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Abstract

Drugs that inhibit estrogen receptor alpha (ERα) or which block the production of estrogens 

remain frontline interventions in the treatment and management of breast cancer at all stages. 

However, resistance to endocrine therapies, especially in the setting of advanced disease, remains 

an impediment to durable clinical responses. Although the mechanism(s) underlying resistance to 

existing agents are complex, preclinical studies suggest that selective estrogen receptor 

downregulators (SERDs), molecules which eliminate ERα expression, may have particular utility 

in the treatment of breast cancers that have progressed on tamoxifen and/or aromatase inhibitors. 

The discovery and development of orally bioavailable SERDs provides the opportunity to evaluate 

the utility of eliminating ERα expression in advanced metastatic breast cancers.

There are numerous reports describing the pharmacological and therapeutic activity of small 

molecules that target key regulatory nodes in signaling pathways of pathological importance 

in breast cancer. Among the most promising of these new drugs are those that inhibit mTOR 

or cdk4/6.1, 2 Notwithstanding the recent clinical success of these newer targeted therapies, 

it is unlikely that they will have as significant an impact on the pharmacotherapy of estrogen 

receptor (ER) positive breast cancer as drugs that interfere with the estrogen signaling axis. 

Of these, tamoxifen, a selective estrogen receptor modulator (SERM) and the aromatase 

inhibitors (i.e. letrozole), drugs developed over 25 years ago, remain frontline interventions 

in the management of ER positive disease. However, de novo and acquired resistance 

remains an impediment to durable responses in patients on these established endocrine 

therapies.

Until recently, treatment failure in patients taking tamoxifen or an aromatase inhibitor was 

considered to herald the end of the utility of targeting the ERα signaling axis in breast 

cancer. This contention was supported by the lack of clinical activity of a wide range of 

structurally diverse SERMs in endocrine resistant disease.3, 4 However, in recent years, the 

field has made considerable progress towards understanding the molecular pharmacology of 

ERα and how changes in key pathways that impact ER action contribute to endocrine 

resistance. It is now well established that ERα remains engaged in advance disease, 

contributes to disease pathogenesis, and remains a viable therapeutic target. This 
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contemporary view of ERα action in breast cancer led to the development of ICI182,780 

(fulvestrant) a high affinity competitive antagonist of ERα which also targets the receptor 

for proteasome-dependent degradation (Table 1)5. Reflecting its distinct pharmacological 

profile, fulvestrant is now considered to be a first-in-class selective estrogen receptor 

downregulator (SERD). Unfortunately, fulvestrant has significant pharmaceutical liabilities 

(requiring intramuscular injection) which have negatively impacted its widespread use.6 

Regardless, the positive clinical activity of fulvestrant and studies of its mechanism of action 

have informed approaches to develop second (and third) generation SERDs, some of which 

are now undergoing clinical evaluation. The orally bioavailable drug described by Lai et al 

in this issue, GDC-0810 (ARN-810), is the most advanced of the next generation SERDs 

and is currently being evaluated in clinical trials in breast cancer patients who have 

progressed on standard endocrine therapy.7 A brief discussion of the science underlying the 

discovery of GDC-0810 will help to explain the considerable optimism for the clinical 

success of this drug, and others in the same class, in patients with breast cancer. Early 

models describing the pharmacology of ER were quite simple. In brief, it was held that in 

the absence of hormone the receptor was maintained in an inactive state through its 

association with a large heat-shock protein complex within the cytoplasm. Agonist binding 

induced a conformational change in the receptor resulting in its dimerization, nuclear 

translocation, and subsequent interaction with specific DNA sequences within the regulatory 

regions of target genes. It was inferred from this simple “on/off” model that all agonists, 

when corrected for affinity, were equivalent and that antagonists functioned simply by 

competitively inhibiting agonist binding freezing the receptor in an inactive (apo) 

conformation.8 Within the confines of this model, it was initially considered that tamoxifen 

was an ER antagonist. However, in studies first performed in rodents and subsequently in 

humans, it became apparent that depending on the target organ, tamoxifen could function as 

either an antagonist or as an agonist.9, 10 This observation led to the reclassification of 

tamoxifen, and most other “ER antagonists”, as selective estrogen receptor modulators 

(SERMs), reflecting their tissue selective agonist/antagonist properties. The subsequent 

dissection of the mechanisms underlying the selective agonist/antagonist activity of SERMs 

resulted in a significant revision of the established model of ER pharmacology. The three 

most important tenets of the updated model are: (1) the overall shape of ER is influenced by 

the nature of the ligand to which it is bound, (2) receptor conformation influences the 

presentation of protein-protein interaction surfaces that allow it to interact with either 

positive or negative acting “coregulators”, and (3) the functional activity of coregulators 

differs between cells. Thus, the same receptor-ligand complex can have completely different 

activities in different cells.8 These findings were also informative with respect to our 

understanding of tamoxifen resistance in breast cancer. Initially attributed to ERα loss, 

increased drug metabolism, or MDR1-mediated drug efflux, it is now believed that 

resistance to tamoxifen results from changes in the expression (or activity) of coregulators 

that enable tamoxifen to manifest agonist activity11. Evidence in support of this model came 

from structural studies that revealed that upon binding tamoxifen, ERα adopted a unique 

conformation that resulted in the presentation of protein-protein interaction surfaces required 

for its partial agonist activity.12, 13 Surprisingly, these surfaces were distinct from those 

presented upon binding 17β-estradiol suggesting that the tamoxifen-ERα complex was either 

interacting in an ectopic manner with coregulator(s) that enabled agonist activity or was 
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interacting in a unique way with coregulators with which ERα would normally engage. It 

was implied therefore that tamoxifen resistant cancers should be sensitive to ERα ligands 

that induced a conformational change in the receptor that did not enable the presentation of 

coregulator binding surfaces required for 17β-estradiol or tamoxifen agonist activity (Figure 
1). Conformation-based compound profiling led to the identification of GW5638, and its 4-

OH metabolite, GW7604, compounds that had distinct effects on ER structure.14, 15 

Significantly, these drugs inhibited 17β-estradiol-dependent growth of ERα-positive breast 

tumor xenografts and more importantly were shown to be extremely effective in tumor 

models of tamoxifen resistance. Crytallographic analysis of the ERα-GW7604 complex 

revealed that the carboxylic acid group in this compound (Table 1) was the key “warhead” 

and that its direct interaction with the peptide backbone of the receptor induced a 

conformational change that exposed a hydrophobic surface on the receptor that targeted it 

for degradation.16 This molecule was brought forward for clinical development in 2001 by 

Dupont Pharmaceuticals and showed promise in a Phase I trial of heavily pretreated, 

unselected breast cancer patients. Unfortunately, development of this drug was discontinued, 

a casualty of the portfolio review that accompanied the takeover of Dupont by Bristol-Myers 

Squibb. While disappointing, the strong functional data and the clear understanding of its 

mechanism of action provided a platform upon which to base screens for new chemical 

entities with similar SERD activity. GDC-0810 is the first of these new SERDs to emerge, 

however, additional compounds with structural similarity to GW5638 (e.g. AZD9496) are 

also currently making their way through clinical development.

As noted in Lai et al, GW5638 is a prodrug that is converted following oral delivery to its 

more potent metabolite GW7604.7 The extent to which this conversion is required for 

clinical activity is unknown but it is likely to be important given the higher affinity of the 

hydroxylated metabolite. Using cross-species microsome profiling, it was determined that 

the conversion of GW5638 to GW7604 was variable with only ~16% conversion observed 

in human liver microsomes. This potential liability was mitigated in a new chemical series 

by modifications in the GW5638 parent molecule that led to increased potency and removed 

the primary site for glucuronidation, while maintaining SERD activity. The molecule 

selected for development, GDC-0810, has significantly improved exposure over benchmark 

compounds in animals, was equivalent to GW5638 in its ability to degrade ERα, and 

maintained the ability to inhibit the growth of tumors in a clinically relevant xenograft 

model of tamoxifen resistance. It seems intuitive that elimination of the need for metabolic 

activation would increase efficacy although the extent to which this contributes to clinical 

activity remains to be determined.

The results of the ongoing clinical trials with GDC-0810 are eagerly awaited as they will 

provide a definitive test of the utility of targeting ERα in advanced metastatic breast cancer. 

In the meantime the studies presented in Lai et al, and others like it, provide the framework 

for discussion of a variety of issues related to targeting ERα in advanced disease. One of the 

most hotly debated issues in the field is whether or not SERDs will have any therapeutic 

advantage over high affinity competitive antagonists of ERα without SERD activity. A 

cursory review of the clinical studies performed with several structurally different high 

affinity antagonists would seem to suggest that high affinity antagonists are not the answer.3 
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However, the results of only a few of the clinical trials of these drugs were ever published 

and thus it is not clear by what criteria (efficacy, safety, or economics) they were considered 

unsuccessful. It would be very useful in this regard to have available the results of the 

clinical studies that evaluated pipendoxifene (ERA924) and acolbifene (EM652), two high 

affinity ERα antagonists that were discontinued for unstated reasons. The disappointing 

studies with the raloxifene derivative, arzoxifene, were initially considered to indicate that 

high affinity antagonists would be ineffective in advanced disease.4 However, the structure 

of the ERα-raloxifene complex (and by inference the arzoxifene complex) is very similar to 

that of the ERα-tamoxifen complex; a result that would predict cross resistance. Indeed 

arzoxifene was ineffective in the MCF-7 xenograft model of tamoxifen resistance, the gold 

standard in the field.17 Clearly, the question of whether or not high affinity antagonists/

SERMs have a place in the treatment of advanced ERα positive breast cancer remains to be 

determined. There is a significant body of work that would support the particular utility of a 

SERD. Notably, it has been demonstrated in the past in a variety of models that increased 

expression of coregulators or hyperactivation of signaling pathways that impact the ER-

coregulator complex enables the receptor to activate target gene transcription in a ligand 

independent manner. These mechanisms are also thought to underlie resistance to both 

SERMs and to aromatase inhibitors.18 Ligand-independent activation of ERα reduces the 

antagonist efficacy of SERMs while the sensitivity to SERDs is unaffected. Further, it now 

appears that up to 20% of tumors in metastatic, endocrine resistant breast cancer contain 

activating mutations in the receptor and the preclinical studies presented thus far support the 

idea that SERDs are viable approach to treat patients whose tumors harbor these 

mutations.19 Missing from the studies of Lai et al are data describing the activity of 

GDC-0810 on ERα in conditions where its activity is rendered constitutively active.

A second area in breast cancer that is emerging as a priority for pharmacotherapy is breast 

cancer brain metastasis (BCBM). Whereas the treatment (and management) of peripheral 

disease has improved substantially with the advent of tamoxifen and aromatase inhibitors, 

there has been a dramatic increase in the incidence of BCBM 20. Initially, it was considered 

that BCBM was only a significant morbidity in ERα-negative breast cancer. However, more 

recent studies have indicated that the prevalence of ERα-positive BCBM is considerably 

higher than expected 21. This is of concern as the aromatase enzyme (cyp19) is expressed in 

brain and considering that the ERα-partial agonist 27-hydroxycholesterol is the most 

abundant oxysterol in brain.22 There is little data on the ability of existing ER modulators 

and aromatase inhibitors to cross the blood brain barrier (BBB) and thus there is 

considerable interest in evaluating brain penetrant SERDs or SERMs in patients with 

BCBM. The ongoing clinical studies with GDC-0810 should be informative with respect to 

its ability to cross the BBB.

In addition to GDC-0810, there are several new ER modulators at various stages of 

development and it is reasonable to expect, given the underlying science, that several of 

these will be effective enough to warrant their registration as monotherapies. However, it is 

likely that the true potential of GDC-0810, and like compounds, will be observed in the 

context of drug combinations that target ERα and other signaling pathways. It has been 

shown for instance that resistance to HER2/EGFR inhibitors and to PI3K inhibitors is 

associated with increased intratumoral expression of ERα and in relevant models it has been 
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shown that such resistance can be reversed by the SERD fulvestrant.23-25 Likewise in human 

tumor explants it has been shown that inhibition of MAPK or Src results in an increase in 

ERα protein.23 Thus, dual or multiple pathway inhibition may be required to realize the full 

potential of SERDs or SERMs. Indeed, the recent results of the Paloma 3 clinical trial were 

very encouraging as it was reported that regimens in which the cdk4/6 inhibitor (palbociclib) 

and fulvestrant were combined demonstrated an impressive improvement in progression free 

survival (10 months) when compared to fulvestrant plus placebo in women with ER positive 

metastatic breast cancer. Similar studies of cdk/6 inhibitors in combination with the newer 

SERDs (GDC-0810) are expected. The results of a recently opened clinical trial of 

palbociclib with bazedoxifene (a SERM that significantly downregulates ERα expression) 

will also be important to the field.

Finally, it remains to be determined if all SERDs are the same. Currently, there are at least 

three chemical classes of SERDs either approved or in development: (a) steroids 

(fulvestrant), (b) acrylic acids (GW5638/GDC0810), and (c) others (OP-1094) (Table 1). 
From what is known, thus far, it appears as if the mechanisms underlying the SERD activity 

of these different classes of compounds are not the same. 26, 27 Identification of the specific 

E2/E3 ubiquitin ligases responsible for the activity of these drugs and a determination of the 

relationship between the expression of these particular enzymes and efficacy may enable 

approaches to personalize SERD usage.

In conclusion, as evidenced by the studies presented in Lai et al, there has been considerable 

progress of late in developing orally bioavailable SERDs and it is likely that these will have 

a significant impact on the pharmacotherapy of breast cancer. Given that GDC-0810 and 

AZD9694 are already in clinical trials it is likely that the answers to some of the questions 

raised above will be answered in the relatively near future.
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Figure 1. The molecular pharmacology of SERDs in the setting of tamoxifen resistance
Upon binding tamoxifen ERα undergoes a specific conformational change that enables the 

presentation of protein-protein interaction surfaces for which in tamoxifen sensitive cells 

there are no compatible coregulators. Thus, tamoxifen binding commits ER down a “non-

productive” pathway, an activity that manifests as antagonism. It is proposed that chronic 

administration of tamoxifen, however, results in the selection of a subpopulation of cells that 

express a compatible coactivator (CoA). In this manner the pharmacology of tamoxifen 

“switches” from that of an antagonist to an agonist. SERDs, like GDC-0810, have activity in 

the setting of tamoxifen resistance as they (a) they function as high affinity competitive 

antagonists, (b) induce a conformational change that is incompatible with coregulator 

interactions and (c) target the receptor for proteasomal degradation.
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