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Abstract

Our understanding of the molecular mechanisms underlying the pharmacological actions of

estrogen receptor (ER) ligands has evolved considerably in recent years. Much of this knowledge

has come from a detailed dissection of the mechanism(s) of action of the Selective Estrogen

Receptor Modulators (SERMs) tamoxifen and raloxifene, drugs whose estrogen receptor (ER)

agonist/antagonist properties are influenced by the cell context in which they operate. These

studies have revealed that notwithstanding differences in drug pharmokinetics, the activity of an

ER ligand is determined primarily by (a) the impact that a given ligand has on the receptor

conformation and (b) the ability of structurally distinct ER-ligand complexes to interact with

functionally distinct coregulators. Exploitation of the established relationships between ER

structure and activity has led to the development of improved SERMs with more favorable

therapeutic properties and of tissue-selective estrogen complexes, drugs in which a SERM and an

ER agonist are combined to yield a blended activity that results in distinct clinical profiles.

Remarkably, endogenous ligands that exhibit SERM activity have also been identified. One of

these ligands, 27-hydroxycholesterol (27HC), has been shown to manifest ER-dependent

pathological activities in the cardiovascular system, bone and mammary gland. Whereas the

physiological activity of 27HC remains to be determined, its discovery highlights how cells have

adopted mechanisms to allow the same receptor ligand complex to manifest different activities in

different cells, and also how these processes can be exploited for new drug development.

Introduction

The estrogen receptor (ER) is a well-validated therapeutic target that has been exploited in

the development of drugs that are currently used as (a) treatments for the climacteric

symptoms associated with menopause, (b) oral contraceptives, (c) fertility agents and (d)
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breast cancer therapeutics. Until relatively recently it was considered that the pharmacology

of ER ligands was relatively simple in that classical agonists (steroidal or non-steroidal)

phenocopied the actions of the potent agonist 17β-estradiol, while antagonists exerted their

activity primarily through competitively inhibiting the binding of estrogens to their cognate

receptors. Not surprisingly, therefore, the pharmaceutical development of most of the ER

modulators currently used in the clinic was driven by the simple premise that, when

corrected for affinity, all agonists were qualitatively the same and likewise antagonists

differed only in their affinity for the receptor. Thus it was long considered that, other than

enhancements to delivery and formulation, only minor improvements could be made to the

therapeutic activity of ER modulators. This became a particular issue for hormone therapy

(HT) in postmenopausal women, where a significantly increased risk of endometrial cancer

was observed in women taking unopposed estrogens, an activity that was a property of all

estrogens. This liability led to the incorporation of progestins in HT regimens administered

to women with an intact uterus in order to prevent estrogen-induced endometrial

hypertrophy. Unexpectedly, the inclusion of progestins in these medicines was associated

with a whole new series of clinical problems, the significance of which was highlighted by

the results of the Women’s Health Initiative (WHI) in 2002 in which a slight, but significant

increase in the risk of invasive breast cancer was observed in women taking conjugated

estrogens (CE) together with medroxyprogesterone acetate (MPA) [1]. Whereas efforts to

develop ER ligands that functioned in a tissue selective manner preceded the WHI, the

results of this trial reinvigorated efforts to exploit the complexities of the ER signal

transduction pathway as a means to develop safe and effective medicines for HT. From these

efforts emerged the third generation Selective Estrogen Receptor Modulators (SERMs) and

more recently the Tissue Selective Estrogen Complexes (TSECs), drugs whose actions on

ER are manifest in a cell-selective manner and which do not require the inclusion of a

progestin. A discussion of how the development of these new drugs was influenced by an

increased understanding of the molecular pharmacology of ER is the subject of this

perspective.

The discovery of first and second generation SERMs

The SERM concept emerged from a series of preclinical clinical studies which revealed that

the “antiestrogen” tamoxifen actually exhibited substantial ER agonist activity in bone and

in the uterus [2–6]. Thus, while able to oppose estrogen action in the mammary gland,

tamoxifen exhibited agonist activity in other tissues. The potential therapeutic utility of this

tissue selective action was first highlighted by clinical studies that reported a significant

increase in bone mineral density (BMD) in the lumbar spine of tamoxifen-treated breast

cancer patients when compared to controls [7, 8]. These were followed by a very

informative placebo controlled trial in which the bone sparing activity of tamoxifen in breast

cancer patients was confirmed [9]. Together the clinical and preclinical pharmacology of

tamoxifen provided strong evidence that it was possible to develop molecules whose ER

agonist activity was manifest in a cell-selective manner. Indeed, were it not for the fact that

tamoxifen exhibited significant uterotrophic activity in rodents and in humans, it may have

been developed to treat and prevent osteoporosis [3]. Interestingly, a second “antiestrogen”

keoxifene was also shown to protect against ovariectomy-induced bone loss in rodents [2].

Wardell et al. Page 2

Steroids. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



This drug had originally been developed as a treatment for patients with tamoxifen-resistant

metastatic breast cancer. Although the initial clinical trials in breast cancer were

inconclusive, this drug did distinguish itself from tamoxifen in that it did not exhibit

uterotrophic activity [10, 11]. The bone protective, uterine sparing, activities of keoxifene

were confirmed in the MORE trial, and keoxifene (renamed raloxifene) was subsequently

approved for the prevention and treatment of osteoporosis [12]. Interestingly, both

tamoxifen and raloxifene were also approved for use as breast cancer chemopreventatives in

women at elevated risk for breast cancer [13]. It was also clear from these results that it was

inappropriate to classify tamoxifen and raloxifene as “antagonists”, and thus a new class

label “SERMs” was proposed to reflect their complex pharmacology [14–16]. Several other

SERMs, notably idoxifene and droloxifene, were evaluated at around the same time for

activity as bone sparing agents in postmenopausal women. However, whereas all of these

first/second generation SERMs were found to exhibit similar activities in bone, raloxifene

alone functioned as a pure antagonist in the uterus. Raloxifene remains the only SERM

mono-therapy registered in the US for the treatment and prevention of osteoporosis.

Unlike classical estrogens, the SERMs were ineffective in the treatment of vasomotor

instability and dyspareunia, two of the primary reasons women seek HT. For this reason, it

was unlikely, even considering their favorable profiles in breast, bone and uterus, that these

early SERMs would find significant use in the pharmacotherapy of the symptomatology

associated with menopause. However, it was generally considered that, since the SERM

actions of tamoxifen and raloxifene (as well as toremifene, idoxifene and droloxifene among

others) were discovered in a serendipitous manner, and further that their activities were

optimized for antagonist activity in the breast, with additional exploration drugs with

improved action in other tissues could be developed.

Molecular mechanisms of SERM action

It was apparent even from the earliest studies that the pharmacology of SERMs was

complex and that they were capable of exhibiting agonist, partial agonist or antagonist

activities in different tissues [3, 17–19]. One of the key experiments that shed light on this

complexity was performed by Gottardis and Jordan in the late 1980s in which they showed

in xenograft models of breast cancer that over time, tamoxifen “switched” from an

antagonist to an agonist [20]. The ability of serially-passaged tumors to recognize tamoxifen

as an agonist indicated that resistance was a cell intrinsic process and suggested that

dissection of the mechanisms underlying this activity would be informative with respect to

ER pharmacology. The first evidence supporting a role for coregulators in NR

pharmacology came from genetic studies in which disruption of a transcriptional corepressor

switched tamoxifen from an antagonist to an agonist when assessed using a reconstituted

ERα responsive transcription system in yeast [21]. Soon thereafter, Onate et al identified the

first mammalian coregulator SRC-1, a protein which interacted directly with ERα (and other

nuclear receptors) and increased its transcriptional activity [22]. It was subsequently shown

that the relative agonist/antagonist activity of tamoxifen could be manipulated by increasing

or decreasing the expression of SRC-1 within target cells [23]. This suggested that although

tamoxifen induces a conformational change in ERα that dramatically reduces its ability to

interact with coactivators, the impact of this disruptive conformational change can be
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overcome by increasing the cellular concentration of a specific coactivator. This, coupled

with the fact that tamoxifen enables binding of the receptor to DNA and that it also increases

ERα levels in cells, explains how this drug can induce significant activation of ER target

genes [24]. It was further noted that elevated expression of SRC-1 and/or SRC-3 in breast

tumors is associated with tamoxifen resistance and that the locus encoding SRC-3 is

amplified in a large number of breast cancers [25–27]. However, even considering the role

of coregulators, it remained unclear how the relative agonist/antagonist activities of different

SERMs could be dramatically different within the same cell. The answer to this problem

was revealed in studies which demonstrated that, contrary to the classical “binary on/off”

models of ER action, the overall shape of the receptor was influenced by the nature of the

ligand to which is was bound, and that this manifested in the differential presentation of

protein-protein interaction surfaces on the receptor. Thus, as a consequence of their impact

on ER structure, different ligands can facilitate the interaction of ER with different,

functionally distinct, coregulators (Figure 1). To date over 300 coregulators have been

identified although the functions of only a few have been explored in detail. Definition of

the specific roles of individual coregulators in ER pharmacology will inform the

development of screens for ligands that facilitate the interaction/disengagement of specific

coregulators involved in processes of interest.

The transition to mechanism-based discovery of clinically useful SERMs

The first clinical experience with raloxifene (keoxifene) was an unsuccessful attempt to

identify agents that could be used to treat tamoxifen-resistant breast cancer [28]. The

primary rationale at the time for this approach was that resistance to tamoxifen was thought

to occur either as a consequence of ERα mutations that disrupted tamoxifen binding or was

due to the production of an estrogenic metabolite of the drug within tumors. Initially, the

failure of keoxifene as a breast cancer therapeutic was thought to reflect its unfavorable

pharmaceutical properties. However, we now know from an abundance of structural studies

that the overall conformation of the ERα-tamoxifen and ERα-raloxifene complexes are

similar, allowing them to potentially interact with the same cofactors [29–31]. Therefore, the

cross-resistance observed in the clinic was not surprising, and neither was their similar

efficacy in breast cancer prevention as noted in the Study of Tamoxifen and Raloxifene

(STAR) trial [13, 32, 33]. It was inferred, however, from the studies of tamoxifen/raloxifene

pharmacology that compounds that enabled ERα to adopt a distinctly different

conformation, and which disrupted the receptor cofactor interactions enabled by these

SERMs, may have utility in the treatment of tamoxifen refractory tumors. To test this

hypothesis, we developed a series of in vitro screens to identify compounds that enabled ER

to adopt a conformational state distinct from those induced by tamoxifen, raloxifene or

estradiol [16, 34, 35]. In this manner, GW5638/DPC974 was identified, a compound that

was subsequently shown to interfere with ERα action by directly disrupting the folding of

the critical helix 12 in the ligand binding domain of the receptor, ultimately inducing

proteasomal degradation of the receptor, an activity that more accurately classifies this

molecule as a SERM-like selective estrogen receptor degrader (SERD) [36–38]. While the

first in class SERD fulvestrant has been approved for the treatment of advanced breast

cancer, the therapeutic utility of this drug is limited by its poor pharmaceutical properties
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[39–41]. Importantly, GW5638/DPC974 inhibited the growth of both tamoxifen-sensitive

and -resistant tumor xenografts [42, 43]. Most notably, in a small investigator-initiated

clinical trial of the drug there was evidence of efficacy in patients with heavily treated

metastatic disease. GW5638/DPC974 and fulvestrant differ in the mechanism by which they

induce ER degradation and also in their pharmacological profile, in that GW5638/DPC974

exhibited SERM-like properties in bone [38, 44]. Unfortunately, development of GW5638/

DPC974 was discontinued, a casualty of consolidation in the industry, with the ultimate

owner of the drug (BMS) unconvinced of the utility of ER as a therapeutic target in

advanced breast cancer. Regardless, the work with this drug firmly established the concept

that it was possible to manipulate ERα structure and identify compounds that could be used

in the pharmacotherapy of tamoxifen-resistant ER-positive tumors. Building on this work,

and exploiting the relationship between ER structure and activity, resulted in the

identification of ARN-810 (Seragon Pharmaceuticals), a drug that is currently being

evaluated in phase I trials in advanced breast cancer patients who have progressed during

treatment with tamoxifen or aromatase inhibitors [45]. Although not yet evaluated in breast

cancer patients, pre-clinical data also suggest that more recently developed SERMs, such as

bazedoxifene, that induce unique structural changes in ERα will also be effective in the

treatment of tamoxifen refractory breast cancers [46, 47]. The latter drug has been approved

for the prevention of osteoporosis in many countries outside of the US, and considering its

favorable activity in preclinical models of tamoxifen resistant breast cancer, it could see near

term “off-label” use as a breast cancer treatment.

Third generation SERMs

Definition of the molecular mechanisms underlying the pharmacological activities of the

second generation SERMs revealed that the pharmacology of a given ER modulator is

determined by (a) the effect of the bound ligand on ER structure and how this modulates the

engagement of functionally distinct coregulators, (b) the impact of signaling pathways on

the activity of different ER-coregulator complexes and, (c) the nucleotide sequence of the

ERE within the target gene and the transcription factor landscape close to the DNA bound

receptor. Additional complexity is introduced when one considers that there exist two

genetically distinct estrogen receptors, ERα and ERβ, which are unlikely to interact with

SERMs in the same manner [48, 49]. Both isoforms have distinct activities when acting as

homodimers or can modulate each other’s activity through heterodimerization in cells where

they are both expressed [50, 51]. The relevance of the interplay between ERα and ERβ noted

in vitro is unclear and significant progress in resolving this issue has been impeded by the

lack of consensus as to the target tissues/physiological processes in which ERβ is engaged.

There are additional factors that influence ER pharmacology but those outlined have

endured as the most important [52–56]. As these rules evolved, they were exploited in the

development of mechanism-based screens for SERMs with unique activities, studies that

were driven largely by efforts to develop compounds that exhibited the activity of tamoxifen

in bone but which exhibited a more favorable profile in the uterus.

The first mechanism based screens for SERMs were established with the goal of identifying

compounds whose pharmacological activities were similar to raloxifene but which had

improved pharmaceutical properties. Arzoxifene, lasofoxifene and bazedoxifene, emerged
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from these studies with the latter two drugs being discovered utilizing a series of in vitro

molecular assays similar to those described above [16]. In contrast, ospemifene was

identified as a metabolite of the second generation SERM toremifene. These clinically

relevant SERMs exhibit a spectrum of activities that have been exploited to address different

clinical needs (Figure 2). Given their relatively recent appearance, a brief description of their

attributes is warranted.

Lasofoxifene

Lasofoxifene (Pfizer, Inc.) was initially identified as a SERM able to elicit an ER

conformation similar to that induced by raloxifene. Clinical trials have demonstrated that

lasofoxifene significantly increased BMD and decreased levels of bone turnover markers, as

compared to placebo, while also being associated with a favorable lipid profile [57]. The

Postmenopausal Evaluation and Risk-reduction with Lasofoxifene (PEARL) study revealed

that not only did lasofoxifene reduce vertebral fracture risk, but that both doses of the drug

evaluated were also associated with decreased risk of ER-positive breast cancer as compared

to placebo [58, 59]. Counterposing the favorable effects of lasofoxifene on bone quality,

lipid profile and breast cancer risk was the observation of clinically important increases in

endometrial thickness and a higher incidence of endometrial polyps, uterine leiomyoma, and

vaginal bleeding [60]. Thus, this SERM lacks the favorable uterine profile observed for

raloxifene. Lasofoxifene received approval from the European Medical Association in 2009

for the treatment of postmenopausal women at increased risk of fracture; however, the drug

was not launched and its marketing authorization has since lapsed. Although lasofoxifene

was also shown to decrease vaginal atrophy, it did not receive approval for this indication.

Bazedoxifene

Bazedoxifene (Pfizer, Inc.) has been evaluated in several clinical trials for the prevention

and treatment of postmenopausal osteoporosis. In all of these studies, bazedoxifene

treatment was associated with improved BMD, reduced levels of bone turnover markers, and

favorable effects on lipid profiles. Similar increases in BMD and reduction of vertebral

fractures were observed with bazedoxifene or raloxifene treatment of postmenopausal

women at risk for or diagnosed with osteoporosis [61, 62]. Furthermore, bazedoxifene was

not associated with stimulation of endometrial or breast tissues [63–65]. In 2009,

bazedoxifene was approved in Europe and Japan for the treatment of postmenopausal

women at risk for, or presenting with, osteoporosis. This drug, although receiving an

approvable letter from the FDA, has not been registered as a monotherapy for osteoporosis

in the United States.

Arzoxifene

Similar to bazedoxifene and lasofoxifene, arzoxifene (Eli Lilly & Co.) was identified as a

SERM lacking ER agonist activity in breast and endometrial tissues while exhibiting agonist

activity in bone and preserving a positive lipid profile. Phase 2 and 3 studies of arzoxifene

demonstrated reduced bone turnover and increased lumbar spine BMD as compared to

placebo [66, 67]. Similar to bazedoxifene, arzoxifene was not associated with increased

endometrial thickness, but neither was it associated with a difference in the incidence of
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non-vertebral fractures as compared to placebo, and in fact a higher incidence of adverse

events was observed for arzoxifene (as compared to placebo) [66, 67]. Although the

manufacturer has elected to discontinue development of arzoxifene, a 56% decrease in the

risk of invasive breast cancer as compared to placebo, as well as demonstrated efficacy in

the treatment of recurring or advanced endometrial cancer, illustrates the utility of

developing additional SERMs for use as cancer therapeutics [68, 69].

Ospemifene

Ospemifene (Shionogi & Co.) was identified as a weakly estrogenic metabolite of

toremifene. Although toremifene displays the same pharmacodynamic liabilities

(endometrial stimulation) as tamoxifen, clinical trials of ospemifene have reported only a

weak uterine response resulting in a detectible increase in endometrial lining without

hypertrophy in some patients, comparable to raloxifene [70, 71]. Ospemifene was approved

in the United States in 2013 for the treatment of dyspareunia associated with vulvar and

vaginal atrophy in postmenopausal women [72]. Preclinical data and phase 2 trials would

suggest that, as with a majority of SERMs to date, ospemifene is bone protective [73–75].

As with raloxifene, however, an increased incidence of vasomotor symptoms was observed

for ospemifene [71].

Tissue Selective Estrogen Complexes (TSECs)

The early termination of the WHI study due to an increased incidence of invasive breast

cancer in the CE/MPA arm led to a dramatic reduction (90% between 2002–2007) in the use

of estrogen containing medicines for HT [76]. Interestingly, a significant reduction in breast

cancer incidence was noted in the CE only arm of the WHI, and recent follow-up studies

have indicated that this protective activity has endured [77]. Regardless, HT use by

postmenopausal women remains low despite its clear overall benefit beyond its ability to

treat vasomotor symptoms [78, 79]. In the last decade, multiple studies have compared

medicines containing different estrogens and progestins with respect to safety and efficacy.

One general conclusion from these studies is that it appears to be the progestin component

that underlies the increased breast cancer risk associated with HT [80, 81].

The primary indication prompting HT use is vasomotor symptoms associated with the

cessation of ovarian estrogen production. Less obvious, but clinically more important, is the

decrease in BMD and alterations in lipid profile that occur with estrogen deprivation, which

respectively underlie the increased risk of osteoporosis and fracture and of cardiovascular

events in postmenopausal women. SERMs have nearly universally been found to increase

BMD and generate a favorable lipid profile (Figure 2). However, while certain SERMs such

as ospemifene may alleviate some menopausal symptoms, efforts to identify a uterine

sparing SERM that is also able to reduce vasomotor symptoms have been unsuccessful.

Thus, there remains an unmet medical need for pharmaceutical approaches to mitigate the

impact of estrogen deprivation in women with an intact uterus following the loss of ovarian

function. An interesting new approach that has emerged recently is the Tissue Selective

Estrogen Complexes (TSECs), medicines that combine an estrogen and SERM to elicit a

blend of ER agonist activities. To date, two different TSEC combinations have been

described (17β-estradiol/raloxifene and CE/bazedoxifene). Increased endometrial thickness
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and endometrial hyperplasia was observed in patients treated with a TSEC comprised of

raloxifene and estradiol, apparently limiting its clinical utility [82, 83]. In contrast, the CE/

bazedoxifene TSEC has been extensively evaluated in the clinic, was found to have an

overall favorable safety profile, and was recently approved in the US for the treatment of

menopausal symptoms. In a trial of over 3000 patients, it was observed that CE/

bazedoxifene exhibited activities in the endometrium that were similar to placebo while

vasomotor symptoms were reduced by as much as 86% [84]. This is an exceptionally

important finding as it makes obsolete the need for a progestin in HT administered to

postmenopausal women without hysterectomy. While a direct comparison of the two TSEC

formulations has not been performed, it is clear that a) TSECs are likely to exhibit different

clinical activities, and b) the overall activity of the combination is greatly dependent on the

ratio and activities of the constituent components. The apparent clinical success of CE/

bazedoxifene, as compared to raloxifene/estradiol, may relate to differences in:

a. antagonist/agonist profile of the constituent SERM– Co-administration of

bazedoxifene with raloxifene in ovariectomized rats demonstrated that

bazedoxifene reversed the small uterine stimulation observed for raloxifene [85].

b. mechanism of SERM action – Bazedoxifene treatment results in proteasomal

degradation of ERα in breast cancer cells whereas raloxifene has little effect [46,

47].

c. estrogenic constituents – Whereas other estrogen formulations have been associated

with increased breast cancer risk [80, 81], a 10-year follow up analysis of the CE

only arm of the WHI revealed a significant reduction in breast cancer risk [77].

Whereas TSECs manifest a very useful clinical profile, their mechanism of action and the

functional differences between different SERM/estrogen combinations remain to be

determined. In the case of CE/bazedoxifene, evidence would suggest that, whereas the CNS

is clearly responding to the estrogen component as evidenced by decreased vasomotor

symptoms, the activities of the SERM appear to predominate in the periphery. Further, while

CE treatment alone was associated with increased breast density in the WHI, neither

bazedoxifene nor CE/bazedoxifene administration resulted in significant changes in breast

density [65, 86, 87]. Similarly, the BMD improvement observed for CE/bazedoxifene

resembles that associated with bazedoxifene therapy alone and is less robust than that

observed in patients treated with CE/MPA [88]. Thus, it appears that the activities of the

SERM predominate in the periphery, while the CNS receives sufficient estrogen exposure to

alleviate symptoms of estrogen deprivation. The lack of breast stimulation and uterine

quiescence that is observed for CE/bazedoxifene has led to the suggestion that this

formulation may present a viable HT option for breast cancer survivors and also a

potentially useful treatment for other estrogenopathies. Notably, in preclinical models of

endometriosis CE/bazedoxifene treatment leads to regression of lesions, suggesting that CE/

bazedoxifene may have utility for the treatment of endometriosis in patients [89].

One of the major impediments to understanding the existing TSECs is information regarding

the occupancy of the ERs in various tissues. Further complicating this picture is the fact that

in some cells both ERα and ERβ are expressed. Clearly, in conditions where drug is not

saturating it is reasonable to believe that mixed heterodimers of the same receptor, one
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monomer occupied by an estrogen and the other by a SERM, could exist and that their

biological output would be different than homodimers of a receptor occupied by the same

ligand. Whereas evidence in support of this latter hypothesis has been established in vitro, it

is unlikely, especially for CE/bazedoxifene, that this mechanism will be as important as it

would be expected; given the affinity of bazedoxifene (and the drug formulation), it will

likely fully occupy the receptor. This likely explains why the profile of the CE/bazedoxifene

TSEC is very similar to bazedoxifene alone in most tissues. There are data that SERMs vary

in their ability to penetrate the blood brain barrier, and thus it might be expected that the

ability of the TSECs to treat hot flashes may be the result of favorable pharmacokinetics,

where the estrogen has more efficient entry and/or privileged access to the brain. Regardless,

the TSECs represent the first innovation in the pharmacotherapy of the climacteric in nearly

50 years and they are likely to have a significant impact on the treatment of the

symptomatology of the climacteric.

Oxysterols as Endogenous SERMs

The complex pharmacology of synthetic SERMs suggested the possibility that endogenous

molecules may exist that possess SERM-like activities. The first evidence for such an

activity came from studies by Umetani et al. aimed at understanding why estrogens were

cardioprotective in experimental models but were not associated with benefit in the WHI

[90]. They noted that 27-hydroxycholesterol (27HC), the most abundant oxysterol, was able

to inhibit ERα- and ERβ-dependent transcriptional activity at concentrations that could

reasonably be expected to exist in humans [91, 92]. These data, and the observation that

27HC induces a distinct conformational change in ER, led to the hypothesis that this

oxysterol may have unique, ER-dependent biological activity [93]. Indeed, using a series of

cell-based assays several investigators have determined that, like other SERMs, 27HC can

function as either an agonist or antagonist in a manner that is influenced by cell context.

These data confirmed that 27HC was a bona fide SERM, a finding that justifies studies

directed at defining potential ER-dependent (patho)physiological actions of 27HC in

estrogen responsive target organs.

In mouse models of the cardiovascular system, 27HC was shown to attenuate the protective

effects of 17β-estradiol on vascular repair (re-endothelialization) by inhibiting ER-

dependent production of nitric oxide [90, 94]. Based on these data it was proposed that when

27HC levels are increased, such as in patients with elevated cholesterol, the cardio-

protective effects of estradiol are likely to be diminished by direct competitive antagonism

of estradiol action on ER by 27HC. Additional studies demonstrated that 27HC attenuated

estrogen action in bone. Elevation of 27HC, either pharmacologically (by injection), or by

genetically disrupting the CYP7B1 locus (the enzyme responsible for the catabolism of

27HC), results in significantly decreased trabecular and cortical bone [95]. Importantly, in

the CYP7B1−/− mouse model the effects of 27HC on bone were partially reversed by

administering pharmacological doses of 17β-estradiol, a result that implicates ER as one

target of the pathological actions of 27HC. In these 28-day studies it was also observed that

while ovariectomy alone had minimal effects on cortical bone in wild type mice, a dramatic

loss of bone was observed in ovariectomized mice in which 27HC levels were elevated. By

extrapolation, this latter finding suggests that post-menopausal women with elevated

Wardell et al. Page 9

Steroids. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cholesterol, and by inference 27HC, may be at increased risk for cortical fractures.

Hypercholesterolemia is in fact an established risk factor for osteoporosis in post-

menopausal women [96–98]. As a primary cholesterol metabolite, systemic 27HC levels

mirror those of circulating cholesterol and are increased in obese individuals [99]. Not

surprisingly therefore, the use of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)

reductase inhibitors (statins), is associated with decreased fracture risk and increased BMD

[100, 101].

As opposed to its ER-antagonist action in the cardiovascular system and bone, it has been

shown in breast cancer cells that 27HC functions as a partial agonist, inducing the

expression of ER target genes and stimulating cell proliferation [93]. It has also been shown

in relevant animal models that 27HC increases the growth and metastasis of ER-positive

breast cancer tumors [102, 103]. CYP27A1, the enzyme responsible for the conversion of

cholesterol to 27HC is highly expressed in macrophages. Thus, given the relationship

between increased macrophage number and negative outcome in breast cancer it was of

interest that the levels of 27HC found in breast tumors were significantly higher than in

normal breast tissue or uninvolved tissue adjacent to tumors [103]. Further, expression of

CYP27A1 in breast cancer tissue was associated with higher grade tumors, while high

expression of the enzyme responsible for 27HC catabolism, CYP7B1, was associated with a

better prognosis [102, 103]. Collectively, these findings have led to the conclusion that

27HC, is an endogenous SERM that functions as a biochemical link between obesity and

breast cancer (Figure 3).

Final comments

Despite the fact that the first SERMs (then considered non-steroidal antiestrogens) were

identified over 60 years ago and have been in the clinic for nearly 35 years, it is only

relatively recently that the molecular basis for their tissue selective actions has become

apparent. In the past 25 years, our understanding of the pharmacological profile of these

molecules has evolved from the initial recognition of their tissue selective actions, and these

studies have informed contemporary mechanism-based approaches to identify SERMs that

exhibit specific profiles [3, 14, 15, 104, 105]. Of particular importance in this regard is the

observation that the overall shape of ER is influenced by a) the nature of the ligand with

which it interacts and b) the impact which this has on the differential presentation of protein-

protein interaction surfaces on the receptor. This has provided information as to the

mechanism(s) by which information, contained within chemically distinct ligands, is

interpreted by the receptor. The further recognition that differently conformed ER-ligand

complexes exhibit unique coregulator interaction preferences describes how cells/target

genes ultimately discriminate between different ER ligands. Understanding the specific roles

of different coregulators in physiological and pathological processes of interest and

definition of the processes that converge upon and regulate the activity of different ER-

coregulator complexes is a key next step in the development of SERMs/ER ligands with

improved functional selectivity.
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Figure 1. Estrogen receptor (ER) pharmacology
Until relatively recently it was considered that the role of an ER-agonist was that of a

“switch” which upon binding converted the receptor into an active state. Antagonists, on the

other hand were believed to function by competitively inhibiting agonist binding thus

freezing the receptor in an inactive state. However, it is now known that the overall

conformation of ER is determined by the ligand to which it is bound, which in turn impacts

the ability of the receptor to engage functionally different coregulators. Pure agonists enable

the interaction of the receptor with coactivators (CoA), while antagonists allow the receptor

to interact with only corepressors (CoR). Selective estrogen receptor modulators (SERMs)

permit the bound ERs to interact with different subsets of coactivators and corepressors,

determined by the overall receptor conformation associated with a given SERM, thereby

permitting these drugs to elicit different activities in different tissues. Thus, the cellular

response to an ER-agonist complex will be primarily determined by the relative expression

level and activity of functionally distinct coregulators in different target tissues.
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Figure 2. SERMs exert a spectrum of activities in estrogen target tissues
Like estradiol, all selective estrogen receptor modulators (SERMs) described to date

increase and/or maintain bone mineral density (BMD), although SERMs do not elicit as

robust of response as do full agonists. Fulvestrant is associated with decreased BMD.

Similarly, the antagonist activities of different SERMs in the breast are not equivalent.

Stimulation of uterine hypertrophy is the primary response that distinguishes SERMs, a

liability of tamoxifen that has been reduced in second and third generation SERMs. It is the

uterine response that most clearly determines the safety profile of a given SERM.
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Figure 3.
Comparison of the pharmacological activities of 17β-estradiol and the endogenous selective

estrogen receptor modulator 27-hydroxycholesterol (27HC) in estrogen target tissues
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