C-myc, alleviate the ubiquitination degradation of C-myc protein, and promote the accumulation of C-myc, thus leading to the orderly progress of aerobic glycolysis mediated by C-myc and providing energy support for the self-renewal ability of breast cancer stem cells. So far, some studies have indicated that Cav-1 plays an inhibitory role in BCSCs formation.
2.1.5 Cav-1 mediates endocytosis of breast cancer therapeutics
Cav-1-mediated selective endocytosis is the selective transport of extracellular substances to the membranous region of the cell through the invagination vesicles formed by the cell membrane. Therefore, vesicles containing Cav-1 can carry different specific proteins to trigger the endocytosis of pits and transport them to specific organelles. This selective endocytosis plays an important role in the cell movement and migration and has a profound impact on the metabolism of therapeutic drugs (Chung et al., 2015; Chatterjee et al., 2017; Chung et al., 2018).
In the treatment of breast cancer, the uptake of certain drugs, such as albumin-paclitaxel and trastuzumab-metan conjugate (T-DM1), depends on Cav-1-mediated selective endocytosis (Chatterjee et al., 2017; Chung et al., 2018). As a new generation of paclitaxel preparations, albumin-bound paclitaxel (albumin-paclitaxel) is a first-line drug for triple-negative breast cancer chemotherapy and occupies an extremely important position in the chemotherapy of breast cancer and other malignant tumors. As a carrier of paclitaxel, albumin can bind to Cav-1 and be transported into the cell through endocytic vesicles, and paclitaxel then enters the cell along with albumin to exert its antitumor activity (Chatterjee et al., 2017). Therefore, breast cancer with high expression of Cav-1 protein is often associated with better albumin-paclitaxel treatment (Borsoi et al., 2017; Ricci et al., 2019). Cav-1-mediated endocytosis is also an important mechanism of T-DM1 endocytosis. As a second-line drug for the targeted therapy of advanced HER-2 (+) breast cancer, T-DM1 is an antibody-coupled drug consisting of trastuzumab and the anti-microtubule drug metformin. Studies have shown that Caveolae-mediated endocytosis is an important mechanism of T-DM1 resistance in HER-2 (+) breast cancer. Cav-1 is highly expressed in T-DM1-resistant HER-2 (+) breast cancer cells, and T-DM1 fuses with lysosomes intracellularly through Caveolae-mediated endocytosis, while the acidic environment in the lysosomal Cavity weakens the drug efficacy of T-DM1 (Chung et al., 2018; Sung et al., 2018). Therefore, Cav-1 may be an important target for the treatment of T-DM1 resistance.
2.1.6 Cav-1 can interact with chemotherapy drugs to affect the progression of breast cancer
Salis et al. (2014a) proposed that fluvastatin can enhance cytotoxicity in MCF-7 cells by downregulating the expression of Cav-1 and serum glucocorticoid-regulated kinase 1 (SGK1). Metformin, on the other hand, enhances cytotoxicity by upregulating Cav-1 and downregulating SGK1 (Salis et al., 2014b). Overexpression of Cav-1 can increase the expression of breast cancer drug resistance protein (BCRP). Downregulation of Cav-1 can decrease the activity of ATP-binding box family G protein subfamily 2 (ABCG2) in BCRP and improve the chemotherapy sensitivity of drug-resistant breast cancer cells. Cav-1 can participate in the regulation of T-DM1 resistance by mediating cellular endocytosis (Sung et al., 2018), promoting the internalization of T-DM1 into cells and enhancing its drug toxicity and sensitivity (Chung et al., 2018). Zheng et al. (2019) proposed that overexpression of Cav-1 in MCF-7 and MDA-MB-231 cells could affect chemical sensitization by inhibiting eNOS/NO/ONOO pathway activity and oxidative damage. In addition, overexpression of Cav-1 in breast cancer can promote EGFR nuclear translocation, activate DNA-dependent protein kinase (DNAPK), induce DNA repair and enhance radiation resistance, suggesting that Cav-1 is associated with breast cancer radiotherapy (Zou et al., 2017).
2.1.7 Cav-1 as an indicator of clinical prognosis
In invasive breast cancer, the expression of Cav-1 in stromal cells is associated with tumor size, histological grade, and lymph node metastasis, so Cav-1 may be a clinical diagnostic indicator of tumor prognosis.
Yeong et al. (2018) conducted histological classification and staging of 71 patients with invasive breast cancer and evaluated the vascular metastasis, lymph node metastasis, inflammatory changes in breast cancer tissue, lymph node infiltration, ER expression of estrogen receptor, p53 mutation, HER-2 expression, Ki-67 hyperplasia index, and ability of in situ recurrence and metastasis in tissue samples of patients. Prognostic survival time was measured, and the protein expression of Cav-1 in stromal cells and tumor cells was detected. High expression of Cav-1 in stromal cells was associated with good prognosis. Breast cancer patients with high or high expression of Cav-1 in stromal cells had higher overall survival and disease-free survival than patients with no or low expression of Cav-1. Evidence suggests that the expression level of Cav-1 in stromal cells is positively correlated with the prognosis of breast cancer patients, but the expression level of Cav-1 in tumors is not indicative of prognostic survival. In addition, the expression of Cav-1 in stromal cells was negatively correlated with the expression of estrogen receptor (ER) in breast cancer and positively correlated with tumor metastasis traits. The expression of Cav-1 in breast cancer with lymph node metastasis is significantly higher than that in breast ductal carcinoma in situ without lymph node metastasis, indicating that the high expression of Cav-1 is related to the invasion and metastasis of breast cancer (Eliyatkin et al., 2018).
Although the presence of Cav-1 predicts a high risk of breast cancer metastasis, Cav-1 is still associated with a favorable prognosis in terms of overall survival, which may be related to the spatiotemporal specific expression of Cav-1 and the competing effects of tumor suppressors and tumor promotion. In addition, high expression of Cav-1 in breast cancer is indicative of breast cancer sensitivity to albumin-paclitaxel. In metastatic breast cancer, immunohistochemical analysis indicated that patients with high expression of Cav-1 had a significantly higher pathological response rate to albumin-paclitaxel than those with low expression of Cav-1, which provided a reference for future clinical drug guidance.
2.2 The relationship between Cav-2 and Cav-3 and breast cancer
Cav-2 is colocalized with Cav-1, which is closely coexpressed and has a 38% homologous sequence. Cav-2 regulates a variety of signaling pathways, which can either directly bind to Cav-1 to form hetero-oligomers or act independently of Cav-1. Studies have found that the expression of Cav-2 is upregulated in MCF-7 cells (Hnasko and Lisanti, 2003), while Shatseva et al. (2011) reported that miR-199a-3p can promote cell proliferation by inhibiting the expression of Cav-2, suggesting that Cav-2 plays a role in cancer inhibition. However, Huang et al. (2007) found that the expression of Cav-2 was downregulated after breast cancer cells received dasatinib. Savage et al. (2008) also proposed that breast cancer patients with high expression of Cav-2 had poor prognosis, and Cav-2 was negatively correlated with ER expression. Loss of Cav-2 expression can inhibit ERα phosphorylation induced by 17β-estradiol (E2), inhibit ERα transcriptional activity and activation of related signaling pathways, and thus inhibit cell proliferation. A study on IBC cells showed that Cav-2 and Cav-1 were highly expressed in IBC and were closely related to RhoC-GTP due to reduced promoter methylation (Van den Eynden et al., 2006). In addition, it has been reported that Cav-2 is correlated with Her-2 expression and triple-negative breast cancer (TNBC) (Elsheikh et al., 2008).
The Cav-3-encoding gene is located on human chromosome 3 p25, and its distribution is more limited than that of Cav-1 and Cav-2. Cav-3 is mainly expressed in vascular smooth muscle, myocardium and skeletal muscle (He et al., 2022), as well as myoepithelial cells and glial cells in the mammary gland. Mutations in the Cav-3 coding region P140L can weaken p38, AKT and endoplasmic reticulum stress signals (Stoppani et al., 2011). There are still few studies on the role of Cav-3 in breast cancer. Studies have shown that with the progression of breast cancer, the positive rate of Cav-3 in epithelial tissues decreases, while the positive rate of Cav-2 in interstitial tissues increases (Koo et al., 2011). In addition, loss of Cav-3 expression can form an anti-breast tumor microenvironment. In in vivo experiments, when Cav-3 is not expressed, the anti-mammary tumor formation ability of mice is significantly enhanced, while the growth of mammary tumors is inhibited and lung metastasis is significantly reduced (Sotgia et al., 2009). Therefore, Cav-2, Cav-3 and Cav-1 can also act as related regulatory factors in breast cancer progression and play dual roles in cancer inhibition and promotion.
3 CAVINS AND BREAST CANCER
3.1 Relationship between Cavin-1 and breast cancer
Cavin-1 is encoded by a gene located on human chromosome 17 q21.2 and plays an important role in maintaining the structure and function of the pit. It can be attracted to the cell membrane by Cav-1 and Cav-3, bind to phosphatidylserine, cholesterol and oligomerized Caveolins, and participate in the regulation of cell membrane curvature (Liu, 2020). Cavin-1 can be released from Caveolae during insulin signaling or membrane stretch to alter transcription and protein synthesis. Cavin-1 expression is significantly downregulated in breast cancer cell lines and breast cancer tissues and is closely related to its promoter methylation. Verma et al. (2010) found that Cavin-1 was related to Cav-1. In breast cancer SK-BR-3 cells, overexpression of Cavin-1 inhibited the formation of cell membrane tubules induced by Cav-1. Other studies have shown that receptor tyrosine kinase-like orphan receptor 1 (ROR1) maintains the downstream pro-survival signaling pathway in lung adenocarcinoma by promoting the interaction of Cavin-1 and Cav-1 (Yamaguchi et al., 2016). In addition, Cavin-1 and Cav-1 can bind to insulin-like growth factor-i receptor (IGF-IR) and regulate its internalization (Hamoudane et al., 2013). Breast cancer cells contain a large amount of IGF-IR. However, the specific role of Cavin-1 and Cav-1 in regulating IGF-IR in breast cancer is still controversial and needs further study.
3.2 Relationship between Cavin-2 and breast cancer
The gene encoding Cavin-2 is located on human chromosome 2 q32.3 as a substrate phosphorylated by protein kinase C-PKC, affecting cell localization and substrate specificity. The Cavin-2-encoding gene can purify platelet phospholipid-binding protein (PSP68), and its expression is enhanced in serum-starved cells. It is therefore called serum deprivation response factor (Wang et al., 2019). Studies have shown that Cavin-2 expression is deficient in tumors such as breast, prostate and kidney (Nassar and Parat, 2020). Cavin-2 was found to be significantly positively correlated with the disease-free survival (DFS) and distant metastasis-free survival (DMFS) of breast cancer patients, and its loss of expression may be related to promoter methylation, while overexpression of Cavin-2 inhibited cell migration and reduced the tumor formation rate of lung metastatic tumors in NOD/SCID mice.
At the same time, the expression of the antiapoptotic protein Bcl-xL was inhibited, and apoptosis was promoted, suggesting that Cavin-2 could be used as a tumor metastasis inhibitor (Ozturk et al., 2016). Tian et al. (Tian et al., 2016) found that overexpression of Cavin-2 inhibited the proliferation and invasion ability of MDA-MB-231 cells, and loss of expression could activate the transforming growth factor TGF-β signaling pathway and induce an EMT-like phenotype in cells, suggesting that Cavin-2 could inhibit breast cancer progression by blocking the TGF-β signaling pathway. In addition, four semi-lim domain protein 1 (Fhl1) can induce Cavin-2 expression in Src protein kinase-transformed cells, independent of mitogen-activated protein kinase (MAPK) activity, and the expression of Fhl1 and Cavin-2 is significantly downregulated in breast cancer, suggesting that Cavin-2 plays a tumor suppressor role in breast cancer (Li et al., 2008).
3.3 Relationship between Cavin-3 and Cavin-4 and breast cancer
Cavin-3 was originally defined as a phosphatidylserine-binding protein, similar to Cavin-2, which also acts as a substrate of PKC and is induced in the serum deprivation response, and its coding gene is located in the p15.5-p15.4 region of chromosome 11 and near the D11S1323 locus. Loss of heterozygosity (LOH) in this region is often observed in sporadic breast cancer and other types of tumors. Cavin-3 is highly expressed in normal breast and lung epithelial cells, while it is absent in breast cancer, lung cancer and gastric cancer, which may be related to its promoter methylation, suggesting that Cavin-3 may play an anticancer role in breast cancer. In addition, Cavin-3 can interact with breast cancer susceptibility gene 1 (BRCA1), and its loss of expression can affect BRCA1-mediated tumor inhibition (Xu et al., 2001).
Although some studies have shown that Cavin-3 plays a role in cancer inhibition in breast cancer, the specific molecular mechanism is not fully understood. Cavin-4, as an evolutionarily conserved muscle-specific component of the Cavin complex related to the muscle-membrane Caveolae complex, encodes a gene located at q31.1 of human chromosome 9, which is also expressed at a low level in other types of cells, such as embryonic fibroblasts, and can directly interact with Cavin-2 and Cavin-3. Studies have shown that overexpression of Cavin-4 in skeletal muscle can promote myogenesis and lead to conduction disorders, while overexpression of Cavin-4 in myocardial tissue can induce cardiac dysfunction, suggesting that Cavin-4 can be used as a new potential candidate gene for muscle-associated Caveolae lesions (Bastiani et al., 2009). However, the relationship between Cavin-4 and breast cancer remains unclear.
4 DISCUSSION AND CONCLUSION
As the role of Caveolae family-related proteins in the occurrence and development of breast cancer and their specific molecular mechanisms have received extensive attention, Caveolae family-related proteins are known to play important roles in the proliferation, metastasis, treatment and clinical prognostic guidance of breast cancer. Caveolae plays an important role in various physiological and pathological processes. The formation and function of the Caveolae depend on the expression and interaction of Caveolins and Cavins. However, the role of Cavins in the development of breast cancer is still controversial.
It has been reported that alteration of the Cav-1 gene may change the risk of breast cancer (Fard and Nafisi, 2018). It has been reported that genetic changes in Cav-1 might modify the risk for breast cancer, and Cav-1 acts as both a tumor suppressor and an oncogene and plays a key role in breast cancer tumorigenesis (Deb et al., 2014). Currently, it is believed that Cav-1 can be associated with multiple proteins and signal transduction pathways and has various regulatory effects on tumor formation, proliferation, invasion and metastasis. Caveolae act as a platform for interactions between many receptors and related signal transduction proteins, allowing Cav-1 to play an important role in regulating the balance between tumor signaling pathways (Figure 2).
[image: Figure 2]FIGURE 2 | [image: FX 1] means to promote [image: FX 2]means to suppress. Cav-1 suppresses or promotes tumor signaling pathways, thereby affecting the development of breast cancer.
Cav-1 is the focus of current research, and other Caveolae family-related proteins are less studied. Depending on the molecular classification and stage of breast cancer, Cav-2 can also play a dual role as a tumor suppressor or a cancer-promoting factor. Existing studies suggest that Cav-3 is expressed in muscle tissue and plays a dual role in tumor development, but its role in breast cancer remains to be further explored. Cavin-1, Cavin-2 and Cavin-3 are not expressed in breast cancer cells and tissues, and the specific mechanism of action of Cavin-4 in breast cancer is not very clear. The relationship between Cavin-4 and breast cancer remains to be explored in the future.
The occurrence and formation of tumors in breast cancer dare a continuous process. Although we summarized the role of Caveolae family-related proteins in various processes of breast cancer progression in this review (Table 1), the influence of Caveolae family-related proteins on breast cancer development is continuous and involves multiple processes. Although the specific mechanisms of the interactions between the Caveolae family-related proteins and various signaling molecules in different stages of tumor development and development are still unclear, we believe that a summary of the interactions between the Caveolae family-related proteins and breast cancer can lay a foundation for further research, and promote the Caveolae family-related proteins as a potential target for breast cancer diagnosis and treatment, providing a new therapeutic idea for clinical research.
TABLE 1 | The role of Caveolae family-related proteins in various processes of breast cancer progression. Caveolae family-related proteins can act as a suppressor in breast cancer cell carcinogenic process via suppressing breast cancer cell proliferation, autophagy, invasion and migration and promoting apoptosis. Caveolae family-related proteins can also act as a promoter in breast cancer cell carcinogenic process via promoting breast cancer cell proliferation, autophagy, invasion, migration and metastasis, and suppressing apoptosis and anoikis.
[image: Table 1]AUTHOR CONTRIBUTIONS
QH wrote this manuscript. QH and SQ drew the pictures in this paper. In addition, HH, WL, and XL revised the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
The present study was supported by the National Natural Science Foundation of China (Grant Nos. 81473687 and 82274538), The Natural Science Foundation of Shandong Province (Grant No. ZR2020MH357); Shandong Province Traditional Chinese Medicine Science and Technology Project (Grant No. 2021Z045); Tai’an Science and Technology Innovation Development Project (Grant No. 2020NS092); The Academic Promotion Program of Shandong First Medical University (Grant No. 2019QL017).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agelaki, S., Spiliotaki, M., Markomanolaki, H., Kallergi, G., Mavroudis, D., Georgoulias, V., et al. (2009). Caveolin-1 regulates EGFR signaling in MCF-7 breast cancer cells and enhances gefitinib-induced tumor cell inhibition. Cancer Biol. Ther. 8 (15), 1470–1477. doi:10.4161/cbt.8.15.8939
 Alevizos, L., Kataki, A., Derventzi, A., Gomatos, I., Loutraris, C., Gloustianou, G., et al. (2014). Breast cancer nodal metastasis correlates with tumour and lymph node methylation profiles of Caveolin-1 and CXCR4. Clin. Exp. Metastasis 31 (5), 511–520. doi:10.1007/s10585-014-9645-6
 Badana, A. K., Chintala, M., Gavara, M. M., Naik, S., Kumari, S., Kappala, V. R., et al. (2018). Lipid rafts disruption induces apoptosis by attenuating expression of LRP6 and survivin in triple negative breast cancer. Biomed. Pharmacother. 97, 359–368. doi:10.1016/j.biopha.2017.10.045
 Bastiani, M., Liu, L., Hill, M. M., Jedrychowski, M. P., Nixon, S. J., Lo, H. P., et al. (2009). MURC/Cavin-4 and cavin family members form tissue-specific caveolar complexes. J. Cell Biol. 185 (7), 1259–1273. doi:10.1083/jcb.200903053
 Borsoi, C., Leonard, F., Lee, Y., Zaid, M., Elganainy, D., Alexander, J. F., et al. (2017). Gemcitabine enhances the transport of nanovector-albumin-bound paclitaxel in gemcitabine-resistant pancreatic ductal adenocarcinoma. Cancer Lett. 403, 296–304. doi:10.1016/j.canlet.2017.06.026
 Chatterjee, M., Ben-Josef, E., Robb, R., Vedaie, M., Seum, S., Thirumoorthy, K., et al. (2017). Caveolae-mediated endocytosis is critical for albumin cellular uptake and response to albumin-bound chemotherapy. Cancer Res. 77 (21), 5925–5937. doi:10.1158/0008-5472.CAN-17-0604
 Chen, P., Feng, Y., Zhang, H., Shi, X., Li, B., Ju, W., et al. (2019). MicroRNA-192 inhibits cell proliferation and induces apoptosis in human breast cancer by targeting caveolin 1. Oncol. Rep. 42 (5), 1667–1676. doi:10.3892/or.2019.7298
 Chung, Y. C., Chang, C. M., Wei, W. C., Chang, T. W., Chang, K. J., and Chao, W. T. (2018). Metformin-induced caveolin-1 expression promotes T-DM1 drug efficacy in breast cancer cells. Sci. Rep. 8 (1), 3930. doi:10.1038/s41598-018-22250-8
 Chung, Y. C., Kuo, J. F., Wei, W. C., Chang, K. J., and Chao, W. T. (2015). Caveolin-1 dependent endocytosis enhances the chemosensitivity of HER-2 positive breast cancer cells to trastuzumab emtansine (T-DM1). PLoS One 10 (7), e0133072. doi:10.1371/journal.pone.0133072
 De Franceschi, N., Hamidi, H., Alanko, J., Sahgal, P., and Ivaska, J. (2015). Integrin traffic - the update. J. Cell Sci. 128 (5), 839–852. doi:10.1242/jcs.161653
 Deb, M., Sengupta, D., Kar, S., Rath, S. K., Parbin, S., Shilpi, A., et al. (2014). Elucidation of caveolin 1 both as a tumor suppressor and metastasis promoter in light of epigenetic modulators. Tumor Biol. 35 (12), 12031–12047. doi:10.1007/s13277-014-2502-z
 Diaz, J., Mendoza, P., Ortiz, R., Diaz, N., Leyton, L., Stupack, D., et al. (2014). Rab5 is required in metastatic cancer cells for Caveolin-1-enhanced Rac1 activation, migration and invasion. J. Cell Sci. 127 (11), 2401–2406. doi:10.1242/jcs.141689
 Du, C., Chen, L., Zhang, H., Wang, Z., Liu, W., Xie, X., et al. (2014). Caveolin-1 limits the contribution of BKCa channel to MCF-7 breast cancer cell proliferation and invasion. Int. J. Mol. Sci. 15 (11), 20706–20722. doi:10.3390/ijms151120706
 Eliyatkin, N., Aktas, S., Diniz, G., Ozgur, H. H., Ekin, Z. Y., and Kupelioglu, A. (2018). Expression of stromal caveolin- 1 may Be a predictor for aggressive behaviour of breast cancer. Pathol. Oncol. Res. 24 (1), 59–65. doi:10.1007/s12253-017-0212-8
 Elsheikh, S. E., Green, A. R., Rakha, E. A., Samaka, R. M., Ammar, A. A., Powe, D., et al. (2008). Caveolin 1 and Caveolin 2 are associated with breast cancer basal-like and triple-negative immunophenotype. Br. J. Cancer 99 (2), 327–334. doi:10.1038/sj.bjc.6604463
 Fard, Z. T., and Nafisi, N. (2018). The relationship between 6 polymorphisms of caveolin-1 gene and the risk of breast cancer. Clin. Breast Cancer 18 (5), E893–e898. doi:10.1016/j.clbc.2018.01.005
 Fernandes, I. P. G., and Oliveira-Brett, A. M. (2020). Caveolin proteins electrochemical oxidation and interaction with cholesterol. Bioelectrochemistry 133, 107451. ARTN 107451. doi:10.1016/j.bioelechem.2019.107451
 Filippini, A., and D'Alessio, A. (2020). Caveolae and lipid rafts in endothelium: valuable organelles for multiple functions. Biomolecules 10 (9), 1218. doi:10.3390/biom10091218
 Fiucci, G., Ravid, D., Reich, R., and Liscovitch, M. (2002). Caveolin-1 inhibits anchorage-independent growth, anoikis and invasiveness in MCF-7 human breast cancer cells. Oncogene 21 (15), 2365–2375. doi:10.1038/sj.onc.1205300
 Hamoudane, M., Maffioli, S., Cordera, R., Maggi, D., and Salani, B. (2013). Caveolin-1 and polymerase I and transcript release factor: new players in insulin-like growth factor-I receptor signaling. J. Endocrinol. Invest. 36 (3), 204–208. doi:10.3275/8848
 He, M., Qiu, J., Wang, Y., Bai, Y., and Chen, G. (2022). Caveolin-3 and arrhythmias: insights into the molecular mechanisms. J. Clin. Med. 11 (6), 1595. ARTN 1595. doi:10.3390/jcm11061595
 Heer, E., Harper, A., Escandor, N., Sung, H., McCormack, V., and Fidler-Benaoudia, M. M. (2020). Global burden and trends in premenopausal and postmenopausal breast cancer: A population-based study. Lancet Glob. Health 8 (8), e1027–e1037. doi:10.1016/S2214-109X(20)30215-1
 Hnasko, R., and Lisanti, M. P. (2003). The biology of caveolae: lessons from caveolin knockout mice and implications for human disease. Mol. Interv. 3 (8), 445–464. doi:10.1124/mi.3.8.445
 Huang, F., Reeves, K., Han, X., Fairchild, C., Platero, S., Wong, T. W., et al. (2007). Identification of candidate molecular markers predicting sensitivity in solid tumors to dasatinib: rationale for patient selection. Cancer Res. 67 (5), 2226–2238. doi:10.1158/0008-5472.CAN-06-3633
 Jiao, L., Wang, S., Zheng, Y., Wang, N., Yang, B., Wang, D., et al. (2019). Betulinic acid suppresses breast cancer aerobic glycolysis via caveolin-1/NF-κB/c-Myc pathway. Biochem. Pharmacol. 161, 149–162. doi:10.1016/j.bcp.2019.01.016
 Joglekar, M., Elbezanti, W. O., Weitzman, M. D., Lehman, H. L., and van Golen, K. L. (2015). Caveolin-1 mediates inflammatory breast cancer cell invasion via the Akt1 pathway and RhoC GTPase. J. Cell Biochem. 116 (6), 923–933. doi:10.1002/jcb.25025
 Kang, J., Park, J. H., Lee, H. J., Jo, U., Park, J. K., Seo, J. H., et al. (2016). Caveolin-1 modulates docetaxel-induced cell death in breast cancer cell subtypes through different mechanisms. Cancer Res. Treat. 48 (2), 715–726. doi:10.4143/crt.2015.227
 Koo, J. S., Park, S., Kim, S. I., Lee, S., and Park, B. W. (2011). The impact of caveolin protein expression in tumor stroma on prognosis of breast cancer. Tumour Biol. 32 (4), 787–799. doi:10.1007/s13277-011-0181-6
 Kozyulina, P. Y., Loskutov, Y. V., Kozyreva, V. K., Rajulapati, A., Ice, R. J., Jones, B. C., et al. (2015). Prometastatic NEDD9 regulates individual cell migration via caveolin-1-dependent trafficking of integrins. Mol. Cancer Res. 13 (3), 423–438. doi:10.1158/1541-7786.MCR-14-0353
 Li, S., Chen, Y., Zhang, Y., Jiang, X., Jiang, Y., Qin, X., et al. (2019). Shear stress promotes anoikis resistance of cancer cells via caveolin-1-dependent extrinsic and intrinsic apoptotic pathways. J. Cell Physiol. 234 (4), 3730–3743. doi:10.1002/jcp.27149
 Li, T., Sotgia, F., Vuolo, M. A., Li, M., Yang, W. C., Pestell, R. G., et al. (2006). Caveolin-1 mutations in human breast cancer: functional association with estrogen receptor alpha-positive status. Am. J. Pathol. 168 (6), 1998–2013. doi:10.2353/ajpath.2006.051089
 Li, X., Jia, Z., Shen, Y., Ichikawa, H., Jarvik, J., Nagele, R. G., et al. (2008). Coordinate suppression of Sdpr and Fhl1 expression in tumors of the breast, kidney, and prostate. Cancer Sci. 99 (7), 1326–1333. doi:10.1111/j.1349-7006.2008.00816.x
 Liang, Y. N., Liu, Y., Wang, L., Yao, G., Li, X., Meng, X., et al. (2018). Combined caveolin-1 and epidermal growth factor receptor expression as a prognostic marker for breast cancer. Oncol. Lett. 15 (6), 9271–9282. doi:10.3892/ol.2018.8533
 Liu, L. (2020). Lessons from cavin-1 deficiency. Biochem. Soc. Trans. 48 (1), 147–154. doi:10.1042/BST20190380
 Lu, W., and Kang, Y. (2019). Epithelial-mesenchymal plasticity in cancer progression and metastasis. Dev. Cell 49 (3), 361–374. doi:10.1016/j.devcel.2019.04.010
 Lv, W., Chen, N., Lin, Y., Ma, H., Ruan, Y., Li, Z., et al. (2016). Macrophage migration inhibitory factor promotes breast cancer metastasis via activation of HMGB1/TLR4/NF kappa B axis. Cancer Lett. 375 (2), 245–255. doi:10.1016/j.canlet.2016.02.005
 Magbanua, M. J. M., Rugo, H. S., Hauranieh, L., Roy, R., Scott, J. H., Lee, J. C., et al. (2018). Genomic and expression profiling reveal molecular heterogeneity of disseminated tumor cells in bone marrow of early breast cancer. NPJ Breast Cancer 4, 31. doi:10.1038/s41523-018-0083-5
 Matsuoka, T., and Yashiro, M. (2014). Rho/ROCK signaling in motility and metastasis of gastric cancer. World J. Gastroenterol. 20 (38), 13756–13766. doi:10.3748/wjg.v20.i38.13756
 Monti, D., Sotgia, F., Whitaker-Menezes, D., Tuluc, M., Birbe, R., Berger, A., et al. (2017). Pilot study demonstrating metabolic and anti-proliferative effects of in vivo anti-oxidant supplementation with N-Acetylcysteine in Breast Cancer. Semin. Oncol. 44 (3), 226–232. doi:10.1053/j.seminoncol.2017.10.001
 Nassar, Z. D., and Parat, M. O. (2020). Caveola-forming proteins and prostate cancer. Cancer Metastasis Rev. 39 (2), 415–433. doi:10.1007/s10555-020-09874-x
 Ozturk, S., Papageorgis, P., Wong, C. K., Lambert, A. W., Abdolmaleky, H. M., Thiagalingam, A., et al. (2016). SDPR functions as a metastasis suppressor in breast cancer by promoting apoptosis. Proc. Natl. Acad. Sci. U. S. A. 113 (3), 638–643. doi:10.1073/pnas.1514663113
 Palade, G. E. (1953). An electron microscope study of the mitochondrial structure. J. Histochem Cytochem 1 (4), 188–211. doi:10.1177/1.4.188
 Parat, M. O., and Riggins, G. J. (2012). Caveolin-1, caveolae, and glioblastoma. Neuro Oncol. 14 (6), 679–688. doi:10.1093/neuonc/nos079
 Parton, R. G., McMahon, K. A., and Wu Caveolae, Y. (2020). Caveolae: formation, dynamics, and function. Curr. Opin. Cell Biol. 65, 8–16. doi:10.1016/j.ceb.2020.02.001
 Parton Caveolae, R. G. (2018). Caveolae: structure, function, and relationship to disease. Annu. Rev. Cell Dev. Biol. 34, 111–136. doi:10.1146/annurev-cellbio-100617-062737
 Parton, R. G., Tillu, V. A., and Collins Caveolae, B. M. (2018). Curr. Biol.28 (8), R402–R405. doi:10.1016/j.cub.2017.11.075
 Qian, X. L., Pan, Y. H., Huang, Q. Y., Shi, Y. B., Huang, Q. Y., Hu, Z. Z., et al. (2019). Caveolin-1: A multifaceted driver of breast cancer progression and its application in clinical treatment. Onco Targets Ther. 12, 1539–1552. doi:10.2147/OTT.S191317
 Razani, B., Altschuler, Y., Zhu, L., Pestell, R. G., Mostov, K. E., and Lisanti, M. P. (2000). Caveolin-1 expression is down-regulated in cells transformed by the human papilloma virus in a p53-dependent manner. Replacement of caveolin-1 expression suppresses HPV-mediated cell transformation. Biochemistry 39 (45), 13916–13924. doi:10.1021/bi001489b
 Ricci, F., and Le Tourneau, C. (2019). Emerging new predictive biomarkers in metastatic breast cancer: caveolin-1 and weekly nab-paclitaxel plus gemcitabine, are we on for tomorrow?Chin. Clin. Oncol. 8 (S1), S14. doi:10.21037/cco.2019.01.08
 Rothberg, K. G., Heuser, J. E., Donzell, W. C., Ying, Y. S., Glenney, J. R., and Anderson Caveolin, R. G. (1992). Caveolin, a protein component of caveolae membrane coats. Cell 68 (4), 673–682. doi:10.1016/0092-8674(92)90143-z
 Sagara, Y., Mimori, K., Yoshinaga, K., Tanaka, F., Nishida, K., Ohno, S., et al. (2004). Clinical significance of Caveolin-1, Caveolin-2 and HER2/neu mRNA expression in human breast cancer. Br. J. Cancer 91 (5), 959–965. doi:10.1038/sj.bjc.6602029
 Salis, O., Bedir, A., Gulten, S., Okuyucu, A., Kulcu, C., and Alacam, H. (2014a). Cytotoxic effect of fluvastatin on MCF-7 cells possibly through a reduction of the mRNA expression levels of SGK1 and CAV1. Cancer Biother Radiopharm. 29 (9), 368–375. doi:10.1089/cbr.2013.1593
 Salis, O., Bedir, A., Ozdemir, T., Okuyucu, A., and Alacam, H. (2014b). The relationship between anticancer effect of metformin and the transcriptional regulation of certain genes (CHOP, CAV-1, HO-1, SGK-1 and Par-4) on MCF-7 cell line. Eur. Rev. Med. Pharmacol. Sci. 18 (11), 1602–1609.
 Savage, K., Leung, S., Todd, S. K., Brown, L. A., Jones, R. L., Robertson, D., et al. (2008). Distribution and significance of caveolin 2 expression in normal breast and invasive breast cancer: an immunofluorescence and immunohistochemical analysis. Breast Cancer Res. Treat. 110 (2), 245–256. doi:10.1007/s10549-007-9718-1
 Shatseva, T., Lee, D. Y., Deng, Z., and Yang, B. B. (2011). MicroRNA miR-199a-3p regulates cell proliferation and survival by targeting caveolin-2. J. Cell Sci. 124 (16), 2826–2836. doi:10.1242/jcs.077529
 Shi, X. Y., Xiong, L. X., Xiao, L., Meng, C., Qi, G. Y., and Li, W. L. (2016). Downregulation of caveolin-1 upregulates the expression of growth factors and regulators in co-culture of fibroblasts with cancer cells. Mol. Med. Rep. 13 (1), 744–752. doi:10.3892/mmr.2015.4610
 Shi, Y., Tan, S. H., Ng, S., Zhou, J., Yang, N. D., Koo, G. B., et al. (2015). Critical role of CAV1/caveolin-1 in cell stress responses in human breast cancer cells via modulation of lysosomal function and autophagy. Autophagy 11 (5), 769–784. doi:10.1080/15548627.2015.1034411
 Singh, V., and Lamaze, C. (2020). Membrane tension buffering by caveolae: A role in cancer?Cancer Metastasis Rev. 39 (2), 505–517. doi:10.1007/s10555-020-09899-2
 Sotgia, F., Casimiro, M. C., Bonuccelli, G., Liu, M., Whitaker-Menezes, D., Er, O., et al. (2009). Loss of caveolin-3 induces a lactogenic microenvironment that is protective against mammary tumor formation. Am. J. Pathol. 174 (2), 613–629. doi:10.2353/ajpath.2009.080653
 Stoppani, E., Rossi, S., Meacci, E., Penna, F., Costelli, P., Bellucci, A., et al. (2011). Point mutated caveolin-3 form (P104L) impairs myoblast differentiation via Akt and p38 signalling reduction, leading to an immature cell signature. Bba-Mol Basis Dis. 1812 (4), 468–479. doi:10.1016/j.bbadis.2010.12.005
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Sung, M., Tan, X., Lu, B., Golas, J., Hosselet, C., Wang, F., et al. (2018). Caveolae-mediated endocytosis as a novel mechanism of resistance to trastuzumab emtansine (T-DM1). Mol. Cancer Ther. 17 (1), 243–253. doi:10.1158/1535-7163.MCT-17-0403
 Tian, Y., Yu, Y., Hou, L. K., Chi, J. R., Mao, J. F., Xia, L., et al. (2016). Serum deprivation response inhibits breast cancer progression by blocking transforming growth factor-beta signaling. Cancer Sci. 107 (3), 274–280. doi:10.1111/cas.12879
 Van den Eynden, G. G., Van Laere, S. J., Van der Auwera, I., Merajver, S. D., Van Marck, E. A., van Dam, P., et al. (2006). Overexpression of caveolin-1 and -2 in cell lines and in human samples of inflammatory breast cancer. Breast Cancer Res. Treat. 95 (3), 219–228. doi:10.1007/s10549-005-9002-1
 Verma, P., Ostermeyer-Fay, A. G., and Brown, D. A. (2010). Caveolin-1 induces formation of membrane tubules that sense actomyosin tension and are inhibited by polymerase I and transcript release factor/cavin-1. Mol. Biol. Cell 21 (13), 2226–2240. doi:10.1091/mbc.e09-05-0417
 Waks, A. G., and Winer Breast Cancer Treatment, E. P. (2019). Breast cancer treatment: A review. JAMA 321 (3), 288–300. doi:10.1001/jama.2018.19323
 Wang, K., Zhu, X., Chen, Y., Yin, Y., and Ma, T. (2018). Tubeimoside V sensitizes human triple negative breast cancer MDA-MB-231 cells to anoikis via regulating caveolin-1-related signaling pathways. Arch. Biochem. Biophys. 646, 10–15. doi:10.1016/j.abb.2018.03.029
 Wang, R., He, W., Li, Z., Chang, W., Xin, Y., and Huang, T. (2014a). Caveolin-1 functions as a key regulator of 17β-estradiol-mediated autophagy and apoptosis in BT474 breast cancer cells. Int. J. Mol. Med. 34 (3), 822–827. doi:10.3892/ijmm.2014.1836
 Wang, R., Li, Z., Guo, H., Shi, W., Xin, Y., Chang, W., et al. (2014b). Caveolin 1 knockdown inhibits the proliferation, migration and invasion of human breast cancer BT474 cells. Mol. Med. Rep. 9 (5), 1723–1728. doi:10.3892/mmr.2014.2018
 Wang, S., Wang, N., Zheng, Y., Yang, B., Liu, P., Zhang, F., et al. (2020). Caveolin-1 inhibits breast cancer stem cells via c-Myc-mediated metabolic reprogramming. Cell Death Dis. 11 (6), 450. doi:10.1038/s41419-020-2667-x
 Wang, Y., Song, Z., Leng, P., and Liu, Y. (2019). A systematic analysis reveals gene expression alteration of serum deprivation response (SDPR) gene is significantly associated with the survival of patients with cancer. Oncol. Rep. 42 (3), 1161–1172. doi:10.3892/or.2019.7212
 Xu, F., Wang, X., Wu, N., He, S., Yi, W., Xiang, S., et al. (2017). Bisphenol A induces proliferative effects on both breast cancer cells and vascular endothelial cells through a shared GPER-dependent pathway in hypoxia. Environ. Pollut. 231 (2), 1609–1620. doi:10.1016/j.envpol.2017.09.069
 Xu, X. L., Wu, L. C., Du, F., Davis, A., Peyton, M., Tomizawa, Y., et al. (2001). Inactivation of human SRBC, located within the 11p15.5-p15.4 tumor suppressor region, in breast and lung cancers. Cancer Res. 61 (21), 7943–7949.
 Yamaguchi, T., Lu, C., Ida, L., Yanagisawa, K., Usukura, J., Cheng, J., et al. (2016). ROR1 sustains caveolae and survival signalling as a scaffold of cavin-1 and caveolin-1. Nat. Commun. 7, 10060. doi:10.1038/ncomms10060
 Yang, B., Wang, N., Wang, S., Li, X., Zheng, Y., Li, M., et al. (2019). Network-pharmacology-based identification of caveolin-1 as a key target of Oldenlandia diffusa to suppress breast cancer metastasis. Biomed. Pharmacother. 112, 108607. doi:10.1016/j.biopha.2019.108607
 Yeong, J., Thike, A. A., Ikeda, M., Lim, J. C. T., Lee, B., Nakamura, S., et al. (2018). Caveolin-1 expression as a prognostic marker in triple negative breast cancers of Asian women. J. Clin. Pathol. 71 (2), 161–167. doi:10.1136/jclinpath-2017-204495
 Yoon, H. J., Kim, D. H., Kim, S. J., Jang, J. H., and Surh, Y. J. (2019). Src-mediated phosphorylation, ubiquitination and degradation of Caveolin-1 promotes breast cancer cell stemness. Cancer Lett. 449, 8–19. doi:10.1016/j.canlet.2019.01.021
 Zenklusen, J. C., Weitzel, J. N., Ball, H. G., and Conti, C. J. (1995). Allelic loss at 7q31.1 in human primary ovarian carcinomas suggests the existence of a tumor suppressor gene. Oncogene 11 (2), 359–363.
 Zenklusen, J. C., Thompson, J. C., Klein-Szanto, A. J., and Conti, C. J. (1995). Frequent loss of heterozygosity in human primary squamous cell and colon carcinomas at 7q31.1: evidence for a broad range tumor suppressor gene. Cancer Res. 55 (6), 1347–1350.
 Zhang, W., Razani, B., Altschuler, Y., Bouzahzah, B., Mostov, K. E., Pestell, R. G., et al. (2000). Caveolin-1 inhibits epidermal growth factor-stimulated lamellipod extension and cell migration in metastatic mammary adenocarcinoma cells (MTLn3). Transformation suppressor effects of adenovirus-mediated gene delivery of caveolin-1. J. Biol. Chem. 275 (27), 20717–20725. doi:10.1074/jbc.M909895199
 Zhang, X., Shen, P., Coleman, M., Zou, W., Loggie, B. W., Smith, L. M., et al. (2005). Caveolin-1 down-regulation activates estrogen receptor alpha expression and leads to 17beta-estradiol-stimulated mammary tumorigenesis. Anticancer Res. 25 (1A), 369–375.
 Zheng, W., Li, J., Wang, X., Yuan, Y., Zhang, J., and Xiu, Z. (2018). Effects of Antarctic krill docosahexaenoic acid on MCF-7 cell migration and invasion induced by the interaction of CD95 with caveolin-1. Life Sci. 192, 270–277. doi:10.1016/j.lfs.2017.11.011
 Zheng, Y., Dai, Y., Liu, W., Wang, N., Cai, Y., Wang, S., et al. (2019). Astragaloside IV enhances taxol chemosensitivity of breast cancer via caveolin-1-targeting oxidant damage. J. Cell Physiol. 234 (4), 4277–4290. doi:10.1002/jcp.27196
 Zielinska, H. A., Holly, J. M. P., Bahl, A., and Perks, C. M. (2018). Inhibition of FASN and ERα signalling during hyperglycaemia-induced matrix-specific EMT promotes breast cancer cell invasion via a caveolin-1-dependent mechanism. Cancer Lett. 419, 187–202. doi:10.1016/j.canlet.2018.01.028
 Zou, M., Li, Y., Xia, S., Chu, Q., Xiao, X., Qiu, H., et al. (2017). Knockdown of CAVEOLIN-1 sensitizes human basal-like triple-negative breast cancer cells to radiation. Cell Physiol. Biochem. 44 (2), 778–791. doi:10.1159/000485291
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Han, Qiu, Hu, Li and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-10-1242426-t001.jpg
Caveolae famil

Signaling cascades

Progress stages

Cav-11 SDF-1,EGEFSP-11 Proliferation]
Cav-11 Glucolysis| Proliferation |
Cav-11 Autolysosome]. Proliferation |
Cav-1] ERal Proliferation]
Cav-1] BKCal Proliferation]
Cav-11 21,27, cyclin BIT cyclin D2} Proliferation |
Cav-11 EGFR signaling Proliferation]
Cav-11 HSP90, HIF-1a, VEGF] Proliferation]
Cav-2| miR-199a-3p — Cav-2| Proliferation |
Cav-2| Dasatinib — Cav-2| Proliferation |
Cav-2l ERa] Proliferation |
Cav-3] Anti-tumor microenvironment] Proliferation| Metastasis|
Cav-11 DTX—Cav-11— apoptotic pathways ApoptosisT
Cav-1] V-ATPasel - autophagosome[ Apoptosis|
Cav-11 cyclin D1,p-catenin — autophagosomeT Apoptosis|.
Cav-1] MBCD—Cav-1|— survivin,Bel-2Bax] ApoptosisT
Cavin-2] Bel-xL] ApoptosisT
Cav-11 Slug? Invasion, migration|
Cav-1] MMP-2,MMP-9,MMP-1| Invasion, migration|
Cav-1] VEGE-A/VEGERIT—MMP-9,CSF-1 MetastasisT
Cav-1] Scleromitrion diffusum — Cav-1]— MMPs|. Invasion, migration |
Cav-1] DHA—Cavl-FasT— MMP-2| Invasion, migration |
Cav-11 RhoC - GTPase phosphorylationT Invasion, migration]
Cav-11 RabsT— Racl] Invasion, migration|
Cav-11 integrin Invasion, migration|
Cav-11 caspase-8| — anoikis| Invasion, migration|
Cavin-2| TGE- signaling pathway| Proliferation] Invasion|.






OPS/images/fmolb-10-1242426-gx001.gif





OPS/images/fmolb-10-1242426-gx002.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Role of Caveolae family-related proteins in the development of breast cancer		1 Introduction

		2 Relationship between Caveolins and breast cancer		2.1 Cav-1 and breast cancer

		2.2 The relationship between Cav-2 and Cav-3 and breast cancer





		3 Cavins and breast cancer		3.1 Relationship between Cavin-1 and breast cancer

		3.2 Relationship between Cavin-2 and breast cancer

		3.3 Relationship between Cavin-3 and Cavin-4 and breast cancer





		4 Discussion and conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1242426-g001.gif





OPS/images/fmolb-10-1242426-g002.gif
[ g = ) —— i
8 s —
. —
s ek i — ot

e ——










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





