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Hormone receptor-positive breast cancer may recur or metastasize years or decades after its diagnosis. Furthermore, hormone receptor expression may persist in relapsed or metastatic cancer cells. Endocrine therapy is one of the most efficacious treatments for hormone receptor-positive breast cancers. Nevertheless, a considerable proportion of patients develop resistance to endocrine therapy. Previous studies have identified numerous mechanisms underlying drug resistance, such as epigenetic abnormalities in the estrogen receptor (ER) genome, activation of ER-independent ligands, and alterations in signaling pathways including PI3K/AKT/mTOR, Notch, NF-κB, FGFR, and IRE1-XBP1. This article reviews the mechanisms of endocrine resistance in hormone receptor-positive advanced breast cancer, drawing from previous studies, and discusses the latest research advancements and prospects.
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1 Introduction

Statistics from the Global Cancer Research Institute indicate that in 2020, female breast cancer surpassed lung cancer as the most common malignant tumor, with approximately 2.3 million new cases diagnosed annually, and approximately 700,000 women dying from the disease each year (1). In 2013, the St. Gallen International Breast Cancer Conference released its pathological molecular classification, which can be divided into Luminal A, Luminal B, HER-2 overexpression, and basal-like subtypes. Luminal A is hormone-sensitive, effective for endocrine therapy, and has a better prognosis than the other types (2). Approximately 70% of breast cancers express estrogen receptors (3). Estrogen is a steroid hormone that binds to receptors besides its impact on the reproductive system. It also exerts effects on other aspects of its physiological role, including cardiovascular, water, and salt metabolism, as well as the central and motor systems (4). Traditional endocrine therapies include selective estrogen receptor (ER) modulators (SERMs), selective ER degraders (SERDs), and aromatase inhibitors (AIs). The treatment strategy involves a blockade of the biological functions of estrogen and estrogen receptors. This blockade provides a significant survival benefit for such patients. Endocrine therapy has demonstrated an effective rate of 40–80% in patients with hormone receptor-positive disease (5). Although approximately 30% of patients with early breast cancer respond to endocrine therapy, subsequent drug resistance is inevitable, and approximately 50% of patients with advanced breast cancer and metastasis do not respond to endocrine therapy (6). Endocrine therapy remains a significant challenge in patients who can overcome resistance. Primary endocrine resistance refers to recurrence and metastasis within 24 months of adjuvant endocrine therapy, or disease progression within 6 months of first-line endocrine therapy for metastatic breast cancer (7). Secondary endocrine resistance refers to other endocrine resistance conditions that do not conform to primary endocrine resistance (7). Endocrine drug resistance results from the interplay between multiple mechanisms. This review primarily focuses on the current nature or possible mechanisms and recent progress in drug resistance.




2 Estrogen receptor and ESR1

ERα and ERβ are expressed in numerous tissues, including the uterus, ovary, breast, prostate, lung, and brain (8). The DNA-binding domains (DBD) of ERα and ERβ exhibit 96% homology, whereas the ligand-binding domain (LBD) displays 53% sequence similarity (8). The primary distinction lies in their respective N-terminal hormone-independent transcriptional activation (AF-1) domains (8). In the context of breast cancer, ERα represents the primary manifestation and can be activated by 17-β-E2, which plays a pivotal role in regulating cell growth, proliferation, and migration, as well as other biological functions. ERβ is likely to be a protective factor that inhibits cell proliferation and plays an antitumor role (9). ERα is a 66 kDa ligand-dependent transcription factor composed of 595 amino acids, including one central DNA-binding region, one ligand-binding region, and two trans-active domains (10) (Figure 1). The A/B domain, at the amino terminus, encompasses the ligand-independent activation region AF-1, which is regulated by phosphorylation (11). The C domain is responsible for binding to estrogen response elements (ERE) and the DNA sequence of the target gene (11). The D-domain is a hinge region that contributes to the specificity and nuclear localization of DNA-binding (12). The E domain represents the ligand-dependent activation region of the LBD and the AF-2 region, and is regulated by estrogen or SERMs (11). The C-terminal helix H12 in the LBD is a pivotal component of AF-2 cleavage and determines the agonist or antagonist status of the receptor (13). The F domain was identified at the carboxyl-terminal end. The ER is activated to regulate the expression of numerous genes by directly binding to EREs within the nuclear genome or interacting with other transcription factors (11).




Figure 1 | Schematic representation of ESR1 encoding ERα and the most common mutation sites of endocrine resistance. ERα comprises 595 amino acids. The structural domains of ERα include the transcription activation function 1 domain (AF1), DNA-binding domain (DBD), ligand-binding domain (LBD), AF2 domain, and flexible-hinge domain.



ERα and ERβ are located on different chromosomes and are encoded by ESR1 and ESR2, respectively. Mutations in these genes appear to be one of the main mechanisms underlying secondary endocrine resistance (14). In approximately 30% of metastatic hormone receptor-positive breast cancers, ESR1 mutations enhance the active conformational stability of ERα, particularly in patients who have been treated with AIs (15). An ESR1 mutation is an acquired mutation that results in ligand-independent ER activation (16). Studies have reported that mutations in the LBD region of ESR1 can be detected by next-generation sequencing in histological specimens of recurrent and metastatic hormone receptor-positive breast cancer (17, 18). The most common types of point mutations include the D538G (15%-20%), Y537S (5%-10%), and E380Q (5%-10%) mutations, which are in the LBD region of ERα (19, 20). Both the D538G and Y537S point mutations alter the H11-12 ring in the LBD region of ERα. The altered spatial conformation of H11-12 results in a structure that is more similar to that of the wild-type ERα-E2 complex, which maintains the receptor in an excited state. This pattern simulates the activated ligand-binding receptor pattern and blocks the binding of SERMs or SERDs to the receptor (21). These mutations result in structural changes at the protein level, which leads to a reduction in ligand affinity for the receptor-binding domain (21, 22). Keren Merenbakh-Lamin et al. conducted genetic analysis on tumor samples from 13 patients with metastatic breast cancer and examined the capacity of 538G-ERα to stimulate MCF-7 cell proliferation (23). The results demonstrated that compared to WT-ERα, 538G-ERα exhibited a 33% increase in cell proliferation in the untreated group and a 28% increase in the E2-treated group. Furthermore, 538G-ERα is more prone to distant metastasis (23). Previous studies have demonstrated that D538G and Y537S mutation models induced by doxycycline promote tumor metastasis. However, tumor cells in metastatic foci retreat after the inducer is withdrawn, which indirectly indicates that tumor metastasis is caused by mutations (24). Other studies have demonstrated elevated TCA activity in 537S-ERα mutants, which are not only glucose dependent but also use glutamine as an alternative carbon source compared to WT-ERα cells, which are primarily glucose dependent (25). Consequently, the mutants exhibited a heightened biological capacity to invade and metastasize, which may account for the prevalence of ESR1 mutations in metastatic breast cancer but not in early breast cancer. The Paloma-2 trial demonstrated that patients continued to accumulate the Y537S mutation throughout treatment with fulvestrant alone or combined with Palbociclib (26). In the Paloma-3 trial, patients with the Y537S mutation were treated with fulvestrant. The results demonstrated that the Y537S mutation had a worse clinical outcome than the D538G mutation (26). The combination of AI and mTOR inhibitors administered to patients with the D538G mutation has been shown to result in more favorable therapeutic outcomes than the Y537S mutation (20). In contrast, Jeselsohn et al. demonstrated that SERM or SERD treatment of the Y537S mutant exhibited a more pronounced anti-growth inhibition effect than that of the D538G mutant and wild-type ERα (24). This study revealed that cell lines treated with SERM or SERD for an extended period did not develop ESR1 mutations, whereas most mutations occurred during the withdrawal of AI drugs (24, 27). Spoerke et al. examined ESR1 mutants in 37% (57/153) of ctDNAs from patients before and after the progression of AI drug use using liquid biopsy (28). The researchers compared ctDNA with matched tumor tissue data and found that ESR1 mutations (0/81), (3/31), and (12/19) were present in tumor tissues collected at the initial diagnosis, before AI treatment, and after AI treatment progression, respectively. Furthermore, the content of ESR1 mutations in ctDNA is often higher than that in matched tumor tissues (28). Survival analysis revealed that the overall survival rate of individuals harboring the Y537S or D538G mutant was lower than individuals harboring the wild-type form of ERα (20.7 months vs. 32.1 months) (29). Nevertheless, preclinical studies indicate these mutations elicit disparate responses to SERMs and SERDs. For instance, they exhibit reduced sensitivity to fulvestrant, although this depends on dosage (30).

Transcriptional regulatory nucleoprotein 1 (NUPR1, P8, and COM-1) is a transcription co-regulatory factor induced by tamoxifen (TAM) in a time- and dose-dependent manner. Wang et al. demonstrated that NUPR1 can bind to ESR1 and regulate the transcription of BECN1, GREB1, RAB31, PGR, CYP1B1, and other genes involved in autophagy and drug resistance. Furthermore, they observed that the level of NUPR1 was significantly elevated in TAMR cells, and that its expression level was significantly correlated with postoperative survival time (31).

Gene rearrangement is a pivotal driver of a multitude of solid tumors (32). Similarly, in advanced hormone receptor-positive breast cancer, the fusion of non-coding promoter genes is a factor in relapse resistance (33). In 2018, Hartmaier et al. applied a novel algorithm to target sequencing genome structure rearrangement (RES) in three breast cancer cell lines and identified gene fusion transcripts using DNA pairing and RNA sequencing. The intra-frame fusion transcripts ESR1-DAB2 and ESR1-GYG1 were found in patients with supraclavicular lymph node metastasis and bone metastasis, respectively (34). Subsequently, the ctDNA of 9,542 breast cancer patients was subjected to further analysis, which revealed other concentrated gene fusion transcripts and transcripts with higher abundance in ER-positive metastatic breast cancer. Researchers postulated that at least 1% of MBC cases were associated with ESR1 gene fusion, with a 10-fold increase in ctDNA (34). To ascertain its function, further analysis of ESR1-DAB2, ESR1-GYG1, and ESR1-SOX9 fusion genes revealed that they all exhibited ligand-independent characteristics. Compared to the wild-type, ER with ESR1-DAB2 and ESR1-SOX9 fusion genes exhibited tenfold greater activity, whereas the ER activity of the mutant with LBD deletion was lower than the wild-type. However, these activities are independent of ligands (34). Elimination of the LBD region by the ESR1 fusion protein, which carries multiple 3’ chaperone genes, may be the mechanism underlying endocrine relapse drug resistance. Furthermore, drug therapies for ER are insensitive.




3 Cell cycle pathway: CDK4/6

Cyclin-dependent kinase 4/6 (CDK4/6) has been identified as a key driver of ER-positive breast cancer growth and proliferation (35). Amplification and overexpression of cyclin D1 (encoded by CCND) are common in breast malignancies, with a particularly high prevalence in the Luminal A (29%) and Luminal B (58%) subtypes. In contrast, CDK4 is amplified in Luminal A (14%) and Luminal B (58%) subtypes (36). CyclinD1 binds to CDK4/6 to form a holoenzyme complex. In this process, the KIP/CIP protein (encoded by CDKN1) is required to assist in the assembly of the complex, whereas KIP/CIP inhibits the CDK1/2 complex (37). The holoenzyme complex phosphorylates a subset of the retinoblastoma protein (Rb) family, including P107 (encoded by RBL1), P110 (encoded by RB1), and P130 (encoded by RB2) during the G1 phase. The CDK2-cyclin complex then phosphorylates Rb (38), releasing the E2F transcription factor and inducing cyclin E (encoded by CCNE) to form a complex with other CDK1-3, which induces a series of biological reactions. Concurrently, the cyclin-CDK4/6 complex can directly phosphorylate the transcription factor FOXM1 (39), facilitating the transition of cells from G1 to S phase (40, 41) (Figure 2).




Figure 2 | Schematic of the interactions between the PI3K-Akt-mTOR, RAS-RAF-MEK-ERK, and CDK4/6 pathways in ER-positive, HER2-negative breast cancer.



The activity of CDK is regulated by endogenous inhibitors; however, it requires the involvement of fully functional Rb proteins rather than incomplete or disabled Rb proteins (42). CDK inhibitors belong to the CDK-interacting protein/kinase inhibitor (CIP/KIP) family, which exerts both activating and inhibitory effects and influences the activity of cyclin-CDK complexes (43). This family of proteins includes p21CIP1, p27KIP1, and p57KIP2 (43). They are inhibitors of CDK2, both in vitro and under conditions of cell growth arrest (44). They are essentially disordered proteins that fold sequentially into cyclin and CDK to form a complex (45). Mice lacking p21 or p27 are susceptible to tumor formation (46, 47). Some studies have demonstrated that low expression of P21 can facilitate the formation of the CDK4 complex, whereas high expression of P21 exerts an inhibitory effect (48). Guiley et al. demonstrated that p27 allosterically activates the CDK4-Cyclin complex through a remodeling kinase. The recombinant CDK4-cyclinD complex containing p27 activity is insensitive to inhibitors such as Palbociclib, whereas p21 exhibits relatively low activity (49). The INK4 family of proteins, including p16INK4A, p14ARF, p15INK4B, p18INK4C, and p19INK4D, specifically interacts with the catalytic domain of CDK4/6. This process is initiated by inhibition of the binding of the aforementioned proteins to cyclin D, which inhibits the kinase activity of CDK4/6 (43). This results in the release of E2F and subsequent cell cycle arrest in the G1 phase (50). In HR+ breast cancer, there is often concomitant inactivation of RB1, amplification of cyclinD1 gene, and inactivation of CDKN2. However, RB1 inactivation is rare (51). Loss of RB1 may be a mechanism of resistance to CDK4/6 inhibitors in tumors that have lost RB1 function. Furthermore, alterations in the overexpression of cyclin D or cyclin E are expected to reduce therapeutic responsiveness in tumors that retain functional Rb (52). The loss of RB1 function and high levels of CCNE1 expression resulted in a decrease in ESR1 and PRG expression levels and hormone-dependent reactivity, which demonstrates that RB1 status is related to the growth and proliferation of hormone-dependent tumor cells (53, 54). Cyclin D levels are regulated by multiple cellular signaling pathways and can also be involved in cell cycle regulation as independent kinases, such as interactions with hormone receptors and transcription factors (55). Studies have demonstrated that the expression level of cyclin D1 is elevated in breast cancer stromal cells, prompting fibroblasts to secrete pro-inflammatory factors and osteopontin, facilitating tumorigenesis (56). The inhibitory protein encoded by CDKN2 competitively binds to CDK4/6 and induces conformational changes. Inactivation of the inhibitory gene results in the indirect enhancement of CDK4/6 activity (41), increasing the sensitivity threshold of cancer cells to CDK4/6 inhibitors, which induces drug resistance (57). Several resistances mechanisms have been implicated, with hormone-dependent cell signaling being the most susceptible to CDK4/6 inhibitors (51). CDKN1 has both inhibitory and activating effects on CDK4/6 cells. Previous studies have indicated that loss of ERα expression and ESR1 gene mutations are frequently found in drug-resistant tissues treated with CDK4/6 inhibitors combined with anti-estrogen drugs (58). However, these studies also suggested that the sensitivity of tumors with endocrine resistance to CDK4/6 is not related to ESR1 status (59).

CDK4/6 inhibitors play a positive role in tumor immunity. Goel et al. identified a mechanism related to the involvement of CDK4/6 inhibitors in immune evasion, which enhances antitumor immunity (60). The expression of HLA in CCND1-amplified tumor cells was upregulated by CDK4/6 inhibitors, which also activated the expression of retroviral elements in tumor cells treated with Abemaciclib. This results in increased dsRNA levels, driving interferon-stimulating gene (ISG) production, increasing the production of type III IFN, upregulating IL-2 to inhibit Tregs, and decreasing the number of peripheral Tregs and Treg/CD8+ ratio (60, 61). These regulatory methods are independent of tumorigenesis and enhance the ability of antigen-presenting and tumor-killing CD8+ T cells. The combination of Abemaciclib with anti-PD-L1 demonstrated enhanced immune effects, including dendritic cell maturation, cytokine activation, Th1/2 pathway activation, antigen presentation, and cell enhancement (60, 62).

Some alterations in the targets of the P13K-AKT/RAS-ERK signaling pathway are related to the resistance to CDK4/6 inhibitors. Amplification and mutation of AKT1 and AKT3 in the AKT pathway represent one such pathway, whereas PIK3CA mutation does not constitute a mechanism of drug resistance. The combination of CDK4/6 and PI3K inhibitors resulted in the regression of breast cancer grafts with PIK3CA mutations, and the combination of PI3K, AKT, and mTORC1/2 inhibitors demonstrated increased efficacy in multiple preclinical models of breast cancer. Wander et al. performed whole-exome sequencing of 59 samples and identified genomic alterations associated with hormone receptor-positive breast cancer, including 27 (65.9%) of 41 CDK4/6 inhibitor-resistant biopsies. In 9% of 41 CDK4/6 inhibitor-resistant biopsies, at least one of the following eight changes was observed: activating mutations and/or amplification of AKT1, KRAS/HRAS/NRAS, FGFR2, and ERBB2; amplification of CCNE2 or AURKA; biallelic disruption of RB1; and loss of ER (63). These changes were still present in small amounts in the susceptible cohort but were less abundant than in the resistant cohort (63). These novel findings provide insights into the potential mechanisms underlying CDK4/6 resistance.

CDK4/6 inhibitors (including Palbociclib, Ribociclib, and Abemaciclib) can block the cell cycle by inhibiting downstream signaling. Both domestic and foreign guidelines to treat hormone receptor-positive breast cancer recommend a CDK4/6 inhibitor combined with endocrine therapy as the preferred initial treatment for patients with luminal-type breast cancer following the development of endocrine therapy. A summary of clinical studies evaluating CDK4/6 inhibitors in HR-positive/HER2-negative breast cancers is shown in Table 1.


Table 1 | Summary of randomized phase II/III clinical trials evaluating CDK4/6 inhibitors in HR-positive/HER2-negative Advanced or Metastatic BC (36).



According to the findings of the PALOMA-1 clinical study, the Food and Drug Administration (FDA) approved Palbociclib in February 2015 (57). Subsequently, in a Phase III clinical trial of a CDK4/6 inhibitor combined with an aromatase inhibitor, Palbociclib, Ribociclib, and Abemaciclib demonstrated superior clinical efficacy in progression-free survival (PFS), establishing the first-line treatment status of AI combined with CDK4/6. The Phase III clinical PALOMA-2 study demonstrated that the PFS in patients treated with Palbociclib plus letrozole was significantly longer than in those treated with letrozole alone (24.8 months vs. 14.5 months; hazard ratio (HR) = 0.56; P < 0.001). Furthermore, the objective response rate (ORR) was higher in the combination therapy group (55.3% vs. 44.4%) (64, 65). The Phase III MONALEESA-2 evaluation of first-line Ribociclib + letrozole demonstrated that the median PFS in the Ribociclib + letrozole group was significantly longer than that in the placebo group (25.3 months vs. 16.0 months; HR = 0.57; P < 0.001), indicating an improvement (66). The MONARCH 3 clinical study demonstrated that the combination of Abemaciclib and AI significantly prolonged PFS in patients with advanced breast cancer who had not previously received systemic therapy (28.2 months vs. 14.8 months; HR = 0.54; P < 0.001) and ORR (61% vs. 46%) (67).




4 Cell signaling pathways



4.1 PI3K-AKT-mTOR

The PI3K-AKT-mTOR pathway plays a pivotal role in the regulation of numerous physiological processes. It is also one of the most prevalent signal transduction pathways in malignant tumors, as evidenced by numerous studies (68). PI3K (encoded by PIK3CA), a dimer composed of the regulatory subunit P85 and catalytic subunit P110, is activated by the receptor tyrosine kinases (RTKs) and GPCRs (69, 70), which phosphorylate PIP2 to PIP3. This process is inhibited by the negative regulator PTEN, resulting in an increased intracellular PIP3 concentration (71). This prompts PDK1 to phosphorylate threonine on AKT (depending on mTORC2) (71). Activation of AKT inhibits dimerization of Tuberous Sclerosis Complex 1/2 (TSC1/2), a negative regulator of mTORC1. Consequently, AKT activates mTORC1 indirectly (70). The principal nodes in the P13K-AKT-mTOR signaling pathway are shown in Figure 2.

PIK3CA mutations are present in 20% to 50% of patients with breast cancer, including 35% of hormone receptor-positive patients. In contrast, AKT and PTEN mutations are more common in hormone-receptor-positive patients (72). PIK3CA mutations are primarily observed in specific regions within exons 9 and 20, which encode PI3K helix and kinase domains, respectively (73). The mutation of exon 9 enables P110 α to circumvent the inhibitory function of P85 through the SH2 domain; however, the mechanism of exon 20 remains unclear (74). Loss of PTEN protein is more prevalent than loss of PTEN mutations in patients with breast cancer (75, 76). Stemke-Hale et al. demonstrated that the AKT1-E17K mutation is restricted to breast cancers expressing both ER and PR, and confirmed that AKT1-E17K, PIK3CA, and PTEN mutations are mutually exclusive in breast cancer cell lines, similarly to other tumor types (72). However, PTEN loss and PIK3CA mutations were not mutually exclusive, which is consistent with previous results (77). PIK3CA mutation is associated with high expression of AKT1 and cyclinD1, whereas PIK3CA, AKT mutation, and PTEN loss seem associated with a favorable clinical prognosis (72, 77). In wild-type PIK3CA, the loss of PTEN protein was associated with increased AKT activation, whereas PIK3CA mutation was not significantly associated with the phosphorylation of PTEN protein or its downstream substrate (72). However, PIK3CA mutations were not significantly associated with prognosis in patients with ERα-positive breast cancer treated with tamoxifen (72, 77). Furthermore, Wander et al. observed alterations in PIK3CA in both sensitive and drug-resistant hormone receptor-positive breast cancer biopsies, suggesting that PIK3CA is unlikely to cause drug resistance (63). Despite the absence of evidence that PTEN loss causes PI3K activation, Stommel et al. found that RTK inhibitors can downregulate AKT, suggesting that AKT activation may be associated with the absence of PTEN (78). In a previous retrospective study conducted by Tokunaga et al., endocrine therapy was significantly less effective in AKT-negative patients (P < 0.01) than in 12 AKT-positive patients (33.4%) (79), suggesting that AKT activation is associated with poor clinical outcomes. Both PI3K and mTOR belong to the PI3K-related kinase (PIKK) superfamily and share similar domains, which allows for the simultaneous targeting of these two kinases by some inhibitory drugs (70). Previous studies have also observed that the P13K-AKT-mTOR pathway is activated in MCF-7 cells with stable 537S-ER expression or transient 538G-ER expression and that phosphorylation of AKT, mTOR, and downstream S6K is enhanced (25). This is a downstream marker of mTOR activation and predicts lower survival in breast cancer patients with high expression of hormone receptor-positive breast cancer undergoing endocrine therapy (80). The combination of mTOR and AIs has been the standard of care for ER+ advanced breast cancer; however, this treatment has not demonstrated an improvement in survival in clinical trials (81). In addition, approximately 23% of breast cancers exhibit a loss of PTPN12 protein, which causes a loss of the ability to downregulate growth factor signal transduction and predicts poor prognosis (82).

The objective was to target mutated genes in the PI3K-AKT-mTOR signaling pathway, including the PI3K inhibitors alpelisib and inavolisib, and the AKT inhibitors ipatasertib and capivasertib. Although these drug studies have demonstrated a therapeutic effect on endocrine-resistant breast cancer, alpelisib is only suitable for patients with PIK3CA mutations and has not yet been approved in China. In contrast, capivasertib has not been approved for domestic or foreign use.

The BOLERO-2 and PrE 0102 studies demonstrated the clinical efficacy of a second-line combination regimen based on evolimus (83). A total of 724 patients were included in the international multicenter Phase III clinical study BOLERO-2, which opened a new treatment window for patients with endocrine-resistant breast cancer. The results demonstrated that the combination of everolimus and exemestane prolonged the median PFS in postmenopausal patients with late-stage HR-positive/HER2-negative breast cancer who relapsed or progressed after AI therapy; the HR = 0.45 (84). In BOLERO-2, the median PFS was longer in the everolimus plus exemestane group than in the exemestane alone group (7.4 months vs 2.0 months; HR = 0.52). This study provides a new strategy for postmenopausal patients with ER-positive/HER2-negative breast cancer (85). Based on the established efficacy of CDK4/6 inhibitors as second-line treatments, the TRINITI-1 study sought to evaluate the efficacy of a combination of exemestane, Ribociclib, and everolimus in patients with HR-positive/HER2-negative advanced breast cancer who progressed after CDK4/6 inhibitor treatment. The clinical benefit rate of the three-drug combination regimen at the end of 24 weeks was 41.1%, and the overall population median PFS was 5.7 months (86). The MIRACLE study included 199 domestic, multicenter patients with breast cancer. The results demonstrated that the ORR of the combined group treated with evolimus was 50.0% and 39.3%, respectively, compared to the ORR of the letrozole group. The median PFS was 19.4 months for the combined group and 12.9 months for the letrozole group, respectively (87). Table 2 lists inhibitors designed to target the P13K-AKT-mTOR pathway (88).


Table 2 | P13K-AKT-mTOR pathway potency (88).






4.2 Notch

The Notch pathway is highly conserved and activated by receptor-mediated activation through signal-sending and signal-receiving cells (89). In the Notch signaling pathway, the cells that initiate the signaling process, referred to as “signaling-sending cells,” express five ligands for the Notch receptor, whereas the cells that receive the signal, or “signaling-receiving cells,” express four receptors for the Notch ligand in proximity to each other. The classic Notch signaling pathway is intimately associated with a multitude of biological functions in cancer cells (90). Upon ligand-mediated activation of the Notch receptor by a signaling cell, the extracellular domain of the Notch receptor (NotchEC) is endocytosed into the signaling cell, accompanied by the Notch ligand. The transmembrane domain (NotCHIC-TM) of the extracellular domain of the signaling recipient cell is cleaved by ADAM twice. Subsequently, the Notch extracellular domain is cleaved by the gamma secretase complex (GIS) to generate NotchIC. Subsequently, it combines with the transcription activators CSL and MAML1 to form the NotCHIC-MamL-CSL complex, initiating the transcription of Notch signaling target genes. Previous studies by Hao et al. demonstrated that Notch 1 can promote the expression of ERα target genes, including VEGFA, CD44, cyclinD1, C-myC, and PS2, in an E2-deficient culture medium (91). Notch3 plays a pivotal role in regulating ERα expression. Xiao-Wei Dou et al. demonstrated that Notch3 enhances ERα expression by binding to CSL elements within ERα promoters in cell lines. Furthermore, they observed a reduction in ERα gene and protein levels in McF-7 and T47D cells following Notch3 silencing (92). Notch signaling also plays a pivotal role in cancer stem cells. In a separate study, Sansone et al. demonstrated that inhibition of the IL6R/IL6-Notch3 pathway could restore ERα expression and render CD133hiCSCs dependent on ERα instead of the IL6/Notch3-Jagged1 pathway (93). Notch4 is inhibited when ERα activates target genes through classical e2-dependent pathways. Consequently, the Notch signaling pathway is activated when ER expression is downregulated or ER signaling pathway is inhibited (94). Furthermore, the Notch signaling pathway plays a pivotal role in tumor epithelial-mesenchymal transition (EMT). In an experiment conducted by Bui et al., high expression levels of mesenchymal marker proteins were observed in TAMR-MCF-7 cells, demonstrating that Notch4/STAT3 crosstalk plays an important role (95). Moreover, the Notch pathway is also associated with ESR1 mutations. Gelsomino et al. investigated the common ESR1 mutant types Y537S, Y537N, and D538G, and detected high expression of relevant molecules in the Notch signaling pathway in the mutants compared to the wild-type (96). These findings indicated that ESR1 mutations may contribute to drug resistance in cell lines by modulating the ER/Notch pathway.




4.3 NF-κB

Nuclear transcription factor kappa B (NF-κB) plays a pivotal role in endocrine drug resistance in breast cancer. Under normal conditions, NF-κB binds to its inhibitor IκBα to form homodimers or heterodimers. The classical activation pathway involves the action of inflammatory factors such as IL-1β and TNF-α, which initially activate TGF-β-activated kinase 1 (TAK1). This activates the IKK complex, which comprises IKKα (β) and NEMO. Subsequently, the serine residues of IκBα are phosphorylated, resulting in proteasome cleavage. The released NF-κB is then transferred from the cytoplasm to the nucleus and binds to its target genes, inducing transcription (97, 98).

Biswas et al. identified low NF-κB expression in HR+ breast cancer and subsequently demonstrated that the ER-dependent pathway inhibits NF-κB gene activation (99). This may indicate a comparable inverse correlation between ER and NF-κB expression in breast cancer cells, a relationship that has been well documented in the literature (100). Ruchi Nehra et al. observed that the expression level of P65 was elevated in ER+ cell lines exhibiting resistance to TAM endocrine therapy, accompanied by an augmented transcriptional activity of NF-κB and AP-1 (97). Following the administration of an NF-κB inhibitor, the transcription of NF-κB was found to decrease, as was the proliferation of drug-resistant cell lines (97). Kubo et al. compared ER+ breast cancer patients before and after endocrine therapy with AI, and observed increased NF-κB expression and induced resistance to endocrine drugs in breast cancer cells with disease progression after treatment (101). In conclusion, these results demonstrate increased NF-κB expression in breast cancer cells exhibiting ER-positive recurrence and/or endocrine resistance. As previously discussed, NF-κB can influence the sensitivity of breast cancer cells to endocrine drugs by regulating ERα expression.

The Zeste Homolog 2 Enhancer (EZH2) can be activated by certain inflammatory factors within the tumor microenvironment in a manner dependent on NF-κB, and the expression of ER was significantly increased following the silencing of EZH2 (102). As previously stated, NF-κB expression is negatively correlated with ER expression in breast cancer cells. Wang et al. previously demonstrated that RelB, a member of the NF-κB family, inhibits the expression of ER (103). The forkhead box O3a (FOXO3a) transcription factor binds to the ER promoter to initiate ER transcription. Phosphorylation of FOXO3a by filamentous threonine protein kinase C (PKC) results in inactivation of FOXO3a protein, which regulates the activity of the c-Rel transcription factor (104). It has been demonstrated that ER and p65 exist in protein complexes in DNA. Furthermore, inhibition of the NF-κB pathway can block cytokine-dependent p65 recruitment and enhance ER recruitment (98). Both E2 and NF-κB play a role in promoter regulation, and crosstalk between them affects the ability of ERα to activate its target genes (98). This demonstrates how NF-κB affects ER binding to DNA and, thus, ER activity. NF-κB regulates ERα transcriptional activity through both classical and non-classical pathways. The classical NF-κB pathway is activated in a cytokine-dependent manner, as previously described. Cytokines such as TNF-α can induce S118 phosphorylation of the ERK-dependent AF1 fragment of ER, which directly activates the ERE. This enhances the binding of ER to co-stimulators, including SRC3 and CBP/P300. Consequently, the ER becomes more sensitive to E2 and less sensitive to TAM (98). Conversely, IKK-α, produced by the non-classical pathway, can recruit the co-stimulator A1B1/SRC3 through the phosphorylation of S118 to form a transcription complex with ER, IKKα, and A1B1/SRC3, mediating the transcription of E2 (105). Following the binding of ER to TAM, a conformational change occurs, enabling ER to bind to nuclear receptor corepressor 1 (NCoR1). This results in the inhibition of histone deacetylation (106), which is associated with target genes. However, this process can be inhibited by IL-1β (107). However, its precise mechanism of action remains unclear. The interdependence of the ER and NF-κB pathways can rapidly downregulate miR-181a/b in microRNAs (miRNAs), helping to generate amplification loops and upregulation of target genes. This represents another crosstalk between the ER and NF-κB (108), which reveals the complexity between them.




4.4 FGFR

Fibroblast growth factor receptors (FGFRs) are members of the RTK superfamily (109, 110), which includes FGFR1-4. These receptors contain tyrosine kinase and transmembrane and extracellular domains. FGFR5 (FGFRL1), which lacks an intracellular kinase domain, binds to FGFs and prevents their interaction with other FGFRs (110). Fibroblast growth factors (FGFs) are secreted by tumor cells or stroma and can be classified into different types based on their homology, which is not the focus of this discussion. Heparin sulfate proteoglycans (HSPGs) stabilize the binding of FGF ligands to FGFRs, induce self-dimerization following receptor activation, phosphorylate the intracellular tyrosine kinase region, and activate downstream signaling pathways, such as PLC-IP3-DG-Ca2+, Ras-MAPK, PI3K-AKT, and JAK-STAT (111, 112). FGFR alterations include point mutations and gene fusion (113, 114). The most common of these is FGFR1 gene amplification (115), which causes endocrine resistance as ligand-dependent and ligand-independent pathways in approximately 15% of ER+ metastatic breast cancers (115–117). However, tumor cells are sensitive only to highly amplified FGFR1/2, and the underlying mechanism has been confirmed in multiple studies (118, 119). Luigi Formisano et al. observed that in vitro simulated ER+/FGFR1-amplified breast cancer cell lines were given AI drugs to simulate estrogen deprivation (LTED). This resulted in an increase in FGFR1 amplification as well as an increase in FGF3/4/19 and CCND expression. Furthermore, FOXA1 was found to promote FGFR1 nuclear expression through FGFR1 recruitment, driving estrogen-independent ERα transcription and inducing endocrine drug resistance (120). Servetto et al. investigated the relationship between FGFR1 and nuclear expression and demonstrated that FGFR1 nuclear expression induces non-estrogen-dependent cell growth, whereas cell lines exhibit reduced sensitivity to tamoxifen and fulvestrant (121). Potential mechanisms include the promotion of transcription of anti-estrogen resistance-related genes, binding to RNA polymerase II, and occupation of transcriptional promoter sites (121). Mao et al. demonstrated that FGFR1 and FGFR2 overexpression in the presence of FGF2 activated the MAPK and PI3K/AKT pathways, leading to fulvestrant and CDK4/6i resistance. However, this process can be reversed (122). Formisano et al. conducted a study analyzed the mechanism of FGFR1 resistance to CDK4/6 inhibitors. Their findings indicated that cyclinD1-mediated FGFR signal transduction plays a pivotal role in cell resistance to CDK4/6 inhibitors. Furthermore, they demonstrated that FGFR1 inhibition restored cell sensitivity to drugs (123). Although FGFR2 alteration is relatively uncommon in breast cancer, it is involved in endocrine resistance of tumor cells. It has been demonstrated that the FGF7/FGFR2 pathway enhances PI3K/AKT-mediated phosphorylation of ERα, enhancing drug resistance to SERM (124). Moreover, FGFR2 overactivation results in cross-resistance between the SERD and CDK inhibitors (122, 123).




4.5 IRE1-XBP1

The unfolded protein response (UPR) signaling pathway plays a pivotal role in maintaining the functionality of the ER. The UPR pathway increases the ER protein folding ability when there is damage to this ability; misfolded or unfolded proteins accumulate in the ER, stimulating the UPR-mediated activity of transcription factors. This reestablishes the ability of the ER to dispose of proteins. Alternatively, UPR may induce cytotoxic death (125, 126).

Where intracellular proteins must be produced in large quantities, the UPR signaling pathways are activated. For example, the estrogen pathway can induce the expression of target genes in breast cancer cells, resulting in the production of proteins that promote growth and proliferation (127). The activation of the stress sensor molecules IRE1, PERK, and ATF6, which are on the ER membrane, initiates activation of the UPR signaling pathway (128). Normally, the ER chaperone protein, GRP78, interacts with three sensors to inhibit its activity. In response to ENR stress, sensor molecules dissociate from chaperone proteins and are activated, initiating a signaling cascade that enhances the activity of relevant transcription factors (129). Activation of IRE1 results in mRNA-specific splicing of XBP1 to form XBP1-SMRNA, but not XBP1-UMRNA (130). Nevertheless, there is crosstalk between the IRE1-XBP1 pathway and estrogen, which can induce endocrine resistance in cancer cells. Inhibiting the UPR signaling pathway may help to reverse drug resistance. First, estrogen activates UPR signaling through the PLC-PIP2-IP3 pathway in an ENR stress-independent manner (128). ER can lead to the simultaneous upregulation of XBP1 and IRE1, which jointly promotes the production of XBP1-S (131). This results in the formation of a positive feedback loop between XBP1 and the ER. Concurrently, ER can form a complex with XBP1-S to enhance ligand-independent transcriptional activity (132). Both XBP1-S and XBP1-U have been shown to promote endocrine resistance in ER+ breast cancers. Increased expression of XBP1-SMRNA and protein was observed in endocrine-resistant breast cancer cells, which promoted SERM and SERD resistance (131). The current understanding of the mechanisms of drug resistance is as follows: (1) XBP1-S enhances the transcriptional activation of ER and NF-κB, promoting endocrine resistance through the NF-κB signaling pathway (133). (2) XBP1-S induces the production of NCOA3, whereas phosphorylated NCOA3 stimulates the expression of NF-κB and promotes endocrine resistance (134, 135). (3) XBP1-U can promote the degradation of transcription factors P53 and FOXO1 and enhance the activities of transcription factors NF-κB and ER (132, 133). (4) The ectopic expression of XBP1-S has been demonstrated to induce an increase in BCL2 protein expression levels and to promote the resistance of cells to endocrine stress (136).





5 Tumor microenvironment

In the early stages of tumor development, monocytes and macrophages are recruited into the tumor microenvironment. Tumor-associated macrophages (TAMs) are pivotal regulators of tumorigenesis and exhibit anti-inflammatory and other intricate regulatory functions that facilitate tumor growth in most cases (137). The abundance of these cells is closely related to several key processes, including tumor evasion, immune surveillance, neovascularization, invasion, metastasis, response to treatment, and poor prognosis (138–140). In human breast tumors, inflammatory mononuclear cells (IMCs) are recruited by binding chemokine (C-C motif) ligand 2 (CCL2), which is synthesized by tumor and stromal cells, to chemokine receptor 2 (CCR2), which promotes neovascularization and tumor cell infiltration (141). Tumor necrosis factor α (TNF-α) is an inflammatory mediator in the tumor microenvironment. It is primarily produced by the mononuclear macrophage system and plays a pivotal role in the inflammatory-tumor association mediated by the NF-κB pathway. In a co-culture of MCF-7 cells with macrophages, Castellaro et al. observed that although MCF-7 cells can induce TNF-α-treated macrophages (conditioned macrophages) to produce IL-6, IL-8, CCL5, TNF-α, and other inflammatory cytokines in the absence of E2 or in the presence of an ERα antagonist, endocrine resistance in breast cancer cells is promoted in a non-hormone-dependent manner via the TNF-α/IL-6 pathway (142). TNF-α induced a consistent increase in STAT3 expression in MCF-7 cells co-cultured with KG-1 compared to that in MCF-7 cells cultured alone. This effect was not inhibited (142). Simultaneous blocking of IL-6 and STAT3 resulted in a significant reduction in MCF-7 cell proliferation, suggesting that the IL-6/STAT3 pathway plays a key role (142).

Extracellular matrix (ECM), cancer-associated fibrocytes (CAFs) and cancer-associated adipocytes (CAAs) are all involved in the genesis and development of tumors (143, 144). CAFs in hormone receptor-positive breast cancer is closely related to drug resistance. In general, CAFs in breast cancer stroma stimulate tumor cell growth, promote angiogenesis, and induce immune regulation by producing multiple stimulatory factors (145). In hormone receptor-positive breast cancer, CAFs has been found to induce resistance to endocrine therapy by producing soluble factors, proteases, and β1 integrin (146). CD146 (MCAM) is a matrix surface marker (147). The study found that CD146-CAF inhibited ER expression in MCF-7 cells, reduced sensitivity to estrogen, and increased resistance to tamoxifen (148). However, the presence of CD146+CAF stimulated ER expression and maintained estrogen-dependent proliferation and sensitivity to tamoxifen (148). Bone morphogenetic proteins (BMPs) are essential for maintaining epithelial integrity and antagonizing epithelial to mesenchymal transition (149). GREMLIN1 (GREM1) is a secreted BMP antagonist that sequester BMP ligands and prevent their binding to receptors (150). Transforming growth factorβ(TGFβ) secreted by breast cancer cells, stimulated GREM1 expression in CAFs (151). GREM1 abrogated bone morphogenetic protein (BMP)/SMAD signaling in breast cancer cells, and also promoted the fibrogenic activation of CAFs (151). These processes enhance the invasive ability of cancer cells, so the treatment of GREM1 targets may improve the prognosis of breast cancer patients with high GREM1 expression. CAAs are also the main cellular components of the breast cancer microenvironment. Changes in the expression and secretion profile of inflammatory mediators in CAAs, such as increased secretion of chemokines CCL2, CCL5, IL-6, TNF-α, VEGF, leptin, etc, will further promote the proliferation and invasion of tumor cells and the formation of new blood vessels (144). In addition, through the dynamic interaction between breast cancer cells and CAAs, CAAs are induced to initiate the high tumor-promoting ability of metabolic reprogramming to support tumor cell proliferation, a process involving almost all nutrients (144). Furthermore, studies have found that exosomes transfer carcinogenic miRNAs (such as miRNA-144, miRNA-126 and miRNA-155) from breast cancer cells to fat cells in the tumor microenvironment, leading to their transformation into CAAs (152). These mechanisms become an important driver of disease progression, and targeting cancer-associated fat cells could lead to the development of potential drug-assisted anti-tumor therapies. In fact, for individuals, especially obese breast cancer patients, this goal can be more easily and effectively achieved through reasonable diet and appropriate exercise.

Programmed death receptor 1 (PD-1) is an immune checkpoint protein expressed on activated T cells, primarily in non-lymphocyte tissues and some immune cells in the surrounding environment of breast cancer. It mediates the inhibition of tumor-infiltrating lymphocytes and reduces the killing ability of T cells to tumor cells by binding to the ligand PD-L1 (153). Previous studies have demonstrated that the mRNA and protein expression levels of PD-L1 are significantly elevated in ERα-positive breast cancer cell lines and that ESR1 is negatively correlated with PD-L1 mRNA expression (154). Consequently, ERα may act as a negative regulatory factor influencing the expression level of PD-L1. Clinical studies have analyzed the efficacy of the PD-L1 antagonist pembrolizumab in ER+/Her2- advanced breast cancer patients, with an ORR of 12% (95% confidence interval (CI), 2.5–31.2%) and clinical benefit rate (CBR) of 20% (95% CI, 7–41%) (155).

It has been demonstrated that mesenchymal action on tumor cells can protect against cancer cell death (156). Pontiggia et al. discovered that soluble factors derived from fibroblasts, including matrix metalloproteinases (MMPs) and growth factors, are involved in the paracrine induction of drug resistance in tamoxifen-sensitive breast cancer epithelial cells through the PI3K/AKT and EGFR pathways. This was demonstrated by studying cultured fibroblast LM05-F and epithelial cell LM05-E (146). (2) Fibronectin and β1 integrin induce drug resistance in TAM by activating the downstream MAPK/ERK1/2 and PI3K/AKT pathways. (3) The phosphorylation of ERα-specific serine in epithelial cells by stroma-derived soluble factors and fibronectin is associated with tamoxifen (TAM) resistance in breast cancer. Furthermore, Sampayo et al. demonstrated that fibronectin mediates the endocytosis of ERα in breast cancer cells, with a subset of these cells entering the nucleus and the remainder being dragged back to the cell surface by β1 integrin. This evidence supports the critical role of the β1 integrin/FN pathway in regulating ERα expression (157). Heather M. Brechbuhl et al. demonstrated that CD146-CAFs inhibited ERα expression in MCF-7 cells, whereas CD146+CAFs not only induced ERα expression but also restored the sensitivity of epithelial cells to TAM in conditioned medium (148). Fibroblast stromal cells from the bone marrow (hs5-CM) have been shown to mediate endocrine resistance in breast cancer cells by downregulating ER levels via the paracrine signaling pathway (158).




6 Antibody-drug conjugation

Antibody-drug conjugation (ADC) is a novel antitumor drug that has emerged in recent years. It involves joining a monoclonal antibody with a drug carrier through a linker. Monoclonal antibodies on ADC can bind to specific target antigens on the tumor surface, enter tumor cells through receptor-mediated endocytosis, form early endosomes, and rapidly release drugs. Furthermore, they can mature into late-stage endosome and lysosome fusion and release drug loading, ultimately leading to tumor cell death by inhibiting microscopic polymerization or DNA assembly (159) (Figure 3). ADC drugs have made remarkable clinical progress in the field of breast cancer. Common research targets include the trophoblast cell surface antigen 2 (Trop-2), HER2, HER3, poliovirus receptor 4, and receptor tyrosine kinase-like orphan hormone receptor 2 (Table 3).




Figure 3 | Mechanism of antibody-drug conjugation killing of tumor cells. Monoclonal antibodies on ADC can bind to specific target antigens on the tumor surface, enter tumor cells through receptor-mediated endocytosis, form early endosomes, and quickly release drugs. It can also mature into late-stage endosome and lysosome fusion and release drug loading, which ultimately leads to tumor cell death by inhibiting microscopic polymerization or DNA assembly.




Table 3 | Antibody-drug conjugation in HR-positive/HER2-negative Advanced or Metastatic BC.



Trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd) are ADCs that target HER2. Trastuzumab is the antibody component, and the drug antibody score is 3.5 for T-DM1 and 8 for T-DXd. In the Phase III clinical DESTINY-Breast04 study, 557 patients with HR-positive or HR-negative metastatic breast cancer with low HER2 expression who had previously received endocrine, first- or second-line chemotherapy were enrolled. Among patients with HR-positive disease, the T-DXd group was compared to the treatment of the physician’s choice (TPC) group. The chemotherapy regimens used in the TPC group included alibrine, capecitabine, albumin-paclitaxel, gemcitabine, and paclitaxel. The results demonstrated that the median overall survival (OS) of the T-DXd group and the TPC group were 23.9 months and 17.5 months, respectively (HR= 0.64). Furthermore, the median PFS was 10.1 months and 5.4 months, respectively (HR = 0.51). The efficacy of T-DXd is satisfactory and its overall safety profile is manageable (160).

Gosatuzumab (SG), Dato-DXd, and SKB264 are ADCs target Trop-2. The Phase III TROPiCS-02 study included 543 patients with HR-positive/HER2-negative metastatic breast cancer. SG demonstrated a significant improvement in median PFS compared to TPC (5.5 vs. 4.0 months; HR = 0.66; P = 0.0003), as well as an advantage in median OS (14.4 months vs. 11.2 months; HR = 0.79; P = 0.02) (161, 162). The Phase III TROPION-Breast01 study demonstrated that the Dato-DXd group exhibited superior PFS in previously treated HR-positive/HER2-negative metastatic breast cancer patients compared to the chemotherapy group (6.9 months vs. 4.9 months; P < 0.0001) (163). A Phase II study of SKB264 also demonstrated favorable antitumor effects, with a median follow-up period of 8.2 months, an ORR of 36.8%, and a median PFS of 11.1 months (164).




7 Biological metabolism

It has been demonstrated that abnormal endogenous lipid metabolism can cause increased cancer cell invasiveness and the development of drug resistance in tumors (165, 166). Fatty acid synthetase (FASN) is a key enzyme involved in lipid biosynthesis and the synthesis of long-chain fatty acids such as palmitate, which is subsequently involved in cell signal transduction (166, 167). FASN was initially identified as a highly expressed tumor marker in breast cancer (168). Studies have demonstrated that FASN plays an important role in the regulation of ERα expression and activity. Aleksandra Gruslova et al., building upon previous research, demonstrated that the inhibition of FASN in endocrine-resistant breast cancer cells induces endoplasmic reticulum stress (EnRs pathway), which mediates ERα degradation, resulting in a significant decrease in ERα levels in tumor cells (P < 0.01) and the inhibition of the growth of TAM-resistant breast cancer cells (169). In their experiments, Menendez et al. demonstrated that FASN controls the sensitivity of cells to E2-dependent ERα signals through the crosstalk of MAPK/ERα and AKT/ERα signals (165). Furthermore, it induces the expression of p21WAF1/CIP1, p27Kip1, and other cell cycle suppressor genes, inhibiting PI3K/AKT-mediated cell cycle progression and synergistically inhibiting E2-mediated cell survival (165). The etiology of breast cancer is multifactorial, with genetic susceptibility and environmental factors contributing to its pathogenesis.




8 Discussion

Treatment of hormone receptor-positive breast cancer has long been complicated by endocrine drug resistance. A considerable number of studies have identified numerous potential mechanisms and confirmed that the process of inducing drug resistance is complex. A multitude of studies on the molecular mechanisms have yielded new insights and novel therapeutic strategies that may overcome endocrine resistance.

Drugs are being developed to effectively block the transmission of estrogen signals and the activation of downstream molecules by regulating the expression and activation of ER and downstream signaling molecules. The previous treatment strategy was single estrogen antagonist therapy. Studies have demonstrated that Alterations in the ER genome play a pivotal role in the development of resistance to endocrine drugs. ESR mutants frequently exhibit drug resistance and distant metastases owing to their substantial aggressiveness. Single hormone receptor blockers have been ineffective in inhibiting tumor cell growth. In contrast, the combination of receptor blockade with downstream signaling molecule inhibitors has been shown to have antitumor effects. Combination therapy is often the recommended treatment for patients with hormone receptor-positive tumors. Endocrine resistance is not solely because of the “surface” molecular effect, but also encompasses the transmission of downstream signals. Of these, the RTK signaling pathway is of particular importance. Abnormal activation of this pathway leads to continuous activation of nuclear target genes and affects the expression level of ER. Consequently, activation of the RTK-mediated cell signaling pathway is largely associated with endocrine therapy resistance, which inhibits signal transduction and cell growth by inhibiting key targets. The intricate interrelationship between the ER signaling pathways and TKR, along with its downstream key PI3K-mTOR and RAS-ERK pathways, is a crucial aspect of endocrine resistance. In treatment-resistant endocrine-resistant breast cancer, ER can promote tumor growth and proliferation in a ligand-independent manner, replacing its classical activation pathway with a new mode influenced by other signal transduction pathways. Consequently, the development of drugs targeting downstream signaling molecules and a synergistic model combining them with endocrine therapy are anticipated to offer new hope for individuals with endocrine-resistant breast cancer.

The growth of tumor cells is also influenced by a multitude of factors, including intracellular and intracellular regulatory cytokines, immune molecules, tumor microenvironment, and stem cells. Further research into the immune microenvironment, oxidative stress space, and metabolome polymorphisms around tumor cells will help to elucidate novel mechanisms and linkages of drug resistance in tumors. Future research should aim to elucidate potential biomarkers in greater depth, identify more reliable targets, and develop more drugs for individuals resistant to frontline treatment. Individualized treatment was developed based on individual differences among the patients. A multitarget crossover model is expected to reverse endocrine resistance.

Previously, it was believed that breast cancer lacks immunogenicity. Over the years, immunotherapy has emerged as a new standard of care, demonstrating efficacy and therapeutic value in patients with tumors. CTLA-4, PD-1, and PD-L1 enhance the ability of immune cells to kill tumors by blocking immunoregulatory proteins that downregulate the immune system. Currently, medical evidence regarding the efficacy of immunotherapy for breast cancer is insufficient. Several tumor-infiltrating lymphocytes (TILs) and PD-L1 proteins may render TNBC sensitive to checkpoint inhibition (170). Nevertheless, the efficacy of immunotherapy in ER+ breast cancer remains unclear. Consequently, the combination of endocrine therapy and immunotherapy may represent a promising avenue for future research. Given the urgent need for further research into the role of immune checkpoints in endocrine resistance, it is imperative that clinical studies are conducted to determine the clinical benefits of combining endocrine and immunotherapies.

In recent years, macromolecular monoclonal antibodies, a novel class of targeted drugs represented by T-DXd, have emerged as a prominent area of research, ushering in the era of ADC drug therapy and offering expanded treatment options for advanced breast cancer patients who have progressed following CDK4/6 inhibitor treatment. The future of ADC drug research and development will continue to offer significant opportunities for improvement, including enhanced targeting, linker stability, and resistance to drug-induced toxicity.





Author contributions

YG: Writing – original draft, Writing – review & editing. YY: Writing – original draft, Writing – review & editing. MZ: Writing – original draft, Writing – review & editing. WY: Writing – original draft, Writing – review & editing. LK: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The research is funded by Jilin Province Science and Technology Development Plan Project (No.20230402004GH).




Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

2. Goldhirsch, A, Winer, EP, Coates, AS, Gelber, RD, Piccart-Gebhart, M, Thürlimann, B, et al. 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) 24:2206–23. doi: 10.1093/annonc/mdt303

3. Clark, GM, Osborne, CK, and Mcguire, WL. Correlations between estrogen receptor, progesterone receptor, and patient characteristics in human breast cancer. J Clin Oncol. (1984) 2:1102–9. doi: 10.1200/JCO.1984.2.10.1102

4. Lagranha, CJ, Silva, TLA, Silva, SCA, Braz, GRF, Da Silva, AI, Fernandes, MP, et al. Protective effects of estrogen against cardiovascular disease mediated via oxidative stress in the brain. Life Sci. (2018) 192:190–8. doi: 10.1016/j.lfs.2017.11.043

5. Senkus, E, Cardoso, F, and Pagani, O. Time for more optimism in metastatic breast cancer? Cancer Treat Rev. (2014) 40:220–8. doi: 10.1016/j.ctrv.2013.09.015

6. Reinert, T, and Barrios, CH. Optimal management of hormone receptor positive metastatic breast cancer in 2016. Ther Adv Med Oncol. (2015) 7:304–20. doi: 10.1177/1758834015608993

7. Tryfonidis, K, Zardavas, D, Katzenellenbogen, BS, and Piccart, M. Endocrine treatment in breast cancer: Cure, resistance and beyond. Cancer Treat Rev. (2016) 50:68–81. doi: 10.1016/j.ctrv.2016.08.008

8. Kuiper, GG, Enmark, E, Pelto-Huikko, M, Nilsson, S, Gustafsson, JA, and Proc Natl Acad Sci, USA. Cloning of a novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U.S.A. (1996) 93:5925–30. doi: 10.1073/pnas.93.12.5925

9. Zhou, Y, and Liu, X. The role of estrogen receptor beta in breast cancer. biomark Res. (2020) 8:39. doi: 10.1186/s40364-020-00223-2

10. Ayaz, G, Yasar, P, Olgun, CE, Karakaya, B, Kars, G, Razizadeh, N, et al. Dynamic transcriptional events mediated by estrogen receptor alpha. FBL. (2019) 24:245–76. doi: 10.2741/4716

11. Ascenzi, P, Bocedi, A, and Marino, M. Structure-function relationship of estrogen receptor alpha and beta: impact on human health. Mol Aspects Med. (2006) 27:299–402. doi: 10.1016/j.mam.2006.07.001

12. Zwart, W, De Leeuw, R, Rondaij, M, Neefjes, J, Mancini, MA, and Michalides, R. The hinge region of the human estrogen receptor determines functional synergy between AF-1 and AF-2 in the quantitative response to estradiol and tamoxifen. J Cell Sci. (2010) 123:1253–61. doi: 10.1242/jcs.061135

13. Souza, PC, Barra, GB, Velasco, LF, Ribeiro, IC, Simeoni, LA, Togashi, M, et al. Helix 12 dynamics and thyroid hormone receptor activity: experimental and molecular dynamics studies of Ile280 mutants. J Mol Biol. (2011) 412:882–93. doi: 10.1016/j.jmb.2011.04.014

14. Safarinejad, MR, Shafiei, N, and Safarinejad, S. Association of polymorphisms in the estrogen receptors alpha, and beta (ESR1, ESR2) with the occurrence of male infertility and semen parameters. J Steroid Biochem Mol Biol. (2010) 122:193–203. doi: 10.1016/j.jsbmb.2010.06.011

15. Barone, I, Brusco, L, and Fuqua, SA. Estrogen receptor mutations and changes in downstream gene expression and signaling. Clin Cancer Res. (2010) 16:2702–8. doi: 10.1158/1078-0432.CCR-09-1753

16. Toy, W, Shen, Y, Won, H, Green, B, Sakr, RA, Will, M, et al. ESR1 ligand-binding domain mutations in hormone-resistant breast cancer. Nat Genet. (2013) 45:1439–45. doi: 10.1038/ng.2822

17. Li, S, Shen, D, Shao, J, Crowder, R, Liu, W, Prat, A, et al. Endocrine-therapy-resistant ESR1 variants revealed by genomic characterization of breast-cancer-derived xenografts. Cell Rep. (2013) 4:1116–30. doi: 10.1016/j.celrep.2013.08.022

18. Robinson, DR, Wu, YM, Vats, P, Su, F, Lonigro, RJ, Cao, X, et al. Activating ESR1 mutations in hormone-resistant metastatic breast cancer. Nat Genet. (2013) 45:1446–51. doi: 10.1038/ng.2823

19. Pejerrey, SM, Dustin, D, Kim, JA, Gu, G, Rechoum, Y, Fuqua, S, et al. The impact of ESR1 mutations on the treatment of metastatic breast cancer. Horm Cancer. (2018) 9:215–28. doi: 10.1007/s12672-017-0306-5

20. Chandarlapaty, S, Chen, D, He, W, Sung, P, Samoila, A, You, D, et al. Prevalence of ESR1 mutations in cell-free DNA and outcomes in metastatic breast cancer: A secondary analysis of the BOLERO-2 clinical trial. JAMA Oncol. (2016) 2:1310–5. doi: 10.1001/jamaoncol.2016.1279

21. Fanning, SW, Mayne, CG, Dharmarajan, V, Carlson, KE, Martin, TA, Novick, SJ, et al. Estrogen receptor alpha somatic mutations Y537S and D538G confer breast cancer endocrine resistance by stabilizing the activating function-2 binding conformation. Elife. (2016) 5. doi: 10.7554/eLife.12792

22. Carausu, M, Bidard, FC, Callens, C, Melaabi, S, Jeannot, E, Pierga, JY, et al. ESR1 mutations: a new biomarker in breast cancer. Expert Rev Mol Diagn. (2019) 19:599–611. doi: 10.1080/14737159.2019.1631799

23. Merenbakh-Lamin, K, Ben-Baruch, N, Yeheskel, A, Dvir, A, Soussan-Gutman, L, Jeselsohn, R, et al. D538G mutation in estrogen receptor-α: A novel mechanism for acquired endocrine resistance in breast cancer. Cancer Res. (2013) 73:6856–64. doi: 10.1158/0008-5472.CAN-13-1197

24. Jeselsohn, R, Bergholz, JS, Pun, M, Cornwell, M, Liu, W, Nardone, A, et al. Allele-specific chromatin recruitment and therapeutic vulnerabilities of ESR1 activating mutations. Cancer Cell. (2018) 33:173–186.e5. doi: 10.1016/j.ccell.2018.01.004

25. Zinger, L, Merenbakh-Lamin, K, Klein, A, Elazar, A, Journo, S, Boldes, T, et al. Ligand-binding domain-activating mutations of ESR1 rewire cellular metabolism of breast cancer cells. Clin Cancer Res. (2019) 25:2900–14. doi: 10.1158/1078-0432.CCR-18-1505

26. O’leary, B, Cutts, RJ, Liu, Y, Hrebien, S, Huang, X, Fenwick, K, et al. The genetic landscape and clonal evolution of breast cancer resistance to palbociclib plus fulvestrant in the PALOMA-3 trial. Cancer Discovery. (2018) 8:1390–403. doi: 10.1158/2159-8290.CD-18-0264

27. Martin, LA, Ribas, R, Simigdala, N, Schuster, E, Pancholi, S, Tenev, T, et al. Discovery of naturally occurring ESR1 mutations in breast cancer cell lines modelling endocrine resistance. Nat Commun. (2017) 8:1865. doi: 10.1038/s41467-017-01864-y

28. Spoerke, JM, Gendreau, S, Walter, K, Qiu, J, Wilson, TR, Savage, H, et al. Heterogeneity and clinical significance of ESR1 mutations in ER-positive metastatic breast cancer patients receiving fulvestrant. Nat Commun. (2016) 7:11579. doi: 10.1038/ncomms11579

29. Dustin, D, Gu, G, and Fuqua, SW. ESR1 mutations in breast cancer. Cancer. (2019) 125:3714–28. doi: 10.1002/cncr.v125.21

30. Toy, W, Weir, H, Razavi, P, Lawson, M, Goeppert, AU, Mazzola, AM, et al. Activating ESR1 mutations differentially affect the efficacy of ER antagonists. Cancer Discovery. (2017) 7:277–87. doi: 10.1158/2159-8290.CD-15-1523

31. Wang, L, Sun, J, Yin, Y, Sun, Y, Ma, J, Zhou, R, et al. Transcriptional coregualtor NUPR1 maintains tamoxifen resistance in breast cancer cells. Cell Death Dis. (2021) 12:149. doi: 10.1038/s41419-021-03442-z

32. Hartmaier, RJ, Albacker, LA, Chmielecki, J, Bailey, M, He, J, Goldberg, ME, et al. High-throughput genomic profiling of adult solid tumors reveals novel insights into cancer pathogenesis. Cancer Res. (2017) 77:2464–75. doi: 10.1158/0008-5472.CAN-16-2479

33. Giltnane, JM, Hutchinson, KE, Stricker, TP, Formisano, L, Young, CD, Estrada, MV, et al. Genomic profiling of ER(+) breast cancers after short-term estrogen suppression reveals alterations associated with endocrine resistance. Sci Transl Med. (2017) 9(402). doi: 10.1126/scitranslmed.aai7993

34. Hartmaier, RJ, Trabucco, SE, Priedigkeit, N, Chung, JH, Parachoniak, CA, Vanden Borre, P, et al. Recurrent hyperactive ESR1 fusion proteins in endocrine therapy-resistant breast cancer. Ann Oncol. (2018) 29:872–80. doi: 10.1093/annonc/mdy025

35. Turner, NC, Bartlett, CH, and Cristofanilli, M. Palbociclib in hormone-receptor-positive advanced breast cancer REPLY. New Engl J Med. (2015) 373:1672–3. doi: 10.1056/NEJMoa1505270

36. Piezzo, M, Cocco, S, Caputo, R, Cianniello, D, Gioia, GD, Lauro, VD, et al. Targeting cell cycle in breast cancer: CDK4/6 inhibitors. Int J Mol Sci. (2020) 21(18). doi: 10.3390/ijms21186479

37. Sherr, CJ, and Roberts, JM. Living with or without cyclins and cyclin-dependent kinases. Genes Dev. (2004) 18:2699–711. doi: 10.1101/gad.1256504

38. Hwang, HC, and Clurman, BE. Cyclin E in normal and neoplastic cell cycles. Oncogene. (2005) 24:2776–86. doi: 10.1038/sj.onc.1208613

39. Anders, L, Ke, N, Hydbring, P, Choi, YJ, Widlund, HR, Chick, JM, et al. A systematic screen for CDK4/6 substrates links FOXM1 phosphorylation to senescence suppression in cancer cells. Cancer Cell. (2011) 20:620–34. doi: 10.1016/j.ccr.2011.10.001

40. Sherr, CJ, Beach, D, and Shapiro, GI. Targeting CDK4 and CDK6: from discovery to therapy. Cancer Discovery. (2016) 6:353–67. doi: 10.1158/2159-8290.CD-15-0894

41. Malumbres, M, and Barbacid, M. To cycle or not to cycle: a critical decision in cancer. Nat Rev Cancer. (2001) 1:222–31. doi: 10.1038/35106065

42. Asghar, U, Witkiewicz, AK, Turner, NC, and Knudsen, ES. The history and future of targeting cyclin-dependent kinases in cancer therapy. Nat Rev Drug Discovery. (2015) 14:130–46. doi: 10.1038/nrd4504

43. O’leary, B, Finn, RS, and Turner, NC. Treating cancer with selective CDK4/6 inhibitors. Nat Rev Clin Oncol. (2016) 13:417–30. doi: 10.1038/nrclinonc.2016.26

44. Sherr, CJ, and Roberts, JM. CDK inhibitors: positive and negative regulators of G1-phase progression. Genes Dev. (1999) 13:1501–12. doi: 10.1101/gad.13.12.1501

45. Lacy, ER, Filippov, I, Lewis, WS, Otieno, S, Xiao, L, Weiss, S, et al. p27 binds cyclin-CDK complexes through a sequential mechanism involving binding-induced protein folding. Nat Struct Mol Biol. (2004) 11:358–64. doi: 10.1038/nsmb746

46. Martín-Caballero, J, Flores, JM, García-Palencia, P, and Serrano, M. Tumor susceptibility of p21(Waf1/Cip1)-deficient mice. Cancer Res. (2001) 61:6234–8.

47. Fero, ML, Rivkin, M, Tasch, M, Porter, P, Carow, CE, Firpo, E, et al. A syndrome of multiorgan hyperplasia with features of gigantism, tumorigenesis, and female sterility in p27(Kip1)-deficient mice. Cell. (1996) 85:733–44. doi: 10.1016/S0092-8674(00)81239-8

48. Labaer, J, Garrett, MD, Stevenson, LF, Slingerland, JM, Sandhu, C, Chou, HS, et al. New functional activities for the p21 family of CDK inhibitors. Genes Dev. (1997) 11:847–62. doi: 10.1101/gad.11.7.847

49. Guiley, KZ, Stevenson, JW, Lou, K, Barkovich, KJ, Kumarasamy, V, Wijeratne, TU, et al. p27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition. Science. (2019) 366(6471). doi: 10.1126/science.aaw2106

50. Serrano, M, Hannon, GJ, and Beach, D. A new regulatory motif in cell-cycle control causing specific inhibition of cyclin D/CDK4. Nature. (1993) 366:704–7. doi: 10.1038/366704a0

51. Álvarez-Fernández, M, and Malumbres, M. Mechanisms of sensitivity and resistance to CDK4/6 inhibition. Cancer Cell. (2020) 37:514–29. doi: 10.1016/j.ccell.2020.03.010

52. Vanarsdale, T, Boshoff, C, Arndt, KT, and Abraham, RT. Molecular pathways: targeting the cyclin D-CDK4/6 axis for cancer treatment. Clin Cancer Res. (2015) 21:2905–10. doi: 10.1158/1078-0432.CCR-14-0816

53. Hart, CD, Migliaccio, I, Malorni, L, Guarducci, C, Biganzoli, L, and Di Leo, A. Challenges in the management of advanced, ER-positive, HER2-negative breast cancer. Nat Rev Clin Oncol. (2015) 12:541–52. doi: 10.1038/nrclinonc.2015.99

54. Yang, C, Li, Z, Bhatt, T, Dickler, M, Giri, D, Scaltriti, M, et al. Acquired CDK6 amplification promotes breast cancer resistance to CDK4/6 inhibitors and loss of ER signaling and dependence. Oncogene. (2017) 36:2255–64. doi: 10.1038/onc.2016.379

55. Hydbring, P, Malumbres, M, and Sicinski, P. Non-canonical functions of cell cycle cyclins and cyclin-dependent kinases. Nat Rev Mol Cell Biol. (2016) 17:280–92. doi: 10.1038/nrm.2016.27

56. Pestell, TG, Jiao, X, Kumar, M, Peck, AR, Prisco, M, Deng, S, et al. Stromal cyclin D1 promotes heterotypic immune signaling and breast cancer growth. Oncotarget. (2017) 8:81754–75. doi: 10.18632/oncotarget.19953

57. Finn, RS, Crown, JP, Lang, I, Boer, K, Bondarenko, IM, Kulyk, SO, et al. The cyclin-dependent kinase 4/6 inhibitor palbociclib in combination with letrozole versus letrozole alone as first-line treatment of oestrogen receptor-positive, HER2-negative, advanced breast cancer (PALOMA-1/TRIO-18): a randomised phase 2 study. Lancet Oncol. (2015) 16:25–35. doi: 10.1016/S1470-2045(14)71159-3

58. Li, Z, Razavi, P, Li, Q, Toy, W, Liu, B, Ping, C, et al. Loss of the FAT1 tumor suppressor promotes resistance to CDK4/6 inhibitors via the hippo pathway. Cancer Cell. (2018) 34:893–905.e8. doi: 10.1016/j.ccell.2018.11.006

59. Fribbens, C, O’leary, B, Kilburn, L, Hrebien, S, Garcia-Murillas, I, Beaney, M, et al. Plasma ESR1 mutations and the treatment of estrogen receptor-positive advanced breast cancer. J Clin Oncol. (2016) 34:2961–8. doi: 10.1200/JCO.2016.67.3061

60. Goel, S, Decristo, MJ, Watt, AC, Brinjones, H, Sceneay, J, Li, BB, et al. CDK4/6 inhibition triggers anti-tumour immunity. Nature. (2017) 548:471–5. doi: 10.1038/nature23465

61. Chaikovsky, AC, and Sage, J. Beyond the cell cycle: enhancing the immune surveillance of tumors via CDK4/6 inhibition. Mol Cancer Res. (2018) 16:1454–7. doi: 10.1158/1541-7786.MCR-18-0201

62. Schaer, DA, Beckmann, RP, Dempsey, JA, Huber, L, Forest, A, Amaladas, N, et al. The CDK4/6 inhibitor abemaciclib induces a T cell inflamed tumor microenvironment and enhances the efficacy of PD-L1 checkpoint blockade. Cell Rep. (2018) 22:2978–94. doi: 10.1016/j.celrep.2018.02.053

63. Wander, SA, Cohen, O, Gong, X, Johnson, GN, Buendia-Buendia, JE, Lloyd, MR, et al. The genomic landscape of intrinsic and acquired resistance to cyclin-dependent kinase 4/6 inhibitors in patients with hormone receptor-positive metastatic breast cancer. Cancer Discovery. (2020) 10:1174–93. doi: 10.1158/2159-8290.CD-19-1390

64. Finn, RS, Martin, M, Rugo, HS, Jones, S, Im, SA, Gelmon, K, et al. Palbociclib and letrozole in advanced breast cancer. N Engl J Med. (2016) 375:1925–36. doi: 10.1056/NEJMoa1607303

65. Finn, RS, Rugo, HS, Dieras, VC, Harbeck, N, Im, S-A, Gelmon, KA, et al. Overall survival (OS) with first-line palbociclib plus letrozole (PAL+LET) versus placebo plus letrozole (PBO+LET) in women with estrogen receptor–positive/human epidermal growth factor receptor 2–negative advanced breast cancer (ER+/HER2– ABC): Analyses from PALOMA-2. J Clin Oncol. (2022) 40:LBA1003–LBA1003. doi: 10.1200/JCO.2022.40.17_suppl.LBA1003

66. Hortobagyi, GN, Stemmer, SM, Burris, HA, Yap, YS, Sonke, GS, Hart, L, et al. Overall survival with ribociclib plus letrozole in advanced breast cancer. N Engl J Med. (2022) 386:942–50. doi: 10.1056/NEJMoa2114663

67. Johnston, S, Martin, M, Di Leo, A, Im, SA, Awada, A, Forrester, T, et al. MONARCH 3 final PFS: a randomized study of abemaciclib as initial therapy for advanced breast cancer. NPJ Breast Cancer. (2019) 5:5. doi: 10.1038/s41523-018-0097-z

68. Weigelt, B, and Downward, J. Genomic determinants of PI3K pathway inhibitor response in cancer. Front Oncol. (2012) 2:109. doi: 10.3389/fonc.2012.00109

69. Dienstmann, R, Rodon, J, Serra, V, and Tabernero, J. Picking the point of inhibition: a comparative review of PI3K/AKT/mTOR pathway inhibitors. Mol Cancer Ther. (2014) 13:1021–31. doi: 10.1158/1535-7163.MCT-13-0639

70. Engelman, JA, Luo, J, and Cantley, LC. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat Rev Genet. (2006) 7:606–19. doi: 10.1038/nrg1879

71. Dong, C, Wu, J, Chen, Y, Nie, J, and Chen, C. Activation of PI3K/AKT/mTOR pathway causes drug resistance in breast cancer. Front Pharmacol. (2021) 12:628690. doi: 10.3389/fphar.2021.628690

72. Stemke-Hale, K, Gonzalez-Angulo, AM, Lluch, A, Neve, RM, Kuo, WL, Davies, M, et al. An integrative genomic and proteomic analysis of PIK3CA, PTEN, and AKT mutations in breast cancer. Cancer Res. (2008) 68:6084–91. doi: 10.1158/0008-5472.CAN-07-6854

73. Bachman, KE, Argani, P, Samuels, Y, Silliman, N, Ptak, J, Szabo, S, et al. The PIK3CA gene is mutated with high frequency in human breast cancers. Cancer Biol Ther. (2004) 3:772–5. doi: 10.4161/cbt.3.8.994

74. Araki, K, and Miyoshi, Y. Mechanism of resistance to endocrine therapy in breast cancer: the important role of PI3K/Akt/mTOR in estrogen receptor-positive, HER2-negative breast cancer. Breast Cancer. (2018) 25:392–401. doi: 10.1007/s12282-017-0812-x

75. Carpten, JD, Faber, AL, Horn, C, Donoho, GP, Briggs, SL, Robbins, CM, et al. A transforming mutation in the pleckstrin homology domain of AKT1 in cancer. Nature. (2007) 448:439–44. doi: 10.1038/nature05933

76. Samuels, Y, and Velculescu, VE. Oncogenic mutations of PIK3CA in human cancers. Cell Cycle. (2004) 3:1221–4. doi: 10.4161/cc.3.10.1164

77. Pérez-Tenorio, G, Alkhori, L, Olsson, B, Waltersson, MA, Nordenskjöld, B, Rutqvist, LE, et al. PIK3CA mutations and PTEN loss correlate with similar prognostic factors and are not mutually exclusive in breast cancer. Clin Cancer Res. (2007) 13:3577–84. doi: 10.1158/1078-0432.CCR-06-1609

78. Stommel, JM, Kimmelman, AC, Ying, H, Nabioullin, R, Ponugoti, AH, Wiedemeyer, R, et al. Coactivation of receptor tyrosine kinases affects the response of tumor cells to targeted therapies. Science. (2007) 318:287–90. doi: 10.1126/science.1142946

79. Tokunaga, E, Kimura, Y, Mashino, K, Oki, E, Kataoka, A, Ohno, S, et al. Activation of PI3K/Akt signaling and hormone resistance in breast cancer. Breast Cancer. (2006) 13:137–44. doi: 10.2325/jbcs.13.137

80. Kim, EK, Kim, HA, Koh, JS, Kim, MS, Kim, KI, Lee, JI, et al. Phosphorylated S6K1 is a possible marker for endocrine therapy resistance in hormone receptor-positive breast cancer. Breast Cancer Res Treat. (2011) 126:93–9. doi: 10.1007/s10549-010-1315-z

81. Baselga, J, Campone, M, Piccart, M, Burris, HA 3rd, Rugo, HS, Sahmoud, T, et al. Everolimus in postmenopausal hormone-receptor-positive advanced breast cancer. N Engl J Med. (2012) 366:520–9. doi: 10.1056/NEJMoa1109653

82. Sun, T, Aceto, N, Meerbrey, KL, Kessler, JD, Zhou, C, Migliaccio, I, et al. Activation of multiple proto-oncogenic tyrosine kinases in breast cancer via loss of the PTPN12 phosphatase. Cell. (2011) 144:703–18. doi: 10.1016/j.cell.2011.02.003

83. Kornblum, N, Zhao, F, Manola, J, Klein, P, Ramaswamy, B, Brufsky, A, et al. Randomized phase II trial of fulvestrant plus everolimus or placebo in postmenopausal women with hormone receptor-positive, human epidermal growth factor receptor 2-negative metastatic breast cancer resistant to aromatase inhibitor therapy: results of prE0102. J Clin Oncol. (2018) 36:1556–63. doi: 10.1200/JCO.2017.76.9331

84. Piccart, M, Hortobagyi, GN, Campone, M, Pritchard, KI, Lebrun, F, Ito, Y, et al. Everolimus plus exemestane for hormone-receptor-positive, human epidermal growth factor receptor-2-negative advanced breast cancer: overall survival results from BOLERO-2†. Ann Oncol. (2014) 25:2357–62. doi: 10.1093/annonc/mdu456

85. Shao, Z, Cai, L, Wang, S, Hu, X, Shen, K, Wang, H, et al. 238P BOLERO-5: A phase II study of everolimus and exemestane combination in Chinese post-menopausal women with ER+/HER2- advanced breast cancer. Ann Oncol. (2021) 32:S463. doi: 10.1016/j.annonc.2021.08.521

86. Bardia, A, Hurvitz, SA, Demichele, A, Clark, AS, Zelnak, A, Yardley, DA, et al. Phase I/II trial of exemestane, ribociclib, and everolimus in women with HR+/HER2– advanced breast cancer after progression on CDK4/6 inhibitors (TRINITI-1). Clin Cancer Res. (2021) 27:4177–85. doi: 10.1158/1078-0432.CCR-20-2114

87. Fan, Y, Sun, T, Shao, Z, Zhang, Q, Ouyang, Q, Tong, Z, et al. Effectiveness of adding everolimus to the first-line treatment of advanced breast cancer in premenopausal women who experienced disease progression while receiving selective estrogen receptor modulators: A phase 2 randomized clinical trial. JAMA Oncol. (2021) 7:e213428–e213428. doi: 10.1001/jamaoncol.2021.3428

88. Lorusso, PM. Inhibition of the PI3K/AKT/mTOR pathway in solid tumors. J Clin Oncol. (2016) 34:3803–15. doi: 10.1200/JCO.2014.59.0018

89. Gazave, E, Lapébie, P, Richards, GS, Brunet, F, Ereskovsky, AV, Degnan, BM, et al. Origin and evolution of the Notch signalling pathway: an overview from eukaryotic genomes. BMC Evol Biol. (2009) 9:249. doi: 10.1186/1471-2148-9-249

90. Meurette, O, and Mehlen, P. Notch signaling in the tumor microenvironment. Cancer Cell. (2018) 34:536–48. doi: 10.1016/j.ccell.2018.07.009

91. Hao, L, Rizzo, P, Osipo, C, Pannuti, A, Wyatt, D, Cheung, LW, et al. Notch-1 activates estrogen receptor-alpha-dependent transcription via IKKalpha in breast cancer cells. Oncogene. (2010) 29:201–13. doi: 10.1038/onc.2009.323

92. Dou, XW, Liang, YK, Lin, HY, Wei, XL, Zhang, YQ, Bai, JW, et al. Notch3 maintains luminal phenotype and suppresses tumorigenesis and metastasis of breast cancer via trans-activating estrogen receptor-α. Theranostics. (2017) 7:4041–56. doi: 10.7150/thno.19989

93. Sansone, P, Ceccarelli, C, Berishaj, M, Chang, Q, Rajasekhar, VK, Perna, F, et al. Self-renewal of CD133(hi) cells by IL6/Notch3 signalling regulates endocrine resistance in metastatic breast cancer. Nat Commun. (2016) 7:10442. doi: 10.1038/ncomms10442

94. Rizzo, P, Miao, H, D’souza, G, Osipo, C, Song, LL, Yun, J, et al. Cross-talk between notch and the estrogen receptor in breast cancer suggests novel therapeutic approaches. Cancer Res. (2008) 68:5226–35. doi: 10.1158/0008-5472.CAN-07-5744

95. Bui, QT, Im, JH, Jeong, SB, Kim, YM, Lim, SC, Kim, B, et al. Essential role of Notch4/STAT3 signaling in epithelial-mesenchymal transition of tamoxifen-resistant human breast cancer. Cancer Lett. (2017) 390:115–25. doi: 10.1016/j.canlet.2017.01.014

96. Gelsomino, L, Panza, S, Giordano, C, Barone, I, Gu, G, Spina, E, et al. Mutations in the estrogen receptor alpha hormone binding domain promote stem cell phenotype through notch activation in breast cancer cell lines. Cancer Lett. (2018) 428:12–20. doi: 10.1016/j.canlet.2018.04.023

97. Zhang, Q, Lenardo, MJ, and Baltimore, D. 30 years of NF-κB: A blossoming of relevance to human pathobiology. Cell. (2017) 168:37–57. doi: 10.1016/j.cell.2016.12.012

98. Frasor, J, El-Shennawy, L, Stender, JD, and Kastrati, I. NFκB affects estrogen receptor expression and activity in breast cancer through multiple mechanisms. Mol Cell Endocrinol. (2015) 418 Pt 3:235–9. doi: 10.1016/j.mce.2014.09.013

99. Biswas, DK, Shi, Q, Baily, S, Strickland, I, Ghosh, S, Pardee, AB, et al. NF-kappa B activation in human breast cancer specimens and its role in cell proliferation and apoptosis. Proc Natl Acad Sci USA. (2004) 101:10137–42. doi: 10.1073/pnas.0403621101

100. Van Laere, SJ, van der Auwera, I, Van Den Eynden, GG, Elst, HJ, Weyler, J, Harris, AL, et al. Nuclear factor-kappaB signature of inflammatory breast cancer by cDNA microarray validated by quantitative real-time reverse transcription-PCR, immunohistochemistry, and nuclear factor-kappaB DNA-binding. Clin Cancer Res. (2006) 12:3249–56. doi: 10.1158/1078-0432.CCR-05-2800

101. Kubo, M, Kanaya, N, Petrossian, K, Ye, J, Warden, C, Liu, Z, et al. Inhibition of the proliferation of acquired aromatase inhibitor-resistant breast cancer cells by histone deacetylase inhibitor LBH589 (panobinostat). Breast Cancer Res Treat. (2013) 137:93–107. doi: 10.1007/s10549-012-2332-x

102. Reijm, EA, Jansen, MP, Ruigrok-Ritstier, K, Van Staveren, IL, Look, MP, Van Gelder, ME, et al. Decreased expression of EZH2 is associated with upregulation of ER and favorable outcome to tamoxifen in advanced breast cancer. Breast Cancer Res Treat. (2011) 125:387–94. doi: 10.1007/s10549-010-0836-9

103. Wang, X, Belguise, K, Kersual, N, Kirsch, KH, Mineva, ND, Galtier, F, et al. Oestrogen signalling inhibits invasive phenotype by repressing RelB and its target BCL2. Nat Cell Biol. (2007) 9:470–8. doi: 10.1038/ncb1559

104. Belguise, K, and Sonenshein, GE. PKCtheta promotes c-Rel-driven mammary tumorigenesis in mice and humans by repressing estrogen receptor alpha synthesis. J Clin Invest. (2007) 117:4009–21. doi: 10.1172/JCI32424

105. Park, KJ, Krishnan, V, O’malley, BW, Yamamoto, Y, and Gaynor, RB. Formation of an IKKalpha-dependent transcription complex is required for estrogen receptor-mediated gene activation. Mol Cell. (2005) 18:71–82. doi: 10.1016/j.molcel.2005.03.006

106. Brzozowski, AM, Pike, AC, Dauter, Z, Hubbard, RE, Bonn, T, Engström, O, et al. Molecular basis of agonism and antagonism in the oestrogen receptor. Nature. (1997) 389:753–8. doi: 10.1038/39645

107. Zhu, P, Baek, SH, Bourk, EM, Ohgi, KA, Garcia-Bassets, I, Sanjo, H, et al. Macrophage/cancer cell interactions mediate hormone resistance by a nuclear receptor derepression pathway. Cell. (2006) 124:615–29. doi: 10.1016/j.cell.2005.12.032

108. Frasor, J, Weaver, A, Pradhan, M, Dai, Y, Miller, LD, Lin, CY, et al. Positive cross-talk between estrogen receptor and NF-kappaB in breast cancer. Cancer Res. (2009) 69:8918–25. doi: 10.1158/0008-5472.CAN-09-2608

109. Babina, IS, and Turner, NC. Advances and challenges in targeting FGFR signalling in cancer. Nat Rev Cancer. (2017) 17:318–32. doi: 10.1038/nrc.2017.8

110. Servetto, A, Formisano, L, and Arteaga, CL. FGFR signaling and endocrine resistance in breast cancer: Challenges for the clinical development of FGFR inhibitors. Biochim Biophys Acta Rev Cancer. (2021) 1876:188595. doi: 10.1016/j.bbcan.2021.188595

111. Ornitz, DM, and Itoh, N. The Fibroblast Growth Factor signaling pathway. Wiley Interdiscip Rev Dev Biol. (2015) 4:215–66. doi: 10.1002/wdev.2015.4.issue-3

112. Santolla, MF, and Maggiolini, M. The FGF/FGFR system in breast cancer: oncogenic features and therapeutic perspectives. Cancers (Basel). (2020) 12(10). doi: 10.3390/cancers12103029

113. Wu, YM, Su, F, Kalyana-Sundaram, S, Khazanov, N, Ateeq, B, Cao, X, et al. Identification of targetable FGFR gene fusions in diverse cancers. Cancer Discovery. (2013) 3:636–47. doi: 10.1158/2159-8290.CD-13-0050

114. Forbes, SA, Beare, D, Gunasekaran, P, Leung, K, Bindal, N, Boutselakis, H, et al. COSMIC: exploring the world’s knowledge of somatic mutations in human cancer. Nucleic Acids Res. (2015) 43:D805–11. doi: 10.1093/nar/gku1075

115. Reis-Filho, JS, Simpson, PT, Turner, NC, Lambros, MB, Jones, C, Mackay, A, et al. FGFR1 emerges as a potential therapeutic target for lobular breast carcinomas. Clin Cancer Res. (2006) 12:6652–62. doi: 10.1158/1078-0432.CCR-06-1164

116. Turner, N, Pearson, A, Sharpe, R, Lambros, M, Geyer, F, Lopez-Garcia, MA, et al. FGFR1 amplification drives endocrine therapy resistance and is a therapeutic target in breast cancer. Cancer Res. (2010) 70:2085–94. doi: 10.1158/0008-5472.CAN-09-3746

117. Mcleskey, SW, Zhang, L, El-Ashry, D, Trock, BJ, Lopez, CA, Kharbanda, S, et al. Tamoxifen-resistant fibroblast growth factor-transfected MCF-7 cells are cross-resistant in vivo to the antiestrogen ICI 182,780 and two aromatase inhibitors. Clin Cancer Res. (1998) 4:697–711.

118. Pearson, A, Smyth, E, Babina, IS, Herrera-Abreu, MT, Tarazona, N, Peckitt, C, et al. High-level clonal FGFR amplification and response to FGFR inhibition in a translational clinical trial. Cancer Discovery. (2016) 6:838–51. doi: 10.1158/2159-8290.CD-15-1246

119. Wynes, MW, Hinz, TK, Gao, D, Martini, M, Marek, LA, Ware, KE, et al. FGFR1 mRNA and protein expression, not gene copy number, predict FGFR TKI sensitivity across all lung cancer histologies. Clin Cancer Res. (2014) 20:3299–309. doi: 10.1158/1078-0432.CCR-13-3060

120. Formisano, L, Stauffer, KM, Young, CD, Bhola, NE, Guerrero-Zotano, AL, Jansen, VM, et al. Association of FGFR1 with ERα Maintains ligand-independent ER transcription and mediates resistance to estrogen deprivation in ER(+) breast cancer. Clin Cancer Res. (2017) 23:6138–50. doi: 10.1158/1078-0432.CCR-17-1232

121. Servetto, A, Kollipara, R, Formisano, L, Lin, CC, Lee, KM, Sudhan, DR, et al. Nuclear FGFR1 regulates gene transcription and promotes antiestrogen resistance in ER(+) breast cancer. Clin Cancer Res. (2021) 27:4379–96. doi: 10.1158/1078-0432.CCR-20-3905

122. Mao, P, Cohen, O, Kowalski, KJ, Kusiel, JG, Buendia-Buendia, JE, Cuoco, MS, et al. Acquired FGFR and FGF alterations confer resistance to estrogen receptor (ER) targeted therapy in ER(+) metastatic breast cancer. Clin Cancer Res. (2020) 26:5974–89. doi: 10.1158/1078-0432.CCR-19-3958

123. Formisano, L, Lu, Y, Servetto, A, Hanker, AB, Jansen, VM, Bauer, JA, et al. Aberrant FGFR signaling mediates resistance to CDK4/6 inhibitors in ER+ breast cancer. Nat Commun. (2019) 10:1373. doi: 10.1038/s41467-019-09068-2

124. Turczyk, L, Kitowska, K, Mieszkowska, M, Mieczkowski, K, Czaplinska, D, Piasecka, D, et al. FGFR2-driven signaling counteracts tamoxifen effect on ERα-positive breast cancer cells. Neoplasia. (2017) 19:791–804. doi: 10.1016/j.neo.2017.07.006

125. Hetz, C, and Papa, FR. The unfolded protein response and cell fate control. Mol Cell. (2018) 69:169–81. doi: 10.1016/j.molcel.2017.06.017

126. Hetz, C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond. Nat Rev Mol Cell Biol. (2012) 13:89–102. doi: 10.1038/nrm3270

127. Andruska, N, Zheng, X, Yang, X, Helferich, WG, and Shapiro, DJ. Anticipatory estrogen activation of the unfolded protein response is linked to cell proliferation and poor survival in estrogen receptor α-positive breast cancer. Oncogene. (2015) 34:3760–9. doi: 10.1038/onc.2014.292

128. Hetz, C, Zhang, K, and Kaufman, RJ. Mechanisms, regulation and functions of the unfolded protein response. Nat Rev Mol Cell Biol. (2020) 21:421–38. doi: 10.1038/s41580-020-0250-z

129. Walter, P, and Ron, D. The unfolded protein response: from stress pathway to homeostatic regulation. Science. (2011) 334:1081–6. doi: 10.1126/science.1209038

130. Calfon, M, Zeng, H, Urano, F, Till, JH, Hubbard, SR, Harding, HP, et al. IRE1 couples endoplasmic reticulum load to secretory capacity by processing the XBP-1 mRNA. Nature. (2002) 415:92–6. doi: 10.1038/415092a

131. Davies, MP, Barraclough, DL, Stewart, C, Joyce, KA, Eccles, RM, Barraclough, R, et al. Expression and splicing of the unfolded protein response gene XBP-1 are significantly associated with clinical outcome of endocrine-treated breast cancer. Int J Cancer. (2008) 123:85–8. doi: 10.1002/ijc.v123:1

132. Ding, L, Yan, J, Zhu, J, Zhong, H, Lu, Q, Wang, Z, et al. Ligand-independent activation of estrogen receptor alpha by XBP-1. Nucleic Acids Res. (2003) 31:5266–74. doi: 10.1093/nar/gkg731

133. Hu, R, Warri, A, Jin, L, Zwart, A, Riggins, RB, Fang, HB, et al. NF-κB signaling is required for XBP1 (unspliced and spliced)-mediated effects on antiestrogen responsiveness and cell fate decisions in breast cancer. Mol Cell Biol. (2015) 35:379–90. doi: 10.1128/MCB.00847-14

134. Gupta, A, Hossain, MM, Miller, N, Kerin, M, Callagy, G, and Gupta, S. NCOA3 coactivator is a transcriptional target of XBP1 and regulates PERK-eIF2α-ATF4 signalling in breast cancer. Oncogene. (2016) 35:5860–71. doi: 10.1038/onc.2016.121

135. Xu, J, Wu, RC, and O’malley, BW. Normal and cancer-related functions of the p160 steroid receptor co-activator (SRC) family. Nat Rev Cancer. (2009) 9:615–30. doi: 10.1038/nrc2695

136. Gomez, BP, Riggins, RB, Shajahan, AN, Klimach, U, Wang, A, Crawford, AC, et al. Human X-box binding protein-1 confers both estrogen independence and antiestrogen resistance in breast cancer cell lines. FASEB J. (2007) 21:4013–27. doi: 10.1096/fj.06-7990com

137. Ostuni, R, Kratochvill, F, Murray, PJ, and Natoli, G. Macrophages and cancer: from mechanisms to therapeutic implications. Trends Immunol. (2015) 36:229–39. doi: 10.1016/j.it.2015.02.004

138. Qian, BZ, and Pollard, JW. Macrophage diversity enhances tumor progression and metastasis. Cell. (2010) 141:39–51. doi: 10.1016/j.cell.2010.03.014

139. Condeelis, J, and Pollard, JW. Macrophages: obligate partners for tumor cell migration, invasion, and metastasis. Cell. (2006) 124:263–6. doi: 10.1016/j.cell.2006.01.007

140. Noy, R, and Pollard, JW. Tumor-associated macrophages: from mechanisms to therapy. Immunity. (2014) 41:49–61. doi: 10.1016/j.immuni.2014.06.010

141. Qian, BZ, Li, J, Zhang, H, Kitamura, T, Zhang, J, Campion, LR, et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature. (2011) 475:222–5. doi: 10.1038/nature10138

142. Castellaro, AM, Rodriguez-Baili, MC, Di Tada, CE, and Gil, GA. Tumor-associated macrophages induce endocrine therapy resistance in ER+ Breast cancer cells. Cancers (Basel). (2019) 11(2). doi: 10.3390/cancers11020189

143. Hui, L, and Chen, Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett. (2015) 368:7–13. doi: 10.1016/j.canlet.2015.07.039

144. Wu, Q, Li, B, Li, Z, Li, J, Sun, S, and Sun, S. Cancer-associated adipocytes: key players in breast cancer progression. J Hematol Oncol. (2019) 12:95. doi: 10.1186/s13045-019-0778-6

145. Kalluri, R, and Zeisberg, M. Fibroblasts in cancer. Nat Rev Cancer. (2006) 6:392–401. doi: 10.1038/nrc1877

146. Pontiggia, O, Sampayo, R, Raffo, D, Motter, A, Xu, R, Bissell, MJ, et al. The tumor microenvironment modulates tamoxifen resistance in breast cancer: a role for soluble stromal factors and fibronectin through β1 integrin. Breast Cancer Res Treat. (2012) 133:459–71. doi: 10.1007/s10549-011-1766-x

147. Bianco, P, Cao, X, Frenette, PS, Mao, JJ, Robey, PG, Simmons, PJ, et al. The meaning, the sense and the significance: translating the science of mesenchymal stem cells into medicine. Nat Med. (2013) 19:35–42. doi: 10.1038/nm.3028

148. Brechbuhl, HM, Finlay-Schultz, J, Yamamoto, TM, Gillen, AE, Cittelly, DM, Tan, AC, et al. Fibroblast subtypes regulate responsiveness of luminal breast cancer to estrogen. Clin Cancer Res. (2017) 23:1710–21. doi: 10.1158/1078-0432.CCR-15-2851

149. Davis, H, Raja, E, Miyazono, K, Tsubakihara, Y, and Moustakas, A. Mechanisms of action of bone morphogenetic proteins in cancer. Cytokine Growth Factor Rev. (2016) 27:81–92. doi: 10.1016/j.cytogfr.2015.11.009

150. Todd, GM, Gao, Z, Hyvönen, M, Brazil, DP, and Ten Dijke, P. Secreted BMP antagonists and their role in cancer and bone metastases. Bone. (2020) 137:115455. doi: 10.1016/j.bone.2020.115455

151. Ren, J, Smid, M, Iaria, J, Salvatori, DCF, Van Dam, H, Zhu, HJ, et al. Cancer-associated fibroblast-derived Gremlin 1 promotes breast cancer progression. Breast Cancer Res. (2019) 21:109. doi: 10.1186/s13058-019-1194-0

152. Wu, Q, Li, J, Li, Z, Sun, S, Zhu, S, Wang, L, et al. Exosomes from the tumour-adipocyte interplay stimulate beige/brown differentiation and reprogram metabolism in stromal adipocytes to promote tumour progression. J Exp Clin Cancer Res. (2019) 38:223. doi: 10.1186/s13046-019-1210-3

153. Iwai, Y, Hamanishi, J, Chamoto, K, and Honjo, T. Cancer immunotherapies targeting the PD-1 signaling pathway. J BioMed Sci. (2017) 24:26. doi: 10.1186/s12929-017-0329-9

154. Liu, L, Shen, Y, Zhu, X, Lv, R, Li, S, Zhang, Z, et al. ERα is a negative regulator of PD-L1 gene transcription in breast cancer. Biochem Biophys Res Commun. (2018) 505:157–61. doi: 10.1016/j.bbrc.2018.09.005

155. Rugo, HS, Delord, JP, Im, SA, Ott, PA, Piha-Paul, SA, Bedard, PL, et al. Safety and antitumor activity of pembrolizumab in patients with estrogen receptor-positive/human epidermal growth factor receptor 2-negative advanced breast cancer. Clin Cancer Res. (2018) 24:2804–11. doi: 10.1158/1078-0432.CCR-17-3452

156. Bissell, MJ, and Radisky, D. Putting tumours in context. Nat Rev Cancer. (2001) 1:46–54. doi: 10.1038/35094059

157. Sampayo, RG, Toscani, AM, Rubashkin, MG, Thi, K, Masullo, LA, Violi, IL, et al. Fibronectin rescues estrogen receptor α from lysosomal degradation in breast cancer cells. J Cell Biol. (2018) 217:2777–98. doi: 10.1083/jcb.201703037

158. Huang, J, Woods, P, Normolle, D, Goff, JP, Benos, PV, Stehle, CJ, et al. Downregulation of estrogen receptor and modulation of growth of breast cancer cell lines mediated by paracrine stromal cell signals. Breast Cancer Res Treat. (2017) 161:229–43. doi: 10.1007/s10549-016-4052-0

159. Chau, CH, Steeg, PS, and Figg, WD. Antibody-drug conjugates for cancer. Lancet. (2019) 394:793–804. doi: 10.1016/S0140-6736(19)31774-X

160. Modi, S, Jacot, W, Yamashita, T, Sohn, J, Vidal, M, Tokunaga, E, et al. Trastuzumab deruxtecan (T-DXd) versus treatment of physician’s choice (TPC) in patients (pts) with HER2-low unresectable and/or metastatic breast cancer (mBC): Results of DESTINY-Breast04, a randomized, phase 3 study. J Clin Oncol. (2022) 40:LBA3–3. doi: 10.1200/JCO.2022.40.17_suppl.LBA3

161. Rugo, HS, Bardia, A, Marmé, F, Cortés, J, Schmid, P, Loirat, D, et al. LBA76 Overall survival (OS) results from the phase III TROPiCS-02 study of sacituzumab govitecan (SG) vs treatment of physician’s choice (TPC) in patients (pts) with HR+/HER2- metastatic breast cancer (mBC). Ann Oncol. (2022) 33:S1386. doi: 10.1016/j.annonc.2022.08.012

162. Rugo, HS, Bardia, A, Marmé, F, Cortés, J, Schmid, P, Loirat, D, et al. Overall survival with sacituzumab govitecan in hormone receptor-positive and human epidermal growth factor receptor 2-negative metastatic breast cancer (TROPiCS-02): a randomised, open-label, multicentre, phase 3 trial. Lancet. (2023) 402:1423–33. doi: 10.1016/S0140-6736(23)01245-X

163. Bardia, A, Jhaveri, K, Im, SA, Simon, SP, De Laurentiis, M, Wang, S, et al. LBA11 Datopotamab deruxtecan (Dato-DXd) vs chemotherapy in previously-treated inoperable or metastatic hormone receptor-positive, HER2-negative (HR+/HER2&x2013); breast cancer (BC): Primary results from the randomised phase III TROPION-Breast01 trial. Ann Oncol. (2023) 34:S1264–5. doi: 10.1016/j.annonc.2023.10.015

164. Kalinsky, K, Diamond, JR, Vahdat, LT, Tolaney, SM, Juric, D, O'shaughnessy, J, et al. Sacituzumab govitecan in previously treated hormone receptor-positive/HER2-negative metastatic breast cancer: final results from a phase I/II, single-arm, basket trial. Ann Oncol. (2020) 31:1709–18. doi: 10.1016/j.annonc.2020.09.004

165. Menendez, JA, and Lupu, R. Fatty acid synthase regulates estrogen receptor-α signaling in breast cancer cells. Oncogenesis. (2017) 6:e299. doi: 10.1038/oncsis.2017.4

166. Jones, SF, and Infante, JR. Molecular pathways: fatty acid synthase. Clin Cancer Res. (2015) 21:5434–8. doi: 10.1158/1078-0432.CCR-15-0126

167. Menendez, JA, and Lupu, R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis. Nat Rev Cancer. (2007) 7:763–77. doi: 10.1038/nrc2222

168. Kuhajda, FP, Jenner, K, Wood, FD, Hennigar, RA, Jacobs, LB, Dick, JD, et al. Fatty acid synthesis: a potential selective target for antineoplastic therapy. Proc Natl Acad Sci USA. (1994) 91:6379–83. doi: 10.1073/pnas.91.14.6379

169. Gruslova, A, Mcclellan, B, Balinda, HU, Viswanadhapalli, S, Alers, V, Sareddy, GR, et al. FASN inhibition as a potential treatment for endocrine-resistant breast cancer. Breast Cancer Res Treat. (2021) 187:375–86. doi: 10.1007/s10549-021-06231-6

170. Hu, X, Huang, W, and Fan, M. Emerging therapies for breast cancer. J Hematol Oncol. (2017) 10:98. doi: 10.1186/s13045-017-0466-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Gao, Yu, Zhang, Yu and Kang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-14-1448687-g003.jpg
Endosome

e

Release payload

® /

Intermalisation endocytisis

cytotoxicity b

RO >

DNA intercalation

L
ADC bind to antigen ysosome

Microtubule disruption





OEBPS/Images/fonc.2024.1448687_cover.jpg
’ frontiers | Frontiers in Oncology

Mechanisms of endocrine resistance in
hormone receptor-positive breast cancer





OEBPS/Images/fonc-14-1448687-g002.jpg
Oestrogen .

TR XU
ALY ¢ DALELLLELAAERARERAN ANY 1 QX

Y O

| ©

ov oER






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mechanisms of endocrine resistance in hormone receptor-positive breast cancer

      

        		

          1 Introduction

        



        		

          2 Estrogen receptor and ESR1

        



        		

          3 Cell cycle pathway: CDK4/6

        



        		

          4 Cell signaling pathways

        

          		

            4.1 PI3K-AKT-mTOR

          



          		

            4.2 Notch

          



          		

            4.3 NF-κB

          



          		

            4.4 FGFR

          



          		

            4.5 IRE1-XBP1

          



        



        



        		

          5 Tumor microenvironment

        



        		

          6 Antibody-drug conjugation

        



        		

          7 Biological metabolism

        



        		

          8 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Inhibitor Drug Target

Pan-class | PI3K inhibitors

Buparlisib BKM120 Pan-PI3K
Pictilisib GDC-0941 Pan-PI3K
Copanlisib BAY 80-6946 Pan-PI3K
SAR245408 XL147 Pan-PI3K
PX-866 Pan-PI3K

Isoform-specific PI3K inhibitors

Taselisib GDC-0032 pl10o
Alpelisib BYL719 pll0o
MLN1117 p1100;
BAY 1082439 p1100/B
CH5132799 PI3Ka/y
GSK2636771 pl10B
AZD8186 p110B
 SAR260301 p110p
Idelalisib CAL-101 pl103
IPI-145 p1108
AMG319 p1108

Dual-specificity PI3K/mTOR inhibitors

BEZ235 PI3K/mTOR
GDC-0980 PI3K/mTOR
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in the metastatic setting (HR 0.64; 95% CI 0.48-0.86)
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at least 1 endocrine therapy, taxane, and CDK4/6 inhibitor TPC OS 144 vs. 11.2 months
in any setting
at least 2, but no more than 4, lines of chemotherapy for (HR 0.79; 95% CI 0.65-0.96)
metastatic disease
TROPION- I Adult pts with inoperable or metastatic HR+/HER2-BC, Dato-Dxd PFS 6.9 vs. 4.9 months
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who had experienced progression on endocrine therapy vs. 732 (HR 0.63; 95% CI 0.52-0.76)
and for whom ET was unsuitable, and who had received 1cc 0s-
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SKB264 (MK- it pre-specified subpopulation of patients with HR SG 54 PES 5.5 months (95%CI 3.6~7.6)
2870) (164) +/HER2 mBC
from the phase 1/2, single-arm trial (NCT01631552) 0OS 12.0 months (95%CI 9.0~18.2)

T-DXd-trastuzumab deruxtecan; SG-sacituzumab govitecan; TPC-treatment of physician’s choice; ICC-investigator’s choice of chemotherapy.
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Arms

Primary Outcome (Exp vs.
Ctrl Arm) HR (95% ClI)
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MONALEESA-7 11
MONARCH-2 i
MONARCH-3 i
PALOMA-1/TRIO-18 i
PALOMA-2 I
PALOMA-3 11
PEARL 11
MAINTAIN il
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Al-sensitive postmenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
no previous systemic therapy for ABC

Al-sensitive/resistant postmenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
0-1 line of ET for ABC

Al-sensitive peri/premenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
no previous ET and up to 1 line of CT for ABC

Al-resistant pre/postmenopausal women with
HR-positive/HER2-negative advanced BC that
progressed after ET;
no previous CT for ABC

Al-sensitive postmenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
no previous systemic therapy for ABC

Al-sensitive postmenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
no previous systemic therapy for ABC

Al-sensitive postmenopausal women with
HR-positive/HER2-negative advanced or metastatic BC;
no previous systemic therapy for ABC

Al-resistant pre/postmenopausal women with
HR-positive/HER2-negative advanced or metastatic
breast cancer that progressed after ET

Al-resistant postmenopausal women with HR-positive,
HER2-negative metastatic BC

Pre/postmenopausal women or men with HR-positive/
HER?2-negative advanced or metastatic BC
who have progressed on an Al plus a CDK4/6 inhibitor
(either Palbociclib or Ribociclib)

Pre/postmenopausal women or men with HR-positive/
HER2-negative advanced or metastatic BC
who have progressed on an ET plus a CDK4/6
inhibitor and up to 1 line of CT for ABC

Ribociclib
+ Letrozole

PFS 25.3 vs. 16 months

vs. 668 (HR 0.568; 95% CI
Letrozole
0.457-0.704;
+ Placebo )
Ribocicli
chelld PES 20.5 vs. 12.8 months
+ Fulvestrant
vs. 726 (HR 0.593; 95% CI
Fulvestrant 0.480-0.732)
+ Placebo : )
Ribociclib +
TAM/NSAI PFS 23.8 vs. 13.3 months
vs. 672 (HR 0.553: 95% CI
TAM or NSAT
PR 0.441-0.694)
Abemaclelb PFS 164 vs. 9.3 months
+ Fulvestrant
vs. 669 (HR 0.553; 95% CI
Placebo
0.449-0.681
+ Fulvestrant )
Abemaciclib
+ NSAI PFS 28.1 vs. 14.7 months
vs. 493 (HR 0.540; CI
Placebo + NSAI 0.418-0.698)
Ealhocidib PES 202 vs. 10.2 months
+ Letrozole
vs. 165 (HR 0.488; 95% CI
Letrozole 0.319-0.748)
Palbociclib PES 27.6 vs. 14.5 months
+ Letrozole
vs. 666 (HR 0.563; 95% CI
Letrozole 0.461-0.687)
Palbociclib
+ Fulvestrant
521 PFS 9.5 vs. 4.6 months
v (HR 0.46; 95% CI 0.36-0.59)
Fulvestrant
+ Placebo
Palbociclib PES 7.5 vs. 10 months
+ET (HR 1.09; 95% CI 0.83-1.44)
vs. 601
Capecitabine
Palbociclib or
Ribocichb) o PES 5.29 vs. 2.76 months
vs.
HR 0.57; 95% CI 0.39-0.85
Fulvestrant ( = )
+ Placebo
Fulvestrant vs.
Palbociclib
+ Fulvestrant PFS 4.8 vs. 4.6
(HR 1.11; 95% CI 0.79-1.55)
vs. 220

Palbociclib +
Fulvestrant +

Avelumab

vs. 8.1 months
(HR 0.75; 95% CI 0.50-1.12)

Exp, experimental; Ctrl, control; HR, hazard ratio; CI, confidence interval; Al, aromatase inhibitor; HR, hormone receptor; HER2, human epidermal growth factor 2; BC, breast cancer; ABC,
advanced breast cancer; PFS, progression-free survival; ET, endocrine therapy; CT, chemotherapy; TAM, tamoxifen; NSAL, nonsteroidal aromatase inhibitors.





