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Abstract

Estrogen receptor-positive (ER+) breast cancer accounts for approximately 75% of all breast 

cancers. Endocrine therapies, including selective ER modulators (SERMs), aromatase inhibitors 

(AIs) and selective ER down-regulators (SERDs) provide substantial clinical benefit by reducing 

the risk of disease recurrence and mortality. However, resistance to endocrine therapies represents 

a major challenge, limiting the success of ER+ breast cancer treatment. Mechanisms of endocrine 

resistance involve alterations in ER signaling via modulation of ER (e.g., ER downregulation, 

ESR1 mutations or fusions); alterations in ER coactivators/corepressors, transcription factors 

(TFs), nuclear receptors and epigenetic modulators; regulation of signaling pathways; modulation 

of cell cycle regulators; stress signaling; alterations in tumor microenvironment, nutrient stress 

and metabolic regulation. Current therapeutic strategies to improve outcome of endocrine resistant 

patients in clinics include inhibitors against mechanistic target of rapamycin (mTOR), cyclin

dependent kinase (CDK) 4/6 and the Phosphoinositide 3-kinase (PI3K) subunit, p110α. Preclinical 

studies reveal novel therapeutic targets, some of which are currently tested in clinical trials 

as single agents or in combination with endocrine therapies, such as ER partial agonists, ER 

proteolysis targeting chimeras (PROTACs), next-generation selective estrogen receptor modulators 

(SERDs), AKT inhibitors, epidermal growth factor receptor 1 &2 (EGFR/HER2) dual inhibitors, 

HER2 targeting antibody-drug conjugates and histone deacetylase (HDAC) inhibitors. In this 

review, we summarize the established and emerging mechanisms of endocrine resistance, 

alterations during metastatic recurrence, and discuss the approved therapies and on-going clinical 

trials testing the combination of novel targeted therapies with endocrine therapy in endocrine

resistant ER+ breast cancer patients.
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Introduction

Breast cancer is the most common cancer and the leading cause of cancer-related death 

among women worldwide [1]. ER+ breast cancer has the highest incidence rate and accounts 

for around 75% of all cases [2]. The growth of ER+ tumors is driven by ER signaling which 

may function through genomic (canonical) and nongenomic (non-canonical) pathways [3]. 

Upon estrogen (here: 17β-estradiol or E2) binding, ER dimerizes with another monomer, 

translocates to the nucleus and either directly binds to specific estrogen response elements 

(EREs) with the help of pioneer factors, such as Forkhead Box A1 (FOXA1) and GATA 

Binding Protein 3 (GATA3) [4] or indirectly binds to DNA by interacting with other 

transcription factors, such as Activator Protein 1 (AP-1), Sp1 Transcription Factor (SP1) 

and Nuclear Factor Kappa B Subunit 1 (NF-Kβ) (ERE-independent genomic action) [5]. 

Upon binding to DNA, ER acts as a scaffold for the assembly of a large coactivator 

complex [6] that results in activation of gene transcription. The first of the ER coactivators 

discovered was Steroid Receptor Coactivator 3 (SRC-3/AIB1), belonging to the steroid 

receptor coactivator (SRC)/p160 family. Other classes of ER coactivators include members 

of the histone acetyltransferase cAMP responsive element binding protein (CREB)-binding 

protein (CBP)/p300, ATP-dependent chromatin remodeling complexes like SWI/SNF, E3 

ubiquitin-protein ligases and steroid RNA activator (SRA) [7]. Among the large number 

of ER target genes, there are many cell cycle, cell growth, proliferation and differentiation

related genes that trigger malignancy, such as MYC proto-oncogene, BHLH Transcription 

Factor (MYC) and Cyclin D1 (CCND1), regulating cell cycle progression and Transforming 

Growth Factor Alpha (TGFA), Epidermal Growth Factor (EGF) and Insulin Like Growth 

Factor 1 (IGF1), stimulating cellular growth [8]. In the non-genomic action, E2-ER complex 

may act as a component of cell membrane and cytoplasmic signaling cascades, causing 

rapid activation of growth factor signaling, including PI3K/AKT and Ras/MAPK pathways 

[9, 10]. These signal transduction pathways may further converge non-genomic actions of 

estrogen to genomic regulation of target genes since the functions of many transcription 

factors, including ER itself, are regulated via phosphorylation by protein kinases belonging 

to growth factor signaling [9].

Endocrine therapies modulating ER level and/or activity have been the mainstay therapy 

for decades and improved the quality of life and survival of ER+ breast cancer patients. 

Tamoxifen, the first Food and Drug Administration (FDA)-approved SERM, has been the 

backbone of adjuvant hormone therapy, especially for premenopausal women since 1970s. 

Tamoxifen is recommended to treat early, locally advanced and metastatic ER+ breast 

cancer (MBC), and it greatly reduces the risk of breast cancer recurrence, regardless of 

age, stage or menopausal status [11] even when used at low doses to minimize toxicity 

[12]. Tamoxifen monotherapy significantly improves overall survival, and an extended 

10-years use is recommended in early-stage disease to prevent late recurrence [13]. 

Postmenopausal women with ER+ breast cancer are treated with tamoxifen or AIs, latter 

Saatci et al. Page 2

J Mol Med (Berl). Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



one is blocking the production of estrogen by inhibiting the aromatase enzyme (CYP19A1). 

In first-line settings, AIs, especially the third-generation inhibitor, letrozole have been shown 

to provide a substantial benefit over tamoxifen in prolonging time to disease progression 

(9.4 vs. 6.0 months; P=0.0001) [14]. In second-line settings, switching to AIs after 2-3 

years of tamoxifen reduces the risk of recurrence although no decrease in mortality has 

been achieved [11]. Fulvestrant is the only SERD approved by the FDA to be used in 

postmenopausal patients with advanced disease either alone or in combination with AIs [15]. 

Fulvestrant showed similar efficacy to tamoxifen in first-line settings for metastatic disease 

[16], and was shown to be at least as effective as anastrozole in terms of time to progression 

in postmenopausal patients whose disease was progressed on tamoxifen [17].

Although most ER+ breast cancer patients initially respond well to endocrine therapy, 

resistance develops over time (acquired resistance), or some patients are unresponsive 

to endocrine therapy from the beginning (de novo resistance). Switching over different 

endocrine therapies is an effective strategy to manage metastatic disease, as exemplified 

by the increased response achieved in tamoxifen resistant patients after treatment with AIs 

or fulvestrant. However, response rates to second-line hormone therapy are lower than in 

frontline [18], necessitating the identification and targeting novel mechanisms of endocrine 

resistance to improve clinical outcome. In this review, we summarize the established 

and emerging mechanisms of endocrine resistance, the current clinical management of 

endocrine-resistant ER+ breast cancer, longitudinal analyses of primary and metastatic 

endocrine-resistant tumors, and the potential future therapeutic strategies originating from 

pre-clinical studies that are now in clinical trials.

Mechanisms of Endocrine Resistance in Breast Cancer

Endocrine resistance is multifactorial and involves modulation of a plethora of different 

processes and signaling pathways. Mechanisms of endocrine resistance involve alterations in 

ER signaling via modulation of ER (e.g. ER downregulation, ESR1 mutations or fusions); 

alterations in ER coactivators/corepressors, transcription factors (TFs), nuclear receptors 

and epigenetic modulators; regulation of signaling pathways; modulation of cell cycle 

regulators; stress signaling; alterations in tumor microenvironment, nutrient stress and 

metabolic regulation. (Fig. 1).

Modulation of ER

Since ER is the primary target of endocrine therapies, alterations in ER expression and/or 

activity may cause endocrine resistance. Loss of ER expression is observed in around 

20% of advanced ER+ breast cancer and it renders cells resistant to endocrine therapy via 
loss of estrogen dependence [19]. There are multiple mechanisms that lead to loss of ER 

expression, such as promoter methylation [20] or histone modifications [21]. Twist Family 

BHLH Transcription Factor 1 (TWIST), a basic helix-loop-helix transcription factor and 

a mesenchymal marker, was shown to bind ER promoter and suppress ER transcription, 

leading to estrogen-independent growth and resistance to tamoxifen [22]. In addition to 

loss of ER, mutations at the ligand binding domain (LBD) are detected in approximately 

20% of metastatic ER+ tumors and are usually acquired following long-term treatment with 
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tamoxifen or Ais [23, 24] (Table 1). D538G mutation was identified to be the most frequent 

ESR1 mutation followed by the Y537 mutation [24]. Mutated ER is constitutively active and 

triggers estrogen-independent ER transcriptional activity, leading to endocrine resistance. 

The three-dimensional (3D) structure analysis of the mutants in comparison with the wild 

type (WT) ER revealed that the mutations on the LBD induce a structural change that 

resembles estrogen-bound ER, triggering co-activator binding and transcriptional activity 

in the absence of the ligand [25]. Overexpression of D538G or Y537S mutants enables 

ligand-independent binding of the coactivators to ER, promotes transcription of the ER 

targets, Progesterone Receptor (PGR) and Growth Regulating Estrogen Receptor Binding 

1 (GREB1), increases cell viability and migration and confers resistance to tamoxifen and 

fulvestrant [24, 26]. A covalent Cyclin Dependent Kinase 7 (CDK7) inhibitor, THZ1 was 

demonstrated to reduce S118 phosphorylation and constitutive activity of the Y527S mutant, 

leading to enhanced sensitivity to fulvestrant [27, 28]. Importantly, mutant ER exhibits 

differences in chromatin accessibility and induces the expression of a distinct set of targets 

[29], regulating cell growth and metastasis [28] in the presence of the ER modulators. 

Mutations in LBD decreases the affinity of the receptor to tamoxifen and fulvestrant [23], 

necessitating the use of more potent ER antagonists [24]. In this line, next-generation 

oral SERMs or SERDs can target both the WT and mutant ER, such as GDC-9545 and 

elacestrant [30], and they showed clinical activity (NCT03332797 and NCT02338349) [31, 

32] with acceptable toxicity profiles in mutant ER-carrying MBC, some of which progressed 

on prior therapy with SERDs (Table 2).

Besides point mutations, ESR1 fusions are also observed in clinics although to a lesser 

extent. ESR1 fusions have been identified both in primary breast tumors that are resistant 

to endocrine therapy [33] as well as in metastatic samples [34]. Most of the ESR1 fusions 

harbor the N-terminal DNA binding domain of ESR1 fused to the C terminal of different 

genes, including Coiled-Coil Domain Containing 170 (CCDC170) and Yes1 Associated 

Transcriptional Regulator (YAP1). The lack of LBD in ESR1 fusions triggers estrogen

independent growth, constitutive expression of ER target genes, and endocrine resistance 

[35]. One of the ESR1 fusions, ESR1-CCDC170 was found in 6-8% of refractory luminal 

B breast cancers, and was shown to increase cell motility, and anchorage-independent 

growth, as well as to reduce the response to endocrine therapy [36]. Recently, it was also 

demonstrated to bind HER2/HER3/SRC and activate SRC/PI3K/AKT signaling, causing 

endocrine resistance [37]. Breast cancer cells harboring ESR1-CCDC170 fusion are highly 

sensitive to the combination of tamoxifen or fulvestrant with HER2 or Src inhibitors [37]. 

ESR-YAP1 fusion was shown to be fully resistant to fulvestrant, and activate a metastasis

associated transcriptional program, causing increased cell motility and lung metastasis [36]. 

Importantly, cellular growth induced by ESR-YAP1 and ESR1-(Protocadherin 11 X-Linked) 

PCDH11X fusions remained sensitive to CDK4/6 inhibition [36, 38], providing a therapeutic 

strategy to treat ER+ tumors carrying these fusions.

Coactivators/corepressors, transcription factors (TFs), nuclear receptors and epigenetic 
modulators

Activation of the ER coactivator, SRC-3 (or AIB-1) is implicated in ER+ breast 

cancer progression, endocrine resistance, and metastasis via regulation of a multitude 
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of mechanisms. During malignant progression of early-stage ER+ breast cancer, SRC-3 

represses genes at the 1q21.3 locus, leading to breast cancer progression [39]. SRC-3 

overexpression can also revert the inhibitory effect of AR on ER-mediated transcription of 

cyclin D1 [40]. SRC-3 can lead to tamoxifen resistance via promoting the expression of 

ER target genes [41], and other oncogenic proteins, such as HER2 [42] in the presence 

of tamoxifen. Furthermore, it was shown to inhibit the transcription of E-cadherin and 

promote ER+ breast cancer metastasis [43]. SRC-3 was identified as a novel binding 

partner of Proline, glutamic acid, leucine-rich protein 1 (PELP1), which is overexpressed 

in approximately 80% of invasive breast tumors. Inhibiting the cytoplasmic PELP1/AIB1 

signaling complex reduces tumorsphere formation in MCF-7 cells and increased survival 

in vivo [44]. In clinics, high SRC-3 expression is associated with poor survival in early

stage ER+ breast cancer [45]. It also shows prognostic value in ER+/HER2-negative ILC 

[46]. Another ER coactivator, Steroid Receptor Coactivator 1 (SRC-1) was shown to be 

overexpressed in AI resistant tumors and trigger metastatic progression via interacting with 

the transcription factor, ETS Proto-Oncogene 2, Transcription Factor (ETS2) and regulating 

the transcription of c-Myc and Matrix Metallopeptidase 9 (MMP9) [47]. It can also mediate 

transcriptional reprogramming by interacting with Signal Transducer and Activator of 

Transcription 1 (STAT-1), independent of estrogen [48] or by inducing hypermethylation 

of a set of differentiation genes whose low expression significantly associated with poor 

clinical outcome [49]. A novel single nucleotide polymorphism (SNP; P1272S; rs1804645) 

in SRC-1 has recently been identified to be significantly associated with reduced bone 

metastasis under tamoxifen treatment [50].

In contrast to coactivators which potentiate ER-dependent transcription, ERα corepressors 

antagonize ER activity by recruiting histone-modifying enzymes, competing with 

coactivators or interfering with ER dimerization [51]. Loss of ER corepressors is observed 

in 13% to 55% of ER-positive breast tumors [52], and promotes resistance to endocrine 

therapy [19]. Nuclear Receptor Corepressor 1 (NCOR) is one of the first ER corepressors 

identified as frequently mutated and genomically altered in ER+ breast cancer [52]. NCOR 

depletion causes tamoxifen to behave as a partial agonist, leading to increased transcription 

of cell cycle inducers, c-Myc, CCND1 and the Stromal Cell-Derived Factor 1 (SDF1), and 

confers tamoxifen resistance in vitro and in vivo [53] (Table 1). COP9 Signalosome Subunit 

5 (COPS5) which is overexpressed/amplified in 9% of the ERα+ primary breast tumors 

and in 86.7% of tamoxifen-resistant tumors promotes proteasomal degradation of NCOR, 

thus converting tamoxifen to an ER agonist and conferring resistance [54]. Importantly, low 

NCOR1 mRNA is associated with shorter relapse-free survival in tamoxifen-treated patients 

[55].

Alterations in the transcription factors, such as c-Myc, FOXA1, RUNX Family Transcription 

Factor 1 (RUNX1) and CCCTC-Binding Factor (CTCF) may also confer endocrine 

resistance via ER-dependent or independent mechanisms. A signature associated with c-Myc 

activation was found to be enriched upon estrogen deprivation and predicts poor outcome 

following tamoxifen treatment [56]. Mechanistically, c-Myc can regulate the transcription 

of numerous targets that are mostly related to cell cycle, such as Cyclin Dependent Kinase 

Inhibitor 1A (p21), Cyclin A and Cyclin E [57, 58]. RUNX1 is a transcription factor found 

to be mutated in ER+ breast tumors and associated with poor outcome [59]. Mechanistically 
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RUNX1 can suppress FOXA1 [60] and β-catenin transcription [61] (Table 1). CTCF 

was found to be altered in endocrine resistant tumors, predominantly in post-treatment 

samples [62], and it can prevent ER binding to chromatin [63] (Table 1). FOXA1, a key 

transcription factor promoting ER-mediated transcription has been demonstrated to drive 

endocrine resistance [64]. FOXA1 can trigger the transcription of classical ER target genes 

in sensitive models, while the endocrine resistant counterparts exhibit differences in FOXA1 

and ER binding events [64], resulting in manifestation of a non-classical ER transcriptional 

program, involving the transcriptional activation of C-X-C Motif Chemokine Ligand 8 (IL8) 
or Hypoxia-Inducible Factor 2-Alpha (HIF2A), leading to cellular growth and metastasis 

[65, 66]. SWItch/Sucrose Non-fermentable (SWI/SNF) nucleosome remodeling complex 

components, AT-Rich Interaction Domain Proteins, ARID1A and ARID2 have also been 

shown to be important for endocrine resistance. Loss of function mutations or deletions 

in ARID1A and ARID2 have been detected in post-endocrine treatment and metastatic 

specimens [62]. Mechanistically, loss of ARID1A impairs SWI/SNF recruitment to luminal 

transcription factor foci, leading to acquisition of basal characteristics and endocrine 

resistance [67] (Table 1).

The nuclear receptors, Androgen Receptor (AR) and PR are also critical in determining 

response to endocrine therapy. Inhibition of the canonical and non-canonical AR reduced 

estradiol-dependent growth, synergized with tamoxifen and fulvestrant, and reduced the 

metastatic burden [68, 69]. Inhibiting AR was also shown to specifically reduce the growth 

of AI resistant cells whereas it had no effect on AI sensitive models, suggesting a context

dependent contribution of AR to ER+ cancer cell growth [70]. A recent study reported 

that AR activation, but not inhibition, exerts potent antitumor activity in resistance to 

standard-of-care ER and CDK4/6 inhibitors, by displacing ER from the chromatin and 

instead, upregulating AR target genes that include tumor suppressors [71]. This discrepancy 

in the role of AR in the growth of ER+ breast tumors may be due to crosstalk of ER with 

other nuclear receptors, such as PR or with cofactors, p300 and SRC-3[71]. PR is also an 

important ER interacting nuclear receptor that determines clinical outcome. The interaction 

between ER and PR alters the transcriptional program to favor better clinical outcome 

in ER+ breast cancer [72]. Treatment of ER+ cell line xenografts and tumor explants 

with progesterone enhanced the anti-proliferative effects of tamoxifen, by re-directing 

transcription from proliferation-related genes to genes related to cell death, apoptosis, and 

differentiation pathways [72].

Epigenetic reprogramming involves post-translational modifications of histones by 

histone acetyltransferases (HATs), deacetylases (HDACs), methyltransferases (HMTs) or 

demethylases (HDMs) and can lead to altered chromatin accessibility [73] and result in 

endocrine resistance. The ER corepressor NCOR suppresses ER-mediated transcription in 

the presence of tamoxifen via recruiting HDAC3, causing chromatin condensation and 

loss of RNA polymerase II from ER-bound DNA [52]. Another ER corepressor Nuclear 

Receptor Subfamily 2 Group F Member 2 (NR2F2) attenuates hormone-dependent signaling 

by recruiting HDAC1 to ER-bound DNA [52]. Loss of ER corepressors may impede the 

recruitment of HDACs to ER-bound promoters, disrupting the intricate balance between 

histone acetylation and deacetylation and predisposing cancer cells to the anti-tumorigenic 

effects of HDAC inhibitors [52, 74]. For instance, inhibition of HDACs may result in 
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restoration of p21, while suppressing c-Myc, B-cell Lymphoma 2 (Bcl2) and HER2, 

leading to sensitivity to endocrine therapy [75, 76]. HDAC inhibitors may also restore 

ER expression via remodeling histone acetylation and methylation without altering the 

methylation of the ER promoter [77]. In line with these findings, a class II HDAC, HDAC9 

negatively regulates ER at mRNA and protein levels and inhibits its transcriptional activity. 

Furthermore, HDAC9 is overexpressed in tamoxifen resistant cells, and high expression of 

HDAC9 is associated with worse prognosis in tamoxifen-treated patients [78]. Inhibition 

of HDAC activity with vorinostat (SAHA) has also been shown to induce autophagic cell 

death in tamoxifen resistant MCF-7 cells and reduced the growth of MCF-7 tamoxifen 

resistant (TamR) xenografts [79]. In addition to modifiers of histone acetylation, HMTs and 

HMDs have also been associated with endocrine resistance [80, 81]. For instance, ectopic 

expression of zinc-finger E-box binding homeobox 1 (ZEB1) inhibits ER transcription 

by forming a complex with DNA methyltransferase 3B (DNMT3B) and HDAC1 on ER 

promoter to induce DNA hypermethylation, resulting in resistance to endocrine therapies in 
vitro and in vivo [82]. These findings suggest that epigenetic remodeling may represent an 

attractive strategy to restore sensitivity to endocrine therapy.

Regulation of Signaling pathways

Endocrine resistance may be governed by deregulation of a variety of different signaling 

pathways, such as growth factor receptor, Notch and Wnt signaling pathways. It is now 

well-established that there is a bidirectional crosstalk between ER and the growth factor 

signaling. Estrogen can induce the expression of growth factor receptor ligands, such as 

TGFα [83] and IGF1 [84] which is followed by activation of the downstream pro-survival 

signaling cascades [84]. Reciprocally, activation of growth factor signaling results in 

phosphorylation of ER itself, as well as its coregulators at multiple sites, leading to their 

activation. For instance, ERK1/2 and PI3K/AKT phosphorylates ER at Serine 118 and 167 

residues, leading to enhanced ER/estrogen receptor activation function 1 (AF-1) activity 

[85, 86]. Phosphorylation of the coactivators upon growth factor stimulation increases their 

activity even in the absence of E2 [87] or in the presence of endocrine therapy [88]. On the 

other hand, phosphorylation of corepressors causes their nuclear export, thus relieving the 

inhibitory effects on ER transcriptional activity [89].

Endocrine resistant tumors often have altered expression or activity of growth factor 

receptors or their ligands [90, 91]. The increase in growth factor signaling can be mediated 

by various mechanisms, including loss of ER [92], amplifications of EGFR, HER2 [62] or 

Fibroblast Growth Factor Receptor (FGFR) [93] or activating mutations in HER2 or PI3K 
[62] (Table 1). Activation of the EGFR/HER2 signaling, in turn, stimulates cell proliferation 

and inhibits apoptosis in endocrine resistant tumors. It can also trigger PI3K/AKT-mediated 

downregulation of ER or ligand-independent ER activation through phosphorylation [85, 

86]. Growth factor signaling may also rewire ER-dependent gene transcription via EGF

induced activation of ER that generates a distinct mRNA landscape than E2-induced 

transcription [94]. FGFR signaling is overactivated in 40% of the post-treatment tumors 

from ER+ MBCs with endocrine resistance in the form of FGFR1, FGFR2, or FGF3 
amplifications or FGFR2 mutations [93] (Table 1), and is associated with shorter time to 
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progression (TTP) [95]. Mechanistically, activation of FGFR signaling stimulates MAPK 

and AKT signaling pathways, leading to tamoxifen and fulvestrant resistance [93, 96].

Targeting receptor tyrosine kinases or their downstream effectors can increase sensitivity 

to endocrine therapy [97, 98]. Combined blockade of ER and PI3Kα, TORC1, HER2 and 

HER3 in ER+ cells harboring HER2 activating mutations restores sensitivity to fulvestrant 

and to estrogen deprivation [99]. Combination of fulvestrant with the HER2 inhibitor, 

neratinib has also showed clinical efficacy in HER2-mutant MBC (NCT01953926) [100]. 

The FGFR-driven endocrine resistance can be reversed by using FGFR inhibitors, MEK 

inhibitors or mTOR inhibitors in combination with endocrine therapies [93, 95]. Although 

the frequency of PIK3CA mutants show no difference in primary vs. endocrine resistant 

metastatic tumors (unlike the ESR1 and ERBB2 mutations), PI3K inhibitors in combination 

with endocrine therapy were shown to significantly improve survival in metastatic ER+ 

breast cancer. The P110α inhibitor, alpelisib was recently approved by the FDA in 

combination with fulvestrant in ER+ MBCs harboring PIK3CA mutations [101] (Table 

2). MAPK signaling can also be activated by overexpression of IGF-binding protein 1 

(IGFBP-1) in tamoxifen resistant cells, and its inhibition reduces ERK phosphorylation and 

mediates tamoxifen sensitivity [102].

Notch Receptor 4 (Notch4), a receptor of the Notch signaling, which is an important 

regulator of cancer stemness, was shown to be overexpressed in breast cancer stem cells 

(BCSCs) [103]. BCSCs are known to be CD44+CD24−/low and ALDH1+ and are enriched 

in advanced luminal breast cancer and associated with poor prognosis [104]. In vitro studies 

of parental (WT) and TamR MCF-7 cells showed an elevation of CD44+CD24−/low cell 

population [105], as well as enhanced ALDH activity in MCF7-TamR cells as compared 

to WT counterparts [106]. Consistent with these in vitro findings, short-term treatment of 

patient-derived xenografts (PDXs) with tamoxifen or fulvestrant decreased cell proliferation, 

but increased BCSC activity, suggesting that acquisition of stem cell properties is an 

early event in endocrine resistance [107]. Inhibiting Notch4 reduced the enrichment of 

BCSCs in acquired tamoxifen resistant PDXs [107] and the number of circulating tumor 

cells (CTCs) [108]. Treatment with endocrine therapy in ER+ PDXs has also increased 

STAT-3 phosphorylation along with BCSC enrichment, and targeting STAT-3 using SFX-01 

in combination with endocrine therapy prevented BCSC activity, reducing tumor growth 

and spontaneous lung metastasis [109]. In clinics, letrozole-treated patients exhibit an 

enrichment of CD44+CD24−/low BCSCs [110]. In addition, global gene expression and 

methylation analysis in tamoxifen-resistant models identified high expression of SRY-Box 

Transcription Factor 2 (SOX2) and E2F Transcription Factor 2 (E2F2), indicative of cancer 

stem-like properties [111].

It is well-known that the generation of stem cells and acquisition of mesenchymal traits 

can be governed by induction of epithelial-mesenchymal transition (EMT) [110, 112]. EMT 

is a critical initiator of cancer cell dissemination which is the first step of the metastasis 

cascade. Intriguingly, activation of the EMT program was reported to drive resistance to 

anti-cancer therapies [113]. In this line, we and others have shown that endocrine resistant 

cells acquire EMT-like features [114-116] which are causally important for resistance. For 

instance, miR-375, a tumor suppressor miRNA, sensitizes TamR cells to tamoxifen along 
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with loss of EMT-like properties, partially via direct targeting of the oncogene metadherin 

(MTDH) [115]. Snail Family Transcriptional Repressor 2 (Slug), another EMT factor, 

was also upregulated in endocrine resistant ER+ breast cancer cells. It is a prognostic 

biomarker of patients with refractory ER+ breast cancer [117], and can promote protection 

from apoptosis by suppressing the transcription of the pro-apoptotic regulators, such as 

Puma [118]. Importantly, resistance to anti-cancer therapies has been attributed, in part, 

to the generation of CSCs as a result of the activation of the EMT program [113], and 

thus, targeting either EMT or stemness may confer endocrine sensitivity. For instance, 

Wnt3a and β-catenin signaling which are important for stem cell functioning were shown 

to be activated upon tamoxifen resistance along with the acquisition of EMT, and their 

inhibition restored epithelial phenotype and suppressed cell growth [114, 119]. Notch4, the 

activator of stemness, cross-talks with STAT-3 to regulate EMT in MCF-7 TamR cells, 

and treatment with Notch inhibitor reduces tumor growth and metastasis in MCF-7 TamR 

xenografts [120]. In another study, ER in complex with a transcription factor, RUNX Family 

Transcription Factor 2 (RUNX2) was shown to be important for the transcription of a stem 

cell transcription factor, SRY-Box Transcription Factor 9 (SOX9) upon tamoxifen treatment 

that triggers cell proliferation and EMT, thus regulating both drug resistance and metastasis 

[121]. Along these lines, targeting the common modulators of EMT and CSC phenotypes, 

such as the Notch and Wnt signaling, may provide a unique opportunity to abrogate not only 

endocrine resistance, but also metastasis [122].

Modulation of cell cycle progression

Estrogen can induce cell cycle progression from G1 to S phase via transcriptional 

upregulation of cell cycle regulators, including Cyclin D1 and Cyclin E or activation of 

Cyclin Dependent Kinases (CDK2 and CDK4) which further phosphorylate downstream 

substrates, such as retinoblastoma (RB) [123]. Treatment with endocrine therapies blocks 

cell cycle progression at G1 via altering the ER-dependent transcription of cell cycle 

modulators [123, 124]. In this line, endocrine resistant tumors often exhibit alterations in 

cell cycle regulators, such as activation of c-Myc, Cyclin D1 or CDK4/6 kinases [125] 

to circumvent the inhibitory effects of endocrine therapies on G1 to S transition. The 

major mechanism of c-Myc-induced endocrine resistance was shown to be the activation 

of Cyclin E/CDK2 through transcriptional repression of endocrine therapy-induced p21 

transcription [58]. Amplification of CCND1, the activator of CDK4/6 kinases, correlates 

with ER positivity and is associated with worse prognosis and resistance to endocrine 

therapy in ER+ breast cancer patients [126].

The development of highly potent, small molecule inhibitors of CDK4/6 has revolutionized 

the treatment of endocrine resistant ER+ breast cancer. There are currently three CDK4/6 

inhibitors; palbociclib, ribociclib, and abemaciclib approved by the FDA in combination 

with endocrine therapies to treat ER+HER2− breast cancer patients at the first line and 

advanced settings [127, 128] (Table 2). CDK4/6 inhibition showed activity against RB

proficient human tumor xenograft models in preclinical studies [129]. Mechanistically, 

CDK4/6 inhibitors block the hyperphosphorylation of Rb, thereby halt cell cycle progression 

at G1 [130]. Given the involvement of G1 to S transition modulation in endocrine resistance, 

CDK4/6 inhibitors were shown to greatly synergize with endocrine therapy [130-132]. 
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Given the critical involvement of CDK4/6 in driving endocrine resistance, proteins that 

regulate CDK4 or Rb have also been reported as mediators of resistance, such as Ankyrin 

Repeat And LEM Domain Containing 2 (LEM4), a nuclear envelope protein, which was 

demonstrated to bind CDK4 and Rb, inducing their phosphorylation, as well as to induce 

Aurora A-mediated ER phosphorylation, further enhancing the ER-dependent transcription 

of Cyclin D1 and c-Myc, causing tamoxifen resistance [133]. The efficacy of CDK4/6 

inhibition can further be improved by targeting receptor tyrosine kinases given the extensive 

crosstalk between CDK4/6 and the mitogenic signaling pathways. For instance, combination 

of palbociclib with an FGFR inhibitor caused a synergistic growth inhibition in the estrogen

deprived ER+ breast cancer cells harboring FGFR1/CCND1 co-amplification [33]. Along 

these lines, triple combinations involving endocrine therapy, CDK4/6 inhibitors and PI3K/

mTOR of HER2 inhibitors have been tested in clinical trials and showed manageable 

toxicity and encouraging signs of clinical benefit [134, 135].

Stress Signaling

Unfolded protein response (UPR) is initiated upon detection of misfolded proteins and 

may cause variable phenotypic responses depending on the severity, duration and type 

of the stress signal. While acute UPR activation is generally a pro-survival mechanism 

which reduces the misfolded protein load in the endoplasmic reticulum, and thus 

maintains cellular homeostasis, chronic UPR activation may initiate the apoptotic cascade 

by PKR-like ER kinase (PERK)- Eukaryotic Translation Initiation Factor 2A (eIF2α)

Activating Transcription Factor 4 (ATF4)-C/EBP homologous protein (CHOP) and the 

Inositol-requiring enzyme 1 (IRE1)-C-Jun N-terminal kinase (JNK) pathways [136, 137]. 

In this line, we demonstrated that combination of tamoxifen with a specific inhibitor 

of the phosphodiesterase 4D elevates cyclic AMP (cAMP) levels, inducing EnR stress 

and activation of stress-related kinases p38 and JNK, leading to apoptotic cell death and 

tamoxifen sensitization [138]. Moreover, a plant toxin, persin was shown to overcome 

tamoxifen resistance by induction of EnR stress response characterized by increased levels 

of CHOP, the EnR chaperone Binding Immunoglobulin Protein (Bip), and spliced X-Box 

Binding Protein 1 (XBP-1), leading to apoptotic cell death [139]. Similar to UPR, induction 

of autophagy may also be either pro-survival or pro-apoptotic depending on the source 

and duration of the stressor that ultimately dictates cell fate. Under chronic activation of 

autophagy, cells undergo apoptosis [136]. It has been demonstrated that cell death upon 

treatment with endocrine therapy involves extensive formation of autophagic vacuoles [140]. 

Targeting a nuclear transport protein, Exportin 1 (XPO1) or a heat shock protein, Heat 

Shock Protein Beta-8 (HSPB8) enhances tamoxifen sensitivity via autophagy induction 

[141, 142].

UPR activation followed by cell death has also been associated with estrogen-induced 

apoptosis in estrogen-independent models. For instance, global gene expression analysis 

upon E2 treatment of the estrogen-independent, endocrine resistant MCF7:5C cells 

demonstrated that activation of UPR is involved in estrogen-induced apoptosis [143]. 

Recently, a synthetic selective estrogen mimic, TTC-352 which is currently in clinical 

trials (NCT03201913), has been shown to trigger a rapid estrogen receptor-induced UPR, 

characterized by eIF2α phosphorylation, increased expression of ATF4 and CHOP, resulting 
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in apoptosis in MCF7:5C cells [144]. In addition to the activation of PERK-eIF2α arm, 

estrogen signaling may also activate the IRE1-XBP1 arm of the UPR via direct [145] or 

c-Myc-driven [146] transcription of XBP1, which is further spliced by IRE1 into XBP1-S, 

regulating estrogen-induced cell proliferation [147].

Several studies evaluated the role of XBP1-S in ER+ breast cancer and showed that it 

acts as a pro-survival mechanism that triggers the growth of ER+ cells. XBP1-S was 

found to be elevated in endocrine resistant breast cancer, confers estrogen independence 

and endocrine resistance, and is associated with poor clinical outcome [147, 148]. It is 

also constitutively active in mutant ESR1-carrying breast cancer cells [149]. Several small 

molecule inhibitors that block IRE1/XBP1-S, e.g., STF-083010 have been developed and 

shown to overcome endocrine resistance [150]. The stress-related kinases p38 and JNK 

which are activated upon UPR induction were shown to positively regulate ER signaling 

in a feed-forward loop via phosphorylation of ER or the cofactors [151, 152]. In this line, 

increased p38 phosphorylation was detected in tamoxifen resistant tumors and correlated 

with MAPK signaling activity [19]. Nevertheless, further studies are warranted testing a 

potential benefit of p38 inhibition in enhancing endocrine sensitivity. Another mechanism 

through which acute activation of UPR promotes survival is the induction of autophagy 

which preserves tissue homeostasis. For instance, the EnR chaperone, Bip which is activated 

upon UPR to participate in protein folding and assembly, was shown to trigger autophagy by 

reducing mTOR phosphorylation, and block apoptosis in the presence of endocrine therapy 

[153]. Several additional studies reported upregulation of autophagy markers in endocrine 

resistant models as reviewed elsewhere [136]. Along these lines, targeting autophagy in 

combination with tamoxifen restores sensitivity by the induction of apoptotic cell death 

[154]. Overall, while chronic activation of stress signaling, e.g., UPR or autophagy may 

trigger cell death, cell recovery from acute stress may involve coordination of the UPR and 

autophagy regulators and activation of a pro-survival mode of action in endocrine resistance.

Tumor Microenvironment, nutrient stress and metabolic regulation

A growing body of evidence suggest that alterations in tumor microenvironment induced 

by cancer, stromal or immune cells provide a unique opportunity for tumor growth and 

invasiveness under endocrine therapy. These include re-modeling of the extracellular matrix 

(ECM), immune surveillance, re-firing of pro-survival receptor signaling upon interaction 

with stromal cells, and changes in nutrient availability, leading to metabolic regulation. 

The soluble factors within the ECM can modulate estrogen responsiveness [155] and 

thus endocrine resistance that is in part mediated by the activation of PI3K/AKT and 

MAPK pathways downstream of the ECM-sensing integrin receptor activation [156]. An 

ECM metalloproteinase inducer (EMMPRIN) was found to be upregulated at protein 

level in tamoxifen resistant breast tumors, and significantly associated with an earlier 

tumor progression following first line tamoxifen treatment [157]. In another study, mRNA 

expression analysis of primary breast cancer samples revealed that high expression of the 

ECM component, tenascin C is associated with tamoxifen resistance [158]. Importantly, 

a dense collagen-I matrix was shown to activate the crosstalk of estrogen and prolactin, 

leading to activation of SRC-family kinases and reduced sensitivity to tamoxifen [159]. 

A transgenic mouse model of elevated collagen composition (Col1a1tm1Jae/+) revealed a 
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larger primary tumor volume and size of lung metastasis in stiff collagen background under 

tamoxifen treatment [160].

ER+ tumors have been considered as immunologically cold with low levels of tumor 

infiltrating lymphocytes and to be resistant to immune checkpoint blockers that may, in 

part, be explained by the negative association between ER and Programmed Cell Death 1 

Ligand 1 (PD-L1) expression [161] and the secretion of immunosuppressive cytokines upon 

endocrine therapy [162]. However, although immune cell infiltration has no prognostic value 

in low-risk ER+ patients, in highly proliferative tumors, immune cells can indeed predict 

better prognosis [163]. A potential benefit of immunotherapy might be especially considered 

for AI resistant luminal B tumors as it has recently been demonstrated that these tumors 

express higher levels of the immune checkpoint components Indoleamine 2,3-Dioxygenase 

1 (IDO1), Lymphocyte Activating 3 (LAG3), and Programmed Cell Death Protein 1 (PD-1) 

[164]. A phase I trial testing the combination of exemestane with tremelimumab (anti–

CTLA-4 antibody) in hormone responsive breast cancer demonstrated stable disease for 12 

weeks in 11 patients (42%) as the best overall response [165]. Currently, a Phase II trial is 

testing pembrolizumab (anti–PD-1 antibody) in patients with localized ER+ inflammatory 

breast cancer, who are receiving endocrine therapy and did not achieve a pathological 

complete response to chemotherapy (NCT02971748). Furthermore, analysis of 61 primary 

breast cancer tissues, 85% of which were ER+/HER2−, revealed that the CD8+ tumor 

infiltrating lymphocytes retained robust capacity for production of effector cytokines [166]. 

Further studies analyzing the effects of tumor infiltrating lymphocytes (TILs) in endocrine 

resistant ER+ breast cancer may result in novel therapeutic options that involve immune 

modulators to treat endocrine resistant ER+ breast cancer.

The importance of cancer-associated fibroblasts (CAFs) and tumor-associated macrophages 

(TAMs) within the tumor microenvironment in endocrine resistance is also recognized. 

It has been reported that pretreatment with a cocktail of CAF-derived factors reduced 

the expression of ESR1, FOXA1 and GATA3 and conferred tamoxifen resistance, while 

blocking the secretion of these factors by inhibiting the CAF-activating Platelet Derived 

Growth Factor C (PDGF-CC) induced the expression of ER and sensitizes tumors to 

endocrine therapy [167]. A miRNA, miR-221 that was carried to ER+ tumor cells within the 

microvesicles secreted by CAFs activates Notch signaling leading to generation of CD133hi 

CSCs, conferring endocrine resistance [168]. The M2 phenotype (CD163+) of TAMs which 

have poor antigen-presenting ability, may secrete anti-inflammatory cytokines to promote 

tumor progression [169]. The Kaplan-Meier survival analyses of 145 ER+ breast cancer 

patients treated with endocrine therapies, mainly tamoxifen, revealed a strong association 

of macrophage markers (CD68 and CD163) with disease recurrence [170]. Mechanistically, 

when macrophages were co-cultured with MCF-7 TamR cells, they turned into TAMs and 

secreted CC-Chemokine Ligand 2 (CCL2) to increase tamoxifen resistance via activating 

PI3K/AKT/mTOR pathway [171]. Collectively, markers of CAFs and TAMs in endocrine

treated ER+ tumors may predict patient outcome and targeting the signaling pathways 

driving CAF/TAM activation represent an opportunity to inhibit endocrine resistant tumors.

Nutrient availability within the tumor microenvironment may also determine the metabolic 

dependencies of cancer cells by inducing reprogramming of amino acid, glucose or fatty 
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acid metabolism, driving endocrine resistance and metastasis. Treatment with endocrine 

therapy may lead to nutrient deprivation by reducing glucose and glutamine uptake and 

total cellular ATP production which was followed by cell cycle arrest and cell death [172]. 

Endocrine resistant cells exhibit several metabolic alterations that counteract the effects of 

endocrine therapy on cancer cell metabolism. mTOR is the major kinase sensing the changes 

in cellular amino acid levels, such as glutamine [173] and it plays an important role in 

endocrine resistance. A higher glutamine dependency was reported in estrogen-independent 

and endocrine resistant ER+ tumors and inhibiting Glutaminase (GLS), an enzyme that 

converts glutamine to glutamate, in combination with the mTOR inhibitor, everolimus 

reduced cell growth [174]. Long-term estrogen-deprived (LTED) ER+ breast cancer cells 

were characterized by altered amino acid metabolism via activation of autophagy and 

enhanced import of acidic amino acids, mediated by Solute Carrier Family 1 Member 2 

(SLC1A2), leading to endocrine resistance [175]. In another study, hypoxia was shown 

to revert the fulvestrant-dependent repression of the glutamine transporter, Solute Carrier 

Family 38 Member 2 (SNAT2) in a HIF1A-dependent manner, leading to fulvestrant 

resistance in vitro and in vivo [176].

Endocrine resistant cells were shown to exhibit higher glucose and glutamine uptake that is, 

in part, mediated by c-Myc overexpression whose inhibition reduced the uptake of glucose 

and glutamine leading to decreased cell growth [177]. Furthermore, glucose consumption 

rate was found to be higher in MCF-7 TamR cells which correlates with upregulation 

of PI3K/AKT/PTEN axis [178]. The ESR1 Y537S mutant carrying cells were shown to 

exhibit elevated tricarboxylic acid (TCA) cycle activity, glucose independence and reliance 

on glutamine as a carbon source [179]. The glucose catabolizing pentose phosphate pathway 

(PPP) has also been associated with endocrine resistance via upregulation of Nuclear 

Receptor Binding SET Domain Protein 2 (NSD2), a histone H3K36 methyltransferase 

which increased PPP activity, elevated NADPH production, and reduced reactive oxygen 

species (ROS) levels, without significantly altering glycolysis [81].

AI resistant invasive lobular breast carcinoma (ILC) cells were shown to activate key 

regulators of fatty acid and cholesterol metabolism, driving estrogen-independent growth 

and AI resistance [180]. High expression of Free Fatty Acid Receptor 4 (FFAR4), a receptor 

for long-chain free fatty acids was associated with worse survival in tamoxifen-treated 

ER+ breast cancer patients, and a synthetic FFAR4 agonist drives tamoxifen resistance 

via activating ERK and AKT pathways [181]. Furthermore, the sterol regulatory element

binding protein 1 (SREBP1), a regulator of fatty acid and cholesterol synthesis was shown 

to predict lack of endocrine response and found to be overexpressed in a LTED ER+ 

cell variant which was hypersensitive to genetic or pharmacological inhibition of SREBPs 

[180]. More recently, the fatty acid synthase (FASN) was shown to be critical for HER2

driven tamoxifen resistance, and a FASN inhibitor was demonstrated to fully restore the 

anti-estrogenic activity of tamoxifen in ER+/HER2+ breast cancer xenografts [182].

Metabolic reprogramming is also essential for metastasis in ER+ breast cancer. PFKFB4 

which is a metabolic enzyme synthesizing fructose 2,6-bisphosphate, was found to be 

elevated in ER+ breast tumors, and to mediate SRC-3 phosphorylation, leading to enhanced 

target gene expression. Inhibiting PFKFB4 significantly reduced breast tumor growth and 
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metastases [183]. Furthermore, inhibiting a Krebs cycle gene, Isocitrate dehydrogenase 1 

(IDH1), significantly increased the migration rate in MCF-7 cells through HIF1A-dependent 

expression of SNAIL and TWIST [184]. A point mutation in IDH1 has been identified 

in a recurrent ER+ breast cancer patient at the primary tumor as well as at all metastatic 

sites, suggesting an involvement of metabolic adaptation also in metastatic tumors [185]. 

Likewise, several alterations that are known to drive endocrine resistance and have roles in 

metabolic regulation, such as c-Myc which facilitates the uptake of glutamine by inducing 

the expression of glutamine transporters and glutamine-metabolizing enzymes [186], 

was also identified in metastatic tumors of ER+ breast cancer patients [187]. However, 

depending on the metastatic site, cancer cells may also undergo differential metabolic 

reprogramming and acquire changes that are distinct from primary tumors. For instance, 

breast cancer cells metastasizing to lungs rewire their metabolism towards oxidative 

phosphorylation (OXPHOS) from glycolysis due to the oxygen-rich microenvironment in 

the lungs. This is in contrast with primary cells which exhibit high glycolysis rate [188]. 

On the other hand, breast cancer cells metastasizing to liver have reduced OXPHOS [189], 

whereas brain metastatic cells exhibit increased rates of glycolysis coupled to increased 

activity of Krebs cycle [190]. Overall, therapies targeting different elements of cancer cell 

metabolism have the potential to reduce the growth of metastatic colonies in MBC; although 

the therapeutic potential of metabolic therapy in combination with endocrine therapy still 

needs testing at the preclinical and clinical settings [191].

Alterations during metastatic recurrence in endocrine resistance

It is known that the recurrence risk in ER+ breast cancer patients is prolonged with 

approximately half of all distant recurrences occurring after 5 years and a persistence of 

relapse until 20 years [192]. The recent efforts on the genomic characterization of matched 

primary vs. metastases provides a unique opportunity to identify novel biomarkers and 

functional drivers of distant recurrence in MBC. Analyses of the alterations in the clonal 

composition of primary tumor as compared to their matched metastases samples from 242 

MBC patients revealed an increase in clonality in genes with potential clinical impact, 

including ESR1 in ER+/HER2− MBC (endocrine resistance) and RB1 in ER+/HER2− and 

HER2+ MBC (resistance to CDK4/6 inhibitors) [187]. ESR1 mutations were also identified 

in metastatic samples of luminal breast cancer patients treated with AIs, consistent with the 

findings on the role of ESR1 mutations in AI resistance [193]. Activating HER2 mutations 

were identified in metastatic biopsies of ER+ breast cancer patients who had developed 

resistance to aromatase inhibitors, tamoxifen or fulvestrant whereas treatment-naïve primary 

tumors showed no evidence of these mutations [194]. HER2 mutations were found to 

be mutually exclusive with ESR1 mutations, suggesting distinct mechanisms of acquired 

endocrine resistance [194]. An FGFR4-induced signature was found to be significantly 

higher in ER+ tumor metastases compared with their primaries, and to predict clinical 

outcome [195]. Interestingly, FGFR4 signature also predicts a subtype switch from luminal 

A primary tumor to HER2-enriched metastatic tumor, suggesting that FGFR4 might be a 

functional important target for metastatic ER+ breast cancer. Furthermore, recurrent gains 

in RET expression and HER2 signaling were identified in brain metastases as compared to 

primary tumors of MBC patients and using a RET inhibitor, cabozantinib or a pan-HER 
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pathway inhibitor, afatinib significantly reduced the proliferation of ex vivo cultures of a 

brain metastatic tumor obtained from an endocrine resistant patient [196]. Alterations in 

actionable genes in CDK/Rb/E2F and FGFR signaling pathways were also identified in bone 

metastases of ER+ breast cancer patients as compared to matched primary samples [197].

Clinical Management of Endocrine Resistance and Ongoing Trials

Current therapies

Current therapeutic strategies used in endocrine resistant disease include inhibitors against 

mTOR, CDK4/6 and PI3K subunit, p110α (Fig. 2). Everolimus, an mTOR inhibitor, was 

approved by the FDA in 2012 in combination with exemestane for treating postmenopausal 

women with advanced ER+HER2− breast cancer who progressed on prior treatment with 

letrozole or anastrozole. The approval was based on the results of a Phase III BOLERO-2 

trial (NCT00863655) which demonstrated a 4.1-month improvement in median progression

free survival [198] (Table 2). Palbociclib, a highly selective serine/threonine kinase inhibitor 

of CDK4/6, had been tested in preclinical studies and early clinical trials and demonstrated 

anti-tumor efficacy as a monotherapy, as well as in combination with endocrine therapy 

in ER+ breast cancer models. Two pivotal clinical studies; PALOMA-2 and PALOMA-3 

tested Palbociclib as a first-line agent in combination with letrozole (NCT01740427), and 

as a combination therapy after progression on prior endocrine therapy (NCT01942135), 

respectively [127, 128]. Based on the significant improvement in progression-free survival 

in these studies, palbociclib was granted the FDA approval in 2015 in post-menopausal 

women with ER+HER2− advanced breast cancer as a first-line therapy in combination 

with letrozole. Later in 2016, the approval was extended as a combination with any 

aromatase inhibitor, and also to be used in advanced or metastatic breast cancer with 

disease progression following endocrine therapy. Currently, Palbociclib is also being tested 

in combination with tamoxifen as a first line therapy (NCT02668666). In addition to 

palbociclib, there are two other CDK4/6 inhibitors; ribociclib and abemaciclib used in 

clinics. Both are approved in combination with an AIs as first-line therapy for ER+/HER2− 

advanced breast cancer, and abemaciclib is also approved in combination with fulvestrant 

in ER+/HER2− advanced breast cancer with progressive disease [199]. Their efficacy are 

likely to be equivalent [199] although there might be differences in terms of treatment

related adverse effects [200]. The p110α inhibitor, Alpelisib is the first and only PI3K 

inhibitor that was approved by the FDA in 2019 in combination with fulvestrant for 

postmenopausal women with ER+HER2−, PIK3CA-mutated, advanced, or metastatic breast 

cancer (NCT02437318) [201].

Ongoing clinical testing for future therapies

Currently, there are several clinical trials completed or ongoing, testing the safety and 

efficacy of novel therapy options in endocrine resistant disease (Table 2, Fig. 2). The mTOR 

inhibitor, everolimus which had initially been approved in combination with exemestane in 

postmenopausal women progressed on prior endocrine therapy, has recently been tested in 

a Phase II trial as a first line therapy in combination with letrozole in post-menopausal 

ER+HER2− patients and demonstrated enhanced PFS as compared to letrozole alone 

(NCT01698918) [202], suggesting that combination of everolimus and endocrine therapy 
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might be a good first line treatment option in postmenopausal women with ER+HER2− 

breast cancer.

A Phase I trial with the selective ER partial agonist, TTC-352 in metastatic ER+ breast 

cancer patients who received and progressed on at least two lines of endocrine therapy 

has been completed (NCT03201913). It demonstrated safety and early clinical evidence 

of antitumor activity, encouraging the follow up Phase II trials [203]. Second-generation 

SERDs have proven to be effective against endocrine resistant disease in preclinical studies 

in in vitro and in vivo settings. Elacestrant (RAD1901) is a novel, nonsteroidal, orally 

bioavailable SERD which induces dose-dependent ER degradation and inhibition of the 

estrogen-dependent gene transcription, leading to reduced cell proliferation in multiple ER+ 

breast cancer cell lines and xenografts, including those that were derived from heavily 

pretreated patients [204, 205]. It is also effective against models resistant to CDK4/6 

inhibitors and fulvestrant [204, 206]. In a Phase I trial, RAD1901 showed an acceptable 

safety profile and also exhibited single-agent activity with confirmed partial responses in 

heavily pretreated patients with ER+ MBC, including patients with ESR1 mutation as well 

as those with prior CDK4/6i and SERD treatment (NCT02338349) [31]. A Phase III trial 

(EMERALD, NCT03778931 [207]) is still ongoing evaluating the safety and efficacy of 

RAD1901 for treatment of postmenopausal women with ER+/HER2 advanced or MBC 

who have progressed on one or two prior lines of endocrine therapy and CDK4/6 inhibitor 

therapy in combination with an AI or fulvestrant. The ER degrader, ARV-471 is the first 

ER PROTAC that is now being tested in a Phase I/II trial alone or in combination with 

palbociclib in patients with ER+/HER2− locally advanced or metastatic breast cancer, 

progressed on prior hormonal therapy and chemotherapy (NCT04072952).

An EGFR/HER2 dual inhibitor, neratinib, is currently being tested in an open-label, 

single arm, multicenter phase II study in combination with endocrine therapy in pre- 

and post-menopausal women with locally advanced or metastatic HER2+ or ER+/HER2

negative breast cancer who had recurrence or progression following prior treatment with 

AIs, tamoxifen or fulvestrant (NCT04460430). Ipatasertib, an AKT inhibitor, is currently 

being tested in a Phase I trial (TAKTIC, NCT03959891) in ER+HER2− breast patients 

and in postmenopausal women in combination with an AI or fulvestrant, with or without 

Palbociclib. The initial results demonstrated that the triple combination was well tolerated, 

and a subset of the patients showed signs of clinical benefit, encouraging the follow-up 

studies [208]. Recently, HER2-targeting antibody drug conjugates (ADC) were shown to 

have clinical efficacy in ER+HER2− endocrine resistant patients. The anti-tumorigenic 

activity of these HER2-targeting agents even in HER2-low tumors was attributed to the 

release of ADC payload before internalization or high membrane permeability causing 

the entry of the ADC into the cells without HER2 binding [209]. The DAISY trial is 

currently recruiting a wide group of metastatic breast cancer patients including HER2-low, 

ER+ patients who are resistant to endocrine therapies to test the efficacy of Trastuzumab 

deruxtecan, a highly promising second-generation ADC (NCT04132960).

Motivated by the large numbers of preclinical studies showing sensitization to endocrine 

therapy upon HDAC inhibition, an HDAC inhibitor, entinostat has been tested in 

combination with exemestane in AI resistant patients. The first of these clinical trials 
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was a phase II randomized, placebo-controlled study (ENCORE 301, NCT00676663) 

which demonstrated a significant improvement in progression-free survival (PFS) and 

overall survival (OS), with the addition of entinostat to exemestane in patients with ER+ 

advanced breast cancer with disease progression after prior non-steroidal AI therapy [210]. 

Based on these promising results, a phase III trial (E2112, NCT02115282) was performed 

to investigate the efficacy of entinostat or placebo in combination with exemestane in 

ER+HER2− patients with locally advanced or metastatic breast cancer progressed on AI 

treatment. The initial findings seem to fail to confirm the results of the ENCORE 301 trial, 

as the combination of exemestane and entinostat did not improve survival in AI resistant 

patients [211]. Further clinical testing is warranted to assess the potential benefit of HDAC 

inhibitors in overcoming endocrine resistance in clinics.

Conclusions and Future Perspectives

Endocrine resistance is a major challenge in clinics that hinders the short- or long-term 

efficacy of endocrine therapy in ER+ breast cancer patients, leading to poor clinical 

outcome. Among the established mechanisms of resistance, alterations in ER in terms of 

expression level, mutations or fusions have been one of the major mechanisms given that 

ER is the main target of endocrine therapy. Second generation SERDs which were proven 

to be effective against ESR1 mutant carrying tumors, and the latest application of the 

PROTAC technology that enables stronger ER degradation represents an opportunity for 

more effective targeting of the estrogen signaling that will ultimately result in better clinical 

responses.

The extensive crosstalk between ER and the cellular signaling pathways involves not only 

the receptor tyrosine kinases, and the downstream PI3K/AKT/mTOR and ERK/MAPK 

pathways, but also involves an interplay with cellular stress signaling (e.g., EnR stress and 

autophagy) that is fueled by the genomic as well as and non-genomic activity of ER. This 

intricate network of signaling pathways, on one hand, provides growth advantage to the 

estrogen-independent resistant cells, and on the other hand, fuels ER signaling in those that 

still rely on estrogen. Further studies are needed to uncover the key players that coordinate 

the crosstalk between ER and cellular stress signaling which will also result in identification 

of potential targets to eradicate resistant tumors.

The compelling preclinical evidence supported by analyses of clinical samples, on the 

acquisition and maintenance of a mesenchymal, stem-like state during endocrine resistance 

suggests that targeting the key players that simultaneously regulate both endocrine 

resistance and metastasis will result in inhibition the growth of resistant tumors as well 

as metastatic dissemination and distant recurrence. Considering that late recurrence upon 

endocrine therapy is common in ER+ breast cancer due to tumor cell dormancy, extensive 

characterization of the EMT, CTCs and invasiveness in endocrine resistance will likely 

identify useful biomarkers, as well as targetable molecules to combat endocrine resistance 

and metastasis. Despite the traditional view of the lack of immunogenicity in ER+ 

breast tumors, a growing body of evidence pointed out a potential benefit of combining 

immunotherapy with endocrine therapy, especially in certain disease settings. More work 

on the causality of immune checkpoint components in endocrine resistance is needed 
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to determine the clinical benefit of combining endocrine therapy with immunotherapy. 

Furthermore, the longitudinal sample analyses will help us better understand the disease 

progression and molecular alterations in metastatic setting/recurrence, which will further 

enable identification of biomarkers and druggable targets.

Overall, endocrine resistance can be manifested in a variety of different phenotypes 

accompanied by different molecular alterations. As our knowledge on the role of these 

alterations and the potential therapeutic strategies to eradicate endocrine resistant tumors 

harboring these alterations expands, careful design of the clinical trials based on these 

alterations would allow efficient testing of the preclinical findings. This will ultimately result 

in rapid approval of new treatment options that will improve the outcome of resistant and 

metastatic disease.
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Figure 1. 
Mechanisms of endocrine resistance in ER+ breast cancer. ER+ breast cancer cells 

may acquire resistance to endocrine therapy by various mechanisms: ER modulation: 
Regulation of ER during endocrine resistance involves loss of ER, ER phosphorylation by 

growth factor signaling, ER activating mutations or ER fusions which have constitutive 

transcriptional activity, leading to enhanced cell growth and migration. Coactivators/
corepressors, transcription factors (TFs), nuclear receptors and epigenetic modulators: 

Increased expression of ER co-activators, such as Steroid Receptor Coactivator 1/3 

(SRC-1/3), TFs such as Forkhead Box A1 (FOXA1) or histone modifiers, such as histone 

deacetylase (HDACs), or reduced levels of ER corepressor, such as Nuclear Receptor 

Corepressor 1 (NCOR) or the Progesterone Receptor (PR) leads to reprograming of ER 

transcriptional landscape, promoting the transcription of genes related to cell survival. 

Regulation of Signaling Pathways: Activation or overexpression of growth factor receptors 

or their ligands trigger downstream PI3K/AKT/mTOR and RAS/MEK/ERK pathways 

leading to enhanced cell growth and proliferation. Activation of the stemness inducers, 

Notch and Wnt signaling also triggers stem cell properties and endocrine resistance by 

activating the transcriptional program controlled by the intracellular domain of the notch 

protein (NICD) and β-catenin. Activation of EMT transcription factors (TFs), such as ZEB1, 

Twist and Slug leads to transcription of mesenchymal and cancer stem cell (CSC) markers 

that further leads to protection from apoptosis. Modulation of cell cycle progression: 

Amplification or activation of Cyclin D1/cyclin-dependent kinases 4/6 (CDK4/6) or Cyclin 

E/CDK2 mediates hyperphosphorylation and inactivation of retinoblastoma (RB) in early 

and late G1, respectively, leading to increased transcription of S phase genes. Furthermore, 

increased c-Myc modulates the transcription of G1/S transition regulators. Stress signaling: 

PDE4D upregulation reduces cAMP levels that protects cells from endoplasmic reticulum 

(EnR) stress-induced cell death, while overexpression of the heat shock protein, Heat 

Shock Protein Family B (Small) Member 8 (HSPB8) mediates endocrine resistance 

via suppressing pro-apoptotic autophagy. Tumor microenvironment, nutrient stress, and 
metabolic regulation: Enhanced collagen/fibronectin fibers activates integrin signaling, 
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leading to PI3K/AKT activation and cell survival in the presence of endocrine therapy. 

Secreted soluble factors, cytokines or vesicle-embedded miRNA by cancer-associated 

fibroblasts (CAFs) or tumor-associated macrophages (TAMs) may reduce ER expression, 

promote cancer cell survival and stemness, leading to endocrine resistance. Endocrine 

resistant cells may also exhibit enhanced import of acidic amino acids by upregulation of 

Solute Carrier Family 1 Member 2 (SLC1A2) or activation of fatty acid receptors, such as 

Free Fatty Acid Receptor 4 (FFAR4), leading to activation of survival signaling.
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Figure 2. 
Current and potential future therapeutic options to treat endocrine resistant ER+ breast 

cancer patients. Current treatment options to treat endocrine resistant ER+ patients include 

targeting of the cell cycle modulator kinases, cyclin-dependent kinases 4/6 (CDK4/6) 

by palbociclib, ribociclib and abemaciclib; targeting of mechanistic target of rapamycin 

(mTOR) kinase by Everolimus; and targeting of P110α subunit of Phosphoinositide 3

kinase (PI3K) by alpelisib. In addition to these strategies, there are several inhibitors that 

are currently under clinical investigation for the treatment of endocrine resistant ER+ 

patients such as the AKT Serine/Threonine Kinase (AKT) inhibitor, ipatasertib; the ER 

partial agonist, TTC-352; the ER proteolysis targeting chimeras (PROTACs), ARV-471; 

the next-generation selective ER down-regulator (SERD), elacestrant; the epidermal growth 

factor receptor 1 &2 (EGFR/HER2) dual inhibitor, neratinib; the HER2 targeting antibody

drug conjugate, trastuzumab deruxtecan; and the histone deacetylase (HDAC) inhibitor, 

entinostat.
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Table 1.

Genes that are mutated in endocrine resistance, type of the mutation and roles of the mutated genes in 

mediating endocrine resistance.

Mutated
Gene

Type of
mutation

Roles of the gene in endocrine resistance References

ESR1 Gain of function

• Mutations lead to induction of estrogen-independent ER transcriptional activity

• They also cause loss of binding to tamoxifen and fulvestrant

23-30

NCOR Loss of function
• Loss of function leads to tamoxifen-induced transcription of cell cycle inducers, 

c-Myc, CCND1 and SDF1
52-55

RUNX1 Loss of function

• Loss of function leads to increase in β-catenin, deregulation of mitosis, and 
stimulation of cell proliferation and expression of stem cell markers.

• It also causes insufficient upregulation of FOXA1 leading to impaired ER 
program

59-61

CTCF Loss of function • Loss of function leads to loss of ER binding to chromatin 62, 63

ARID1A Loss of function
• Loss of function leads to impairment of SWI/SNF recruitment to luminal 

transcription factor foci, leading to acquisition of basal characteristics
62, 67

PIK3CA Gain of function • Mutations lead to activated growth factor signaling 62

FGFR2 Gain of function • Mutations lead to activation of MAPK/AKT signaling pathways 93, 96

ERBB2 Gain of function • Mutations lead to activated growth factor signaling 62, 101, 194
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Table 2.

List of clinical trials that led to approval of current therapies & completed or still ongoing trials testing the 

potential future therapies to treat endocrine resistance

Target Drug Target population Phase ID

Key clinical trials leading to approval of current therapies

mTOR Everolimus
in combination with exemestane for postmenopausal women with 
ER+ locally advanced or metastatic BC refractory to letrozole or 
anastrozole

Phase III NCT00863655 198

CDK4/6 Palbociclib in combination with letrozole in postmenopausal women with ER+/
HER2− advanced BC as a first line therapy

Phase III NCT01740427 127

CDK4/6 Palbociclib in combination with fulvestrant in ER+/HER2− MBC progressed 
after prior endocrine therapy.

Phase III NCT01942135 128

CDK4/6 Palbociclib in combination with tamoxifen in ER+/HER2− advanced BC as a 
first line therapy

Phase II NCT02668666

PI3K Alpelisib in combination with fulvestrant in postmenopausal women with ER+/
HER2− advanced BC, who received prior treatment with an AI

Phase III NCT02437318 201

Completed or ongoing clinical trials for potential future therapies

mTOR Everolimus in combination with letrozole in post-menopausal ER+HER2− 
patients as a first line therapy

Phase II NCT01698918 202

ER TTC-352 in metastatic ER+ BC patients who received and progressed on at 
least two lines of endocrine therapy

Phase I NCT03201913 203

ER Elacestrant 
(RAD1901)

heavily pretreated patients with ER+ MBC, including patients with 
ESR1 mutation as well as those with prior CDK4/6i and SERD 
treatment

Phase I NCT02338349 31

ER Elacestrant 
(RAD1901)

in combination with an AI or fulvestrant in postmenopausal ER+/
HER2− MBC progressed on one or two lines of endocrine therapy 
and CDK4/6 inhibitor

Phase III NCT03778931 207

ER ARV-471
in combination with palbociclib in patients with ER+/HER2− locally 
advanced or MBC, progressed on prior hormonal therapy and 
chemotherapy

Phase I/II NCT04072952

EGFR/HER2 Neratinib

in combination with endocrine therapy in pre- and post-menopausal 
women with locally advanced or metastatic HER2+ or ER+/HER2− 
BC with recurrence or progression following prior treatment with 
AIs, tamoxifen or fulvestrant.

Phase II NCT04460430

AKT Ipatasertib in combination with an AI or fulvestrant, with or without Palbociclib 
in postmenopausal ER+HER− BC patients

Phase I NCT03959891 208

HER2 Trastuzumab 
deruxtecan

In ER+HER2− patients who are resistant to endocrine therapies Phase II NCT04132960

HDAC Entinostat in combination with exemestane in ER+ BC patients with disease 
progression after non-steroidal AI

Phase II NCT00676663 210

HDAC Entinostat in combination with exemestane in ER+ BC patients with disease 
progression after non-steroidal AI

Phase III NCT02115282 211
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