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Breast cancers with positive expression of Estrogen Receptor (ER+) are treated with anti-hormone/endocrine therapy which targets the activity of the receptor, the half-life of the receptor or the availability of estrogen. This has significantly decreased mortality in women with ER+ breast cancer, however, about 25–30% of treated women run the risk or recurrence due to either intrinsic or acquired resistance to endocrine therapies. While ER itself is a predictor of response to such therapies, there exists a need to find more biomarkers and novel targets to treat resistant tumors. In this review, we summarize the known mechanisms and describe the ability of genomics in unraveling rare mutations and gene rearrangements that may impact the development of resistance and therefore treatment of ER+ breast cancer in the near future.
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INTRODUCTION

According to GLOBOCAN 2018 around 2.1 million female breast cancer cases will be newly diagnosed in the year 2019 (1). Historically, breast cancer was classified on the basis of histopathology but with the advent of techniques such as microarray analysis, molecular sub-types were defined (2). Now, breast cancer is classified as hormone receptor positive based on the expression of Estrogen Receptor (ER), Progesterone Receptor (PR), and Human Epidermal growth factor Receptor-2 positive (ERBB2/HER2+) (3). Breast cancers that lack the expression of all 3 receptors are classified as triple negative breast cancers (TNBCs). Importantly, this molecular status defines the gene based therapeutic approaches presently employed in clinical practice for treating breast cancer (4, 5). About 70% of breast cancers diagnosed are positive for the expression of estrogen receptor (ER+) and sustained exposure to the hormone is known to cause cancer. Clinically, ER+ patients are treated with anti-hormone therapy leading to the development of a number of molecules that are selective estrogen receptor modulators (SERMs) like Tamoxifen (Tam), selective estrogen receptor degraders (SERDs), or inhibitors of the enzyme aromatase (AI), that converts androgens to estrogens (6, 7). Aromatase Inhibitors (AIs) are usually utilized as a second line of treatment in tamoxifen resistant tumors. Treatment with SERMs, in particular Tam, has decreased the mortality due to breast cancer by 25–30%. About 30% of women treated with Tam run the risk of recurrence in the next decade due to development of de novo resistance after prolonged exposure to the drug, especially in the metastatic setting. Intrinsic resistance to Tam is rare although single nucleotide polymorphisms in cytochrome p450 enzymes that affect the metabolism of Tam to its active form have been reported (8). This limits clinical benefit derived by the patients and two challenges emerge in the treatment of ER+ breast cancers, (1) availability of biomarkers that can predict endocrine resistance and (2) finding alternate agents to treat endocrine resistant tumors.

Few biomarkers exist to predict response/resistance to endocrine therapy. An exception to this is ER itself, and since ER negative (ER-) tumors rarely respond to Tam, presence of ER remains the most successful biomarker for response to endocrine therapy. However, cell culture data point to multiple other molecular mechanisms that may result in cells becoming refractory to estrogen inhibition (9). Interestingly, a significant portion of the cell culture findings have been correlated to Tam resistance in patients. Agents that interfere with these mechanisms offer the promise of novel therapeutic opportunities and are already used in combination with SERMs. In the review, we summarize data from candidate gene approaches and the more recent genomic studies that have revealed mechanisms leading to endocrine resistance.

Mechanisms of Endocrine Therapy Resistance

Resistance developed during treatment may either be intrinsic, which is present in the individual before the start of any treatment, or the resistance is acquired during the course of treatment. Some pathways to acquired resistance are described below (9, 10).

Estrogen Receptor (ER)

Estradiol (E2) binds ER, a ligand activated transcription factor that interacts with palindromic estrogen response elements (EREs) located in the regulatory regions of its target genes to alter their transcription (11, 12). ER has two subtypes, ERα and ERβ, encoded by genes present in chromosome 6 and 14, respectively, which can homo- and hetero-dimerize to mediate their transcriptional action. Each ER subtype has a unique role in gene regulation, displays cell and tissue specific expression and alters different signaling pathways downstream (13). ERα activation promotes tumorigenesis since it induces proliferation and invasiveness of breast cancer cells. In contrast, ERβ appears to restrict cell proliferation, antagonize epithelial to mesenchymal transition and increase sensitivity to Tam in cell lines (14, 15). In patients, high levels of ERβ correlate with better survival and better response to Tam independent of ERα but lower levels of ERβ may contribute to endocrine therapy resistance (16, 17). In some reports, ERβ overexpression is observed in pre-invasive breast tumor of tamoxifen resistant individual and ERβ appears to have a negative effect on the transcription stimulated by ERα.

Further, both ER subtypes are alternately spliced and display differential gene regulation, cellular localization and pathogenicity in cancer (18). Atleast two truncated isoforms of ERα (ERα36 and ERα46) that arise due to alternate splicing, exon skipping and promoter usage act in a dominant negative manner as compared to the full length ER protein (19, 20). ERα36 localized to the mitochondrial membrane in uterine cells, performed non-genomic actions and was linked to Tam resistance whereas ERα46 was shown to increase sensitivity to Tam in Tam resistant MCF-7 cells. ERβ has multiple isoforms based on the exclusion of exon 8 such as ERβ1 (full-length), annotated as ERβ2 to ERβ5. Of these, nuclear ERβ2 and ERβ5 may antagonize ERα function but can enhance ERβ1 transactivation. Their relationship to endocrine resistance is still under investigation since they often are co-expressed with ERα (21). Due to such push and pull functions of ER subtypes, the ratio between ERα, ERβ, and their variants is being assessed as a predictive biomarker for endocrine therapy responsiveness (22). The subtype related data however remain controversial, mainly due to lack of good antibodies to differentiate between ERα and ERβ isoforms (23).

In addition to the nuclear activity, ERα can also localize to the plasma membrane and elucidate rapid non-genomic actions via activation of PI3Kinase/AKT and MAP kinase pathways, G-protein coupled receptor pathways or by changing calcium levels within the cells (24). Secondly, extranuclear ER activation is thought to occur via concentration of receptor tyrosine kinases, signaling proteins and ER in caveolae and lipid rafts (25). Such redistribution of ER is observed in Tam resistant cells, leading to its increased binding to EGFR and induction of downstream signaling. This likely describes yet another mechanism of endocrine resistance (26).

Given the substantial influence of ER on breast cancer biology it is logical to presume that mutations in ER and its partners may be the leading cause of intrinsic resistance to endocrine therapy. Loss of ER expression and the mutation in the estrogen receptor gene (ESR1) are the two important aspects of hormone based therapy resistance. However, in patients, mutations are rarely found in ESR1 (<1% have mutations) or its associated proteins and deletion of ER accounts for only 10–20% of the cancer cases prior to therapy (27). In case of acquired resistance 17–28% of cases do not express ER (28). At times, the loss of expression of ER is due to aberrant methylation pattern at the promoter region or deletion of an exon (exon 5) in the ER mRNA (29, 30). The use of histone demethylase (HDAC) inhibitors like entinostat and Scriptiad and DNA methyl transferase (DNMT) inhibitors have been shown to restore the ER expression and hence sensitivity to tamoxifen treatment in breast cancer cell lines (31, 32). Some mutations in ER lead to hypersensitivity to circulating estrogen and make ER highly active such that tumors do not respond well to Tam therapy (33). Few tumors show ESR1 amplification, no loss in ER expression but are resistant to Tam. These data suggest that numerous pathways beyond the expression status of ER may govern endocrine resistance.

ER Co-factors in Endocrine Resistance

ER is a modulator protein with N-terminal transactivation (AF1), DNA binding (DBD), a hinge, and a C-terminal ligand binding domains (LBD) containing a ligand induced transactivation domain (AF2). Bound ER is a complex of several co-regulatory proteins (co-activators/co-repressors), transcription factors and histone modifiers. Ligand bound ER adopts a conformation such that helix 3,5, and 12 along with AF2 form a hydrophobic pocket and a protein surface conducive to interaction with the leucine rich (LXXLL) motifs of co-activators- Tamoxifen is a competitive inhibitor of estrogen, binds the same regulatory sites as estrogen bound ER, but results in shifting the position of helix 12 away from the ligand binding pocket, such that Tam bound ER recruits a co-repressor complex instead of a co-activator complex to antagonize hormone response (34). Substitution of amino acids L536, Y537, D538 in this region positions Helix 12 in the agonistic conformation resulting in the constitutive transactivation of ER in absence of the ligand. Such and other missense mutations in this region of ESR1 are rare but described in acquired endocrine resistance and tumor metastases (35–37).

High expression levels of ER co-activators such as AIB1 (amplified in breast cancer 1) were shown to enhance the agonist activity of tamoxifen and contribute to tamoxifen resistance (38). Conversely, a progressive reduction in Nuclear receptor co-repressor 1 (NCoR) co-repressor activity during tamoxifen therapy enhanced the agonist effects of tamoxifen on ER contributing to resistance (39). ER also has non-classical genomic actions that involve indirect binding to DNA by tethering to other transcription factors such as Activator Protein (AP-1), Specificity protein 1 (Sp1), CCAAT/enhancer-binding protein beta (C/EBPβ), and cyclic AMP response element binding protein (CREB). Such complexes lead to the conversion of Tam-ER antagonist activity to an agonistic activity leading to proliferation of breast cancer cells (40). Enhanced expression of such factors also results in endocrine therapy resistance (41). For example, aberrant expression of other transcription factors such as SRY-box 9 (SOX9), a stem cell factor stimulated by the Runt-related transcription factor 2 (RUNX2)-ER complex promoted proliferation, metastatic phenotype and endocrine therapy resistance (42). Forkhead box protein A1 (FOXA1) is a pioneer factor that opens the compacted chromatin, facilitates the recruitment of ER to its genomic sites and co-expresses with ER during mammary gland development, and primary breast tumors development (12). FOXA1 is found to be over-expressed in endocrine resistant cell lines and it activates oncogenes and proteins like Interleukin-8 (IL-8) that are associated with endocrine resistance (43).

Reprogrammed chromatin landscapes that are independent of ER also drive endocrine resistance. Enhancer of Zeste 2 (EZH2), a methyltransferase that modifies chromatin, is found to confer endocrine therapy resistance by suppressing the expression of GREB1 which is a co-factor of ERα. The level of EZH2 was found to be high in tamoxifen resistant samples and a low level of GREB1 modifies the transcriptional machinery of ERα and a different transcriptome which provides refractory phenotypes in hormone positive cells (42). In another study, a significant difference between open chromatin landscape of sensitive and resistant MCF7 cell lines has been reported (44). No significant contribution of classical ERα signaling was observed in these cell lines. However, in the resistant cells, chromatin reprogramming led to enrichment and overexpression of the NOTCH pathway and other target genes in resistant cells, with the NOTCH3 pathway being responsible for the development of resistance. NOTCH3 induced Pre-B-cell leukemia transcription factor 1 (PBX1) expression and together they drove the expression of several endocrine resistance pathway genes (44).

ER and It's Crosstalk With Signaling Pathways

Often ligand independent ER activation occurs due to post translational modifications of the wild type ER protein. This is achieved by overexpression of growth factor signaling proteins that modify ER making the cell refractory to Tam action. The phosphorylation of ER is brought about through overexpression of various receptor tyrosine kinases such as HER2, Epithelial Growth Factor Receptor (EGFR), and Insulin like growth factor receptor (IGF1R) (45, 46). Phosphorylation renders ER active in a ligand independent manner making cells refractory to Tam action. Similarly, activation of MAPK or PI3K/AKT signaling pathway has been implicated in development of endocrine resistance (47). Further, in addition to phosphorylating ER, transfection of HER2 in hormone receptor positive cells led to the down regulation of ER expression conferring resistance to anti-hormone therapy (48, 49).

Role of miRNAs

MicroRNAs (miRNAs) are small non-coding RNA molecules of around 22 nucleotides in length that regulate the expression of various genes either by degrading their mRNA or suppressing their translation. miRNA 221 and 222 when expressed ectopically are found to convert the hormone sensitive MCF7 cell line to a resistant line by down-regulating a cell cycle inhibitor p27(Kip1) (50). This led to continued cell division despite the presence of ER blockers. These miRNAs were also found to be up-regulated in HER2 positive and ER- cells (51). Similarly, various miRNAs are found to be associated with hormone therapy resistance as their main targets are apoptotic genes or cell proliferation proteins and reviewed in more detail by Muluhngwi et al. (52).

Role of Extracellular Vesicles (EVs)

EVs/exosomes are 30–200 nm secreted particles that carry DNA, RNA, and protein cargo and are capable of transferring information and activities onto receptive cells (53). EVs isolated from the resistant MCF7 cell lines converted the sensitive cells to a hormone resistant type after 14 days of treatment and this process was irreversible (54). Transcriptional activity of ERα mediated via E2 was decreased; however there was no significant change in the protein level of ERα. EV treatment activated AP-1 and NF-κB transcription factors which were implicated earlier in hormone therapy resistance in breast cancer (55). Exosome mediated resistance is also achieved by the activation of PI3K/AKT pathway. Chen et al. further showed that EVs treated with RNase were not able to alter sensitivity of cells and that miR-100, miR-222, and miR-30a were responsible in the pathogenesis and therapy resistance of breast cancer (56, 57). Further, RNA contained within the EVs derived from the stromal cells transferred the resistance phenotype to the breast cancer cells. Therefore, both paracrine and juxtacrine signaling induced by EVs could lead to the development of a subpopulation of therapy resistant tumor initiating cells (58). Exploring the role of EVs may uncover additional mechanisms of resistance.

The Genomic Landscape of Endocrine Resistance

By candidate gene approach, copy number changes in cyclin D1 (CCND1), ERBB2, and FGFR1 and mutations in the MAPK pathway have been associated with endocrine resistance (59, 60). However, since tumors evolve due to therapeutic pressure, comparing genomic aberrations of treatment naïve and post-therapy samples would aid the discovery of both intrinsic and de novo resistance biomarkers and identify additional targets for treatment. Genomic characterization of untreated breast cancer (The Cancer Genome Atlas, https://cancergenome.nih.gov/) has identified key drivers, stratified patients based on mutational profiles, and have emphasize the clonal heterogeneity of tumors (61). Deep and targeted sequencing using next generation methods can be used to catalog those rare mutations that may be present at low frequencies in clonal cells but get selected during the course of treatment. Early targeted sequencing of ESR1 showed that mutations in this gene enriched in the LBDs (62). Whole exome profiling and RNA sequencing of 143 tumors from ER+/Her2- patients exposed to letrozole (AI therapy) identified intrinsic genomic alterations in CCND1 and FGFR1 genes and intrachromosomal ESR1 fusion transcripts that could be responsible for endocrine therapy resistance (63). Next, a survey of mutations and copy number changes using a targeted approach to study 230 genes from ER+ tumors that were metastatic and progressed further while on endocrine treatment identified mutations in ESR1 as well as Human Epidermal growth factor receptor 3 (ERBB3) and Regulatory-associated protein of mTOR (RPTOR) (64). Mutations in ESR1 clustered in the ligand binding domain such that the mutant receptors assumed an agonist conformation, had higher stability, increased interaction with co-activators or had higher transactivation function even in the absence of the ligand. Since patients resistant to SERMS are often treated with AI therapy, these data suggest that patients harboring such ESR1 mutations may not benefit from this therapy as AI only decreases the availability of circulating estrogen levels in the patient. However, these mutants may be amenable to alternate SERMs. Using cell lines with stable expression of mutants, the authors demonstrated that SERMs could achieve 100% decrease in ER activity but only at extremely high doses. Therefore, development of more potent next generation SERMs may be required to diminish the risk of recurrence. Such mutants also appear to be more prevalent in metastatic disease and may possibly be causal in the process of tumor dissemination.

In addition to mutations in the ER protein, genomic structural rearrangements (REs) in the ESR1 gene have been identified in recurrent metastatic ER+ breast cancer (65). The junctions were clustered between exons 6 and 7 of ESR1 fused to unique partners on the 3′ end. Often such RE hotspots are also associated with a change in copy number (termed as copyshift). Most ESR1 fusions or predicted REs may not be expressed or translated, but some had ligand independent activity and some fusions were hyperactive. Most endocrine therapies are designed to attack the LBD of ER, since ESR1 REs commonly loose the LBD to gain fusion partners, they may drive endocrine resistance in patients and newer therapies blocking the N-terminal of ER are necessary.

Incidentally, mutations/fusions in ESR1 account for only in 15–18% of patients that show endocrine resistance suggesting additional genes/pathways exist. A more recent genomic study on 1,501 HR+ tumors that characterize 809 therapy naïve and 692 tumors post therapy established a taxonomy of aberrations that associate with endocrine resistance (66). Functional hotspot mutations in ESR1, ERBB2, and loss of function mutations in Nuclear Factor 1 (NF-1) were found to be twice as common in post therapy samples as compared to therapy naïve tumors. Either rare clones with these mutations exist in therapy naïve individuals and they expand during the course of treatment or these may be de novo acquired changes. Interestingly, these events were mutually exclusive and non-overlapping. This study also identified mutations in the MAPK pathway in 16% of the cases and genes that regulate the expression of ER such as FOXA1 and T-box transcription factor 3 (TBX3) were found altered in patients who did not have ESR1 mutations. Interestingly, amplifications in genes like MYC and CTCF that also regulate ER expression were absent. Despite comparative and deep sequencing, these studies explain only 40% of the mechanisms in play and newer genomic mechanisms for resistance may exist.

CONCLUSION

Changes in transcription of ER, its co-regulators, epigenomic, and post-translational modifications in ER, genetic polymorphisms affecting pharmacokinetics of anti-hormone drugs that affect ER expression, mutations in ER pathway that affect its activity along with therapy induced genomic aberrations may favor endocrine resistance (Figure 1). Owing to the complexity of ER biology in cancer, an integrative analysis of multiplatform data that can evaluate wellness trajectories during the course of treatment is necessary in identifying more mechanisms, and newer targets to combat endocrine resistance. A major challenge is the availability of matched pre-and post-therapy samples in sufficient amounts to perform all analyses simultaneously. Longitudinal sampling to monitor disease progression would be ideal to determine tumor relapse and recurrence but such samples remain unavailable. Here better and highly sensitive methods to analyze liquid biopsy samples such are circulating cell free DNA (ctDNA/cfDNA) and contents of EVs are emerging (67). How closely they resemble and represent tumor evolution, clonality of tumor cells, characteristics of disseminated disease, and how well they can predict response to endocrine therapy remains to be seen.
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FIGURE 1. Pathways that may lead to endocrine resistance in Breast Cancer.



AUTHOR CONTRIBUTIONS

Both MH and KD contributed toward the writing and editing of this review.

FUNDING

Postdoctoral position of MH was funded by the TATA trust grant SDTT/MUM/CAN/TMCTMC/2018-2019/0032/SM/sa.

ACKNOWLEDGMENTS

The authors thank Dr. Pratibha Ranganathan for inviting this review submission.

REFERENCES

 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492

 2. Perou CM, Sorlie T, Eisen MB, Rijn M, Jeffrey SS, Rees CA. Molecular portraits of human breast tumours. Nature. (2000) 406:747–52. doi: 10.1038/35021093

 3. Pusztai L, Mazouni C, Anderson K, Wu Y, Symmans WF. Molecular classification of breast cancer: limitations and potential. Oncologist. (2006) 11:868–77. doi: 10.1634/theoncologist.11-8-868

 4. Andre F, Pusztai L. Molecular classification of breast cancer: implications for selection of adjuvant chemotherapy. Nat Clin Pract Oncol. (2006) 3:621–32. doi: 10.1038/ncponc0636

 5. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc Natl Acad Sci USA. (2001) 98:10869–74. doi: 10.1073/pnas.191367098

 6. Musgrove EA, Sutherland RL. Biological determinants of endocrine resistance in breast cancer. Nat Rev Cancer. (2009) 9:631–43. doi: 10.1038/nrc2713

 7. Liu CY, Wu CY, Petrossian K, Huang TT, Tseng LM, Chen S. Treatment for the endocrine resistant breast cancer: current options and future perspectives. J Steroid Biochem Mol Biol. (2017) 172:166–75. doi: 10.1016/j.jsbmb.2017.07.001

 8. Rodriguez-Antona C, Ingelman-Sundberg M. Cytochrome P450 pharmacogenetics and cancer. Oncogene. (2006) 25:1679. doi: 10.1038/sj.onc.1209377

 9. Osborne CK, Schiff R. Mechanisms of endocrine resistance in breast cancer. Annu Rev Med. (2011) 62:233–47. doi: 10.1146/annurev-med-070909-182917

 10. Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies for combating resistance. Nat Rev Cancer. (2002) 2:101. doi: 10.1038/nrc721

 11. Fullwood MJ, Liu MH, Pan YF, Liu J, Xu H, Mohamed YB, et al. An oestrogen-receptor-alpha-bound human chromatin interactome. Nature. (2009) 462:58–64. doi: 10.1038/nature08497

 12. Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, et al. Chromosome-wide mapping of estrogen receptor binding reveals long-range regulation requiring the forkhead protein FoxA1. Cell. (2005) 122:33–43. doi: 10.1016/j.cell.2005.05.008

 13. Thomas C, Gustafsson JA. The different roles of ER subtypes in cancer biology and therapy. Nat Rev Cancer. (2011) 11:597–608. doi: 10.1038/nrc3093

 14. Strom A, Hartman J, Foster JS, Kietz S, Wimalasena J, Gustafsson JA. Estrogen receptor beta inhibits 17beta-estradiol-stimulated proliferation of the breast cancer cell line T47D. Proc Natl Acad Sci USA. (2004) 101:1566–71. doi: 10.1073/pnas.0308319100

 15. Hartman J, Lindberg K, Morani A, Inzunza J, Strom A, Gustafsson JA. Estrogen receptor beta inhibits angiogenesis and growth of T47D breast cancer xenografts. Cancer Res. (2006) 66:11207–13. doi: 10.1158/0008-5472.CAN-06-0017

 16. Speirs V, Malone C, Walton DS, Kerin MJ, Atkin SL. Increased expression of estrogen receptor beta mRNA in tamoxifen-resistant breast cancer patients. Cancer Res. (1999) 59:5421–4.

 17. Speirs V, Parkes AT, Kerin MJ, Walton DS, Carleton PJ, Fox JN, et al. Coexpression of estrogen receptor alpha and beta: poor prognostic factors in human breast cancer? Cancer Res. (1999) 59:525–8.

 18. Taylor SE, Martin-Hirsch PL, Martin FL. Oestrogen receptor splice variants in the pathogenesis of disease. Cancer Lett. (2010) 288:133–48. doi: 10.1016/j.canlet.2009.06.017

 19. Yan Y, Yu L, Castro L, Dixon D. ERalpha36, a variant of estrogen receptor alpha, is predominantly localized in mitochondria of human uterine smooth muscle and leiomyoma cells. PLoS ONE. (2017) 12:e0186078. doi: 10.1371/journal.pone.0186078

 20. Ohe K, Miyajima S, Abe I, Tanaka T, Hamaguchi Y, Harada Y, et al. HMGA1a induces alternative splicing of estrogen receptor alpha in MCF-7 human breast cancer cells. J Steroid Biochem Mol Biol. (2018) 182:21–26. doi: 10.1016/j.jsbmb.2018.04.007

 21. Shaaban AM, Green AR, Karthik S, Alizadeh Y, Hughes TA, Harkins L, et al. Nuclear and cytoplasmic expression of ERbeta1, ERbeta2, and ERbeta5 identifies distinct prognostic outcome for breast cancer patients. Clin Cancer Res. (2008) 14:5228–35. doi: 10.1158/1078-0432.CCR-07-4528

 22. Madeira M, Mattar A, Logullo AF, Soares FA, Gebrim LH. Estrogen receptor alpha/beta ratio and estrogen receptor beta as predictors of endocrine therapy responsiveness-a randomized neoadjuvant trial comparison between anastrozole and tamoxifen for the treatment of postmenopausal breast cancer. BMC Cancer. (2013) 13:425. doi: 10.1186/1471-2407-13-425

 23. Guillette TC, Jackson TW, Belcher SM. Duality of estrogen receptor beta action in cancer progression. Curr Opin Pharmacol. (2018) 41:66–73. doi: 10.1016/j.coph.2018.05.001

 24. Kelly MJ, Levin ER. Rapid actions of plasma membrane estrogen receptors. Trends Endocrinol Metab. (2001) 12:152–6. doi: 10.1016/S1043-2760(01)00377-0

 25. Levin ER, Pietras RJ. Estrogen receptors outside the nucleus in breast cancer. Breast Cancer Res Treat. (2008) 108:351–61. doi: 10.1007/s10549-007-9618-4

 26. Fan P, Wang J, Santen RJ, Yue W. Long-term treatment with tamoxifen facilitates translocation of estrogen receptor alpha out of the nucleus and enhances its interaction with EGFR in MCF-7 breast cancer cells. Cancer Res. (2007) 67:1352–60. doi: 10.1158/0008-5472.CAN-06-1020

 27. Khan SA, Rogers MA, Khurana KK, Meguid MM, Numann PJ. Estrogen receptor expression in benign breast epithelium and breast cancer risk. J Natl Cancer Inst. (1998) 90:37–42. doi: 10.1093/jnci/90.1.37

 28. Johnston SR, Saccani-Jotti G, Smith IE, Salter J, Newby J, Coppen M, et al. Changes in estrogen receptor, progesterone receptor, and pS2 expression in tamoxifen-resistant human breast cancer. Cancer Res. (1995) 55:3331–8. doi: 10.1677/erc.0.0020105

 29. Iwase H, Omoto Y, Iwata H, Toyama T, Hara Y, Ando Y, et al. DNA methylation analysis at distal and proximal promoter regions of the oestrogen receptor gene in breast cancers. Br J Cancer. (1999) 80:1982–6. doi: 10.1038/sj.bjc.6690631

 30. Daffada AA, Johnston SR, Smith IE, Detre S, King N, Dowsett M. Exon 5 deletion variant estrogen receptor messenger RNA expression in relation to tamoxifen resistance and progesterone receptor/pS2 status in human breast cancer. Cancer Res. (1995) 55:288–93.

 31. Widschwendter M, Siegmund KD, Muller HM, Fiegl H, Marth C, Muller-Holzner E, et al. Association of breast cancer DNA methylation profiles with hormone receptor status and response to tamoxifen. Cancer Res. (2004) 64:3807–13. doi: 10.1158/0008-5472.CAN-03-3852

 32. Lo PK, Sukumar S. Epigenomics and breast cancer. Pharmacogenomics. (2008) 9:1879–902. doi: 10.2217/14622416.9.12.1879

 33. Spoerke JM, Gendreau S, Walter K, Qiu J, Wilson TR, Savage H. 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

 34. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, et al. The structural basis of estrogen receptor/coactivator recognition and the antagonism of this interaction by tamoxifen. Cell. (1998) 95:927–37. doi: 10.1016/S0092-8674(00)81717-1

 35. Szostakowska M, Trebinska-Stryjewska A, Grzybowska EA, Fabisiewicz A. Resistance to endocrine therapy in breast cancer: molecular mechanisms and future goals. Breast Cancer Res Treat. (2019) 173:489–97. doi: 10.1007/s10549-018-5023-4

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

 37. 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:e12792. doi: 10.7554/eLife.12792

 38. Weiner M, Skoog L, Fornander T, Nordenskjold B, Sgroi DC, Stal O. Oestrogen receptor co-activator AIB1 is a marker of tamoxifen benefit in postmenopausal breast cancer. Ann Oncol. (2013) 24:1994–9. doi: 10.1093/annonc/mdt159

 39. Lavinsky RM, Jepsen K, Heinzel T, Torchia J, Mullen TM, Schiff R, et al. Diverse signaling pathways modulate nuclear receptor recruitment of N-CoR and SMRT complexes. Proc Natl Acad Sci USA. (1998) 95:2920–5. doi: 10.1073/pnas.95.6.2920

 40. Schiff R, Reddy P, Ahotupa M, Coronado-Heinsohn E, Grim M, Hilsenbeck SG, et al. Oxidative stress and AP-1 activity in tamoxifen-resistant breast tumors in vivo. J Natl Cancer Inst. (2000) 92:1926–34. doi: 10.1093/jnci/92.23.1926

 41. Johnston SR, Lu B, Scott GK, Kushner PJ, Smith IE, Dowsett M, et al. Increased activator protein-1 DNA binding and c-Jun NH2-terminal kinase activity in human breast tumors with acquired tamoxifen resistance. Clin Cancer Res. (1999) 5:251–6.

 42. Jeselsohn R, Cornwell M, Pun M, Buchwalter G, Nguyen M, Bango C, et al. Embryonic transcription factor SOX9 drives breast cancer endocrine resistance. Proc Natl Acad Sci. (2017) 114:E4482–91. doi: 10.1073/pnas.1620993114

 43. Robinson JL, Carroll JS. FoxA1 is a key mediator of hormonal response in breast and prostate cancer. Front Endocrinol. (2012) 3:68. doi: 10.3389/fendo.2012.00068

 44. Magnani L, Stoeck A, Zhang X, Lánczky A, Mirabella AC, Wang LT, et al. Genome-wide reprogramming of the chromatin landscape underlies endocrine therapy resistance in breast cancer. Proc Natl Acad Sci USA. (2013) 110:E1490–9. doi: 10.1073/pnas.1219992110

 45. Nicholson RI, Hutcheson IR, Jones HE, Hiscox SE, Giles M, Taylor KM, et al. Growth factor signalling in endocrine and anti-growth factor resistant breast cancer. Rev Endocr Metab Disord. (2007) 8:241–53. doi: 10.1007/s11154-007-9033-5

 46. Knowlden JM, Hutcheson IR, Barrow D, Gee JM, Nicholson RI. Insulin-like growth factor-I receptor signaling in tamoxifen-resistant breast cancer: a supporting role to the epidermal growth factor receptor. Endocrinology. (2005) 146:4609–18. doi: 10.1210/en.2005-0247

 47. Hasson SP, Rubinek T, Ryvo L, Wolf I. Endocrine resistance in breast cancer: focus on the phosphatidylinositol 3-kinase/akt/mammalian target of rapamycin signaling pathway. Breast Care. (2013) 8:248–55. doi: 10.1159/000354757

 48. Benz CC, Scott GK, Sarup JC, Johnson RM, Tripathy D, Coronado E, et al. Estrogen-dependent, tamoxifen-resistant tumorigenic growth of MCF-7 cells transfected with HER2/neu. Breast Cancer Res Treat. (1992) 24:85–95. doi: 10.1007/BF01961241

 49. Chung YL, Sheu ML, Yang SC, Lin CH, Yen SH. Resistance to tamoxifen-induced apoptosis is associated with direct interaction between Her2/neu and cell membrane estrogen receptor in breast cancer. Int J Cancer. (2002) 97:306–12. doi: 10.1002/ijc.1614

 50. Zhao JJ, Lin J, Yang H, Kong W, He L, Ma X, et al. MicroRNA-221/222 negatively regulates estrogen receptor alpha and is associated with tamoxifen resistance in breast cancer. J Biol Chem. (2008) 283:31079–86. doi: 10.1074/jbc.M806041200

 51. Miller TE, Ghoshal K, Ramaswamy B, Roy S, Datta J, Shapiro CL, et al. MicroRNA-221/222 confers tamoxifen resistance in breast cancer by targeting p27Kip1. J Biol Chem. (2008) 283:29897–903. doi: 10.1074/jbc.M804612200

 52. Muluhngwi P, Klinge CM. Roles for miRNAs in endocrine resistance in breast cancer. Endocr Rel Cancer. (2015) 22:R279–300. doi: 10.1530/ERC-15-0355

 53. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol. (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326

 54. Semina SE, Scherbakov AM, Vnukova AA, Bagrov DV, Evtushenko EG, Safronova VM, et al. Exosome-mediated transfer of cancer cell resistance to antiestrogen drugs. Molecules. (2018) 23:E829. doi: 10.3390/molecules23040829

 55. Zhou Y, Yau C, Gray JW, Chew K, Dairkee SH, Moore DH, et al. Enhanced NFκB and AP-1 transcriptional activity associated with antiestrogen resistant breast cancer. BMC Cancer. (2007) 7:59. doi: 10.1186/1471-2407-7-59

 56. Chen WX, Liu XM, Lv MM, Chen L, Zhao JH, Zhong SL, et al. Exosomes from drug-resistant breast cancer cells transmit chemoresistance by a horizontal transfer of microRNAs. PLoS ONE. (2014) 9:e95240. doi: 10.1371/journal.pone.0095240

 57. Chen WX, Zhong SL, Ji MH, Pan M, Hu Q, Lv MM, et al. MicroRNAs delivered by extracellular vesicles: an emerging resistance mechanism for breast cancer. Tumour Biol. (2014) 35:2883–92. doi: 10.1007/s13277-013-1417-4

 58. Boelens MC, Wu TJ, Nabet BY, Xu B, Qiu Y, Yoon T, et al. Exosome transfer from stromal to breast cancer cells regulates therapy resistance pathways. Cell. (2014) 159:499–513. doi: 10.1016/j.cell.2014.09.051

 59. 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) 70:0008-5472.CAN-09-3746. doi: 10.1158/0008-5472.CAN-09-3746

 60. Bostner J, Ahnström Waltersson M, Fornander T, Skoog L, Nordenskjöld B, Stål O. Amplification of CCND1 and PAK1 as predictors of recurrence and tamoxifen resistance in postmenopausal breast cancer. Oncogene. (2007) 26:6997. doi: 10.1038/sj.onc.1210506

 61. Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature. (2012) 490:61–70. doi: 10.1038/nature11412

 62. 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

 63. 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) 9eaai7993. doi: 10.1126/scitranslmed.aai7993

 64. 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

 65. 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

 66. Razavi P, Chang MT, Xu G, Bandlamudi C, Ross DS, Vasan N, et al. The genomic landscape of endocrine-resistant advanced breast cancers. Cancer Cell. (2018) 34:427–38 e6. doi: 10.1016/j.ccell.2018.08.008

 67. Selli C, Dixon JM, Sims AH. Accurate prediction of response to endocrine therapy in breast cancer patients: current and future biomarkers. Breast Cancer Res. (2016) 18:118. doi: 10.1186/s13058-016-0779-0

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

Copyright © 2019 Haque and Desai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Endocrinology

Pathways to Endocrine Therapy
Resistance in Breast Cancer









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Endocrinology





OPS/images/fendo-10-00573-g001.gif
AReced expession of ER patay gaoes

i n h s
e,

&) one
e Pty

1 1

Pattweys to Endocrine Resistance

T
® s s o o e rpesion
o

Lons bR Py

e e ey
S






