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Abstract

Rapid, nongenomic vascular cell and tissue responses to estrogen have been demonstrated for

more than a decade. Although the pendulum continues to swing, accumulating evidence, both

clinical and pre-clinical, support favorable effects of ovarian steroid hormones in the vascular

system. These effects are mediated both by classical steroid hormone receptor-mediated

transcriptional modulation, and largely by endothelial plasma membrane-associated estrogen

receptor (ER) α, which when engaged triggers a signaling cascade resulting in release of

cardioprotective nitric oxide (NO). In addition to full-length ERα (ER66), an N-terminus truncated

ERαisoform, ER46, plays a key role in these rapid endothelial responses to 17β-estradiol (E2). We

have recently determined that ER46 can be a Type I integral transmembrane molecule. In this

review, we discuss ER isoforms, rapid E2-stimulated signaling in the endothelium, the importance

of the ER46 transmembrane orientation, and the clinical context of this rapid endothelial signaling.
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1. Introduction and Clinical Background

Decades of observational clinical studies and epidemiological studies support a protective

role for estrogen in the cardiovascular system. Numerous studies have documented clinically

favorable effects of estrogen on circulating lipoproteins, endothelial nitric oxide (NO)

production, vascular inflammation, and atherosclerotic plaque development. These findings

supported the increasing use of hormone replacement in postmenopausal women as

preventive therapy for chronic cardiovascular disease, until publication of the Women’s

Health Initiative (WHI) results (Rossouw et al., 2002; Anderson, et al., 2004). Having been
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stopped early due to increased risks of coronary disease, stroke, pulmonary embolism, and

breast cancer, the Initiative sparked an extensive critical reevaluation of the observational

data supporting hormone replacement therapy (HRT) as a preventive measure.

Attention to the issue of hormone therapy timing emerged in response to the need to

reconcile the WHI findings with multiple lines of clinical and basic scientific evidence in

support of estrogen’s vascular protective effects. Subgroup analysis of the WHI supports this

hypothesis of timing, in which estrogen’s benefits are contingent upon therapy beginning

shortly after menopause. Moreover, in the Danish Osteoporosis Prevention Study (DOPS), a

multicenter randomized trial, HRT was initiated in healthy perimenopausal or recently

postmenopausal women who were followed for more than ten years of treatment. The

treatment group had a reduced risk of the combined endpoint of death, heart failure, and

myocardial infarction (Schierbeck et al., 2012). The small number of cardiovascular events

may limit the degree to which the trial is seen as proof of the timing hypothesis.

Nonetheless, the DOPS results, published shortly after the U.S. Preventive Services Task

Force recommendation against the use of hormone therapy for the prevention of chronic

disease in postmenopausal women, added to the debate concerning the WHI and its

influence on clinical practice.

In parallel to the ongoing re-examination of the clinical data, new research utilizing animal

models to better dissect the molecular pathways of estrogen receptor signaling is revealing

some of the molecular mechanisms whereby estrogen can elicit its widely varying effects. In

this regard, the effect of estrogen signaling pathways on chronic inflammation and cytokine

signaling, as well its direct effects on the vascular endothelium, have gained particular

attention.

Estrogen responses can be cell type-specific, due to variance in estrogen receptor isoform

expression and variable recruitment of coregulatory molecules. Moreover, the balance of

estrogen isoforms changes with age in some tissues, which has been shown to influence the

vascular response to oxidative stress, nitric oxide production, and the process of

atherosclerosis. Several new animal models utilizing genetic manipulations of specific

receptor isoforms recently have been published, and they offer new insights as to how these

isoforms exert different effects within the cardiovascular system (see below).

Selective estrogen receptor modulators (SERMs) represent a major advance in clinical

practice by taking advantage of the ability to differentially modulate estrogen effects with

varying degrees of tissue selectivity (Riggs and Hartmann, 2003). The selectivity is made

possible by the endogenous variation in ER expression in different tissues, as well as tissue-

specific variations in expression and action of ER coregulators. Further elucidation of the

molecular biology of the cell type-specific signaling events are needed to advance selective

estrogen receptor modulation to the point of offering vascular protective benefit while

minimizing the known risks of long-term HRT. To this end, a better characterization of

expression levels and estrogen receptor isoform signaling is revealing molecular

mechanisms as they relate to the clinically-derived HRT timing hypothesis. These studies

highlight estrogen’s direct action on the endothelium, which is characterized by rapid, non-

nuclear signaling through membrane-associated effector molecules. These non-genomic
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pathways, specifically in endothelial cells, comprise a key homeostatic switch favoring NO

synthesis and opposing inflammation and thrombosis. Quantitative coronary angiography in

humans demonstrates that physiological levels of estradiol modulate coronary vascular

function in a short-term endothelial-dependent manner (Gilligan et al., 1994).

The health of the endothelium is governed by sum of ligand-dependent and ligand-

independent transcriptional regulation together with the rapid non-genomic signaling effects

of estrogen receptors. Animal model-based studies of ER isoforms provide the best insight

to date as to how clinical observations such as that of the WHI may finally be reconciled

with longstanding scientific knowledge of the cardiovascular protective effects of estrogen,

with implications for aging and preventive therapy.

2. ER Isoforms

Distinct ERα isoforms are expressed in a cell- and tissue-specific manner. An N-terminus

truncated short isoform of ERα, ER46, is abundant in human endothelial cells (ECs)

(Russell et al., 2000; Haynes et al., 2003; Li et al., 2003), and expressed in osteoblasts

(Denger et al., 2001; Longo et al., 2004), as well as breast and endometrial cell lines

(Zivadinovic and Watson, 2005; Márquez and Pietras, 2001). A 50 kDa ERα isoform has

been identified in hypothalamic neurons and astrocytes (Gorosito et al., 2008; Bondar et al.,

2009; Dominguez et al., 2010). ER36 has been found in breast carcinomas (Wang et al.,

2006; Shi et al., 2009).

These ERα isoforms are generated from multiple ERα mRNA transcripts regulated by

alternative promoter usage and alternative splicing, as well as from alternative translation

initiation (Flouriot et al., 1998; Kos et al., 2001; Hirata et al., 2003). The ERα gene has eight

coding exons, eight untranslated 5′-exons in the upstream region of exon 1, and an intronic

exon S located between exons 3 and 4 (Hirata et al., 2003). Seven human estrogen

promoters (A-F and T) have been defined (Thompson et al., 1997; Kos et al., 2001; Brand et

al., 2002). ER46, lacking the first ERα coding exon (exon 1A), is transcribed from two

different ERα promoters (E and F) and produced by splicing of exon 1E directly to exon 2

(Flouriot et al., 2000). Multiple E- and F-transcript ERα isoforms have been detected and

these transcript variants are tissue-specific. Expression of the E variants is restricted to

MCF-7 cells and adult liver. F variants have been found in both reproductive and non-

reproductive organs. To date, two ERα E-transcript and six F-transcript isoforms have been

identified (Ishii et al., 2013). ERα mRNA 5′-untranslated regions (5′-UTRs) result in

multiple upstream open reading frames and affect translational efficiency (Kos et al., 2002).

It has recently been shown that the amount of translated ERα protein may be dictated by the

inclusion (or exclusion) of non-coding internal exons in E and F variants, without

modulating ERα promoter activity (Ishii et al., 2013). These multiple mechanisms of RNA

expression, processing and translation provide a level of complexity resulting in numerous

receptor isoforms, potentially directing varying cellular responses to hormonal stimuli.

3. Vascular ER Isoforms

The two estrogen receptors (ERs), ERα and β, are encoded by separate genes and share high

sequence homology. In their role as transducers of genomic signaling, they bind the same
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estrogen response elements (ERE), and may signal in either ligand-dependent (as classical

nuclear receptors) or ligand-independent manners. They also exert transcriptional regulation

by association with other DNA-bound elements (Truss and Beato, 1993). In endothelial

cells, estrogen receptor activation drives an anti-atherogenic gene program (Mendelsohn and

Karas, 1999). In addition to both classical ligand-activated transcriptional activation and

growth factor-induced ligand-independent transcriptional activation, we focus here on

plasma membrane-initiated, rapid non-genomic signaling, resulting in the activation of

endothelial nitric oxide synthase (eNOS), and enhanced NO production.

Both ERα and ERβ are expressed in ECs and vascular smooth muscle cells (SMCs),

although expression level heterogeneity is significant. ERβ expression in ECs and SMCs

increases at the site of vascular injury in a carotid denudation model, however, ERβ-KO

mice have maintained E2-stimulated repression of the neointimal vascular remodeling

response to injury (Mäkelä et al., 1999). Reduced expression of both receptors has been

observed in atherosclerotic carotid arteries, in which context estradiol is diminished in its

capacity to suppress vascular smooth muscle cell proliferation (Losordo et al., 1994;

Nakamura et al., 2004). While such findings, together with clinical observations, suggested

an atheroprotective function of estrogen receptor signaling, particularly in the case of ERα,

the mechanistic understanding began to take shape with generation of several ERα knockout

mice over the last two decades. While complete ERα knockout mice are deficient in the E2-

stimulated increase in NO production, ERβ knockout mice do not show such defect. We thus

focus here on ERα and its isoforms, and their endothelial functions. Physiologically

functional ERα isoforms have been studied through the use of targeted gene manipulation in

mice. Over twenty years ago, the first exon of ERα was deleted, and subsequent analysis

revealed that these mice retained expression of N-terminally truncated 55 and 49 kDa

proteins (Lubahn et al., 1993; Couse et al., 1995). The initially confounding, but ultimately

fortuitous, findings from the deletion of ERα exon one led to discovery of physiologically

relevant ERα splice isoforms. The retention of these alternatively spliced ERα receptors in

the knockout mouse allowed preservation of some of the effects of estradiol, including the

induction of endothelial NO production, and re-endothelialization following endovascular

injury (Iafrati et at. 1997; Brouchet et al., 2001; Darblade et al., 2002; Pare et al., 2002). The

deletion of ERα by targeted gene disruption of exon 2 yields a true null lacking these

persistent effects.

17β-estradiol acts on a subpopulation of membrane-associated estrogen receptors to activate

multiple signaling cascades, converging on the induction of eNOS (Chambliss et al., 2010).

This pathway promotes endothelial migration and proliferation in vitro, and increases

carotid artery re-endothelialization in a mouse model of perivascular injury. This non-

nuclear pathway does not induce the uterotropic response (Kousteni et al. 2002), raising the

therapeutically valuable possibility of selectively promoting the vascular protective

signaling pathways, separate from reproductive system effects.

ERα-AF10 mice were generated by deletion of the first exon of ERα, resulting in loss of the

N-terminal activation function domain AF-1 (Billon-Galés et al., 2009). These mice have

intact endothelial NO production, as well as re-endothelialization in response to vascular

injury. Moreover, in contrast to the complete deletion of ERα, loss of AF1 does not affect
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responsiveness to E2 with respect to fatty streak deposit in the LDLR−/− atherosclerosis

model. In this model, endogenous estrogen reduces aortic atherogenesis by half as compared

to ovarectomized mice, and the deletion of AF1 does not block this protection. ERα-AF10

mice do not have significantly different plasma cholesterol profiles compared to control,

supporting previous observations that the atheroprotective effect of E2 seems to be a direct

arterial effect (Elhage et al., 1997). The AF1 domain does not have a recognized role in the

localization of ER to the plasma membrane and membrane-initiated steroid signaling; rather,

it is the AF2 domain that is most essential to these functions (Kousteni et al., 2001; Razandi

et al., 2003).

The dispensability of AF1 domain, as demonstrated by ERα-AF10, implicated AF2 as

having an essential function in the atheroprotective effects of ERα. This led the same

investigators to create ERα-AF20 mice, lacking the C-terminal activation function 2 domain

(Billon-Galés et al., 2011). While this deletion had no effect on E2-induced re-

endothelialization following vascular injury, the protective effect of E2 in the aortic

atherosclerosis model was partially lost, as evidenced by increased fatty streak deposition,

collagen accumulation, and macrophage infiltration. This is likely a consequence of the

AF-2 deletion on receptor targeting and function, both membrane- and nuclear-initiated.

Expression analysis of several genes important in atherogenesis demonstrates a role for the

AF2 domain in E2-regulated transcription as well.

4. Rapid ER Signaling in Endothelium

We utilized a membrane-impermeant form of E2 to demonstrate plasma membrane binding

of estradiol in human vascular ECs. This binding is inhibited by a classical ERα antagonist

and competed by free E2. Ligand binding at the plasma membrane rapidly triggers a

signaling cascade that includes activation of the kinases c-Src, PI-3 kinase and Akt, resulting

in eNOS-mediated enhanced production of NO (Haynes et al., 2003; Li et al., 2003). In fact,

elevations in endothelial cGMP can be seen as early as 5 minutes after E2 stimulation

(Russell et al., 2000). An N-terminus truncated ERα isoform, ER46, has been identified at

the EC plasma membrane (Figtree et al., 2003; Li et al., 2003). Murine aorta studies

demonstrate a requirement for Akt, ERK, PI-3 kinase, and c-Src in E2-induced eNOS

activation, NO production, and endothelium-dependent vasodilation (Florian et al., 2004;

Guo et al., 2005; Li et al., 2007).

Posttranslational modifications of ER and c-Src are important for eNOS activation. The

posttranslational palmitoylation at Cys447 directs membrane localization of ER46, protein-

protein interactions and eNOS activation. We have defined a functional signaling complex

containing c-Src, PI3-K and ER46 in ECs (Haynes et al., 2003; Li et al., 2003; Kim and

Bender, 2005; Li et al., 2007). Membrane-impermeant E2 triggers phosphorylation of the c-

Src Tyr419 active site, followed by eNOS phosphorylation at Ser1177. c-Src also must be

lipid modified for plasma membrane targeting. Overexpression of the myristoylation c-Src

Gly2Ala mutant in ER46-cotransfected COS-7 cells significantly abolishes both c-Src and

ER46 plasma membrane localization, demonstrating their interdependence for protein

localization at the plasma membrane (Li et al., 2007). The colocalization and association of

ER46 with caveolin-1 has been shown in human ECs, cancer cells and myometrial cells (Li
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et al., 2003; Acconcia et al., 2005; Kiss et al., 2005). Based on these findings, we (and

others) developed a signaling model in which the ER46-centered molecular complex,

including c-Src, PI3-K, Akt, Hsp90 and eNOS, resides in caveolae at the plasma membrane

(Kim and Bender, 2005). Based on more recent findings, this model has been modified (see

below).

ERα palmitoylation site mutant mice (C451A-ERα) have been used to demonstrate the

importance of the aforementioned plasma membrane targeting in vivo. In contrast to WT

mice, the mesenteric arteries from these mice fail to rapidly vasodilate in response to E2.

Furthermore, endothelial repair and eNOS activation are diminished in C451A-ERα mice

(Adlanmerini et al., 2014). ERα-AF20 mice (deletion of C-terminal residues 543-549), with

an intact palmitoylation site, maintain their E2-induced re-endothelialization after carotid

injury (Adlanmerini et al., 2014), further supporting the importance of posttranslational lipid

modification and membrane targeting of the receptor.

In cell reconstitution studies, ER46 triggers eNOS activation more efficiently than full-

length ERα (ER66) at the plasma membrane (Li et al., 2003). The binding affinity of E2 to

ER46 appears to be slightly higher than to ER66 in a eukaryotic cell-free expression system.

In an intact cell system, palmitoylation inhibition reduces E2-binding affinity, with a greater

effect on ligand binding to ER46 (5-fold) than on ER66 (2.7-fold) (Lin et al., 2013). This is

further evidence that plasma membrane targeting, especially of ER46, is important for

maximal ligand binding and consequent signaling responses.

5. ER46 as an Integral Transmembrane Protein

Our membrane-impermeant E2 studies, as well as anti-ERα antibody binding to non-

permeabilized cells, raised the possibility that ectodomain-expressing transmembrane ERs

might exist. Ecliptic pHuorin is a pH-sensitive GFP mutant with a range of fluorescence,

lower to higher, between pH 7.0 and 8.0, but which is not fluorescent at pH <6.0

(Miesenböck et al., 1998). When expressing recombinant, pHluorin-fused ER46 in

immortalized human ECs (EA.hy926 cells), live plasma membrane confocal imaging by

total internal reflection fluorescence microscopy (TIRFM) demonstrates much greater

fluorescence with pHluorin fused to the N-, rather than the C-, terminus. This is consistent

with an N-terminal ectodomain (medium pH set at 7.8), and a C-terminal cytoplasmic

domain (intracellular pH measured at 7.2). The power of this mutant GFP includes the

ability to rapidly change fluorescence intensity when pHluorin is exposed to pH changes in

the extracellular medium. Indeed, the fluorescence of pHluorin-ER46 (N-terminus-fused) is

rapidly and completely quenched with a 7.8 to 6.5 extracellular pH change, with minimal

change in the fluorescence intensity of ER46-pHluorin (C-terminus-fused) (Figure 1A, Kim

et al., 2011). Overall expression levels of the N- and C- terminal recombinant proteins were

similar. These data are consistent with the ability of ER46 to conform to a Type I integral

transmembrane protein. This orientation was biochemically confirmed by tryptic proteolysis

at exposed ectodomain-containing Arg287 and Lys302 (or 303) sites (Kim et al., 2011).

Isoleucine-386 is at the center of ER46’s projected transmembrane hydrophobic core

domain (Val376-Val392, Figure 1B). Mutation of this Ile386 is predicted to abolish the

molecule’s transmembrane orientation. An N-terminal pHluorin-fused ER46 Ile386Cys
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mutant, when expressed in human ECs, is minimally fluorescent, compared to the WT

receptor, or to ER46 with a conservative Ile386Val mutation, and loses the dynamic

fluorescence alteration with a pH change (Figure 1A, C). Three other isoleucine-to-cysteine

point mutations, at the ectodomain (Ile358), the transmembrane domain (Ile389), and the

cytoplasmic domain (Ile424), have no effect on N-terminal-fused ER46 fluorescence

intensity (Figure 1C) (Kim et al., 2011).

These results support an N-terminus out, C-terminus in, orientation, with a critical residue(s)

conferring transmembrane capability. To address whether this change in orientation affects

rapid estrogen-induced signaling, NO detection by 4-amino-5-methylamino-2′,7′-

difluorescein (DAF-FM) confocal imaging was performed in live ECs. E2-stimulated, ER46

WT-expressing ECs efficiently produce NO, as expected, whereas the E2-induced signaling

response is greatly impaired in the transmembrane mutant ER46-Ile386Cys-expressing cells

(Figure 2). This provides strong evidence that the transmembrane orientation of ER46 is

important for its rapid signal transducing properties in response to estrogen.

E2-ERα ligand binding domain (LBD) co-crystallization defined the phenolic hydroxyl of

E2’s A ring within a cavity formed by ERα helix 3 (Met342 to Leu354) and helix 6 (Trp383

to Arg394), with direct E2 binding to Glu353 (Brzozowski et al., 1997). In our

transmembrane orientation model, Glu353 and helix3 are available within the ectodomain,

whereas helix 6 is not, making the formation of the polar cavity, described above, for E2

binding unlikely. Thus, it will be critical to perform structural analyses, in the future, to fully

define the basis of ectodomain binding by ligand.

Given this new information regarding ER46’s ability to achieve a transmembrane

orientation, and to efficiently signal when in this conformation, it is important to emphasize

that this likely comprises one subset of cellular ERs, in addition to nuclear, cytosolic and

caveolae-associated subsets. The dominance of any one of these localized subsets

undoubtedly relates to the cell/tissue type, state of cell activation, and available protein-

protein interaction binding partners. Defining the hierarchy of these influences, as it relates

to receptor trafficking and localization, will create some new targeting opportunities.

6. Summary and Future Directions

Estrogen receptor isoforms are abundant, widely expressed and highly variable in form and

function. The field has only begun to understand the relevance and importance of various

isoforms in cell and organ physiology and pathology. In the case of the endothelium, mouse

genetics have informed us that smaller splice isoforms of ER66 can be fully functional in the

vascular system, enabling vascular protective effects of estrogen. We have focused on ER46,

abundant in ECs isolated from a wide variety of vessels, and shown that, remarkably, it can

conform to a transmembrane orientation which, in vitro, enhances its E2-induced rapid

signaling responses. There remains much to learn, including how the ligand-receptor

orientation participates in crosstalk with nuclear (genomic) responses, whether this

transmembrane molecule shuttles to other intracellular compartments, and many other

unanswered cell biological questions. Most importantly, we see the presence of an isoform
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ectodomain as a novel molecular therapeutic targeting opportunity, one that may have

selective effects on, for example, the cardiovascular system.
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Figure 1.
pHluorin-fused recombinant ER46 and its mutant and topological model of ER46 in human

ECs. (A) TIRFM live images of extracellular pH change effect on EA.hy926 (EA) cells

expressing pHluorin-fused recombinant proteins at extracellular pH 7.8, 6.5 and then 7.4

with NH4Cl. pH values in parentheses indicate the intracellular pH. (B) Model of ER46 with

an N-terminal ectodomain from Met174 to Gln375, based on the PSORT II transmembrane

prediction program. (C) Comparative TIRFM fluorescence levels of EA cells transfected

with pHluorin-ER46, ER46-pHluorin, pHluorin-ER46-Ile386Cys, pHluorin-ER46-

Ile386Val, pHluorin-ER46-Ile358Cys, pHluorin-ER46-Ile389Cys and pHluorin-ER46-

Ile424Cys at extracellular pH 7.8, with mean pixel determination of n=10, ± S.D. *p<0.001.

Figures reproduced in part from Kim et al., (2011).
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Figure 2.
NO detection in live COS-7 cells. COS-7 cells were transfected with plasmids encoding

eNOS and either ER46 or ER46-Ile386Cys. Sequential imaging was performed at 37 °C

after loading cells with DAF-FM diacetate. 30 nM E2 was added at 30 sec of imaging, with

imaging time points indicated. Scale bar = 20 μm. Reproduced from Kim et al., (2011).
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