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Abstract

The existence and function of extra-nuclear steroid receptors (SR) to rapidly modulate signal
transduction is now acknowledged as present in cells and organs throughout the body. Work over
the past 15 years has defined key mechanisms that are required for sex steroid receptors to traffic
to the plasma membrane, but mechanisms of localization in other cell organelles such as
mitochondria is still unclear. Signaling by membrane-localized SR has now been reported to
impact many aspects of adult organ functions, while the roles in organ development are under
investigation. In hormone-responsive cancers, both extra-nuclear and nuclear sex steroid receptors
appear to collaborate in the regulation of some key genes that promote malignancy. Here | review
what is understood about the impact of extra-nuclear steroid receptor signaling to mitigate or
promote disease processes.

Introduction

Steroid receptors outside the nucleus have now been identified in many organs and cells
including various hormone-responsive malignancies [1]. These receptors transduce multiple
rapid signals that impact the functional biology of target tissues. Rapid signaling occurs in
concert with steroid hormone action in the nucleus and is sometimes required for regulation
of specific gene transcription [2]. However, membrane initiated steroid signaling (MISS)
can also affect important functions in a non-genomic fashion. The latter most often occurs
from plasma membrane-localized receptors signaling to the post-translational modification
of existing proteins such as enzymes [3]. In this way the body can rapidly adapt to
environmental or other stresses, impacting fundamental processes for cardiovascular
regulation, bone health, reproductive tract functions, and cell survival. Importantly we
previously showed that it is the membrane and not the nuclear estrogen receptor (ER) that is
responsible for the ability of the sex steroid to activate rapid signal transduction [4,5]. In this
review, | provide examples of how MISS affects in-vivo animal models of disease and
human functions.

"Correspondence to: Ellis R. Levin M.D., Medical Service (111-1), Long Beach VA Medical Center, 5901 E. 7th St., Long Beach, CA
90822, Tel: 562-826-5748, Fax: 562-926-5515, ellis.levin@va.gov.

Conflicts of Interest

Ellis Levin discloses no apparent conflicts.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Levin

Page 2

Hormone Responsive Cancers

Breast

The breast cancer field has focused on how tyrosine kinase growth factor receptors for
insulin, insulin-like growth factor | (IGF1) epidermal growth factor (EGF) and other ErbB
receptor family members signal to the pathogenesis and progression of this malignancy [6—
8]. Important pathways downstream of these membrane receptors include PI3K-AKT-
mTOR and MEK-ERK signaling that contribute through innumerable ways to breast cancer
ontogenesis. Such signaling also underlies some forms of resistance to endocrine therapies
in ER/progesterone receptor (PR) positive tumors [9,10]. Interestingly the ability of
membrane ER or PR to signal through the same multiple pathways in breast cancer
epithelial cells partially occurs when membrane-localized sex steroid receptors form
complexes with the oncogenic tyrosine kinase Src and are subsequently activated by either
estrogen or progesterone [11,12]. Rapid signaling trans activates the EGFR, and IGFR1
proteins [13,14], resulting in activation of multiple downstream kinase cascades that are
essential to the proliferation and survival of malignant cells.

Recently, Poulard et al. reported that in ER/PR+ human breast cancer tissues, ~55% of 175
samples show ER/PR in complex with Src just under/at the plasma membrane [15]. High
amounts of complexes seen in the tissue sections correlated to multiple clinical factors of
poor prognosis, including lymph node involvement, HER2 overexpression and higher tumor
grade, and decreased disease free survival [15]. Key oncogenes in this malignancy such as
cyclin D1 and c-myc [12,16-18] are up-regulated at the mRNA/protein levels by sex
steroids in part from various rapid signals that include the wnt pathway (19). Cyclin D1 also
acts as a nuclear co-activator, collaborating with PR in breast cancer cells to regulate genes
that promote proliferation and may contribute to endocrine therapy resistance (20). In
addition, tumor suppressors such as p53 are functionally inhibited from post-translational
protein modifications that result from MISS [21].

Identical rapid signaling from membrane ER, PR, or growth factor tyrosine kinase receptors
modifies transcription factor abundance and recruitment to DNA [2], stimulates co-activator
phosphorylation that promotes recruitment to gene promoters [20,22], and modulates the
epigenome. An example of the latter is that estradiol (E2) activates PI3K-AKT in breast
cancer cells, phosphorylating the EZH2 histone methyltransferase at an inhibitory site,
serine 21. As a result, the repressive histone 3 lysine 27 tri-methyl (H3K27me3) mark is
lifted at the promoter of key genes such as PR [23,24]. This allows for chromatin
remodeling that results in E2 and AKT-dependent transactivation of the PR gene, a target of
great importance for the ability of hormone replacement after menopause to cause an
increased incidence of breast cancer [25]. Bredfelt et al. also showed this epigenetic
modification occurs in response to diethylstilbestrol, an estrogenic compound given to
women to stabilize their pregnancy that unfortunately caused a high incidence of a
previously rare vaginal cancer in the female offspring of the women who used this drug
[23]. This suggests that xenoestrogens and perhaps environmental steroid hormone
mimetics/disruptors could activate similar pathways to produce toxic effects.
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Although it is not yet clear as to how pervasively important MISS is to gene transcription,
work from Miguel Beato and his colleagues suggests there is strong impact. His group
reported that membrane PR signaling through ERK and the MSK1 kinase results in
important chromatin modifications that promote gene transcription by nuclear PR in MCF7
cells [26]. These investigators showed that 28% of genes that were up-regulated by
progesterone in these cells specifically required ERK signaling [26] and ERK/MSK-1
inhibition prevented E2 or progesterone-induced proliferation of breast tumor xenografts
[27]. The multiple mechanisms by which MISS contributes to transcription suggests that
many important genes will ultimately be shown to require this input for regulation, working
in conjunction with nuclear steroid receptor functions.

In addition, rapid signaling by estrogen may impact tumor metabolism by non-genomic
mechanisms. Depending on glucose substrate, membrane ER signaling through AKT
promotes glycolysis in breast cancer cells, or shifts the cells into the Kreb’s cycle and
oxidative phosphorylation when glucose is reduced [3]. E2/ER promotes the latter
compensation as a survival mechanism, stimulating AMP kinase-induced phosphorylation
and activation of the pyruvate dehydrogenase enzyme, thereby allowing utilization of the
glucose metabolite pyruvate for entry into the Kreb’s cycle. Lowering glucose and inhibiting
this compensatory pathway greatly enhanced y-radiation induced apoptosis of the tumor
cells [3].

Compared to breast cancer, there has been comparatively little work on the importance of
membrane-localized androgen receptors (AR) in prostate cancer. Peterziel et al described
MEK-ERK, PI3K, and protein kinase C activation by androgens in prostate cancer cells
[28]. Although it was unclear whether this action originated from extra-nuclear AR, such
signaling was described to correlate to relative androgen independence in aggressive
prostate cancer cells [29]. Similar to ER and PR, AR acts as a G protein-coupled receptor to
initiate such signaling [30]. Recent work in both cell lines [31] and xenograft models [32]
indicates that the paxilin protein is phosphorylated by either androgen or EGF-induced ERK
signaling, facilitating signal transduction and resulting in paxillin translocation to the
nucleus. In the nucleus, paxillin serves as a co-activator for AR-induced up-regulation of
various oncogenes such as CFOSand CCND1, linking MISS and nuclear AR actions [32].

Osteoporosis

From utilization of membrane ER-engaging estrogenic compounds, strong evidence
indicates that signaling from this pool of ERa may be sufficient to prevent osteoclast
development, mitigating osteoporosis in mouse models [33]. Such prevention may
specifically involve kinase-mediated signaling by estrogens to the up-regulation of
expression and phosphorylation of important transcription factors [34]. Membrane ERa
signaling also impacts survival of osteoblast progenitor cells and stimulates osteoclast
apoptosis in cortical bone [35].
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Mitigation of Cardiac Hypertrophy and Progression

Abundant data now exists from many in-vivo and in-vitro models that rapid signaling by
membrane ERp prevents hypertension, resulting cardiac hypertrophy, fibrosis, and
progression to heart failure [36—38]. These actions occur from the membrane ERf pool
blocking the actions of hypertrophic stimuli that stimulate ERK and AKT activity, and
protein phosphatase 2B activation. As a result, hypertrophic transcription factors (TFs) are
retained in cytoplasm (e.g.-NFATS), or are kept inactive in the nucleus by inhibitory
phosphorylation (e.g.-GATA4) [39,40]. Recently, estrogen acting at membrane ERp was
shown to repress pro-hypertrophic histone deacetylase (HDAC) expression and activity,
while also simulating the production and nuclear localization of anti-hypertrophic HDACs.
This resulted in prevention of hypertrophic gene expression [41]. E2 and ERp also suppress
cardiac fibrosis; this occurs when membrane ERp blocks TGFJ production, the transition of
fibroblasts to myofibroblasts, and TGFf signaling to pro-fibrotic gene expression [42].
Using an ERP specific agonist that avoids the uterine and breast proliferation induced by E2,
strong benefit was shown in all these aspects in wild type but not ERp deleted mice [42].
These findings also extend to ER[ preventing or even reversing pulmonary hypertension and
resulting right ventricular hypertrophy in rat models [43]. Several types of acute vascular
endothelial injury in mice have also been show to be prevented by administration of an
estrogen-dendrimeric compound that only binds to membrane and not nuclear ER in blood
vessel cells [44].

Mitochondrial Estrogen Receptors

Although steroid action in mitochondria was originally identified many years ago, the nature
of the proteins that mediated steroid action was poorly defined. Recent work has identified
classical glucocorticoid and estrogen receptors in mitochondria of various cells. Regarding
ER, both alpha and beta isoforms have been identified in mitochondria of cardiomyocytes,
neurons, and breast cancer [45,46]. Interestingly, ERa and ERp in breast cancer cells have
been shown by electron microscopy to be localized primarily to the mitochondrial matrix
(interior) [47]. Some data suggests that mitochondrial gene regulation occurs in part from E2
binding to ER in this organelle in breast cancer cell lines [47]. Other data indicates that
mitochondrial ERP mediates cyto-protection of MCF7 breast cancer cells upon estrogen
binding this receptor pool as an agonist [48]. In response to radiation of such cells, strong
oxidant stress triggers the intrinsic apoptotic program, leading to cell death. Estrogen
mitigates ROS formation by up-regulating manganese superoxide dismutase (MnSOD)
activity, preventing superoxide-induced apoptosis. Thus, conceptually, women with this
malignancy that are receiving adjuvant therapies and are undergoing symptoms of estrogen
deprivation can’t take hormone replacement because it opposes the fundamental mechanism
of adjuvant therapy action.

In addition, endocrine therapy sensitivity or resistance in breast cancer might be governed
by mitochondrial ERp acting as an ROS rheostat [49]. From in-vitro and xenograft mouse
models of tamoxifen (TAM) resistance, the SERM is effective cytotoxic therapy when it
generates large amounts of superoxide. In part this is due to TAM initiating nitric oxide
(NO) generation from binding ERp in mitochondria of breast cancer cells. Nitric oxide
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causes nitrosylation of tyrosine 34 of MnSOD thereby inactivating this enzyme. As a result
superoxide levels are very high and subsequently activate apoptosis (Fig.1). In contrast,
TAM resistant tumors that grow in the presence of a TAM pellet under the skin of mouse
xenograft models show high amounts of MnSOD activity due to lack of NO generation.
Targeting the in-vivo tumors with lenti-virus sShRNA to MnSOD completely restored the
cytotoxic response to TAM, causing massive apoptosis and tumor involution in 3 weeks.
Current strategies include using nanosphere-siRNA to MnSOD for expression in TAM-
resistant breast tumors in-vivo and appear promising [50]. Additional studies in lung cancer
implicate mitochondrial ERf as stimulating Bcl2 gene expression and moderating oxidant
stress, thus promoting the survival of this malignancy [51].

Therapeutic Targets Arise from Understanding Membrane Steroid Receptor

Signaling

The realization that rapid but often sustained signaling occurs when steroid ligands bind to
receptor isoforms outside the nucleus suggests that selective engagement of these receptors
could either prevent or treat existing diseases. Engagement of membrane ERa alone
prevents osteoporosis [33] or acute vascular damage [44] in female mouse models.
Membrane ERa also signals through AMPK to the suppression of all lipid synthesis in the
in-vivo liver. These actions do not involve nuclear ER and potentially impact cholesterol
homeostasis and related disorders [5]. Thus, compounds such as EDC that do not enter the
cell and only bind to membrane ER point to an approach that could prove fruitful, avoiding
toxicities that also require engagement of nuclear ER.

In some cells, steroid receptor isoforms such as ERp exist mainly outside the nucleus, and
agonists for this receptor isoform could prevent or treat multiple aspects of cardiovascular
disease [40]. ER antagonists that only bind to membrane receptors could also prove
therapeutically useful, limiting toxicities that arise from nuclear ER binding. In the first
regard, favorable brain remodeling from rapid signaling by estrogen/membrane ERa to
MEK-ERK involves dendritic spine and synapse formation [52,53]. This mechanism along
with reduction of oxidant stress may underlie the ability of estrogen to prevent the death of
dopamine-secreting neurons that underlies the development of Parkinson’s Disease [54].
MEK-ERK activation by E2 in the brain cortex limits the extent of stroke, although the latter
benefit is largely confined to younger mammals as supported by animal models [55]. From
understanding the key signals generated to mediate the effects of extra-nuclear steroid
receptors, these pathways can also be targeted by existing kinase, calcium, or other directed
inhibitors. Many therapies for disease require a multi-factorial approach, such as in hormone
responsive cancers. Novel extra-nuclear steroid receptors agonists or antagonist molecules
that specifically affect extra-nuclear steroid receptor functions could prove valuable in these
regards.
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Fig. 1.
Cytotoxic effects of Tamoxifen in responsive breast cancer cells and tumors. Tamoxifen

binds mitochondrial ERp as an antagonist, stimulating nitric oxide generation from Complex
111 of the electron transport chain, nitrosylating MnSOD to reduce its activity that results in
high amounts of superoxide. Oxidative stress induces the intrinsic apoptotic program. In
Tamoxifen resistant cells, this selective estrogen receptor modulator binds ERp as an agonist
and does not reduce MnSOD activity, thus promoting tumor survival.
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