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Abstract

:

Simple Summary


Breast cancer is the most prevalent cancer in women worldwide, and it exhibits a growing incidence. An increasing number of studies showed the complex bidirectional regulation between breast cancer and adjacent cancer-associated adipocytes. The present review summarizes the mechanisms of cancer-associated adipocyte formation in the breast cancer tumor microenvironment and the effect of cancer-associated adipocytes on the tumorigenesis, progression, and metastasis of breast cancer. We focused on the therapeutic resistance of breast cancer caused by cancer-associated adipocytes and potential strategies targeting cancer-associated adipocytes in breast cancer treatment.




Abstract


Adipocytes are the main components in breast tissue, and cancer-associated adipocytes (CAAs) are one of the most important components in the tumor microenvironment of breast cancer (BC). Bidirectional regulation was found between CAAs and BC cells. BC facilitates the dedifferentiation of adjacent adipocytes to form CAAs with morphological and biological changes. CAAs increase the secretion of multiple cytokines and adipokines to promote the tumorigenesis, progression, and metastasis of BC by remodeling the extracellular matrix, changing aromatase expression, and metabolic reprogramming, and shaping the tumor immune microenvironment. CAAs are also associated with the therapeutic response of BC and provide potential targets in BC therapy. The present review provides a comprehensive description of the crosstalk between CAAs and BC and discusses the potential strategies to target CAAs to overcome BC treatment resistance.
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1. Introduction


Breast cancer (BC) is the most prevalent cancer in women worldwide, and it has become the leading cause of cancer death in women. A recent epidemiological survey showed that BC surpassed lung cancer as the most common cancer worldwide in 2020 [1]. The five-year survival rate for BC has surpassed many other cancers due to early identification and the expanding availability of treatment targets and medications. However, considering the high prevalence, there is much research to be done. Recent research indicates that the tumor microenvironment (TME) and the BC cells themselves have a deep and extensive impact on the biological behavior and malignant development of the tumor [2] (Figure 1). A variety of cell types, including fibroblasts, immune cells, adipocytes, and vascular endothelial cells, and their abundant secretion of soluble factors, are present in the TME, which is highly complex, heterogeneous, and spatiotemporally variable. Additionally, since the content of intratumor adipocytes of BC is limited in the TME, peritumor adipocytes play a major role in this pathological process. Generally speaking, tumor cells reprogram the TME via paracrine and autocrine secretion, and the reprogrammed TME supports tumor development, invasion, angiogenesis, and metastasis [3,4,5,6]. Adipocytes have a significant impact on the TME of BC. To discover new diagnostic and therapeutic pathways, it is crucial to further comprehend and investigate the role of adipocytes in the TME in the development, growth, and metastasis of BC.



Adipocytes are a main element of the interstitial mammary gland. Breast adipocytes are divided into three groups: mature normal cells, preadipocytes, and adipose-derived stem cells (ADSCs) [7]. ADSCs have multilineage differentiation potential, which means that these cells can differentiate into several lineages, such as fat, bone, cartilage, skeletal, smooth, and cardiac muscle, endothelium, hematopoietic cells, hepatocytes, and neuronal cells. Preadipocytes, which belong to the fat lineage, undergo growth arrest, clonal expansion, and terminal differentiation into mature adipocytes [8,9]. Mature adipocytes that surround the mammary glands are crucial for preserving their healthy shape and energy supply [10]. Normal and abnormal physiological processes in the mammary gland (including tumorigenesis, progression, and metastasis) are linked to the surrounding adipocytes, and growing evidence shows that these adipocytes and their surroundings have complex bidirectional regulatory functions [11]. Many clinical studies showed that obesity was associated with higher incidence and poorer survival of BC, which sustains that adipocytes play a vital role in BC progression [12,13]. Therefore, adipocytes modified by tumor cells in the TME are referred to academically as cancer-associated adipocytes (CAAs) rather than normal adipocytes (Figure 1). CAAs may affect the biological behavior of tumor cells in a variety of ways. BC cells also regulate the formation of CAAs and influence the metabolism, secretion, and other physiological functions of CAAs. This mutual regulation is called as the “crosstalk” between BC cells and CAAs [7,11,14,15]. The current article specifically describes how this crosstalk affects the development, progression, metastasis, and therapeutic resistance of BC in the TME and developments in the treatment of BC linked to CAAs.




2. Breast Cancer Regulates the CAA Formation and Biology


2.1. Dedifferentiation of Adipocytes


Peroxisome proliferator-activated receptor gamma (PPARγ) is a member of the nuclear protein receptor superfamily. PPARγ and the co-activator CCAAT/enhancer binding protein α (C/EBPα) form a positive regulatory loop during adipocyte differentiation from mesenchymal stem cells [16]. These two transcription factors play important roles in regulating adipocyte differentiation, catabolism, and insulin sensitivity [17,18]. Adipocytes differentiate and dedifferentiate by controlling PPARγ and C/EBPα expression via various signaling pathways, which lead to different physiological and pathological expression. The so-called CAAs are also formed based on the dedifferentiation of adipocytes primarily via the following related mechanisms: WNT/β-catenin signaling pathway, WNT-PCP signaling pathway (non-canonic WNT pathway), and tumor-derived exosomes (Figure 1).



The most vital and well-studied regulated mechanism is the WNT/β-catenin signaling pathway. WNTs are a highly conserved family of autocrine and paracrine ligands, and different kinds of elevated WNT ligands are detected in different types of BC cells, such as WNT1, WNT2, WNT3, WNT3a, WNT5a, WNT5b, WNT6, WNT9a, WNT10a, and WNT10b [19]. WNT proteins bind to transmembrane receptors of the frizzled family and decrease β-catenin complex phosphorylation, and induce the stabilization and translocation of β-catenin to the nucleus. β-catenin interacts with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors to block PPARγ and C/EBPα expression, which inhibits 3T3-L1 and 3T3-F442A adipocyte differentiation [20]. Notably, WNT3a increases the levels of β-catenin to suppress the activation of PPARγ, which leads to adipocyte dedifferentiation and CAA formation. When 3T3-L1 adipocytes and human adipocytes were cultured in WNT3a-conditioned culture medium, several characteristic undifferentiated cell markers, including WNT10b, Pref-1/DLK1, and GATA2, were increased, and typical mature adipocyte markers decreased, such as PPARγ2, FABP4, APM1 and GLUT4 [21]. In addition to the classical WNT/β-catenin signaling pathway, the WNT-PCP pathway exists as the non-canonic WNT pathway. For example, WNT5A is elevated in basal-like BC, which inhibits the activation of PPARγ in 3T3-L1 adipocytes and promotes the dedifferentiation of adipocytes. WNT5A-neutralizing antibodies and a recombinant competitive WNT5A receptor inhibitor that secretes frizzled-related protein (SFRP5) reverses the dedifferentiation of adipocytes and promotes adipogenesis [19,22]. However, WNT5a antagonizes WNT/β-catenin signaling by promoting GSK-3-independent degradation of β-catenin [23], which antagonizes adipocyte dedifferentiation. Therefore, more experiments must be performed to make conclusions.



In addition to WNT-regulated signaling pathways in the formation of CAAs, exosomes play a vital role in CAA formation. Exosomes induce adipocyte dedifferentiation and CAA formation by regulating PPARγ in an autocrine or paracrine manner. For example, when the BC cells MCF-7 and MDA-MB-231 and the adipocytes 3T3-L1 were co-cultured, the highly secreted exosomal microRNA-144 (miR-144) increased the development of CAAs by binding with mitogen-activated protein kinase kinase kinase 8 (MAP3K8), which lowered extracellular-regulated kinase 1/2 (ERK1/2) phosphorylation and PPARγ levels to promote adipocyte dedifferentiation [24]. BC cell-derived exosomal miR-155 also downregulated PPARγ expression in adipocytes in another model, which led to adipocyte dedifferentiation [25]. The exosomes between adipocytes and BC cells are reciprocal. Exosomes released from ADSC-differentiated adipocytes increase BC cell proliferation and metastasis by activating the Hippo signaling pathway [26].




2.2. Biological Changes in CAAs


The decreased expression of PPARγ results in the dedifferentiation of adipocytes and the formation of CAAs. These cells have an irregular shape and are filled with tiny distributed lipid droplets [27] (Figure 1). CAAs reorganize the actin cytoskeleton and increase fibroblast-like biomarkers, such as fibroblast activation protein A, chondroitin sulfate proteoglycan, and smooth muscle actin, to develop a fibroblast-like morphology [28], which contributes to tumor cell metastasis. CAAs accelerate several metabolic processes by releasing metabolites, such as free fatty acids (FFAs), lactate, ketone bodies, pyruvate, glutamine and arginine, to meet the metabolic demands of tumor cells [29]. CAAs increase the expression of aromatase to upregulate the levels of estrogen in the breast cancer TME, which promotes the growth and progression of ER+ BC [30]. CAAs exhibit a malignant phenotype that is characterized by the increased secretion of leptin, interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL2), C-C motif chemokine ligand 5 (CCL5), interleukin-beta (IL-1β), autotaxin (ATX), interleukin-8 (IL-8), vascular endothelial growth factor (VEGF), granulocyte colony-stimulating factor (G-CSF), visfatin and resistin (Figure 2A), which facilitates BC tumor development, progression, and metastasis.





3. CAAs Induce Breast Cancer Tumorigenesis, Progression, and Metastasis


3.1. Secretome in CAAs


3.1.1. Leptin


Leptin is a key adipokine that is primarily produced by mature adipocytes, and it is enriched in breast adipocytes. Leptin production and secretion are substantially elevated in CAAs compared with mature adipocytes, and leptin receptors are highly expressed in BC epithelial cells compared with non-cancerous breast epithelial cells [31]. Leptin and leptin receptors regulate multiple processes associated with BC tumorigenesis, progression, angiogenesis, epithelial mesenchymal transition (EMT), metastasis, and immunosuppression. Elevated serum levels of leptin are positively associated with the risk, invasiveness, and poor prognosis of BC [31,32]. The following mechanisms are possible explanations for this association: Leptin activates janus tyrosine kinase (JAK)/signal transducer and activator of transcription 3 (STAT3) and cAMP response element (CRE) signaling pathways to upregulate cyclin D1, and downregulates cyclin-dependent kinase inhibitor p21 expression, which decrease cells in G0/G1 phase and increase cells in S phase in BC to promote BC cell proliferation and regulate apoptosis [33]. In vitro experiments showed that leptin acted on phosphatidylinositide 3-kinases (PI3K)/protein kinase B (AKT) signaling pathway to promote the mesenchymalization of BC cell lines, which promoted BC proliferation and metastasis [34]. Leptin significantly inhibits the immune killing effects of cluster of differentiation 8 positive (CD8+) T cells by activating the STAT3-fatty acid oxidation (FAO) axis and reducing glycolysis [35]. Leptin activates STAT3 via miR-34a-dependent and miR-34a-independent mechanisms to promote fibrinogen inhibitor pai-1-mediated BC metastasis [36]. Leptin also promotes the angiogenesis of BC cells by increasing the expression of vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor type 2 (VEGFR2) in mouse mammary cells [37]. The interaction between leptin and estrogen expression is also an important factor in promoting BC growth. For example, leptin activates cAMP response element binding (CREB) protein-dependent aromatase expression by upregulating cyclooxygenase-2 (COX-2) expression [38].



Clinically, circulating estradiol and leptin play important roles in the risk of postmenopausal BC [39]. Another clinical trial suggested that a modest amount of weight loss reduced leptin levels, which may be associated with a lower BC risk in postmenopausal women [40]. Moreover, elevated levels of serum leptin were associated with an elevated risk of invasive BC in postmenopausal women with normal BMI [41]. A randomized control trial found that exercise decreased the fat tissue-to-total tissue mass premenopausal women, which decreased serum levels of leptin and BC risk [42]. These results show that leptin is associated with a high risk of BC in premenopausal and postmenopausal women.




3.1.2. Adiponectin


Adiponectin is one of the most extensively studied adipokines, and it is primarily secreted by mature adipocytes. Adiponectin secretion is lower in CAAs than normal adipocytes [43]. Adiponectin has numerous effects on many different target tissues, such as an anti-apoptotic, anti-inflammatory, anti-fibrotic and insulin sensitizing agent effect [27]. Female BC tumors with low circulating adiponectin levels have more aggressive features, such as higher histological grade and an enhanced tendency of angiogenesis and metastasis [44]. Adiponectin also has anti-proliferative and anti-metastatic functions in BC, which are exerted via the following relevant mechanisms: adiponectin binds to adiponectin receptors AdipoR1 and AdipoR2 to inhibit BC cell growth and migration by activating AMP-activated protein kinase (AMPK) and inhibiting the PI3K/AKT/mammalian target of rapamycin (mTOR) and c-Src (proto-oncogene)/mitogen-activated protein kinase (MAPK) signaling pathways [45]. Adiponectin inhibits leptin signaling by downregulating STAT3 activation, AKT phosphorylation, and WNT signaling by upregulating the suppressor of cytokine signaling 2, which inhibits BC cell proliferation and metastasis [45]. Moreover, adiponectin inhibits leptin signaling by downregulating sterol regulatory element-binding protein 1 (SREBP-1) and FAS (CD95)-related enzymes to inhibit fatty acid synthesis in BC cells. Inhibition of fatty acid synthesis stimulates adipocyte autophagy-mediated lipolysis and FAO to induce BC cell death [46]. Adiponectin leads to cytotoxic autophagy in BC cells by activating the STK11/liver kinase B1 (LKB1)-mediated AMPK-Unc-51 like kinase 1 (ULK1) axis [47]. A systematic meta-analysis showed that low circulating adiponectin levels were associated with an increased BC risk in postmenopausal and premenopausal women [48]. High levels of adiponectin were associated with a decreased risk of BC, which indicated that adiponectin may play a vital role in the etiology of BC [49].




3.1.3. IL-6


IL-6 is a complex and multifunctional cytokine involved in pathophysiological processes, such as inflammation, immune response, hematopoiesis, and tumorigenesis [50]. The interaction between CAAs and BC cells results in increased IL-6 secretion from CAAs, and excess IL-6 leads to BC cell proliferation, EMT, and metastasis via binding to the receptor IL-6R [51]. IL-6 and leptin secreted by adipocytes activate the JAK/STAT3 and PI3K/AKT signaling pathways to enhance lysyl hydroxylase (PLOD2) expression, which promotes BC metastasis in vivo [52]. IL-6 promotes monocyte THP-1 polarization into M2-type macrophages in the TME in triple negative BC (TNBC), which promotes the BC progression [53]. The IL6/STAT3 signaling pathway enhances the expression of SNAIL by hijacking ER enhancers to drive a unique transcriptional program that promotes BC metastasis in estrogen receptor-positive (ER+) BC [54]. Clinically, serum IL-6 concentrations were significantly higher in patients with breast cancer compared with healthy controls, and IL-6 serum levels were significantly higher in patients with metastatic breast cancer than patients without metastasis [55]. High levels of serum IL-6 had independent prognostic value in BC because circulating IL-6 levels were associated with worse survival in patients with metastatic BC [56]. Moreover, serum IL-6 levels were feasible in assessing the efficacy of chemotherapy because a consistent decline in serum IL-6 levels was observed in locally advanced BC patients with chemotherapy [57]. These clinical studies suggest that IL-6 is a diagnostic and therapeutic evaluation indicator of BC.




3.1.4. CCL2


CCL2 is encoded by the CCL2 gene located on chromosome 17q12, and it binds to C-C motif chemokine receptor 2 A (CCR2A) and C-C motif chemokine receptor 2 B (CCR2B) to regulate a range of physiological and pathological processes [58]. Increased secretion of CCL2 in CAAs has been observed in mouse BC models and BC patients [59], and it promotes BC metastasis by promoting angiogenesis and EMT via activation of the STAT3 signaling pathway [60]. CCL2 recruits circulating macrophages in the TME to form a crown-like structure, which leads to the release of a series of inflammatory mediators that promote tumor angiogenesis and immunosuppression [59,61]. The oroxylin A inhibitor ACTNI reduces the secretion of CCL2 by inhibiting phosphorylation of the focal adhesion kinase (FAK)/STAT3 signaling pathway, which inhibits BC metastasis [62]. Clinically, high CCL2 expression was associated with a decreased overall survival rate in BC patients [60], and high endocrine CCL2 increased the aggressiveness of human inflammatory BC and led to a poor prognosis [63].




3.1.5. CCL5


CCL5, originally known as RANTES, is encoded by the CCL5 gene located on chromosome 17q12. CCL5 is an important chemokine that is primarily secreted by tumor stromal cells under the stimulation of BC cells, and it is closely associated with the invasiveness and metastasis of BC [64,65]. When co-cultured with BC cells, CAAs increased the secretion of CCL5, which promoted the EMT and metastasis of BC [66]. In vitro experiments showed that CLL5 bound to the receptor CC5R on monocyte THP-1 cells, which differentiated into TAMs. These TAMs were recruited to the TME and generated a series of inflammatory responses that promoted the proliferation and metastasis of the MCF-7 and MDA-MB-231 BC cell lines [67]. CCL5 promotes the production of immunosuppressive myeloid cells and TAMs, and immunosuppressive myeloid cells reduce tumor-infiltrating cytotoxic CD8+ T cells and elevate regulatory T cells in the tumor-draining lymph nodes, which leaves the TME in an immunosuppressed state [68]. CCL5 mediates Th2 (IL4⁺ CD4⁺ T) cell polarization, which promotes metastasis in luminal BC [69]. When CCL5 combines with CCR5 on BC cells, the mTOR/AKT signaling pathway is activated, which increases the angiogenesis and metastasis of BC [70]. Clinically, CCL5 was associated with poor disease-free survival and overall survival in patients with early human epidermal growth factor receptor 2-positive (HER2+) BC. The abundance of CCL5 in peritumoral adipose tissue of TNBC patients was also associated with metastasis and poorer overall survival [71].




3.1.6. IL-1β


IL-1β is a pro-inflammatory cytokine in BC that is secreted by monocytes, dendritic cells (DCs), macrophages, CAAs, and tumor cells [72]. When co-cultured with BC cells, CAAs increased the secretion of IL-1β, which is an important factor and driver of tumor malignance [73]. IL-1β plays a key role in promoting the different stages of bone metastasis in BC by affecting primary tumor growth and angiogenesis, promoting tumor cell movement into the circulating blood, and promoting tumor cell colonization in the bone microenvironment [72]. IL-1β leads to the production of CXCL9 and CXCL10 in lung fibroblasts via the nuclear factor-kppa B (NF-κB) signaling pathway, which promotes lung metastasis of BC. Therefore, IL-1β is a predictive biomarker for an increased risk of bone metastasis and lung metastasis in BC. Inhibition of IL-1β inhibits tumor growth and proliferation and reduces the risk of bone, lung, and other site metastasis of BC [72,74,75]. In obese patients, adipocyte-derived IL-1β activates NF-κB and MAPK to induce angiopoietin-like 4 (ANGPTL4) expression in BC cells, which increases angiogenesis and BC progression [76]. Therefore, ANGPTL4 is a potential therapeutic target for obese BC patients. Clinically, higher serum IL-1β levels were associated with higher BC risk in post-menopausal patients [77]. Moreover, IL-1β was related to tumor cell release into circulation in BC patients, which was associated with reduced disease-free survival, breast cancer-specific survival, and overall survival [78].




3.1.7. Other Adipokines and Cytokines


In addition to the adipokines mentioned above, the interaction between CAAs and BC cells involves a variety of other adipokines, such as resistin, visfatin, ATX and SFRP5. Visfatin and resistin are two adipocyte-derived factors that are elevated in BC patients, especially obese BC patients, and play important roles in promoting BC proliferation and metastasis. Visfatin induces a G1-to-S cell cycle transition by activating tumor survival signaling pathways such as NF-κB/Notch1, c-Abl/STAT3 and AKT/ERK1/2. Resistin promotes BC proliferation and metastasis by upregulating the expression of BCL-2 and BCL-XL and activating STAT3 and Toll-like receptor 4 (TLR4)-mediated NF-κB signaling pathways [79]. Previously, we found that resistin was a functional downstream target of TAZ (a transcription cofactor) that facilitated tumorigenesis of BC by increasing tumor stemness [80]. Adipocytes and ADSCs are the main producers of ATX, which is the secretory state of lysophosphatidic acid (LPA)-producing phospholipase D. The ATX-LPA signaling pathway plays an important role in promoting BC inflammation and enhancing BC aggressiveness [81]. The expression of SFRP5 increases during the differentiation and maturation of adipocytes, and CAAs reduce the secretion of SFRP5, which promotes BC cell migration and invasion via the WNT and EMT signaling pathways [82,83].



Many other cytokines secreted by CAAs play vital roles in BC development, such as IL-8, HGF, G-CSF, VEGF, insulin-like growth factor 1 (IGF-1), and leukemia-inhibitory factor (LIF). IL-8 is a major paracrine mediator of pro-carcinogenesis in breast adipocytes, and IL-8 released from CAAs in BC activates the STAT3 axis, which increases the angiogenesis of BC and enhance metastatic capacity [84]. Moreover, IL-8 recruits neutrophils into the breast cancer TME and the secretion of multiple cytokines to promote angiogenesis and inflammation in BC [85]. Hepatocyte growth factor (HGF) is a potent mitogenic and angiogenic factor that is secreted by CAAs [86]. HGF activates the c-Src/MAPK and STAT3 signaling pathways, which promote early BC formation [87]. Clinically, higher levels of HGF were significantly associated with shorter relapse-free and overall survival in BC patients compared with patients with lower levels of HGF [88]. CAA-derived granulocyte-colony stimulating factor (G-CSF) promotes BC cell migration and invasion by activating the STAT3 signaling pathway [89]. G-CSF regulates arginase 1 in myeloid cells to promote an immunosuppressive TME, which promotes BC metastasis [90]. VEGF is a vital angiogenic factor that is secreted by CAAs. When binding with VEGF receptors, VEGF promotes the proliferation, migration, and angiogenesis of BC via activating the MAPK and PI3K/AKT signaling pathways [91]. Clinically, a higher level of VEGF was associated with a short progression-free survival and postrelapse overall survival in BC patients [92]. Adipocytes increased the secretion of IGF-1 when co-cultured with BC cells, which increased the expression of fatty acid synthase (FASN) in tumor cells and promoted the growth and metastasis of BC [93,94]. CAA-derived LIF promotes the migration and invasion of BC cells via the STAT3 signaling pathway. The activation of STAT3 also promotes the secretion of C-X-C subfamily chemokines (CXCLs) in BC cells, which activates the ERK1/2, NF-κB and STAT3 signaling cascade to promote the expression of LIF in CAAs [95].





3.2. ECM Remodeling


The extracellular matrix is composed of fibrillar collagens, fibronectin, specific laminins, proteoglycans and matricellular proteins. The content and proportion of different collagens control the compliance, stiffness, porosity, viscoelasticity, and biochemical properties of the matrix in cancer. The collagen-rich and laminin-rich basement membrane and basement membrane stroma constitute the boundary of tumor cells, and tumor cells metastasize only if they penetrate through the basement membrane [96], which is regulated by CAAs (Figure 2B). CAAs change the content of multiple components in the ECM, such as collagen I, collagen IV, collagen VI, and fibronectin, by secreting many adipokines and cytokines, which influence the progression and metastasis of BC. Specifically, TAMs recruited by CAAs secrete oncostatin M (OSM) to upregulate lysyl oxidase-like 2, which increases the cross-linking of collagen I fibers in the ECM, and promotes IDC invasion and metastasis [85,97]. Leptin produced by adipocytes promotes the secretion of MMP-2 and MMP-9 by activating STAT3 signaling pathways, which degrade collagen IV, promote basement membrane rupture, and facilitate metastasis of BC [98]. CAAs secrete and process soluble ECM protein collagen VI, which activates NG2/chondroitin sulfate proteoglycan receptors on the surface of malignant ductal epithelial cells, activates AKT, β-catenin and cyclin 1 and promotes the EMT and metastasis of BC [99]. When co-cultured with adipocytes, elevated transforming growth factor-β (TGF-β) in BC promoted CD73 expression, which increased the adenosine content and resulted in a decrease in collagen IV and an increase in fibronectin in the ECM to ultimately promote tumor growth and metastasis of BC [100]. A recent study found that exosomes secreted by CAAs activated Hippo signaling pathways, which promoted stroma sclerosis and induced angiogenesis in the ECM to promote BC proliferation and metastasis [26]. CAAs reshape the metabolic niche of the ECM by altering the metabolism of BC cells to increase their uptake of pyruvate and the content of the metabolite α-ketoglutarate, which increase the activity of prolyl-4-hydroxylase and promotes the hydroxylation of collagen to ultimately promote BC metastasis [101]. Overall, CAAs play an important role in ECM remodeling primarily by regulating the content and physiological status of different collagen and fibronectin molecules, which would lead to BC progression and metastasis.




3.3. Aromatase Expression Changes


Estrogen is a sex steroid hormone that has important effects on tumorigenesis and regulation of the TME in BC. Estrogen acts directly and indirectly on DNA via metabolites that lead to DNA damage and impair DNA repair in BC. Estrogen also binds with the estrogen receptors (ERs) in ER+ breast cancers (more than 70% of breast cancers) to inhibit tumor cell autophagy and deregulate the cell cycle which lead to BC tumorigenesis [102]. Estrogen is primarily produced in white adipocytes in postmenopausal women because these cells convert androgen to estrogen via intrinsic aromatase. Furthermore, the levels of estrogen are higher in breast tissue than circulating estrogen in postmenopausal BC patients [103], and the activity of aromatase is significantly higher in the adipose tissue surrounding breast tumors than in other parts of the breast [104]. The expression of aromatase in adipocytes is primarily encoded by the human gene CYP19A1. Tissue-specific promoters PI.4, PII, and PI.3 regulate the expression of CYP19A1-encoded aromatase by regulating the relevant mRNA [105]. CAAs increase aromatase activity by releasing cytokines and adipokines, which primarily react on PI.4, PII, and PI.3 (Figure 2B). CAAs increase TNF-α and OSM levels, which stimulate PI.4 activity via the JAK1/STAT3 pathway and ultimately increase aromatase expression in the TME [85,105,106]. Chemokines released from adipocytes such as CCL2 recruit macrophages to increase the synthesis of prostaglandin E2 (PGE2) by secreting cyclooxygenase-2 (COX-2) and producing a chronic inflammatory response in the TME, which further increases aromatase expression by suppressing p53 (one kind of aromatase expression down-regulator) expression. PGE2 also down-regulates SIRT1 (a regulator of the cellular stress response and genomic integrity) to up-regulate and stabilize hypoxia-inducible factor 1 alpha (HIF-1α) levels, which leads to the binding and stimulation of PII and ultimately an increase in aromatase expression [105]. Type I IFN was elevated when adipocytes were co-cultured with BC cells which led to recruitment of the HIF-1α–IFN-γ-inducible protein 16 (IFI16)–protein arginine N-methyltransferase 2 (PMT2) complex to activate the PI.3/PII promoter in adipocytes and upregulate the expression of aromatase to promote the growth of ER+ BC [107,108]. Therefore, the Type I IFN-IFI16 axis may be an underlying therapeutic target. Briefly, adipokines and cytokines released by CAAs directly enhance aromatase expression or create an inflammatory TME to enhance aromatase expression which increases the levels of estrogen in the breast cancer TME promotes the growth of ER+ BC cells.




3.4. Metabolism Remodeling


Extensive metabolic profile differences have been found between BC tissues and normal breast tissues. Adipocytes in breast tissue influence BC cells metabolism by secreting cytokines and adipokines, primarily glucose metabolism, fatty acid metabolism, and amino acid metabolism (Figure 3).



3.4.1. Glucose Metabolism


Tumor cells prefer glycolysis under both aerobic and anaerobic conditions (“aerobic glycolysis” or “Warburg effect”), which quickly obtain ATP and other materials for macromolecular synthesis, such as acetyl-CoA and NADPH [109]. Glycolysis involves several key transporters and enzymes, including glucose transporter (GLUT), hexokinase (HK), phosphofructokinase (PFK), pyruvate dehydrogenase kinase (PDK), lactose dehydrogenase (LDH) and monocarboxylate transport proteins (MCTs), which are influenced by CAAs in the TME [24]. By increasing the secretion of leptin and IL-6, CAAs activate the PI3K-AKT axis and HIF-1α to increase GLUT1, GLUT3, GLUT4, HK1, HK2, PDK1, PFK1 and LDHA expression, which leads to metabolic reprogramming in BC cells, including upregulating the rate of glycolysis and increasing lactate production [110]. Adipocyte-derived CCL2 recruits macrophages into the breast cancer TME to form TAMs, which increase the secretion of PGE2. PGE2 inhibits the expression of the tumor suppressor p53, which increases the expression of GLUT1, GLUT3 and GLUT4, increases aerobic glycolysis and promotes the “Warburg effect” of BC. [111,112]. MCT4 is highly expressed in CAAs, and it transports lactate and ketone bodies out of the CAAs, which are then transported by MCT1 into the tumor cells to support OXPHOS (“reverse Warburg effect”) [113]. Adipocytes-derived resistin and IL-1β activate the NF-κB signaling pathway to promote MCT1 expression in BC cells, which facilitates the uptake of pyruvate, lactate and ketone bodies as energy resources and promotes the “reverse Warburg effect” [114]. Hypoxia in the TME leads to the deletion of caveolin-1 expression on peritumor mesenchymal cells and the promotion of aerobic glycolysis in adipocytes, which produce more lactate and pyruvate [115]. That act as worse prognostic markers of BC [116]. Uncoupling protein 1 (UCP1) is elevated in adipocytes adjacent to BC tumor cells, and its expression is found to be positively correlated with MCT4 expression. UCP1 plays a pivotal role in maintaining energy balance and increasing lipid mobilization in CAAs [114,117]. However, its effect on BC is controversial, and more research is needed. In general, CAAs increase the release of specific cytokines to activate the PI3K-AKT axis and HIF-1α or recruit TAMs to inhibit the expression of p53, which increase the expression of glucose transporters and glycolysis-related enzymes to promote the “Warburg effect” in BC cells. CAAs upregulate the expression of MCT1 on tumor cells and MCT4 on adipocytes to facilitate the “Warburg effect” and “reverse Warburg effect” of BC cells.




3.4.2. Fatty Acid Metabolism


Fatty acids are enriched in adipocytes, and there is a complex metabolic symbiosis between adipocytes and BC cells. As mentioned above, tumor cells regulate CAA formation and make them morphologically irregular and filled with many small lipid droplets. Lipids are stored as intracellular triacylglycerol (TAG) in CAAs and are released from CAAs as free fatty acids, which need to undergo lipolysis catalyzed by different lipases, such as adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MAGL) [118]. CAAs increase the secretion of IL-6 to activate the JAK/STAT3 signaling pathway, which promotes ATGL-dependent lipolysis in adipocytes [119]. Fatty acids (FAs) are efficiently transported from the TME to tumor cells by surface transporters in BC cells, such as CD36, fatty acid translocase (FAT) and fatty acid transporter protein (FATP) [120]. Then BC cells transport FFAs via intracellular fatty acid transporters, such as fatty acid binding protein-4 (FABP-4) and FABP-5 [121,122]. The co-culture of adipocytes and MCF-7 and MDA-MB231 cell lines increased the expression of FAT, FATP, FABP-4 and FABP-5 in MCF-7 and MDA-MB231 cell lines, which transported more FAs into BC cells to provide energy. Overexpression of FAT in BC cells also induces stemness in BC by activating the STAT3 signaling axis, which inhibits BC cell autophagy and enhances BC cell invasiveness [123]. Once being transported into tumor cells, many FAs are stored as triglycerides in lipid droplets and undergo lipolysis to form FAs again under the catalysis of ATGL, HSL and MAGL [119]. CAAs increase the secretion of IL-6, which increases ATGL expression in BC cells and facilitates lipolysis in tumor cells to produce FAs as energy resources and material for macromolecule synthesis, which promotes BC aggressiveness [119,124]. FAs in BC cells undergo β-oxidation in the cytoplasm and mitochondria to produce NADH, flavine adenine dinucleotide (FADH2), and acetyl-COA, referred to as FAO, which is directly regulated by the rate-limiting enzyme carnitine palmitoyl transferase 1 (CPT1). Adipocyte-derived leptin promotes CPT1 expression by activating the JAK/STAT3 axis, which activates FAO and increases the aggressiveness and drug resistance of BC [35]. FASN is a key enzyme for FA de novo synthesis from glucose in tumor cells, and FAs are the basic material for the synthesis of phospholipids, which are the main component of the cell membrane in BC cells. When co-cultured with MCF-7 BC cell lines, mouse 3T3-L1 adipocytes and human mammary adipocytes increased the release of IGF-1, which increased the expression of FASN in tumor cells and promoted the growth and metastasis of BC [93,94]. FASN inhibitor G28UCM inhibited the growth of HER2+ BC and even in patients with acquired resistance to anti-HER2 drugs, which may provide a new way to treat trastuzumab-resistant BC [125]. Overall, CAAs promote the expression of ATGL both in adipocytes and BC cells, which accelerates lipolysis in these cells and produces more FAs as energy resources and material for cellular structure synthesis, such as cytomembranes. CAAs promote the expression of fatty acid transporters in BC cells to take up more FAs, and CAAs increase the rate of FAO in BC cells by promoting the expression of CPT1. CAAs increase the expression of FASN in tumor cells to facilitate FA de novo synthesis from glucose.




3.4.3. Amino Acid Metabolism


Amino acids such as glutamine and arginine are important substrates for tumor cell growth and proliferation because they contribute greatly to both anabolism and catabolism, and act as signaling molecules in BC cells [126]. There is a tight symbiotic metabolic relationship between CAAs and BC cells in amino acid metabolism. One of the most important amino acids in BC cell metabolism is glutamine. CAAs synthesize glutamine and provide it for adjacent tumor cells, which promote the growth and metastasis of BC [127]. Adipocytes downregulate the expression of p62 and inhibit the mTORC1 signaling pathway to reduce adipocyte consumption of glutamine, which provides more glutamine for tumor cells [128]. Moreover, glutamine oxidation increased in BC cells when co-cultured with adipocytes, which promoted the growth progression of BC because CAAs provided much glutamine for BC cells, and the tumor cells had more glutamine as a substrate for catabolism [129]. Apart from glutamine, tumor cells consume and decompose arginine to produce citrulline, which is secreted into the extracellular matrix and taken up by CAAs in the matrix. Citrulline is converted back into arginine and used by tumor cells to promote the growth of ovarian and endometrial cancers. We hope there will be more research on this process in BC [130]. In general, the consumption of some typical amino acids such as glutamine increases substantially in BC. CAAs help the production and increase the utilization of these amino acids, which ultimately facilitate the growth and metastasis of BC.





3.5. Immune System Changes


The tumor immune microenvironment (TIME) is a relatively separate part of the tumor that constitutes a complex ecosystem with low antitumor immune activity, which is responsible for tumor growth and metastasis. Immune cells in the TIME include myeloid-derived suppressor cells (MDSCs, pathologically activated neutrophils and monocytes with potent immunosuppressive activity), TAMs, natural killer cells (NKs), lymphocytes, and DCs [131]. By interacting with the ECM, immune cells, BC cells and surrounding mesenchymal cells co-regulate the TIME. CAAs play a vital role in this process by increasing the release of inflammatory cytokines and adipokines, such as IL-8, IL-6, leptin, CCL2, CCL5, FAs, IL-1β, and VEGF [84]. More specifically, CAAs recruit and regulate different immune cells in the TIME, which promotes the progression and metastasis of BC.



3.5.1. Tumor-Associated Macrophages


Macrophages are always enriched in the TIME of BC, called as tumor-associated macrophages (TAMs), which account for more than 50% of the tumor mass. TAMs are divided into two main categories, resident macrophages and recruited macrophages. Resident macrophages are derived from hematopoietic progenitors present in the capsule, and recruited macrophages arrive in the breast cancer TIME following the blood flow [132]. TAMs in the TIME of BC are polarized into two types, M1 and M2, under stimulation by different signals. M1 cells restrain tumor development, and M2 cells promote tumor development [133]. TAMs generally accumulate around dead adipocytes in the TIME and engulf them to form a crown-like structure, which is a histological hallmark of the pro-inflammatory process. These TAMs secrete multiple cytokines, such as IL-6, OSM, CSF-1, MMPs, VEGF, HIF-1α, and TGF-β which promote tumorigenesis, EMT, angiogenesis, metastasis, and drug resistance in BC cells [134]. Cytokines produced by TAMs, such as CSF-1, form a positive loop by facilitating the recruitment of new macrophages into the TIME and promoting macrophage polarization into the M2 phenotype [135]. CAAs play an important role in the recruitment and polarization of TAMs in the TIME. Firstly, CAAs increase the secretion of CCL2, which recruits circulating macrophages to BC tissue from the blood. Cellular free DNA released from degenerating adipocytes also increases the levels of CCL2 to promote the recruitment of TAMs [61,136]. Secondly, activation of the CLL5-CLL5R axis promotes the production of MDSCs and the differentiation of monocytes into TAMs [68]. Thirdly, CAAs increase lipolysis to release more FAs, which promote macrophage M2 polarization. By activating the ERK/STAT3 pathway, CAA-derived adenosine and lactate enhance M2 polarization [84,137]. Moreover, FAs in the breast cancer TIME are recognized by TLR4 on the cell surface of macrophages, which activates the NF-κB signaling pathway and increases the release of pro-inflammatory factors, such as PGE2 and OSM to subsequently cause local inflammation in the TME of BC [138]. This inflammation increases aromatase expression and promotes the growth and metastasis of BC [138]. Overall, CAAs recruit macrophages into the breast cancer TIME and promote macrophage polarization to an immunosuppressive phenotype, and CAAs increase pro-inflammatory factor secretion in TAMs, which leads to an inflammatory and immunosuppressive TIME in BC.




3.5.2. Other Immune Cells


CAAs increase the secretion of IL-8 to recruit neutrophils to the TME in BC, and secrete cytokines, such as OSM and VEGF, to promote angiogenesis and inflammation in BC, which promote metastasis [85,139]. CAAs increase the secretion of IL-6 and leptin, which activate the JAK/STAT3 axis in BC cells and reduce the sensitivity of tumor cells to the toxic effects of NKs [84]. Released FAs also shut down the antitumor immune response and decrease the antitumor activity of NKs. FAs reduce mTORC1/c-MY signaling in NKs and the rates of glycolysis and OXPHOS, which results in the low production of interferon gamma (IFN-γ), granzyme B and perforin and reduced cytotoxicity to targeted tumor cells [140]. CAA-derived metabolites, such as FAs, adenosine and lactate, weaken the capability of DCs to process tumor antigens and effectively activate T cells [84]. As mentioned previously, leptin significantly inhibits the antitumor effects of CD8+ T cells by activating the STAT3/FAO axis and reducing glycolysis [35]. Programmed death-ligand 1 (PD-L1) expression in CAAs prevents anti-PD-L1 antibodies from activating important antitumor functions of CD8+ T cells, which contribute to the immune escape of BC cells [141]. These studies show that CAAs recruit and regulate immune cells, such as neutrophils, NKs, DCs, and T lymphocytes, to decrease the anti-tumor effect of the TIME, which ultimately promotes BC metastasis and cancer treatment failure.






4. CAAs in Breast Cancer Therapy


4.1. Therapeutic Resistance


Although there are increasing numbers of agents that contribute greatly to the treatment of BC in addition to surgery, therapeutic resistance greatly harms the therapeutic effectiveness, shortens the survival time, and weakens the quality of life of BC patients. The interaction between CAAs and BC cells is also involved in resistance to multiple treatments, including chemotherapy, targeted therapy, hormonal therapy, and immune therapy (Figure 4). Known mechanisms primarily include activation of drug transport proteins, escape of treatment-induced apoptosis, enhancement of DNA repair, alteration of drug metabolism, and changes in the TME [142]. Therefore, we may find new ways to deal with therapeutic resistance in BC by performing profound research on CAAs.



4.1.1. Chemotherapy Resistance


CAAs increase the release of leptin to promote the stemness of BC cells by activating the STAT3-CPT1B-FAO axis, which enhances the resistance to paclitaxel. Blockade of FAO and/or leptin makes BC cells sensitive to chemotherapy [143]. Major vault protein (MVP) is a transport-associated protein that is upregulated by adipocyte-derived resistin and visfatin via activation of the Notch1 signaling pathway in BC [79,144]. After co-cultured with human mammary adipocytes, high MVP expression in BC led to resistance to doxorubicin (with cross-resistance to paclitaxel and 5-fluorouracil) by accelerating chemotherapeutic efflux from BC cells [145]. Increased secretion of IL-8 and IL-6 promotes the expression of BC resistance protein (BRCP) by activating the AKT and STAT3 signaling pathways, respectively, which induce doxorubicin treatment resistance by accelerating efflux from BC cells. IL-6 activates the STAT3 signaling to increase BC stemness, which results in resistance to paclitaxel [146].




4.1.2. Targeted Therapy Resistance


CAAs increase the release of IL-6 to expand the cancer stem cell population by activating an IL-6 inflammatory loop, which results in anti-trastuzumab effects in HER2+ BC patients that is overcome by an IL-6 receptor antibody [147]. CAAs enhance the secretion of leptin, which induces BC stemness and causes trastuzumab resistance by activating the STAT3-CPT1B-FAO axis [148]. CAAs decrease the trastuzumab-mediated antibody-dependent cellular cytotoxicity (ADCC) effect in HER2+ BC patients by decreasing the interferon γ secreted by NKs and modifying the tumor cell phenotype via the upregulation of some survival genes, such as DUSP5, MCL1 and CEBPD [149]. CAAs also increase glycolysis in BC cell metabolism, which results in higher lactate/glucose flux ratio and leads to resistance to lapatinib in HER2+ BC patients [150].




4.1.3. Hormonal Therapy Resistance


When co-cultured with MCF7 cells, CAAs increased the levels of CYP19A1 mRNA to upregulate the expression of aromatase, which reduced their sensitivity to the aromatase inhibitor anastrozole and promoted the growth and progression of BC [151]. CAAs enhance the release of leptin to increase the expression of HER2 and heat-shock protein 90 (Hsp90) by activating the JAK/STAT3 signaling pathways, which reduces sensitivity to tamoxifen in ER+ BC. The Hsp90 inhibitor 17-AAG completely abrogated this process [152]. A recent study demonstrated that CAAs and their secretions suppressed the antiproliferative effect of tamoxifen by upregulating BC cells stemness and increasing BC cell proliferation [153].




4.1.4. Immunotherapy Resistance


PD-L1 expression in CAAs prevents anti-PD-L1 antibodies from activating important antitumor functions of CD8+ T lymphocytes, which results in BC resistance to anti-PD-L1 immunotherapy [141]. CAAs increase the levels of CCL2 to recruit TAMs, which release the IL-15/IL-15 receptor complex to reduce C-X3-C motif chemokine ligand 1 (CX3CL1) expression in tumor cells. This reduced expression inhibits the recruitment of CD8+ T cells, which increases resistance to anti-PD-1 immunotherapy in BC and promotes BC progression. Administration of an IL-15/IL-15 receptor complex blocking peptide markedly suppressed this process [154].



Overall, CAAs secrete multiple adipokines and cytokines to activate related signaling pathways in tumor cells or model the pathological status of the TME, which are responsible for BC therapeutic resistance. However, the mechanisms governing the drug resistance between CAAs and BC are not fully understood, and more fundamental and clinical research must be performed.





4.2. Targeting CAAs Strategies


The interaction between CAAs and BC promotes tumor progression and induces treatment resistance, which indicates that targeting CAAs themselves or the secretome in CAAs may be a new strategy to further improve BC treatment effects [155]. These drugs are divided into different categories: drugs targeting the formation of CAAs, drugs targeting immune and metabolism changes in CAAs, and drugs targeting cytokines and adipokines secreted by CAAs.



4.2.1. Drugs Targeting the Formation of CAAs


Metformin inhibits ADSC differentiation into adipocytes, which inhibits BC proliferation and invasion [156]. Renin (captopril)-angiotensin (telmisartan) inhibitors inhibits ADSC differentiation into adipocytes in vitro to decrease the invasiveness of MDA-MB-231 BC cell lines [157]. Green tea-derived epigallocatechin-3-gallate (EGCG) inhibits ADSC differentiation into adipocytes, which prevents the invasive phenotype of TNBC [158].




4.2.2. Drugs Targeting Immune and Metabolism Changes in CAAs


The PPARγ antagonist GW9662 inhibited the progression and metastasis of BC by selectively reducing PD-L1 expression in mouse adipose tissue and enhanced the antitumor effect of CD8+ T cells in homozygous BC models [141]. Aspirin modifies the metabolomics and fatty acid composition of 3T3-L1 adipocytes by suppressing lipogenesis and oxidative stress to inhibit obesity-associated inflammation, which ultimately inhibits BC cell growth and migration [159]. The neutralizing antibodies JC63.1 and FA6.152 suppress the expression of the fatty acid transporter CD36 in CAAs around BC cells, which inhibits the metastasis of BC [160].




4.2.3. Drugs Targeting Cytokines and Adipokines Secreted by CAAs


Some drugs focus on specific cytokines or adipokines, but other drugs reduce the secretion of multiple factors from CAAs. The following section discusses some drugs focusing on leptin, adiponectin, IL-6, CCL2, CCL5, IL-1β, and G-CSF. The adiponectin receptor agonist ADP355 inhibits BC cell proliferation by affecting various signaling pathways, such as ERK1/2 and STAT3, in vitro and in vivo [161]. Treating BC cells with the PPARγ agonist rosiglitazone increases adiponectin expression in adipocytes, which inhibits the migration and invasion of BC [162]. Pegylated leptin peptide receptor antagonist 2 (PEG-LPrA2) reduces the expression of leptin receptor and VEGFR2 in tumor cells, which inhibits the proliferation, angiogenesis and metastasis of ER+ and ER- BC [163]. Repurposing tocilizumab (IL-6R monoclonal antibody) may be a strategy to treat TNBC that overexpress IL-6R by reducing the chromosomal instability of tumor cells [164]. TAp73 (one kind of tumor suppressor) inhibits NF-κB-mediated CCL2 secretion and TAM recruitment, which reduces BC growth and metastasis [165]. A designed protein trap that binds CCL2 with high affinity and specificity reduces CCL2 levels in the TME, which decreases the population of immunosuppressive M2 macrophages and MDSCs and inhibits the metastasis of TNBC [166]. The recruitment and polarization of TAMs by the CCL5 axis is blocked by maraviroc (FDA-approved CCR5 inhibitor), which inhibits BC growth and metastasis and improves the overall survival rate for breast malignant phyllodes tumor [167]. Anakinra or canakinumab (anti-IL-1β monoclonal antibody) reduces EMT of BC cells and the number of tumor cells moving into the circulation, which ultimately reduces the bone metastasis of BC [168]. Metformin neutralizes G-CSF secreted by adipocytes in the breast cancer TME, which reduces immunosuppression, intratumor vascularization, angiogenesis, and progression of BC [169].



Drugs that simultaneously reduce the secretion of multiple cytokines and adipokines from CAAs may be more helpful in BC treatment. Eicosatetraenoic acid (EPA) is an anti-inflammatory n-3 polyunsaturated fatty acid, which reduces CAA-related inflammatory factors, such as IL-6, leptin, and PGE2, and reduces inflammation, glycolysis, and the motility of BC cells. It suggests that EPA may be an underlying therapeutic agent for BC [170]. According to a recent review, thymoquinone protected against the inflammatory TME by reducing the pro-inflammatory factors produced by CAAs such as IL-6 and IL-1β, which prevented the progression of TNBC [171]. EGCG from a polyphenol-rich diet inhibited the CAA-like phenotype of ADSCs when these cells were co-cultured with TNBC and reduced the secretion of CCL2, CCL5, IL-1β, IL-6, and VEGF, which reduced the invasion and metastasis of BC [172]. In general, Strategies targeting the secretome in CAAs attenuate the therapeutic resistance, reduce inflammation in the TME, change the immunosuppressive status of TIME, and inhibit the progression and metastasis of BC. Further research on the secretome in CAAs may identify more strategies to help BC patients in the future.






5. Conclusions


Breast cancer cells secrete WNT proteins and exosomes to inhibit the expression of PPARγ in adjacent adipocytes to form CAAs, and CAAs obtain a malignant phenotype in the TME compared with normal adipocytes. CAAs increase the secretion of cytokines and adipokines, such as leptin, IL-6, IL-1β, CCL2, and CCL5, and decrease the secretion of adiponectin, which regulate signaling pathways in BC cells and interact with other cells in the TME. CAAs remodel the BC ECM, increase aromatase expression in BC, cause various BC metabolic changes, and induce an immunosuppressive TME, which ultimately promote tumorigenesis, progression, and treatment resistance in BC. Targeting CAAs formation, CAAs themselves, and their secretome provide a promising strategy to improve BC treatment outcomes.
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Figure 1. Dedifferentiation of adipocytes in the breast cancer TME. There are many components in the TME, including adipocytes, BC cells, CAAs, T lymphocytes, B lymphocytes, macrophages, small vessels, ductal epithelial cells, fibroblasts, and many soluble factors. Adipocytes adjacent to BC cells dedifferentiate and form CAAs via the inhibition of PPARγ by BC secretions, such as WNT proteins and exosomes. CAAs have an irregular shape and are filled with tiny distributed lipid droplets. Undifferentiation markers in CAAs (WNT10b, Pref-1/DLK1, and GATA2) increase, and mature adipocyte markers (PPARγ2, FABP4, APM1 and GLUT4) decrease. Abbreviations: BC, breast cancer; CAAs, cancer-associated adipocytes; TME, tumor microenvironment; miR144, microRNA 144; miR155, microRNA 155; PPARγ, peroxisome proliferator-activated receptor gamma; ERK1/2, extracellular-regulated kinase 1/2; MAP3K8, mitogen-activated protein kinase kinase kinase 8; GATA, GATA binding protein; WNT, wingless-related integration site; pref-1, preadipocyte factor 1; DLK1, delta-like 1 homologue; FABP4, fatty acid binding protein 4; AMP1, adenosine monophosphate 1; GLUT4, glucose transporter 4. 
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Figure 2. (A) CAAs secrete multiple cytokines and adipokines that modify the behavior of BC cells. CAAs secrete IL-6, IL-8, leptin, CCL2, CCL5, G-CSF, VEGF, IL-1β, ATX, resistin and visfatin to cause EMT, angiogenesis, and inflammation in BC by activating multiple signaling pathways, which promote BC progression and metastasis. CAAs secrete CCL2 and FFA to recruit and activate macrophages that release pro-inflammatory factors. CAAs reduce the secretion of adiponectin compared to normal adipocytes, which promotes tumor cell cytotoxic autophagy and BC metastasis. (B) CAAs remodel the BC extracellular matrix and change aromatase expression. CAAs regulate the content and physiological status of different collagens to remodel the ECM by increasing the secretion of leptin, collagen, OSM and some exosomes. Remodeled ECM is crucial to BC progression and metastasis. CAAs secrete CCL2, which recruits macrophages to release PGE2 and OSM. Increased type I IFN, TNF-α, PGE2, and OSM upregulate the expression of CYP19A1-encoded aromatase. Increased aromatase upregulates the expression of estrogen, which promotes the tumorigenesis of BC cells. Abbreviations: BC, breast cancer; CAAs, cancer-associated adipocytes; IL-6, interleukin-6; IL-8, interleukin-8; CCL2, C-C motif chemokine ligand 2; C-C motif chemokine receptor 2, CCR2; CCL5, C-C motif chemokine ligand 5; C-C motif chemokine receptor 5, CCR5; G-CSF, granulocyte colony-stimulating factor; VEGF, vascular endothelial growth factor; IL-1β, interleukin-1 beta; ATX, autotoxin; AdipoR1/2, adiponectin receptor1/2; TLR4, toll like receptor 4; FFA, free fatty acids; LAP, lysophosphatidic acid; PI3K, phosphatidylinositide 3-kinase; AKT, protein kinase B; STAT, signal transducer and activator of transcription; JAK, janus tyrosine kinase; EMT, epithelial mesenchymal transition; ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-kappa B; STK11, serine/threonine kinase 11; LKB1, liver kinase B1; AMPK, AMP-activated protein kinase; ULK1, Unc-51 like kinase 1; MMP, matrix metalloproteinase; YAP, Yes-associated protein; OSM, oncostatin M; P4HA, prolyl-4-hydroxylase; TNF-α, tumor necrosis factor alpha; PGE2, prostaglandin E2; IFN, interferon; SIRT1, silent mating type information regulation 2 homolog-1; HIF1α, hypoxia-inducible factor 1 alpha; IFI16, HIF1α–IFN-γ-inducible protein 16; PRMT2, protein arginine N-methyltransferase 2; TGF-β, transforming growth factor beta; LOXL2, lysyl oxidase-like 2; CD73, cluster differentiation 73; CYP19A1, cytochrome P450, family 19, subfamily A, polypeptide 1. 
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Figure 3. CAAs remodel BC metabolism. CAAs promote the expression of GLUT and the glycolysis rate-limiting enzymes HK and PFK1 to transport more glucose into BC cells and increase glycolysis in BC cells. CAAs promote the expression of LDH and PDK1 to increase lactate production and inhibit the TCA cycle in BC cells. CAAs promote the expression of MCT1 in BC cells to increase the uptake of pyruvate, lactate and ketone bodies, which are material for OXPHOS. Upregulated MCT4 in CAAs facilitates the efflux of pyruvate, lactate, and ketone bodies that are transported into adjacent BC cells as material of OXPHOS. CAAs promote the expression of ATGL in adipocytes and BC cells to increase lipolysis and produce more FFAs, which are energy resources and substrates for cell membrane synthesis. CAAs promote the expression of FAT, FATP, FABP4 and FABP5 to transport FFAs into BC cells. CAAs promote the expression of CPT1 to increase FAO to provide more energy. CAAs provide more glutamine for adjacent BC cells. CAAs take up citrulline in the extracellular matrix and convert it to arginine, which is consumed and decomposed to produce citrulline in tumor cells again. Abbreviations: BC, breast cancer; CAAs, cancer-associated adipocytes; IL-6, interleukin-6; IL-1β, interleukin-1 beta; TME, tumor environment; GLUT, glucose transporter; glucose-6-P, glucose-6-phosphate; fructose-6-P, fructose-6-phospahte; fructose-1,6-BP, fructose-1,6-biphosphate; HIF1α, hypoxia-inducible factor 1 alpha; HK, hexokinase; PFK, phosphofructokinase; LDHA, lactose dehydrogenase A; PI3K, phosphatidylinositide 3-kinase; AKT, protein kinase B; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; MCT, monocarboxylate transport protein; TNF-α, tumor necrosis factor alpha; PGE2, prostaglandin E2; NF-κB, nuclear factor-kappa B; TCA, tricarboxylic acid cycle; OXPHOS, oxidative phosphorylation; LIF, leukemia inhibitory factor; TAG, triacylglycerol; ATGL, adipose triglyceride lipase; FFA, free fatty acids; FATP, fatty acid transporter protein; FAT, fatty acid translocase; FABP, fatty acids binding protein; CPT1, carnitine palmitoyl transferase 1; FAO, fatty acid oxidation; FASN, fatty acid synthase; JAK, janus tyrosine kinase; STAT, signal transducer and activator of transcription. 
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Figure 4. CAAs lead to therapeutic resistance in BC. CAAs secrete IL-6, IL-8, leptin, resistin and visfatin to cause chemotherapy resistance in BC. CAAs secrete PD-L1 and CCL2 to cause immunotherapy resistance in BC. CAAs secreting IL-6 and leptin, increasing BC cell glycolysis, decreasing NK-derived interferon, and increasing tumor survival genes cause targeted therapy resistance in BC. CAAs secreting leptin and other secretions and increasing expression of aromatase cause hormonal therapy resistance in BC. Abbreviations: BC, breast cancer; CAAs, cancer-associated adipocytes; IL-6, interleukin-6; IL-8, interleukin-8; HER2, human epidermal growth factor receptor 2; ADCC, antibody-dependent cellular cytotoxicity; BRCP, breast cancer resistance protein; Hsp90, heat-shock protein 90; STAT, signal transducer and activator of transcription 3; CPT1, carnitine palmitoyl transferase 1; FAO, fatty acid oxidation; AKT, protein kinase B; MVP, major vault protein; JAK, Janus tyrosine kinase; NKs, natural killer cells; PD-L1, programmed death-ligand 1; IL-15, interleukin-15; IL-15R, interleukin-15 receptor; CCL2, C-C motif chemokine ligand 2; CX3CL1, C-X3-C motif chemokine ligand 1; CD8+, cluster of differentiation 8 positive. 
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