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In addition to the classical function of estrogen receptors (ER)
as transcription factors, evidence continues to accumulate that
they mediate non-nuclear processes in numerous cell types,
including the endothelium, in which they activate endothelial
NO synthase. Non-nuclear ER signaling entails unique post-
translational modifications and protein-protein interactions of
the receptor with adaptor molecules, kinases, and G proteins.
Recent in vitro and in vivo studies in mice using an estrogen-
dendrimer conjugate that is excluded from the nucleus indicate
that non-nuclear ER activation underlies the migration and
growth responses of endothelial cells to estrogen but not the
growth responses of endometrial or breast cancer cells to the
hormone. In this minireview, the features of ERa and protein-
protein interactions that enable it to invoke extranuclear signal-
ing in the endothelium and the consequences of that signaling
are discussed.

Although estrogen receptors (ER)? function classically as
transcription factors, more recently, it has become apparent
that ER also have the novel capacity to activate non-nuclear
signaling in a variety of cell types (1-3). An understanding of
the basis for non-nuclear ER signaling has been derived from
the study of ER associated with plasmalemmal caveolae/lipid
rafts in endothelial cells (4), which is the focus of this minire-
view. After a brief discussion of the actions of estrogen on the
endothelium that highlights non-nuclear processes, we will
summarize the nature of non-nuclear ER function in the endo-
thelium. We will then discuss the signaling events that non-
nuclear ER mediate in the endothelium, the mechanisms by
which they are coupled to kinases and other signaling or adap-
tor molecules, and recent work interrogating these processes in
vivo. Finally, we will highlight the current questions in the field.

Endothelial Actions of Estrogen

Estrogen has potentially potent cardiovascular protective
actions, and these are primarily through direct effects on endo-
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thelial and vascular smooth muscle (VSM) cells (5-7), which
express the two primary ER isoforms, ERa and ERB (4, 5). In
endothelial cells in culture, estrogen up-regulates the expres-
sion of endothelial NO synthase (eNOS) (4), cyclooxygenase-1
(8), MMP-2 (9), and ER« (10), and it blunts the expression of
endothelin (11) and the type 1 angiotensin II receptor (12).
Along with these actions that involve the classical functions of
ER as transcription factors, short-term effects of estrogen on
the vasculature were demonstrated in humans, and they pro-
vided the initial suggestion that there are non-nuclear actions
of the hormone and its receptors. In early studies, ethinyl estra-
diol acutely attenuated abnormal coronary vasoconstrictor
responses to acetylcholine (ACh) in postmenopausal women,
and it also increased basal coronary blood flow and decreased
coronary vascular resistance (13). Other studies of estradiol (E,)
administered to yield premenopausal serum levels showed no
change in basal coronary vasomotor tone, but there were
greater vasodilatory responses to ACh when ACh and E, were
give simultaneously (14). In experiments in men using intrave-
nous conjugated estrogens and phytoestrogens, there was rapid
NO-dependent vasodilation 15 min after treatment, suggesting
that estrogen promotes the bioavailability of NO and that these
effects may be comparable in men and women (15). In 1997, it
was reported by two laboratories that estrogen rapidly stimu-
lates eNOS enzymatic activity in an ER-dependent manner (16,
17). NO derived from eNOS has diverse potential beneficial
vascular actions, including the promotion of endothelial cell
growth and migration; the attenuation of VSM cell growth and
migration; and the antagonism of platelet activation, thrombus
formation, and leukocyte-endothelial cell adhesion (18). Using
genetically modified mice, numerous pioneering studies begun
in the late 1990s then revealed that the basis for estrogen-re-
lated protection from atherosclerosis and vascular injury lies in
direct actions of the hormone on ER expressed in vascular cells
and that, along with other processes, there is likely a primary
role for E,/ER influencing eNOS activity (4).

Nature of Non-nuclear ER in the Endothelium

Estrogen activates non-nuclear ER, resulting in rapid signal-
ing in cell types in culture as diverse as oocytes, osteoblasts,
osteoclasts, breast cancer cells, adipocytes, and endothelial cells
(1-3, 19, 20). The vast majority of studies in these various
model systems have indicated that the rapid actions of estrogen
originate at the cell surface and not in the nucleus. In the endo-
thelium, ERa was first implicated in non-nuclear signaling by
the findings that overexpression of the receptor enhanced the
acute activation of eNOS by E, and that eNOS stimulation by
the endogenous receptor was inhibited by both ICI 182,780 and
tamoxifen and by transfection with an ERa mutant lacking cod-
ing sequence distal to amino acid 271, which excludes the hor-
mone-binding domain (21). Initial evidence of the potential
involvement of endothelial cell ERB in non-nuclear signaling
was obtained from studies in which the response to endogenous
ER activation was inhibited by the ERB-selective antagonist
RR-tetrahydrochrysene (22). The localization of ER functional
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coupling to eNOS in isolated plasma membranes provided
additional clarity of membrane receptor identity, with immu-
noidentification studies directed at multiple epitopes detecting
the same 67-kDa ERa protein and the same 54-kDa ERf pro-
tein in purified plasma membrane fractions and in the nucleus
(22, 23). The requirement for ER and eNOS colocalization on
the plasma membrane was further evident in reconstitution
studies in COS-7 cells in which plasma membranes from cells
expressing eNOS and ER« displayed rapid ER-mediated eNOS
stimulation (24). The majority of studies in the endothelium
have identified full-length ERa (67 kDa) as the predominant
ERa form associated with the plasma membrane involved in
non-nuclear signaling (21, 23, 25). However, an N terminus-
deleted splice variant, ER@46, has been found in certain human
endothelial cell lines, and it has been shown to colocalize with
caveolin-1 in caveolae and to effectively transduce membrane-
initiated responses to E, (26, 27). Interestingly, the transcrip-
tional activity of ERa46 is greatly compromised compared with
that of full-length ER« (28).

The G protein-coupled receptor GPR30 has been proposed
to be a third form of ER, and it has been localized to the plasma
membrane in breast cancer cells and to the endoplasmic retic-
ulum when overexpressed in COS-7 cells (29, 30). As a result of
varying phenotypes in three mouse lines with diminished
GPR30 expression and other conflicting findings, it is contro-
versial whether GPR30 is a biologically relevant ER or a collab-
orator in non-nuclear functions of the classical ER in certain
contexts (31). The cell types expressing GPR30 have been eval-
uated in a mouse model with a lacZ reporter in the GPR30
locus. Regarding vascular expression, LacZ-positive vascular
cells were present in a number of arterial structures, but their
distribution was restricted to specific vascular beds, including
arterioles in the kidney and the vasa vasorum of the aorta, and
the final branches of mesenteric arteries. The aorta and carotid,
intercostal, renal, and superior mesenteric arteries were nega-
tive for LacZ staining. In the CNS vasculature, the LacZ-posi-
tive cells were VSM cells and pericytes, and staining was absent
in the endothelium, whereas in the kidney, LacZ staining colo-
calized with the endothelial cell marker PECAM-1 (32).
Although GPR30 expression was not detected in the carotid
arteries in the lacZ reporter mice, carotid arteries isolated from
GPR30"" mice displayed relaxation in response to the GPR30
agonist G-1, whereas relaxation was absent in arteries from
GPR30 /" mice (33). In recent studies of isolated precon-
tracted rat carotid arteries, G-1 and another GPR30 agonist,
5408-0877, both caused endothelium-dependent, NO-depen-
dent relaxation (34). However, whereas E, binds to whole cells
or membranes in primary endothelial cells from wild-type
mice, E, binding is absent in endothelial cells from ERa '~/
ERB~’~ mice, in which GPR30 protein expression is demon-
strable and unaltered. In parallel, whereas wild-type endothelial
cells display rapid signaling in response to E,, cells from ERa/
ERB double knock-out mice do not, despite unchanged GPR30
expression (25). The additional key experiment is a test of
responses to E, by GPR30"/* versus GPR30 '~ endothelium,
but this has not yet been reported. Thus, although GPR30 is
expressed in certain endothelial cells, there is currently a lack of
clear evidence of a role for the receptor in estrogen action in the
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FIGURE 1. Post-translational modifications and protein-protein interac-
tions involved in non-nuclear ERa signaling. The structure of ERa is shown
in linear fashion, with the N- to C-terminal domains designated A-F. The
amino acid spans of the domains are indicated by boxed numbers. The N-ter-
minal A/B domain contains a hormone-independent transcription function
(AF-1); the C domain contains the DNA-binding domain (DBD); the D domain
contains nuclear localization signals; the E domain contains the ligand-bind-
ing domain (LBD), which also possesses hormone-dependent activation func-
tion (AF-2); and the F domain, which modulates the ability of ERa to respond
to tamoxifen in a cell-specific manner. Post-translational modifications and
adaptor proteins that interact directly with ERa are shown above the recep-
tor, and kinases, phosphatases, and G proteins with direct interaction are
shown below the receptor, with the relevant residues or regions of ERa that
contain the interaction domains indicated numerically. Modifications or
interacting proteins that regulate ERa non-nuclear functions in the endothe-
lium are shown in black, and those thus far identified in non-endothelial cells
are shown in gray.

endothelium. Instead, classical ERa and ERB, and perhaps
truncated forms of ER« (i.e. ERa46), mediate the non-nuclear
actions of the hormone in endothelial cells.

ER Localization to Plasma Membrane Microdomains

Caveolae are specialized cholesterol-rich plasma membrane
organelles that are a subset of lipid rafts that compartmentalize
signal transduction molecules on the cell surface (35), and
eNOS is targeted to caveolae via myristoylation and palmitoy-
lation (24, 36). Fractionation of endothelial cell plasma mem-
branes has revealed both ERa and ER association with caveo-
lar membranes. The proteins were also found associated with
the non-caveolar plasma membrane fraction. Importantly,
studies in isolated caveolar membranes demonstrated func-
tional coupling of both ERa and ER to eNOS, and eNOS acti-
vation in caveolae in response to E, was comparable with that
observed with the classical eNOS agonist ACh, which signals
through M2 muscarinic receptors (22, 23).

The basis for ER localization to the plasma membrane/cave-
olae has been evaluated by mutagenesis, primarily of ERc.
Although not observed in all studies, there is evidence that ERa
interacts with caveolin-1; that the interaction requires Ser-522
of the receptor, which is located within the ligand-binding
domain (E domain) (Fig. 1); and that the interaction facilitates
the trafficking of ERa to caveolae (23, 37). The participation of

VOLUME 286+NUMBER 17+APRIL 29, 2011



caveolin-1 in ER function has been evaluated in caveolin-1-
deficient mice, which are viable and fertile but display major
changes in the structure and function of the heart, lung, and
blood vessels that may be due to the uncoupling of eNOS from
caveolae (38, 39). The mammary glands of caveolin-1"/~ mice
are hyper-responsive to estrogen and develop dysplastic lesions
with adjacent stromal angiogenesis (40), suggesting cross-talk
between caveolin-1 and ER in the tumor microvasculature
in vivo.

In addition to potential participation of caveolin-1 in ER«
targeting to the plasma membrane, Cys-447 of ERe, which is
also within the ligand-binding domain, is a palmitoylation site
that is important for membrane localization of the receptor
(Fig. 1) (41), and additional residues flanking Cys-447 are also
required for plasma membrane targeting via palmitoylation
(42). A role for ERa palmitoylation in endothelial cell receptor
regulation is further supported by the observations in EA.hy926
immortalized human endothelial cells that the N-terminally
truncated variant ERa46 is palmitoylated and that palmitoyla-
tion is required for E,-enhanced plasma membrane recruit-
ment of the receptor (27). The best available information
regarding the topology of plasma membrane-associated ER
is limited to studies of N-terminally Myc-tagged ERa46
expressed in COS-7 cells. Without permeabilization before
staining, fluorescence-activated cell sorting detected cells only
with antibody to the C terminus of ERa46, whereas a signal with
anti-c-Myc antibody occurred only following permeabilization
(27). These findings suggest that ERa46 possesses a C-terminal
ectodomain, but the basis for such possible membrane orienta-
tion remains enigmatic, and studies of the plasma membrane
topography of endogenous receptor populations are needed.
However, it is now well established that caveolae are the key
plasma membrane microdomain in which ERa and ER reside
to regulate extranuclear events in endothelial cells and that
their localization to caveolae most likely depends on interaction
with caveolin and/or receptor palmitoylation.

Signaling by Non-nuclear ER in the Endothelium

Following the initial discovery of rapid eNOS activation by E,
(16, 17), the signaling underlying ER coupling to eNOS received
considerable attention. In early studies, roles for tyrosine
kinases and MAPKs were implicated by the findings that genis-
tein and the MAPKK inhibitor PD98059 prevented eNOS acti-
vation by E, (21). Further work employing pharmacologic
intervention or detection of changes in protein phosphoryla-
tion upon E, treatment in arteries or cultured endothelial cells
indicated requirements for PI3K, Akt kinase, and ERK1/2 and
enhanced phosphorylation of Ser-1177 of eNOS (Fig. 2) (25,
44.—46). The enhancement of eNOS phosphorylation by Akt
induces activation of the enzyme by a variety of agonists besides
E, (18), and the signaling events immediately proximal to the
Ser-1177 phosphorylation invoked by E, are similar to the
upstream events by which a number of plasma membrane
receptors regulate eNOS activity. However, in a unique man-
ner, ERa binds in a ligand-dependent fashion to the p85a reg-
ulatory subunit of PI3K, and the interaction is direct (Fig. 2) and
is not mediated by the Src homology SH2/SH3 domains of p85«
(46). The activation of PI3K and its substrate Akt in response to
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FIGURE 2. Non-nuclear ER« resides in a signaling complex associated
with endothelial cell caveolae/lipid rafts. Upon estrogen binding, Go; and
Gy disassociate from ERq, and liberated GBvy activates c-Src. This leads to
the activation of PI3K, which activates Akt to phosphorylate eNOS Ser-1177,
and to the activation of ERK1/2, which is also required to yield an increase in
eNOS enzymatic activity. The resulting NO that is produced has both auto-
crine and paracrine actions.

E, binding to non-nuclear ER is mediated by c-Src kinase,
whose SH2 domain interacts with phosphorylated Tyr-537 of
ERa (Figs. 1 and 2), and this interaction may facilitate the
plasma membrane recruitment of ER« (26, 47, 48). In studies
primarily in MCEF-7 breast cancer cells, it has been demon-
strated that the methylation of Arg-260 in the ERaee DNA-bind-
ing domain by the arginine methyltransferase PRMT1 (Fig. 1)
triggers the interaction of the receptor with the p85 subunit of
PI3K and with c-Src and that this process occurs in the cyto-
plasm and participates in non-nuclear downstream signaling
(49). Whether Arg-260 methylation is required for non-nuclear
ERa signaling in endothelial cells has yet to be determined.

In addition to activating kinases in endothelial cells, there is
evidence that non-nuclear ER stimulation alters intracellular
calcium homeostasis. In studies of human internal thoracic
artery endothelium iz situ and human arterial endothelial cells
in culture, E, caused a rapid increase in intracellular calcium
at physiologically relevant concentrations of the hormone
(10~° m); this was attenuated following intracellular calcium
store depletion, and concurrent NO release was demonstrable.
The ER antagonist tamoxifen blunted these responses. Similar
findings were obtained using E, conjugated to BSA, which has
been employed to evaluate the role of cell-surface receptors
(50). However, observations with E,-BSA should be interpreted
with caution because freshly prepared solutions of E,-BSA con-
tain free immunoassayable E,; E,-BSA binds to ER only poorly
because the E, is linked to BSA through chemical groups in E,
that are important for ER binding; and certain E,-BSA prepa-
rations are of very high molecular weight, suggesting extreme
protein cross-linking (51, 52). In cultured rat endothelial cells,
E, and E,-BSA also caused comparable calcium transients that
were attenuated by the ER antagonist ICI 182,780 (53). How-
ever, other studies has shown that E, does not induce a discern-
ible acute increase in intracellular calcium in endothelial cells
(17, 54) despite clear evidence that the non-nuclear activation
of eNOS by E, is calcium-dependent (16, 55). These disparities
are potentially related to the involvement of highly localized,
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caveola-associated calcium pools and caveola-associated pro-
teins that regulate calcium homeostasis (56) because E, activa-
tion of the enzyme in isolated endothelial cell plasma mem-
branes and caveolae occurs in the absence of added calcium but
is completely prevented by calcium chelation (23).

The localization of ER« to endothelial cell caveolae and both
the physical and functional interaction of the receptor with
other signaling molecules in that domain suggest that adaptor
proteins may also participate in non-nuclear actions of ER« in
endothelial cells. One such candidate is the ERa-binding pro-
tein striatin, which is a member of the WD repeat protein fam-
ily. In studies limited to the endothelial cell line EA.hy926, stria-
tin and ERa were co-immunoprecipitated, and overexpression
of striatin increased the abundance of the receptor at the
plasma membrane. In addition, E, stimulated the formation of
a complex containing ERq, striatin, and G, which is critically
involved in non-nuclear ER« function in endothelial cells (see
below). Pulldown experiments with purified proteins identified
direct interaction between striatin and ER« involving amino
acids 183-253 of the receptor (Fig. 1), and a peptide represent-
ing amino acids 176253 of ERa prevented E, activation of
ERK1/2, Akt, and eNOS (57). These findings support a role for
striatin in non-nuclear ERe function in endothelial cells, but
further genetic evidence and studies in primary endothelial
cells and in vivo models are needed to strengthen such a con-
clusion. There are three additional molecules with direct inter-
actions with ERa that are of consequence to non-nuclear sig-
naling and that have been studied in non-endothelial cells.
Work in HeLa and MCE-7 cells has revealed that ER« interacts
with hematopoietic PBX-interacting protein (HPIP), which
mediates the binding of the receptor with tubulins and also
recruits the p85 subunit of PI3K and Src kinases to an ER«
complex upon E, binding, leading to the stimulation of Akt and
ERK1/2. There is a direct interaction of ERa with HPIP that
requires amino acids 264-302 and 552-595 of the receptor
(Fig. 1) (58). The protein Shc (Src homology and collagen
homology), which has a direct interaction with ERa that
requires residues between amino acids 1 and 367 of the recep-
tor, is critically involved in linking E, binding to non-nuclear
ERa with morphologic changes and the growth of breast cancer
cells (59). Furthermore, a scaffolding protein designated as
MNAR (modulator of nongenomic activity of ER) has been
described that promotes E,-induced interaction between ER«
and Src family kinase(s) in non-endothelial cells (60). ERa-re-
lated functions of HPIP, Shc, and MNAR in the endothelium
have yet to be queried.

G Protein Coupling of Non-nuclear ER in the
Endothelium

As illustrated above, our deepest understanding of non-nu-
clear ER signaling in the endothelium resides in the realm of the
modulation of eNOS. The participation of c-Src, PI3K, Akt, and
ERK1/2 mimics the involvement of these kinases in eNOS mod-
ulation by numerous other agonist-receptor pairs (18). How-
ever E,-ER regulation of eNOS entails not only the unique
direct interactions between ERa and c-Src and PI3K but also
novel G protein coupling of the receptor. The potential involve-
ment of G proteins was initially revealed in studies demonstrat-
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ing that E, activation of eNOS is pertussis toxin-sensitive and
that ERa and Ge; can be co-immunoprecipitated from endo-
thelial cell plasma membranes, with pertussis toxin preventing
the co-immunoprecipitation (61). Pulldown experiments then
revealed that ERa binds directly to Ga; and G, and mutagen-
esis and experiments with a blocking peptide showed that this
occurs via amino acids 251-260 and 271-595 of human ERq,
respectively (Fig. 1). Studies of ERa complexed with heterotri-
meric G proteins further showed that E, causes the release of
both Gg; and GBy without stimulating guanine nucleotide
exchange. Moreover, in COS-7 cells, the disruption of ERa-Ge,
interaction by deletion mutagenesis of the Go;-binding domain
of ERa, expression of a blocking peptide, or Gy sequestration
with the B-adrenergic receptor kinase C terminus fully attenu-
ates Src kinase and ERK1/2 activation by E,. In endothelial cells,
the disruption of ERa-Ge; interaction prevents eNOS activa-
tion and also the blunting of monocyte adhesion and the stim-
ulation of cell migration caused by E, (62). Thus, direct ERa-G
protein interaction underlies the functional coupling of the
receptor to kinase cascades and the resulting downstream cel-
lular responses in the endothelium (Fig. 2).

Cross-talk between Non-nuclear ER Signaling and
Nuclear Processes

Along with the rapid cellular responses (such as activation of
NO production) that result from the immediate signaling
caused by non-nuclear ER activation in endothelial cells, there
are important potential consequences on endothelial cell gene
expression. Studies in nonvascular cells indicate that ERa Ser-
104, Ser-106, and Ser-118 are potential targets for phosphory-
lation by the cyclin-dependent protein kinases CDK2 (Ser-104
and Ser-106) and CDK7 (Ser-118), with CDK?7 actions occur-
ring in response to E,. In addition, ERa Ser-118 can be phos-
phorylated by ERK1/2 in a ligand-independent manner. It is
further known that these events modify the regulation of gene
transcription by ERa (63-65). The activation of NO produc-
tion by non-nuclear E, and ERa signaling also potentially influ-
ences nuclear actions of the hormone. S-Nitrosylation of cys-
teine residues within ERa has been detected upon NO donor
treatment of MCEF-7 breast cancer cells, resulting in the inhibi-
tion of ERe DNA binding at specific estrogen response ele-
ments. Thus, although the studies to date have been carried out
in non-endothelial cells, the phosphorylation and also the S-ni-
trosylation of ERa invoked by its own non-nuclear signaling
may have an important influence on the nuclear actions of E,
and ER in the endothelium.

Direct evidence of cross-talk between non-nuclear ER signal-
ing and nuclear processes has been obtained in studies in cul-
tured endothelial cells. In human umbilical vein endothelial
cells, E, treatment for 40 min up-regulates the expression
of 250 genes, and their up-regulation is PI3K-dependent.
Cyclooxygenase-2 is one such target gene, and its up-regulation
results in increased prostacyclin and prostaglandin E, secretion
(66). The inhibitor of angiogenesis thrombospondin-1 is tran-
siently down-regulated by E, in human umbilical vein endothe-
lial cells via ERK1/2 and JNK/SAPK signaling (67). Further-
more, E, activation of eNOS leads to the up-regulation of
telomerase activity via the stimulation of transcriptional trans-
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activation of hTERT, the catalytic subunit of human telomerase
(68). Additional studies have demonstrated that these pro-
cesses participate in the promigratory response of endothelial
cells to E, (66 —68), to which the non-nuclear activation of the
small GTPase RhoA, Rho kinase, and moesin also contributes
(69). It has also been demonstrated that both the promigratory
response to E, and the stimulation of endothelial cell growth by
the hormone are G-, Src-, and eNOS-dependent (70). Fur-
thermore, the ability of E, to preserve endothelial cell stress
fiber formation and actin and membrane integrity under met-
abolic stress and to attenuate hypoxia-induced apoptosis is
dependent on p38 MAPK activation and the resulting activa-
tion of MAPKAP-2 kinase and HSP27 phosphorylation (71).
These diverse processes take place in endothelial cells concur-
rently with the classical actions of ER serving as transcription
factors binding directly to DNA via estrogen response elements
or indirectly via tethered processes occurring via Spl or AP-1.
Interestingly, the protein phosphatase PP2A interacts directly
with ERe via amino acids 176 —253 of the receptor (Fig. 1), and
the phosphatase dephosphorylates ERa Ser-118. Okadaic acid
inhibition of PP2A activates ERa-mediated gene transcription,
and in endothelial cells, this leads to eNOS protein up-regula-
tion (72). Because PP2A also dephosphorylates eNOS Ser-1177
(73), which is phosphorylated by Akt to yield greater eNOS
enzymatic activity upon E, treatment, it is interesting to envi-
sion that a member of the complex of proteins interacting with
non-nuclear ER may counter-regulate the activating function
of that complex. It is becoming more and more apparent that
the ultimate physiologic responses of the endothelium to E,
entail complex combinations of non-nuclear and nuclear pro-
cesses and the influences of the diverse modes of cross-talk that
occur between them.

In Vivo Interrogation of Non-nuclear ER Actions

Until recently, our ability to rigorously distinguish nuclear
from non-nuclear ER actions in the endothelium and other cell
types was limited, and in vivo interrogation was not feasible.
E,-BSA was initially used in studies of cultured endothelial
cells, and it caused the stimulation of eNOS phosphorylation
(74). However, as noted above, the selectivity of E,-BSA for
non-nuclear ER activation and its stability are uncertain. An
estrogen-dendrimer conjugate (EDC) was then created in
which estrogen was attached to a large positively charged non-
degradable poly(amido)amine dendrimer via hydrolytically sta-
ble linkages, thereby excluding EDC from the nucleus (43).
EDC stimulates cultured endothelial cell proliferation and
migration via ERa, Gey, and the activation of Src kinase and
eNOS that they invoke. Studies of estrogen response element-
luciferase reporter mice and ER target gene expression in the
uterus further demonstrated that EDC causes the selective acti-
vation of non-nuclear ER signaling when administered in vivo.
In mice, E, and EDC equally stimulate carotid artery re-endo-
thelialization (Fig. 34), and this is dependent on ER-Ge; cou-
pling (70); both agents attenuate the development of neointimal
hyperplasia that occurs following endothelial injury in the set-
ting of hypercholesterolemia (Fig. 3B). However, whereas uter-
ine and MCF-7 breast cancer cell xenograft growth in vivo (Fig.
3, Cand D, respectively) is stimulated by E,, it is not promoted
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FIGURE 3. Non-nuclear ER activation in mice promotes re-endothelializa-
tion and provides protection from neointima formation, but it does not
promote uterine or breast cancer growth. Experiments were performed in
ovariectomized female mice administered vehicle (Veh), E,, control den-
drimer (Dend), or EDC. A, in studies of carotid artery re-endothelialization
following perivascular electricinjury, the remaining area of endothelial denu-
dation that has incorporated Evans blue dye 3 days post-injury is shown.
B, neointima formation was evaluated in ApoE~’~ mice 2 weeks following
carotid artery endothelial denudation. C, uterotrophic responses to the treat-
ments were also assessed. D, following the establishment of MCF-7 cell tumor
xenografts in SCID mice, the growth responses of the tumors to 21 days of
treatment were determined. This figure was reprinted with permission (70).

by EDC (70). Further studies in cultured endometrial carci-
noma cells and MCF-7 breast cancer cells demonstrated that
although non-nuclear signaling and ERK1/2 activation indeed
occur upon treatment with EDC, in contrast to the response of
endothelial cells, the selective activation of non-nuclear ER sig-
naling does not stimulate growth of the cancer cells (43, 70).
Thus, EDC is a non-nuclear selective ER modulator in vivo, and
non-nuclear ER signaling provides potent cardiovascular pro-
tection without promoting uterine or breast cancer tumor
growth. These processes can potentially be harnessed to pro-
vide vascular benefit without increasing cancer risk.

Conclusions and Current Questions

The study of non-nuclear ER signaling in the endothelium
has revealed novel mechanisms that provide greater diversity of
function of the receptor. In its extranuclear locale, ERa has
novel actions related to unique post-translational modifica-
tions and interactions with adaptor proteins, kinases, and phos-
phatases and also G proteins. The studies in mice using EDC
revealed that non-nuclear ERa coupling to Ge; is operative in
vivo, and a beneficial impact on neointima formation has been
demonstrated. We do not yet know whether non-nuclear selec-
tive ER activation affords atheroprotection, and although non-
nuclear ERa activation in the endothelium is likely of impor-
tance, the cell types in which non-nuclear ERa influences
vascular disease pathogenesis have yet to be identified. It is also
unclear how non-nuclear ER function contributes to estrogen
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modulation of metabolism. Considering the prevalence of
cross-talk between non-nuclear and nuclear ER actions, it is
important to recognize that although EDC provides a selective
gain-of-function intervention targeting non-nuclear ER, loss-
of-function strategies to specifically negate non-nuclear ER
function are also needed. It is only through loss of function that
new knowledge will be gained about the role of non-nuclear ER
signaling in the actions of endogenous estrogens, whose levels
are highly dynamic. The structural features of ER« involved in
non-nuclear signaling (Fig. 1) can potentially be modified to
yield non-nuclear selective loss of function. Such approaches
will be important in future studies attempting to understand
the disparate roles of non-nuclear ER activation in the regula-
tion of cell growth, as observed in endothelial cells compared
with endometrial or breast cancer cells (70). Numerous myster-
ies also remain about the topology of plasma membrane-asso-
ciated ER and the basis on which trafficking to the plasma mem-
brane versus nucleus is determined. It is only through further
investigation of this unique aspect of endocrinology that we will
increase our understanding of how non-nuclear ER signaling
influences the behavior of the endothelium, as well as other cell
types, under normal or pathologic conditions.
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