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Abstract

:

Breast cancer remains the most frequently diagnosed cancer in women worldwide. Tumors that express hormone receptors account for 75% of all cases. Understanding alternative signaling cascades is important for finding new therapeutic targets for hormone receptor-positive breast cancer patients. JAK-STAT signaling is commonly activated in hormone receptor-positive breast tumors, inducing inflammation, proliferation, migration, and treatment resistance in cancer cells. In hormone receptor-positive breast cancer, the JAK-STAT cascade is stimulated by hormones and cytokines, such as prolactin and IL-6. In normal cells, JAK-STAT is inhibited by the action of the adaptor protein, LNK. However, the role of LNK in breast tumors is not fully understood. This review compiles published reports on the expression and activation of the JAK-STAT pathway by IL-6 and prolactin and potential inhibition of the cascade by LNK in hormone receptor-positive breast cancer. Additionally, it includes analyses of available datasets to determine the level of expression of LNK and various members of the JAK-STAT family for the purpose of establishing associations between expression and clinical outcomes. Together, experimental evidence and in silico studies provide a better understanding of the potential implications of the JAK-STAT-LNK loop in hormone receptor-positive breast cancer progression.
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1. Introduction


Breast cancer is by far the most commonly diagnosed neoplasia in women worldwide, accounting for more than 25% of all female cancer cases reported in 2020. The number of estimated new breast cancer cases is 2.6-times higher than that estimated for colorectal cancer, which is the second most common cancer in women [1].



The mammary gland is a hormone-dependent organ. Mammary cell development, differentiation, and function depend basically on the action of ovarian steroid hormones estrogen and progesterone, along with prolactin. Estrogen-activated signal transduction has been demonstrated to be essential for the development of the gland [2], while progesterone and prolactin induce the differentiation of milk-producing cells during late pregnancy [3]. The activity of estrogen and progesterone is mediated by binding to their specific receptors. Estrogen receptor (ER) and progesterone receptor (PR) are members of the nuclear receptor superfamily [4]. They are transcription factors that induce the expression of several genes to regulate not only the function of ER+/PR+ cells but also that of ER-/PR- cells, establishing paracrine networks to support normal mammary gland development [3]. Unsurprisingly, the deregulation of ER/PR activity is a driver of carcinogenesis in mammary gland cells.



ER and PR are considered prognostic markers of and predictive factors for breast tumor hormonal therapy. As such, ER/PR expression is routinely assessed in order to establish the treatment that will provide the greatest benefit to the patient. Endocrine therapy has focused on blocking ER activity or inhibiting the aromatase-mediated conversion of androgens into estrogens [5]. Unfortunately, endocrine therapy resistance has developed in a proportion of patients. Intrinsic resistance to some hormonal therapy has been documented in early-stage and metastatic disease patients. Patients with metastasis may also present recurrence soon after beginning adjuvant hormonal treatment. Moreover, resistance can also be acquired after successful initial treatment, followed by short responses to serial hormonal therapies until the tumor becomes refractory [6]. Even the application of combined therapeutic approaches, using aromatase inhibitors along with CDK4/6-interfering small molecules or inhibitors of the PI3K/AKT/mTOR pathway, has shown limited benefit because of the intrinsic or eventual development of resistance in a proportion of patients [6]. For these reasons, there is a need to identify new targets in resistant tumors in order to provide patients with new therapeutic options. The study of alternative cancer-associated signaling cascades, such as the Janus kinase (JAK) signal transducer and activator of transcription (STAT) pathway, may provide new targets for breast cancer treatment.



The JAK-STAT cascade has been found to be constitutively active in breast cancer and has been proposed as a modulator of chemotherapy resistance [7]. Moreover, inhibitors of various elements of the pathway are undergoing testing, and they appear to be promising drugs for the treatment of breast cancer [8]. In healthy cells, JAK-STAT signaling is regulated by the lymphocyte adaptor protein (LNK). LNK belongs to the Src homology 2 (SH2) domain-containing adaptor protein family. This controls signal transduction pathways downstream of various growth factors, cytokine receptors, and receptor tyrosine kinases (RTKs) by inhibiting JAK kinase activity [9]. For this reason, LNK has been investigated in cancer cells as a potential regulator of JAK-STAT carcinogenic activities [9].



In this review, we aim to overview JAK-STAT signaling in hormone receptor-positive breast cancer as well as the participation of LNK in the regulation of this signal transduction pathway. In addition, we aim to integrate available datasets in order to better understand the potential association of JAK-STAT and LNK in the course of hormone receptor-positive breast cancer.




2. Hormone Receptor-Positive Breast Cancer


Studies estimating future breast cancer incidence predict an increasing global burden. A clear pattern of increasing breast cancer mortality rates has been detected in many low- and middle-income countries with fragile health systems. These health systems can lack the comprehensive national strategies required for early diagnosis, access to proper treatments, and palliative care [10,11,12]. In addition, it is expected that inequities in breast cancer mortality will be intensified as a result of the COVID-19 pandemic. A population-based modeling study predicted a 7.9–9.6% increase in breast cancer deaths up to year 5 after diagnosis compared with pre-pandemic figures [13]. In order improve the clinical management of breast cancer, tumors are classified by histologic type [14,15] and by the expression of human epidermal growth factor receptor 2 (HER2) [16,17], PR, and ER [18] into four intrinsic subtypes: luminal A, luminal B, HER2-enriched, and basal-like breast cancer [19,20,21]. The basic immunohistochemical [22] and genetic [23] characteristics along with the frequency and treatment [24,25,26] of breast cancer subtypes are shown in Table 1.



Since estrogens are the leading molecules inducing the deregulation of cell activity by binding to ERs in luminal tumors, undergoing hormone therapy is considered a risk factor for this type of cancer [27,28]. To date, three main receptors have been identified: ERα, ERβ, and the non-classical G-protein-coupled estrogen receptor 1 (GPER1). ERα and ERβ are intracellular receptors that bind estrogens in the cytoplasmic compartment, forming a complex that eventually translocates into the nucleus. The complex then recognizes and binds to estrogen response elements (EREs) in target gene promoters, inducing gene transcription. In contrast, GPER1 is a transmembrane protein that interacts with membrane-anchored estrogens, prompting the activation of various cell signaling cascades, along with the production of cyclic adenosine monophosphate (cAMP) [29].



The first ER identified was ERα [30]. ERα is significantly overexpressed in breast cancer as compared with normal breast tissue [31]. ERα’s carcinogenic effect is the result of the unique array of stimulated genes that modulate cell proliferation and differentiation, in addition to providing protection against cell apoptosis [32,33,34,35]. Although ERβ was initially associated with breast cancer progression [36,37], a further report studying the intracellular localization of ERβ variants via immunofluorescence in tumor samples provided evidence showing that nuclear expression of ERβ2 and ERβ5 variants correlated with increased overall and disease-free survival [38]. ERβ2 and ERβ5 can jointly form stable heterodimers with ERα [39], suggesting that heterodimerization may inhibit ERα-mediated gene expression, thus resulting in favorable prognosis [40]. On the other hand, GPER1 is a G-protein-coupled membrane receptor [41] with weak affinity for binding estrogens [42]. It is expressed in ER-positive and ER-negative breast tumors [43,44]. After binding to GPER1, estrogens stimulate mitogen-activated protein kinase (MAPK) [45] and steroid receptor coactivator (SRC) tyrosine kinase, establishing complex crosstalk with epidermal growth factor receptor (EGFR) [46,47]. The clinical relevance of GPER1 expression remains controversial, with some data showing that the downregulation of GPER1 is associated with cancer progression [48], while others suggest that lack of GPER1 expression is a good prognosis factor [49]. Moreover, GPER1 expression has been associated with resistance to tamoxifen treatment [50], but some reports indicate that GPER1 is able to hamper migration and angiogenesis [51,52]. Clearly, the importance of GPER1 in breast cancer is still to be ascertained.




3. JAK-STAT Signaling Pathway


JAK-STAT is an essential pathway that transduces signals downstream of more than 50 growth factors, hormones, interferons, and interleukins [53]. The JAK-STAT signal is activated after ligands are bound to classical receptors and RTKs. JAKs are noncovalently bound to receptor intracellular domains. After ligand binding, the kinase activity of JAKs is activated and they phosphorylate tyrosine residues of cytoplasmic receptor regions. Phosphorylated receptor residues provide docking sites for STAT recruitment via their SH2 domains. When STATs bind to the receptor, they are phosphorylated onto tyrosine residues, allowing the formation of homo- and heterodimers. STAT dimers translocate into the nucleus to undergo binding and activate the transcription of target genes [54]. The cellular events regulated by JAK-STAT are diverse and comprise inflammation, apoptosis, tissue repair, immune responses, hematopoiesis, and adipogenesis [55]. Thus, failure to control the JAK/STAT cascade leads to diverse human illnesses.



3.1. The JAK Family


The JAK family consists of four members: JAK1, JAK2, JAK3, and TYK2. JAKs are tyrosine kinases that share a conserved carboxy terminus kinase domain, a pseudokinase domain that regulates kinase activity, SH2, and a FERM domain that participate together in the union of JAKs with cell receptors [56,57,58,59].



JAK1 is expressed extensively in mammalian cells, and its activation is mediated by many receptors on immune system cells. Accordingly, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-11, IL-15, IFNα, IFNβ, IFNγ, and leukemia inhibitor factor (LIF) receptors initiate JAK1-induced activation of a signaling cascade that regulates immune responses [60].



Like JAK1, JAK2 can activate signals downstream of IFNα, IFNβ, IFNγ, LIF, IL-3, IL-5, IL-6, IL-11, and granulocyte-macrophage colony-stimulating factor (GM-CSF) receptors. In addition, JAK2 has been found to be associated with erythropoietin (EPO) receptor, thrombopoietin receptor, growth hormone receptor, and prolactin (PRL) receptor [61], indicating that JAK2 is implicated in a wide range of cell functions.



On the other hand, JAK3 participates in the activation of signals that are mediated by cytokine receptors with the γc receptor subunit, such as IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 receptors [62]. Finally, TYK2 is implicated in regulating Th1/Th2 balance during allergic reactions [63] by activating signals from IL-6, IL-10, IL-12, IL-13, and IL-23 receptors [64].




3.2. The STAT Family


The family of STAT transcription factors is composed of seven different proteins: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. Structurally, they share an N-terminal domain, a coiled-coil domain, a DNA-binding domain, a conserved SH2 domain, and a transcription activation domain. Inactive STATs are found in the cytoplasmic compartment as anti-parallel dimers; upon activation by JAK-mediated phosphorylation, STAT dimers form parallel, nutcracker-like dimeric structures. Active STAT dimers translocate into the nucleus, where they recognize and bind to the palindromic DNA sequence TTCN2-4GAA in promoters and enhancers of target genes, thus inducing transcription [65].



STAT1 is activated as a response to cytokines like IFNs, IL-2, IL-6, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), hepatocyte growth factor, tumor necrosis factor (TNF), and angiotensin II. STAT1 is able to promote the expression of genes that inhibit the cell cycle [66], regulate cell differentiation [67], induce apoptosis [68,69], and regulate important activities of the immune system [70]. The function landscape associated with STAT1 activation categorizes this transcription factor as a potential tumor inhibitor.



STAT2 is basically involved in regulating immune responses induced by IFNα and IFNβ, including anti-viral reactions [71] and the generation of memory cells [72].



STAT3 activation is induced by several immune-related factors, including members of the IL-6 family (IL-6, IL-11, IL-31, LIF, etc.), members of the IL-10 family (IL-10, IL-19, IL-20, IL-22, IL-24, and IL-26), granulocyte colony-stimulating factor (G-CSF), and IFNs [73]. In conjunction with its participation as an immune and inflammatory response regulator, STAT3 has been reported to be a pro-tumoral transcription factor. Experimental evidence supporting the participation of STAT3 in cancer progression will be further described.



STAT4 transcription activity is stimulated by IFNα, IFNβ, IL-12, and IL-23 [74]. STAT4 is fundamental for the differentiation of Th1 cells, the maturation of B lymphocytes, and for promoting immunoglobulin switch during humoral responses [75].



STAT5A and STAT5B share 91% of amino acid residues. They are activated by immune-associated cytokines such as IL-2, IL-4, IL-7, IL-9, and IL-15. In addition, STAT5 responds to the stimulation of growth factors like EGF, PDGF, GM-CSF, and erythropoietin (EPO) [76]. The variety of stimuli activating STAT5 contributes to its wide range of biological functions. Accordingly, STAT5 has been reported to participate in the proliferation and activation of T lymphocytes and natural killer cells (NK) [77]. STAT5 is also involved in cell proliferation and apoptosis [78]. In addition, STAT5 is an important regulator of mammary gland development [79]. This is the reason why it also participates in the development and progression of breast cancer. The role of STAT5 in breast cancer will be further described.



STAT6 transduces signals from the receptors of IL-4 and IL-13 [80]. Therefore, the transcriptional activity of STAT6 controls Th2 lymphocyte differentiation [81]. Furthermore, STAT6 regulates B cell proliferation, immunoglobulin isotype switching, and production of IgE [82].



The JAK-STAT transduction pathway is crucial for the development and correct functioning of a number of cells; thus, the loss of JAK/STAT regulation is expected to be involved in various human disorders. In fact, there is reliable evidence supporting the participation of JAK-STAT in different types of tumors, including breast cancer.





4. JAK-STAT Signaling in Hormone Receptor-Positive Breast Cancer


Hormone receptor-positive breast cancer has been traditionally associated with ERα-mediated activation of the PI3K-AKT and Ras-MAPK cascades. However, there is increasing evidence showing that other signaling pathways can also be activated and participate in providing growing advantages to tumor cells. A relevant alternative signaling cascade in hormone receptor-positive breast cancer is the JAK-STAT pathway, which is associated with increasing cell proliferation and the acquisition of resistance to treatment. STAT3 has been found to be constitutively activated in a high proportion of all breast cancer subtypes [83]. As detailed above, JAK-STAT signaling can be activated by a series of receptors. In the case of luminal breast cancer, two meaningful activators have been described: IL-6 receptor (IL-6R) and PRL receptor (PRLR).



4.1. Activation of the JAK-STAT Pathway by IL-6


IL-6 is a cytokine that mediates inflammatory responses by activating JAK2/STAT3 signaling. Likewise, IL-6 has been found to be upregulated in inflammatory breast tumors [84]. Moreover, it has been suggested that the IL-6/JAK2-STAT3 axis enables chemotherapy resistance in inflammatory breast cancer [7]. Early reports seemed to indicate the existence of functional crosstalk between ER- and IL-6-activated STAT3 [85,86].



However, more recent research has shown that IL-6 activates STAT3 in ER-expressing breast cancer cells and increases its invasive and metastatic activity. The authors found that IL-6-activated STAT3 drives a different transcriptional program by hijacking shared ER enhancers, and thus activating an oncogenic profile independent of ER. Interestingly, standard ER-targeted therapy was unable to inhibit IL-6/STAT3-induced metastasis, whereas incubation with the JAK1 and JAK2 inhibitor ruxolitinib blocked IL-6/STAT3 activation and in vivo cell invasion, strongly suggesting a functional decoupling of IL-6/STAT3 from ER. The authors also proposed that the expression of ER and phosphorylated STAT3 (pSTAT3) may be considered independent prognostic factors in breast cancer, and that targeting IL-6/STAT3 could have clinical potential in ER-positive, endocrine therapy-refractory patients [87].



IL-6 is a pleiotropic cytokine. Indeed, IL-6 is implicated in a number of biological events that control tumor progression. For instance, it has been demonstrated that IL-6, secreted by adipocytes, is able to induce epithelial–mesenchymal transition [88], enrichment of cancer stem cells, and resistance to PI3K inhibitors [89] via STAT3 activation in ER-expressing MCF-7 breast cancer cells. Moreover, the potential of the IL-6/STAT3 axis to promote resistance extends to cyclin-dependent kinase 4/6 (CDK4/6) inhibitors [90] and tamoxifen [91].



A 5-year course of treatment with tamoxifen is the most prevailing endocrine therapy for patients with ER-positive breast tumors. A meta-analysis including 62,923 ER-positive breast cancer patients who were disease-free after 5 years of tamoxifen-based treatment showed that there is risk of recurrence in patients initially responsive to tamoxifen. The cumulative risk of recurrence at 20 years post-treatment ranged from 13% in early-stage patients to 41% in women presenting tumors of 2 to 5 cm with 4 to 9 involved nodes [92]. Thus, it is vital to define the molecules that may mediate and predict responses to tamoxifen. In this regard, Tsoi et al. showed that tamoxifen resistance can be reversed by tocilizumab, an IL-6R-blocking antibody. Moreover, analysis of tumor samples demonstrated that IL-6R expression was significantly associated with tamoxifen resistance and poor overall survival in ER-positive breast cancer patients [93].



In addition, IL-6 has been identified as an essential component of the bone microenvironment. Bone IL-6 can bind to receptors on breast tumor cells, promoting chemotaxis, migration, adhesion, and ultimately the growth of bone metastasis [94,95]. Taken together, this evidence suggests that the IL-6/JAK-STAT3 loop plays a basic role in luminal breast cancer progression and deserves further research.




4.2. Activation of the JAK-STAT Pathway by PRL


PRL is a hormone that stimulates breast cell proliferation and milk production in a paracrine fashion by binding to the membrane PRLR [96]. In breast cancer, both PRL and PRLR are extensively expressed [97]. Data from large, prospective studies showed an association between high levels of circulating PRL and invasive breast cancer in postmenopausal women. Interestingly, the association was particularly strong for ER-positive tumors [98,99]. In addition, Sutherland et al. reported that ligand-induced activation of PRLR supports bone metastasis by stimulating osteoclast activity [100].



Signal transduction downstream of PRLR is complex. A number of different receptor-bound kinases have been reported to interact with the cytoplasmic domain of PRLR, including JAK2, SRC, FYN, JAK1, and TEC, activating signals that control cell differentiation, proliferation, survival, and even regulate the cytoskeleton [101]. It is currently known that PRL-PRLR/JAK2-STAT5 is the principal signaling loop mediating the pathological functions of PRL in breast cancer. In fact, an animal model of PRL-induced breast carcinogenesis demonstrated that JAK2 is needed for cancer initiation but not for maintenance of tumors [102]. However, the PRL/STAT5 cascade was proved to interfere with breast cancer-1 (BRCA1)-induced activation of the cyclin-dependent kinase inhibitor, p21, hampering BRCA1 inhibition of the cell cycle and thus allowing cell proliferation as a response to PRL [103]. In line with the observation suggesting that PRL/STAT5 is important for cancer initiation but not for tumor progression [102], Peck et al. showed that levels of nuclear phosphorylated STAT5 are significantly higher in ductal carcinoma in situ than in cases of invasive and metastatic disease. The authors even suggested that the depletion of activated STAT5 is a predictor of poor clinical outcomes and risk of endocrine therapy resistance in patients with breast cancer [104].



On the whole, activation of JAK2-STAT3 and JAK2-STAT5 downstream of IL-6R and PRLR, respectively, may play a coordinated role in the development and progression of luminal breast cancer, suggesting the importance of these signaling cascades in ER-positive breast tumors.





5. Adaptor Molecule LNK as an Inhibitor of JAK-STAT


The relevance of the JAK-STAT pathway in breast cancer was further supported by an integrative cancer interactome analysis. This showed that STAT3 is the most central protein governing communication with tumor-linked proteins in the breast cancer network, whereas STAT5a is the only STAT showing a direct interaction with ER [105]. In normal cells, the activity of the JAK-STAT cascade is regulated at different levels. Members of the suppressor of cytokine signaling (SOCS) family of proteins are induced via the JAK-STAT pathway itself and are able to repress the kinase activity of JAK1, JAK2, and TYK2, thus blocking the signaling transduction process [106]. On the other hand, protein inhibitor of activated STAT (PIAS) inhibits STAT transcriptional activity, working either via direct interaction that hinders the union of STAT with DNA or recruiting transcriptional cofactors to STAT target genes [107]. Finally, the JAK-STAT signaling may also be regulated by members of the protein tyrosine phosphatases (PTPs), which maintain the delicate balance between tyrosine phosphorylation and dephosphorylation in cells [108].



In addition, other molecules have been found to regulate the JAK-STAT cascade. One of these negative regulators is LNK. The LNK protein, encoded by the SH2B3 gene, was first identified in 1995 as a regulator of T-cell activity [109]. Later, structural characterization revealed that LNK was a member of the SH2B family of adaptor proteins and contained three functional domains [110]. The first is a C-terminal SH2 domain of 100 amino acids, which recognizes and binds to target proteins. The second is the N-terminal region of 60 residues, which has the potential to form dimers with other SH2B proteins. The third is a central pleckstrin homology domain (PH) of 120 residues. This allows LNK to localize at the inner side of the cell membrane by interacting with phosphatidylinositol lipids [111]. In human cells, LNK regulates signal transduction downstream of cytokines, growth factors, and hormones by binding specific phosphorylated tyrosine residues via its SH2 domain.



LNK activity is essential for the regulation of hematopoiesis. SH2B3 transcription is induced by STAT3 and STAT5. LNK is expressed in hematopoietic progenitor cells [112], modulating lymphopoiesis [113,114] and megakaryocytopoiesis [115]. LNK primarily regulates hematopoiesis by binding to phosphorylated JAK2 and JAK3 kinases via its SH2 domain. As a result, it inhibits the activation of downstream transcription factors. However, it has been reported that LNK is also able to bind directly to cytokine receptors, such as EPO receptor, and RTKs like c-KIT and FMS-like tyrosine kinase (FLT3), the latter of which play an essential role in the development of hematological progenitor cells [116]. LNK is subjected to regulation via its interaction with 14-3-3 proteins. These proteins bind to LNK phosphoserine residues 13 (pS13) and 129 (pS129), hindering the attachment of LNK to JAK2 and therefore liberating the signaling cascade [117].



Although the activity of LNK has been mostly described in hematopoietic cells, there is evidence demonstrating the expression and functions of LNK in non-hematological cells, broadening the potential implications of LNK in healthy and abnormal conditions. For instance, LNK is expressed in endothelial cells. Endothelial cell adherence and migration depend upon the formation of focal adhesions (FAs). Interestingly, LNK localizes at FAs, and the inhibition of LNK expression via RNA interference significantly reduces the spread of endothelial cells. In this cell type, LNK is able to regulate β1 integrin-associated pathways, increasing the number of FAs and cell matrix adhesions [118]. In addition, the capacity of LNK to regulate progenitor endothelial cells was demonstrated in vivo. Using lnk−/− mice, the authors demonstrated that LNK is a master regulator of cell growth, endothelial commitment, migration, and recruitment for the vascular regeneration of progenitor endothelial cells by inhibiting the activity of cKIT, a tyrosine kinase receptor that activates the JAK-STAT cascade, among others [119].



LNK has also been detected in primary cortical neurons. Notably, it was observed that LNK is able to directly bind to phosphorylated nerve growth factor receptor (NGFR), blocking activation of MEK-ERK 1/2 and PI3K/AKT signaling. As a result, LNK is able to inhibit cortical neuron differentiation and reduce neurite outgrowth [120]. Furthermore, LNK is expressed in neural stem and progenitor cells. Additionally, it can be observed in the subventricular zone of the human brain. After an ischemic stroke, activation of STAT1 and STAT3 induces overexpression of LNK. This mediates a significant reduction in neuronal stem and progenitor cell proliferation in the damaged area [121]. Although the authors did not evaluate the capacity of LNK to inhibit the JAK-STAT cascade in these cells, they indeed suggested that SH2B3 transcription is regulated by STAT molecules [121].



Finally, there is evidence showing that the expression of LNK is significantly higher in heart samples of dilated cardiomyopathy patients than in normal hearts, and that LNK mediates cardiomyocyte hypertrophy during cardiac remodeling [122]. Again, the authors did not investigate the potential implications of the JAK-STAT pathway in these patients. However, they did find that LNK regulates the FAK-PI3K-AKT-mTOR/GSK3 β cascade and postulated that LNK may also participate in integrin-mediated signal transduction to control cardiomyocyte hypertrophy [122].



Taken together, this experimental evidence suggests that LNK may play a role as a regulator of several cell functions by controlling not only the canonical JAK-STAT cascade but also alternative signaling pathways in a variety of non-hematological cell types, and that further research is needed to fully understand the functions of LNK.




6. LNK in Hormone Receptor-Positive Breast Cancer


Since LNK is a major regulator of normal hematopoiesis, it is not surprising that the loss of LNK control is associated with several hematological disorders, myeloproliferative neoplasms [123], and various types of leukemias [124,125,126]. However, the potential role of LNK in solid tumors remains controversial.



Thus far, investigation of LNK has been limited to a small number of solid tumor types. By studying human melanoma tissue arrays and mRNA expression data from available databases, Ding et al. found that LNK is overexpressed in patients with melanoma, and that higher expression of LNK is associated with shorter overall survival [127]. Likewise, elevated expression of LNK was detected in patients with thyroid carcinoma [128]. In glioblastoma patients, elevated expression of LNK predicted worse survival [129]. Similarly, in silico analysis and immunohistochemical study of tissue arrays demonstrated increased LNK expression in patients with high-grade ovarian cancer [130]. Unlike the abovementioned tumors, studies of colorectal and lung cancer showed a negative correlation with LNK expression. In a small study, including tumor samples from 32 colorectal carcinoma patients, it was observed that the expression of LNK was significantly lower than that in adjacent normal tissue [131]. In the case of lung cancer patients, low expression of LNK was found to be correlated with poor prognosis [132].



Overall, analyses of LNK expression in solid tumor biopsies suggest that the level of expression of LNK might be tissue-specific. Interestingly, functional analysis in cell lines has also shown that LNK-associated activities seem to depend upon cell type. For instance, the induction of LNK overexpression in thyroid carcinoma-derived [128] and glioblastoma-derived [129] cell lines resulted in increased cell proliferation and migration, as well as protection against apoptosis. These observations agree with clinical data showing an association between LNK overexpression and poor survival in glioblastoma patients [129]. Likewise, overexpression of LNK in ovarian cancer-derived cell lines restrained apoptosis, while inhibiting LNK expression significantly reduced cell proliferation. These observations support the idea of a potential oncogenic role of LNK in ovarian cancer and might be associated with the fact that patients with advanced ovarian cancer show elevated levels of LNK expression [130]. In sharp contrast, a low level of LNK expression has been found in colorectal and lung tumors. Notably, inducing the overexpression of LNK in colorectal-derived [131] and lung cancer-derived [132] cell lines reduced the proliferation and invasive potential of both cell types. In the case of lung cancer, it was demonstrated that LNK modulated cell activities by suppressing the JAK2-STAT3 and SHP2/Grb2/PI3K/AKT signaling loops [132]. Taken together, these data seem to suggest that the role of LNK during cancer development is tissue type-specific. Nevertheless, data remain scarce. Thus, more research is needed to probe this idea.



To date, very little has been reported regarding the expression and potential function of LNK in breast cancer. Current evidence supporting the potential activity of LNK in luminal breast cancer is outlined in Figure 1. The first report establishing an association between LNK and breast cancer was published in 2015. The authors conducted a cross-cancer analysis of genomic variants in the inflammation pathway using public gene expression datasets. They found that the SH2B3 missense variant (rs3184504) was associated with breast cancer [133]. In line with former reports, a large in silico analysis of genomic data contained in the UK Biobank showed that the SH2B3 missense variant was associated with breast cancer [134]. Unfortunately, none of the studies stratified cases by subtype, and they did not establish correlations with clinical outcome. Since the abovementioned missense single-nucleotide polymorphism results in the substitution of tryptophan (Trp) for arginine (Arg) in the PH domain, it has been postulated that it might modify the capacity of LNK to localize at the inner side of the cell membrane, thus hampering interaction with JAK2. Failing to control JAK2 signaling may produce an overactivation of cytokine-induced cascades. In fact, Alexander et al. used CRISPR-Cas9 to create mice that were homozygous for either the Trp or Arg allele. They observed that Trp/Trp LNK was significantly less repressive of IL-12-induced STAT4 phosphorylation compared to Arg/Arg LNK [135]. As previously mentioned, IL-6 and PRL are important inducers of JAK2 activation in ER-positive breast tumors. Thus, evaluating the prevalence of LNK variants in ER-positive tumors would improve our understanding of the participation of LNK in the control of IL-6 and PRL pro-tumoral activities.



Later, an interesting study originally focused on examining LNK expression in triple-negative breast cancer showed that the expression of LNK is significantly higher in triple-negative breast cancer biopsies than in non-triple-negative tumors. Further analysis of breast cancer-derived cell lines demonstrated that the expression of LNK was indeed lower in cells expressing hormone receptors, suggesting that LNK might play different roles in breast cancer subtypes [136]. The impact of increasing the level of LNK expression in tumor cells has been evaluated in vitro in colorectal [131] and lung cancer [132], which has been associated with low expression in corresponding patients. However, up until now, the effect of overexpressing LNK in luminal cancer-derived cell lines has not been explored.



It is important to consider that regulation of the JAK-STAT-LNK axis does not only rely on the level of LNK. Mutations on JAK2, STAT3, and LNK, along with expression of the LNK inhibitor 14-3-3, have also been reported to induce alterations of the signaling cascade. JAK2 gain-of-function mutations, leading to constitutive phosphorylation of STAT3, STAT5, and JAK2 itself, have been recognized in a high proportion of myeloproliferative neoplasms [123]. Nevertheless, the scenario in breast cancer appears to be more complicated. On the one hand, JAK2 amplifications have been mainly identified in triple-negative tumors [137]. In contrast, whole-genome sequencing analysis of 170 breast cancer patients demonstrated that distant metastasis from ER-positive patients causes JAK2 and STAT3 mutations, producing late inactivation of the formerly active cascade [138]. This suggests that LNK regulation might only be relevant at early stages of luminal cancer development.



LNK adaptor activity is negatively regulated by 14-3-3 proteins. It is generally accepted that expression of the majority of 14-3-3 isoforms is elevated in cancer. However, an evaluation of the expression of 14-3-3 isoforms in breast cancer revealed that expression of the 14-3-3 β isoform was significantly increased in luminal tumors. Additionally, it was significantly associated with poor overall survival and shorter relapse-free survival of patients [139]. Interestingly, is has been reported that 14-3-3 β directly binds to ERα, activating the transcriptional activity of the receptor [140]. This suggests that, in ER-positive breast cancer, a complex interaction between 14-3-3 β, ERα, and LNK might contribute to preserving the oncogenic phenotype by activating ERα and repressing LNK. This potential interaction deserves to be investigated more deeply.



Due to the scarcity of published research in the field of LNK and luminal cancer, we conducted an analysis of the available datasets containing genetic data with the intention of shedding some light on the potential associations among LNK, JAK2, STAT3, STAT5, 14-3-3, and clinical outcomes. Considering that several LNK mutations are associated with myeloproliferative neoplasms [123], we first scrutinized publicly available data in the cBioPortal for Cancer Genomics [141,142], searching for mutations in breast cancer samples. An analysis of sequencing data, including 13 independent studies and nearly 4000 patients (Table S1), showed that only 18 out of 3607 patients (0.5%) had one or more mutations in the SH2B3 gene (Figure 2a), suggesting that LNK mutations are not associated with breast cancer. Most LNK mutations have been found in myeloproliferative disorders. Although experimental evidence supports the participation of LNK as a regulator of signaling cascades in cancer cells, there are no reports of LNK mutations with biological significance in solid tumors. Our analysis showed that the frequency of mutations in luminal tumors is very low. However, as we previously proposed, deregulation of LNK function might be produced by a number of factors involving other components of the JAK-STAT-LKN axis.



We then investigated the level of expression of LNK-encoding gene SH2B3 by interrogating the TCGA PanCancer transcriptomic dataset through the cBioPortal platform. Samples were stratified by cancer subtype and specific mRNA expression in 499 luminal A and 197 luminal B samples was compared with expression in normal adjacent tissues. Gene overexpression was considered for samples with a z-score relative to normal adjacent tissue > 2, whereas underexpression was considered for samples with a z-score relative to normal adjacent tissue < 2 (Figure 2b). In order to establish potential associations with the clinical outcome of luminal cancer patients, we downloaded standardized survival data from cBioPortal to determine whether over- and underexpression of SH2B3 are associated with overall survival of hormone receptor-positive breast cancer patients. The results presented in Figure 2c indicate that luminal A patients with overexpression of SH2B3 showed a trend of having reduced 5-year overall survival, whereas patients with SH2B3 underexpression showed a trend of having increased 5-year overall survival. However, the values did not reach statistical significance. These data seem to indicate that, although the overexpression of SH2B3 was only observed in a small number of luminal A patients, it seems to predispose them to diminished survival, whereas patients with SH2B3 underexpression appear to have better prognosis. However, the relatively small number of patients in each group prevented us from reaching a categorical conclusion. Unlike those with luminal A breast cancer, patients with luminal B breast cancer did not show any difference between unaltered and altered expression levels of SH2B3 (Figure 2d). These observations suggest that the expression of LNK may be downregulated in a proportion of luminal A breast cancer cases, and that reduction of protein levels may be associated with poor prognosis.



LNK activity is regulated by 14-3-3 proteins [117]. There are seven 14-3-3 isoforms in humans. Thus, we first investigated the expression of all seven isoforms in a cohort of luminal A and luminal B samples from the TCGA transcriptomic dataset. As seen in Figure 3a, 14-3-3 isoforms ζ and β were overexpressed in 30% and 20% patients, respectively. Thus, to establish potential associations of 14-3-3 ζ and β isoform expression with the clinical outcomes of luminal cancer patients, we downloaded standardized survival data from cBioPortal. Patients showing elevated 14-3-3 ζ expression had significantly reduced 5-year overall survival compared to patients with unaltered expression (Figure 3b). This observation agrees with previous reports showing that 14-3-3 ζ is overexpressed in breast cancer and is associated with a poor prognosis [143]. Data showed that the second most frequently overexpressed isoform was 14-3-3 β. Of note, survival analysis demonstrated that patients presenting 14-3-3 β overexpression had a significantly lower probability of 5-year overall survival than patients with unaltered expression. The difference was even more significant than that observed for the 14-3-3 ζ isoform. This is relevant because 14-3-3 β is the only isoform that has been directly associated with luminal breast cancer since it interacts with and activates the transcriptional potential of ERα [140]. These findings suggest that overexpression of LNK regulators plays a detrimental role in luminal breast cancer. The 14-3-3 β isoform is of particular interest because it may play a dual role in luminal cancer by activating the oncogenic action of ERα and by blocking the inhibitory activity of LNK, favoring cell proliferation and resistance to treatment [140,143]. It is necessary to probe this hypothesis via experimental work using ERα-expressing cell lines.




7. Conclusions


Hormone receptor-positive breast cancer is still a serious global health problem [1]. Treatments have been designed to inhibit the activity of ER or the production of estrogens. However, a proportion of patients develop resistance during treatment. Thus, exploring different signaling cascades that play roles during breast cancer development may provide new therapeutic targets. The JAK2-STAT3 and JAK2-STAT5 pathways have been demonstrated to be constitutively active in luminal breast cancer via the stimulation of IL-6 [87,88,89,90,91,92,93,94] and PRL [101,102,103], respectively. The activity of the JAK-STAT signaling cascade promotes proliferation, migration, invasion, and the acquisition of resistance. In some cell types, the JAK-STAT pathway is inhibited by the adaptor protein LNK. However, in hormone receptor-positive breast cancer, the potential activity of LNK seems to be part of an intricate landscape of interactions that deserves to be further explored. In this sense, underexpression of the LNK-encoding gene SH2B3 is more frequently observed in luminal A cases than in luminal B cases. As the genetic profile of luminal A and luminal B tumors is different, it will be important to perform functional studies using cell lines derived from luminal A tumors to demonstrate whether downregulation of LNK expression is related to luminal A-associated proteins, and if this has an impact on the activity of JAK-STAT transduction signaling.



On the other hand, LNK activity is regulated by 14-3-3 proteins. Isoforms of 14-3-3 can bind to and regulate many target proteins, thus playing important roles in the course of pathological disorders. Here, we detected that two 14-3-3 isoforms are overexpressed in hormone receptor-positive breast tumors. In particular, 14-3-3 ζ and 14-3-3 β overexpression was significantly associated with diminished 5-year overall survival. The overexpression of 14-3-3 ζ has been detected in many tumor types, but it is particularly challenging to address 14-3-3 β in the context of luminal breast cancer because it is able to interact and activate ERα. However, it is not presently known whether this isoform can also block LNK activity. Research focused on the mechanisms of 14-3-3 isoforms as negative and positive regulators of relevant signaling cascades in luminal breast cancer may soon provide new therapeutic targets.



Finally, the presence of an SH2B3 missense variant, with a potentially diminished capacity to interact with the cell membrane, might also contribute to regulating LNK activity in breast cancer. The present review covers a rather novel subject. However, due to the relevance of the JAK-STAT signaling pathway in luminal breast cancer, we consider it important to assemble current information on the involvement of LNK in the control of this cascade in order to start building innovative models of regulation for this type of cancer. It is clear that research is still needed to fully understand the participation of LNK in the development and progression of hormone receptor-positive breast cancer. The information presented herein will also help to visualize future directions for investigation that may provide data to elucidate the possibility of designing novel therapeutic strategies for hormone receptor-positive breast cancer based on the regulatory mechanism of LNK.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241914777/s1. References [144,145,146,147,148,149,150,151,152,153,154,155,156] are cited in the supplementary materials.





Author Contributions


J.A.L.-M. and L.R.-Z. wrote most of the manuscript. J.C.M.-O. contributed to writing Section 5 and Section 6. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a grant from PAPIIT, UNAM (Grant number IN206022), and by Programa Institucional de Cáncer de Mama, Instituto de Investigaciones Biomédicas, UNAM.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


José Andrés López Mejía is a student from Programa de Doctorado en Ciencias Bioquímicas, Universidad Nacional Autónoma de México (UNAM), and received a fellowship from Consejo Nacional de Ciencia y Tecnología (CONACyT; Fellowship number: 481081).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Mallepell, S.; Krust, A.; Chambon, P.; Brisken, C. Paracrine Signaling through the Epithelial Estrogen Receptor Alpha Is Required for Proliferation and Morphogenesis in the Mammary Gland. Proc. Natl. Acad. Sci. USA 2006, 103, 2196–2201. [Google Scholar] [CrossRef] [PubMed]

	



Brisken, C.; Park, S.; Vass, T.; Lydon, J.P.; O’Malley, B.W.; Weinberg, R.A. A Paracrine Role for the Epithelial Progesterone Receptor in Mammary Gland Development. Proc. Natl. Acad. Sci. USA 1998, 95, 5076–5081. [Google Scholar] [CrossRef] [PubMed]

	



Mangelsdorf, D.J.; Thummel, C.; Beato, M.; Herrlich, P.; Schütz, G.; Umesono, K.; Blumberg, B.; Kastner, P.; Mark, M.; Chambon, P.; et al. The Nuclear Receptor Superfamily: The Second Decade. Cell 1995, 83, 835–839. [Google Scholar] [CrossRef] [PubMed]

	



Kharb, R.; Haider, K.; Neha, K.; Yar, M.S. Aromatase Inhibitors: Role in Postmenopausal Breast Cancer. Arch. Pharm. 2020, 353, 2000081. [Google Scholar] [CrossRef]

	



AlFakeeh, A.; Brezden-Masley, C. Overcoming Endocrine Resistance in Hormone Receptor-Positive Breast Cancer. Curr. Oncol. 2018, 25 (Suppl. S1), S18–S27. [Google Scholar] [CrossRef]

	



Stevens, L.E.; Peluffo, G.; Qiu, X.; Temko, D.; Fassl, A.; Li, Z.; Trinh, A.; Seehawer, M.; Jovanovic, B.; Aleckovic, M.; et al. JAK-STAT Signaling in Inflammatory Breast Cancer Enables Chemotherapy-Resistant Cell States. Cancer Res. 2023, 83, 264–284. [Google Scholar] [CrossRef]

	



Shao, F.; Pang, X.; Baeg, G.H. Targeting the JAK/STAT Signaling Pathway for Breast Cancer. Curr. Med. Chem. 2021, 28, 5137–5151. [Google Scholar] [CrossRef]

	



Morris, R.; Butler, L.; Perkins, A.; Kershaw, N.J.; Babon, J.J. The Role of LNK (SH2B3) in the Regulation of JAK-STAT Signalling in Haematopoiesis. Pharmaceuticals 2021, 15, 24. [Google Scholar] [CrossRef]

	



Trapani, D.; Ginsburg, O.; Fadelu, T.; Lin, N.U.; Hassett, M.; Ilbawi, A.M.; Anderson, B.O.; Curigliano, G. Global Challenges and Policy Solutions in Breast Cancer Control. Cancer Treat. Rev. 2022, 104, 102339. [Google Scholar] [CrossRef]

	



Knight, S.R.; Chu, K.; Lapitan, M.C.; Dare, A.J.; Pius, R.; Shaw, C.A.; Drake, T.M.; Norman, L.; Ademuyiwa, A.O.; Adisa, A.O.; et al. Effects of Hospital Facilities on Patient Outcomes after Cancer Surgery: An International, Prospective, Observational Study. Lancet Glob. Health 2022, 10, e1003–e1011. [Google Scholar] [CrossRef] [PubMed]

	



International Agency for Research on Cancer. GLOBOCAN. Cancer Tomorrow. Available online: https://gco.iarc.fr/tomorrow/en (accessed on 27 June 2023).

	



Maringe, C.; Spicer, J.; Morris, M.; Purushotham, A.; Nolte, E.; Sullivan, R.; Rachet, B.; Aggarwal, A. The Impact of the COVID-19 Pandemic on Cancer Deaths Due to Dalys in Diagnosis in England, UK: A National, Population-Based, Modelling Study. Lancet Oncol. 2020, 21, 1023–1034. [Google Scholar] [CrossRef] [PubMed]

	



Tan, P.H.; Ellis, I.; Allison, K.; Brogi, E.; Fox, S.B.; Lakhani, S.; Lazar, A.J.; Morris, E.A.; Sahin, A.; Salgado, R.; et al. The 2019 World Health Organization Classification of Tumours of the Breast. Histopathology 2020, 77, 181–185. [Google Scholar] [CrossRef] [PubMed]

	



Lakhani, S.R.; Ellis, I.O.; Schnitt, S.J.; Tan, P.H.; van de Vijver, M.J. WHO Classification of Tumours of the Breast, 4th ed.; IARC Press: Lyon, France, 2012. [Google Scholar]

	



Singhai, R.; Patil, V.W.; Patil, A.V. Immunohistochemical (IHC) HER2/neu and Fluorescent in Situ Hybridization (FISH) Gene Amplification of Breast Cancer in Indian Women. Asian Pac. J. Cancer Prev. 2011, 12, 179–183. [Google Scholar] [PubMed]

	



Wesola, M.; Jelén, M. A Comparison of IHC and FISH Cytogenetic Methods in the Evaluation of HER2 Status in Breast Cancer. Adv. Clin. Exp. Med. 2015, 24, 899–903. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Muñoz, A.; Garcia-Tapiador, A.M.; Martinez-Ortega, E.; Dueñas-Garcia, R.; Jaen-Morago, A.; Ortega-Granados, A.L.; Fernandez-Navarro, M.; de la Torre-Cabrera, C.; Dueñas, B.; Rueda, A.I.; et al. Tumour Molecular Subtyping According to Hormone Receptors and HER2 Status Defines Different Pathological Complete Response to Neoadjuvant Chemotherapy in Patients with Locally Advanced Breast Cancer. Clin. Transl. Oncol. 2008, 10, 646–653. [Google Scholar] [CrossRef]

	



Perou, C.M.; Sorlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.; et al. Molecular Portraits of Human Breast Tumours. Nature 2000, 406, 747–752. [Google Scholar] [CrossRef]

	



Weigelt, B.; Mackay, A.; A’hern, R.; Natrajan, R.; Tan, D.S.P.; Dowsett, M.; Ashworth, A.; Reis-Filho, J.S. Breast Cancer Molecular Profiling with Single Sample Predictors: A Retrospective Analysis. Lancet Oncol. 2010, 11, 339–349. [Google Scholar] [CrossRef]

	



Mackay, A.; Weigelt, B.; Grigoriadis, A.; Kreike, B.; Natrajan, R.; A’hern, R.; Tan, D.S.P.; Dowsett, M.; Ashworth, A.; Reis-Filho, J.S. Microarray-Based Class Discovery for Molecular Classification of Breast Cancer: Analysis of Interobserver Agreement. J. Natl. Cancer Inst. 2011, 103, 662–673. [Google Scholar] [CrossRef]

	



Tsang, J.Y.S.; Tse, G.M. Molecular Classification of Breast Cancer. Adv. Anat. Pathol. 2020, 27, 27–35. [Google Scholar] [CrossRef]

	



Andreopoulou, E.; Schweber, S.J.; Sparano, J.A.; McDaid, H.M. Therapies for Triple Negative Breast Cancer. Expert. Opin. Pharmacother. 2015, 16, 983–998. [Google Scholar] [CrossRef] [PubMed]

	



Gianni, L.; Pienkowski, T.; Im, Y.H.; Roman, L.; Tseng, L.M.; Liu, M.C.; Lluch, A.; Staroslawska, E.; de la Haba-Rodriguez, J.; Im, S.A.; et al. Efficacy and Safety of Neoadyuvant Pertuzumab and Trastuzumab in Women with Locally Advanced, Inflammatory, or Early HER2-Positive Breast Cancer (NeoSphere): A Randomised Multicentre, Open-Label, Phase 2 Trial. Lancet Oncol. 2012, 13, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Hammond, M.E.; Hayes, D.F.; Dowsett, M.; Allred, D.C.; Hagerty, K.L.; Badve, S.; Fitzgibbons, P.L.; Francis, G.; Goldstein, N.S.; Hayes, M.; et al. American Society of Clinical Oncology/College of American Pathologists Guideline Recommendations for Immunohistochemical Testing of Estrogen and Progesterone Receptor in Breast Cancer. J. Clin. Oncol. 2010, 28, 2784–2795. [Google Scholar] [CrossRef] [PubMed]

	



Goldhirsch, A.; Winer, E.P.; Coates, A.S.; Gelber, R.D.; Piccart-Gebhart, M.; Thürlimann, B.; Senn, H.-J. Personalizing the Treatment of Women with Early Breast Cancer: Highlights of the St. Gallen International Expert Consensus on the Primary Therapy of Early Breast Cancer 2013. Ann. Oncol. 2013, 24, 2206–2223. [Google Scholar] [CrossRef]

	



Chlebowski, R.T.; Anderson, G.L.; Aragaki, A.K.; Manson, J.A.E.; Stefanick, M.L.; Pan, K.; Barrington, W.; Kuller, L.H.; Simon, M.S.; Lane, D.; et al. Association of Menopausal Hormone Therapy with Breast Cancer Incidence and Mortality during Long-Term Follow-Up of the Women’s Health Initiative Randomized Clinical Trials. JAMA 2020, 324, 369–380. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.-M.; Pfeiffer, R.M.; Gierach, G.L.; Falk, R.T. Use of Postmenopausal Hormone Therapies and Risk of Histology- and Hormone Receptor-Defined Breast Cancer: Results from a 15-Year Prospective Analysis of NIH-AARP Cohort. Breast Cancer Res. 2020, 22, 129. [Google Scholar] [CrossRef]

	



Pupo, M.; Maggiolini, M.; Musti, A.M. GPER Mediates Non-Genomic Effects of Estrogen. Methods Mol. Biol. 2016, 1366, 471–488. [Google Scholar]

	



Walter, P.; Green, S.; Greene, G.; Krust, A.; Bornert, J.M.; Jeltsch, J.M.; Staub, A.; Jensen, E.; Scrace, G.; Waterfield, M.; et al. Cloning of the Human Estrogen Receptor cDNA. Proc. Natl. Acad. Sci. USA 1985, 82, 7889–7893. [Google Scholar] [CrossRef]

	



Huang, B.; Omoto, Y.; Iwase, H.; Yamashita, H.; Toyama, T.; Coombes, R.C.; Filipovic, A.; Warner, M.; Gustafsson, J.-A. Differential Expression of Estrogen Receptor α, β1, and β2 in Lobular and Ductal Breast Cancer. Proc. Natl. Acad. Sci. USA 2014, 111, 1933–1938. [Google Scholar] [CrossRef]

	



Stender, J.D.; Frasor, J.; Komm, B.; Chang, K.C.N.; Kraus, W.L.; Katzenellenbogen, B.S. Estrogen-Regulated Gene Networks in Human Breast Cancer Cells: Involvement of E2F1 in the Regulation of Cell Proliferation. Mol. Endocrinol. 2007, 21, 2112–2123. [Google Scholar] [CrossRef]

	



Bourdeau, V.; Deschênes, J.; Laperrière, D.; Aid, M.; White, J.; Mader, S. Mechanisms of Primary and Secondary Estrogen Target Gene Regulation in Breast Cancer Cells. Nucleic Acids Res. 2007, 36, 76–93. [Google Scholar] [CrossRef] [PubMed]

	



Millour, J.; Constantinidou, D.; Stavropoulou, A.V.; Wilson, M.; Myatt, S.S.; Kwok, J.M.-M.; Sivanandan, K.; Coombes, R.C.; Medema, R.; Hartman, J.; et al. FOXM1 Is a Transcriptional Target of ERα and Has a Critical Role in Breast Cancer Endocrine Sensitivity and Resistance. Oncogene 2010, 29, 2983–2995. [Google Scholar] [CrossRef] [PubMed]

	



JavanMoghadam, S.; Weihua, Z.; Hunt, K.K.; Keyomarsi, K. Estrogen Receptor Alpha Is Cell Cycle-Regulated and Regulates the Cell Cycle in a Ligand-Dependent Fashion. Cell Cycle 2016, 15, 1579–1590. [Google Scholar] [CrossRef] [PubMed]

	



Speirs, V.; Malone, C.; Walton, D.S.; Kerin, M.J.; Atkin, S.L. Increased Expression of Estrogen Receptor β mRNA in Tamoxifen-Resistant Breast Cancer Patients. Cancer Res. 1999, 59, 5421–5424. [Google Scholar]

	



Markey, G.C.; Cullen, R.; Diggin, P.; Hill, A.D.K.; Mc Dermott, E.W.; O’Higgins, N.J.; Duffy, M.J. Estrogen Receptor-β mRNA Is Associated with Adverse Outcome in Patients with Breast Cancer. Tumor Biol. 2009, 30, 171–175. [Google Scholar] [CrossRef]

	



Shaaban, A.M.; Green, A.R.; Karthik, S.; Alizadeh, Y.; Hughes, T.A.; Harkins, L.; Ellis, I.O.; Robertson, J.F.; Paish, E.C.; Saunders, P.T.K.; et al. Nuclear and Cytoplasmic Expression of ERbeta1, ERbeta2, and ERbeta5 Identifies Distinct Prognostic Outcome for Breast Cancer Patients. Clin. Cancer Res. 2008, 14, 5228–5235. [Google Scholar] [CrossRef]

	



Jia, M.; Dahlman-Wright, K.; Gustafsson, J. Estrogen Receptor Alpha and Beta in Health and Disease. Best Pract. Res. Clin. Endocrinol. Metab. 2015, 29, 557–568. [Google Scholar] [CrossRef]

	



Chen, P.; Li, B.; Ou-Yang, L. Role of Estrogen Receptors in Health and Disease. Front. Endocrinol. 2022, 13, 839005. [Google Scholar] [CrossRef]

	



Barton, M.; Filardo, E.J.; Lolait, S.J.; Thomas, P.; Maggiolini, M.; Prossnitz, E.R. Twenty Years of the G Protein-Coupled Estrogen Receptor GPER: Historical and Personal Perspectives. J. Steroid Biochem. Mol. Biol. 2018, 176, 4–15. [Google Scholar] [CrossRef]

	



Prossnitz, E.R.; Barton, M. Estrogen Biology: New Insights into GPER Function and Clinical Opportunities. Mol. Cell. Endocrinol. 2014, 389, 71–83. [Google Scholar] [CrossRef]

	



Treeck, O.; Schüler-Toprak, S.; Ortmann, O. Estrogen Actions in Triple-Negative Breast Cancer. Cells 2020, 9, 2358. [Google Scholar] [CrossRef] [PubMed]

	



Samartzis, E.P.; Noske, A.; Meisel, A.; Varga, Z.; Fink, D.; Imesch, P. The G Protein-Coupled Estrogen Receptor (GPER) Is Expressed in Two Different Subcellular Localizations Reflecting Distinct Tumor Properties in Breast Cancer. PLoS ONE 2014, 9, e83296. [Google Scholar] [CrossRef] [PubMed]

	



Filardo, E.J.; Quinn, J.A.; Bland, K.I.; Frackelton, A.R., Jr. Estrogen-Induced Activation of Erk-1 and Erk-2 Requires the G Protein-Cupled Receptor Homolog, GPR30, and Occurs via Trans-Activation of the Epidermal Growth Factor Receptor through Release of HB-EGF. Mol. Endocrinol. 2000, 14, 1649–1660. [Google Scholar] [CrossRef]

	



Quinn, J.A.; Graeber, C.T.; Frackelton, A.R., Jr.; Kim, M.; Schwarzbauer, J.E.; Filardo, E.J. Coordinate Regulation of Estrogen-Mediated Fibronectin Matrix Assembly and Epidermal Growth Factor Receptor Transactivation by the G Protein-Coupled Receptor, GPR30. Mol. Endocrinol. 2009, 23, 1052–1064. [Google Scholar] [CrossRef]

	



Yu, T.; Liu, M.; Luo, H.; Wu, C.; Tang, X.; Tang, S.; Hu, P.; Yan, Y.; Wang, Z.; Tu, G. GPER Mediates Enhanced Cell Viability and Motility Via Non-Genomic Signaling Induced by 17β-Estradiol in Triple-Negative Breast Cancer (TNBC) Cells. J. Steroid Biochem. Mol. Biol. 2014, 143, 392–403. [Google Scholar] [CrossRef] [PubMed]

	



Ignatov, T.; Weibenborn, C.; Poehlmann, A.; Lemke, A.; Semczuk, A.; Roessner, A.; Costa, S.D.; Kalinski, T.; Ignatov, A. GPER-1 Expression Decreases during Breast Cancer Tumorigenesis. Cancer Investig. 2013, 31, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Sjöström, M.; Hartman, L.; Grabau, D.; Fornander, T.; Malmström, P.; Nordenskjöld, B.; Sgroi, D.C.; Skoog, L.; Stål, O.; Leeb-Lundberg, L.M.F.; et al. Lack of G Protein-Coupled Estrogen Receptor (GPER) in the Plasma Membrane Is Associated with Excellent Long-Term Prognosis in Breast Cancer. Breast Cancer Res. Treat. 2014, 145, 61–71. [Google Scholar] [CrossRef]

	



Mo, Z.; Liu, M.; Yang, F.; Luo, H.; Li, Z.; Tu, G.; Yang, G. GPR30 as an Initiator of Tamoxifen Resistance in Hormone-Dependent Breast Cancer. Breast Cancer Res. 2013, 15, R114. [Google Scholar] [CrossRef]

	



Liang, S.; Chen, Z.; Jiang, G.; Zhou, Y.; Liu, Q.; Su, Q.; Wei, W.; Du, J.; Wang, H. Activation of GPER Suppresses Migration and Angiogenesis of Triple Negative Breast Cancer via Inhibition of NF-κB/IL-6 Signals. Cancer Lett. 2017, 386, 12–23. [Google Scholar] [CrossRef]

	



Okamoto, M.; Mizukami, Y. GPER Negatively Regulates TNFα-Induced IL-6 Production in Human Breast Cancer Cells via NF-κB Pathway. Endocr. J. 2016, 63, 485–493. [Google Scholar] [CrossRef]

	



Darnell, J.E., Jr. STATs and Gene Regulation. Science 1997, 277, 1630–1635. [Google Scholar] [CrossRef] [PubMed]

	



Aittomäki, S.; Pesu, M. Therapeutic Targeting of the Jak/STAT Pathway. Basic Clin. Pharm. Toxicol. 2014, 114, 18–23. [Google Scholar] [CrossRef] [PubMed]

	



Owen, K.L.; Brockwell, N.K.; Parker, B.S. JAK-STAT Signaling: A Double-Edge Sword of Immune Regulation and Cancer Progression. Cancers 2019, 11, 2002. [Google Scholar] [CrossRef] [PubMed]

	



Wilks, A.F.; Harpur, A.G.; Kurban, R.R.; Ralph, S.J.; Zücher, G.; Ziemiecki, A. Two Novel Protein-Tyrosine Kinases, each with a Second Phosphotransferase-Related Catalytic Domain, Define a New Class of Protein Kinase. Mol. Cell. Biol. 1991, 11, 2057–2065. [Google Scholar]

	



Ferrao, R.; Lupardus, P.J. The Janus Kinase (JAK) FERM and SH2 Domains: Bringing Specificity to JAK-Receptor Interactions. Front. Endocrinol. 2017, 8, 71. [Google Scholar] [CrossRef]

	



Frank, S.J.; Yi, W.; Zhao, Y.; Goldsmith, J.F.; Gilliland, G.; Jiang, J.; Sakai, I.; Kraft, A.S. Regions of the JAK2 Tyrosine Kinase Required for Coupling to the Growth Hormone Receptor. Biol. Chem. 1995, 270, 14776–14785. [Google Scholar] [CrossRef]

	



Velazquez, L.; Mogensen, K.E.; Barbieri, G.; Fellous, M.; Uzé, G.; Pellegrini, S. Distinct Domains of the Protein Tyrosine Kinase Tyk2 Required for Binding of Interferon-Alpha/Beta and for Signal Transduction. J. Biol. Chem. 1995, 270, 3327–3334. [Google Scholar] [CrossRef]

	



Rodig, S.J.; Meraz, M.A.; White, J.M.; Lampe, P.A.; Riley, J.K.; Arthur, C.D.; King, K.L.; Sheehan, K.C.; Yin, L.; Pennica, D.; et al. Disruption of the Jak1 Gene Demonstrates Obligatory and Nonredundant Roles of the Jaks in Cytokine-Induced Biologic Responses. Cell 1998, 93, 373–383. [Google Scholar] [CrossRef]

	



Schindler, C.; Strehlow, I. Cytokines and STAT Signaling. Adv. Pharm. 2000, 47, 113–174. [Google Scholar]

	



Russell, S.M.; Johnston, J.A.; Noguchi, M.; Kawamura, M.; Bacon, C.M.; Friedmann, M.; Berg, M.; McVicar, D.W.; Witthuhn, B.A.; Silvennoinen, O.; et al. Interaction of IL-2R Beta and Gamma c Chains with Jak1 and Jak3: Implications for XSCID and XCID. Science 1994, 266, 1042–1045. [Google Scholar] [CrossRef]

	



Seto, Y.; Nakajima, H.; Suto, A.; Shimoda, K.; Saito, Y.; Nakayama, K.I.; Iwamoto, I. Enhanced Th2 Cell-Mediated Allergic Inflammation in Tyk2-Deficient Mice. J. Immunol. 2003, 170, 1077–1083. [Google Scholar] [CrossRef] [PubMed]

	



Watford, W.T.; O’Sheas, J.J. Human Tyk2 Kinase Deficiency: Another Primary Immunodeficiency Syndrome. Immunity 2006, 25, 695–697. [Google Scholar] [CrossRef] [PubMed]

	



Ehret, G.B.; Reichenbach, P.; Schindler, U.; Horvath, C.M.; Fritz, S.; Nabholz, M.; Bucher, P. DNA Binding Specificity of Different STAT Proteins. Comparison of In Vitro Specificity with Natural Target Sites. J. Biol. Chem. 2001, 276, 6675–6688. [Google Scholar] [CrossRef] [PubMed]

	



Dimberg, A.; Karlberg, I.; Nilsson, K.; Öberg, F. Ser727/Tyr701-Phosphorylated Stat1 Is Required for the Regulation of c-Myc, Cyclins, and p27Kip1 Associated with ATRA-Induced G0/G1 Arrest of U-937 Cells. Blood 2003, 102, 254–261. [Google Scholar] [CrossRef] [PubMed]

	



Dimberg, A.; Nilsson, K.; Öberg, F. Phosphorylation-Deficient Stat1 Inhibits Retinoic Acid-Induced Differentiation and Cell Cycle Arrest in U-937 Monoblasts. Blood 2000, 96, 2870–2878. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Fu, X.Y.; Plate, J.; Chong, A.S. IFN-Gamma Induces Cell Growth Inhibition by Fas-Mediated Apoptosis: Requirement of STAT1 Protein for Up-Regulation of Fas and FasL Expression. Cancer Res. 1998, 58, 2832–2837. [Google Scholar]

	



Stephanou, A.; Brar, B.K.; Knight, R.A.; Latchman, D.S. Opposing Actions of STAT-1 and STAT-3 on the Bcl-2 and Bcl-x Promoters. Cell Death Differ. 2000, 7, 329–330. [Google Scholar] [CrossRef]

	



Najjar, I.; Deglesne, P.A.; Schischmanoff, P.O.; Fabre, E.E.; Boisson-Dupuis, S.; Nimmerjahn, F.; Bornkamm, G.W.; Dusanter-Fourt, I.; Fagard, R.J. STAT1-Dependent IgG Cell-Surface Expression in a Human B Cell Line Derived from a STAT1-Deficient Patient. Leukoc. Biol. 2010, 87, 1145–1152. [Google Scholar] [CrossRef]

	



Wang, Y.; Song, Q.; Huang, W.; Lin, Y.; Wang, X.; Wang, C.; Willard, B.; Zhao, C.; Nan, J.; Holvey-Bates, E.; et al. A Virus-Induced Conformational Switch of STAT1-STAT2 Dimers Boosts Antiviral Defenses. Cell Res. 2021, 31, 206–218. [Google Scholar] [CrossRef]

	



Park, C.; Li, S.; Cha, E.; Schindler, C. Immune Response in Stat2 Knockout Mice. Immunity 2000, 13, 795–804. [Google Scholar] [CrossRef]

	



Hillmer, E.J.; Zhang, H.; Li, H.S.; Watowich, S.S. STAT3 Signaling in Immunity. Cytokine Growth Factor Rev. 2016, 31, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Thieu, V.T.; Yu, Q.; Chang, H.-C.; Yeh, N.; Nguyen, E.T.; Sehra, S.; Kaplan, M.H. Signal Transducer and Activator of Transcription 4 Is Required for the Transcription Factor T-bet to Promote T Helper 1 Cell-Fate Determination. Immunity 2008, 29, 679–690. [Google Scholar] [CrossRef] [PubMed]

	



Allen, S.J.; Mott, K.R.; Ghiasi, H. Involvement of STAT4 in IgG Subtype Switching and Ocular HSV-1 Replication in Mice. Mol. Vis. 2010, 16, 98–104. [Google Scholar] [PubMed]

	



Schindler, C.; Levy, D.E.; Decker, T. JAK-STAT Signaling: From Interferons to Cytokines. J. Biol. Chem. 2007, 282, 20059–20063. [Google Scholar] [CrossRef]

	



Lin, J.X.; Du, N.; Li, P.; Kazemian, M.; Gebregiorgis, T.; Spolski, R.; Leonard, W.J. Critical Functions for STAT5 Tetramers in the Maturation and Survival of Natural Killer Cells. Nat. Commun. 2017, 8, 1320. [Google Scholar] [CrossRef]

	



Soldaini, E.; John, S.; Moro, S.; Bollenbacher, J.; Schindler, U.; Leonard, W.J. DNA Binding Site Selection of Dimeric and Tetrameric Stat5 Proteins Reveals a Large Repertoire of Divergent Tetrameric Stat5a Binding Sites. Mol. Cell. Biol. 2000, 20, 389–401. [Google Scholar] [CrossRef]

	



Liu, X.; Robinson, G.W.; Wagner, K.U.; Garrett, L.; Wynshaw-Boris, A.; Hennighausen, L. Stat5 Is Mandatory for Adult Mammary Gland Development and Lactogenesis. Genes Dev. 1997, 11, 179–186. [Google Scholar] [CrossRef]

	



Junttila, I.S. Tuning the Cytokine Responses: An Update on Interleukin (IL)-4 and IL-13 Receptor Complexes. Front. Immunol. 2018, 9, 888. [Google Scholar] [CrossRef]

	



Kaplan, M.H.; Schindler, U.; Smiley, S.T.; Grusby, M.J. Stat6 Is Required for Mediating Responses to IL-4 and for Development of Th2 Cells. Immunity 1996, 4, 313–319. [Google Scholar] [CrossRef]

	



Huang, C.Z.; Zou, D.; Yang, J.; Qiao, H.L. Polymorphism of STAT6 and Specific Serum IgE Levels in Patients with Penicillin Allergy. Int. J. Clin. Pharmacol. Ther. 2012, 50, 461–467. [Google Scholar] [CrossRef]

	



Banerjee, K.; Resat, H. Constitutive Activation of STAT3 in Breast Cancer Cells: A Review. Int. J. Cancer 2016, 138, 2570–2578. [Google Scholar] [CrossRef]

	



Bièche, I.; Lerebours, F.; Tozlu, S.; Espie, M.; Marty, M.; Lidereau, R. Molecular Profiling of Inflammatory Breast Cancer: Identification of a Poor-Prognosis Gene Expression Signature. Clin. Cancer Res. 2004, 10, 6789–6795. [Google Scholar] [CrossRef] [PubMed]

	



Speirs, V.; Kerin, M.J.; Walton, D.S.; Newton, C.J.; Desai, S.B.; Atkin, S.L. Direct Activation of Oestrogen Receptor-Alpha by Interleukin-6 in Primary Cultures of Breast Cancer Epithelial Cells. Br. J. Cancer 2000, 82, 1312–1316. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, T.; Matsuda, T.; Junicho, A.; Kishi, H.; Saatcioglu, F.; Muraguchi, A. Cross-Talk, between Signal Transducer and Activator of Transcription 3 and Estrogen Receptor Signaling. FEBS Lett. 2000, 486, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Siersbæk, R.; Scabia, V.; Nagarajan, S.; Chernukhin, I.; Papachristou, E.K.; Broome, R.; Johnston, S.J.; Joosten, S.E.P.; Green, A.R.; Kumar, S.; et al. IL6/STAT3 Signaling Hijacks Estrogen Receptor α Enhancers to Drive Breast Cancer Metastasis. Cancer Cell 2020, 38, 412–423. [Google Scholar] [CrossRef] [PubMed]

	



Gyamfi, J.; Lee, Y.-H.; Eom, M.; Choi, J. Interleukin-6/STAT3 Signalling Regulates Adipocyte Induced Epithelial-Mesenchimal Transition in Breast Cancer Cells. Sci. Rep. 2018, 8, 8859. [Google Scholar] [CrossRef]

	



Yang, L.; Han, S.; Sun, Y. An IL6-STAT3 Loop Mediates Resistance to PI3K Inhibitors by Inducing Epithelial-Mesenchymal Transition and Cancer Stem Cell Expansion in Human Breast Cancer Cells. Biochem. Biophys. Res. Commun. 2014, 453, 582–587. [Google Scholar] [CrossRef]

	



Kettner, N.M.; Vijayaraghavan, S.; Durak, M.G.; Bui, T.; Kohansal, M.; Ha, M.J.; Liu, B.; Rao, X.; Wang, J.; Yi, M.; et al. Combined Inhibition of STAT3 and DNA Repair in Palbociclib-Resistant ER-Positive Breast Cancer. Clin. Cancer Res. 2019, 25, 3996–4013. [Google Scholar] [CrossRef]

	



Xing, J.; Li, J.; Fu, L.; Gai, J.; Guan, J.; Li, Q. SIRT4 Enhances the Sensitivity of ER-Positive Breast Cancer to Tamoxifen by Inhibiting the IL-6/STAT3 Signal Pathway. Cancer Med. 2019, 8, 7086–7097. [Google Scholar] [CrossRef]

	



Pan, H.; Gray, R.; Braybrooke, J.; Davies, C.; Taylor, C.; McGale, P.; Peto, R.; Pritchard, K.I.; Bergh, J.; Dowsett, M.; et al. 20-Year Risks of Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years. N. Engl. J. Med. 2017, 377, 1836–1846. [Google Scholar] [CrossRef]

	



Tsoi, H.; Man, E.P.S.; Chau, K.M.; Khoo, U.-S. Targeting the IL-6/STAT3 Signalling Cascade to Reverse Tamoxifen Resistance in Estrogen Receptor Positive Breast Cancer. Cancers 2021, 13, 1511. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.; Chen, M.; Sun, Z.; Ye, Y.; Han, X.; Qin, Y.; Liu, S. Wenshen Zhuanggu Formula Mitigates Breast Cancer Bone Metastasis through the Signaling Crosstalk among the Jagged1/Notch, TGF-β and IL-6 Signaling Pathways. J. Ethnopharmacol. 2019, 232, 145–154. [Google Scholar] [CrossRef]

	



Zhang, L.; Wu, X.; Feng, Y.; Zheng, L.; Jian, J. Selenium Donors Inhibits Osteoclastogenesis through Inhibiting IL-6 and Plays a Pivotal Role in Bone Metastasis from Breast Cancer. Cancer Toxicol. Res. 2020, 9, 544–551. [Google Scholar] [CrossRef] [PubMed]

	



Clevenger, C.V.; Chang, W.P.; Ngo, W.; Pasha, T.L.; Montone, K.T.; Tomaszewski, J.E. Expression of Prolactin and Prolactin Receptor in Human Breast Carcinoma. Evidence for an Autocrine/Paracrine Loop. Am. J. Pathol. 1995, 146, 695–705. [Google Scholar] [PubMed]

	



Reynolds, C.; Montone, K.T.; Powell, C.M.; Tomaszewski, J.E.; Clevenger, C.V. Expression of Prolactin and Its Receptor in Human Breast Carcinoma. Endocrinology 1997, 138, 5555–5560. [Google Scholar] [CrossRef]

	



Tworoger, S.S.; Eliassen, A.H.; Zhang, X.; Qian, J.; Sluss, P.M.; Rosner, B.A.; Hankinson, S.E. A 20-Year Prospective Study of Plasma Prolactin as a Risk Marker of Breast Cancer Development. Cancer Res. 2013, 73, 4810–4819. [Google Scholar] [CrossRef]

	



Tikk, K.; Sookthai, D.; Johnson, T.; Rinaldi, S.; Romieu, I.; Tjonneland, A.; Olsen, A.; Overvad, K.; Clavel-Chapelon, F.; Baglietto, L.; et al. Circulating Prolactin and Breast Cancer Risk among Pre- and Postmenopausal Women in the EPIC Cohort. Ann. Oncol. 2014, 25, 1422–1428. [Google Scholar] [CrossRef]

	



Sutherland, A.; Forsyth, A.; Cong, Y.; Grant, L.; Juan, T.-H.; Lee, J.K.; Klimowicz, A.; Petrillo, S.K.; Hu, J.; Chan, A.; et al. The Role of Prolactin in Bone Metastasis and Breast Cancer Cell-Mediated Osteoclast Differentiation. J. Natl. Cancer Inst. 2015, 108, dvj338. [Google Scholar] [CrossRef]

	



Shemanko, C.S. Prolactin Receptor in Breast Cancer: Marker for Metastatic Risk. J. Mol. Endocrinol. 2016, 57, R153–R165. [Google Scholar] [CrossRef]

	



Sakamoto, K.; Triplett, A.A.; Schuler, L.A.; Wagner, K.U. Janus Kinase 2 Is Required for the Initiation but Not Maintenance of Prolactin-Induced Mammary Cancer. Oncogene 2010, 29, 5359–5369. [Google Scholar] [CrossRef]

	



Chen, K.H.; Walker, A.M. Prolactin Inhibits a Major Tumor-Suppressive Function of Wild Type BRCA1. Cancer Lett. 2016, 375, 293–302. [Google Scholar] [CrossRef] [PubMed]

	



Peck, A.R.; Witkiewicz, A.K.; Liu, C.; Stringer, G.A.; Klimowicz, A.C.; Pequignot, E.; Freydin, B.; Tran, T.H.; Yang, N.; Rosenberg, A.L.; et al. Loss of Nuclear Localized and Tyrosine Phosphorylated Stat5 in Breast Cancer Predicts Poor Clinical Outcome and Increased Risk of Antiestrogen Therapy Failure. J. Clin. Oncol. 2011, 29, 2448–2458. [Google Scholar] [CrossRef] [PubMed]

	



Erdogan, F.; Radu, T.B.; Orlova, A.; Qadree, A.K.; de Araujo, E.D.; Israelina, J.; Valent, P.; Mustjoki, S.M.; Herling, M.; Moriggl, R.; et al. JAK-STAT Core Cancer Pathway: An Integrative Cancer Interactome Analysis. J. Cell. Mol. Med. 2022, 26, 2049–2062. [Google Scholar] [CrossRef]

	



Trengove, M.C.; Ward, A.C. SOCS proteins in development and disease. Am. J. Clin. Exp. Immunol. 2013, 2, 1–29. [Google Scholar]

	



Shuai, K. Regulation of cytokine signaling pathways by PIAS proteins. Cell Res. 2006, 16, 196–202. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Qu, C.K. Protein tyrosine phosphatase in the JAK/STAT pathway. Front. Biosci. 2008, 13, 4925–4932. [Google Scholar] [CrossRef]

	



Huang, X.; Li, Y.; Tanaka, K.; Moore, K.G.; Hayashi, J.I. Cloning and Characterization of Lnk, a Signal Transduction Protein that Links T-cell Receptor Activation Signal to Phospholipase C Gamma 1, Grb2, and Phosphatidylinositol 3-Kinase. Proc. Natl. Acad. Sci. USA 1995, 92, 11618–11622. [Google Scholar] [CrossRef]

	



Li, Y.; He, X.; Schembri-King, J.; Jakes, S.; Hayashi, J. Cloning and Characterization of Human Lnk, an Adaptor Protein with Pleckstrin Homology and Src Homology 2 Domains that Can Inhibit T Cell Activation. J. Immunol. 2000, 164, 5199–5206. [Google Scholar] [CrossRef]

	



Harlan, J.E.; Hajduk, P.J.; Yoon, H.S.; Fesik, S.W. Pleckstrin Homology Domains Bind to Phosphatidylinositol-4,5-Bisphosphate. Nature 1994, 371, 168–170. [Google Scholar] [CrossRef]

	



Takaki, S.; Morita, H.; Tezuka, Y.; Takatsu, K. Enhanced Hematopoiesis by Hematopoietic Progenitor Cells Lacking Intracellular Adaptor Protein, Lnk. J. Exp. Med. 2002, 195, 151–160. [Google Scholar] [CrossRef]

	



Takaki, S.; Sauer, K.; Iritani, B.M.; Chien, S.; Ebihara, Y.; Tsuji, K.; Takatsu, K.; Perlmutter, R.M. Control of B Cell Production by the Adaptor Protein Lnk: Definition of a Conserved Family of Signal-Modulating Proteins. Immunity 2000, 13, 599–609. [Google Scholar] [CrossRef] [PubMed]

	



Takaki, S.; Tezuka, Y.; Sauer, K.; Kubo, C.; Kwon, S.M.; Armstead, E.; Nakao, K.; Katsuki, M.; Perlmutter, R.M.; Takatsu, K. Impaired Lymphopoiesis and Altered B Cell Subpopulations in Mice Overexpressing Lnk Adaptor Protein. J. Immunol. 2003, 170, 703–710. [Google Scholar] [CrossRef] [PubMed]

	



Tong, W.; Lodish, H.F. Lnk Inhibits Tpo-Mpl Signaling and Tpo-Mediated Megakaryocytopoiesis. J. Exp. Med. 2004, 200, 569–580. [Google Scholar] [CrossRef] [PubMed]

	



Morris, R.; Zhang, Y.; Ellyard, J.I.; Vinuesa, C.G.; Murphy, J.M.; Laktyushin, A.; Kershaw, N.J.; Babon, J.J. Structural and Functional Analysis of Target Recognition by the Lymphocyte Adaptor Protein LNK. Nat. Commun. 2021, 12, 6110. [Google Scholar] [CrossRef]

	



Jiang, J.; Balcerek, J.; Rozenova, K.; Cheng, Y.; Bersenev, A.; Wu, C.; Song, Y.; Tong, W. 14-3-3 Regulates the LNK/JAK2 Pathway in Mouse Hematopoietic Stem and Progenitor Cells. J. Clin. Investig. 2012, 122, 2079–2091. [Google Scholar] [CrossRef]

	



Devallière, J.; Chatelais, M.; Fitau, J.; Gérard, N.; Hulin, P.; Velazquez, L.; Turner, C.E.; Charreau, B. LNK (SH2B3) Is a Key Regulator of Integrin Signaling in Endothelial Cells and Targets α-Parvin to Control Cell Adhesion and Migration. FASEB J. 2012, 26, 2592–2606. [Google Scholar] [CrossRef]

	



Kwon, S.M.; Suzuki, T.; Kawamoto, A.; Ii, M.; Eguchi, M.; Akimaru, H.; Wada, M.; Matsumoto, T.; Masuda, H.; Nakagawa, Y.; et al. Pivotal Role of LNK Adaptor Protein in Endothelial Progenitor Cell Biology for Vascular Regeneration. Circ. Res. 2009, 104, 969–977. [Google Scholar] [CrossRef]

	



Wang, T.C.; Chiu, H.; Chang, Y.J.; Hsu, T.Y.; Chiu, I.M.; Chen, L. The Adaptor Protein SH2B3 (Lnk) Negatively Regulates Neurite Outgrowth of PC12 Cells and Cortical Neurons. PLoS ONE 2011, 6, e26433. [Google Scholar] [CrossRef]

	



Ahlenius, H.; Devaraju, K.; Monni, E.; Oki, K.; Wattananit, S.; Darsalia, V.; Iosif, R.E.; Torper, O.; Wood, J.C.; Braun, S.; et al. Adaptor Protein LNK Is a Negative Regulator of Brain Neural Stem Cell Proliferation after Stroke. J. Neurosci. 2012, 32, 5151–5164. [Google Scholar] [CrossRef]

	



Zhu, X.; Fang, J.; Jiang, D.S.; Zhang, P.; Zhao, G.N.; Zhu, X.; Yang, L.; Wei, X.; Li, H. Exacerbating Pressure Overload-Induced Cardiac Hypertrophy: Novel Role of Adaptor Molecule Src Homology 2-B3. Hypertension 2015, 66, 571–581. [Google Scholar] [CrossRef]

	



Maslah, N.; Cassinat, B.; Verger, E.; Kiladjian, J.-J.; Velazquez, L. The Role of LNK/SH2B3 Genetic Alterations in Myeloproliferative Neoplasms and Other Hematological Disorders. Leukemia 2017, 31, 1661–1670. [Google Scholar] [CrossRef] [PubMed]

	



Gery, S.; Gueller, S.; Nowak, V.; Sohn, J.; Hofmann, W.K.; Koeffler, H.P. Expression of the Adaptor Protein Lnk in Leukemia Cells. Exp. Hematol. 2009, 37, 585–592. [Google Scholar] [CrossRef] [PubMed]

	



Ge, Z.; Gu, Y.; Xiao, L.; Han, Q.; Li, J.; Chen, B.; Yu, J.; Kawasawa, Y.I.; Payne, K.J.; Dovat, S.; et al. Co-Existence of IL7R High and SH2B3 Low Expression Distinguishes a Novel High-Risk Acute Lymphoblastic Leukemia with Ikaros Dysfunction. Oncotarget 2016, 7, 46014–46027. [Google Scholar] [CrossRef]

	



Yano, M.; Imamura, T.; Asai, D.; Deguchi, T.; Hashii, Y.; Endo, M.; Sato, A.; Kawasaki, H.; Kosaka, Y.; Kato, K.; et al. Clinical Significance of SH2B3 (LNK) Expression in Paediatric B-Cell Precursor Acute Lymphoblastic Leukaemia. Br. J. Haematol. 2018, 183, 327–330. [Google Scholar] [CrossRef] [PubMed]

	



Ding, L.-W.; Sun, Q.-Y.; Edwards, J.J.; Fernández, L.T.; Ran, X.B.; Zhou, S.Q.; Scolyer, R.A.; Wilmott, J.S.; Thompson, J.F.; Doan, N.; et al. LNK Suppresses Interferon Signaling in Melanoma. Nat. Commun. 2019, 10, 2230–2243. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, Z.M.; Chen, X.; Qi, X.; Wang, X.M.; Li, C.Y.; Qin, R.J.; Wang, S.Q.; Liang, J.; Zeng, M.S.; Sun, C.Z. Adaptor Protein LNK Promotes Anaplastic Thyroid Carcinoma Cell Growth Via 14-3-3 ϵ/γ Binding. Cancer Cell. Int. 2020, 20, 11. [Google Scholar] [CrossRef]

	



Cai, S.; Lu, J.X.; Wang, Y.P.; Shi, C.J.; Yuan, T.; Wang, X.P. SH2B3, Transcribed by STAT1, Promotes Glioblastoma Progression through Transducing IL-6/gp130 Signaling to Activate STAT3 Signaling. Front. Cell. Dev. Biol. 2021, 9, 606527. [Google Scholar] [CrossRef]

	



Ding, L.-W.; Sun, Q.-Y.; Lin, D.-C.; Chien, W.; Hattori, N.; Dong, X.-M.; Gery, S.; Garg, M.; Doan, N.B.; Said, J.W.; et al. LNK (SH2B3): Paradoxical Effects in Ovarian Cancer. Oncogene 2014, 34, 1463–1474. [Google Scholar] [CrossRef]

	



Pan, J.; Peng, R.; Cheng, N.; Chen, F.; Gao, B. LNK Protein: Low Expression in Human Colorectal Carcinoma and Relationship with Tumor Invasion. Biomed. Pharmacother. 2020, 121, 109467–109472. [Google Scholar] [CrossRef]

	



Wang, L.N.; Zhang, Z.T.; Wang, L.; Wei, H.X.; Zhang, T.; Zhang, L.M.; Lin, H.; Zhang, H.; Wang, S.Q. TGF-β1/SH2B3 Axis Regulates Anoikis Resistance and EMT of Lung Cancer Cells by Modulating JAK2/STAT3 and SHP2/Grb2 Signaling Pathways. Cell Death Dis. 2022, 13, 472–484. [Google Scholar] [CrossRef]

	



Hung, R.J.; Ulrich, C.M.; Goode, E.L.; Brhane, Y.; Muir, K.; Chan, A.T.; Marchand, L.L.; Schildkraut, J.; Witte, J.S.; Eeles, R.; et al. Cross Cancer Genomic Investigation of Inflammation Pathway for Five Common Cancers: Lung, Ovary, Prostate, Breast, and Colorectal Cancer. J. Natl. Cancer Inst. 2015, 107, djv246. [Google Scholar] [CrossRef]

	



Kuo, C.-L.; Joaquim, M.; Kuchel, G.A.; Ferrucci, L.; Harries, L.W.; Pilling, L.C.; Melzer, D. The Longevity-Associated SH2B3 (LNK) Genetic Variant: Selected Aging Phenotypes in 379,758 Subjects. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2020, 75, 1656–1662. [Google Scholar] [CrossRef] [PubMed]

	



Alexander, M.R.; Hank, S.; Dale, B.L.; Himmel, L.; Zhong, X.; Smart, C.D.; Fehrenbach, D.J.; Chen, Y.; Prabakaran, N.; Tirado, B.; et al. A Single Nucleotide Polymorphism in SH2B3/LNK Promotes Hypertension Development and Renal Damage. Circ. Res. 2022, 131, 731–747. [Google Scholar] [CrossRef]

	



Lv, J.; Yu, W.; Zhang, Y.; Cao, X.; Han, L.; Hu, H.; Wang, C. LNK Promotes the Growth and Metastasis of Triple Negative Breast Cancer via Activating JAK/STAT3 and ERK1/2 Pathway. Cancer Cell Int. 2020, 20, 124. [Google Scholar] [CrossRef]

	



Balko, J.M.; Schwarz, L.J.; Luo, N.; Estrada, M.V.; Giltnane, J.M.; Dávila-González, D.; Wang, K.; Sánchez, V.; Dean, P.T.; Combs, S.E.; et al. Triple-Negative Breast Cancers with Amplification of JAK2 at the 9p24 Locus Demonstrate JAK2-Specific Dependence. Sci. Transl. Med. 2016, 8, 334ra53. [Google Scholar] [CrossRef]

	



Yates, L.R.; Knappskog, S.; Wedge, D.; Farmery, J.H.R.; Gonzalez, S.; Martincorena, I.; Alexandrov, L.B.; Van Loo, P.; Haugland, H.K.; Lilleng, P.K.; et al. Genomic Evolution of Breast Cancer Metastasis and Relapse. Cancer Cell 2017, 32, 169–184. [Google Scholar] [CrossRef]

	



Mei, J.; Liu, Y.; Xu, R.; Hao, L.; Qin, A.; Chu, C.; Zhu, Y.; Liu, X. Characterization of the Expression and Prognostic Value of 14-3-3 Isoforms in Breast Cancer. Aging 2020, 12, 19597–19617. [Google Scholar] [CrossRef]

	



Kim, Y.; Kim, H.; Jang, S.W.; Ko, J. The Role of 14-3-3-β in Transcriptional Activation of Estrogen Receptor α and Its Involvement in Prolifertion of Breast Cancer Cells. Biochem. Biophys. Res. Commun. 2001, 414, 199–204. [Google Scholar] [CrossRef]

	



Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al. The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov. 2012, 2, 401–404. [Google Scholar] [CrossRef]

	



Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Sign. 2013, 6, 11. [Google Scholar] [CrossRef]

	



Fan, X.; Cui, L.; Song, W.; Gaur, U.; Yang, M. 14-3-3 Proteins on the Crossroads of Cancer, Aging, and Age-Related Neurodegenerative Diseases. In. J. Mol. Sci. 2019, 20, 3518. [Google Scholar] [CrossRef] [PubMed]

	



Shah, S.P.; Roth, A.; Goya, R.; Oloumi, A.; Ha, G.; Zhao, Y.; Turashvili, G.; Ding, J.; Tse, K.; Haffari, G.; et al. The clonal and mutational evolution spectrum of primary triple-negative breast cancers. Nature 2012, 486, 395–399. [Google Scholar] [CrossRef] [PubMed]

	



The Cancer Genome Atlas Research Network; Weinstein, J. N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott, K.; Shmulevich, I.; Sander, C.; Stuart, J.M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45, 1113–1120. [Google Scholar] [CrossRef]

	



Lefebvre, C.; Bachelot, T.; Filleron, T.; Pedrero, M.; Campone, M.; Soria, J.-C.; Massard, C.; Lévy, C.; Arnedos, M.; Lacroix-Triki, M.; et al. Mutational Profile of Metastatic Breast Cancers: A Retrospective Analysis. PLoS Med. 2016, 13, e1002201. [Google Scholar] [CrossRef]

	



Available online: www.mbcproject.org/data-release (accessed on 28 July 2023).

	



Pareja, F.; Brown, D.N.; Lee, J.Y.; Paula, A.D.C.; Selenica, P.; Bi, R.; Geyer, F.C.; Gazzo, A.; da Silva, E.M.; Vahdatinia, M.; et al. Whole-Exome Sequencing Analysis of the Progression from Non–Low-Grade Ductal Carcinoma In Situ to Invasive Ductal Carcinoma. Clin. Cancer Res. 2020, 26, 3682–3693. [Google Scholar] [CrossRef]

	



Kan, Z.; Ding, Y.; Kim, J.; Jung, H.H.; Chung, W.; Lal, S.; Cho, S.; Fernandez-Banet, J.; Lee, S.K.; Kim, S.W.; et al. Multi-omics profiling of younger Asian breast cancers reveals distinctive molecular signatures. Nat. Commun. 2018, 9, 1–13. [Google Scholar] [CrossRef]

	



Banerji, S.; Cibulskis, K.; Rangel-Escareno, C.; Brown, K.K.; Carter, S.L.; Frederick, A.M.; Lawrence, M.S.; Sivachenko, A.Y.; Sougnez, C.; Zou, L.; et al. Sequence analysis of mutations and translocations across breast cancer subtypes. Nature 2012, 486, 405–409. [Google Scholar] [CrossRef]

	



Stephens, P.J.; Tarpey, P.S.; Davies, H.; Van Loo, P.; Greenman, C.; Wedge, D.C.; Nik-Zainal, S.; Martin, S.; Varela, I.; Bignell, G.R.; et al. The landscape of cancer genes and mutational processes in breast cancer. Nature 2012, 486, 400–404. [Google Scholar] [CrossRef]

	



Krug, K.; Jaehnig, E.J.; Satpathy, S.; Blumenberg, L.; Karpova, A.; Anurag, M.; Miles, G.; Mertins, P.; Geffen, Y.; Tang, L.C.; et al. Proteogenomic Landscape of Breast Cancer Tumorigenesis and Targeted Therapy. Cell 2020, 183, 1436–1456. [Google Scholar] [CrossRef]

	



da Silva, E.M.; Selenica, P.; Vahdatinia, M.; Pareja, F.; Paula, A.D.C.; Ferrando, L.; Gazzo, A.M.; Dopeso, H.; Ross, D.S.; Bakhteri, A.; et al. TERT promoter hotspot mutations and gene amplification in metaplastic breast cancer. NPJ Breast Cancer 2021, 7, 1–8. [Google Scholar] [CrossRef]

	



Razavi, P.; Chang, M.T.; Xu, G.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; et al. The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34, 427–438. [Google Scholar] [CrossRef] [PubMed]

	



Razavi, P.; Dickler, M.N.; Shah, P.D.; Toy, W.; Brown, D.N.; Won, H.H.; Li, B.T.; Shen, R.; Vasan, N.; Modi, S.; et al. Alterations in PTEN and ESR1 promote clinical resistance to alpelisib plus aromatase inhibitors. Nat. Cancer 2020, 1, 382–393. [Google Scholar] [CrossRef] [PubMed]

	



Nixon, M.J.; Formisano, L.; Mayer, I.A.; Estrada, M.V.; González-Ericsson, P.I.; Isakoff, S.J.; Forero-Torres, A.; Won, H.; Sanders, M.E.; Solit, D.B.; et al. PIK3CA and MAP3K1 alterations imply luminal A status and are associated with clinical benefit from pan-PI3K inhibitor buparlisib and letrozole in ER+ metastatic breast cancer. NPJ Breast Cancer 2019, 5, 1–9. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 14777 g001] 





Figure 1. Regulation of the JAK-STAT signaling pathway by LNK in hormone receptor-positive breast cancer and non-tumor cells. Expression of IL-6R/gp130 and PRLR in non-tumor breast cells is closely associated with mammary gland development, whereas it is associated with cancer maintenance and initiation in hormone receptor-positive tumor cells. (1) Binding of IL-6 and PRL to their receptors induces activation of receptor-attached JAK2 kinases. (2) Active JAK2 phosphorylates STAT3 and STAT5 transcription factors. (3) STAT3 and STAT5 homodimers translocate into the nucleus and induce transcription of a number of genes that stimulate proliferation, differentiation, and survival of mammary cells. (4) STAT3 and STAT5 also stimulate the expression of LNK. (5) LNK localizes to the inner side of the cell membrane via interaction of the PH domain with membrane phosphatidylinositol lipids. This allows binding of the SH2 domain to JAK2, inhibiting the cascade. In tumor cells, constitutive activation of the IL6-IL-6R/JAK2-STAT3 and PRL-PRLR/JAK2-STAT5 loops may be associated with dysfunction of LNK. Three potential mechanisms have been proposed: (6) a reduction in LNK expression; (7) a blockage of LNK activity by binding with the inhibitor molecule 14-3-3; and (8) the presence of the SH2B3 missense variant rs3184504 (yellow star), which may be unable to interact with the cell membrane. As a result, increased proliferation, survival, migration, invasion capacity, and resistance to endocrine treatment have been reported. IL-6: interleukin-6; IL-6R/gp130: interleukin-6 receptor/glycoprotein 130; PRL: prolactin; PRLR: prolactin receptor; JAK2: Janus kinase 2; STAT3: signal transducer and activator of transcription 3; STAT5 signal transducer and activator of transcription 5; LNK: lymphocyte adaptor protein; PH: pleckstrin homology domain; SH2: Src homology 2 domain; DD: dimerization domain; pS13: phosphoserine 13; pS129: phosphoserine 129. Figure created with BioRender.com. 
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Figure 2. Analysis of expression and mutations of LNK. Publicly available data were downloaded through the cBioPortal for Cancer Genomics. (a) Analysis of sequencing data, including nearly 4000 breast cancer patients. Localization of 18 mutations detected. (b) Oncoprint of the expression of LNK-encoding gene SH2B3, investigated in luminal A and luminal B tumor samples from the TCGA transcriptomic dataset including 499 cases of luminal A and 197 cases of luminal B. Gene overexpression (mRNA High) was considered for samples with z-scores relative to normal adjacent tissue > 2, whereas gene underexpression (mRNA Low) was considered for samples showing z-scores relative to normal adjacent tissue < 2. Association of SH2B3 under- and overexpression with 5-year overall survival of patients with luminal A (c) and luminal B (d) breast cancer. Standardized survival data from cBioPortal were downloaded; a statistical comparison of samples showing overexpression (EXP > 2) with samples presenting unaltered expression is presented. 
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Figure 3. Effect of 14-3-3 isoform expression on clinical outcomes. Publicly available data were downloaded through the cBioPortal for Cancer Genomics. (a) Oncoprint of the expression of seven human 14-3-3 isoforms in luminal A and luminal B tumor samples from the TCGA transcriptomic dataset, including 499 cases of luminal A and 197 cases of luminal B breast cancer cases. Individual genes are represented as rows, and individual cases are represented as columns. Gene overexpression (mRNA High) was considered for samples with a z-score relative to that of normal adjacent tissue > 2, whereas gene underexpression (mRNA Low) was considered for samples showing a z-score relative to normal adjacent tissue < 2. Association of 14-3-3 ζ (b) and 14-3-3 β (c) isoform overexpression with 5-year overall survival. Standardized survival data from cBioPortal were downloaded, and a statistical comparison of samples showing overexpression (EXP > 2) with samples presenting unaltered expression is presented. SFN: gene encoding 14-3-3σ; YWHAB: gene encoding 14-3-3β; YWHAG: gene encoding 14-3-3γ; YWHAE: gene encoding 14-3-3ε; YWHAH: gene encoding 14-3-3η; YWHAQ: gene encoding 14-3-3θ; YWHAZ: gene encoding 14-3-3ζ. 
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Table 1. Breast cancer classification.
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Molecular Subtyping Classification

	
Immunohistochemical-Based Analysis

	
Genetic

Modifications

	
Frequency

	
Treatment






	
[22]

	
[25]

	
[22]

	
[23,24,25,26]

	
[24,25,26]




	
Luminal-A

	
ER+,

PR ≥ 20%,

HER2−,

Ki67 < 20%

	
Alterations in gene expression: ESR1, GATA3, FOXA1, XBP1.

	
~75%

	
Hormonal

therapy




	
Luminal-B

	
ER+,

PR < 20%,

HER2+,

Ki67 ≥ 20%

	
Gene mutations:

PIK3CA, ESR1, ERBB2, ERBB3.

	
Hormonal

therapy

Chemotherapy




	
HER2-enriched

	
ER−,

PR−,

HER2+

	
Gene amplifications: ERBB2, GRB7, TOPO2, MYC

Gene mutations: PIK3CA.

	
15–20%

	
Targeted therapy (anti-HER2 antibodies)




	
Basal-like

	
ER−,

PR−,

HER2−

	
Gene mutations:

TP53, BRCA, genetic instability.

	
10–20%

	
Chemotherapy (specific therapies are not available)
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