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Annual Report
Award Number: W81 XWH-08-1-0604
Project Period: September 1, 2008 — August 31, 2011: No cost extension August 2012
Title: Hormonal Resistance and Metastasis: ER-coregulator-Src Targeted therapy
Pl: Ratna K Vadlamudi
Report Period: September 1, 2010 — August 31, 2011

INTRODUCTION:

The estrogen receptor (ER), is implicated in the progression of breast cancer (1). Endocrine
therapy using Tamoxifen, a selective estrogen receptor modulator (SERM), has been shown to
improve relapse-free and overall survival (2). More recently, aromatase inhibitors, which deplete
peripheral estrogen (E2) synthesis, are shown to substantially improve disease-free survival in
postmenopausal women (3). Furthermore, endocrine therapy also shown to have a positive effect
on the treatment of advanced metastatic disease. Despite these positive effects, initial or acquired
resistance to endocrine therapies frequently occurs. Accumulating evidence suggests that ER-
coregulators play an essential role in hormonal responsiveness and cancer progression (4-6).
Proline, Glutamic-acid and Leucine-rich Protein 1 (PELP1) is a recently identified novel ER
coregulator (7, 8). Emerging evidence suggests that ER signaling cross talk with growth factors
play an important role in hormonal resistance and metastasis. Since multiple signaling pathways
in addition to hormone are involved in activating ERs, combination therapies using both
endocrine and nonendocrine agents that block different pathways may have better therapeutic
effect and may delay development of hormonal resistance and metastasis. Recent evidence
implicates ER-coregulator PELP1 play an essential role in coupling ER with Src kinases leading
hormonal resistance. In this study, we hypothesize that deregulation of PELP1 promotes Src
activation and excessive signaling crosstalk with ER, leading to hormonal therapy resistance
and metastasis. This proposal is aimed to determine whether PELP1-Src signaling is a rate
limiting factor in the development of hormonal independence and metastasis and to test whether
blocking of the PELP1-Src pathway in combination with endocrine therapies prevent hormonal
therapy resistance and metastasis.

BODY:
The scope of this proposal is to undertake the following two tasks outlined in the approved
statement of work:

Task 1. To establish the significance of ER-coregulator-Src axis in hormonal resistance and
metastasis

Task2. To determine the efficacy of targeting of the ER-coregulator-Src axis on hormonal
therapy and metastasis



As per the recommendation given in the summary of ond year report, we have included below

only experimental data that was generated during the third year of this study. However, we

summarized the key findings for all three vears at the end in bullet form.

Dasatinib decreases ER-coregulator PELP1 oncogenic potential in vivo: PELP1 deregulation
promotes in vivo tumorigensis (9). PELP1 also promotes local estrogen synthesis via Src kinase
pathway facilitating growth of tumors in an autocrine manner (10). Therefore, we hypothesized
that PELP1 driven tumors can be therapeutically targeted using dasatinib ( a src kinase inhibitor)
and tested using a postmenopausal xenograft model. Nude mice (nu/nu) were injected with
control MCF7 cells or MCF7-PELP1 cells that overexpress PELP1 by mixing them with equal
volume of Matrigel. Because athymic mice were deficient in adrenal androgens, they were

to reduce ER-coregulator PELP1 mediated tumor growth.

supplemented daily with s.c.
injections of the aromatase
substrate androstenedione (100
ng/d) for the duration of the
experiment. Under these
conditions, injected MCF7 cells
did not form tumors. As
observed before, MCF7-PELP1
expressing cells formed tumors
in the absence of exogenous
estrogen supplementation
suggesting local derived estrogen
supported the growth of MCF7-
PELPI cells. When the tumor
volume reached 100 mm3, mice
were either treated with dasatinib
(15mg/kg/day/oral) or treated
with vehicle (citrate buffer).
Dasatinib treatment significantly
reduced the PELP1-driven tumor
volume (Fig. la) and tumor
weight (Fig. 1b). Dasatinib
treated tumors revealed
decreased  proliferation  as
evidenced by decreased nuclear
PCNA staining and exhibited
decreased Src and MAPK kinase
activity seen by diminished
phospho antibody staining (Fig.
1c). These results suggested that
functional Src-MAPK axis is
needed for PELPl mediated
tumorigenesis in  vivo and
dasatinib can be potentially used



Effect of Dasatinib combination on the growth therapy resistant cells in vivo: PELP1
deregulation is known to promote tamoxifen resistance (11, 12). We therefore examined
whether dasatinib reduces PELPI1-mediated therapy resistance. Xenografts established as
described in fig 1, were randomly assigned to groups and treated with tamoxifen, letrozole,
dasatinib alone or in combination. As seen in previously published studies (11), tamoxifen did
not affected the growth of
PELP1 driven tumors,
while dasatinib
substantially inhibited
tumor volume (Fig. 2a) and
weight (Fig. 2b).
Combination treatment of
tamoxifen with dasatinib
showed further decreases in
tumor volume and growth
compared dasatinib alone
however the differences are
not statistically significant.
Similarly, letrozole, an
aromatase inhibitor,
substantially reduced
PELP1 driven  tumor
growth underscoring the
importance  of  locally
synthesized estrogen in
PELP1 driven  tumor
growth.  However  the
combination of letrozole
with dasatinb only slightly
enhanced  the  therapy
response. IHC examination
of PCNA staining revealed
that dasatinib treatment
decreased proliferation of
tumor cells (Fig. 2¢), while
TUNEL staining showed
increased  apoptosis  in
dasatinb treated tumor cells
(Fig. 2d). Collectively,
these results suggest that
pharmacological inhibition
of Src could be used to treat
therapy resistance induced
by deregulation of proto-
oncogene PELPI.




PELP1 knock down via siRNA inhibits the growth of therapy resistant cells. Since Src
inhibitor dasatinib reduced the growth of therapy resistant cells, we have hypothesized that down

regulation of PELPI via siRNA will also
mimic the same effects and such finding will
further implicate PELP1-Src axis play role in
therapy resistance. To test this, we have used
MCF7-TAM that exhibit tamoxifen resistance,
MCF7-HER2 cells that overexpress oncogene
HER2 and show Tamoxifen resistance, MCF-
LTLT cells that acquired resistance to
Letrozole. Model cells were treated with
control or PELP1  specific siRNA
nanoparticles (200 nM) for 72 h and the cell
viability was determined using Cell Titer-Glo
Luminescent Cell Viability Assay. PELP1

siRNA substantially inhibited viability of all the three model cells. These results further support
the findings from the second year that PELP1-Src axis has potential to contribute therapy
resistance and PELP1 siRNA nanoparticles can be used as a potential drug.

PELP1 knockdown reduces proliferation of ER-negative breast cancer cells: Since

expression of both PELP1 and Src
is also maintained in ER-ve tumors,
we examined whether PELP1-Src
axis also play a role in growth of
ER-ve breast cancer cells. We used
two ER-negative model cells:
MDA-MB231 (human) and 4TI
(mouse). Earlier studies showed that
these models cells metastasize
efficiently to sites affected in
human breast cancer (13, 14) and
both cells express high levels of
PELPI. To establish the
significance of the PELP1 axis, we
knocked down PELP1 expression
using lentiviral-mediated
transduction of PELPI-shRNA.
Pooled clones stably expressing
PELP1-shRNA were selected by
puromycin. qRTPCR and Western
analysis showed that PELPI
expression in  MDA-MB231-
PELP1shRNA and 4T1-

PELPIshRNA model cells was reduced by 70-80% (Fig. 4A). We next examined whether
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PELP1 down regulation affects proliferation of breast cancer cells in vitro using the Cell Titer-
Glo assay. Both PELP1shRNA model cells showed substantially less cellular proliferation than
the control shRNA-transfected cells (Fig.4B). Collectively, these results indicate that the proto-
oncogene PELP1 has potential to regulate the cell proliferation of ER-negative breast epithelial

cells.

PELP1 signaling axis is also needed for optimal cell migration and invasion of ER-negative

KEY RESEARCH ACCOMPLISHMENTS:

Year 1

breast cancer cells. PELP1
expression is  deregulated in
metastatic tumors (9). However,
whether PELP1 plays a role in the
metastasis of ER-negative cells
remains unknown. To examine the
significance of PELPl in ER-
negative cell  metastasis, we
performed in vitro migration assays
and an invasion assays using
Boyden chamber assay. In the
migration assays, PELP1 knock
down resulted in significantly less
migration in both the MDA-MB231
and 4T1 cells than in the control
vector-transfected cells (Fig. 5A).
PELPI knock down also
significantly reduced the invasion
potential of both the MDA-MB231
and 4T1 cells (Fig. 5B). Collectively
these results suggest that PELP1 has
the potential to modulate migration
and invasion of ER-negative breast
cancer cells.

Establishment of breast model cells model cells with functional and defective PELP1

signaling axis

Establishment of MCF7-PELP1 and MCF7-HER2 model cells with functional and

defective Src signaling axis

Demonstration that endogenous PELP1 and Src is needed for E2 mediated ER-

extranuclear signaling

Demonstration of the significance of ER extranuclear signaling on the migratory potential

of ER+ve breast cancer cells



Year 2

. Demonstration that dasatinib have therapeutic utility in blocking ER-extranuclear actions
using in vitro models

. Demonstration that functional PELP1-Src axis is necessary for HER2 mediated ER
extranuclear actions and proliferation.

. Demonstration that dasatinib have therapeutic utility in sensitizing therapy resistant cells
using in vitro assays

. Demonstration that ER-extranuclear actions play an important role in metastases in vivo

using xenograft models

Year 3

. Demonstration that dasatinib have therapeutic utility in vivo using preclinical xenograft
models

. Demonstration of the significance of PELP1 siRNA nanoparticles on the proliferation of
therapy resistant cells

. Demonstration of the significance of ER coregulator PELP1 signaling on the migratory

potential of ER-ve breast cancer cells

REPORTABLE OUTCOMES: This study produced the following publications:

Year 1

1. Chandrasekharan Nair B and Vadlamudi RK. Regulation of hormonal therapy resistance
by cell cycle machinery Gene Therapy and Molecular Biology 2008 Dec;12:395-404.

2. Vadlamudi RK, Rajhans R, Chakravarty D, Chandrasekharan Nair B, Nair SS, Evans DB,

Chen S, Tekmal RR.. Regulation of aromatase induction by nuclear receptor coregulator
PELP1. J Steroid Biochem Mol Biol. 118:211-218, 2010

Year 2
3. Chakravarty D, Nair SS, Santhanama B, Nair BC, Wang L, Bandyopadhyay A, Agyin

JA, Brann D, Sun L, Yeh I, Lee FY, Tekmal R, Kumar R and Vadlamudi RK.
Extranuclear functions of ER impact invasive migration and metastases of breast cancer
cells. Cancer Research, 2010, 70(10):4092-101.

4, Chakravarty D, Tekmal R and Vadlamudi RK. PELP1: A novel therapeutic target for
hormonal cancers. IUBMB Life. 2010 Mar;62(3):162-9.

Year 3

5. Vallabhaneni S, Nair BC, Cortez V, Challa R, Chakravarty D, Tekmal RR, Vadlamudi
RK. Significance of ER-Src axis in hormonal therapy resistance. Breast Cancer Res
Treat. 2011. [Epub ahead of print] http://www.ncbi.nlm.nih.gov/pubmed/21184269

6. Cortez V, Mann M, Brann DW, Vadlamudi RK. Extranuclear signaling by estrogen: role in breast
cancer progression and metastasis. Minerva Ginecol. 2010 Dec;62(6):573-83.

7. Sudipa Saha Roy and Ratna K. Vadlamudi. Role of Estrogen Receptor Signaling in
Breast Cancer Metastasis. International Journal of Breast Cancer. 2011 In press.
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CONCLUSIONS:

In the first year of this study, we have generated model cells that have defects in PELP1-Src
signaling axis. Using these models, we demonstrated that ER-extranuclear actions play an
important role in cell motility, establishing for the first time that endogenous PELPI1 has as a
critical role in activating signaling events that lead to cell motility/invasion via ER- Src-PELP1
pathway. Our results using estrogen dendrimers (EDC) demonstrates that ER extranuclear
signaling has potential to promote cytoskeleton changes, leading to increased cell migration. Our
data suggest that PELP1 and Src kinase play an essential role in the activation of ER extranuclear
signaling leading to cytoskeleton reorganization and migration. Since breast tumors overexpress
Src kinase, deregulation of PELP1 seen in breast tumors can contribute to activation of Src
kinase, leading to the progression to metastasis. Pharmacological inhibition of Src kinase using
dasatinib significantly inhibited E2-mediated nongenomic actions.

In the second year of the study we found that; (a) Functional Src axis is needed for
optimal activation of ERa extranuclear actions, (b) Src plays a key role in PELP1 and HER2
oncogene mediated ERa extranuclear actions and proliferation, (¢) Excessive ERa extranuclear
signaling in therapy resistant cells is inhibited by pharmacological inhibition of Src. Collectively,
these results suggests that deregulation of PELP1 axis has the potential to contribute to breast
cancer progression and therapy resistance by accelerating ER extranuclear actions. Our data
using Xenograft models provided the first evidence demonstrating the significance of ER-
extranuclear signaling to the metastatic potential of breast cancer cells and suggest that PELP1
deregulation commonly seen in metastastic tumors may play a role in metastasis by enhancing
ER-extranuclear signaling.

In the third year of the study, we found that pharmacological inhibition of Src using
dasatinib substantially inhibited the growth of therapy resistant MCF7-PELP1, MCF7-HER2,
and MCF7-Tam model cells in proliferation assays. In post-menopausal xenograft based studies,
treatment with dasatinib significantly inhibited the growth of therapy resistant cells. IHC analysis
revealed that the tumors were ERa positive, and dasatinib treated tumors exhibited alterations in
Src and MAPK signaling pathways. Combinatorial therapy of tamoxifen with dasatinib showed
better therapeutic effect compared to single agent therapy on the growth of therapy resistant
PELP1 driven tumors. Since PELP1, HER2, and Src kinase are commonly deregulated in breast
cancers, combination therapies using both endocrine agents and dasatinib may have better
therapeutic effect by delaying the development of hormonal resistance. During the third year, we
also discovered that PELP1-Src pathway may play role in metastasis of ER-ve cells as well. Our
ongoing studies during the fourth year (no cost extension period) will address the role of PELP1-
Src axis in sensitizing ER-ve cells in vivo and finish the mechanistic studies examining the role
of PELP1-Src axis in promoting metastasis.
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Significance of ER-Src axis in hormonal therapy resistance

Sreeram Vallabhaneni - Binoj C. Nair -

Valerie Cortez - Rambabu Challa - Dimple Chakravarty -

Rajeshwar Rao Tekmal - Ratna K. Vadlamudi

Received: 24 September 2010/ Accepted: 13 December 2010
© Springer Science+Business Media, LLC. 2010

Abstract The estrogen receptor (ER) is implicated in the
progression of breast cancer. Despite positive effects of
hormonal therapy, initial or acquired resistance to endo-
crine therapies frequently occurs. Recent studies suggested
ERoa-coregulator PELP1 and growth factor receptor ErbB2/
HER?2 play an essential role in hormonal therapy respon-
siveness. Src axis couples ERa with HER2 and PELPI,
thus representing a new pathway for targeted therapy
resistance. To establish the significance of ER-Src axis in
PELP1 and HER2 mediated therapy resistance, we have
generated model cells that stably express Src-shRNA under
conditions of PELP1, HER2 deregulation. Depletion of Src
using shRNA substantially reduced E2 mediated activa-
tion of Src and MAPK activation in resistant model
cells. Pharmacological inhibition of Src using dasatinib,
an orally available inhibitor substantially inhibited the
growth of therapy resistant MCF7-PELP1, MCF7-HER?2,
and MCF7-Tam model cells in proliferation assays. In
post-menopausal xenograft based studies, treatment with
dasatinib significantly inhibited the growth of therapy
resistant cells. IHC analysis revealed that the tumors were
ERo positive, and dasatinib treated tumors exhibited
alterations in Src and MAPK signaling pathways. Combi-
natorial therapy of tamoxifen with dasatinib showed better
therapeutic effect compared to single agent therapy on the
growth of therapy resistant PELP1 driven tumors. The
results from our study showed that ER-Src axis play an
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important role in promoting hormonal resistance by proto-
oncogenes such as HER2, PELP1, and blocking this axis
prevents the development of hormonal independence in
vivo. Since PELP1, HER2, and Src kinase are commonly
deregulated in breast cancers, combination therapies using
both endocrine agents and dasatinib may have better ther-
apeutic effect by delaying the development of hormonal
resistance.

Keywords Therapy resistance - Estrogen receptor -
HER2 - ER - Src - PELPI1 - Breast cancer - Extranuclear
signaling

Introduction

The estrogen receptor (ER) is implicated in the progression
of breast cancer [1]. Endocrine therapy using tamoxifen, a
selective estrogen receptor modulator (SERM) improves
relapse-free and overall survival [2]. More recently aro-
matase inhibitors, which deplete peripheral estrogen (E2)
synthesis, are shown to substantially improve disease-free
survival in postmenopausal women [3]. Endocrine therapy
also has a positive effect on the treatment of advanced
metastatic disease. Despite these positive effects, initial or
acquired resistance to endocrine therapies frequently
occurs [4]. Although the mechanisms for hormonal therapy
resistance remains elusive, and emerging evidence impli-
cates human epidermal growth factor receptor-2 (HER2/
ErbB2), mitogen-activated protein kinase (MAPK), and
protein kinase B (AKT) pathways in development of
therapy resistance [5, 6].

In addition to its well-studied nuclear functions, ER also
participates in extranuclear signaling events in the cyto-
plasm and membrane [7]. Such signaling has been linked to

@ Springer
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rapid responses to estrogen which generally involves the
stimulation of the Src kinase, MAPK, and AKT [8, 9].
Accumulating evidence suggests that ERa coregulators
play an essential role in hormonal responsiveness and
cancer progression [8, 10, 11]. Proline, glutamic-acid, and
leucine-rich protein 1 (PELP1) is an ERa-coregulator that
functions in nuclear as well as in extranuclear actions [12].
PELP1, a recently discovered proto-oncogene [13],
exhibits aberrant expression in many hormone-related
cancers [14] and is a prognostic indicator of shorter breast
cancer-specific survival and disease-free intervals when
over-expressed [15].

Proto-oncogene c-Src is a multifunctional intracellular
tyrosine kinase implicated in the regulation of a variety of
processes including proliferation, differentiation, survival,
and motility [16]. Src interacts with multiple cellular fac-
tors including HER2, ERa;, PELP1 and breast tumors fre-
quently over-express Src kinase [17]. Dasatinib (Trade
name SPRYCEL), an orally available inhibitor of Src
family tyrosine kinases that is currently approved by FDA
for leukemia, is now in phase I and II clinical trials for
treatment of solid tumors [18, 19]. Recent evidence suggest
that ERa-coregulator PELP1 plays an essential role in
coupling ERa with Src kinases leading to hormonal resis-
tance and that PELP1-Src interactions play an important
role in PELP1 functions [14].

In this study, we examined whether ERo—Src axis con-
stitutes a critical pathway used by breast cancer cells for
developing resistance. Using Src-shRNA, Src inhibitor
dasatinib and therapy resistant model cells, we demonstrate
that a functional Src axis is essential for ERa-coregulator
mediated extranuclear actions. Our results also suggest that
ERo—PELP1 coregulator-Src axis plays an important role
in promoting hormonal resistance by oncogenes and
blocking this axis reduces growth of therapy resistant cells
in vivo and that dasatinib may have a therapeutic potential
of treating hormonal therapy resistance.

Materials and methods
Reagents

MCF7 cells were purchased from American-type culture
collection (ATCC, Manassas, VA). 17f estradiol, tamox-
ifen, and Actin antibody were purchased from Sigma
Chemical Co (St. Louis, MO). PELP1 antibody was pur-
chased from Bethyl laboratories (Montgomery, TX).
Antibodies against phospho-AKT and total AKT, phos-
pho-MAPK and total MAPK, phospho-Src and total c-Src
were purchased from Cell Signaling (Beverly, MA).
Dasatinib was obtained from LC Laboratories (Woburn,
MA).

@ Springer

Model cells

MCF7-PELP1 cells [20], MCF7-HER?2 [21], and MCF7-
Tam cells [21] were earlier described. MCF7-PELP1 and
MCF7-HER2 cells stably expressing Src-shRNA were
generated using validated Src-shRNA lentivitral particles
(SHCLMV) purchased from Sigma and using Puromycin
selection (1 pg/ml).

Western blotting

Model cells were cultured in RPMI Media containing 5%
Dextran Charcoal treated Serum for at least 48 h prior to
estrogen treatment (100 nM). Cells were washed with
phosphate buffer saline (PBS) after 5 min of treatment and
lysis was done using RIPA buffer containing phosphatase
and protease inhibitors and samples were run on either 7%
or 10% SDS-PAGE. Western blot analysis with either
phospho antibodies or total antibodies was performed as
previously described [22].

Cell proliferation assay

Cell proliferation rate was measured using a 96-well format
with Cell Titer-Glo Luminescent Cell Viability Assay
(Promega; G7572). 5 x 10° cells were plated in each well
of a Corning® 96 well flat clear bottom, opaque wall mi-
croplates and cultured in RPMI Media containing 2.5%
DCC treated serum for 24 h and followed by treatment
with or without estrogen (100 nM/well) for another 72 h.
Luminescence was recorded using automatic Fluoroskan
Luminometer as per the manufacturer’s recommendation.

In vivo tumorigenesis assays

For tumorigenesis studies, model cells (5 x 10° cells) were
implanted subcutaneously into the flanks of 6- to 7-week-
old female nude mice as described [23]. Nude mice (nu/nu)
were injected with control MCF7 cells or MCF7 cells that
over-express PELP1 by mixing them with equal volume of
Matrigel. Because athymic mice were deficient in adrenal
androgens, they were supplemented with sub-cutaneous
injections of the aromatase substrate androstenedione
(100 pg/day) for the duration of the experiment as descri-
bed for the postmenopausal model [24]. Treatment was
initiated after 3 weeks of inoculation and treatment with
dasatinib (15 pg/mouse/day/oral), or combination with
tamoxifen (100 pg/mouse/day/subcutaneous) or letrozole
(15 pg/mouse/day) was continued for 6 weeks. Tumor
volumes were measured with a vernier caliper at weekly
intervals. After 6 weeks, mice were euthanized, and tumors
were removed, weighed and processed for THC staining.
Tumor volume was calculated using a modified ellipsoidal
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formula: tumor volume = 1/2(L x W2), where L is the
longitudinal diameter and W is the transverse diameter [25,
26].

Immunohistochemistry

Immunohistochemical analysis was performed using a
method as described [27]. PELP1 antibody (IHC-00013,
1:750) from Bethyl Lab, ERa (SC-7207; 1:50), and phos-
phor-Tyr419-c-Src  (sc-101802; 1:50) from Santa Cruz
Biotech, Inc, phospho-MAPK (4376s; 1:100) from Cell
Signaling, PCNA (VP-P980; 1:100) from Vector Lab were
used in conjunction with proper controls, visualized by
DAB substrate (Vector Lab) and counterstained with
hematoxylin (Vector Lab, Inc. CA). TUNEL analysis was
done using the In situ Cell Death Detection Kit (Roche;
11684 795910) as per the manufacturer’s protocol. Apop-
totic cells were identified by positive TUNEL staining and
five randomly selected microscopic fields in each group
were used to calculate the relative ratio of TUNEL-positive
cells.

Statistical analysis

Statistical differences among groups were analyzed with
either ¢ test or ANOVA as appropriate using SPSS
software.

Results

Functional Src kinase axis is needed for PELP1
dependent ER actions

Recent studies established PELP1 as an independent prog-
nostic indicator of shorter breast cancer-specific survival
and disease-free intervals [15]. In earlier studies, we have
established breast cancer model cells with stable expression
of PELP1 (MCF7-PELP1) to mimic the situation commonly
seen in a subset of breast tumors. These model cells express
two- to threefold more expression of PELP1 compared to
endogenous levels of PELP1 and exhibit increased E2
mediated proliferation [28], therapy resistance [29], and
tumorigenesis in xenograft models [13]. To study the in vivo
significance of Src kinase in PELP1 mediated actions, we
established MCF7-PELP1 model cells (pooled clones) sta-
bly expressing Src-shRNA using a lentivirus system with
puromycin selection. Western blot analysis of total lysates
from PELPI1-Src-shRNA clones revealed that the Src-
shRNA down regulated Src expression to ~75% of the level
seen in the parental MCF7-PELPI1 and the vector—trans-
fected control clones (Fig. 1a). Src knockdown did not affect
the expression of ERa in these clones (Fig. 1b). Since

PELPI1 participates in ERa-extranuclear actions, we exam-
ined the significance of endogenous Src in the activation of
ERo-extranuclear signaling pathways. We measured the
activation of signaling pathways including Src, and MAPK
after treating cells with estrogen (E2) for 5 min. Estrogen
addition uniquely promoted activation of Src and MAPK
pathways in MCF7 cells. As observed before, MCF7—
PELP1 cells showed further increase in activation of MAPK
compared to MCF7 cells. Src-shRNA-expressing MCF7-
PELP1 cells had significantly less Src, and MAPK activation
(Fig. 1c). We then examined whether Src down regulation
affected PELP1-mediated increase in E2 driven prolifera-
tion using a Cell Titer-Glo assay. PELP1 expression
increased estrogen-mediated cellular proliferation com-
pared to MCF7 cells, while Src downregulation in MCF7—
PELP1 clones diminished its ability to increase cell
proliferation (Fig. 1d).

HER2-mediated ER extranuclear actions requires Src
kinase

Deregulation of HER2 expression/signaling has emerged as
the most significant factor in the development of hormonal
resistance [9, 20] and cross-talk between the ER and HER2
pathways has been shown to promotes endocrine therapy
resistance [20, 21]. ERa-coregulator PELP1 interacts with
HER?2 and is implicated in facilitating the ERa crosstalk
with HER?2 signaling pathways [29]. To examine whether
Src axis plays a role in HER2 mediated ERa extranuclear
actions, we have down regulated Src kinase using shRNA
delivery. We have established two pooled clones of Src-
shRNA in a MCF7-HER?2 background, a well-established
model cell for HER2 deregulation [21]. Western blot
analysis of HER2-Src-shRNA clones revealed 85-90%
decrease in Src expression compared to the level seen in
the parental MCF7-HER2-vector clone (Fig. 2a). Src
knockdown did not significantly affect the expression of
ERu in these clones (Fig. 2b). To examine the significance
of endogenous Src in the HER2 mediated activation of
ERa-extranuclear signaling, we measured the activation of
Src, and MAPK after treating cells with estrogen for 5 min.
Estrogen addition uniquely promoted activation of Src and
MAPK pathways in MCF7 cells and MCF7-HER2 cells
showed excessive activation of MAPK and AKT pathways.
However, Src-shRNA-expressing MCF7-HER?2 cells had
significantly less AKT and MAPK activation (Fig. 2c). In
cell proliferation assays, MCF7-HER?2 cells showed sig-
nificantly increased proliferation compared MCF7 cells,
while Src-shRNA-expressing MCF7-HER?2 clones showed
decreased proliferation compared to parental MCF7-HER2
cells (Fig. 2d). Collectively, these results suggest that
functional Src axis is necessary for HER2 mediated ER
extranuclear actions and proliferation.
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Fig. 2 Down regulation of Src kinase reduces HER2 mediated ER
extra-nuclear signaling. a MCF7-shRNA, MCF7-HER2, and MCF7—-
HER2-Src-shRNA cells were lysed and expression of Src was
analyzed by western blotting. b Total lysates from MCF7-shRNA,
MCF7-HER2, and MCF7-HER2-Src-shRNA were analyzed for the
expression of ERo, by western blotting. ¢ MCF7-shRNA, MCF7-
HER?2, and MCF7-HER2-Src-shRNA cells were cultured in 5% DCC
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serum containing medium treated with or without E2. The activation
of Src, AKT, and MAPK signaling pathways was analyzed by western
blotting of total protein lysates with phospho-specific antibodies.
d Cell proliferation capacity of MCF7-shRNA, MCF7-HER2, and
MCF7-HER2-Src-shRNA stable cells were analyzed using Cell
Titer-Glo assay. **P < 0.001
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Fig. 3 Dasatinib reduces E2 a
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Dasatinib blocks estrogen-mediated ER extranuclear
actions in therapy resistant cells

Earlier studies have shown that MCF7-PELP1 and MCF7—-
HER2 model cells exhibit hormonal therapy resistance.
Since our findings suggested that Src kinase plays a key
role in estrogen-mediated extranuclear signaling in these
cells, we examined the effect of pharmacological inhibition
of Src kinase using dasatinib, a well-established orally
available inhibitor of Src family tyrosine kinases [19]. In
addition to inhibiting SRC in the subnanomolar range,
dasatinib also variably inhibits other SFKs, c-KIT, PDGFR,
and ephrin A2 [30]. As a second model, we have used
MCF7-Tam model cells, a well-studied model cells that
exhibit acquired resistance to tamoxifen [21]. Short time
estrogen treatment of MCF7 cells resulted in increased
activation Src and MAPK pathways (Fig. 3a). Interest-
ingly, all three resistant model cells have constitutively
higher levels of Src activation and estrogen treatment
substantially increased activation of MAPK in these model

° & A & v & v
@ v & & o < & o
MCF7-PELP1 MCF7-HER2 MCE7-Tam

cells compared to therapy sensitive MCF7 cells (Fig. 3a).
Dasatinib pretreatment abolished estrogen-mediated acti-
vation of Src and MAPK pathways in therapy sensitive
MCF7 and also in all three therapy resistant models
(Fig. 3a). In estrogen driven proliferation assays, dasatinib
(200 nM) treatment substantially reduced PELP1 mediated
increase in estrogen driven cell proliferation (Fig. 3b).
Similarly, dasatinib (200 nM) treatment also reduced the
proliferation of therapy resistant MCF-Tam and MCF7-
HER2 cells. Collectively, these results suggest that Src
signaling plays a role in proliferation of therapy resistant
cells and dasatinib can potentially be used to reduce
estrogen-mediated extranuclear signaling in therapy resis-
tant cells.

Dasatinib decreases PELP1 oncogenic potential in vivo
PELP1 deregulation promotes in vivo tumorigensis [13].

PELP1 also promotes local estrogen synthesis via Src kinase
pathway facilitating growth of tumors in an autocrine
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Fig. 4 Dasatinib reduces a 2500 - c -
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manner [31]. Therefore, we hypothesized that PELP1 driven
tumors can be therapeutically targeted using dasatinib and
performed a proof of principle experiment using a post-
menopausal xenograft model. Nude mice (nu/nu) were
injected with control MCF7 cells or MCF7-PELPI1 cells that
overexpress PELP1 by mixing them with equal volume of
Matrigel. Because athymic mice were deficient in adrenal
androgens, they were supplemented daily with s.c. injections
of the aromatase substrate androstenedione (100 pg/day) for
the duration of the experiment. Under these conditions,
injected MCF7 cells did not form tumors. As observed
before, MCF7-PELP1 expressing cells formed tumors in the
absence of exogenous estrogen supplementation suggesting
local derived estrogen supported the growth of MCF7-
PELPI1 cells. When the tumor volume reached 100 mm? ,
mice (n = 4) were either treated with dasatinib (15 mg/kg/
day/oral) or treated with vehicle (citrate buffer). Dasatinib
treatment significantly reduced the PELP1-driven tumor
volume (Fig. 4a) and tumor weight (Fig. 4b). Dasatinib
treated tumors revealed decreased proliferation as evidenced
by decreased nuclear PCNA staining and exhibited
decreased Src and MAPK kinase activity seen by diminished
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phospho antibody staining (Fig. 4c). These results suggested
that functional Src-MAPK axis is needed for PELP1 med-
iated tumorigenesis in vivo and dasatinib can be potentially
used to reduce PELP1 mediated tumor growth.

Dasatinib in combination with antiestrogens reduces
PELP1 mediated therapy resistance

PELP1 deregulation is known to promote tamoxifen resis-
tance [29, 32]. We therefore examined whether dasatinib
reduces PELPIl-mediated therapy resistance. Xenografts
established as described in earlier section were randomly
assigned to groups (n = 4) and treated with tamoxifen, le-
trozole, dasatinib alone or in combination. As seen in pre-
viously published studies [32], tamoxifen did not affect the
growth of PELPI driven tumors, while dasatinib substan-
tially inhibited tumor volume (Fig. 5a) and weight
(Fig. 5b). Combination treatment of tamoxifen with dasat-
inib showed further decreases in tumor volume and growth
compared dasatinib alone, however, the differences are not
statistically significant. Similarly, letrozole, an aromatase
inhibitor, substantially reduced PELP1 driven tumor growth
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Fig. 5 Antitumor effects of a 140+ C
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in PELP1 driven tumor growth, however, the combination
of letrozole with dasatinb only slightly enhanced the ther-
apy response. IHC examination of PCNA staining revealed
that dasatinib treatment decreased proliferation of tumor
cells, while TUNEL staining showed increased apoptosis in
dasatinb treated tumor cells. Collectively, these results
suggest that pharmacological inhibition of Src could be
used to treat therapy resistance induced by deregulation of
proto-oncogene PELP1.

Discussion

Estradiol (E2), ER, and ER coregulators have been impli-
cated in the development and progression of breast cancer.
Two thirds of breast tumors express ERo and women
having ER+ve tumors are treated with endocrine therapy
and tumors appear to use adaptive mechanisms for growth
after the initiation of first-line endocrine therapy and hor-
monal therapy resistance is a major clinical problem [33].

needed for optimal activation of ERa extranuclear actions,
(b) Src plays a key role in PELP1 and HER2 oncogene
mediated ERo extranuclear actions and proliferation, (c)
Excessive ERa extranuclear signaling in therapy resistant
cells is inhibited by pharmacological inhibition of Src, (d)
Functional Src axis is needed for PELP1 mediated onco-
genic functions in vivo, and (e) Combination therapy of Src
inhibitor with antiestrogens is more effective in blocking
therapy resistance. Collectively, these results suggests that
deregulation of PELPI axis has the potential to contribute
to breast cancer progression and therapy resistance by
accelerating ER extranuclear actions.

It is increasingly clear that ERa also participates in
cytoplasmic and membrane-mediated signaling events (ex-
tragenomic signaling) and generally involves cytosolic
kinases including Src, MAPK, PI3K [7, 34]. Accumulating
evidence strongly suggests that ER signaling requires
coregulatory proteins and their composition in a given cell
determine the magnitude and specificity of the ERa signal-
ing [35, 36]. Some evidence suggests that the extranuclear
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effects of estrogen can regulate different cellular processes,
such as proliferation, survival, and apoptosis. However, the
pathological significance of ER extranuclear signaling and
its role in therapy resistance remain unknown. Our results
show that therapy resistant cells exhibit excessive activation
of ERo extranuclear actions and blockage of endogenous Src
axis either by Src specific ShRNA or Src inhibitors signifi-
cantly attenuated ER extranuclear actions and resulted in
reduced proliferation. Collectively, our results suggest that
ERo extranuclear action involves Src kinase and deregula-
tion of Src kinase seen in breast tumors may have implica-
tions for potential activation of ERa extranuclear actions
leading to therapy resistance.

PELP1, a recently discovered proto-oncogene [13],
exhibits aberrant expression in many hormone-related
cancers [14] and over-expression of PELPI is a prognostic
indicator of shorter breast cancer-specific survival and
disease-free intervals [15]. In our studies, we found that
PELPI1-driven tumors are ERo positive and have excessive
activation of Src and MAPK pathways. Inhibition of Src
pathway using the orally available Src kinase inhibitor
dasatinib substantially reduced PELPI1-driven tumor
growth with concurrent reduction in the activation of Src
and MAPK pathways. These results further implicate that
PELP1-Src axis mediated ER extranuclear actions may
play role in breast tumorigenesis.

Src interacts with multiple cellular factors including
HER2, EGFR, ERa, and breast tumors over-express Src
kinase [17]. Emerging evidence suggests that PELP1 acts
as a scaffolding protein coupling ER with Src kinase
leading to activation of ERa—Src-MAPK pathway [14].
Mutational analysis of ERo and c-Src mutants revealed that
PELPI interacts with c-Src SH3 domain via its N-terminal
PXXP motif. ERa interacts with Src’s SH2 domain at
phosphotyrosine 537, and the PELP1-ER interaction fur-
ther stabilizes this complex [6]. Since breast tumors over-
express wild type Src kinase, deregulation of PELP1 seen
in breast tumors can contribute to activation of Src kinase
leading to excessive activation of ER-PELP1-Src signal-
ing pathway.

HER2, an oncogene that is overexpressed, amplified, or
both, in several human malignancies including breast
tumors. ERa expression occurs in ~50% HER2 positive
breast cancers and cross-talk between the ER and HER2
pathways promotes endocrine therapy resistance [37, 38].
ERo coregulators are also targeted by excessive ERo—
HER?2 crosstalk leading to hormonal resistance in a subset
of breast tumors [39]. Further, HER2 overexpression can
also promote ligand-independent recruitment of coactivator
complexes to E2-responsive promoters and thus may play a
role in the development of therapy resistance [40]. ERo-
coregulator PELPI interacts with HER2, and growth fac-
tor signaling to promote phosphorylation of PELP1 [29].
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Deregulation of HER2 signaling is known to modulate
PELP1 function leading to enhanced aromatase activation
via Src kinase [31]. Our study suggests that endogenous
Src plays an important role in HER2-ER crosstalk leading
to activation of MAPK and AKT pathways.

While hormonal resistance can occur via multiple
mechanisms, understanding the key pathways for resis-
tance and targeting them is essential to extend or restore
sensitivity of the therapeutic effect of tamoxifen or other
SERMs. Since multiple signaling pathways in addition to
hormones are involved in activating ERa [6, 37], combi-
nation therapies using both endocrine and non-endocrine
agents that block different pathways may have a better
therapeutic effect and may delay development of hormonal
resistance. Our results suggest that the Src inhibitor
dasatinib, represents a non-endocrine drug that could be
used to block ERa extranuclear actions. Dasatinib effi-
ciently blocked the activation of ER«-mediated extranu-
clear signals in three different models of therapy resistance.
Further, dasatinib also inhibited ER-coregulator mediated
tumorogenesis in vivo and dasatinib treatment sensitized
PELP1 driven tumor to tamoxifen therapy. These findings
suggest that dasatinib has the potential to block ERo—
PELP1-mediated extranuclear signals and thus may serve
as an alternative to non-endocrine drug for combinatorial
therapy.

In summary, our data provide evidence demonstrating
the significance of ER-PELPI1-Src axis mediated extra-
nuclear signaling to the therapy resistance. Our findings
also identified Src as a novel therapeutic target for blocking
of ERa—PELP1 signals and the Src inhibitor dasatinib
represents a novel drug to prevent the emergence of ther-
apy resistance in combination with endocrine therapy.
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Extranuclear signaling by estrogen: role in
breast cancer progression and metastasis

V. CORTEZ:, M. MANI:, D %% BRAMIMGZ R K. VADLAMUDI?

The estragen receptar (ER(E) is implicated in
the pragression of breast cancer Hormanal
therapies which block ER functions or bocal
and systemic estrogen peoduction ave cue
tently used to treat hormonal positive breast
cancet: Hormonal thecapy shows beneficial
eftects, howewer, initial or scquired resist
ance to endocrine therapies frequently oc
curs, and amores recur as metastasis. Emerg
ing evidence suggests in addition to exerting
its well-studied nuclear functions, ERr. also
participates in extranuclear signaling that
invalve growth factor signaling components,
adaptor molecules and the stimulation of cy-
tosolic kinases. ER extranuclear pathways
have the potential to activate gene transcrip-
tion, modulate cytoskeleton, and promote ta-
mor cell praliferation, survival, and metasta-
sis. Cytoplasmic/membrane ER. is detected
in a subget of breast mmars and expression
of extranuclear components ERY is deregu-
lated in tumors. The extranuclear actions of
ER are emerging as important targets fior tua-
morigenic and metastatic contool. Inhibition
of ERx extranuclear actions has the patential
to prevent breast tamor progreession and may
beuseful in preventing ER( positive metasta-
sis In this review, we summarize the results
of recent research into the role of ERx me-
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diatex] extramuclear actions in breast tamori-
genesis and metastasis.

Hey words: Estnogens — Breast neoplasms -
Neoplasm metastasis.

Estrogens regulate the expression and
activity of key signaling molecules criti-
cal in warious cellular signaling pathwrays.
The biclogical effects of estrogen are medi-
ated by its binding to strmacturally and fanc-
tionally distinet esttogen receptors, alpha
and beta (FRo and ERP)! FR functions as
a ligand-activated transcription factor, pro-
viding a direct link betereen intra- and ex
tracellular signaling molecules resulting in
the regulation of numerous critical cellular
processes including growth, dewveloprnent,
differentiation and maintenance within a di-
verse range of mammalian tissues,

EFRs consist of a M-terminal region (A7B
domain) containing a constitutively active
lisand-independent transactivation (AF1)
domain whose activity is regulated by phos
phorylation wia activation of sighaline ki
nases, DMNA-binding domain (C domain)
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responsible for DHA-binding speciidry and
ER dimerization, and a C-termminal lgand-
dependent transactivation (AF2) binding re-
gion. ? Ligand binding to FR results in a con-
formnational change regulating the receptor
activity, DINA-bindine and interactions writh
other proteins, The ligand-activated ER func-
tions as a transcription factor, translocates
to the mudeus, binds to responsive element
(FRE) within target gene promoters, and
stimulates gene transcription (extranuclear/
nuclear signaling)® 4 Estrogens play an im-
portant role in mammary gland dewvelopment
and inthe infiation and progreasjion of breast
cancer. ERix is the major ER subtype in the
marmmary epdthelium and its importance in
mammary gland biclogy and dewelopment
has been confirmed in ER (Esry?) knodoout
rnice, which display grossly impaired ductal
epithelial cell proliferation and branching % 6
Frnerging ewvidence sugeests that ER aig-
naling is cormnplex, involves cofactors, ge-
nomic actions, as well as extranuclear (o=
toplasmic and membrane-mediated) actions
™10, Because of the natwe and depth of the
infermation avaiable on estrogen mediated
extranuclear actions in different cell types,
only representative studies that inwvolve ERG
actions in breast cancer cells are included
in this rewview Here, we foous on surmma-
rizing the emerging key evidence for ER
extranuclear signaling in breast cancer pro-
gression and disqiss the possibiliy of the
targeting ER extranuclear actions as an
additional possible therapeutic target for
preventing local and distant progression of
estrogen-dependent breast cancer,

Molecular mechanisms of ER
extra nmuclear sizmaling

Kinase cascades

Frnerging evidence suggests that ER
participates in extranuclear signaline via
formation of a multiprotein complex collec-
tively called a “sipralsome 1L Ewen though
the complete repertoire of proteins present
inthe sighalosome are not known, evidence
auggests that ERG extranuclear signaling
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utilizes multiple cytoaclic kinases. ERos
extranuclear sighaling has been linked to
rapid responses to B2 through stimulation
of the 3rc kinase, mitogen-activated protein
kinase (MAPE), protein kinase B (AKT),
phosphatidylinositol- 3-kinase (FI3K), FPEA
and PEC patherays in the cytosoli2 12 The
proto-oncogene o-Sre = oa multifunctional
intracellular tyrosine kinase implicated in
the regulation of a variety of processes in-
cluding proliferation, differentiation, surviv
al, and motiity 4 See interacts writh FR and
iz overexpreszed in breast tumnors L3 ERi 63
awanuclear actions also involve PEA signal-
ing pathwrays and hnctional PKA sichaling
is needed for optimal activation of MAPK
ber E2.16 Further, E2 -induced MAPK activa-
tion is shown to be mediated by PRC-delta/
Eas pathwray, that could be coacial for E2-
dependent growth-promeoting effects in the
eatly stages of turmor prooression 17 Integrin
linked kinase (ILK1) iz ancother ERo: intet-
acting inase; estrogen treatment enhances
ILK activity and regulation of FR-ILK] inter-
action is dependent on the FIAK patheray &

Growth factor sienaline

Growth factor receptors EGFR, ErbB2
and IGFR tether ERgy to the plasma mem-
brane and are involved in E2 biological ac-
tions by interacting with FR sighalosome. 1?
Growth factors promote the formation of
a multiprotein complexes leading to the
initiation of MAPK and PIAK signaling path-
ways in breast cancer cells 2 Activarion of
the PIAK-AKT pathway has been showm to
be an essential step in the estrogenic action
of growth factors. ® 3ignal transducer and
activator of transcription (STAT) farmily of
transcripticn factors play an important role
in cncogenesis and signaling crosstalls oc-
crs betwesn ERo, -3, EGFR, and STATS
in ERg posithee breast cancer cells and
STATS plays an integral role in E2-stimulat-
ed proliferation ?? ERg also interacts with
STATS and cross-talk betareen FR and
STATA play an imporant role in leptin-in-
duced STATA activaticn.® The IIK1 axis is
the major signaling node linking integrins
and growth factor signaling to a wariety of
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cellular responaes regulated by estrogens
ER.x interacts with ILK1 enzyme 2 and LK1
wras identified as a nowel interacting protein
of FRo-coregulator PELP1 % and ILK func-
tions as a dowmstreamn effector of FRo ex-
tranuclear signaling leading to cptoskeleton
recrganization.

ER modifications

ER( undergoes several post-translation-
al modifications includine  methylation,
acetylation, phosphorylation, palmitoyla-
tion and S-nitrosylation affecting recep-
tor subcellular localization, stability and
FR extranuclear actions. Protein arginine
IM-methyltransferase 1 (FRMT1) transient-
Iy methylates arginine 260 located in the
DMNA-binding domain of ERG facilitating
the interaction of ERg with p85 =subunit
of PIAK and Src, resulting in FRe: extranu-
clear actions beoth in normal and malignant
epithelial breast cella ® 3-Palmitoylation, a
reversible addition of palmitate on non-I-
termninal Cys residues is catalyzed by palini-
toyl acyl wansferaze (BAT), fadlitares ERGE
localization to the plasma membrane. Thus
enhancing the ER( interaction with adap-
tor proteins and kinases and activation of
the AKT and MAPK pathwrays. ¥ ERg and
its coregulator’s phosphorylation ocouts on
tyrosine and serine/threonine residuss and
such phozphorylation facilitating FRix extra-
miclear action leading to activation of the
AKT patheray.® mTor and MAPK contribute
to FRix activation wia Serine 167 phosphor-
vlation which has been asscciated writh the
development of therapeutic resistance #
Serined0s phosphorylation of ER by protein
kinasze A associates with tarmoexifen sensitw
ity Mitricaride (MO0 can modify ERG wia 5
nitrosylation at cysteine residue resulting in
selective inhibition of DHNA-binding of ERc:
to ERE within target gene promoters. Sug-
gesting, the interaction betareen MO and
ERcx favors activation of extranuclear ac-
ticns and signaling pathways of ER 3 ER
forms a complex with histonedeacetylase
(HDAC) 6 and mbulin at the plasma mem-
brane in lizand dependent manner and
promotes rapid deacetylation of tubulin of
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breast cancer cells. Estrogen-dependent tu-
bulin deacetylation is ancother mechanism
of FR extranuclear actions, and may poten-
tially contributes to the aggressiveness of
ER(-positive breast cancer cells 2?

Adaptor molecules

Ezstrogen is showmn to utilize several adap-
tor moleculesto couple ERi with the growth
factor zignaling axis. Hormenal signaling
promotes association of ERige with adap-
tor protein She which couples additional
needed signaling molecules such as 3rc and
orowrth Factor receptors ? Cytoskeltal assocth
ate protein pl30Cas, ancther adaptor pro-
tein that associates with ERg zignalosome,
in a hormeonal dependent manner Over
expression of pla0Cas increases esttogen
mediated c-5rc and MAPK activities 2 Recent
smdies identified FRe coregulator FELFL, &
scaffolding protein coupling ERa with Src
kinaze leading to actvaton of the cytosolic
kinaze pathwmays including MaAPK and AKT
While all the components of the ERgx siz
nalosome hawve et to be identified, emers
ing smadies mageest that FRee, FELP1 and Sec
kinaze represent key components that fa-
cilitaring FRee extranuclear signaling 4 Tsinge
transgenic mouse model that uniquely ex
presz FELP] in the cytoplasm (WMMTY_FELP-
lcyto rice), it was demonstrated that cyto-
plasmic localization of ERi. coregulator has
potential to enhance ER extranuclear sign-
aling 2% Metastatic tarmeor antigen 1 (MTATLD,
an FR coregulator protein and the natarally
ocouring short Form of MTAL (MTals) s re-
ported to localize in the cytoplasm, seques-
ters ER(x in the cytoplasm, and thus enhance
ER extranuclear responses

Biological functions of ER
extranuclear actions

ER(x extranuclear actions in pene transcrip-
o

Several elegant studies imvesticated the
impact of estrogen mediated extranuclear
initiated pathways on global gene expres-
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son by using estrogen-dendrimer con-
jugates (EDCs) ¥ EDCs are nancparti-
cles, coated with estradiol (E)) through a
17 phenylethynyl unit, have a binding af-
finity similar to estrogen, uniquely localize
in the membrane/cytoplasm, and prefer-
ably activate BR(e extranuclear signaling 4t
12 Genome-wide cDMNA microarray analy
sis revealed appromimately 25% B2 target
genes as EDC responaive These studies
using warious aszsays and pharmacological
inhibitors demonstrated that extranuclear
signaling cascades hawve the potential to
elicit gene stirmulation ? Aromatase plays a
critical role in breast cancer development
by converting androgen to estrogen. Estro-
gen induces aromatase expression  with-
out direct binding of ERi to the arcmatase
promoter and EZ2 induction could be sup-
pressed by the MAPK inhibitor of growth
factor signaling inhibitcr The results from
thi= smdy suggested that E2 up-regulates
aromnatase expression by ERG extranuclear
actions via crosstalke with srowth factor-me-
diated pathwrays4® Bstrogen mediated ex-
tramuclear actions al=o promote phospho-
rylation of seweral ke ER transcriptional
coreglators such as SRGC3 and PELPI, thus
enhancing their recruitment to target gene
promoters and such actions implicate that
ER extranuclear signaling may have dowm-
stream genomic roles via coactivator signal-
ing 44 4% Farogen induced transactvation of
a STAT-reculated promoter requires MAPK,
Ste, and PI3K activity These results impli-
cate FR mediated extranuclear actions in
miclear transcripticonal activation of STAT
target genes®® EZ induces rapid nuclear
translocation of MAPK tozether writh cAMP
response element binding protein leading
to wanscriptional activation of gene respon-
sive to cAMP response element binding
protein 47 Fatrogen mediated extracnuclear
actions crosstalls with prolactin signaling re-
aults in enhanced activity of activating pro-
tein 1 and ihduction of o-fos gene in breast
cancer cellz 4 Collectively, this evolving ewi-
dence implicates that inputs from FRo, ex-
tranuclear pathwrays in regulating the gene
expression of breast cancer cells,
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ER exrranuclear actions in onoskelaal re-
modeling and metastasis

Clinically, estrogen has long been rec-
ognized to enhance the development and
progression of ER( positive breast can-
cers Several studies report a positive effect
of ERex signaling on motility 4% % az many
rnetastatic tuncors retain FReg® =80% of
lymph node metastases and 6570046 of dis-
tant metastase: maintain FRe expreasion. 3
2 A correlation berween FRO-positive -
rmors and dewvelopment of bone metastasis
has been observed clinically ™ %% Similarly,
ER-mediated signaling enhances lung me-
tastasiz= by prometing host-compartment
responae % Metastases spawmed by malis
nant tumors that hawe acquired increased
invaziveness are responsible for almost all
breast cancer-related morbidity and mor-
tality. Cancer cell metastasis is a multistage
process invelving invasion inte surrcunding
tizsue, intravasation, transit in the blood or
Isrnph, extravasation, and growth at a new
zite;, many of these steps require cell moti-
ity This inwasive phencotype, characterized
bir both the loss of cell-cell interactions and
increased cellular motility, i driven by oy
cles of actin polymerization, cell adhesion
and acto-rmmyosin contraction.

Turmnor cell motility is an essential step in
metastaziz allowing cancer cells to spread
through tissues and migrate to distant or-
gans. Endocrine therapy has also been
shown to have a positive effect on the
weannent of advanced metastatic disease
Fecent mechanistic stadies have increased
our understanding and highlizht a role of
eastrogen-induced rapid ER extra-nuclear
signaling in Facilitating the metastatic proc-
ess in breast cancer patients and may pro-
vide new targets for therapeutic interven-
tions. ERe activation, by estrogen, induces
key features of moetile cells including rapid
cytoskeletal recrganization and the dewel-
optnent of specialized stractures, Estrogen
trigeers rapid and dynamic actin cytoskel-
eton remodeling leading to increased breast
cancer cgll horizontal migration and inva-
zion of three-dimensional matrices wia the
G o /Rhos/ROCK/ moesin cascade ™ Estro-
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Figure 1. —Schenmtic representation of the current understanding of ER extranuclear signaling. Estrogen and growth
factor promote ER complex formmtion with growth factor sigmling components and oytoeclic kinases that lead to
activation of 2 mumber of pathwayrs including MAFE, PISE and AFT. Extranuclear pathwars influence several biologi-
cal tunctions induding cell survival, proliferation and metility. Deregulation of ER extranuclear sigmaling will hawe
implicaticore in tumeor cell metastasiz and tunior progressicon.

gen-induced effects depend on the rapid re-
critment and activation of the actin-binding
protein, moesin, and the interaction of ERix
with the G protein Gk, which results in
the recruitrnent of the amall GTPaze Bhod
subzequent activation of its dowmstream ef-
fector Rho-asscociated kinase-2 (ROCK-2)
and moesin phosphorylation. %

Recent studies also showred that estrogen-
mediated extranuclear signaling promotes
formation of signaling complexes contain-
ing PELP1, ERi 3rc, and ILK1, signaling
from this axis plays important roles in pro-
moting cytoskeletal rearrangermnents, motil-
ity and metastasiz ¥ Fxranuclear actions

Wl 62 -Nao. 5

of eswrogen faclitate the actvation of J1K
via the PIAK pathway and inhibition of 11K
functions significantly affected the estro-
cen-rmediated migratory potential of breast
cancer cells, The proposed signaling path-
way, ERix < PELP1 < PIJK < ILK < CDC4Z,
contributes to estrogen-mediated cytoskel-
eton rearrangerments @ BEmersinge data re-
carding the impact of extranuclear signal-
ing of estrogen on cytoskeletal organization
augoests, ER-mediated control over cellular
moverment and invasion related to the cata-
strophic metastatic events in patients. Col-
lectively, these results may in part explain
carcinogenic actions and enhanced meta-
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static behavior of estrogen-dependent, ER-
positive breast cancer seen clinically.

ERx sxtranuclear actiorns in cell sureival
and proliferation

Theuze of nowvel lizan ds with the ability to
uniquely activate extranuclear signals dem-
onstrated the distinet biclogical outcomes of
the extramudear pathway ¥ Estrogen-den-
drimner conjugate (EDC) which are excluded
frorm the macleus, verified ERx mediated ex-
tranuclear actions strmulates endothelial cell
proliferation and migration via ER(e direct
interaction with G and endothelial NOS
(elN5)  activation.®® Fstrogen promotes
ternary complex formation of ER with Sro-
and PIFK and the resulting pathways con-
verge on cell oycle progression leading to
estrogen induced S-phase entry® Estrogen
triggers cellular proliferation and surwival
through the actvaton of MAPK and AKT
patherays respectively Estrogen stimulation
of cyclin D1 gene throush FRE or PI3K acti-
vation promotes G145 cell oycle progression
in breast cancer cells® Estrogen-induced
growth of breast and lung cancer cells in
pitro correlated closely wih acute hormo-
nal actiration of MAPK signaling 81 Ligand
stitmalation causes ERiL 1o dissociate from
caveolin-1 allowring the activation of sisnals
to promote cellular proliferation 8244 A re
cent smdy demonstrated that FRE promaotes
transcription of Bol-2 wia PIAK-AKT cross
tallkk leading to enhanced cell surisal 6

Senificance of ER axtraruclear sipnaliip
@xis 192 breast cancer progression

Although much is known about ERi ge-
nomic actions, the pathobiclogy of ER ex-
tranuclear actions remains unknown. Some
evidence suggests that the extranuclear
effects of estrogen can regulate different
cellular processes, such as proliferation,
aurvival, apoptosis and differentiation func-
tions in diverse cell-types, including breast
cancer cells® B2 sitw estrogen production
by arcmatase conwversion from androgens
plays an important role in breast tamor pro-
greszsion. PR mediated extranuclear sign-
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aling enhances aromatasze enzymatic activ
ity wia activation of the 5rc enzyme These
results sugeested a possible autocrine loop
betereen E; and arormatase activity in breast
cancer cells and implicate FRx actions in tu-
mor progression 8 Molecular adaptors such
as PELP1 which couple ERitto cytosolic sis
naling axis may play a role in breast tunori-
cenesis wia activation of ERge extranuclear
signaling pathways % Since breast tumors
overexpress Srco kinase, deregulation of
PELP] seen in breast bumors can contribute
to activadon of Src, leading to the progres-
sion to metastasis. ER coregulator PEIR1
acts a=s a scaffolding protein coupling the
FRex weith 5rc kinase leading to activation of
the ER-Sro-MAPK pathway® Extranuclear
expression of ER/PR occurs frequently in
ER.-positive /PR-negative and ER-negative/
FR-positive tumors, and in these cases ewi-
dence implicates maclear receptor crosstalls
with the PIAK/AWT sisn aling pathwray whose
activation by ErbB2 owverexpression contrib-
utes to the growth of aome breast cancers. @
Dysregulation of ErbBRin breast cancer
cells ephances the expression of MTAls,
promotes the cytoplasmic sequestration of
ER¢ and stitnulates malichant phenotypes.
Thesze study hndings implicate that the res
ulation of the cellular localization of R by
MTAls represents a mechanism for enhanc-
ing ERie extranuclear actions by nuclear ex-
clusion 2 Methylated FRe is only present
in the cytoplasm and arginine methylation
is reversed by the demethylase MDD, sus
gesting deregulation of arginine methtyla-
tion and demethylation will hawe conse-
quences in activation of ERg extranuclear
actions. In addition, arginine methylation
alzo regulates the balance between coacti-
vator complex assemnbly and disassembly.
Since methylation enzymes such FPRMTI
and CARM] are dysregulated in estrogen-
dependent cancers, they are implicated in
promoting FR extrarmclear signaling 7L

ERy extranuclear actions and bormonal
therapy resistance

ER(x crosstalk weith srowith Factor sighaling
play an important role in enhancing FR e
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tranuclear signaling ErbE2 is an oncogene
that has been shown to be ower expressed,
amnplified, or both, in breast tumors. FR
eXpression occwrs in ~50%0 EtbE2 positive
breast cancers and crosstallkk between the
FERe and BrbB2 pathways promotes endo-
crine therapy resistance’?? ™2 ER(-coregu-
lator PELP] plays an essential role in ERi
extranuclear actions by coupling FR with
grc and PIAK pathways 974 PELP] interacts
with growh factor sighaling cornponents
and participates in ligandindependent acti-
vation of FR75 76 In ow previous studies
we found that in a subsaet of breast twmnors
FFLF1 is predominantly localized in the oy
toplasm, breast cancer model cells mimick-
ing PELP] cytoplasmic expression showmed
resistance to tamoxifen via excessive activa-
tion of ¢-Ste signaling axis ©° ERgx extranu-
clear pathways have been shown to modify
FERex or ita coactivators by phosphorylation,
resulting in the altered topology of ERx and
its coregulator proteins and eventually lead-
ing to lgand-independent activation or dif-
ferential responses to selective estrozen te-
ceptor modulators. ® 12 Forced expression of
constitatively active AKT in MCF-F cells pro-
motes estrogen-independent srowth as wrell
as tamncxifen response 77 Overexpression of
the ERix coactivator SRC3 promoted high
tarnor incidence, which is associated wvith
the activation of the FIAK-AKT pathwray’
Extranuclear expression of ER-coregula-
tors such as PEIP] correlates weith increases
in extranuclear signaling and haz the poten-
tial to be used as a deterrninant of hormone
sensitiviy of walnerabiliy 2% Recent Andings
suggest that ILK] interacts with PELP]1 #
and that such interactions enhance ILKI1-
kinase activity. Since PELP]1 expression is
commonly dercgulated in many hormone-
responsive tissues ? the PELPI-ILK] inter-
action is likely to hawe zignificant impli-
cations in tamor cell survival and therapy
resistance. In cells developing resistance to
estrocen deprivation by anti-estrogens/aro-
mataze inhibitors, an increased association
of FRe writh o-5rc and EGFR ocowrs. Further,
these conditons promote translocation of
FERe out of the nucleus and into the cyto-
plasm and cell membrane. This study suz-
gested that secondary resistance to hormo-
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nal therapv results in usage of both IGFR
and EGTR for ERg extranuclear signaling &

Therapeutic poteritial of targeting ER autra-
nuclear actions

ER¢e extranuclear pathways promote
hormone-mediated proliferation and =
vival of breast tumors making them a
promising target for anti-tumor therapy via
the combination of anti-estrosmens and ER
extramiclear signaling blockers 9 ERe ex
tranuclear actions involve kinase cascades
and post-translational modifications which
can be reversed by pharmacological inhibd-
tora currently in clinical trials. Inhibitors of
EGFR, ERBEZ, MAPK and AKT pathwmays
could be used to block ER extranuclear
zignaling in FRix positive tumors that ex-
hibit deregulation of these pathwrayps 75 3t
Pharmacological inhibition <f Sre using
dazatinib inhibits esrogen-mediated extra-
muclear actions and reduces estrogen-rne-
diated migratory potential sugoestive of the
therapeutic value of dasatinib in blocking
FR-positive metastases. ® ER extranuclear
sdgnaling utilizes the I1K axiz and ILK in-
hibitor (QLT-0267) in combination with do-
cetaxel exhibited synergistic effects on re-
ducing the wiability of breast cancer cells ®2
ILK inhibitcrs also hawe the potential to
down regulate the ILK-mediated EMT phe-
notype and mmorigenesis. ER extranuclear
actions mediate activation of STAT3/S, and
FER-STAT croastalke is implicated in breast
tumorigenesis and  therapy resistance 48
STAT inhibitors cwrrently in clinical trials
could be used to block ER extranuclear ac
tions. Since arginine methyation is involwed
in ERix extranuclear sisnaling this modifica-
tion is & poasible therapeutic target by using
cuanidine nitrogen-substinated peptides or
the thioglycolic amide, RMAS5 8 8 As both
FRx genomic and extranuclear sighaling are
inwvolwved in breast mmorigenesizs and ther
apy resistance, a therapeutic approach to
inhikit ER extranudear actions along with
current endocrine therapies could hawve bet-
ter therapeutic efficacy and delay the on-set
of hormenal resistance in advanced breast
numaors.
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Conclusions

Frnerging evidence suggests, in additdon
to genomic unctions, ER participates in ex-
tranmclear rapid signaling via the formation
of signaling complexes in the cytoplasm
wih both physiological and pathological
consequences. The ability of ER( to par-
ticipate in extranuclear actions, cytoplasmic
localization of ERe and ERe co-activators in
breast mamors and ERg -growth Factor sig-
naling crosstalls, strongly sugosests that ER
extranuclear actions play a kev role in breast
tumor pathogeneszis and dewvelopment of
therapy resistance. Futuwre studies identifs
ing the melecular mechaniams of ERG. ex-
tranuclear signaling and components of the
signalosome contributing to ERg extranu-
clear signaling as wrell as to examining the
prognostic / diagnostic significance of ERx
extranuclear signaling uaing a larger tumeor
sample size are warranted. Purther, elucida-
tion of the normal and pathological roles of
FRe extranuclear signaling will hawe impor-
tant implications for breast cancer treatrment
and in the development of next ceneration
esfrogen receptor modulators,

Riassunto

e del segnale ectranuclanrd degli estrogeni: vio-
o nella progressione e nalla el Ratiznzzions del
canrcry dellz wmarmmnelia

U recettore per gli estrogeni (BRry) & implicato
nella progressione del cancre mammarnio: Le or-
menoterapie che blooccano le funzioni dell'BR o
la produzicne locale e sistemica di estrogeni sono
attualmente  utilizzate nel tataments del can-
cro della rarmrmells positive per §orecettorn degli
estrogeni. L'ornmonoterapia mostra effettl positivi,
mttavia spessn & instaura una resistenza iniziale o
acquisita alle terapie endocrine, e le neoplasie re-
cidivano oon metastas a distanza. Secondo recen-
i evidenze, in aggiunta alle ben smdiate finzioni
nucleari |'BERn. partecipa anche alle vie del segnale
extramicleari che coinwvelgons le componenti delle
vie del segnale del farore di crescita, le molecole
adattatrici e la stimalazioni di kinasi diosoliche. Le
vie extramicleari dellERn possono attivare la wa-
scrizione genica, meodulare il citoschelstro, & pro-
mmovere la proliferazione, la sopravvivenza delle
cellule turmnorali e Byvorire lo sviluppo di metastasi.
L'ERn. citoplasmatico/di metmbrane viene riscontra-
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b in un sottogruppe di umon della marnmella e
l'espressione delle component extranucleard dell!
ERn & deregeolata nei tarmori. Le azioni extranucleari
dell'ER sl stanno dirmostrando un bersaglio impeor-
tante per il controllo nmeorigenico e rmeEstaticn.
Linibizione delle azioni extramicleari dell' ERn ha
la possibilita di prevenire la progressione del tu-
e della mammella e potrebbe essere ulile nella
prevenzione delle metastasi BRon positive, I questa
revisione, autor fassumono | orisuli|t dei recenti
studi 2ul molo delle azioni extranucleari BRou me-
diate nella nimarigenesi e memstiatizzazione del -
tmore della pammella.

Parole chigwe: Bstrogeni - Tumare del s=eno - Tuma-
i, etastasi
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Abstract

Metastatic breast cancer is a life-threatening stage of cancer and is the leading cause of death in
advanced breast cancer patients. Estrogen signaling and the estrogen receptor (ER) are
implicated in breast cancer progression and the majority of the human breast cancers start out as
estrogen-dependent. Accumulating evidence suggests that ER signaling is complex, involves
coregulatory proteins and extranuclear actions. ER-coregulatory proteins are tightly regulated
under normal conditions with miss-expression primarily reported in cancer. Deregulation of ER-
coregualtors or ER extra-nuclear signaling has potential to promote metastasis in ER-positive
breast cancer cells. This review summarizes the emerging role of ER signaling in promoting
metastasis of breast cancer cells, discusses the molecular mechanisms by which ER signaling

contribute to metastasis, and explores possible therapeutic targets to block ER driven metastasis.



Introduction

The steroid hormone, estradiol plays an important role in the progression of breast cancer and a
majority of the human breast cancers start out as estrogen-dependent and express the estrogen
receptor (ER). The biological effects of estrogen are mediated by its binding to one of the
structurally and functionally distinct ERs (ERa. and ERP) [1].  Endocrine therapy using
Tamoxifen, a selective estrogen receptor modulator [2], and aromatase inhibitors, which ablate
peripheral estrogen synthesis, has been shown to substantially improve disease-free survival [3].
Endocrine therapy has also been shown to have a positive effect on the treatment of ER-positive
breast cancer [4]. Despite these positive effects, initial or acquired resistance to endocrine
therapies frequently occurs with tumors recurring as metastatic. Tumor metastasis comprises a
series of discrete biological processes that moves tumor cells from the primary neoplasm to a
distant location [5] and involves a multi-step cascade of coordinated cell adhesion and
contractility as well as proteolytic remodeling of the extra-cellular matrix (ECM) [6, 7]. Even
though substantial information is available on the process of metastasis, the molecular basis of
breast cancer progression to metastasis and the role of ERa signaling in this process remain
poorly understood. A few early studies suggested a negative effect of ERa signaling on motility
and invasion of cells [8, 9], while several recent studies showed a positive effect of ER signaling
on motility [10-14]. In this review, we summarized the emerging evidence for the role of ERa
signaling in breast cancer progression to metastasis and discuss the possibility of targeting ERa.
signaling crosstalk with cytosolic kinases as a possible additional therapeutic target for treating /

preventing ER-positive metastatic breast cancer.

ERa signaling mechanisms



ERa is the major ER subtype in the mammary epithelium and plays a critical role in mammary
gland biology as well as in breast cancer progression [15, 16]. The ERa comprises an N-terminal
AF1 domain, a DNA-binding domain, and a C-terminal ligand-binding region that contains an
AF2 domain [17]. Upon the binding of estrogen to ERa., the ligand-activated ERa. translocates to
the nucleus, binds to the responsive element in the target gene promoter, and stimulates gene
transcription (genomic/nuclear signaling) [18, 19]. Emerging evidence suggests that ER
signaling is complex, involving coregulatory proteins and also genomic actions and extranuclear
actions [20, 21].

Multi-protein complexes containing coregulators assemble in response to hormone
binding and activate ER-mediated transcription [18]. The ERa transcriptional outcome is
regulated by dynamic chromatin modifications of the histone tails and the ligand-bound ERa
facilitates these modifications via coregulator recruitment [22]. For example, coactivators like
SRC-1, amplified in breast cancer (AIB1) and CBP have been shown to possess histone
acetyltransferase activity, whereas corepressors, such as NCOR and MTAI1, are associated with
histone deacetylases [20, 23]. It is generally accepted that some of the diverse functions of E2
depend on differential recruitment of coregulators to the E2-ER complex [24]. Even though
coregulators modulate ER functions, each coregulator protein appears to play an important but
not overlapping function in vivo [25-27].

Emerging findings suggest that ER-coregulator proteins have potential to be differentially
expressed in malignant tumors, and that their functions may be altered, leading to tumor
progression [28]. In vivo studies using wild-type (WT) and SRC3/AIB1”" mice harboring the
mouse mammary tumor virus-polyomavirus middle T (PyMT) transgene (Tg) revealed that AIB1

knock down significantly reduces lung metastasis but not mammary tumorigensis. Compared



with WT/PYMT mice, Tg SRC-1""/PyMT mice had intravasation of mammary tumor cells. In
addition, the frequency and extent of lung metastasis were drastically lower in the Tg mice than
in the WT mice [29]. Another study using Tg SRC-1"" mice reported that deficiency of SRC-1
coregulator increases MMTV-neu-mediated tumor latency and differentiation-specific gene
expression and decreases metastasis [30]. Collectively, these emerging findings implicate the

role of the ERa-coregulator associated activities/functions in breast cancer metastasis.

ERo genomic actions and metastasis

Within the last decade, research has provided substantial data to suggest that alteration in cellular
concentration or genetic dysfunction of coregulators can contribute to a pathologic outcome by
modulating ER genomic actions and has potential to drive cancer cell proliferation and
metastasis [31]. Loss of the epithelial adhesion molecule E-cadherin is implicated with a critical
role in metastasis by disrupting intercellular contacts—an early step in metastatic dissemination
[32]. Functional or transcriptional loss is commonly associated with an invasive and poorly
differentiated phenotype [33]. Deregulation of ER-coregulator signaling can lead to aberrant
expression of Snail, resulting in the loss of expression of E-cadherin and invasive growth. For
example, MTA1, a commonly deregulated coregulator in breast cancer promotes transcriptional
repression of ER, leading to metastatic progression [34]. The ERa coregulator (AIB1) amplified
in breast cancer has been shown to promote breast cancer metastasis by activation of PEA3-
mediated matrix metalloproteinase 2 (MMP2) and MMP9 expression [35]. SRC-1, another ER
coregulator, has also been shown to promote breast cancer invasiveness and metastasis by
coactivating PEA3-mediated Twist expression [36]. Recent studies have found deregulation of

the ER coregulator PELP1 in invasive and metastatic breast tumors [37, 38]. Recent studies



using PELP1 overexpression and knock down demonstrated that PELP1 plays an important role
in ERa-positive metastasis [10]. Collectively, these studies indicate that ERo and ER-

coregulators modulate expression of genes involved in metastasis.

ERa extra-nuclear actions and metastasis

Emerging evidence suggests that the ERo participates in extranuclear signaling [39]. ERa
activation, by E2, induces key features of motile cells including rapid cytoskeletal reorganization
and the development of specialized structures including fillopodia and ruffles [37]. To establish
the role of E2-mediated extranuclear actions, researchers developed E2-Dendrimers (EDC),
which are nanoparticles coated with estrogen. These EDC uniquely localize in the membrane and
cytoplasm, preferably activating ERo -extranuclear signaling. Using these EDC, researchers
have demonstrated that ERa extranuclear pathways have distinct biological outcomes [40]. Our
laboratory using EDC provided further evidence that ERa -extranuclear signaling has the
potential to contribute to the breast cancer cell motility (Figure 1) [10]. ERa -extranuclear
signaling promotes stimulation of the Src kinase, mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3K), and protein kinase C pathways in the cytosol (10, 11).
Recent studies identified PELP1 as one of the components of the ERa signalosome in the
cytoplasm and estrogen mediated extranuclear signaling promotes cytoskeleton reorganization
via ER-Src-PELP1-PI3K-ILK1 pathway [10]. Many of the kinases activated by ERa extra-
nuclear signaling are implicated in breast cancer metastasis. For example, ERK and protein
kinase B (AKT) phosphorylation play important roles in breast cancer cell migration [14], and

Src and ILK 1 kinases play critical roles in invasion and metastasis of breast cancer cells [41, 42].



In addition to ERa interactions with cytosolic kinases, few other mechanisms by which
the ERa activates extranuclear signaling have been reported. Membrane-bound ERa has been
reported to be associated with growth factor receptors such as IGF-1R, EGFR, and HER2; and
such interactions plays a role in cytoskeleton reorganization [43]. Dysregulation of HER2 in
breast cancer cells enhances the expression of an isoform of MTA1 (MTAI1s), which promotes
the cytoplasmic sequestration of ERa leading to constitutive activation of MAPK. These study
findings implicate the regulation of the cellular localization of ERa by MTAT1s as a mechanism
for enhancing ERa extranuclear actions by nuclear exclusion [44]. Recent studies also found
that the ERa was methylated via post-translational modifications and methylated ERa was
predominantly present in the cytoplasm, suggesting that deregulation of arginine methylases
may have consequences in activation of ERa extranuclear actions [45]. Collectively, these
emerging results suggest that ER extranuclear signaling has the potential to promote breast

cancer cell migration and metastasis.

ERa regulation of metastasis

Metastases spawned by malignant tumors that have acquired increased invasiveness are
responsible for almost all breast cancer-related morbidity and mortality. The majority of ERct-
positive cells retain their ERo and respond positively to initial endocrine therapy for the
treatment of advanced metastatic disease. Several recent studies have detected the presence of
ERa expression in metastatic tumors [46-48]. A correlation between ERa-positive tumors and
the development of bone metastasis has been observed clinically [49, 50]. Many metastatic
tumors retain ERa. If primary tumors are ERa positive, greater than 80% of the lymph node

metastases and 65-70% of distant metastases retain ERa [46, 47]. A clinical correlation has also



been reported between ERa-positive tumors and the development of bone metastasis [49, 50].
ERa signaling has also been shown to enhance lung metastasis [51]. In addition, ERo-mediated
signaling has enhanced lung metastasis by promoting host-compartment response [51]. These

emerging findings suggest that ERa signaling plays a role in metastasis.

ERp regulation of cell migration and metastasis

ERp, similar to ERa also functions as a transcription factor that mediates different physiological
responses to estrogen signaling. However, the physiological consequences of ERB-mediated
transcriptional regulation are distinct from those of ERa [1]. A number of recent studies suggest
that an increase in ER expression decreases cell proliferation and that ERf has anti-proliferative
(tumor suppressor) functions [52-54]. Reduced expression of ERP was reported in invasive
breast cancer [55] and ERP expression is associated with less invasive and proliferating tumors
[56]. Down regulation of ER[} is shown to promote epithelial to mesenchymal transition (EMT)
in prostate cancer cells [57]. A recent study using breast cancer models cells provided evidence
that ERP expression was associated with less cell migration. Mechanistic studies indicated that
ERp affects integrin expression and clustering and consequently modulates adhesion and
migration of breast cancer cells [58]. Collectively, the emerging evidence in various model cells
(including ovary and prostrate) suggests that ERP signaling may promote anti-migratory and
anti-invasive responses; however, future studies using breast models are needed to further

validate these findings.

Estrogen regulation of EMT



EMT constitutes the loss of hallmark structures and physiologic properties associated with the
epithelia and the gain of new properties, including migratory and invasive growth patterns [59].
Loss of E-cadherin is a key initial step in the transdifferentiation of epithelial cells to a
mesenchymal phenotype, which occurs when tumor epithelial cells invade the surrounding
tissues [60]. Evolving evidence suggest that estrogen signaling can influence EMT and ERa
signaling cross talk with several EMT regulators such as Snail and Slug. ERa directly binds to
and regulates the promoter of metastasis tumor antigen (MTA) 3 that suppresses Shail, a gene
implicated in EMT transition [61]. ERa down-regulates Slug transcription by the formation of a
co-repressor complex involving HDACI (histone deacetylase 1) and N-CoR (nuclear receptor
co-repressor) [62]. Estrogen promotes down-regulation of E-cadherin via transcriptional
regulation by recruitment of corepressors such as scaffold attachment factor B [63]. Estrogen
plays an important role in cytoskeletal rearrangements mediated by delocalization of E-cadherin
[64]. Furthermore, a recent study found that E2 promotes reversible EMT-like transition as well
as collective motility in ERa-positive cells [65]. Estrogen-regulated EMT is complex and is
dependent on temporal expression patterns of MTA family members, cell adhesion-essential
regulators and ER coregulators [66]. ERa signaling negatively regulates EMT by modulating
MTA3 expression and thus promotes differentiation [61]. Collectively, these findings implicate
that estrogen-mediated EMT depends on the cellular repertoire of ERa coregulators and EMT
regulators, and that their cross talk has potential to differentially affect breast cancer progression,

leading to metastasis via EMT changes.

Tumor microenvironment regulation of ER signaling
The metastasis signaling cascade is orchestrated through the activation of biochemical pathways

that involve the tumor microenvironment. Stromal cells (fibroblasts, inflammatory cells and



endovascular cells) play important roles to create a supportive environment for tumor cell growth
[67, 68]. Chemokines produced by stromal cells have potential to influence ERa-positive breast
cancer progression to metastasis. The chemokine CXCL12/SDF-1 and its G-protein-coupled
receptor CXCR4-mediated signaling pathways play important roles in the migration and invasion
of breast cancer cells. Some evidence suggests that HER2-mediated breast tumor metastasis may
involve HER2 and CXCR4 signaling pathway cross talk [69]. CXCR4 overexpression correlated
with worse prognosis in patients, and constitutive activation of CXCR4 in poorly metastatic ER-
positive MCF7 cells led to enhanced tumor growth and metastasis. The results from this study
showed that enhanced CXCR4 signaling is sufficient to drive ERa-positive breast cancers to a
metastatic and endocrine therapy-resistant phenotype via increases in MAPK signaling [70].

The intra-tumoral levels of estrogens and growth factors are regulated by the tumor-
stromal interactions in the tumor microenvironment [71]. Cross talk between the tumor and
stromal cells promote expression of aromatase, a key enzyme in E2 biosynthesis, resulting in
intra-tumoral estrogen production in postmenopausal breast tumors [72]. Tumor-stromal cross
talk regulates aromatase gene expression via the production of various factors such as COX2,
tumor necrosis factor-a, interleukin-6 and interleukin-11 [71]. Tumor-stromal interactions also
contribute to the expression of growth factors such as EGF and IGF-1, which activate the ERa

through growth factor receptor cross talk, leading to ERa-positive breast cancer progression

[73].

ER signaling components as potential biomarkers for predicting metastasis

ERa status is routinely used in the clinic for treatment selection; however, additional markers are

urgently needed to predict metastasis. Considering the evolving significance of ERa coregulators
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(SRC family members such as SRC-3/AIB1) in mammary tumor invasion and metastasis [74],
SRC-3 status could be used as a diagnostic biomarker. Similarly, expression of the ER
coregulator PELP1 is deregulated in metastatic breast tumors [37] and PELP1 protein expression
is an independent prognostic predictor of breast cancer-specific survival and disease-free
survival [38]. Since PELP1 plays a critical role in estrogen-mediated extranuclear signaling,
these findings suggest that PELP1 could be used as a potential biomarker for predicting ER-
driven metastasis. Several studies using various Src kinase inhibitors and dominant-negative
mutants demonstrated that inhibiting c-Src activity decreased the metastatic potential of breast
cancer cells [75]. Given the role of Src kinase in ER signaling, phospho c-Src is an attractive
biomarker for predicting breast cancer metastasis in conjunction with other prognostic factors.
Few recent preclinical studies using Src inhibitors confirmed the downstream target of Phos-Src
and -FAK and could be possible diagnostic markers [76]. Because AKT signaling is implicated
in invasive ductal carcinoma of the breast and implicated in ERa-mediated extranuclear actions
leading migration/invasion, Phospho AKT (pAKT) status could be a potential biomarker in the
prediction of therapeutic response in invasive ductal carcinoma of the breast [74]. Even though
these emerging findings suggest ERa-signaling molecules as potential biomarkers, additional
studies using a large set of human tumor samples are needed to clearly establish them as

prognostic markers.

Therapeutic targeting of ERa signaling for blocking metastasis
The emerging significance of the ERa in the metastatic cascade indicates novel possibilities for
therapeutic targeting of specific ERa signaling components that mediate migration, invasion and

EMT. A large portion of metastases retain their ERa when the primary tumors are ERa-positive.
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Several recent studies detected the presence of ERo and aromatase expression in metastatic
tumors [46-48]. We envision that the therapies targeting ER signaling axis leading to metastasis
are more suitable for early stage patients who have tumors that are amenable to biopsy and IHC
analysis. Potential markers of ERa signaling that are implicated in metastasis (including kinases
such as Src, AKT, and PI3K and coregulators such as PELP1, AIB1, and SRC-1) could be used
in addition to traditional ERa status to identify this subset of patients.

Aromatase is recognized as a potent target in endocrine therapy for the treatment of
postmenopausal breast cancers [73]. Because some metastases retain their ERa signaling,
screening of patients with advanced breast cancer for expression of ERa, ER-coregulators and
aromatase, may provide a rationale for the development of customized treatment of a subset of
patients with ERa-positive and aromatase-positive cancer. These patients could be treated with
an aromatase inhibitor (Letrozole) that ablates peripheral estrogen synthesis and ERa
degraders/signaling blockers for their ERa-positive metastatic tumors.

Because ERa and ERp have different physiological functions and have ligand binding
properties that differ enough to be selective in their ligand binding, opportunities now exist for
testing of novel ER subtype-specific, selective ER-modulators [77]. Several synthetic or novel
natural compounds derived from plant materials have the potential to function as ERP agonists
[54, 78] and these compounds may have utility in augmenting ER} tumor suppressive functions.
If ERP can hamper the regulation of ERa and inhibit the proliferation as well as affect the cross-
talk with growth factors and their receptors, testing of ER agonist in combination with other
endocrine therapies will provide a novel means to target ERa driven metastasis. Recent studies

found a therapeutic efficacy using ERP agonists in combination with aromatase inhibitors and
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this strategy may be useful in treating aromatase inhibitor (Al)-resistant metastatic breast cancer
[79].

ERa-positive metastasis has been associated with chemokine signaling through SDF-1-
CXCR4. Therefore CXCR4 signaling is a rational therapeutic target for the treatment of ER-
positive advanced breast carcinomas [70]. Integrin-linked kinase (ILK) is a nodal molecule in
many molecular pathways that are implicated in cancer metastasis. Recent evidence suggests
that ER extranuclear signaling utilizes the ILK axis [10]; therefore, ILK inhibitors such as QLT-
0267 could be used to curb motility of breast cancer cells [80]. Since arginine methylation is
implicated in ERa extranuclear signaling, blocking arginine methylases could be a possible
therapeutic target. Compounds such as guanidine nitrogen-substituted peptides or the
thioglycolic amide RM65 may be useful to block this pathway [81, 82]. SRC3/AIBI is
frequently amplified or overexpressed in human breast cancer and is implicated in breast cancer
progression to advanced ERa-positive tumors. Mechanistic studies showed AIB1 over-
expression activates the mammalian target of rapamycin (mTOR) and activation of mTOR
pathway is critical for AIB1-driven tumorigenesis [83]. Recent studies suggest that mTOR
inhibition and ER-targeted endocrine therapy may improve the outcome of the subset of patients
with ER-positive breast cancers overexpressing AIB1 [84].

Emerging evidence that Src participates in ERo extranuclear actions and its wide
deregulation in breast tumors suggests that it could be a potential candidate for treating ERo.-
positive metastasis [85]. The fact that Src can mediate interactions between the ERa and growth
factor signaling pathways is of particular importance because cross talk between these pathways
is implicated in activation of ERa extranuclear signaling leading to cell migration and invasion

[10]. Further, the ability of the Src axis to promote local estrogen synthesis via aromatase
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activation has potential to form an autocrine loop of ERa signaling leading to tumor cell
proliferation and metastasis [86]. Thus blocking the Src axis could block ERa signaling at
multiple fronts and thus reducing the ability of the ERa to promote metastasis. Recent studies
found that inhibition of the Src family tyrosine kinases using inhibitors such as dasatinib can
block ERa-mediated extranuclear actions leading to cell migration and invasion [10].
Therefore, it is tempting to speculate that combination of hormonal therapy with dasatinib, an
orally available inhibitor of Src family tyrosine kinases that is currently approved for clinical

trials to treat solid tumors [87-89], may be useful in curbing breast cancer metastases.

Conclusions/significance

The most deadly aspect of breast cancer is its ability to spread or metastasize. Recent
mechanistic studies have increased our understanding and highlight a role of estrogen-induced
rapid ERa extranuclear signaling in facilitating the metastatic process. This signaling pathway
thus provides new targets for therapeutic intervention. During progression from tumorigenesis to
invasion, tumor cells trigger signals that activate ERa extranuclear signaling pathways, leading
to enhanced cell migratory functions and metastasis, thus ER extranuclear signaling represents
an important target for metastatic control of ERa-positive tumors (Figure 2). Since multiple
signaling pathways in addition to estrogen are involved in activating ERs, combination therapies
using both endocrine and nonendocrine agents that block different pathways may have better
therapeutic effects and may delay the development of estrogen-driven metastasis. Future studies

identifying the molecular mechanisms of ERa signaling contributing to ERa-driven metastasis

as well as examining the prognostic / diagnostic significance of ERa signaling components using
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a larger sample size of tumors is warranted. Further, elucidation of the pathologic roles of ERa
extranuclear signaling in metastasis will have important implications for development of novel
breast cancer therapeutics and in the development of the next generation of selective ER

modulators.
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Figure Legends

Figure 1. ER-extranuclear signaling promotes actin reorganization via ER coregulator
PELP1. A, MCF7 shRNA vector control and MCF7-PELP1-shRNA cells were cultured
in 5% DCC serum containing medium treated with or without estrogen dendrimers
(EDC). The activation of signaling pathways was analyzed by Western blotting of total
protein lysates with phospho-specific antibodies. B, MCF7 cells were treated with FITC-
labeled EDC and localization of EDC was analyzed by confocal microscopy. Green;
EDC; Blue, DAPI. C, MCF7 or MCF7-PELP1-shRNA cells were treated either with E2
or EDC and the F-actin status was analyzed by phalloidin staining and visualized by
confocal microscopy. D, Schematic representation of estrogen-mediated extranuclear

signaling. Adapted from [10].

Figure 2. Schematic representation of hormonal regulation of metastasis. ERa-mediated
signaling involves nuclear as well as extranuclear actions and growth factor signaling
cross talk. Estrogen signaling has the potential to activate extranuclear signaling that
activates several kinase cascades, which have potential to alter cytoskeleton, EMT and
enhance cell migration. Deregulation of ERa-mediated signaling crosstalk will have

implications in estrogen-mediated tumor progression to metastasis.
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